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Abstract:

This paper proposes a novel control scheme for a hybrid energy storage system (HESS) for microgrid applications. The
proposed two-stage control method is used to control the HESS to stabilize a microgrid’s voltage level and extend battery
service lifetime during the coupling/decoupling of a microgrid from the main power grid. The conventional HESS control
method (the filtration method) is not suitable to compensate for a microgrid’s power demand whenitis decoupled from the
maingrid. This research focuses on using a superconducting magnetic energy storage (SMES) and battery HESS to assist with
the microgrid coupling/decoupling process. To compensate for the instantaneous high power demand during decoupling,
the battery will need torapidly discharge. Moreover, batteries have difficulty supporting high dischargingrates, which results
in ineffective compensation of the power demand. In thispaper, the high power density of the SMES system combined with
the high energy density of a battery shows good performance on stabilizing microgrid bus voltage during the decoupling
process. A novel energy management method for the HESS is proposed to improve the battery performance when the
microgird coupled/decoupled from maingrid. The sizingdesignis simplified based on the control methodology. Moreower,
a SMES and battery HESS experimental platform is built to validate the proposed control methodology and its reliability.

Keywords: Microgrid; Hybrid energy storage system; Superconducting magnetic energy storage; Battery; DC power
system.

Highlights:

e  This paper presents the solutionforthe HESS appliedin a microgrid system.
e  Experimental testing hasbeen conducted to validate the HESS ina microgrid system.
A new energy management method forthe HESS has been established.
The performance of the precedingcontrol and new proposed control methods are compared.

1. Introduction:

The number of microgrids installed inthe main ACpower systemis increasingand therefore, microgrid security is becoming
more important. The microgrid conceptis gainingpopularity to electrifyremote areasand support the energyto islands [1,
2, 3]. In a microgrid system, the energy storage devices are integrated into the system to compensate for the load power
demandwhendisconnected fromthe maingrid. If onlya batteryenergystorage system (BESS)is appliedina system, then
when the microgridis disconnected fromthe main grid, the instantly increasing power demand fromthe BESS will accelerate
the battery’s lifetime attenuation. Therefore, the superconducting magnetic energy storage (SMES) system is proposed to
be integratedintoa system to builda SMES-battery hybrid energy storage system (HESS) due to the benefits that the SMES
systemhas ashortresponse time and high power output capacity.

A microgrid decoupling process is the conversion of the microgrid from grid connected mode to islanded mode. Previous
researchers [4] have studied the SMES-battery HESS applied in microgrids to deal with long-term power demand fluctuations
of a microgridin islanded mode. The energy storage system implemented ina microgrid hasbeen studied in previous studies
[2,5, 6], with most of these studies focusingon the energy storage system dealing with long-term fluctuating power demands.
To date, for the authors’ best knowledge, there are no published papers focusing on the microgrid decoupling response
process of a HESS when a microgrid disconnects from the main grid. When a microgrid is decoupled, the energy storage



devices need to support the load demand in the microgrid. Therefore, the energy storage system needs to provide
instantaneous high power whenthe maingrid is disconnected fromthe microgrid.

A BESS has the advantages of high energy density, high efficiency, high robustness and high energy capability to deal with
long duration power demands, which makes it one ofthe most popular energy storage devices to be applied inthe microgrid
[7,8,9]. The lead-acid batteryis typically the most suitable choice to applyin a power systemdue toits low cost and technical
maturity. However, the lead-acid batteryhas a low power densityandlow discharging rate, which results in requiring more
sets of lead-acid batteries applied inthe microgrid to deal with fast-changing power demands such as voltage drops in the
powersystem.

Energystorage devices will have aninstantaneous highamount of power demand froma microgrid when it disconnects from
the maingrid. However, a lead-acid batteryis not capable of responding to the high transient power demand [10, 11] and
high discharging rate, which can also accelerate batteries attenuation [12, 13]. One solution for utilizing a batteryin a
microgrid decoupling processisto use alarge number of lead-acid batterysets, to enable each batterysetto have a small
amount of power output anddischarging rate. However, the large amount of batteries willincrease maintenance costs. To
solve this problem, hybridizinga high power densityenergystorage device with a batteryis proposed. Several researchers
have studied the application of a supercapacitor with a lead-acid batteryin a the power system [14] and electric-vehicle [15].
JLi studieda SMES and battery HESS appliedinthe ACpower system to dealwith frequencyregulation [4]. Compared to the
supercapacitor and other high power density energy storage devices, a SMES system has the advantages of higher power
density [16], lowself-discharge rate [17] and higher peak current handling ca pability [18].

The costof SMES systems is dramatically reducing with the developmentin materials research [19, 20]. Some studies show
the positive side of the cost-benefit analysis of SMES systems [21, 22]. SMES-battery HESS have also been proposed to deal
with the highfluctuating demands foran electricbus [23]. H Alafnan [24] proposed to use a SMES-battery system inan all-
electricship. SMES and battery HESS have also been applied to smooth renewable power generation output [25], ACsystem
primaryfrequency control [26] and to balance the power demand between the generation partandload [27], etc. However,
no literature has beenfoundthat appliesa HESSina DCmicrogrid decoupling process. Furthermore, no experimental work
of a SMES-battery HESS has been conducted to prove the achievability of a SMES-battery HESS. One of the crucial points is
thata DCnetworkneeds a more accurate energy management control method to deal with the power sharing from different
energystorage systems. Inthis paper, a SMES-battery HESS is proposed to deal with the microgrid decoupling process. The
high-power density device—SMES system—is used to deal with the instantaneous high power demand when the main grid
is notableto supportthe powerto the DCmicrogrid, which resultsinthe battery power output having a lower discharging
rate, hence, extending the batterylifetime. Therefore, itis technicallyand environmentally friendly to build a SMES-battery
HESS.

A semi-active control topologyand an active control topology are proposed to control the proposed SMES-battery HESS. The
semi-active control circuit has the advantages of less electrical components used and low energy losses. Thiscircuit structure
has been proposed for supercapacitor/battery HESS control [28, 29] and SMES-battery HESS control [30]. However, the semi-
active control topology makes the battery power output uncontrollable. Therefore, to achieve a more advanced control of
the proposed hybridized system, the active control topology is selected for the proposed SMES-battery HESS. The active
control topology uses anadditional DC/DCconverter for the battery compared to the semi-active topology, which makes the
battery power output more controllable. Inthispaper, one novel pointis that a real SMES system in the SMES-battery HESS
is firstly used to test the system reliability and achievability. AM Gee [31] has done the experimental work using a nommal
copperinductor with battery to represent the SMES-battery HESSin an ACsystem. However, in the experiments, it was found
thatthe copperinductorisincapable of representing the SMES system inthe power system. The copperinductor has high
ohmic losses and also added high noises in the AC power system. Moreover, the ohmic losses also decreased the energy
capacityof the copperinductor.

The control method for the HESS is more complicated because of the different energy storage systems having their own
unique features. Therefore, the control method should take the advantagesof their features intoaccount to make the HESS
work more effectively. There are many power control methods proposed in the literature. Fuzzy logic control, which the
control method design based on humanknowledge and experiences to achieve the purpose of the control. The fuzzy logic
control for the HESS using a nonlinear system without a precise mathematical model to achieve highly suitable control to
coordinate the various energy storage devices. The fuzzy logic control method has been previously proposed for railway
powersystems [30] and wind power applications [32, 33]. These literature show the benefits of protecting the battery from
a fluctuating power demand. However, the control algorithm ofthe fuzzy logic controlleris selected empirically, which is not
suitable for a new system. Furthermore, the design process of the fuzzy logic controller is convoluted. Filtration method,
which uses frequencyfilter to identify the large fluctuations power demand and slow-changes power demand from the HESS
power demand. Fast responding energy storage devices such as SMES systems and supercapacitors are used to deal with
high fluctuating demands and the batteryis used to compensate long-term and low-frequency power demands. The filtration
method has good results when a pplied to PV systems [34], microgrids [35] and EVs [36]. The filtration method is one feasible
control methodforthe HESSbecause it can control the fast responding e nergy storage device to compensate for the power
demandattheverybeginning and let the battery slowly discharge to meet the power demand. However, it has difficulty for
the systemsizing design and the cut-off frequency design. A. Allégre [37] proposed to use a real-time data-driven control of



the supercapacitor/ battery HESS, which can achieve a high utilization factor of the supercapacitor by suspendingthe battery
activation until the energy in the supercapacitor reaches a threshold. However, the real-time data-driven control method
maydamage the supercapacitor whenitis fully discharged. The power gradingcontrol hasbeen proposed to use for electric
vehicles [38]. The grading control method manually classifiesthe power demand for different conditions and usesdifferent
energy storage devices to deal with the classified power demand. This control method highly depends on the spedific
implementation. B. Hredzak [39] proposed to use the model predictive control method for a HESS, to reduce the battery
maximum power demand and compensate with the low efficiency of the fast responding energy storage device in return.

Droop control is able to take advantage of different kinds of power sources to manage the power output to meet the power
demandfrom the powersystem.J.Li [25] and AM. Gee [31] have proposed to use droop control for HESS control. However,
a droop controller is a linear controller. Droop control can deal with various voltage fluctuations for a HESS applied in the
powersystem. However, it hasdifficultyin designing the SMES system power output droop factor and battery power output
droop factor. Moreover, a droop controller cannot work correctly when a power system has slightly changed such as
add/remove some loads/generation parts because the power output has a linear relationship with the HESS power demand.
The existing HESS control methods are not suited to deal with a microgrid decoupling from the main AC grid due to less
consideration of the huge amount of instant increasing power demand and also the battery maximum discharging current
limitation. The previous methods are designed for small power fluctuations but not for high instantaneous power demand
increasessuch as voltage droopinthe powersystem.

In this paper, a new control method combining Proportional-Integral (Pl) control and droop control for the SMES-battery
HESS is proposed. The proposed control method has the advantages of better performance ofthe battery power output and
is more reliablewhenthe load changes. The proposed control method uses the energy re maining in the fast-response energy
storage device (SMES) as the reference factor of the battery droop controller. This can make the battery power output
smoother. By combining Pl control in the system, it can make the system works in any situation. Two different stages of
discharging will be applied in different circumstance to compensate for the power demand, which will be discussed in the
following section. Moreover, taking the energy remaining in the fast-responding device as the reference parameter of the
battery controller can make the control method much simpler and easier to design. Moreover, the control method of the
charge state and standby state are modified for the voltage droop application and verified by the experimental platform.

The extension of the batteryservice lifetime is one of the significant advantages of the HESS. Y. Cui [40] showed that rapid
charging/discharging will reduce battery service lifetime. R. Xiong’s [41] showed that high discharging rates can result in a
dramatic reduction in batteryservice lifetime. The study of S. Panchal [42] showed that batteries are difficult to accomplish
high energy density, which means that battery only energy storage systems have a difficulty to deal with sudden power
changes such a microgrid decoupling from the main ACgrid. Forthe microgrid decoupling process, it can be considered that
the powerdemand from the HESSis fixed. To extend battery cycle time and reduce the BESS size in the SMES-battery HESS,
decreasing the battery discharging rate and using the SMES to deal with the instant power demand when the microgrid is
disconnected, is one ofthe best options.

In this study, the experimental platform of the SMES and battery storage system has been built to simulate the HESS in a
microgrid. Furthermore, the proposed control methodis applied inthe HESS. Moreover, based on the experimental results,
the control method of the SMES charge and standby states has been modified when comparedto the conventional control
method [43]. The experimental setup and control methodology changeswill be discussedinsections 5and 6.

2. System description and control of the HESS:

2.1 System description:

Fig. 1shows the system configuration of the proposed DC microgrid with renewable generations and ACloads in the power
system. A bidirectional grid interface converteris used to control the microgrid connection/disconnection fromthe main AC
grid. The power generation systems suchas PV generation, wind power generation and fossil fuel generation are connected
to the DCtransmission lines. The SMES system and the battery HESS are used to stabilize the voltage on the distribution side.
The active control topologyis applied to the HESS system. A bidirectional DC/DC converter is used to control the BESS charge
and discharge cycles. The DCchopperis designed to support the power exchange between a SMES system and the DC
microgrid. The proposed topology has the advantages of less electrical components used and the charging/discharging
processis controllable forthe DCnetwork.
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Fig. 1. DCsystem with SMES-battery HESS.

2.2 DC/DC converter for the battery packs

Abidirectional DC/DCconverter is capable of tracking capacity, has robust performance and also high efficiency [44, 45]. The
battery DC/DCconverteris shownin Fig. 2. Inthis paper, two control mechanisms are applied to the bi-directional converter
under different circumstances, which will be discussed in section 3. The theory of two control mechanisms is described in
subsection2.2.

I/bus

alt

— Vi

Fig. 2. Battery DC/DC converter.

2.2.1 Boost mode for the bi-directional converter:

Boost mode is the basic mode fora DC/DCconverter. Inboost mode, the controller controlsthe thyristorinthe converter to
achieve the required voltage output. Boost mode controls the dutycycle of IGBT 2in Fig. 2, to stabilize the output voltage.
The relationship of the DC/DC converter output voltage V,,,; with the duty cycle of IGBT 2 D;;pr, is described by:

1

Vour = Vhat (1)

1-Digpr2
Boostmodeis able to stabilize the output voltage regardless of the external circuit configuration, whichis good forvoltage
regulation control of the BESS. However, the boost model is notable to control the battery performance when the output
powerisrising.

2.2 Conventional SMES control method:

The DCchopper is designed to control the SMES magnet, which is used to store energy. The three operating states are:
charge mode, discharge mode and standby mode. Charge mode and discharge mode are used to exchange power between
the SMES system and the main AC grid. The standby mode is used to maintain the energy in the SMES magnet. The three
operationmodes are described in the following s ubsections:



2.2.1Charge mode:

The charge mode onlyworks whenthe controller requests the SMES system to absorb energy. In this situation, the cument
path in the SMES system is shown in Fig. 3. In this mode, IGBT 3 and IGBT 4 are constantly on to charge the SMES system
from the DCbus.

ApplyingKirchhoff’s voltage law (KVL), the SMES system charge state can be represented as:

dai(t)

U_LT_I(LL)RIZO (2)

where U is the DC bus voltage; L is the inductance of the SMES magnet; R, is the equivalent self-resistance of the SMES
magnet (which is mainly caused by the resistance of the power junctions in the SMES magnet); I(t) is the current in the
SMES magnetattime t;and, tisthetime duration forthe SMESdischarge fromthe current /,,;

Assuming that the initial current in the SMES magnetis I, the instantaneous currentin the SMES magnet can be represented
by:

10 = lexp (=5%) + 51— exp (- 57) 3)

where D isthedutyratioof IGBT1inthe SMES chopper. Inthis study, the inner resistance of the SMES magnet is neglected,

which means R; = 0. Therefore, (3) canbe simplified to:

() =2t D +1, (4)
The powerstoredinthe SMES systemcanbe calculated by:

E(®) = ;L% (0) (5)

2.2.2 Discharge mode

The current flow forthe discharge mode is shown in Fig. 3. Fordischarge mode, IGBT 3is off and the controller controls the
dutycycle of IGBT 4 to achieve the desired output current L., .
Fordischarge mode, applyingKVLto analyse the SMES discharge process yields:

—Ld;—(:)+1(t)Rl+I(t)R -0 (6)

Assuming theinitial currentinthe SMES is I, the currentin the SMES attime t can be represented as:

1(t) = Ioexp[—(RJrTRDt] (7)

Therefore, whenthe dutyratiofor|GBT4is D, (7) canbe simplified as:

Rxt*D
1(t) = Iyexp — T (8)
The SMES power output canbe represented as:
dE (t) _ d0.5+I%(t)+L
Poyis(t) = sl - 202 (9)

As itcan be seen from(9), the relationship betweenthe SMES system discharge dutyratio and SMES system output power
are notlinear. During this work, Pl control was used to control the IGBTs for the SMES system discharge cycle.

2.2.3 Standby mode

When the SMES system does not need to exchange power from the main ACgrid, the chopper needs to operate in standby
mode to keepthe powerstoredinthe SMES system. Due to a particular feature of the SMES system, the chopper needs to
frame an electricalclosed loop to keep the current flowing inthe SMES magnet. The current path for standby mode isshown
in Fig.3,whichonlyrequires IGBT 3 to be held constantlyoffand IGBT 4 to be held constantlyon.
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Fig. 3. The SMES chopper current paths.

2.3 Filtration method

The conventional filtration method for the HESS control [46, 47] is shown in Fig. 4. In the filtration method, the power
demand of the power system is dealt by the low passfilter. The low frequency power fluctuation is dealt with by the battery
in the HESS and the rest of the power is dealt by the fast responding energy storage devices (such as the SMES and
supercapacitor). In this case, the battery has slow charge/discharge power changes and lets the SMES deal with the high
fluctuating power demand. The slow battery output changes are beneficial to extend the battery service lifetime. The
filtration method has the advantages of extending battery service lifetime by reducing the battery charge/discharge cyde
from a high fluctuating power demand. However, the sizing design and the cut-off frequency for the filtration method is
difficult to obtain.

Power demand

Fig. 4. The filtration method.

3. Novel control methodology for the HESS to deal with a microgrid decoupling process

Compared with previous research, which uses the SMES-battery HESS to deal with fluctuating power demand [33, 48, 49]

(the fluctuation is0% to 10% of the system total power demand), the microgrid decoupling process has a much higher power
demandinaveryshort period of time (the demand is 100% ofthe systemtotal power demand). Therefore, the HESS control

methodology for a microgrid decoupling process will be different from the previous researchers’ solutions. The energy
management rules of two different energy storage systems are the most crucial part for the HESS control. An appropriate

energy management method will not only keep the power system stable but also extend the service lifetime of the HESS.

The new proposed method hasthe advantages of the SMES quick response time, high power density and long servicelifetime.
The batterysets have highenergydensityandloweconomic cost. Because the size of the distribution network may change,

a novel two-stage control method for the HESS, to keep the system stable and extend the batteryservice lifetime, is proposed.
Moreover, the new proposed control method considers the features of battery charge/discharge relevancy with battery
service lifetime.

The flowdiagramof the proposed two-stage control method is showninFig. 5. Whena microgrid is connected to the main
AC grid, the controller controls the SMES and the battery sets to charge them to their rated energy capacities, and then



switchto HESS standby mode. When the microgrid disconnects from the main ACgrid, the controller operates instage one,
where the SMES and battery sets deal with the microgrid decouplingprocess. Inthis stage, the SMESis used to deal with the
instant power demand fromthe microgridandthe battery slowlyincreases its power output. This method aims to decrease
the batterydischargingrate whenthe microgrid disconnects from the main ACgrid. When the SMES is fully discharged and
stage one cannot sufficiently compensate for the power demand from the microgrid, which can potentially be caused by
load power demand changes, stage two of the proposed control method starts functioning.

Start

method

Fig.5.The proposed control method for voltage droopapplication.

3.1 HESS charge state control methodology

In previous SMES-battery HESS research, most solutions charge the HESS with unfixed input power such as using a Pl
controller [48], droop controller [4] and the filtration method [50] to charge the HESS. However, in experiments, it was found
that charging the HESS using unfixed power can cause a voltage fluctuation on a DC power system. The HESS acts as one
high-powerload inthe power systemwhenthe HESS is charging. Duringcharge mode, the control method chargesthe HESS
with different charging power, whichincreases the load demand fluctuations, which results in more instability in the system.
To keep the power system stable and to enhance the robustness of the HESS, the power demand for the HESS should be
consistent. Therefore, is it proposed to charge the SMES and battery energy storage system at a fixed power for this voltage
droop application.

3.2 Two-stage discharge control method

The new proposed control method is applied when the microgrid disconnects from the main AC grid. Reduction of the
dischargingrate for the battery sets is one ofthe advantages ofthe proposed control method. Moreover,in previous research,
no study has been conducted to combine Pl control and droop control for a SMES-battery HESS. The control method has two
stages and each stage has a different purpose for the HESS, to compensate for the microgrid power demand. Stage one
operateswhenthe microgrid disconnects and the main purposeforstage oneisnot only to compensate for the voltage drop
butalsoto extend batteryservice lifetime. Stage two is used when stage one cannotstabilize the voltage in the power system
to the ratedlevel. Stage two starts to operate onlywhen the maximumload demandinthe powersystem changes due to
newlyaddedloadsin the power system.



3.3 New proposed Pi-droop control method for the SMES-battery HESS

The coordinationforthe SMES and battery powerinput/outputis the mainfocus ofthis research. Based on battery lifetime
research, alowdischargingrate can be usedto increase batteryservice lifetime [51]. Inrealapplications, the power demand
requires fast response from the energy storage system. Therefore, the ideal situation is to use the SMES to deal with the
fast-changing power demand and for the battery sets to slowly change their power output. During stage one, the SMES is
usedto stabilize the load voltage and the battery output poweris controlled by the energy remaining in the SMES.

In the new proposed control method, stage one is applied when the SMES is not fully discharged. The Pl controller is used to
control the SMES to deal withthe powerdemand. The reference parameter for the Plgyggcontrolleris the DCbus voltage.
The battery output power keeps increasing due to the energy remaining in the SMES decreasing and the SMES deals with
the remainingpower demand forthe HESS, to compensate for the load power fromthe microgrid. This makes the proposed
control system have the advantages of low complexity and prevents the battery sets froma surge increasingthe discharging
rate. Forthe SMES and battery HESS, either only using Pl control or only droop control needs a complex calculation to design
the controller. Inthe new proposed control method, the controller design ismuch easier due to the combination of Pl control
with droop control. The control scheme of the stage one control methodologyin the two-stage controlleris shown in Fig. 6.
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Fig. 6. Stage one control methodology.

The droop control principle forthe battery control is shownin Fig. 7. The battery power output can be calculated as:

smes_max” Esmes

E
Ppat out = k- (10)

E.s‘mesfmax

where Egqc max is the SMESrated energy capacity; E;,, is the energy remainingin the SMES; k is the droop coefficent of
the droopcontroller; and, Pyg; 4y is the batteryoutput power.

Battery power output
N\ A
k" Stage one discharge state

Ebat rer

| Energy in SMES(%)

'
Esmes
EsmEs ref

Fig. 7. Droop controller design.



The batteryoutput poweris related to the energy remainingin the SMES. To achieve the energy allocation method, lp,¢ ref
can be calculated using (1). The DC/DCconverteris used to control the batteryoutput current. Whenthe SMES is not fully

discharged, the energy management control method for the batteryis droop control. The reference parameter for the
batterydroopcontrolleris the ratio of the energy remaininginthe SMES (Egygs/Esygs ref)-

Stage two operates only when the SMES is fully discharged and the battery power output during stage one cannot
compensate for the microgrid power demand. During stage two, the bidirectional DC/DC converter for the battery sets is
using boost mode to stabilize the load voltage. Thiscan ensure that the HESS is able to stabilize the power system. Stage two
can guarantee the system robustness when the load changes or the previous droop control coefficient cannot fix the new
system, which means the load/generationsize in the power system changes.

The newcontrol method first proposes to use Pl control combined with droop control for the battery-SMESHESS. Moreover,
this studyisthe first research conducted to date usingthe energyremaining inthe SMES, as the batteryoutput reference.
Due to the energy stored in the SMES, which has the exponential relationship with SMES current, applying the energy
remaininginthe SMES as the battery control reference can make the battery discharging rate stable. Thiscanbe utilized to
extend the battery service lifetime. Pl control is used for the SMES to stabilize the voltage drop and secure the systemstability
in different circumstances.

3.4 Battery discharging rate design

The battery manufacturers normally provide an optimal discharge rate for their batteries. The over-range discharging cumrent

will accelerate the degradation process of batteries. Therefore, for the droop controller, the maximum output current
Lout max fOreach batteryshould be lessthan their maximum output currentlimitation Io,; i

I <I

out_max = ‘out_lim (11)

In the proposed HESS system, the battery energystorage systemshould be able to provide enough power to the load when
a voltage drop occurs. The maximum power consumption Py, 4 g, is determined by the power system configuration. The

batteryenergystorage maximum power output Py, 144, Canbe calculated by:

Pbat_max = Vbat ! Iout_max = Pload_max (12)

The SMES can coordinate with the battery to stabilize the load voltage and therefore achieve a high reliability for the
proposed method. By considering the energyin the HESS, the selected battery minimum dischargingrate k forthe battery
output poweris designed as:

2
k > Pload,max (13)

2'Esmesmax

4. Sizing study for SMES and battery:

In the SMES and battery HESS study, the energy storage system size of the SMES and batteryshould be able to deal with the
instantaneous increasing power demand when a voltage drop occurs and also long-term power demand for the HESS to
supportthe powersystem. Due to the new proposed control algorithm, the sizing studyis different from the previous HESS
sizing research [29, 38, 45, 52]. The new proposed sizing design method has the advantage of less complexity and also
guarantees system reliability due to the two-stage control methodology.

The sizing studyis one of the most difficult parts of HESS research. An oversized design ofthe HESS will increase the cost of
the system and insufficient power/energy capacity can cause the HESS not to be capable of meeting the power demand from
the system. The SMES and battery HESSshould be able to meet both the energy re quirements and power re quirements from
the powersystem. Therefore, there willbe three specifications for the SMES-battery HESS sizing s tudy:

i). SMES maximum output power P,

smes.max Should be larger than the maximum power demand from the power
SyStem Psystem?max:

P

smes_max > Psystem_max (14)
ii). The batteryenergy capacityshould be ableto meet the load energydemand.

iii). The energy capacity of the SMES should be able to compensate forthe energy demand before the battery output power
can meetthe powerdemand.

In a HESS dealingwith a microgrid decupling process, the battery e nergy capacityis designed by the maximum power demand
of the distribution network Fyy,s¢p, and the HESS designed compensation time T for the HESS to stabilize the distribution



network voltage. The SMES energy capacity is negligible compared with the battery energy capacity. Therefore, for the
batterysizingdesign, the batterysize E},; can be calculated by:

Epqr 2 Psystem T (15)

The new proposed method canadequately simplify the SMES sizingdesign due to the proposed control method. The SMES
has beenusedto relieve the battery power output from the instantincreasing power demand.

In the proposed method, the HESS is able to deal with the power demand, since the SMES can handle the power demand
beforethe batterytakesoverthe power output from the SMES. Therefore, the SMES size should be:

Egmes 2 f; Pload(t)dt - fot Pbat(t)dt (16)

Where the battery output poweris limited by its designed discharging rate y [W-s?]. Inthiscase, the initial power output for
the HESS is zero before a voltage drop occurs. The size ofan SMES canbe calculated by:

Esmes = f; Pload(t)dt - foty “tdt (17)

The sizing design of the new proposed method using (16) (Battery sizing) and (17) (SMES sizing) is more straightforward
compared with other different sizing designs. Once the system sizing and the discharging rate for the batteryis defined, the
SMES size canbe easily calculated.

5. HESS experimental platform description:

To verifythe new proposed control method and the HESS control circuit topology, an experimental platform for the SMES
and battery HESS applied in a DCpower system was built. The SMES has its own feature that other kinds of energy storage
systems cannot match such as high power density and long service lifetime. The partnership of the SMES and battery is
anothercritical point of this research.

The experimental test-rig structureis shown in Fig. 8, where the DCpower source represents the main grid. The DC power
source output represents the microgrid connection and disconnection from the main grid. The HESS control circuit using the
active topology, as discussed previously, usesa controller from TexasInstruments (TI) (TMS320F28335) inthe experiments.
High power resistors are used to represent the load part of the proposed system.
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Micro-controller Battery SMES

Fig. 8. Laboratory experimental test-rig configuration

Fig.9shows the experimental test-rig setup ofthe SMES and battery HESS applied in a DCnetwork. LAB/SMS5300 is used as
a DCpowersource to represent the main grid. A self-made SMES magnet is usedinthe HESS and the SMES magnet is dipped
into liquid nitrogen. The SMES parameters are shown inthe Appendix, Table 2. The critical current for the SMES magnet is
42 A. For the safety reasons and low joule losses, the SMES working current is approximately 80% of the critical current,



which is 33 A. The new proposed control algorithm is implemented in the TMS320F28335 Tl micro-controller. The micro-
controller is embedded on the control board, which is also used to measure the voltages and currents in the system. The
gate drive circuits forthe IGBTs are also embedded in this control board. A National Instruments (NI) data acquisition card is
usedto collect measurement data of the load voltage; SMES current; battery current and battery voltage. ADCcurrent damp
is used to monitor the SMES current. The main grid connection/disconnection from the microgrid is created by the
programmable DCpowersource (LAB/SMS5300).

Battery output current measurement |

Bi-directional The
DC/DC converter

for battery

{ 5 > y )
A e | A Battery
SMES chopper R = ' s T
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DC power source
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Fig. 9. SMES and battery HESS in DC microgrid experimental test-rig system setup.

The experimental system was used to verify the system reliability and show the performance of the HESS using the new
proposed control method. In the experiments, the initial SMES current is zero and the battery is at rated energy ca pacity.
The controllerstarts to charge the SMES when the DCsystem voltageis at a predefinedvalue (20 V in this experiment) and
keeps the SMES working atrated current (32 Ainthisexperiment). The two-stage control method works to stabilize the load
voltage when the microgridis disconnected from the main grid.

6. Experimental results:

The real-time operation of the experimental HESS aims to test the performance of the SMES-battery HESS system and the
new proposed two-stage control algorithm. The experiments are used to test the experimental operation of the proposed
control circuitandthe control method applied ina lab scale DCsystem. Power systemsize simulation results are presented
in Section 7 to test the control method performance in the power system. To test the HESS and control algorithm
performance, the experimental tests of the SMES-battery HESS starts from being charged by the power system. Then the
control method controls the circuit to keep the rated energy stored in the SMES and battery. By applying the two-stage
control method, the HESS discharges to stabilize the bus voltage when the microgridis disconnected fromthe main grid. This
represents a whole cycle of the HESS to deal with the microgrid connection/disconnection from the main grid. In addition,
this experimentis able to test the droop coefficient design of the novel control method.

One properly designed droop coefficient of the battery control can make sure the battery can compensate for the system
power demand at the time the SMES is fully discharged. To test the performance of the two-stage control method for the
HESS, the supply power disconnection from the lab-scale microgrid is created by the LAB/SMS5300 programmable DC power
source. The DCpowersource disconnects fromthe microgrid at 5.52 s and restores the powersupplyat11.52 s. During this
time period, the HESS is used to support the load voltage. When the generation part is restored to support the load, the
controller controls the SMES chopper to charge the SMESto its rated current and controlsthe battery bidirectional converter
to charge the batteryto its rated voltage. Duringthis time, the generation part is able to provide sufficient power to the load,
thus the HESSis workingin standby mode. From Os to 5.52s and 11.52 s to 15, there is no power demand from the power
systemand the HESS operates in standby mode. Due to the SMES eddy current losses, which are caused bythe IGBTs inthe
SMES chopper, the SMES needs a small amount of energy from the power system to keep the SMES current at the rated



level. Thiscauses a smallvoltage ripples onthe DCbus, which isabout 0.2 Vin these experiments. However, with increased
systemcapacity, the eddy current losses for the SMES have lessimpact withinthe power system. As shown in Fig. 10(a) and
Fig.10(b), whenthe SMES is fullydischarged, the battery output power can fullycompensate forthe load power demand.
This confirms that the successful sizing design isapplied to this system and the droop coeffident of the battery droop control
i's satisfactory. The stable discharging current change is conducive to battery lifetime extension. The appropriate sizing design
and droop coefficient design have the ability to prevent the battery output current from experiencing a sudden change.
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Another experiment was conducted for the battery only system to stabilize the microgrid bus voltage when the microgrid
converts to islanded mode. The battery performance to compensate for the power demand during the microgrid decoupling
process of the proposed control method applied inthe HESSand the battery only system usingthe DC/DC converter control
method are shown inFig. 11. As can be seen fromFig. 11, the PI-droop control methodinthe two-stage control decreases
the discharging rate and allows the batteryto have 0.06 s more time to reach the rated batteryoutput power. This shows
the advantages of the proposed two-stage method compared with the battery only system on giving adequate time and
decreasing the dischargingrate forthe battery to respond to the power demand. The simulation result also shownin Fig. 11,
the simulation results can match the experimental results which proves the accuracy of the numerical model.

7. Simulation verification:

Afterthe new proposed method experimental verification was achieved, the simulation for the proposed method appliedin
the power system was conducted to test the performance in the power system. The experimental results show the
achievability ofthe proposed method applied in the system to deal with a microgrid decoupling process. However, the power
systemscale SMES-battery HESS is not able to be tested in the lab. Therefore, the simulation work is to simulate the proposed
HESS control method workinginthe power systemto stabilize the load voltage in a microgrid.

A model of the SMES and battery HESS in a DC network was developed in Matlab/Simulink. In this case, the distribution
network power demand was 334 kW. The battery e nergy storage terminalvoltage was 240 V. The designed batte ry maximum
output power changing rate was 56 kW/s. The SMES size can be calculated by (17), which is 0.98 MJ. The bus wltage was
380 V and the microgrid is disconnected from main grid at 2s. Therefore, the power demand for the SMES-battery HESS is
the microgrid power demand, which is 334 kW when the microgrid disconnects from the main grid. Figs. 12 and 13 show
thatthe SMES and battery HESSis capable of dealing with the voltage drop and prevents the battery from surge discharging
currentchanges.

450000 450
Power demand

400000 Bus voltage 400

350000 350
= 300000 300
© =
S 2
@ 250000 250 &
£ S
o =
-] <)
= 200000 200 >
v "
2 5
Y )
© 150000 150
a

100000 100

50000 50
0 0
0 5 10 15 20 25 30
Time (s)

Fig. 12. Power demand and DCbus voltage.
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Fig. 13. Simulation results of the SMES and battery power output for a microgrid decoupling application.

As shown in Fig. 13, the battery power output steady rises to the 334 kW, which meets the power demand from the
distribution network. The fast responding energy storage device SMES is used to deal with the rest of the power demand
before the batteryreaches the requested power output. The simulation results match the experimental result, as previously
discussedin section 6.

Comparison of the proposed method andthe filtration method is shown in Figs. 14 and 15. As the simulation results show
the batterypoweroutputinFig 14, the battery power output of the filtration method increases fast whenthe voltage drop
in the microgrid occurs at time 2 s. Furthermore, the battery discharging rate slightly decreases, which makes the battery
have a variable discharging rate. The highest discharging rate is uncontrollable and may exceed the battery maximum
discharging rate, which means the battery cannot supply enough power to compensate forthe powerdemand. Moreower,
fora microgridapplication, the filtration method re quires higher maximum battery power output. However, the high battery
power output will increase the battery attenuation. On the other hand, it may reach, or even exceed, the BESS highest
dischargingpower.

By applying the filtration method, the battery overcharges the system from 8.6 s to 17.2s. To keep the system stable during
this time period, the SMES needs to absorb thatamount of energy, as showninFig. 15, which is not efficient for the HESS.
The filtration method makes the battery, using a longer time, produce the required power output than the proposed PI-
droop method. The new proposed method also reduces the battery maximum power output compared with the filtration
method. By using the filtration method, the BESS maximum output power requirement reaches 348.4 kW, which isa 4.3%
overcharge of the power system’s maximum demand. However, the new method doesnot have overcharge power dealing
with the microgrid decoupling process. The over discharge of the HESS to the power system also accelerates the battery
lifetime attenuation.
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Fig. 15. SMES power output for the filtration control method and the new proposed control method.

As can beseenfromFig. 14, the proposed control method has a fixed battery discharging rate whichis 55.8 kW/s. Howeer,
the filtration method has a variable discharging rate. Fig. 16 shows the discharging rate for the filtration method. The
filtration method has8.5 s to decrease the power output, whichis inappropriate because the system has high power demand
from the HESS. The 8.5 s negative discharging rate alsoshows that the battery has high output power overshoot and needs
time to stabilise the batterypower outputto the expected value. Moreover, as canbe seenfrom Fig. 16, the batteryhas a
higherdischargingrate using the filtration control method thanthe new proposed control method (55.8 kW/s). The battery
highest discharging rate for the filtration control method is 78.5 kW/s, which is 141% of the proposed pi-droop control
method. The high discharging rate may exceed the BESS maximum dischargingrate, which can cause the HESS to be unable
to compensate forthe power demandinthe microgrid. The high dischargingrate also accelerates the battery performance
attenuation.
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Fig. 16 Discharging rate of the filtration control method applied to the SMES-battery HESS.

The comparison of the discharging rate vs time between the filtration control method and new proposed PI-droop control
methodis shownin Fig. 17. The filtration method needs 17.05 s to reach the stable battery power output, whilst the proposed
method onlyneeds 5.99 s to match the battery output power to the demand power.
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Fig.17.Discharging rate comparison of the filtration control method and the new proposed Pl-droop control method.

Therefore, the new proposed control method has the advantages of high robustness, high reliability and fast response
duration, which are necessary to extend the battery service lifetime and compensate for the bus voltage during a microgrid
disconnectionfrom the main ACgrid.

The battery performance by usingtwo different control methods are summarized in Table 1.



Table 1 Battery performance by using two different control methods

5.99 second

17.05 second Filtration method 185% longer

334 kW 348.435 kW Filtration method 4.3% higher

55.8 kW/s 78.47 kW/s Filtration method 41% higher

Therefore, according to the study above, the new proposed Pl-droop control method has the advantages of high system
robustness, high reliability and fast response duration. These advantages are beneficial to extend the battery service lifetime
and compensate forthe power demand fromthe microgrid. Inthis case, the PI-droop method decreases the battery power
outputby4.3% and shortens the HESS response s peed from 17.05 s to 5.99s. Moreover, the battery maximum discharging
rate decreases by29%. The low discharging rate and low maximum discharge power helps to extend battery service lifetime.
Furthermore, the fast response time helps enhance the system security and reliability.

Anothersimulation hasbeen done to show the SMES-battery HESS performance when some unexpected load was added to
the microgrid, which makes the microgrid power demand higherthanthe designed power. The proposed method not only
needs to control the battery performance but also needs to stabilise the bus voltage. In this situation, a 380 kW power
demandis applied forthe HESS. The battery maximum discharging power ratingfor the battery energy storage system is 120
kW/s (in real applications, the discharging rate is much higher than 120 kW/s. In this study, however, the low maximum
dischargingrate canshowthe performance of the batteryresponse process when working instage two). The simulation of
the batterypower outputand SMES power output are showninFig. 18.
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Fig. 18 HESS power output by applying two-stage method for the microgrid with excessive power demand

For case two, when the microgrid switches to isolation mode, stage one starts to operate. The SMES has a high power
capacity, whichis usedto stabilise the power demand to the requested demand. The battery power outputis controlled by
the stage one control andisworkingata 72.85 kW/s discharging rate. Attime 6.67 s, the SMES is fullydischarged and the
batteryoutput power cannot adequately compensate for the power demand from the microgrid. Therefore, stage two starts
operatingto stabilise the microgrid power demand. Fromtime 6.67 s, the HESS is working in stage two mode, whichis the
battery DC/DC converter boost mode. The output power is dependent on the battery energy storage system’s maximum
output powerchangingrate. The HESS power output reaches380 kW at 7s. If the battery energy storage system in the HESS
has a higher maximum discharging rate, the battery output power climbing time will become shorter when working with
stage two control.

The simulationresults of the HESS dealingwith an excessive power demandis summarised as Table 2.



Table 2 Simulation result for the microgrid with excessive power demand

Time workingatstageone 4.67 s
Time workingat stage two 0.33s
Stage onedischargingrate 72.85 kW/s
Stage two discharging rate 120 kW/s
Microgrid voltage unstable time 0.33s
Maximum power shortage 39.96 kW

The microgrid voltage becomes unstable, which is caused because the HESS not able to deliver enough power to the
microgrid. Becausethe SMES is fully discharged, the SMES cannot support any power output. The battery power output does
notreach the required power demand. Therefore, a voltage dip occurs fora short time (0.33 s in thisstudy) until the battery
is abletodeliverthe required power to the system. During the time the HESS is working in stage two, the battery is operating
atits maximum discharging rate and trying to meet the microgrid power demand as fast as it can. The maximum power
shortage during the microgrid decoupling is 39.96 kW, which is approximately 10% of the overall power demand from the
microgrid.

Forthe same HESS capacity to deal with the excessive power demand, the SMES and battery power output using the filtration
method is shown in Fig. 19.
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Fig. 19 HESS power output by applying filtration method for the microgrid with excessive power demand

Due to the power demand changes, the filtration method cannot work properly to compensate for the power demand. That
is because the cut-off frequency ofthe filtration control controllerisfixed for the normal operating condition and not suitable
fordifferent power demands. When the microgridis disconnected from the main power grid, the HESS, using the filtration
method, can keepthe voltage stable forthe first 3.58 s. However, after the SMES fully discharged, the batteryis requested
to support all the power demand from the microgrid, which causes the microgrid bus voltage to be unstable for 2.97 s. In
this study, the maximum power shortageis 117.16 kW, whichis 31% of the microgrid total power demand.

A comparison of the two-stage method and the filtration method are shown in Table 3.

Table 3 Comparison of the two-stage method and filtration method

Two-stage method Filtration method
Time duration of battery working at
maximum power output
Maximum microgrid power shortage 39.96 kW 117.16 kW
Microgrid voltage unstable time 0.33 second 2.97 second

0.33 second 2.97 second



The filtration method cannot compensate for the microgrid power demand for 2.97 s, which is 791% longer than the
proposed two-stage method. Moreover, the higher power shortage of the filtration method can cause a more severe wltage
drop in the microgrid. Therefore, the proposed two-stage control method is more suitable for microgrid applications to
guarantee microgrid stability and improve battery performance.

As can be seen from the results, the two-stage control method can normally operate to support the microgrid. However, the
conventionally usedfiltration control methodis not capable of supporting the demand, which is because the pre-set value
does not match the systemdemand. When an unexpected load added inthe system, the conventional control method is not
ableto supportthe system with stable voltage. Therefore, the two-stage control method is suitable to enhance the system
stability for microgrid applications.

Conclusion:

This paper presents a novel control scheme andsizing design method fora SMES-battery hybrid energy storage system for
DC microgrid applications. The proposed control method is able to stabilize the load voltage and manage the SMES and
batterypoweroutput. An experimental platform was built to test and validate the control methodology and sizing design.
The control method for the SMES chopper and battery bidirectional converter has been applied to the experimental platform
to test their reliability. The numerical simulation results shows that the proposed novel method makes the battery have
better performance for the microgrid coupling and decoupling process compared with a conventional filtration method.
Moreover, the proposed control method has a more secure dischargingrate, shortersettling time and | ower battery output
fluctuation.

Appendix:
Table 4 SMES magnet parameters.
Innerradius 45 mm
Outerradius 73 mm
Turn to turn distance 3mm
Critical current 42 A
Workingcurrent 33A
Inductance 36.65 mH
Number of pancake coils 4
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