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Wire Sizing and Voltage Drop
in Low Voltage Power Systems

Part 1

John Davey and Windy Dankoff

roperly sized wire can make the difference between
inadequate and full charging of your energy system, between
dim and bright lights, and between feeble and full blast

performance of your tools and appliances.  Even wiring that is
slightly undersized can cheat you out of a major portion of your
system's energy.

Designers of low voltage systems are often confused by the
implications of voltage drop and wire size.  In conventional home
electrical systems (120/240 volts ac), wire is sized according to its
safe amperage carrying capacity know as "ampacity".  The
overriding concern here is fire safety.  However in low voltage
(12/24/48 volts DC) systems, sizing for larger wire is usually
necessary to minimize power loss due to voltage drop before
increased wire size is required for amperage safety.

Typically, low voltage systems are seen in Alternative Energy (AE)
home systems and Recreational Vehicle (RV) systems.  The heart
of these systems is DC power, because DC electrical power can be
stored in batteries.  With photovoltaic systems, the electrical power
produced is also DC.  DC systems are primarily low voltage
because most of the DC lights and appliances have traditionally
been built for the vehicular market, which is typically 12 or 24 volts.
There is also increased fire danger with high voltage DC because
of the high potential for arcing in switches and in poor electrical
connections.  DC at high voltage also has high shock hazard (more
than at equivalent ac voltages).

Voltage Drop

Voltage Drop is caused by a conductor's electrical resistance
(Ohms) and may be calculated according to Ohm's Law--

(1)  Voltage Drop (Volts) = Electrical Resistance (Ohms) X Current
(Amps)

Power Loss is calculated by--

(2)  Power Loss (Watts) = Voltage Drop (Volts) X Current(Amps)

By substituting the Voltage Drop Equivalence from equation (1) into
equation (2), we find--

Power Loss (Watts) = Ohms X Amps2

If we have a 12V system with a 100 ft. wire run of 12 gauge wire
(0.33 Ohms) and a 72 watt load, there will be a 6 amp current
(Amps = Watts/Volts) and a power loss of 12 watts (0.33 Ohms X 6
Amps2).  If we converted this system to 24V, we would have a
current of 3 amps and a power loss of 3 watts.  The implication
here is that by DOUBLING the system voltage, power loss is
reduced by a FACTOR OF FOUR.  Or for no increase in power
loss, we can use ONE FOURTH the wire size by doubling the
voltage.  This is why the trend in AE full home systems with DC
circuits is towards 24V instead 12V systems.  It is also why it is
important to reduce the current by using efficient loads and putting
fewer loads on the same circuit.  Likewise, reducing wire resistance
by using large wire and shorter wire runs is important.  All of these
are particularly critical with AE systems, where cost per kilowatt of
electrical power may be several times that of "Grid" supplied
electrical power.

Wire Size Chart

Because of the significance of voltage drop in low voltage electrical
systems, we have developed an easy-to-use wire sizing chart.
Most such charts published assume a 2% or 5% voltage drop for 12
and 24 volt systems and result in pages of numbers.  This new
chart works for any voltage and accommodates your choice of
percentage voltage drop.  You'll find it the handiest chart available.
The chart applies to typical DC circuits and to simple ac circuits
(refer to footnote on Wire Size Chart).

We recommend sizing for a 2-3% voltage drop where efficiency is
important.  We shall discuss this as it applies to specific loads in
greater detail in Part II of the article.P

Basic Electric

Wire Size Copper Wire Aluminum Wire
AWG VDI Ampacity VDI Ampacity

OOOO 99 260 62 205
OOO 78 225 49 175

OO 62 195 39 150
O 49 170 31 135
2 31 130 20 100
4 20 95 12 75
6 12 75 • •
8 8 55 • •

10 5 30 • •
12 3 20 • •
14 2 15 • •
16 1 • • •

ac/DC Wire Size Chart
❶ Calculate Voltage Drop Index (VDI)

VDI =
AMPS  X  VOLTS

% VOLT DROP  X  VOLTAGE
where:
AMPS= Watts/Volts
FEET=One-way Wire distance
% VOLTAGE DROP= Percentage you
are willing to accept (e.g. use 2 for 2%)
VOLTAGE=Line voltage

❷ Calculate Voltage Drop Index (VDI)
a. Compare the "calculated VDI" with the VDI values for the
American Wire Gauge (AWG) sizes in the chart to determine
the appropriate wire size.
b. Amperage must not exceed the indicated fire hazard
AMPACITY for the wire gauge (set by the National Electric
Code).

Information applies to DC circuits and ac circuits where Power Factor =1.0 and
line reactance is negligible.

For 2-wire circuits.  For more complex circuits, refer to an electrical engineering
handbook.

We recommend sizing for a 2% to 3% voltage drop where efficiency is important.
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The "calculated VDI" 8.2 is between VDI values 8 and 12 on the
Chart.  This calls for #8 gauge wire (#12 gauge wire could be used
in a 24V system).  Since the "calculated VDI" is not much greater
than 8, we may consider sizing-down and accepting a slightly
greater voltage drop.  This would be sensible because #8 gauge
wire is expensive and difficult to work with.  Or we might consider
putting these loads on two circuits--compare wire and labor costs.
If on the average only one of the fluorescents and the quartz
halogen are on at the same time, we could size for this load, being
sure not to exceed the wire ampacity for the total of all loads.  In
this case #12 gauge wire would be adequate.  This is an example
of some of the considerations and tradeoffs that will be discussed in
Part II of the article.

Determining Voltage Drop In Existing Circuits

You may wish to know how efficient an already existing circuit is in
terms of voltage drop.  There is an easy way to measure this.  With
a "multi-tester" or voltmeter, measure the "source voltage" for the
circuit and the "load Voltage" at the end of the line, then compare
the difference.  Do this while the circuit is powered and all the loads
are on:

Now calculate the % voltage drop for the circuit by--

where:

FEET= One-way length of the circuit

VDI= VDI value from Wire Size Chart for the gauge of wire in the
circuit

Sizing Example

We have a 12 volt system with a total one-way wire run of 40 ft.
servicing three 13 watt fluorescent lights and one 20 watt quartz
halogen light.  Sizing for a 2% voltage drop, what wire size is
needed for this circuit?

Basic Electric

_ +

Low Voltage
Power Source

Loads

Voltmeter Voltmeter

AMPS =
TOTAL WATTS ALL LOADS

VOLTS

VOLTS

TOTAL WATTS ALL LOADS
AMPS =

12

3  X  13  +  20
 =

2  X  12

4.9  X  40
VDI =

 =  4.9

 =  8.2

% VOLTAGE DROP=
SOURCE VOLTAGE - LOAD VOLTAGE X 100

SOURCE VOLTAGE

This method will total ALL voltage drops in the circuit caused by
wire, connections, and switches.  Because the amperage is
diminished beyond each load in the circuit, the true % voltage drop
will be somewhat less than is calculated in the above equation.

An easy way to calculate the wire voltage drop WITHOUT any
measurements, if you have the information needed about the
circuit, is to solve for % Voltage Drop using the VDI equation--

Look for Part II of the article in the next issue dealing with:
PRACTICAL APPLICATIONS OF VOLTAGE DROP AND WIRE
SIZE.

NERD'S CORNER

Wire Size Chart Derivation

Voltage drop is caused by the electrical resistance (Ohms) of a
conductor.  This in turn is determined by resistance of the
conductor material and the cross sectional area and length of the
conductor.  The nominal resistance for copper wire is 10.7 Ohms
(17.0 Ohms for aluminum wire) per foot of wire one circular mil in
cross sectional area.  Therefore the resistance of a copper wire run
may be determined by--

R (copper wire) = 10.7  X Length of the wire in Feet (a)
cross sectional area in circular mils

From Ohm's Law, the voltage drop in a conductor is E = I X R.
Upon substituting equation (a) for R, the voltage drop in a circuit
may be calculated by--

E = 10.7  X Current in Amps X 2 X Oneway Wire Feet (b)
cross sectional area in circular mils

Percent voltage drop can be calculated by--

% Voltage Drop = 10.7 X Current X 2 X Wire Feet X 100         (c)
cross sectional area in circular mils X voltage

By rearranging this equation we can calculate the appropriate wire
size (circular mils) for a given % voltage drop and current--

c-mils = 10.7 X Current X 2 X Wire Feet X 100         (d)
% Voltage Drop X Voltage

This equation may be reduced to--

c-mils = 2140 X Current X Wire Feet  (e)
% Voltage Drop X Voltage

We use the American Wire Gauge (AWG) system which has 40
gauges ranging from the largest gauge 0000 (0.4600 in. diameter)
to the smallest #36 (0.005 in. diameter).  The ratio of any gauge
diameter to the diameter of the next smallest gauge is--

0.4600 = 1.1229322
0.0050

Using this relationship we can calculate the diameter (inches) of
every gauge.

The cross sectional area of the gauges in circular mils is calculated
by--

c-mils = (1000 X wire diameter in inches)

Now, recalling the equation--

c-mils = 2140 X Current X Wire Feet  
% Voltage Drop X Voltage

and rearranging it we obtain--

% VOLTAGE DROP =
AMPS  X  FEET

VDI  X  VOLTAGE

39

2
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c-mils = Current X One way wire length in feet
2140 % Voltage Drop X Voltage

If we solve c-mils/2140 for each gauge we come up with a value,
which we shall denote the Voltage Drop Index (VDI), for each
gauge.

Now, to size wire for a particular circuit, we calculate VDI for this
circuit using--

VDI = Current X One way wire length in feet  
% Voltage Drop X Voltage

and compare this "calculated VDI" to the VDI's for the standard
gauges in the Chart and come up with the appropriate wire gauge
for the acceptable % voltage drop.

END OF DERIVATION
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NEW! EXTRA-DEEP CYCLE STORAGE BATTERIES
Sealed GEL-CELL lead-acid

Because of their high reliability, safety and maintenance-free features,
SEALED LEAD BATTERIES are fast becoming a favorite in industrial
and PV power systems. They tolerate repeated overdischarging and
undercharging that destroy ordinary lead-acid batteries. No explosive/
corrosive gas hazard -- safer for indoor use! No spillage hazard. No
"equalizing charges" required. 10-year life expectancy (5-year
warranty). Far cheaper than NiCads and easier to determine state-of-
charge. 12V 90 Amp-Hour $190. Send for details.

FLOWLIGHT SOLAR POWER
Wind and PV Power Specialist since 1977

FLOWLIGHT BOOSTER PUMP

PRESSURIZE YOUR WATER quietly and efficiently from any shallow
water source. Quieter, more powerful and far more durable than plastic
diaphragm pumps. Far cheaper and more effective than an elevated tank!
12 or 24VDC or 120 VAC operation. (Draws 15-25 Amps at 12V for 30-50
PSI "town pressure:"., Pumps 5.5 GPM) Use with conventional pressure
tnak available locally. $425 UPS-Paid.

INLINE FILTER protects pump from abrasive particles  $45

EASY INSTALLATION KIT for BOOSTER PUMP: Accessory package
containing pressure switch and complete plumbing/control package to
make installation a snap. $90

FLOWLIGHT BOOSTER PUMPS are the DELUXE STANDARD for small
domestic water systems. Ask your dealer or send for details.

"These pumps are really tough. Ours has run for over 2 years now. We
live some 80 miles from the nearest utility."  Jerry M., Alaska

FLOWLIGHT CATALOG & HANDBOOK
80 informative pages, including articles by Windy Dankoff (HP
contributor). Frequent Bargain Bulletins and Article Updates --
$6 --

FIRST
CLASS
HOME

POWER

FIRST CLASS HOME POWER– $20
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Wire Sizing and Voltage Drop in
Low Voltage Power Systems

John Davey & Windy Dankoff
roperly sized wire can make the difference between
inadequate and full charging of your energy system, between
dim and bright lights, and between feeble and full blast

performance of your tools and appliances.  Even wiring that is
slightly undersized can cheat you out of a major portion of your
system's energy.
Designers of low voltage systems are often confused by the
implications of voltage drop and wire size.  In conventional home
electrical systems (120/240 volts ac), wire is sized according to its
safe amperage carrying capacity know as "ampacity".  The
overriding concern here is fire safety.  However in low voltage
(12/24/48 volts DC) systems, sizing for larger wire is usually
necessary to minimize power loss due to voltage drop before
increased wire size is required for amperage safety.
Typically, low voltage systems are seen in Alternative Energy (AE)
home systems and Recreational Vehicle (RV) systems.  The heart
of these systems is DC power because DC electrical power can be
stored in batteries.  With photovoltaic systems, the electrical power
produced is also DC.  DC systems are primarily low voltage
because most of the DC lights and appliances have traditionally
been built for the vehicular market, which is typically 12 or 24 volts.
There is also increased fire danger with high voltage DC because of
the high potential for arcing in switches and poor electrical
connections.  High voltage DC also has a high shock hazard (more
than at an equivalent ac voltage).

Voltage Drop is caused by a conductor's electrical resistance
(Ohms) and may be calculated according to Ohm's Law--
(1)  Voltage Drop (Volts) = Electrical Resistance (Ohms) X Current
(Amps)

Power Loss is calculated by--
(2)  Power Loss (Watts) = Voltage Drop (Volts) X Current(Amps)

By substituting the Voltage Drop Equivalence from equation (1) into
equation (2), we find--

Power Loss (Watts) = Ohms X Amps2

If we have a 12V system with a 100 ft. wire run of 12 gauge wire
(0.33 Ohms) and a 72 watt load, there will be a 6 amp current
(Amps = Watts/Volts) and a power loss of 12 watts (0.33 Ohms X [6

Amps]2).  If we converted this system to 24V, we would have a
current of 3 amps and a power loss of 3 watts.  The significance
here is that by DOUBLING the system voltage, power loss is
reduced by a FACTOR OF FOUR.  Or for no increase in power loss,
we can use ONE FOURTH the wire size by doubling the voltage.
This is why the trend in AE full home systems with DC circuits is
towards 24V instead 12V systems.  It is also why it is important to
reduce the current by using efficient loads and putting fewer loads
on the same circuit.  Likewise, reducing wire resistance by using
large wire and shorter wire runs is important.  All of these are
particularly critical with AE systems, where cost per kilowatt of
electrical power may be several times that of "Grid" supplied
electrical power.
Wire Size Chart
Because of the significance of voltage drop in low voltage electrical
systems, we have developed an easy-to-use wire sizing chart.  Most
previous charts published assume a 2 or 5% voltage drop for 12
and 24 volt systems and result in pages of numbers.  This new chart
works for any voltage and accommodates your choice of % voltage

drop.  You'll find it the handiest chart available.  The chart applies to
typical DC circuits and simple ac circuits (refer to footnote on Wire
Size Chart).  We recommend sizing for a 2-3% voltage drop where
efficiency is important.

Basic Electric

P

OOOO

Copper Wire Aluminum WireWire Size
AWG VDI Ampacity VDI Ampacity

99 260 62 205

OOO 78 225 49 175

OO 62 195 39 150

O 49 170 31 135

2 31 130 20 100

4 20 95 12 75

6 12 75 • •

8 8 55 • •

10 5 30 • •

12 3 20 • •

14 2 15 • •

16 1 • • •

ac/DC Wire Size Chart

Calculate Voltage Drop Index (VDI)①
AMPS  X  FEET

% VOLT DROP  X  VOLTAGE
VDI =

➁Determine Appropriate Wire Size from Chart

where:
AMPS = Watts/Volts
FEET  = One-way wire distance
%VOLT DROP  = Percentage Volatage Drop  

e.g. use 2. for 2%

a .  Compare the "calculated VDI" with the VDI values for 
the American Wire Gauge (AWG) sizes in the chart to 
determine the appropriate wire size to use.
b .  Circuit amperage must not exceed the indicated fire 
harzard AMPACITY rating for the wire gauge set by the 
National Electric Code.

• Size for a 2% to 3% Voltage Drop where efficiency is important.
• Information here applies to DC and ac circuits where the Power Factor = 1.0

and the line reactance is negligible.
• For 2-wire circuits.  For more complex circuits refer to an electrical

engineering handbook.
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Sizing Example
We have a 12 volt system with a total one-way wire run of 40 ft.
servicing three 13 watt fluorescent lights and one 20 watt quartz
halogen light.  Sizing for a 2% voltage drop, what wire size is
needed for this circuit?

AMPS = TOTAL WATTS ALL LOADS

VOLTS

AMPS =   (3 X 13) + 20    = 4.9 AMPS
12

VDI =            AMPS  X  FEET            

% VOLT DROP  X  VOLTAGE

VDI =     4.9  X  40     = 8.2
2  X 12

The "calculated VDI" 8.2 is between VDI values 8 and 12 on the
Chart.  This calls for #8 gauge wire (#12 gauge wire could be used
in a 24V system).  Since the "calculated VDI" is not much greater
than 8, we may consider sizing-down and accepting a slightly
greater voltage drop.  This would be sensible because #8 gauge
wire is expensive and difficult to work with.  Or we might consider
putting these loads on two circuits--compare wire and labor costs.  If
typically only one of the fluorescents and the quartz halogen are
operating at the same time, we could size for this typical load, being
sure not to exceed the wire ampacity for the total of all loads.  In this
case #12 gauge wire could be used.  This is an example of some of
the considerations and tradeoffs that will be discussed later in this
article.
Determining Voltage Drop In Existing Circuits
You may wish to know how efficient an already existing circuit is in
terms of voltage drop.  There is an easy way to measure this.  With
a "multi-tester" or voltmeter, measure the "source voltage" for the
circuit and the "load Voltage" at the end of the line, then compare
the difference.  Do this while the circuit is powered and all the loads
are on:

Now calculate the % voltage drop  with the following equation--

% VOLT DROP =   (SOURCE VOLTS- LOAD VOLTS) X 100

SOURCE VOLTS

This method will total ALL voltage drops in the circuit caused by
wire, connections, and switches.  Because the amperage is less
beyond each load in the circuit, the true % voltage drop will be
somewhat less than that calculated in the above equation.

An easy way to calculate the wire voltage drop WITHOUT any

measurements, if you have the information needed about the
circuit, is to solve for % Voltage Drop using the VDI equation--

% VOLTAGE DROP =      AMPS  X  FEET     

VDI  X  VOLTAGE
where:

AMPS = TOTAL WATTS ALL LOADS

VOLTS

FEET = one-way wire length of the circuit.
VDI = VDI value, from Wire Size Chart for the gauge of wire in the
circuit.
VOLTAGE = System Voltage.

Practical Applications and Considerations
Here, we will consider voltage drop and wire sizing for different
types of electrical loads, alternatives to the use of large wire and
long wire runs, and some recommended wiring techniques.
Different electrical loads (power-consuming devices) have different
tolerances for voltage drop.  These guidelines will help you
determine how much drop is acceptable.
Lighting Circuits

Incandescent and Quartz Halogen
A voltage drop below appropriate levels results in a disproportionate
loss in performance.  A 10% voltage drop causes an approximate
25% loss in light output.  This is because the bulb not only receives
less power, but the cooler filament drops from white-hot towards
red-hot, emitting far less visible light.

Fluorescent
Voltage drop here is less critical, causing a proportional drop in light
output.  A 10% voltage drop results in an approximate 10% loss in
light output.  Because fluorescents are more efficient, they use 1/2
to 1/3 the current of incandescent or QH bulbs and therefore many
be used with smaller wire (including most pre-existing ac wiring).
We strongly advocate use of fluorescent lights.  The unpleasant
qualities of flicker and poor color rendition may be eliminated by
using the more advanced 12, 24, and 120 volt fluorescents now
available.  See our "Efficient Lighting" article in HP#9 for details.
We suggest using a 2-3% voltage drop for sizing wire in lighting
circuits.  If several lights are on the same circuit but are rarely all on
at once, see the Part-Time Loads section for an economical
approach.

Motor Circuits
DC Motors
DC motors operate at 10-15% higher efficiencies than ac motors
and eliminate the costs and losses associated with DC/ac inverters.
DC motors have minimal surge demands when starting, unlike ac
induction motors.  Voltage drop results in the motor running at a
proportionally slower speed and starting more gradually.  We
suggest using a 2-5% voltage drop under normal operating
conditions for DC wire sizing.
DC motors used for hard-starting loads, particularly deep-well
piston pump jacks and compressors, may have high surge
demands when starting.  High power demands are also seen in DC
power tools when overloaded.  DC refrigerators (e.g. Sun Frost)
with electronically controlled (brushless) motors will fail to start if the
voltage drops to 10.5 volts, in a 12V system, during the starting
surge.  This is due to a low voltage shut-down device in the
refrigerator intended to protect your batteries from damage.  We
suggest sizing wire here for a 5% voltage drop at surge current (use
3X operating current).

Basic Electric
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Low Voltage
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Loads

Voltmeter Voltmeter
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ac Motors
Alternating Current (ac) induction motors are commonly found in
large power tools, appliances and well pumps.  They exhibit very
high surge when starting.  Significant voltage drop in these circuits
may cause failure to start and possible motor damage.

Universal Motors
Brush type ac motors ("Universal Motors") are found in smaller
appliances and portable tools.  As with DC motors, they do not have
large surge demands when staring.  However, wire should still be
generously sized to allow for overload and hard-starting conditions.
Consult an electrician or the National Electrical Code for wiring
standards in ac tool and appliance circuits.
Photovoltaic Battery-Charging Circuits
In PV battery charging a voltage drop can cause a
disproportionately higher loss in power transfer.  To charge a
battery, a generating device must apply a higher voltage than exists
in the battery.  That's why most PV modules are designed for 16
volts or more.  A voltage  drop of 1 or 2 volts in wiring will negate
this necessary voltage difference, and greatly reduce charge current
to the battery.  A 10% voltage drop in a wire run may cause a power
loss of as much as 50% in extreme cases.  Our general
recommendation here is to size for a 2-3% voltage drop.
PV array voltage also drops in response to high temperatures.  Use
high voltage modules (over 17 volts peak power) in very hot
climates (where module temperatures commonly exceed
117°F./47°C.).  In moderate climates, high voltage modules allow for
more line voltage drop, but they cost more per Amp delivered to the
battery bank.  Therefore, size wire  for a somewhat larger voltage
drop, e.g. 5%, when high voltage modules in a moderate climate.

If you think you might expand your array in the future, install wire
appropriately sized for your future needs NOW, while it is easier and
less costly.  It never does any harm to oversize your wire.
Number Of Circuits
If circuits are designed with numerous loads requiring large wire,
overall wire cost may be adding additional circuits and putting fewer
loads on each circuit.  Fewer loads per circuit reduces circuit current
which in turn allows for the use of smaller wire.

More Than One Size Of Wire In A DC Circuit
If you size wire for the loads on "End Branches" of a circuit, smaller
wire may be used.  For instance, voltage drop sizing may specify 10
gauge wire for a circuit but a light on an "End Branch" of the circuit,
when sized separately, may allow for the use of 12 gauge wire from
the switch to the light.  Using smaller wire for "End Branches", may
also make your electrical connections faster and easier because it is
physically difficult to make connections to standard household
switches, receptacles, and fixtures with wire larger than 12 gauge.  

BE SURE THAT THE AMPACITY RATING OF ALL WIRE IN A
CIRCUIT MEETS OR EXCEEDS THE FUSE PROTECTION
RATING OF THE CIRCUIT.
Part-Time Loads
If a number of loads are on the same circuit but are rarely all
operating at the same time, you can size the wire for voltage drop
according to the TYPICAL load demand.  AGAIN, BE CERTAIN
THAT THE AMPACITY RATING OF ALL WIRE IN THE CIRCUIT
MEETS OR EXCEEDS THE FUSE PROTECTION RATING OF
THE CIRCUIT. 

System Voltage
Consider 24 volt DC instead of 12 volt where feasible.  Use 120 volt
ac from inverter to loads where 10-20% conversion loss is not a
major comprise.  See our article "Selecting System Voltage" in
HP#4.

Location Of System Components
Locate batteries, inverter, ac battery charger, and distribution panel
near each other.  Also, locate the distribution panel as close as
possible to very large loads and as central as possible to all other
loads.  This will shorten wire runs and for some circuits, reduce the
wire size required.
Water Well Pumps
Consider a slow-pumping, low power system with a storage tank to
accumulate water.  This reduces both wire and pipe sizes where
long lifts or runs are involved.  An ARRAY-DIRECT pumping
system may eliminate a long wire run by using a separate PV array
located close to the pump.  (For more about water system design,
see our article "Solar Powered Pumping", HP#11.)

Soldering vs. Mechanical Connections
Soldering is recommended around battery and inverter terminals
(see "Build Your Own Battery/Inverter Cables" in HP#7) and in other
corrosive, high-current environments OR at the discretion of the
installer.  Soldering requires skill and has numerous pitfalls--too
much or too little heat, oxidized or dirty metal, the wrong solder or
flux, or just lack of experience will GUARANTEE poor solder joints.
Do not attempt to solder connections in your system unless you
have learned do it properly.  A tight mechanical joint is far safer
than a questionable solder joint.

Grounding And Lightning  Protection
We've seen thousands of dollars of damage to electrical equipment
from lightning.  In one PV home a lightning bolt entered the house
via the PV wiring and exited the other side of the house, popping
plaster and light bulbs, and burning wire along the way.  Proper
grounding PREVENTS nearly all such occurrences.  For a more
thorough discussion, see our article "Grounding and Lightning
Protection", HP#6.

Audio Signal Wires
Wires that carry audio signals (telephones, intercom, speakers)
may pick up buzzing noise if run alongside ac wiring.  This is
especially true when the ac power is from an inverter.  Avoid this
problem by running audio wires along a separate path (or in a
separate trench) from the ac wires.  Keep then as far apart as
possible, especially on long runs.  Proper grounding also helps.
Audio wires will NOT pick up noise from DC lines.

Wiring Design And Installation Book
We recommend The Solar Electrical Independent Home Book to
familiarize you and your PV installer/electrician with safe up-to-code
installation procedure (available from Flowlight Solar Power).

About the Authors
Windy Dankoff is owner of Flowlight Solar Power.  Flowlight
supplies remote home PV systems and manufactures "Flowlight
Solar Pumps".  Windy began working with wind generators in 1975
and PV in 1979.  He has contributed 12 articles to Home Power
since issue #2.

Dr. John Davey is a professor of ecology and (thus)
jack-of-all-trades at Flowlight Solar Power.  He is a graduate of the
Colorado Mountain College Solar/PV program.
Contact the authors at Flowlight Solar Power, POB 548, Santa
Cruz, NM 87567 • 505-753-9699.

Editor's Note:  I have reprinted the first section of this article which
appeared in HP#13.  This is because I introduced serious errors
when typesetting the equations in this article for HP#13.  My sincere
apologies to John, Windy & any reader who tried to make sense of
the hash I made of the data.  This version contains the straight info.
Richard Perez
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Low Voltage Wiring Techniques
by

Alex Mason

n many AE systems it is efficient and inexpensive to use the low voltage DC electricity directly
from the batteries.  Here is all the info you need to get this energy down the line, to the job, with a
minimum of loss.

Resistance- The BIG Problem
Resistance is the impedance to electron flow within any
material.  All electrical wiring, connections, plugs, and switches
have some electrical resistance.  This resistance causes
losses within the entire low voltage circuit.  The idea with low
voltage wiring is to minimize this resistance, and thereby the
associated losses.  The reasons for this are:  1) we don't want
to waste power, and 2) 12 VDC from the batteries is already
low enough in voltage, we can't afford to lose any more than
necessary transferring this energy from the batteries to the
load.  Low voltage at a load causes substandard performance. 
It means slow motors, dim lights, and generally poor appliance
operation.

The Entire Circuit
Every electrical appliance in a system must have a complete
circuit to the batteries.  Consider the lightbulb on the ceiling. 
The electrons that power this lightbulb follow a very specific
path to accomplish their purpose.  Every electron originates at
the battery's negative pole.  From this pole it makes a journey
through the wiring, connections, and switch(es) to the lightbulb.
 After any given electron passes through the lightbulb it makes
its way through the wiring, connections, and switch(es) back to
the positive pole of the battery.  This path is set.  Every
electron must make this entire journey in order to do work. 
Every electron must pass through each circuit element (piece
of wire, connection, plug and/or switch) in order to complete
the circuit.  In technical terms, what we have here is a series
circuit.  A series circuit means that there is only one path
available to the electrons.

A series circuit is like a chain:  it is limited by its weakest
element.  The total resistance of a series circuit is the sum of
all the resistances within that circuit.  Each individual element
within the circuit introduces losses based on its resistance. 
The primary lesson to be learned here is that ANY (and it only
takes one) high resistance element within the circuit will make
the ENTIRE circuit's resistance high enough to be
unacceptable.  Every element within the circuit must have low
resistance for the entire circuit to have low resistance.  It only
takes one piece of undersized wire, one funky connection, or
one wornout switch to make the loss of the entire circuit
unacceptable.  So, in low voltage circuits we must consider
every element in the circuit.  It is not good enough to use
properly sized wire if it is connected improperly, or if the wire is
connected to a switch (or any other single circuit element) with
high resistance.  Attention to the details of the circuit is
essential.  Let's look at the individual elements that make up
the circuit.

Wiring
The size of the wire (or gauge) feeding the load is critical.  Wire
size is specified in any application by  considering two factors: 
1) the amount of current that the wire transmits, and 2) the total
wire length (both conductors) from the battery to the load. 
Ohm's Law (see Home Power #1 if this is a new idea for you)
gives us the relationship between voltage, current, and
resistance in an electrical circuit.

E = IR
Wiring makes up many of the elements in a circuit.  Larger
sizes of wire have more copper in them, and hence lower
resistance.  Wire size is specified by a gauge number.  The
lower the gauge number, the larger the diameter of the copper
wire, and thereby the lower its resistance.  The actual
resistance per 1,000 feet of various copper wire gauges is
detailed in Table 1, the Copper Wire Table.  We encourage
you to use only copper wire in your AE system.  Aluminum wire
has greater resistance (about twice for the same cross
sectional area) and is virtually impossible to interconnect
without higher resistance connections.  If you don't think so,
then try soldering an aluminum wire sometime.
 
From the Copper Wire Table, we can calculate the resistance
of any particular piece of wire.  The resistance per foot times
the number of feet gives us the total resistance of a length of
wire.  When estimating the resistance of wiring be sure to
include BOTH conductors, i.e. if an appliance is 100 feet from
the battery, then the total wiring length is 200 feet (there are
two wires actually, each one 100 feet long).

If we know the amount of current being consumed, the
resistance per foot of any given wire gauge, and the length of
the total wire in the circuit, then how do we determine the
actual gauge of wire we should use?  The answer is
determined by exactly how much loss we find acceptable.  In
general, consider a 5% loss to be the maximum acceptable
(2.5% is better).  If we are using 12 VDC, then 5% voltage loss
is 0.6 volts (2.5% is 0.3 volts).  Consider the following equation
to specify exactly which wire gauge to use for any given
application.
R = Resistance expressed in Ohms (Ω) per 1000 feet.
E = Maximum allowable voltage loss in the wiring,  in Volts.
I = Amount of current flowing through the circuit,  in Amperes.
L = The length of wire in the complete circuit,  in feet.

This equation gives us a value in Ohms per 1,000 feet.  Simply
find the copper wire gauge size that has LESS than this
amount of resistance per 1,000 feet, and you've found your
wire gauge size.

I
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Consider a PV array that produces 12 amperes.  This array is
located 100 feet from the batteries.  What gauge size of wire
should be used to keep the voltage loss in the wiring to less
than 0.6 volts?   Well, there is 200 feet (two conductors,
remember) of wire in the circuit, and a current of 12 amperes
flowing.  The equation above gives us a maximum resistance
of the wire as 0.25Ω per 1,000 feet.  By consulting the Copper
Wire Table, we find that 4 gauge wire has a resistance of
0.2485Ω per 1,000 feet.  Since this is less than the
0.25Ω/1,000 ft. the equation generated, 4 gauge wire is the

size to use.

Get on the Bus
In reality houses and systems contain many circuits.  Some of
these circuits are straight series types as mentioned above. 
Others are parallel circuits, where two or more loads are
supplied electricity by the same piece of wire.  The
mathematical analysis of all these circuits can become very
complex.  A way around this complexity is to use a standard
wiring technique that is very effective in low voltage
systems--The Bus.

A bus is a heavy set of wires used to carry current to other
smaller wires which eventually feed the loads.  The battery's
energy can be distributed by two heavy wires (usually 2 or 4

gauge) that run the entire length of a building.  Smaller 8 or 12
gauge wires are soldered to this bus to supply the individual
loads.  This structure is similar to the skeleton of a fish, a
heavy spine with smaller bones attached to it.  This technique
allows low voltage energy to be distributed with a minimum
loss.  Ideally, each load should have its own individual feeder
wires soldered to the bus.  All feeder wiring lengths should be
as short as possible.  This technique also allows the use of
standard wiring components like switches, plugs and sockets,
which will not accept the huge diameter of 2 or 4 gauge wire.

Solder Connections When Possible
In standard 120 VAC house wiring, it is very unusual to solder
connections.  In low voltage systems, soldered connections
should be made wherever possible.  All wire to wire

connections should definitely be soldered. 
Mechanical connections using wire nuts are OK for
higher voltage systems, but these connections have
too much loss for low voltage systems.  Soldering
assures a permanent, low resistance connection. 
Mechanical connections gradually oxidize over a
period of time.  While copper is a very good
conductor of electricity, copper oxide is not. 
Gradual oxidation in mechanical connections
increases their resistance.  Remember, a single
high resistance connection within the circuit will
make the resistance of the entire circuit high.  So
get into solder.  Once you've made a good solder
joint, it's good forever.

Switches, Sockets & Plugs
The switches, sockets and plugs in a low voltage
systems must have low loss (i.e. low resistance) just
like every other component in the system.  We can
assure low loss in these components by two
techniques.  The first is to purchase specialized low
voltage switches, sockets and plugs.  These
components have more massive contacts, with
higher contact pressures, to deliver low resistance. 
These components are expensive and hard to find.  

Another technique is to use standard 120 VAC
components and to derate them.  Derating means
that we run only a portion of the rated current
through the component.  Derate 120 VAC switches,
sockets and plugs by at least a factor of three. 
Consider a plug or a switch that is rated to handle
15 amperes of current at 120 VAC.  If we run 5
amperes or less (15/3) through the component, then
its losses will be acceptable.  Derating allows use of
the more commonly available, higher resistance,

components by reducing the current we run through them.

In any case, keep the use of switches, sockets, and plugs to a
minimum in a low voltage system.  If an appliance can be
soldered to its power wiring, then this should be done.  If you
are using standard 120 VAC sockets and plugs in low voltage
systems, be sure to use the 3 conductor types.  The
three-prong type of sockets and plugs are polarized.  They will
only connect in one fashion.  If they are wired with proper
polarity to start with, it is impossible to plug in a polarized low
voltage appliance backwards.  This can save electronics,
fluorescent lights and other DC appliances from being
connected backwards and destroyed.  The third conductor on
these plugs and sockets can also be used to carry current. 
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E
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RESISTANCE DIAMETER

TABLE 1-  THE COPPER WIRE TABLE
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So, are you interested in a FREE
LUNCH?  Will you go for it?

"What is anti-entropic?", you ask.  Well,
here's one definition:  An anti-entropic
process is one which creates more
energy than it consumes.  There are
three basic strategies which may provide
a path to the free lunch.
1)  Create a feedback process to continually
regenerate the source, using only a portion of the output.  This
is a source multiplier.
2)  Create a process that is more than 100% efficient.  This is a
direct energy multiplier.
3)  Find an infinite and undiminishable power source.  This is
equivalent to finding God in the physical universe.

These paths are possible and can be implemented through the
proper understanding and use of leading edge physical
theories in the following areas:
1)  The basic structure of matter & energy.
2) The nature of gravity & magnetism:  how they interrelate.
3)  Space & time.

Even today the first short-term approaches to the free lunch
are being taken.  This will hopefully lead to an era of
unparalleled abundance.

Go with the Wizard.  Onward into the Future!

Simply wire this third connector (normally used for the ground
in AC systems) in parallel with either of the power wires.  This
even further reduces the overall resistance of the plug and
socket combination.

Low voltage wiring is not difficult.  It only requires that you cozy
up to Ohm's Law.  If you can work with the concepts of
resistance, voltage and current, then you can apply these
concepts in your system.  Low voltage wiring requires attention
to detail.  Consider every element in the circuit.  If you keep the
individual losses within components to a minimum, then the
overall system will take care of itself.

 the Wizard
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System Standards

ARNING!  "Cigarette lighter" type sockets are a de-facto standard for 12 Volts, only because
there is not yet an official standard for DC home wiring.  They are LIGHT DUTY, ALL of
them, and are questionable even for the 15 Amps that SOME of them are rated for (the
plugs only handle skimpy #18 lamp cord!).  Use them at your "entertainment center" for your

12V stereo and TV that came with cig. lighter plugs (their current draw is very low).  DO NOT USE
THEM for DC lights and appliances in general!  NEVER mount them within reach of children.  A paper
clip inserted into one of these sockets can turn red hot!

W

House Wiring, Standards & the Electrical Code
Windy Dankoff, with help from Mike Mooney

What To Use
It will probably be a long time before a true standard will
emerge.  Meanwhile, THERE IS A MUCH BETTER SYSTEM
that many of us have been using for years.  It is safe,
child-resistant, easy to wire, locally available, and compatible
with ordinary wiring hardware and cover plates!  Go to your
local electrical parts supplier and order "240 volt 15 amp
horizontal-prong DUAL receptacles".  They look like ordinary
sockets except for the position of the prongs.  Suppliers
generally stock only single receptacles, but will get the duals if
you order them.  Plugs can be found in most hardware stores
when you run out.  Because these are 3-prong connectors, you
can run 12 and 24 volts to the SAME receptacle.

Power Access for the AE Home
An important part of power distribution in any home is the
method used to gain access to the system.  The plugs and wall
sockets to be used are critical.
• 120/240 vac:  The standard of access for alternating current
has long been established and should be used for the A.C.
current developed by the inventor in the AE home.  All
established electrical codes should be strictly observed.
• 12/24 VDC:  There is not yet a standard for low voltage D.C.
power access, and it will probably be some time before one will
emerge.  Unfortunately, the automotive cigarette lighter type
plug and socket are being used.

Sockets and plugs of this type have been adapted to conduit
boxes for installation in motor homes and PV powered homes. 
THOSE NOW ON THE MARKET ARE FLIMSILY
CONSTRUCTED, ELECTRICALLY UNSAFE, AND WE DON'T
WANT ANY!

Described here, for your consideration, is an alternative
method of access to the D.C. system which we have used for
several years.  It has proved to be both safe and child proof. 
As well as safety and convenience, we wanted a method which
was durable, pleasing to the eye, and which would preclude
any chance of cross-plugging an A.C. appliance into D.C., or
vice versa.  We also wanted the ability to access both 12 VDC
and 24 VDC at each wall socket.
We have found the 250 volt/15 amp straight blade plug and
receptacle shown below to be quite workable.  The receptacles
are manufactured by many in both single and duplex units, and
are available in ivory, white and brown.  We use the Leviton
"Spec-Master" variety.

For the mating plug, we have found the 250 volt/15 amp
Leviton "Spec-Master" to be a real jewel!  It is very durable,
looks good, provides excellent strain relief for the cord, and is
very easy to assemble.  Since we do use cigarette lighter plugs
on occasion, we have made up a few "pigtail" pendants using

the Leviton plug and Safeco automotive adaptors (Radio
Shack #RS270-1535A).

Power access is JUST ONE LINK in the chain of power
distribution.  In the near future we will cover THE POWER
BUS, WIRE SIZE vs. LOAD and LENGTH, SPLICES and
CONNECTION, CIRCUIT BREAKERS and FUSES, GROUND
FAULT ANALYSIS, and SWITCHING. 

—

+
12VDC

+
24VDC

NEG            GND

+
12VDC

+
24VDC
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System Standards

Now if you have a 12V TV to plug in, you wire it to the negative
(ground) prong and the +12.  If you have a 24V lamp to wire,
connect it to negative (ground) and +24V.  No one worries
about plugging into the wrong socket and you only have two
types of receptacles for your "triple voltage" system.

We use this system in our shop, office and house.  It looks
right at home alongside the ac receptacles powered by our
inverter.  Numerous PV installers have settled on this standard
INDEPENDENTLY, after experience with inferior material.

WE URGE OUR CUSTOMERS, AND THE INDUSTRY IN
GENERAL, TO CONTINUE USING THE
HORIZONTAL-PRONG STANDARD FOR 12 AND 24 VOLT
DC POWER.

This 12/24 Volt system shown causes 12 Volt appliances to
draw from one half of the battery bank, thus discharging the
battery unevenly.  There are several solutions to this problem:
1) Use a bare minimum of 12 Volt power.  Inequity will be of
little significance and will be compensated for when batteries
finish-charge and equalize.
2) Switch 12 Volt appliances periodically from one side of the
battery bank to the other.  Caution: if your battery negative is
grounded (as recommended in HP#6) and a 12 V radio's
negative frame/antenna is grounded (for example) switching to
the ungrounded side will cause a short circuit!  Use of this
technique is best left to techies who KNOW what they are
doing.
3) The BEST SOLUTION involves the "VOLT MASTER"
BATTERY EQUALIZER, an electronic device that
compensates for uneven discharge by balancing the voltage
between two battery sets.  It also allows you to use
DIFFERENT SIZES & AGES of batteries to upgrade your
system from 12 to 24 Volts-- this would cause problems
without the Equalizer.

Volt Master is a proven device made for trucks, busses and
electric vehicles that need to run 12 Volt radios, etc. from their
24 V. (or higher) systems.  It is a DC/DC converter with current
ranges of 10, 20 and 50 Amps DC.  The Vanner Volt-Master
costs between $235 & $359 depending on model.  It is
available from two Home Power advertisers, Alternative

Energy Engineering and Flowlight Solar Power.

Wiring in General
Use conventional hardware and wiring methods.  Standard
wiring practices are easiest, economical, approvable, and
ultimately safest for your DC as well as ac wiring.  Consult a
Low Voltage Wire Size Chart (or see Home Power #2, pages
33 to 35) so you don't cheat yourself with undersized wire. 
Use efficient lighting (fluorescent &/or quartz-halogen) to
reduce wire size requirements as well as energy consumption. 
Stranded wire is NOT electrically different from solid wire, just
more flexible.  We usually use welding cable for heavy lines to
inverters because it is not so stiff.

Circuit Breakers, Fuses & Switches
Surprise!  Ordinary 120/240 vac household breakers are SAFE
and FUNCTIONAL at DC low voltages.  We recommend
"SQUARE-D" brand, which has been tested by factory
engineers and judged safe up to 60 VDC.  They are safer and
easier to wire than the plastic automotive/RV fuse boxes often
supplied for DC systems.

Another lucky break:  Ordinary 120 vac wall switches (NOT
mercury) work fine for low voltage DC lights.  For over 5
Amps., order "T-Rated" switches from your electrical supplier. 
They are rated for DC and ac use.  They click rather loudly,
evidence of the fast break action required for higher DC
currents.

SAFETY!
If you are not adept at house wiring, study text books on the
subject and/or hire an electrician!  A battery-based, low voltage
electrical system has enough force behind it to burn down you
house, just like conventional 120 vac power.  This can happen
if your system is not properly designed and wired.  That's why
electrical inspection is required for homes in general. 
Inspection is not always enforced for independently powered
homes, but a few solar-electric fires may eventually convince
the authorities otherwise.

About Codes and Standards
Your electrical inspector's "Bible" is the "NATIONAL
ELECTRICAL CODE".  However, like the rest of us sinners,

he/she is allowed to vary from the occasional rule. 
The Code is a set of RECOMMENDATIONS.  The
inspector's judgement is based on state
regulations and HIS/HER DISCRETION, both of
which may vary from the Code.  For instance, the
Code presently calls for "twist-lock" connectors for
DC.  In the opinion of PV home specialists and
engineers we have talked to, this requirement is
NOT necessary for safety at low voltages and
inspectors tend to agree.  The Code also says that
plugs and receptacles must be of a design that is
not already an exsiting standard for another type
of service.  We were allowed to waive this
recommendation for our DC home and shop
because we don't use 240 volts.  There are other
connectors for that purpose.

ELECTRICAL INSPECTORS are intelligent
people who are curious about our work.  Their
interest, first & foremost, is your long-term safety. 
If they hesitate to allow the unusual, it is only from
a lack of knowledge.  Teach them.  Show them
your books, catalogs and articles like this!  Open

+24 VDC

+12VDC

GND

24 VDC
LOADS

Vanner

+

—

12VDC
Battery

+

—

12VDC
Battery

12 VDC
LOADS

24 VDC
POWER
SOURCE

PVs

+
+

+

+

—
— —

—

VoltMaster































































42 Home Power #25  •  October / November 1991

uch has been written about the need to ground DC home power systems, how to
do it, and the requirements of the National Electric Code (NEC). We are told that
the negative line of a DC system must be connected to ground. I don't think

anyone knows why, other than that it's "the law". I challenge this concept. I contend that
grounding the negative leg of a DC system is useless and may even cause problems like
increased shock danger, electrolysis, and interference with radio/electronic devices.

M

…On Grounding
Mick Sagrillo with Richard Perez

©1991 Mick Sagrillo

Background
This article grew out of a very lively conversation between
Ken Olsen and Johnny Weiss of Solar Technology
Institute, Jim Sievers of Iowa Alternative Energy, Richard
Perez and myself over a pitcher of brews at the Midwest
Renewable Energy Fair (MREF).

My (Mick's) experience comes primarily from wind
systems. I also have dabbled with transportation systems
(i.e., cars, trucks, trains, and planes), high voltage battery
systems, large DC systems, hydroelectric, and PV
systems. I have no experience with regulations or
electrical code rationalizations. This information may have
little to do with truth and justice of my statements, but
needs to be stated for credibility.

My (Richard's) primary experience comes from PV
systems.  I have also been professionally involved in
commercial television, and hold an FCC radio techie
license.  My background is in physics and electronics.

The Dilemma
Again, I maintain that grounding the negative leg of a DC
system serves no useful purpose. It can actually cause
problems that might not otherwise happen if the leg had
not been grounded.

This does not mean that equipment should not be
grounded. Towers, conduit, PV frameworks, and electrical
equipment chassis should all be grounded. The reason for
grounding is to protect equipment from direct lightning
strikes and lightning's transient voltage surges. Grounding
also dissipates the static charges present on electrical
equipment, making the equipment less attractive to
lightning. (For a thorough discussion of lightning
protection see Home Power #24.)

Here are some of the reasons for not grounding the
negative leg of a DC system.

System Grounding

Floating Systems vs. Grounded Systems
A DC wind generator (or three phase ac wind generator)
is a 'floating system,' meaning that the current carrying
conductors are only "hot," or have electric potential, in
relation to each other. None of these current carrying legs
are grounded. Grab the positive or negative leads, touch
the ground and nothing will happen. The electric potential
is only between the positive and negative of the system,
It does not involve the ground, or another DC generator, a
disconnected battery bank, nor any ac system. This
constitutes a completely floating system. A floating
system is isolated from everything but itself. Examples of
floating systems are wind machines, PVs, microhydros,
airplanes, automobiles, and boats. If you make
connection between any current carrying conductor and
ground, then nothing happens. If you get between the
positive and negative, however, nasty shocks and/or
burns can occur because you have become part of the
current conducting path.

In 120/240 vac systems, we are taught not to come
between any "hot" wire and ground. Ac is not only hot in
relation to itself, but also relative to the ground. I think that
this is where most of the confusion originates. In the
United States, ac system codes ground the "neutral"
conductor. This is not true for most of the rest of the world
(all of Europe, South America, and Australia), which does
not ground any of the current carrying conductors.  That's
right, virtually the entire world, except the USA, does not
ground current carrying conductors.  If you don't ground
current carrying conductors, then items like ground fault
interrupter circuits are not necessary.

Ground Loops and Ground Faults
Electricity flowing from one leg of a DC system through
the ground creates a ground loop. The current then flows
to the other leg of the DC system. How?  Well, maybe



43Home Power #25  •  October / November 1991

through you if you are standing on that ground and
happen to touch the other DC leg. Let's develop a
scenario. I have a 120 VDC battery bank in my cellar,
rated at 1440 Amp-hours. Fully charged, this battery bank
contains 200 + kilowatt-hours worth of electricity!  Assume
that the negative side of this battery is connected to
ground. Let's say that it has been raining, and the cellar
floor is damp. If I went down to the cellar to fiddle with the
batteries and touched a positive pole, guess what would
happen?  Fried Mick!  I became part of a ground loop
between the two hot battery terminals. This scenario is not
far-fetched. In my cellar on humid spring days when the
air was condensing on the cold battery cases, I have
touched the negative or positive bus, had my bare arm
brush against a case, and received quite a tingle.

A ground fault occurs when current leaks from a current
carrying conductor to the ground. If the ground fault path
has low resistance, then appreciable current will flow,
creating a current loop to ground.

The danger for the generator or the electronics comes not
from a single ground fault, but when a second ground fault
happens, particularly if that second ground fault is of the
opposite polarity from the first. In that event, the generator
case, electronic equipment chassis, tower, or ground
becomes a short circuit conduit between the positive and
negative poles. This situation will also result if the
negative line is grounded at the battery bank and a
ground fault occurs in the positive circuit of the generator
or electronics. The outcome is a current loop. Electricity
does not flow to your batteries or inverter, but instead
dissipates as heat in the short circuit. If this happens long
enough, you will burn out the generator.

The situation is a different with inverters. Synchronous
inverters with silicon controlled rectifiers (SCRs), bipolar
transistors, or field effect transistors (FETs) will not
tolerate ground faults or current loops. Typically,  a
synchronous inverter that is grounded on the ac side will
short circuit and blow the power semiconductors.
Synchronous inverters consider the negative leg of the
DC system connected to ground as a ground fault.

Electrolysis 
One final argument against grounding the negative leg of
a wind system is the problem of electrolysis. A common
practice of wind generator manufacturers in the 1920s
and '30s was to ground the negative leg of the wind
generator to the tower. This saved some materials in a
highly competitive fledgling industry--only two slip rings
and two slip ring brushes were needed, one for the
positive and one for the field. The negative line of the

machine was connected directly to the tower. The
negative was then picked up at the tower's base and
three wires, negative, positive and field, were brought into
the house to the control panel.

After a decade or so, many of these towers began falling
over. Close inspection of the tower at ground level
revealed that the metal there was soft and spongy. The
voltage in the tower leg set up a weak battery with the
earth. Slowly, metal ions would disassociate from the
tower and migrate from the tower legs into the earth. The
tower became weakened at the soil line and eventually
fell over.

Interestingly enough, at least one manufacturer
capitalized on this idea. The Jacobs Wind Electric
Company manufactured a wind plant that reversed this
phenomenon for a special application— gas pipe lines.
Cathodic plants, as they were called, had one leg of the
generator connected to the gas line and the other leg
buried in the ground. By pumping current from the ground
to the pipeline, gas companies eliminated the
maintenance caused by electrolysis in buried metal pipes.

Getting Grounded
To summarize, ac circuits brought to you by your friendly
utility are grounded because the code says so. The
current carrying wire is hot compared to the ground
because the neutral is grounded at your mains panel.
However, in DC circuits, the positive and negative leads
are hot only in relation to each other, but not to the
ground unless you ground one of them.

In both cases, an earth ground is used for lightning
protection and static charge dissipation. However, ac and
DC should never be grounded using the same grounding
rod. The NEC prohibits using ac and DC in the same fuse
box or junction box for safety reasons, but this should
also apply to grounding rods to eliminate stray ac
voltages on a DC line. A system should minimize the
number of grounds to prevent electric pathways or stray
voltages between multiple grounding rods.

This advice comes to you from an electronics person. The
NEC was written for electricians, who want as many
grounds as possible for safety reasons, but electronics
people know that stray voltages develop between multiple
grounds. These electrical pathways result in radio
frequency interference (RFI), the familiar hum on
communications equipment, radio and television.
Somehow, the NEC will have to be changed to adapt to
the needs of both electricians and electronics home
power folks.

System Grounding
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Guidelines
Some good rules to live by (pun intended) that have
worked well for me and my customers:

1. Ground all wind tower legs, PV module frameworks,
conduit, generator frames, and electrical equipment
chassis.
2. Connect all indoor DC equipment cases to only one
ground. The ground should be dedicated to DC equipment
only. The DC ground should not include any current
carrying conductors.
3. Connect all ac equipment to its own dedicated, NEC
approved, ac ground. Use only one grounding rod to avoid
stray voltages.
4.  When working around batteries, temporarily ground the
negative leg of the battery bank!
5. Never permanently ground either the positive or
negative leg of a battery bank.
6.  Never get between the positive leg and negative leg of
a DC system.

One Final Story
I was recently contacted by an individual working on a
wind system that was struck by lightning. Apparently
lightning hit the incoming wires on the tower. The

System Grounding

destruction was almost total: the tops were blown of all
the batteries, and the battery shed burned to the ground.
The control panels, inverters, and distribution panels
inside the house were destroyed. Every outlet in the
house had a three foot hole blown around it. The system
used multiple grounds and had the negative leg of the
battery bank grounded.

Had the system been floating, as it should have been,
and had the system been grounded in only one place,
less damage would have occurred. Banks that are floating
usually have only one or two batteries destroyed.

Upon Further Review
I do not claim to be an expert on the NEC. I do, however,
have a certain amount of expertise with wind electric
systems. Maybe it is time that the home power people
who produce their own electricity (photovoltaic, wind,
hydro) sit down with the people responsible for the NEC
and update them on what's happening on our individual
scenes. It can only help!

Access
Mick Sagrillo has never been penalized for intentional
grounding at Lake Michigan Wind & Sun, E3971 Bluebird
Rd., Forestville, WI 54213 • 414-837-2267

ANANDA POWER TECHNOLOGIES, INC.
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Cables and
Currents
John Wiles

©1993 John Wiles

In the early days (before NEC
awareness), PV systems were wired
with any wire that was at hand. Little

attention was paid to the quality of the
wire, its current carrying capability, or
how it was connected. Experience with
12 years of large and small PV
installations and the test of time along
with help from the local electrical
inspector has shown us better ways.
Now, conductor types, ampacities, and
terminals are a hot topic in the back
rooms of most PV distributors, dealers,
and installers. Conductor selection and
ratings in various PV applications are
the topic of this Code Corner.
Module Wiring
Rigid and flexible nonmetallic and metallic conduit can
be used with modules having the appropriate conduit
fittings on the junction boxes. If conduit is not required
by a local code, Section 690-31 of the 1993 National
Electrical Code (NEC) permits the use of single-
conductor cable that is identified as sunlight resistant
for PV module interconnections. Underground Feeder
(Type UF), Service Entrance (Type SE), and
Underground Service Entrance (Type USE) cables are
allowed for module interconnects. Most UF cables are
made with PVC insulation. Problems have been
identified with PVC insulation when used in direct-
current circuits where moisture is present. Under these
conditions, the insulation dissolves. It is unknown
whether PV module wiring in wet climates provides the
conditions necessary for PVC insulation failure. It might
be wise to use USE or SE cables in locations where the
cables are in contact with standing water. Furthermore,
although passing the Underwriters Laboratories (UL)
standards for sunlight resistance, UF cable has shown

signs of deterioration after only four years in hot,
sunlight-exposed installations. 

USE and SE cable are generally not marked sunlight
resistant, but they have passed the sunlight resistance
tests and most inspectors are familiar with the use of
these cables outdoors in exposed locations. If the USE
or SE cable has cross-linked polyethylene (marked
XLPE or XLP) and is further marked RHW and RHH or
RHW-2, it is one of the best, commonly available
cables. Standard USE cable has only a 75°C insulation
when wet. The RHW designation indicates rubber 75°C
insulation for use in wet conditions, and the RHH
indicates a rubber insulation, when dry, with a 90°C
insulation. The new RHW-2 and USE-2 designations
indicate insulation with a 90°C rating even when wet.
SE cable has a slight advantage in that it has flame
resistant additives that USE does not have. The
Underwriters Laboratories label (UL) will ensure that the
cable meets the highest quality standards and will be
the most durable product.

Section 400-7(a)(10) allows the use of flexible cables to
connect moving parts. Tracking flat-plate and
concentrating PV modules are moving parts and these
cables could be used. Types W and G are recognized
by the NEC as flexible cables. Types SEO, SEOO, and
the like usually have the necessary sunlight and
weather resistance. These flexible cables are not
allowed when connecting fixed arrays.

This wiring method using exposed, single-conductor
cable is only allowed for module connections. At some
point near the modules, the wiring method must be
changed to one of the other methods meeting the
requirements of the NEC. The exposed, single-
conductor cables could be routed to a weather head
and into conduit and then into the building and to the
PV Disconnect Switch. Another alternative is to route
the single-conductor cables to a junction box where the
cables can be spliced to a jacketed, multiple-conductor
cable like NM (Romex) or UF (Underground Feeder).
These jacketed cables would then be installed with the
required physical protection, and routed to the
disconnect switch. NM cable, of course, can only be
installed in indoor locations, while the UF cable has
sunlight resistance and, with appropriate protection
from physical damage, can be installed in outdoor
locations.

Tray Cable (TC) comes in two or more conductor
cables and is generally marked sunlight resistant, but
some inspectors object to its use based on the NEC
requirement in Section 340-4 to have it mechanically
supported by a cable tray or other means. Also, Section
340-5 prohibits the use of tray cable as open cable on
brackets or cleats. Tray Cable requires special
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calculations for current-carrying capacity (ampacity);
the NEC must be consulted carefully when using this
cable.

Temperature Derating
Because the PV modules are in the sunlight, they get
significantly hotter than the surrounding air
temperatures. Ambient air temperatures in some parts
of the country may be as high as 45°C (113°F). The
backs of the modules, the module junction boxes, and
other nearby areas where the conductors must operate
can have temperatures as high as 65°C to 75°C. The
ampacity of the cables used to connect the modules
must be derated for these higher temperatures.

Most installations should use an ambient temperature
of 65°C to derate the conductors. In hot locations, with
no ventilation provided for the back of the modules (e.g.
mounted directly on a roof), a 75°C temperature should
be used in the temperature derating calculations. In
less sunny, cooler sections of the country, maximum
module temperatures might be lower.

An Example
In a particular installation, it has been decided to use
number 10 AWG conductors because of the size of the
module terminals. Single conductor number 10 AWG
USE-2 cable has been ordered with XLPE, RHW-2, and
UL markings which indicate a 90°C temperature rating.
The modules are mounted on a rack on a brown
shingled roof, but for esthetic reasons, the spacing
between the modules and the roof is only two inches.
The wiring is to be in free air (not in conduit) so Table
310-17 in the NEC may be used. Since the 90°C
module terminal rating matches the USE-2/RHH wire
temperature rating of 90°C, the cable can be operated
at the maximum temperature for which it was rated. In
Table 310-17, Number 10 AWG cable with 90°C
insulation has an ampacity (current carrying capacity) of
55 Amps at ambient temperatures of 30°C. A footnote
to the table notes that number 10 AWG conductors may
not have an overcurrent device rated at more than 30
Amps. Because the modules have little ventilation
space and the roof is brown, the area between the
modules and the roof and in the module junction boxes
can be expected to be as high as 75°C on hot, sunny
days. The ampacity of the conductor must be derated
for this temperature which is the ambient temperature in
which the conductors operate. Ampacity Correction
Factors are presented in the lower section of Table
310-17. For conductors rated at 90°C, the derating
factor is 0.41 yielding a number 10 AWG cable with a
derated ampacity of 22.6 Amps (55 x 0.41).

Furthermore, Section 690-8 requires that a 25% safety
factor be used when sizing the conductors so that they
will not be operated continuously at more than 80% of

the rated ampacity. This calculation indicates that the
maximum short-circuit current that this conductor can
handle is 18.1 Amps (22.6/1.25). The sum of all short-
circuit currents for all of the modules connected in
parallel on this number 10 AWG USE-2 cable should
not exceed 18.1 Amps.

If the modules were spaced six or more inches from the
roof, the maximum operating temperature would drop to
about 65°C on hot, sunny days. In this case, a derating
factor of 0.58 is given which, when multiplied by the 55
Amp rating of the cable at 30°C, gives a derated
ampacity of 31.9 Amps (55 x 0.58). After the 25% safety
factor is applied, the maximum short-circuit current that
can be carried by this cable is 25.5 Amps (31.9/1.25).

Interior Wiring
All interior wiring of DC PV source circuits and DC and
ac load circuits must comply with all aspects of the
NEC. The cables for DC circuits are similar in most
cases to that required for ac circuits. In some cases a
larger size conductor is used to reduce voltage drop in
DC circuits, but the installer must ascertain that
switches and outlets have terminals that will take the
larger conductors.

Battery and Inverter Cables
Large conductors such as the 2/0–4/0 AWG cables
used to connect batteries and inverters are very stiff if
made with building wire such as THHN or USE with 19
strands of copper. The inspector may require the use of
such cable because the NEC requires it to be used in
fixed installations and the inspector frequently sees
electricians using these stiff cables in standard ac
power installations. The NEC also requires that space
be allocated for wire bending and connection areas
when installing equipment using these large cables.
Use of these cables requires the proper tools, available
from electrical supply houses, to deal with the stiffness.

Most PV installers use either battery cable (controlled
by SAE Standards) or welding cable for the larger
cables. These cables have numerous small strands that
provide a degree of flexibility not found in the more rigid
building cables. Stand-alone inverters and large battery
cells are being manufactured with flexible cables
attached, but these products are generally designed for
mobile applications or industrial applications which do
not fall under the NEC. The flexibility makes for ease of
installation, but the NEC does not make definite
provisions for their use in fixed installations. If the
flexible cables are used, they should be UL Listed, acid
resistant, and installed in conduit. Flexible, Type W
single-conductor cables are available and identified for
extra hard usage. UL Listed, flexible welding cable is
also available, but is not recognized in the NEC for this
use.
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There are restrictions in Section 400-8 that prohibit
these flexible cables from being run through walls or
being attached to building surfaces. Section 400-10 of
the NEC also requires that strain relief be used
wherever flexible cables are connected. This would
indicate that if the inspector approves their use, it will
most likely be for short runs to a nearby junction box
where the flexible cables are connected to a standard,
stiff cable. A proposal will be submitted for the 1996
NEC that permits this particular use of flexible cables in
an otherwise fixed installation.

Manufacturers of inverters are starting to deliver
products with the necessary conduit fittings that will
allow the use of the more rigid standard building cables.
Underwriters Laboratories is addressing the cable and
cable termination requirements as they develop
standards for the inverters and battery systems used in
residential and commercial PV systems falling under
the NEC.

High-Current Cables
The inverter-to-battery cables should be sized based on
the inverter continuous power rating at the lowest
battery voltage. More and more systems are being
installed with large inverters, backup generators, and
auxiliary battery chargers. Deep-well pumps filling large
storage tanks present a significant load especially when
other DC and ac loads are being used simultaneously.
If the inverter has the ability to deliver continuous
power, and a generator, micro hydro, or the PV array
can hold the batteries above the low voltage disconnect
point, then that exact situation can and will occur. For
example, the 85% efficient inverter is rated at 2000
Watts on a 12 Volt system with a low voltage
disconnect of 10.5 Volts, the
input current under full power
is 2000/.85/10.5 = 224
Amps. The 25% safety factor
increases this to 280 Amps
and Table 310-16 of the
NEC indicates that 250 MCM
cable (one size larger than
4/0) in conduit should be
used.

Summary
Cables and equipment that
meet the requirements
established by the NEC are
available and can be used
for PV installations. Ampacity
calculations that are related
to high-temperature PV
installations are required. In
some cases, waivers by the

electrical inspector may be required. In other instances,
new (to the PV installer) installation techniques may
have to be used to deal with the existing, required
cables.
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Author: John C. Wiles, Southwest Technology
Development Institute, POB 30001/Dept 3SOLAR, Las
Cruces, NM 88003 • 505-646-6105

National Electrical Code - 1993, National Fire
Protection Association, Batterymarch Park, Quincy, MA
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THE RUTLAND WINDCHARGER
Ideal for stand-alone or combined wind/solar systems, the
Rutland gives 1 Amp at 10 mph and 6 Amps at 22 mph.

The Rutland Windcharger’s fine profile
aerodynamically efficient blade and unique low
friction generator ensure maximum performance from
its 910mm (36”) diameter turbine.
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Trillium Windmills Inc.
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Tel: 705 326 6513   Fax: 705 326 2778
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One of the world's
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battery chargers proven
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EnviroMac
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Remote Measurement Systems, Inc.
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Seattle, WA 98102
Phone: (206) 328-2255            Fax: (206) 328-1787

Use Your Macintosh to
Automatically Monitor & Control
Your Entire Home Power System

Improve Home Power Efficiency – Collect & record data
from up to 16 sensors; including voltages, amps & temps.

Control Power Consumption – Let your Mac operate
electrical devices such as lights and appliances.

EnviroMac includes hardware, intuitive
easy-to-use software, and sensors!
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Clarifying
Confusing
Cables
John Wiles

Sponsored by The Photovoltaic Systems Assistance Center
Sandia National Laboratories

The National Electrical Code
(NEC)® contains numerous
references to different cable and

conductor types. Some types are
intended for fixed, non-moving
installations. Other types are designated
for installations where various parts
must move. Some cable types can be
used in either fixed or moving
installations. Each cable type is
designated by a series of letters and
numbers that refer to the size of the
conductor and the type of insulation.
This Code Corner will attempt to shed a
little light on the murky subject of
conductors and cables.
Conductors, Cables, or Wires?
A conductor is something that is meant to conduct or
carry electricity. It is normally made of copper, but can
also be made of other metals like aluminum. Today,
however, copper is the most commonly used conductor
in both PV and residential electrical systems. It can be
bare, with no covering or electrical insulation, or
insulated.

The size of the conductor is expressed as an American
Wire Gauge (AWG) with designations from number 27
AWG, the smallest size mentioned in the NEC®, to
number 4/0 AWG or 0000 AWG (called “4 aught”).
Conductors larger than 4/0 AWG are specified in kcmil
(thousands of circular mils), a cross-sectional area
designation, and range from 250 kcmil up to 2000 kcmil
(with a diameter of about 1.6 inches).

Conductors may be solid copper (usually 6 AWG and
smaller) or may be stranded. Stranded conductor is
composed of several strands of a smaller conductor
twisted together. Typical stranded conductors from 18
AWG through number 2 AWG have seven strands.
Conductors from 1 AWG through 4/0 AWG have 19
strands. Conductors 250 kcmil through 500 kcmil have
37 strands. In each of these sizes, conductors are
available on special order that have considerably more
strands for added flexibility. For example, a 4/0 AWG
conductor may have 437 strands of very small copper
conductors rather than the 19 strands in the standard
conductor.

Cables are usually defined as conductors covered by
insulation, although in many cases, the term conductor
and cable are used interchangeably. Cables may have
only a single conductor, or may have multiple,
individually-insulated conductors. Some multiple
conductor cables have an external insulating outer
covering or sheath. Others do not, and the individual
conductors are just twisted together.

The term “wires” is used in the NEC® to refer to the
general use of cables or conductors. Reference may be
made to a wiring system, wire size, wire sag, and
similar terms.

Grouping of Cable Types
In the NEC®, there are two distinct groups of cables.
One group represents the building-wiring types of
cables. They are primarily used in fixed, non-moving
installations such as buildings and are the principle
types of cables used in wiring PV systems. These types
of cables are identified in Table 310-13 of the NEC®,
and the proper methods of installing these cables may
be found in Chapter 3 of the NEC®.

The second grouping of cable types is the Flexible
Cords and Cables found in Article 400 of the NEC® and
described in Table 400-4. These cables are used where
there is motion between two parts that are electrically
wired together. Such cables are used on appliances,
tools, elevators, cranes, and other industrial
applications. PV trackers represent a moving
installation where flexible cords could be used.

These types of cables are specifically prohibited in
Section 400-8 of the NEC® from being used as a
replacement for fixed wiring. One of the reasons for this
prohibition is that flexible cords have not been tested,
evaluated, or listed for fixed uses such as being placed
in conduit or run through walls. Another reason is that
these flexible cables are generally installed in exposed
locations where damage is readily visible and the need
for replacement is evident. There are numerous other
prohibited uses where the code says that if a fixed,
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building-wire cable can be used, the fixed cable is to be
used in lieu of a flexible cable.

Insulations and Cable Markings
Cables have insulations that are made of different
materials for different applications. The letters and
numbers of the outer covering of the cable provide
information on the cable and where it can be used. The
tables in Chapter 3 and Article 300 of the NEC®

generally specify under what conditions each cable type
can be used. Listed below are some of the cables that
can be used in PV systems starting with the building-
wire types of cables.

Cables for PV module connections
Exposed, single-conductor cables are allowed for PV
module connections by NEC® Section 690-31. The
following are the types allowed:

USE: Underground Service Entrance • 75°C, wet
insulation rating • Heat and moisture resistant • Sunlight
resistant, but not marked as such.

USE-2: As above, but with a 90°C, wet insulation rating.
The most commonly recommended cable for PV
module wiring.

UF: Underground Feeder • 60°C, wet insulation rating •
Not sunlight resistant unless marked • Hard to find and
not recommended due to the low, 60°C temperature
rating.

SE: Service Entrance • Temperature rating is variable
and is marked on the jacket • Sunlight resistant, but not
marked • Hard to find in a single conductor.

PV modules may also be connected with conductors
installed in conduit (metal, plastic, flexible, rigid, etc.).
Since the conduits are exposed to the elements, they
are considered to be wet locations (even in the hot, dry,
sunny Southwest), and wet-rated conductors with 90°C
insulation should be used for PV module wiring. The
following types are the cables typically used.

THWN-2: Moisture and heat-resistant thermoplastic •
90°C, wet and dry insulation rating • May also be
marked THHN. A cable marked only with THHN is not
suitable for use in exposed conduits.

THW-2: Moisture and heat-resistant thermoplastic •
90°C, wet and dry insulation rating • May also be
marked THHW.

RHW-2: Moisture and heat-resistant thermoset (rubber)
• 90°C, wet and dry insulation rating • May also be
marked USE-2 and/or RHH.

XHHW-2: Moisture and heat-resistant thermoset (cross-
linked synthetic polymer) • 90°C, wet and dry insulation
rating.

In these and other markings on cables, the letters and
numbers have meaning.

T: Thermoplastic insulation

R: Thermoset insulation (rubber or synthetic rubber)

X: Cross-linked synthetic polymer insulation

H: High temperature (usually 75°C when dry or damp)

HH: Higher temperature (usually 90°C when dry or
damp)

W: Moisture resistant (usually 60°C when wet)

N: Nylon jacket

-2: High temperature and moisture resistance (90°C
wet or dry)

Combinations of these letters and numbers change the
definitions somewhat.

Wiring away from the PV modules must be one of the
building-wire type of wiring systems. These methods
are discussed in Chapter 3 of the NEC®. Single-
conductor exposed cables are generally not allowed nor
are unjacketed multiple-conductor cables.

If protected from mechanical damage and not exposed
to high temperatures, a UF multiple-conductor jacketed
cable might be used. However, since the cable is
limited to 60°C by Section 339 of the NEC®, it is
generally not applicable outside the structure where
higher temperature ratings are required.

Inside the structure, the conductors listed above may
be used inside conduit. Additionally, since the
temperature requirements are less, and the conduits
are no longer exposed, 75°C, damp-rated insulation
versions of these conductors may also be used (THHN,
THW, RHW, XHHW, or RH). Local electrical codes
generally require conductors in conduit for all
commercial wiring.

Non-metallic sheathed cable (Type NM) also know as
Romex® is commonly used for interior residential wiring
where it can be installed properly inside walls in
accordance with NEC® Section 336. Note that type NM
cable is specifically excluded from storage-battery room
applications.

PV Trackers
Trackers contain moving parts and as such may be
wired with flexible cables. However, the slow rotation
rates of trackers (1300 revolutions per decade)
generally allow the use of the stiffer building-wire types
of cable, and are therefore recommended. Also
available are building-wire types of cables with extra-
fine strands for additional flexibility where required.

If flexible cables are to be used, then types identified in
Article 400 of the NEC® are appropriate. The markings
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shown below should always be accompanied with the
letters “W-A” to indicate that the cable is suitable for
outdoor use.

Flexible cords suitable for PV tracker connections on
trackers are: SE, SEO, SEOO, SJ, SJE, SJEO,
SJEOO, SJO, SJOO, SJT, SJTO, SJTOO, SO, and
SOO. These are all hard-service or extra-hard-service
flexible cords. With the “W-A” rating, they are also
suitable for outdoor use. Again, each of the letters has
meaning:

S: Hard Service Flexible Cord

SJ: Junior Hard Service Flexible Cord

E: Thermoplastic elastomer insulation

T: Thermoplastic insulation

O: Jacket is oil resistant

OO: Jacket and Conductors are oil resistant

Battery Cables
Battery-to-inverter cables are usually large in size. They
should be installed in conduit when being used between
the battery enclosure and other equipment. As
mentioned above, extra-flexible building-wire cables are
available that may make the installation somewhat
easier. Extra-flexible types that are available include
THW, RHW, and USE. Since most batteries are in
sheltered areas, cables with only a damp-rated, 75°C
insulation are required.

Section 690-74 of the NEC® allows the use of Article
400 flexible cables for inter-cell battery connections as
well as the connections from the battery to a fixed-
wiring system. Since single-conductor Article 400
cables (types SC and W-this is not welding cable) are
not readily available, it is suggested that extra-flexible,
building-wire types of cables be used for connections to
the battery when it is deemed necessary to use flexible
cables.

Welding cables and automotive battery cables are not
recognized by the NEC® for use in wiring electrical
power systems.

Listed Cables
All conductors (except bare) and all cables should have
all size and insulation type information plus the listing
mark printed on them. The listing mark will normally be
the “UL”, indicating that Underwriters Laboratories, Inc.
has evaluated the cable for the intended use.

Summary
The choice of the proper cables for PV installations is
relatively straightforward. Most cables are available
locally or are stocked by PV distributors. Using the
correct cable in each application will ensure a durable,
safe, long-lasting PV system.

Questions or Comments?
If you have questions about the NEC® or the
implementation of PV systems following the
requirements of the NEC®, feel free to call, fax, email,
or write me at the location below. Sandia National
Laboratories sponsors my activities in this area as a
support function to the PV Industry. This work was
supported by the United States Department of Energy
under Contract DE-AC04-94AL8500. Sandia is a multi-
program laboratory operated by Sandia Corporation, a
Lockheed Martin Company, for the United States
Department of Energy.
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SAFETY
ALERT
John Wiles

Apotential safety problem exists
when a stand-alone 120-volt
inverter is connected to a house

or other structure wired for 120/240-volt
alternating current. All PV
Dealer/Installers and individuals who
have installed such systems should
review the following information
carefully and take corrective actions
where necessary.
Stand-alone PV and PV/Hybrid systems are frequently
connected to a building, structure, or house that has
been previously completely wired for 120/240-volts ac
and has a standard service entrance and load center.

These structures may employ one or more circuits that
the National Electrical Code ® (NEC ®) identifies as a
multiwire branch circuit. See Section 100 in the NEC,
“Branch Circuit, Multiwire” for a complete definition.
These circuits take a three-conductor-plus-ground
feeder from the 120/240-volt load center and run it to
the loads in the structure where two separate 120-volt
branch circuits are split out. Each branch circuit uses
one of the 120-volt hot, ungrounded conductors from
the 120/240-volt feeder and the common neutral
conductor.

In a utility-connected system or a PV system with a
120/240-volt stacked pair of inverters, the 120/240-volt
power consists of two 120-volt lines that are 180
degrees out of phase. The currents in the common
neutral in the multiwire branch circuit are limited to the
difference in currents from any unbalanced load. If the
loads on each of the separate branch circuits were
equal, then the currents in the common neutral would
be zero.

A neutral conductor overload may arise when a single
120-volt inverter is tied to both of the hot input
conductors on the 120/240-volt load center. This is a
common practice for stand-alone PV homes and I do it
in my house. At this point, the two hot 120-volt

conductors are being delivered voltage from the single
120-volt inverter and that voltage is in phase on both
conductors. In the multiwire branch circuits, the return
currents from each of the separate branch circuits add
in the common neutral. A sketch of the multiwire branch
circuit is presented below. Additional information can be
found in the NEC in Sections 100, 210-4, 240-20(b),
and 300-13(b), and in the NEC Handbook.

Each branch circuit is protected by a circuit breaker in
the ungrounded conductor in the load center. The
neutral conductor is usually the same size as the
ungrounded conductors and can be overloaded with the
in-phase return currents. The circuit breakers will pass
current up to the ampacity of the protected conductors,
but when both branch circuits are loaded more than
50%, the unprotected, common-neutral conductor is
overloaded and may be carrying up to twice the
currents that it was rated for.

A definite fire and safety hazard exists. All existing
stand-alone PV installations using single inverters tied
to both ungrounded conductors at the service entrance
should be examined for multiwire branch circuits.

The NEC requires that multiwire branch circuits in
some, but not all, cases have the two circuit breakers
tied together with a common handle (or use a two-pole
circuit breaker) so that both circuits are dead at the
same time under fault conditions and for servicing. This
common-handle, side-by-side circuit breaker rated at 15
or 20 amps may be one indication that multiwire branch
circuits have been used. Common handle circuit
breakers rated at 30 amps and higher are usually
dedicated to 240-volt circuits for ranges, hot water
heaters, dryers, and the like.

Examination of the wiring in the load center may show a
three-wire cable (14 or 12 AWG conductors) with a bare
equipment grounding conductor leaving the load center.
This may be connected to a multiwire branch circuit.
The circuit breakers connected to this cable and the
outputs of this cable should be traced to determine the
presence or absence of a multiwire branch circuit.

The multiwire circuits must be disconnected or rewired
as separate circuits (“home runs”) from the load center.
Another option is to limit the output of the inverter with a
circuit breaker rated at the ampacity of the neutral
conductor (usually 15 amps).

With 4000 watt (33-amp) inverters, a 15-amp circuit
breaker on the output will certainly limit the output but
won’t be very popular (only half power output).

A copy of a draft proposal for the 1999 NEC is
presented below that addresses this problem.
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Draft Proposal for the 1999 National Electrical Code
This draft proposal, if accepted, will provide exceptions
to NEC Section 690-14. This section requires that PV
systems comply with the provisions of NEC Article 230,
Part F, which covers service entrances. Some electrical
inspectors are raising the issue that if a house is wired
with a 120/240-volt service entrance at 100 amps, then
the PV system must supply 120/240 volts at 100 amps
— that would require a $240,000 PV system! Exception
3 to Section 690-14 will permit the PV system to deliver
power (current) to the house at less than the rating of
the service entrance. Exceptions 4 & 5, shown in the
next paragraphs, will allow a 120-volt inverter to feed a
120/240-volt service entrance. The Exceptions are
followed by substantiation for the Code Making Panel
that must vote on the proposal.

Draft Exception
Exception No. 4: The inverter output of a stand-alone
photovoltaic power source shall be permitted to supply
120 volts to a single-phase, three-wire 120/240-volt
service entrance or main disconnect when there are no
240-volt outlets and when there are no multiwire branch
circuits. In all installations, the rating of the output
overcurrent device connected to the photovoltaic
inverter shall be less than the rating of the neutral
conductor in the load center or service disconnect
device in the structure.

Exception No. 5: Where 120-volt multiwire branch
circuits are present, the output overcurrent device
connected to the photovoltaic inverter shall be rated at
no more than the ampacity of the smallest common
neutral conductor in the multiwire branch circuits.

Substantiation
Most inverters in stand-alone photovoltaic power

systems have a single 120-volt output. It is common
practice to connect this single output to both (in parallel)
ungrounded conductors of a single-phase 120/240-volt,
three-wire load center and supply current in phase to all
120-volt outlets and appliances. If 240-volt loads were
inadvertently connected to the premises wiring, there
would be no safety issue since the two ungrounded
conductors have voltages that are in phase which
would supply the 240-volt connected device with zero
volts.

Some residences and other structures are wired with
multiwire branch circuits where the two ungrounded
conductors of the 120/240-volt single-phase system
supply current to separate 120-volt circuits with a
common return neutral conductor. If both 120-volt
circuits were connected to loads, the return currents in
the neutral would be in phase when driven by a 120-volt
inverter and this could cause an overloaded neutral
conductor while not tripping any overcurrent device.
These exceptions recognize this condition and prevent
the connection if multiwire branch circuits are present. If
they are present, then limiting the maximum current
delivered by the inverter through the use of an
appropriate overcurrent device will protect the neutral
conductors.

It is possible, though unlikely, that a large inverter could
be connected to a small load center and overload the
neutral in the load center. The last sentence in
Exception 4 prevents this from happening.

Summary
There are houses and other buildings that are wired
with multiwire branch circuits. The practice is quite
common in some areas of the country. Please check
your existing installations.

120/240 V
Load Center

H

N

120 V
Inverter

N

H

N

H

N

120 V

120 V

Neutral with
Possible Overload

Diagram of a multiwire branch circuit
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If anyone determines that multiwire branch circuits are
common practice in a certain part of the country, please
share that information widely and notify me.

Please distribute this article as widely as possible
throughout the PV community.

Access
Author: John C. Wiles • Southwest Technology
Development Institute • New Mexico State University •
Box 30,001/ Department 3 SOLAR • Las Cruces, NM
88003 • Phone 505-646-6105 • FAX 505-646-3841

An NEC Article 690 Task Group, chartered by NFPA, is
working on the 1999 NEC with a Technical Review
Committee from the Solar Energy Industries
Association (SEIA). Those wishing to actively
participate should contact Ward Bower at Sandia
National Laboratories • 505-844-5206

National Electrical Code ® and NEC ® are registered
trademarks of The National Fire Protection Association.
The 1996 NEC and the NEC Handbook are available
from the NFPA • 1 Batterymarch Park • Quincy, MA
02269-9101 • 800 344-3555 • 617-770-3000

Off The Shelf
The spec sheet directory of renewable electricity

300+ pages, 12 Chapters

“Off the Shelf is great for people seriously interested in solar
photovoltaic technology who want to know the specifics of the
available equipment. This product literature looseleaf is stuffed
with information of current state-of-the-shelf photovoltaic system
components. We recommend it to all our workshop participants.”
Johnny Weiss, Director, Renewable Energy Education Program.
Solar Energy International, Carbondale CO.

“Off the Shelf is a must for systems designers, trainers, or those
who are thinking of their own system.” Paul Maycook, publisher,
PV News.

“Overall, this is a great effort to pull together a comprehensive of
manufacturers and dealers. I look forward to the next edition.” Art
Boyd, MARETC, Crowder College, MO.

“I use it almost every day.” Windy Dankoff, Dankoff Solar
Products.

“This Book is the answer for designers of renewable energy
systems...just about every manufacturer in the RE industry...and
an appendix listing hundreds of dealers and installers of RE
products.” Richard Perez, editor, Home Power Magazine.

The Cost is $69.95 including book rate postage.
Outside U.S. inquire

The PV Network News
2303 Cedros Circle, Sante Fe, NM 87505

Voice/fax: 505-473-1067 • e-mail: pvpaulset@aol.com

Our 16th Year of PV-Powered Publishing

Back Issues 
of Home Power !
Check out HP#53...
It contains an index of all articles back to issue #1.

You can buy back issues individually:
• $3.25 each for #11, #13, and #16 through #20
• $4.75 each for #21 through #45 (except for #36)
• $5.75 each for #46 through #54

Or
Deal #1: All 40 available issues for $127

Deal #2: 6 or more issues (of #21 through #54) for $4.00 each (sent bound printed matter).

for U.S. ZIP codes only, see page 81 for international back issues.

(Sorry, we're out of issues 1 through 10, #12 , #14, #15 and #36). We are planning to compile them into a book. Until
then, borrow from a friend. If you have a computer (or a friend with one) download the article you’re missing by calling
the Home Power bulletin board at 707-822-8640. Or check with your local library; through interlibrary loan, you can get
these back issues. Jackson County Library in Oregon has all issues as does the Alfred Mann Library at Cornell Univ.)

Home Power, PO Box 520, Ashland, OR 97520 • 800-707-6585 • 916-475-0830  VISA / MC

in USA

800-707-6585 

Good Info!

Good Deal!
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uestions flood into HP Central via mail and phone.  High on the hit parade is, "What size wire do I
need to hook-up my PV array?"  Well, here's the straight info on specifying wire gauge between
the photovoltaics and the controller/battery.  Electricity produced by photovoltaics is low voltage.

Low power loss in low voltage wiring is essential for effective performance.

Specing PV Wiring

Q

Specifying PV Wiring
Richard Perez

A Short History
I feel that the subject of wiring and interconnection is so important
and so misunderstood, that we have run many articles about this
subject.  Here's a list: HP2-pg 11, HP2-pg 33, HP3-pg 40, HP4-pg
33, HP6-pg 35, HP7- pg.36.  Wiring articles after HP11 are listed
under Basic Electric in the index in this issue, see page 49.

This article doesn't probe the depths of Ohm's Law
and the Copper Wire Table.  Here the work is done
for you.  You have only to look up your situation on
the tables.  You must, however, use the tables
properly if you are to get real answers instead of
bogus info.

Wiring on the PV Array
A photovoltaic array consists of several PV panels
wired in parallel (12 Volt systems) or in
series/parallel (24 Volt systems).  The interconnects
between the individual modules can be made with
10 gauge copper wire.  Use stranded, copper wire
with a "USE"  or "UF" insulation because these
outer coatings will resist sunlight degradation.  Use
of 10 gauge is practical because the current from an
individual module is low (≈3 Amps.) and the
distances are short (usually <2 feet).  These wires
connect to the better-quality PV panels with ring
connectors.  Solder these ring connectors to the
wire!  If you are using panels that don't take ring
connectors, then tin the wire ends with solder
before installation.  See page 35 of this issue for
soldering info.

Wiring between the PV Array and the Controller
This is really what we are interested in here.  The
distance between the array and the control is often
many feet, and is different for each system.  Since
the PV controller is usually located very near the
batteries, the distance here is not a problem.  This
is not the case with the array to controller circuit.
Often we have to mount the PV array some
distance from the battery in order to get the array
into a better, more sunny, location.  The illustration
to right shows the PV array to Controller wiring
circuit covered here.

The Tables
On the next page, there are two wiring tables.  Both
tables are for copper wire only.  The upper table is for 12 Volt
systems and the lower for 24 Volt systems.  The upper horizontal
row of each table contains the PV array current in Amperes.  The
left most, vertical column contains the round trip wire length in feet.
Now, this is ROUND TRIP!  If the array is 100 feet from the
controller, then 200 feet of wire is required (two conductors).

The information on these tables was computed on the following
criteria.  The wiring efficiency must be 97.5% efficient.   Efficiency
was computed as power through the circuit minus the power lost to
the voltage drop in the wiring .  The wire is also specified by
ampacity.  Ampacity is the current handling capability of a
conductor regardless of its length.  Ampacity is directly proportional

to the cross-sectional area (diameter) of the wire.

Using the Tables
Use the upper table for 12 Volts and the lower table
for 24 Volts.  Locate your array's current on the
upper row.  Now locate your round trip wiring length
in feet on the left most, vertical column.  The
correct wire gauge number is located at the
intersection of the row and column you have
chosen.  The wire gauge number is American Wire
Gauge (AWG).  Please note that the computer
designates "00" gauge as -1,"000" gauge as
-2,"0000" gauge as -3.

If you want even higher wiring efficiency, then use
the next larger wire gauge.  If you live in an area
that is hot (average daytime temperature >90°F. for
at least six months yearly) then use the next larger
wire size.  Remember, as the wire diameter gets
larger the AWG number gets smaller.  Since you
may want to add more PV panels to your array in
the future, specify the wire for the biggest array you
think you will ever use.  Wire doesn't wear out, so if
you buy wire that is large enough, you will never
have to replace it.

I bought the BIG Wire, so I'm in, right?
Not quite.  Even the largest wire can be rendered
completely ineffective by poor electrical
connections to the wire.  A series electrical circuit is
like a chain- only as strong as its weakest link.
Each and every element in a series circuit must be
low loss in order for the entire circuit to be low loss.
It only takes one funky connection to shoot down
the whole circuit.  Solder all low voltage
connections wherever possible.  The article on
page 35 of this issue gives you all the soldering info
you need to make your investment in large wire
permanent.

Access
I have the original, working spreadsheets that generated these
tables.  These spreadsheets are in Excel 2.2 for the Macintosh
computer.  If you want a copy of the spreadsheets, send me a 3.5
inch diskette in a mailer with return postage included.  Richard
Perez, C/O Home Power Magazine, POB 130, Hornbrook, CA
96044.
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PV ARRAY CURRENT IN AMPERES.
6 12 15 18 21 24 30 36 42 48 54 60 66 72 78 84 90 96 102 108 114 120

R 25 13 10 10 9 8 7 6 6 5 4 4 4 3 3 2 2 2 1 1 0 0 0
O 30 13 10 9 8 7 7 6 5 4 4 3 3 2 2 2 1 1 1 0 0 0 0
U 35 12 9 8 7 7 6 5 4 4 3 3 2 2 1 1 1 0 0 0 0 -1 -1
N 40 11 8 7 7 6 5 4 4 3 2 2 1 1 1 0 0 0 -1 -1 -1 -1 -1
D 45 11 8 7 6 6 5 4 3 3 2 1 1 1 0 0 0 -1 -1 -1 -2 -2 -2

50 10 7 7 6 5 4 4 3 2 1 1 1 0 0 -1 -1 -1 -1 -2 -2 -2 -2
T 60 10 7 6 5 4 4 3 2 1 1 0 0 -1 -1 -1 -2 -2 -2 -3 -3 -3 -3
R 70 9 6 5 4 4 3 2 1 1 0 0 -1 -1 -2 -2 -2 -3 -3 -3 -3
I 80 8 5 4 4 3 2 1 1 0 -1 -1 -1 -2 -2 -3 -3 -3
P 90 8 5 4 3 3 2 1 0 0 -1 -2 -2 -2 -3 -3 -3

100 7 4 4 3 2 1 1 0 -1 -1 -2 -2 -3 -3
W 125 7 4 3 2 1 1 0 -1 -2 -2 -3 -3
I 150 6 3 2 1 0 0 -1 -2 -3 -3
R 175 5 2 1 0 0 -1 -2 -3 -3
E 200 4 1 1 0 -1 -1 -2 -3 Specification Voltage 15 VDC

225 4 1 0 -1 -1 -2 -3 for 12 VDC PV Applications
L 250 4 1 0 -1 -2 -2 -3
E 275 3 0 -1 -2 -2 -3 Wiring is specified for a power efficiency  of 97.5%
N 300 3 0 -1 -2 -3 -3 and/or correct ampacity
G 325 2 -1 -2 -2 -3
T 350 2 -1 -2 -3 -3 Codes
H 375 2 -1 -2 -3 The body of the table contains the Wire Gauge Number

400 1 -1 -2 -3 "0" Wire is designated by 0
in 425 1 -2 -3 "00" Wire is designated by -1

450 1 -2 -3 "000" Wire is designated by -2
F 475 1 -2 -3 "0000" Wire is designated by -3
E 500 1 -2 -3
E 600 0 -3 Wiring power efficiency is specified at 68°F.  
T 700 -1 If ambient temperature is > 90°F., use the next gauge larger wire

PV ARRAY CURRENT IN AMPERES.
6 12 15 18 21 24 30 36 42 48 54 60 66 72 78 84 90 96 102 108 114 120

R 25 14 13 12 12 10 8 6 6 6 6 6 6 4 4 4 2 2 2 2 0 0 0
O 30 14 13 12 11 10 8 6 6 6 6 6 6 4 4 4 2 2 2 2 0 0 0
U 35 14 12 11 10 10 8 6 6 6 6 6 5 4 4 4 2 2 2 2 0 0 0
N 40 14 11 10 10 9 8 6 6 6 5 5 4 4 4 3 2 2 2 2 0 0 0
D 45 14 11 10 9 9 8 6 6 6 5 4 4 4 3 3 2 2 2 2 0 0 0

50 13 10 10 9 8 7 6 6 5 4 4 4 3 3 2 2 2 1 1 0 0 0
T 60 13 10 9 8 7 7 6 5 4 4 3 3 2 2 2 1 1 1 0 0 0 0
R 70 12 9 8 7 7 6 5 4 4 3 3 2 2 1 1 1 0 0 0 0 -1 -1
I 80 11 8 7 7 6 5 4 4 3 2 2 1 1 1 0 0 0 -1 -1 -1 -1 -1
P 90 11 8 7 6 6 5 4 3 3 2 1 1 1 0 0 0 -1 -1 -1 -2 -2 -2

100 10 7 7 6 5 4 4 3 2 1 1 1 0 0 -1 -1 -1 -1 -2 -2 -2 -2
W 125 10 7 6 5 4 4 3 2 1 1 0 0 -1 -1 -2 -2 -2 -2 -3 -3 -3 -3
I 150 9 6 5 4 3 3 2 1 0 0 -1 -1 -2 -2 -2 -3 -3 -3
R 175 8 5 4 3 3 2 1 0 0 -1 -1 -2 -2 -3 -3 -3
E 200 7 4 4 3 2 1 1 0 -1 -1 -2 -2 -3 -3

225 7 4 3 2 2 1 0 -1 -1 -2 -3 -3 -3
L 250 7 4 3 2 1 1 0 -1 -2 -2 -3 -3 Specification Voltage 30 VDC
E 275 6 3 2 1 1 0 -1 -2 -2 -3 -3 for 24 VDC PV Applications
N 300 6 3 2 1 0 0 -1 -2 -3 -3
G 325 5 2 1 1 0 -1 -2 -2 -3 Wiring is specified for a power efficiency  of 97.5%
T 350 5 2 1 0 0 -1 -2 -3 -3 and/or correct ampacity
H 375 5 2 1 0 -1 -1 -2 -3 Codes

400 4 1 1 0 -1 -1 -2 -3 The body of the table contains the Wire Gauge Number
in 425 4 1 0 -1 -1 -2 -3 "0" Wire is designated by 0

450 4 1 0 -1 -1 -2 -3 "00" Wire is designated by -1
F 475 4 1 0 -1 -2 -2 -3 "000" Wire is designated by -2
E 500 4 1 0 -1 -2 -2 -3 "0000" Wire is designated by -3
E 600 3 0 -1 -2 -3 -3
T 700 2 -1 -2 -3 -3 Wiring power efficiency is specified at 68°F.  

800 1 -1 -2 -3 If ambient temperature is > 90°F., use the next gauge larger wire

12 VDC

24 VDC

HOME POWER MAGAZINE, POB 130, HORNBROOK, CA 96044 • 916-475-3179
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The Good,
The Bad,
and The Ugly
John Wiles

©1994 John Wiles

In the last two months I have been involved
in two aspects of PV power systems that
have created conflicting emotions. First, I

had an opportunity to visit and inspect a
number of PV systems that have been
installed within the last year in the Southwest.
After seeing these systems, I was ashamed to
be a part of the PV Industry. More on those
systems later. Second, I attended a facilitated
discussion with other members of the PV
industry. The results from this conference will
evolve into a PV system procurement manual
for municipalities and counties. The members
of the PV industry that participated in this all-
day discussion and the results left me with
very warm feelings about the future of PV.

Inspection of Southwest PV Sites
First the bad news. A large southwest utility had
purchased the systems at the sites I visited via
competitively bid contracts. In some cases the
specifications were tight, in others quite loose. The
largest installation, a 100 KW utility-interactive system
was sold, designed, and installed by a small company
specializing in large-scale PV systems. Another small
PV systems house sold and designed other grid-
connected systems. Local electricians did those
installations, using kits supplied by the design firm.

A company that sells PV-powered hydro pumps had
sold, designed, and installed a water pumping system
to run sprinklers for an athletic field. I also inspected a
lighting system designed by a major PV distributor and
sold and installed by a regional PV dealer. Another
regional PV dealer had designed and installed PV
lighting.

These systems were not as good or as safe as they
could have been. Some of the systems had failed after
only a year.

Grid Connected 100 KW System
For the most part, this system was a delight to inspect
and test. The installers has used high-quality
components and workmanship. Although the inverter
was experiencing some operational problems, the
manufacturer quickly identified and remedied them.
Only in one area did I see a need for additional safety
features. The main number 4 AWG conductors from the
row-combining boxes to the inverter were not protected
from faults. I recommended that fuses be added at the
inverter to protect these cables.

Grid Connected 2.5 KW System
The installation used 16 AWG conductors to connect
the modules to the inverter. The cables were held in a
tray and were rated for 8 amps (NEC Section 340-7
and Table 402-5). The 15 amp fuses at the DC
disconnect did not provide overcurrent protection for
this cable.

The modules had a rated short-circuit current of about
7 amps, but short currents could be higher on clear
days near solar noon. When the inverter was off-line or
detected a ground fault, it automatically shorted the
array, subjecting the cables to overheating. An 8-10
amp fuse should be installed in the string junction box
to protect these cables. An 8 amp fuse meets the NEC
cable ampacity requirements, but the high operating
currents exceeds this.

The use of 2000 volt cable used in this system was an
excellent choice since the operating voltage is near or
over 600 volts. I noted some cable damage caused by
sharp conduit edges.

Cable under-sizing was also a problem. The 10 AWG
ac output cable only handled 30 amps; however the
inverter output circuit was rated for 34 amps (4KW).
The inverters internal 50-amp fuse did nothing to
protect the undersized cable. Although the inverter
can’t deliver more than 34 amps of current when
connected to the 2.5 KW array, the output cable should
be 8 AWG, rated for at least 42.5 amps.

Disconnect switches were mounted high on a wall, out
of reach.

Suggestions:
1. Change and fuse module conductors to handle the
larger 12–13 amp current seen at peak power
operation.
2. Replace the present unfused ac disconnect with a
fused ac disconnect. Identify the circuit breaker in the
building’s ac load center for back-feeding. Secure it to
the load center enclosure with additional mechanical
fasteners.
3. Protect all metal conduit and fittings with insulating
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bushings to prevent cable damage on sharp metal
edges. Replace the Bussmann NOS DC input fuses
(which have only a factory DC rating) with Littlefuse
IDSR fuses which are UL-Listed for use at 600 Volts
DC.

4. Mount disconnect switches so that the handles are
no higher than 6.5 feet above the floor.

Grid Connected 2 KW System
The comments on the preceding installation apply to
this one, even though the inverter had been removed
when inspected.

The ambient-air temperature sensor was mislocated. It
should have been mounted outside, exposed to the
same air temperature as the modules.

PV Powered Sprinkler System
This system pumped water up from a well to supply
sprinklers on an athletic field. The site was a hazardous
nightmare. To start off, I could find no equipment or
system ground, ground rod, or surge protection!

The system had other major mechanical and electrical
safety problems caused by poor workmanship. The
well pump motor shaft was left exposed. The enclosure
containing the sprinkler pumps and controls was
crowded and lacked enough space to work safety.

I found electrical junction boxes mounted at or slightly
above ground level. They were already corroding. The
installers had put a load center designed for indoor use
in an exposed outdoor location. An open right-angle
pull box held cable splices.

They had used hugely oversized 100 amp fuses to
protect very small conductors. Wires and cables lacked
any labels indicating wire size or routing. Battery cables
were not protected from fault currents. Circuit breakers
were used as disconnects with no fault current
protection. Charge controllers were mounted in outdoor
locations where dirt and moisture would cause the
mechanical relays to fail prematurely.

Battery water levels had fallen below the tops of the
plates, indicating possible battery damage. The charge
controllers were cycling and the battery voltage was
28.2. The batteries were not insulated and their
performance suffered in cold weather. The system
failed to include compensation during charge. The
builders installed multiple battery charge controllers
instead of a single large one. Battery terminals were
not sealed and had already begun to corrode.

Every aspect of the system was sloppy. The designer
had ignored row-to-row module shading at low sun
angles during the winter. This caused unnecessary and
annoying reductions in power output.

Major inefficiencies marred system performance.
Multiple small pumps were operating in parallel when a
single large DC motor connected to a single sprinkler
pump would have wasted less energy. Use of battery
storage severely affected water pumping efficiency.
Possibly 50% or more of the PV energy was being lost
in battery charging/discharging! To avoid these losses,
PV systems for water pumping usually omit batteries
and feed energy directly to the load. The sprinklers did
not appear to be designed for athletic field use. They
didn’t have provisions for contact from above and were
eroding nearby soil. The low-quality externally mounted
sprinkler timer mechanism was already rusting.

Suggestions:
Safety
1. First and foremost, GROUND THE SYSTEM! Don’t
even think of operating it before this is done.
2. Have a qualified electrician rewire the system using
the proper cables, overcurrent devices, disconnects
and enclosures.
3. Add surge protection on the PV and motor
conductors.

Function
1. Redesign the entire system. Increase the north-
south spacing between rows of modules to reduce
winter shading.
2. Eliminate the batteries except for a small one to
power any timers or control devices. Operate the
pumps in the daytime only, connect the PV array
directly to the well pump to fill the tank. Reconnect the
PV array directly to a large sprinkler pump with zone
valves to water the field.
3. Use a linear current booster to get better early
morning and late afternoon performance.
4. Use full-tank and empty-tank switches to control the
charge between well pump and sprinkler pump
operation.
5. Use a simple timer to control and operate the zone
valves. This may require a small battery system and an
inverter. Timer operation may not be accurate with
devices that sync off the 60 Hz powerline frequency.
Radio Shack has 120 volt ac timers that generate their
own reference frequency and are accurate even if the
inverter’s frequency output varies.
6. Use a day-of-the-week timer or manual override
switch to avoid watering the grass on game days.

Lighting System
This installation had only one module powering an 18-
watt lamp and probably couldn’t procure much light on
cold, short winter days. It also had functional and safety
problems.

Safety was badly neglected. The system was not
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Suggestions:
1. Ground the pole, the equipment and the negative
conductor unless there are equipment restrictions to
the contrary. Add surge suppression to the PV and
lighting circuits.
2. Add the fused disconnect previously described.
3. Fully insulate and protect the battery terminals and
surrounding metal surfaces.
4. Consider enclosing the base of the lights with
protective barricades.
5. Insulate the battery compartment.
6. Repair or replace the broken bracket.

Specifications and Bids
The results of my inspection were disheartening. The
PV industry can do and has done better. I have seen
systems that are well designed, safe, and performed as
specified without unexpected failures. To some extent
the problem lies with the purchaser, who writes loose
specifications and then goes looking for the lowest
bidder. As in all other endeavors, you get what you pay
for. Low bid, loosely-specified PV systems usually turn
out to be unsafe and give less than optimum
performance.

When purchasers get tired of poorly performing PV
systems, they will start tightening contract performance
specifications and demanding warranties. In future
contracts, PV purchasers will examine a company’s
past performance and history of customer satisfaction.

To help prospective PV purchasers and encourage
higher standards in the PV industry, I have begun
developing a PV procurement manual. Parts of this are
outlined below. It is intended for municipalities, utilities,
and other agencies. The PV industry must look at these
requirements and use them to design, bid, and install
better systems.

Photovoltaic Power Systems: Specifying and
Verifying Performance
Photovoltaic (PV) Power Systems are a relatively new
technology. Few systems are available off-the-shelf for
any particular application or level of power output. PVs
initial cost is often higher than the cost of other non-
renewable power systems. Reliability has been a
problem; prospective PV buyers cannot always
assume long-term, maintenance-free performance.
Cost and reliability issues create a dilemma for those
who want PV.

Although it is not legally mandated in every jurisdiction,
the National Electrical Code (NEC) contains a
comprehensive set of requirements and good
engineering practices that can ensure a safe and
durable PV installation. The NEC should be called out
as a basic requirement in any system.

grounded and had no surge protection devices. It
lacked any disconnect for the PV or the batteries. No
properly rated overcurrent devices were installed to
protect array or battery wiring. Exposed battery
terminals represented a safety hazard for service
personnel and had no anti-corrosion protection.

The batteries were located in the same compartment
as electrical devices; a major mistake. Even with
catalytic recombiner caps, batteries produce corrosive
gases and hydrogen gas. Even sealed batteries may
vent explosive gas under some conditions. Enclosures
should be partitioned with hermetic seals and be well
vented. Batteries should be mounted above electrical
components to allow hydrogen gas to escape upward
and be mounted in acid-proof containers to avoid
corroding metal surfaces.

The rest wasn’t much better. Battery water was low, but
still above the plates. There was insufficient space to
properly water the batteries or service the system.
Batteries were not insulated against cold weather and
the charge controller lacked any temperature
compensation or regulation. The timing device
appeared overly complicated and inappropriate for this
environment. It had already failed.

Suggestions
Modify the system, in order of priority, as follows:

1. Ground the pole, all equipment cases, and the
negative conductor of the system (if allowed by the
lighting fixture design). Add surge arrestors on cables
to PV modules and lamp.
2. Add pull-out fuse holder/disconnects with
appropriately rated DC fuses for PV and battery
conductors.
3. Seal off the battery compartment and vent it outside.
4. Spray battery terminals with Permatex battery-
terminal fluid after installation. Cover exposed battery
terminals.
5. Replace the separate charge and lighting controllers
with a combined PV lighting/charge controller.

Flashing Lights - Pedestrian Crossing
This system had a sufficient number of modules and
sealed batteries to perform well. Safety-wise it had
major deficits, including no apparent system ground.
One of the brackets holding the flashing light was
cracked open.

All of my preceding comments about battery safety
apply here, with one important addition. The system is
located near the roadway where passing vehicles could
strike the battery enclosure. If one did, the battery
terminals could contact the metal enclosure—with
possibly explosive results.
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The following spectrum of procurement styles and
performance assessments cover the range of PV
purchases.

Minimum Technical Expertise
1. Procure a Turn Key installed system with
performance specifications.
2. Write performance guarantees and warrantees into
the contract. A maintenance contract will usually be
required. Penalties are required for delays in delivery
and poor performance.
3. Performance is assessed by easily observable or
measurable output quantities. The quantities may be
directly observed or read from standard meters. For
instance: A PV-powered light must produce usable
illumination from dusk to dawn, 365 days per year for
five years. A specified amount and quality of AC energy
in kilowatt hours is to be produced each month for ten
years.

The vendor is fully contractually responsible for the
initial and long-term performance of the system.

Moderate Technical Expertise
1. Determine the required performance specifications.
2. Initiate bids for a system that meets those
specifications.
3. Require the following milestones in the contract.
A. Review and acceptance of system sizing and
performance design calculations.
B. Safety review of electrical and mechanical design.
C. Inspection of electrical and mechanical installation.
D. Performance testing of the installed system.
E. Require long term performance and maintenance
warranties as needed.
F. Perform periodic testing if output not easily
observable.

If not otherwise specifically contracted, initial and long
term performance of the system is the responsibility of
the owner.

Expansion of the milestone tasks in this section is
presented in the Milestone Section that follows.

Substantial Technical Expertise
1. Design the system with in-house personnel, specify
components, procure material, build system, and install
system.
2. Set up a maintenance program, if required.
3. Test and evaluate installed system at time of
installation and yearly thereafter. Install monitoring
hardware if necessary (larger systems) and monitor
system performance.

There are no system performance warranties. The
individual components have factory warranties.

System Contract Milestones
Write contracts so that each of the following milestones
are reviewed and approved by the purchaser before
moving on to the next. The contract should require
timely submission of data necessary to evaluate these
milestones. State that the vendor must implement any
required changes to the design, material, or installation
before approval will be granted.

Make it clear that purchaser approval of any or all of
these milestones does not relieve the vendor from
meeting any system performance or warrantee
contractual requirements.

System Sizing Review
The vendor must furnish all information and
calculations used to size the array, inverter, and
storage system (if any). They should also provide
sources of data or actual data for solar insolation and
weather used in these calculations. The vendor should
give the efficiencies of components such as charge
controllers, inverters, and other electronic devices.

System Safety Review
The vendor and purchaser will review the detailed
electrical and mechanical design for safe engineering
practices. This review shall be made early in the
contract before any equipment is purchased.

The review should examine the electrical design for
compliance with the requirements of the National
Electrical Code (NEC) in the following areas:

1. Short-circuit currents in all conductors.
2. Conductor voltage and ampacity ratings.
3. Overcurrent device ratings and locations.
4. Disconnect ratings and locations.

The vendor will furnish full and complete electrical
specifications for each component used. These include
manufacturer’s specification and ratings and any
equations or tables (NEC) used in the electrical design.
The vendor must also use UL-Listed (or equivalent)
components where possible.

Qualified civil engineers will examine the mechanical
design for compliance with applicable building codes.
Emphasis will be placed on wind and snow loadings
and other factors affecting the durability and safety of
the exposed systems.

The planned battery storage installation should provide
the necessary degree of safety for operating and
maintenance personnel.

System Installation Inspection
After the system has been installed, inspect to
determine if the equipment in the electrical and
mechanical design is installed safely and durable.
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Conduct the following tests:

1. Perform dry and wet insulation tests on the
conductors and PV array.
2. Verify the mechanical and electrical integrity of
electrical connections.
3. Assess the mechanical operation of disconnects and
overcurrent devices.
4. Verify the installation of a grounding system and
equipment grounds.
5. Perform appropriate mechanical inspections as
required.
6. Verify the performance of the module/array tracking
system (if used).

System Performance Testing
Use the following electrical tests to
determine the performance of the system
immediately after installation. Perform
only the measurements needed to verify
contracted performance specifications.

1. Perform I-V Curve Tests on modules,
strings, or array.
2. Rate the DC array output at standard
test conditions (STC).
3. Measure the efficiency of the inverter.
4. Measure the storage system capacity.
5. Measure the power produced by the
system under STC.
6. Measure the AC voltage, current and
harmonic distortion produced.
7. Measure the frequency stability.

Continuing System Evaluation
If the output of the system is not readily
observable, or the output decreases over

time, it may be necessary to perform some or all of the
tests listed under “System Performance Testing” on a
periodic basis. The test results might be used to
establish the need for system or component
maintenance. They could also be used to identify
trends in system performance that could be used to
prevent system failures.
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