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Preface to “Multilevel Converters: Analysis,
Modulation, Topologies, and Applications”

Multilevel inverters (MLIs) have been widely used for medium- and high-voltage power
applications in the recent decades, mainly for grid-connected applications to interface with renewable
energy sources. Compared to basic two-level inverters, MLIs offer many advantages, such as
reduced voltage rating of power switches, reduced voltage and current harmonic distortion, reduced
electromagnetic interference, as well as flexibility and modularity.

MLIs became a standard for applications such as in medium voltage drives and HVDC
grids, and are promising for lower voltage applications such as in battery chargers, active filters,
static compensators, dynamic voltage restorers, rectifiers, grid-tied inverters, and many more.
Increased efficiency and reduced harmonic distortion are beneficial for photovoltaic systems and
uninterruptible power supplies. The introduction of multilevel topologies has shifted the power
converter design paradigm, including control and modulation strategies, component selection and
requirements, reliability aspects, amongst others. While relatively low-power applications employ
high-frequency PWM, for high-voltage/current applications, the switching frequency of the power
semiconductors is limited to few kHz by switching loss considerations, and the use of multilevel

converters becomes mandatory.

Gabriele Grandi, Alex Ruderman
Special Issue Editors
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A Full-bridge Director Switches based Multilevel
Converter with DC Fault Blocking Capability
and Its Predictive Control Strategy

Jin Zhu, Tongzhen Wei *, Qunhai Huo and Jingyuan Yin
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Abstract: Voltage source converter-based high-voltage direct current transmission system
(VSC-HVDC) technology has been widely used. However, traditional half-bridge sub module
(HBSM)-based module multilevel converter (MMC) cannot block a DC fault current. This paper
proposes that a full-bridge director switches based multi-level converter can offer features such as DC
side fault blocking capability and is more compact and lower cost than other existing MMC topologies.
A suitable predictive control strategy is proposed to minimize the error of the output AC current
and the capacitor voltage of the sub-module while the director switches are operated in low-frequency
mode. The validity of the proposed topology and control method is demonstrated based on simulation
and experimental studies.

Keywords: multilevel converter; DC side fault blocking; predictive control

1. Introduction

The modular multilevel converter (MMC) has been accepted as a suitable solution for high-voltage
and high-power application fields due to several inherent features [1-8]. However, blocking the DC
fault current becomes a difficult problem because the anti-parallel diodes are still conducting after
the insulated-gate bipolar transistors (IGBTs) of HBSM are turned off [9].

To solve this problem, recent research has highlighted a number of interesting converter
topologies which combine the features of the multilevel output AC voltage waveform and DC
fault blocking capacity [9-22]. Full-bridge sub-module (FBSM) based MMC (F-MMC) is a basic
configuration with DC fault current blocking capacity [10,11]. However, the DC fault current blocking
capability comes at a cost of nearly doubling power losses and number of semiconductor devices.
Some other type of sub-module is proposed instead of FBSM to make a further optimization in
reducing the number of IGBTs, such as a clamp double sub-module (CDSM) proposed in [14,15]
and a three-level cross-connected sub-module (TCSM) proposed in [16]. Several hybrid MMC
topologies are also proposed, based on HBSM and those various types of sub-module [9,12,13,16-19,23],
for further reducing the cost and loss on the premise of having the DC fault blocking capacity,
such as hybrid MMC based on CDSM and HBSM (CH-MMC). However, there are still some drawbacks,
for example, as they are composed of a large number of sub-modules, the system needs to be more
complicated and the converter station bulkier.

The alternate-arm multilevel converter (AAMC) based on the hybrid topology of HBSM
and director switches is proposed in [20-22]. The AAMC further improves the traditional MMC
topology by cutting the number of sub-modules, reducing DC bus voltage, and gaining the ability
to block DC fault currents [22]. However, some features still have the possibility for further
optimization, such as the size and cost of the overall system. One of the main technical challenges

Energies 2019, 12, 91; d0i:10.3390/en12010091 1 www.mdpi.com/journal/energies
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associated with the control of such a director switches based multilevel converter is to simultaneously
keep the capacitor voltages balanced and provide good output current tracking performance,
while the director switches keep switching in low frequency.

In order to further optimize the size and cost of the voltage source converter-based high-voltage
direct current transmission system (VSC-HVDC) converter with the blocking ability of DC faults,
this paper proposes a full bridge director switches based alternate-arm multi-level converter (FA-MMC)
and a corresponding control strategy:

1. The size and cost of the overall system can be significantly reduced by reducing the number of
SM capacitors, IGBTs, and other related devices. In addition, an FA-MMC retains the ability to
block DC-side faults since it uses H-bridge SMs as the AAMC.

2. Similar to AAMC, a systematic multi-objective control method is needed for this kind of topology
to minimize the error of output AC current and the capacitor voltage of the sub-module
while the director switches are operated in low-frequency mode. A suitable predictive control
strategy for this kind of topology is presented in this paper to achieve the flexibility to include
the previously mentioned multiple system requirements.

2. Proposed Topology

2.1. Structure and Basic Operation

The basic circuit configuration of full-bridge director switches based modular multi-Level
converter (FA-MMC) proposed in this paper is shown in Figure 1b. The proposed topology consists of
a stack of H-bridge SMs and four director switches (51-S4) made of series IGBTs or IGCTs. The ability
of DC-side fault blocking is still retained since the H-bridge SMs structure is the same as the AAMC.

Vdc/2

Upper stack of
H-bridge cells,
'Vupper )
~ Vataek Stack of
T I Hebridge cells
t N
t
Director switch--___

Vilirector

A

I‘% ° 1\

B Ubc =
t
L Viower . k S1 .
N Director | | ———<——
Vot switch A R L
Lower stack of l
H-bridge cells :
Lvaer € \ss s
N’ N
(a) (b)

Figure 1.  Schematic representation of the two topologies: (a) alternate-arm multilevel
converter (AAMC); (b) full bridge director switches based alternate-arm multi-level converter
(FA-MMCQ).

The voltage of the director switches (Uyjpctor in Figure 1b) is equal to the DC voltage
(Upc in Figure 2) plus the voltage produced by the stack of H-bridge SMs which can be considered
as only one controllable voltage source. Therefore, the voltage of director switches can be adjusted
flexibly so that the switching of 5;—S4 can switch at near to zero voltage. The ideal voltage waveform
is shown in Figure 2a.
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Figure 2. The voltage waveform and state of S1-S4: (a) without energy balance mode; (b) with energy
balance mode.

The working cycle of S1-Sy is synchronized with the output AC voltage. S; and Sy are conducting
and S; and S; are turned off while the output AC voltage (U, in Figure 1b is in its positive half-cycle,
in contrast, S; and S3 are conducting and S; and Sy are turned off while the output AC voltage is
in its negative half-cycle. This ensures that the four director switches can switch at low-frequency
and at the point of zero-voltage-crossing as shown in Figure 2a. These features lead to low switching
losses, and low demand for dynamic voltage sharing at the switching instant of the series switches,
so that the system design has been simplified.

2.2. Energy Balance

When the AC current flows through the stack of H-bridge sub module. In order to ensure
the continuous operation of the system, the energy balance of the stack of H-bridges should be
guaranteed. The amount of energy transferred from the AC side (E4c) and going to the DC side (Epc)
should be equal over half the fundamental period and is given as

A A
_3Vaclac
Eac=5—"4 7 cos(g), M
oU /I\
Epc = %cos(qp), ()

For Ec to equal Epc, the relationship between the DC voltage magnitudes and AC voltage
magnitudes mentioned in Equations (1) and (2) can be given as

7T A\
Upc = ZVAC/ 3)

However, since the converters can’t operate in the perfect given by Equation (3), an energy
balancing strategy should be used.

Reference [22] presented two methods to achieve energy balance for AAMCs that can also be
used in this topology: Overlap current and third harmonic current injection. In this paper the overlap
current method is used to extend the period when the current directed from S; and S4 to S, and S
is extended and S1-S4 are all conducting. The overlap current is used to exchange power between
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the sub module capacitors and the DC bus. The load current is only slightly affected, since the overlap
time is very short and the inductance can smooth the change in current. Considering its effect on
the grid current, the overlap time is determined to be less than 0.8 ms.

3. Predictive Control Strategy

The control strategy of the proposed topology requires minimizing the error of the output current
and DC voltage in each sub module, and, meanwhile, the director switches switching should be
operated in low-frequency and zero-voltage switching mode.

3.1. Dynamic Modeling

Based on Figure 2, the governing equations of the single-phase FA-MMC can be shown as follows:

di
Upc — Vpg — LBT:’ = VunN “4)
dig .
wc:gaf+ms ®)
Vac = SaVmn (6)

As presented in Section 2, the value of L, is small and the voltage on it can be ignored; S;-S4 have
five switching state combinations depending on a switching function Sq as shown in Table 1.

Table 1. Switching states of director switches.

Mode Sa S1 S, S3 Sy Output Voltage (V40)
. . 1 ON OFF OFF ON VMmN
Basic Operating Mode . OFF ON ON OFF Vi
0 ON ON ON ON 0
Energy Balancing Mode 0 ON ON OFF  OFF 0
0 OFF OFF ON ON 0

The output voltage of each H-bridge sub module is equal to V; (capacitor voltage of the ith sub
module (i=1,2,---,n)), —V,, or zero, depending on the switching states, and depends on a switching
function Si

—_

S;=< 0 (i=1,2 ..., n). (7)
The relationship between V,; and Upc is formalized as
n
Vei = Upc ®)
i=1
Based on Equation (16) and the basic principle, Vpg is formalized as
n
Y SiV.i = Vpg ©)
i=1
The dynamic capacitor voltage of the cells of the H-bridge sub module in Figure 1b is formalized as

v

Siiy = =

(10)
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The relationship of currents is and i, in Figure 1b, which was also indicated by the switching
function S; according to Table 1, is expressed as

ib = Sdis (Sd =lor — 1) (1121)
diy, L
Ly = Unc — Y SiVi (S4=0) (11b)

i=1

The switching states of director switches operate in an energy balancing mode, as mentioned
in Table 1. As discussed previously, the current ij, flows through the stack of H-bridge sub modules,
buffer inductor, and director switch to the DC side, charging or discharging the capacitor of
the H-bridge sub modules.

Only considering the basic operating mode, substituting Equations (5), (6), (9), and (11a) into (4),
a dynamic model of the single-phase proposed topology in basic operating mode can be expressed as
dis di

n
S4(Upc — Esi%i_SdLh?) = Ly~ + Ri; (12)
= t dt

where S; =1 or —1. Equation (12) can be simplified as

di u .
Lde = Sq(Upc — Y SiVij) — Ris (13)
i

where L = L, + L.

3.2. Proposed Predictive Control

The predictive control strategy is proposed in this section based on the dynamic model of
the FA-MMC presented above, the three primary targets of the predictive control strategy is achieved
as follows:

3.2.1. AC-Side Current Control

Assuming a sampling period of Ts, a discrete-time model of the FA-MMC AC-side current in
basic operating mode based on Equation (3) is calculated by

n

L (is(k 1) — 5(8)) = Sak) (Unc(k) — 3 $i(K)Ver(K)) — Ris(k) (19

s i=0

the value of S; could be assumed as a constant value during a short sampling period of Ts. is(k) is
the actual AC current at time k and is(k + 1) is the predicted AC current at time k + 1, Upc(k) can be
considered as a constant value if the DC side voltage is controlled. Finally, V(k) is the capacitor
voltage of the sub module 7 at time k.

To reduce the error between the predicted current and the reference current, a cost function
associated with the current error is defined as

]i = is‘ref(k+ 1) - is(k+ 1) (15)

where i, is the reference current and is(k + 1) is the predicted current obtained from Equation (14).
Ideally, J; will be equal to its minimum value of (J,;;, = 0 in Figure 4) if the AC-side current is
controlled well.
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3.2.2. Capacitor Voltage Balancing
Based on Equations (10) and (11), V,; (k + 1) can be deduced as

Si(k)S4(k)is(k
Valk +1) = Va(h) - SE3OLE g, (16)
where V;(k) can be measured in real time. Another cost function for balancing the capacitor voltage of

sub modules is given as
n

]UCZE

i=1

Vai(k+1) = Ve (k + 1) a7

where Va-,ef(k + 1) is the reference DC capacitor voltage of sub module i (with i between 1 and #n),
¥ Valk+1)
which can be equal to the average voltage of all cells (given as ='———), and V,;(k + 1) is a predicted
value, which can be obtained from Equation (16).
Consequently, by adding the above cost function together a combined cost function,
which can simultaneously achieve the two main control objectives mentioned above is given
as the linear combination

Jann = o Ji + B Joc (18)

where « and 8 are weighing factors, « is adjusted based on the cost contribution allocated to the error of
AC-Side current, and B is adjusted based on the cost contribution allocated to the voltage deviations of
sub module capacitors. The empirical method to determine the value of cost function is presented in [24].

Within each sampling and computing period T, the combined cost function ], is re-calculated,
and the best switching indicated to the minimum value for Equation (18) will be adopted for the current
control cycle.

3.2.3. Director Switch Control

As presented in Figure 2a in Section 2.1, the state of director switches S-S at the next step should
depend on the value of V4c. According to Equation (5), the necessary value of V¢ at the current step
can be expressed as

Vac(k+1) = Rigeg (k1) + = iey (k1) — s (k) (19)

However, the fluctuation of V4c(k + 1) due to differences between is ek + 1) and is(k) during zero
voltage crossings will lead to high frequency repeated switching of S;-Sy, resulting in an increase of
switching losses.

Therefore, a director switch control strategy should be taken considering the need to

1. Add the energy-balancing mode (S; = 0 in Table 1) in to achieve energy balancing of the stack of
H-bridge by exchanging power with DC bus.
2. Avoid repeated switching of the director switches.

Replacing is(k) by is.f(k), the necessary value of Vac at the current step can be expressed as

. L . .
VACref(k + 1) = Rlsref(k + 1) + i(lsref(k + ]) - lsrff(k)) (20)

where ig,(k) is the reference value of the current of the current step. Voltage Vacr(k + 1), obtained by
Equation (20), is a standard sine wave, which can avoid the fluctuation of Vac(k + 1) due to differences
between i,k + 1) and is(k) during zero voltage crossings. Finally, the implementation procedure
of the proposed director switch control strategy is summarized in Part I of Figure 4. The schematic
diagram of the control system is shown in Figure 3.
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Figure 3. Schematic diagram of the control system.
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Figure 4. Block diagram of the predictive control strategy
4. Simulation Results

This section evaluates the performance of the proposed FA-MMC and control method with
a simulation. The simulation parameters are given in Table 2.
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Table 2. Parameters of the study system of Figure 1b.

DC voltage Upc 3000 V
Submodule capacitor C 3300 uF
Load inductance Ls 3 mH
Buffer inductors L; 0.1 mH
Load inductance R 6
Sampling period T 100 ps
Nominal frequencies f 50 Hz
No. of cell in the stack of H-bridge cells 2

4.1. Operating Performance under a Steady-State Condition

Figure 5 shows the voltage of the stack of H-bridges cells, the voltage across the director switches
51-S4, and the AC output voltage while the load current tracks the reference in steady-state operation.
The simulation results are consistent with the working principle of the topology described in Figure 1b
of Section 2. The voltage waveforms appear staircased because there are only two cells, while they
would more closely resemble a sine curve with an increase in the number of cells. Figure 6 shows
that the capacitor voltages in the two cells are averaged well and mostly under the control of MPC in
basic operating mode. Further, they get closer to the given value Upc/nic. ra in energy-balancing mode.

Figure 7 shows the director switch control signal of S;—S4. It can be seen in Figure 7a that they
all operated at a frequency of 100 Hz and achieved zero voltage switching under the director switch
control strategy described in Part I of Figure 4. In contrast, when Part I of Figure 4 is removed,
the director switch control signal, which is only determined by V4c(k + 1), is shown in Figure 6b.
The difference in responses occurs because Vcyf(k + 1) in Equation (20) is obviously a standard
sine wave while the V4c(k + 1) is repeatedly crossing the zero voltage point as shown in Figure 8.
This demonstrates the effectiveness of the director switch control strategy.

Figure 9 reveals that the relation of the current across L; (I in Figure 9) and the load current
(Is in Figure 9) is similar to Equation (11a) in basic operating mode. The current across Ly, (I, in Figure 9)
becomes an overlap current that charges or discharges the capacitor of the cells when S1-54 are all
conducting in energy balancing mode.
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Figure 5. Cont.
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Figure 5. Simulation waveform of the single-phase FA-MMC in steady state operation: (a) Load current
and reference current; (b) output AC voltage; (c) voltage of the stack of H-bridges; (d) voltage across

the director switches S1-Sy.
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Figure 6. Capacitor voltages of the cells.
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Figure 7. Director switch control signal of 5;-54: (a) Control signal based on Vi eft41%); (b) control
signal based on V. 4+ 15)-
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Figure 8. The waveforms of Ve and Vi,
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4.2. Operating Performance under a Transient-State Condition

To test the dynamic performance, a sudden change in the reference current is set at 0.04 s,
and the behavior of the system is shown in Figure 10. It can be seen that the current tracked the reference
value well. The time of reference tracking (from 600 A to —600 A) is less than 0.01 ms as shown in
Figure 10b, and the output AC voltage waveform is shown in Figure 11.

The capacitor voltage is shown in Figure 12. It can be seen that the capacitor voltage of
the two sub-module remains balanced after a sudden change of load current. Figure 12b shows
that there is a deviation in the beginning, but is averaged well immediately by the predictive control
strategy after 1 ms.
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Figure 10. Load current for a sudden change: (a) reference current and actual load current; (b) Detail of
the reference current and actual load current at the instant.
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Figure 11. Output AC voltage waveforms: (a) Output AC voltage ; (b) detail of the output AC voltage
at the instant.
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Figure 12. Capacitor voltages of the sub-module.

12



Energies 2019, 12, 91

Figure 13 shows the states of the director switches at the instant of the sudden change
of load current, demonstrating that the director switches are controlled well and operated in
low-frequency mode.

S1 S2 S3 S4

1
0.8
0.6
0.4
0.2

0 = P

0.02 0.03 0.04 0.05 0.06

Time (s)
Figure 13. Control signal of S-S54
4.3. Operating Performance under a DC Fault

Having verified the normal operation of the converter, the model was tested under a DC fault.
A three-phase model was built, and a DC fault was induced at 0.04 s. The blocking time is set to be 3 ms
after the fault current is detected considering the sensor delay time. Figure 14 shows that the voltage of
the cell capacitor is kept at 1.5 kV and the AC current follows the given value before 0.04 s. When a DC
short-circuit happens at 0.04 s, the direction of current is reversed and the AC side current rises at first
because during the sensor delay, the capacitors discharge and current flows from the AC side to
the DC side. After 3 ms, when the converter station is blocked, the DC and AC side currents gradually
reduce to zero along with the charging of the capacitor.
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Figure 14. Cont.
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Figure 14. Current and voltage simulation waveforms of a DC fault: (a) AC current; (b) DC current;

(c) capacitor voltages.

5. Experimental Results

Experiments on an FA-MMC-based inverter were also carried out to verify the proposed topology
and test the predictive control strategy. The parameters for the experiment are listed in Table 3.
A photo of the inverter is shown in Figure 15 and an IGBT is utilized as the power switch. The main
control algorithms were implemented in a combination of a DSP and FPGA. The DC-link voltage

was obtained via a three-phase autotransformer.

Table 3. Experiment parameters.

DC voltage Upc 100V
Submodule capacitor C 3300 uF
Load inductance Lg 3 mH
Buffer inductors L 0.1 mH
Load inductance R 6
Sampling period T 100 ps
Nominal frequencies f 50 Hz
No. of cell in the stack of H-bridge cells 2

Copacitor of 532 Capaciter of DO bos

Capacitor of 531

Kesislar shunt Lo

Huller Indnelor

Driver Sienals

Figure 15. Photo of the modular multilevel converter (MMC)-based inverter for the experiment.
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To test the system balance ability, a 100 () resistor was shunted to capacitor SM2. The topology
worked in this unbalanced condition by appropriately setting the value of the weighting factor §3,
which is used to balance the capacitor voltage of the two SMs to zero. In this paper, we set the weighting
factor « to a fixed value of 50, and set weighting factor 3 to 0 or 100 to compare the waveforms.
Figure 16 shows the capacitor voltages of the two SMs. At first, the capacitor voltage of SM1 is lower
than SM2, and the fluctuation is larger due to the unbalanced condition. After giving a suitable
value to weighting factor (3, each cell capacitor voltage is well regulated to their reference value
and the fluctuation of the two cells is also the same.

Agilent Technologies MON JAN 13 10:18:31 2014

& *

M2 Capacilor YVolltage{ LV div)y

BM 1 Capacitor Yellagol Ly divy

212 =0

P=104

Figure 16. weighting factor f’s effects on the capacitor voltages.

Figures 17 and 18 show the output current and voltage of this topology, which are both measured
during balanced and unbalanced operation. From Figure 18 we can see that the voltage ripple of
the two cell capacitors does not affect the current, apparently due to the robustness of the predictive
control. When the weighting factor {3 is set to 100, meaning that the capacitor voltage balance is
considered as a control goal, only a slight distortion is introduced into the output current.
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Figure 17. The waveform of the output current under balanced and unbalanced conditions.
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Figure 18. The waveform of the output voltage under balanced and unbalanced conditions.

To test the dynamic performance, the behavior of the FA-MMC and corresponding control
method for a step in the angle of the reference current is shown in Figure 19. The waveforms show
that the voltage changed quickly to drive the current to its new reference value and that the current is
well-tracked. Figure 19 also shows that the dynamic capacitor voltage waveform is not influenced by
the step in the angle of the reference current. Figure 20 shows a detailed view of the output voltage
and current for a step in the angle of the reference current. The reference tracking of the proposed
method that considered the possible switching states adjacent to Vac(k + 1) is fast, because extreme
voltage changes are possible. The results are similar to simulation results.
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Figure 19. Waveform of the voltage and current for a step in the angle of the reference current.
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Figure 20. Detail of the output voltage and current for a step in the angle of the reference current.
6. Characteristic Analysis and Comparison with Other Topologies

6.1. DC Fault Blocking Capacity

When a DC-side short-circuit happens, with all IGBTs turned off, the director switches and stack
of H-bridges behave as a number of uncontrolled diodes connecting with all DC capacitors in the cells
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connected in series, as shown in Figure 21. The equivalent capacitor value in Figure 21 can be
expressed as
Ce = C/nceZLFA (21)

where C is the capacitance of the capacitor in each cell and ncell_FA is the number of cells in one phase
of the FA-MMC. The AC source charges the equivalent capacitor and inductors (including the Ls, L;, L;)
through the DC fault current, thus, limiting the rising rate of the fault current. Consequently, the value
of U, will rise rapidly, and the DC fault current will be blocked.

I

Co=UM e

Figure 21. The equivalent circuit of the insulated-gate bipolar transistors (IGBTs) blocking when a DC
fault occurs.

6.2. Number of Sub-module and IGBTs

Equation (3) shows that the DC bus voltage is lower than the peak value of output AC voltage
by 27% in FA-MMC topology. This implies that the voltage rating of the director switches should be
at least equal to the peak value of output AC voltage since they have to support higher voltages.

Assuming that the maximum allowable working voltage rating of the IGBTSs is equal to the voltage
rating of the DC capacitors in the sub-modules, the number of sub-modules of the proposed FA-MMC
is given by

A

Uac
Neell_FA = Uriren (22)

where Urarep is the voltage rating of the IGBTs. The number of IGBTs of each phase of the FA-MMC
is given by

A
8Uac
MIGBT1 = 4Mcell_pa + 4N = 17—~ (23)
RATED
where ng, the number of IGBT in 51-5y, is given by
v U,
g MN AC (24)

Uratep  Uratep

Given the same AC output voltage, we also can deduce the DC voltage, number of cells, and IGBTs
needed in an AAMC. The relationship between DC and AC voltage magnitudes in an AAMC,
which has been derived in [22], can be expressed as

T AN
Vie = EVAC (25)
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It can be seen from Equation (3) and (25) that the FA-MMC can reduce the DC bus voltage by half
with the same AC output voltage and same active/reactive power flow compared with an AAMC.

Considering the sum of the sub-module capacitor voltage must be greater than the peak value
of the line-to-line voltage to achieve DC current blocking capability, the number of sub-modules of
an AAMC can be expressed as

A
V3Uac

26
URATED @6)

Neell AA =

But, it only has two direct switches, so considering Equation (24) and (26), the number of IGBTs of
a single-phase AAMC is given by

(4V3+ Z)ﬁAC

27)
URATED (

n1GT2 = HMeeli_na +2ng =

To summarize, the number of IGBTs of the FA-MMC is less than that of the AAMC, and the DC

voltage and number of sub-modules of the FA-MMC is nearly half those of the AAMC, leading to

smaller size, less need for insulation, and lower cost. And the comparison results of the number of

IGBTs and sub-module capacitors between FA-MMC, AAMC and various MMC topologies mentioned
in the introduction is shown in Table 4.

Table 4. Number of semiconductor devices and sub-module capacitors.

Topology  Number of Sub-Module Capacitor ~Number of IGBTs  Number of Diodes

H-MMC N 2N 0

F-MMC N 4N 0
CH-MMC N 235N 07N

AAMC 0.34 N 1.8N 0
FA-MMC 02N 1.6 N 0

6.3. Efficiency Analysis

To evaluate the power losses of the FA-MMC and AAMC, a simple loss calculation method for
module multilevel converter is adopted [25]. And the result is shown in Table 5. To summarize,
the losses of FA2MC increases slightly compared with AAMC, but it is still significantly lower
than other types of MMC topologies.

Table 5. Losses calculation results

Topology Switching Losses Conduction Losses Total Losses
H-MMC 0.29% 0.82% 1.11%
F-MMC 0.29% 1.88% 2.18%

CH-MMC 0.29% 1.19% 1.48%
AAMC 0.16% 0.47% 0.63%
FA-MMC 0.16% 0.66% 0.82%

6.4. Comprehensive Comparison with Other Topological Structures

According to the above analysis, a comprehensive comparison between the full-bridge MMC,
half-bridge MMC, CH-MMC, A2MC, and FA-MMC is summarized in Table 6, where more “+” means
the corresponding topology performs better in the corresponding characteristic. It can be seen in
Table 6 that the FA-MMC has advantages in several aspects compared with the other topologies.
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Table 6. Comprehensive comparison with other various topology

Topology  Economy  Efficiency Volume  DC Fault Blocking Capacity =~ Demand for Insulation

H-MMC +++ +++ + + +

F-MMC + + + ++ +
CH-MMC ++ ++ + ++ +

AAMC ++++ e+ ++ ++ ++
FA-MMC +4++++ ++++ +++ ++ +++

7. Conclusions

In this paper, a FA-MMC topology and its predictive control scheme have been proposed.
The effectiveness of the proposed topology and proposed control strategy under various operating
conditions are evaluated based on simulation studies in the PowerSIM environment and experiments,
and the comparisons with other topological structures are also given. Through the analysis
and demonstration mentioned above, the characteristics of this topology and its predictive control
strategy are summarized as follows:

(1) The sub-module capacitor number of FA-MMC reduce significantly while connecting to
the same AC voltage level and power level, results in a more compact structure;

(2) Further, it reduces the number of needed IGBTs while retaining the ability to block a DC-side
fault compared with other topologies, so that the cost of the system is reduced;

(3) The algorithm the algorithm has been proved to be able to achieve multiple control
objectives of FA-MMC simultaneously (i.e., capacitor voltages balancing and ac-side currents control).
The developed control strategy also contains a director switch control function so that the director
switch maintains operation in low-frequency and zero voltage switching mode.
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Glossary of Terms

Eac The amount of energy transferred from AC side over half the fundamental period
Epc The amount of energy going to DC side over half the fundamental period.

Vac Output ac voltage

Tac AC current

Upc DC voltage of FA MMC

Ce Equivalent capacitance while all capacitors in cells connected in series

Uee int Initial voltage of Ce when dc fault blocking

@ Angular position of AC current

Teell FA Number of cells of FA-MMC each phase

Uratep  The rated voltage of IGBT

NIGBT1 The needed number of IGBTs of FA-MMC each phase
n The needed number of IGBTs of S1-54

fieell aa  The needed number of cells of AAMC each phase
NIGBT? The needed number of IGBTs of AAMC each phase

Ve DC voltage of AAMC while the output AC voltage is equal to FA MMC
Vpp The voltage produced by the stack of H-bridge cells of FA MMC

S; Switching function of the ith cell

Vi The capacitor voltage of the ith cell
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Ly Buffer inductor

I The current through Lb

C The capacitor value of cell

Sd Switching function of director switch

Ls Filter inductor

Is The current through Ls

Ts Sampling period

Jait Ji» Joe  Cost function

n, B Weighting factor
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Abstract: In three-level neutral-point-clamped (NPC) inverters, the voltage imbalance problem
between the upper and lower dc-link capacitors is one of the major concerns. This paper proposed
a dc-link capacitor voltage balancing method where a common offset voltage was injected. The offset
voltage consists of harmonic components and a voltage difference between the upper and the lower
capacitors. Here, both the second-order harmonics and the half-wave of the second-order component
were injected to compensate for the unbalanced voltage between the capacitors. In order to show the
effectiveness of the proposed voltage injection, the theoretical analyses, simulations, and experimental
results are provided. Since the proposed method does not require any hardware modifications, it can
be easily adapted. Both the simulations and the experiments validated that the voltage difference of
the dc-link could be effectively reduced with the proposed method.

Keywords: neutral-point-clamped (NPC) inverter; dc-link capacitor voltage balance; offset voltage injection;
harmonic component

1. Introduction

Recently, multilevel power inverters have been popularly employed in many electronic
applications [1,2]. For example, solid-state transformers (SST) and dc distribution systems, which are high
voltage (HV) or medium voltage (MV) applications, essentially require the use of multilevel topologies [3-7].
In multilevel topologies, three-level neutral-point-clamped (NPC) inverters have been widely used in MV
and HV applications. Compared to two-level inverters, three-level NPC inverters have some advantages,
as follows. NPC inverters have more output voltage levels than two-level inverters. Therefore, the output
voltages of an NPC inverter are more similar to sinusoidal waves than other topologies and NPC inverters
have less of a harmonic component on output voltage. Additionally, in NPC inverters, the voltage rating of
the switching device can be half of the one used in two-level inverters. In addition, NPC inverters generate
relatively less leakage current flowing through the ground paths, so electromagnetic interference (EMI)
induced problems are relatively lower than the two-level inverters.

However, the NPC inverter has a major drawback associated with the neutral-point voltage
located between the upper and the lower dc-link capacitors. The voltage between the positive
dc-link rail and the neutral-point should be identical to the voltage across the neutral-point and
the negative dc-link rail. Unfortunately, there is a voltage imbalance between the upper and lower
capacitors. This voltage imbalance harms the stability of the system, and limits the switching
operation of the power stage [8-11]. In order to mitigate the voltage imbalance, many strategies
that are based on additional hardware configurations or control algorithms have been proposed,
and have been successfully adapted in some applications [12-25]. In [12,13], additional circuits for

Energies 2018, 11, 1886; doi:10.3390/en11071886 23 www.mdpi.com/journal/energies



Energies 2018, 11, 1886

dc-link balancing were proposed. Although these methods achieved the dc-link voltage balancing
successfully, the increase in the cost and the losses were major defects. To avoid these disadvantages,
several modulation techniques for single-phase three-level NPC inverters have been presented
in [14-21]. Among these modulation techniques, the carrier-based pulse width modulation (CB-PWM)
approaches have been extensively preferred due to their simplicity of implementation. In [14],
the offset voltage injection with the zero-sequence component in the reference voltage was presented.
The zero-sequence component is calculated at every switching period based on the dc-link link voltage
and the grid current. Another type of offset voltage injection method was discussed in [15]. In this
paper, the offset voltage with a distribution factor was added into the modulation signal. However,
these strategies face difficulties in being implemented because they are a burden on the prediction
of the line current and the avoidance of nonlinearity in the injection signal. Additionally, the exact
parameter information is essential to implement these methods as the algorithms are highly dependent
on the system parameters. In [16], a simple signal injection method was proposed to balance out the
dc-link capacitor voltages by utilizing the harmonic signal consisting of the dc-link voltage difference
and the double frequency of the utility grid. The method can easily be implemented as well as reducing
the harmonic distortion in the input current of the NPC inverter.

In this paper, the method proposed in [16] was further extended and detailed. In the proposed method,
an even harmonic signal was added to the reference signal, which is generated by the current controller.
Compared to other harmonic injection methods, the proposed method showed less voltage distortion on
the synthesized output voltage. Furthermore, fast voltage balancing performance was obtained with the
proposed strategy. A 10-kW single-phase three-level NPC inverter was built and tested. Here, the input
grid voltage was 943 V in root mean square (RMS) and the output dc-link voltage was 1.8 kV. To artificially
create voltage imbalance conditions, an unbalanced load bank was attached to the individual capacitors in
the dc-link. The proposed method was compared with the method suggested in [14] through simulations.
The experimental results are presented to validate the effectiveness of the proposed method. This paper
is organized as follows. In Section 2, the pole voltage of the NPC inverter is analyzed with the proposed
offset voltage injection method. The theoretical analysis of control performance with the offset voltage
is discussed in Section 3. Simulations and experimental results with the proposed method are shown in
Section 4. Finally, Section 5 concludes this paper.

2. The Operation of the Single-Phase NPC Inverter and Its Neutral Current

Figure 1 illustrates a switching leg of the three-level NPC inverter and its conduction states.
As shown in Figure 1, the switching leg consists of four switching devices, Qy1, Qx2, Qx3, and Qya,
two clamping diodes, Dy and D5, and two dc-link capacitors, Ccy and Cer. The pole voltage vy has
three different levels, Vcy, 0, and — V¢, according to the values of the switch function Sy during the
conduction periods, as shown in Figure 1b—d. All parameters used in this paper are defined in Table 1.

Figure 1. The switching leg of the three-level neutral-point-clamped (NPC) inverter and its switching
states. (a) The circuit structure; (b) the conduction state with Sy = 1; (c) the conduction state with Sy = 0;
and (d) the conduction state with Sy = —1.
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Table 1. Nomenclature of the hardware and controller parameters.

Parameters Description Parameters Description
Qyj Power switch “j” in leg “x”. Dx0 Average pole voltage.
Dy Clamped diode in leg “x”. vz* Injection voltage reference.
i Instantaneous current from leg “x” Vet Ve Triangular carrier signals, a positive
* to grid. cve (Vc™*); and negative (V) one.
Individuals capacitances of dec-link Individuals capacitor voltages of
Ccn, Cer capacitors, the upper (CH); and the Ven, Ver dc-link capacitors, the upper (CH);
lower (CL) one. and the lower (CL) one.
R:R Resistive output load; and Additional switch to control de-link
or Radd additional resistive load. Tadd capacitor unbalance circuit.
. Instantaneous voltage of the i Instantaneous phase current of NPC
8 grid utility. 88 inverter; and its reference value.
Vies Vi dc-link capacitor voltage and its 0o Dt Instantaneous phase voltage of NPC
DcrVpe reference value. 8 %8 inverter; and its reference value.
. Instantaneous current of % Reference signal of leg “x” and its
Ldx 1 d diod Ux0™; Ux0 I
clamped diode. average value.
I Average current of clamped diode. K Coefficient of injection voltage
Le Input inductance of NPC inverter. w Angular frequency of phase voltage.
Ty Pulse width of leg “x”. Og Phase angle of grid voltage.
T. One switching period. m Modulation index.
; : uyn Switching frequency of
Sx Switch conduction state of leg “x”. fow NPC inverter.
- Instantaneous pole voltage of leg “x” I Offset signal for de-link
07720 and its reference value. offset balancing control.

When S, = 1, the upper two devices, Q1 and Qxy, are turned on. At this condition, shown in
Figure 1b, the output power is supplied by the upper dc-link capacitor Ccp, so that vyg becomes V.
If Sy is 0, the middle switches, Qx> and Qy3, conduct, and the output voltage is also clamped by the
clamping diodes. Here, the amplitude of vy is 0, and this state is illustrated in Figure 1lc. In Figure 1d,
Sy is defined as —1, and the lower switching devices, Qy3 and Qy4, are closed. The output voltage is
fed by the lower dc-link capacitor Ccr, and vyg becomes — V.

.—VCJr

0 .
Ux(l
-1 — Ve

Figure 2. The normalized pole voltage reference and the carrier signals.

Figure 2 shows the normalized pole voltage reference u%, and two carrier signals V and V.
Here, u} is defined as Equation (1):

Uy = _ 2

Ven + Ver

where v} is the reference of the pole voltage. Equation (2) defines the relationships between the

magnitudes of the carrier signals and the normalized pole voltage reference and the values of the

1)

switching function.

Ve < uj Sx =1
if ¢ Vo <ufy<V& , then S, =0 )
uzy < Ve Sy =—1
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Let us consider that the switching frequency fi,, is much higher than the frequency of u},. By doing
so, U}, in the single switching period T, can be assumed as a constant value. Consequently, the on-time
duration of the switch, Ty, is given as:

T = |uy|Te 3

By using Equation (3), the average output pole voltage, T,g, over one switching period is simply
written as follows:

@)

B — TxVCH/TC/ u;‘(O > 0
0 —TVer/Te, uly <0

If the upper and the lower capacitors have the same voltage, Vcy = Vi, = 0.5V pc, the pole voltage
shown in Equation (4) can be rewritten as:

_ T V]
0= 7 o (5)
c

In order to be placed in the linear modulation range, the following conditions should be satisfied.

X Vi
[0 <1, Joxol < 55 (6)
Figure 3 represents the configuration of the single-phase three-level NPC inverter dealt with in
this paper. Here, two three-level switching legs were employed. In each switching leg, the middle
points of the clamping diodes were connected to the neutral point of the dc-link. By referring the

notations in Figure 3, the pole voltage references of the individual switching legs are written as follows:

Vi = Vg + 01 (7)
Vg = Vs 8
where v; and v} are the line-to-line voltage reference and the virtual offset voltage between the

switching pole B and the neutral point of the dc-link, respectively. It should be noticed that both v’
and v}, should be operated in the linear modulation region. This means that they should satisfy the
conditions expressed in Equation (6). In addition, v} should be also placed in the linear modulation
region, because v} is identical to v},. From this analysis, the following condition can be derived:

—0.5Vpc — min(v;O) < v} <05Vpe — max(v;,, 0) )

cH == gy

1o +

CL == Ugp

Figure 3. The single-phase NPC inverter topology.
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Equation (9) offers that various virtual offset voltages can be selected with various control
purposes. The object of the approach taken in this paper was to balance the dc-link capacitor voltages.
To do this, the second-order harmonic injection approach was proposed in this paper. Here, v; is
selected as Equation (10):

1
v; = —50g + K(Ven - Ver) sin (2wt) (10)

where w and K are the fundamental electrical angular frequency of the grid voltage e, and the
injection gain of the second harmonic voltage, respectively. By substituting Equation (10) into
Equations (7) and (8), the pole voltages are expressed as follows:

Va0 = %Ufé + K(Vep — Ver) sin (2wt) (11)
1
Upg = EU;» +K(Ven — Ver) sin (2wt) 12)

In Figure 3, the voltage of the lower capacitor was adjusted by injecting the neutral current iz4
and izp, which are represented with the phase current from the switching pole A to the grid iy and the
switching functions of each switching leg, S4o and Sg, as follows.

iaa(t) = [1 = S5 (D)ia(t) (13)
iap() = =[1 = S§(B)]ia () (14)
The entire neutral current flowing into the neutral point is simply obtained as:
ig(t) = iga(t) +igp(t) = [S§(t) = SA(D)]ia(t) (15)
The average value of the neutral current over a single switching period is calculated as below:
—_ 17, « X \TT
i = 7 [ fa(tdt = (lupol — |30} (16)
[
Te

where i4 is the average of i4(t) in the switching period. By applying the pole voltages, Equation (16) is
rewritten as Equation (17).

— 2 " -
=y (IoBol = [90l)ia 17)
DC
By substituting Equations (11) and (12) into Equation (17), i is obtained, and is expressed in two

ways according to the polarities of v, and vp,. When the polarities of the pole voltage references are
the same, the average neutral current is written as Equation (18).

20k
£ (18)

ig=F Voo

If the polarities of v, and v}, are different, Equation (19) is obtained.

iy = ¢% sin(2wt) (19)

By adjusting the pole voltage references, the average current expressed by Equations (18) or (19)
is controlled to balance out the dc-link capacitors’ voltages.
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3. Analysis of the Injected Offset Voltage

This section compares the proposed second-order harmonic injection method above-mentioned
with the partially rectified wave injection method. Figure 4 shows the pole voltage range which
consisted of 0.5Vpc — max(vg*,0) to —0.5Vpc — min(vg*,0).

Yoe

v ax(v.,0) v, Ync _ma (v.,0)
2 ¢ 2 1571 . R
2 v, +E/A(vm. - ‘vg ‘)
1. A PN
7% i N 7 Y
JaN AN\ / N N

o \/ e d \/ T wt 0 1\/271 \5\_/,,:237[ wt

&

-—L2¢-m n(U;,,[)) 7%—m'n(v:{,0)
(@) (b)
v, 22— ma(2],0) v, %—ma (©,0)
7 1. A\ T\ 1.
4 - ¢ \ / va+Ksin(wt) ::,' -.‘ \ / va+Ksin(2wt)
f t A 3 g t
0 ".\/.." T .__\/", T 0 rl,“l\/‘! g S\E\_/, T W
, _J" "\.._ J “A _u"' l’\ _— :
7%7m n(v;,[)) 7%7m'n(v;,0)

(9 (d)

Figure 4. Limitation pole voltage v40* with the offset voltage v.*. (a) v;* = 0; (b) using distribution
factor y1; (¢) fundamental component; and (d) second-order harmonic component.

Figure 4a shows the pole voltage reference when there was no difference between upper and
lower capacitor voltage in Equation (8). In this case, the pole voltage reference always satisfies the
range of the pole voltage (Equation (9)). Figure 4b shows the synthesized pole voltage reference
where this method was proposed in [15]. In this case, the offset voltage was composed of distribution
factor y and the absolute value of the phase voltage reference. This method can cover the full range
of dc-link capacitor voltage difference, but this offset signal injection method requires repetitive
calculation since the absolute values are used in Equation (17). Figure 4c shows the synthesized
pole voltage where the offset voltage composed of the dc-link capacitor voltage difference and the
fundamental component was injected instead of the second-order harmonic component in the pole
voltage reference (Equation (9)). In this case, the maximum value of the pole voltage reference was
0.5mVpc + Kat /2, and the minimum value of the pole voltage reference was —0.5 mVpc — K at
37m/2. Therefore, the voltage difference that can be injected for the dc-link capacitor voltage balance
is restricted by modulation index m. Figure 4d shows the pole voltage where the offset voltage is
composed of the dc-link capacitor voltage difference and the second-order harmonic component.
In this case, the maximum value can be found by calculating the divergence of the pole voltage v40*.
Solving Equation (20) equal to zero, the roots are as follows:

vy, 1

Tor = 2MVoc cos(wt) + 2K cos(2wt) (20)
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— acos((m W} 8K>
7T+acos<<m + m) K)
wt = (21)
7r+acos<<m m}ﬁm)
— acos (( (32K2 + mz)) /SK)
Among these roots, the maximum value and the minimum value exist at:
Whmin = 7T + acos ( (m +/(32K2 + mz)) /8K> -

Wltmax = T — acos((m +/(32K2 + mz)) /SK)

The other roots are imaginary roots when the value of K is below the specific value determined
by the modulation index m. In addition, the offset voltage v.* can be considered, which is composed
with the voltage difference K and the half-wave rectified by the second-order harmonic component.
In this case, the maximum value of the pole voltage v4¢* is the same as the condition that injected
the second-order harmonic component, but the minimum value was the same as the condition where
the dc-link voltage difference is zero. The reason each injection voltage was inserted in a subdivided
way as follows: for the 0 to 71/2 region, the voltage difference was reduced, but within the next 7t/2 to
7 region, the offset voltage signal made switching operations for each leg to diverge. In this region,
the switching state of leg A was increased to a 0 state and the switching state of leg B was increased to
a —1 state by a synthesized reference signal. Consequently, a new reference signal increase the voltage
difference, which turned on more low-side switches than the high-side ones. Therefore, the injection
voltage had to be inserted in a subdivided way.

Figure 5 shows the waveforms which are reference signal for legs A, B, and the offset signal that
has double the frequency of the reference signal. In addition, it also shows that the switching operation
changed every 71/2 cycle, when the reference signal and offset signal were synthesized. In Figure 5a,
Region 1, the switching operation for leg A was increased to a 1 state by the synthesized reference
signal with the offset signal (5o = 1). On the other hand, the switching operation for leg B was increased
to the 0 state (Sg = 0). In Region 2, the offset signal had a negative value. Therefore, the switching
operation for leg A was increased to the 0 state (Sa = 0). In the same manner, the switching operation
for leg B was increased to the —1 state (Sg = —1). In Region 3, the reference signal had a negative value
and the offset signal had a positive value. The switching operation for leg A was increased to the 0
state (S5 = 0), and for leg B it was increased to the 1 state (Sg = 1). In Region 4, the switching operation
for leg A was increased to the —1 state (Spo = —1) and for leg B, it was increased to the 0 state (S = 0).
In Figure 5b, the switching operation states for leg A and leg B could be easily observed by comparing
it with Figure 5a. In Regions 1 and 3, the increased switching state for each leg, (Sa,Sg), were (1,0) and
(0,1), respectively. In Regions 2 and 4, there was no offset signal, so the synthesized reference signals
were the same as the reference signal.

Regionl , Region2 , Region3 , Region4 Regionl , Region2 , Region3 , Region4
- u, (forlegA) —u, (forlegA)
— ”;/rm = U
0 by () 37 T wt 0 2 [ 3m/2 . wt
T(S,=1)T{T(s,=0)T{T(5,=0)T |T(S,=-1)T T(S,=1)T|NoChange {T(S, =0)T | NoChange

Figure 5. Cont.
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Regionl ,Region2 , Region3 , Region4 Regionl , Region2 , Region3 , Region4
i, (forlegB) - —u, (forlegB) —
— Uy —
0 L (nd 3 T wt 0 /2 g 3m/2 2n wt
T(S,=0)M1(S,=-1)T|T(s,=1)T §7T(S,=0)7T T (S, =0) T} NoChange | T(S,=1)T {NoChange
(@) (b)

Figure 5. Waveforms pole voltage reference signal uy* and offset signal u,p,;*. (a) Second-order
harmonic signal; and (b) half-wave signal of second-order harmonic.

The maximum and minimum values obtained from the previous equations were determined
by the voltage difference K and modulation index m. With the same modulation index m, the offset
voltage injection method with distribution factor y could be adopted for the full range of capacitor
voltage difference such as from 0 V to V¢, but there were voltage oscillations on the dc-link voltage
when the balancing control was adopted [15]. In contrast, the offset voltage injection method with
the second-order harmonic component or the half-wave rectified can be adopted for smooth control.
Furthermore, the proposed method could easily configure the controller using Equations (11), (12),
and (22), and the PWM modulator described in Figure 6. However, the proposed method has
limitations on the range of capacitor voltage difference given the effects of the voltage difference
of the dc-link capacitor on the injection signal. This could be a larger reference signal than the previous
reference signal for dc-link voltage control. In this case, an over-distorted reference signal could not
control either the dc-link voltage control or dc-link capacitor voltage balancing control. The voltage
range of the proposed method is up to the point where the remaining two roots other than the
maximum and minimum are zero when the modulation index m is constant in Equation (21).

1P3L
NPC
Conv.

Figure 6. Control block diagram for capacitor voltage balance.

4. Simulation and Experimental Results

Simulations and experiments for the single-phase three-level NPC inverter were performed to
verify the effectiveness of the proposed half-wave of the even-harmonics voltage injection method.
In addition, these simulations and experiments were done in a single-phase NPC circuit structure with
an additional resistive load circuit on top of the dc-link capacitor, as shown in Figure 2. The proposed
dc-link capacitor voltage balancing control and the conventional method were carried out in a PSIM
simulation, and the simulation scheme is shown in Figure 7. The controller contained three blocks to
generate the modulation signal: the PI controller for dc-link capacitor voltage control, PR controller for
input current control, and the proposed capacitor voltage balancing controller. The control sequence
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for the dc-link capacitor voltage balance is as follows. The NPC inverter operates as a general PWM
rectifier that traces the dc-link capacitor voltage reference with the PI and PR controller before the
capacitor voltage imbalance occurs. In this case, the offset signal v,* in Equations (10) and (11) is
zero because there is no voltage difference on the dc-link capacitor, so the coefficient of v.*, K, is zero.
When a voltage difference occurs, the balancing control operates to reduce the voltage difference.
The parameters for balancing control are obtained as follows: the capacitor voltage (Vcpy, VL) and
input current ig are measured by the voltage and current sensor, respectively. The grid voltage phase
angle, J, is calculated from the phased locked loop (PLL) scheme by measuring grid voltage eg. At this
point, the PWM modulator generates a new pole voltage reference by synthesizing the reference signal
and offset signal.

—OS
Y

Rndd

M—

Injection Signal Generator Pole Voltage Generator PWM Modulator

Figure 7. PSIM scheme for capacitor voltage balancing control.

i
1, S0

- \ '-\"\. P

i

[ i 004 1 (I [}
Timers)

Figure 8. Unbalanced voltage waveforms of upper capacitor Vcp and V.

In the simulation, the dc-link capacitor voltage difference between the upper capacitor Vcy and
lower capacitor V¢y, was intentionally made to generate an imbalance condition on the dc-link capacitor
by using the attached additional circuit on top of the dc-link capacitor in Figure 3. Figure 8 shows the
voltage levels of the upper and lower capacitors, and the NPC inverter controls the dc-link voltage
Vpc to the dc-link voltage reference Vpc* when the switch of the additional circuit was closed at ¢
=0.02 s. If there were no additional controls for the dc-link capacitor voltage balancing, the upper
capacitor voltage value remained at a lower value than the lower capacitor voltage Vcp.
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The simulation parameters of a single-phase three-level NPC inverter adopting the proposed
balancing control were as follows. Capacitance of the dc-link capacitor Ccpy, Ccr was 250 pF, inductance
of the filter inductor Ly was 14 mH, resistance of the load R, and the additional load were 540 (),
the switching frequency fsy was 10 kHz, the grid side voltage vy was 943 V/60 Hz in the root mean
square (rms) value, and the controlled dc-link voltage reference Vpc* was 1.8 kV.

Figure 9 shows the simulation results for the dc-link capacitor voltage balancing control with the
type of injection voltage under the same modulation index. In the simulation, the voltage difference
between the upper and lower capacitor of the dc-link was enforced at about 334 V. Figure 9a shows
the simulation results of the dc-link capacitor voltage balancing control using distribution factor
y. From the simulation results, each capacitor voltage Vcy and V¢ reached a balanced point at
t = 0.4941 s. Figure 9b shows the simulation results when injecting a second-order harmonic signal
into the modulation signal. In this case, each capacitor voltage V¢ and V¢ reached a balanced point
at t = 0.4249 s. Figure 9c shows the simulation result when injecting the half-wave of a second-order
harmonic signal into the modulation signal. In this case, the upper and lower capacitor voltage reached
a balanced point at 0.3875 s. From the simulation results, the half-wave of the second-order harmonic
signal injection method was better than other offset voltage injection methods.

Start B.Jldn;‘ing control

0.4941

05v '
ﬂ | A
I |
\ U j 0
0.1 02 03 04 05!
sec
(a)
Start Balancing control
& 8
Poc IV V\..-"\Zk
Ve IV . - x 1k
i A A
3NV (2%
0.4249
: om 1
[].:'u"\_ .

0.1 02 03 0.4 05!
sSec

(b)

Figure 9. Cont.
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Figure 9. Simulation results for the single-phase NPC inverter with Vpc, Vey, Ver and ig: (a) using
distribution factor y; (b) using second-order harmonic component; and (c) using half-wave of second-order
harmonic component.

Figure 10 shows a photograph of the experimental setup for a single-phase three-level NPC
inverter used to verify the proposed method. The NPC inverter module consisted of two NPC
half-bridges, a series filter inductor, and two electrolytic capacitors. For the test, a 6 kW resistive load
was connected to the dc-link capacitor of the NPC inverter. The same system parameters for the NPC
inverter were applied as in the previous simulation. A 1:6 transformer was connected to the output of
the variac to obtain 943 V AC voltage. Each leg of the NPC inverter consisted of four MOSFETs and two
clamping diodes. SiC MOSFETs, Cree’s C2M0040120D, and a SiC Schottky diode, Cree’s C4D20120D,
were utilized for each leg. By adapting silicon carbide devices, the switching frequency can be higher
than for silicon-based devices. When using a higher switching frequency, the physical size of the
magnetic component for the NPC inverter can be reduced. Furthermore, a lower switching loss is
expected than with silicon-based devices. Component specifications of the NPC inverter are shown
in Table 2. In order to measure the dc-link capacitor voltage and input current, a differential probe
and a current probe were used. For each probe of the dc-link capacitor, PINTEK’s high voltage
differential probe DP-50 was used. In addition, for input current, Lecroy’s current probe CP150 was
used. The control structure of the NPC inverter contained a current controller for input current,
a voltage controller for the dc-link capacitor voltage, and a voltage balance controller for the dc-ink
capacitor voltage balance. For these controllers, a digital control board based on Texas Instruments’
TMS320F28335 was used, which was made in-laboratory. The phase voltage reference signal for the
NPC inverter was generated by measuring the dc-link capacitor voltage and input current, and the
injection signal for the dc-link capacitor voltage balance was calculated from the measured dc-link
capacitor voltage and the phase angle of the grid. The NPC inverter regulated the AC voltage to
DC voltage without the dc-link capacitor voltage imbalance caused by the generated phase voltage
reference signal and injection signal.

Table 2. Parameter specifications of the NPC inverter.

Parameter Value Quantity
Switches 1.2kV/60 A 8
Clamped Diodes 1.2kV/33 A 4
Filter Inductor 14 mH 1
Capacitors 250 uF 2
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In the above experimental setup, the experimental process was as follows: first, the AC input
voltage was increased to 943 V under dc-link voltage control conditions for 1.8 kV dc-link voltage.
Second, the dc-link capacitor voltage imbalance was enforced at about 100 V by operating an additional
resistive load circuit, which was attached on the upper capacitor. At this time, the voltage difference
should be suppressed by the voltage rating of the electrolytic capacitor. In addition, then, the adopting
proposed method, dc-link voltage, separated capacitor voltage, and current distortion were observed
intensively under unbalanced dc-link capacitor voltage.

Figure 10. Hardware configuration for the dc-link capacitor voltage balancing test.

The experimental results when adopting the proposed method for dc-link capacitor voltage
balance are presented in Figure 11. As shown in Figure 11a,b, the capacitor voltage difference
was enforced at about 100 V. Before adopting the balancing control in Figure 11a, the upper and
lower capacitor voltage levels were measured as 828 V and 924 V, respectively. After adopting the
proposed second-order harmonic injection method, the upper capacitor voltage level increased from
828 V to 869 V, and the lower capacitor voltage level decreased from 924 V to 887 V. In Figure 11b,
the other experimental result, the capacitor voltage difference was measured as 106 V. After adopting
the proposed half-wave rectified second-order harmonic injection, the capacitor voltage difference
decreased from 106 V to 9 V. At the beginning of the capacitor voltage balancing control, the line
current iy was instantaneously distorted, but this distortion disappeared within 50 ms as the upper
and the lower capacitor voltage level became equal.

W/O Balancing Control Proposed 2™ harmonic injection
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Figure 11. Experimental results for the single-phase NPC inverter with Vpc, Vey, Ver and ig
(a) using second-order harmonic component; and (b) using subdivided wave of second-order
harmonic component.

From the simulations and experimental results, the proposed capacitor voltage balancing control
strategies of injecting the second-order harmonic signal and the half-wave of the second-order harmonic
signal were effective for dc-link capacitor voltage balancing. Among these balancing methods,
the method of injecting the half-wave signal into the modulation signal was faster, at about 50 ms,
at achieving capacitor voltage balance than the injection of the full-wave signal of the second-order
harmonic. However, in the case of input current ig, the full-wave injection method of the second-order
harmonic had a lower distortion than the half-wave signal injection method as it seems that the
synthesized pole voltage reference signal was distorted when the half cycle of the second-order
harmonic signal had a negative polarity.

5. Conclusions

This paper described an offset voltage injection method for dc-link capacitor voltage balance on
a single-phase three-level NPC inverter. The operations and the balancing strategies were explained.
The proposed offset voltage consisted of double the frequency of the grid and the voltage difference
between the upper and lower capacitors of the dc-link. In addition, the partial offset voltage
injection method of the second-order harmonic signal was proposed to achieve dc-link voltage balance.
The proposed method does not require hard calculations and additional hardware setup for dc-link
balancing control; it is simpler and more intuitive to implement than the conventional offset voltage
injection method. However, the proposed method can operate only in a narrower voltage difference
than the conventional method. This limitation is caused by the maximum and minimum values of
the offset voltage, which consists of the capacitor voltage difference and the phase angle of the grid.
Simulations and experiments were performed at 60% load of the NPC inverter. In addition, the results
based on a single-phase NPC inverter application verified the validity and feasibility of the proposed
method. The proposed method of reducing dc-link capacitor voltage difference can be adopted for
other topologies that have separated-dc link capacitors. Furthermore, it seems that using a variable
weight factor on the offset voltage for the dc-link balance could be possible.
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Abstract: This paper proposes a highly efficient single-phase three-level neutral point clamped (NPC)
converter operated by a model predictive control (MPC) method with reduced commutations of
switches. The proposed method only allows switching states with none or a single commutation at
the next step as candidates for future switching states for the MPC method. Because the proposed
method preselects switching states with reduced commutations when selecting an optimal state at
a future step, the proposed method can reduce the number of switchings and the corresponding
switching losses. Although the proposed method slightly increases the peak-to-peak variations of the
two dc capacitor voltages, the developed method does not deteriorate the input current quality and
input power factor despite the reduced number of switching numbers and losses. Thus, the proposed
method can reduce the number of switching losses and lead to high efficiency, in comparison with
the conventional MPC method.

Keywords: model predictive control; single-phase three-level NPC converter; commutation

1. Introduction

Recently, multilevel converters have become popular in a variety of high-power systems owing to
their low voltage stress, improved waveform qualities, and low electromagnetic interference (EMI)
compared to two-level converters [1,2]. Among several kinds of multilevel converters, three-level
neutral point clamped (NPC) converters with relatively simple configurations have been realized for
many application areas. In addition to three-phase NPC converters, single-phase three-level NPC
converters have been employed for high-speed traction systems as well. In order to control single-phase
three-level NPC converters, traditional carrier-based pulse width modulation (CBPWM) methods
combined with linear proportional and integral (PI) controllers have been investigated to synthesize ac
sinusoidal current waveforms with three-level NPC converters. Aside from their adjustable ac voltage
and current synthesis, the NPC converters require balancing of the two dc capacitor voltages because
of their structure, which has two split dc capacitors in the dc link. As a result, CBPWM methods with
offset voltage injection to remove imbalance of neutral point (NP) voltage in the NPC converters have
been often used [3-7].

Recently, model predictive control (MPC) methods have been studied for numerous power
converters including three-level NPC converters [8-10]. There have been several studies on MPC
algorithms for single-phase NPC converters as well as three-phase NPC converters [11-13]. In the
MPC methods for single-phase NPC converters, a cost function to determine an optimal switching
state generally consists of two terms combined with a weighting factor not only to control both the
ac sinusoidal currents but also to balance the two capacitor voltages. The ac sinusoidal current is
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controlled by changing the converter voltage levels, whereas the NP voltage balance is adjusted by
using redundant switching states that yield the same voltage level.

The conventional MPC method selects an optimal switching state among nine switching states
allowed by the single-phase three-level NPC converter on the basis of a cost function considering
the ac source current and the NP voltage balance. Consideration of all possible switching states
in the conventional method can choose a switching state involved in many commutations as an
optimal switching state for the next step, which can lead to an increased number of switchings
and corresponding switching losses [14-18]. In addition, the conventional MPC method changes the
optimal switching state by evaluating the capacitor voltage balance term using the redundant switching
states to equal the two capacitor voltages [19,20] owing to a slight voltage difference even when the
converter does not require a change in the voltage level. Thus, this operation can increase the number
of switchings and switching losses as well [21,22]. Several trials to reduce switching losses based
on the model predictive control methods have been addressed for a variety of power converters in
literatures. In [23,24], approaches to reduce switching losses of matrix converters have been addressed.
Ref. [23] proposed a switching loss reduction technique by adding an additional term related with a
number of future commutations to a cost function used to control the matrix converter. In [24], a trial
to decrease switching losses of the matrix converter has been presented, where a cost function includes
an extra term directly representing switching losses at next step by calculating switch currents and
switch voltages. In [25], a model predictive control method for modular multilevel converters (MMCs)
has been developed with a cost function which is aimed at the elimination of the MMC circulating
currents, regulating the arm voltages, and controlling the ac-side currents. In addition, this strategy
tried to reduce power losses by decreasing the submodule switching frequency. In [26,27], reduction
techniques of switching losses for two-level voltage source inverters have been presented. Ref. [26]
proposed a switching strategy based on the model predictive control method to clamp one phase with
the largest load current among the three legs in the voltage source inverter every sampling period,
which can successfully reduce switching losses of the voltage source inverter. In addition, a model
predictive control method for the voltage source inverter has been developed to reduce switching
losses by injecting future zero-sequence voltage [27]. This approach decreased the switching losses by
implementing optimal discontinuous pulse patterns to stop switching operations at vicinity of peak
values of load currents. However, there has not been, to the authors’ best knowledge, tried to reduce
switching losses, using a trade-off between switching losses and capacitor voltage balancing in the
three-level NPC converters, although several trials to reduce switching losses based on the model
predictive control methods have been addressed for a variety of power converters.

In this paper, a highly efficient algorithm with a reduced number of switching and low
switching losses for single-phase three-level neutral point clamped (NPC) converters is proposed
based on a model predictive control (MPC) method with a decreased number of commutations of
switches. The proposed method pre-excludes, from the candidates for possible future switching
states, the switching states that yield more than two commutations in the next sampling period. As a
result, the proposed technique can reduce the number of switchings and switching losses by utilizing
switching states involving no commutation or only one commutation during every sampling instant
for single-phase three-level NPC converters. In addition, the developed method does not deteriorate
the input current quality or input power factor despite the reduced switching numbers and losses.
Although the proposed method slightly increases the peak-to-peak variations of the two dc capacitor
voltages at the expense of reduced commutation, the increased voltage variation is not high. Thus, the
proposed method can obtain high efficiency and low switching losses at the expense of a slightly
increased peak-to-peak variation of the NP voltage. The performance of the proposed method with
a reduced number of switchings and higher efficiency is evaluated in terms of the total harmonic
distortion (THD) and peak-to-peak variations of the capacitor voltages. Simulations and experimental
results are presented to verify the effectiveness of the proposed method.
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2. Single-Phase Three-Level NPC Converter and Model Predictive Control Method

Figure 1 shows a circuit diagram for the single-phase three-level NPC converter. As shown in
Figure 1, the single-phase three-level NPC converter has an input inductor Ls and resistor R as an ac
side filter, as well as two capacitors C; and C; at the dc side. In addition, v.; and v are the dc voltage
of each capacitor, and Ry is a load resistor. Switches Sa]- and Sbj (j=1,2,3,4) are Insulated Gate Bipolar
Transistors (IGBTs) at the a-phase and b-phase, respectively. The switch states at each phase, produced
by the converter, can be defined as a function of the switching status of the two upper devices as:

1 (le, sz N ON)
Sy = 0 (Sx2,Sx3:ON) (x = aorb) 1)
~1 (Sy3, 54 : ON)

The two switches Sy and Sy3 operate complementarily. Similarly, Sy; and Sys work in a
complementary manner. As a result, the switching status of the two lower devices is automatically
determined by the upper switches. Owing to possible combinations of the switching states of (1) in the
a and b phases, a total of nine operating states can be generated by the single-phase three-level NPC
converter. On the basis of nine operating states, the phase switching state, upper device switching
status, and converter input voltage v, are listed in Table 1. The nine operating states yield five
voltage levels for the converter input voltage v,;,, which provides the single-phase NPC converter
with redundancy.

As shown in Table 1, the two states (1, 0) and (0, —1) for (S,, S) are redundant switching states
that apply the same voltage level to the converter input terminal of the single-phase three-level NPC
converter by assuming that the two capacitor voltages are well balanced. Likewise, the states (0, 1)
and (—1, 0) for (S4, Sp) are also redundant because they yield the equal converter input voltage v,y,.
These redundancies can be utilized to balance the two capacitor voltages v¢1 and v.y. The currents iy
and i; shown in Figure 1 can be expressed using the switching status and the source current i; as in (2)
and (3). Thus, they can be obtained without additional measurements [16]:

Sa(Sa+1) = Sp(Sp+1)

iu = 2 is (2)
—-1) - -1
AC side Single-phase NPC Converter DC side
Vs  ———y g
Iy
Q Salo-| G Sto-{d} +
T
Dalk Dug C
Sa2o G St:"‘{G : —
R L.
f T =, . o+ Vay' -13 N
bl ot Vix 1o~
Sao R}D Suio-| . +
‘A o -
: 1
Sws o G Swer . =
Iy
* 7

Figure 1. Single-phase three-level NPC converter.
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Table 1. Nine operating states, phase switching state, upper device switching status, and converter
input voltage of single-phase three-level NPC converter.

Operating Status Phase Switching State Converter input Voltage  Capacitor Voltage
# Sa Sp Sa1 Sa2 Sb1 Sp2 Vab Uc1 Uc2
1 0 0 OFF ON OFF ON 0 - -
2 1 1 ON ON ON ON 0 - -
3 -1 -1 OFF OFF OFF OFF 0 - -
4 1 -1 ON ON  OFF OFF Ve T T
5 1 0 ON ON OFF ON Vie/2 1 b
6 0 -1 OFF ON OFF OFF Vi /2 1 0
7 0 1 OFF  ON ON ON Ve /2 T +
8 -1 0 OFF OFF OFF ON =V /2 1 T
9 -1 1 OFF OFF ON ON —Vie 1 b

The capacitor voltage dynamics of the dc link are calculated by using differential equations:

dvcl - 1.
a alLt 4)
dvcz o 1.
a szl (©)

Using a constant sampling period T, the capacitor voltage dynamics in the discrete-time domain

are described as:

dvem . Ucm (k + 1) - Ucm(k)
dt Ts

Using (6), Equations (4) and (5) can be expressed in the discrete time domain as:

(m=1,2) (6)

vcl(k—l-l):vcl(k)+%(5“(sﬂ+1);Sb(sb'f‘l))is o
v (k+1) :vcz(k)_%<S”(Sﬂ_1);5b(sb—1)>is ©

The input current of the ac side shown in Figure 1 is expressed in the continuous time domain as:

o di
05 = Ris + Lﬁ oy )

Equation (9) is expressed in the discrete time domain as:

ik 1) = (1= T2 )b+ - os(8) = oK) (10)

The ac source current at the next step, is(k + 1), in (10) can have five possible movements owing to

the five possible voltage levels for v,;,(k). The single-phase three-level NPC converter needs to balance
the two capacitor voltages by manipulating the phase switching states S;(k) and Sj,(k) shown in (7) and
(8) as well as control the source current by changing the converter input voltage v, (k) in (10). As a
result, the cost function with two terms for the ac source current control part and the neutral point

(NP) voltage control part of the two capacitor voltages is:

g = lis(k+1) —is(k+ 1)+ Acfver (k+1) — vea (k+ 1) (11)

where A, represents the weighting factor of the capacitor voltage balancing term in the cost function.
Moreover, the future ac reference current can be expressed with past and present currents from a
Lagrange extrapolation as [28-31]:
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i (k+1) =30 (k) — 3 (k — 1) +i* (k — 2) (12)

where 7} (k) is the present current, and 7} (k — 1) and i} (k — 2) are the reference value of the one-step
and two-step past ac source currents, respectively. The ac sinusoidal current is controlled by changing
the converter voltage levels, whereas the NP voltage balance is adjusted by using redundant switching
states that yield the same voltage level. As a result, the conventional MPC method changes the optimal
switching state by evaluating the capacitor voltage balance term using the redundant switching states
to equal the two capacitor voltages owing to a slight voltage difference even when the converter does
not require a change in the voltage level. Thus, this operation can increase the number of switchings
and the switching losses as well.

3. Proposed MPC Method Based on Voltage Tolerance Band

The conventional MPC method selects an optimal switching state among nine switching states
allowed by the single-phase three-level NPC converter on the basis of a cost function considering
the source current and the NP voltage balance. Consideration of all possible switching states in
the conventional method can help to choose a switching state involved in many commutations as
an optimal switching state for the next step. In addition, the conventional MPC method changes
the optimal switching state by evaluating the capacitor voltage balance term using the redundant
switching states to equal the two capacitor voltages owing to a slight voltage difference even when the
converter does not require a change in the voltage level. Table 2 illustrates the number of commutations
involved in switch transitions from the current step to the next step, which vary from zero to four.

Table 2. Number of commutations involved in switch transitions from current step to next step in
conventional MPC method.

Current Operating Status Next Possible Operating Status
(Sa,5p) (0,0) (0,0) (0,1) 0 (=10 ©O-1H @-1H) L) 11 (L=
number of commutations 0 1 1 1 1 2 2 2 2
(54/5p) (L.1) oy @ 0y Ly 0o  @L-1) O0-1) (=10 (-1-1)
number of commutations 0 1 1 2 2 2 3 3 4
(Sa,5p) (-1.-1) (-1,-1) (-1,0 (©-1) (-11) ©00 (@1-1) O (1,0) (1,1)
number of commutations 0 1 1 2 2 2 3 3 4
(Sa,5p) (1.-1) -1 ©0-1H @O (=1-1) (00 Ly (L0 01 (=11
number of commutations 0 1 1 2 2 2 3 3 4
(Sa,50) (1.0) (1,0) @y 4= 00 01 O-1) (=10 (=11 (-1,-1)
number of commutations 0 1 1 1 2 2 2 3 3
(Sa,5p) (0.-1) 0-1) @4€-1) (-1,-1) (0,0 (0,1) Lo) (=10 (=11 @11
number of commutations 0 1 1 1 2 2 2 3 3
(Sa,5p) (0.1) (01) wy Ly 00 ©O-1) 10 (=10 @L-1) (-1,-1)
number of commutations 0 1 1 1 2 2 2 3 3
(Sa,5p) (=1.0) (=100 (=L (-1,-1) (0,0 ©on ©-1 1o @-1) 11
number of commutations 0 1 1 1 2 2 2 3 3
(Sa,5p) (-1.1) (-1 ©O1n (L0 (-1L-1) (0,0 (1) Loy  O-1) (@L-1)
number of commutations 0 1 1 2 2 2 3 3 4

A switching operation with a number of commutations equal to that shown in Table 2, for example,
implies that one switch turns off and another switch turns on at a switching instant. Likewise, two
switches are off and two are on at a switching moment when the switching operation corresponds to a
number of commutations equal to two in Table 2. The conventional method, which selects a next-step
switching state depending on the cost function, does not consider the number of commutations.
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Thus, the number of switchings can increases in a case where an optimal switching state with many
commutations is chosen at the next step. Figure 2 shows simulation waveforms obtained by the
conventional MPC method for a single-phase three-level NPC converter.

Conventional Method

ki

6 "}
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Figure 2. Simulation waveforms of conventional MPC method (a) during period with converter voltage
U,y fixed to V4. /2 and (b) during period with converter input voltage v, fixed to —V,;./2.

It is seen from Figure 2a that the conventional method, during the period with the converter
voltage v, fixed to V;./2, repeatedly changes the switching states corresponding to an operating status
between (1, 0) and (0, —1). This is the redundant state with respect to each other, although the switch
transitions do not be required in terms of the ac source current control. These switching operations
involve two commutations at every switching instant, as shown in Table 2. As a result, the number
of switching operations substantially increases, whereas the two capacitor voltages perfectly match.
Similarly, the simulation waveforms obtained by the conventional MPC method, especially during
the period with the converter input voltage v, fixed to —V./2, are depicted in Figure 2b. It is seen
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that the switch transition repeatedly occurs between (0, 1) and (—1, 0) in terms of the operating status,
which also involves two commutations at every switching instant, as shown in Table 2. Therefore,
it is noted that the two capacitor voltages are tightly balanced by repeatedly using the redundant
switching states, at the expense of an increased number of switchings in the conventional MPC
method. The proposed method pre-excludes, from the candidates for possible future switching states,
the switching states that yield more than two commutations in the next sampling period. As a result,
the proposed technique can reduce the number of switchings and the switching losses by utilizing
switching states involving no commutation or only one commutation at every sampling instant for
single-phase three-level NPC converters. Table 3 shows the switching states allowed in the proposed
method, which are states with the number of commutations restricted to zero or one

Table 3. Switching states allowed in proposed method.

Current Operating Status Next Possible Operating Status

0,0) (0,0)(0,1) (1,0) (—1,0) (0,—1)
(1,1) (1,1) (1,0) (0,1)
(=1,-1) (=1,-1) (=1,0) (0,—1)
(1,-1) (1,-1) (0,—1) (1,0)
(1,0) (1,0) (1,1) (1,—1) (0,0)
0,-1) 0,-1)(1,-1) (-1,—-1) (0,0)
0,1) 0,1) (1,1) (—1,1) (0,0)
(—1,0) (=1,0) (=1,1) (—1,—-1) (0,0
(-1,1) (-=1,1) (0,1) (—=1,0)

Figure 3 shows simulation waveforms obtained by the proposed MPC method for a single-phase
three-level NPC converter. It is seen from Figure 3a that the proposed method, during the period
with the converter voltage v, fixed to V;./2, does not change the switching states. This is because the
operating status (0, —1) corresponding to the redundant status of (1, 0) is not a possible state for the
next state when the current operating status is (0, —1). Similarly, simulation waveforms obtained by
the proposed MPC method, especially during the period with the converter input voltage v, fixed
to —V;./2, are depicted in Figure 3b. It is also seen that there is no switch transition because the
operating status (—1, 0) corresponding to the redundant status of (0, 1) is not a possible state for the
next state when the current operating status is (—1, 0). As a result, the proposed method can reduce
the number of switchings and the corresponding switching losses, whereas an NP voltage imbalance
between the two capacitor voltages occurs. The NP voltage imbalance that occurs when the periods of
the converter voltage are fixed at V./2 or —V;./2 is resolved by selecting switching states to eliminate
the imbalance afterward. Figure 4 depicts simulation waveforms obtained by the proposed MPC
method during the period when the converter voltage v, oscillates between V;./2 and V.. It is seen
that the NP voltage imbalance is solved by the proposed algorithm, where the optimal states are 5, 4, 6,
4,5, and so on, as shown in Figure 4. Figure 5 shows the capacitor voltage behavior in the switching
states. Because switching states 4, 5, and 6 can increase or decrease the upper and lower capacitor
voltages, the proposed method can successfully eliminate the NP voltage imbalance quickly.
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Figure 3. Simulation waveforms of proposed MPC method (a) during period with converter voltage
v, fixed to V4. /2 and (b) during period with converter input voltage v, fixed to — V. /2.
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Figure 5. Number of operating status and capacitor voltage behavior of proposed MPC method during
period with converter voltage v,;, between V;./2 and V.

The performance of the MPC methods owing to its inherent operational principle is strongly
influenced by the sampling frequency. The number of switchings by the conventional MPC and
proposed methods as functions of the sampling periods are shown in Figure 6. It is seen that the
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number of switchings of the proposed method is lower than that of the conventional MPC method
for all considered sampling periods. Increasing the sampling frequency increases the number of
switchings, leading to an increasing difference in the number of switchings obtained from the two
methods. The conventional MPC and the proposed methods are compared in terms of the THDs of the
source current and the peak-to-peak capacitor voltages vs. the sampling periods shown in Figure 6.
It is observed that the proposed method results in almost the same THDs in the source current as those
in the conventional MPC method. In addition, the peak-to-peak capacitor voltages of the proposed
method are slightly higher than those of the conventional method, at the expense of a decreased
number of switchings. Thus, it can be concluded that compared to the conventional MPC method,
the proposed method can lead to a reduced number of switchings, which can lead to lower switching
losses and a nearly equal THD of the source currents.

o =8 =conventional ====proposed =8 =conventional === proposed
Z 250
§ 210.29 g 7
= 200 17995, = 6
z 7 z
o 15733 @ 25 A\
© 150 12617 % \
= : S 4
) 10;13 - 98.08 = S
E 100 7892 R E 3
Z s ,( P =,
] 35.46 =}
o 50 8
2529 72442 a
3 g8 T 1
= =
z 0
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80

SAMPLING EREQUENCY [kHy| SAMPILING FREQUENCY [kilz|

(@) (b)

=8 =conventional ==proposed «=® =conventional e=l==proposed

0.2

b~ -~ - -

O e = P = @ == =P = @

LINE CURRENT ERROR [A]
PEAK-TO-PEAK VALUE OF CAPACITOR
RIPPLE VOLTAGE [V]

w

o 20 30 4 50 60 70 80 10 20 30 40 50 60 70 80

SAMDPLING FREGUENCY [kHz| SAMPLING FREQUENCY [kH7|
(c) (d)

Figure 6. Comparison results obtained by conventional MPC method and proposed method vs.
sampling frequency: (a) number of switchings; (b) THD values of source currents; (c) current errors;
and (d) peak-to-peak values of capacitor ripple voltages.

Loss analysis and stress distribution among the switching devices were further conducted on
conditions with vs =730 V, V;. = 1000 V, and P;,, = 10 kW. Losses resulted in each switching component
by the conventional and the proposed methods are depicted in Figure 7. The proposed method
yields reduced losses in all the switching component, including the IGBTs and the clamping diodes,
in comparison with the conventional method. By comparing the conduction loss and the switching
loss in Figure 7, the conduction losses generated by the two methods are almost the same. On the other
hand, the switching losses of the proposed method are lower than those of the conventional method
for all the components. Total efficiency of the conventional and the proposed method was 98% and
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98. 7%, respectively. Regarding loss distribution shown in Figure 7, the two methods lead to more
losses in the inner switches, S;; and Sy, than the outer switches, which is general in the three-level
NPC converters. However, it is seen that the losses by the proposed method are less concentrated on
the inner switches than the conventional method, as shown in Figure 7.

Conventional method

W Conduction loss M Switching loss

25
20
2
P 15
2
o
s 10
Q 14.38 14.38)
5
6.93 6.94 18 s
0
sal sa2 sb1 ) Dal Db1
(@)
Proposed method
W Conduction loss B Switching loss
25
20
)
n 15
a
17
o
b 10
2 13.79 14.51
> 8.39 735
268 4.96
0
Sal Sa2 Sb1 Sb2 Dal Dbl

(b)
Figure 7. Loss comparison of (a) conventional method (b) proposed method.
4. Simulation and Experimental Results

In order to demonstrate the proposed method, a single-phase three-level NPC converter with
the proposed method was operated at vs = 110 V, V4. =150 V, Ts = 50 ps, Ry =100 O, Rs =1 Q),
and Ls = 10 mH. The weighting factor A, = 0.5 in (11) was used for both the conventional and the
proposed methods. Figure 8 shows simulation waveforms of the source current (is), source voltage
(vs), line-to-line converter input voltage (v,},), converter pole voltages (f), and frequency spectrum of
the input current (is) obtained by the conventional and the proposed methods.

It is seen that the proposed method, operated with only a consideration of the reduced number
of commutations, and the conventional method, using all possible switching states, make the source
voltage and the source current in phase. This yields a unity power factor. It is noted that the source
current and the ac line-to-line converter voltage generated by both methods are almost the same.
On the other hand, the converter pole voltages of the proposed method are different from those of the
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conventional method because of the reduced number of switchings. It is seen that the pole voltage of
the proposed method has a lower number of commutations than the conventional method owing to
the reduced switching operations of the proposed method. From the frequency spectrum waveforms,
it can be shown that the two methods represent almost the same current THD values. Therefore, the
proposed method can reduce the number of switchings and the switching losses without deteriorating
the quality of the ac current waveform in comparison with the conventional method.
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Figure 8. Simulation results of ac source current (is), source voltage (vs), converter line-to-line voltage
(vap), pole voltages (vaN, VpN), and frequency spectrum of input current (is) obtained by (a) conventional
and (b) proposed methods.

Figure 9 shows simulation waveforms of the upper and the lower capacitor voltages (v.; and v¢p)
and switching patterns of the four upper switches (Sq1, Sa2, Sp1, and Sp,) during the steady state as
obtained by the conventional and proposed methods. In Figure 9a, obtained by the conventional MPC
method using all possible switching states, the two capacitor voltages with the NP voltage controlled
by the redundant switching states are almost equal with an avoidable oscillation at a certain voltage
boundary AVc.
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In the proposed method, as shown in Figure 9b, the converter is operated with only a consideration
of the reduced number of commutations. It is clearly seen from the switching patterns that the proposed
method yields a reduced number of switchings compared with the conventional method. This can lead
to a decreased number of switching losses and higher efficiency. In addition, in the proposed method
of Figure 9b, the NP voltage balance is well regulated without a continuous increase or decrease in the
capacitor voltages, whereas the peak-to-peak ripple voltages of the two capacitors obtained by the
proposed method are slightly increased compared with those of the conventional method. The number
of switchings and switching losses of the proposed method were reduced by almost half in comparison
with the conventional method.
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Figure 9. Simulation results of upper and lower capacitor voltages (v¢1, vc2) and switching patterns
of four upper switches (Sz1, Saz, Sp1, Sp2) during steady state in (a) conventional MPC method and
(b) proposed MPC method.
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Figure 10 shows simulation waveforms of the two methods when imbalance conditions of the
capacitor voltages, which were intentionally generated, occur. Both the conventional and proposed
methods can balance the capacitor voltages, as shown in Figure 10. It is seen that the proposed method,
using a reduced number of possible switching states for a reduced number of commutations, can yield
an NP voltage balance at almost the same speed as the conventional method.
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Figure 10. Simulation results of capacitor voltages (v¢1, vc2) and source current during imbalanced NP
voltage conditions obtained by (a) conventional method and (b) proposed method.

Figures 11 and 12 show simulation waveforms of step changes of the load resistance and the dc
load voltage obtained by the two methods. It is seen that the proposed method achieves dynamic
responses as quickly as the conventional method despite the reduced number of possible switching
states to decrease the number of switching losses.
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Figure 11. Simulation results of capacitor voltages (v.1, vc2) and source current with step change of
load resistor from 200 () to 100 Q) obtained by (a) conventional method and (b) proposed method.
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Figure 12. Simulation results of capacitor voltages (v.1, v2) and source current with step change of dc
voltage from 150 V to 120 V obtained by (a) conventional method and (b) proposed method.

Effects of the control parameter A, on performance were investigated, where Figure 13 shows the
average number of switching, the THD values of line current, and the peak-to-peak values of capacitor
ripple voltage of the conventional and the proposed methods, as a function of the weighting factor A,
varying from 0.05 to 2. It is shown from Figure 13 that the proposed method results in much lower
average number of switching and almost same THD values of the line currents in comparison with the
conventional method, over the range of the varying weighting factor. Figure 14. depicts simulation
results of ac source current, frequency spectrum of source current, and two capacitor voltages obtained
by the conventional and the proposed methods with weighting factor A, = 0.05, A = 0.5, and A, =2,
respectively. The peak-to-peak value of the two capacitor ripple voltages of the proposed method is
slightly increased compared with that of the conventional method, with the trade-off with the reduced
number of switching and the consequently decreased switching losses. It is seen that the proposed
method with the three different weighting factors regulates the sinusoidal input current well and
maintains the two capacitor voltage balancing, even with the lower switching operations than the
conventional method.
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Figure 13. Effects of weighting factor A varying from 0.05 to 2 on (a) average number of switching
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Figure 14. Simulation results of ac source current (is), frequency spectrum of input current (is),
and capacitor voltages (v,N, Upn) Obtained by the conventional and the proposed methods with
weighting factor (a) Ac = 0.05, (b) A = 0.5, and (c) Ac = 2.

Performances with larger input resistance and input inductance were investigated. Figure 15
shows the average number of switching, the THD values of line current, and the peak-to-peak values
of capacitor ripple voltage of the conventional and the proposed methods, for several values of the
input resistance and the input inductance. It is shown from Figure 15 that the proposed method results
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in much lower average number of switching and almost same THD values of the line currents in
comparison with the conventional method, for the different input parameters. Figure 16. depicts
simulation results of ac source current, frequency spectrum of source current, and two capacitor
voltages obtained by the conventional and the proposed methods with the three different input
resistances and input inductances. The peak-to-peak value of the two capacitor ripple voltages of
the proposed method is slightly increased compared with that of the conventional method, with the
trade-off with the reduced number of switching and the consequently decreased switching losses.
It is seen that the proposed method with the three different input parameters regulates the sinusoidal
input current well and maintains the two capacitor voltage balancing, even with the lower switching
operations than the conventional method.
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Figure 16. Simulation results of ac source current (is), frequency spectrum of input current (is), and
capacitor voltages (vaN, Upn) Obtained by the conventional and the proposed methods with input
parameters (a) Rs =1 Q and Ls = 10 mH (b) Rs =2 Q) and Ls = 20 mH, and (¢) Rs =3 (Y and Ls = 30 mH.

The single-phase three-level NPC converter operated with the proposed method was tested with
a nonlinear load, which is a three-phase voltage source inverter with a fundamental frequency of
80 Hz as shown in Figure 17. For the purpose of comparison, the simulation results obtained by the
conventional method were also included. It is seen from Figure 18 that the single-phase three-level
NPC converter with the proposed method well regulates the sinusoidal source current in phase with
the source voltage with a low THD value, even with a nonlinear load. In addition, the two capacitor
voltages of the proposed method are balanced in a case of the nonlinear load as the same as the linear
load, as shown in Figure 18.
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Figure 17. Schematic with a three-phase voltage source inverter as a nonlinear load.
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Figure 18. Simulation results with the three-phase voltage source inverter as a nonlinear load: ac source
current (is), frequency spectrum of input current (is), line to line source voltages (v,p), capacitor voltages
(vc1, Ue2), and three-phase load currents of the voltage source inverter (from top to bottom) obtained by
(a) the conventional method (b) the proposed methods.

A prototype of a single-phase three-level NPC converter, shown in Figure 19, was fabricated in a
laboratory to prove the proposed method. The conventional and proposed methods were implemented
using a DSP board (TMS320F28335). To compare the performance of the two methods, experiments
were conducted under the same conditions as the simulation. Figure 20 shows experimental waveforms
of the source voltage/current, converter input voltage, each pole voltage, and an FFT analysis of the
source current for the conventional method and the proposed method during steady-state conditions.
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Figure 19. Photograph of prototype setup for single-phase three-level NPC converter.
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As in the simulation, the proposed method shows almost the same source current and converter
input voltage waveforms as the conventional method. In addition, the proposed method through
the FFT analysis shows performance that is very similar to that of the conventional method. On the
other hand, as shown in Figure 20, the proposed method has a quite different pole voltage from the
conventional method owing to the reduced number of switchings.

Figure 21 shows the upper and lower capacitor voltages, source current, and switching state in
the steady state. As shown in Figure 21, the proposed method reduces the number of switchings
in comparison with the conventional method. In addition, the NP voltage balance in the proposed
method is well regulated without a continuous increase or decrease in the capacitor voltages, whereas
the peak-to-peak ripple voltages of the two capacitors obtained by the proposed method is slightly
increased compared with the conventional method.
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Figure 21. Experimental results of capacitor voltages (v.1, vc2), source current (is), and upper switch of
aleg (Sq1, Saz) during steady state in (a) conventional method and (b) proposed method.

In Figure 22, experimental waveforms of the two methods are shown when imbalanced NP voltage
conditions of the capacitor voltages, which are intentionally generated, occur. Both the conventional
and proposed methods can balance the capacitor voltages, as shown in Figure 22. This is the same as
the simulation results of Figure 10. It is seen that the proposed method, using a reduced number of
possible switching states for a reduced number of commutations, can yield an NP voltage balance at
almost the same speed as the conventional method. Figures 23 and 24 show experimental waveforms
of step changes of the load resistance and the dc load voltage obtained by the two methods. It is seen
that the proposed method achieves dynamic responses as quickly as the conventional method despite
the reduced number of possible switching states to decrease the number of switching losses.
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NP voltage conditions obtained by (a) conventional method and (b) proposed method.
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Figure 23. Experimental results of capacitor voltages (v1, v¢2) and source current with step change of
load resistor from 200 () to 100 Q) obtained by (a) conventional method and (b) proposed method.
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Figure 24. Experimental results of capacitor voltages (v1, v2) and source current with step change of
dc voltage from 150 V to 120 V obtained by (a) conventional method and (b) proposed method.

5. Conclusions

This paper proposed a highly efficient algorithm with a reduced number of switchings and
low switching losses for single-phase three-level NPC converters based on an MPC method with
a decreased number of commutations of switches. The proposed method pre-excludes, from the
candidates for possible future switching states, the switching states that yield more than two
commutations in the next sampling period. As a result, the proposed technique can reduce the
number of switchings and the switching losses by utilizing switching states involving no commutation
or only one commutation at every sampling instant for single-phase three-level NPC converters.
In addition, the developed method does not deteriorate the input current quality or input power
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factor despite the reduced switching numbers and losses. Although the proposed method slightly

increases the peak-to-peak variations of the two dc capacitor voltages at the expense of reduced

commutation, the increased voltage variation is not high. Thus, the proposed method can obtain high
efficiency and low switching losses at the expense of slightly increased peak-to-peak variations of the
NP voltage. Simulations and experimental results were presented to verify the effectiveness of the

prop
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osed method.
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Nomenclature

Abbreviations

EMI
NPC

Electromagnetic interference
Neutral point clamped

CBPWM  Carrier-based pulse width modulation

PI Proportional and integral

NP Neutral point

MPC Model predictive control

THD Total harmonic distortion

IGBT Insulated gate bipolar transistor

Variables

Sa Operating status of a-phase

Sy Operating status of b-phase

Ua Source voltage

i Source current

i Reference source current

Rs Input resistance

L Input inductance

Vab Line-to-line source voltage

N Phase voltage of a-phase

UpN Phase voltage of b-phase

Cy Output capacitance in upper capacitor

G Output capacitance in lower capacitor

iy Current of upper dc-bus bar

i Current of lower dc-bus bar

Rp Output load resistance

Vie Output dc voltage

g Cost function

Ac Weighting factor

Ts Sampling period
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Abstract: To suppress the direct current (DC) capacitor voltage fluctuations and the common-mode
voltage (CMV) in a three-phase, five-level, neutral-point-clamped (NPC)/H-bridge inverter, this
paper analyzes the influence of all voltage vectors on the neutral point potential of each phase under
different pulse mappings in detail with an explanation of the CMV distribution. Then, based on
the traditional space vector pulse width modulation (SVPWM) algorithm, a dual-pulse-mapping
algorithm is proposed to suppress the DC capacitor fluctuations and the CMV simultaneously. In the
algorithm, the reference voltage synthesis selects the voltage vector that has the smallest CMV value
as the priority. In addition, the two kinds of pulse mappings that have opposite effects on the neutral
point potential are switched to output. At the same time, regulating factors are introduced to adjust
the working time of each voltage vector under the two pulse mappings; then, the capacitor voltages
can be balanced. Both the simulation and experiment demonstrate the algorithm’s effectiveness.

Keywords: NPC/H Bridge; five-level; Balance of capacitor voltage; Suppression of CMV; SVPWM

1. Introduction

In the past several decades, multilevel power topologies have increasingly been used in high-power,
medium-voltage drives [1,2]. Due to the advantages of a higher voltage capability, lower switching
frequencies, better power quality, and smaller voltage jumps (dv/dt), multilevel converters have
become more popular and are applied to high-voltage variable frequencies, flexible alternating current
(AC) transmissions, high-voltage direct current (HVDC), and so on [3]. Several strategies have been
proposed for multilevel converters, such as sinusoidal pulse width modulation (SPWM), selective
harmonic elimination pulse width modulation (SHEPWM), and space vector pulse width modulation
(SVPWM). Compared to SPWM, SVPWM has lower total harmonic distortion (THD) and a high
utilization of direct current (DC)-side voltage [4]. SHEPWM is kind of offline strategy that requires
excellent storage performance [5]. Moreover, various multilevel converter topologies have been studied,
such as neutral-point-clamped (NPC) [6], cascaded H-Bridge (CHB) [7], modular multilevel converter
(MMC) [8], and Matrix converter [9]. Among all of the topologies, the neutral-point-clamped and the
cascaded H-Bridge are the two most widely used, and they are suitable for medium-voltage, high-power
drives [10,11]. By combining the NPC and H-bridge topologies, a five-level NPC/H-bridge topology
was proposed in 1990 [12] and since then has been applied in industrial drive applications. Figure 1
shows a schematic diagram of a three-phase, five-level NPC/H bridge inverter’s main circuit with RL
(resistance and inductance) load. Each phase has an independent DC power V4, and the DC-side is
connected by two capacitors in series. Under ideal conditions, the voltage of each is V4./2.
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Figure 1. A diagram of a five-level, neutral-point-clamped (NPC)/H-bridge inverter’s main circuit.

However, the NPC/H bridge topology has two crucial problems: an imbalance in capacitor
voltages in three phases and a requirement that the common-mode voltage be suppressed. In fact,
there are some reports about solving the imbalance in capacitor voltages of the NPC/H bridge topology.
Most use two six-pulse rectifying devices to obtain two independent DC powers to supply each phase,
which not only increases the complexity of the topology, but also increases the cost of the system
circuit [13,14].

The best way to solve the problem is to utilize software balancing techniques because of the cost. In
other five-level topologies, the object function optimization, zero sequence voltage injection, and virtual
space-vector PWM methods are common techniques that mainly utilize the redundant vectors with a
different combination of switching sequences [15,16]. In [15], for a five-level, diode-clamped converter
(DCQ), the duty cycles are calculated for the redundant states and adjusted between two zero vectors
to control the capacitor voltages. This method is not suitable for the NPC/H bridge topology because
the redundant states have the same influences on the neutral potential of capacitors. In [16], the authors
propose to solve the capacitor voltage balancing issue of the five-level DCC based on a Model Predictive
Control strategy. Although this strategy balances the capacitor voltages, it causes voltage jumps that
could damage the switches.

In addition, the common-mode voltage in the NPC/H topology also deserves more attention.
High common-mode voltage and its common-mode current will produce electromagnetic interference
that will damage the motor. There are many methods to solve the problem. In [17], a five-level NPC/H
inverter is considered to be equivalent to two three-level NPC inverters. One equivalent inverter
always operates with zero common-mode voltage to suppress CMV, and the other one operates with
the conventional three-level SVPWM. This measure can inhibit the CMV to V4./3. Another author
proposes a strategy called hierarchical model predictive voltage control (HMPVC) [18], which can
suppress CMV effectively.

In this paper, a dual-pulse-mapping algorithm is proposed for the simultaneous suppression
of DC-side capacitor midpoint potentials and CMYV in five-level NPC/H bridge inverter. In fact,
the algorithm is suitable for NPC/H-Bridge converters with any number of voltage levels. In the
analysis in Section 2, each voltage vector is found to correspond to a variety of pulse mappings, so the
two pulse mappings (A) and (C), which have completely opposite effects on the midpoint potential of
capacitors in each phase, are selected. In the proposed algorithm, the first step is to select the voltage
vectors with the smallest CMV based on a line-voltage coordinate system. In order to ensure the
output performance, the target of the algorithm is to suppress the CMV to V4./6. The second step
is to synthesize the reference voltage based on space vector modulation (SVM) with six segments.
The first three segments work under pulse mapping (A) and the other three segments work under
pulse mapping (C). The key of the algorithm is to choose regulating factor for each vector. The value of
the factor decides the working time of each vector that influences the charge or discharge of capacitors
under the two pulse mappings. So, adjusting the regulating factor can balance the capacitor voltages
effectively. The algorithm proposed in this paper can perfectly solve the two crucial problems of the

67



Energies 2019, 12,779

NPC/H bridge topology, which makes the NPC/H bridge topology play a better role in high-voltage
and high-power applications.

2. Switching States of the Five-Level NPC/H Bridge Converter

In Figure 1, each phase has four pairs of complementary switches. They are (Sxi1, Sx3), (Sx2, Sx4),
(Sx5, Sx7), and (Sxe, Sxg), X = (a, b, ¢). Each phase has five switching states, such as Sy =1{2,1,0, —1, =2},
where every state has different pulse mappings, which are shown in Table 1.

Table 1. The switching states and pulse mappings.

Switching State S Pulse Mapping Number Sx1, Sx2, Sx3, Sxa, Sx5, Sx6, Sx7, Sx8 Phase Voltage 1y,

2 1 11000011 Vae
2 11000110
1 3 01100011 Vac/2
4 11001100
0 5 01100110 0
6 00110011
7 01101100
-1 8 00110110 ~Vac/2
= 9 00111100 Ve

Based on the main circuit diagram of the system shown in Figure 1 and the corresponding
switching states in Table 1, the output voltage of each phase of the inverter is

Uao = Ve * Sa/2
Upo = Ve * Sp/2 @
o = Ve * Sc/2

3. Analysis of the Midpoint Potential and CMV

3.1. Mechanism of DC-Side Capacitor Voltage Imbalance

We take the phase A of the five-level NPC/H Bridge inverter as an example to analyze the effect
of nine pulse mappings on the midpoint potential.

Figure 2 shows the circuit of pulse mapping 1, where Syq, Sx2, Sx7, Sxs are equal to 1. The phase
voltage is V4. and the midpoint potential has no change because the current of the load is not linked to
the midpoint potential. Similar to pulse mapping 1, the circuits of pulse mapping 4, 5, 6, and 9 also
have no influence on the midpoint potential.

CAI

+:ﬁ

Figure 2. The circuit of pulse mapping 1.

Figure 3 shows the circuit of pulse mapping 2. Assuming that the direction of phase current i, is
the same as in Figure 3, the current flows through S,1, Sa2, Sa7, and Day and then arrives at the midpoint
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potential. Due to the effect of i,, the midpoint potential increases and the voltage of capacitor Cxq
decreases. If the current direction is opposite to that shown in Figure 3, the current flows through D,3,
Sae and the freewheeling diodes of S;, Sa1, then arrives at the positive pole. At this time, the midpoint
potential decreases and the voltage of capacitor Ca; increases. In these two situations, the current has
an opposite influence on the midpoint potential. Figure 4 shows the circuit of pulse mapping 3. If the
current direction is same as the definition of Figure 4, the current flows through D,1, Sa’s freewheeling
diode, S,7 and S,g, then arrives at the negative pole. The midpoint potential decreases and the voltage
of capacitor Cp; increases. If the current direction is opposite to the definition, the current flows
through the freewheeling diodes of S,3 and S,7, S,3, and Dyp. At this time, the midpoint potential
increases and the voltage of capacitor Ca; decreases. We can conclude that different directions of i,
have different effects on the midpoint potential. The changes caused by pulse mapping 7 and 8 are
same as those caused by pulse mapping 2 and 3. Table 2 shows the changes in midpoint potential
when using pulse mapping 2, 3, 7, and 8 with opposite direction currents.

CAl

Caz |

VaeT

nt

CA2

Figure 4. The circuit of pulse mapping 3.

Table 2. Changes in midpoint potential in pulse mapping 2, 3, 7, and 8 with different direction currents.

Pulse Mapping Sx1, Sx2, Sx3, Sxa,

Switching State Sx Number Sus Sec. S Sus Direction of i, Midpoint Potential
2 11000110 * T
1 1
3 01100011 M #
+ T
7 01101100
. i
8 00110110 * *
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As shown in Table 2, the changes caused by pulse mapping 2 are the total opposite of those caused
by pulse mapping 3. This situation also exists between pulse mapping 7 and 8. So, we select pulse
mapping 2 and 7, which have the same influence on the midpoint potential, to form pulse mapping (A),
and pulse mapping 3 and 8 constitute pulse mapping (B), as listed in Table 3.

Based on the analysis of Tables 2 and 3, we know that pulse mapping (A) and (B) have a completely
opposite effect on the midpoint potential whatever the direction of 7, is. If the pulse mapping (A)
and (B) are used properly, the midpoint potential can be balanced.

Table 3. The two pulse mappings of the five-level NPC/H-Bridge inverter.

State (A) (B)
2 11000011 11000011
1 11000110 01100011
0 01100110 01100110
-1 01101100 00110110
-2 00111100 00111100

3.2. Distribution of CMV

In a five-level NPC/H bridge inverter, the common-mode voltage Ucpmy is expressed as
Equation (2):
Uao + Upo + Uco
D @
where 150, Upo, and g, are the output voltage of each phase, which are obtained by Equation (1).
Their values are: £V 4., £V4./2, 0. So, all of the values of Ucyy can be calculated as: +V ., £5V4./6,
+2V 4. /3, V4 /2, £V 4. /3, £V 4. /6, and 0. The common-mode voltage distribution of the five-level
NPC/H bridge inverter is shown in Figure 5 (where the V4. is omitted).

Uemy =

1 I
-1:3 =1 ] Ly 1:3 -1 1] 16

@ (b)

Figure 5. The common-mode voltage distribution. (a) Common-mode-voltage distribution diagram of
traditional strategy; and (b) Common-mode-voltage distribution diagram of proposed strategy.

Figure 5a shows the traditional common-mode voltage distribution of the five-level NPC/H
bridge inverter. In order to suppress the common-mode voltage of the system while not affecting the
output performance of the inverter, this paper retains the vector that has the smallest common-mode
voltage among all the redundant vectors. Additionally, the six vertex vectors of the outer hexagon
are eliminated. So, the common-mode voltage distribution in Figure 5a can be simplified as shown
in Figure 5b.
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When the reference voltage is located in the shaded quadrangle of Figure 5b, the closest three
voltage vectors are utilized in the synthesis. Thus, the common-mode voltage of the five-level NPC/H
bridge inverter is suppressed to £V 4./6 and 0 while the output performance of the inverter is ensured.

4. The Proposed Dual-Pulse-Mapping Algorithm

In order to balance the DC-side capacitor voltages of a five-level NPC/H bridge inverter and
suppress the CMV effectively at the same time, a dual-pulse-mapping algorithm is proposed. From the
analysis above, we found that mapping (A) and (B) have the completely opposite influence on the
DC-side capacitor voltages. When mapping (A) and (B) work, the influences of each vector on the
three-phase midpoint potentials of capacitors are opposite. Thus, this paper selects mapping (A)
and (B) to control the voltage alternately based on the six-segment SVPWM.

4.1. Vector Selection and Vector Duration Time

In this paper, the vector selection and calculation are based on the line-voltage coordinate
system [6]. Assuming the three-phase reference voltages are U,, Uy, and U, the a-b-c coordinate is
converted to the ab-bc-ca line-voltage coordinate and unitized as Equation (3). The components of the
reference voltage V¢ on the axis ab, bc, and ca are U,p, Uy, and U, respectively.

Uy , [ 1 -1 0 Uy
ch - Vi — l Ub (3)
Uea del 1 0 1 U,

The per unit values of components are rounded up and down to an integer. In the equation,
“floor” means rounding down to an integer and “ceil” represents rounding up to an integer.

Eip = floor(Uyp), Cap = ceil (Uyp) ;
Fbc = floor(ubc)r Cbc = Ceil(ubc) ; (4)
Fca = flOOI’(uca), Cca = Ceil(uca) ;

All of the triangles can be separated into regular and inverted ones. If Fyj, + Fpe + Fea = —1, the
end of the reference voltage vector is located in the regular triangle, and the coordinates of the three
triangle vertexes (Up, Up, and Uc) and the time duty ratio of three basic vectors are as follows.

UA = (Cab/FbC/CCa)/ dA = uab - Fab;
UB = (Fab/CbC/FCa)r dB = ubc - Fbc} (5)
Uc = (Fab, Focs Cea), dc = Uca — Fea ;

If F;p, + Fpe +Fca = —1, the end of the reference voltage vector is located in the inverted triangle.
The coordinates and the time duty ratio are as follows.

uA = (Cabr Fbcr CCa)l dA = Cab - uab ;
U = (Fap, Cpes Cea), dp = Che — Upe 5 (6)
Uc = (Cab/ Cbcr Fca)/ dC =Cea—Uca;

After selecting the three basic vectors, it is essential to find all the switching states corresponding
to each basic vector. (S,, Sp, Sc) represents the switching states of basic vectors in the « — 3 coordinate
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system. Ux = (a, b, c) represents the coordinates of triangle-vertex vectors in the line-voltage coordinate
system (where X = A, B, or C).

Sa = 5a
SbZSa*a

7
Sc=S.+c @

0< Sa/Sb/Sc <4

Equations (5)-(7) can quickly determine the triangle-vertex vectors and their time duty ratios.
The relationship between common-mode voltage and switching states is obtained by Equations (1)
and (2) as the following:
Sa+ Sp + Sc

6

The dual-pulse-mapping algorithm proposed in this paper utilizes Equation (8) to select the
vectors that have the smallest CMV among redundant vectors.

Uemv = Ve ®)

4.2. Voltage Balancing Algorithm

Based on the traditional SVPWM, this paper presents a new algorithm, called the
dual-pulse-mapping algorithm, which is composed of six segments. The first three segments are
controlled by pulse mapping (A), and the other segments are controlled by mapping (B). At the same
time, the regulating factor k is adopted for each vector. According to the midpoint potentials of the
three phases, adjusting the working time of each vector under the two pulse mappings can balance
the capacitor voltages effectively and stably. Taking sector I as example, the vectors with the smallest
value of CMV are shown in Figure 6.

Figure 6. The vectors with the minimum common-mode voltage (CMV) in Sector I.

We take the 13th triangle in Figure 6 as an example to explain how the dual-pulse mapping works.
Because the reference voltage is in the 13th triangle, the vector synthesizing sequence is showing
as Figure 7.

10-2—520-2—20-1—-20-1—20-2—10-2
L y N J

Mapping (A) Mapping (B)
Figure 7. The vector synthesizing sequence of dual-pulse mapping strategy.
As shown in Tables 2 and 3, the pulse mappings (A) and (B) have the opposite effect on the
midpoint potential. Based on this, the regulating factors k, and k. are adopted. Assuming that the

working time of the three vectors are Tq, T, and T3, the working time of the six segments is assigned
as Figure 8.
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kT, 05T,  kTy (1-k)Ty 05T, (1-k)T,
10-2 — 20-2 —> 20-1 —20-1 — 20-2 — 10-2
L )L )

Mapping (A) Mapping (B)

Figure 8. The assigned working time of sex segments.

If the midpoint potential of phase A is equal to V4./2, then k, is 0.5. If the midpoint potential of
phase A is higher than V4./2, we only need to reduce the value of k, to <0.5, for example 0.4, in order
to increase the working time of 10-2 under mapping (B) (because the time if the follow current’s state is
much smaller than the sampling time and a follow current also exists when using pulse mapping (B),
so this state will not be taken into consideration). It is all the same when the midpoint potential of
phase A is lower than V4./2. By adjusting the operating time of 10-2 under the two kinds of pulse
mappings, the midpoint potential of phase A will be balanced.

5. Simulation Verification and Analysis

In order to show the performance of the proposed method, simulation studies were carried out in
the MATLAB/Simulink software environment. The condition were set as follows: the DC-side voltage
equals 1000 V, the rated DC-side capacitor voltages V4. equal 500 V, the DC capacitances are 3300 uF,
the output voltage frequency f is 50 Hz, the load power factor cos¢ is 0.985, and its impedance Z
equals 26.43.

5.1. Simulation Results of the Conventional SVPWM Strategy

Figure 9a shows the three-phase midpoint potentials (which are defined as the difference values
between the midpoint potentials of the unbalanced three-phase capacitors and the midpoint potentials
of the balanced capacitors) when using the conventional SVPWM, which only adopts mapping (A).
The DC-side voltage equals 1000 V, so the midpoint potentials of the balanced capacitors are 500 V.
The midpoint potentials of the three-phase capacitors are continuously increased from 0 V to 500 V,
which is consistent with the theoretical analysis. Figure 9b shows the line voltage between phase A
and phase B; the nine-level line voltage attenuates to five-level as time goes by. When the modulation
index m has high values, the midpoint current of the inflow capacitor is large, and the voltage of the
capacitor changes greatly. Therefore, the midpoint potential of the capacitor rises rapidly. On the
contrary, when m has low values, the midpoint potential of the capacitor rises slowly.

500
400} e o e
300
200
0 i i i

Usro,UsgUco

2000y

1000]

-100

-200

0 0.2 0.4 0.6 0.8
t/s

(b)

Figure 9. The inverter without capacitor voltage control. (a) Midpoint Potential of three phases; and (b)
Line voltage and common mode voltage.
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The line voltage between phase A and phase B is degraded to five-level from the original
nine-level. The imbalanced DC-side voltages inject harmonics into the output voltage of the inverter,
thereby distorting the output voltage waveform. If the inverter continues to work in an unbalanced
capacitor voltage state, the power electronics in the system will be unevenly pressed or will even break
down, and eventually the entire system will not work properly.

5.2. Simulation Results with the Proposed Dual-Pulse-Mapping Strategy

The proposed dual-pulse-mapping strategy was also analyzed using simulations, and the
simulation parameters were the same as those for the simulations of the conventional SVPWM.
Figure 10 shows the three-phase current, the midpoint potentials of the three-phase DC-side capacitors,
the line voltage between phase A and phase B, and the common-mode voltage under the modulation
index of 0.4 and 0.9 when the power factor of the load equals 0.984.
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2 £ -1000
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(a) m=0.4, PF=0.984 (b) m=0.9, PF = 0.984

Figure 10. The simulation waveforms under the algorithm. (a) The three-phase current, midpoint
potentials, line voltage between phase A and phase B, and common-mode voltage when m is 0.4;
and (b) The three-phase current, midpoint potentials, line voltage between phase A and phase B,
and common-mode voltage when 1 is 0.9.

According to the Figure 10, under the modulation index of 0.4 and 0.9, the proposed
dual-pulse-mapping strategy could control the operation of the inverter stably. The midpoint potentials
of the three-phase DC-side capacitors fluctuate within +3 V, which indicates that the proposed
algorithm can effectively balance the midpoint potentials of DC-side capacitors. The largest ripple in
the common voltage is 1/6V 4., which means that the common voltage has effectively been suppressed.

5.3. Simulation Results of Dynamic Performance

We performed a simulation with the conventional strategy in which the modulation index was 0.9,
the power factor was 0.984, and the pre-charged voltage of the DC-side capacitor was 500 V. When the
midpoint potentials of the DC-side capacitors reached V4./2, the proposed dual-pulse-mapping
strategy was used to balance the voltage. Figure 11 shows the simulation diagram of the midpoint
potentials of the DC-side capacitors, the voltages of phase A’s two capacitors, and the line voltage
between phase A and phase B. Under the pulse mapping (A), the midpoint potentials of the three-phase
capacitors rise rapidly from 0 V to 500 V and the two capacitor voltages of phase A also change from
500 V to 0 V and 1000 V, respectively. The line voltage between phase A and phase B degrades
to five-level. Then, the dual-pulse-mapping algorithm was adopted. The midpoint potentials of
three-phase capacitors return to a balanced state and the line voltage also returns to nine-level. The two
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capacitor voltages of phase A change from 0 V and 100 V to 50 V. These simulation results show that
the proposed algorithm has intelligent dynamic performance.
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Figure 11. The simulation waveform of dynamic performance.

6. Experimental Results

In order to further verify the effectiveness of the proposed control algorithm for balancing DC-side
(Direct Current) capacitor voltages and the suppression of the common-mode voltage and its dynamic
response capability, a three-phase, five-level NPC/H Bridge inverter with an RL load experimental
platform was built as shown in Figure 12. The structure is composed of a 12-pulse uncontrolled rectifier
and a five-level NPC/H-bridge-type inverter. The basic parameters of the experiment are shown
in Table 4.

Table 4. The experimental parameters of the system.

Parameters Values
DC-side voltage V4. 100 V
Output voltage frequency fac 50 Hz
DC-side capacitance C 3300 uF
RL load 26 QO +15mH
Modulation index m 0.9 and 0.4
Switching frequency f 800 Hz
12 pulse imeenira led A-leval NPMUAH
rewlilicr bridge inverter
S
D1 =
*@”2* —=n T hree-
] phase
amal 1] i,
ey E Lead
LB -
__&_E

Figure 12. The experimental platform.
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In Figure 13a,b, the DC-side capacitor voltages’ fluctuations are very small regardless of whether
the reference voltage locates in the high- or low-modulation index region, and the common-mode
voltage of the system is suppressed at the —V4./6, 0, V4./6. This proves that the dual-pulse-mapping
algorithm controls the stable operation of the three-phase, five-level NPC/H-bridge inverter.
Figure 13¢,d show the harmonic analysis of the line voltage. It can be seen that, when the modulation
index m is 0.9 and 0.4, the THD is 17.8% and 35.0%, respectively, which means that the output
performance of the algorithm is the same as that of traditional SVPWM.

The pulse-width modulations (PWMSs) of S,1, Saz, Saz, and Say in phase A are shown in Figure 14.
The switching frequencies of the four switches in phase A were calculated approximately during
250~350 Hz, with a modulation index m of 0.4 and 0.9. The higher the modulation index is, the lower
the switching frequency of each switch is. Phase B and C are both the same. Compared with the
traditional SVPWM, the switching frequency of each switch just a little higher.

Figure 15a,b show the experimental waveforms of the dynamic response when the reference
voltage modulation index suddenly decreases. The modulation index changes from m = 0.9 to m = 0.4.
The line voltage and phase currents respond immediately during a very short time. The capacitor
voltage is still balanced but has a little increase because of the uncontrolled rectifier.

In order to verify the strong self-balancing property of the algorithm, the conditions were set as
follows: in the beginning, the modulation index was m = 0.9, and the values of regulating factors were
all 0.5, which means that the dual-pulse-mapping algorithm was equivalent to a common six-segment
SVPWM. Under the mapping (A), the midpoint potentials VAo, Vo, and Vo rise quickly and
achieve the maximum V4./2 after some time. The line voltage also degenerates to five-level from
nine-level. The inverter works under an unstable condition. Then, the dual-pulse-mapping algorithm
was adopted. In Figure 15¢, the midpoint potentials of the three-phase capacitors return to a balanced
state after a short time. The line voltage also returns to nine-level. The two capacitor voltages in phase
A change from 0 V and 100 V to 50 V in Figure 15d.
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Figure 13. The experimental results of steady-state operation. (a) The DC-side voltage, the capacitance
voltage of phase A, line voltage between phase A and phase B, and common-mode voltage when m is
0.9; (b) The DC-side voltage, the capacitance voltage of phase A, line voltage between phase A and
phase B, and common-mode voltage when 1 is 0.4; (c) The harmonic analysis of the line voltage when
m is 0.9; and (d) The harmonic analysis of the line voltage when m is 0.4.
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Figure 14. The pulse width modulations (PWMs) of phase A when m = 0.4 and m = 0.9.

=
Va 5OV/div)

Lie(2A/div)
< -
.,
L
i
;}

Uss, Ucny(100V/div)
Va1 (20V/div), Va(50V/div)
-
~
§
]

Sms/div Sms/div

(a) (®)

UA(); UB(), UC()

il mw "y wm 1

100ms/div 100ms/d1v

Uns(200V/div)
Vao. Veo, Veo(S0V/div)
Uap(200V/div)

Var, VAZ_(SOV/diV)

Figure 15. The experimental results of dynamic performance. (a) The DC-side voltage, the capacitance
voltage of phase A, line voltage between phase A and phase B, and common-mode voltage with
changing m; (b) The DC-side voltage and the currents of three-phase with changing m; (c) The midpoint
potentials of three-phase and the line voltage between phase A and phase B after dual-pulse mapping
strategy started to work; and (d) The two capacitor voltages in phase A after dual-pulse mapping
strategy started to work.

7. Conclusions

In this paper, the balance of the midpoint potentials of three-phase DC-side capacitors and
the suppression of common-mode voltage were studied in a three-phase, five-level NPC/H-bridge
inverter. A dual-pulse-mapping algorithm was proposed based on the characteristics of this topology.
In combination with the traditional six-segment SVPWM, the proposed algorithm selectively uses
the two pulse mappings that have the opposite effects on the midpoint potentials of the capacitors.
The simulation and experimental results show that the proposed algorithm can balance the midpoint
potentials perfectly and can suppress the common-mode voltage effectively. Based on the dynamic
experiments, we can conclude that the proposed algorithm has a good capability to respond and the
output performance is as good as that of the traditional SVPWM. Compared with the hardware
balancing method, the volume and the cost of the system are both reduced. So, the proposed
algorithm has a certain significance for cascaded NPC/H-bridge multilevel topology research.
In high-voltage and high-power applications, the NPC/H bridge topology will be more suitable
with the proposed algorithm.
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Abstract: Each arm of modular multilevel converter (MMC) consists of a large number of sub-module
(SM) units. However, it also increases the probability of SM failure during the long-term system operation.
Focusing on the fault-tolerant operation issue for the MMC under SM faults, the traditional zero-sequence
voltage injection fault-tolerant control algorithm is analyzed detailed and its disadvantages are concluded.
Based on this, a novel fault-tolerant control strategy based on phase disposition pulse-width modulation
(PD-PWM) is proposed in this paper, which has three main benefits: (i) it has carrier and modulation
wave dual correction mechanism, which control ability is more higher and flexible; (ii) it only needs to
inject zero-sequence voltage in half a cycle of the modulation wave, which simplifies the complexity
of traditional zero-sequence voltage injection control algorithms and much easier for implement;
(iii) furthermore, the zero-sequence voltage can even be avoided injecting under the symmetrical fault
conditions. Finally, the effectiveness of the proposed control strategy is verified with the simulation
and experiment studies under different fault conditions.

Keywords: modular multilevel converter (MMC); Sub-module (SM) fault; fault-tolerant control;
Phase Disposition PWM
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1. Introduction

Compared with the traditional two-level converter, modular multilevel converter (MMC) enjoys
the advantage of modular design [1,2], which allows MMC good scalability and facilitates the
improvement of voltage level, as well as other advantages as many output levels and good harmonic
characteristics. Therefore, in recent years, MMC topology converters have been widely studied
and applied in high-voltage direct current transmission (HVDC), staticsynchronous compensator
(STATCOM), and medium-voltage motor drive [3-6].

In actual transmission projects, in order to adapt to higher transmission voltage level, a large
number of sub-modules (SMs) are often cascaded. For example, Trans Bay Cable Project is reported
to have 216 SMs per arm [7], and the Zhou Shan multi-terminal flexible HVDC transmission project
completed in 2014 in China is larger cascaded reach 250 SMs per arm [8].
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As the number of cascaded SMs increasing, the security risks of MMC converters become larger,
where the SM faults are prone to occur. When a SM fault occurs and is not processed in time,
it may cause system shutdown and even endanger the security of the power grid [9,10]. Therefore,
fault-tolerant control approach under SM faults is a problem that needs to be studied.

Generally, the common fault-tolerant control strategies are often designed based on equipping
redundant SMs [8]. According to the operation state of the redundant SMs, two main schemes are
developed, which are cold-reserve mode and hot-reserve mode, respectively. For the cold-reserve
scheme [11,12], it means that the redundant SMs are all in bypassed state when the system operating
normally and will replace the same number of faulty SMs when SMs malfunction. For the hot-reserve
scheme [13-15], it means that the redundant SMs are all operating identically as the rated SMs.
However, there are two further detailed modes under this scheme. We call it hot-reserve mode-a,
b, respectively, where hot-reserve mode-a means that simultaneously bypass the same number of
faulty SMs in each arm to keep the system strictly symmetrical [13]; and hot-reserve mode-b means
that only bypass the faulty SMs [14,15]. Compared to the mode-a, the hot-reserve mode-b scheme
can ensure full utilizing of all SMs during normal operation period and can avoid the long changing
time for redundant SM capacitors to rated values. Furthermore, some extra healthy SMs may need be
bypassed in hot-reserve mode-a, which might induce a greater transient impact on the system when
large number of SMs are simultaneously bypassed. Therefore, hot-reserve mode-b is a more preferable
redundant option for the MMC since its economic and reliability. However, this scheme also has a
potential problem, where the system may operate asymmetric under asymmetrical faults. For ensuring
the subsequent stable operation, the corresponding fault-tolerant control approach should be further
considered, and this is also what this paper deals with.

Based on the background of hot-reserve mode-b, an energy-balancing-based fault-tolerant control
strategy is proposed in [16]. Its main control idea is to increase the SM capacitor voltages on the faulty
arms to ensure the energy equalization of each arm, thereby achieving the subsequent balance operation
of the system. However, the reference command of the SM capacitor voltage needs to be calculated,
and the increased value of SM capacitor voltage will become larger as the number of malfunction SMs
increases. The neutral-point shift control method has been applied in the H-bridge cascaded multilevel
converter system, which can well solve the problems caused by the module faults [17-20]. Inspired by
this idea, the corresponding neutral-point shift control approaches suitable for the MMC system are
researched in [15,21]. With injecting the zero-sequence voltage to modify the modulation waves, the
converter line-voltages in the grid side are ensured balanced to maintain the system stable operation
under SM faults. The advantage of these methods in [15,21] is that they do not need to adjust the SM
capacitor voltages in fault arms. Similar to the methods in [15,21], an improved zero-sequence voltage
injection fault-tolerant control strategy is proposed in [22]. It simplifies the calculation process of the
required zero-sequence voltage. However, the common shortcoming in [15-22] is that they main only
consider one arm occurs SM faults. When the upper and lower arm occur SM faults simultaneously,
multiple zero-sequence voltages need to be calculated, which increase the complexity of the control
method. It should be further improved.

Aiming at this problem and for better deal with the multiple SM fault conditions, also under
the background of the redundant SMs equipped with hot reserve scheme and only bypassing the
faulty SMs when SMs malfunction, a novel fault-tolerant control strategy is proposed in this paper.
Compared to the current approaches, it has three main benefits: (i) it has carrier and modulation wave
dual correction mechanism, which control ability is more higher and flexible; (ii) it only needs to
inject zero-sequence voltage in half a cycle of the modulation wave, which simplifies the complexity
of traditional zero-sequence voltage injection control algorithms and more easier for implement;
(iii) furthermore, the zero-sequence voltage can even be avoided injecting under the symmetrical fault
conditions. Finally, the effectiveness of the proposed control strategy is verified with the simulation
and experiment studies under different fault conditions.
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2. Basics Principles of MMC

2.1. MMC Topology

A typical three-phase MMC topology is shown in Figure 1. It consists of six symmetrical arms,
which can be divided into three units: phase, arm, and SM. N identical SM units and one arm
inductance for suppressing the circulating current and the fault current rising rate are connected in
series on each arm, and the AC output terminal is taken out from the midpoint of the upper and lower
arm inductances connected to each other. In order to enhance the reliability of the system, there are a
certain number of redundant SMs.

Hadundant sub modulas

o AC
o it

Figure 1. Topology structure of three-phase modular multilevel converter (MMC).

Among them, the internal structure of the SM unit has various forms [23-25], and the more
common half-bridge SM structure is selected as the research object. Specifically, it is composed of an
insulated gate bipolar transistor (IGBT) half bridge, a DC capacitor C, and a bypass switch K. In the
normal working state of the system, the SM capacitor voltage Usy has two levels of output states of 0
and DC capacitor voltage Uc. When T is turned on and T3 is off, the SM is inserted and outputs Uc.
When T is turned off and T is on, the SM is bypassed and output zero. Thus, the AC side multi-level
output of the MMC converter can be realized by properly controlling the on-off state of the SM.

2.2. Phase Disposition PWM and Voltage Balancing Strategy

Currently, MMC’s commonly used modulation methods include carrier phase shift modulation,
phase disposition modulation, and nearest level modulation. Because the phase disposition modulation
(PD-PWM) method has better harmonic characteristics and is easier to implement [26,27], in this paper,
PD-PWM is selected as the basic modulation strategy in subsequent analysis and experiment.

In addition, in order to reduce the fluctuation of SM capacitor voltage, this paper selects the more
common capacitor voltage balancing control based on the sorting algorithm [16,28]. The schematic
diagram of the relevant control method is shown in Figure 2. Where Uj* is the sampled phase voltage
of phase j after standard (j = a, b, ¢). i, and i are the arm current of the upper and lower arm of phase
j, respectively. Njsum is the rated total number of the inserted SMs of phase j (i.e., as shown in Figure 1,
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it is equal to N if no SM faults occur). 1, is the number of the SMs need to be inserted in the upper
arm of phase j, which is obtained from the PD-PWM modulation. r; is the number of the SMs need to
be inserted in the lower arm of phase j, which can be obtained directly by calculating Njsum — 7jp-

TN,
|

‘3 | ’! : li SM drive pulse SM drive pulse
AL LA oI

(a) (b)

Figure 2. Schematic diagram basic control: (a) Diagram of the pulse-width modulation (PD-PWM);
(b) Diagram of the capacitor voltage sorting algorithm.

When the system is operating, the numbers of the SMs need to be inserted in the upper arm
njp and the lower arm ;) are obtained according to the PD-PWM modulation firstly, and then the
voltage of each SM in the arm is sorted by the capacitor voltage sorting algorithm. According to the
direction of the arm current, the SM with lower capacitor voltage is preferentially charged, and the SM
with higher capacitor voltage is preferentially bypassed and discharged, thereby ensuring a relatively
balanced voltage of each module during the whole dynamic operation.

3. Analysis of the Traditional Zero-Sequence Voltage Injection Control Method

After the SM occur faults, it is easy to know that the phase voltage output ability of the fault phase
will be changed, and the neutral-point of the phase voltage in the ac side will be offset accordingly.
In order to ensure that the MMC converter can continue stable operation with connected to the grid,
the zero-sequence voltages can be injected to ensure the line voltage of the MMC converter remains
unchanged before and after the SM faults, thereby realizing the fault-crossing of the SM [22]. The basic
modulation diagram of the zero-sequence voltage injection control method is shown in Figure 3.
Where Figure 3a depicts the schematic diagram of three-phase modulation waves when only the upper
arm of phase occur faults, Figure 3b depicts the schematic diagram of three-phase modulation waves
when the upper and lower arms of phase j simultaneously occur faults.

With comparing the Figure 3a,b, it can be observed that if the SM faults only occur only in the
upper arm, on the basis of bypassing the faulty SMs, the fault-crossing can be realized by only adding
one corresponding zero-sequence voltage component on the modulation wave of each phase. It is easy
to achieve. However, if the SM simultaneously occur faults in the upper and lower arms, two injected
zero-sequence voltages and the four corresponding correction times t1, t1, t1, and t4 are need to be
calculated. In addition, if the numbers of the faulty SMs in the upper and lower arms are not identical,
the two required zero-sequence voltages are needed to be calculated respectively. This will increase
the complexity of the fault-tolerant control algorithm.

Considering that the location and the time of occurring SM faults are random, the MMC might
with (i) the signal faulty arm; (ii) the upper and lower symmetrical faulty arms; and (iii) the upper and
lower asymmetrical faulty arms after SMs malfunction. Furthermore, the faulty arms state may be
re-changed between the mentioned three states when the SMs fault again. Therefore, in order to ensure
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the stable operation of MMC system and flexibly deal with the multiple possible arms faulty states
after SMs malfunction, this paper improves the traditional zero-sequence voltage injection control
method, and proposes a new fault-tolerant control strategy based on PD-PWM.

(Faulttime )f, 1
(b)

Figure 3. Diagram of zero sequence voltage injection modulation: (a) Schematic diagram of fault
modulation wave of upper arm; (b) Schematic diagram of fault modulation wave of upper arm and
lower arm.

4. Novel Fault-Tolerant Control Strategy

4.1. Overall Control Process of the Proposed Fault-Tolerant Control Strategy

In order to facilitate the later analysis, we define the faulty SM numbers in the upper and lower
arms of phase j are nj, fo, and 1jj_gay, respectively. At the same time, we assume the modulation ratio
of the system is m under the normal operation. When the number of the faulty SMs in the arm satisfies
Equation (1), the fault will not affect the normal operation of the system because of itself modulation
margin of the system. While when the Equation (1) is not valid, the fault-tolerant control strategy must
be inserted to ensure the subsequent stable operation of the MMC converter.

21;
m < 1— Zpfa
{ B anll\j fau (1)
m<1——g
Figure 4 shows the overall control flow chart of the fault-tolerant control strategy proposed in this
paper. It can be divided into three main parts in the process of implementation:

1. Sub module fault handling. Its main task is to block the trigger pulse of the faulty SMs and isolate
the faulty SMs through closing the bypass switch.

2. Correction of the modulation state. The main task of this part is that with combining the faulty SM
numbers of the fault phase, achieving the correction of the original carrier and modulation waves
by adopting the proposed correction algorithm (where its specific implementation method will
be discussed in detail in Section 4.2, thereby obtaining the SM numbers that need to be inserted in
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each arms after SMs malfunction. In addition, it should be note that this step is the also core part
of the fault-tolerant control strategy. In the traditional zero-sequence voltage injection control
method, it only with correcting the modulation waves to help achieve the SM fault-crossing.
Compared to it, we add the correction algorithm of the carrier waves on the basis of the correction
algorithm of the modulation waves, and realized their combination. This effectively simplifies the
complexity of traditional control algorithm when deal with multiple arms occurring SM faults.

3. Generation of the SM drive pulses. In this part, with combining the SM numbers that need to
be inserted in each arms obtained from the step (2), the drive pulses of the remained healthy
SMs are generated by using SM voltage sorting control algorithm, and finally completes the
fault-tolerant control.

i Correction AK0mM of the modulotivn woves |

Comection Ak of the carriar visves

S voltage sorting control algorithm

SM drive: pluses
Figure 4. Overall flow chart of the proposed fault-tolerant control strategy.

4.2. Specific Implementation Method of the Correction of the Carrier and Modulation Waves

When the system is operation under the normal state, we can depict the modulation diagram of
one phase as Figure 5.

As shown in Figure 5, when the MMC system is operating normally, the carrier waves of the N
SMs in the upper arm equally distributed in the interval [0, 2] according to the ratio of v, where it is

easy to know:
2

Y= N )

However, if the SMs occurring faults, the number of SMs that can normally be switched in
the faulty phase will be change as the faulty SMs are bypassed. Therefore, the original modulation
link must be revised and divided into two parts: ‘Correction algorithm of the carrier waves’” and
‘Correction algorithm of the modulation waves’. We will describe the implementation method detailed
in Sections 4.2.1 and 4.2.2, respectively.
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Figure 5. Modulation diagram of one phase under the normal operation.
4.2.1. Correction Algorithm of the Carrier Waves

Assuming the SMs occurring faults at fj, and to ensure the generality of the analysis process,
supposing the SMs fault in both the upper and lower arms of phase j. Firstly, with comparing the
upper arm faulty SM numbers 7, (5, and the lower arm faulty SM numbers of 7 ¢, of phase j, we
define the smaller of the two is x;, and the larger of the two is 7j. Thereby we obtain:

Xj = min [njp,fau i njl,fau] 3)

T = max {njp_fau ’ njl_fau] 4

In order to ensure the maximum utilization of the remained healthy SMs, the number of SMs that
need to participate in switching operation in the two arms of the fault phase should respectively be:

Njx =N - ®)
Ny =N-—-7 (6)

Then, for correcting carrier wave conveniently, the correction coefficient Kjc (Kjc > 1) about the

amplitude of the carrier waves is introduced. Simultaneously, combing the smaller faulty SM number
Xj, we establish a relationship between them, where:

2
N—X]

Kjc-v = @)

Further, we can obtain:
Ko — 2 N

T y(N-x) N-x

Based on the Equation (8), enlarging the amplitude of the carrier waves with the coefficient Kjc,

we can obtain the initially corrected modulation diagram of the faulty phase as shown in Figure 6.

It can be observed that the carrier waves in the interval [0, 2] are re-distributed equally according to
the ratio of Kj-*y at this time.

®)
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«— Carrier wave correction —»

>

-

¢ £ Fault time ) t
Figure 6. Modulation diagram of the faulty phase under carrier wave correction.

Therefore, through the correction algorithm of the carrier waves, we firstly guarantee the SMs on
the smaller faulty SM numbers arm can all normally participate in the switching operation. In other
words, we can equivalently consider that the MMC is under the ‘signal arm fault” state, and its
rated SM number is Njx = N — ;; its faulty SM number is T j— ;. Especially, we can found that
when the 7j — x;j = 0 (e.g., the faulty SM numbers in the upper and the lower arm are equal), the SM
fault-crossing can be achieved only with the carrier wave correction algorithm.

In addition, if the influence of the different faulty SM numbers 7j — x; is not considered at present,
it can be considered that the fault phase will operate normally according to the newly rated total
number of the inserted SMs of phase Njsum = Njy. Under the control of sorting algorithm, the SM
capacitor voltage of the fault phase will automatically be average raised and operating stable [16,28].

4.2.2. Correction Algorithm of the Modulation Waves

As analyzed in the previous section, the faulty phase can be equivalently converted to ‘signal
arm fault’ state with the carrier wave correction algorithm. For further eliminating the effects of the
different faulty SM numbers Tj — Xj, we establish the modulation wave correction algorithm, where it
is achieved by the zero-sequence voltage injection control method.

Firstly, according to the Figure 6, we can calculate:

N-7
N—)(j

x=Kgc-v-(N-7) =2 O

Then, according the traditional zero-sequence voltage injection control method [23], the zero
sequence voltage that needed to be injected into the initial modulation wave ;* of each phase can be
obtained by (9):

Kim () = —v" + (x = 1) (10)

Substituting Equations (3), (4) and (9) to (10), we can obtain:

N-7
N—X]

N — max [”jp,fau ’ njl,fau]

kim (1) = —0j" + (2- ] —1) (11)

1) =~y + (2

N — min [njpffau 7 Ml_fau

Based on the Figure 6, injecting the zero-sequence voltage kjn(t) in the interval [#, f,], we can
obtain the final corrected modulation diagram of the faulty phase as shown in Figure 7.
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Figure 7. Final modulation diagram of the faulty phase under fault-tolerant control.
In addition, assuming the sampled phase voltage of phase j after the standard is:
X

vj" = msin(wt + ¢;) (12)

where, ¢; denotes the initial phase angle of the phase voltage. Combining Equations (9) and (11), the
corresponding times #; and #; in one modulation period can be calculated respectively:

N-1
arcsin[(1-2- foll )/ m]—@;

t = N (13)
arcsin[(172-NfK],)/m]*‘Pj
fy =m— w :

Based on the above analysis, the overall implementation block diagram of the fault-tolerant
control strategy in the MMC system can be obtained as shown in Figure 8.
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Figure 8. Schematic diagram of control system.
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4.3. Maximum Control Range of the Proposed Control Strategy

Restricting condition 1: meet the voltage pressure requirements. Because when the faulty arm is
asymmetric, the carrier wave of each SM will be revised through the increasing carrier wave amplitude
control link. At this time, the steady-state operating voltage of the SM will be raised. In order to ensure
that the working voltage of the SM is less than the withstand voltage of the SM, it is necessary to satisfy

the following requirements:
udc

N—)(]'

< Un (14)

With
udc

m

min [”jpffau ’ njlffau:| < N(l -

) (15)

Restricting condition 2: ensure that the system does not appear over modulation. According
to the analysis of the previous section, combining the Equations (9)-(13), the set of the modulation
amplitudes in the upper arm of each phase in the limiting modulation wave range [t1, t2] can be
calculated as follows:

. N-—-1 T~ Xj
uj*{z- 7}(",1—m, 1+m,(1—f3m—21\',x’)} (16)

N

j Xj

As the system works normally, there must be:

{ogmgl )

0<xj<H5<N

Therefore, to ensure that the system does not appear over modulation after the SM fault, it is
necessary to ensure that:

T —
oglf\fsmfz-l\llixlgz (18)
]
with /3 73
1—+/3m 1++/3m
max [”jp_fau ’ nj]_fau] < > N— > Xj (19)

5. Simulation Studies

A three-phase MMC simulation model is built in MATLAB/Simulink simulation software as
shown in Figure 1. The main parameters of the simulation system are shown in Table 1. In the
simulation process, the circulating current suppression strategy is always put into operation when the
grid is connected [29].

Table 1. Main parameters of the simulation system.

Parameters Value
Ac system nominal voltage 10 kV
Ac System inductance Lg 5mH
Fundamental frequency 50 Hz
Ac system power losses Rg 0.03 Q2
Arm inductance Ly, 5mH
Series arm resistance Ry, 0.01 Q)
Dc bus voltage U, 20 kV
Number of SMs per arm N 20
Number of redundant SMs per arm 5
Sub-module capacitor C 2000 pF
Transformer ratio 1:1(Y/AD)

89



Energies 2019, 12, 20

5.1. Case 1

Fault condition 1: Single arm fault to symmetrical arm fault. When the system operates tot=0.4s,
five SMs in the upper arm of phase a occur fault; at t = 0.5 s, the fault-tolerant control strategy is
enabled; at t = 0.9 s, five SMs in the lower arm of phase a are failed again. Figure 9 is the related

simulation results.
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Figure 9. Simulation results of fault condition 1: (a) Capacitor voltage of phase a; (b) Capacitor voltage
of phase b; (c) Capacitor voltage of phase c; (d) Arm current of phase j (j = a,b,c); (e) Circulating current
of phasej (j = a,b,c); (f) AC current; (g) DC-link current.

From Figure 9a—g, it can be seen that: (1) When the system is in normal operation, the voltage
and current of the system are stable. (2) When the SMs fail at t = 0.4 s, the SM capacitor voltage of
each phase begins to oscillate irregularly, the arm current and AC grid-connected current show an
asymmetric state, and the DC current and circulating current of the system also appear relatively
fluctuant. (3) When fault-tolerant control strategy is enabled at t = 0.5 s, the system SM voltage
immediately starts to return to normal value, the fluctuation of circulating current and DC current
is obviously suppressed, and the arm current and AC grid-connected current are quickly restored to
symmetry and stable operation. (4) When the SMs occur fault again at t = 0.9 s, through the control of
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the increasing carrier wave amplitude, the SM voltage of fault phase is in the boost operation (up to
about 1.3 kV) and the SM voltage of the non-fault phase continues to maintain the stable operation of
the original rated value (1.0 kV), and all the current can continue to maintain stable operation through
rapid transient regulation.

The above results show that the proposed fault-tolerant control strategy can quickly realize
fault-tolerant operation after the SM fault, and can respond quickly when the single arm SM fault
transforms to symmetrical fault.

5.2. Case 2

Fault condition 2: Single arm fault to arm asymmetric fault. When the system operates to t = 0.4
s, five SMis in the upper arm of phase a occur fault; at t = 0.5 s, the fault-tolerant control strategy is
enabled; at t = 0.9 s, three SMs in the lower arm of phase a are failed again. Figures 10 and A1 are the
related simulation results.
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Figure 10. Simulation results of fault condition 2: (a) Capacitor voltage of phase a; (b) Capacitor voltage
of phase b; (c) Capacitor voltage of phase c; (d) Arm current of phase a; (e) Circulating current of phase
a; (f) AC current; (g) DC-link current.

It can be seen that: (1) Since the operation conditions of the system before t = 0.9 s are the same as
the fault condition 1, the simulation of the system in 0~0.9 s is basically the same as the fault condition
1. (2) When the SMs occur fault again at t = 0.9 s, the system is operating asymmetrically in the
upper and lower arms. The SM voltage of the fault phase is increased to about 1.2 kV by increasing
carrier wave amplitude, while the SM voltage of the non-fault phase keeps the stable operation with
the original rated value, and all the current can continue to maintain stable operation through rapid
transient regulation.

Because the x, (the smaller number of faulty SMs of phase a) is smaller than the fault condition 1,
the boosting amplitude of SM voltage of the fault phase is smaller than the fault condition 1, and the
impact of the AC and DC current of the system is relatively small at t = 0.9 s. The above results also
show that the proposed fault-tolerant control strategy can effectively achieve fault-tolerant operation
after the SM fault, and can also respond quickly when the single arm fault transforms to the asymmetric
arm fault.
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5.3. Case 3

Fault condition 3: Arm symmetrical fault to arm asymmetric fault. When the system operates to
t=0.4 s, three SMs in the upper arm and lower arm of phase occur fault simultaneously; att =0.5s,
the fault-tolerant control strategy is enabled; at t = 0.9 s, two SMs in the upper arm of phase a are failed
again. Figures 11 and A2 are the related simulation results.
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Figure 11. Simulation results of fault condition 3: (a) Capacitor voltage of phase a; (b) Capacitor voltage
of phase b; (c) Capacitor voltage of phase ¢; (d) AC current; (e) DC-link current.

It can be seen that: (1) When the system is in normal operation, the voltage and current of the
system are stable. (2) When the SMs fail at t = 0.4 s, the capacitor voltage of each phase SM begins to
oscillate irregularly, the arm current and AC grid-connected current show an asymmetric state. But
at this time, the arm structure is still in symmetrical state and the number of faulty SMs is smaller
than fault conditions 1 and 2, so the oscillation amplitude of voltage and current is slight compared
with the fault conditions 1 and 2. (3) When fault-tolerant control strategy is enabled at t = 0.5 s, the
SM voltage of the fault phase is increased to about 1.2 kV, while the SM voltage of the non-fault phase
keeps the stable operation with the original rated value, and all the current can continue to maintain
stable operation rapidly. (4) When the SMs occur fault again at t = 0.9 s, through the control of the
limiting modulation wave amplitude, the system can continue to operate stably.

Based on the simulation results of fault conditions 1-3, it can be seen that the fault-tolerant control
strategy of the SM proposed in this paper can effectively realize the fault-tolerant operation control of
the system after the SM fault, and can respond flexibly to different fault conditions of the arm, and can
respond quickly when the fault state of the arm changes.

6. Experimental Studies

In order to verify the fault-tolerant control strategy, a 2-terminal MMC-based experimental
platform is built in the laboratory. The experimental platform is shown in Figure 12. Among them,
MMC1 is the DC voltage source and MMC2 is to verify the control strategy. The basic parameters of
MMC prototype are shown in Table 2.
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In the course of the experiment, the SM1 in the upper arm of phase a occurs fault at t1,
fault-tolerant control strategy is enabled at t2 and the SM4 in the lower arm of phase a occurs fault
again at t3. Figure 13 shows the relevant experimental waveform.

Figure 12. The photograph of MMC experiment prototype.

Table 2. Experimental parameters of the MMC prototype.

Parameters Value

AC System inductance Ls 5 mH

Arm inductance Ly, 5 mH

DC bus voltage U 20 kV
Number of SMs per arm N 4
Number of redundant SMs per arm 1

Sub-module capacitor C 2000 uF
Transformer ratio 380V/380V (Y/A)
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Figure 13. Waveforms of experiment: (a) Capacitor voltage of phase a; (b) Capacitor voltage of phase
b; (¢) Circulating current of phase a; (d) Circulating current of phase b; (e) AC current and DC current
from t1 to t3; (f) AC current and DC current after t3.
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It can be seen from Figure 13 that: (1) Before the fault, the system operates steadily. When the
SML1 fails at t1, the capacitor voltage of SM1 begins to oscillate irregularly, the arm current and AC
grid-connected current show an asymmetric state, and the DC current and circulating current of the
system also appear relatively fluctuant. (2) When the fault-tolerant control strategy is put into operation
at t2, SM1 voltage starts to return to normal value and the arm current and AC grid-connected current
are restored to symmetry and stable operation. (3) When the SM4 occurs fault again at t3, the SM4
voltage of the fault phase is increased to 80 V, while the SM voltage of the non-fault phase keeps the
stable operation with the original rated value (60 V). There is no major impact on the system in the
process, and the system current is still in a stable state.

Limited by the number of SMs of the experimental platform, the experiment only validates the
fault condition 1, but the experimental results are basically consistent with the simulation. The results
of simulation and experiment show that the design of fault-tolerant control strategy proposed in this
paper is reasonable and effective, and it is helpful to realize fault-crossing of SMs under different
operating conditions.

7. Conclusions

The fault-tolerant operation issue of MMC under SM faults is studied in this paper. The main
works and contributions can be summarized as:

(1) The traditional zero-sequence voltage injection fault-tolerant control algorithm is analyzed
detailed. It reveals that the traditional method is easy to implement under the signal arm
faulty state. However, if the SM simultaneously occurring faults in the upper and lower arms or
appearing multiple arm failures, the required zero-sequence voltages will be calculated difficult.
The SM fault-crossing is complicated to realize.

(2) A novel fault-tolerant control strategy based on PD-PWM is proposed, which has three main
benefits: (i) it has carrier and modulation wave dual correction mechanism, which control ability
is more higher and flexible; (ii) it only needs to inject zero-sequence voltage in half a cycle of the
modulation wave, which simplifies the complexity of traditional zero-sequence voltage injection
control algorithms and much easier for implement; (iii) furthermore, the zero-sequence voltage
can even be avoided injecting under the symmetrical fault conditions.

(3) The simulations in the MATLAB/SIMULINK and experiments with 2-terminal a MMC-based
prototype are all studied with the proposed control strategy under different fault conditions.
The results confirm the efficiency of the control strategy.
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Appendix A
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Figure A1. Simulation results of fault condition 2: (a) Arm current of phase b; (b) Arm current of phase
¢; (c) Circulating current of phase b; (d) Circulating current of phase c.
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Abstract: This paper proposes a novel on-board electric vehicle (EV) battery charger (EVBC)
based on a bidirectional multilevel topology. The proposed topology is formed by an AC-DC
converter for the grid-side interface and by a DC-DC converter for the battery-side interface.
Both converters are interfaced by a split DC-link used to achieve distinct voltage levels in both
converters. Characteristically, the proposed EVBC operates with sinusoidal grid-side current,
unitary power factor, controlled battery-side current or voltage, and controlled DC-link voltages.
The grid-side converter operates with five voltage levels, while the battery-side operates with
three voltage levels. An assessment, for comparison with classical multilevel converters for EVBCs
is considered along the paper, illustrating the key benefits of the proposed topology. As the
proposed EVBC is controlled in bidirectional mode, targeting the EV incorporation into smart grids,
the grid-to-vehicle (G2V) and vehicle-to-grid (V2G) operation modes are discussed and evaluated.
Both converters of the proposed EVBC use discrete-time predictive control algorithms, which are
described in the paper. An experimental validation was performed under real operating conditions,
employing a developed laboratory prototype.

Keywords: multilevel converter; electric vehicle; on-board battery charger; power factor correction;
power quality; smart grid

1. Introduction

The electric vehicle (EV) is considered as the central element to support electric mobility in
smart grids, serving to help to address major energy concerns. From a global perspective, different
options of EVs can be considered distinguished by the energy storage system, as battery EVs (BEVs)
or fuel cell EVs (FCEVs), and by the external interface for the charging process, as plug-in EVs
(PHEV) [1-3]. Within the scope of this paper, the final application is for EVs using batteries as the energy
storage system, where the main advantage is the capacity of the energy storage system and the main
drawback is the required charging time. The relevance of the EV for this purpose is carefully addressed
and evaluated in [4-6] in terms of power electronics and control methodologies for the grid-side.
As demonstrated in [7,8], since the EV batteries are charged from the power grid (independently
of the on-board or off-board technology), power quality is an imperative feature for assuring the
grid stability. In this perspective, advanced contributions for the EV controlled action in smart grids,
and bearing in mind power quality issues, are presented in [9]. Additionally, the opportunity to
operate in bidirectional mode, as well as to operate in the four quadrants in terms of power quality
will also be decisive for contributing to establish energy management strategies in a smart grid
perspective. These new contributions for the EV operation in four-quadrants and framed in smart
grids, are examined in [10,11]. The flexible incorporation of an EV into the energy management of
a smart home is presented in [12], perspective an advanced communication toward to control the
charging and discharging processes.
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Classically, on-board EV battery chargers (EVBC) are projected with two- or three-level topologies
for the grid-side coupling converter [13], however, by increasing the levels, the size of the passive
filters can be reduced, as demonstrated in [14,15] for other types of applications, different from EVBC.
Nonetheless, the levels cannot be augmented indeterminately. By establishing a tradeoff between
power density and required hardware and software, five-level topologies are identified as interesting
solutions for different purposes. For instance, considering the grid-side converter, a five-level topology
with reduced switching devices and based on the active neutral point clamped in presented in [16]
for grid-tied solar photovoltaic applications; a five-level Vienna-type structure is proposed in [17]
for active rectifiers; a unidirectional five-level based on the T-rectifier topology is analyzed in [18]
for high-speed gen-set applications; an improved five-level topology is presented in [19] for active
rectifiers or grid-tied applications; a unidirectional five-level topology is proposed in [20] for power
factor correction converters, including applications of EVBC; a symmetric cascade five-level topology
is proposed in [21] for grid-tied inverters; based on the previous structure, a bidirectional five-level
topology is proposed in [19], allowing the operation as active converter or as grid-tied converter;
a modular unidirectional five-level topology is offered in [22] for applications of renewable energy
sources; a five-level topology for renewables applications is proposed in [23]; a five-level topology
based on the neutral point clamped arrangement is presented in [24] for motor drivers; a novel
five-level topology is proposed in [25] for unidirectional EVBC; and a five-level topology with reduced
switching devices is proposed in [20] for active rectifier applications.

In terms of the battery-side converter, two-level topologies are usually employed for the
battery-side coupling converter. However, it should be noted that DC-DC multi-level topologies
can be applied for other applications, for instance, in [26] is presented a novel multilevel boost
converter for applications of photovoltaics or fuel cell generation systems, in [27] a review of DC-DC
four- and three-level topologies is presented, and in [28] a two-level interleaved and intercoupled
boost converter for high power applications is analyzed. The three-level topology is presented in [29],
however, the application is for the voltage balancing of series connected batteries. On the other hand,
in this paper, the split DC-link is used as interface for the grid-side converter, where the voltage of
the capacitors is always controlled by the grid-side power converter. Moreover, the control algorithm
is completely different, in order to obtain a reduced current ripple, where the proposed approach
consists in using the converter controlled by current controlling only two switching devices during
each operation mode. It should be noted that in [29] are controlled four switching devices, therefore,
controlling only two it is possible to reduce the switching losses and the control complexity (e.g., it is
not necessary to deal with any type of dead-time for the switching devices).

The above-mentioned five-level topologies for the grid-side converter were validated in the scope
of diverse applications, but not all were validated neither compared in the scope of an EVBC. The same
occurs with the battery-side converter. Moreover, no EVBC was validated employing multilevel
topologies in the grid-side and the battery-side converters. In this sense, this paper proposes an
on-board EVBC multilevel topology. The internal constitution of a conventional on-board EVBC is
presented in Figure 1, where is highlighted the bidirectional power flow, between the batteries and
the grid, in order to accomplish with the grid-to-vehicle and vehicle-to-grid operations in smart grids.
The key contributions of this paper are: (a) a novel EVBC based on a multilevel topology; (b) an analysis
of the proposed EVBC in terms of operation targeting smart grids; and (c) an experimental validation
using a dedicated developed on-board EVBC.

The paper is outlined as follows: A description of the hardware topology of the proposed EVBC is
presented in Section 2. The discrete-time predictive control algorithms used for the grid-side converter
and for the battery-side converter are presented in Section 3. The foremost experimental results
considering diverse operating states for smart grids are presented in Section 4. The main conclusions
are discussed in Section 5.

98



Energies 2018, 11, 3453

on-board EV battery charger
(internal constitution)

Control Algorithms
Digital control system of the
converters for the grid interface and
for the battery interface.

A

A 4

Power Converters
Composed by two bidirectional
multilevel converters: an ac-dc grid-
side and a dc-dc battery-side.

Battery

A

Battery
Management
System (BMS)

\ 4

Communication
Interface of communication in order
to provide the state of the
" . Power
bidirectional converters
Communication -
\ J

Figure 1. Internal constitution of a conventional on-board electric vehicle battery charger (EVBC).

2. EV Battery Charger: Topology Description

Figure 2 shows the global electrical schematic of the proposed EVBC. This topology consists of
a grid-side converter and a battery-side converter, both with a multilevel characteristic supported by
a split DC-link formed by two sets of capacitors (C; and Cy). In terms of other components, the EVBC
consists of twelve insulated-gate bipolar transistors (IGBTs) (used as controlled switching devices,
eight for the grid-side converter and four the battery-side converter), an inductive coupling filter
(L1, Lp), and a LC passive filter interfacing the batteries (L3, L4 and C3).
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Figure 2. Topology of the proposed on-board electric vehicle battery charger (EVBC).

The values of the parameters constituting the on-board EVBC, as well as the specifications of the
system that was taken into account when choosing components, are given in Table 1.
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Table 1. Parameters and specifications of the on-board EVBC.

Parameter Value Unit
Inductive Passive Filter Li, Ly 5 mH
Inductive Passive Filter L3, Ly 25 mH
Capacitive Passive Filter Cq,Cy 2.24 mF
Capacitive Passive Filter Cs 20 uF
Nominal Input Voltage (grid-side) Vg 230 4+ 10% \%
Nominal Grid Frequency f 50 + 1% Hz
Nominal Input Current (grid-side) fey 16 A
Total Harmonic Distortion (grid current) - <5% -
Total Power Factor - 1 -
Nominal DC-link Voltage Vde 400 \%
Nominal Output Voltage (battery-side) Vpat 200-400 \%
Nominal Output Current (battery-side) ipat 10 A
Switching Frequency fow 20 kHz
Sampling Frequency fs 40 kHz

2.1. Topology Description: Grid-Side Converter

In the development of power electronics systems, electrical grid power quality issues are,
more than ever, a major concern. Since the voltage levels produced by grid-side multilevel converters
are directly proportional to the quality of the obtained grid current, multilevel converters have
emerged as contributors for this concern. The circuit topology of the grid-side multilevel converter
proposed for the on-board EVBC is presented in Figure 2. The proposed topology emerged as
a derivation of the traditional full-bride rectifier with four devices connected to the split DC-link as the
power factor correction (PFC) three-level DC-DC converter. This topology can produce five distinct
voltage levels (+04., +7gc/2, 0, —V4¢2, —vdc) at the terminals of the converter (v, ac). As can be seen,
each IGBT is applied to a maximum voltage of +v,4.. The configuration of the topology allows to
switch necessarily only six of the eight IGBTs, during the full operation as active rectifier or grid-tied
inverter, hence, decreasing the switching losses. When the grid side converter operates as active
rectifier, Figure 3, during the positive half cycle of the power grid voltage, the IGBTs (51, S4) are always
switched on and the IGBTs (S, S3) are always switched off. When the IGBT S is switched on, the IGBT
Ss is switched to state the voltage levels 0 and +v4./,. On the other hand, when the IGBT S5 is switched
off, the IGBT S is switched to state the voltage levels +v,4.» and +vdc. During the negative half cycle
of the power grid voltage, the IGBTs (S,, S3) are always switched on and the IGBTs (S1, S4) are always
switched off. When the IGBT S5 is switched on, the IGBT S¢ is switched to state the voltage levels 0
and —v,/,. Finally, when the IGBT Sg is switched off, the IGBT S is switched to state the voltage levels
—04c2 and —v,.. When the grid side converter operates as an inverter, Figure 4, during the positive
half cycle of the power grid voltage, the IGBTs (S1, S4) are always switched on and the IGBTs (S5, S3)
are always switched off. When the IGBT Sg is switched off, the IGBT Sy is switched to state the voltage
levels 0 and +v,./>. On the other hand, when the IGBT Sy is switched on, the IGBT Sg is switched to state
the voltage levels +v4,» and +v,.. During the negative half cycle of the power grid voltage, the IGBTs
(S2, S3) are always switched on and the IGBTs (S, S4) are always switched off. When the IGBT Sy is
switched off, the IGBT Sg is switched to state the voltage levels 0 and —v;». Finally, when the IGBT Sg
is switched on, the IGBT Sy is switched to state the voltage levels —v,.» and —vy,.
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Figure 3. Operation stages for the grid-side converter during the operation as active rectifier: (a) v, ac
=0; (b) vey_ac = +vac/2; (€) Vey_ac = +04c; (d) Vep_ac = 0; (€) Veo_ac = —Vac/2; (£) Vcv_ac = —Vse-

Figure 4. Operation stages for the grid-side converter during the operation as grid-tied inverter:
(@) veo_ac = 0; (b) Veo_ac = +04c/2; (€) Veo_ac = +0dei (d) Veo_ac = 0; (€) Veo_ac = —Vae/2; (£) Veo_ac = —Vie-

A predictive current control technique, with a fixed switching frequency of 20 kHz, was applied
to obtain a sinusoidal EVBC current and in phase with the grid voltage (or phase opposition in
vehicle-to-grid mode). Since this current control is identified as a linear current control, the modulation
technique is applied individually. In this sense, Figure 5 shows the pulse-width modulation (PWM)
modulation technique arrangement used for the grid-side converter. The proposed PWM modulation
technique requires only one carrier signal and two reference signals to control eight IGBTs. This figure
shows the adapted voltage reference (ref1, refy), the triangular carrier signal (vgg4ier), the PWM signals
of the IGBTS, the voltage levels produced by the converter (v¢,_4c) and the power grid voltage (vg).
The pulses signal of the IGBTs (Sy, Sy, S3, S4) are exclusively dependent of the instantaneous value of
the power grid voltage. During the operation as grid-tied inverter, the IGBTs (S7, Sg) have an opposite a
command signal as the IGBTs (S, S¢), respectively. In the modulation strategy, the voltages references
(ref1, ref,) are adapted, based on a digital codification, from the modulating signal s, established by
the Equation (1), where v, ac are the voltage levels produced by the converter and 1, the amplitude
modulation index. The voltage levels produced by the converter are obtained in the control algorithm,
explained in Section 3.1.

SM = 20cy_acMa- 1)
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Figure 5. Modified pulse-width modulation (PWM) strategy for the grid-side converter during the
operation as active rectifier or as grid-tied inverter.

2.2. Topology Description: Battery-Side Converter

The circuit topology of the battery-side converter implemented in the on-board EVBC is presented
in Figure 2. The topology consists in four IGBTs connected to the split DC-link and a passive LC
filter interfacing the batteries. Furthermore, this topology can produce three distinct voltage levels
(+4c, +04c/2, 0) at the terminals of the converter (v, pc). When the converter operates as a buck-type
converter, the energy power flows of the DC-link to the batteries during the charging process. In this
mode, the IGBTs (Sg, S1g) and the anti-parallel diodes of the IGBTs (S11, S12) are used. When only
one of the IGBTs (Sg, S1) is switched on, the inductors (L3, Ls) and the batteries stores energy from
the split DC-link (C; or C;). When both IGBTs (Sg, S1p) are switched on, the inductors (L3, Ls) and
the batteries store energy from the DC-link (Cy, Cp). When both IGBTs (Sg, S19) are switched off,
the stored energy in the inductors (L3, L4) is released to the batteries. On the other hand, when the
converter operates as boost-type converter, the energy power flows of the batteries to the DC-link,
during the discharging process. During this mode, the IGBTs (S11, S12) and the anti-parallel diodes of
the IGBTs (Sg, S19) are used. When both IGBTs (S11, S12) are switched on, the inductors (L3, L) stores
energy from the batteries. When one of the IGBTs (S11, S12) is switched on, the split DC-link (C; or
C») stores energy from the batteries and the inductors (L3, L4). Finally, when both IGBTs (S11, S12) are
switched off, the DC-link (Cy, C;) stores energy from the batteries and the inductors (L3, L4). Figures 6
and 7 show the operation stages for the battery-side converter during the operation as buck-type and
boost-type, respectively.
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Figure 6. Operation stages for the battery-side converter during the operation as a buck-type converter:
(a) The stored energy in L3, Ly is released to the batteries; (b) L3, Ly and the batteries stores energy from
Cy; () L3, Ly and the batteries stores energy from Cy; (d) L3, L4 and the batteries store energy from Cy, C,.
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Figure 7. Operation stages for the battery-side converter during the operation as a boost-type converter:
(a) L3, L4 stores energy from the batteries; (b) C, stores energy from the batteries and L3, Ly; (c) Cq
stores energy from the batteries and L3, Ly; (d) Cq, C; stores energy from the batteries and L3, L.

Similar to the algorithm applied in the grid-side converter, in the battery-side converter was also
applied a predictive current control technique and a modulation technique with a fixed switching
frequency of 20 kHz, to control the current and voltage in the batteries during the charging or
discharging processes. In the modulation technique, two 180° phase-shifted carriers were used,
in order to reduce the ripple of the EV battery current and, hence, the frequency EV battery current is
held twice of the switching frequency.
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3. EV Battery Charger: Control Algorithms

This section presents the specifications and the methodology used for the control algorithms
implementation, both for the grid-side and the battery-side converters. The control algorithm
was designed for a digital platform, based on a Texas Instruments digital signal processor (DSP)
F28335 (Texas Instruments, Inc., Dallas, TX, USA) and considering a sampling frequency of 40 kHz,
obtained with a timer interruption.

3.1. Control Algorithm: Grid-Side Converter

Based on the voltages shown in Figure 2, Equation (2) can be established, where v, represents the
instantaneous value of the grid voltage, v;.1 and vy, the instantaneous value of the inductance voltage,
and v, ac is the instantaneous value (i.e., the voltage produced during each sampling period of the
DSP) of the voltage produced by the converter:

Vg = Uey_AC + VL1 + VL2 2

It should be noted that, as represented in Figure 2, it was used a mutual coupling inductance.
Therefore, replacing the inductance voltage by its intrinsic equation, and rewriting the equation as
a function of the voltage produced by the converter, it is obtained:

di di
Uco_AC = Vg — Llﬁ - def? 3)

Applying the progressive Euler method, illustrated in Equation (4), the derivative component of
the current can be approximated by considering a very low At in order to obtain a good prediction of

the system behavior:

diey(t)  deo(t + AE) — oo ()
ar At ' @

Applying the Equation (4) in the Equation (3), and assuming a sampling frequency of fs = 1/Ts,
results in the digital control Equation (5), where the term k represents the current sample and [k + 1]
represents the next sample:

ieo[k + 1] — iep[K] .

Uev_ AC [k] =g [k] — (L1 + Lz) T,

©)

Since the law of predictive control consists of a closed-loop control and, if the reference current
at time [k + 1] is to be equal to the current produced by the converter at time [k], the equation that
translates the current control implemented can be defined by:

iev™ [k] — Teo[K] .

Ucv_AC[k] = 0Ug [k} - (Ll + LZ) T.

(©)

Since, the EVBC is proposed to operate with a sinusoidal current and unitary power factor in the
grid-side converter, the instantaneous value of the power grid voltage is directly proportional to the
EVBC current. However, aiming to prevent the inclusion of the harmonic distortion of the grid voltage
into the current, it is used a phase-locked loop (PLL). Thus, instead of the grid voltage, it is used the
output signal from the PLL, resulting in:

fey = Gevvpll/ 7)

where vy is in phase with the power grid voltage and G represents the equivalent conductance of
the EVBC from the grid-side point of view, which can be defined according to the mean value of active
power (P,) and the rms value of the power grid voltage (Vy):
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Gey = PooVg 2. (8)

Applying the Equation (8) in the Equation (7), the reference of the EVBC current is obtained
according to:
iep" = pevVGizvplb )

The active power of the EVBC can be divided in two parts, namely the power to regulate the
DC-link voltage and the power to regulate the batteries. Furthermore, because of the split DC-link,
two proportional-integral (PI) are used to regulate the DC-link voltage independently in both capacitors
(Pac1, Pac2)- Therefore, during the G2V operation mode, the reference of the EVBC current can be
defined as:

ieo” = (Pact + Pact + Poat)0pu Ve 2. (10)

On the other hand, during the V2G operation mode, the reference of the EVBC current is
established according to Equation (11), where 7, * represent the reference of current to discharge
the batteries.

iy = (pdcl + Pac1 + ibat*vbat)vpllvc -2 (11)

3.2. Control Algorithm: Battery-Side Converter

During the process of charging the batteries, the battery-side converter operates as buck converter,
controlling the charging current or the charging voltage for the batteries. In this way, based on the
representations of the currents and voltages between the DC-link and the batteries (cf. Figure 2), it is
possible to establish the Equation (12), where v, pc represents the voltage produced by the converter
(i.e., the sum between v, pc1 and v _pc2), L3 and vy represent the voltages in the inductances
(Lz and Ly), respectively, and vy, represents the voltage in the batteries:

Uco_DC = Upat + VL3 + VL4 (12)

Since the current in the inductance L3 is the same as that in the inductance L4, the Equation (12)
can be rewritten, replacing the voltage in the inductance by its intrinsic equation:

dig3 14

Uco_DC = Vpat + (Ls + La) —

(13)
Applying the progressive Euler method, the Equation (13) can be established in discrete time as:
Vo pC[K] = Opat k] + (La + La) (i3 ralk + 1] — i3 ra[K)) Ts " (14)

Since it is desired that the reference current at time [k + 1] should be equal to the current produced
by the converter at time [k], it is obtained:

Veo_DC[K] = Opat[k] + (L3 + La) (ig3,04* [k] — ip3,ak]) Ts " (15)

When the same converter operates as buck converter, but controlling the charging voltage of the
batteries, the reference voltage is established as:

Oco_pc[K] = Opat*[K] — (Ls + La) (ir3 ralk] — iraalk — 1)) T~ L (16)

The aforementioned equations were defined for the battery-side converter operating as buck
converter, i.e., charging the batteries from the grid (G2V mode). On the other hand, a set of equations
should also be defined for the battery-side converter operating as boost converter, i.e., discharging the
batteries to the grid (V2G mode). Based on the representations of the currents and voltages in Figure 2,
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when the converter intends to discharge the batteries with a constant current, the following relation
can be established:

Uco_DC = Upat — VL3 — UL4- 17)

Applying the same aforementioned modeling reasoning, the discrete implementation of
Equation (17) results in:

eo_pclk] = Vpar[k] — (Ls + La) (—irs,4" [k] — ips,4lk]) T (18)

From Equation (18), it is important to note that it is necessary to identify the positive direction
of the current in the batteries (Figure 2), which is why the negative signal —i314*[k + 1] is applied
to the digital implementation of this equation. The obtained signal (v, pclk]) is compared with two
carriers in order to obtain the duty-cycle of the gate signals for Sg and S, which is the same, but two
carriers, delayed by 180 degrees, are employed. Applying this strategy, the frequency of the resultant
ripple is the double of the switching frequency. The duty-cycle is determined according to the current
control algorithm, e.g., in the previous equations is defined the a voltage that is compared with the
carriers in order to obtain a current in the EV battery i 3 1 4)[k] equal to the reference current i(;3 1 4)*[K].
Applying this strategy, the current ripple in the EV battery can be reduced when compared with
a traditional buck or boost converter. In circumstances where the battery-side converter is responsible
for controlling the voltage on the DC-link, the Equation (19) is implemented, where é., pc represents
the duty-cycle that the converter must produce, v;.* represents the reference voltage for the DC-link,
and vy, represents the battery voltage:

o vdc* [k] — Opat [k]

dco_pclk] = B (19)

4. EV Battery Charger: Experimental Validation

This section introduces the experimental validation, where is presented the hardware description,
as well as the most relevant experimental results.

4.1. Description of the Developed Prototype

After the computer validation, a laboratory prototype of the on-board EVBC was implemented,
which is mainly divided in two parts: the digital control platform and the power hardware. The digital
control platform includes the DSP board (F28335), the current and voltage sensors (models LTSR15
NP and CYHVS025A from LEM (Geneva, Switzerland) and from ChenYang (Finsing, Germany),
respectively), as well as the printed circuit boards of the signal conditioning, error detection, command,
and gate drivers (developed with HCPL 3120 optocouplers from Avago). On the other hand, the power
hardware includes both converters, constituted by discrete IGBTs (FGA25N120ANTD from Fairchild
(Sunnyvale, CA, USA)) and by the DC-link capacitors (EETUQ2W561DA from Panasonic (Kadoma,
Japan)). Since the main aim of the implementation was the development of a laboratory prototype
as close as possible of the reality, namely in compactness and robustness, a three-dimensional
modeling was carried out to determine the best method and solution of the component layout for its
implementation. Figure 8 shows the internal and external view of the three-dimensional modeling of
the EVBC. With this modeling, it was possible to implement the final laboratorial prototype, which is
presented in Figure 9. However, it should be noted that the laboratory prototype was developed just
aiming to validate the structure of the topology and to perform a laboratorial experimental validation.
In fact, after the proof-of-concept in terms of topology and operation modes, some improvements are
required focusing in the optimization of the switching devices (e.g., employing SiC devices) and in the
optimization of the passive filters (e.g., employing a inductor-capacitor-inductor, LCL, filter) toward
a pre-industrialized prototype.
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Figure 8. Three-dimensional modeling of the proposed on-board EVBC.

Figure 9. Laboratorial prototype of the developed EVBC.

The converters of the developed prototype were sized to meet the key requirements of the
proposed on-board EVBC in terms of power quality, and the specifications given in Table 1. In this
sense, the choice of components was mainly based on their operational characteristics, such as the
maximum operating frequency and the rated current and voltage. In addition to the electrical aspects
of the concerned application, mechanical and thermal aspects, such as dimensions, encapsulation
and thermal dissipation of components, have also been taken into account, since the entire system
is integrated in a metal box (Bernstein CA 380 (Porta Westfalica, Germany)), with dimensions of
330 x 230 x 110 mm. As it can be seen, two heatsinks were used, one for each converter, which were
fixed on each side of the metal box. In order to prevent electrical noise, it was decided to place
the gate driver boards as close as possible to the power semiconductors, each one responsible for
a power electronics converter. In the control system, electrical noise was also taken into account in
order to optimize the signal-to-noise ratio, i.e., to minimize undesired signals superimposed on a
measured signal. Based on the developed three-dimensional modeling and the implemented prototype,
an estimation of the internal volume distribution associated to the different main parts of the on-board
EVBC was established, which is presented in Figure 10.

pre-charge circuit, connectors,

VI Sensors and Signal

Power System wires,... 169 Conditioning 15%
40%
Filter (capacitors)
Power Board 11%
26%
IGBTs 3%

Others {connectors, wires,..)

Figure 10. Internal volume distribution of the developed on-board EVBC.
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4.2. Experimental Results

In the on-board EVBC laboratorial prototype described above, the G2V operation mode
was initially validated, followed by the V2G. Besides the validation of both operations mode,
the experimental results also demonstrate the validation of the PLL algorithm, modulation and
current control strategy and DC-link voltage control. Figure 11 presents the general view of the
laboratorial setup that was used during the experimental results, which were registered with a digital
oscilloscope Yokogawa model DL708E (Yokogawa Electric, Tokyo, Japan), with a Fluke 435 power
quality analyzer (Fluke Corporation, Everett, WA, USA), and with a FLIR i7 infrared thermal imaging
camera (FLIR Systems, Wilsonville, OR, USA).

Figure 11. Laboratory setup used to obtain the experimental results.

4.2.1. Experimental Results: Grid-To-Vehicle (G2V) Operation

Figure 12 shows the experimental results during the initial stage of the EV charging process.
First, during the time interval (1) the EVBC is not connected to the power grid. At time instant (2),
the EVBC is connected to the power grid. In this stage, the DC-link start the pre-charge process through
the anti-parallel diodes of the IGBTs (S1, Sy, S3, S4), operating the grid-side converter as a traditional
full-bridge rectifier. The pre-charge circuit contains a resistor to limit the typical peak currents of the
capacitors. After the DC-link pre-charge process, at time instant (3), this resistor is bypassed so that
the DC-link voltage remains close to the peak value of the grid voltage. At time instant (4), the split
DC-link voltage, in each capacitor, is regulated to the operation voltage and only after stabilizing the
DC-link voltage, at time instant (5), the current battery increases progressively (i.e., during the constant
current algorithm), which is controlled by the battery-side converter operating as buck converter.

As clearly shown in Figure 13, the grid voltage is distorted due to the nonlinear electrical
appliances linked in the electrical installation. However, during a steady-state operation, with the
adopted current control strategy, the EVBC current is kept with a sinusoidal waveform and in phase
with the grid voltage (i.e., operating with a unitary power factor, as shown in the zoom detail presented
in this figure). Furthermore, the DC-link voltage in both capacitors presents an acceptable ripple
for this type of application (i.e., about 10%). The average voltage value in each DC-link capacitor is
controlled according to each reference, assuming a value which is greater than the maximum amplitude
of the power grid voltage, and the ripple in the voltages of the capacitors has a frequency that is double
the frequency of the power grid. In this operation mode the measured efficiency was 92%.

The experimental results shown in Figure 14 were attained to verify the switching states of the
grid-side converter according the Figure 3. The IGBTs Sy, S, S3, and Sy, as well as the IGBTs S5 and
Se, have a fixed switching frequency of 50 Hz and 20 kHz, respectively. This figure also shows the
digital signal obtained from the PLL algorithm, which is sinusoidal and in phase with grid voltage.
This signal was visualized in the oscilloscope using an external digital-to-analog converter (DAC),
model TLV5610 from Texas Instruments.
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Figure 12. Experimental results during the initial stage of the electric vehicle (EV) battery charging
process: EV battery current (ip,: 1 A/div); DC-link voltages of both capacitors (v.1: 20 V/div, v4.2: 20
V/div); EVBC current (igp: 2 A/div).
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Figure 13. Experimental results in grid-to-vehicle (G2V) mode showing the EVBC current (ip: 5 A/div),
the grid voltage (vg: 100 V/div), a detail of zero crossing between the current and the voltage (ico, vg),
and the DC-link voltages ripple in both capacitors (Avy.1: 5 V/div, Avgep: 5 V/div).

The PWM technique developed for the battery-side converter consists in two carriers with a 180°
phase-shifting. With this phase-shifting strategy, one of the gate signals is applied to IGBT Sg while the
other is applied to the IGBT Sy, to reduce the ripple of the EV battery current. Thus, as it can be seen
in Figure 15, the frequency of the current ripple in the inductor L3 (i1 3) is 40 kHz, which is twice of the
switching frequency. This experimental result shows the relation of the current in the inductor and
the gate-emitter voltage, v, 59 and vg._s10, of the IGTBs Sg and Syg. During this result, the registered
value of the ripple current in the inductor was 0.16 A.
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Figure 14. Experimental results during the G2V operation mode: Gate-emitter voltage of the grid-side
insulated-gate bipolar transistors (IGBTs) (S1, Sz, S3, S4, S5, Se: 5 V/div); Output digital signal of the

phase-locked loop (PLL) (vprr: 150 V/div).
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Figure 15. Experimental results showing the current in the inductor L3 (ir3: 0.1 A/div) and the

gate-emitter voltage of the IGBTs Sg and S1q (vge_s9: 5 V/div and vg,_19: 5 V/div) during a time interval

of 100 ps.

For further details on the relationship between the grid voltage and the EVBC grid-side current,
it was used the x-y mode of the oscilloscope, as shown in Figure 16. Channel 4 is used in the x-axis
and the channel 2 is used in the y-axis, representing the grid voltage and EVBC grid-side current,
respectively. Thus, for the grid-side, this result shows the EVBC current in function of the grid voltage.
It is relevant to highlight that this variation is not linear due to the harmonic distortion present in the

grid voltage.

The experimental result shown in Figure 17 was obtained in x-y mode in order to identify the
DC-link voltage regulation and to clearly identify the five distinct voltage levels (+v4., +04c/2, 0, —V4cs2,
—04.) produced by the grid-side converter. Thus, the DC-link voltage ripple (Avg.1, Avge2) and the
voltage levels (vc,_ac), used in the y-axis, are a function of the grid voltage (vg), used in the x-axis.
In order to keep the DC-link regulated and balanced, during the positive half-cycle of the grid voltage,
the voltage of the capacitor C; is regulated, and during the negative half-cycle of the grid voltage,

the voltage of the capacitor C, is regulated.
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Figure 16. Experimental results in x-y mode showing the EVBC current (i¢;: 5 A/div) in function of the
power grid voltage (vg: 100 V/div).
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Figure 17. Experimental results in x-y mode showing the DC-link voltage ripple (Avg.q: 5 V/div, Avgeo:
5V/div) (y-axis) and the voltage levels produced by the grid-side converter (vz, ac: 50 V/div) (y-axis),
both in function of the power grid voltage (vg: 100 V/div) (x-axis).

Using the Fluke power quality analyzer, in Figure 18a,b shows the harmonic spectrum of the
power grid voltage and the EVBC current, measured total harmonic distortion (THD%) of 3.5% and
2.8%, respectively. In power electronics systems, the thermal characteristic is a factor that directly
affects the performance of it. So, to analyse the thermal conditions of the EVBC, the experimental
results of temperature measurements during the G2V operation mode are presented in Figure 19.
Figure 19a shows the overall thermal distribution of the implemented EVBC, Figure 19b shows the
measured temperature of IGBT Sy (switched at a fixed frequency of 20 kHz), where was registered a
temperature value of 47.8 °C, and Figure 19¢ shows the measured temperature of the IGBT S1; (only the
antiparallel diode is used in this context), where was registered a temperature value of 36.8 °C.
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Figure 18. Experimental results in G2V mode of the total harmonic distortion and spectral analysis:
(a) power grid voltage (vg); and (b) EVBC current (io).
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Figure 19. Experimental results of the temperature measurements during G2V operation mode:
(a) overall thermal distribution of the developed EVBC prototype; (b) temperature at the IGBT Sg;
and (c) temperature at the IGBT Sy;.

4.2.2. Experimental Results: Vehicle-To-Grid (V2G) Operation

The developed EVBC was also validated during the V2G operation mode. Furthermore, once the
IGBTs Sy and Sg of the grid-side converter has a fixed switching frequency of 20 kHz, to validate the
modulation technique applied in these IGBTs, Figure 20 presents the reference signal adapted and
the gate-emitter voltage of the respective IGBT. This voltage is a resulting signal of the comparison
between the carrier signal and the reference signal. In this result, the reference signal was acquired
using an external DAC.

Similar to the G2V operation mode, Figure 21 shows the switching states of the grid-side converter
according to Figure 3 during the V2G operation mode. In this result, the IGBTs Sy, S, S3, and Sy,
as well as the IGBTs S; and Sg, have a fixed switching frequency of 50 Hz and 20 kHz, respectively.
In this operation mode, the IGBTs (Ss, S¢) are always switched off, reason why they are not represented
in this figure.

Figure 22 shows the V2G operation mode during a steady operation of the EVBC grid-side current
(iev), the grid voltage (vg), the voltage levels assumed by the grid-side converter (v, ac), and the
DC-link voltage of both capacitors (v4.1, v4.2). The EVBC grid-side current is sinusoidal, but in phase
opposition with the grid voltage, meaning that the power follows from the batteries to the grid.
Furthermore, the five distinct voltage levels (+v4, +v4c/2, 0, —04c2, —vdc) produced by the grid-side
converter can be seen in this figure.
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Figure 20. Experimental results showing the modulation technique applied to the IGBTs S; and Sg,
namely, the reference signals adopted for the modulation (refs7: 1 V/div, refsg: 1 V/div) and the voltage
gate-emitter of the respective IGBT (vge s7: 5 V/div and vge sg: 5 V/div).
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Figure 21. Experimental results during vehicle-to-grid (V2G) operation mode: Gate-emitter voltage
of the grid-side IGBTs (S1, Sy, S3, S, S7, Sg: 5 V/div), and output digital signal of the PLL (vpyy:
150 V/div).

For further details, Figure 23 presents an experimental result, during a time interval of 50 ms,
of the EVBC grid-side current (i), the grid voltage (vg), and the DC-link voltage ripple in both
capacitors (Avgeq, Avgen). With the detail of the current zero-crossing, it is possible to state that during
these results the EVBC operates with unitary power factor. As aforementioned, during the positive
half-cycle of the power grid voltage, the voltage of the capacitor C; is regulated and during the negative
half-cycle of the power gird voltage, the voltage of the capacitor C; is regulated, which are controlled
by the grid-side converter. Moreover, as it can be seen in this figure, the DC-link voltage has a voltage
ripple of 3%.
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Figure 22. Experimental results in V2G operation mode showing the EVBC current (ip: 5 A/div),
the power grid voltage (vg: 50 V/div), the voltage levels produced by the grid-side converter (v,_ac:
100 V/div) and the DC-link voltage of both capacitors (v.1: 20 V/div, v4.p: 20 V/div).
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Figure 23. Experimental results in V2G operation mode showing the EVBC current (ip: 5 A/div),
the grid voltage (vg: 50 V/div), a detail of zero crossing between the current and the voltage (iev, vg),
and the DC-link voltages ripple in both capacitors (Avy.1: 2 V/div, Avgeo: 2 V/div).

Regarding the battery-side converter, the same modulation technique implemented in the G2V
operation mode was used, namely the application of two 180° phase-shifted carrier signal. This strategy
was adopted to reduce the ripple amplitude of the batteries current. In this sense, Figure 24 shows
the current ripple in the inductor L3 according to the gate-emitter voltages, vg,_s11 and vg,_s12, of the
IGBTs S11, S12. It is important to note that during this operation mode, the IGBTs Sg and Sy are always
off, reason why they are not shown in the figure. As it can be seen, the measured current ripple
in the inductor Lz was 0.13 A for a frequency of 40 kHz, which is twice of the switching frequency.
According to this result, when the IGBT Sg or the IGBT Sy is on, the inductor stores energy and
during the state transition of one the IGBTs, the inductor releases this energy. Using the power quality
analyzer, in Figure 25a,b, the harmonic spectrum of the power grid voltage and the EVBC current
is shown, measured THD% of 4.2% and 3.5%, respectively. These figures were obtained employing
a Fluke 435 power quality analyzer, and the high value of THD in the power grid voltage is caused by
distorted voltage drop in the line impedance, which is produced by distorted current consumed by
several nonlinear loads connected to the electrical installation.
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Figure 24. Experimental results showing the current in the inductor L3 (ip3: 0.1 A/div) and the
gate-emitter voltage of the IGBTs S1; and Sy (vge s11: 5 V/div and vge 12: 5 V/div) during a time
interval of 100 ps.
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Figure 25. Experimental results in V2G operation mode of the total harmonic distortion and spectral
analysis: (a) Power grid voltage (vg); and (b) EVBC current (io).

5. Conclusions

A novel on-board bidirectional EV battery charger (EVBC) was presented. It is constituted by
a grid-side converter capable to operate with five voltage levels, and by a battery-side converter capable
to operate with three voltage levels. The distinct voltage levels for both converters are obtained using
a split DC-link. In order to ensure power quality features, the proposed EVBC operates with grid-side
current controlled to improve power factor, and to preserve the battery lifetime the EVBC operates
with battery-side controlled current or voltage. Throughout the paper is described the proposed
hardware topology, the discrete-time predictive control algorithms used for the grid-side converter
and for the battery-side converter, the developed full-scale laboratorial prototype of the EVBC, and the
foremost experimental results considering operating modes for smart grids. The obtained results allow
validating the key contributions of the paper, mainly, in terms of the bidirectional operation of the
novel EVBC based on a multilevel topology. As the EVBC is controlled targeting the EV incorporation
into smart grids, the grid-to-vehicle (G2V) and vehicle-to-grid (V2G) operation modes are discussed
and evaluated.
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Abstract: This paper presents three phase current reconstruction methods for a three-level neutral
point clamped inverter (NPCI) by measuring the voltage of a shunt resistor placed in the neutral point
of the inverter. In order to accurately acquire the phase currents from the shunt resister, the dwell time
of the active voltage vectors need to exceed the minimum time. On the other hand, if the time of active
voltage is shorter than the minimum time, the current measurement becomes impossible. In this
paper, unmeasurable regions for current are classified into three areas. Area 1 is a region in which both
phase currents can be measure. Therefore, it is not necessary to restore the current. In Area 2, only one
phase current can be measured. Thus, an estimation or restoration method is needed to measure
another phase current. In this paper, the current estimation method using an electrical model of the
motor is proposed. Area 3 is the region in which both phase currents can not be measured. In this
case, it is necessary to move the voltage vector to the current measurable area by injecting the voltage.
In this paper, Area 3 is divided into 36 sectors to inject optimal voltage. The proposed methods have
the advantages of high current measurement accuracy and low THD (total harmonic distortion).
The effectiveness of the proposed methods are verified through experimental results.

Keywords: alternating current (AC) motor drive; current estimation; current reconstruction method;
current unmeasurable areas; total harmonic distortion (THD); single shunt resistor; space vector pulse
width modulation (SVPWM); shift method; minimum voltage injection (MVI) method; three-level
neutral point clamped inverter (NPCI)

1. Introduction

Two-level inverters are used in most home appliances, such as washing machines, refrigerators,
and air conditioners, due to their simple structure, and high reliability and performance.
However, in order to overcome the limitations of the efficiency and harmonics of the two-level
inverter, three-level inverters have been recently investigated. The three-level neutral point clamped
inverter (NPCI) has a structure characteristic of having a neutral point in the direct current (DC)
stage, and thus has excellent electro magnetic interference (EMI) and electro magnetic compatibility
(EMC) characteristics, due to a low voltage variation rate when switching [1-4]. Unlike a two-level
inverter, each arm of a three-level NPCI consists of four switches and two clamping diodes, as shown
in Figure 1. When the DC-link voltage is V., the voltage of each capacitor is V. /2. The neutral point is
connected to each phase output node by the clamp diodes and switches. Due to this structural feature,
the three-level NPCI can output either V};./2 or —V,;./2 by turning on the two switches located in the
upper or lower side of a phase. When the switches of S,3 and S.4 are turned on, the node voltage of

Energies 2018, 11, 2616; doi:10.3390/en11102616 118 www.mdpi.com/journal/energies
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the x phase is 0 due to the connection with the neutral point through the diodes and switches, where x
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Figure 1. Three-level neutral point clamped (NPC) inverter.

For controlling the AC motor, the controller of the inverter requires the values of the three phase
currents, which can be acquired through current sensors or a shunt resistor. A phase current sensing
inverter (PCSI), as shown in Figure 2a, is a typical three-phase voltage source inverter with two phase
current sensors. It requires at least two current sensors and sensing circuits, which raise the cost of
the appliances [5]. For this reason, a DC link shunt resistor Rgj,,,,; can be used to measure the phase
current, as shown in Figure 2b,c. A multi-shunt inverter (MSI) obtains the phase current from the
shunt resistor located in the neutral and bottom of the DC link [6]. Measurement of the currents
through the shunt resistors is possible when the current flows into the shunt resistor. Since the
shunt resistors are located between the neutral and bottom of the DC link, it is possible to measure
the phase current only if the active voltage vectors are combined with “O” or “N” switching states.
However, although the active vectors are combined with “O” or “N” switching states, the phase
current cannot be measured due to the short dwell time of the active vectors. The portion in the
space vector diagram where the dwell time of the active vectors is not large enough to measure the
current is called the current-unmeasurable area (CUA) [7-24]. A shunt resistor at the neutral point
of the three-level NPCI can be used to measure the phase current, as shown in Figure 2c. This is
similar to MSI, but a phase current is only obtainable when applying the state of “O” in the switching
combination of the effective voltage vector. NPCI is effective in terms of volume and cost as compared
to PCSI and MSI. It also has one current sensing circuit, which reduces the ripples caused by current
sensor offset and scaling errors [6,7]. However, it has a limited time to sample the phase current in
the shunt resistor over one period compared to the PCSI and MS], so that the unmeasurable areas are
widened in the output voltage hexagon. In order to overcome the limitations, some researchers have

been interested in NPCI topology for phase current reconstruction.
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Figure 2. Measurement methods of phase current. (a) Conventional phase current sensing
inverter (PCSI); (b) multi-shunt inverter (MSI); (c) neutral point clamped inverter (NPCI).
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Previous research has established the effective voltage time by shifting the pulse width modulation
(PWM) or injecting the voltage to restore the current [6-24]. However, these methods cause
a high total harmonic distortion (THD) by injecting relatively large voltages. In [6], the minimum
voltage injection (MVI) method minimizes voltage distortion and operating noise through THD
reduction, but this method does not completely reconstruct the phase current at very high modulation
index (MI). In addition, the PWM shifting method of [7] also generates harmonics due to asymmetric
voltage modulation.

In this paper, the phase current unmeasurable region is classified into three areas, and the current
reconstruction methods are proposed according to each area. First, two phase currents can be measured
in Area 1, and the normal operation is executed in this area. On the other hand, only 1 phase current
can be acquired in Area 2. In this case, the other phase current can be estimated by combining the
g-axis current reference obtained from the speed controller and the electrical model of the motor [10].
Lastly, Area 3 is defined as an area where no current can be measured. For measuring the current in
this area, the optimal voltage injection method is proposed [12]. To realize this, the hexagon of SVPWM
is divided into 36 sectors, and the optimum injection voltage according to the sector is calculated.
In addition, the current accuracy and THD are compared with the conventional method [6] in various
MI conditions. The proposed method is verified through experimental results.

2. Acquiring Phase Current from Neutral Shunt Resistor

The operation of each three-level NPC inverter phase leg can be represented by a combination
of the three switching states “P”, “O”, and “N”. According to these switching states, the inverter
has 27 possible combinations of switching states consisting of 24 effective voltage vectors and 3 zero
voltage vectors. Because the NPCI has the shunt resistor at the neutral point, the phase current can
be acquired only when the effective voltage vector includes the “O” switching state [6]. For example,
the A phase current can be measured when the effective vector “O”, “N”, and “N” is applied to the
inverter, as shown in Figure 3.

The 27 switching states of the neutral point clamped (NPC) inverter and the respective measurable
phase currents are listed in Table 1. In addition, Figure 4 shows the switching vector in the spatial
coordinates of the hexagon. Figure 4 and Table 1 show that the current cannot be measured through
the neutral-point shunt resistor during the zero vector (V) and space vectors represented by V; to V.

o | | |
+
Ve | | )
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+ i ) S33-||: Scs-lt
V7‘":: ! |—+ |_} !
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Figure 3. Current path of neutral shunt resistor when effective vector “O”, “N”, and “N” is applied to
the inverter.
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Figure 4. Three-level neutral shunt inverter effective-voltage vector hexagon.

Table 1. Switching states and acquiring the phase current from the shunt resistor.

Acquiring Current

Space Vector Switching State from the Shunt Resistor Vector Classification
Vo [PPP], [OOO], [NNN] X Zero vector
P-type N-type P-type N-type
Viz [POO] [ONN] —ig ia
\%n [PPO] [OON] ic —ic
Vis [OPO] [NON] —iy iy Effective vector
Vie [OPP] [NOO] in —ig (Small vector)
Viz [OOP] [NNO] —ic ic
Vis [POP] [ONO] ip —iy
V,, Vg [PON], [OPN] iy, la Effective vector
Vo, V1o INPOJ, [NOP] fe iy (Medium vector)
Vi, Vi [ONP], [PNO] iq, ic
Vi, Vs [PNN], [PPN] X, X )
Vs, Vi [NPN], [NPP] XX Eféifgti::gf;
Vs, Ve [NNP], [PNP] X, X

In one period of the three-level SVPWM, the sampling point and measurable phase current are

o

expressed as shown in Figure 5. In this case, the “a” phase current can be measured in the “ONN”

switching state and the “c” phase current can be measured in the “OON” switching state. The other
phase current is calculated using Equation (1):

ig+ip+ic=0 1)

< On sequence T, Off sequence >
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Figure 5. One period of the SVPWM method and sampling point.
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3. Current Unmeasurable Areas

The sampling time for measuring the accurate current should have minimum delay from the
point of switching time. This is to avoid the current ripple component in the current damping process
by switching, as shown in Figure 6a. The minimum time T,;, is determined using Equation (2) [9]:

Tinin = Tead + Tsettling + Toa 2

where T is the dead time to avoid arm-short of the inverter, Tgying is the settling time of the
neutral-point current, and T,; is the sample and hold time of the A/D converter. Thus, in order
to acquire the phase current properly, the switching time should be greater than T),;,. Figure 6b
shows switching state when the voltage modulation index is changed from Figure 5. In the case of
“ONN”, since the switching time T, in the “O” state is larger than T,,;,, accurate “a” phase current can
be obtained. However, in the case of “OON", since the switching time T, of the “O” state is shorter
than T, it is impossible to obtain current on the “c” phase in this state. The areas where the effective
voltage dwell time is less than T,,;,, are defined as CUAs (current unmeasurable areas). The CUAs in
sector 1 of the three level SVPWM hexagon are shown in Figure 7a. In Figure 7a, Area 1 is a region
where all phase currents are measurable, Area 2 is a region where only one phase current is measurable,
and Area 3 is defined as a current unmeasurable region. The CUAs in all areas of the SVPWM are

shown in Figure 7b.
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Figure 6. T,,;;, and Ts of the SVPWM method. (a) Minimum time (T},;,); (b) one PWM period (T5s).
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Figure 7. Current-unmeasurable areas (CUAs). (a) Sector 1; (b) reference-voltage vector hexagon.

In addition, the amplitude of the CUAs AV is obtained by Equation (3) [10].

Ts
Twin + —=AV :
min 2

SIE

AV = T2 Vg ©

where V, is the voltage of the DC link capacitor.
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Sector 1 of the output voltage hexagon is divided into four regions composed of effective voltage
vectors for the reference voltage vector V,, s duration, as shown in Figure 8. When the reference voltage
vector is located as shown in Figure 8, the effective voltage vector and the duration time are expressed
as follows:

VisTa + V7T + ViaTe = Vier Ts
To+Tp+T.=T; @)

where Ty, Tp,, and T, are the duration time of V13, V7, and Vg, respectively.

e, T,

<Sector 1 >
Region 4

) Region /
Vo=0, Ty

V,
Vi 3d£ e T,

V7:\/V%C e /II6’ Ty

2Vge

V,
Vis= 30{[ LT V= , Te

Figure 8. Sector 1 divided into four regions.

From Equation (4), the duration time of the effective voltage vectors T,, T, and T, in each region
can be obtained through the equations given in Table 2. When T,, T}, and T, are shorter than T,,;,,
phase current cannot be obtained from the shunt resistor accurately. Therefore, it is a CUA.

Table 2. Dwell times of the voltage vector according to the regions.

Region T, Ty T.
1 T:(2v/3 wa sm(f —0)) T(1-2v3 chf sin(§ +6)) TS(Z\[ "f ’sinf)
2 T:(1-2V3 '”f ~sin®) T:(2v/3 an sm( +6) —1) To(1-2V3 V”/ sin(§ —0))
3 Ts(2 — 2\/4‘//”1 sm( +6)) T(Z\[ '”f ~sin®) (2\/4‘//”1 sm(f—{)) 1)
4 T.(2v/3 V'”/ sinf — 1) T:(2V/3 V”’ sm(f -0)) T(2- 2[ ”f sm( +6))

4. Conventional Method of Phase Current Reconstruction

4.1. Modified Voltage Modulation Method

The method in [7] with the alternative switching pattern is different from the classical SVPWM.
The zero vector is replaced with a pair of effective voltage vectors in order to increase the duration
time of the effective voltage vector, which does not ensure T,,;,,. As a result, only one phase current
measurable region (Area 2) can be compensated. If the reference voltage vector V,f is in Area 2,
as shown in Figure 9a, phase C current is unmeasurable and the zero vector [OOO] is replaced with
a pair of effective voltage vectors V14 [OON] and V17 [NNO], as shown in Figure 10. Therefore, only
the current of one phase can be reconstructed during one PWM period due to the variation of the
switching time. However, if the reference voltage vector V. is in Area 3, as shown in Figure 9b,
it needs two switching cycles. Therefore, the THD of phase current is high, because a pair of vectors,
which are located at opposite positions to each other, are used to make the reference voltage.
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(@) (b)
Figure 9. Duration of the reference voltage vector in CUAs. (a) Area 2; (b) Area 3.
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Figure 10. Switching sequences in conventional SVPWM and modified voltage modulation method.
(Area 2).

4.2. Minimum Voltage Injection (MV1) Method

In this conventional method [6], the minimum voltage injection method is applied to measure the
phase current, as shown in Figure 11. Figure 11a shows the reference voltage vector V,.r in Area 3,
where two phase currents cannot be obtained. In this case, a constant voltage is added to the reference
voltage vector to reconstruct the phase current. The reference voltage moved to measurable Area 1
is defined as V;. The compensation voltage vector V. is applied by subtracting the constant voltage
which has the same magnitude as the added value to the command voltage vector. This compensation
method is shown for one period of the switching pattern in Figure 11b. In this case, both “ONN" and
“OON” are less than the minimum time T,,;,,. So in a half period of modulation, the voltage V, for
the reconstruction is injected, and in the other half period, the compensation voltage V. is injected to
cancel the effect of the injected voltage.
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Figure 11. Minimum voltage injection method. (a) Voltage injection method in Area 3; (b) PWM
switching patterns.

However, it is difficult to reconstruct the phase current using the MVI method in the high Ml region
shown in Figure 12. At this time, the compensation voltage V. exceeds the linear modulation area.
Therefore, it is impossible to reconstruct the phase current near the outermost edge of the hexagon.
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Figure 12. Voltage injection method in Area 3 beside a vertex of the hexagon.

5. Proposed Method of Phase Current Reconstruction

5.1. Based Method for Current Reconstruction in Area 2

In order to control the constant speed and constant torque of an AC motor, a current controller
is essential. In general, a proportional integral (PI) controller is used on the synchronous reference
frame of d—q axis [10]. Figure 13 shows the block diagram of the synchronous PI controller, and the
electrical model of the motor system. Where R,, L;, Kp, and K; mean the stator resistance, stator
inductance, proportional gain, and integral gain, respectively. The proportional and integral gains of
the PI controller are calculated using Equation (5):

Ky = Lawec, Ki = Rawec ®)

where L, is the stator inductance, R, is the stator resistance, and w.. is the bandwidth of the PI regulator.
Then, the closed-loop transfer function G.(s) of the block diagram is given by Equation (6):

Gels) = 70 (s) _ Gols) % we
c i;’;(s) 1+Go(s) 144  1+we

(6)

According to Equations (5) and (6), the combination of the PI controller and model of the motor
is equivalent to a first low-pass filter whose cutoff frequency is we.. In this case, the real d—g axis
current can be estimated using the current reference and low pass filter, as shown in Figures 13 and 14.
Finally, the estimated three phase currents (i) can be obtained from reverse transformation of the
estimated d—q axis currents (id,f ). This estimated current is used to replace the unmeasurable current
when the voltage command lies inside Area 2, where only one phase current is acquired. This current
estimation method does not need PWM shift or voltage injection for current reconstruction.

. Madeitng of Motar
. PT controller system ,
Lo .
Iu’q +om, B 1 tay
Ky {

— 1.\_.)| Lﬁs + R.‘S
1
:

Figure 13. Block diagram of the PI controller and electrical model of the motor system.
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Figure 14. Block diagram of acquiring estimated current.
5.2. Proposed Method for Current Reconstruction in Area 3

In order to calculate the optimum injection voltage according to the switching sector of SVPWM,
the conventional sector is classified into 36 switching sectors in this paper. These sectors can be
represented by 18 straight lines, as shown in Figure 15. These straight lines can be obtained by using
the two points of the hexagon. As a result, the 36 switching sectors can be defined by three straight lines.
If the reference voltage vector V. is located as shown in Figure 15, straight Lines 5, 9, and 13 must be
satisfied to discriminate the switching sector.

; 2 2
Line5: Vg, < —V3(V5, — ngC), Line9: Vg, < —V3(V5, — ngC), Line13: Vg >0 )

(1] [2] [3[el[4]7][5](8] [10]
q q w 4|7][5 @ 1101
17

16

AN Vi

Figure 15. Lines (1-18) for the classification of 36 switching sectors.

For simple injection voltage calculation, the reference voltage vector V,.r(V3,,Vj;) that rotates
the output voltage hexagon with electrical angle 6., is transformed as shown in Figure 16. V., is
transformed to the shifted reference voltage vector Vé . s(ngs,Vqts) in sector 0 by Equation (8).

V;S [ cosf, —sinf, Vi ®)
Vis )\ sinf, cos6, Vi
where 0,, = n-7t/3.

The range of the shifted sector 0 is from —71/6 to 7r/6. As a result, the injected voltage is only
calculated in the shifted sector 0.

As shown in Figure 17a, the shifted sector is symmetrical with respect to the d-axis.
Therefore, when calculating the injection voltage, only the positive part needs to be calculated. In the
negative region, the negative sign can be added to the magnitude of the § component.

V; 45 V;s, V‘;s are the vector components for moving Vj} gs O the measurable region.
After calculating the injection voltage, V; g5 is added to V; g7 and reverse-transformation is executed.
This voltage vector is defined as the measurement voltage vector V. V;;, is induced during the first half
period of the modulation, and the compensation voltage V¢ is induced during the other half period.
The relation between V¢, Vj;, and V¢ is given by Equation (9).

1
Vieg = 5 (Vi +V2) = Ve =2(Vier = V3 ©
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T q-zixis Positive part

A d-axis " )

Figure 17. Inverse transformation shifted sector. (a) Shifted sector (0); (b) shifted sectors (0-5).

In order to recover the phase current by injecting the optimal voltage, the shifted sector 0 for the
positive g-axis is divided into different parts, as shown in Figure 18a, according to the MI. As shown in
Figure 18b, each part is more finely divided to restore the phase current by injecting the optimal voltage.
Part.1is further divided into Part.1_1 and Part.1_2, and Part.2 is divided into Part.2_1, Part.2_2, Part.2_3,
and Part.2_4. Part.3 and Part.4 are also divided into two parts and four parts, respectively.

Part. 3
[}
)

Part|

(@) (b)

Figure 18. Detailed view of the parts of the positive shifted sector 0. (a) Part1-Part4; (b) segmentation
of Parts.

When the reference voltage vector V. is located in Part.1_1, as shown in Figure 19, the optimal
voltage is injected, and the measurement voltage vector V;;, is pushed to the measurement point.
At this time, the measurement point is on the boarder of Area 2. The magnitude of the injected
voltage Vé qs(Vés, V,;S) can be calculated by using both the measurement point and V/ gs7 @S shown
in Equation (10).

Part.1_1

Vie = (28V/V3) ~ vl Vi = —Vh (10)

When the reference voltage vector is located in Part.1_2, as shown in Figure 20, the measurement
voltage vector is moved to the measurement line by the optimal voltage injection. The measurement
line is defined by Equation (11), with two points (2AV/ V3, 0) and (ﬁAV, AV), as the boarder of
Area 2. The magnitude of the injected voltage is obtained by Equation (12), which gives the minimum
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distance from the point to the measurement line through the Pythagorean theorem, as shown in
Equation (13). The optimal voltage injection method is used to classify each part of Area 3 in more
detail, and then bring V};, to the closest measurement line or measurement point for reconstructing
the phase currents. At this time, the measurement line or measurement point is at the boarder of
Area 1 or Area 2. Each part of Area 3 has a different type of optimal voltage injection, as shown in
Equations (10) and (13)—(23), and in Figure 21.

y= x/é(x - \/§AV) 1AV an

d= %’\/évgs ~ Vi 28| (12)
Part.1_2

vi,= V34 5 0.25(V3VS, — Vi — 28V ),
2 " (13)
] 1 t t
Vjs = —5d = —025(V3Vj, — Vi, —24V)
Part2_1
i ¢ t Vac i ¢ ¢ Vac

Vi, = —V3x0.25( V3Vl + V- 7)) Ve= —V/3x0.25( V3V + Vj, — N
Part.2_2

Vi — V3 x025( 3V — v, - Yic Vi, = —025( 3V, — v, - Ve (15)

ds — . ds qs \/g 4 qs — . ds qs \/§

Measurement (v AV, aF)

line

Measurement
poim

A . mr
ref Vim €& Vie=-Vee Vi Viy= (G-vi)

(@) (b)

Figure 19. Optimal voltage injection method in Part.1_1. (a) Reference voltage vector on Part.1_1;
(b) detailed view of the left one.

Measurement (3 AV, AV )e—
line

Measurement
poim

201 0)

v
(a) (b)

Figure 20. Optimal voltage injection method in Part.1_2. (a) Reference voltage vector on Part.1_2;
(b) detailed view of the left one.
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Part.2_3
i = VAx025( VAV + v — Vi _ony ) vii—025(VavEh 4 vk — Vi _opy
ds . ds qs \/g ’ qs . ds qs \/3
Part2_4
Vi — /3 V3V ¢+ Vac i _ V3V t Vi
1s = —V3x0.25( V3V — Vo — % +20V ), Voo =025( V3V, — Vg — ﬁ +2AV
Part.3_1
Vi,=0, V= (‘/ivdf —AV) =V,
Part.3_2
Vi, = v/3.025( V3V, — Vi, — Vi Vi, = —025(v3V, — Vi, — Vac)
ds — - ds qs \6 ’ qs — - ds qs \/g
Part4_1
; 2V,
Vi = —v/3.025 (\/Evdfs + V- \/%E +2AV>,
t t t 2Vdc
Vis = —0.25(V3Vj + Vj — 7 +2AV)
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, Vi 2AV ,
552(3‘:_\/5)_‘/55/ VI;S:_Vqts
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Figure 21. Optimal voltage injection method in Area 3 for each part. (a) Optimal voltage injection
method in Part.1; (b) optimal voltage injection method in Part.2; (c) optimal voltage injection method
in Part.3; (d) optimal voltage injection method in Part.4.
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5.3. Comparison of Conventional and Proposed Method

Figure 22 shows the comparison between the proposed method and MVI method for a MI of
0.1 and 0.97. The proposed method restores the phase current by injecting a small amount of voltage
when MI = 0.1 and MI = 0.97. However, the conventional method injected a large amount of voltage
compared with the proposed method when MI = 0.1. In addition, the compensated voltage vector of
the conventional method lies outside of the output voltage hexagon when the MI is 0.97, which makes
the reconstruction of the phase current impossible.

MI | Conventional method Proposed method

Figure 22. Comparison of conventional method and proposed method at MI = 0.1 and MI = 0.97.

As shown in Table 3, when the proposed method is applied, it can be seen that the area of the
non-measurable region in the output voltage hexagon is reduced by about 93.7 % in comparison with
the case in the MVI method.

Table 3. Unmeasurable area comparison.

3-Level NPCI One Shunt Unmeasurable Area Conventional Method Proposed Method

Unmeasurable area of hexagon

6. Experimental Results

Figure 23 describes the system configuration of the experimental setup for the verification of the
proposed current reconstruction method. The system was composed of the three-level NPC inverter,
including the shunt resistor, connected to the neutral point, the control system based on the digital
signal processor (DSP, TMS320C28346), and the resistive-inductive load. The upper and lower DC
capacitors were connected with the 30 V power source.
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A resistor of 10 Q) and inductor of 5 mH were used as the load. The resistance of the shunt resistor
was 0.2 Q) and its power capacity was 3 W. In addition, the minimum time T,,;,, needed to acquire the
precise phase current from the shunt resistor was set to be 4.5 ps. The reconstructed current from the
shunt resistor using the proposed algorithm was compared with an actual current measured using
two current sensors in order to verify its precision.

Figure 23. Configuration of hardware system and control board.

In the experiment, the inverter system was operated by the V/F open-loop control algorithm.
The system was controlled with a fixed operating frequency of 12 Hz and variable output voltage to
change the MI. The experimental results were classified in 6 cases to compare with the conventional
MVI method. Figure 24a,b shows the experimental results with the condition of MI = 0.1 (V,.r= 3.56 V).
In this case, the inverter was operated in Area 3 where the two currents cannot be measured from the
shunt resistor. As presented in Figure 24b, the injected d—q voltage for the current reconstruction is
smaller than the voltage in Figure 24a. The experimental results of Figure 24c,d was measured when the
inverter was operated in Area 1 and 2 with MI of 0.4 (V,.f=13.86 V). In Area 1, it is possible to obtain the
two phase currents from the shunt resistor, and only one current can be acquired in Area 2. As shown
in Figure 24c, the conventional method injects the g-axis voltage to reconstruct the phase current.
In contrast, the proposed method can reconstruct the phase current without the voltage injection,
as presented in Figure 24d, because the phase current is reconstructed using the estimated current.
In Figure 24e/f, V,, is passed through Area 1 and 3 when the Ml is 0.6 (V,,r=20.78 V). As shown in
Figure 24f, a smaller voltage is injected to reconstruct the phase current in the proposed method in
comparison with the conventional method. The waveforms presented in Figure 25e,f was measured
when the MI was 0.97 (V,.¢= 33.6 V). In this case, the trajectory of the voltage reference is near the
inscribed circle of the space vector hexagon. In the case of the conventional method, the phase current
cannot be reconstructed even if the voltage injection method is used, because the compensated voltage
reference exceeds the hexagon. On the other hand, the proposed method can reconstruct the phase
current, as presented in Figure 25f, because the voltage reference can be compensated on the boundary
of the hexagon.

The accuracy of the phase currents reconstructed using the conventional and proposed methods
were calculated to show the superiority of the proposed algorithm. The equation for the accuracy of
the phase current is expressed in Equation (24).

Variance Of [isensor - ireconstructed} )
Accurcy (%) = (1 — p % 100 24
Y ( ) ( RMS Of Isensor @4
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Figure 24. Comparison of the conventional and proposed methods at MI = 0.1, 0.4, and 0.6.
(a) Conventiona method at MI = 0.1; (b) proposed method at MI = 0.1; (c) conventional method at MI = 0.4;
(d) proposed method at MI = 0.4; (e) conventional method at MI = 0.6; (f) proposed method at MI = 0.6.
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Figure 25. Comparison of the conventional and proposed methods at MI = 0.8, 0.9, and 0.97.
(a) Conventional method at MI = 0.8; (b) proposed method at MI = 0.8; (c) conventional method at MI = 0.9;
(d) proposed method at MI = 0.9; (e) conventional method at MI = 0.97; (f) proposed method at MI = 0.97.

As the difference between the current measured by the sensor and the reconstructed current is
increased, the variance of the calculated results increases. This means the accuracy of the reconstruction
is low. The difference in accuracy between the conventional method and the proposed method is
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compared according to the MI, and shown in Figure 26a. The accuracy of the proposed method is
higher than the conventional method in the whole range of the MIL.

The comparison results for the THD of the phase current between the conventional method and
the proposed method are presented in Figure 26b.

Accuracy (%) THD (%
w0 as
99 Proposed method 4
g‘; 35
96 22
95 .
94 Conventional method 2
93 15
92 1
91 0.5
0
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 02 03 04 05 06 0.7 0.8 0.9
Modulation Index Modulation Index
(a) (b)

Figure 26. Comparison of the conventional and proposed methods according to the variation in the ML
(a) Phase current Accuracy; (b) total harmonic distortion (THD) of phase currents.

The THD result for the proposed method is lower than the result for the conventional method in
the whole range of the MI, because the THD of the phase current is proportional to the injected voltage.
On average the THD of the proposed method is improved by 44.5 % compared with that of the
conventional method.

7. Conclusions

This paper proposed a phase current reconstruction method using a neutral shunt resistor,
which lowers both the cost and volume of a three-level inverter system.

First, the paper proposes the method for dividing the switching sectors, the rotated sectors,
and the region. Each region is separated by the equation of a straight line.

In addition, in Area 2 where there is only one measurable phase current, the remaining phase
current is reconstructed by the estimation method. The electrical model of the motor and PI current
controller are used to estimate the current.

Finally, the optimal voltage injection method is used in Area 3, where no current is acquired
through the shunt resistor (CUAs). Area 3 is divided and defined as parts in more detail. When the
reference is located on Area 3 of the hexagon, the phase currents are reconstructed by moving the
reference vector to the border of Area 1 or Area 2.

The proposed method utilized a small magnitude injection voltage compared to the conventional
method, and hence results in better performance in terms of THD and accuracy of the
estimated currents. The validity of the proposed algorithm is proven by the experiments.
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Abstract: This paper presents a novel three-level voltage source converter for AC-DC-AC conversion.
The proposed converter based on H-bridge structure is studied in detail. The control method with
traditional double-closed-loop control strategy and voltage balancing algorithm is applied to the
rectifier side. Correspondingly, a simplified modulation algorithm is applied to the inverter side,
and the voltage balancing of inverter side is realized through the optimal selection of switching
combination. Then, the application of the proposed topology is assessed in general and ideal operation
conditions. Furthermore, the proposed topology with a variable voltage variable frequency (VVVF) is
verified in experimental conditions. The performance of the proposed converter and control strategy
is evaluated by experimental and simulation results.

Keywords: three-level converter; simplified PWM strategy; redundant switching combination;
voltage balance control

1. Introduction

With the development of the multilevel converter (MC), it has become a cost-effective solution
of medium-voltage AC drives [1]. Due to its merits compared with a conventional two-level voltage
source converter—such as lower voltage stress on switches, improved output waveforms, reduced
common mode voltage, and high voltage capability—MC has been applied to more emerging
fields [2—4]. The areas of applications include renewable energy generation, electric vehicle traction [5],
high-power energy storage system [6], micro-grids [7], high-voltage ac or dc transmission [8-10],
and some newly-developing fields.

In general, there are two conventional types of AC-DC-AC multilevel converters in view
of whether it has common dec-links. The diode-clamped MC (DCMC) [11] and fly-capacitor MC
(FCMC) [12] are widespread adopted structures with common dc-links, which can operate in four
quadrants and be supplied by single rectifier. Besides, there are some other topologies, such as
five-level active neutral-point-clamped MC (5L-ANPC) [13], modular MC (MMC) [9,10], and some
newly-developed MC [14-16]. However, these kinds of MCs, except MMC, are hard to extend towards
higher output voltage levels and power grades because of the complicated structures. The other
drawback of these types is the poor ability to deal with some special systems which have different
voltage grades, e.g., connection of two grids with different voltage grades [16-18]. Separated dc-links
are the features of the other types of MCs, including cascaded H-bridge MC (CHBMC) [17], five-level
H-bridge NPC (5L-HNPC) [18], and some hybrid and asymmetrical cascaded H-bridge MCs with
different sub-modules [19] or dc-link voltages [20]. It has the advantage of flexible extending of the
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output levels and power rating. However, the bulky and expensive phase-shifting transformers for
isolated dc sources make it hard to increase the power density. A back-to-back CHB converter without
any isolating device [21] can avoid these problems. However, short-circuits caused by the hardware
topology are difficult to solve and the proposed topology cannot be expanded to a three phase system.

In this paper, a new three-level voltage source converter for AC-DC-AC conversion is proposed.
It can be used in three-phase system and more easily to extend to higher voltage level than a
back-to-back NPC converter. Compared to the back-to-back CHB converter proposed in [21], a half
H-bridge cell used in the new topology provides more redundant vectors and makes it overcome
the short-circuit problem, which simplifies the control method. In addition, the proposed topology
utilizes fewer switches at the cost of increasing the number of dc-link capacitors, the separated dc links
will decrease the total dc voltage of the system, which is beneficial for the insulation design in many
fields [22].

The rest of the paper is organized as follows. In Section 2, the circuit configuration, characteristics
and working principles of the proposed topology are studied in detail. The overall control strategy
and pulse-width modulation strategy considering the voltage balance control is given in Section 3.
In Section 4, two operation conditions are analyzed, and the simulation and experimental results
demonstrate the effectiveness of the proposed control strategies. Section 5 concludes the paper.

2. Circuit Configuration of Proposed Three-Level Voltage Source Converter

2.1. Circuit Configuration

The proposed three-level converter is presented in Figure 1. It includes two basic submodules,
power unit I and power unit II. Port 2 of power unit II in the three-phase topology is connected together,
forming the neutral point N of the converter.

Phase C Phase C

Rectifier ;i Common In_verter
Side Part Side T Side 1
S3
_‘
£ CX":: 3
_‘
3

: N Power Unit Il

Figure 1. Circuit configuration of the proposed three-level voltage source converter.

Power Unit I

For convenience, the rectifier side, common part, inverter side I, and inverter side II can be defined
as shown in Figure 1. The rectifier side connects in series with three-phase inductors and the grid
through three phase electrical terminals A, B, and C. The three electrical terminals A, B, and C of
inverter side connect with the three-phase load.

2.2. Working Principle of Rectifier Side

All the dc-link voltage values are assumed to be equal to U;.. Obviously, the output voltage levels
relative to neutral point N are determined by S1/ S1and S2/S2. u X rec (X =A, B, C) is defined as the
output voltage of rectifier side, which can be obtained as Equation (1).

UY rec = (Sl - SZ) Uqc @)
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2.3. Working Principle of Inverter Side I

Combined with the common parts shown in Figure 1, inverter side I can produce three level
voltages similar to tx rec. Ux_iny referenced to N is obtained as Equation (2).

UX iny = (83 —S2)Uqc 2)

2.4. Master—Slave Control Principle

Combining with common part, there will be no problem obviously when rectifier side or inverter
side I works independently. Due to the special structure, the operation principle of each side cannot be
analyzed independently when they work together. In other words, there is a coupling relationship
between two sides. Since any side can be chosen as the master control side, the rectifier side is chosen
as an example. Hence the switching command of S2 is decided by rectifier side. Output voltage levels
of ux iny Will be limited in some switching combinations. For example, if rectifier side is P, S2 should be
0. However, if the inverter side I needs to be N, S2 should be 1. Consequently, a contradiction appears.

In order to reduce the coupling relationship, a submodule power unit I is added on the right of
power unit II, which is defined as inverter side II, as shown in Figure 1. According to the switching
states, the switching commands of S354S5 can be decided after switching commands of 5152 are
generated as shown in Table 1. The output voltage of inverter side, ux iny can be rewritten as
Equation (3).

Uy iy = (S3— S2)Uge + (S5 — S4) Uy, 3

Table 1. Switching states of rectifier side and inverter side.

Rectifier State S1S2 Inverter State S3 S4 S5
P S3=1,54=550rS3=0,54=0,S5=1
P S1S2 =10 (e} S3=0,54=S50rS3=1,54=1,55=0
N $3=0,54=1,55=0
P S3=52,54=0,55=10rS2=0,53=1,54=55
O S1=52 o S2=83,54=S50rS2=1,53=054=0,S5=1or
$2=0,53=1,94=1,55=0
N S2=53,54=1,55=00rS2=1,53=0,54 =55
P $3=1,54=0,55=1
N 5182 =01 O S3=1,54=550rS3=0,54=0,S5=1
N S3=1,54=1,55=00rS3=0,54 =S5

2.5. Comparison with Classic Multilevel Topologies

For better understanding of the proposed technology, it is necessary to make a comparison over
classic multilevel converter topologies. In order to achieve four-quadrant AC-DC-AC conversion,
NPC, FC, and CHB are arranged in a back-to-back (B2B) scheme [23]. As a matter of convenience,
the proposed topology is abbreviated as CMC. The state-of-the-art 4.5 kV, 450 A and 3.3 kV, 450 A
IGBTs are applied in aforementioned three level and five level topologies, respectively, with the
output line-to-line voltage Vjj ;s = 3 kV and power rating of 600 kW. It is assumed that the voltage
rating of each clamping diode and flying capacitor is equal to the main switch device voltage rating.
A comprehensive list of the requested components number of each converter topology is shown in
Table 2 [24,25]. Obviously, the counts of active devices of these types are equal except the CMC,
which needs two extra switches in each phase. A total of 36 diodes are requested in a five level B2B
NPC converter, and the count will increase dramatically with the number of levels. Capacitors contain
dc-link capacitors and flying capacitors, so the number of capacitors—as an example—for 5L B2B FC
topology is 4 + 18. These large numbers of capacitors increase size and cost of the converter and reduce
the reliability. Through the total component amount, CHB topology is extremely advantageous in
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quantity in the Table, but it must be equipped with a transformer and PWM rectifier for four-quadrant
applications. In the rest of the topologies, CMC topology, without clamping diodes and capacitors,
has a lower number of components than other topologies with the improvement of voltage level.

Table 2. Comparison of different topologies (Vij_yms = 3 KV, Iph_rms = 115.5 A, P = 600 kW).

Level 3L 5L

Topology NPC FC CHB CMC NPC FC CHB CMC
Rated device voltage (IGBT) 45kV. 45kV  45kV  45kV  33kV 33kV  33kV 3.3kV
Rated device current (IGBT) 450 A 450 A 450 A 450 A 450 A 450 A 450 A 450 A

IGBTs 24 24 24 30 48 48 48 54

Diodes 12 — -— — 36 — — —
Capacitors 2+0 2+6 3+0 6+0 4+0 4+18 6+0 12+0

Total Components 38 32 23 36 88 70 54 66

To compare with the B2B 3L-NPC, the switching losses for both topologies are calculated and
normalized according to the method proposed in [26] and the datasheet of IGBT. The result is shown
in Figure 2 where the modulation index of the inverter side ranges from 0.5 to 1.15 and the power
factor of the load ranges from 0.7 to 1.

BTB 3L-NPC

o o
m o -
[l ] '

('nd) sasso|
=

Sugonumg

i o
The proposed
02~

08

06
m

Power factor”® 04

o7 02

0

Figure 2. Switching losses comparison.

3. Control Method of the Proposed Three-Level Voltage Source Converter

3.1. Control Method

Since this work focuses on testing the proposed three-level converter topology, a common control
method should be used. So dual close loop control structure in d-q synchronous reference frame
is adopted in rectifier side [20]. The voltage loop contains a conventional proportional-integral (PI)
controller to regulate the average value of capacitor voltage of Cx_rec, Udc ave rec t0 reference value
Ugcref rec (FUgc). The reference current of the g-axis (i*q) is set to a certain value to adjust input
power factor of the whole converter. Then, the inner current loops generate the reference voltage of
rectifier side, 11"x_rec. Subsequently, the zero sequence voltage u,_rec generated by the voltage balancing
algorithm is injected to u*X_rec to control voltage values of Cx_rec. Then a simplified modulation
algorithm in [27] is adopted to calculate the duration time of switching states, P/O/N, in the rectifier
side and inverter side.

Due to the coupling relationship, proper switching commands of S2/53/54/S5 should be chosen
to achieve voltage balancing of the capacitors Cx iny. The optimal selection of switching combination
(OSSC) is introduced later to generate the converter switching commands of S1~S5. The whole control
block diagram of the proposed three-level converter is shown in Figure 3.
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Figure 3. Control block diagram of the proposed multilevel converter.

3.2. Modulation Algorithm

A simplified PWM strategy [27] which is easier and more flexible to realize different targets was
used as modulation algorithm. Taking inverter side as an example and assuming that Ugcref inv = Udc,
ux iny(f) consists of U4, and 0 when the reference voltage u*X_im, > 0; otherwise, ux iny(t) consists of
—Ug. and 0. This divides the space vector diagram into six sectors, as denoted by S in Figure 4.

Figure 4. Sectors for the proposed three-level converter with the simplified PWM.
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When S = 1, the voltage-second balancing principle can be represented by Equation (4), where
1, represents the equivalent zero-sequence voltage. The general solutions of (4) can be obtained as
Equation (5).
Wi T = g wAN(DAE+ o s (1)t
e Ts = Jo upn(dt + [ u(t)dt )
Mg Ts = Jo" uen (D + [y wa(t)at

TA_inv = (M.Z_inv —uz) - Ts/ Ugea_inv

TBfinv = TS + (”Eﬁinv - uz) : Ts/ uchfirnv ’ (5)
TC?inv =T+ (ué_inv - uZ) . TS/uch_inv

Tx iny stands for the duration time of switching state P when " X_inv — Uz > 0) otherwise stands for
the duration time of O.

3.3. Voltage Balancing Algorithm of Rectifier Side

There is only one capacitor in each phase. It only needs to consider the voltage balancing of Cx _rec
between three-phase. Assuming that i, rc is the zero sequence voltage injected into #"x_yec, which is
used to realize the targets of voltage balancing of Cx rec. The voltage-second balancing principle can
be represented by Equation (6).

TA?rec = (uz,rec - uZJGC) : Ts/ uchirec
TB_rec = TS + (ug_rec - uz_rec) : Ts/ uch_rec ’ (6)
TC,rec =T+ (ué,rec - uZJeC) 'Ts/ udCC,rec

If Ugex rec is imbalanced, u;_rec should be calculated to adjust the reference voltage u*xirec. As an
example, if voltage values of Cx_rec satisfy Ugca rec > UdcB_rec > UdcC_rec, it means that the magnitude
of charge change within Ts should be Q4 < Qp < Qc. U;_rec can be changed to adjust Qx. Calculation
of Uy rec is as follows:

1. Qx, u*x_rec, and ix_rec are sorted according to Ugcx rec. In order to realize the voltage balancing,
Qx should satisfy Equation (7).

Qmax < Qmid < Qminr (7)
Qx is defined as Equation (8).

*
u X?rec - uzirec

Qx = iX_rec . T, (8)

Uch?rec

If ix rec >0and (u*XJec — Uy rec) >0, tx_rec consists of P/O. The current paths of S1S2 are shown
in Figure 5. Obviously, Qx > 0 and Cx_rec is charged in this case. Cx rec is discharged within T
when ix rec <0 and (u*X,rec — Uy _rec) > 0.

2. Substituting (8) into (7) gives (9).

*
Umid_rec — Wz rec
udcmid,rec

* u —u
Umax_rec ~Hz_rec . T < l . . ‘'min_rec z_rec | T (9)
S min_rec U . Ss
demin_rec

Imax_rec * — (] remax e Ts < Linid_rec *
al = Imax_rec * udcmidirec — Umid_rec * udcmaxirec
. % : *
bl = Imax_rec * umidfrec : udcmidfrec — Linid_rec * umidﬁrec : udcmax,rec (10)
’

a2 = Imid_rec * udcmin_rec — Umin_rec * udcmid_rec

— 1 * ; *
b2 = imid_rec Umid rec Udemin_rec = imin_rec * Umin_rec * Udcemid_rec

Utemp1 = D1/a1, and Uiemp2 = b2/a2.
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3. The range of u;_rec can be obtained from Equation (9), and u,_rec can take any value within the
range. However, it should satisfy Equation (11) to acquire a linear modulation.

_udcmax_rec S “;knax_rec — Uz_rec S udcmax_rec
7udcmid_rec < u:iﬂidirec — Uz rec < udcmid_rec 7 11)

*
_udcminfrec < uminﬁrec — Uz_rec < udcm'mirec

4.  Calculating the limit value of 1,_rec: the corresponding limitations of the injected zero-sequence
voltages are given in (12).

j— * "
Uzmax = max(”maxfrec - udcmax_rec, u:nid,rec — udcmid_rec,
*
uminirec - udcminfrec) (12)

— i * * ’
Uzmin = mln(umax_rec + udcmax_rec/ umid,rec + udcmid_reCI

*
umin_rec + udcminfrec)

Finally, 1, rec can be obtained to realize the targets of voltage balancing as shown in Table 3.
The voltage balancing algorithm is shown in Figure 6 in detail.

—— Swithing state P
----  Swithing state O S1

»

=D
w
N~

Figure 5. Voltage balancing algorithm of Cx_rec.

Table 3. Value of u;_rec.

al a2 Utemp1, Utemp2 Uz_rec
>0 Utemp1 > Utemp2 Utemp1
>0 Utemp1 < Utemp?2 Utemp2
<0 Utemp1 > Utemp2 0
Utemp1 < Utemp?2 (utempl + ”tempz)/z
>0 Utemp1 > Utemp2 (“templ + “tempZ)/2
<0 Utempl < Utemp2 0
<0 Utemp1 > Utemp2 Utemp2
Utempl < Utemp2 Utemp1

* .
uXJec l)(irec Udc)(irec v

Upmax and Uiy Calculation

Sort by Ugex rec (Eq, 12D

. Set u, . of upper and
Ornax, Omia and Oin Calculation| lower Limits

(Eq,8)

Figure 6. Current paths of S1S2 when ix_rec > 0 and (u*X7rec — Uz rec) > 0.
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3.4. Voltage Balancing Method of Inverter Side

Maintaining voltage balancing of the flying-capacitors in the inverter side is the main aim of this
section. As introduced before, the coupling relationship shown in Table 1 can provide considerable
number of redundant switching combinations. These combinations can provide a charging or
discharging current paths for each flying-capacitors. The voltage balance control can be realized
by selecting a proper combination. The optimal selection of switching combination can be generated
as follows.

3.4.1. Effect of the Switching States on the Capacitors Voltages

According to Equation (3), the switching states of the inverter side P/O/N can be generated by
inverter side I or II. However, only the switching states produced by inverter side II (5455) have an
effect on the capacitors voltages Uqcx iny- Which inverter side is selected to generate the required
switching states is decided by the inverter state, the direction of ix iny, and switching commands of S2
as listed in Table 4.

For example, when the inverter state is P, ix iy > 0, and S2 = 0, the switching state can be
generated as marked in the Table 4. The discharging and keeping paths of capacitor Cx i,y have been
shown in Figure 7, respectively.

Table 4. Switching states of rectifier side and inverter side.

Inverter . Inverter Inverter Switch Charge
State X inv s2 Side I Side II Combinations State
5354S5 = 101
5354S5 = 001
S3=1,54=55
535455 = 101
S3=1,54=S5
535455 = 001
535455 = 001
S3=1,54=S5
$3=0,54=55
535455 =110
S3=1,54=55
535455 = 001
535455 =110
S53=0,54=55
S3=0,54=55
535455 =110
5354S5 = 010
535455 = 110
! $3=0,54=55
0 5354S5 = 010

C: Charging; D: Discharge; K: Keeping.

>0
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Inverter side I P and inverter side I O

. s3 sS4
— — — .
Cx_rec 3 2 ix in>0
2
K - —i
57 3 S4
st —>
N

Figure 7. The discharging and keeping paths of capacitor Cx jny-
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3.4.2. Optimal Selection of Switching Combination (OSSC)

To balance the voltage of Cx iny, OSSC is set to select proper switching combinations after
the previous step (1). Before selecting the switching combination, the duration of switching state
(Tx_rec/Tx _iny) is calculated through the simplified modulation algorithm in [27], thus the inverter
state and rectifier state are determined. The switching commands of S2 should be a certain state
0(1) if the rectifier side is P(N). While it cannot be decided when rectifier side is O. Based on the
actual situation, ix i,y can be measured. To analyze the working principle of OSSC, the two examples
are listed.

(U*A_rec — Uz_rec) <0, (WA iny — Uz) > { Condition I:  ix jny >0 (13)
UchfinV > Udcreffmv Condition II : iX?inV >0’

Condition I: Ugca_iny should be decreased with a proper switching combination. Referring to
Table 4, when the switching state of the rectifier and inverter sides are N (S2 = 1) and O, respectively,
there are two switching combinations to choose from the Table 4. It is obvious that the combination
52535455 = 1001 is the optimal one to decrease the voltage deviation in condition I. In this way,
the combination of switch can be selected out at different switching states as shown in Figure 8a.

Condition II: Due to ix iny < 0, the P state should be generated by the inverter side I as much
as possible. Similarly, the combination of switching can be acquired referring the Table 4. When the
calculation result of duration satisfied the inequality TA rec < TA inv, the situation that the switching
state of rectifier and inverter side are N (S2 = 1) and P will exist as shaded areas depicted in Figure 8b.
In this situation, no discharge switching combination can be found except a charge combination in
Table 4. Therefore, the deviation of Cx_iny is uncontrollable. Those situations, defined as “uncontrollable
switching combination’ (USC), restrict the operation range of the converter.

Rectifier N TO N Rectifier, N o N
: State A State Ta e
nverter P Inverter [o) P 0
(€] (€]
State Ta in State T
Inverter Inverter o) 0 P (0]
Side T 0 Pi P P 0 Side 1
Inverte Inverter P (o) P
Sien O N[ O |N o Side Il ———
S1 0 0 0 S1 0 0 0
S2 32
S3 3
S4 sS4
S5 S5
(a) Uncontrollable State T / (b)

Figure 8. Converter state and switching commands. (a) (' A_rec — Uz_rec) <0, ' Ainv — Uz) >0,
and ucch_inv > udcref_inv; iX,inv >0, TA?rec > TAfinv? (b) (u A_rec — Uy rec) <0, (u A_inv — uz) >0,
and uch,inv > udcref,inv; iX_ir\v <0, TA_rec < TA_inv~

3.5. Calculation of Duration Time of Each Arm

Based on the above analysis, the optimal selection of switching combination can be acquired.
Then the duration time of S1~S5 in the proposed three-level converter can be calculated easily in each
case as shown in Table 5. It should be noted that the high or low of S2 should be transformed as shown
in Figure 8b. Then the trigger signals of each switch can be generated easily according to Table 5 in the
proposed three-level converter.
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Table 5. Switching states of rectifier side and inverter side.

A rec — Uz rec A iny — Uz UgcA iny iA_iny ts1 tsy ts3 tsa tss
Ugca_iny > Udcref_inv >0 Tarec 0 0 0 Tainy
<0
>0 - T _rec 0 Ts Ts TA inv
>0
>0 Ugea_inv < Udcref_inv
<0 TA,rec 0 0 0 TA,inV
Udea_inv > Uderef_inv 20 Ts T rec 0 Taree  Ta inv
. ~ -0
<0 — TA_rec 0 TA_inv Ts 0
>0
Udea inv < Udcref_inv
B <0 Ts TA_rec 0 TA_rec TA_inv
Ugea_inv > Uderef_iny >0 T rec Ts Tainv 0 Ts
inv .
- B <0
>0 >0 0 TA rec Ts Taree Th iny
Udca_inv < Udcref_inv
SO <0 TA,rec TS TA,inv 0 Ts
Udca_inv > Udcref_inv >0 Tarec s 0 0 Tainv
< <0
<0 = Tawe T T, To Taim
>0
Udca_inv < Udcref_inv
<0 TA rec Ts 0 0 TA_inv

ts1~s5 is the duration time of each switch, S1~S5.

4. Simulation and Experimental Analysis
4.1. Operation of the Proposed Three-Level Voltage Source Converter

4.1.1. Ideal Operation Condition

The ideal operation condition of the proposed converter is that the sign of output voltages are
synchronized to the input voltages, if Equation (14) is satisfied

Sgn(u*x,rec - uzirec) = Sgn(u*Xfinv — Uy), (14)

there will be no uncontrollable cases based on the above analyses in this operation condition. That is,
the voltage deviation of Cx i, will be kept under control completely. Although this condition can
balance the capacitor voltages well, the use of this structure is restricted in some applications such as
power electronic transformers and AC regulators.

4.1.2. General Operation Condition

In this condition, there is no connection between Sgn(u* X _rec — Uz rec) and Sgn(u*x Linv — Uz),
the reference voltage of inverter side

(' X inv — Uz) can operate at the frequency and magnitude different with (X _rec — Uz rec)-
Figure 9a has been drawn to illustrate the extreme case when Ugcx iny < Uderef inv, SN X rec — Uz rec)
= ngn(u* X_inv — Uz). Based on Table 5, voltage deviation of Ca_iny is enlarged in most areas. However,
the shadow areas can be removed under the condition that the modulation index of the rectifier side
and inverter side satisfy Equation (15). Then, voltage deviation can be controlled in this extreme case.

magnitude(1*x rec — Uz_rec)
Udc ’

Miny <1 —Mree =1 — (15)
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Including this special case, the uncontrollable states can be eliminated absolutely when Sgn(u"x rec
— Uz rec) F Sgn(u*ximv — uy) and mipy < 1 — Myec as shown in Figure 9b. Although the time of
uncontrollable state can be quantified as shown in Figure 9b when mjn, > 1 — 1y, the voltage
deviation of Cyx jny still cannot be improved without efficient measures. Hence, the magnitude of
output voltage will be limited. DC voltage deviation and low-frequency fluctuation will exist in the
whole system.

4.2. Experimental Results

A low power prototype has been developed in lab conditions to verify the performance of the
proposed three-level converter, as depicted in Figure 10. The three-level converter was built by
using power IGBTs (TOSHIBA, Tokyo, Japan). The control method was implemented in a 150-MIPS
float-point 32-bit TMS320F28335 board, and XC3S500E-4PQ208C of XILINX Company (San Jose, CA,
USA) has been used to generate switching commands. The experimental parameter settings are shown
in Table 6. In order to observe necessary signals, two scopes were used to monitor the signals after DA
conversion. Uap_iny Was measured by voltage probes directly.

Monitoring

AC Supply

Multilevel Converter

-

Figure 10. Experimental setup for the proposed multilevel converter.
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Table 6. Parameter settings for simulation and experiment.

Parameter Value
Source voltage, ex_rec 55V
DC-link voltage 100 V
DC-link capacitor 1200 pF
Filter-inductive 2.2 mH
Resistive-inductive load 200, 22mH
Switching frequency 5kHz

The experimental results obtained in Figure 11 show the voltage—current waveforms of the rectifier
side and inverter side at different modulation indexes m;jy, and switching frequency f during the whole
working process. Figure 11a,c shows that the three-phase current ix_rec rectifier side and ix iy inverter
side increase with the increase of modulation index and frequency. In Figure 11c, the waveforms of
line-to-line voltage 1ap_inv have three-levels when f = 20 Hz, mjn, = 0.4 and f = 30 Hz, mjp, = 0.6, while
it changes to five-levels when f = 40 Hz, i,y = 0.8 and f = 50 Hz, mjny = 0.9. Ugcx rec and Ugex_iny are
shown in Figure 11b,d are the waveforms of three-phase capacity of Cx_rec and Cx iny. It can be seen
that Ugcx rec and Ugex iny do not change with the modulation index and frequency after the system is
working. Capacitor voltages can be balanced well, and better performance of the proposed multilevel
converter is verified in this process. Figure 12 shows the performance of the converter in transient-state
condition with the modulation index i, changing from 0.4 to 0.6 and output frequency f changing
from 20 Hz to 30 Hz. Figure 12a,b shows the input voltage—current waveforms and voltage waveforms
of Cx_rec. Figure 12c show the waveforms of line-to-line voltage uap iny and three-phase currents
ix _iny- The capacitor voltages of Cx iny, Udcx rec are shown in Figure 12d.
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Figure 11. Experimental results of the whole working-process in transient-state condition; (a) Input
voltage—current waveforms, e rec and ix rec; (b) voltages of Cx rec; (¢) output voltage—current
waveforms, uap iny and ix iny; (d) voltages of Cx jny-
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Figure 12. Experimental results of the whole working process in transient-state conditions; (a) Input
voltage—current waveforms, ea rec and ix rec; (b) voltages of Cx rec; (¢) output voltage—current
waveforms, B iny and ix iny; (d) voltages of Cx jny-

As can be seen from Figure 11a, when the output frequency f and modulation index m;y, are
20 Hz and 0.4, the peak value of three-phases on the rectifier side current ix rec has low-frequency
fluctuations, and the sine effect is not ideal; when switching to f = 20Hz and iy = 0.4, the three-phase
current ix_rec stabilizes rapidly after about 25 ms, the sine is good, and the amplitude is basically the
same. In the process of switching, the entire control system can achieve a balanced three-phase current
and unity power factor control, and show good robust performance. Ugcx rec and Ugex iny Shown in
Figure 11b,d have almost no change when the frequency and modulation index switching. They are
constantly maintained at a fixed value, showing strong anti-interference performance. As shown in
Figure 11c, after switching, the inverter side line-to-line voltage uap_iny and three-phase currents ix iy
are rapidly stabilized, and the three-phase current change trend remains the same.

Obviously, the inverter side of the converter performs well in this case. Figure 13 shows the
experimental results in transient-state conditions with the modulation index set at 0.8 and 0.9 and
the output frequency f set from 40 Hz to 50 Hz. Figure 13a,c shows the same results as Figure 12 and
will not be repeated here. According to Figure 13b,d, voltages of rectifier side and inverter side are
maintained at their given values. At the same time, it becomes more stable after switching. Thus, the
effectiveness of the proposed three-level converter to capacitor voltage equalization control is verified.

4.3. Simulation Results

Figure 14 shows the curves of the voltage weight total harmonic distortion WTHD with different
modulation indexes 1y, and switching frequency fyitch based on MATLAB/Simulink.
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Figure 13. Experimental results of the multilevel converter in transient-state conditions; m;,, changes
from 0.8 to 0.9; (a) Input voltage-current waveforms, ea rec and ix rec; (b) voltages of Cx rec; (c) output
voltage—current waveforms, uap iny and ix iny; (d) voltages of Cx jny-
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Figure 14. Harmonic characteristic results of WTHD curves of usp iny With fgyitch and mtiny.

WTHD is defined in Equation (16), where V; and V,, mean the fundamental and # order
harmonic components in line-to-line voltage respectively. As shown in Figure 14, WTHD of uaB_iny
increases with the decrease of switching frequency fgwitch and modulation index 1y It shows better
performance when mp, > 0.4, while WTHD becomes taller when 11,y < 0.4 in some areas. In general,
the performance of the proposed converter can operate well.

) V2
WTHD = /1, (16)

4.4. Simulation Analysis of 5/3 Level Voltage Source Converter

This new topology can be expanded asymmetrically, which means the rectifier side and inverter
side can work with different nominal voltages. It is possible to the proposed topology to connect the
asynchronous multi-scale power network. On the basis of the proposed three level voltage source
converter, the voltage level in rectifier side has been expended to five level. The circuit configuration
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of 5/3 level converter has shown in Figure 15. Due to the similar structure, the control methods of 5/3
level voltage source converter are as same as the aforementioned methods of the three-level converter.
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Rectifier Common  Inverter [T R [ ee———
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Figure 15. Circuit configuration of 5/3 level voltage source converter.

The simulation result is shown in Figure 16. The whole working process shown in Figure 16a,
is divided into three sections: uncontrollable precharge, controllable precharge, and inverter side
working. In the uncontrollable precharge section, uncontrollable full wave rectification is achieved only
by diodes with anti-parallel device. Then the rectifier side starts in Power Unit II, and the voltages of
modules SMX1 and SMX2 are selected as 50 V and 100 V, respectively. Figure 16b,c shows line-to-line
voltages and three-phase currents of the rectifier side under the modulation index set at 1. Obviously,
the voltage reaches nine levels and the currents are undistorted sinusoidal waveforms.
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Figure 16. Simulation results of the whole working process; (a) Output voltage—current waveforms,
iy, and ix; (b) Output voltage—current waveforms, i, and ix ; time from 0.24s to 0.3s;(c) Output
voltage—current waveforms, iy and ix; time from 0.8 s to 0.86 s.
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5. Conclusions

In order to balance the voltage of flying-capacitors, a novel three-level voltage source converter
for AC-DC-AC conversion was proposed in this paper. The circuit configuration and work principle of
the proposed three-level voltage source converter were studied in detail. The dual double-closed-loop
control strategy and voltage balancing algorithm, especially the method of inverter capacitors with
OSSC, were introduced to elaborate the control method of a three-level converter. Then, two operation
conditions were analyzed to assess the operating characteristics of the proposed converter. Finally, the
balanced control capabilities of this new topology to the three-phase suspension capacitor voltage of
the rectifier side and inverter side was verified by simulations and experiments.
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Abstract: In recent years, modular multilevel converters (MMCs) have developed rapidly, and are
widely used in medium and high voltage applications. Model predictive control (MPC) has attracted
wide attention recently, and its advantages include straightforward implementation, fast dynamic
response, simple system design, and easy handling of multiple objectives. The main technical
challenge of the conventional MPC for MMC is the reduction of computational complexity of the
cost function without the reduction of control performance of the system. Some modified MPC scan
decrease the computational complexity by evaluating the number of on-state sub-modules (SMs)
rather than the number of switching states. However, the computational complexity is still too high
for an MMC with a huge number of SMs. A reverse MPC (R-MPC) strategy for MMC was proposed
in this paper to further reduce the computational burden by calculating the number of inserted
SMs directly, based on the reverse prediction of arm voltages. Thus, the computational burden was
independent of the number of SMs in the arm. The control performance of the proposed R-MPC
strategy was validated by Matlab/Simulink software and a down-scaled experimental prototype.

Keywords: model predictive control (MPC); computational burden; reverse prediction; modular
multilevel converter (MMC)

1. Introduction

Multilevel converters have been widely used in medium and high voltage applications in recent
years [1-3]. Among various multilevel converters, the modular multilevel converter (MMC) has become
more popular because of its scalability, modularity, and redundancy. An MMC can be used in many
high-power applications; for example, high-voltage direct current (HVDC) systems, static synchronous
compensators, grid-connected systems, and medium /high voltage motor drive systems [4-6].

There are some technical challenges for the control of an MMC, such as the balance of sub-module
(SM) capacitor voltages, the suppression of circulating currents, and the tracking of output currents.
Many control and modulation methods have been proposed to address these issues. Among them,
model predictive control (MPC) is an interesting control scheme for the MMC. Its advantages include
straightforward implementation, fast dynamic response, and suitability for dealing with multiple
objectives [7-9].

Reference [10] first applied the conventional MPC scheme to MMC, in which the output currents,
SM capacitor voltages, and circulating currents were controlled together by the evaluation for all
the possible switching states in a cost function. In Reference [11], the proportional integral (PI)
control method was experimentally compared with the conventional MPC scheme for MMC, and the
conclusion was that the MPC scheme had better control performance than PI method, either for
steady-state or dynamic performance. In Reference [12,13], similar methods based on conventional
MPCs were used to control the MMC by evaluating for all the possible switching states of SMs.
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However, it is difficult to implement a conventional MPC scheme in practical applications due to
the huge computation complexity because the number of all the possible switching states of SMs for
an MMC with N SMs (N is the number of SMs) in each arm is as large as CQIN (e.g., MMC used for
HVDC usually has more than 100 SMs, thus the number of all possible control options is more than
9 x 10%).

In the literature, several modified strategies have been developed to reduce the computational
burden [14-22]. Reference [14] proposed a modified method to reduce the subset of control options,
which can reduce the computational burden of MPC to a certain extent. For an MMC with eight SMs
per bridge, the number of switching states can be reduced to 361. In Reference [15], an integrated
MPC combined with the classical energy balancing approach was proposed to reduce the number of
switching states to (N + 1)3. In Reference [16], by combining with the conventional sorting algorithm,
an indirect MPC was proposed to reduce the calculation burden, in which the computation complexity
was determined by the SM number instead of the switching states of SMs. The number of switching
states can be reduced to (N + 1)2, thus the computation complexity of indirect MPC is significantly
reduced. In Reference [17], a grouping-sorting-optimized MPC strategy was proposed, in which the
SMs in each arm were divided into several groups, and the computational load is determined by the
number of groups and SMs of each group. The number of control options can be reduced to 2X + M + 3,
where M is the number of groups, and X is the number of SMs in each group. Reference [18] proposed
a fast MPC method, in which the number of control options could be significantly reduced to two or
three by limiting the change of output voltage level in each control cycle within two or three levels
near the previous output voltage level. However, the cost was the reduction of dynamic performance
because the variation of the output voltage was limited in each control cycle. A dual-stage MPC
scheme for MMC was proposed in Reference [19], in which the control objectives were achieved
by a two-stage prediction algorithm. Compared with fast MPC method or indirect MPC method,
the dual-stage MPC scheme had better dynamic performance, but the computational burden was
increased. In Reference [20], a modulated MPC method combined with the sorting algorithm for MMC
was proposed, in which the SMs were selected by evaluating the output voltage level and inserted
at regular intervals to obtain a fixed switching frequency. The number of switching states could be
reduced to N + 1. In Reference [21], aiming at the control objectives of output currents and circulating
currents, and based on evaluating the output voltage levels, the overall computation complexity of
indirect MPC was reduced to N + 4. A similar approach was also adopted in Reference [22]. However,
for the MMC used in HVDC (usually with hundreds of SMs), the computational burden of indirect
MPC was still too large.

In this paper, a reverse MPC (R-MPC) strategy for the MMC was proposed to further reduce
computation complexity. Based on predicted output voltage of MMC, the number of control options
was further reduced by calculating the number of on-state SMs directly and decoupling the SM
capacitor voltage control. The control of capacitor voltage balance task was carried out in an external
control loop. Thus, the computational complexity was independent of the SM number of MMC.
This strategy could be used for the MMC with hundreds of SMs.

The rest of this paper is arranged as follows. Section 2 presents the topology, basic operation,
and mathematical model of system. In Section 3, the details of the conventional MPC, modified MPC,
and proposed R-MPC are explained. The control performance of the proposed R-MPC strategy is
validated by Matlab/Simulink software and a down-scaled experimental prototype in Sections 4 and 5,
respectively. In Section 6, the conclusions are drawn.

2. Mathematical Model

The topology of the MMC and the single-phase equivalent circuit are shown in Figure 1. The MMC
was comprised of three phase legs, and each leg contained an upper arm and a lower arm, which were

represented by the subscript “p” and “n”, respectively. Each arm included an arm inductor L, and N
SMs. The arm inductor limited the di/dt of the circulating currents caused by instantaneous voltage
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differences within the arms. The SMs usually adopted half-bridge structure, which contained two
switches (T; and T,) and one capacitor (Csp). The SMs generally worked in two switching states,
namely, on-state and off-state. On-state: The SM output voltage was the capacitor voltage Ucij (i=p/n,
j=1,2,...,N) when T; was turned ON and T, was OFF. Off-state: The output voltage of the SM is
zero when T; was turned OFF and T, was ON. The switching states of SMs could be written as follows:

S — 1, T;isON, T, is OFF (1)
77) 0, TyisON,T,is OFF
s -
P >~
- \
ooAG
.E )
a2 \\”:‘ :\1”}/
Lo "
Lio ag
2
A
@) (b)
Figure 1. The illustrative diagram of a modular multilevel converter (MMC) (a) The topology and
(b) the single-phase equivalent circuit.
The capacitor voltage dynamic equation for each SM of the MMC is expressed as follows:
duc; .
% = iij/ Com 2

where i; is the capacitor current, which can be obtained from the switching state S;; and the arm
current i; as follows:

ieij = Siji 3
Based on Figure 1, the arm current ip and 7, can be written as follows:
iy = Lo + ig;
P 2to diff (4)
. _ l . .
In = —3lo + Lgiff
where iy is the circulating current, i, is the output current, and they can be calculated by:
io = ip —in
‘ 1, ©®)
{ igige = 5 (ip +n)

Similarly, the arm voltage equations are as follows:

di .
Uge din . dio
> 7un+LoE—R10—LE—e

where 1, is the voltage of upper arm, uy, is the voltage of lower arm, Uy, is the voltage of dc link, e is
the voltage of grid, L, represents the arm inductance, and R and L represent the equivalent resistance
and inductance of the load circuit.
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Based on Equations (4)—(6), the dynamic equation of the MMC can be obtained as:

dioc  Un — up — 2Ri, — 2e

it Lo+ 2L
. 7
digigg _ Udc — (un + up) @
dt 2L,

Equation (7) indicates that the output current and the circulating current can be regulated directly
by the voltage difference and voltage summation between the lower arm voltage u,, and upper arm
voltage 1y, respectively.

3. MPC Strategy

3.1. Conventional MPC

In general, there are three control targets for conventional MPC used for MMCs. The first control
target is the balancing of SM capacitor voltages. The second control target is the tracking of output
current correctly, including magnitude, frequency, and phase angle. The third control target is the
suppressing of circulating current, removing its AC component and only keeping its DC component.

The discrete-time model of MPC can be obtained by the following forward Euler
approximation equation:

dx  x(k+1)—x(k

x_ xert) o ©
where x is the variable of control objectives, x(k + 1), x(k) are the variable values at time k + 1 and k,
respectively, and T; is the sampling period.

The discrete-time dynamic models of the SM capacitor voltages, output currents, and circulating
currents can be obtained as follows:

Sijii (k) Ts
Com

ucij(k+1) = ug;(k) + )

k1) = (1= 2T i) o= el 2 200N (10)
Uge — ttn (k) — 1t (k)] Ts
-+ 1) = () + (Lo =10 1K) an

For MMC, the balancing of SM capacitor voltages, tracking of output current, and suppressing of
circulating current should be achieved simultaneously. Because these control variables (SM capacitor
voltages, output currents, circulating currents) interact with each other, they can be included in
a multivariable cost function with weighting factors. More details of the MPC cost function can be
found in [10-12]. The cost function can be defined as follows:

g =Mtk +1) — Bk + 1)‘ + Az‘z’;;ﬁff(k +1) — b (k+ 1)] + /\3’UdC/N — b (k+ 1)( (12)
where Ay, A2, and A3 are the function weighing factors, i (k + 1), i%;(k + 1), Ug./ N are the reference
values of control objectives, and i5 (k + 1), i ;c(k + 1), and uf; J (k +1) are the next-step predicted values
of control objectives, respectively.

The block diagram of conventional MPC is shown in Figure 2a. Within each sampling period of
MPC strategy, the cost function was evaluated one step ahead, and the switching state that minimized
the cost function was chosen and used to control the converter at next switching cycle by evaluating
for all the possible switching states of the converter.

Nevertheless, the number of all possible switching states for an MMC with N SMs in each bridge
is C)\;. For example, an MMC used for HVDC usually has more than 100 SMs per arm, thus the
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number of all possible switching states in one phase is more than 9 x 10%. Therefore, it is challenging
to implement the conventional MPC by the existing digital processors in practical applications due to
large computation load.

3.2. Modified MPC

Some modified MPC strategies have been developed to reduce the computational burden.
In combination with decoupling the SM capacitor voltage control and carrying it out in an independent
control loop, indirect MPC [16,21] (shown in Figure 2b) can be used to reduce the computation
complexity by evaluating the number of inserted SMs instead of the all possible switching states.
However, the computational burden is still too high when the MMC has huge number of SMs.

In addition, the fast MPC [18] method can significantly reduce the computational burden to two
or three by limiting the change of output voltage level in every control cycle within two or three
levels near the previous output voltage level. However, the cost would be the reduction of dynamic
performance because the variation of the output voltage was limited in each control cycle.

-

. iy (k+1) D iy (k+1)
20 ar (K+1) S, (k+1) Lt 2 (k+1)
SED e (k+1) i (k+D) o (k1)
n (k+1)
(@) (b)

ATm valtapes
Prediction

5M nunracr
caleulating

(©

Figure 2. Control schemes of a model predictive control (MPC). (a) A conventional MPC, (b) an indirect
MPC, and (c) the proposed inverse MPC.

3.3. Reverse MPC

Figure 2c shows the reverse MPC (R-MPC) strategy, which was proposed to further reduce the
computational complexity of MPC by decoupling the SM capacitor voltage control and carrying it
out in an independent control loop. Assuming the on-state SM numbers of the upper arm and lower
arm at next step are np and 1y, the SM capacitor voltages should be resorted in either ascending or
descending order, according to the direction of the corresponding arm current. n; (i = p,n) SMs with
the lowest voltages are chosen to be inserted to the arm when the arm current is positive, and the
other SMs are bypassed. On the contrary, ; (i = p,n) SMs with the highest voltages are selected to be
inserted to the arm when the arm current is negative, and the other SMs are bypassed.
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The balancing of SM capacitor voltage is one of key issues in MMC. The modified MPC generally uses
the conventional sorting method (e.g., bubble sorting) to balance the SM capacitor voltages [16,18,20,22],
in which all of the SM capacitor voltages have to be sorted in ascending or descending order to
determine the inserted SMs with the highest or lowest voltages. However, the sorting algorithm
itself is not a trivial task when MMC has huge number of SMs. Therefore, many improved sorting
methods were presented to reduce the computational complexity, such as grouping sorting method [17],
fundamental-frequency sorting method [23], limited sorting method [24], etc. In general, as long as
several SMs with the highest or lowest voltages are selected, the voltage balance task can be completed
within an allowable range of voltages ripples, while the rest SMs need not be sorted to reduce the
computational burden. In addition, using the parallel computing method, FPGA (Field Programmable
Gate Array) can be used to complete the SM capacitor voltage balancing task more quickly, which does
not occupy CPU resources [9,16].

After the sorting task, assuming all of the capacitor voltages are balanced well, then the number
of on-state SMs for upper arm and lower arm at next-step can be calculated if the next-step arm voltage
can be predicted.

From Equation (7), the arm voltages can be written as follows:

up = e — Lot — (5 1 L)% — Rio - 13)
o = e — L () Rivte
By using the backward Euler approximation,
dx  x(k) —x(k—1)
P o7 S & 14
dt Ts (14)
The discrete-time dynamic models of the arm voltages of MMC can be written as follows:
up (k) = 15 = eliain(K) — (k= 1)] = (B2 4 R)io(k) + Lok = 1) —ek) (o
n (k) = 45 — L2 [igiee(k) — iar(k — 1)] + (L“/HL + R)io (k) — Le/itLis (k — 1) + e(k)

Assuming the next-step reference values of control objectives can be tracked without error, thus,
the next-step predicted arm voltages ug(k +1) and uk (k + 1) can be obtained by shifting forward
(Equation (15)), as follows:

(16)

ub(k+1) = S — felifig(k+1) — igige(K)] — (2L + R)if (k +1) + LlZELi (k) — e*(k +1)
uB(k4+1) = e Lo[zdlﬁ +1)—idiff(k)]+<%/2“ +R)ij(k +1) — 2L (k) + e (k + 1

where ij;(k + 1) is the next-step reference value of circulating current, ij(k + 1) is the next-step
reference value of output current, and e* (k + 1) is the next-step reference values of grid voltage.

For the circulating current, the main frequency component is DC, its next-step reference value
i%¢(k + 1) can be replaced by the previous reference value i}, (k). But for output current and grid
voltage, in order to improve the control accuracy, the next-step reference value i;(k + 1), e* (k) can be
predicted by the formula of the Lagrange extrapolation [25], as follows:

in(k+1) =305 (k) — 305 (k— 1) + i3 (k— 2) (17)

¢*(k+1) = 3¢* (k) — 3¢* (k — 1) + e* (k — 2) (18)

At last, the number of next-step on-state SMs can be calculated as follows:

P (k+1)
{ ng(k +1) = round(uCP (3 (19)
— h(k+1)
1k (k+1) = round( ulzn,avg(k))
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where tcp_avg (k) and ten_avg (k) are the average arm voltages of the MMC (upper arm and lower arm).

The number of control options of the proposed R-MPC strategy was further reduced to one by
calculating the number of on-state SMs directly based on the reverse prediction of arm voltages. Thus,
the computational burden was independent of the number of SMs in the arm. This strategy was
especially suitable for the MMC which has huge number of SMs. The number of control options for
different MPC strategies are listed in Table 1. As can be seen from this table, fast MPC and proposed
R-MPC have the least computational complexity, especially for the MMC with hundreds of SMs.

It should be noted that the computational burden of R-MPC is independent of the number of SMs,
but the computational burden of sorting algorithm is still related to the number of SMs. However,
the sorting algorithm can be improved by other means [9,16,17,23,24] to reduce its computational load.

Table 1. Number of control options of different MPC strategies.

Number of SM (N) 4 10 50 100 200
Conventional MPC [10-13] 70 1.8 x10° 1.0 x 10¥ 9.1 x10°® 1.0 x 10'%?
Integrated MPC [15] 125 1331 1.3 x10°  1.0x10° 8.1 x 10°
Indirect MPC-I [16] 25 121 2601 1.0 x 104 4.0 x 10*
Number of Indirect MPC-II [21] 8 14 54 104 204
control options Modulated MPC [20] 5 11 51 101 201
Indirect MPC-III [22] 5 11 51 101 201
Fast MPC [18] 2~3 2~3 2~3 2~3 2~3
Proposed MPC (R-MPC) 1 1 1 1 1

4. Simulation Results

As shown in Figure 1, a three-phase MMC system was investigated in MATLAB/Simulink
softwareto validate the control performance of the proposed R-MPC strategy. Table 2 lists the
parameters of the MMC.

Table 2. Parameters of MMC system.

Parameter Simulation  Experiment
Rated power (kVA) 5000 2
Rated line voltage (V) 10,000 200
DC bus voltages (V) 20,000 400
SMs per arm 32 8
SM capacitance (uF) 4700 1000
SM capacitor voltage (V) 625 50
Arm buffer inductance (mH) 2.8 2.8
Load inductance (mH) 1 1
Load resistance (Q2) 0.01 1.6
Output frequency (Hz) 50 50
Sampling period (us) 100 100

4.1. Steady-State Operation

Figure 3 shows the steady-state operation results of a fast MPC [18], an indirect MPC [21], and the
proposed R-MPC strategy, respectively. Three MPC strategies have almost the same steady state
performance. All the capacitor voltages are well balanced, which are around 3% of their rated values.
All the circulating currents are also well-suppressed, with peak-peak ripple values of 28 A, 20 A
and 26 A, respectively. The total harmonic distortions (THD) of output currents are only 2.13%,
2.43%, and 2.02%, respectively. The results show that the three strategies all had good steady-state
performance. But for an MMC with hundreds of SMs, fast MPC and R-MPC have more advantages
because of less computational burden.
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Figure 3. Simulation results of steady-state operation: (a) fast MPC, (b) indirect MPC, (c) proposed
R-MPC. Subplots: from top to bottom, capacitor voltages of phase a, three-phase output voltages,
three-phase output currents, arm currents of phase a, and circulating current of phase a.

Figure 4 shows the harmonic spectrums of the output voltages and currents with proposed R-MPC.
The THDs of output voltages and currents were only 1.88% and 2.02%, respectively. The results showed
that the low-order harmonics were very small and within acceptable range. Thus, the noises generated
by prediction did not affect the quality of the generated voltages/currents.
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Figure 4. Harmonic spectrums of the output voltages and currents with proposed reverse model
predictive control (R-MPC).

Figure 5 shows the comparison of output SM states between the traditional nearest level
modulation (NLM) method and the R-MPC strategy proposed in this paper. The NLM method just
obtains the nearest level state from the reference voltage, according to the tracking of output currents,
however, R-MPC strategy considers not only the tracking of output current but also the suppressing of
circulating current and the system delay compensation. Thus, the two methods generated different
SM states and switching sequences.
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Figure 5. Comparison of output sub-module (SM) states between the traditional nearest level
modulation (NLM) method and the R-MPC strategy.

4.2. Dynamic Operation

Figure 6 shows the step response results of fast MPC [18], an indirect MPC [21], and the proposed
R-MPC strategy, respectively. Before t = 0.1 s, the MMC system reached a stable state, after which the
magnitudes of the reference output currents experienced two step changes, stepped up from 100 A to
200 A att =0.1 s and stepped down from 200 A to 100 A at f = 0.2 s. In Figure 6b,c the capacitor voltages
were well balanced after the step changes, the output currents of the indirect MPC and the proposed
R-MPC could rapidly track their references, and the circulating currents were still well-suppressed.
However, as seen in Figure 6a the output currents of the fast MPC took more time to reach the
references because the change of output voltage level in each control cycle was limited within two or
three levels near the previous output voltage level.

161



Energies 2019, 12, 297

/t irvulal ing corrent

Eurrard (A Currents ) Curvents (&) Voltsges (V)
[ -

Voltages (V)
F 6L

Currents (A} Curraris (A Volages (V)
1.8 = .-

EREEE PN

Cuarrmrt (&)

an (T (] (Y]
Toma (n)

()

Figure 6. Simulation results of dynamic operation: (a) a fast MPC, (b) an indirect MPC, and (c) the proposed
R-MPC. Subplots: from top to bottom, capacitor voltages of phase a, three-phase output voltages,
output current of phase a, arm currents of phase a, and circulating current of phase a.

The results showed that the indirect MPC and the proposed R-MPC both had better dynamic-state
performance than the fast MPC. However, for the MMC with hundreds of SMs, the R-MPC had more
advantages due to less computational burden.
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5. Experimental Results

Figure 7 shows a down-scaled experimental prototype of the MMC (2 kVA), setup to verify the
control performance of the proposed R-MPC.A DSP/FPGA-based central control board was chosen to
complete the control scheme. The DSP (TI TMS320F28335) was used for mathematical calculations
and the MPC algorithm. The FPGA (Altera EP2C8Q208C8) was used for Pulse-width modulation
(PWM) generation, the sorting algorithm of capacitor voltages, and fault protection. Table 2 lists the
parameters of the experimental prototype.

It should be noted that a larger load resistance than that of simulation was chosen because the
experimental prototype could only operate in the passive inversion state (limited by the experimental
conditions), but the simulation model operated in the active inversion state, which simulated the
working characteristics of HVDC. In addition, also limited by the experimental conditions, the SM
capacitance was also smaller than that of simulation, which would increase the capacitor voltage
ripple slightly. Despite the above differences in load and capacitor parameters, it would not affect the
performance comparison and analysis of different control strategies.

Control board

AD sampling board §§
Figure 7. Experimental prototype.
5.1. Steady-State Operation

Figure 8 gives the steady-state experimental results of fast MPC [18], an indirect MPC [21], and the
proposed R-MPC strategy, respectively. As seen in Figure 8, three MPC strategies had almost the same
steady state performance, where the total harmonic distortions (THD) of output currents were 5.1%,
5.4%, and 5.0%, respectively. In addition, the capacitor voltages of the MMC were well-balanced and
the circulating currents were also well-suppressed. The results showed that the three strategies all had
good steady-state performance. But, for MMC with hundreds of SMs, fast MPC and R-MPC had more
advantages because of less computational burden.
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163



Energies 2019, 12, 297

Capacitor vukage:} v (EDLIOTILIES
& 00157 ErI=E<3
Arm mrrmt\ g HOBHg o
Output voltae K g
B 1
Ov.nputc::rrem 4 THODC 1 5 8 13 17 21 25 29 33 37 41 45 49
LY, \ AN \AAAA \ ; A 11/27418 11:30:41 400U 50Hz 36 UVE  EWS0160
Y "uJ'u\u""u'"u"u\"uv\\w\a"u'”\f"'u\l"' ""I"' l'u' 2 LERNE HOLD
VA w Sy e METER T
© ) @
" larmonics
Capacitor voltage s o
PRI T 00023 P mE= -G
i B T
..... N e adealaakasisada ey i
..........................
Output voltage,
T TP
Outnutcurm!t THODC 1 5 9 13 17 21 95 29 33 37 41 45 49
."' f AMANN AAAAA AAAAN 11727718 11:25:57 400U S0Hz 38 WYE  EN50160
v f\.‘“ 'r‘\. u"n'u'l ATATATAY \v VVVV f | "“ v "J "u"ﬁ'u" A B C HOLD
vauw g Sar  METER RUN
(e) (®)

Figure 8. Experimental results of steady-state operation: (a,b) a fast MPC, (c,d) an indirect MPC,
(e,f) the proposed R-MPC. Scopes: from top to bottom, first capacitor voltage of phase a (25 V/div),
arm current of phase a (5 A/div), output voltage of phase a (100 V/div), and output current of phase
a (10 A/div). Time scale: 50 ms/div.

5.2. Dynamic Operation

Figure 9 shows the step response results of fast MPC [18], an indirect MPC [21], and the proposed
R-MPC strategy, respectively. Before t = 1.2 s, the MMC system reached a stable state, after which the
magnitudes of the reference output currents experienced one step change, stepped up from 2 A to 4 A.
From Figure 9b,c it is easy to see that the capacitor voltages could be balanced well after step changes,
the circulating currents were well-suppressed, and the output currents could be rapidly tracked to
their references, for both indirect MPC and proposed R-MPC strategy. However, as seen in Figure 9a,
the output currents of the fast MPC took more time to reach the references because the change of
output voltage level in each control cycle was limited within two or three levels near the previous
output voltage level.

The results show that the indirect MPC and proposed R-MPC both have better dynamic-state
performance than the fast MPC. However, for MMC with hundreds of SMs, the R-MPC have more
advantages due to less computational burden.
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Figure 9. Experimental results of dynamic operation: (a) a fast MPC, (b) an indirect MPC,
(c) the proposed R-MPC. Scopes: from top to bottom, first capacitor voltage of phase a (25 V/div),
arm current of phase a (5 A/div), output voltage of phase a (100 V/div), and output current of phase
a (10 A/div). Time scale: 20 ms/div.

6. Conclusions

In order to reduce the computational complexity of MPC for MMC, this paper proposed a R-MPC
strategy. Compared with the fast MPC and indirect MPC, the number of control options to be
calculated of proposed R-MPC was greatly reduced to one by calculating the number of on-state SMs
directly based on the reverse prediction of arm voltages. The simulation and experimental results of
steady-state operation showed that the fast MPC, an indirect MPC, and the proposed R-MPC all had
good steady-state performance, but fast MPC and the proposed R-MPC had more advantages than
indirect MPC because of less computational burden. However, the simulation and experimental results
of dynamic operation showed that the proposed R-MPC had better dynamic-state performance than
the fast MPC. Therefore, the proposed R-MPC strategy would be especially suitable for an MMC with
hundreds of SMs because of less computational burden and good performance of both steady-state
and dynamic operation.
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Abstract: In this paper, a model predictive control scheme for the T-type inverter with an output LC
filter is presented. A simplified dynamics model is proposed to reduce the number of the measurement
and control variables, resulting in a decrease in the cost and complexity of the system. Furthermore,
the main contribution of the paper is the approach to evaluate the cost function. By employing the
selection of sector information distribution in the reference inverter voltage and capacitor voltage
balancing, the execution time of the proposed algorithm is significantly reduced by 36% compared
with conventional model predictive control without too much impact on control performance.
Simulation and experimental results are studied and compared with conventional finite control
set model predictive control to validate the effectiveness of the proposed method.

Keywords: finite control set model predictive control; T-type inverter; computational cost; LC filter;
DC-link capacitor voltage balancing

1. Introduction

Recently, the multilevel converter has been widely applied to various applications such as
renewable energy system, flexible AC transmission systems and electric drives thanks to its benefits:
increase the power capacity of the converter and improve the quality of the system [1-3]. In particular,
compared with the neutral-point-clamped (NPC) type, the T-type inverter topology has the advantage
in terms of the efficiency for medium switching frequency [4-6]. Thus, the T-type inverter is considered
to be an alternative solution for multilevel inverter. Like the NPC converter, the unbalance of
neutral-point potential is the drawback of this topology which causes the distortion of the output
voltage and current. However, several approaches have been introduced to solve this problem [7-10].

A linear controller with proportional-integral (PI) is typically applied to control the converter
because of its simplicity and stability [11,12]. However, this approach has a low dynamic response
and requires a complex modulation technique for balancing the DC-link capacitor voltage. Recently,
direct power control [13] which uses a switching look-up table for determining the switching state has
been introduced to improve the performance. Nonetheless, it requires a high sampling frequency to
achieve an acceptable steady-state and high dynamic performances. To deal with this disadvantage,
several control approaches have been proposed such as using direct power control with space vector
modulation [14], fuzzy control [15], sliding mode control [16], and predictive control [17-19].

In recent years, a finite control set model predictive control (FCS-MPC) is considered as an
attractive alternative control strategy for power converters due to its simple structure, facilitating
implementation, and fast dynamic response [20-25]. Furthermore, compared with classical control,
the FCS-MPC provides the advantages such as easy inclusion of nonlinearities and constraints in the
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controller. However, at each sampling period, the prediction of control variables is 27, corresponding
to the three-level T-type inverter, leading to producing a high computational cost. In [26], a simplified
FCS-MPC for three-level voltage source converter is introduced. In order to reduce the computational
time, this approach used the two-level switching state group for prediction and optimization. Another
approach is presented in [27], which employs equivalent transformations in the cost function for the
optimization loop. Another approach is proposed in [28,29] based on using a modified sphere decoding
algorithm for multilevel converters. In [30], a sector distribution and non-zero voltage vectors are
exploited with the aim to reduce the computational burden for two-level converters. Nonetheless,
the main disadvantage of this method is the nonexistence of zero voltage leading to an increase of
the total harmonic distortion (THD) in the load current. In [31], the control approach is suggested
based on the candidate region that minimizes the sub-cost function to reduce the execution time. The
presented technique in [32] combined the conventional FCS-MPC, a look-up table, and steady-state
evaluation to reduce the computational burden. However, this algorithm can have a large amount of
computational cost like the conventional FCS-MPC in the worst case.

With a three-level T-type inverter, control variables are predicted by using the predictive model
and measured variables such as DC-link capacitor voltage, output voltage, filter current, and output
current. In order to reduce the cost and complexity of this system, a simplified dynamics model is
presented in this paper. Moreover, the highlight of this research is the significant computational cost
reduction without decreasing the quality of control by preselecting the required inverter output voltage.
The balance of DC-link capacitor voltage is guaranteed by determining the suitable small voltage
vectors resulting in the elimination of the weighting factor in the cost function. As a consequence,
the amount of predictive state for loop optimization is reduced from 27 to 6 compared with the
conventional FCS-MPC method. This means that it is easy to implement the proposed algorithm in a
real-time system with a low-cost processor and to extend with a long prediction horizon for improving
the control performance. The simulation and experimental results validate the effectiveness of the
proposed control strategy.

The rest of this paper is organized as follows: a reduced model predictive control for the three-level
T-type inverter is presented in Section 2. Next, the proposed algorithm is explained in Section 3 for
reducing the computational cost. In Section 4, a comparative study of the conventional FCS-MPC and
the proposed method is examined. Finally, the conclusions are given in Section 5.

2. Model Predictive Control for a Three-Level T-Type Inverter

2.1. Topology

A simple topology of the three-level T-type inverter (3L-T-type) is shown in Figure 1. The basic
principle of this configuration can be expressed by three switching states [P], [N] and [O] which
correspond to three inverter output voltages +Uy./2, —U;./2 and 0. Consequently, 27 possible
switching configurations are considered for a 3L-T-type inverter. Table 1 presents the summary of the
operating principle for 3L-T-type.

Table 1. Operating status of inverter leg x € {a,b,c}.

State Switch Inverter Output Voltage
Sx Six Sax Sax Sax Uxz
P 1 1 0 0 Uge/2
O 0 1 1 0 0
N 0 0 1 1 —Uy /2
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Figure 1. Three-level T-type inverter topology.
2.2. Mathematical Modeling of the System
The inverter output voltage produced by the 3L-T-type inverter is given by:
2 2
ting = 5 (az +kupz +Kucz), M
where 147, upz, and ucy are the output phase voltages; k = el2n/3 = f% +]§

The phase voltage 1,7 is calculated in terms of DC-link voltage U, and switching state Sy
as [9,22]:

iz = 525, @

where S, represents the switching status and has three possible values: {—1,0,1} with the index
x € {a,b,c}.
The dynamic behavior of LC filter can be described by the following:

dif

Lf% = Ujpp — Ue, 3
du, . .

Cfd— =iy —io,

where 1;,, and 1, are the inverter and output capacitor voltage vectors; i i and i, are the filter and
output load current vectors and Ly, Cy are the filter inductance and capacitance.

The control variables u. and iy are measured while u;,, is obtained from Equations (1) and (2).
In general, i, is measured or estimated by using an observer, leading to an increase in the cost and
complexity of the system. In this paper, to achieve a simple model, we assume that the output load
current is derived from output capacitor voltage. Thus, Equation (3) is rewritten as:

duc - 1 . Uc

F e <lf B Rm) ' @
di 1

“f L

di’ - Lf (uznv uC)/

where Rj,,, is the load resistance.
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In order to reduce the number of the control variable, the neutral-point voltage is taken into
account in the model instead of two capacitor voltages (i.c1, tc2). The neutral-point voltage (1;) can
be expressed based on the assumption that the DC-link voltage is kept constant and C; = C; = C

as follows:
du;  d(uc1 —uc2) 1, 1 ) ) )
F Tk —6((1 —[Sal)ifa + (1= [Spl)igp + (1| 56‘)%)- 5)

Consequently, we have a representation of the dynamics model based on Equations (4) and (5) as:

due 1 < U )

e~ (i - , 6
at — Cr \" Rpow ©)
di 1

d*{sz(”inv*”c),

du, 1

S == (a=1Saig+ A= 1Siip+ (1= |Schire).

3. Model Predictive Control with Selection Sector Distribution

The main goal of the proposed control scheme is to minimize the error between the predicted
output voltage and its reference value and to maintain capacitor voltage balancing. Furthermore,
additional terms can be taken into account in the objective function such as switching frequency,
current limitation, but this is not the main focus of this research and will not be developed here. As a
result, the cost function for 3L-T-type inverter is expressed as [21-23]:

ul (k+1)], @)

wiy(k+1) — by (k+1)| +

g+ 1) = uly(k +1)] + Auc

g:

where uf, (k+1), ujﬂ(k +1) and uf, (k4 1), ufﬁ(k + 1) indicate the real and imaginary components of
the reference and predicted output capacitor voltages at instant k + 1, respectively. A is the weighting
factors of the capacitor voltage balancing.

To achieve the discrete-time model, the first-order Euler approximation is used as:

dx  x(k) —x(k—1)

P T A— ®)

where T; is the sampling time.
By approximating Equation (6) with Equation (8), the discrete-time representation of output
capacitor voltage can be obtained as:

TsRjpad . C¢Ripaa
uc(k) = i uc(k—1). 9
(k) CrRipaq + Ts f CfRipaq + Ts el ) ©)

By shifting the output voltage in Equation (9) into one future sample, we have the predicted
output voltage at instant k + 1:

Wl (k1) = ——Rlomd_in g 1) 4

Cleoad
= uc(k 10
Clezmd +Ts ( ) 10

Cf Rioaa + Ts e
The discrete-time form for the filter current is given by using the forward Euler approximation as:

(k4 1) = ig (k) + Lif (tina (k) = e (K)) (1
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Similarly, the discrete-time of neutral-point potential is expressed by:

Ts . . .
W (k1) = () = & (1= 1Sal) igalF) + (1= IS i (6) + (1= [ScD ipe®)) . (12)
Substituting Equation (11) into Equation (10), the predicted output voltage is rewritten as:

Wikt 1) = — PRt g TRy Re (o T g g
C iR + T L (CRua + 1) CrRina + T\ Ly

T
A control input is a sequential switch state 5, = [Spa Spp S pc] , symbolized as a set of p vector
Sy € {1,...,27}. Furthermore, the switching inputs a finite set: Spx € {—1,0,1} with the index
x € {a,b,c}. As aresult, the optimal switching input S, is achieved as the result of Equation (14):

Sopt = arg {ming}, p = 1,..,27

subject to (7), (12) and (13). (14

The space voltage vector of 3L-T-type inverter can be classified into four groups: zero vectors
(from 155 to uy7), small vectors (from 113 to 11p4), medium vectors (uy, 14, U, Ug, 110, and u1) and large
vectors (i1, Uz, us, uy and ug), wherein the small vectors are divided into two types: positive state (P)
and negative state (N) such as 114 and 1,3, respectively. The neutral-point voltage is increased with
the positive state and decreased with the negative state, respectively [33]. The zero, medium and large
vectors do not affect the neutral-point voltage deviation. In the conventional FCS-MPC, the capacitor
voltage balancing can be solved by adjusting the weighting factor in the cost function. However, it is
not easy to obtain the optimal weighting factor value leading to affecting the THD of the load current.
In this study, the capacitor voltages are balanced by selecting the suitable small vectors that depend on
the predicted neutral-point voltage. Therefore, the proposed method is simple due to no requirement
of the weighting factor for balancing capacitor voltages in the cost function.

For the 3L-T-type inverter, 27 switching states are considered to evaluate the cost function.
Long prediction horizon can improve the control performance. However, the computational cost
is increased exponentially corresponding to the prediction horizon. Therefore, it leads to a large
computational cost which makes it difficult to implement the algorithm in common digital signal
processing. In this paper, the selection of sector distribution is employed with the aim to solve this
problem. The main idea of the proposed method is to determine the position of inverter reference
voltage which is obtained from the predictive model. In this case, the required inverter voltage
u?, (k) is achieved based on Equation (13) by replacing the predicted output voltage ul (k4 1) with its
reference. Then, the location of the reference voltage u}, (k) is determined by its components uj,
and uj, g In the proposed method, we divide the space vector of the 3L T-type inverter into six sectors
as illustrated in Figure 2. For example, when the reference voltage u}, (k) is in sector I, there are only
10 voltage vectors which are selected for the evaluation of the cost function. As previously discussed,
the neutral-point voltage is predicted based on the previous optimal switching states and filter currents
by using Equation (5). In order to achieve the balance of capacitor voltages, two cases are considered:
the first one corresponds to 1, < 0 and the second one to 1, > 0. The positive small vectors (114, 115)
and negative small vectors (113, 11¢) are considered with the condition u, < 0 and u, > 0, respectively.
Zero vectors can reduce from 3 to 1 due to the same value and without the effect of voltage imbalance.
In this case, the feasible voltage vectors are 11, up, U3, t14, 15, tips for u, < 0, whereas they are 1y, uy,
u3, 113, U1g, Uzs for u, > 0, respectively. Table 2 illustrates the available inverter voltage vectors for a
3L-type inverter after obtaining the appropriate sector. Thus, the prediction of the control variable
for cost function loop optimization is decreased from 27 to 6 with the proposed method. As a result,
compared with the conventional FCS-MPC method, the computational cost is appreciably reduced by
about 77% in the proposed algorithm. It is obvious that this advantage is more attractive to real-time
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implementation with low-cost digital hardware and long prediction horizon. The overall control

strategy of the proposed method is shown in Figure 3. Then, the optimal switching state is applied to
the inverter by minimizing this cost function:

Smdf =

Sopt = arg{min gyqs}, p =1

ul (k4 1) —uf,x(k—O—l)‘ +

uc*ﬁ(k—l-l) - ufﬁ(k—l-l) ,

, s 0.

Sector Il

5 A
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Figure 2. Voltage vectors distribution of T-type inverter.
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Figure 3. Block diagram of the proposed control strategy.
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Table 2. Feasible voltage vectors for each sector.

Sector

Feasible Voltage Vectors

u, <0

u, >0

I

I
11T
v
\%
VI

Uiy, Uz, Uz, U4, U5, Uzs
ug, Uy, Us, U1s, U1, U5
Us, Ue, Uz, U1g, U19, Uzs
Uz, ug, ug, U9, Uz, Uzs
ug, U0, U1, U2, U3, Uzs
Uq1, Uiz, Uy, U3, U4, U5

ui, up, uz, U1z, Ui, U2s
us, Uy, Us, Ue, U17, Uzs
us, Ue, Uz, U1y, U0, Uzs
Uz, ug, Ug, Uz, Uz1, Uzs
ug, u1p, U11, U1, Uz4, Uzs
U1y, U1z, U1, Uz4, U13, U25

Finally, the proposed control algorithm is described in Figure 4.

Read current reference u: (k)
Measure u (k) (k),i,(k),U,, (k)

v

Calculate the required inverter voltage
u; (k) by using (13)

!

Evaluate the neutral-point voltage
u_ from (12)

!

Select feasible voltage vectors
based on Table 2

!

Initialize optimal values x,

opt? 8opt

!

Forj=1t06

Predict output voltage
U5tz DY using (13)

'

Calculate the cost function g from (15)

!

Xopt = J

If g(/)<g,,
8o =8(J)

No

Store the present value x,
Apply optimal switching states S,

opt

S5 Se

a>

Figure 4. Flowchart of the proposed control strategy.
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4. Simulation and Experimental Results

4.1. Simulation Results

Simulation analyses were performed in a Matlab/Simulink environment with version 2015a
to verify the control performance of the proposed strategy for the T-type inverter as illustrated in
Figure 5. The SimPowerSystems toolbox was used to create the 3L-T-type inverter with output LC filter.
The Matlab Function block is employed to easily implement the control algorithm in the simulation
environment. The parameters of the system are listed in Table 3.

Table 3. System parameters.

Parameter Value Description
Uy, 600 [V]  DC-link voltage
C 1000 [uF]  DC-link capacitance
Ly 3 [mH] Filter inductance
Cr 40 [uF] Filter capacitance
Rjond 20 [Q] Load resistance
fs 20 [kHz]  Sampling frequency
f 50 [Hz]  Frequency of the grid
uc_ref —. uc_ref
Reference voltage sector
o
@_, uc_alpha, ref i_fa sw SW  sa Sa A sa
uo_alpha i
if_alpha ife - +vdc  Sb Sb B sb
ucﬁbetairefsecwr Uz :J- oc
r
uo_beta Proposed MPC . e « o -
if_beta

Figure 5. Block diagram of the proposed strategy in Matlab /Simulink.

Figure 6 shows the steady-state of the proposed method with the output voltage at 155 V.
As depicted in Figure 6, the proposed method obtains the sinusoidal output voltage and the balance
of DC-link capacitor voltage. The characteristic of the variable switching frequency is illustrated
in Figure 6¢. This can increase the THD of the load current, but this does not affect the control
performance too much. The THD of the load current can receive further improvements by using
alternative methods. However, this is not the main focus of this paper and will not be developed here.
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Figure 6. Steady-state of the proposed method at the output voltage of 155 V.

In order to show the efficiency of the control strategy, a comparison between the proposed method
and the conventional FCS-MPC [23] were carried out under different operating conditions and the
same parameters. The amplitude of the reference voltage changed from 155 to 311 V in the first scenario
and stepped from 311 to 155 V at t = 0.03 s in the second scenario as illustrated in Figures 7 and 8.
The corresponding dynamic current response is shown in Figures 7b and 8b. As can be seen, it is
clear that the proposed method achieves sinusoidal current with the different reference amplitude.
In addition, one important issue associated with the T-type inverter is the balance of DC-link capacitor
voltage. Figures 7c and 8c indicate that the voltage of the DC-link capacitor is balanced despite the
change in reference. The maximum absolute error of this voltage at steady-state are about 1 and 3 V
for output voltage of 155 and 311V, respectively. Figure 9 demonstrates single phase output voltage of
the proposed and conventional FCS-MPC methods. The simulation results indicate the ability of the
proposed method to accurately track and accomplish the steady-state with a fast dynamic response.

With the aim to evaluate the steady-state performance, the harmonic spectra of load current for
the conventional FCS-MPC and proposed methods are also examined in Figure 10a,b. These figures
show that the THD of the load current is increased slightly from 0.45% to 0.58% with the proposed
method. The comparison of two control methods is summarized in Table 4. Although the THD of the
load current is not perfect, we nevertheless believe that the slight increase does not affect the control
performance too much. Specifically, the computation time of the proposed algorithm is greatly reduced
compared with the conventional FCS-MPC as shown in Figure 11a. In fact, the minimum, average and
maximum computation times of the proposed algorithm are 3, 6 and 9 ps in a 2.0 GHz, i5 4310 CPU,
while their corresponding values are 4, 10 and 16 us with conventional FCS-MPC. The performance
of FCS-MPC method is influenced by the sampling time which is improved by choosing the smaller
value. To investigate the effect of sampling time on the quality of the current, two controllers are
employed with different sampling times. Figure 11b shows that the quality of load current is the best
with sampling time 40 us and the worst with 100 ps. However, there is a limitation of sampling time
due to the requirement of execution time such as computation time and measurement of the signal.
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Therefore, this method exhibits a valuable alternative to reduce the sampling time and extend with a

long prediction horizon, which improves the control performance.
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Figure 7. The dynamic response of the proposed method for step change from 311 to 155 V.
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Figure 8. The dynamic response of the proposed method for step change from 155 to 311 V.
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Figure 10. The harmonic spectrum of the load current for the conventional FCS-MPC and
proposed methods.

Table 4. Comparison of transient performance for two controllers.
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(a) Computation time. (b) Effect of sampling time on system performance.

Figure 11. Comparison of two control methods.

The behavior of the system is also examined under time varying load step as illustrated in
Figure 12. At the initial state, the system operates at no load condition; then, the load is set to 20 () at
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t = 0.02 s. According to Figure 12, this change does not impact on the quality of the output voltages.
A resistive-inductive load is imposed for the same test as shown in Figure 13. The load resistance and
inductance are set to 40 Q2 and 10 mH, respectively. It can be seen from Figure 13 that no deterioration
of output voltage is observed in this case.
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(a) Output voltage.
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Figure 12. Output voltage and current with the resistive load step at t = 0.02 s.
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Figure 13. Output voltage and current with the resistive—inductive load step at t = 0.02 s.

To investigate the influence of frequency variations, a step change in the voltage from 60 Hz to
50 Hz at t = 0.03 s with R;,,; = 10 Q) is examined in this study. Figure 14 indicates that the proposed
method can achieve a reasonable reference tracking despite the sudden change in the frequency.
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A nonlinear load test is also performed in this study with a diode rectifier and resistive-inductive
load (R =600, L,;; = 10 mH) as shown in Figure 15c. Figure 15 illustrates that the output voltages
give a small distortion, but it still acquires sinusoidal in spite of the high distorted load currents.

foa  —dop  — o

Voltage [V]
Current [A]

400 AN S S (R SR S S S| 45 . . . . . . . . .
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Time [s] Time [s]
(a) Output voltage. (b) Load current.
A o—¢ L,

(c) Nonlinear load.
Figure 15. Output voltage and current with nonlinear load.

To confirm the robustness of the controller against parameter variations, we have considered a
change of parameters with two cases. In the first case, the filter inductance and capacitance have been
decreased to 40% of their real values as illustrated in Figure 16a. On the other hand, the load resistance
has been increased to 50% of its value as shown in Figure 16b. It can be observed that the proposed
method is continued to obtain sinusoidal current with small deviations. The load current increases
from 0.58% to 1.5%, but it still meets within the limit required of the IEEE 519 standard.
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(a) Decrease of LC filter parameter. (b) Increase in load resistance.

Figure 16. Output current with parameter variations.

4.2. Experimental Results

In order to validate the effectiveness of the proposed control strategy, a laboratory prototype with
small power was constructed as shown in Figure 17. A digital signal processor TMS320F28335 [34] was
employed to implement the control method. The algorithm was programmed using S-function builder
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block in the Matlab/Simulink with embedded coder tools [35]. Twelves modules FGH40T120SMD
for IGBT were applied in the three-phase inverter. Furthermore, two capacitors B43305A9108M 1000
uF-400 V were used for DC-link voltage. The parameters of the LC filter were maintained at 3 mH
and 40 pF. The LV 25-P and LA 25-P sensors were used to measure the output voltage, filter current
and capacitor voltages. The digital signal processing (DSP) generates the signals for 12 switches of
3L-T-type inverter via general-purpose input/output (GPIO) outputs.

Figure 17. Experimental test bench in the laboratory.

The DC input voltage is set at 180 V while the load resistance is kept at 30 (). The reference
of the peak phase output voltage is stepped from 90 to 60 V corresponding to the change in output
current from 3 to 2 A. Figure 18 indicates that the proposed method has a fast dynamic response and a
good balance of DC-link capacitor voltage. As illustrated in Figure 19, the steady-state of three-phase
sinusoidal load current confirms the control performance of the proposed method. Furthermore,
the execution time of the proposed and conventional FCS-MPC methods are 41 and 64 us, respectively,
as shown in Figure 20. This highlights that the execution time is effectively reduced 36% by the
proposed method. Therefore, the sampling time of the conventional method is increased compared
with the proposed method resulting in a decrease in the quality of control performance. The load
current of the conventional FCS-MPC is depicted in Figure 21. In this case, the THD of the load current
of the proposed method is reduced from 1.6% to 1.0% compared with the conventional method as
illustrated in Figure 22. Thus, the better performance of the proposed algorithm can be obtained with
the low-cost processor.
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Figure 18. Experimental results for step change in the output voltage.
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Figure 19. Experimental results of the proposed method with I =3 A.
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Figure 20. Execution time of the conventional and proposed methods.
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Figure 21. Experimental results of the conventional FCS-MPC.
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Figure 22. THD of load current.
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5. Conclusions

This paper presents a simplified model predictive control method for a three-level T-type
inverter. A reduced dynamics model is proposed to decrease the cost and the complexity of the
system. Moreover, the execution time is greatly reduced compared with the conventional FCS-MPC by
applying the preselection of reference inverter voltage and capacitor voltage balancing, allowing an
easy real-time implementation. In order to show the effectiveness of the control strategy, a comparative
study of the proposed method and conventional FCS-MPC is performed. Simulation and experimental
results prove the feasibility of the proposed approach.
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Abstract: The development and the validation of an averaged-value mathematical model of an
asymmetrical hybrid multi-level rectifier is presented in this work. Such a rectifier is composed of a
three-level T-type unidirectional rectifier and of a two-level inverter connected to an open-end
winding electrical machine. The T-type rectifier, which supplies the load, operates at quite a
low switching frequency in order to minimize inverter power losses. The two-level inverter is
instead driven by a standard sinusoidal pulse width modulation (SPWM) technique to suitably
shape the input current. The two-level inverter also plays a key role in actively balancing the
voltage across the DC bus capacitors of the T-type rectifier, making unnecessary additional circuits.
Such an asymmetrical structure achieves a higher efficiency compared to conventional PWM
multilevel rectifiers, even considering extra power losses due to the auxiliary inverter. In spite
of its advantageous features, the asymmetrical hybrid multi-level rectifier topology is a quite complex
system, which requires suitable mathematical tools for control and optimization purposes. This paper
intends to be a step in this direction by deriving an averaged-value mathematical model of the whole
system, which is validated through comparison with other modeling approaches and experimental
results. The paper is mainly focused on applications in the field of electrical power generation;
however, the converter structure can be also exploited in a variety of grid-connected applications by
replacing the generator with a transformer featuring an open-end secondary winding arrangement.

Keywords: electrical drives; energy saving; multilevel power converters; permanent magnet
synchronous generator; open-end winding configuration; voltage balancing; power factor

1. Introduction

Multi-level converters have proved in the last decades to be a viable alternative to conventional
topologies in medium-voltage, high-power, industrial applications, but today, their field of applications
is rapidly spreading toward low-power and low-voltage ranges. Main advantages of multi-level
converters are basically those of an improved harmonic content of AC voltages and currents and
of a reduction of power switch voltage ratings [1,2], the main drawback being a greater complexity.
Open-winding (OW) configurations, consisting of an AC machine fed by two power converters [3-6],
can be deemed as a special kind of multi-level converter [7]. Different configurations, control schemes,
and modulation techniques dealing with OW systems have been discussed in the literature [8-10].
Some OW configurations embedding multi-level converters have also been recently developed [11-13].
Among them, a high efficiency asymmetrical hybrid multilevel inverter for motor drives has been
presented and analyzed in [12] featuring a particular asymmetrical structure where two different
kinds of converters are connected at the two sides of an OW AC machine with different functions.
Specifically, a main multilevel converter supplies the load, and an auxiliary two-level inverter acts as
an active power filter. Such an approach has also been used in [13] to realize an asymmetrical hybrid
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unidirectional T-type rectifier (AHUTR) for gen-set applications, tailored around an open-end winding
permanent magnet synchronous generator (PMSG), as shown in Figure 1. According to the AHUTR
topology, the open-end winding PMSG on one side supplies the electrical load through the main
converter, a T-type rectifier (TTR), also commonly known as a Vienna rectifier, and on the other side, it
is connected to an auxiliary two-level inverter (TLI). The main converter processes the whole power
delivered to the load, and thus, it is operated at the fundamental frequency in order to minimize the
switching power losses. The TLI is instead driven by a high switching frequency PWM technique to
suitably shape the phase currents. Therefore, a stable output DC voltage and almost sinusoidal input
currents are obtained, achieving a higher efficiency than comparable conventional PWM rectifiers [12].
The AHUTR structure is also of general applicability, being exploitable in grid-connected applications
by replacing the generator with a transformer featuring an open-end secondary winding, as shown
in Figure 1, but it is more complex than conventional rectifiers, requiring suitable mathematical
tools for control and optimization purposes. The aim of this work is thus to provide an essential
tool for the design of the control system of an AHUTR by developing an averaged-value model
(AVM) of the system. In general, averaged-value techniques approximate the model of a switching
converter to a continuous system by considering the values taken by the variables along a switching
period as constant. They are useful when designing and testing control algorithms, as well as to
develop efficiency optimization techniques, because a high frequency dynamic analysis is not required,
differently than power circuits and filters design. Specifically, an AHUTR AVM has been developed
with the aim to support the design of effective solutions to maximize system efficiency, to provide a
stable DC output voltage, to cancel low-order undesired harmonics from the phase currents, to equalize
the Vienna rectifier DC bus capacitor voltages, and to control the TLI DC bus voltage. Furthermore,
the developed model is valuable in tuning voltage and current regulators.
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Figure 1. AHUTR for electrical power generation (a) and grid-connected (b) applications.
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2. Asymmetrical Hybrid Unidirectional T-Type Rectifier

According to Figure 1, an AHUTR supplies the load through a Vienna rectifier switching at
fundamental frequency. In electricity generation applications, this rectifier is connected to one end of
an open winding electrical generator, very often a PMSG. For grid-connected applications, the electrical
generator is replaced by a transformer with an open-end secondary winding. While remarkably
reducing the switching power losses, low switching frequency operations would, however, produce
highly distorted phase currents. This is prevented by an active power filter based on a conventional
TLI, which is connected to the other end of the electrical machine winding. Such an inverter features
a lower DC bus voltage compared to the Vienna rectifier and exploits a floating capacitor to reduce
the complexity of the system and to prevent the occurrence of zero sequence currents [11-13].
The efficiency of the Vienna rectifier can be increased by using low on-state voltage drop power
devices, thus optimizing the design of this converter for low conduction power losses. On the other
hand, the design of the TLI can be optimized for high switching frequency operation, by using
fast power devices with lower voltage ratings. A key feature of the AHUTR topology is that the
voltages of the two Vienna rectifier DC bus capacitors can be independently regulated through the TLI,
thus making unnecessary additional power converters or special PWM strategies.

In the AHUTR topology, three bidirectional switches S, (i = a, b, c and j = 1, 2) are connected
between the midpoint ' of the Vienna rectifier and the rectifier poles [14]. The generic i-phase voltage
Virrr between the rectifier input terminal ij; and the mid-point n” of the Vienna rectifier DC bus is
given by

!

1 1
Virtr = — 2 Vpc', I =0,1,2 (1)

where Vp(' is the DC bus voltage. Hence, three different levels can be taken by the Vienna rectifier
input voltage, namely: —Vpc'/2, Vpc'/2, and 0, according to the rectifier i-pole state I;”.
On the TLI side, the voltage between the TLI i-phase output terminal it and the mid-point 1’ of

the TLI DC bus is given by:
21" —1

Viter = Vpc”, Ii" =0,1 ()

providing two voltage levels, namely, —Vpc”/2 and Vpc”/2, according to the inverter i-pole state /;”.
The voltage across a phase winding is given by

I -1

20 —1q
Vig = ‘/iTTR - ViTL[ - Vn’n“ [ 5 i

2

Vpe' — Vpe" — Vi 3)
where V¢’ and Vpe” are the DC bus voltages of the Vienna rectifier and the TLI, respectively, and V,,,»
is the voltage between the mid points n” and n” of the two DC buses, which can be expressed as

1 1
Vg = g(VaTTR + Vorrr + Vertr) — 3 (Varrer + Vorer + Verrr)- 4)

3
According to (2) and (3), the OW structure of Figure 1, featuring twelve power switches,
is equivalent to a six-level neutral point clamped (NPC) or flying capacitor (FC) converter, which would,
however, encompass thirty power switches [12]. As shown in Figure 2, the AHUTR requires a complex
control system to suitably coordinate the operations of the two converters in order to regulate the DC
output voltage, to cancel low-order harmonics from phase currents, to equalize the Vienna rectifier DC
bus capacitor voltages, and to control the TLI DC bus voltage [14,15].
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Figure 2. Block diagram of the control system of the AHUTR for electrical power
generation applications.

3. Averaged-value Model of the System

The averaged-value mathematical model of the system includes three sub-models: of the electrical
machine, of the Vienna rectifier, and of the TLIL.

3.1. Open-Winding PMSG Model

It is assumed that the stator windings produce sinusoidal magnetomotive forces; moreover, effects
of the saturation of the magnetic core are neglected. Under these assumptions, the surface-mounted
PMSG model in an orthogonal gd reference frame synchronous to the rotor flux is given by the following
sets of Equations:

Vis = Reigs + A qs + WreAgs

. 5

Vis = Rsigs + %/\ds - wre/\qs ©)
Ags = Lsi

s slgs 6

Ags = Lsigs + )\pm ( )

T, = %PP()‘dsiqs - /\qsids) @)

T, — Ty = ] fwr + Fay

where igs, i4s, Vs, Vs, Ags, and Ags are the components of stator current, voltage, and flux in the gd axis;
Ls is the stator inductance; Ay, is the linkage flux of permanent magnets; T, is the electromagnetic
torque; | is the total mechanical inertia; F is the rotor friction; w;. = ppw; is the rotor speed; and pp is
the amount of pole pairs. The rotational terms wreAgs and wyeAgs account for the gd axis back-emf E;
and E;, respectively.

The averaged-value PMSG phase voltage Vi, is obtained as the difference between the
fundamental harmonic Vg of the Vienna rectifier input voltage and the fundamental harmonic
VrL1 of the TLI output voltage. The voltage V- between the mid points of the two DC buses can be
neglected for averaged-value analysis, since it only includes high frequency harmonics [13].
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PMSG phase voltages can be expressed in a qd synchronous reference frame to the back-EMF
vector as a function of gd components of voltages V;rrg and V7. by:

v 5 cos(wret)  cos(wret — %7‘[) cos(wret + %7‘[) YQTTR
LATTR | — 2 sin(wpet)  sin(wyet — %n) sin(wpet + %7‘() Vurtr (8)
Varrr 3 1 1 1 i
2 2 2 ¢TTR
— cos(wyet)  cos(wyet — %n) cos(wyet + %n) VarLl
Vrr | 2 sin(wpet)  sin(wypet — 271)  sin(wypet + 27) | x| V )
VarLr 3 ) re rel 3 rel 3 VbTLI
1 1 1 1
2 2 7 ¢TLI
Vi = Vyrrr — Vyrrr, Vag = Varrr — Varwi (10)

A block scheme of the PMSG model is shown in Figure 3.

Rotst,
& L+ 2sB L AR e, L.

L.
R.+sk,

R.+af.,

TE"«TL:

Figure 3. Block scheme of the permanent magnet synchronous generator (PMSG) model.

Similarly, a three-phase open secondary winding transformer (OSWT) can be modeled in an
orthogonal gd reference frame synchronous to the primary voltage vector according to:

V= Rllqu + d%t/\ql + weAgt
Vil = Riigt + GAa — werg

Vip = Raigp + % Agp + weh ()
Vip = Roigp + % g — wehga

)\ql = leiql + Lmiqz

A1 = Ls1igr + Lmia

/\q2 = LsziqZ + Lmiql 12)

Ad2 = Leoigy + Limig

Ly =Lp+Lm

Lo =Lp+Ln

where ig1, 141, ig2, and i, are the g- and d-axis components of the primary and secondary winding
currents, while Vi, Vg1, Vi, Vo and Aq1, Ag1, Agp, Aqa, are the g- and d-axis components of the
primary and secondary winding voltages and fluxes. Ly; and L, are the self-inductances and Ly, is the
magnetization inductance. The angular frequency of the grid voltage is indicated as w,. The secondary
windings are connected to the TTR and TLI, and thus, the phase winding voltages are given by:

Vo =Vorrr — Vyrir, Vaz = Varrr — Varw (13)
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3.2. Vienna Rectifier Model

The Vienna rectifier switches at the fundamental frequency, according to Table 1, where 6, is
the angular displacement of the fundamental harmonic of the winding phase voltage and « is the
switching angle of S;, (i=4,b,candj=1, 2).

Table 1. Vienna rectifier switching table.

0<be<a
Phase a MT—a<f,<m+a
21 — o < 6, <27

2/3n<f,<a+2/31
Phase b 5/3m —a<60,<5/3m+«
2/3n—wa<6,<2/3m

4/3nt<6, <o +4/31
Phase ¢ 1/3mn —a<0,<1/31t+a
4/3n —a <0, <4/3m

if igg > 0 => 5,1 ON S,y OFF
if igg < 0 => S,y OFF S,y ON

if ipg > 0 => Sy ON Sy, OFF
if ibg <0=> Sb] OFF sz ON

if icg > 0 => 5,1 ON S, OFF
if icg < 0=>S.; OFF S ON

Assuming the output voltage V¢’ is constant, actual values of Vienna rectifier input phase
voltages V;rrg are thus given by:

lij—1 —a < @rrR < @
Virtr = Sij———Vpc', ¢

14
2 lj=0,1,2 (14)

To avoid improper operations leading to extra power losses and voltage distortion, the angular
displacement @7rr between the fundamental harmonics of voltage Virrg and current must be set
lower than |a|. Dealing with an electrical power generation application, a vector diagram of AC
variables is shown in Figure 4a, where ¢ is the phase displacement between the PMSG back-EMF Eg
and the current I. J represents the angle between the voltage Vrr and the g axis, and is set to allow a
reactive power flow between the Vienna rectifier and PMSG, associated to the inductive elements of
the electrical machine.

Ri, Y3

"

Ta [T'.-?_re.t

(b)

Figure 4. Vector diagram of AC variables: (a) considering Vryj, (b) neglecting Vyr.

Neglecting, for simplicity, the voltage V1 generated by the auxiliary inverter, which is an
independent variable and whose amplitude is significantly lower than Vj;rrg, the amplitude of the
fundamental harmonic of the TTR input voltage Vj;rrr is obtained as a function of the switching angle
a and DC bus voltage V' as follows:

— 2 V;
Varrrl = 2 Vo' cos(a), myrg = VITTRI (15)
7T VDC
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where mrrg is the modulation index of the Vienna rectifier. According to the vector diagram of
Figure 4b, gd components of the voltage can be written as:

{ VqTTR—|V11TTR|C05 { ig =|I|cos() { qu—|Eg|

Varrr =|Viarrr|sin(6) ig =|I|sin(¢)’ Edg =0 (16)
qu = —|Xsl‘sm ¢) qu = —}Rﬂcos
Xig = +|XI|cos(p)’ Riy = —}Rﬂsin((p)
while the active and reactive powers are given by:
3177 T 3|72 3|F
Prrr = 3|VirrrrI|cos(6 — ¢) Pr = —3R]I]| = 3 |Eggl|cos(¢) (17)
Qrrr = 3|[VarrrI[sin(p —0)" | Qx = f%sz' Qg 3[Eqgl|sin(p)

where Prrr and Qrrr are the active and reactive power, respectively, processed by the Vienna rectifier,
Pr and Qyx are the active power wasted in the stator resistance R and the reactive power due to the
PMSG synchronous reactance X;, respectively, while Pg and Q. are the active and reactive power
delivered by the PMSG, respectively.

Neglecting the rectifier power losses, the AC power generated by the PMSG is equal to the sum
of the power dissipated in the DC bus capacitor resistances Rc; and R¢; and the power delivered to
the load R;. In the Laplace domain, Vp¢' and the capacitor voltages V¢ and V¢, are thus given by

2 2
Voc/(s) = \/RL (Pac) - 2 - %)
Ver(s) = Ve (5) rg e beRes kos v (18)
Vea(s) = Vpc'(s) — Ve (s)
Pac(s) = 3 (Varrr(s)ig(s) + Varrr(s)ia(s))

where i, is mainly given by the difference between the currents flowing through the two DC bus
capacitors and it can be also computed as the sum of the currents flowing through the three branches
of the Vienna rectifier:

in = Sgjlag + Spjipg + Scjicg (19)

The averaged-value of i, during a switching period T is given by
< 1 . . . . . .
In= 7 (TONajlag + Tonpjig + TOchlcg) = <dajlag +dypjipg + dcﬂcg) (20)

where d;; = To;;/T are the duty cycles of the bidirectional switches S;;, according to Table 2. Figure 5
shows some simulations dealing with balanced and unbalanced DC bus voltages operations, while a
block diagram of the Vienna rectifier mathematical model is shown in Figure 6.

Table 2. d,j, dy; and d,.

Sector I Sector II Sector III Sector VI Sector V Sector IV
Vairrr >0 Vairrr >0 Vairrr <0 Vairrr <0 Vairtr <0 Varrrr >0
Vbirrr <0 Voirrr >0 Viirrr >0 Voirrr >0 Voirrr <0 Viirrr <0
Verrr <0 Veirrr <0 Veirrr <0 Veirtr >0 Veirtr >0 Veirrr >0

. — Yarme . — _ Varrg L VﬂlTTR L= ValTTR . — Yarme . — Varme
d"] — Vpd d”] - Vpc' d”] Vpc' d“/ - Vbc d“/  Vpd d”] — Vpc

- VthTR ) VthTl{ - VthTR - VIrlTTl\ . — _ Ve o — _ Viarrg
dh} =~ Vnd db] Vo' dbl = Voo dbl =T Wl dbl R A db! =T Vo

R VclTTR L VarTR . — Varrr . — Varrr . — Varrr C— VdTTR

d':] — W dc] Vic' dC] Vpc' dc; Voc' d':] Vc' dc] Ve
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Figure 5. Averaged-value iy, igpeg, Ver, V2, and Virpg. (a) Balanced DC bus voltages, and (b)

unbalanced DC bus voltages.
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Figure 6. Block diagram of the Vienna rectifier model.

A non-null average i, leads to unbalanced DC bus voltages [16-18]; moreover, the mean value of

fundamental voltages V,;r7r becomes negative if Vic; < Vo or positive if Vcy < V. This is included

in the TTR model by adding the term AVpc' = Ve — Vet
Vairrr = |Varrrr|sin(e) + AVDCI
Viartr = [Verrrr| sin(6e — 370) + AVpc!

Varrr = [Varrr| sin(6e + 37T) + AVpc!

According to Table 2, by replacing (21) into (20), i, is given by

mrrr0.51 {7 cos(¢rTR) — 2C08(20, — 3 — KPTTR)] — 21%&9, sin(6, — ZT” —¢rTR), 0<6: <%
mrrR051[cos(prrR) + 2 cos(20, — goTTR)] — 2147 sin(0, — gr1r), T, <y
= myrr0.51[— cos(@rrr) — 2cos(29 -2 <PTTR)} — ZIAVDC sln(9 + 5 —grr), F<be<m
myrr0.51 {c (¢rTR) +2CO08(26, — %t — qJTTR)} +21AVDC sm({9E - —¢rrr), T<6 < %"
mrrR0.51[— cos(@rTR) — 2 €08(26, — fPTTR)] —214 Sm( <PTTR) g <3
mrrR0.51 [cos(prTR) +2C08(20, — ZF — @r7R)] + ZIA‘X)DCC sin(Be + 3 — @rrr), F <O <7

3.3. TLI Model

(1)

(22)

A key task of the TLI present in the AHUTR topology is to compensate all low-order voltage
harmonics generated by the step-modulated Vienna rectifier [12]. For this reason, the TLI reference
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phase voltage is equal to the difference between the AC side input voltage Virrg and its fundamental
component Vj;rrg, as shown in Figure 7.

Virer™ = Virrr — Varrr (23)
B ]I.:'_.-‘Q“
Faiti
f .
> 1, e
. f, ITIRNE 4
g2
Vini4 v
N N~
NI L~ L —J 4

Figure 7. Two-level inverter (TLI) reference voltage for active power filtering.

Phase voltages Vrrg encompass some zero sequence components, such as the 3™, 9th, 27th,
and 81%, that will not result in corresponding currents in the PMSG because the considered open-end
winding topology is composed by two isolated converters. Hence, these harmonics can be neglected in
the TLI reference voltages V;r;;". This leads to a reduction of TLI DC bus voltage and, accordingly, to a
positive impact on TLI losses. TLI reference voltages V.r;; are thus given by

Varer™(n, 6) = x ban % sin(ne — @n)
n=5,7,11,13

Vyrer™(n,6,) = )y by, x sin(ne — ¢y — ZTH) (24)
n=>5,7,11,13

Vorer*(n,0:) = Y bep x sin(nbe — ¢y + 27")
n=>5,7,11,13

Figure 8 shows the V,11;" waveform when considering a different set of zero sequence components.
For each case, the minimum Vpc”/Vpc' requirement has been computed as shown in Figure 9,
while current and voltage THDs are provided in Figure 10. At medium-high values of the modulation
index mrrR, a proper suppression of the effects of the low-order voltage harmonics produced by the
Vienna rectifier is simply achieved by compensating the 5™ and 7 harmonics. However, at low mrrg,
additional harmonics must be considered to keep the THDs suitably low.

T T A A TN Pl g A
/N N aave

) W W 3’“,5’__;**,9’“,:;’ 5 \K )(/

I Ell

A

H a [ B
Ve Ve S s

| (@) (b)
) A

i A N 5 7
., SN/ /AN 4
/ N

3, 2 1

2k - — 0 P I 4 H . ] h 1
v J i frreif ’ & w Vs Vs femis

(0) (d)

Figure 8. TLI reference voltage approximation. (a) 34, 5th, 7th oth 11th 13th (p) 5th 7th 11th 13th
() 5th, 7th’ 11th, (d) 5th, 7th
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Figure 9. Minimum Vpc”/Vpc' requirement vs. peak amplitude of PMSG phase voltage, mrrg, and a.
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Figure 10. THDv and THD:i vs. the peak amplitude of PMSG phase voltage.

As shown in Figure 2, a closed loop input current control system is added to the predictive filter
in order to cope with unmodeled non-linearities and improve the input current waveform as well as
the system dynamic response. By equaling the active power generated by the PMSG to the output
DC power, the reference g-axis current iq* is computed from actual values of &, § and the output DC
current ipc as: '

it =-—TDC_ jr_0 (25)
9 3cos(a)cos(s)” @

The d-axis reference current i;" can be simply set to zero or suitably determined in case of interior
permanent magnet structures in order to operate the PMSG according to a maximum power per
ampere strategy.

Another key function of the TLI is to balance the voltage across the DC bus capacitors of the
Vienna rectifier, making unnecessary additional circuits. As shown in Figure 2, this goal is obtained
by acting on the g-axis component of the TLI reference current in order to control the amplitude of iy,
which is given by the difference between the currents flowing through the two DC bus capacitors.

The DC side of the TLI is modeled by balancing the AC and DC side power, neglecting the power
switches losses (Equation (26)). The TLI DC-link includes the resistance Rcr representing the floating
capacitor losses, while V7 and V7 are the voltage components of TLI Vjry in the gd axis, as shown
in Figure 11.

y (26)

"
b
Rer

{ Psc = Ppcr = %(VqTinq”+ VarLiig)

. 1% 2 2 3 . .
Ppcr = Vpc"ipc" + Re— = V" CrsVpc” + = 3 (VarLtig + Varrria)

195



Energies 2019, 12, 589

Figure 11. Block diagram of TLI model.

4. Model Validation

An electric power generation application has been considered for validating the value-averaged
model. Specifically, the proposed model represented with the blocks scheme of Figure 12 has been
implemented in a Simulink environment and compared to a detailed model of the system developed
in the same environment exploiting the SimPower System Toolbox, which is a circuit-based modeling
platform widely used for the simulation of power electronic converters, electromechanical systems,
and their control systems. The last model includes both converter topologies. The control scheme
used on both models is shown in Figure 2, including low-order harmonic compensation and DC bus
capacitor voltages balancing [14]. Simulation settings are summarized in Table 3, where kp, and ki, are
the proportional and integral gains of the output DC voltage controller, while kpl‘q, k]iq, kpia, and kp;y are
the proportional and integral gains of gd PMSG current regulators; kp;;, and kj;,, are the proportional
and integral gains of the Vienna rectifier DC bus voltage equalization system; and kpry; and kjry; are
the proportional and integral gains of the TLI DC Bus voltage controller. Figures 13 and 14 show
simulation results obtained with the SimPower System model and the averaged-value model, showing
a purposely generated Vienna rectifier DC bus voltage unbalance with the balance system not activated.
Specifically, capacitor voltages V1 and V,, which at the beginning are equal because R¢; and Re
are both set to 1000 (), diverge after t = 3 s because Rc; is changed to 600() in order to generate the
voltage unbalance. The i, current is zero when capacitor voltages are balanced and greater than zero
after t = 3 s, while DC bus voltages Vp¢’ and Vpc” do not vary. A zoomed-in view of the balanced and
unbalanced steady-state operations of Figures 13 and 14 are shown in Figures 15 and 16, confirming
a good matching between the results obtained with the two models. Figures 15d and 16d show the
instantaneous Vienna rectifier power losses Prrr, TLI power losses Py, and PMSG power losses Py
during balanced DC bus capacitors. A one-time variation of the references of the output voltage and
the TLI DC bus voltage is considered in Figures 17 and 18, while a load variation is shown in Figures 19
and 20. The results achieved with the two models are very close, but using the averaged-value model,
the simulation time is roughly one third. In particular, all simulations have been accomplished on an
Intel®CoreTM i7 CPU with 2.60 GHz and 16 GB RAM running a 64-bit Windows 10 operating system.
Simulation results shown in Figures 13-20 required three minutes computing time using the SimPower
System model with a 107° s time step. A 10> s time step can be used with the averaged-value model,
because high frequency voltage and current harmonics are neglected, leading to only ten seconds to
accomplish the same simulation.

Table 3. System parameters.

PMSG Vienna TLI Control Gains
Power Rating 3 kW IGBT Ratings 600V,20 A 200V,10 A Kpy =0.1, Kj =10
Rated Voltage 575 Vpc DC-Link Voltage 200 V 100V Kpigg = 80, Kjjge = 1000
Rated Current 65A DC Bus Capacitors 470 uF (Cq, Cy) 470 pF (Cr) Kpigg = 80, Kjigg = 1000
Phase Inductance 20 mH Load 50 Q) // Kpin =0.2, Kjjpy =2
Stator Resistance 430 Capacitors Resistance 1000 Q2 (Re1, Reo) 600 Q) (Rer) Kprrr =2, Ky =30
PM Flux 0.57 Wb Switching Frequency 50 Hz 40 kHz
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Figure 13. SimPower System model. (a) DC bus capacitor voltages V7 and Viy, (b) in=ic; — ica-
(c) output voltage Vp¢'. (d) TLI DC bus voltage Vpc”.
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Figure 14. Averaged-value model. (a) DC bus capacitor voltages V1 and Vey (b) iy= ic; — ico-
(c) output voltage Vp¢'. (d) TLI DC bus voltage Vpc”.
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Figure 15. SimPower System model. (a) Balanced DC bus capacitor voltage operations, V,r7R, Eqg, and
ing. (b) Unbalanced DC bus capacitor voltage operations. (c¢) Current iy, average value iy, and AC input
Vienna voltages V;rrr. (d) TRR power losses Prrgr, TLI power losses Pryj, and PMSG power losses Py.
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Figure 16. Averaged-value model. (a) Balanced DC bus capacitor voltage operations, V11, Esg, and igg.
(b) Unbalanced DC bus capacitor voltage operations. (c) Current i,, average value i,, and AC input
Vienna voltages Virrr. (d) TRR power losses Prrg, TLI power losses Py, and PMSG power losses Pp.
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Figure 17. SimPower System model. One-time variation of Vpc’ and Vp¢” references. (a) TLI DC bus

voltage Vpc”. (b) Output voltage Vpc'.
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Figure 18. Averaged-value model. One-time variation of V¢ and Vpc” references. (a) TLI DC bus

voltage Vpc”. (b) Output voltage Vpc'.
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Figure 19. SimPower System model. Load variation ipc". (a) TLI DC bus voltage Vpc”. (b) Output

voltage Vpc'.

N - 0 Fan, - A
TEE IE e [E]
oA A =30 5
- "
[ =10 “
ar| bl
‘ 3 i i
‘u-"ﬂ 9 2 Fi 117 ZRn = Ed 9 F ¥ Zir:
R fof Fi' g faf
(a) (b)

Figure 20. Averaged-value model. Load variation ipc". (a) TLI DC bus voltage Vpe . (b) Output

voltage Vpc'.

Figure 21 displays the maximum errors between the quantities carried out by the two models,

confirming a good accuracy of the proposed average model in a wide range of load conditions.
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Figure 21. Percentage error between SymPower System and averaged model vs. the power expressed
in per unit P/P,,. (a) Errors of Vpc/, Vpc”, ia, and iy. (b) Errors of Vi, Ve, w, and Te. Note: w, = 200
rad/s, Vpc' =400V, and Vpc” =100 V.

5. Experimental Assessment

The accuracy of the AHUTR analytical model has also been verified comparing the results
from the model with those from an experimental test rig consisting of 1kW AHUTR supplying an
open-end-winding PMSG, mechanically coupled to a 2.6 kW PM synchronous motor drive used as a
prime mover. Technical specifications of the PMSG are given in Table 4. This AHUTR supplied
DC loads at 400V through the Vienna rectifier equipped with insulated gate bipolar transistors
(IGBTs) whose technical data are listed in Table 5. The TLI was realized with low-voltage power
metal-oxide-semiconductor field-effect transistor (MOSFETs) and operated at 40 kHz, Vpc” = 100 V.
Technical data of the power MOSFETs are reported in Table 6. The TLI floating capacitor and both
capacitors C;, C; were equal to 470puF. The DC load was modified using a variable power resistor.
A single dSPACE DS1103 control board was used to control the Vienna rectifier and the TLI, while a
2048 ppr encoder was used to measure the rotor position 6, of the PMSG. The experimental setup is
shown in Figure 22. The currents and voltages were measured by using a dedicated sensing board
equipped with the current transducer LEM LA 55-P and voltage transducer LEM LV 25-P.

Table 4. PMSG technical data.

P, (kW) Ls (mH) Vs (V) Rs (QY) Is (A) Apm (WD) w; (krpm) Pole Pairs
1 20 565 4.8 6.5 1.53 2 3

Table 5. Technical specifications of STGW30NC60KD IGBT.

Vee (V) Veelon) (V) irms (A) tyise (nS) trar (ns)
600 2.1 30 27 160

Table 6. Technical specifications of IRFB5615PBF MOSFET.

Vps (V) Rps (m) Ip (A) tise (nS) tan1 (ns)
150 32 35 8.9 17.2
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Figure 22. Experimental test bench. (a) Block scheme. (b) Experimental setup.

The experimental results shown in Figure 23 were obtained by imposing a transient voltage to
Vpc' from 400 V to 320 V by keeping a constant resistor value Ry, = 80 () and with the PMSG spinning at
wy =200 rad/s. Note a satisfying accuracy in the mechanical and electrical quantities estimated by the
model. The voltage Vpc” was properly modified by the control algorithm in order to keep the optimal
ratio between the DC bus voltages V¢’ and Vpc”. A different test is displayed in Figure 24 in which
a speed transient was forced by acting on the prime mover. More specifically, the rotational speed
wy was changed from 200 rad/s to 260 rad /s while the resistive load was still kept constant. Even in
this case, the model accurately predicted the behavior of the drive, both at steady-state and transient.
The DC bus voltages were both affected by the speed variation, but the feedback control loops restored
the reference values. A step load variation was imposed in the test of Figure 25, where the DC load
was purposely doubled by switching from Ty, =2 Nm to Ty, = 4 Nm. In this case, a more remarkable
difference was observed between the model and the experimental results. Finally, the effectiveness of
the model to predict the balancing of the voltages across the DC bus capacitors is shown in Figure 26.
Initially, the balancing algorithm described in the previous sections was inactive, and thus, the voltages
at the terminals of C; and C, were significantly different. At the instant t*, the voltage-balancing
approach was activated, nullifying V1 — V). The results of Figure 26 confirm the capability of
the model to accurately simulate even this critical issue of the AHUTR. Maximum percentage errors
between the outputs of the SimPower System and the averaged-value model are summarized in
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Table 7, where the quantities with the suffix A are the errors in estimating VDCI, wr, Te, Ve in, Ve,

and V.
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Figure 23. Voltage transient of V¢’ from 400 V to 320 V under a constant resistor value R = 80 Q.
Output voltage Vpc’, TLI DC bus voltage Vpc”, rotor speed wy, electromagnetic torque To.

(a) Experimental results. (b) Simulation results.
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Figure 24. Speed transient from w, = 200 rad/s to w, = 260 rad/s under a constant resistor value
Ry =80 Qand Vp¢’' =400V, Vpc”= 100 V. Output voltage Vpc', TLI DC bus voltage Vpc”, rotor speed
wy, electromagnetic torque T,. (a) Experimental results. (b) Simulation results.
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Figure 25. Load transient from Ty = 2 Nm to T;, = 4 Nm at w, = 200 rad/s and Vpc' =400V, Vpc”
=100 V. Output voltage Vpc', TLI DC bus voltage Vpc”, rotor speed wy, electromagnetic torque T.

(a) Experimental results. (b) Simulation results.
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Figure 26. DC bus voltage balancing: T =4 Nm, w, =200 rad/s and Vpc'=400V, Vpc” =100 V. V4,

V¢ and ;. (a) Experimental results. (b) Simulation results.
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Table 7. Errors between experimental results and those obtained with the averaged-value model.

Test AVpc' (%) Aw, (%) AT, (%) AVpc” (%) Aiy' (%) AVey (%) AV (%)
Figure 22 22 1.9 3.7 47 / / /
Figure 23 2.1 2.6 5 7.7 / / /
Figure 24 45 49 6 5 / / /
Figure 25 / / / / 6.6 10 4

6. Conclusions

The asymmetrical hybrid unidirectional T-type rectifier is more efficient than a conventional PWM
rectifier, mainly due to line frequency operation of the main converter, a T-type rectifier. However,
it features a more complex structure composed of three main components, namely a TTR, a TLI,
and an open winding electric machine, all interacting. The development of an accurate averaged-value
mathematical model of the AHUTR topology aimed to optimally design control and management
algorithms has been faced in the paper. Simulations and experimental results show that the proposed
model is able to reproduce the static and dynamic behavior of the AHUTR with good accuracy.
Furthermore, the obtained mathematical representation made a fast analysis of the system during TTR
DC bus voltage unbalance operations possible. This has been exploited to design an active balancing
system acting on the TLI side—a task which would be time-consuming with circuit-oriented simulator
models. Furthermore, the averaged-value model has been used to define the entire AHTUR control
and management system tasked to deal with efficiency maximization, input power factor control,
TTR DC bus capacitor voltage balance, and the control of TLI floating DC bus voltage.
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Abstract: The traditional intelligent algorithms for the selected harmonic elimination pulse-width
modulation (SHEPWM) of multilevel converters provide low convergent rate and low accuracy of
solutions when solving quarter-wave symmetry nonlinear equations. To obviate this problem and
obtain a better modulating performance, an improved imperialist competition algorithm is proposed.
The proposed algorithm enhances the global search ability by using moving imperialists. Also,
a novel type of particles, named independent countries, are proposed to help the algorithm jump out
of the local optimum. These independent countries change their positions using swarm intelligence.
Compared with the existing particle swarm algorithm and genetic algorithm, the proposed algorithm
has significant advantages by improving the accuracy of solutions and the rate of convergence. Finally,
the correctness and effectiveness of the proposed algorithm are verified and evaluated by simulation
and experimental results.

Keywords: multilevel converter; selected harmonic elimination; genetic algorithm; imperialist
competitive algorithm

1. Introduction

Multilevel converters have been widely applied in high-voltage and high-power applications
because of their advantages of effectively improving the quality of output voltage waveform, large
output capacity, and high inverting efficiency [1,2]. They have been employed for many industrial
applications, such as electrical motor drives [3], energy storage systems [4], and renewable power
generators [5]. Moreover, they are also considered as active power filters [6,7] to satisfy the urgent
grid-friendly requirements. There are several methods, such as sinusoidal pulse-width modulation
(SPWM), space vector pulse-width modulation (SVPWM), and selective harmonic elimination
pulse-width modulation (SHEPWM), that can be applied to multilevel converters. As shown in
Table 1, compared with the other two methods, the most attractive advantage of the SHEPWM is that
the low-order harmonics can be controlled. In addition, SHEPWM also keeps the advantages of a wide
modulation index and a high utilization of DC voltage [4]. It was also verified that SHEPWM could be
implemented with the objective of minimizing total harmonic distortion (THD) [8].

The key challenge for the SHEPWM technique is to solve nonlinear equations containing
trigonometric functions to obtain the right switching angles. A lot of contributions have been made
to address this issue in recent years. In a study [9], the Walsh functions are employed to transform
nonlinear equations into a series of linear algebraic equations, which can be easily calculated online,
providing various sets of solutions. Nevertheless, the transitions between the Walsh series and the
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Fourier series requires an effective algorithm, and the high-accuracy requirement may cause an extra
heavy computation [10]. In reference [11], high-order equations are transferred to simple trigonometric
polynomials, and the calculation mass is greatly reduced by employing the resultant theory. However,
the increase of the switching angles enlarges the polynomial order and makes it very difficult to
be implemented; also, if there are several DC sources, the expression of the resultant polynomials
becomes more complicated [12]. The Homotopy algorithm is adopted to solve the equations in other
studies [13,14]. It features a rapid convergence and can be extended to the high-level converters
without any extra analytical calculations. Moreover, only one set of solutions can be obtained by
this algorithm. In references [15,16], the Newton-Raphson algorithm is applied to solve nonlinear
equations. This algorithm keeps a high accuracy and a low computation burden, but its implementation
strongly relies on the accuracy of the initial values. If the predictions of these initial values are not
around the right solution, the solving process would plunge into local optima. Meanwhile, there is still
only one sets of solutions that can be determined in each solving instant. A novel Groebner-Bases-based
method is presented in reference [17], which transforms the nonlinear equations into an equivalent
canonical system and improves the accuracy of the solutions. However, the transformation becomes
very complex when the order of the equations is high, making this method more complicated than the
previous methods.

Table 1. Comparison of sinusoidal pulse-width modulation (SPWM), space vector pulse-width
modulation (SVPWM), and selected harmonic elimination pulse-width modulation (SHEPWM).

Modulation Type SPWM SVPWM SHEPWM
DC voltage utilization 0~0.866 0~1 0~1.12
Switching frequency Medium High Low
Complexity of strategy Low High High
Implementation approach Online Online Offline

On the basis of the review above, it is seen that the aforementioned solving methods for the
SHEPWM are commonly complex and not available for all sets of solutions. Actually, the problem of
solving the SHEPWM can be reformulated into a constraint optimization problem, and many intelligent
algorithms can also be adopted to solve this problem [18-22]. They not only can find all solutions, but
also can be expediently applied to the multilevel converters with equal or non-equal DC voltage sources.

The genetic algorithm (GA) has been used in SHEPWM for many years. It is an algorithm which
was inspired by natural biological evolution. This approach employs selection, crossover, and mutation
operators and starts by randomly generating the individuals of a population. The individuals represent
the properties of a solution and can be mutated and crossover to evolve toward better solutions. As we
can see, the GA is simple and easy to understand but, as the required switching angles increase,
the distortion of the output voltage gets worse. A new GA algorithm in reference [18] divided
a population into several independent populations whose individuals can migrate from one to another.
This improved algorithm, named multi-population genetic algorithm (MGA), can settle the problem of
precociousness efficiently, but the accuracy of solutions still demands improvement. Particle swarm
optimization (PSO), a common algorithm, simulates the predation behaviour of bird flocks and has
been proved very efficient in precision and convergent rate compared with GA. Each particle of PSO
has personal and global best positions which guide it towards to the optimal solution. The PSO in
reference [19] is used to solve a problem that reduces the computation. In reference [20], a constriction
factor was introduced, and a method to obtain proper constriction factor and acceleration coefficients
was described. The advanced algorithm improves the precociousness problem but still lacks global
search ability.

The imperialist competitive algorithm (ICA) is inspired by imperialistic competition and includes
two primary categories: imperialists and colonies. The major steps are colonies assimilation and
empires’ competition. The research presented in references [21,22] has proved the ascendency of the
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ICA in rate and speed of convergence. The contribution described in reference [23] is the first attempt
to apply the ICA to solve the SHEPWM of power converters. It has been proved that this conventional
ICA algorithm can solve nonlinear equations when the dimension of the variable is low. However,
the convergent rate decreases, and the accuracy of solutions of the conventional ICA becomes worse
with the increasing dimension of multilevel converters. Hence, the solving execution time will be
longer, and the modulation accuracy will not be guaranteed.

To improve the ICA-based SHEPWM for multilevel converters, a novel kind of solving method
based on the particles named the independent countries is proposed in this paper. The optimized
design is conducted from two starting points: one is to increase the diversity and movements of the
imperialists, the other is to enhance the ability to jump out of the local optimal. This optimized design
is expected to obtain high convergent rates and high accuracy solutions when the converter” dimension
increases. In addition, with taking the neutral-point-clamped H-Bridge (NPC/H-Bridge) five-level
converter [24] as a typical multilevel converter for the application, sufficient comparative analysis
and simulation research regarding various kind of solving methods for the multilevel SHEPWM are
carried out to present the characteristics and advantages of the proposed method. Finally, experimental
research is also conducted with a downscaled NPC/H-Bridge five-level converter prototype to validate
its practical applicability.

The rest of this paper is divided as follows. Section 2 introduces the topology of the NPC /H-Bridge
five-level converter and the basic principle for solving the SHEPWM. Section 3 presents the novel
intelligent algorithm and compares it to three existing algorithms in detail. Simulation results and
best solutions regarding the condition of two switching angles per quarter wave are described and
evaluated in Section 4. The experimental results are shown in Section 5, and Section 6 concludes
this paper.

2. NPC/H-Bridge Five-Level Converter and SHEPWM Switching Strategy

2.1. NPC/H-Bridge Five-Level Converter

Figure 1 shows the topology of the NPC/H-Bridge five-level converter. As shown, compared to
the conventional neutral-point-clamped (NPC) [25], flying capacitor (FC) [26] topologies, this topology
needs fewer clamping diodes or capacitors, which reduces the cost and improves the stability of
system. Besides, compared to the modular multilevel converters (MMC) [27] cascaded H-Bridge
(CHB) [28] topology, the number of DC-side power supplies can be reduced, and then the large number
of capacitors or the bulky multiple isolation transformers can be reduced. For the NPC/H-Bridge
five-level converter, each phase unit consists of two single-phase three-level NPC-type bridge arms,
two DC-side capacitors, and one DC voltage source. In each NPC-type bridge arm, there are four
power switching devices (along with the forward diodes) and two clamped power diodes.

N

Ve Ve Vil

1+

Coz

Figure 1. Three-phase NPC/H bridge five-level inverter topology.
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Taking phase A as an example, it can be seen that the switching devices Sal-Sa4 cascade the
right bridge, while the Sa5-Sa8 cascade the left bridge. Each bridge can generate three voltages, i.e.,
+1/2V4, 0, and —1/2V 4. by different switching angles, so the output voltages of phase A include
+Viae, +1/2V 4., 0, =1/2V 4., —V 4.. Table 2 shows the switching states of the NPC/H bridge five-level
inverter. Syq-Syg represent the switching states of IGBTs. Vxy is the value of output voltage. In this
paper, the switching states 1, 2, 5, 8, and 9 are chose to synthesize the output waveforms.

Table 2. Switching states of the NPC/H bridge five-level inverter.

ler str Sx31 sx4l SxSr Sxﬁr sx71 sx8 VXN
Number
(x=a,b, 0 (X=A,B,0)

1 11000011 Ve
2 11000110
3 11000110 Vac/2
4 11001100
5 01100110 0
6 00110011
7 01101100
8 00110110 ~Vac/2
9 00111100 Ve

2.2. Basic Principle for Solving the SHEPWM

Figure 2 shows the output voltage waveforms at the high and low modulation shown in Figure 1.
Every quarter-wave of a waveform includes two switching angles. These angles are symmetric to 7t/2
in a half period and conform to the so-called quarter-wave symmetry technique [29]. Compared to the
half-wave symmetry and asymmetry techniques [15,30], the quarter-wave symmetry technique can
simplify nonlinear equations and reduce the computation burden.

o 4
I ay, a aa 7 4
' 270° 360°
90" 180 | ] ;
; e ds as
(a)
‘ a @3
"
"F ag | ay
E | — S
| \ 270° 360°
90° 180° [V
as [ as
| g az
(b)

Figure 2. Pulse width modulation (PWM) waveforms definition of two switching angles according to
the quarter-wave SHEPWM techniques. (a) Waveform at low modulation width; (b) waveform at high
modulation width.

Equation (1) shows the Fourier series expansion of the full cycle.
V(t) =ag+ Z (ay cos nwt + by, sin nwt) 1)
n=1

wheren=1,2,3...
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Because of the characters of quarter-wave symmetry, the DC component ay and the cosine
component 4, are equal to zero. The sine component is zero when 7 is even. Equation (1) is simplified

as follow:
a,=0,n=0,1,23...
0, nis even

N
4E k+1
ngl (=1)""" cos nay

- @

Because all triple harmonics are removed in line voltage, only the 6k & 1th harmonic should be
eliminated. Equation (3) is the simplified Equation (2):

, N

= X prcosap =M

N ®)
Y, prcosnay =0 n=5711,...,6k+1

k=1

where py indicates the rising or falling edge of the output voltage, which is given by Equation (4):

_J 1 rising edge
Pk = { —1 falling edge @)

According to the waveform of the five-level converter, the polynomial equations can be simplified
to Equation (5):

coswy +cosay — Mm/2 = ¢ 5)
cos by + cosbay = €
fla) = 1% +&5? (6)

Equation (6) is the cost function of the intelligent algorithm, which is built on Equation (3).
Different switching angles can be calculated when the modulation index is changed.

3. The Proposed Improved Imperialist Competitive Method for Multilevel SHEPWM

3.1. Design of the Improved Imperialist Competitive Algorithm

ICA establishes a mathematical model based on imperialistic competition and belongs to the
random optimization search methods. ICA generates initial countries (which equal to particles of PSO
or chromosomes of GA) within the search space. A number of countries are selected as imperialists
according to their fitness, and the remaining countries are randomly allocated to the imperialists as
colonies. An imperialist and its colonies constitute an empire. Then, each imperialist assimilates
its relative colonies, and the empires compete with each other until only one empire remains or the
terminal condition is achieved. The main steps of ICA are as follows:

(1) Generating initial countries. The algorithm randomly generates Ny,op initial countries within
the search space. For a Ny, dimensional problem, a country is defined according to Equation (7).
Then, the first Nimp powerless countries are selected as imperialists, according to Equations (8)-(10).
Colonies are assigned to each imperialist, according to Equation (11).

country = [dy,ds, d3,...,dN,,] @
cost = f(country) = f(dy,da, d3,...,dN,,,) ®)
Ch=cn— mlax{ci} ©)
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Cn
= 10
p” Nimp ( )
Y G
i=1
N.C, = round{pn x Ny} (11)

where ¢, is the cost of the nth imperialist, and C,, and pj, are its normalized value and power. N.C, in
Equation (11) represents the number of colonies of every imperialist.

(2) Assimilating colonies. Each imperialist improves its colonies by changing their positions.
All colonies move toward the imperialist according to Equations (12) and (13):

Vector, = impi’l — colﬁ,’1 (12)

col!, = col;7' + 74« rand(1, Nyar ). % Vector (13)

col’; and col’;”! mean the current and previous positions of the nth colony, and ry is the assimilation
coefficient. During this process, if the cost of any colony is less than the cost of the relative imperialist,
the imperialist position is updated.

(3) Imperialistic competition. The most powerful empire takes possession of the worst colony of
the weakest empire by two procedures.

(a) Calculating the total costs of empires.

N.C.,
T fcol)
T.Cy = f(impy) + & X ’:"’T (14)
In Equation (14), T.C,, means the total cost of the nth empire, and ¢ is a positive number less
than 1.
(b) The empire which has the largest T.Cy, is regarded as the weakest empire, and its worst colony
is captured by other empires, according to Equations (15) and (16):

N.T.C, = T.C, — max{T.C;} (15)
1
N.T.C
imp
Y. N.T.C,
i=1

where T.C,, and N.T.C, indicate the total cost and normalized total cost, respectively. R, is the
probability of the nth empire capturing the worst colony.

(4) Eliminating the worst empire. When an empire loses all its colonies, it is deleted.

(5) Reset colonies’ positions. When the total cost of the best empire does not change for a long
time, reset all colonies’ positions of each empire stochastically.

In this paper, not only the colony countries change positions, but also the imperialists move
their positions to improve their performance. Also, a type of particles called independent countries
is presented to improve the diversity of ICA, which change positions using swarm intelligence.
This new hybrid algorithm consists of both PSO and ICA and, thus, it is called PSOICA algorithm.
The implementation steps of the proposed PSOICA algorithm are as follows.

(a) Select the first (Nimp + 1~Nimp + Nind) powerless countries as independent countries according
to Equations (7)—(9). Ninq is the number of independent countries.
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(b) Move imperialists and independent countries in line with the PSO procedures. In this step,
imperialists and independent countries may gain better positions. This step enhances the global search
ability of the algorithm.

impy, = imp” + ‘/llmp (17)
Vi =g %1 % (bestiyp — impifl) (18)

imp

Move the imperialists on the basis of Equations (17) and (18); im pl, and Vl’m p indicate the current
position and velocity of the nth imperialist, inp; ! means the previous position of the nth imperialist,
c1 is a positive number less than 1, and r; is a random number between 0 and 1. If the cost of the
current position is less than that of the previous position, update the imperialist, otherwise, keep the
previous position.

Vi=ws Vil dopuryx (P —indi71) + c3 % 13 (P;1 — indi71) (19)

indl, = indi ' 4+ Vi (20)

Equations (19) and (20) show the movement of independent countries, where P; and Py are the
personal and global best positions of the nth independent countries, V;! is the current velocity, ind’, is
the current position of the nth independent country, w is the inertia weight, c; and c3 are acceleration
constants, and r, and r3 are random numbers between 0 and 1. If the cost of Pg is better for the
imperialist, the imperialist moves to Pg, and vice versa if it is worse.

Figure 3 shows the moving steps of the ICA and the proposed PSOICA.

e Colony countries % Imperialist

Next
1terat10n

® Colony countries © Independent countries
% Imperialist

Next
iteration W/L

(b)

Figure 3. (a) Moving steps of the imperialist competitive algorithm (ICA); (b) moving steps of the
particle swarm optimization (PSO) ICA (PSOICA).

Figure 3a shows the moving steps of the conventional ICA [20,22] when all the colony countries
are assimilated by their imperialist, and the imperialist never moves. Figure 3b shows the moving steps
of the proposed PSOICA, with all the colony countries moving towards their imperialist. Meanwhile,
the imperialist changes its position and then it may move to a better position. The independent
countries move to their next positions on the basis of the swarm intelligence, and they may get new
better positions or stay in the former positions.

Figure 4 shows the flow chart of the proposed PSOICA.
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Figure 4. Flow chart of the proposed PSOICA.

3.2. Comparisons with the Existing Methods

To make the comparisons, the MGA [18], PSO [20], ICA [23], and the proposed PSOICA are
considered to calculate their cost function. The parameters of three algorithms are set as follows:
for MGA, the populations re 10, and each of them has 40 chromosomes; the initial crossover rates
are random numbers between 0.7 and 0.9, and the mutation rates are random numbers between 0.2
and 0.35; for PSO, the particles are 400, both the acceleration coefficients are 1.49445, and the inertia
weight increases along with iteration from 0.21 to 0.7; for ICA, there are 400 initial countries and
20 imperialists, and cy, ¢y, c3 are equal to 0.95, 0.5, 0.5, w is 0.7298, and the assimilation coefficient 74 is
2.5; for the proposed PSOICA, there are 400 initial countries, 20 imperialists, 20 independent countries,
and ¢q, ¢, ¢3, w, and ry4 are the same as for ICA.

In Table 3, the efficiency and feasibility of the proposed PSOICA for the optimization of SHEPWM
are compared with those of three other algorithms.

Table 3. Comparing the performance of the PSOICA to those of the multi-population genetic algorithm

(MGA), PSO, and ICA.
m Switching Angles THD% U
MGA PSO ICA PSOICA

1.1 6.715 42.72 18.34 295 x 101 493 %1072 493 x 1072 493 x 102
1 16.33 52.33 19.27 9.80 x 10711 4.93 x 10732 4.93 x 10732 493 x 10732
0.9 23.99 59.99 26.58 1.02 x 10711 493 x 10732 4.93 x 10732 2.77 x 1032
0.8 30.65 66.65 35.21 5.06 x 107 0 0 0

0.7 36.7 72.68 43.95 1.08 x 108 0 0 0

0.6 423 78.3 52.64 853 x 10710 1233 x 10732 123 x 1032 1.11 x 10731
0.5 47.61 83.61 60.7 3.62x 1071 493 x 1072 493 x 1072 1.97 x 10731
0.4 52.71 88.71 65.51 1.64 x 1071 493 x 1072 493 x 1072 493 x 102
0.3 57.69 86.31 88.04 1.01 x 107 3.081 x 1073 3,08 x 10733 0

0.2 62.5 81.5 128.72 5.04 x 1078 1233 x 10732 123 x 1032 1.77 x 10730
0.1 67.26 76.74 205.63 512 x 1078 7.704 x 1073 7.70 x 1073+ 7.70 x 10~3*
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It should be noticed that all four algorithms converge successfully, and all the THD under the
same modulation index unify, which means that all the algorithms can solve the nonlinear equations
efficiently when only two switching angles are included. The cost values show that the PSO, ICA, and
the proposed PSOICA are better than the MGA in local search. The cost of the MGA is about 1 x 10719,
and those of the PSO, ICA, and PSOICA are about 1 x 10730,

At low modulation indeX, if more selected harmonics of output voltage have to be eliminated,
the switching angles per quarter wave should be increased. Table 4 shows the results of the four
algorithms when we compare the best costs of five computations. Each quarter wave includes
four angles.

Table 4. Switching angles and costs at 0.2 modulation index.

Algorithms ol o2 o3 o4 f)
MGA 51.219 57.315 73.357 84.342 0.001912
PSO 50.893 57.74 72.439 85.149 1.76 x 10731
ICA 50.894 57.74 72.439 85.148 2.38 x 1010

PSOICA 50.893 57.74 72.439 85.149 1.68 x 10730

As can be seen, the switching angles of the MGA deteriorated, and the cost are bigger than
1 x 1075, Figure 5a shows the simulation results of the MGA. The output voltage distortion could not
be ignored. In contrast, the costs of the PSO, ICA, and the proposed PSOICA are much smaller than
1 x 1075, However, with the increasing switching angles, the accuracy of the solution could worsen.
Comparing Table 3 with Table 4, the accuracy of the solutions calculated by the ICA or the MGA
decreases rapidly with the increasing switching angles, while the costs of the PSO and the PSOICA have
no significant changes. Hence, the advantages of the PSO and PSOICA algorithms in local searching
ability are further confirmed. Figure 5b,c exhibits the phase voltages and corresponding spectra.

As shown in Figure 5, when the switching angles increase to 4, the MGA cannot eliminate the 5th
harmonic completely, and the phase voltage distortion raises to 9.2%. In contrast to the MGA, the 5th,
7th, and 11th harmonics are eliminated by the PSO, ICA, and proposed PSOICA. At the same time,
the phase voltages also meet the desired values.

The results show that the dimension of the variables has a large influence on the precision of
solutions. In Figure 6, the phase voltage distortion rates and the THDs of the four algorithms are plotted
with respect to the modulation degree in the situation of four switching angles per quarter wave.

As we can see, the phase voltage distortion rates (PVDR) of the MGA even reach 40%, which is
quite higher than the those of PSO, conventional ICA, and proposed PSOICA, whose PVDR ar on the
average, 1%. That means that the MGA performs worse in high variable optimization problems.
In contrast, the PSO, conventional ICA, and proposed PSOICA can output the desired voltage
effectively and eliminate the selective harmonics. However, there is a big difference between these
three algorithms. They have different THD of phase voltages. For PSO and ICA, the THDs decrease
with modulation increase but, in some situations, the THDs get higher. For the proposed PSOICA,
THD is an obvious attenuation curve. This is because in low modulation index, the nonlinear equations
with the four switching angles have three different solutions, and each of them has different THDs.
The PSOICA finds the best optimal solution that has the lowest THD each time. However, the ICA and
PSO frequently result in suboptimal solutions, with higher THDs due to the searching limitation.
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Figure 5. Waveforms of phase voltage and spectrum analysis of four algorithms: (a,b) MGA; (c,d) PSO;
(e,f) ICA; (g/h) the proposed PSOICA. THD: total harmonic distortion.
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Figure 6. Characteristic analysis: (a) voltage distortion rate; (b) THDs.

Therefore, we come to the conclusion that, when the dimension of the cost function increases,
the local search ability of the MGA decreases, and the PSO, ICA, and proposed PSOICA meet the
precision requirements. However, the results of the PSOICA include different solutions which always
contain the optimal solution. That means that the PSOICA may present the best global searching
ability among the four studied algorithms.
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Table 5 is built to compare the global searching ability which is based on the data of 100 runnings
for every algorithm.

Table 5. Comparing the results of four switching angles.

Convergent Rate One Solution Two Solutions Three Solutions
MGA 96% 60% 35% 1%
PSO 91% 91% 0 0
ICA 95% 32% 45% 18%
PSOICA 100% 5% 41% 54%

Compared to the proposed PSOICA, the conventional ICA has a lower convergent rate and a
higher possibility of getting one solution. It shows that the proposed PSOICA enhances the global
searching ability of the ICA. The PSOICA has a 54% chance of getting all three sets of solutions.
The MGA barely obtains three solutions, and the PSO only has one solution in each calculation
instant. Moreover, the convergent rate of PSOICA is also better than those of the MGA and PSO,
which demonstrates the superiority of the PSOICA in global search.

According to the comprehensive comparative analysis above, it can be seen that the
proposed PSOICA has advantages over the MGA, PSO, and ICA, regarding both global and local
searching abilities.

4. Simulation Analysis

To identify the correctness of solutions, we selected two different solutions, which are [20.3232,
56.3232] at 0.95 modulation index, and [62.4933, 81.5067] at 0.2 modulation index, and used
Matlab/Simulink for simulation and harmonic analysis. The simulation conditions consisted of
a fundamental output frequency of 50 Hz and a DC voltage of 1000 V.

In Figure 7, the phase voltage waveforms conform to the waveforms at low modulation shown
in Figure 1a, and the amplitude matches the desired values exactly. A spectrum analysis shows that
the selected 5th harmonic in phase voltage as well as the 5th and triple harmonics in line voltage are
completely eliminated.

In Figure 8, the phase voltage waveforms are five-level, as shown in Figure 1b. The output
voltages match the desired values exactly, and the selected 5th harmonic in phase voltage as well as
the 5th and triple harmonics in line voltage are equal to zero. This verifies the correctness of switching
angles and the effectiveness of the SHEPWM strategy.
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Figure 7. Simulation results with a modulation index of 0.2: (a) waveforms of phase voltage and its
spectrum analysis; (b) waveforms of line voltage and its spectrum analysis.
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Figure 8. Simulation and analysis with a 0.95 modulation index: (a) waveforms of phase voltage and
its spectrum analysis; (b) waveforms of line voltage and its spectrum analysis.

Figure 9a displays the trends of two switching angles, and second solutions are found in the
modulation index range of 0-0.605. The fact that the two solutions change regularly and work out at
all modulation indexes is convenient for building a look-up table. Both these solutions meet various
conditions of the five-level SHEPWM strategy and have different THDs. Figure 9b shows the THDs
of the two solutions. For the first solutions, low and high waveforms correspond to the modulation
index ranges 0-0.375 and 0.375-1.12, respectively. The second solutions merely work for waveforms
of low modulation index, between 0 and 0.605. Taking THD into consideration, for the situation of
two switching angles per quarter wave, we can conclude that, in the ranges of 0-0.551 and 0.605-1.12,
the first solutions are better, whereas, in the remaining range, the second solutions are more suitable.
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Figure 9. Trends of two switching angles and second solutions with the varying of the modulation
index: (a) switching angles of the PSOICA; (b) THDs of the two different solutions.

5. Experimental Results

A downscaled three-phase NPC/H-Bridge five-level converter experimental prototype, shown in
Figure 10, is set up to validate the proposed PSOICA. The power devices of the experimental prototype
are insulated gate bipolar transistors (IGBT) modules (Infineon-BSM50GB120DLC). Meanwhile,
a high-speed digital control platform based on the digital signal processor (DSP) (TI-TMS320F28335)
and field programmable gate array (FPGA) (Xilinx-XC3S500E) is also adopted to implement the
proposed PSOICA. The experimental conditions consist of the fundamental output frequency of 50 Hz
and the DC voltage of 100 V.
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Figure 10. Three-phase neutral-point-clamped (NPC) /H-Bridge five-level converter experimental prototype.

Figure 11a shows the phase voltage and line voltage and their spectrum analysis under 0.2
modulation index. The waveforms are the same as those of the simulation results, and the selected
5th harmonic and triple harmonics are totally eliminated. Figure 11b exhibits the phase voltage and
line voltage and their spectrum analysis under 0.95 modulation index. The phase voltage is five-level
and the line voltage is nine-level, which are similar to the simulation results. Moreover, the selected
harmonic and triple harmonics in line voltage are also removed. Hence, the analysis and simulation
results are validated by these experimental results.
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Figure 11. Experimental analysis of the waveforms: (a) waveforms of phase voltage and line voltage
and their spectrum analysis under a modulation index of 0.2; (b) waveforms of phase voltage and line
voltage and their spectrum analysis under a modulation index of 0.9.
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As seen, a minor difference can be observed regarding the harmonic distribution characteristics
between the simulation results (see Figures 7 and 8) and the experimental results. We think that this is
mainly the result of two factors: one is the model difference between the simulation model and the
actual experimental prototype, the other is the dead-time effect. As known, the IGBT model in the
Matlab/Simulink is relatively ideal and can be regarded as a switch without the turn-on/turn-off time,
so the dead-time is not set in the simulation research in this paper. However, for the experimental setup,
the actual IGBT modules cannot switch as fast as the simulation models. Hence, for the experimental
research described above, the dead-time was set to 4 us in order to prevent a short circuit in each
bridge arm. Considering that the SHEPWM is strongly associated with the switching time of the IGBTS,
the above factors may cause the aforementioned minor difference.

6. Conclusions

In this paper, an improved ICA algorithm named PSOICA has been proposed for solving the
multilevel SHEPWM. Two starting points were followed for designing the PSOICA: one was to increase
the diversity and movements of the imperialists, the other was to enhance the ability to jump out of
the local optimal. Hence, a novel type of particles, named independent countries, were brought into
the conventional ICA to solve the nonlinear equations for the multilevel SHEPWM, especially for the
situations with two and four switching angles per quarter wave. Compared to the existing MGA, PSO
algorithm, and conventional ICA, the proposed PSOICA shows better performances both in global
and local searching abilities, which verify the superiority of the proposed PSOICA. At the same time,
the switching angles at different modulation indexes were calculated more accurately by the proposed
PSOICA, which could help to obtain a more accurate modulating performance for various kinds of
multilevel converters. Moreover, since a higher convergent rate can be obtained by the proposed
algorithm, the execution time for solving the multilevel SHEPWM can also be reduced. Thus, the
proposed PSOICA could provide a more appropriate solving approach for the SHEPWM with a high
number of voltage levels.
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Abstract: There has been increasing interest for industry applications, such as solar power
generation, fuel cell systems, and dc microgrids, in step-up dc-dc converters with reduced number
of components, low component stress, small input ripples and high step-up ratios. In this paper,
an input-parallel-output-series three-level boost (IPOS-SC-TLB) converter is proposed. In addition
to achieving the required performance, the input and output terminals can share the same ground
and an automatic current balance function is also achieved in the IPOS-SC-TLB converter. Besides,
a capacitor voltage imbalance mechanism was revealed and a three-loop control strategy composed
of output voltage loop, input current loop and voltage-balance loop was proposed to address the
voltage imbalance issue. Finally both simulation and experiment studies have been conducted to
verify the effectiveness of the IPOS-SC-TLB converter and the three-loop control strategy.

Keywords: three-level boost; automatic current balance; three-loop; voltage imbalance

1. Introduction

Multilevel step-up dc-dc converters are widely employed in wind farms [1-6], solar power
generation systems [7-11], fuel cell systems [12-15], high-power charging stations for electric cars [16,17],
and dc microgrids [18-20]. In these systems, a multilevel step-up dc-dc converter helps regulate a
varying low-level input voltage to a stable high-level voltage, which usually serves as the dc link
voltage of a grid-connected inverter. It is desirable to achieve both low voltage stress and low
current stress across components to reduce power losses and save cost. Besides, input current ripple
is another important issue that should be considered for these systems, especially for fuel cell or
battery storage systems. As multilevel conversion techniques have evolved, many multilevel step-up
dc-dc converters have been proposed. In terms of non-isolated multilevel step-up dc-dc converters,
the three-level boost converter was firstly proposed and then adopted to combine with a three-level
diode-clamped inverter to achieve medium voltage and high power [2,6]. The corresponding four-level
boost converter was subsequently proposed to output higher voltage level and higher power [4].
Owing to the interleaved scheme, small input current ripple and low component stress could be easily
realized in these multilevel boost converters. However, the input terminal and the output terminal
in the two converters do not share the same ground, which can bring in severe EMI problem [7].
One flying-capacitor-based three-level boost converter was proposed to address this problem and good
effect has been achieved [12]. However, all these multilevel boost converters face the same inherent
limitation, i.e., the voltage gain is limited to be 1/(1 — d), where d is the duty ratio. Unfortunately,
practical considerations limit its output voltage to approximately four times its input voltage. To supply
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a high output voltage, it must operate at extremely high duty-cycle whereas extreme duty-cycles
impose inefficient small off times. Small off times will cause severe diode reverse-recovery currents,
increasing electromagnetic interference (EMI) levels [9].

Another flying-capacitor-based three-level boost converter with intrinsic voltage doubler was
proposed in [21,22]. In addition to the advantages of topology described in [8], the two input inductor
currents of this converter could be self-balanced due to the flying-capacitor. Moreover, the voltage
gain of this converter is 2/(1 — d) instead of 1/(1 — d). However, the voltage stresses across the
output diode and the output capacitor equals to the output voltage, which is a disadvantage. On the
other hand, the voltage stresses across the output diodes could be decreased by half of the output
voltage in the converter with two symmetrical flying-capacitors [23]. Nevertheless, one more diode
and one more capacitor are necessary, and voltage stress across the output capacitor is still very high.
These shortcomings are also presented in the topologies proposed in [24,25]. In general, a list of split
capacitors connected in series is a good solution to reducing voltage stress across the output capacitor.
One solution is the application of a diode-capacitor voltage multiplier on a classical non-isolated boost
converter, which also presents a high voltage gain and self-balanced function for capacitor voltages [26].
However, a large input current ripple and a high current stress across the single switch exist inevitably
as no interleaved scheme is adopted in these converters. Modular multilevel dc-dc converter is a good
choice for high voltage applications, such as high voltage direct current (HVDC) and high voltage
drive areas [27-31]. However, it is not a good choice for medium-voltage applications. Reference [32]
proposed a modular multilevel de-de converter composed of multiple buck-boost converter modules,
which is suitable for medium-voltage and high-power applications. However, the output voltage of
the lower module multiplying by d/(1 — d) serves as the input voltage of the upper module, to achieve
a high voltage gain. The voltage gain is smaller than 2/(1 — d) and all switches do not share the same
ground. Recently, a switched-capacitor technique has begun to be employed in medium-voltage and
high-power dc-dc converters with good performance [33-36].

To address the abovementioned issues and to achieve a reduced number of components,
low component stress, small input ripples and high step-up ratio, an input-parallel-output-series
switched-capacitor three-level boost (IPOS-SC-TLB) converter is proposed in this paper. In addition to
achieving the required performance target, the proposed IPOS-SC-TLB converter also has automatic
current balancing capability. Compared with the existing three-level boost converters, the proposed
converter has the advantages of high voltage gain at full duty cycle range, small component stress,
a reduced number of components, common ground for the input and output terminals, and automatic
current balancing. All capacitors, diodes, switches only endure half of the output voltage, enabling
components with less voltage rating used in the proposed IPOS-SC-TLB converter. Common ground
for the input and output terminals not only save power supplies for designing drivers, also helps
reduce EMI. Automatic current balancing capability avoid additional current-balance control strategy
that is required in a multi-converter system. To address the voltage imbalance issue, a three-loop
control strategy composed of an output voltage loop, an input current loop and a voltage-balance loop
is developed for the IPOS-SC-TLB converter.

The remainder of the paper is organized as follows: Section 2 introduces the topology derivation
and operating principle of the proposed IPOS-SC-TLB converter. Performance analysis is subsequently
presented in Section 3 and the three-loop control strategy is given in Section 4. Both simulation and
experimental verifications have been done in Section 5 and finally the conclusions of the paper are
drawn in Section 6.

2. IPOS-SC-TLB Converter

2.1. Topology Derivation

Until now, interleaved techniques adopted in multilevel dc-dc converters can be divided into two
different types: serial-interleaved (SI) techniques (Figure 1a) and parallel-interleaved (PI) techniques
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(Figure 1b). As it can be seen, the total components of the two topologies are equal except the numbers
of inductors and capacitors. One inductor is necessary in the SI structure while (n — 1) inductors
are employed in the PI structure. The SI structure needs (n — 1) capacitors, while one capacitor is
necessary in the PI structure.

A comparative analysis between the two techniques are presented in Table 1. On the one hand,
(n — 1) voltage levels Uy, Uy, ... Uy_1, are achieved due to the (n — 1) split capacitors in the SI
structure while only one output voltage level Uy, is achieved in the PI structure. On the other hand,
the total input current flow through (n — 1) split inductors in the PI structure while through only
one inductor in the SI structure. As a result, the SI structure has output voltage divider function
and voltage-balance control strategy is necessary to realize voltage balance. The PI structure has
input current shunt function and current-balance control strategy is necessary to balance all split
inductor currents. All the drive circuits of the switches must be isolated in the SI topology, i.e., (n — 1)
isolated drive sources are necessary in the SI structure. However, this drawback does not exist in the
PI structure because all the switches share the same ground.

PN Dﬁ' Uy, ey el [‘,)\/"ll" Un.i
S L Cn—l‘L . . .
D U . . .
. 2.

A

N

%

(2) (b)

Figure 1. Two interleaved structures: (a) SI; (b) PL.

Table 1. Comparative analysis between SI and PI topologies.

Structure Voltage Level Function Control
SI Uy, Uy, ... Upq Divide voltage Voltage-balance
PI U, 1 Shunt current Current-balance

The conventional three-level boost converter is based on the SI structure in Figure 2a.
To distinguish it from other topologies in this paper, the converter in Figure 2a is called SI-TLB.
The converter in Figure 2b is named as PIB as it is based on the PI topology. The input terminal and
the output terminal of SI-TLB do not share the same ground, which easily results in electromagnetic
interference (EMI) problems. Moreover, the voltage stresses across all the components in a PIB
converter are high since no multilevel technique is employed.
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Figure 2. Development of TLB converters: (a) SI-TLB; (b) PIB; (c¢) SI-FC-TLB; (d) PI-FC-TLB;
(e) PI-SFC-TLB; (f) SC-TLB; (g) IPOS-TLB1; (h) IPOS-TLB2.

To avoid these shortcomings mentioned above, flying-capacitor technique has been introduced
into SI-TLB and PIB converters to develop new three-level boost converters. The converter called
SI-FC-TLB in Figure 2c is derived by employing one flying-capacitor. The input terminal and the output
terminal share the same ground and all switches and diodes are clamped at the half of the output
voltage by controlling the voltage of the flying-capacitor Cy to be half of the output voltage [21,22].
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However, it can be seen that SI-TLB and SI-FC-TLB both have a limited voltage gain due to the SI
structure. Thus, the converter called PI-FC-TLB in Figure 2d was proposed based on PI structure
and one flying-capacitor [21,22]. The voltage gain of PI-FC-TLB is as two times as that of SI-TLB
and SI-FC-TLB. But the voltage stress across the output diode is high, equal to the output voltage.
Also, another converter PI-SFC-TLB based on the PI structure and two symmetrical flying-capacitors
in Figure 2e was proposed to reduce the voltage stresses across the output diodes [23]. However,
the voltage stress across the output capacitor is still equal to the output voltage and many capacitors
and diodes are necessary. As analyzed above, flying-capacitor technique introduced into multilevel
boost converters based on SI structure could help solve the problem that input and output terminals
do not share the same ground while flying-capacitor technique introduced into multilevel boost
converters based on PI structure could help enhance voltage gains. However, there is a common
disadvantage among SI-FC-TLB, PI-FC-TLB, and PI-SFC-TLB converters that the output terminal
is constructed by only one output capacitor, which not only bears a high voltage stress, but also
does not help reduce the voltage stress across output diodes and output capacitors. Additionally,
the voltage-balance control is not easy to realize as one or more flying-capacitor voltages should be
control independently. Even though the output capacitor can be replaced by two split capacitors in
series in the output terminal, the two split capacitors could not be self-balanced and could not be
controlled by voltage-balance control strategy either. On the other hand, a three-level boost converter
based on switched-capacitor network is proposed in [26]. For simplification, the converter is name as
SC-TLB, which not only has two split capacitors at the output terminal, but also has self-balancing
function for capacitor voltages. As a result, there is no need to employ any voltage-balance control
strategies to solve the voltage imbalance issue. However, as analyzed in Section 1, there is a big
disadvantage that SC-TLB has high input current and high input current ripple since no interleaved
structures are employed. As a result, high power losses are inevitable in the SC-TLB converter.

There are also two input-parallel-output-series (IPOS) boost converters shown in Figure 2g (called
by IPOS-TLB1) and Figure 2h (called by IPOS-TLB2) from references [24,25]. Like the ISOS-TLB
converter, the input terminal and the output terminal do not share the same ground and the voltage
stress across diode D is equal to the output voltage in the IPOS-TLB1 converter. Although the topology
IPOS-TLB2 is simple, its voltage gain is smaller than the other topologies and the input terminal and
the output terminal do not share the same ground, either.

According to the comparative analysis mentioned above, the SI structure is suitable for high input
voltage and high output voltage applications while the PI structure is suitable for high input current
and high output current applications. As shown in Figure 1, the input terminal, output terminal
and all switches share the same ground in the PI topology. The flying-capacitor technique helps
enhance the voltage gains of the converters based on the PI structure. Besides, the switched-capacitor
technique, which could be deemed as an extension of flying-capacitor technique, not only increases
the voltage gain, but also brings a self-balancing function for capacitor voltages. On the whole, there
are three techniques could be employed in multilevel dc/dc converters, i.e., interleaved technique,
flying-capacitor technique, and switched-capacitor technique. Until now, only one or two of the three
techniques were employed in a single power converter.

This paper proposes an IPOS-SC-TLB converter in Figure 3 and presents a detailed analysis of
the converter. IPOS-SC-TLB combines the parallel-interleaved technique, flying-capacitor technique,
and switched-capacitor technique together. In Figure 3, Ly, Ly, S1, Sy formulate the PI structure,
while Ly, S1, D1, Cq form Boost I and L,, S,, D3, C, form Boost II. Besides, Cr, Dy and S5, Gy formulate a
switched-capacitor network, which makes the two input terminals in parallel and the output terminals
in series for Boost I and Boost II.
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Figure 3. The proposed IPOS-SC-TLB converter.
2.2. Operating Principle

In the TPOS-SC-TLB converter, all the inductors, capacitors, switches, diodes have the same
respective parameters, i.e.,
Li=L,=L 1)

Ci=C=C @)

Considering the voltage drops of IGBT and diode, and the equivalent series resistor of inductor,
the equivalent circuits of the IPOS-SC-TLB converter are presented in Figure 4. In the interleaved
scheme, the operating stages of IPOS-SC-TLB could be divided into two modes according to duty
cycle: when d is greater than 0.5 and when d is smaller than 0.5.

(1) When the duty cycle d is greater than 0.5, the IPOS-SC-TLB operates at the periodic stages of I, II,
I, and III.

Stage I: Both switches Sy, S; are turned on and the diode D; is forward biased as the capacitor
voltage Ucy is still a little bigger than the capacitor voltage Ucf after the stage III. During Stage I,
both the two inductors L1, L, are charged by the input source U;,. Thus, there are:

di di
Ll# = defﬁz = U, — Iy — Us 3)

Ucy = Uer+Us +Up 4)

As the two capacitor voltages Uci, Ucy are charged in parallel, the voltage differences between
Ucy and Uy are small but cannot be ignored. As a result, the current flowing through D, caused by
the small voltage difference is labelled as I. The current flowing through S is equal to ir.; while the
current flowing through S, is the sum of ij; and I;.

Stage II: When the switch Sy is turned on and the switch S; is turned off, the diode D3 is forward.
The inductor L; is still charged by the input source U;,,, which also supplies energy to the load together
with the inductor L, and the flying-capacitor Cf. Thus, there are:

di
LlTT = Uy — Inre — Us ®)
dirp
Ly~ = Ui + Ucy — Up — Ucz — Uar (6)
According to (4) and (6), there is:
diro
L= = Uin — Ucz — Us — 2Up @)
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During Stage II, the capacitor voltage Ucy decreases while the capacitor voltage U increases.
As a result, the voltage difference between Uc; and Ugs becomes bigger and bigger and finally reaches
its maximum at the end of Stage II. The current flowing through the switch Sy is still equal to ir; while
no currents flows through the switch S, and the diode D, during this stage.
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Figure 4. Equivalent circuits of the IPOS-SC-TLB converter: (a) stage I; (b) stage II; (c) stage III;
(d) stage IV.

Stage I: The converter repeats Stage I and the same output results could be achieved like (3) and (4).
However, as analyzed in Stage I, the voltage difference between Uc; and Uy reaches its maximum
value, the current flowing through the diode D; reaches its maximum value, labelled as I,. The current
flowing through S; turns to be the same as i1 again while the current flowing through S, is the sum of
iL2 and I 2.

Stage III: When the switch S; is turned off while the switch S; is turned on, the diodes Dy, D; are
both forward. The inductor L, is charged by the input source U;,, which also supplies energy to Cq
and Cy together with the inductor L;. Thus, there are:

di
L=t = Uin — Iy, = Up — Ucy (®)
di
def;z = Uy — Ipnrp — Us ©)

During Stage III, the two capacitors Cy, Crare connected in parallel and thus the voltage difference
between them is small, which results in a small current flowing through the diode D,. It has been
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mentioned in the first Stage I, labelled as I;. As a consequence, the current flowing through Sy turns to
be zero while the current flowing through S, is the sum of i;; and I;.

(2) When the duty cycle d is smaller than 0.5, the IPOS-SC-TLB converter operates at the periodic
stages of IV, II, IV, and IIL

Stage IV: Both switches S1, S; are turned off while D; and D3 are on forward biased:

di
L1% = Uy — Inry — Up — U (10)
di
Lzﬁ = Ui + Ucy — Up — Uz — Ucy = Uiy — Uz — Us — 2Up (11)

As the first Stage IV begins after Stage I1I, the capacitor voltage Ucy decreases while the capacitor
voltage Uc; increases. During this stage, no currents pass through the two switches S1, S and the
diode D, as they are all switched off.

Stage II: The same results could be achieved like (5)-(7) and the voltage difference between Uc;
and Uy continues increasing during this stage. The current flowing through the switch Sy is still equal
to i1 while no currents flows through the switch S, and the diode D, during this stage.

Stage IV: The converter enters into another Stage IV, where the voltage difference between Uc;
and Uy continues increasing and reach its maximum value at the end of the stage. And no currents no
currents pass through the two switches Sy, S, and the diode D».

Stage III: At the beginning of the stage III, the current flowing through the diode D; reaches its
maximum value I,. But later becomes a smaller value I; as the two capacitors Cy, Crare charged in
parallel. Thus, the current flowing through the switch S; is zero while the current flowing through the
switch Sj is the sum of i, and I, and then the sum of i;, and I; during this stage. For any duty cycle d,
two equations can be attained based on Voltage-Second Balance Principle during one switching period:

dTs(Upy — Iy — Us) + (1 —d) Ts(Uzy, — [pgrp — Up —Ucy) =0 (12)

dTs(Usy — Irory — Us) + (1 = d) Ts(Uy, — Uea — Us — 2Up) =0 (13)

During the switching period, the output voltage of the converter is always described by:

U, =Ucr + Uy (14)
According to (28), there is:
Uy
i =1, = 15
n=le= g (15)
Therefore, the voltage gain G and the capacitor voltages could be derived by:
2d-3)Up—U.
u, 2+ ( L)I p—Us
=l T ] g (16)
R )
The capacitor voltages are calculated by:
Uey = Uin*IILl_fL*UD
Ucy = Uiy —dlipr, —Us+(2d-2)Up 17)

1—-d
Uiy — I, —(1-d)Us—(2—d) U]
qu: in LlL(lf,;S( )Up
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When the parasitic parameters are ignored, there are:

G=-2_
1-d 1 (18)
Ucy = Ucp = Uy = 53U

3. Performance Analysis

3.1. Component Stress

According to the analysis mentioned above, the key voltage waveforms of the IPOS-SC-TLB
converter are presented in Figure 5. The voltage stresses across all switches, diodes and capacitors are
half of the output voltage:

1
Usy = Usy = Upy = Upy = Ups = Ucy = Uex = Ucy = EU" (19)
S, [ dT, = S dT
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Figure 5. Key voltage waveforms: (a) d > 0.5; (b) d < 0.5.

The current waveforms of the IPOS-SC-TLB converter are presented in Figure 6. From Figure 6,
whatever the duty cycle d is, the average current across Sy, Sy can be obtained as follows:

Isy = dIpy
20
{ Isp =112 @0)

The average currents across D1, Dy, D3 identical with value equal to the average output current
are determined as follows: u
0

Ipr=Ipp=1Ip3 =1, = 5 (1)

When the duty cycle d is over 0.5, the operating period of Stage II in Figure 4b can be expressed
by (1 — d)Ts during one switching period. During Stage II, the capacitor C; is charged with the current

expressed by:
. u
1C27charged = ILZ - ?0 (22)
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Figure 6. Key current waveforms: (a) d > 0.5; (b) d < 0.5.

During the remained operating period dTs, C, is discharged with the current expressed by:

Uy

iC 2_discharged — — ? (23)
According to Ampere-Second Balance Principle, there is:
U, U,
(1=d)Ts(l = ) +dTo(=3) =0 (24)
R R
We can obtain the average current of inductor L, by simplifying (24) as below:
— uo

When the duty cycle is smaller than 0.5, the same formula as (25) can be obtained. It should
be noted that the average current of inductor L, could be also derived as below. During one whole
switching period, the average charging current flowing through Cf is the same as the average current
flowing through D,. So the increased charges of Cr during one switching period is Ipy*Ts. In addition,
when d is over 0.5, the flying-capacitor Cris only discharged during Stage Il and the average discharging
current flowing through Cy is I, with the discharging time (1 — d)Ts. When d is smaller than 0.5,
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the flying-capacitor Cy is discharged during Stage Il and Stage IV with the average discharging current
I> and the total discharged time (1 — d)Ts. It can be seen that the decreased charges of Cy during
one switching period is I;2*(1 — d)Ts no matter what the duty cycle d is. Therefore, by applying
Ampere-Second Balance Principle on Cy, we have:

ID2*T5 :ILz*(l—d)Ts (26)

According to (26), the same formula as (25) can be achieved. On the other hand, the average
current of L1 can be easily obtained as below:

ILl’lfd’R(lfd) @7

According to (20)-(27), the average currents across all switches and diodes are:

Uy

I =12 = =5

Is1= 1'%012

Iy — i (28)
52 = [1—d)R

Uy

Ip1 =Ipp =Ip3 = F

3.2. Switched-Capacitor Network

For two typical boost converters, their input terminals cannot be simply connected in parallel and
while their output terminals are connected in series simultaneously. The flying-capacitor C;and the
diode D; in the proposed IPOS-SC-TLB converter are used to realize the input-parallel output-series
topology. Because a switched-capacitor network is constructed and it helps support the output voltage
of the Boost I for the Boost II. As shown in Figure 4, the flying-capacitor Cris clamped with the capacitor
C; during Stage I and Stage 111, labelled as the oval areas, i.e., the two capacitor voltages are identical.
During Stage II and Stage IV, the flying-capacitor Cf serves as the voltage support for the Boost II.
So, it could be thought of as that the output capacitor C; is charged by the input source because the
capacitor voltage Ucy offsets the capacitor voltage Ucy, which are labelled as the rectangular areas.
Furthermore, it can be seen from (26) that the flying-capacitor Cy could automatically balance the
average currents of the two inductors L and L,. Thus, the IPOS-SC-TLB converter does not need
any current-balance circuit or current-balance control strategy that is required in the conventional
parallel-interleaved dc/dc converters.

3.3. Ripple Analysis

In the switched-capacitor network, the flying-capacitor Cy could be served as an energy buffer.
According to (26) and (27), the increased or decreased charges on Cris Uo*Ts /R, which could be
described by another way of C/*Aucy, where Aucy represents the voltage ripple of Cy. Finally, the voltage
ripple of Cris derived by:

Uy
Aucr = ——F 29
cf RC/f. (29)
Besides, it is easy to attain the voltage ripples of C; and Cy:
_ _ Ud
Auc1 = Aucz = RCfS (30)
Additionally, the current ripples of L; and L, could be obtained by:
Ui, d
Aipy = Nipp = =" — 1
i =8 =T @D
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The input current ripple can be calculated by:

A { %z?‘ld >05 )
lin = U, d(1-24)
Ya d0204 < 05

3.4. Inrush Current Suppression
In practical application, IGBT and diode usually have some voltage drops and capacitors has
equivalent serial resistors. Thus, it is inevitable to see some voltage differences between C; and Cy,
which can be described by:
AU = Uc — ucf =Us+ Up (33)

Up and Us are assumed to be the voltage drop of one diode and the voltage drop of one IGBT.
Figure 7 shows the equivalent circuit of the switched-capacitor network when S, turns on.

N NG

\
: 1.
C—Uqa Cr Ugr
RCQ ip2 Rcfg

Figure 7. Equivalent circuit of the switched-capacitor network.

It can be seen that the output capacitor C; is connected with the flying-capacitor Crin parallel. Ry,
Re means the equivalent serial resistors of C; and Cr, respectively. The current ip, flowing through

the diode D, could be calculated by:
AU

_ 34
Re1+ Rey ¢4

ip2

In (34), the equivalent serial resistors Rc1, R¢r are usually very small, which are in the range of
milliohms. As a result, although AU is small, it may bring in very high inrush current ip, flowing
the switched-capacitor network when S; is turned on and D, is forward instantaneously. Moreover,
this will result in more conduction losses across the switch S, and the diode D5.

From (10), one way to suppress ip; is to reduce the voltage difference AU is by using wide
bandgap semiconductors, such as SiC or GaN components that have smaller voltage drops compared
with Si-based components. However, AU cannot be reduced to zero and this may still bring in a certain
inrush current. Another method is to increase the impedance of the switched-capacitor network.
Placing a serial resistor with high resistance could increase the impedance but extra power losses are
produced. As shown in Figure 8, this paper proposes to put a small stray inductor Ls together with D;.
In this way, the loop impedance is increased by 271fsLs and then the inrush current ip; is reduced to:

AU

= 35
27 fsLs + Re1 + Rey =

ip2

3.5. Comparative Analysis

Comparative analyses of SC-TLB, SI-TLB, SI-FC-TLB, PI-FC-TLB and the proposed IPOS-SC-TLB
are presented in Table 2. L, S, D, and C represent the quantities of inductors, switches, diodes and
capacitors, respectively. DS means the quantity of driver supplies and G means the voltage gains.
Besides, Uyps, Uypp, and Uypc respectively represent the voltage stresses across switches, diodes,
capacitors; and Iypsi, Iypsy, and Iypp represent the average current across switches Sq, S; and diodes,
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respectively. “Self-balance” means the input inductor currents could be self-balanced and “same
ground” means the input terminal and the output terminal share the same ground. In addition,
the voltage gain comparison curves are presented in Figure 9.
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Figure 8. IPOS-SC-TLB with a small stray inductor Ls.

Among these seven TLB converters, the common performance parameters are the voltage stress
across switches and the input current ripple. The TLB converters based on SI structure need two
isolated drive power supplies and have a low voltage gain, while those TLB converters based on PI
structure need only one power supply and show a higher voltage gain. The SI-FC-TLB and PI-FC-TLB
are very similar except for different interleaved structures. From these two converters, it could be
seen that the voltage stresses across the output diodes are low in the SI structure while high in the
PI structure; and the average current stresses across switches are high in the SI structure while low
in the PI structure. The smaller average current stress across switches should be attributed to the PI
structure. Among the five converters, the quantity of components are not the most in the proposed
IPOS-SC-TLB, and high voltage gain, small voltage stress and small current stress are achieved.
Moreover, voltage-balance control could be easily achieved with the input terminal and the output
terminal sharing the same ground. In other words, the proposed IPOS-SC-TLB converter integrates
nearly all the merits of the other four TLB converters. However, there is also a disadvantage that the
imbalance current between the two power switches Sy, Sy. As analyzed in Equation (28), the average
current of Sy is U, /R higher than the average current of S;.
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Figure 9. Voltage gain comparison.
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4. Three-Loop Control Strategy

4.1. Voltage Imbalance Mechanism

11, 172 are labelled as the conversion efficiencies of Boost I and Boost II, respectively. Thus, there is:

(36)

MUl = Ucrlpr
12Uy I12 = UcaIps

As the output terminals of Boost I and Boost II are connected in series, the two Boost modules
have the same output current. As the average currents across C; and C, are both equal to zero during
one switching period, there is:

Ip1 = Ip3 (37)

In addition, the power losses of D, and S, produced in the switched-capacitor network are small
but could not be ignored. But the power losses should be attributed to the Boost II as D, and S, help
formulate the Boost II. As a result, there is:

> (38)

Based on (36)—(38), we have:
Ucr > Uep (39)

As analyzed above, the two split inductor currents could be self-balanced, but the two output
capacitor voltages could not be self-balanced. Considering the voltage drops of IGBT and diode,
the voltage difference between C; and C; could be described by the sum of the voltage drop of one
IGBT and the voltage drop of one diode. Besides, the parasitic resistances of L and L, are labelled as
rp and the parasitic resistance of Cris labelled as rcp As the average currents across L; and L, are high,
the voltage drops of parasitic resistances are large and could not be ignored. Under this condition,
the two output capacitor voltages could be rewritten as:

1

Uor = 1=

(Ui, — Iparr) — Up (40)

UCZ = Ul-n — ILz(rL + ch)] — AU — UD (41)

1
ferl
The two split inductors are designed to attain the same parameters. Owing to the automatic
balanced inductor currents, the voltage difference between C; and C; could be described by:

Iporey

AU=Uc1 —Ucz =7

+AU (42)

Considering (15)—-(42) is further simplified as:

Iiprcs +AUsc ligrey

AU =Uer =Uer == 21—d)

+ Us + Up (43)

It can be seen from (43) that the voltage imbalance issue is related to the output characteristic and
the parasitic parameters, including the average input current I;,,, the duty cycle d, the equivalent series
resistance rcy of the flying-capacitor, and the voltage drops of IGBTs and diodes. The capacitances of
the two output capacitors have no effect on the voltage imbalance issue, which is quite different from
the conventional three-level boost converter shown in Figure 2a.
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4.2. Three-Loop Control Strategy

To address the voltage imbalance issue and to achieve stale operation of the IPOS-SC-TLB
converter, a three-loop control strategy including an output voltage loop, an input current loop and a
voltage-balance loop is proposed in this section. The voltage loop and the current loop respectively
controls the output voltage and the input inductor currents, while the voltage-balance loop helps
alleviate the voltage imbalance issue. However, the voltage loop and the voltage-balance loop will
influence each other if no decoupling scheme is employed. To decouple the output voltage loop and
the voltage-balance loop, the derivation analysis has been done as follows.

Duty cycles dy, dy in (44) are both composed of the common duty cycle d and the voltage-balance
duty cycles Ady, Ad,. Also, I11, I» in (45) are both composed of the average inductor current I;, and
the voltage-balance inductor current Alp 1, Alj:

di =d+ ANdq
44
{d2=d+Ad2 (44)
It = I + Al
45
{1L2—1L+A1L2 #5)

In the IPOS-SC-TLB converter, the relationship of the input inductor currents and the output
current could be described by:
{ (I—d)l =15 (46)

(1-d)la=1
By substituting (44) and (45) into (46), there is:

(47)

(1—d)Al;; — Adq I, = Al
(1—d)Al — AdyIp = Al

When the output voltage is not disturbed, the output current variation Al, is equal to zero. Thus,
(47) could be simplified by:
Ady = 14AL
{ 1 T, Al 48)

_1-d
Ady = Al
When the IPOS-SC-TLB converter works at stable steady state, Al;; and Al}, indirectly reflect the
values of Ady, Ady. According to (38), it is not difficult to deduce the following formula:

Al + Al = Adq + Ady) (49)

I
1-— d(
In the three-loop control strategy, to decouple the voltage loop and the voltage-balance loop,
the sum of Ad; and Ad, should be equal to zero. Thus, according to (49), there is:

Alj1+ Al =0 (50)
Then, the reference inductor currents of Boost I and Boost II could be concluded as follows:

{ I =1, + Al = I — AILL 1

Ip* = I+ Al == I + Al

According to (51), the three-loop control strategy is presented in Figure 10. The regulators of the
output voltage loop and the voltage-balance loop adopt proportional-integral controller while the
regulator of the current loop adopts proportional controller. The controllers can be designed based on a
small-signal linearized model of the dc/dc converter, which can be developed according to the classic
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average modeling method for power converters [35,36]. The inner current control loop is designed
to respond faster than the outer voltage control loop so that the two control loops can be designed
independently. As a result, when dealing with the inner loop, we take the outer loop as a constant input.
On the other hand, the inner current control loop can be approximated as a simple lag block when we
proceed with the voltage loop. The voltage-balance loop has the slowest response. When designing
the controller for the voltage-balance loop, the voltage and current control loop can be considered
being in steady state already. Classic Bode-plot and root-locus proportional-integral controller design
procedures [36] can be used to obtain the parameters for the controllers. Nevertheless, it should be
noted that due to the nonlinearity of power devices, the designed controller parameters need to be
further tuned for the actual circuit. Besides, the carrier signals C,1, C,p are with phase-shifted 180
degrees to realize interleaved scheme for the switches S and S,.

Voltage-Balance Loop

Figure 10. The three-loop control strategy.

The two sampled capacitor voltages Uc1, Uc; are added together and then compared with the
output voltage reference U,* to output the average inductor current I; through the voltage loop
regulator. Alj is achieved through the voltage-balance loop regulator by comparing Ucq and Ucy. Alro
equals to —Al}; according to (50). The inductor current references I 1%, I1»* in (51) could be achieved
through the decoupled scheme. Then, I;1* and I»* compares with I;; and I1,, and pass though the
two current loop regulators to output the duty cycles of Boost I and Boost II as follows:

{dl—d+Ad1—d—Ad )
dy =d+Ndy =d+ Nd

When Uc; is bigger than Ucy, the voltage-balance process is: Al; becomes positive, which makes
I;1* decrease and I} »* increase. As a result, d decreases while d, increases, i.e., the turn-on time of
51 decreases while that of S, increases. Thus, Uc; decreases while Uy increases. Finally, Uy equals
to Ucy after several switching periods. When Uc; is smaller than Uy, Ucq and Ucy could be also
balanced according to a similar voltage-balance process.

5. Simulation and Experimental Verification

5.1. Simulation Verification

To verify the correctness and feasibility of the [IPOS-SC-TLB converter, a simulation model
adopting the proposed three-loop control strategy with 400 W output power has been implemented.
The detailed simulation and experimental parameters are presented in Table 3.
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Table 3. Simulation & Experimental Parameters.

Components Parameters
Input voltage U, 48 V-120 V
Output voltage U, 400 V
Switching frequency f 25 kHz
Output power P, 400 W
Switches S1, S» G80NG60, 2.4 V voltage drop
Diodes Dy, D, DSEP30-06B, 2.0 V voltage drop
Inductors Ly, L, 915 uH, 895 uH, 0.1 ohm equivalent series resistance
Capacitors Cq, Cy, Cf 470 pF, 0.28 ohm equivalent series resistance
Driver A3120

The input voltage varies between 48 V and 120 V, and the output voltage is controlled to be stable
at 400 V. The switching frequency of the converter is set as 25 kHz. Two inductors are both chosen
as about 900 uH with 0.1 ohm equivalent series resistance. Three capacitors are all set as 470 uF with
0.28 ohm equivalent series resistance. Each of the two IGBT switches has a voltage drop of 2.4 V and
each of the three diodes has a voltage drop of 2.0 V. Figure 11 shows the simulation results when
the input voltage is 48 V and Figure 12 shows the simulation results when the input voltage is 120 V.
It can be seen that the IPOS-SC-TLB converter can output a stable dc voltage of 400 V under both the
two different input voltages. The voltage difference between U1 and Uy is about 20 V under the
input voltage 48 V and 10 V under the input voltage 120 V without voltage-balance control. However,
once the voltage-balance control loop is added, Uc; and Uc, are balanced with the same voltage 200 V.
Besides, in the whole experimental process, a small voltage difference between Ucy and Ucyis about
4.4V, which is the sum of the voltage drop of one IGBT and the voltage drop of one diode.

5ee 250 | | T I I T I I
150 U . L . 2Uc/V
200 |\ fpem— —
400 { (\1 al | e N \
II ‘ 150 - 1 i U(jz/v UCfN |
350 I'JJ | | | |
o 01 02 03 04 O05 05 07 08 09 1 D01 02 03 04 05 06 07 0B 09 1
t/s /s
() (b)
Figure 11. Simulated voltage waveforms when Uj, is 48 V: (a) Uy; (b) Uc1, Ucz, and Ucy.
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Figure 12. Simulated voltage waveforms when U, is 120 V: (a) Uy; (b) Uc1, Ucy, and Ucy.

More importantly, Figure 13 shows the two split inductor current waveforms of the converter
without voltage-balance control and with voltage-balance control when the input voltage is 48 V.
Under the condition without voltage-balance control, the average values of the two inductor currents
are equal while a little different under the condition with voltage-balance control. Because the duty
cycle dq and the duty cycle d; are the same under the condition without voltage-balance control but d;
is a little smaller than d; under the condition with voltage-balance control. Besides, the input current
ripple is smaller than the inductor current ripples, and input current ripple frequency is 50 kHz,
which is two times the switching frequency 25 kHz.
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Figure 13. Simulated current waveforms when U;,, is 48 V: (a) without voltage-balance control; (b) with
voltage-balance control.

The simulated voltage waveforms and current waveforms are presented in Figure 14. The voltage
stress across all power devices are half of the output voltage. The average current across every diode is
1 A, which is the same as the output current. Additionally, the average current across the switch S,
is bigger than S; because the current across the diode D, added on the current of S,. These results
prove correctness of the theoretically derived results shown in (28). On the whole, the simulation
results basically verify the effectiveness of the IPOS-SC-TLB converter and the proposed three-loop
control strategy.
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Figure 14. Simulated voltage and current waveforms: (a) U;, =48 V; (b) U;, = 120 V.
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5.2. Experimental Verification

To verify the converter and three-loop control strategy further, an experimental prototype with
the same parameters shown in simulation model is built and it is given in Figure 15. It should be
noted that the inductors Lj, L are respectively designed to be 915 uH, 895 nH with some deviations in
fact. The two switches are both selected as IGBT G80N60, which have a voltage drop of 2.4 V and the
three diodes are selected as DSEP30-06B, which have a voltage drop of 2.0 V. The control loop of the
converter was implemented based on Dspace 1103.

C2 I}

Cs

L2 L1

Auxiliary
Power
Suppl
Driver l')p Y

Driver

Figure 15. The experimental prototype.

The input current and capacitor voltages of the IPOS-SC-TLB converter under different input
voltages are presented in Figure 16, and the corresponding capacitor voltages are presented in Figure 17.
The inductor currents across L1, L, and the drive signals of Sy, S, are presented in Figure 18. It can
be seen that the output voltage is stable at 400 V and the three capacitor voltages are stable with
200 V under different input voltages. The input current is continuous with a small current ripple
and the input current ripple frequency is 50 kHz, which is two times the switching frequency 25 kHz.
Moreover, it is easy to observe that as the duty cycle approaches 0.50, the input current ripple becomes
almost zero, which verifies (32).

To show voltage stresses across all the switches and diodes, the terminal voltage waveforms of
51, Sz, D1, Dy, and Dj are presented in Figures 19-21. It should be noted that ug;, us, are defined
to describe the voltage difference between the drain terminal and the source terminal of S; and S5,
respectively. up1, upy, up3 are the voltage differences between the cathode and the anode of D, D, and
Dj3. It can be seen that all the voltage stresses of the switches and diodes are 200 V, which is half of the
output voltage 400 V. It matches with (12). In addition, the current Is; is the sum of Is; and Ipy, which
matches with (20) and (21). For example, when the input voltage is 48 V, Isy, Iso, Ipo are 3.74 A, 478 A
and 1.13 A, respectively. It is not difficult to know that the switching state of D; is complementary to
that of D,, and the switching state of Dy is 180 degrees shifted from that of D3. The switching state
of S; is also 180 degrees shifted from that of S,. All of these results can verify the correctness of the
operating principle of the IPOS-SC-TLB converter.
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Figure 16. Input current and capacitor voltage waveforms: (a) U;,, =48 V; (b) U;;, =72'V; (c) Uj, = 100 V;
(d) U;, =120 V.
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Figure 17. Capacitor voltage waveforms: (a) U;;, =48 V; (b) U;;, = 120 V.
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Figure 18. Inductor current and drive signal waveforms: (a) U;, =48 V; (b) U;, =72 V; (c) U;;, =100 V;
(d) U;, =120 V.
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Figure 19. Tested voltage and current waveforms of Sy, Sy: (a) Uj, =48 V; (b) U;, = 120 V.
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Figure 20. Tested voltage and current waveforms of D, and current waveform of Cr: (a) U;, =48 V;
(b) U;, =120 V.
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Figure 21. Tested voltage and current waveforms of Dy, D3: (a) U;,, =48 V; (b) U;, = 120 V.

More importantly, the voltage-balance experimental waveforms of the IPOS-SC-TLB converter are
presented in Figures 22 and 23. The experimental results indicate that when the voltage-balance loop
is not added, there is about 13.0 V voltage difference between Ucq and Uc,. For example, when the
input voltage is 48 V, the tested duty cycle is around 0.83. According to (43), the voltage difference
between Ucy and Uc; is 11.26 V under the input voltage of 48 V. The tested voltage difference of 13.00 V
basically matches the theoretical value 11.26 V with some voltage error. When the voltage-balance
loop is added, the voltage difference becomes nearly zero.
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Figure 22. Voltage balance process of C1, C; when U, is 48 V: (a) from no voltage-balance control to
voltage-balance control; (b) from voltage-balance control to no voltage-balance control.
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Figure 23. Voltage balance process of C, C, when Uj, is 120 V: (a) from no voltage-balance control to
voltage-balance control; (b) from voltage-balance control to no voltage-balance control.

Figure 24 shows the theoretical voltage gain and the experimental voltage gain versus duty
cycle when Uj, is 48 V. It can be seen that the theoretical voltage gain and the experimental voltage
gain have the same increasing trend though some deviations exist. The experimental voltage gain
basically matches the theoretical voltage gain when the duty cycle varies between 0.2 and 0.5. However,
when the duty cycle is over 0.50, the experimental theoretical voltage gain is less than the theoretical
voltage gain, and their difference increases with the duty-cycle increasing. This phenomenon may
be due to the non-linearity of power electronic components and the fact the true values of parasitic
parameters are hard to obtain.

The conversion efficiency curves versus output power for the IPOS-SC-TLB converter under
different input voltages are given in Figure 25. The minimum efficiency and the maximum efficiency
are 92.08% and 94.20%, respectively, at an input voltage of 48 V; 95.13% and 96.55% at the input voltage
of 72 V; 96.08% and 97.32% at the input voltage 100 V; 96.62% and 98.57% at an input voltage of
120 V. It can be seen that the proposed converter is not efficient in low voltage levels, such as 48 V in
the experiment. To make it efficient, the converter should be implemented with optimized design,
including component selection, coupling inductor design and applying soft switching technique.
For component selection, wide bandgap device (SiC, GaN) with much smaller parasitic parameters
should be a good solution, which could not only reduce conduction and switching losses, but also
enhance the switching frequency to reduce passive components’ size and parasitic parameters as well.
Coupling design for the two inductors L; and L, will help reduce size and improve efficiency of the
converter. Soft switching technique applied on this converter will help enhance conversion efficiency.
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Figure 24. The theoretical voltage gain and the experimental voltage gain versus duty cycle when U;,, is 48 V.
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Figure 25. Efficiency curves under different input voltages.
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Based on all the experimental results, the theoretical analysis of the IPOS-SC-TLB converter is
correct and the three-loop control strategy is feasible. The effectiveness of the proposed IPOS-SC-TLB
converter has been verified.

6. Conclusions

This paper presents an input-parallel-output-series three-level Boost converter, which can step
up the input voltage to a high voltage level, as well as attaining low voltage stress, low current stress
and small input current ripple. Another advantage of the proposed topology is the automatic current
balancing function. There is also a disadvantage that the imbalance current between the two power
switches Sy, S». The average current of S is U, /R higher than the average current of Sy.
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Nomenclature

List of Abbreviations

IPOS-SC-TLB input-parallel-output-series switched-capacitor three-level boost
HVDC high voltage direct current

SI serial-interleaved

PI parallel-interleaved

SI-TLB serial-interleaved three-level boost

PIB parallel-interleaved boost

SI-FC-TLB serial-interleaved flying-capacitor three-level boost

PI-FC-TLB parallel-interleaved flying-capacitor three-level boost
PI-SFC-TLB parallel-interleaved symmetric flying-capacitor three-level boost
SC-TLB switched-capacitor three-level boost

IPOS-TLB1 input-parallel-output-series three-level boost 1

IPOS-TLB2 input-parallel-output-series three-level boost 2

List of Symbols

U;, average input voltage

U,, I, average output Voltage and average output current

Uy* output voltage reference

Uc, Uca, Uey
AU

average voltages of capacitors Cy, Cp, Cy
voltage difference between C; and Cf,

ir1, 110 currents of inductors Ly, L,

I, I average currents of inductors Ly, L,
Ipq*, I reference currents of inductors Ly, L,
Aipq, Aigp current ripples of inductors Ly, Ly
Aijy, input current ripple

Ip1, Ipa, Ips average currents of diodes Dy, Dy, D3
Is1, Isy average currents of switches Sy, S,

d duty cycle

dy duty cycle of boost 1

dy duty cycle of boost 2

Ad duty cycle difference
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Abstract: This paper provides a comprehensive analysis of the capacitors voltage switching
ripple for three-phase three-level neutral point clamped (NPC) inverter topologies. The voltage
ripple amplitudes of the two dc-link capacitors are theoretically estimated as a function of both
amplitude and phase angle of output current and the inverter modulation index. In particular,
peak-to-peak distribution and maximum amplitudes of the capacitor voltage switching ripple over
the fundamental period are obtained. A comparison is made considering different carrier-based
pulse-width modulations in the case of almost all sinusoidal load currents, representing either grid
connection or passive load with a negligible current ripple. Based on the voltage switching ripple
requirements of capacitors, a simple and effective original equation for a preliminary sizing of the
capacitors has been proposed. Numerical simulations and experimental tests have been carried out
in order to verify the analytical developments.

Keywords: voltage ripple; voltage source inverter; three-phase inverter; DC-link capacitor design

1. Introduction

In industrial applications, the most used switching inverter is the two-level converter. Due to
mass production, it is a relatively cheap and reliable configuration. Furthermore, as the number
of semiconductor devices is low, they can be simply controlled by different types of pulse-width
modulation (PWM) techniques. However, the main drawback of the two-level converter is the
high harmonic content of the output voltage, which makes the use of bulky output filter necessary,
increasing the cost of the system and the losses. The harmonic content can be reduced simply by
increasing the PWM switching frequency, which leads to an increase of the switching losses. The use
of power filters and high switching frequency has to be balanced to achieve reasonable converter costs
with acceptable efficiency.

During the last decades, the drawbacks of the two-level converter motivated researchers to
develop new converter topologies. A very promising inverter family, called multilevel inverters
(MLIs), offer better quality output voltage waveforms with a reduced harmonic content comparing to
the conventional two-level inverter topologies, increase the overall voltage and power rating of the
converter, and generally mitigate the electromagnetic interferences.

The penetration of multilevel inverters has been steadily increasing due to their widespread usage
in manufacturing, transport, energy, high-power drives and other industry applications. Several MLI
topologies have been introduced and extensively studied in the literature. Most currently used
multilevel topologies can be grouped: cascaded H-bridge (CHB), neutral point clamped (NPC),
and flying capacitors (FC).
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Multilevel inverters were initiated by the invention of the so-called NPC inverter in 1981 by
Nabae et al. [1]. The NPC inverter uses a single DC bus subdivided into a number of voltage levels
by a series string of capacitors. The voltages across the individual switches are clamped by diodes
at the voltage level of only one capacitor of the series DC-link string. The major difficulty associated
with control of the diode-clamped inverter is the balancing of the capacitor voltages [2,3]. To achieve
that, many modulation techniques have been developed [4-8]. In particular, carrier-based modulation
and space vector modulation (SVM) strategies, similar to those employed for conventional two-level
three-phase inverters, can be readily modified and extended to fulfill the multilevel NPC requirements.

An essential part of MLI design is the selection of DC-link capacitors. The capacitors are a sensitive
element of the inverter and a common source of failures. So far, regarding two-level converter systems,
some papers have investigated the minimum DC-link capacitance and proposed methods for its size
reduction [9,10]. Recently, based on the DC-link voltage analysis and considering both low- and/or
high-frequency DC voltage components, simple and effective guidelines for designing the DC-link
capacitor have been presented in [11] for single-phase H-bridge inverter, and in [12] for three-phase
three-level flying capacitor inverter. Methods used to derive expressions for RMS value and harmonic
spectrum of the capacitor current in two-level inverters, are extended to the three-level inverters in [13].
An analytical expression for calculating RMS current through the DC-link capacitor in a three-level
NPC inverter is given in [14]. The analysis of the DC-link capacitor current in three-level NPC and
CHB inverters and a new numerical approach for calculating the RMS value of the capacitor current is
proposed in [15].

Evaluation of the low-frequency neutral-point voltage oscillations in the three-level NPC inverter
using space vector modulation (SVM) techniques has been analyzed in [16]. A novel modulation
strategy for the NPC inverter is proposed in [17] to overcome one of the main problems of this converter,
which is the low-frequency voltage oscillation that appears in the neutral point. The proposed
modulation strategy can completely remove this oscillation for all the operating conditions and for
any kind of loads, even unbalanced and nonlinear loads.

Nowadays, NPC inverters are the most widely used three-level inverter topologies in the
industrial applications, considering both the conventional and the T-type configurations (Figure 1).
In order to choose the most suitable topology and hereby increase power efficiency, the comparison
between of conventional NPC and T-type inverters has been investigated and reported in the
literature [18], also considering the loss evaluation. An efficiency comparison of both over-mentioned
topologies is presented in [19] and the result shows that the T-type inverter is generally more efficient
at lower switching frequencies.

Vs Ve

Figure 1. Circuit schemes of the three-phase three-level neutral point clamped (NPC) inverter:
conventional type (left side) and T-type (right side).
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The analysis of inverter DC-link input current and voltage is essential for sizing and designing
the DC-link capacitor since it directly impacts the price, the lifetime and the failure rate of a converter
system. A DC-link capacitor has to deal with the harmonics of the inverter input current and to avoid
the high DC-link voltage ripple appearance. In general, the low-frequency voltage ripple component
is more important for the required capacitance design since it has a higher value comparing to the
switching frequency voltage ripple component. Although correctly sizing the DC-link capacitances is
important to control the magnitude of the low-frequency voltage ripple, it is not the only thing that
must be considered.

The calculation of low-frequency input current and input voltage ripples on DC-link capacitors
have been analyzed and presented in the literature by other authors [15,16]. The evaluation of voltage
switching ripple for the NPC converters has not been reported yet. The analysis of the voltage
switching ripple in DC-link capacitors of three-level three-phase NPC inverters, applicable to both
conventional and T-type configurations (Figure 1), is presented in this paper, with reference to different
carrier-based PWM techniques. The peak-to-peak capacitor voltage switching ripple amplitudes are
analytically determined as a function of modulation index and output phase angle. Based on the
limitation on the peak-to-peak capacitor voltage switching ripple amplitudes, simple and practical
expressions for sizing the capacitors have been proposed.

The paper is organized as follows. Section 2 introduces the system configuration and the
modulation principles. Section 3 presents the analysis of low-frequency and switching frequency input
current. Section 4 presents the analysis of the capacitor voltage switching ripple. Section 5 defines the
guidelines for a preliminary design of the DC-link capacitors. In Section 6 simulation and experimental
verifications have been reported, and Section 7 presents the conclusion.

2. System Configuration and Modulation Principles

2.1. System Configuration

The circuit scheme of a three-level three-phase neutral point clamped inverter (NPC) is shown
in Figure 1, for both conventional and T-type configurations. It consists of a DC voltage source (V)
with series RL impedance, representing either a simplified model of a real DC source or a DC filter
(series reactor). Each leg of the inverter is composed of four power switches (for leg A: S A t0 5@,
the same for legs B and C). Two capacitors C; and C; are connected to the neutral point of the inverter
and serve as a voltage divider. For proper operation of the NPC inverter, the neutral point must be
kept at one half of DC-link voltage by using a proper modulation strategy able to achieve voltage
balancing between the capacitors.

2.2. Modulation Principles

In case of balanced modulation and within the linear modulation range, the output voltages
normalized by V;. and averaged over the switching period (Ts, = 1/fsw) correspond to the modulating
signals [20]:

up =msin(®) + Cy = uj +Cp
ug = m sin(ﬁf%ﬂ)JrCm =ug+Cpn - (1)
uc = msin(® — 47) + Cp = u& + C

where ¥ = wt, w is the fundamental angular frequency (w = 27f), f is the fundamental frequency, m is
the inverter modulation index, u; are the normalized reference output voltages of each phase (i = A, B
or C) and Cj, represents the injected common mode signal.

The voltages across the two capacitors C; and C, can be spontaneously regulated to half
of the DC-link voltage by the use of proper modulation technique with self-balancing capability.
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Correspondingly, the following averaged switching functions for the upper and lower switches §§l)

and 354) can be written (averaging is denoted by overline):
=1
S = ui o+ uy) ' o)
s =

With reference to the modulation (1) and considering phase A, the averaged switching functions
of the upper and the lower switches, Equation (2), become:

{ 3&1) =m sin(9) + Cp + |m sin(9) + Cy| ®)

gﬁf) = —m Sin(ﬂ) +Cm + |m Sin(a) + le -

Due to the modulation symmetry among the three phases, the switching functions for the phases
B and C are readily obtained considering the phase displacement of the normalized output voltages
given in Equation (1).

In case of sinusoidal PWM (SPWM), the injected common-mode signal is zero:

Cp = 0. 4)

However, in case of centered PWM (CPWM), the injected common-mode signal is:

1
Cy = -3 (max(uy, ug, u¢) +min(uy, ug, ul)). (5)

In this last case, C;; can be rewritten as:

sind, 2 <9< I, T <9< IE

Cp = 5m{ sin(9+ %)ggeg%,@geg%ﬂ . (6)
: T\ T 5t 371 117
sin(d—3), F <o <, F<H< T

A straightforward method to implement carrier-based optimized centered PWM (OCPWM) for
three-phase three-level inverters has been proposed in [20]. The procedure is based on applying
the traditional min/max centering separately to pivot voltages and residual two-level voltages.
Pivot voltages are determined by a simple polarity combination of reference voltages. The resulting
common-mode voltage that has to be injected in reference voltages is determined in few simple steps
as described in the following equations:

1 1
Cy = ~3 (max(ui, ug,ué) + min(ui,ug, ué)) ) (max(uzAL,u%L, ug Ly + mm(uA ,uzBL, ZCL)> (7)
being
ul = % sign(uk) — %(sign(uZ) + sign(uf) + sign(ué))}
ug = % sign(ug) %(sign(uf\) + sign(ug) + sign(ué)) 8)
ué = L |sign(uf) — %(sign(uj;) + sign(ug;) + sign(ug))
il =y — ”Z
uZl = uy —ul) (C)]
2L P

ug = ug — e

Figure 2 shows the three carrier-based modulations considered in this paper.
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= 559

Ml = s@ @

05

Figure 2. Carrier-based PWM modulation logic for each leg (i) of NPC inverters: SPWM (red trace),
CPWM (blue trace), and OCPWM (green trace) in case of m = 0.4. Underline denotes complementary.

3. Input Current Analysis

Input Current Components

With reference to Figure 1, the instantaneous input currents i*(t) and i (t) are composed of the
averaged value over the switching period, it and i, and the switching frequency component, AiT and
Ai~. Similarly, i"andi consist of DC component over the fundamental period, 1., and the alternating
low-frequency component, itandi”, leading to:

{ () =1+ AT = Lo+ + APt 10)

i
i) =1 +Ai =1l +i +Ai

In case of balanced load and neglecting the output current ripple, the corresponding three-phase
output currents can be written as:

ia = Ipcsin(d — @)
i = Lesin(® — 2 — @) (11)
o = Iucsin({) —in )

where I, is the output current amplitude and ¢ is the power phase angle.

The averaged component (over the switching period) of each leg input current can be determined
by multiplying the switching function of upper or lower switch of each phase by the corresponding
output current. In the case of leg A it leads to:

= =(1) .
{ ZX = S,&x)ia 12)
iy = _ggx)ia

By introducing Equations (3) and (11) in Equation (12), the averaged currents of the upper and
lower switch of the leg A become:

(13)

in = Loesin(® — @)[m sin(®) + Cyy + |m sin(®) + Cp]]
in = Ipesin(® — @)[—msin® — Cy, + |m sin(d) + Cpi]

The total input currents i"andi canbe calculated as the sum of the three leg currents as:

it =50+ 500 +50
S, W, ) (14)
i = —Sp"ia—Sg ip —Sc ic
Due to the three-phase symmetry of modulation and output currents within the fundamental
period T, both input currents have a periodicity of T/3. As a consequence, the analysis can be restricted
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to an angle range of 27t/3, and all the input harmonics are multiple of 3. i.e., apart from the DC
component, the lowest harmonic order component is the 3rd.

With reference to the phase angle range 271/3 < 9 < 471/3, two sub-ranges 71/3 can be identified.
Considering Equations (2), (11) and (14), the input currents i"andi canbe expressed as:

o SW i 455 i, Zm<po<n 15)
§1(31) ibr n<9< ?ﬁ

—_ | 5% my<n )
| -5V —sWi, m<o<im
A la Cley TSV 3

Introducing Equations (1), (2), and (11) in Equations (15) and (16), and setting C;; = 0 as in case of
SPWM, leads to:

o Ml [2cos(@) +cos(20 — 2 — )], T <9< 17)
T mlc[cos(@) +cos(20—F — )], <D< %’T
i mlac[cos((p)—cos(%‘}———(p)} 2” §8§471 (18)
Mg [2cos(p) —cos(20 —F — )], n <D < 2F

Similarly, replacing Equation (6) in Equation (1) in case of CPWM, input currents i and i can be
expressed as

LI“‘ V3sin(29 — @) +sin(Z + ¢) +4cos((p)}, 27” <9< 5%‘

=+ _ mlm 3sm(219* Z—9)—sin(¢—%) +4cos(cp)], 57“ <9<m (19)
"’Iﬂf V3[cos(20 — F — @) +cos(p+ F)], n<d< T
'"I“f\f[ in(20 — @) +sin(e + 5)], Z m<y< %ﬂ

Mhe | —/3sin(29 — @) —sin(Z +<p)+2cos((p)] m<p<om

- _ Mhe | —\/3sin(20 — T — @) +sin(@ — T) +2€05(<p)] MLY<m 0)
Mhe | —\/3cos(20 — 2 — @) —v/3cos(@ + %) + 6cos(¢ )] n<H<E
mhe | —/3sin(29 — @) —\/§SIH(¢+3)+6COS((D)] m<p <A

Although the above analytical calculations are based on SPWM and CPWM, the analysis could be
readily extended to other PWM techniques, such as OCPWM, leading to more complex expressions
not presented in this paper.

Consequently, the low-frequency input current components are readily determined in case of
SPWM as:

3
I = Emlac cos(g) (21)
T _ imlgc[cos(@) +2cos(20 — Z — )], T << n @)
N *%mIaC[COS((p)fzcos(Zf)f77(,0)] n<y<iE
= _ —mIe [cos(o )+2cos(2\‘)———(p)} m<9<nm 23)
" | Amlic[cos(@) —2cos(20—F — )], m< 9 < U
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In the case of CPWM, the low-frequency input currents are expressed as:

Ml | /3 sin(20 — (p) +sin(Z + ¢) +cos(<p)], m<y<m
= _ ﬂll/zc V3sin(20 — Z — ¢) —sin(¢ — ) +cos(cp)], 5?” <d<n (24)
’”[”C V3[cos(20 — Z — @) +cos(p + F) —3cos(¢)], m <9 < X
mé‘”ﬁ[sm(Zﬁ ) +sin(@+F) —3cos(e)], T <o <4
— e /3sin(29 — @) +sin(Z + @) +cos(<p)], m<y<
_ — e | \/3sin(20 — F — @) —sin(¢ — Z) + cos(¢ )] <h<
- : (25)

<
— e |\/3cos(20 — T — @) +v/3cos(p + ) — 3cos(<p)] n<P<E
— e |V/3sin(20 — @) + V3sin(¢ + 5 )*3C0$((p)] m<y<in

4. Input Voltage Analysis

4.1. Input Voltage Components

Based on the analysis of the inverter input current ripple components, the instantaneous voltages
v1 and v, across DC-link capacitors can be written as:
v =V +701+Av
1 1+ o1 + Avy 26)
=Vo+ 0y + Avy

where V7 and V) are the DC components averaged over the fundamental period, 7; and o, are the
alternating low-frequency ripple components, and Av; and Av, are the switching frequency ripple
components of the voltages across capacitors C; and Cy, respectively. Being the low-frequency ripple
components widely studied in literature, the analysis is focused on the switching ripple component.

4.2. Peak-to-Peak Voltage Switching Ripple Evaluation

In order to calculate the voltage switching ripple of DC-link capacitors, the amount of the
switching frequency component of currents Ai; and A, circulating through the DC-link capacitor
C; and C; should be determined. Assuming that the DC source impedance at the switching frequency
is much higher than the capacitor’s reactance, the whole current component Ai* and Ai~ are circulating
through the capacitors C; and Cy, i.e., Aij = Ai* and Aip = Ai~. In this case, the corresponding DC
voltage variations (peak-to-peak) over the sub-periods [0-At;] and [0-At;] can be expressed as

1 At 1 Aty
AV = — / Aitdt, AV = — / AP dt. 27)
G G
0 0

being Aty and Aty specific switching time intervals. The instantaneous input current is considered
constant within each considered time interval.

Due to the periodicity of the input currents i* and i~, the evaluation of peak-to-peak voltage
ripple is limited to the phase angle range 271/3 <9 < 47t/3. Analyzing the voltage ripple, two cases
have been identified: the first case considering zero phase angle (¢ = 0°) and the second considering
¢ = 60°. The peak-to-peak voltage switching ripple of capacitors has been analytically calculated as:

In case of @ =0°:

IA
IA
H

Tsw (1_51(%1));+' z
C (1—3&1))?, i

)|

9
AV) = (28)
9

IN

IN
I
A
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Lo | (1-3)17, F<oc<i
9

53
AV, = IR (29)
G| (1-s0)i, ZE<ock
In case of ¢ =60°:
. (1-s0)i", F<oc<k
o =2 (ia i —f*)?ﬁ), sm<y<n (30)
1 L
(1-55")7", moc gy < dn
(@)~ 2 7
AszTsw (175C >Z ’ TT(SSS% 31)
G| (ce-i-1)8), E<o<y

being Sfl) and 554) the switching function for the upper and lower switches of phase i (being i = A,
B or C), given by Equation (2). The total averaged input currents i" and i~ can be calculated by
Equations (17) and (18) in case of sinusoidal PWM, and by Equations (19) and (20) in case of centered
PWM. In case of optimized centered PWM the input currents can be calculated introducing Equations
(2), (7) and (11) in Equations (15) and (16), leading to more complex developments.

Equations (28)—(31) suggest normalization for AV and AV, as follow:

IIIC LZC
AVy = AUy, AV, = AUy. 32
! fswcl ! 2 fswCZ 2 ( )

being Al and All, the normalized peak-to-peak voltage switching ripple amplitude of capacitors.

Figure 3 shows the distribution of the normalized peak-to-peak voltage switching ripple calculated
based on Equations (28), (29), (30) and (31) over the period [0, 120°]. Two modulation indices have
been selected, m = 0.3 and m = 0.5 and two output phase angles are considered, ¢ =0 and ¢ = 60°.

9=0

(a) (b)
0.25 0.25
AU, L
0.15 0.15
0.1 0.1
0.05 0.05

%0 9 120° % 9 120°
() (d)

Figure 3. Normalized peak-to-peak voltage ripple amplitude across the capacitors over the period
[0, 120°] for two modulation indices 7 = 0.3 (a,b) and m = 0.5 (c,d) and output phase angles ¢ =0 (a,c)
(left) and 60° (b,d) (right) in case of SPWM (red), CPWM (blue) and OCPWM (green).

Figure 3 presents the normalized peak-to-peak voltage ripple amplitude across the upper capacitor
since the normalized peak-to-peak voltage ripple amplitude across the lower capacitor has exactly the
same profile with a phase shift corresponding to 60° (1/2 of the considered period).
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According to Figure 3, it can be seen a wide excursion of the normalized peak-to-peak
voltage ripple amplitude, generally ranging between 0 (min) and 0.25 (max). Despite there are
evident differences in the voltage switching ripple envelope profile among the three modulation
strategies, it cannot be identified a modulation clearly better than the others from this point of view.
This consideration is also supported by the diagrams presented in Figure 4, representing the maximum
of the normalized peak-to-peak ripple amplitude, calculated numerically, over the whole modulation
index range, for ¢ = 0°,30°, 60°, and 90°, considering SPWM, CPWM, and OCPWM. Again, these three
modulation techniques give similar and comparable results also with reference to the maximum of
the peak-to-peak voltage switching ripple. For all the cases, the absolute maximum of normalized
peak-to-peak voltage ripple amplitude can be assumed as 0.25.

AVl‘max AVl‘max AVI‘max
03 03 03
P e
02 / — 02 / S 02 // =<7
o1 / [E—— 0.1 / 0.1 /
0 0 0
0 0.1 02 03 0.4 0.5 0.6 0 0.1 02 03 04 05 0.6 0 0.1 02 0.3 0.4 0.5 0.6
——=0° =———=30° =——@=60° =——@=00° m —0° —(30° ——=60° —=90° ——=0° ———=30° =——@=60° =——@=90° ;11
(@) (b) (9

Figure 4. Maximum peak-to-peak value of the normalized voltage switching ripple vs. modulation
index m in case of (a) sinusoidal pulse-width modulation (SPWM), (b) centered PWM (CPWM) and (c)
optimized centered PWM (OCPWM) for different output phase angles.

5. Dc-link Preliminary Capacitor Design

Based on the analysis of capacitor voltage ripple components, simple and effective guidelines
for a preliminary design of the capacitors C; and C, are proposed in this section. In particular,
the capacitances can be calculated taking into account requirements or restrictions referred to the
switching frequency and/or low-frequency voltage ripple components.

Despite the design of DC-link capacitors in the three-phase three-level inverter has been widely
addressed in literature considering always the low-frequency voltage ripple, a guideline for the design
of the DC-link capacitors for this multilevel inverter configuration based on the switching voltage
ripple has not been developed yet.

In general, the capacitor voltage switching ripple amplitude could have additional specific
restrictions to limit switching noise, electromagnetic interferences, and voltage stress on the DC-link.

In this paper, the selection of the DC-link capacitors C; and C; can be performed on the basis
of the maximum amplitude of the peak-to-peak voltage switching ripple at the switching frequency
(that is in the order of kHz).

According to Figure 4, it can be noted that the maximum amplitude of the peak-to-peak ripple is
determined as:

AUP™ = AU = (33)

RN

In this case, the capacitances can be readily calculated on the basis of Equations (32) and (33):

1 I 1 I
C >~ G> 3
N A BN

(34)
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6. Results

In order to verify proposed theoretical developments valid for both the considered NPC multilevel
inverter configurations (Figure 1), numerical simulations and corresponding experimental tests are
carried out. Inverter is controlled by carrier-based multilevel PWM (Figure 2) with reference to the
three considered modulation techniques (SPWM, CPWM, and OCPWM). The switching frequency is
set 2.5 kHz to better emphasize the switching ripple components, and two different output phase angles
(0 and 60°) are considered, as for the specific analytical developments. The main circuit parameters are
summarized in Table 1 for both simulations and experiments.

Table 1. Simulation/experiment circuit parameters.

Label Description Parameters
Vs DC voltage source 100 V
Rs DC source resistance 50
Ls DC source inductance 10.15 mH
Cy,Cy DC-link capacitors 1.12 mF
fo fsw fundamental and switching frequencies 50 Hz, 2.5kHz

6.1. Simulation Results

Simulation results are carried out by implementing the power circuit scheme and the PWM
techniques by Matlab/Simulink, considering SPWM, CPWM, and OCPWM.

The first simulation tests (Figures 5 and 6) are concerning the input inverter currents. In this case,
unity sinusoidal output current (I,c = 1A) are considered to easily verify the analytical developments
presented in Section 3, with specific reference to the considered output phase angles ¢ = 0° and ¢ = 60°.

Total input current (A)

002 0,025 003 00%s 004 002 0025 003 0035 004 002 0025 003

(s) t(s) t(s)

0035 0.04

Figure 5. One leg dc-link current (top) and total input current (bottom): instantaneous value
(blue trace), its averaged value over the switching period (red), and calculated value (green) in case of
SPWM, CPWM and OCPWM (from right to left) for m = 0.4, I,c = 1A and ¢ = 0°.

The top traces in Figures 5 and 6 show the simulation results comparing the instantaneous input
current of leg A i} (blue trace) with its averaged value over the switching period fj{ (red trace),
and the corresponding low-frequency current component calculated by Equation (13) (green trace)
in case of m = 0.4 and for two cases of output phase angles ¢ = 0° (Figure 5) and ¢ = 60° (Figure 6).
The bottom traces in Figures 5 and 6 show the total input current, with emphasis to instantaneous
valuei* (blue trace) and its averaged value over the switching period it (red trace). The low-frequency
current component (green trace) is determined analytically in both cases of SPWM and CPWM by
Equations (22) and (24), respectively, and is calculated by replacing Equations (2), (7), and (11) in
Equation (15), in the case of OCPWM.
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The numerical results generally show a perfect matching with the theoretical values. The small
delay between averaged and theoretical currents (T, /2) is due to the averaging process itself.

The second group of simulation tests is concerning the switching voltage ripple across the two
DC-link capacitors. In this case, the load circuit model is corresponding to the real experimental setup,
made with the purpose to easily adapt the output phase angles to the considered cases (¢ = 0 and
@ = 60°), according to Figure 7. The corresponding circuit parameters are given in Table 2.

Leg de-link current (A)

002 0025 003 0035 004 002 0025 003 0035 004 002 0025 003 0,035 o.
s s,

Figure 6. One leg dc-link current (top) and total input current (bottom): instantaneous value
(blue trace), its averaged value over the switching period (red), and calculated value (green) in case of
SPWM, CPWM and OCPWM (from right to left) for m = 0.4, I,c = 1A and ¢ = 60°.

Figure 7. Three-phase load circuit.

Table 2. Load parameters.

Load ©=0 @ =60°
Ry 3.16 Q) 3.16 Q)
Ly 20.1 mH 20.1 mH
R, 20 Q) 0
Co 58 uF 0

The voltage switching ripple is determined by filtering away the low-frequency components form
the instantaneous capacitor voltages.

Figure 8 presents the instantaneous voltage switching ripple across the capacitors (blue traces) in
case of sinusoidal PWM together with the theoretical envelopes £AV;/2 (upper capacitor) and
+AV,/2 (lower capacitor), analytically evaluated by (28) and (29) (red traces) for two cases of
modulation index m = 0.3 (top) and 0.5 (bottom), considering the output phase angle ¢ = 0. The same
quantities are presented in Figure 9 with reference to output phase angle ¢ = 60°. In this case,
envelopes =AV/2 and £AV;/2 are analytically evaluated by (30) and (31).

Similarly, Figures 10 and 11 present the instantaneous voltage switching ripple across the
capacitors (blue traces) in case of centered PWM together with the theoretical envelopes +AV;/2
(upper capacitor) and AV, /2 (lower capacitor) (red traces) for two cases of modulation index m = 0.3
(top) and 0.5 (bottom), considering the output phase angles ¢ = 0 (Figure 10) and ¢ = 60° (Figure 11).
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Figure 8. Capacitor voltage switching ripple (SPWM): simulation results (blue trace) and calculated
peak- to-peak envelope (red traces) over a period for m = 0.3 (a) and m = 0.5 (b) in case of ¢ = 0°.

As mentioned in Section 4, the analytical developments could be readily extended to other more
sophisticated modulation strategies, such as optimized centered PWM, but leading to more complex
and less meaningful expressions. For this reason, the envelopes of voltage switching ripple have not
explicitly obtained in case of OCPWM, just numerically derived introducing Equations (2), (7), (11),
(15), and (16) in the basic Equations (28)—(31). Similarly, to previous cases, Figures 12 and 13 present
the instantaneous voltage switching ripple across the capacitors (blue traces) in case of optimized
centered PWM together with the envelopes AV /2 (upper capacitor) and +AV;/2 (lower capacitor)
(red traces) for two cases of modulation index m = 0.3 (top) and 0.5 (bottom), considering the output
phase angles ¢= 0 (Figure 12) and ¢ = 60° (Figure 13).
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Figure 9. Capacitor voltage switching ripple (SPWM): simulation results (blue trace) and calculated
peak- to-peak envelope (red traces) over a period for m = 0.3 (a) and m = 0.5 (b) in case of ¢ = 60°.
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Figure 10. Capacitor voltage switching ripple (CPWM): simulation results (blue trace) and calculated
peak- to-peak envelope (red traces) over a period for m = 0.3 (a) and m = 0.5 (b) in case of ¢ = 0°.
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Figure 11. Capacitor voltage switching ripple (CPWM): simulation results (blue trace) and calculated
peak- to-peak envelope (red traces) over a period for m = 0.3 (a) and m = 0.5 (b) in case of ¢ = 60°.
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Figure 12. Capacitor voltage switching ripple (OCPWM): simulation results (blue trace) and calculated
peak- to-peak envelope (red traces) over a period for m = 0.3 (a) and m = 0.5 (b) in case of ¢ = 0°.

008 0.085 0.09 0095 p(g)01
(@)

008 0085 noe 0085 4 ()0
(b)

Figure 13. Capacitor voltage switching ripple (OCPWM): simulation results (blue trace) and calculated
peak- to-peak envelope (red traces) over a period for m = 0.3 (a) and m = 0.5 (b) in case of ¢ = 60°.
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6.2. Experimental Results

A picture view of the whole experimental setup is shown in Figure 14. It consists of
a three-phase T-type NPC inverter implemented by 12 discrete Silicon Carbide (SiC) power MOSFETs
(CREE C2M0080120D) rated for 1200 V and 36 A. The three considered PWM techniques and the
calculations to analytically determine the envelopes of voltage switching ripple across the two dc-link
capacitors are implemented by a TMS320F28335 floating point DSP control board. Code Composer
Studio (CCS) is adopted for programming the DSP board, with the possibility of real-time adjustment
of modulation parameters by computer interface. The main circuit parameters are given in Tables 1
and 2, i.e., the same used for the second group of simulations.

Three-phase T-type
NPC inverter

Figure 14. Picture view of the experimental setup.

Experimental results are shown by Yokogawa DLM 2024 oscilloscope screenshots. Figure 15
presents an example of load voltage and current (blue and red traces, respectively) obtained by the
laboratory setup in case of sinusoidal PWM and unity power factor (m = 0.5).

TOROGEWS, 4 201507705 16501 NomH-fes  Edaa CHE £ 0.06 &
WSS Ao

T 0 T |
™ s 1 i
R Wz 125 H e

]

L
e %7
Mued1) B AL ¥ Ml 20 A Wuedid] 1579 A

Figure 15. Example of load voltage (blue) and current (red) for SPWM (m = 0.5, @ = 0°).

Figures 16 and 17 present the results with reference to sinusoidal PWM and centered PWM
techniques, respectively. Two values of modulation index: m = 0.3 and 0.5 (from top to bottom)
and two values of the output phase angles ¢ =0 and ¢ = 60° are considered (left and right column,
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respectively). In all screenshots, upper traces present the capacitor voltage and its averaged counterpart
(blue and green traces, respectively) and the bottom traces present the measured capacitor voltage
switching ripple and the calculated peak-to-peak envelopes provided by the DSP board and displayed
using DAC block with a proper voltage scaling (red and green traces, respectively).

Figure 16. Experimental results for ¢ = 0° (left) and ¢ = 60° (right). Upper half: capacitor voltage and
its averaged value. Lower half: calculated peak-to-peak envelope and measured capacitor voltage
switching ripple with different modulation indexes: m = 0.3 and 0.5 (from top to bottom) in case
of SPWM.

WA
&

Figure 17. Cont.
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LA
SV

Figure 17. Experimental results for ¢ = 0° (left) and ¢ = 60° (right). Upper half: capacitor voltage and

its averaged value. Lower half: calculated peak-to-peak envelope and measured capacitor voltage
switching ripple with different modulation indexes: m = 0.3 and 0.5 (from top to bottom) in case
of CPWM.

The capacitor voltage switching ripple has been obtained experimentally by simply using the
“ac coupling” built-in function of the oscilloscope together with the built-in low-pass filter, on the basis
of the instantaneous capacitor voltage, according to Equation (26).

Simulation and experimental results have a good matching for all the considered cases, as proved
by comparing Figures 8 and 9 with Figure 16 in case of SPWM and by comparing Figures 10 and 11
with Figure 17 in case of CPWM. Note that the same scale is adopted in corresponding simulation and
experimental di agrams to facilitate the comparison.

7. Conclusions

This paper deals with input current analysis and determination of capacitors voltage switching
ripple in three-phase three-level neutral point clamped inverters. Reference is made to the basic
modulation strategies, namely sinusoidal PWM, centered PWM, and optimized centered PWM, but the
proposed method be easily extended to other modulation techniques. The switching frequency current
and voltage ripple components have been analytically determined for the two dc-link capacitors.
In particular, the peak-to-peak voltage ripple amplitudes have been calculated as a function of the
inverter modulation index and the output current amplitude. Simple and effective guidelines for
a preliminary design the dc-link capacitors of the NPC configuration have been also introduced.
Developments have been carried out in case of general output power factor, representing either grid
connections, motor, or passive loads.

The mathematical developments have been verified, both numerically and experimentally,
for different values of modulation indices and specifically for two output phase angles ¢ = 0
(corresponding to most of the grid-connected applications) and ¢ = 60°. A very satisfactory matching
between analytical, numerical, and experimental results has been achieved, proving the validity of the
proposed approach.
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Abstract: A PV-Simulator is a DC power source in which the current-voltage (I-V) characteristics
of different PV arrays can be programmed. With a PV-simulator, the operation of the solar power
conditioning systems can be validated at a laboratory level itself before actual field trials. In this
work, design, operation and controls for a two-stage programmable PV-simulator required for the
testing of solar power conditioning systems are presented. The proposed PV-simulator consists of
a three-level T-type active front-end converter in the first stage and a buck-chopper-based DC-DC
converter in the second stage. An active front-end rectifier using a three-level T-type IGBT-based
converter is used at the input stage to help in operating the system at unity power factor. A DC-DC
converter at the output stage of the simulator is regulated to obtain the I-V characteristics of the
programmed PV-Array. Hardware-In-Loop simulations are carried out to validate the proposed
system and the associated controls implemented in the controller. As a case study, this PV-simulator
is programmed with electrical parameters of a selected PV-array and the characteristics obtained
from the PV-simulator are compared with the actual PV-array characteristics. The dynamic response
of the system for sudden changes in the load and sudden changes in irradiance values are studied.

Keywords: buck-chopper; PV-simulator; T-type converter; real time simulator

1. Introduction

The operation and efficiency of a solar power conditioning system at different operating points can
be tested using a variable DC source in the laboratory, but to validate the ability to track the maximum
power point (MPP) in the power conditioning system, it is necessary to test the system with an actual
PV array, but with an actual PV array, it is difficult to test the system at predefined operating points
due to varying climatic changes. The space and cost required for the installation of an actual PV array
are also more. With an actual PV array on site, it is necessary to alter the series/parallel combination
of PV modules for testing different rated PV power conditioning systems. Hence a PV simulator
is required to validate the solar power conditioning system at the laboratory level itself before any
actual site trials [1,2]. A PV-simulator system is a DC power source in which the current-voltage (I-V)
characteristics of different PV arrays can be programmed so that the operation of the solar power
conditioning system can be validated. With a PV-simulator, it is possible to test the power conditioning
systems for different voltage current combinations within the rated values of the PV-simulator.

An LLC resonant DC-DC converter-based PV-simulator discussed in [3,4] consists of a current
driven centre tapped transformer which provides galvanic isolation between input and output
circuits. A PV-simulator based on an interleaved buck converter is presented in [5,6]. A buck-boost
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chopper-based PV-simulator with double current mode control is proposed in [7] and a buck
chopper-based PV-simulator with a two stage LC filter is discussed in [8]. A PV-simulator based
on a two-quadrant DC-DC converter is proposed in [9]. A buck-chopper-based DC-DC converter
with a single stage L-C filter is presented in [10-12]. The above discussed configurations and the
components required for each configuration are summarized in Table 1 and it is observed that the
buck-chopper-based PV-simulator is the most economical compared to other configurations due to its

lesser number of magnetic components and power switches.

Table 1. Parameters of Selected PV-array to Be Programmed.

SL. No. Reference Configuration Remarks
This configuration requires a centre-tapped
An LLC resonant DC-DC transformer and two inductors, two IGBT/MOSFET
1 [3,4] converter-based switches, etc. Cost and size of the system increases
PV-simulator for higher rated systems due to the higher number of
magnetic components.
PV-simulator based on an This configuration requires three inductors and six
3 [5,6] . IGBT/MOSFET switches. The cost of the system is
interleaved buck converter .
comparatively lesser than [3,4].
Buck-boost chopper-based Cost ‘of thls‘sysfer?rl is comlparatlve}y lesser than [3-6]
3 [7] PVosimulator as this configuration requires two inductors and four
IGBT/MOSFET switches.
Two inductors are required at the output side of the
Buck chopper-based chopper. The cost of the system is comparatively
2 [8] PV-simulator with two stage  lesser than [3-7], but an additional L-C filter stage on
LC filter the output side is costlier than a buck-chopper-based
PV-simulator with a single L-C stage.
Two quadrant DC-DC This configuration requires only one inductor on the
5 9] converter-based output stage and two IGBT/MOSFET switches.
PV-simulator with two stage ~ Hence the cost of this configuration is less that that
LC filter of the configurations presented in [3-8].
buckchopperbsed bk orperbased Pimur s duaper o
6 [10-12] PV-simulator with two stage Y P -

LC filter

configuration requires only one inductor on the

output stage and only one IGBT/MOSFET switch.

In the works discussed in [4-12], a DC source is considered as input, hence the AC to DC
conversion stage is not discussed. A PV-simulator manufactured by M/s Chroma with type number
62000H-S series, is suitable for the input sources such as single-phase 220 Vac and three-phase 440 Vac
which are usually available at laboratories. This simulator is suitable for the testing of inverters up to
the rating of 1000 V, 25 A. Multiple such PV simulators can be connected for testing of higher rated
power conditioning systems. Since AC is the commonly available supply in laboratories, it is preferred
to have a rectifier at the input stage of the PV simulator.

A PV-simulator with an AC input source presented in [13,14] consists of a single phase diode
front end rectifier and a buck chopper-based DC-DC converter. Due to the uncontrolled single phase
diode rectifier in the input section, the input THD and power factor are poor with the presented
configuration. To make the system operate at unity power factor with a better THD, it is desirable to
have an active front end rectifier in the input stage. A three level front end converter is preferable over
a conventional two level inverter as the total power loss in a three-level converter is comparatively
lesser than that of a two-level converter [15,16]. Also the voltage and current harmonics in a three-level
converter are comparatively lesser than those of a two-level converter [17]. The dv/dt in a three-level
converter is less than that of a two-level inverter; hence the voltage stresses on the devices are also
minimized. Three-level front-end converters can be designed either with a diode clamped converter
or a T-type converter. A T-type three-level converter is suitable for low voltage applications as the
switching and conduction losses in T-type three-level converters are less compared to that of a diode
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clamped three level inverter [18]. Due to the above advantages a front-end converter based on a T-type
configuration is selected in this work.

In this work, the design of a low cost PV-simulator with a single phase front end converter and
a buck-chopper-based DC-DC converter is proposed. The block diagram of the proposed simulator
is shown in Figure 1. Parameters such as open-circuit voltage, short-circuit current, MPP voltage,
MPP current, power rating, series resistance, parallel resistance and temperatures coefficients of the
selected PV array which are usually available from the product datasheet and can be programmed
in the PV-simulator. The variable inputs such as irradiance on the PV array and the temperature of
PV array can be varied from the user interface for testing the power conditioning system at various
operating points. The maximum ratings of the PV array that can be programmed are restricted to the
rated output voltage and currents of PV-simulator.

SOLAR
T-TYPE
1 DC-DC INVERTER
AC(My, FRONT-END —_

CONVERTER CONVERTER U‘PEDSErR

L. CATE g,)< g GATE lpy

V A ]
Vac CONTROLLER o

IRRADIANCE ﬂ TT TEMPERATURE
ON OF

PV-ARRAY PV-ARRAY

OPEN CIRCUIT VOLTAGE (Voc) @ 1000 W/Sq.m , 25 °C
SHORT CIRCUIT CURRENT (lsc) @ 1000 W/Sq.m , 25 °C
MPP VOLTAGE (Vupp) @ 1000 W/Sq.m , 25 °C

MPP CURRENT (lypp) @ 1000 W/Sq.m , 25 °C
MAXIMUM POWER (Ppax) @ 1000 W/Sq.m , 25 °C
TEMPERATURE COEEFICIENT OF VOLTAGE
TEMPERATURE COEEFICIENT OF POWER
TEMPERATURE COEEFICIENT OF CURRENT

PV-ARRAY SERIES RESISTANCE
PV-ARRAY PARALLEL RESISTANCE

PV-ARRAY PARAMETERS
(PROGRAMMABLE)

Figure 1. Block diagram of the proposed PV-Simulator.

Due to the advantages of a T-type configuration over a conventional two-level converter
mentioned earlier, a front-end converter based on a T-type configuration is selected in the present work.
The control philosophy for a single phase active front-end rectifier is presented in [19]. Closed loop
voltage control is adapted to regulate the DC link voltage. Closed loop voltage control for a three-phase
active front-end rectifier is discussed in [20]. Reference DC link voltage for FEC is always adjusted
more than the open circuit voltage of the programmed PV array. An isolation transformer is used at the
input side of the simulator. The isolation transformer enables the operation of multiple PV-simulators
connected in parallel for testing of higher rated solar power conditioning systems. The input inductance
required for the boosting operation of front-end rectifier can be incorporated in the transformer itself
so that the component count, cost and weight can be minimized.
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The second stage of power conversion consists of a buck-chopper-based DC-DC converter.
The output voltage of the chopper ranges between the minimum PV voltage i.e., zero and the maximum
PV voltage i.e., the open circuit voltage of the programmed PV array. Current control is adapted for the
DC-DC converter to replicate the I-V characteristics of programmed PV array. Reference output current
is obtained from the programmed PV parameters, while irradiance input, and operating temperature
input are adjusted by the user and the instantaneous output voltage. In this work, the PV-simulator is
designed to be programmed up to the ratings of the selected PV array shown in Table 2. A PV array
comprised of multiple PV modules (Type number SPR-435NE-WHT-D of M/s Sun Power) connected
in series-parallel combination is considered. The T-type front-end converter, buck-chopper-based
DC-DC converter and its controls are discussed in detail. Real-time simulations are carried out to
validate the system using an Opal-RT brand real-time simulator. I-V characteristics obtained from the
PV-simulator are compared with the actual PV-array characteristics to validate the controls.

Table 2. Parameters of Selected PV-Array to Be Programmed.

SL. No. Electrical Parameter Value Units

PV Module Ratings

1 Module Power (P_Mod) 435 W

2 Open Circuit Voltage (Voc_Mod) 85.6 \Y%

3 Short Circuit Current (Isc_Mod) 6.43 A
PV Array Ratings

4 No of Series Modules in PV Array (Nse) 4 No’s

5 No of Parallel Modules in PV Array (Np) 10 No’s

6 PV Array Power (P_Mod x Nse x Np) 17.40 kW

7 Maximum DC Voltage (Nse x Voc_Mod) 342 v

8 Maximum Output Current (Np x Isc_Mod) 64.3 A

2. A Three-Level T-Type Front-End Rectifier

As the input to the PV-simulator is an AC source, a rectifier is to be used on the input stage.
Instead of using an uncontrolled diode rectifier, an active front-end converter (FEC) is proposed in
this system to obtain unity power factor on the input side. A three-level T-Type FEC is selected over a
conventional two-level H-bridge-based FEC to obtain better input THD and low dv/dt. A transformer
is also proposed on the input side for isolation purposes in the present work. The input inductance
required for the boost operation can also be incorporated in the input transformer. The isolation
transformer also enables the parallel operation of multiple PV-simulators during the testing of higher
rated power conditioning systems. Since the open-circuit voltage of the PV-array selected is 342V,
the DC link voltage (Vdc) should always be more than the open circuit voltage i.e., 342 V. In the
present system, Vdc selected is 500 V i.e., approximately 1.5 times the open-circuit voltage of the
PV-array. Commercially available power conditioning systems are listed in [21] and it is observed
that the maximum PV voltages are in the range of 1000 V to 1500 V DC. The proposed system can be
extended to higher voltages by suitably selecting the turn ratio of the input transformer. The power
rating of the FEC should be more than the maximum power rating of the PV-array. By considering the
efficiency of the PV-simulator as 85%, the power rating of the FEC obtained is 20.5 kW.

The power circuit and the control block diagram for the proposed FEC are shown in Figure 2.
The controller monitors the input AC voltage and using a phase locked loop (PLL), a unit signal which
is in-phase with the input voltage is generated. The reference DC link voltage (Vdc_ref) is adjusted
to 500 V in this system and actual DC link voltage (Vdc) is monitored and the error is applied to a PI
controller. A feedforward control is used for improving the dynamic response of the system to sudden
changes in DC current (Idc). The output of the feed-forward loop is multiplied with the unit signal to
obtain the reference input current. The reference AC current is compared with the actual AC current
and the error is applied to a PI controller to obtain the modulating signal for the rectifier. The dynamic
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response of the system can be studied by applying a step change in reference DC voltage (Vdc_Ref)
and the load current (Idc) [22].
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Figure 2. Control Block diagram of T-Type Front-End Converter.

Operation of FEC and the dynamic response of the system are validated through real-time
simulations using an Opal RT real-time simulator. The electrical scheme for real-time simulation
validation is shown in Figure 3. In this setup, the plant, comprised of an input supply, transformer,
T-Type converter, DC-link capacitors, and the load are modeled in Matlab-Simulink with a sample time
of 10 microseconds. The simulated model is compiled and loaded in the high speed processor of the
real-time simulator. The control software for T-type front end converter is developed through a Matlab
embedded coder and loaded in the controller card based on a Texas Instruments TMS320F2812 digital
single processor. Details of the controller card used and the real-time simulator are shown in Table 3.

Start/Stop commands are given to the controller from external pushbuttons. The DC link voltage
reference VDC_Ref signal is also given from user interface to the analog input channel of the controller
card. Using the analog output channels of the real-time simulator, the voltage and current signals from
the plant are given to the analog input channels of the controller card.

The controller card provides gate signals for the FEC through the digital input channels of the
real-time simulator. A simulated ‘Stack faulty signal” in the plant is given to the controller card through
the digital output channel of the real-time simulator. On receiving the stack faulty signal from the
plant, the controller blocks the gate pulses to the FEC and also provides an off command to the input
AC breaker Q1. To provide step changes in the load, two contactors Q2, Q3 are simulated and the
control signals for these load switches are provided by the controller through the digital input channels
of the real-time simulator. The dynamic response of the FEC is observed for sudden changes in the DC
link voltage reference (VDC_Ref) and for sudden changes in load.
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Figure 3. Electrical scheme for controller-In-Loop simulation validation of T-Type Front-End Converter.

Table 3. Details of the Hardware Used in the Controller-In-Loop Simulations.

SL. No. Parameter Description

Real-Time Simulator

1 Manufacturer Opal-RT

2 Processor in Real-Time Simulator Intel Xeon Quadcore 2.50 GHz

3 Operating System QNX

4 10 Interface FPGA Based

5 No of Analog Input Channels 16

6 No of Analog Output Channels 16

7 No of Digital Input Channels 16

8 No of Digital Output Channels 16

9 Analog Channels voltage Range —10to +10V

10 Digital Channels Voltage range 0V = Logic Low, 15 V = High

11 Front-End Modeling tool Matlab-Simulink
Controller Details

12 DSP Used TMS320F2812 DSP

13 No of Analog Input Channels 16

14 No of Digital Input Channels 16

15 No of Digital Output Channels 16

16 No of PWM Outputs 12

17 Analog Channels voltage Range —10to +10 V

18 Digital Channels Voltage range 0V =Logic Low, 15V = High
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2.1. Dynamic Response of FEC for a Step Change in Vidc_Ref

A fixed resistive load is connected across the output DC terminals of FEC and a Vdc_ref is adjusted
to 500 V. Since a T-type configuration is used, the PWM voltage at the rectifier AC terminals has three
levels. The voltage step in the PWM voltage is equal to half of the value of the DC link voltage as
shown in Figure 4a. Since the FEC maintains unity power factor, the input voltage and current are
in-phase with each other, as shown in Figure 4b. A step change in the reference DC link voltage is
applied and it is observed that the actual DC link voltage follows the reference DC voltage. Since the
new Vdc_Ref is 600 volts, the voltage step in the three-level PWM voltage also varied and becomes
300 volts, i.e., half of the DC link voltage as shown in Figure 4a. Since a fixed resistive load is connected
across DC terminals of the FEC, the load current also increases which results in an increase in the input
side current. It is observed that the input current is also increased but still maintains the unity power
factor as shown in Figure 4b.
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Figure 4. (a) Voltage and Current Waveforms of T-Type Front-End Converter (b) Input Voltage and
Current Waveforms of Front-End Converter during Transition time for a step change in DC link voltage.
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2.2. Dynamic Response of FEC for a Step Change in Idc

In this case, the reference DC link voltage is maintained at 600 volts and a step change in the load
is applied. Since the Vdc ref is 600 volts, the DC link voltage is 600 volts and the voltage step in the
three-level PWM voltage is 300 volts, i.e., half of the DC link voltage as shown in Figure 5a. FEC is
operating at unity power factor, hence the input voltage and current are in-phase with each other as
shown in Figure 5b.
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Figure 5. (a) Input Voltage and Current Waveforms of T-Type Front-End Converter (b) Input Voltage
and Current Waveforms of T-Type Front-End Converter during Transition time for a step change
in Load.

A step change in DC load is applied and it is observed that the actual DC link voltage drops by
approximately 40 volts at that instant and increases gradually to the reference value, i.e., 600 volts,
as shown in Figure 5a. Since the load is increased on the DC side, there in an increase in the input side
current. It is observed that the input current is increased but the unity power factor is still maintained
as shown in Figure 5b.

From the presented real-time simulation results, it is observed that the FEC controls programmed
in the real controller are satisfactory as the system operation is as desired under different operating
conditions. The dynamic response of the system and the associated controls are also good as the
settling time and overshoots are less. For PV-simulator applications, the reference DC link voltage
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of the FEC is always adjusted to be more than the open circuit voltage of the programmed PV array.
The FEC always operates at unity power factor and the input current depends on the DC-DC converter
operation which is connected as load to the FEC. Detailed discussions on DC-DC converter and
associated controls are presented in the next section.

3. Buck-Chopper-Based DC-DC Converter

The current-voltage (I-V) characteristics of a programmed PV array are realized through a DC-DC
converter in the PV-simulator. A buck-chopper based DC-DC converter is used in this work and the
closed loop current control is applied, to make the buck-chopper work like a current source similar to
a PV array. Reference output current (I_py_gef) is compared with actual output current (I_py) and the
error signal is applied to PI controller to obtain the reference duty cycle for the chopper. A hysteresis
controller can also be adapted for the current control through buck-chopper. The PWM block generates
the gate pulse for the chopper. The detailed control block diagram is as shown in Figure 6.
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Figure 6. Control Block diagram of a DC-DC Converter.

In this work, the reference DC current is obtained from the PV current equation given in [11] as
shown in Equation (1):

Lpy_gef = Iph — (Is*(e VT TRO/NVEDY) — ((V + T'Ree) /Rp) 1
where I = PV current, V = PV voltage, Isc = short circuit current and V. = Open circuit Voltage
Photon current L, = Irradiance X (Isc /Iro) 2)

Saturation current Is = Is. /(exp(Voc / (N*Vy))—1) 3)

where I, = measured irradiance (1000 W/m?), Rg, = series resistance, Rp = parallel resistance and N is
the quality factor

Thermal voltage Vt = k*T/q 4)

where Boltzmann’s constant (k) = 1.3806 x 10723, operating temperature (T) = 25 °C and the charge of
an electron (q) = 1.602 x 10719,

Irradiance and temperature of PV array signals are adjustable by the user in this PV-simulator to
test the solar power conditioning system under different operating conditions. To verify the operation
of the PV-simulator, a PV array with the specifications listed in Table 4 and the proposed PV-simulator
circuit are simulated for the same operating conditions and compared with each other.
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Table 4. Parameters of Programmed PV-Array at Irradiance Inputs of 1000 W/Sq.m and 600 W/Sq.m.

SL. No. Electrical Parameter Value  Units
PV Module Ratings
1 Maximum power of module at 1000 W/Sq.m 435 w
2 Maximum power of module at 600 W/Sq.m 261 w
3 MPP Voltage (Vmpp) at 1000 W/sq.m 72.9 A%
4 MPP Current (Impp) at 1000 W/sq.m 5.97 A
PV Array Ratings
5 No of Series Modules in PV Array (Nse) 4 No’s
6 No of Parallel Modules in PV Array (Np) 10 No’s
7 PV Array Power at 1000 W/sq.m 17.40 kW
8 MPP Current of Array (Impp x Np) at 1000 W/sqm  59.7 A
9 Maximum PV Array Power at 600 W/sq.m 10 kW
10 MPP Current of Array at 600 W/sq.m 36 A

The PV array and the PV-simulator are simulated in two different cases. In case-1, load resistance
is maintained constant and the irradiance value is varied in steps. In case-2, irradiance is kept constant
and the load resistance is varied.

Case-1: A fixed resistive load is connected to the PV array and the PV-array output voltage, current
and power are monitored by varying the irradiance. PV current is proportional to the irradiance and
the PV voltage is the product of PV current and the load resistance. Similarly the PV-simulator is also
connected to the same load and tested for the same conditions to compare the results with the results
obtained by simulating a PV array. It is observed that the outputs of PV array and the PV-simulator
match with each other as shown in Figure 7. Irradiance input to the simulator is reduced in steps
of 200 W/sq.m at each 0.5 s time and it is observed that the reference current to the chopper is also
reduced proportionally to the irradiance. The controller ensures the actual output current remains
equal to the reference output current with the help of a closed-loop current controller.
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Figure 7. Output Voltage, Current and Powers from an Actual PV array and the PV-simulator for
Different Irradiance Values.
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Case-2: An irradiance of 600 W/Sq.m is applied as input to both the PV array and PV-simulator.
Table 3 shows the parameters of the PV array at 600 W /sq.m which are derived based on the parameters
in the datasheet of the PV module (Type number SPR-435NE-WHT-D of M/s Sun Power) selected.
Independent variable loads are connected to PV array and the PV-simulator outputs. Loads on the
PV-Array and the PV-simulator are increased in steps and monitored the output voltages, currents and
powers. From the results shown in Figure 8, it is observed that the output values obtained from the
PV-simulator are identical to the values obtained from the PV array.
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Figure 8. Output Voltage, Current and Powers from an Actual PV array and the PV-Simulator for at an
Irradiance of 600 W/Sq.m.

From the simulation results shown in Figures 7 and 8, it is evident that the proposed PV-simulator
can replicate the actual PV-array by programming the actual PV-array parameters, so that it can be
used for testing solar power conditioning systems.

4. Real-Time Simulation Results

To validate the controls for the proposed PV-simulator, controller in loop simulations are carried
out with the help of an Opal-RT real-time simulator similar to the method presented in Section 2.
The details of the hardware used for controller-in-loop simulations are listed in Table 3 and the scheme
for the controller in loop simulations is shown in Figure 9.

The plant, comprised by an input source, FEC, DC-DC converter, and the load are modeled
in Matlab-Simulink with a sample time of 10 microseconds and loaded into the real-time simulator.
The control software is developed through Matlab embedded coder and the loaded in the DSP-based
controller card. Start/Stop commands are given to the controller from external pushbuttons. Irradiance
input and the temperature of PV array signals generated with the help of potentiometers and given to
the analog input channels of the controller card. The controller card also receives the analog signals
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required from the plant such as input voltage, input current, output voltage and output currents from
the simulated plant through the analog out (AO) channels of the real-time simulator.

SIMULATED POWER CIRCUIT IN REAL TIME SIMULATOR
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Figure 9. Controller-In-Loop Simulation setup for validation of proposed PV-Simulator Controls.

As discussed in previous sections, on receiving the actual analog signals from the plant,
the controller generates the gate pulses to maintain the actual values equal to the reference values
for both FEC and DC-DC converters.The controller provides the gGate pulses to the simulated FEC
and DC-DC converter through the digital input channels of the real-time simulator. The real-time
simulator converts the gate pulses received into data to trigger the IGBTs. All this process happens
with real-time speed.

In this work, the PV array with the parameters shown in Table 4 are programmed in the
PV-simulator and the load current is varied from short circuit current to zero current. The voltage and
power of the PV array are monitored for different irradiance Inputs. From the presented results shown
in Figure 10, it is observed that for different irradiance inputs, the MPP voltage is almost constant with
a value of approximately 250 volts. The MPP voltages and powers obtained from the PV-simulator at
different irradiance inputs are compared with the PV module datasheet (SPR-435NE-WHT-D) and it is
found that the proposed PV-simulator can replicate the actual PV array characteristics.
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Figure 10. Output Voltage and Powers of PV-Simulator for Different Irradiance Inputs.
5. Future Scope

In the present work, operation of a PV-simulator is validated through controller in loop
simulations by interfacing the real controller hardware with the simulated power circuit by using a
real-time simulator. Through controller-in-loop simulations, tuning of control software and the power
circuit parameters is carried out. As a future work, it is envisaged to build a PV-simulator based on the
present work.

A dual-active bridge (DAB)-based DC-DC converter with high frequency transformer presented
in [23] is also investigated along with the chopper-based DC-DC converter for the present application.
As a future work, it is envisaged to study a DAB-based PV-simulator to reduce the size of
the equipment.

6. Conclusions

The proposed PV-simulator configuration provides better input THD as the front-end converter
of a three-level rectifier. Unity power factor operation is achieved with this configuration which results
in an optimized power rating of the simulator. FEC also helps in boosting the DC link voltage without
using a step-up transformer on the AC side which results in lesser cost. From the presented results
it can be concluded that the dynamic response of the system is satisfactory for sudden changes in
load, sudden changes in the irradiance inputs and sudden changes in the DC link voltage reference.
Instead of using an isolation transformer on the input side, it is also feasible to use a high-frequency
transformer in the DC-DC converter which can reduce the size of the simulator. With the proposed
configuration, multiple numbers of PV simulators can be connected in parallel for testing higher
rated power conditioning systems. Operation of two PV-simulators connected in parallel subjected to
unequal irradiance inputs can be studied which should help in analyzing the system operation during
partial shading conditions.
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Abstract: Over the last decades, plants devoted to the generation of green energy significantly
increased their number, together with the demand of same electrical energy, also stored in
battery systems. This fact produced the growth of energy conversion systems with advanced
performances with respect to the traditional ones. In this circumstance, multilevel converters play a
significant role for their great advantages in performances, flexibility, fault-tolerability, employment of
renewable energy sources and storage systems and finally yet importantly reduced filter requirements.
In this context, this paper faces the performance of a cascaded H-bridge 5 level inverter in terms
of harmonic distortion generated and injected into the grid. Through an accurate analysis that
takes into account the pulse width modulation (PWM) multicarrier modulation techniques (phase
disposition PD, phase opposition disposition POD, alternative phase opposition disposition APOD,
phase shifted PS) and related reference signals (sinusoidal reference; third harmonic injection THI
reference, switching frequency optimal SFO reference), a framework of distorting harmonics is
presented by comparing twelve cases. The results obtained from the simulations are reproduced
and validated in a prototype system of five level cascaded H-bridge multilevel inverter. A deep
discussion of control and filtering system is provided to justify the choice of the best modulation
technique to adopt.

Keywords: Cascaded H-bridge multilevel inverter (CHBMI); field-programmable gate array; total harmonic
distortion (THD); modulation techniques

1. Introduction

The increased demand of green energy has led to the development of even more performing
structures allowing the generation and storage of energy in DC form. The drawbacks are due to the
increased number of harmonics introduced and filtered in the power grids.

The three main multilevel power inverter (MPI) structures proposed in technical literature, with
their related benefits and disadvantages, according to [1-3] are diode clamped converter (DCC),
capacitor-clamped inverter (CCI) and cascaded H-bridge (CHB) multilevel inverter.

The neutral point clamped converter (NPC) was the first multilevel structure proposed.
The common DC-link is composed of four capacitors connected in series that split the voltage into
four level. The middle point of the capacitors # is used as neutral point. The peculiar components,
that differentiate this circuit from the others multilevel inverters, are the clamping diodes that allow
to subdivided the DC voltage on the switches. Thus, the voltage across on the switches is limited to
one capacitor voltage equal to V;./(n; — 1), where 1y, is the number of level. By supposing that for
each blocking diode its voltage value is identical to the voltage rating of active device, the number
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of diodes requested for each phase will be (1), — 1)-(n;, — 2). This converter presents some operative
limits as: (1) max number of levels is five, due both to the complexity of the circuit and both to the large
number of components demanded; (2) uneven distribution of semiconductor power losses among
the switches, which reduces the switching frequency and the output power; (3) unbalanced capacitor
voltages which generate low frequency harmonics; (4) the system cannot involve a modular structure
(non-modular topology structure).

Flying capacitor inverters (FCIs) or CCls are an alternative to overcome some of the
DCC disadvantages. The structure of CCls have similarity to NPC inverter except the CCI uses several
capacitors in the place of the clamping diodes. The main advantage of the CCI are the redundant states
to obtain the voltage levels. In this way, it is possible an even distribution of semiconductor losses
among the switches but it is necessary a dedicated control algorithm to balance the capacitors voltage.

The increase of voltage levels confines the proper charging and discharging mechanism
of capacitors. By considering the economical aspect, the cost of the inverter follows the increase
of the number of levels, but also the device becomes bulkier and its lifetime decreases due to the
growing number of used capacitors. For a np-level converter, it is necessary (n;, — 1)-(np — 2)/2
clamping capacitors per phase in addition to the (1, — 1)-main dc bus capacitors. Thus, the high
number of capacitors limit the use to three or five levels. Moreover, lack of modularity and high
quantity of capacitors for higher number of voltage levels reduces the reliability of this converter.

Figure 1 shows the topology structure of a single-phase five-level cascaded H-bridge
multilevel inverter.

Saliﬁ’} Sal,ilg’}
VDC, a;( C—
Sal,il Sal,il
Vout
i sl
VDC, a;( C— |
Saz,il Saz,i“:&

Figure 1. Topology structure of a single-phase five-level cascaded H-bridge (CHB) inverter.

This topology has a main advantage: the modular configuration, blocks can be added to reach
voltage levels, control is easily performed, and maintenance, in case of fault, requires the disconnection
of a block to keep the system working. Thus, each module can be either half- or full-bridge with
separated DC source and can be controlled as a single-phase converter. This topology reaches in output
medium voltage levels, by enforcing only common low-voltage components so there are not operative
limits about max number of the voltage levels. Matching the number of capacitors and diodes between
the cited topologies yields that CHB converter has the least number of components.

The phase voltage is synthesized by the addition of the voltages generated by the
different modules. Thus, the voltage levels n; depend of the number of modules connected in
series for phase through the equation:

np =2nyp+1 1

where nyp is the number of cells connected in series for phase.
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Separated DC sources are an advantage in many applications but this feature leads to a more
complex DC-voltage regulation loop.

Others topology structures of multilevel inverters and different classification methods were
reported in literature [4]. In [5], an interesting classification into two comprehensive categories
according to the applied DC source structure were discussed. A high number of topology structures
were developed since separated DC sources are very diffused in renewable energy plants (PV, Wind
farm, Fuel cell, etc.).

1.1. Overview of Pulse Width Modulation (PWM) Modulation Techniques

Pulse width modulation (PWM) techniques found large use in many industrial applications due
to their easy implementation in the modern control systems and the high flexibility. Generally, PWM
techniques used for multilevel inverters are an extension of modulation techniques for the traditional
two-level voltage source inverters (VSI). A general classification of the modulation strategies for MPI
presents two categories: “Fundamental switching frequency” and “High switching frequency”.

Generally, the first category have been used in application where it is necessary to reduce the
switching losses (i.e., high power electrical drive) while the second category have been used in
applications where it is necessary to reduce the harmonic content on the output voltage (i.e., grid
connected systems).

In literature [6-8] were reported many multicarrier modulation PWM methods, which differ for
the reference signals and carrier signals. About the carrier signals, there are the “amplitude shifted”
multicarrier PWM strategies and the “phase shifted” multicarrier PWM.

Amplitude shifted multicarrier PWM presents three alternative PWM strategies with the identical
peak-to-peak amplitude and different phase relationships between the carriers, which are:

e  Phase Disposition (PD) (Figure 2a), where all carriers are in phase;

e  Phase Opposition Disposition (POD) (Figure 2b), where the carriers above the reference zero point
have a difference of phase respect those below the zero point of 7r;

e  Alternative Phase Opposition Disposition (APOD) (Figure 2c), where each carrier is phase shifted
by 7t from its adjacent carriers.

The carrier number 7. of the level shifted multicarrier PWM in function of the number of the
converter level 1, is equal to:
ne=mnp—1 ()

These strategies lead to elimination of all carriers and related sideband harmonics up to the
switching frequency.

Phase shifted multicarrier PWM strategy, shown in Figure 2d, is an extension of the unipolar PWM
for traditional single-phase two-level inverter. For this technique, the modulation of the H-bridge
inverters in each phase leg is modular. Thus, the reference waveforms for the two-phase legs inverter
are phase shifted by 7. The number of the carrier signals is equal to nyp while the phase shifted
optimum (PSO) to obtain harmonic cancellation, is achieved:

1

pso = (=7
nHB

©)

where i is the i H-Bridge series connected per phase. For a five-level inverter two carrier signals
with mutual phase shift equal to 77/2, Figure 2b, are necessary. This scheme leads to elimination of all
carriers and associated sideband harmonics up to the 2nyp times of the switching frequency.
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T I
R

Figure 2. Multicarrier strategies for five-level converter: (a) Phase Disposition (PD); (b) Phase
Opposition Disposition (POD); (c) Alternative Phase Opposition Disposition (APOD); (d) Phase
Shifted (PS). For the first three modulation techniques, four carriers are required, for example in
PD technique blue and red lines enable the voltage control of higher bridge, green and cyan the
lower bridge. In PS each only two carriers are required since each phase leg has a modular control.

About the reference signals, there are three alternative:

1.  Sinusoidal reference;
Third harmonic injection (THI);
3. Switching frequency optimal (SFO).

The THI allows overcoming the limit of the three-phase inverters about the reduction of the
maximum peak fundamental line voltage of V3Vpc/2 (86.60% of Vpc). Modulation index can be
increased by including a common mode third-harmonic term into the reference signal of each phase
leg, as shown in Figure 3a (green curve).

This third-harmonic component does not effect on the fundamental line-to-line voltage because the
common mode voltages cancel between the phase legs. According to [9], the optimum third-harmonic
injection component must have a magnitude of 25% of the fundamental reference. In this way;, it is
possible to obtain an increasing of the modulation index up to 1.12 and a maximum value of the peak
fundamental line-to-line voltage equal to 97% of Vpc.

Figure 3b shows the SFO signal (green curve) for a phase of the converter. As demonstrated in [9],
SFO is a space vector equivalent reference voltage that can be used in PWM modulation to produce
output voltages with the same average low-frequency content.
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(b)

(@)

Figure 3. Reference signal for a phase of the converter: (a) third harmonic injection (THI); (b) switching
frequency optimal (SFO). Blue waveform represents the fundamental, orange is the adjustment signal
and blue is the modified reference.

Like the THI, a sinusoidal reference and the three-times-fundamental-frequency triangular
reference, called “voltage offset” v g, compose SFO reference signal. The mathematical expression of
the SFO signal for the three-phase system is:

0, (1) = va(t) — Uof fset
UZ(t) = vb(t) — Uoffset 4)
v (1) = ve(t) — Uof fset

where v,(t), vy(t) and v(t) are the sinusoidal reference that can be expressed in function of the
modulation index M as (5):
v, (t) = Msin(wt)
vp(t) = Msin(wt — &) (5)
vc(t) = Msin(cut - %’T)

The voltage offset v e can be expressed as (6):

max(v,, vy, V¢ ) + min(v,, vy, v
Uoffset = (02,2 C)Z (02, 0y, vc) (6)

The arrangement between carrier signals and modulating references produces twelve modulation
techniques, graphically summarized in Figures 4-6.
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Figure 4. Proposed modulation techniques with sinusoidal reference: (a) Phase Disposition (PD);
(b) Phase Opposition Disposition (POD); (c¢) Alternative Phase Opposition Disposition (APOD);
and (d) Phase Shifted (PS). Blue, red and orange sinusoidal signals represent the reference signals;
interferences with the triangular signals generate the modulation angles for the four switches.

Figure 5. Proposed modulation techniques with THI reference: (a) Phase Disposition PD; (b) Phase
Opposition Disposition POD; (c) Alternative Phase Opposition Disposition APOD; and (d) Phase
Shifted PS. Blue, red and orange THI signals represent the reference signals; interferences with the
triangular signals generate the modulation angles for the four switches.
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Figure 6. Proposed modulation techniques with SFO reference: (a) Phase Disposition (PD); (b) Phase
Opposition Disposition (POD); (c) Alternative Phase Opposition Disposition (APOD); and (d) Phase
Shifted (PS). Blue, red and orange SFO signals represent the reference signals; interferences with the
triangular signals generate the modulation angles for the four switches.

An interesting deep discussion on the previous proposed techniques can be found in [10],
in which some features of the proposed technique can be found without the control issue and filter
design; preliminary simulations of the multicarrier PWM modulation techniques for a three-phase
five-level cascaded H-bridge multilevel inverter (CHBMI) were also reported in [11,12]. In these works,
the authors addressed that the modulation techniques with sinusoidal reference should present the
lower values of the total harmonic distortion rate. A complementary study on the use of B-Spline
functions as carrier signals replacing triangular waveforms, can be found in [13,14]. This study confirms
that the traditional triangle waveforms as carrier signals are solutions that allow best performances.

1.2. Digital Control Boards for Power Converters

The fast technological growth of the electronic design automation (EDA) and the very large
scale integration (VLSI) has significantly contributed to the development of programmable digital
systems with high performances both in terms of execution time and compactness for the realization
of control systems. In addition, the recent advances of software for the implementation, simulation
and validation of digital systems, dedicated to the control of specific applications, has contributed to
simplify and speed-up the overall design process of the digital controller, which represents the core
of modern systems for the electrical energy conversion. Figure 7 shows a block diagram of a typical
grid-connected system.

[ ———
| Signal | Power
gnal .
| Converter Grid
t
} generator | and filter
\ \
| I
\ - \
\‘ B ‘E. ltgrlq::‘ller |<:‘ Acquisition system ||
| |
\
\
\

i
w
I Control system

,,,,,,,,,,,,,, -

Figure 7. Block diagram of a typical grid-connected system. HMI: human-machine interface.
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The block named Power Converter and filter requires a control system supervising the behavior
(harmonic reduction, filter efficiency, etc.). Generally, the control system consists of four parts:

1. Acquisition system, which provides signal conditioning and digital acquisition of electrical
measures (usually current, voltage, frequency) and other quantities (usually solar irradiation,
temperature, etc.);

2. Digital controller, required for algorithms employment (filtering, identification, control,
modulation of output signals and others);

3. Human-machine interface (HMI), suitable for setup phase as well as for monitoring functions;
Signal generator, allowing conversion of the digital signals to analog signals for the
power components.

Digital controller represents the core of the control system, different are the digital controller
available in the market. A first example of digital controller is the Microcontrollers or DSP
(digital signal processor), allowing the implementation of the control algorithms through a purely
software programming (with C or C++). The constructor defines the DSP hardware and it is composed
by several peripherals, such as the RAM or the ROM. However, an already designed hardware structure
reduces the flexibility in the use of the microcontroller. In fact, a complex issue is related to the time of
computing of the control algorithm, due to the fact that all the operation needed for this computing
are executed in a sequential routine, causing losses in terms of efficiency of the control system [15].

The FPGA (field programmable gate array) is another example of digital controller, composed by
a matrix of configurable logic blocks (CLBs) with completely reprogrammable connections. This fact
leads to a higher flexibility with respect to a DSP, allowing the realization of specific hardware structures
in dependence of the nature of applications. In a