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their axis:
• Horizontal Axis Wind Turbine (HAWT)
• Vertical Axis Wind Turbine (VAWT)

5.2.1 Horizontal Axis Wind Turbine (HAWT)
Horizontal axis wind turbines (HAWTs) are the most common type of wind turbine. 
Their design is very similar to a windmill and the blades are of a propeller type that 
spins on a horizontal axis. 

HAWTs have the main rotor shaft and electrical generator at the top of the tower. 
They may be divided into upwind and downwind turbines, depending on whether 
the tower is behind or in front of the blades, relative to the incoming wind.

Upwind turbines (Figure 5.10) must be pointed into the wind. Small wind turbines 
have a simple wind vane to point them into the wind (Figure 5.10), however bigger 
wind turbines use wind sensors coupled with a servo motor arrangement to turn 
them into the wind, rather than a vane. The tower is located behind the rotor blades 
and as a result doesn’t produce much turbulence on the blades. The blades must be 

Larger downwind turbines (Figure 5.11) have the advantage of requiring neither 
wind sensors nor servo motors to keep them in line with the wind direction. However, 
as the incoming wind impacts the turbine’s tower before reaching the blades, 

reliability issues, most HAWTs are upwind machines.

5.2.2 Vertical Axis Wind Turbine (VAWT)
Vertical axis wind turbines or VAWTs have the main rotor shaft arranged perpendicular 
to the mounting surface. The main advantage of this is that they don’t need to be 

highly variable direction and turbulent winds.
Unlike the HAWT the generator and other important components don’t need to be 

lifted to the tower height but can stay near the ground. 

Figure 5.10: Pawicon 2.5kW 
Upwind Turbine.

(Source: Paul Gipe, WindEnergy)

Figure 5.12: a) Upwind and b) downwind HAWTs.

Upwind Machine

Wind Direction

Downwind Machine

Wind Direction
Figure 5.11: Proven 6 kW 

Downwind Turbine 
(Source: Tobi Kellner [CC BY-SA 3.0], 

via Wikimedia Commons).
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9.3 
9.3.1 Machine Losses

losses for a given operating point. These consist of the combination of friction in the 
bearings and any mechanical transmission, windage, winding resistances (copper 
losses) and magnetising losses (iron losses). These losses are combined to give the 

9.3.2 Combustion Losses (Temperature, 
Humidity, Altitude)

conditions with regard to the density of the air which is being mixed with the fuel. The 
optimum air to fuel ratio for burning all the fuel with no excess air or fuel left over is 
known as the stoichiometric mixture ratio (typically given as 14.7:1 for petrol, 14.5:1 
for diesel and 17.19:1 for methane). Running higher quantities of fuel in the mixture 
(known as running rich) will result in incomplete combustion of the fuel but often 
results in more power and lower running temperatures, while reduced quantities 
of fuel in the mixture (running lean) means that excess air is being pulled through 
the engine unused and typically results in higher temperatures and reduced power. 

by temperature, humidity and altitude above sea level. Actual derating factors are 

and/or intercooling of the inlet air can assist in improving performance under these 
conditions relative to a naturally aspirated genset.

AUSTRALIAN STANDARDS
If the manufacturer’s derating 
specifications are not available, a 
generic set of derating factors is 
available in AS/NZS 4509.2:2010 
Table 4.

EXAMPLE

Altitude derating: 3.5% per 300 m above sea level.
Temperature derating: 2.8% per 5°C above 25°C.
Humidity derating: 1.5% per 10% humidity above 50% if ambient temperature is >40°C.

65% during summer.

− 0.0175 = 0.9825

× = 0.0175 3.5 %
100 %
3.5 %
100 %

 
300m

(150 − 0)m
Altitude derating: 

− 0.1120 = 0.8880

× = 0.1120 2.8 %
100 %100 %

 
5°C

(45− 25)°C
Temperature derating: 

− 0.0225 = 0.9775

× = 0.0225 1.5 %
100 %100 %

 
10 %

(65 − 50) %
Humidity derating: 

(1 - 0.0175) × (1 - 0.1120) × (1 - 0.0225) = 0.8528 
= 85.3% 

The total genset efficiency is therefore:
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11.2.5 Stand-alone, Grid-connect and 
Multimode Inverters
There are three main categories of inverters available in the market: stand-alone 
inverters, multimode inverters and grid-connect inverters.  It is important to 

Stand-alone Inverters
Stand-alone inverters (Figure 11.19) are designed to provide AC power at Low Voltage 
from batteries which are typically powered by a renewable energy power source. 
These inverters are not designed to connect to or to inject power into the  
electricity grid. 

The inverter’s output provides mains equivalent power within the inverter’s 

inverter and in fact is often responsible for “forming” and maintaining the  
stand-alone grid. 

These inverters fall into the following categories: simple unidirectional inverters, 
bidirectional inverter-chargers, DC bus interactive inverters and AC bus interactive 
inverters. These are described as follows:

Unidirectional inverters only connect the battery bank to the AC loads.  It is 

with the intended loads. These inverters will fail if there is another AC source on the 
load side. However some inverter brands allow their inverters to parallel provided one 
inverter acts as the master to control synchronising the other inverters which act as 
the slaves. There is always a maximum number of inverters that can be paralleled in 
this way.

connected to a solar charge controller, which feeds power to the battery storage 
system. The solar charge controller may have an MPPT but stand-alone inverters 
do not have the same MPPT function as grid-connect inverters. The stand-alone 
unidirectional inverter is connected to the battery bank and the loads (Figure 11.20). 

INTERNATIONAL STANDARDS
IEC 62109.2:2011 Clause 3.109 defines 
a stand-alone inverter as “an inverter 
or inverter function intended to 
supply AC power to a load that is not 
connected to the mains”, regardless of 
whether it is designed to be paralleled 
with other non-mains sources (e.g 
other inverters, rotating generators).

DID YOU KNOW?
Stand-alone, grid-connect and 
multimode inverters can also 
be referred to as grid-forming, 
grid-following and dual-
mode respectively.

Figure 11.19: An example of 
a stand-alone inverter – the 

Latronics LS Series.
(Source: Latronics)

REMEMBER
Battery voltage varies with SOC: 
the nominal voltage of a battery 
is a reference value that may be 
defined as the midpoint voltage 
of the battery cell between fully 
charged and fully discharged.

Unidirectional
inverter

AC isolator

DC isolator
DC isolator
(optional)PV array

Charge
controller Battery bank

Load distribution
board

Loads

Battery
fuse switch

Figure 11.20:
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Grid-connect Inverters
A grid-connect inverter (  and 11.24), also known as a grid-tied inverter, 
is capable of producing an AC signal compatible with the grid. This inverter must 

the relevant standards. Grid-connect inverters cannot independently produce an AC 
output: the inverter must be able to reference the grid or grid-substitute to be able to 
connect to it. Without the grid reference, the inverter will not operate.

Grid-connect inverters generally contain an MPPT that keeps the PV array at its MPP. 
These inverters have a permissible DC voltage window within which the solar PV must 
be operating before the inverter is able to produce the necessary AC voltage output 
to match the grid (see Chapter 15 for more information on MPPT voltage windows).

Grid-connect inverters require grid protection to ensure that the inverter will not be 
exporting power to the grid when there are abnormal grid conditions. The operating 
requirements imposed on a grid-connect inverter mean that the inverter has active 
and passive protection and that the inverter must shut down in certain conditions.

Grid-connect inverters are installed in stand-alone systems with AC bus interactive 
inverters. The grid-connect inverters allow the renewable energy source, typically PV 

AC interactive
inverter

AC isolator

DC isolator
Grid-connect

inverterPV array

Battery bank

Load distribution
board

Loads

Battery
fuse switch

Genset

Figure 11.22:

INTERNATIONAL STANDARDS
IEC 62109.2:2011 Clause 3.101 defines 
a grid-interactive inverter as “an 
inverter or inverter function intended 
to export power to the grid”.

Figure 11.23: An example of a 
grid-connect inverter – the Fronius 

IG TL.
(Source: Fronius International GmbH)

Grid-connect
inverter

AC isolatorDC isolator

PV array

Switchboard

Grid

Loads

Figure 11.24:

susanneill
Highlight



Stand Alone Power Systems: Design & Installation 8

Page | 327© 2019 GSES Chapter 14: Inverter and Battery Sizing

14.1 Total Daily Energy Use
Chapter 13

demand can be calculated. When selecting and sizing the battery bank for either a DC 
bus or AC bus system, the total energy demand at the battery bank is determined by 
all energy demand requirements and system losses up to the battery connection. This 
value is also used when determining the size of renewable energy generators in DC 
bus systems.

Where:
• ETOT = Total design daily energy demand from the DC bus, i.e. the battery (in Wh) 
• EDC = Daily design DC energy demand (in Wh)
• EAC = Daily design AC energy demand (in Wh)
• ηINV

design energy demand (dimensionless)

14.1.1 Determination of System Voltage

Traditional system voltages are 12, 24 and 48 volts DC, given the commonality of 
power conditioning equipment that operates at these voltages. However, as larger 
systems become more prevalent and system equipment reduces in cost, it is not 

may be determined by demand, conductor size, equipment cost/availability, or access 
and safety requirements.

As a general rule, for DC bus systems and AC bus systems less than 20 kWh, the 
recommended system voltage increases as the total load increases. For small 
daily energy demand, a 12 V system can be used; as the load increases (or as peak 
demand increases) the system voltage will increase possibly up to the limit of low 

banks may be used in parallel to keep the sub-system at Extra Low Voltage (ELV) 
to provide the required capacity. Parallel battery banks can be used at any system 

 =ETOT

  EAC

˜ INV

EDC +

DID YOU KNOW?
There are software tools available, 
such as HOMER Energy, which 
can help to perform load 
profile analyses.
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Figure 14.1:

the blue period (over which time 
1800 Wh were consumed) and 
60% during the green period 

(over which time 200 Wh 
were consumed).

REMEMBER
Australian Standards define the 
voltage classifications in Table 14.1.

Table 14.1: Voltage 

Australian Standards.

DC (VDC, 
ripple free)

AC 
(VRMS)

ELV ≤120 ≤50

LV 120-1500 50-1000

HV >1500 >1000

EXAMPLE

Figure 14.1) only has two power steps, 
one where 200 Wh were consumed and another where 1,800 Wh were consumed. 

60% and the 1,800 Wh energy demand (at 110 W) was supplied at an inverter 

 =  = 2,333Wh ETOT +
0.6 × 1
200 Wh

0.9 × 1
1,800 Wh

loads was 2,333 Wh.
IMPORTANT
For safety purposes, including 
protection and signage 
requirements, battery systems and 
associated PCE may be classified 
using the Decisive Voltage 
Classification (DVC) system. This 
accounts for situations in which 
parts of the battery sub-system 
are at potentially harmful voltages. 
Parts of the battery sub-system may 
fall under different classifications. 
DVC classification of PCE ports is 
provided by manufacturers as part 
of IEC 62109-1.
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15.5 Genset Derating
The derating factors should be supplied by the manufacturer; typical values are 
shown in Table 15.8.

Table 15.8: Typical genset derating factors

multiplied together.

Air temperature Derate 2.5% for every 5°C

Altitude Derate 3% for every additional 
300 m above 300 m altitude

Humidity

Air temperature between 30°C 
and 40°C

Derate 0.5% for every 10% above 
60% humidity

Air temperature between 40°C 
and 50°C

Derate 1.0% for every 10% above 
60% humidity

Air temperature above 50°C Derate 1.5% for every 10% above 
60% humidity

AUSTRALIAN STANDARDS
Table 15.8 is taken from 
AS/NZS 4509.2:2010 Clause 3.4.11.5.

EXAMPLE
A genset is to be installed at an altitude of 1,500 metres above sea level, and may 
be operational during maximum ambient air temperatures of 35°C and 80% 
relative humidity.

Derating due to temperature =             × 2.5% = 5%
35 - 25

5

Derating due to humidity =      × 1.0% = 2%
80 - 60

10

Derating due to altitude =            × 3% = 12%
1,500 - 300

300

Total derating of the genset = 0.95 × 0.98 × 0.88 = 0.82, resulting in a derating 
factor of 82%.
If the minimum SGEN, calculated in Section 15.4, was 8.9 VA, the smallest genset 
that could be used would have a rating of 8.9 VA ÷ 0.82 = 11 VA.
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16.1 Cable Selection and Sizing
The cables in an installation must be selected with an insulation operating rating 
of at least the highest voltage expected to be to be encountered, indeed common 
practice is to test the insulation at twice the nominal operating voltage during 
system commissioning. It is important to note when working on ELV systems that 
the cable often sold in automotive and hardware stores for use on 12 V DC systems 
is often insulated to those levels and may not be suitable for use on 24 V DC or 48 V 
DC systems.

The cables in an installation must be sized correctly so that: 
1. There are not excessive line losses (called voltage drop) in the cable; and
2. There is not excessive current through the cables compared with the safe 

current handling capability of the cables.
Most cables available commercially can be used in SAPS wiring so long as the 

In some situations (e.g. leads from the battery) the current will be quite high and 
DC rated cables may be more appropriate. Always ensure that the maximum voltage 
rating of any cable is never exceeded.

cables. Follow their guidelines at all times.

16.1.1 Excessive Current
Line losses in a wire are a function of three parameters: 

1. Conductor cross sectional area;
2. Length of the conductor; and
3. 

Line losses are measured in terms of voltage drop, which is the loss of voltage due to 
the wire’s resistance. Excessively long wire runs will result in loss of power to the load 

and equipment. Inductive loads, such as motors, are particularly sensitive to voltage 

voltage drop in that wire. If the voltage drop is too large in the battery cable, there 

an inverter.
The relationship between voltage drop, cable cross-sectional area (CSA), cable 

 =Vd

  2 × L × ˜ × I × cos ° 
A

Where:
• Vd = Voltage drop (in V)
• L = Route length (in m)
• ρ = Resistivity of the cable (in Ω/m/mm2)
• I
• cosΦ = Power factor (include only for AC cables)
• A = Cross-sectional area (in mm2)

NOTE
If the cables are selected to 
just carry the design maximum 
demand, then there is no scope 
for extending the system without 
re-wiring.

AUSTRALIAN STANDARDS
For LV systems, as per 
AS/NZS 5033:2014 Clause 
4.3.6.2, tinned copper cabling 
is recommended for use in the 
array cable to reduce the cable’s 
degradation over time.

IMPORTANT
The greater the wire’s length, the 
greater its resistance to current flow.

NOTE
The 2 in the formula assumes 
equal length positive and negative 
conductors, which is usually 
the case. If they are not equal 
then instead of using 2 x route 
length, use positive length plus 
negative length.
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However, resistivity depends on the material of the conductor (e.g. copper, tinned 
copper, aluminium) as well as temperature. For this reason, it is industry standard 
in Australia to state the equation in terms of VC

installation method, conductor CSA and temperature.

Where:
• Vd = Actual voltage drop (in V)
• L = Route length (in m)
• I
• Vc= Millivolt drop per amp-metre route length (in mV/Am)

Tables of VC values may be provided by the cable manufacturer, or otherwise can be 
found in the relevant Australian standards. The voltage drop values are typically for 
three-phase AC circuits, which can then be converted to single phase AC or DC values 
by multiplying by 1.155. 

As current is inversely proportional to voltage in a cable carrying a certain amount 
of power, a higher system voltage will reduce the voltage drop in the system’s wiring.

EXAMPLE

manufacturer provides the following three-phase VC values at 60°C for various 
conductor CSAs:

• 2.5 mm2 copper multicore cable: 14.9 mV/Am
• 4 mm2 copper multicore cable: 9.24 mV/Am
• 6 mm2 copper multicore cable: 6.18 mV/Am

Since these values are for a three-phase circuit, they will need to be multiplied by 

If using 2.5mm2 cable, the actual voltage drop will be:

 =Vd

  4 m × 13 A × (14.9 mV/Am × 1.155)
1,000

 = 0.89 V

However, if a larger 6 mm2 cable were to be used, the voltage drop would be:

 =Vd

  4 m × 13 A × (6.18 mV/Am × 1.155)
1,000

 = 0.37 V

AUSTRALIAN STANDARDS
AS/NZS 3008.1.1:2017 Clause 4.2

specifies how to determine the 
voltage drop using V

C
. Tables 40 

to 51 in AS/NZS 3008.1.1:2017 
provide three-phase V

C 
values for 

different conductor types, sizes 
and temperatures.

 =Vd

  L × I × VC

1,000
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EXAMPLE
If you are using a 100 W load, the current required from a 240 V supply is:

 = 0.42 A100 W
240 V

And the voltage drop over 10 m in a 2.5 mm2 cable used in the previous  
example is:

 = 0.072 V10 m × 0.42 A × (14.9 mV/Am × 1.155)
1,000

If you have a 24 V system, the current required for the same 100 W load is:

 = 4.2 A100 W
24 V

And the voltage drop over 10 m in the same 2.5 mm2  cable is:

 = 0.72 V10 m × 4.2 A × (14.9 mV/Am × 1.155)
1,000

So the voltage drop in a 24 V (ELV) circuit is ten times that in an equivalent  
240 V (LV) circuit.

 

Permissible Voltage Drop in Conductors
Main battery cables are often supplied by the inverter manufacturer. Do not extend 

these cables. Their diameter has been carefully selected to minimise the voltage 

correctly sized (larger cross-sectional area) cables.
Cables from the solar array to the batteries should be selected so that the voltage 

drop between the array and the batteries is less than 5% of the system voltage. It 
is also recommended that the voltage drop between the batteries and any load be 
limited to 5%, especially in 12 V systems.

by the system voltage:

 Loss =
Vd

VDC

 Where:
• Loss = Maximum voltage drop in the cable (dimensionless, i.e. 5% = 0.05)
• Vd = Voltage drop (in V)
• VDC = System voltage (in V)

AUSTRALIAN STANDARDS
AS/NZS 3000:2018 Clause 7.5.7 
requires that voltage drop in an ELV 
installation does not exceed 10% 
of nominal voltage under normal 
operating conditions (excludes motor 
start etc.).

AS/NZS 4509.2:2010 Clause 3.4.12 and 
Table 5 override AS/NZS 3000:2018 
and call for less than 5% voltage 
drop in photovoltaic cables and 
battery bank to DC loads while wind 
and micro-hydro generators are 
allowed up to 10% voltage drop at 
rated output.

AS/NZS 5033:2014 Clause 2.1.10 (c) 
Voltage drop in cables does not apply 
to ELV installations.
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Alternatively, the previous formulae can be rearranged to give the maximum 
permitted VC for a given voltage drop:

VC = 
L × I

1,000  × Loss × VDC

Where:
• VC = Millivolt drop per amp-metre route length (in mV/Am)
• Loss = Maximum voltage drop in the cable (dimensionless, i.e. 5% = 0.05)
• VDC = System voltage (in V)
• L = Route length (in m)
• I = 

In conjunction with tabulated VC values for a variety of cable sizes, the minimum 
required conductor CSA to meet the voltage drop requirements can then 
be determined.

Table 16.1 shows tabulated three-phase VC values for a particular battery cable. 
Similar tables can be obtained from local standards or cable manufacturers. 

Table 16.1: Example three-phase VC
formation (mV/Am).

Conductor CSA 
(mm2)

Conductor temperature (°C)

45 60 75 90 110

0.5 74.2 78.2 82.2 86.1 91.4

1.0 37.1 39.1 41.1 43.1 45.7

1.5 25.3 26.7 28.0 29.4 31.2

2.5 15.2 16.0 16.8 17.6 18.7

4 9.42 9.92 10.4 10.9 11.6

6 6.28 6.62 6.96 7.29 7.74

10 3.64 3.84 4.03 4.22 4.48

16 2.31 2.43 2.56 2.68 2.85

25 1.50 1.58 1.66 1.74 1.84

35 1.07 1.13 1.18 1.24 1.31

50 0.760 0.798 0.837 0.875 0.926

70 0.551 0.577 0.603 0.630 0.665

EXAMPLE
Using Table 16.1, determine the minimum cable size required for an array where:

• Route length = 20 m,
• Maximum current = 15 A,
• System voltage = 24 V, and
• Maximum allowable voltage drop = 5%.

 1,000 × 0.05 × 24 VMaximum VC = 20 m × 15 A 
= 4 mV/Am (DC)

Converting to three-phase:
4 mV/Am ÷ 1.155= 3.46 mV/Am (three-phase AC)

Assuming the selected cable may operate up to its rated insulation temperature of 
90°C, the minimum conductor CSA that meets the calculated VC requirement is a 
16 mm2 cable.

NOTE
In some cases, V

C
 tables are only 

available for three-phase values. 
Multiply the three-phase values 
by 1.155 to convert to single-
phase values Similarly, divide the 
maximum V

C
 in single phase AC or 

DC values by 1.155 to convert to 
three-phase values. 

AUSTRALIAN STANDARDS
The values in Table 16.1 are taken from 
Table 47 in AS/NZS 3008.1.1:2017, 
and will not be appropriate for 
all installations. Refer to Tables 40 
to 51 in AS/NZS 3008.1.1:2017 or 
manufacturer’s datasheets for the 
table applicable to the install situation.
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EXAMPLE:

to a battery bank. For this exercise assume the main battery protection is not 
sized to protect the array cable. Each string has 2 modules in series, with the 
following characteristics:

• VMOD 24 V
• ISC  5.4 A
• IMOD REVERSE 15 A

What size array cable and array fuse are required? 
What size string cable is required? Does it meet voltage drop requirements?
Is string protection required? If so, what size?
Table 16.6 has been provided by the cable manufacturer to assist in selection of 
cable sizes.

Table 16.6:

Conductor size 
(mm2)

Cable diameter 
(mm)

Current rating  
(A)

Voltage rating 
(VDC)

2.5 6.3 21 1,000

4 6.9 27 1,000

6 7.4 34 1,000

10 8.6 48 1,000

16 9.8 63 1,000

Array protection
Must be between 1.25 and 2.4 times the array short circuit current
Hence:  Minimum fuse size = 1.25 × 3 × 5.4 = 20.25 A

Maximum fuse size = 2.4 × 3 × 5.4 = 38.9 A

Array cable
The nominal current of the fuse cannot exceed 90% of the current 
carrying capacity of the cable. 30 A divided by 90% is 33.3 A, so the 
CCC of the cable must be larger than this.

Table 16.6) is 6 mm2 with a CCC of 34 A.
String protection
Not required, as IMOD MAX OCPR = 15 A which is greater than ISC MOD × (NP - 1) =  
5.4 A × 2 = 9.8 A.
String cable (without protection)
Must be between the rated trip current of the nearest downstream protection 
device (the array fuse) + 1.25 × the short circuit current from the other strings.
Hence string cable size = 30 A (array fuse) + 1.25 × 5.4 × 2  
(fault current that can come from the other two strings) = 43.5 A
Based on Table 16.6, the cable chosen is 10 mm2 with a CCC of 48 A.
Maximum permissible voltage drop (Vd)= 0.05 × 48 = 2.4 V

 =Vd

  (2 × L × I × R)

A
And

 =L
  (2 × I × R)

(Vd × A)
 =  = 121.4 m

  (2 × 5.4 × 0.0183)
(2.4 × 10) 

CONTINUED ON NEXT PAGE
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16.2.4 Genset Overcurrent Protection
Genset connections must be protected from overcurrents. This is usually incorporated 
into commercially produced generating sets, but should otherwise be provided by an 
external circuit breaker or HRC fuse/s.

Other protective devices include reverse power and/or armature overspeed relays 
for protection against “motoring” the genset by back-feeding current into it. On three 
phase gensets, a phase failure relay is desirable to avoid overloading one or more 
phases and/or damaging external equipment should an internal open circuit develop 
in the genset windings.

16.2.5 DC Load Sub Circuit Protection
If the SAPS includes DC loads not supplied via the battery inverter, the system shall be 
protected against damage due to accidental short circuits by the use of fuses or circuit 
breakers. Individual circuits from the battery should have a maximum rated capacity 

water pump).

overload and short circuit by a fuse or circuit breaker. This fuse or circuit breaker shall 
have a current rating:

a. not less than the maximum demand current of the protected circuit
or circuits,

b. not less than the highest current rating of any overload protective device on
the portion of the installation being protected, and

c. not exceeding the current carrying capacity of the protected conductors.

AUSTRALIAN STANDARDS
Appendix J of AS/NZS 5033:2014 
includes worked examples of many 
different types of installations.

AUSTRALIAN STANDARDS
AS/NZS 4509.1:2009 Clause 4.5.2 
states that the overcurrent protection 
at the output of a SAPS must be rated 
to protect the consumer mains. This 
applies specifically to AC load systems.

 =Vd

(2 × L × I × R)  and L =  = 30.4 m
(Vd × A)

A   (2 × I × R)
 =

(2 × 5.4 × 0.0183)
(2.4 × 2.5)

So

 =Vd

  (2 × L × I × R) and L =  = 30.4 m
(Vd × A)

A   (2 × I × R)
 =

  (2 × 5.4 × 0.0183)
(2.4 × 2.5) 

So the string cables must be less than 30 m to have a voltage drop of less than 5%. 
Otherwise, a larger cable must be selected.

comparing the price of 3 string fuses and housing with the cost of 10 mm2 string 
cabling instead of 2.5 mm2 string cabling.

Hence the maximum length for a voltage drop of 5% in this cable is 121 m. This is 
easily achieved for a string cable. 
Hence voltage drop requirements are fulfilled. 
String cable (where protection is used)
The string fuse, if present, must be between 1.25 and 2 times the module short 
circuit current. 
Hence:   Minimum fuse size = 1.25 × 5.4 = 6.75 A
 Maximum fuse size = 2 × 5.4 = 10.8 A
The fuse chosen is 10 A, and the minimum CCC of the string cable is 10 A ÷ 0.9 
=11.1 A.
Hence the cable chosen (from Table 16.6) is 2.5 mm2 with a CCC of 21 
A.Evidently, with string protection, the cable required is much smaller (and 
hencecheaper), however the voltage drop requirements must still be met.

susanneill
Highlight
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Fault in the AC Distribution Board (or AC Bus)
A fault in the AC bus only permits fault current from the battery inverter, as shown by 
the green arrow in Figure 16.4. Possible causes might be:

• Short circuit.
• Overload.
• Earth leakage (insulation breakdown or person providing current path to earth

through body).
Inverters are inherently a current limited source: i.e. internal protection will shut 

down the inverter if an external short circuit or overload condition is detected; 
however up until that point is reached an inverter will attempt to supply up to its 
rated surge current into the load. Accordingly, circuit breakers and/ or HRC fuses will 
be required to protect the cables.

Personnel protection will need to be provided in accordance with local codes and 
regulations – typically by means of an RCD, either a dedicated RCCD (residual current 
fault only) or combined with the overload protection in the form of an RCBO. 

16.2.7 Disconnection Devices
Disconnection devices allow parts of the system to be electrically isolated. They can 
be split into two categories:

1. 
through them; these devices are switch-disconnectors or circuit breakers, 
although the term ‘isolators’ is used for simplicity in labelling.

2. Non-load-breaking, where they can be disconnected only when there is no

PV Array Isolation
Disconnection devices may be required at the string, sub-array and/or array level 
of a PV SAPS. For all levels of disconnection, the device used should have no live 

It also must comply with any other requirements set by the appropriate standards 
and guidelines.

The disconnection device may be combined with the overcurrent protection in the 
form of a DC circuit breaker. If this is done, a suitable circuit breaker must be selected. 
According to the latest standards, circuit breakers must be non-polarised. It can be 
advantageous to install disconnection devices on each string for easier maintenance 

Table 16.7 summarises the requirements for all DC protection devices for PV 
strings, sub-arrays and arrays, including overcurrent protection and disconnection. 
The relevant Australian Standards explain how the PV array maximum voltage 
is calculated.

AUSTRALIAN STANDARDS
AS/NZS 4509.2:2010 Clause 3.7.2 
requires each generating source in 
a SAPS to be able to be electrically 
isolated from the rest of the system, 
via fuses, circuit breakers or switches.

AUSTRALIAN STANDARDS
 Clause 1.4.13 

defines the term disconnector, and 
Clause 4.3.5 covers the requirements 
for DC disconnection devices. 

 states that load-
breaking switches should be lockable 
in the off position.

IMPORTANT
Disconnection devices do not 
switch off during fault conditions.

Circuit breakers can be used to 
provide overcurrent protection and 
disconnection, so that they switch 
off during fault conditions. 

If separate overcurrent protection is 
present, the disconnection device 
must have the same current rating: 
otherwise it may be damaged 
by overcurrent.

AUSTRALIAN STANDARDS
According to AS/NZS 5033:2014 
Clause 4.2, the PV array maximum 
voltage is calculated using:
VMAX_OC_ARRAY = VOC_ARRAY + 
γOC × (TMIN − TSTC) × NS

Where:
• V

MAX_OC_ARRAY
 = PV array maximum 

voltage (in V)

• VOC_ARRAY = PV array open circuit 
voltage at standard test conditions 
(in V)

• γ
OC

 = Negative temperature 
coefficient of VOC per degree Celsius 
(in V/°C)

• T
MIN

 = Minimum cell temperature 
(in °C)

• T
STC

 = Cell temperature at standard 
test conditions (constant of 25°C)

• N
S
 = Number of modules in series
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Table 16.7: Overview of the DC protection requirements for PV systems.

Location
Protection/

Disconnection 
Description

Protection/
Disconnection 

Device
Protection Sizing and Guidelines Australian 

Standards

String

String overcurrent 
protection device

(Section 16.2.3)

Fuse or circuit 
breaker

Required if:
ISC × (No. of strings - 1) ≥ Module reverse current rating

Sizing:
1.5 × ISC_MOD < ITRIP < 2.4 × ISC_MOD

AND

ITRIP ≤ IMOD_REVERSE

AS/NZS 5033:2014 
Clause 3.3.4 and 

3.3.5.1

String 
disconnection 

device

Switch-
disconnector, 

circuit breaker, or 
plug and socket

• Can be non-load-breaking

• Rated for PV array maximum voltage

• Current rating ≥ string overcurrent protection or, if no 
string overcurrent protection present, current rating ≥ 
CCC of string cable

• No live parts may be exposed at any time

AS/NZS 5033:2014 
Clause 4.3.5.2 and 

4.4.1.3

Sub-
array

Sub-array 
overcurrent 

protection device 
(Section 16.2.3)

Fuse or circuit 
breaker

Required if:
1.25 × ISC ARRAY > CCC of any sub-array cable, switching and 

connection device

OR

More than two sub-arrays are present within the array

Sizing:
1.25 × ISC SUB-ARRAY ≤ ITRIP ≤ 2.4 × ISC SUB-ARRAY

AS/NZS 5033:2014 
Clause 3.3.5.2

Sub-array 
disconnection 

device

Switch-
disconnector, 

circuit breaker, or 
plug and socket 

(ELV)

• Can be non-load-breaking

• Recommended to be load-breaking for LV systems

• Rated for PV array maximum voltage

• Current rating ≥ sub-array overcurrent protection or, if no 
sub-array overcurrent protection present, current rating ≥ 
CCC of sub-array cable

• No live parts may be exposed at any time

AS/NZS 5033:2014 
Clause 4.2, 4.3.5.2 and 

4.4.1.3

Array

Array overcurrent 
protection device 

(Section 16.2.3)

Fuse or circuit 
breaker

Required if:
Another source of current is available that may cause 
damage to the PV array when under fault conditions.

Sizing:
1.25 × ISC ARRAY ≤ ITRIP ≤ 2.4 × ISC ARRAY

AS/NZS 5033:2014 
Clause 3.3.5.3

Array 
disconnection 

device

Switch-
disconnector or 
circuit breaker

• Load-breaking and lockable in off position

• Non-polarised

• Voltage and current rating outlined below

• No live parts may be exposed at any time

AS/NZS 5033:2014 
Clause 4.2, 4.4.1.3, 
4.4.1.4 and 4.4.1.5

Selection of the PV Array DC Isolator

for sizing and installing a PV array DC isolator that is integrated into the inverter. It is 
important to refer to the inverter manufacturer or installation manual to determine 
whether an in-built isolator is suitable for the system. An additional external isolator 
will be required if the in-built isolator does not meet all the requirements.

AUSTRALIAN STANDARDS
AS/NZS 5033:2014 Amendment 2 
specifies the changes on sizing DC 
isolators, particularly Clause 4.3.3 
and Clause 4.3.5. Appendix I contains 
calculated examples.
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To check whether an isolator is suitable for a system, perform the three steps below 
while referring to the isolator's datasheet. For these calculations, the maximum 

× ISC ARRAY .

The maximum current must be less than or equal to Ithe for the installation conditions:
• Indoors at 40°C ambient for isolators installed indoors.
• Outdoors at 40°C ambient for isolators installed outdoors in a location fully

shaded all day (e.g. carport, verandah).
• Outdoors at 60°

installed externally where the enclosure or shroud will receive direct sunlight.
Step 2: Operational conditions

Ue is higher than the PV array max 
voltage, check that Ie is higher than the maximum current.

Step 3: Fault conditions
This step is for non-separated (transformerless) inverters only. Considering the isolator 

(e.g. due to an earth fault on one of the conductors), check that Imake and Ic (break) are 
higher than your maximum current for the maximum voltage Ue.

When in fault conditions, the isolator must be able to withstand the maximum 
current using half of the poles (either the negative or the positive side only). The Imake 
and Ic (break) is the current that one pole can withstand for very short periods of time. 
The isolator should be replaced after breaking this current.
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EXAMPLE
Figure 16.5

Figure 16.5: 

Step 1

1.25 × ISC_ARRAY Ithe under these 
conditions is 28 A according to Figure 16.5, which is higher than 21.25 A, so the rating is acceptable.

Step 2

go through 2 poles (Figure 16.6). During normal operation, these operate in series, so there are 4 poles total operating 
Figure 16.5, the next highest Ue above 840 V is 1000 V, and the 

corresponding Ie
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Installation of the PV Array DC Isolator
The location of the PV array DC isolators may vary depending on the applicable 

standards. The general rule is that there needs to be a switch-disconnector 
disconnection device adjacent to the array (micro-inverters may be the exception), 
and in many cases there also needs to be one adjacent to the inverter, unless the 
inverter is within 3 metres and in line of sight of the array.

PV inverters with multiple inputs connect the strings together within the PV inverter. 

is no external array cable on which to install the array disconnection device. Therefore, 
a PV array DC switch-disconnector isolator must be installed on each string, regardless 
of whether the strings are connected to a single MPPT or individual MPPTs.

Some PV inverters with multiple inputs are supplied with a DC disconnection switch 
that isolates all of the strings at once. Care must be taken that this disconnection 
switch meets all relevant standards and guidelines.

Solar controllers with multiple inputs will probably require a PV array DC switch-
disconnector isolator to be installed on each string.

PV array DC switch-disconnectors must:
• Comply with AS 60947.3
• Be supplied with dedicated individual enclosures rated at least IP56NW if

installed outdoors, to ensure that water jets and rain will not enter the enclosure.
• Have utilization category DC-PV2.
• Rooftop isolators must be installed with a shroud to protect against rain and

direct sunlight (Figure 16.7).
• Must be installed vertically, unless otherwise allowed by the manufacturer, with

cables entering the lower entry face of the enclosure. Cables and conduits may
enter the isolator through the side faces if allowed by the manufacturer.

6 8

5 7

2 4

1 3

+ +

Link bars

Array

Inverter Inverter

– –

Array

++

1 3 5 7

2468 ––

Link bars

Array

Inverter Inverter

Array

Figure 16.6: Connection diagram for the example four-pole switch-disconnector

Step 3

Figure 16.5, at the 1000 V row, the I(make) and Ic (break)
than 21.25 A, so is acceptable.

AUSTRALIAN STANDARDS
AS/NZS 5033:2014 Clause 4.4.1.2 
outlines the requirements for when 
inverters with multiple inputs 
need to be removed for repairs 
or replacement.

The array DC switch-disconnectors 
can be integrated into the inverter as 
long as they are designed to remain 
operational when the rest of the 
inverter is removed (i.e. they stay 
behind). Otherwise, separate switch-
disconnectors should be installed.

AUSTRALIAN STANDARDS
AS/NZS 5033:2014 Clause 4.4 
provides more information on the DC 
disconnection device requirements in 
Australia, including isolator installation 
and removal.

Figure 16.7: Isolator installed 
with shroud.
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This is greater than 2, so is acceptable.
For the MPPT as a whole:

IMAX REG = ISC

50 A = 5.35 rounded down to 59.34 ANMAX STRINGS = 

appropriately matched.
The maximum array current into the batteries is therefore:

ISC ARRAY = ISC MOD × (NSTRINGS MPPT1 + NSTRINGS MPPT2) = 9.34 × (4 + 3) = 65.38 A

21.1.10 Sizing the Genset
The genset is being used for back-up, and should be sized to meet both the 
following formulae:

SGEN = (SBC + SMAX CHG) × FGO

and
(SBC + SSUR CHG ) × FGO

ALT SURGE RATIOSGEN = 

Where:
• SBC is the demand when the inverter is charging the battery at a maximum of

7.5 kVA.
• SMAX_CHG is the maximum demand that is required to be met by the genset when

it is operating and for this example it is assumed to be the maximum demand in
Table 21.2 (i.e. 7.652 kVA).

• SSUR_CHG is the surge demand that is required to be met by the genset when it is
operating and for this example it is assumed to be the maximum demand in
Table 21.2 (i.e. 11.143 kVA).

The genset brand has not been selected however any good 1500 RPM diesel genset 
will have an Alt (Alternator) Surge Ratio of at least 2 and in some gensets as high as 3. 
Petrol gensets will typically only be 1.

Using a diesel genset and an oversize factor (FGO) of 10%:
SGEN = (SBC + SMAX CHG) × FGO = (7.5 + 7.652) × 1.1 = 16.7 kVA

and
(SBC + SMAX_CHG ) × FGO

ALT SURGE RATIOSGEN = (7.5 + 11.143) × 1.1
2= = 10.3 kVA 

The minimum genset to meet the requirements is 16.7 kVA. However, the genset will 
also need to be de-rated due to temperature, humidity and altitude.

From Table 21.1, the maximum temperature is 38.1°C, maximum humidity is 82% and 
altitude is 930 metres. Applying the typical de-ratings from Table 15.8:

38.1 - 25
5Derating due to temperature = × 2.5% = 6.55%

82 - 60
10Derating due to humidity = × 1% = 2.2%

930 - 300
300Derating due to altitude = × 3% = 6.3%

NOTE
The maximum genset rating for the 
inverter is specified at 15 kW, which 
at 0.8 power factor (standard rating 
of inverters) would allow a 18.75 
kVA genset. The possible need for 
a larger changeover switch to allow 
for the 19.5 kVA genset should be 
discussed with Selectronic.

Total de-rating of the genset = (1 – 0.0655) × (1 – 0.022) × (1 – 0.063) = 0.9345 × 0.978 
× 0.937 = 0.856. Therefore the required genset rating = 16.7 kVA ÷ 0.856 = 19.5 kVA.

susanneill
Highlight
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When selecting cable sizes, allowable voltage drops must also be taken into 
account. For the cable selected on the basis of CCC, the voltage drop for the 2.5 m 
length cable and current per battery of 60 A is given by:

L × I × VC

1,000
Vd = = 0.27 V

2.5 × 60 × (1.58 × 1.155)
1,000

 = 

Based on nominal battery voltage of 51.2 V this represents a 0.5% voltage drop. Total 
voltage drop between battery bank and inverter-charger should be less than 5%, so 
this is well below the recommended limit. 

The short circuit current of the battery is given by the manufacturer as 1,260 A. 
Reaction/activation time of the fault protection device must also be taken into 
account for the time dependent current carrying capacity of the cable. This example 
uses one second to determine the minimum area of the cable, also referred to as 
cross-sectional area (CSA):

˜ ISC
2 × t

KA = = 10.33 mm2
122= √1,2602 × 1

AUSTRALIAN STANDARDS
Figure 21.9 makes up a part of 
AS/NZS 3008.1.1:2017 Table 4.

Figure 21.9: Current-carrying capacities of two single-core cables with thermoplastic 
insulation, 75°C maximum conductor temperature, 40°C ambient air temperature 

and 25°C ambient ground temperature.
(Source: AS/NZS 3008.1.1:2017)

NOTE
60 A has been used in this equation, 
however the maximum 30-minute 
discharge current by the inverter 
is 228.88 A. With 17 batteries in 
parallel this is only 13.5 A discharge 
per battery, and the voltage drop 
would be approximately 0.1%.

AUSTRALIAN STANDARDS
‘K’ is obtained from Table 54 in 
AS/NZS 3008.1.1:2017, however 
it should also be available from 
manufacturers or local standards.  

AUSTRALIAN STANDARDS
The value 1.58 mV/Am has been 
obtained from AS/NZS 3008.1.1:2017 
Table 47 using a conductor 
temperator of 60°C, max power factor 
and 25 mm2 CSA.

REMEMBER
As mentioned in Chapter 16, 
multiply the three-phase V

C
 value 

by 1.155 to convert to single-phase 
(which can be used for voltage 
drop in DC circuits according to 
AS/NZS 4509.2:2010).
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Being of larger CSA than required, the 25 mm2

to meet the requirements due to the potential fault current from the battery.

Battery Bus Bar to Battery Switch Fuse
The maximum discharge current to be met by this cable is the maximum discharge 
current by the inverter of 228.88 A. The maximum charge current is the sum of the 
rated currents from the charge controllers (from Figure 21.7, this is 60 A each) and the 
battery inverter (from Figure 21.2 this is 156 A). The maximum continuous current this 
cable must be able to carry is therefore 60 + 60 + 156 = 276 A.

The battery cables connecting the battery bus bar to battery switch fuse would 
be enclosed in air for mechanical protection. 150 mm2 cable mounted in this way 
can carry 278 A (Figure 21.9) and hence would be selected as the cable between the 
battery and the battery bus bar link on the basis of CCC.

The distance between battery bus bar and the switch fuse is one metre. The voltage 
drop in 1 metre long cables with a maximum 30 minute discharge current of 228.88 A 
is given by:

L × I × VCVd = = 0.084 V
1 × 228.88 × (0.316 × 1.155)

1,000
 =1,000

Based on a nominal battery voltage of 51.2 V, this represents a 0.16% voltage drop.
The short circuit current of each battery is 1,260 A, so this represents 17 × 1,260 = 

21,420 A for the entire battery bank. Again, assuming the fault protection clears the 
short circuit in one second, the minimum cable CSA is given by:

˜ ISC
2 × t

KA = = 175 mm2
122= √21,4202 × 1

From the cable sizes available (Figure 21.9
this value is 185 mm2. This is larger than the requirement for CCC (150 mm2), so 185 
mm2 cabling is selected between the bus bar and switch fuse in order to meet both 
the CCC and fault current requirements. This cable size has a VC of 0.279, resulting in a 
reduction of the voltage drop to 0.074 V (0.14%).

For selecting the size of the fuse, the three relevant discharge currents are:
• Continuous current = 152.59 A
• Maximum demand (30 minutes) = 228.88 A
• Surge current = 366.21 A

In addition, the fuse must carry the maximum charge current of 276 A. From Figure
21.10, a 200 A fuse is suitable to meet these four requirements.

AUSTRALIAN STANDARDS
The value 0.316 mV/Am has been 
obtained from AS/NZS 3008.1.1:2017 
Table 47 using a conductor 
temperator of 60°C, max power factor 
and 150 mm2 CSA.
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However, these currents (apart from the maximum charge current) are at the 
battery nominal voltage of 51.2 V. Li-ion batteries can drop further in voltage during 

is 46.9 V, so the continuous, maximum demand, and surge currents could potentially 
be 9% higher. In this case, the 200 A fuse will still be suitable for all currents, and due 
to battery short circuit current calculations, all cables selected can carry the increased 
currents at minimum battery voltage.

Battery Switch Fuse to DC Bus
From the previous sub-section, 185 mm2 cable has been selected to meet the 
potential battery fault current with a voltage drop of 0.074 V over one metre at the 
maximum 30 minute demand current of 228.88 A. 185 mm2 cable will also be used for 
the one metre distance between the battery switch fuse and the DC bus and hence 
has the same voltage drop of 0.074 V.

DC Bus to Inverter
The cable between the DC bus and inverter would be the same size as that between 
the battery bus bar and DC bus: 185 mm2, capable of carrying 312 A continuously. This 

the maximum demand of the inverter: 228.88 A.
It is recommended that there is a DC isolator between the DC bus and the inverter 

so that the batteries can be charged by the solar array while the inverter is isolated. 
This does not necessarily need to include protection, because the switch fuse 
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between the battery bus bar and DC bus will protect the cable between the DC bus 
and inverter. However, an additional 200 A switch fuse is the cheapest option.

the maximum 30 minute demand current.
The voltage drop between the batteries and battery bus bar, where the 228.88 A 

current is shared across 17 parallel batteries, is:

Vd = = 0.061 V
2.5 × (228.88/17) × (1.58 × 1.155)

1,000
 = 

L × I × VC

1,000

The voltage drop between the battery bus bar and battery switch fuse is:

1,000
Vd = = 0.074 V

1 × 228.88 × (0.279 × 1.155)
1,000

 = 
L × I × VC

The voltage drop over the one metre between the battery switch fuse and DC bus is:

1,000
Vd = = 0.074 V

1 × 228.88 × (0.279 × 1.155)
1,000

 = 
L × I × VC

Assuming a distance of one metre, the voltage drop between the DC bus and 
inverter is:

1,000
Vd = = 0.074 V

1 × 228.88 × (0.279 × 1.155)
1,000

 = 
L × I × VC

Therefore, the total voltage drop between batteries and battery inverter is equal to 
0.283 V.

As a percentage:
Vd
VDC

0.283 V
51.2 V =  = 0.006 = 0.6%

This meets the maximum 5% voltage drop requirement between battery bank 
and inverter.

Solar Array 1 to Combiner Box 1
There are four strings in parallel. The ISC of each module is 9.34 A while the maximum 
fuse rating is 15 A (Figure 21.5).

From Section 16.2.3, overcurrent protection is required in string cables if:
IMOD MAX OCPR < ISC MOD × (NP - 1)

Since three (4 – 1) parallel strings would have a total ISC of 28.02 A, greater than the 
maximum fuse rating, string fuses are required in the combiner box.

Overcurrent protection for PV string cables, if required, must be sized as follows:
1.5 × ISC MOD < ITRIP < 2.4 × ISC MOD

AND
ITRIP ˜ I MOD MAX OCPR

So in this case the string fuse shall be rated between 1.5 × 9.34 A = 14.01 A and  
2.4 ×
conform to the second formula. A 15 A fuse meets both these requirements. As the 
array is LV, these fuses must be located in the positive and negative cables of each of 
the four strings.

Since HRC fuses will be used as string protection, the string cables' minimum current 
carrying capacity is 15 A ÷ 0.9 = 16.7 A. Based on Table 16.6, the smallest cable to meet 
the CCC is 2.5 mm2, however 4 mm2 is recommended to reduce voltage drop and thus 
energy losses.

AUSTRALIAN STANDARDS
The value 0.279 mV/Am has been 
obtained from AS/NZS 3008.1.1:2017 
Table 47 using a conductor 
temperator of 60°C, max power factor 
and 185 mm2 CSA.
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Assuming the string cables are six metres in length between the furthest string and 
the DC combiner box (total 12 m string route length), the voltage drop in the string 
cables is:

L × I × VC

1,000
6 × 9.34 × (10.9 × 1.155)

1,000 =  = 0.706 VVd = 

The VMP of each string equals 3 × 31.4 V = 94.2 V.
As a percentage:

Vd
VMP

0.706 V
94.2 V=  = 0.0075 = 0.75%

Combiner Box 1 to MPPT 1
The array cable overcurrent protection is sized as follows:

1.25 × ISC ARRAY ˜ I TRIP ˜ 2 .4 × ISC ARRAY

Now:
ISC ARRAY = 4 × 9.34 A = 37.36 A

Therefore:
ITRIP MINIMUM = 1.25 × 37.36 A = 46.70 A
ITRIP MAXIMUM = 2.4 × 37.36 A = 89.66 A

Figure 21.11 shows the available non-polarised circuit breakers from ABB.

Based on the calculations and the datasheet, the 50 A rated circuit breaker 
is recommended.

The cable, which will have XLPE insulation rather than the thermoplastic used for the 
battery cables, must have a minimum current rating equal to that of the protection 
device (i.e. 50 A). As shown in Figure 21.12, 10 mm2 cable has a rating of only 48 A 
exposed to sun while 16 mm2 has a 63 A rating, so 16 mm2 cable would be selected. 
However, if the cable is not exposed to the sun then a 10 mm2 cable (“Touching“ CCC 

Figure 21.11: Non-polarised circuit breaker data.
(Source: ABB)

AUSTRALIAN STANDARDS
Figure 21.12 makes up a part of 
AS/NZS 3008.1.1:2017 Table 5.

AUSTRALIAN STANDARDS
The value 10.9 mV/Am has been 
obtained from AS/NZS 3008.1.1:2017 
Table 47 using a conductor 
temperator of 90°C, max power factor 
and 4 mm2 CSA.
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Assuming the distance from the combiner box to the MPPT is 10 metres and 10 mm2 
cable is able to be used, then the voltage drop is:

1,000
Vd = = 1.82 V

10 × 37.36 × (4.22 × 1.155)
1,000

 = 
L × I × VC

As a percentage of array voltage (3 × 31.4 = 94.2 V):
Vd

VMP

1.82 V
94.2 V=  = 0.019 = 1.9%

This is a total of 2.6% when voltage drop in the string cables is included. 
Recommended maximum voltage drop between the PV array and PCE is 3%, so these 
cable sizes are acceptable.

MPPT 1 to DC Bus
Assume the distance between the MPPT and the DC bus is two metres. Array 1 
comprises 12 modules each with a rated output of 280 W and de-rated output of  
254 W (Section 21.1.8). To be conservative, the following calculations will be based on 
the rated array power of 12 × 280 = 3,360 W. The voltage drop is 2.6% (97.4% cable 

nominal battery voltage of 51.2 V is:

0.974 × 0.96 × 3,360 W
51.2 V  = 61.4 A

Figure 21.12: Current-carrying capacities of two single-core cables with X-90 
insulation, 90°C maximum conductor temperature, 40°C ambient air temperature 

and 25°C ambient ground temperature.
(Source: AS/NZS 3008.1.1:2017)

AUSTRALIAN STANDARDS
The value 4.22 mV/Am has been 
obtained from AS/NZS 3008.1.1:2017 
Table 47 using a conductor 
temperator of 90°C, max power factor 
and 10 mm2 CSA.
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The cables between the MPPT and the DC bus, which will use thermoplastic 
insulation and be enclosed in air for mechanical protection, should be rated with a 
safety margin of 1.25. Cable CCC is then a minimum of 1.25 × 61.4 A = 76.75 A. From 
Figure 21.9, 25 mm2 cable mounted in this way can carry 91 A.

The voltage drop in this cable, based on a current of 61.4 A, would be:
L × I × VC

1,000
Vd = = 0.224 V

2 × 61.3 × (1.58 × 1.155)
1,000

 = 

As a percentage:
Vd

VDC

0.224 V
51.2 V=  = 0.004 = 0.4%

Solar Array 2 to Combiner Box 2
There are three strings in parallel. The ISC of each module is 9.34 A while the maximum 
fuse rating is 15 A (Figure 21.5). 

From Section 16.2.3, overcurrent protection is required in string cables if:
IMOD MAX OCPR < ISC MOD × (NP - 1)

Since two (3 – 1) parallel strings would have a total ISC of 18.68 A, greater than the 
maximum fuse rating, string fuses are required in the combiner box.

Overcurrent protection for PV string cables, if required, must be sized as follows:
1.5 × ISC MOD < ITRIP < 2.4 × ISC MOD

AND
ITRIP ˜ I MOD MAX OCPR

In this case:
1.5 × 9.34 = 14.01 A < ITRIP < 2.4 × 9.34 = 22.42 A

and
ITRIP ˜ 1 5 A

A 15 A fuse meets these requirements, and will be required in both the positive and 
negative cables in each of the four strings since the array is LV.

Since HRC fuses will be used as string protection, the string cables' minimum CCC is 
15 A ÷ 0.9 = 16.7 A. As for Array 1, 4 mm2 cable will be used to meet this requirement, 
for a total voltage drop in the string cables of 0.706 V or 0.75%.

Combiner Box 2 to MPPT 2
The array cable overcurrent protection is sized as follows:

1.25 × ISC ARRAY ˜ I TRIP ˜ 2 .4 × ISC ARRAY

Now:
ISC ARRAY = 3 × 9.34 A = 28.02 A

Therefore:
ITRIP MINIMUM = 1.25 × 28.02 A = 35.03 A
ITRIP MAXIMUM = 2.4 × 28.02 A = 67.25 A

To maintain consistency between the arrays, a 50 A circuit breaker would be 
selected (Figure 21.11).

As for Array 1, 16 mm2 cable (with XLPE insulation) is required if exposed to the sun, 
and 10 mm2 Figure 21.12).

AUSTRALIAN STANDARDS
The value 1.58 mV/Am has been 
obtained from AS/NZS 3008.1.1:2017 
Table 47 using a conductor 
temperator of 60°C, max power factor 
and 25 mm2 CSA.
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Assuming the distance from the combiner box to the MPPT is 10 metres and 10 mm2 
cable is able to be used then the voltage drop is:

1,000
Vd = = 1.37 V

10 × 28.02 × (4.22 × 1.155)
1,000

 = 
L × I × VC

As a percentage of array voltage:
Vd

VMP

1.37 V
94.2 V

 =  = 0.015 = 1.5%

This is a total of 2.3% when string cables are included. Recommended maximum 
voltage drop between array and PCE is 3%, so these cables are acceptable.

MPPT 2 to DC Bus
Assume the distance between the MPPT and the DC bus is two metres. Array 2 
comprises 9 modules each with a rated output of 280 W and de-rated output of 254 
W. To be conservative, calculations will be based on the rated array power of 9 × 280
= 2,520 Wp

0.977 × 0.96 × 2,520 W
51.2 V  = 46.2 A

The cables between the MPPT and the DC bus, which will be enclosed in air for 
mechanical protection, should be rated with a safety margin of 1.25. Cable CCC is then 
a minimum of 1.25 × 46.2 A = 57.8 A. From Figure 21.9, 16 mm2 cable enclosed in air 
can carry 69 A. However, it would be more convenient to use the same size cable as 
Array 1, so 25 mm2 cable will be selected.

The voltage drop in this cable, based on a current of 46.2 A, would be:

Vd = = 0.169 V
2 × 46.2 × (1.58 × 1.155)

1,000
 = 

L × I × VC

1,000

As a percentage:
Vd

VDC

0.169 V
51.2 V=  = 0.003 = 0.3%

Therefore, the voltage drop from the second PV array to the DC bus is in total 2.9%.

Voltage Drop from Array to Batteries
It is recommended that the total voltage drop between the array and battery bank is 
no more than 5%; this includes the voltage drop between the array and DC bus as well 
as the voltage drop between the DC bus and the batteries.

The maximum voltage drop between the array and the DC bus occurs in Array 1, 
with a total 3.0% as previously calculated. 

The worst case scenario for voltage drop between the DC bus and the batteries is 
that ISC is coming from the two arrays (61.3 + 46.2 = 107.5 A) in addition to full charge 
current from the inverter (156 A). In this case, current between the DC bus and the 
battery bus bar would be 107.5 + 156 = 263.5 A.

The cable between the DC bus and battery bus bar is 185 mm2 and the physical 
distance is two metres (one metre from the bus bar to the battery switch fuse, and 
one metre from the switch fuse to the DC bus), so maximum voltage drop from the DC 
bus to the battery bus bar is: 

Vd = = 0.170 V
2 × 263.5 × (0.279 × 1.155)

1,000
 = 

1,000
L × I × VC

NOTE
This is not greater than the 
510 A which is the maximum 
charge current that battery bank 
would accept.
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The 263.5 A maximum charge current represents 15.5 A per battery. The cable 
between the battery bus bar and battery is 25 mm2 and the cable length is 2.5 metres, 
so voltage drop from the battery bus bar to the batteries is:

Vd = = 0.071 V
2.5 × 15.5 × (1.58 × 1.155)

1,000
 = 

L × I × VC

1,000

Therefore, the total voltage drop from batteries to DC bus is 0.170 + 0.071 = 0.218 V. 
As a percentage:

Vd
VDC

0.218 V
51.2 V=  = 0.004 = 0.4%

The total maximum voltage drop between a PV array and the batteries is therefore:
3.1% + 0.4% = 3.5%

This is much less than the 5% recommendation.

21.2 AC Bus System
21.2.1 Customer Requirements

• 
credentials, to minimise business interruptions due to frequent, extended 
blackouts, and as a personal statement.

• Three days of autonomy without needing to run the genset in the event of
bad weather (don’t want to disturb guests who are primarily there on the
summer weekends).

• 10 years minimum to battery replacement.
• Minimal maintenance requirements wherever possible.

21.2.2 Site Description
Site is a double storey building with Colorbond roof and lightweight construction. It is 
a former country pub in the village of The Channon, near Lismore NSW.

• Latitude 28.67°S
• Town water and sewage facilities
•

12 guests
• Currently connected to the grid supply
• LPG for cooking (and instantaneous boost for domestic hot water)
• Domestic hot water will be via evacuated tube with LPG boost – heating

elements in water tanks can be used as dump loads for PV if desired
• Heating via slow combustion stoves in rooms (rarely required due to

climatic conditions)
• Possible locations for equipment include building a dedicated shed, or installing

equipment in a container at rear of the premises
• Large available roof facing NE, smaller roof facing NW, both pitched at 22

1100 mm vertically and rafters 600 mm apart.
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thermal mass and are unlikely to cool to the minimum temperature; additionally, 
battery operation will generate internal heat.

• Since a conservative ‘typical’ discharge rate is at C24, the actual capacity of the
two parallel strings is actually between 5,692 Ah at C24 and 6,830 Ah at C48.

• They will be less expensive.

Check Battery Discharge Characteristics against Inverter
Requirements
It is recommended that:

• The C5 discharge current of the battery is greater than or equal to the half-hour
rating of the battery inverter.

• The C1 discharge current is greater than or equal to the surge rating of the
battery inverter.

The C5 capacity of the A602/3270 is 2,227 Ah. Therefore:

2,227 Ah
5 h = 445.4 AISTRING MAX DEMAND = 

Two strings in parallel will provide a combined discharge current of IBATT MAX DEMAND = 
890.8 A.

The C1 capacity of the A602/3270 is 1,309 Ah. Therefore:

1,309 Ah
1 h = 1,309 AISTRING SURGE = 

Two strings in parallel will provide a combined discharge current of IBATT SURGE = 
2,618 A.

The maximum current that can be drawn by the three AC bus interactive inverters 
set up in 3-phase mode, based on nominal battery voltage, are as follows (see Figure 
21.16 for relevant data):

Maximum demand
VDC × ˜ INV

= 521 AIMAX DEMAND = = 3 × 8,000 W
48 V × 0.96

Surge demand
VDC × ˜ INV

= 716 AISURGE = = 3 × 11,000 W
48 V × 0.96

Notes:
1. Calculations assume power factor of 1.
2. The actual inverter ratings have been used; these are greater than the estimated

maximum demand (16.6 kVA) and surge demand (22.1 kVA) calculated previously
for the site. This has been done to ensure if loads do increase at the site such
that the full inverter capacity is used, the battery bank can still provide the
required currents.

The C5 discharge current of the battery bank is greater than the required maximum 
demand current of the inverter, and the C1 discharge current of the battery bank is 
greater than the required surge current of the inverter. Therefore the battery bank 
and inverter are matched in accordance with the required discharge currents.
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Check Battery Charge Characteristics against Inverter Charging 
Capability
The maximum current that can be supplied by the three AC bus interactive inverters 
setup in 3-phase mode is 3 × 140 A = 420 A (see Figure 21.16).

The maximum charge current that can be accepted by a lead acid battery is typically 
10% of the C10 capacity. The C10 capacity rating of the A602/3270 battery is 2,530 Ah 
so the maximum charge current is 2,530 Ah ÷ 10 h = 253 A. Two strings of batteries 
in parallel will thus accept a maximum charge current of 506 A, which is greater than 
the maximum charge current available from the inverter. Therefore the battery bank 
and inverter are matched in accordance with the allowed charge current. Also note 
that since there are two parallel strings, the selected battery capacity is 2 × 2,530 Ah = 
5,060 Ah.

Cycle Life
The average daily depth of discharge is calculated using:

ETOT × 100%
VDC × Selected battery capacity = 23.8%DODDAILY = = 57,917 Wh × 100%

48 V × 5,060 Ah

Based on the life cycle curve displayed in Figure 21.19 the selected battery will have 
a cycle life of over 6,500 cycles at this depth of discharge. This represents a minimum 
17 year life-time:

6,500 cycles
1 cycle/day × 365 days/year = 17.8 years

17 years. However, the batteries should still last a full 10 years before replacement.

21.2.8 Sizing the PV Array 

sunny day some or all of the load could be directly supplied from the PV system to the 
AC bus and thus to the loads. This direct supply component is EPV-AC.

The remaining EPV-BATT = 32,700 Wh/day would have to be supplied from energy 
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Figure 21.19: Sonnenschein A602/3270 cycle life.
(Source: Sonnenschein)
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21.2.10 Sizing the Genset
The genset is mainly being used for back-up; however, it may be required to operate 
for a small period of time in the design month because an array of 56 modules was 
selected where 56.5 modules were required.

The genset should therefore be sized to meet both the following formulae:
SGEN = (SBC + SMAX_CHG) × FGO

and

SGEN = 
(SBC + SSUR_CHG) × FGO

ALT SURGE RATIO

SBC is the demand when inverter is charging the battery at the maximum of 
3 × 140 A × 48 V = 20,160 VA (unity power factor). SMAX_CHG is the maximum demand 
that is required to be met by the genset when it is operating and for this example 
it is assumed to be the maximum demand as determined in Section 21.2.6 (i.e. 16.6 
kVA). SSUR_CHG is the surge demand that is required to be met by the genset when 
it is operating and for this example it is assumed to be the maximum demand as 
determined in Section 21.2.6 (i.e. 22.1 kVA).

The genset brand has not been selected, however any good 1500 RPM diesel genset 
will have an Alt (Alternator) Surge Ratio of at least 2.

Using a diesel genset and an oversize factor of 10%:
SGEN = (SBC + SMAX_CHG) × FGO = (20.16 + 16.6) × 1.1 = 40.4 kVA

and

SGEN = 
(SBC + SSUR_CHG) × FGO

ALT SURGE RATIO
= (20.16 + 22.1) × 1.1

2
= = 23.2 kVA

The minimum genset to meet the requirements is 40.4 kVA. However, the genset will 
also need to be de-rated for temperature, humidity and altitude.

From Table 21.5, the maximum temperature is 43.4oC, maximum humidity is 81% 
and altitude is 55 metres. Applying the typical deratings from Table 15.8:

= (43.4-25)
5

• De-rating due to temperature = × 2.5% = 9.2%

= (81-60)
10

• De-rating due to humidity = × 1% = 2.1%

= (55-300)
300

• De-rating due to altitude = × 3% = 0%

Notes:
1. The maximum genset rating for each inverter is 11.5 kW which for the three

inverters in 3-phase mode is 34.5 kW. At 0.8 power factor (standard rating of
inverters), this would allow a 43.1 kVA genset. It is recommended to check with
the manufacturer if this is acceptable.

2. In reality, a smaller genset might be selected because of the cost in running a
genset of this size. The decision might be that genset is only run to charge the
batteries when the demand is low, so the genset is not required to meet the 16.6
kVA peak demand.

Total de-rating of the genset = 0.908 × 0.979 × 1.00 = 0.889, equivalent to an 
efficiency of 88.9%. Therefore the required genset rating = 40.4 kVA ÷ 0.889 = 
45.4 kVA.
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Wind turbines can classified into two different types based on the orientation of 
their axis:


• Horizontal Axis Wind Turbine (HAWT)
• Vertical Axis Wind Turbine (VAWT) 


5.2.1 Horizontal Axis Wind Turbine (HAWT)
Horizontal axis wind turbines (HAWTs) are the most common type of wind turbine. 
Their design is very similar to a windmill and the blades are of a propeller type that 
spins on a horizontal axis. 


HAWTs have the main rotor shaft and electrical generator at the top of the tower. 
They may be divided into upwind and downwind turbines, depending on whether 
the tower is behind or in front of the blades, relative to the incoming wind.


Upwind turbines (Figure 5.10) must be pointed into the wind. Small wind turbines 
have a simple wind vane to point them into the wind (Figure 5.10), however bigger 
wind turbines use wind sensors coupled with a servo motor arrangement to turn 
them into the wind, rather than a vane. The tower is located behind the rotor blades 
and as a result doesn’t produce much turbulence on the blades. The blades must be 
very stiff to prevent them being pushed or flexing into the tower.


Larger downwind turbines (Figure 5.11) have the advantage of requiring neither 
wind sensors nor servo motors to keep them in line with the wind direction. However, 
as the incoming wind impacts the turbine’s tower before reaching the blades, 
significant amounts of turbulence is introduced. As this leads to fatigue failures and 
reliability issues, most HAWTs are upwind machines.


5.2.2 Vertical Axis Wind Turbine (VAWT)
Vertical axis wind turbines or VAWTs have the main rotor shaft arranged perpendicular 
to the mounting surface. The main advantage of this is that they don’t need to be 
pointed into the wind. This arrangement can be particularly beneficial at sites with 
highly variable direction and turbulent winds.


Unlike the HAWT the generator and other important components don’t need to be 
lifted to the tower height but can stay near the ground. 


Figure 5.10: Pawicon 2.5kW 
Upwind Turbine.


(Source: Paul Gipe, WindEnergy)


Figure 5.12: a) Upwind and b) downwind HAWTs.


Upwind Machine


Wind Direction


Downwind Machine


Wind Direction
Figure 5.11: Proven 6 kW 


Downwind Turbine 
(Source: Tobi Kellner [CC BY-SA 3.0], 


via Wikimedia Commons).
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