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Abstract 

The Photovoltaic (PV) Array Troubleshooting and Educational Facility is a specialised 

experimentation platform for researchers and students to develop a greater practical 

understanding of photovoltaic modules, arrays, shading effects and fault scenarios. The 

Facility was designed, constructed, and tested at the School of Engineering and Information 

Technology, Murdoch University as part of an engineering honours thesis.  

The Facility provides for the safe measurement of voltages and currents of individual module 

or array sections of the interconnected array using handheld multimeters and portable IV 

curve tracers. For example, the Facility allows for exploring partial shading and mismatch 

effects in series connected cells with and without bypass diodes, by providing access to 

current measurements in sections of the modules that are not usually accessible. The Facility 

has also been designed to allow for the troubleshooting of faults in parallel strings of a PV 

array. Different fault conditions, reverse currents through modules and the effectiveness of a 

variety of overcurrent protection devices can be explored.  

The paper describes the design process and requirements of the Facility, the implementation 

of the design, the construction process as well as issues encountered during the construction 

phase. Examples of experimental procedures and results are presented and analysed. The use 

of the Facility and its integration into Renewable Energy Engineering education activities at 

Murdoch University is also presented. 

1. Introduction

The training of engineers, scientists and researchers in the field of renewable energy is a vital 

function of education systems in a society that places importance on sustainability (Jennings 

2009). Murdoch University embraces this view and has for many years operated a number of 

courses involving photovoltaic system design, such as the Renewable Energy Engineering 

degree, and degrees in Energy Studies.  

The importance of the development and application of practical skills in renewable energy 

education programs has been widely recognised (Nelson, Husman et al. 2011, Kandpal and 

Broman 2014), and for engineering programs these skills are also an accreditation 

requirement (Engineers Australia 2011). Practical experiments in addition to software and 

mathematical simulations form a significant part of renewable energy education activities at 

Murdoch University. As these activities are continuously reviewed, updated and improved, a 

need for a practical teaching tool for units on photovoltaic system technology was identified. 

The aim was to develop a Photovoltaic Array Troubleshooting and Training Facility, a small, 

configurable array of photovoltaic modules with a range of measurement, testing and logging 

capacities available to students. The Facility (see Figure 1) was designed, constructed, and 

tested during a final year engineering honours thesis project. The sections below list the 

design requirements, describe the design approach and system construction, as well as provide 

some examples of the application of the Facility.  



 

 

 

 

Figure 1: Facility in use at Murdoch University, Perth. 

 

2. Design Requirements 

During the design phase of the Facility, Murdoch University academic chairs and course 

supervisors identified a broad range of photovoltaic experiments considered appropriate as 

learning exercises for future students. Proposed experiments involve the investigation of 

series, parallel and bypass diode connections of/within PV modules, partial shading and 

mismatch effects, as well as the effectiveness of over-current protection under different fault 

conditions in an extra-low voltage (ELV) PV array. Furthermore, tutors should be able to 

apply various faults in the PV array for fault finding and troubleshooting exercises. 

The Facility will be primarily used by 3rd and 4th year Electrical Engineering Students with 

fundamental skills in electric measurements and circuit assembly. Nevertheless, the Facility 

should allow for the safe measurement of voltages and currents of individual module/array 

sections of the interconnected array (at least three strings in parallel) using handheld 

multimeters and portable IV curve tracers. After an induction, students should be able to 

safely use the Facility unsupervised. To further reduce risks the Facility’s design should 

prevent connections resulting in voltage levels above 120V.  

The experimentation platform itself should be robust, and able to withstand a range of student 

interactions, while retaining functionality and continuing to protect users from unsafe 

currents. A simple array tilt mechanism is required to maximise the current produced at 

certain times of the year, and thereby increase the likelihood of a fault experiment actuating 

overcurrent protection devices. The Facility should be mobile, with the ability to be moved 

between locations as required by tutors, or for promotional purposes. To enable use on 

university building roof areas, the Facility should fit inside large elevators and through several 

key doorways. 
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3. Realisation 

3.1. System Design 

A typical engineering design approach was followed to realise this project. Figure 2 shows the 

design approach as a flowchart. Each stage was completed sequentially. 

 

 

Figure 2: Project design approach flowchart. 

 

Research was undertaken to determine the minimum requirements of Australian Standards 

relevant to the Facility, to determine the range of available components and parts that may be 

used within the Facility and to survey existing PV education systems. A commercial PV 

training and troubleshooting system was identified (the Amatrol Solar PV Troubleshooting 

Learning System (Amatrol 2010)), but it was found to not suit the above design requirements 

and duplicate existing stand alone and grid connected PV system laboratory setups at 

Murdoch University.  

A conceptualisation stage generated ideas for the system design. Based on the initial research 

and concepts, a simplified feasibility analysis and short design requirement analysis were 

conducted. The purpose of this analysis was to remove requirement conflicts and confirm 

client expectations. A preliminary design was then generated, followed by a detailed design 

phase, in which software tools such as Microsoft Visio were used to produce detailed wiring 

diagrams and sketches, and produce the control panel interface designs. 

The final design, shown in Figure 1, consists of an array of eight polycrystalline PV modules, 

supported by a mobile steel frame on pneumatic wheels. A shaft permits array tilt for 

maximum current production throughout the year, and a sensor mounting surface is included 

for measurements in the plane of the array. Two wiring enclosures, on the rear side, house one 

control panel each; the control panels present a graphical representation of various electrical 

components and circuits, with colour-coded banana sockets for current and voltage 

measurements. 
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•Technical feasibility

•Basic legal feasibility

•Economic feasibility

•Real component availability

Design requirement analysis

•Requirement conflicts removed

•Client expectations noted
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•Meet all relevant Standards

Preliminary design

•Paper/Whiteboard Sketches

•Google Sketch-up

•Basic wiring diagrams

•Frame and component layout

Detailed design

•Microsoft Excel/Visio

•Detailed Sketches

•Strict dimensions declared

•Materials and components chosen



 

 

3.2. System Construction 

The Facility was constructed using PV-installer industry-standard components and practices 

wherever possible, in an effort to further familiarise students with the real-world components 

and systems they may encounter working as PV system designers. Construction of the system 

commenced once sufficient components were sourced and began with the modification of the 

Yingli YL60Wp, 60W polycrystalline PV modules. All bypass diodes were removed from 

within the module junction boxes, and a third cable gland was installed to bring the bypass 

junction point of each module out for external connections. Typical PV roof-mounted array 

frames were used to support each module, and a shaft constructed to permit array rotation 

about a horizontal axis. Steel A-frames support the rotating array on a mobile base, providing 

mounting opportunities for IP65 wiring enclosures and accessory components.  

Three cables connect each PV module to the wiring enclosure. Cables were coloured red for 

positive, black for negative and blue for bypass point connection, and include MC-4 

connections to facilitate module replacement. Each PV module is routed separately to provide 

access to individual modules within wiring enclosures. As the cables are exposed to weather, 

solar radiation, mechanical stress and student interference, they were selected to exceed 

AS5033 cable requirements, and have been routed through suitable UV-resistant conduit 

secured with aluminium saddles. Module cables were routed in such a manner that minimised 

loops, to minimise voltages induced by nearby lightning and demonstrate such practices to 

students. 

 

 

Figure 3: Facility in use at Murdoch University Open Day, Perth. 

 

Wiring enclosures are constructed to isolate any mutually exclusive experiments from each 

other, with completely separate cables, components, mounting rails and isolation devices used 

for each experiment control panel. This action shall ensure that any maintenance issues or 

breakages that occur to one experiment shall not influence the other, a requirement of AS3000 



 

 

(Standards-Australia 2007). For easier troubleshooting and maintenance, all wiring within the 

enclosures is colour-coordinated with array wiring to align the enclosure design with the array 

cable design.  

Facility control panels were constructed of a thick, graffiti-resistant polycarbonate, capable of 

withstanding the expected temperatures of the enclosures, and strong enough to prevent 

cracks or damage from over-enthusiastic student interaction. A large-format printer was used 

to transfer the designs to polycarbonate, and a fine-resolution mill used to cut holes for 

banana sockets, switches and breakers. Great care was taken to ensure that students are 

isolated from dangerous voltages or currents while working at or near the Facility.  

Once all necessary components were assembled or custom-built, the whole system was 

constructed and tested. The most significant issue encountered during construction was the 

discovery of significant mismatches between component data sheets and real-world 

specifications, such as PV module physical and electrical dimensions. This issue was 

overcome through the return of said modules and redesign of the system about the Yingli 

YL60Wp PV module.  

A number of design choices were dependent on key components and their ratings, for 

example DC circuit breaker and PV module ratings. Rather than using DC fuses, DC circuit 

breakers are used as over-current protection devices in the Facility. Due to the limited 

availability of breakers with low current ratings only certain PV module/breaker combinations 

were possible for system protection and educational exercises.   

 

 

Figure 4: Facility control panels in use at Murdoch University Open Day, Perth. 

(Control Panel A (left cabinet) and Control Panel B (right cabinet)) 

 



 

 

4. Testing 

4.1. Module Testing 

Nine PV modules were individually tested using the Murdoch University Spi-Sun Simulator 

560SLP which permits indoor testing of terrestrial photovoltaic modules under Standard Test 

Conditions (AM1.5, 1000W/m2, 25C cell temperature) (Spire Solar 2012). The sun simulator 

outputs a characteristic IV curve, as well as various key parameters such as series and shunt 

resistance, maximum power point, fill factor, open circuit voltage, and short circuit current. 

The primary objective of these tests was to determine the existence of any faults or issues 

with the modules, match similar modules into groups, and enhance the value of the Facility as 

a teaching tool by providing detailed module characteristics in a Facility Data Sheet for future 

use. Murdoch University staff may design future teaching activities that could rely on such 

measured characteristics.  

The testing showed that all modules had an output power larger than the nominal 60 W 

(ranging from +1.25% - 4.2 %) and helped identify the poorest module which had a 3.8 % 

lower maximum power point current and 7.4 % lower short circuit current than specified. 

Based on the tests the eight most suitable modules for the Facility were selected.  

 

4.2. Sample Experiments  

A number of sample experiments were developed to demonstrate the effectiveness of the 

Facility as a teaching tool. Experiments placed an emphasis on series and parallel module 

connections in shaded and unshaded situations, bypass module connections and operation, 

string currents under normal and fault scenarios, and overcurrent protection device actuation. 

Experiments developed were generally short, discrete, and intended for expansion by 

Murdoch University teaching staff before release to students. To demonstrate the 

effectiveness of the Facility as an experiment platform, two experiments were selected for 

further testing and verification.  

4.2.1. Sample Experiment 01: Bypass Current Observation 

The objective of Sample Experiment 01 was to explore the effect of partial shading on 

photovoltaic module IV curves installed in various series and parallel configurations. Bypass 

diodes (BPD) are examined as a solution to poor performance characteristics, with focus on 

improving the electrical power production and protection of crystalline modules under said 

shading. Upon completion of Sample Experiment 01, a student would have developed a 

greater understanding of shading effects on crystalline-technology modules, bypass solutions, 

and IV curve tracing. 

Figure 5 shows the control panel layout for one photovoltaic module. Positive and negative 

terminals are shown in red and black, respectively. Current measurements can be made using 

handheld measurement devices by bridging an ammeter across the pairs of yellow terminals. 

In this manner a student can measure the currents flowing throughout the circuit, including 

through the bypass diode connection point. Switches, shown in white, are used to permit 

current flow when measurement is not desirable, to reduce wiring congestion. Portable IV 

curve tracers may be connected to the module using banana terminals for simple curve tracing 

measurements. 

 



 

 

 

Figure 5: The section of Control Panel A required for Sample Experiment 01. 

 

The Facility allows for a number of array configurations for this experiment. An example IV 

curve recording is shown in Figure 6, where a configuration with three modules connected in 

parallel was chosen. One half of one module is completely shaded so that the bypass diode of 

this half becomes active. Figure 6 shows the expected result that a shaded module fitted with 

bypass diodes is able to produce greater magnitude current than a module without bypass.  

 

Load

 

 

Figure 6: Sample Experiment 01 IV and PV curve result for three parallel modules. 
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In further experiments, a student can explore that in the absence of bypass diodes the 

combined IV curve of a series configuration is limited to the current of the shaded cells, and 

power may be dissipated in these shaded cells. With bypass diodes engaged on the shaded 

module, the shaded cells experience a limited reverse voltage, and the IV curve changes shape 

to reflect this. When installing the appropriate multimeters, a student can observe the current 

flow through bypass diode pathways on the Figure 5 Control Panel A graphics.  

4.2.2. Sample Experiment 02: String Fault Analysis 

The objective of Sample Experiment 02 was to determine the location and explore the effect 

of a short circuit fault in one string on the array current of an array with four strings in parallel 

under various load conditions. For this experiment students use Control Panel B, shown in 

Figure 8. A short circuit between the midpoint of String AB and the negative terminal rail of 

the array shall be made by a tutor, as shown in the equivalent circuit diagram in Figure 7 

below. A student can measure the magnitude and direction of currents flowing through each 

string, the fault connection (if this has been enabled by the tutor), and through a connection to 

the load. These measurements can be used for fault finding, to determine the string impacted 

by this short circuit fault, and whether or not overcurrent protection devices are likely to 

operate. Upon completion of Sample Experiment 02, a student will have developed a greater 

understanding of simple faults on a photovoltaic array and some of the difficulties and 

challenges in detecting and protecting against faults in photovoltaic systems.  

 

 

 

Figure 7: Equivalent circuit model 

diagram for Sample Experiment 02. 

 

Figure 8: Control Panel B layout showing 

coloured banana sockets. 

 

  



 

 

For the fault shown in Figure 7, string current measurements were performed under various 

load conditions and the results presented in Figure 9. The blue no load scenario can be used 

for troubleshooting and identifying the faulty string. Strings CD, EF and GH operate in a 

business-as-usual fashion to feed in to the faulty string, backwards through Module A – this 

observation points the student to the short on string AB to the negative terminal rail. 

Furthermore the effectiveness of the string protection can be observed in the no load scenario. 

Given the sufficiently high irradiance conditions in this experiments, the String AB breaker (a 

Curve D ABB 6A DC breaker) actuated, isolating the faulty string and protecting the 

installation as per AS5033 (Standards-Australia 2014).  

Under the light load red scenario, the student observes three normally operating strings 

feeding the load, with all excess current fed into the fault, backwards through Module A. 

After a few minutes, the String AB breaker actuated, isolating the faulty string – this actuation 

took longer because the fault current was not a great deal larger in magnitude than the 

nominal operating current for a breaker sized in accordance with AS5033-3.3.5 (Standards-

Australia 2014).  

 

 

Figure 9: String current measurements for Sample Experiment 02 under various loads. 

 

A MPPT connected to a 12V winch was used in the heavy load case, resulting in String AB 

seeing almost no reverse current and the String AB breaker not tripping. This scenario 

demonstrates that faults may exist in PV installations but may be difficult to detect without a 

detailed inspection. 

Such an experiment may be used to impress upon students the importance of care and 

attention when troubleshooting photovoltaic installations, and demonstrate the need for 

careful design when engineering solar generation systems. 

 

  

-15

-10

-5

0

5

10

15

String AB String CD String EF String GH To Load

C
u

rr
e

n
t 

(A
m

p
s)

Array Section Measured

No Load Situation Light Load Situation Heavy Load Situation



 

 

5. Conclusion and Outlook 

The PV Array Troubleshooting and Educational Facility described in this paper is a 

specialised, configurable array of PV modules with a range of measurement and testing 

capacities available to students. The Facility will be used primarily in 3rd and 4th year 

renewable energy engineering units for experiments that involve the investigation of series, 

parallel and bypass diode connections of/within PV modules, partial shading and mismatch 

effects, as well as the effectiveness of over-current protection under different fault conditions 

in an extra low voltage PV array. The Facility allows for the safe measurement of voltages 

and currents of individual module/array sections of the interconnected array (at least three 

strings in parallel) using handheld multimeters and portable IV curve tracers.  

A wide range of experiments dealing with fault scenarios are also possible. This is a crucial 

area of photovoltaic system design that was previously available only as theoretical models or 

limited demonstrations. Almost all existing d.c. photovoltaic experiments from the Murdoch 

University Renewable Energy Engineering major can now be conducted in greater detail, on a 

full array of modules, while exposing students to industry standard components and 

techniques. The Facility is also available for open days and promotions, and will be used to 

attract new students to the industry, the School, and generate a greater enthusiasm for solar 

power generation.  
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