Chapter 8
Wiring and Fittings

This chapter describes low voltage dc cables and fittings for solar electric
systems. Topics covered in the first sections include choosing cable size
and type, choosing fittings (switches, fuses, connector strips, etc.) and the
method of earthing the system. Tips on connecting cables are given. The
theory of voltage drop is explained in some detail. Two methods of
choosing proper cable size are presented with examples.
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When installing solar electric
systems, follow established
wiring codes for local areas.

A qualified electrician should
supervise the planning and
installation of any elecric
system.

Warning:

Never plug 240 V ac appliances
into sockets wired with 12 V dc
current.  If standard 240 V ac
sockets are used in a solar electric
system, fell everyone who uses the
system not to plug in any equip-
ment without checking its voltage.
Accidental connection of ac appli-
ances info dc power will destroy
the ac appliance and may cause a
shock 1o the unlucky user.

Previous chapters discuss the parts of so-
lar electric systems. Harvested energy is
distributed between these parts using elec-
tric cables and fittings. To make efficient
use of the energy collected by the modules
and stored in batteries, you must choose
cables and fittings carefully. Wiring pro-
cedures are much the same in low voltage
dc systems as with 240 V ac systems, but
there are some important differences, as
explained below. Houses that have previ-
ously been wired for mains or generator
power can easily be adapted to use solar
electric power.

House Wiring Cable

Make sure you choose the proper cable
size when planning your system. Wiring
cable manufactured in East Africais avail-
ablein 1.0mm?, 1.5 mm? 2.5 mm?,4.0 mm?,
6.0 mm?, and 10 mm? (this number refers
to the cross-sectional area of the wire). 240
volt ac systems normally distribute power
using wiring cable with a cross-sectional
area of 1.0 or 1.5 mm?, but this wire is too
small for solar electric systems. Low volt-
age dc systems in small households nor-
mally use 2.5 mm? cable (without a sepa-
rate earth wire) which is also knownas 2.5
mm? twin flat. The black wire serves as the
negative ‘earth’, and the red wire is the
positive ‘live” wire.

15mm2  1.0mm2
cable cable cable cable

4 25mm2

Figure 8.1
Wiring cable

In solar electric systems, multi-stranded
wire should be used instead of single-
stranded wire. Those cables laid where
they will be exposed to the sun should be
sunlight resistant. The insulation of 2.5
mm? twin flat is somewhat resistant to
sunlight (it should last about 5 years be-
fore shredding), but common single insu-
lated strands of wireare not sunlight resis-

tant. When wires pass underground or up
outside walls, they should be run through
conduit, a special type of plastic pipe used
for enclosing electric wire.

Switches, Sockets and Fuses

Switches. Switchesare used to turnlamps,
appliances and
7| other loads ON and
OFF. Theyalsoserve
the important pur-
pose of disconnecting
modules, batteries and
loads during servicing
and emergencies.

Figure 8.2
Standard switch

DC-typeswitches are preferred for low volt-
age solar electric systems. However, be-
cause they are not readily available in East
Africa, installers commonly use standard
240V ac switches. Standard light switches
are sized at 3 and 5 amps, and can safely be
used for lamps of up to 36 and 60 watts
respectively in 12 volt dc systems.

Sockets. Sockets (or power outlets) are
devices into which the plug is inserted to
access power for an appliance. Low volt-
age, high current dc spckets are recom-
mended for solar electric systems. Aswith
switches, however, low voltage socketsare
not readily available in East Africa. For
this reason, standard 240V ac sockets with
switches are commonly used in small solar
electric systems. These sockets, usually
rated at 13 amps, are capable of providing
current for loads up to about 150 W. If a
larger load (i.e. a colour
TV)istobeusedina ® » i
solar electric sys- N —
tem, ask an elec- — "
trician or the ap-

pliance dealer to

helplocatea suita- Figure 8.3

bly sized socket. ~ Socket

Fuses and Miniature Circuit Breakers
(MCB’s). Fuses are devices placed in the
circuit between the battery and the load to
prevent damage from high current to
appliances, modules and charge controller
circuitry. Because batteries are capable of
delivering a very high current, there is a
risk of a fire or damage to the system in the
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Fuses are devices placed in the
circuit between the battery and the
load to prevent damage from high
currentio appliances, modules and
charge controller circuitry.

More system problems are caused
by bad connections than by fail-
ures of the equipment itself.

event of a short circuit.
Whenashortoccurs, %
the fuse “blows” (i.e.

astrip of wire inside (%
melts)and opens the

circuitsothatcurrent Figure 8.4

cannot flow. Oncea Cartridge-type fuses
fuse has blown, the

cause of the high current should be inves-
tigated and repaired before replacing the
fuse with a new one of the same size.

Miniature circuit breakers are small
switches that automatically break the cir-
cuit when there is a short circuit. They can
be switched back ON once the wiring prob-
lem has been corrected.

If the solar electricsystem containsa charge
controller, a fuse is usually positioned
inside the control itself. If there is no
control, or if there are loads that need to be
protected independently, then fusesshould
be included in the circuit. Small systems
usually require only one fuse to protect the
load. Larger systems should havea fuse to
protect each major circuit.

Sizing Fuses. Fuses are rated in amps ac-
cording to the current demand of the cir-
cuit they are protecting. They are sized to
‘blow’” when the current is 20% greater
than the maximum expected current in the
circuit. If, for example, there is a short
circuit in one of the appliances, the circuit
draws much more than the rated current
(i.e. more than 20% higher), and the fuse
rapidly heats up, ‘blows’ and opens the
circuit.

In East Africa, radio dealers and electronic
equipment shops stock fuses of various
sizes, ranging from (.25 amps to 30 amps
or larger. For circuits 5 amps and above,
cartridge-type fuses are commonly used.
Below 5 amps, simple wire fuses or glass
‘automotive’ type fuses are used.

To calculate the required fuse size for each
major circuit, follow the following steps
(see also Worksheet 4, page 110):

1) List the circuits that need to be pro-
tected. Determine the maximum pos-
sible power required by adding the

power in watts of all loads (Column B
on Worksheet). This is the power
drawn when all appliances and lamps
are turned ON.

2) Change the power to current in amps
by dividing it by the system voltage.
This is the maximum rated current in
the circuit (Column C).

3) Increase this figure by 20% of its value
(i.e. multiply this figure by 1.2, see
Column D).

This is the size of the fuse required.

Example: If a twelve volt system circuit
includes a 15W television and three 8 watt
lamps, then the maximum power is 39
watts.

15W + 8W + 8W + 8W = 39 watts

Divide the power by the system voltage
(12 volt):

39 watts + 12 volts = 3.25 umps

Increase this figure by 20%:
3.25 amps x 1.2 = 3.9 amps

In the above circuit example, a4 amp fuse
should be used.

Making Connections

Wires in solar electric systems should be
connected securely, safely and carefully.
More system problems are caused by bad
connections than by failures of the equip-
mentitself. The following tips are given to
help make sure that the initial connections
last a long time.

Use connector strips. Never connect wires by
twisting. Connector strips are insulated
screw-down wire clamps used to connect
wires together in solar electric systems.
They are used instead of junction boxes be-
cause the largestsize cable that
junction boxes can fit is
only 1.5mm?. Con-
nector strips
areavailable
in several
sizes to fit
2.5mm? or
larger wire.

(]
L)

Figure 8.5
Connector strips
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Neat wiring not only looks better,
it is easier fo service and less likely
to get tangled, or crossed and
shorted.

Itis desirable to earth the frames
ond negative terminals of all
modulesinasystem, aswell asany
valuable appliances that you do
not want fo risk destroying.

Prepare wire ends carefully. Strip 1/2 to 1
centimetre of insulation from the end of
the wire. Make sure the wire is clean.
Then, before fixing the wire to a terminal
or connector, twist the end.

Use weatherproof boxes and conduit when
connecting wires outdoors. If connected
outdoors, wires should be enclosed in
junction boxes. Make sure there is extra
wire forentry and exit fromjunction boxes.

Avoid twisting wiresaround terminals. Usea
crimp tool (see Figure 11.1, page 83) if one
is available, to fix ring-type or spade-type
ends to the wire. These are less likely tobe
pulled off or to be affected by corrosion. If
the installation site is near the ocean, sol-
der terminal connections so that they do
not corrode.

Inspect all connections after installing. Make
sure no wires.are loose. Check for places
where bare wire might overlap and cause
a short circuit.

Be neat in wiring. Neat wiring not only
looks better, it is easier to service and less
likely to gettangled, or crossed and shorted.
Align wires coming from terminal strips
so that they are straight.

It is also desirable to earth the frames and
negative terminals of all modules in a sys-
tem, as well as any valuable appliances
that you do not want to risk destroying. In
reality, most small solar electric systems
arenotearthed. This hasnotbeena serious
problem, because the small loads of solar
electric systems are low voltageand do not
carry high enough currents to necessitate
earthing (although large loads should al-
ways be earthed).

However, in areas where lightning storms
are common, earth wires are advisable on
arrays of two or more modules to guard
against lightning damage (one dealer in
Kenya reports that at least four of his sys-
tems have been struck by lightning).
Earthing wires allow the electrical energy
from lightning to pass into the ground
without damaging the module, controller,
or loads.

Solar modulesare earthed by running thick
gauge earth wires from the frame and
negative terminal of each module to an
earthing rod driven into the ground. If
there are several modules in a system,
earthing wires from each module should
be connected to one cable whichrunsto the

Earthing the System

Earth wires protect against electric
shocks to people and against
damage to the system from light-
ning. Earth wires (called ‘ground
wires’ by Americans) provide an
easy path for electricity to travel
through if a live wire accidentally
touches the casing of anappliance,
control box or module. They are
commonly attached from the metal
casings of appliances or modules
toarod driveninto the ground. In
ac systems, one of the three wires
in the plug is an earth wire.

Low voltagedcsystemsare earthed
by connecting the negative (black)
wireto earth. Thisisaccomplished
by connecting the negative battery
terminal to an earthing rod.

Figure 8.6
Earthing the array
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As with water pipes, cables with
lorge cross-sectional areq allow
more current o flow.

earthing rod. Some 40 Wp or larger mod-
ules have a terminal for the attachment of
earthing wires. For example, Arco
(Seimens) modules include a self-tapping
screw to which the earth wire is fixed (see
Figure 8.6). This screw is inserted into a
designated hole in the side of the module,
and the earth wire is wrapped around it
before it is tightened (Note that the wire
should be connected to the negative termi-
nal, as well). An earth wire should also be
attached to the mounting structure itself.

Wire Size, Voltage Drop and
Maximum Wire Runs

As with water pipes, cables with a large
cross sectional area allow more current to
flow than those with small cross sections
(see Figure 8.7). The size of a wire thus de-
termines the amount of current that can
pass through it. Unfortunately, low volt-
agesystemsrequirea higher current to carry
the same power as high voltage systems.
In long cable runs, energy is lost as heat
through the resistance of the wire to the
flow of electricity. If the wire cross section
is notlarge enough to support the current,
a voltagedrop will occur over the length of
the cable. This may damage or cause poor
performance in lamps and appliances

Carries Carries
most least

CUITENT current

7/

4 o5mme  15mm2 10mm?2
cable cable cable  cabe

Figure 8.7
Larger wire sizes carry more current

The example below considers the differ-
ence in current flow between wires that
connect separate 24 watt lamps toa 12 V
battery and 240 V ac grid power (see Fig-
ure 8.8).

Example:
The Power Law (see Appendix 2)isused to
determine the current flowing ineach wire.

Voltage
(volts)

Current
(amps)

Power
(watts)

A 24 watt globe lamp consumes 24 watts of
power regardless of whether itis designed
to work with a 240 V ac or 12 V dc power
supply. However, to produce the same
power as high voltage ac, more current
must flow in the low voltage lamp. Figure
8.8 shows the current draw of highand low
voltage lamps. Notethat the currentdrawn
by the high voltage lamp, 0.1 amps, is 20
times less than the low voltagelamp's cur-
rent of 2.0 amps.

High voltage 24 watts
ac source 240 volts ac
T 0.1 amps

24 watts

12 volts dc
Low voltage 2.0 amps
dc source

N2

=~

NI

High curren flow

Figure 8.8
Current flow in high and low voltage systems

The above discussion makes it clear that
low voltage systems use a much higher
current than high voltage systems. Cables
for low voltage systems must be large
enough in diameter to carry this high cur-
rent. In small home systems, 2.5 mm? wire
isusually sufficient for all short cable runs;
however, it is still good practice to calcu-
late the voltage drop for all cables, espe-
cially those that connect solar modules
and batteries.
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Voltage drop is a loss of voltage
{and hence power) due 1o resis-
tance in long runs of cable.

If the conditions in the box to
the right hold true for your
system, you do not need to go
through the wire sizing process.
Use 2.5 mm?cable through out.

Figure 8.9
Voltage drop table

What is Voltage Drop?

Asmentioned above, voltagedropisaloss
of voltage (and hence power) due to resis-
tance in long runs of cable. It occurs inall
wire runs, but is only a serious problemin
low voltage systems with long cable runs.

Suppose that the 24W lamp operated from
abattery in theabove exampleislocated in
a kitchen 50 metres from the battery (see
Figure 8.10, page 56). How much of a
voltage drop will there be if a 1.5 mm?
cable carries the power to the lamp? Will
the voltage drop affect the performance of
the lamp? If so, what wire size should be
used?

These questions need to be answered be-
fore installing the lamp. Whether voltage
drop will affect an appliance depends on
the appliance (fluorescent lamps may be
ruined when run at a voltage below the
recommended level). It is good practice
not toallow voltagedrops of more than5%
on a cable, but in most cases equipment in
small systems can tolerate up to 10% volt-
age drops.

Whether the wire sizechosenina cablerun
islargeenough canbe determined in either
of two ways: By using Maximum Wire
Run tables or by calculating the voltage
drop. Both methods are described in the
following sections.

For either method, first follow the instruc-
tions below (see Worksheet 4, page 110):

1) Listeach wirerun together withitsone
way distance. Write them in Columns
A and B in the worksheet.

2) Find the current passing through each
wire. To do this, add the power in
watts of all the lamps.and appliances
on each wire run, and divide by the
voltage. Write thison the worksheetin
Column C.

3) Use the Maximum Wire Run tables
(see page 55) to determine the maxi-
mum length that can be used with a
given type of wire. Alternatively, fol-
low the instructions for calculating the
exact voltage drop for each run on
page 55.

Using Maximum Wire Run Tables
Tables 8.2 and 8.3 give the maximum run
of cable that can be used between modules,
batteries, and loads in 12 and 24 volt sys-
tems under various currents. They should
be used as described below:

* First, calculate thecurrentinamps that
the wire will carry (as entered in col-
umn C of the worksheet). Ifina 12 volt
system, for example, there are two 8
watt lTamps at the end of a wire, the
current being carried by the wireis 1.3
amps (8W x 2 lamps + 12 volts = 1.3

amps).
Veltage Drop Table
Column A Column B Column C Column D Column £ Columa F
Cable run Distance Maximum Kvalueof  Total resisitance  Voltage &rop Is voltage
. . of cable current intended wire drop too high?
(list each major run) (metres) {amps) (ohms/metre) (ohms) {wvolts) {Yes/No)
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Table 8.2: 12 Volt System Maximum Wire Length in Metres (0.6 V max voltage drop, or 5%)

Increasing system voltage
decreases voltage drops
in long runs.

Wire Size Load Current
(mm?)

2 amps 4 amps 6 amps 10 amps
1.5 11 metres 6 metres 4 metres 2 metres
2.5 19 9 6 4
4.0 30 15 10 6
6.0 44 22 15 g
10.0 75 38 25 15

Table 8.3: 24 Volt System Maximum Wire Length in Metres (2.0 V max voltage drop)

Wire Size Load Current
(mm?)

2 amps 4 amps 6 amps 10 amps
1.5 37 metres 19 metres 12 metres 7 metres
2.5 63 31 21 13
4.0 100 50 33 20
6.0 147 74 49 29
10.0 250 125 83 50

e Next, read from the table the load cur-
rent in amps that is closest to this fig-
ure. If the current is not listed in the
tables, read the nexthigher figure. (For
example, in Table 8.2, if the current to
be carried is 3 amps, read down the 4
amp column).

* Read across the row for the corre-
sponding wire size. 'na 12V system,
for example, if the current to be car-
ried by the cable is 4 amps, and the
wire size is 2.5 mm?, then the maxi-
mum distance that the appliance can
be placed from the source is 9 metres.

Example 1

The24W lamp mentioned on page53draws
2.0amps at 12 volts. Reading down the 2.0
amp column, the maximum distance thata
1.5 mm? cable carrying 2 amps could sup-
port without a 5% voltage drop (i.e. 0.6
volts)is 11 metres. The maximumdistance
a 2.5 mm? wire could run without signifi-
cant losses is 19 metres. A 4 mm? cable
would safely be able to carry 2 amps up to
30 metres.

Note from Table 8.3, that if the lamp was

run on 24 volts dc, the voltage drop is
much less, and that even a 1.5 mm? wire
could be used to transmit the current 37
metres at that voltage. Increasing system
voltage decreases voltage drops in long
runs.

Calculating Voltage Drop

Instead of using the above tables, it is
possible to calculate the voltage dropona
cable run using simple electric principles.
Ohm'’s Law states that voltage is equal to
the currentinamps multiplied by theresis-
tance in ohms (see Appendix 2). This can
be used to calculate the voltage drop in a
circuit as follows:

Resistance, R
(Ohms)

Voltage drop Current, |
{volts) “| (amps)

To calculate voltage drop, one must first
know three values:

s the current flow through the wire in
amps (I);

e thedistance of the cable run in metres;
and,
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Ohms Law:
voliage drop =
current x resistance

o theresistancefactor, K, of theintended
cable in ohms per metre (see Table
8.4). Multiplying the distance of the
wire by the resistance factor gives the
total resistance, R.

The voltage drop in each wire is calcu-
lated, using Worksheet 4 (see pages 71 &
110), as follows:

1. Identify each cable run and note its
one-way length in Columns A & B.

2. Determine the maximum current that
each cable will carry as described on
page 54. Write thisdownin columnC.

3. Determine the resistance factor, K, of
the intended cable using Table 8.4.
Note this value in Column D. For ex-
ample,a 1.5 mm? copper wire hasa K
value of 0.027 ohms per metre.

4. Calculate the total resistanceof the cable
by multiplying the resistance factor
(Column D) by the distance of the wire
(Column B):

Total Resistance

{(ohms)
Resistance Factor, K x Legnth of Cable
{(ohms/metre) {metres)

Write this value in Column E.

5. Using Ohm's Law, calculate the volt-
age drop through each cable. The
voltage drop will be equal to the total
resistance (Column E) multiplied by
the maximum current carried in the
wire (Column C). If the voltage drop

Voltage 12 volts

Table 8.4: Resistance Factors for Copper Cables

Wire Area | Resistance Factor, K
(mm?) (ohms/meter)
1.0 0.040
1.5 0.027
25 0.016
4.0 0.010
6.0 0.0068
10.0 0.0040
16.0 0.0026

is greater than 5%, consider using a
larger diameter cable. If the voltage
drop is greater than 10 %, use a larger
cable.

= maximum current x total resistance
{Column C) (Column E)

v

dr

Example 2 shows how to use the work
sheet to calculate voltage dropin a system-
atic manner.

Example 2:

Suppose electricity is provided for a 24
watt lamp in a kitchen 50 metres from the
power source using 1.5 mm? cable. Using
Ohm’s Law, it is possible to compare the
voltage drop of a 240V ac system witha 12
V dc system (see Figure 8.10 & 8.11).

1. The current passing through and the
length of each wire is given in Table
8.5. Fora 12 volt system this is 2 amps.

2. The resistance factor of the 1.5 mm?
cable, from Table 8.4, is 0.027 ohms/
metre.

24
watt lamp

15 mm?2 cable

X

e
i

Figure 8.10
Voltage drop in a 12 volt dc system

50 metres
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Table 8.5: Example Calculation of Voltage Drop in High and Low Voltage Systems

y Fittings

240 volt ac 12 volt dc
globe lamp globe lamp
Current (amps) 0.1 amp 2.0 amps
Length of Wire (m) 50m 50m
Resistance Factor, K
(1.5 mm? cable) 0.027 ohms/m 0.027 ohms/m
Total Resistance
(K x 50 metres) 1.35 ohms 1.35 ohms
Voltage drop 0.12 volts 2.8 volts
Voltage at Lamp 240 volts 9.2
Percent
Voltage Drop (%) <0.1% 23.3%

3. The total resistance of the wire is cal-
culated by multiplying the resistance
factor by the length of the wire. Note
that the number is equal forboth 240V
ac and 12V dc because the wire is the
same in each case.

4. Next, as per Ohm's Law, the total re-
sistance is multiplied by the current
carried in the wire. This gives the
voltage drop.

For the 240 V cable, there is little voltage
drop over 50 metres. This shows the ad-

mitting electricity over long distances.

However, for the 12 volt lamp, the voltage
drop is 23%. This drop is too high, and a
larger diameter wire size needs to be used.
Voltage drops over 5% are not recom-
mended; but, because of the high cost of
thicker cable, drops of up to 10% may be
allowed in small systems to save money.
In the example above, a 4.0 mm? cable
givesa voltage drop of less than 10%. Note
that 50 metre cable runs in small solar
electric systems are not appropriate be-
cause of the large voltage drop and the

vantage of high voltage acpower fortrans-  high cost of the cable.
Voltage Drop Table
Column A Colomn B Column C Column D Column E Column F
Cable run Distance Maximum Kvalueof  Total resisitance  Voitage drop Is voltage
of cable current intended wire drop too high?
(list each major run) (metres) (amps) (ohms/metre) (ohms) (volts) (Yes/No)
Main House to kitcleeh SOM| 2 A D-D27 13501 2.2y | Yes

Figure 8.11 Filled voltage drop

table for example 2
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