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Used throughout the United States and many other countries, the
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electrical codes pertaining to photovoltaic (PV) systems.

PV and the NEC presents a straightforward explanation of the
NEC in everyday language. This new edition is based on the 2020
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Introduction

The sun is on the cover of the 2020 NEC!

Photovoltaic (PV) is growing fast, and the PV material in the National
Electrical Code (NEC) is changing faster than anything the NEC has
seen since the days of Thomas Edison and Nikola Tesla hashing it
out over dc vs. ac. It appeared that Tesla was right when 2-phase ac
power! was installed at Niagara Falls: ac was the way of the future,
but the future is always unpredictable, and with PV and energy stor-
age, dc is making a comeback.

This book is designed to relay to the layperson working in the PV
industry the NEC PV-related material and changes as simply as pos-
sible. We hope that professional engineers (PEs) and sunburnt solar
installers alike will be able to comprehend its writing style and be
entertained just enough to not be bored learning about a Code that has
been known to work better than melatonin on a redeye ight.

Since this book is about PV, rather than starting at the beginning
of the NEC, we will start with the most relevant article of the NEC,
which is Article 690 Photovoltaic (PV) Systems; we will then cover
the new Article 691 Large-Scale Photovoltaic (PV) Electric Supply
Stations, which modi es Article 690 for large PV systems, and then
dive into the interconnections of Article 705 Interconnected Electric
Power Production Sources, where we understand how PV and other
power sources can connect to and feed other power sources such as
the utility grid. The next articles we will cover are those on energy
storage, which are the old Article 480 Storage Batteries and the newer
(and more relevant in 2020) Article 706 Energy Storage Systems.
While we are on the subject of energy storage, we will cover the newer
Avrticle 710 Stand-Alone Systems (which was formerly 690.10), and
this will lead us to another newer and renewable themed Article 712
Dc Microgrids. Articles 706, 710 and 712 were rst brought into the
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Figure 0.1 1895 Niagara Falls power plant

Source: courtesy Wikimedia https://en.wikipedia.org/wiki/Adams_Power_Plant_
Transformer_House#/media/File: Westinghouse_Generators_at_Niagara_Falls.jpg

NEC in 2017. We will then go back to the beginning of the NEC and
look at Chapters 1 through 4 of the NEC, which apply to all wir-
ing systems, including PV. We will see that, in covering the new and
renewable PV-centric articles, we already covered the more important
parts of Chapters 1 through 4 used for PV systems and all electric
installations, such as Article 250 Grounding and Bonding, and Article
310 for wire sizing. There will be many times when we are covering
material in Article 690 where we will go back and forth to other arti-
cles, since this is the way to properly use the NEC.

The NEC is updated every three years with a new Code cycle. This
edition of PV and the NEC re ects the 2020 NEC and will discuss ear-
lier versions of the NEC. When the 2023 NEC comes out, this mate-
rial will not be obsolete; in fact, more than half the PV in the United
States is installed in places that adopt the NEC three years after a
Code is released. For instance, the state with half of the solar in the US
is California, and in California, the 2017 NEC was adopted in 2020
and used until the 2020 NEC is adopted in 2023. It is also interesting
to note that the proposals for changes to the NEC are crafted three
years earlier, so the material in the 2017 NEC was proposed in 2014
and will be used on a regular basis by inspectors until nine years later.
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Since the equipment changes so fast in the PV industry, the Code writ-
ers intentionally leave parts of the Code open-ended to make way for
new inventions that you may come up with, which will save lives and
may make you rich.

The 2020 NEC proposals for Article 690 and for other solar-rel-
evant parts of the Code were rst proposed at meetings at NREL in
Colorado in 2017 and put in a Word document by Bill Brooks. This
Word document grew, and the proposals were re ned with a lot of
input. These future Codes were later proposed to the top dogs at the
National Fire Protection Association by Ward Bower (inventor of the
grid-tied inverter in 1977) and Bill Brooks of NEC Code Making Panel
4 in Hilton Head, North Carolina.

Now is the time to take out your 2020 NEC and follow along to
understand PV and the NEC.

Note

1 The rst power plant at Niagara Falls had two phases that were 90 out
of phase with each other (weird) (see https://en.wikipedia.org/wiki/Two-
phase_electric_power). Now we use single (split), or three phases that are
120 out of phase with each other. This is interesting!



1 Article 690 Photovoltaic (PV)
Systems
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Figure 1.1 1984 NEC (a much smaller Code book)
Source: Sean White












8 Article 690 Photovoltaic (PV) Systems

Fuse DC-to-DC PV or DC-to-DC
converter < converter
(optional output circuit
location)

-

i Solar
F cells
]

1\

PV source
circuit

| 1—Module

l‘_ |

l— Array

P e e T Ty ST P

[}
[}
]
H

Figure 1.2 2020 NEC PV Figure 690.1(a) PV power source
Source: courtesy NFPA

For someone rst learning about solar, it could be confusing to
see a solar module with 12 cells. It would be even more confusing
to have one dc-to-dc converter per three modules that is being
connected with fuses to a dc-to-dc converter combining busbar,
and then off to a dc-to-dc converter output circuit. Dc-to-dc con-
verters being installed in 2020 have one or two PV modules with
a dc-to-dc converter under the module, and then a number of
dc-to-dc converters connected in series as a source circuit, and
then the dc-to-dc converter source circuit is connected directly
to the inverter. The 2020 NEC removed the word panel (as in
solar panel) from this image and from 690.2 de nitions. This
was because, historically, in the NEC, a solar panel consisted of
more than one module, and on the street, a solar panel is a solar
module.
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Figure 1.3 Interactive system [2020 NEC Figure 690.1(b)]
Source: courtesy NFPA
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Figure 1.4 Ac module system [2020 NEC Figure 690.1(b)]
Source: courtesy NFPA

Images are good to learn from. Next, we will go over the different
images in Figures 690.1(b), paying close attention to the various PV
system disconnecting means, which separate the PV system covered here
in Article 690 from systems covered in other areas of the 2020 Code.

Interactive (grid-tied) inverter circuits are very simple. The inverter
is used only for PV power; it has no other purpose and therefore is
part of the PV system.

A big question installers have is: What is the difference between an
ac module and a microinverter bolted to a PV module? The answer
is that if the PV module was listed to UL 1703 while the inverter was
bolted to it, and if the inverter was tested and listed to UL 1741 while
bolted to the PV module, then it is an ac module and we do not con-
sider the dc part of the product when installing this module.

If the module and microinverter were not listed together, then we
are responsible for applying the NEC to the dc circuit, going from
the module to the inverter. It is also interesting to note that the word
microinverter does not appear in the NEC. The NEC looks at a
microinverter as nothing more than a small (micro) inverter.
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Figure 1.5 Dc coupled multimode system [2020 NEC Figure 690.1(b)]
Source: courtesy NFPA

There is a lot of information in Figure 1.5. First of all, dc coupled and
multimode are different things, which can go together. A dc coupled
PV system is a PV system that is typically charging batteries with a
charge controller connected to a PV array. The inverter in a dc cou-
pled system will be coupled with the inverter and the charge controller
working with dc voltage. In fact, it is possible to have a dc coupled
system that does not have an inverter, but most people would like to
utilize ac electricity with their dc coupled systems.

Energy storage professionals also talk about the energy storage
system (ESS) being ac coupled and dc coupled. In fact, an ESS
can also be high voltage ac coupled and low voltage ac coupled,
depending on which side of the transformer it is connected to.
Our examples of ac and dc coupling in Article 690 are referring
to the PV system connection.

As we can see in Informational Note Figure 690.1(b), a multimode
inverter is an inverter that can work in different modes, such as
stand-alone (off-grid) and interactive (grid-tied). This type of inverter
was also known as a bimodal inverter for a time and will have differ-
ent outputs. One output will go to the stand-alone (backed up) loads,
and the other output will go to the loads that are not backed up and
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Figure 1.6 Ac coupled multimode system [2020 NEC Figure 690.1(b)]
Source: courtesy NFPA

In Figure 1.6, starting at the upper left, we have a PV array and an
interactive inverter, which is the PV system according to the 2020 and
2017 NECs. On the other hand, according to the 2014 NEC, almost
everything in the image is the PV system. We can see that the border
that separates the PV system from the rest of the ac coupled multi-
mode system is the PV system disconnect. It is surprising to many
that the multimode inverter is not connected to PV. This inverter is
connected to an energy storage system (usually batteries) on the dc
side, and to the grid (electrical production and distribution network)
on one ac output and to what I like to call the ac microgrid on the
other ac circuit, where backed up loads and interactive inverters can
operate. It is also interesting that some manufacturers can make ac
coupled systems that will not operate at all when the grid is down.
This can be for what is often called self-consumption in the indus-
try. These systems will be able to send electricity from the batteries
to the loads or the grid when it is bene cial to do so because of util-
ity demand charges, time-of-use rate schedules or because, in some
places, utility customers are not allowed to export energy. Utility scale
ac and dc coupled systems are often like self-consumption systems,
but on a larger scale.

The stand-alone system (Figure 1.7) has a few differences with the
average stand-alone system we see in the eld. First of all, there is
usually a charge controller that is connected to three different things.
First is the PV array, second is the energy storage system and third
is the inverter. These days, it is unusual to have dc loads as shown
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Figure 1.7 Stand-alone system [2020 NEC Figure 690.1(b)]
Source: courtesy NFPA

in Figure 1.7. We could say that the charge controller is part of the
energy storage system in the image.

Figure 1.7 could also be considered a dc coupled system without a
multimode inverter.

690.2 De nitions

Because this book is meant to be read with an actual NEC book
handy or to be read by someone already familiar with the NEC, we
will not repeat every easy to understand de nition in Article 690.
We will repeat the language of some of the newer and more dif -
cult to understand de nitions that a solar professional will have a
tendency to use in their career. We will also add discussion to some
de nitions.

Bipolar Circuit

Discussion: A bipolar circuit (according to Article 690) is dc power
analogy of 120/240Vac power on a house in the US. In a bipolar cir-
cuit, there is a positively grounded monopole circuit and a negatively
grounded monopole circuit on the same inverter. This means that we
can have voltage to ground that is half of the total voltage that the
inverter is getting the bene t of processing. The interesting thing about
this is that, with the 1500Vdc to ground equipment, we can have an
inverter with a 3000Vdc input bene t with a ground-mounted PV
system!




































2 Article 690 Photovoltaic
Systems Part Il Circuit
Requirements

Part 1l Circuit Requirements

690.7 Maximum Voltage

690.8 Circuit Sizing and Current

690.9 Owvercurrent Protection [Article 240 is also Overcurrent
Protection.]

690.10 Stand-Alone Systems [moved to Article 710 in the 2020 NEC.]

690.11 Arc-Fault Circuit Protection (Direct Current)

690.12 Rapid Shutdown of PV Systems on Buildings [big changes,
discussed in Chapter 3.]

690.7 Maximum Voltage

Understanding 690.7 sets true solar professionals apart from the
solar un-professionals. Understanding calculations using 690.7 is also
very important to NABCEP, as re ected in their exams; however, the
Module Level Power Electronics (MLPE) are reducing the need for
string sizers, especially for those designing systems for buildings.

Outline of 690.7

690.7 Maximum Voltage
690.7(A) Photovoltaic Source and Output Circuits

690.7(A)(1) Calculations with low temperature and Voc
coef cients

690.7(A)(2) Using table 690.7(A) Voc Correction Factors for
Silicon Crystal Modules

690.7(A)(3) PV Systems Over 100kWac Under Professional
Engineer (PE) Supervision






































































































3 Section 690.12 Rapid
Shutdown

Section 690.12 Rapid Shutdown is the hottest spot in PV education
since it came out in the 2014 NEC. Chapter 3 of this book is dedicated
to covering the evolution of 690.12. Not only were there changes from
the 2014 NEC to the 2017 NEC to the 2020 NEC, there were even
parts of the 2017 NEC that did not take effect until 2019. Therefore
690.12 deserves its own chapter. We will also cover 690.56(C) in this
chapter, which are the labeling requirements for rapid shutdown.

Rapid shutdown in popular culture

At the Solar Battle of the Bands in San Francisco in 2018, during
the last San Francisco Intersolar Conference, there was a band
that called themselves the Rapid Shutdowns and was spon-
sored by Luminalt. Bill had to inform the Rapid Shutdowns that
he was really the one who had named their band, so they took
him backstage and whatever happened next was fortunately not
on social media.

Grid Alternatives North Atlantic in DC also had a kickball
team called the Rapid Shutdowns, and apparently they sucked
and had a great time!

Please contribute to more of this behavior and let us know so
your team, band, CCA or small government can also be featured
in the next issue of this book!

Overview

The rapid shutdown requirements of the NEC rst appeared in the
2014 NEC and have changed quite a bit in the subsequent versions.
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690.12(C)(1) Service Disconnecting Means

The service disconnecting means (main breaker) can be the rapid shut-
down initiation device. This is an easy option, plus it shuts everything
else down with one switch. This could be the fastest way to turn off a
building in an emergency, PV system and everything.

690.12(C)(2) PV System Disconnecting Means

The PV system disconnecting means (usually a circuit breaker or fused
disconnect) can be a rapid shutdown initiation device. In many places
in America, the main service disconnect is in the basement, and the
supply side fused disconnect is the PV system disconnecting means and
the rapid shutdown initiation device.

690.12(C)(3) Readily Accessible Switch

A readily accessible switch (often a special rapid shutdown switch
or inverter disconnect) can be the rapid shutdown initiation device,
shown in Figure 3.2.

EQUIPPED WiTH

- AP|D SHUTDOWN

Figure 3.2 Rapid shutdown initiation switch
Source: courtesy Bentek Solar
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SOLAR PV SYSTEM EQUIPPED
WITH RAPID SHUTDOWN

TURN RAPID SHUTDOWN
SWITCH TO THE
"OFF" POSITION TO
SHUTDOWN PV SYSTEM

AND REDUCE
SHOCK HAZARD I:I

YELLOW
BACKGROUND

SOLAR ELECTRIC 4
PV PANELS

YELLOW
BACKGROUND

IN ARRAY

Figure 3.3 NEC Figure 690.56(C) Label for Roof-Mounted PV Systems with
Rapid Shutdown

Source: courtesy NFPA

Title characters:

Capitalized black 3/8 inch minimum height
Title background color:

Yellow (yellow is the ANSI caution color)
Remaining characters wording:

Turn Rapid Shutdown Switch to the OFF Position to Shut
Down PV System and Reduce Shock Hazard in Array

Remaining characters:
Capitalized black 3/16 inch minimum height
Remaining characters background color:

White

The area on the sign where it says SOLAR ELECTRIC PV PANELS
in the image is intended to be in black letters on a yellow background.
The reason it says PV PANELS rather than PV MODULES is because
only solar professionals call solar modules solar modules, while
most people, including firefighters, refer to solar modules as solar
panels.
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The Array Level Shutdown Sign and the 2019
Requirements that were in the 2017 NEC.

In the 2017 NEC we had another, similar sign, which was used
for systems that did not reduce hazards inside the array but had
array level shutdown. There was a red color on the sign. The 2017
NEC allowed energized conductors within the array until January
1, 2019. The 2020 NEC does not have this red sign, although
we still have a method for array level rapid shutdown, which is
the 690.12(B)(2)(3) no exposed metal parts or wiring methods
method. In this case, we can just use the 690.56(C) sign.

690.56(C)(1) Buildings with More Than One Rapid Shutdown Type

If a building has more than one type of PV system with different rapid
shutdown types or a PV system installed without rapid shutdown and
another system installed later with a rapid shutdown system, then we
need a sign that will indicate the different rapid shutdown type sce-
narios and where the PV system will remain energized after rapid shut-
down is initiated.

Figure 3.4 is an example of a sign to be used for a rectangular-
shaped building with two different types of rapid shutdown arrays. In
this example, the color scheme is:

SOLAR PV SYSTEM EQUIPPED WITH RAPID SHUTDOWN

AREAS WITHIN DOTTED LINES REMAIN ENERGIZED IN SUNLIGHT
WHEN RAPID SHUTDOWN SWITCH IS "OFF" POSITION

;2017 NEC PV ARRAY
THIS SIGN IS HERE —/ﬂ:

AT MAIN SERVICE

,,,,,,,,,,,,,,,,,,,,,,, /-2014 NEC ARRAY

— 80 VOLTS OR LESS
---- ABOVE 80 VOLTS

!

N

Figure 3.4 Buildings with more than one rapid shutdown type
Source: example courtesy Robert Price www.axissolardesign.com






4  Article 690 Part I
Disconnecting Means

Article 690 Part Il includes two sections:

690.13 Photovoltaic System Disconnecting Means
690.15 Disconnecting Means for Isolating Photovoltaic Equipment

Let us rst de ne disconnecting means in general with the Article 100
Definition:

Disconnecting Means. A device, or group of devices, or other
means by which the conductors of a circuit can be disconnected
from their source of supply.

In this de nition, we can have a variety of different devices or means
that can disconnect sources from supply. These devices are not required
to be load-break rated devices or big expensive switches that can dis-
connect a service.

Here are a few examples of disconnecting means:

Load-break rated dc disconnect
PV inter-module connectors
Non-load-break rated disconnect
Touch safe, tilt-out fuseholders

Even a light switch is a disconnecting means and, for that matter, even
unscrewing a light bulb can be considered operating a disconnecting
means, no matter how many licensed professional electrical engineers
it takes.
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can be installed on circuits up to 1000Vdc. However, on a 1000Vvdc
series string, if you were to take it apart under even a 5A load, it could
starta re. Take that same connector and put it on the input of a lower
dc voltage microinverter and that same connector can easily break the
5A load without damage to the connector or the operator.

Examples are:

e PV module connectors, such as an MC-4 or Amphenol connector

e Dc-to-dc converter connector

e Some inverters come with ac cable connectors (more often in
other countries)

690.33 Connectors are covered on page 106 of this book.

690.15(B)(2) Finger-Safe Fuseholder

Finger-safe fuseholders are most often used in combiner boxes.

Discussion: When doing voltage or IV curve testing on strings of
modules at a dc combiner, we often open the nger-safe fuseholders to
isolate the circuit. This should only be done after the PV output circuit
disconnect is opened and there is no current going through the circuit.
Many solar installers have witnessed an arc show when opening touch-
safe fuseholders under load on a system without dc arc-fault protection.

As we can see in Figure 4.2, the nger-safe fuseholder can be opened
without touching the fuse. After the fuseholder is opened, both sides
of the fuse are de-energized.

Figure 4.2 Finger-safe fuseholder
Source: courtesy Schurter, Inc.















5 Article 690 Part IV Wiring
Methods and Materials

Avrticle 690 Part IV Wiring Methods and Materials covers the meth-
ods and materials speci ¢ to wiring PV systems. Much of this mate-
rial refers to and works with other articles of the NEC, especially the
NEC articles within Chapter 3 Wiring Methods and Materials, such as
Avrticle 310 Conductors for General Wiring.

Chapters 5 7 modify the rst
four chapters of the NEC.

This means that if there is a difference between regular wiring
methods and Article 690, when we are dealing with a PV system,
we will go with Article 690. Same would also go for Articles in
Chapter 7, such as 706 Energy Storage systems, which modi es
the rst 4 chapters, including Article 480 Storage Batteries.

Although there are PV-speci ¢ wiring methods in 690 Part IV Wiring
Methods, all other parts of the 2020 NEC apply to the wiring of PV
systems.

690 Part 1V Wiring Methods and Materials sections

690.31 Wiring Methods

690.32 Component Interconnections
690.33 Mating Connectors

690.34 Access to Boxes
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PV source and PV output circuits (does not say dc-to-dc converter
circuits) over 30V in readily accessible locations shall be one of the
following:

e Guarded
e In MC cable (Article 330 Metal-Clad Cable: Type MC)
e Inraceway (does not require metal raceway)

Table 690.31(A)(a) shall be used for correcting ambient temperatures
over 30 C for conductors with 105 C and 125 C rated insulation.
The temperature rating of the insulation is theoretically how hot the
wire can get after running the current in the ampacity table through
it under given conditions. At this point, nobody is using 105 C and
125 C wire; however, Bill put this in the NEC, since he is an NEC
futurist. For proper wire sizing, see Chapter 12 Wire Sizing.

Table 690.31(A)(a) is adapted from 690.31(A) in the 2017 NEC.
In the 2017 NEC, the temperature rating of the wires included tem-
peratures covered in the 310 Tables. In the 2020 NEC, this Table
690.31(A)(a) covers 105 C and 125 C insulation temperatures only,
which are very hot! Perhaps we are preparing for a Venus-like climate.

Table 310.15(B)(2)(a) Ambient Temperature Correction Factors
Based on 30 C in the 2017 NEC was renamed Table 310.15(B)
(1) in the 2020 NEC. The 310.15(B) Tables were renamed in the
2020 NEC. See page 213 for details. In the 2017 NEC, we were
not supposed to use 2017 NEC Table 310.15(B)(2)(a) for PV sys-
tems, however we had almost exactly the same information in
2017 NEC Table 690.31(A). Now there is no overlapping since
2020 NEC 690.31(A)(a) is for higher conductor temperature
ratings than 2020 NEC 310.15(B)(1).

Table 5.1 690.31(A)(a) correction factors for 105 C and 125 C rated
wire (ambient temperature correction factors for temperatures
over 30 C)

Ambient temperature ( C)  Temperature rating of conductor

105 C(221 F) 125 C(257 F)
30 1.00 1.00
31 35 0.91 0.94
36 40 0.82 0.88
41 45 0.71 0.82

*this table goes up to 120 C (248 F) ambient temperatures in the NEC
Source: courtesy NFPA
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Table 5.2 690.31(A)(b) Ampacities of 105 C and 125 C
rated wire not in free air

Ampacities

AWG 105 C(221 F) 125 C(257 F)
14 29A 31A
12 36A 39A
10 46A 50A
8 64A 69A
6 81A 87A
4 109A 118A
3 129A 139A
2 143A 154A
1 168A 181A
1/0 193A 208A
2/0 229A 247A

Source: courtesy NFPA

690.31(A) continued:

Table 690.31(A)(b) shall be used for determining ampacities of
conductors rated for 105 C and 125 C. This table can be viewed as
an extension of the table formerly known as 2017 NEC 310.15(B)
(16), now known as Table 310.16 in the 2020 NEC as it was in the
2008 NEC.

The NEC went 12 years retro! At least the 2008 NEC had an of ine
PDF version you could buy. Unfortunately, the NFPA now requires an
internet connection to view the digital version.

Although conductors with a higher temperature rating can carry
more current, they will still have the same voltage drop as conductors
with a lower temperature rating. Since PV prices are getting so low, at
this rate, they will pay us to take it in a few more code cycles, so why
not save money on smaller wire?

690.31(B) Identi cation and Grouping

e Dccircuits can go in the same location as signaling types of circuits
e This means that there is no question that we can put a
communication conductor that goes to the array for rapid
shutdown or monitoring in the same raceway as the dc
conductors

PV System dc circuits, unless separated by a barrier or partition, shall
not be in the same:
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690.31(C)(4) Flexible Chords and Cables Connected to
Tracking PV Arrays

The following shall apply to exible chords and cables connected to
tracking PV arrays:

e Identi ed as hard service chord or portable power cable

e Suitable for extra-hard usage

e Listed for outdoor use

e Water resistant

e Sunlight resistant

e Stranded copper permitted to be connected to moving parts of
tracking PV arrays in accordance with Table 690.31(C)(4) see
below

e Comply with Article 400 Flexible Chords and Cables

e Allowable ampacities in accordance with 400.5 Ampacities for
Flexible Chords and Cables

Article 400 Flexible Chords and Cables Discussion:

There are different tables to be used for exible chords and cables,
which are used for stationary conductors.

Table 690.31(C)(4) (Formerly 690.31(E)) Minimum PV Wire Strands
Discussion:

Tracking arrays have moving parts that may bend wires back and
forth 365 times per year, which can be 10,000 times or more in
the life of a 30-year-old PV system. Wire with not enough strands
will strain-harden and break.

Table 690.31(C)(4) Minimum PV Wire Strands does not have
in its title that it is speci c for tracking arrays and, if taken out
of context, someone might think that it would apply with all PV

Table 5.3 690.31(C)(4) minimum PV wire strands

PV wire AWG Minimum strands
18 17
16 10 19
8 4 49
2 130

Source: courtesy NFPA



























6 Article 690 Part V Grounding
and Bonding

Bonding is electrically connecting metal together and grounding is
connecting to earth. The term grounding is used often to indicate
bonding, as with an equipment grounding conductor, which is used
for both bonding metal together and connecting the metal to ground.

690.41 System Grounding

System grounding is connecting a current-carrying conductor to
ground potential at one place in a system. Not all systems have system
grounding, but all metal equipment that could be exposed to a fault
will have equipment grounding (AKA bonding).

Here are some simple Article 100 De nitions to get us grounded
on grounding:

Grounding Electrode. A conducting object through which a direct
connection to earth is established.

Grounding Electrode Conductor (GEC). A conductor used to
connect the system grounded conductor or the equipment to
a grounding electrode or to a point on the grounding electrode
system.

Equipment Grounding Conductor (EGC). The conductive path(s)
that provides a ground-fault current path and connects nor-
mally non-current-carrying metal parts of equipment together
to the system grounded conductor, or to the grounding elec-
trode conductor or both. (Also performs bonding.)

Ground. The earth.
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NON-ISOLATED INVERTER

Figure 6.3 Non-isolated inverter showing ground-fault pathway

Source: courtesy Robert Price (2017; modi ed from Bill Brooks, 2014) www.
axissolardesign.com

inaccurately) known as an ““‘ungrounded inverter” in the 2014 NEC,
this inverter is now called a functionally grounded inverter and,
according to 690.41(A)(3) text, we can of cially call this inverter a
not-isolated inverter or, as we prefer, a non-isolated inverter.

In Figure 6.3 Vin would be input voltage to the inverter. Vs is the
source voltage (center-tap split-phase ac transformer).

The non-isolated gets its name because the inverter is not isolated
from the grounded ac transformer. The reason that it was formerly
thought of as ungrounded is because the PV array is ungrounded when
the system is of ine and grounded when operating. When this inverter
is operating at 400V, we could expect the positive conductor to meas-
ure 200V to ground and the negative to measure 200V to ground.
This array is referenced to ground and does not have a voltage that
is randomly oating around or isolated by a transformer when the
inverter is operating.

These inverters are:

e Cheaper
e Safer
e Lighter

e More ef cient
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> P> =
TRANSFORMER-ISOLATED INVERTER
Figure 6.4 2017 NEC ungrounded PV array AKA transformer-isolated
inverter

Source: courtesy Robert Price (2017; modi ed from Bill Brooks, 2014) www.
axissolardesign.com

Now the only way to have an ungrounded array on an inverter
connected to a grounded utility transformer is where the inverter has
an isolation transformer, but with no fuse or connection between a
current-carrying conductor and ground as in Figure 6.4. This array
would be considered oating, since the voltage could change with ref-
erence to ground. This inverter is uncommon and only currently used
with some large utility-scale inverters. The array is monitored with a
sensitive insulation tester on a continuous basis. This is a very simple
and effective method of ground-fault detection.

There is no way to look at an inverter and know whether it is an
ungrounded inverter unless you look at the listing label. We are una-
ware of any ungrounded inverters currently listed in the United States.
All the units currently running in the US are in large-scale plants and
have been certi ed to IEC (International Electrotechnical Commission)
standards.

690.41(A)(5) Solidly Grounded PV Arrays

A solidly grounded PV array is one where there is a connection between
a current-carrying conductor and ground that is not a fuse and is solid!

Many old-style stand-alone systems, as well as some more modern
stand-alone systems, are solidly grounded. Many dc PV systems are
also solidly grounded.
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- e i o g PV SYSTEM
r H H g DISCONNECT LOAD

I

.................. SRR P R <

T —

Figure 6.5 Solidly grounded PV array

Source: courtesy Robert Price (2017; modi ed from Bill Brooks, 2014) www.
axissolardesign.com

Coming up soon in a 690.41(B) exception, we will mention that if
an array is solidly grounded, has one or two PV source circuits and is
not on a building, then ground-fault protection is not required. This
way we can solidly ground the system.

As we can see in Figure 6.5, the grounding busbar is connected
solidly to a grounded conductor. This is also an example of a dc direct-
coupled PV system, which is common for water pumping systems in
the California foothills.

690.41(A)(6) PV Systems Using Other Listed and Approved
Methods

PV technology is fast-moving, and the Code has left open a way
for newer inventions to be Code compliant if they are listed and
approved. Over the years, several inverters have been certi ed to
this option. One key example in recent history was the Advanced
Energy Inverters that had an array con gured in a bipolar-ish
fashion.

These larger inverters were configured similar to bipolar PV
systems, but had several features that were very different from
bipolar arrays. Those inverters were among the safest inverters
back when they were manufactured. 690.41(A)(6) makes sure the
NEC does not disrupt inverter innovation for your next genius
inverter idea.

690.41(B) Ground-Fault Protection (Direct Current requirement)
Dc PV arrays shall be provided ground-fault protection in accordance
with both 690.41(B)(1) Ground-Fault Detection and 690.41(B)(2)
Isolating Faulted Circuits.
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Table 6.1 NEC Table 250.122 EGC based on OCPD

Rating or setting of automatic overcurrent Size (AWG or kemil)
device in circuit ahead of equipment, conduit,
etc., not exceeding (amperes)

Copper  Aluminum or

copper-clad
aluminum
15 14 12
20 12 10
60 10 8
100 8 6

Source: courtesy NFPA

Recall that 690.9(B) (covered on page 123) calculates an overcur-
rent protection device based on either

125% of maximum current calculated in 690.8(A)

Maximum circuit current 1.25
Isc  1.56 for PV source circuits

Maximum current and application of adjustment and correc-
tion factors

Electronic overcurrent protection device listed to prevent
backfeed on PV side of device

Equipment grounding conductor size shall not be smaller than 14 AWG.

Discussion: It is interesting to note that, in many cases, multiple PV
output circuits are not required to have more than a single 14 AWG
equipment grounding conductor when protected in a raceway. Many
solar installers will size the equipment grounding conductor to be the
same size as the current-carrying conductor for conductors up to 10
AWG. This is to decrease the possibility of a well-intentioned inspector
guestioning a Code compliant 14 AWG equipment grounding conductor.

Just to make a point here, it would be Code compliant to have 8 PV
source circuits come off a rooftop in a raceway with 16 different 10
AWG current-carrying conductors along with a single 14 AWG equip-
ment grounding conductor.

Since the smallest equipment grounding conductor is a 14 AWG,
which is sized based on a 15A overcurrent device, then we can calcu-
late the highest short-circuit current value that will t on a 15A fuse
and use a 14 AWG equipment grounding conductor as follows:

Isc 1.56 =15A
Isc = 15A/1.56 = 9.6A


















7 Article 690 Part VI to the End
of 690

This chapter of PV and the NEC includes:

690 Part VI Marking

690 Part VIl Connection to Other Sources

690 Part VIII Energy Storage Systems

Other Material no longer in 690 as of 2017 NEC

690 Part VI Marking

Not all of the requirements for marking PV systems reside within
Article 690 Part VI. We also included part of Article 690 Part VI
within Chapter 3 of this book in our Section 690.12 Rapid Shutdown
chapter.

Here is a list of the common and some less common marking
requirements, and where to nd them in the NEC and this book,
which are not covered in this chapter in detail.

e 690.13(B) PV SYSTEM DISCONNECT label and ELECTRIC
SHOCK HAZARD, TERMINALS ON THE LINE AND LOAD
SIDES MAY BE ENERGIZED IN THE OPEN POSITION
e Page 77 of this book

e 690.31(D)(2) PHOTOVOLTAIC POWER SOURCE or SOLAR
PV DC CIRCUIT label
e Page 103 of this book

e 690.56(C) Rapid Shutdown Labels

SOLAR PV SYSTEM IS EQUIPED WITH RAPID SHUTDOWN,
TURN RAPID SHUTDOWN SWITCH TO THE OFF
POSITION TO SHUT DOWN PV SYSTEM AND REDUCE
SHOCK HAZARD IN ARRAY
























8 Article 691 Large-Scale
Photovoltaic (PV) Electric
Supply Stations

Avrticle 691 was new in the 2017 NEC and there is not a whole lot to
it (about one page in the NEC). There are certain things that can be
done with these larger systems, under the supervision of an engineer,
which cannot be done with smaller systems.

In the past, our excuse for changing the rules on these large utility-
scale solar farms was that we decided to call them utilities, and utili-
ties are not subject to the requirements of the NEC. Utilities typically
use engineering standards and the National Electrical Safety Code
(NESC) for designing their systems. The question has always been:
Is it really a utility? Now, we can use the NEC and no longer have
to look for a utility loophole when installing large PV. Also, many
jurisdictions did not buy that a large-scale PV system was like utility-
owned properties and would enforce Article 690.

Outline of Article 691

691 Large-Scale PV
691.1 Scope ( 5MW ac)
691.1 Informational Note 1: purpose to supply utility
691.1 Informational Note 2: refers to 90.2(B)(5) and NESC
691.1 Informational Note 3: refers to gure 691.1
691.2 De nitions
691.4 Special Requirements for Large-Scale Electric Supply Stations
691.4(1) Quali ed Personnel
691.4(2) Restricted Access
691.4(3) Medium or High Voltage Connection
691.4(4) Loads Only for PV Equipment
691.4(5) Not Installed on Buildings
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691.1 Informational Note 1

Large-scale PV covered in this article is producing electricity for the
sole purpose of supplying electricity to a regulated utility.

691.1 Informational Note 2

Section 90.2(B)(5) includes information about utility-owned proper-
ties not covered by the NEC.

There is a reference to the National Electrical Safety Code, which is
also known as ANSI Standard C2 and is published by IEEE.

e ANSI is the American National Standards Institute. ANSI accredits
standards that are developed by of other standards organizations,
government agencies, consumer groups, companies and others.

e IEEE is the Institute of Electrical and Electronics Engineers.
World s largest association of technical professionals with more
than 423,000 members in over 160 countries.

Section 90.2(B)(5) tells us that installations that are under the exclu-
sive control of a utility are not covered by the NEC.

690.1 Informational Note 3

New inthe 2020 NEC is Informational Note 3 gure691.1, Identi cation
of Large-Scale PV Electric Supply Station Components.

This image shows a simple single line diagram with PV going to
an inverter, to an inverter output circuit, through a transformer, up to

Inverter

I?;Sgarigrv N output circuit Substation ]
S (optional) Electrical
PV power dc S production
source ’ RAS and
Jac Transformer distribution
Medium network

voltage cable

Large-Scale PV Electric Supply Station |

Figure 8.1 Informational Note gure 691.1 ldenti cation of large-scale PV
electric supply station components

Source: courtesy NFPA
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e Walls

e Roofs
e Floors
e Doors
e Locks

691.4(2) also directs us to 110.31 Enclosure for Electrical Installations
and here we nd Table 8.1 110.31 Minimum Distance from Fence to
Live Parts.

691.4(3) Medium or High Voltage Connection

The connection between the PV electric supply station and the utility
shall be made through a medium voltage or high voltage method, such
as the following:

e Switchgear

e Substation

e Switchyard

e Similar method

There are different de nitions of medium and high voltage, but a
general consensus is that medium voltage is over 1000V, so here we
are typically talking about connections that are between 4000 and
500,000V.

That means no 480V 5MW projects here. That would be a lot of current.
5MW / 480V / 1.732 for 3-phase = Over 6,000A!

691.4(4) Loads Only for PV Equipment

The only loads allowed in a PV electric supply station are those to
power the auxiliary equipment used in the process of generating power.

Table 8.1 Table 110.31 Minimum distance from fence to live parts

Minimum distance to live parts

Nominal Voltage m ft
1001 13,799 3.05 10
13,800 230,000 4.57 15
Over 230,000 5.49 18

Source: courtesy NFPA















9 Article 705 Interconnected
Electric Power Production
Sources

Article 705 was rstintroduced into the NEC in 1987. As both Articles
690 and 705 developed over time, the requirements in 690.64 were
incorporated into Article 705 in the 2011 NEC. With the advent of
much more distributed generation coming onto the grid from solar PV,
wind and other sources, Article 705 has grown in size and importance.

In this chapter, we will not cover everything in as much detail as
we did when we covered Articles 690 Solar Photovoltaic (PV) Systems
and 691 Large-Scale Photovoltaic (PV) Electric Power Production
Facility. Instead, we will focus on the most important solar PV and
energy storage related material in Article 705.

For our purposes, Article 705 Interconnected Electric Power
Production Sources includes the requirements for connecting utility
interactive inverters to the grid.

Many of the requirements of Article 705 are satis ed by the listing
of the interactive inverters.

Reviewing an outline of an Article before studying the article helps
us get properly situated and our minds organized to study the article.
There was a bit more organizing of 705 in the 2020 NEC than the
2017 NEC, but most of what we actually do stays the same.

Outline of Article 705

705 Part I. General

705.1 Scope

705.2 De nitions

705.6 Equipment Approval

705.8 System Installation

705.10 Identi cation of Power Sources

705.11 Supply-Side Source Connections
705.11(A) Output Rating
705.11(B) Conductors
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INVERTER

FEEDER SIZE MINIMUM OF 190-AMPS

Main Service

200ABUS |

200 ABUS

Figure 9.1 705.12(B)(1)(a) suf cient feeder ampacity
Source: courtesy Kylie Kwiatkowski

the load side of the connection of the interactive inverter to the feeder
that is not greater than the ampacity of the feeder.

If we had a 100A feeder, a 100A feeder breaker and a 30A inverter,
we could place a 100A breaker on the load side of the connection
between the interactive inverter connection to the feeder and the loads.

There have been different interpretations on where this breaker can
be placed. The safest place to put the breaker is adjacent to the connec-
tion of the inverter circuit to the feeder. This was the intent when this
provision was drafted by Bill. Others have the opinion thata main
breaker in the subpanel will provide this protection. The main reason
for putting the breaker adjacent to the PV connection is that no one
can argue that taps could be installed between the PV connection and
the subpanel that could overcurrent the feeder conductor downstream
of the PV connection.

We can best describe how far we can put the 705.12(B)(1)(b) feeder
overcurrent device from the connection point to the feeder by using
the tap rules we will study in more depth next in 705.12(B)(2) Taps
on page 160. In most cases, we would use the 25-foot tap rule and
we could place the 705.12(B)(1)(b) feeder OCPD in the subpanel if
it was within 25 feet of the connection point to the feeder. We could
also place that 705.12(B)(1)(b) feeder OCPD on that conductor any-
where within 25 feed of the connection point (it does not have to be at
the subpanel). This special case of putting the OCPD in the subpanel,
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Breakers feeding busbar
must be at opposite U0 A
ends of busbar (if

exceeding busbar) ! )
i 0
s ' b N0
. 0 0

Must have this label ]
by inverter breaker 8 0 8
"o

POWER SOURCE OUTPUT CONNECTION.
DO NOT RELOCATE THIS OVERCURRENT DEVICE.
100 A BUSBAR

Figure 9.6 705.12(B)(3)(2) 120% option
Source: courtesy Kylie Kwiatkowski

are Xxated on the 120% restrictions, that it prevents them from using
some of the better options that have been available since the 2014 NEC.

Busbar 1.2 MainBreaker 1.25 invertercurrent

We can exceed the rating of the busbar by up to 20% after adding
the main supply breaker plus 125% of the inverter current as long as
the supply breaker and the solar breaker are on opposite ends of the
busbar. This opposite end clause was once interpreted in such a way
that denied center-fed panelboards from being able to apply the 120%
option, but as we will soon see in 705.12(B)(3)(4), this is no longer
the case.
Here is the 120% option math from a few different angles:

Main 1.25 Invcurrent busbar 1.2

1.25 Invcurrent busbar 1.2 —main






Article 705 Interconnections 167

The 120% option will take some heat off of the main breaker when
power is fed from a spot on the busbar distant from the main breaker.

705.12(B)(3)(3) SUM OF THE BRANCH BREAKERS OPTION

This option was primarily created so that subpanels could be logi-
cally used for ac combiner panels without the restrictions of the 120%
option. This is a very simple option that uses the sum of the branch
circuit breakers in a panel to protect the busbar of the panel. These
branch circuit breakers can be any combination of generation and
load breakers. Take note here that this is the only load-side connection
that uses the ratings of the circuit breakers and not 125% of inverter
current in the calculations.

The easiest way to understand how this rule works is by reading the
label required to be installed on the distribution equipment which reads:

WARNING:

THIS EQUIPMENT FED BY MULTIPLE SOURCES.
TOTAL RATING OF ALL OVERCURRENT DEVICES
EXCLUDING MAIN SUPPLY OVERCURRENT DEVICE
SHALL NOT EXCEED AMPACITY OF THE BUSBAR.

In effect, what the Sum Option is doing is protecting the busbar in
reverse, by making sure that the sum of all of the breakers on the load
side of the busbar protect the busbar.

Figure 9.8 705.12(B)(3)(3) Sum Option
Source: courtesy Kylie Kwiatkowski
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I
AWARNING

POWER SOURCE OUTPUT CONNECTION.
DO NOT RELOCATE THIS OVERCURRENT DEVICE.

Breakers feeding busbar
must be at opposite
ends of busbar (if
exceeding busbar)

uBIVIHE
NIVIN

D =2 = = 5 = = =

200 ABUS

p_Je
—

4

Must have this label AWARNING

by inverter breaker L ;::"::Lz‘;ﬂsz$:.:':v"gnzaﬁ:iz¥3:-v.CEJ

Figure 9.11 705.12(B)(3)(4) center-fed 120% option for dwellings
Source: courtesy Kylie Kwiatkowski

panelboards until there was a TIA (tentative interim amendment) in
the summer of 2016 modifying the 2014 NEC to allow applying the
120% rule to center-fed panelboards.

This TIA means that if you are in some weird place that is still using
the 2014 NEC, you can now apply the 120% option to center-fed
panelboards on dwellings!

Before the 2020 NEC, the proper way to apply the 120% rule to
center-fed panelboards is to only connect solar PV to one side of the
busbar and not both. In the 2020 NEC, we now allow it to be on
both ends! Total from both ends can still only be 120% nice try, if
you wanted to put a 40-amp PV breaker at both ends of a 200-amp
panel that is not allowed. Stay tuned for 705.13 you will love it.

705.12(B)(3)(5) SWITCHGEAR, SWITCHBOARDS AND PANELBOARDS UNDER
ENGINEERING SUPERVISION

According to the NEC, there are many things that we can do under
engineering supervision and connecting to switchgear, switchboards
and panelboards is one thing that we can accomplish.
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ENCLOSURE CONTAINS
CONDUCTORS FROM

MULTIPLE PV SOURCES

Figure 9.12 705.12(C) marking label indicating multiple sources

Source: courtesy [www.samedaysolarsigns.com/solarsigns/enclosure-contains-conductors-
from-multiple-pv-sources]

instance where the NEC tells us to mark something but does not sug-
gest wording. It is up to you! What do you think the AHJ will say
about a clever label?

705.12(D) Suitable for Backfeed

Fused disconnects unless otherwise marked are suitable for backfeed.

Circuit breakers not marked line and load are suitable for
backfeed.

Circuit breakers that are marked “line” and “load” can be suitable
for backfeed if “specifically rated.”

Discussion: Circuit breakers are usually thermally activated, so
they cannot tell the difference which way the currents are coming
from. In fact, with alternating current, we have currents going both
directions at about the speed of light, so we could say that everything
is backfed in a way for some fraction of a fraction of a second. Did
you know that, in about 1/60th of a second, electricity and light can
cross the USA?

Some GFCI breakers are not suitable for backfeed.

705.12(E) Fastening

Interactive inverter circuit snap-in circuit breaker connections are not
required to use an additional fastener to hold them to the busbar.
Discussion: An interactive inverter circuit will immediately stop
producing voltage after it is no longer connected to a primary power
source (utility). Since we have this anti-islanding capability, we are not
in danger of having an energized breaker popping loose and dangling
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Institute (ANSI) 78, 119, 139, 208

ampacities of 105 C and 125 C
rated wire not in free air 94

ampacity: Article 690.8(B) 40 5;
de ned 41; feeder ampacity
protection 158; PV source circuits
37; selection of 212



Liquidtight Flexible Metal Conduit
(LFMC) 215

Liquidtight Flexible Non-metallic
Conduit (LFNC) 216

listing 190

lithium batteries 187

live parts: storage batteries (480) 188

load-break rated 82

load-side connections (705.12)
155 6

location: Article 690.13(A) 76 7;
Article 690.15(A) 83; storage
batteries (480) 187 8

locations not permitted: 690.4
general requirements 23

loss of interactive system power
(706.16) 192

loss of primary power source
(705.40) 180 1

maintenance (706) 190

marking: Article 480, storage
batteries 187; Article 690 6;
Article 690.13(B), disconnecting
means 77 9; Article 690.31(D)
103 4; Article 705.12(C) 171 2;
Article 706 189 90; Article
706.15 191; dc PV circuits 132;

eld-applied hazard markings

208; identi cation of power
sources 133 5; interactive system
point of interconnection 132 3;
modules and ac modules 131 2;
photovoltaic systems connected
to energy systems 133; rapid
shutdown systems 134 5

matching PV to battery 136

mating connectors (690.33) 106 8

maximum circuit current (690.8(A)
(1)) 34 9

maximum number of disconnects
(690.13(C)) 79 80

maximum overcurrent device rating
for ac module protection 132

maximum power point (MPP) 19 20

maximum power point tracking
(MPPT) 18 20, 204

maximum voltage: Article 690
25 33; Article 706.9, 190

Index 241

MC Cable 214

MC4 connectors 84 5, 107

medium voltage connections, large-
scale photovoltaic (PV) electric
supply stations 142

metal fences: fence grounding 146

metal supports: grounded metal
supports 121

Microgrid Interconnect Device
(MID) 149, 182

microgrid systems 149, 182 3

microinverter cables 99

microinverters 9, 64 5, 158;
branches 14 15

MID (Microgrid Interconnect
Device) 149, 182

minimum distance from fence to live
parts 142

minimum PV wire strands 100

module interconnection conductors:
sizing (690.8(D)) 46 8

module level shutdown (690.12) 67

module mounting systems and
devices 121

modules: Article 690 17; marking
131 2

monitoring: PCS (Power Control
Systems) 173

monopole circuits 105

mounting systems (690.31(F))
105 6

MPP (maximum power point) 19 20

MPPT (maximum power point
tracking) 18 20, 204

multiconductor jacketed cables
99 102

multimodal inverters 180

multimode inverter 10 11, 206;
Article 690 18; Article 710 195

multiple direct-current voltages
(690.8(C)) 45 6

multiple PV systems: 690.4 general
requirements 22 3

multiple sources of power:
identifying 134

multiple systems (706.6) 190

NABCEP Certi cation 141
NEC (National Electrical Code) 1 2



UL (Underwriter s Laboratories) 119

UL 1703 9,96 7

UL 1741 9,96 7,119, 150,180 1

UL 2703 121

UL 3003 97

UL 3741 Listed PV Hazard Control
System 66

UL 4703 97

UL 6703 97, 107

UL listing numbers 96 7

unbalanced interconnections: Article
705.45 181; Article 706.16 192

underground service conductors
(230.30) 152 4

Underground Service Entrance
(USE) 98

Underwriter s Laboratories (UL) 119

ungrounded inverters 87, 114

ungrounded PV arrays 98, 115 16

ungrounded systems 200

USE (Underground Service
Entrance) 98

USE-2 wire 97 8, 215

Index 245

vanadium redox 189

ventilation (706.20) 192

voltage see maximum voltage

voltage drop: wire sizing 228 31

voltage temperature calculation
method: Article 690.7 (A)(1)
method 27 9; direct-current
operating voltage 144

wild PV 37

wire sizing 223; Article 690.8 33 4;
inverter output circuit wire sizing
example 224 7; PV source circuit
wire sizing example 227 8;
voltage drop 228 31

wiring methods: Article 690.31
91 4; Article 690.31(A) 92 4;
Article 690.31(F) 105 6; Article
705.25 179; Article 712.52 201

wiring methods and materials
(690) 6

zinc bromine 189
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