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Executive Summary 

   

Title of Project 

PV Solar System Design and Analysis for a Domestic Swimming Pool Pump. 

Objectives 

Investigating the shift in accessibility of solar energy for domestic use, targeting 
a large electricity consuming device - a domestic swimming pool pump. 
Analysing the cost benefit, viability and performance of a photovoltaic solar 
power supply for a domestic swimming pool pump installation. 

Which aspects of the project are new/unique? 

Solar energy has found its place in the domestic appliance market in applications 
such as solar water heating systems. A new aspect of the project is focusing on 
a system, rather than a device in itself, using photovoltaic solar technology to 
power a domestic swimming pool pump. The focus is on designing a cost 
effective and efficient system that incorporates an existing AC swimming pool 
pump. Different designs are analysed and discussed. 

What are the expected findings? 

The financial performance, feasibility and efficiency of a photovoltaic solar 
power supply outweighs the cost of installing and maintaining such a system. 
The advantages of the system could lead to nationwide solar energy solution 
accessibility that could induce a larger solar energy uptake in domestic 
applications. 

What value will the results have? 

The results will show the viability and advantages of making solar energy 
accessible to the domestic consumer, which could reduce electricity costs for 
the consumer and contribute to reducing the pressure on the national power 
grid. 

If more than one student is involved, what part will I do? 

N/A 

Which aspects of the project will carry on after completion of my part? 

Further design solutions could be analysed, searching for more optimal solar 
solutions, especially for dedicated PV systems. The design solutions for the 
domestic swimming pool pump could be adjusted for the application of other 
AC appliances.  
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1. Introduction 
1.1. Overview 
In 2015 South Africa is facing a national power crisis similar to the power outages 
experienced by the country in 2007. A multitude of reasons could be supplied for 
the deficiency of electricity generation in both bouts of power outages: the 
electricity demand exceeds the production capabilities, maintenance backlog and 
inadequate management. The question now should be how the general consumer 
can take the power crisis into her own hands. According to the management 
consulting firm, The Boston Consulting Group (Slater, 2015), solar power 
generation from residential households could be the most effective immediate 
solution to the current power crises. 

Despite the unlimited access to sun power, photovoltaic technology is slow to take 
root in South Africa – the general consumer is especially slow to apply renewable 
energy solutions. This slow progression of a technology, which may just be the 
solution to the country’s power crisis, can be attributed to the high initial cost and 
the regulatory limits of solar photovoltaic systems. Recently, South Africa has 
become more responsive to renewable energy by initiating the Renewable Energy 
Independent Power Producers Procurement Program (REIPPP). Unfortunately, the 
implementation of these power sources are hindered by the limited capacity of 
the electrical grid and the country’s utility company’s financial inability to upgrade 
it presently (Osmundsen, 2015). 

To overcome this slow progress in renewable energy it is critical to inform the 
general consumer of renewable energy solutions, specifically solar. Reducing costs 
of solar photovoltaic systems could be key in its progression and implementation 
by the general consumer. This can be accomplished by optimized system design in 
terms of location and specific application. Specifically with an isolated load, such 
as in this swimming pool pump scenario, an optimized system solution is 
imperative. 

This paper discusses different designs and issues pertaining a solar photovoltaic 
system that powers a 1 kW 220 V AC domestic swimming pool pump, considering 
the erratic nature of insolation and the variability of the load. The effectiveness of 
the system will be based on the theoretical efficiency of the system, the financial 
analysis results and the accessibility of the system components commercially. 

1.2. Motivation 
Finding clean, renewable energy sources and implementing commercially 
available system energy solutions are becoming increasingly important to the 
general consumer. Swimming pool pumps form a large part of the domestic load 
and therefore determining a renewable power source could be advantageous not 
only to the consumer but also the national grid. 



2 
 

South Africa has great solar energy potential since its climate conditions are well 
suited to the technology but a lack of knowledge pertaining renewable energy 
hinders the implementation. Making renewable energy accessible to the domestic 
user could upturn the evolvement of these technologies since the market for 
alternative energy solutions would increase. An efficient and cost effective system 
solution to a high electricity consumers, such as a swimming pool pumps, could 
shift the accessibility of photovoltaic solar energy to the domestic user. 

1.3. Objectives 
The basic concept of a direct coupling of DC pumps to solar generators is 
researched extensively and such systems are commercially available (Hankins, 
2010:195). Since the existing pool pump is AC, the coupling of the DC solar 
generators are more complex. Some AC-PV models constituting of a current 
inverter exists (Arrouf & Ghabrourb, 2007: 23), such as these commercially 
available. This paper provides the features and complications of both DC- and AC-
PV pump coupling systems. 

The domestic swimming pool pump serves as a good candidate for a dedicated 
solar photovoltaic system since continuous powering is unnecessary and the pump 
can run whenever sunshine, and therefore electricity, is available. The ideal solar 
photovoltaic system for this application would be stand-alone and comprise of no 
battery back-up. 

2. Literature Overview 
2.2. Swimming Pool Pump Basics 
Generally, swimming pool pumps installed are larger than they need to be, 
therefore a 1 kW 220 V AC pump is a commonly used pool pump and suitable for 
the design of a general commercially available system. This paper focuses on the 
amount of hours the pump needs to run, rather than the amount of water 
circulated. The actual load of the pool pump is difficult to predict since the average 
power consumed by the pump varies with the mode of operation. According to 
Delport & Marais ([S.a.]: 137) the load of a 1 kW pool pump varies with an average 
of 57.6 % for these different operating modes of the system. 

To ensure that bacteria and algae levels in a domestic swimming pool is controlled, 
a pump and sand filter setup is used as seen in the design example, Figure 1. 
Suction is created by the pump which forces the water through the filter and the 
water is pushed back to the pump inlet. 

It is generally recommended that the pool pump run for at about 4 hours in winter 
and 8 hours in summer per day, but to reduce electricity consumption these 
pumping times are being reduced (Koeller, 2010:21). Circulating the water through 
the pump system is to eliminate the spread of pathogens and to keep the water 
clear. 
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Figure 1: Domestic Swimming Pool Pump System 

Multiple papers and models exists on solar photovoltaic water pumping since 
there is an increasing need to supply basic electrical power and basic living 
essentials to isolated areas (Lemaire, 2011:277). These mathematical models are 
mostly based on either displacement or centrifugal pumps. Although pool pumps 
are centrifugal pumps they function differently from centrifugal pumps used for 
water displacement. To displace water, end-suction centrifugal pumps are 
commonly used to push water whereas pool pumps circulates water by pushing 
and pulling, therefore the pump characteristics differ, such as the total dynamic 
head. 

2.2.1. Total Dynamic Head 
In a hydraulic pump system the resistance is described as the TDH. Usually 
domestic swimming pool pumps are located just above the water level, therefore 
the head will be relatively small. With water displacement, the level of resistance 
in the hydraulic system is much more and therefore the head will be much larger. 
Even though the distance water travels in a pool pump system is much smaller, 
the TDH is apparent since backwash valves, filters, piping and other fittings all 
contribute to the magnitude of the head (Total Dynamic Head, [S.a]). 
The head can therefore differ for the same pool since it is dependent on the 
operating mode of the filtration and pumping system. This variation in head can 
decrease pool pump efficiency and increase the pool operating costs. A pool pump 
that is powered by a variable speed drive motor has the ability to operate at a 
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lower head for normal water circulation and higher head in backwash or increased 
filtering modes. More commonly, single- or three-phase induction motors are 
used in pool pumps. 

2.2.2. Single-Phase Induction Motor 
Generally, domestic swimming pools are self-priming centrifugal pumps that 
function above the pool water level. The water is moved in the pump by an 
impeller that is driven by the shaft from an electric motor. This electric motor is 
usually a single-phase induction motor.  

The characteristics of the motor that drives the pump determines the 
performance of the pump connected to the PV array. Performance degradation 
occurs as insolation varies far from the value for which the system was sized. 

Utilizing solar photovoltaic power to supply a single-phase induction motor is 
possible and some research exists specifically on the use of a single-phase 
Impedance Source Inverter (Reddy & Reddy, 2014: 24). 

2.2.3. Inductive Loads 
A significant disadvantage of powering a swimming pool pump with solar 
technology is the inductive load nature of the motor that drives the pump. This 
means that every time the pump is energized, the motor will draw a large amount 
of current and only settle to the full-load current after a few cycles. This is 
attributed to the rotor needing more power to initially start rotation, than 
sustaining it.  

An excessive voltage, called EMF, is also present at motor start-up. When voltage 
from the power source is applied to the motor it generates a magnetic flux which 
induces an electromotive force that opposes the force that would allow the rotor 
to turn. This EMF causes impedance in the motor which is only overcome after a 
few cycles. This results in power wastage and the need to overdesign the power 
ratings of a PV system powering an inductive load. 

2.3. Photovoltaics 
Photovoltaics refer to the conversion of light into electrical energy through the use 
of semiconductor materials as solar cells. The photo-electric effect is the process 
that dictates this direct conversion of light into electrical energy. This effect also 
dictates that an open-circuit voltage will be present in an un-loaded state and 
therefore current will only flow when the circuit is completed. 

The solar cell technology market is diverse, producing solar panels with varying 
efficiencies. Currently, crystalline solar cells dominate the market with a share of 
over 90 percent (DGS, 2013: 30). The efficiency and other electrical parameters of 
PV modules supplied by manufacturers are under standard rated conditions (STC) 
but systems rarely operates under these conditions. The STC is defined as 1000 
W/m2, 25°C and an air mass of 1.5 (Hankins, 2010:32). 
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Solar cells do not get damaged while working in the correct conditions. The correct 
conditions are defined as no shading of the modules, that the modules are clean 
and correctly installed. These conditions assures the longevity of modules since 
their life is merely limited by continued exposure to the elements and their 
manufactured quality. 

2.3.1. MPPT 
By nature solar generators are nonlinear power sources that needs unremitting 
control and monitoring to attain the optimal power output. One important control 
mechanism is maximum power point tracking (MPPT). 

Although solar power generation is advantageous, some shortcomings do exist. 
The low efficiency of solar PV arrays can be attributed to the nonlinear and 
temperature dependent output voltage, load current and power characteristics 
(Reddy & Reddy, 2014: 24). Most photovoltaic models assume that the MPP is 
permanently constant but MPP varies with change in irradiance and temperature; 
usually a control system is implemented to find the varying MPP. This is 
implemented either in the inverter or DC-DC converter. The measured ability of 
the MPPT to remain at the MPP, and therefore the amount of energy lost, is called 
array utilization. 

Figure 2: Current and Power versus voltage for a typical solar cell (European 
Editors, 2013) 

The MPP point value is a function of the current-voltage characteristics of solar 
cells, as seen in Figure 2. This curve changes with variation in solar intensity. A 
constant solar intensity would induce constant current source behaviour in the PV 
module under a lighter load and quasi-constant voltage source under a heavier 
load (Bai & Mi, 2011:131). The MPP value on the I-V curve is the point at which 
the solar cells function with maximum power. The maximum current that can be 
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produced by the module is defined as the short circuit current  𝐼𝑆𝐶  and the open-
circuit voltage 𝑉𝑜𝑐, the maximum voltage. 

MPPT control has evolved and multiple control schemes and algorithms exist but 
classic MPPT control is most commonly used in PV systems (Bai & Mi, 2011:33). 
Classic MPPT control is described by Bai and Mi (2011:132) as discrete logic, where 
the output power of a PV module is the product of voltage output 𝑈 and current 
𝐼. When the peak power is reached, 

𝑑𝑃

𝑑𝑈
=

𝑑(𝑈𝐼)

𝑑𝑈
= 𝑈

𝑑𝐼

𝑑𝑈
+ 𝐼

𝑑𝑈

𝑑𝑈
= 0              (1) 

Therefore 

𝑈 𝑑𝐼 = −𝐼 𝑑𝑈                (2) 

𝒅𝑰(𝒌) = 𝑰(𝒌 + 𝟏) − 𝑰(𝒌)               (3) 

𝒅𝑼(𝒌) = 𝑼(𝒌 + 𝟏) − 𝑼(𝒌)               (4) 

Substituting at time 𝑘 discrete equations 𝒅𝑰(𝒌) = 𝑰(𝒌 + 𝟏) − 𝑰(𝒌)    

           (3 and 𝒅𝑼(𝒌) = 𝑼(𝒌 + 𝟏) − 𝑼(𝒌)     

          (4 into equation 𝑈 𝑑𝐼 = −𝐼 𝑑𝑈      

          (2, the system will reach MPP when 

𝑼(𝒌)𝑰(𝒌 + 𝟏) + 𝑰(𝒌)𝑼(𝒌 + 𝟏) − 𝟐𝑼(𝒌)𝒊(𝒌) = 𝟎            (5) 

2.3.2. Cell and Module Efficiency 
The quality of solar cells is described by the fill factor (DGS: 2013:69): 

𝑭𝑭 =  
𝑽𝑴𝑷𝑷×𝑰𝑴𝑷𝑷

𝑽𝑶𝑪×𝑰𝑺𝑪
=

𝑷𝑴𝑷𝑷

𝑽𝑶𝑪×𝑰𝑺𝑪
                  (6) 

The fill factor is therefore a function of the MPP power and the theoretical 
maximum power produced by the short-circuit current 𝐼𝑆𝐶  and the open-circuit 
voltage 𝑉𝑜𝑐, when the cells are in an un-loaded state. 

The solar cell and module efficiency is determined from the MPP, solar irradiance 
𝐸 and the PV module area 𝐴 (DGS: 2013:71): 

𝜼 =
𝑭𝑭×𝑽𝑶𝑪×𝑰𝑺𝑪

𝑨×𝑬
                (7) 

Temperature also influences the efficiency of solar modules. Crystalline cells have 
reduced efficiency at higher temperatures. The approximate energy conversion 
efficiency of the various crystalline modules available varies between 10 and 20 
percent (Hankins, 2010:26). 
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2.3.3. Mismatch 
Each photovoltaic cell has an operation MPPT at the specific operating conditions, 
which may differ even slightly due to manufacturing variances. When mismatch of 
solar modules occur due to the performance difference of modules, either by 
inherit characteristics, the irradiance or temperature on the module, ideal 
performance of the system is impossible (Sandia National Laboratories, [S.a.]). 
Even a small variation from the MPPT of the specific cell or module forces the 
maximum power to a changed – usually lower – value of the total DC array. 
Mismatch impact due to module characteristics is calculated as (Sandia National 
Laboratories, [S.a.]), 

𝐿𝑜𝑠𝑠𝑚𝑖𝑠𝑚𝑎𝑡𝑐ℎ = 1 −
𝐷𝐶 𝐴𝑟𝑟𝑎𝑦𝑂𝑢𝑡𝑝𝑢𝑡

∑ 𝑀𝑃𝑃𝑇𝑚𝑜𝑑𝑢𝑙𝑒−∑ 𝐿𝑜𝑠𝑠𝐷𝐶 𝑊𝑖𝑟𝑖𝑛𝑔
            (8) 

2.4. Inverter 
Inverters used in PV systems are mainly grouped into either grid-connected 
inverters, or stand-alone inverters, depending on the system type. 

2.4.1. Wave Form 
Many small or cheaper inverters produce square-waves or modified sine wave 
approximations. These wave forms are not preferred for AC load; preferred for 
these load are so-called pure sine wave inverters which produce signals that are 
categorically sine wave. Modifications to the sine wave output, which contains 
energy in high frequency harmonics, can induce motor starting complications, and 
in extreme cases even load burnout (Corkish et al. 2011:105). 

2.4.2. DC-AC Conversion 
Currently high DC-AC conversion efficiencies are possible but energy losses are still 
relevant. Numerous algorithms exist to estimate the efficiencies of these 
conversion (Sandia National Laboratories, [S.a.]). Inverter efficiency is the 
proportion of output AC power to the total DC and AC input power, therefore 
efficiency is a function of AC power out, DC voltage and in some cases the 
operating temperature of the inverter. Efficiency reduction of inverters caused by 
elevated temperatures is a means of protection to ensure that the device does not 
fail. 

Inverter efficiency is important in system design optimization but for grid-
connected systems it is critical. The CEC Inverter Test Protocol (Eligible Inverters 
per SB1 Guidelines, [S.a.]) is merely one standard method of measuring the 
characteristics of inverters, initiated in California, specifically for grid-tie rebate 
and quality assurance. 

Empirical predictive inverter models exist, taking into account all voltage 
dependencies of the inverter. The Sandia Inverter Model for AC output power 
prediction, 
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𝑷𝑨𝑪 = {
𝑷𝑨𝑪𝟎

𝑨−𝑩
− 𝑪(𝑨 − 𝑩)} (𝑷𝑫𝑪 − 𝑩) + 𝑪(𝑷𝑫𝑪 − 𝑩𝟐)           (9) 

 

With 

𝑨 = 𝑷𝑫𝑪𝟎{𝟏 + 𝑪𝟏(𝑽𝑫𝑪 − 𝑽𝑫𝑪𝟎)}              (10) 

𝑩 = 𝑷𝒔𝟎{𝟏 + 𝑪𝟐(𝑽𝑫𝑪 − 𝑽𝑫𝑪𝟎)}            (11) 

𝑪 = 𝑪𝟎{𝟏 + 𝑪𝟑(𝑽𝑫𝑪 − 𝑽𝑫𝑪𝟎)}              (12) 

The array’s maximum power voltage is typically defined as a DC input voltage 𝑉𝐷𝐶. 
At reference operating conditions the AC power rating is achieved at a DC power 
level 𝑉𝐷𝐶0 and the maximum AC power rating for the inverter 𝑃𝐴𝐶0 is assumed to 
be the upper limit at these reference conditions. The inversion process requires a 
DC power 𝑃𝑠0 to start. Defining the AC output power and DC input power 
relationship is the constant parameter 𝐶0. The empirical coefficients 𝐶1, 𝐶2 and 
𝐶3each has a default value of zero and allows the foregoing parameter to vary 
linearly with the DC voltage. This model and describing parameters are stated by 
Sandia National Laboratories.  

Saturation, or clipping, of inverters occur when the photovoltaic array DC power 
exceeds the maximum input of the inverter. By increasing the voltage above the 
MPP, the DC power is reduced by the inverter, this is called the self-limit function 
of inverters. 

2.4.3. Input Source 
Inverters can be classified by their input source with applicable varying circuit 
topologies. The traditional inverters are the voltage-source inverter (VSI) and 
current-source inverter (CSI). The VSI inverter has a constant voltage source bridge 
input which is obtained through a large capacitor connected across the DC input. 
The CSI inverter naturally has a constant source bridge input which is obtained 
through the application of a large inductor. 

Driving induction motors, the main point of interest is the variation in current, 
therefore CSI is the more applicable inverter type for this application. So CSI is 
capable of AC speed control but some disadvantageous do exist.  The operating 
frequency is limited by the commutation ability and the load current; stability 
problems and sluggish operation are prevalent in these inverters at light loads and 
high frequencies (EE IT Kharagpur, [S.a]). 

A large interest was shown in a modified input source inverter, the impedance-
source inverter (ZSI) since 2003 (Luo & Ye, 2013:61). The ZSI implements a 
distinctive impedance network that overcomes the limitations presented by the 
traditional inverter circuits. Some advantageous of the ZSI specifically to power an 
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AC single-phase induction motor are: higher efficiency and system cost decreases 
since no DC/DC-boos converter stage is required, over-voltage and –current are 
constrained, no dead time of overlap time is present and the reliability of the 
inverter is not susceptible to EMI. 

2.4.4. AC Losses 
AC losses can be substantial after the DC-AC conversion phase due to transmission 
but these losses are usually negligible for residential applications since the 
transmission distances are not significant. 

3. Design Options 
Several photovoltaic system designs exist but optimal energy output relies on a 
well matched- and designed PV system. Energy demand matching to the available 
solar energy is especially critical in stand-alone systems. Stand-alone, or off-grid, 
PV systems are prevalent in isolated places where electricity is not readily 
available. These off-grid systems are usually systems that have extra-low-voltage 
direct current and therefore design solutions for these systems are less 
complicated. 

From the Motivation and Literature Review sections, the following design 
alternatives are analysed as suitable system solutions. In the following sections,  
when referring to the pump, it is acknowledged that it is the induction motor that 
powers the pump that are in actuality referred to. 

3.1. Stand-Alone: No Storage 
Commonly, stand-alone or off-grid PV systems are defined as systems that are 
extra-low-voltage DC systems. As discussed in the Literature Review Section, a 
swimming pool pump does not operate as an extra-low-voltage DC appliance, but 
rather AC. This makes the design unique since few independent electricity systems 
includes direct coupled AC consumers. 

Usually additional storage or some means of electricity back up is needed for a PV 
system since solar energy availability does not always coincide with electricity 
needs. In the case of this specific system consisting of a swimming pool pump, the 
solar energy yield can be used whenever it is available. Meaning that the pump 
only runs when solar energy is available. 

 

PV Array Inverter Pump 
DC Single-phase 

AC 

Figure 3: Stand-alone PV system without storage 
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Figure 3Error! Reference source not found. displays the components that would 
form a stand-alone system without storage that would power an AC domestic 
swimming pool pump with photovoltaic solar technology. The PV array would 
consist of multiple solar modules in series and parallel to surmount to a power 
rating of at least 1.2 kW to allow for the surge capacity of the motor. Without a 
stable power source, the inverter and pump will perceive wild swing from the 
array depending on the solar intensity, therefore a control method is critical.   

Theoretically this is a simple solution since only power conversion is required to 
directly couple the pump to the PV system. The main disadvantage of this system 
solution is that a very specific inverter and controller is required to ensure that the 
system operates at maximum efficiency, which is not readily commercially 
available. 

3.1.1. Inverter 
As mentioned in the literature review concerning inverters, various types are 
available on the market. The function of the inverter in this configuration would 
be to convert the stored DC energy into single-phase AC for the swimming pool 
pump. To ensure that the inverter does not decrease the efficiency of the PV 
system significantly, the appropriate type of inverter with system matched size, 
voltage and efficiency is required. 

Since charge controllers are profoundly advantageous to battery PV systems, 
some inverter manufacturers provide inverters with charge controller capabilities. 
This eliminates the use of an additional charge controller, decreasing the initial 
cost of the PV system. 

3.2. DC Pump Alternative to Standard AC Pump 
DC powered pumps have gained increasing attention, especially for water 
displacement in applications such as bore holes, since no power conversion is 
needed and implementation is much less complex. There does exist multiple 
disadvantages for the DC powered pumps as opposed to the AC pump, such as 
maintenance problems and limited power (Betka & Moussi, 2004:2167). 

A PV system including a DC pump, specifically designed for solar, Figure 4, looks 
similar in topology to a stand-alone PV system without storage with the substantial 
difference that a DC pump allows for the whole system to operate with DC. 

This system could also include a battery bank or some other form of backup such 
as the grid. These systems are widely available on the PV market, occasionally 
including the required panels, mounting structures and cabling to install the entire 

PV Array Controller Pump 
DC DC 

Figure 4: DC PV system without storage 
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system. This makes DC PV-pump systems accessible to the domestic market and 
could be advantageous to new pool owners. The main disadvantage for customers 
whom already own pool pumps is that it is an extra initial expense. 

3.3. Stand-Alone: Battery Bank 
A stand-alone system can also include a storage medium, such as a battery bank 
consisting of multiple batteries. This allows the system to operate in circumstances 
when no solar energy is available. Most commonly, rechargeable lead-acid 
batteries are used in PV systems (DGS: 149). These batteries are capable of 
efficiently handling small and large charge currents. The quality of the batteries 
used in a PV system influences the quality and performance of the system 
profoundly. 

Some loss in the system is also caused by the inclusion of batteries. This loss is 
dependent on the type of battery and age. Lead-acid batteries loses up to 30 
percent of energy through charge or discharge cycles. 

 

 

 

 

 

 

Figure 5 is the common configuration for applying an AC load to a stand-alone 
system with a battery bank. This system is more complex in installation and 
maintenance since batteries are included and more DC cabling is required – this 
could increase the cost of the system. The advantage of this PV system is that it is 
a general configuration and multiple design tools exist for the creating of such a 
system, making it more accessible to the domestic user. 

3.3.1. Batteries 
Battery life is greatly determined by the type of battery and the depth of discharge. 
With continuous discharge of more than 50 percent of the battery capacity, called 
deep discharge, the battery life decreases and the charged state decreases as well. 
If the charged state of the battery decreases below 80 percent of the rated 
capacity, the risk of failure increases significantly. The inclusion of a charge 
controller in a PV system with a battery bank allows for the management of the 
charge and discharge of the batteries. 

A major drawback of batteries in a PV system, especially lead-acid batteries, are 
their short service life caused by various ageing processes. This increases the 
maintenance cost of a PV system since the batteries need to be replaced every 3 

DC DC PV Array Charge Controller Battery Bank 

Single-phase 
AC 

Inverter Pump 

DC 

Figure 5: Stand-alone PV system with storage capacity 
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to 8 years, depending on the type of battery and manufacturer. The correct 
application and maintenance of batteries, and inclusion of a charge controller, 
increases battery life. 

As previously mentioned, charge controllers supplies overcharge- and deep 
discharge protection to batteries. Charge controllers also provides optimal charge 
of batteries, short-circuit protection, reverse polarity protection, and battery 
indication (DGS, 2013:161). 

State of Charge 

As part of maintenance planning of a PV system which includes batteries, the state 
of charge of the batteries should be measured. This measurement is an indication 
of the condition of battery cells – if it has been discharge too much. Checking the 
state of charge every few months could prevent premature battery failure and 
therefore increase battery life. Some charge controllers have the ability to monitor 
the state of charge of the batteries in the system. The state of charge can also be 
measured with a multi-meter or hydrometer (Hankins, 2010: 49). 

3.4. Grid-Tied System 
With the general consumer either reducing her electricity load from the grid, or 
even producing excess energy to feed back into the grid, South Africa’s power 
market will experience a major shift. The necessity of small-scale embedded PV 
generation however, has been brought to the attention of NERSA and the urgency 
for legislation of it. Currently it is stated that until the regulatory rules are 
implemented, the individual distributor may implement temporary net-metering 
schemes (NERSA, 2015:13). Few individual distributors, or municipalities, have 
accepted the idea of net-metering. This is attributed to the unknown cost impact 
on municipalities. Although NERSA has stated to release the regulatory rules for 
small-scale embedded generation on 30 May 2015 (NERSA, 2015:11), its 
publication is still anxiously awaited. 

The implications of embedded generation for the local electricity utility are 
numerous and therefore requires strict regulation. Not only is the legal standards 
not in place in South Africa, but the practical integration to the current physical 
systems are posing challenges. A series of specification, NRS 097, will be used to 
enable grid-connection but is still uncompleted and inadequate in the technical 
aspects of such a connection (MacDonald & Tuson, 2014:44). 

In this application of a swimming pool pump a grid-tied system would be 
advantageous as a storage solution. The advantages would include that the extra 
power generated, even only a few watts, would be transmitted to the grid for 
which retribution would be given. 

Even though grid-tied system would be applicable for the system solution it is not 
currently viable in South Africa to all consumers and therefore not an accessible 
solution. In European countries such as Germany, most PV installations are grid-
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tied systems (DGS, 2013: 9) and therefore it would be a viable system solution to 
power a domestic swimming pool pump.  

 

 

 

 

 

 

 

Figure 6 is the configuration for a grid-tied configuration. Batteries could also be 
implemented in this configuration for back up when the grid is off. This system is 
complex since it is required to be connected with the domestic utility meter. 

3.1.1. Loss of Grid 
Power loss in the national electricity grid is the effect of the inverter losing 
reference voltage in a power outage, or load-shedding. Loss of grid could produce 
hazardous situations, affecting all grid-dependant PV systems, therefore grid 
connected systems need to be state responsive to the grid. When the grid is off 
and the PV system continues to produce power, the PV system becomes a power 
island feeding into the grid that is unpowered. 

Islanding is mainly caused by the local power load masking the change in active 
and reactive power, making the variation in power seem very small. Detecting the 
state of the grid is therefore significantly more difficult - an inverter would not 
detect the change. When an inverter cannot detect the loss of power grid under 
certain conditions, the non-detection zone (NDZ), the inverter will continue to 
supply power to the grid. Supplying power to an unpowered grid is hazardous and 
complicates the restoring of grid power. 

3.1.2. Anti-islanding 
Anti-islanding protection is critical in a PV system to ensure that loss of grid is 
detected, therefore to reduce or eliminate NDZs. This allows the grid-interactive 
inverter to follow the voltage and frequency characteristics of the grid line. This 
safety mechanism is a constitutional requirement in countries where electricity 
feed-in is legalized and documented (Evanczuk, 2015). 

4. Determining System Specifications 
The estimated electric load, which would include the daily load energy demand, 
system loss estimation and system voltage would also form part of this system 

DC PV Array 

Single-phase 
AC 

Inverter

Pump 

Utility Meter Utility Grid
3-phase 
AC 

Figure 6: Grid-tied PV System 
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specification. This would state the electrical characteristics of the chosen system 
which would be dependant of the type of system chosen from section 3. 

4.1. Solar Resource Survey 
The proposed site location is in Stellenbosch, South Africa (33°56’15’’ S, 18°53’23’’ 
E). As seen in Figure 7, the proposed site has a flat corrugated iron roof that is 
easily accessible. 

 

Figure 7: Proposed site location roof 

4.1.1. Site Solar Access 
Photovoltaic solar systems’ efficiency and performance rely on the solar access of 
where the system is installed. Not only is solar intensity a defining factor but also 
general climate conditions which could include snow and rain. Site solar access is 
also defined by geographical location and system mounting. 

Solar Irradiance 

Solar irradiance is quantified as the instantaneous power density which is 
dependent on the geographical location, as well as the local weather of the site 
inspected. According to (Chowdhury et al. 2012:2354) solar irradiance at a specific 
location is influenced by: ozone, air molecules, aerosols (atmospheric particles), 
water vapour, clouds, geographical location including latitude and elevation, 
season and time of day. 

Particularly important to the analyse in the design and implementation of static 
photovoltaics is the Global Horizontal Irradiance (GHI) which is defined as the total 
terrestrial irradiance received by a surface parallel to the earth’s surface from the 
sun (Sandia National Laboratories, [S.a.]), 

𝑮𝑯𝑰 = 𝑫𝑯𝑰 + 𝑫𝑵𝑰 ∙ 𝐜𝐨𝐬 (𝜽𝒛)            (13) 
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With Direct Normal Irradiance (DNI) the solar irradiance in-line from the sun - this 
is determined by the time of day, and Diffused Horizontal Irradiance (DHI) the 
scattered solar irradiance. These components are measured in W/m2. For the 
average daily energy per m2 (Chowdhury et al. 2012:2354), 

𝑬 =  ∑ 𝑫𝒂𝒊𝒍𝒚 𝑮𝑯𝑰 ×  
𝟏

𝟏𝟎𝟎𝟎
(

𝒌𝑾

𝑾
) 𝒙 ×

𝟏

𝒏𝒐.𝒐𝒇 𝒊𝒏𝒕𝒆𝒓𝒗𝒂𝒍𝒔 𝒑𝒆𝒓 𝒉𝒐𝒖𝒓
         

(14) 

Solar Insolation 

Insolation, or incident solar radiation, is the cumulative energy over a specific area 
for a predefined period of time. 

4.1.2. Array Orientation 
The orientation of a solar photovoltaic array is important to ensure the maximum 
yield and efficiency of the array. Since this array is implemented for domestic 
purposes it will be installed in a fixed tilted orientation. When solar radiation 
strikes the solar array at a right angle (90 degrees), it is absorbed most efficiently. 
This means that for a fixed tilted orientation, the most effective angle would allow 
for solar irradiation to strike the array at a right angle for the most part of the day 
when solar irradiation is present. Therefore, the latitude and prevalent weather 
conditions are two large factors in determining tilt orientation. 

Tilt orientation is described by the array tilt angle (𝜃𝑇), which is the angle from the 
horizontal of the photovoltaic array, as seen in Figure 8, and the array azimuth 
angle (𝜃𝐴,𝑎𝑟𝑟𝑎𝑦) which is the normal horizontal vector from the array surface, so 

an array has an angle of 180 if it faces south (Sandia National Laboratories, [S.a.]).  
 

 

Figure 8: Array tilt angle 

Since the proposed site is located south of the equator, the sun is predominantly 
in the northern portion of the sky. Therefore the array should be mounted with 
the solar array facing north. A rule of thumb to determine the array tilt angle is to 
add 10° to the site’s latitude (Hankins, 2010:20). The proposed site has a latitude 
of 33°, therefore the optimal array tilt angle is 43°. 
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4.1.3. Plane of Array (POA) 
To calculate the true photovoltaic performance, the irradiance components as 
well as the array orientation and obstructions are taken into account. POA 
irradiance is, 

𝑬𝑷𝑶𝑨 = 𝑬𝒃 + 𝑬𝒈 + 𝑬𝒅                (15) 

With 𝐸𝑏 the POA beam, 𝐸𝑔 the POA ground-reflected component and 𝐸𝑑 POA sky-

diffusion. The POA beam is an adjusted DNI value taking into account the angle of 
incidence (AOI), 

𝑬𝒃 = 𝑫𝑵𝑰 × 𝐜𝐨𝐬(𝑨𝑶𝑰)                         (16) 

The AOI between the photovoltaic array and the sun is determined by: 

𝑨𝑶𝑰 = 𝐜𝐨𝐬−𝟏[𝐜𝐨𝐬(𝜽𝒁) 𝐜𝐨𝐬(𝜽𝑻) + 𝐬𝐢𝐧(𝜽𝒁) 𝐬𝐢𝐧(𝜽𝑻) 𝐜𝐨𝐬(𝜽𝑨 − 𝜽𝑨,𝒂𝒓𝒓)]                 
(17) 

With 𝜃𝐴 the solar azimuth angle defined as the degrees east of north (North = 0, 
East = 90, West = 270), 𝜃𝑍 the solar zenith angle. 

Radiation also reflects and scatters from the ground plane to the tilted surface 
area of the photovoltaic array, represented by 𝐸𝑔, 

𝑬𝒈 = 𝑮𝑯𝑰 × 𝒂𝒍𝒃𝒆𝒅𝒐 ×
(𝟏−𝐜𝐨𝐬(𝜽𝑻,𝒔𝒖𝒓𝒇))

𝟐
                        (18) 

Where albedo is the reflectivity of the ground plane surface from which radiation 
is reflected.  

 

Figure 9: Installation roof site 

A very dark surface has 𝑎𝑙𝑏𝑒𝑑𝑜 ≈ 0 and a bright white or metallic surface 
has 𝑎𝑙𝑏𝑒𝑑𝑜 ≈ 1. Figure 9 shows the installation site where the roof is corrugated 
iron which is a metallic surface and therefore an albedo value of almost 1.  



17 
 

The diffuse radiation from the sky is more complex and several semi-empirical 
models exist. A simple model by Sandia National Laboratories, 

𝑬𝒅 = 𝑫𝑯𝑰 ×
𝟏+𝐜𝐨𝐬(𝜽𝑻)

𝟐
+ 𝑮𝑯𝑰 ×

(𝟎.𝟏𝟐𝜽𝒁−𝟎.𝟎𝟒)×(𝟏−𝐜𝐨𝐬(𝜽𝑻))

𝟐
         (19) 

It is assumed that diffuse radiation from the sky is uniform in the isotropic sky 

diffuse model, therefore the second term in equation 19 is needed to account for 

horizon brightening and circumsolar effects. 

Incident irradiance is reduced further by several losses, including shading, soiling 
and reflection. The adjusted value is therefore the effective irradiance and can be 
seen as actual irradiance on the photovoltaic array which can be converted into 
power. From IV curves of a matched reference PV module, effective irradiance is 
determined by, 

𝑬𝒆 =
𝑰𝒔𝒄𝒓

𝑰𝒔𝒄𝟎𝒓{𝟏+𝜶(𝑻𝒄𝒓−𝑻𝟎)}
× 𝑺𝑭                         (20) 

The soiling factor (SF) is equal to one when the module is clean. This shows the 
direct correlation between effective radiance and the cleanliness state of the 
module. 

4.1.4. Shading Issues 
A solar cell in shade can heat up in certain operating conditions and damage a solar 
cell creating a hot spot. This hot spot can be cause by high reverse current flowing 
though the non-operating cell. Repeated shading of a cell increases the probability 
of failure of the cell which increases the chance of module failure. In the case of a 
shaded cell, the module current is determined by the current of that shaded cell. 
Solar cells are implemented with bypass diodes in solar modules supplying a 
shading tolerance to modules. In manufacturing of modules not all cells are 
supplied with a bypass diode, decreasing the shading tolerance of the module 
(DGS, 2013:102). 

Temporary shading also includes the presence of snow, leaves, and other types of 
soil on the PV modules. Since the proposed installation site is located in the 
southern hemisphere, snow is not applicable, but temporary shading caused by 
dust could be increased. The cleaning of PV modules should form part of the 
maintenance of the PV system. 

The installation site has been chosen with shading in mind. The site is located in a 
suburb with low surrounding buildings and there is one tree which could cause 
shading, but the removal of tree would remove the risk. In other cases where 
shading is a contributing factor a shading analysis would be completed. In cases 
where shading is unavoidable, module arrangement and connection can be 
changed to decrease the shading effect. 
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5. Design Procedure 
The design procedure would specifically pertain to the selected system solution 
chosen. This would include the sizing and selection of PV modules since solar 
modules form a substantial part of the costing of a PV system. The quality and 
durability of the modules are imperative. Certification and approval of modules 
are completed through thorough testing procedures supplied by the IEC. 

The electrical characteristics of the system will be defined such as the voltage and 
configuration. Detailed design pertaining all system components will be included 
such as the controller, inverter, main circuit, cables, fuses and switches. 

The design procedure includes these seemingly less important system 
components such as cabling since it can decrease the performance of the system 
if they are degraded and/or fail. Failure and degradation is complex to model but 
may be critical in the operating of the system. It is therefore imperative that the 
correct components of decent quality is installed and that they are constantly 
monitored for degradation. 

The ohmic resistance of DC wiring is the main cause for wiring losses in the 
photovoltaic system and this power loss is equal to 𝐼2 × 𝑅, with 𝐼 the array 
current. A voltage drop, 𝐼 × 𝑅, is also caused in the variation of cable length and 
size. This also contributes to mismatch as discussed in the Literature Review. 

A mounting design for the modules, with diagrams, will also be included.  

6. Install Procedure 
The install procedure will also be for the specific chosen system design since 
installation would differ for each system design. This section will refer to safety 
regulations critical in installation procedures. Wiring, mounting, controller 
installation and final connection instructions will be included. 

Since continued operation of photovoltaic systems are critical, maintenance tasks 
will also be discussed to ensure longevity and continued performance of the 
system. 

7. Performance Assessment 
Predicting and evaluating system performance based on historical weather data 
and system characteristics is important for the designing and commissioning of 
photovoltaic projects. Performance differs from reliability, but it is dependent on 
it. 

To compare between the performances of the different system solutions for the 
specific site, performance metrics are applied as discussed in (Sandia National 
Laboratories, [S.a.]). The objectives of the performance assessment is to predict 
how the designed system will perform with its specific location, how the system 
will perform long-term and predicting the energy yield of the system. Performance 
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assessment can also be implemented to detect crucial changes in the system to 
prevent system failure, and therefore to allow for cost effective maintenance. 
Defined by the IEC (IEC 61724, 1998) is the daily AC performance ratio,  

𝑷𝑹𝑨𝑪 =
𝒀𝒇 𝑨𝑪

𝒀𝒓
                           (21) 

With the nominator defined as the measured AC energy produced by the system 
in a day (kWh/day), divided by the rated system power. The denominator, 𝑌𝑟, is 
the plane of array insolation ( kWh/m2) divided by a reference irradiance of 1000 
Wm-2. This performance ratio is dependent on temperature and therefore the 
ratio will be lower in warmer time of the year, and higher in colder times. 

A simplified model which can be used for one specific location is the Performance 
Ratio (PR). Another performance metric is the performance index - the energy 
yield from a photovoltaic system compared to a predicted yield from a model. This 
index is not affected by temperature variance, as the performance ratio metric. A 
performance index of 1 for a system indicates a perfectly optimized and 
functioning system. 

8. Costing 
Currently some quotes are being requested and analysed. This section will discuss 
this costing of different systems and relate this to electricity prices. This section 
will include pricing from different manufacturers to ensure that solar trends are 
analysed. 

9. Financial Performance 
The system value is correlated to the lifetime cost of the system relative to the AC 
energy yield, referred to as the Levelized-Cost-of-Energy (LCOE) as by Cunningham 
& Mokri (2014:4). The performance and viability of the photovoltaic system will 
be discussed in terms of technical performance as well as financial performance. 
Different models exist which supplies measures of performance, such as the 
Performance Ration, relating to energy yield and installation and maintenance 
costs. 

9.1. Electricity Rates 
Looking at a typical 1 kW 220 V AC domestic swimming pool pump as the means 
of water circulation, 8 kWh of electricity will be consumed per day in the summer. 
For a 31 day summer month, the electricity consumed merely by the swimming 
pool pump, surmounts to 248 kWh. Paying the average 2015 - 2016 electricity 
tariffs in the Stellenbosch Municipal area which is R1.48 VAT exclusive 
(Stellenbosch Municipality, 2015:2), the general domestic swimming pool owner 
spends 248 𝑘𝑊ℎ × (𝑅1.48 + 14 % 𝑉𝐴𝑇) = 𝑅418.43 per summer month.  
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10. Discussion and Conclusion 
In European countries such as Germany the point of grid parity, the point where 
the cost of photovoltaic electricity equals the cost of grid electricity, is much 
closer. In these countries where the volume of photovoltaic installations are 
numerous, the cost of installations are reduced and equipment is more widely 
available, making the installation of photovoltaic systems more accessible. 

Multiple system designs are possible, relating to the needs of a specific user. The 
moderate inaccessibility of solar technology in South Africa limits the options but 
there is some growth in market.  Some solar installation consulting companies do 
exist in South Africa which analyses the needs of the client and designs a system 
to fit those needs. Currently this method is the most successful in making solar 
technology accessible to the domestic user. 

In such a system, especially this one pertaining a swimming pool pump which is an 
AC load, some complexity is unavoidable. Multiple factors influence such a system 
– some factors cannot be controlled and the design should takes these into 
account. 

Some section of this report will still be expanded, specifically the Design 
Procedure, Install Procedure, Performance Assessment, Costing and Financial 
Performance Assessment sections. These section are dependent on the design 
option chosen as system solution. Initially installation of this system was seen as 
viable but after some research into design options it has been concluded, for the 
time being, that such a dedicated system is not efficient nor effective. Installation 
could be completed after the closure of this project. 

Changes to the timeline of the project has been adapted suitably as seen in 
Appendix A.1. As seen, the project progress is on track and reflects the contents 
of this progress report. 
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Appendix A 
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