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Abstract 

A solar photovoltaic plant is an integrated energy-conversion system rather than a 

collection of independent solar panels. Solar radiation is converted into DC electricity by 

PV modules, collected through strings and arrays, processed by power-electronic 

converters, converted into grid-compatible AC power, and delivered through transformers 

and switchgear. Plant controllers and SCADA systems supervise this process, while 

protection, diagnostics, and maintenance systems support safe and reliable operation. 

This introductory session establishes the common terminology and system-level 

understanding required for the subsequent sessions on array electrical design, advanced 

power electronics, control and SCADA, plant planning, fault diagnosis, and operation and 

maintenance. These later topics collectively address the design, performance, reliability, 

safety, and lifecycle of modern PV installations.  

 



This opening session introduces the solar photovoltaic plant as one complete system 

and provides a roadmap for the sessions that follow. It connects the main stages of a project, 

beginning with planning and site assessment and continuing through design, installation, 

control, operation, fault diagnosis, maintenance, and end-of-life management. The session 

first points to the planning of a solar plant. This includes site selection, solar-resource 

assessment, land and topography, shading, array layout, access, grid connection, 

environmental requirements, system sizing, and economic feasibility. These decisions 

establish whether a proposed plant can produce energy reliably and remain practical 

throughout its operating life.  

It then introduces the electrical structure of the plant. Learners are directed to the 

relationship between modules, strings, arrays, DC cables, combiner boxes, inverters, 

transformers, switchgear, and medium-voltage collection networks. The later electrical 

session examines string design, parallel-string arrangements, array segmentation, electrical 

losses, protection, grid-connected architecture, and long-term reliability issues. The 

introduction also points to the role of power electronics. Inverters and DC/DC converters 

manage the power produced by the PV array and connect it to the electrical system. The 

following sessions examine central, string, multi-string, and module-level inverter 

arrangements, maximum power point tracking, grid synchronization, power quality, grid-

support functions, thermal management, and smart-inverter technologies.  

Control and monitoring are presented as essential parts of modern PV plants. 

Individual inverters, plant-level controllers, sensors, meters, communication networks, and 

SCADA platforms work together to regulate the plant, record operating data, manage 

alarms, and support grid requirements. The dedicated control session develops these areas 

further, including inverter coordination, operational indicators, event logs, and hybrid or 

storage-supported systems. The session then points to plant performance and fault 

diagnosis. PV output changes naturally with irradiance, temperature, shading, wind, grid 

conditions, and operating state, so reduced output does not always indicate a fault. Later 

material examines module defects, wiring problems, inverter and protection faults, 

hotspots, degradation, insulation problems, arc faults, and connector failures using 

electrical measurements, I–V curves, infrared inspection, and SCADA information.  

Finally, the session introduces installation, commissioning, operation, and 

maintenance. These activities include mechanical and electrical checks, controlled 

energization, performance verification, daily monitoring, preventive maintenance, 

corrective and predictive maintenance, electrical safety, spare-parts planning, and lifecycle 

management.  

By the end of this introductory session, participants should understand how the main 

technical and operational areas of a solar PV plant are connected and how the remaining 

sessions develop each area in greater detail. 
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Electrical structure in solar PV systems- Part II 

Learning Objectives 

• Design photovoltaic (PV) array electrical configurations by determining appropriate 

string voltage limits, parallel string arrangements, and array segmentation strategies for 

reliable system operation.  
 

• Analyze the electrical losses and mismatch mechanisms in PV systems, including cable 

losses, module mismatch, and partial shading effects, and evaluate their impact on energy 

production. 
 

• Explain the principles of advanced electrical protection, including DC protection 

coordination, surge and lightning protection, and ground fault protection used in modern 

PV installations.  
 

• Describe the electrical architecture of grid-connected PV systems, including inverter 

stations, transformers, switchgear, and medium-voltage collection networks.  
 

• Assess common electrical reliability issues affecting photovoltaic systems, including 

insulation degradation, connector heating, and potential-induced degradation, and 

recommend appropriate mitigation measures. 

Abstract 

This course, “Electrical structure in solar PV systems- Part I”, presents advanced 

concepts in the electrical design and operation of PV systems beyond the fundamental 

principles introduced in Part I. It examines the design of PV arrays with emphasis on 

string voltage limits, parallel string balancing, and array segmentation to achieve safe and 

efficient system operation. The course also investigates the electrical losses that reduce 

PV performance, including cable losses, module mismatch, and the effects of partial 

shading and bypass diodes. Advanced protection strategies, including DC protection 

coordination, surge and lightning protection, and ground fault protection, are discussed to 

improve system safety and reliability. Furthermore, the course introduces the electrical 

architecture of grid-connected PV power plants, covering inverter stations, transformers, 

switchgear, and medium-voltage collection systems. Finally, common reliability issues 

such as insulation degradation, connector overheating, and potential-induced degradation 

are examined to provide an understanding of long-term PV system performance and 

maintenance. 
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1 Advanced in PV Array Electrical Design  

The electrical configuration of a photovoltaic array plays a critical role in 

determining the performance, safety, and reliability of a PV system. While the previous 

course introduced the concepts of PV modules, strings, and arrays, practical system 

design requires careful selection of the number of modules connected in series and the 

number of strings connected in parallel to ensure compatibility with the inverter under all 

operating conditions. 

An improperly designed array may experience inverter shutdown, excessive voltage, 

current imbalance, or unnecessary energy losses. Therefore, advanced PV array design 

considers the electrical characteristics of the PV modules together with the operating 

limits of the inverter and the environmental conditions at the installation site. The 

principal aspects of array electrical design include determining the allowable string 

voltage, balancing parallel strings, and dividing large PV fields into electrically 

independent array sections. 

1.1 PV string voltage limit  

A PV string is formed by connecting multiple PV modules in series to increase the 

DC output voltage while maintaining the same current. The required string voltage 

depends on the inverter operating range and must remain within its allowable input 

voltage under all expected environmental conditions. Consequently, determining the 

appropriate number of modules connected in series is one of the most important steps in 

PV array design. 

The voltage of a PV module is not constant. Figure 3.1 describes the effect of 

temperature on the module output voltage and current. The module voltage decreases as 

the cell temperature increases and rises as the temperature decreases. Therefore, both the 

minimum and maximum string voltages must be verified to ensure reliable operation 

throughout the year. 

 

Figure 3.1: Temperature effect of PV module voltage  
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Selecting too few modules may prevent the inverter from reaching its minimum 

operating voltage during hot weather, whereas too many modules may cause the 

maximum string voltage to exceed the inverter's allowable DC input voltage during cold 

conditions. Therefore, both the minimum and maximum number of modules per string 

must be verified during system design. 

During hot operating conditions, the voltage at the maximum power point (𝑉𝑀𝑃𝑃) 

decreases. If the string voltage becomes lower than the inverter's minimum MPPT 

operating voltage, the inverter cannot continuously track the maximum power point, 

resulting in reduced energy production or inverter shutdown. To account for module 

aging and other losses, a safety margin is commonly included, giving the design criterion. 

𝑉𝑚𝑖𝑛,𝑠𝑡𝑟𝑖𝑛𝑔 ≥ 1.12 𝑉𝑚𝑖𝑛,𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 (1) 

Where 𝑉𝑚𝑖𝑛,𝑠𝑡𝑟𝑖𝑛𝑔 and 𝑉𝑚𝑖𝑛,𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 are the minimum operating string voltage and 

inverter minimum MPPT input voltage, respectively. In this case, the minimum number 

of modules connected in series is derived based on Eq. (2). 

𝑁𝑚𝑖𝑛 =
1.12 𝑉𝑚𝑖𝑛,𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟

𝑉𝑚𝑝𝑝,𝑎𝑐𝑡𝑢𝑎𝑙  

 (2) 

Is 𝑉𝑚𝑝𝑝,𝑎𝑐𝑡𝑢𝑎𝑙  is the module maximum power voltage corrected for the highest 

expected operating temperature and defined as: 

𝑉𝑚𝑝𝑝,𝑎𝑐𝑡𝑢𝑎𝑙 = 𝑉𝑚𝑝𝑝,𝑆𝑇𝐶 × [(𝑉𝑇𝐶 × (𝑇𝑟𝑖𝑠𝑒 + 𝑇𝑚𝑎𝑥 − 25)) + 100%] (3) 

Where 𝑉𝑚𝑝𝑝,𝑆𝑇𝐶  is the voltage at maximum power point measured at the standard test 

conditions, 𝑉𝑇𝐶 indicates the voltage temperature coefficient, 𝑇𝑟𝑖𝑠𝑒  defined the 

temperature rise from the mounting system and 𝑇𝑚𝑎𝑥 is the maximum expected 

temperature. Conversely, under cold weather conditions, the open-circuit voltage (𝑉𝑂𝐶) of 

each module increases. If the total string voltage exceeds the inverter's maximum DC 

input voltage, permanent damage to the inverter may occur. Therefore, the maximum 

allowable string voltage must satisfy and the maximum number of modules that can be 

connected in series is derived. 

𝑁𝑚𝑎𝑥 =
 𝑉𝑚𝑎𝑥,𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟

𝑉𝑜𝑐,𝑎𝑐𝑡𝑢𝑎𝑙  

 (4) 

𝑉𝑜𝑐,𝑎𝑐𝑡𝑢𝑎𝑙   is the module open-circuit voltage corrected for the minimum expected 

operating temperature. 

1.2 PV parallel string balancing  

After the number of modules per string has been determined, the required number of 

parallel strings is selected to satisfy the desired array power while remaining within the 

inverter current rating. 
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The voltage of array is equal to the PV string voltage limits, while the current of PV 

array is determined by summing current of all strings. Figure 3.2 represents a PV array 

with N string in parallel. 

 

Figure 3.2: PV array  

The allowable number of parallel strings is determined from the inverter maximum 

DC input current according to: 

𝑁𝑠𝑡𝑟𝑖𝑛𝑔 =
 𝐼𝑚𝑎𝑥,𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟

𝐼𝑀𝑃𝑃  

 (5) 

And, 𝐼𝑀𝑃𝑃  is the current of one PV string at the maximum power point. For large PV 

plants, each string is commonly protected by individual fuses and monitored separately 

through the combiner box, allowing abnormal current deviations to be detected before 

significant energy losses occur. 

Technical Note 1 

Parallel strings should exhibit nearly identical electrical characteristics so that the 

generated current is shared uniformly. Differences in module type, degradation, cable 

resistance, orientation, or shading produce current imbalance, causing stronger strings 

to operate away from their optimum operating point. The resulting mismatch reduces the 

total array power and increases electrical stress on conductors and protective devices. To 

minimize imbalance, practical PV systems employ identical modules within each string, 

equal string lengths, identical conductor cross-sectional areas and cable lengths, 

identical orientation and tilt angle, and equal environmental exposure. 

1.3 PV array segmentation  

Large photovoltaic installations are rarely constructed as one electrically continuous 

array. Instead, the PV field is divided into several independent array sections, each 

connected to a dedicated MPPT, inverter, or inverter station. 
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Array segmentation improves system flexibility by reducing mismatch losses 

between different parts of the plant. Sections experiencing different orientations, tilt 

angles, shading conditions, or module temperatures can operate independently at their 

own maximum power point instead of forcing the entire array to operate at a common 

voltage. 

The most common PV array configurations are the Series–Parallel (SP), Bridge-

Linked (BL), and Total Cross-Tied (TCT) topologies, as shown in Fig. 3.3. 

 

Figure 3.3: (a) SP array configuration. (b) BL array configuration. (c) TCT array configuration. 

The Series–Parallel configuration is the conventional arrangement used in most 

photovoltaic installations. Individual PV modules are first connected in series to form 

strings, and multiple strings are then connected in parallel to achieve the desired voltage, 

current, and power output. The Bridge-Linked configuration is an enhancement of the 

conventional Series–Parallel topology. Similar to the SP arrangement, PV modules are 

connected in series to form strings. However, additional bridge connections are 

introduced between adjacent strings, providing alternative current paths during mismatch 

or partial shading conditions. In the Total Cross-Tied configuration, modules are 

interconnected differently from the conventional SP arrangement. Modules are first 

connected in parallel to form rows, and the rows are subsequently connected in series. 

Additional cross-tie conductors electrically interconnect neighboring rows, allowing 

current redistribution throughout the array. 

Technical Note 2 

The BL configuration allow part of the generated current to bypass affected modules, 

reducing the power loss associated with shaded or faulty modules. Consequently, the BL 

configuration generally provides better energy production under non-uniform irradiance 

while requiring only a moderate increase in wiring complexity compared with the 
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conventional SP topology. Also, in TCT, because current can flow through multiple 

parallel paths, the TCT configuration significantly reduces mismatch losses caused by 

partial shading and non-uniform irradiance. Although the TCT topology requires more 

electrical interconnections and a more complex installation, it generally provides the 

highest energy yield and the greatest tolerance to shading among the commonly used 

array configurations. For this reason, TCT configurations are often considered for large 

PV installations or locations where partial shading cannot be completely avoided. 
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2 Electrical Losses and Mismatch Effects  

Even when a photovoltaic array is correctly designed, the electrical power delivered 

to the inverter is lower than the theoretical power generated by the modules. These losses 

originate from cable resistance, differences between PV modules, and non-uniform 

operating conditions such as partial shading. Although each loss mechanism may appear 

small individually, their combined effect can significantly reduce the annual energy yield 

and accelerate the degradation of PV components. Understanding these electrical losses is 

therefore essential for improving both system efficiency and long-term reliability. 

2.1 Cable losses  

Electrical energy generated by the PV array is transmitted through DC cables before 

reaching the inverter. Since every conductor possesses a finite electrical resistance, part 

of the generated energy is dissipated as heat during transmission. This phenomenon is 

known as cable loss. 

The instantaneous power loss in a DC cable is: 

𝑃𝑙𝑜𝑠𝑠(𝑡) = 2𝐼𝐷𝐶
2 𝑟𝐷𝐶 = 2 (

 𝑃𝐷𝐶,𝑐𝑎𝑏𝑙𝑒

𝑉𝐷𝐶

)
2

𝑟𝐷𝐶  (6) 

Where 𝐼𝐷𝐶 is cable current and 𝑟𝐷𝐶  resistance of one conductor. The factor of two 

accounts for both the positive and negative DC conductors. 

It should be mentioned that cable losses increase rapidly with current because the loss 

is proportional to the square of the current. Consequently, increasing the system voltage 

is an effective method for reducing transmission losses, since the same power can be 

transferred with lower current. In practical PV systems, DC cable losses are generally 

limited to 2–3% of the generated power, while the total wiring voltage drop is commonly 

maintained below 3–4%. Proper conductor sizing, minimizing cable length, and using 

high-quality connectors are therefore important considerations during PV system design. 

 

Figure 3.4: Effect of DC cable length on system losses  
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Increase in wiring resistance increases energy losses, as depicted in Fig. 3.4. Cables 

and inverters are the cause for most of the causes of the system losses. Minimization of 

these losses is primal as the generation of electricity from the PV systems is expensive. 

As PV systems work in environments that are variable in nature because of which 

different characteristics of the PV system are present at different times variable losses. 

2.2 Module mismatch  

Ideally, all PV modules connected within a string should have identical electrical 

characteristics. In practice, however, differences inevitably exist due to manufacturing 

tolerances, ageing, contamination, temperature variations, and partial shading. These 

differences are collectively referred to as module mismatch. 

Mismatch losses occur because electrically connected modules are forced to operate 

at a common operating point rather than at their individual maximum power points. The 

resulting operating point is determined by the weakest module within the electrical 

connection. For series-connected modules, the current must remain identical throughout 

the string. Consequently, the module producing the lowest current limits the current of 

the entire string, while the excess capability of higher-performing modules cannot be 

utilized. Conversely, for parallel-connected strings, the operating voltage is common to 

all branches. If strings possess different maximum power point voltages, the array 

operates away from the optimum voltage of some strings, reducing the total power 

delivered. 

Mismatch losses are commonly classified into two categories. Static mismatch or 

permanent, caused by permanent differences such as manufacturing tolerances, ageing, 

degradation, or replacement modules with different electrical ratings. In other words, 

dynamic mismatch, caused by temporary operating conditions including non-uniform 

irradiance, temperature variations, dust accumulation, or partial shading. 

• Temperature variation: Differences in operating temperature change the 

electrical characteristics of PV modules. Higher temperatures reduce the open-

circuit voltage while only slightly affecting the current, causing modules 

operating at different temperatures to have different MPPs. These voltage 

differences introduce mismatch losses within the string. 

• Partial shading: Partial shading caused by trees, buildings, dirt, bird droppings, 

or passing clouds reduces the irradiance received by one or more modules. The 

shaded module produces less current than the others, limiting the current of the 

entire series string and reducing the overall power output. Prolonged shading may 

also lead to hot-spot formation. 

• Solder joint degradation: PV modules contain numerous soldered electrical 

interconnections between cells and busbars. During long-term outdoor operation, 
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repeated thermal expansion and contraction may weaken these solder joints, as 

sown in Fig. 3.5. The resulting increase in series resistance causes additional 

power loss, localized heating, and reduced electrical performance, leading to 

mismatch between modules. 

 

Figure 3.5: Soldering in PV cell.  

• Module degradation: Long-term exposure to environmental conditions gradually 

degrades PV modules through mechanisms such as micro-cracks, encapsulant 

discoloration, delamination. Figure 3.6 represents these types of degradations. 

Micro-cracks are difficult to identify manually, which, however, affect the 

performance of the PV module. Discoloration is related to a change of color of the 

PV cell material with time. Delamination can be detected from the detachment of 

the PV layers. It is a major degradation issue, which commonly occurs in hot and 

humid climates. These defects reduce module output and create permanent 

electrical mismatch within the array. 

 

Figure 3.6: PV degradation, a) cracks b) discoloration c) delamination  

• Hot-spot formation: Hot spots occur when a weakened or shaded cell becomes 

reverse biased and dissipates power as heat instead of generating electricity. 

Temporary hot spots are usually caused by shading, whereas permanent hot spots 

result from damaged cells or manufacturing defects. Besides reducing power 

output, hot spots accelerate module degradation and shorten system lifetime. 

2.3 Partial shading and bypass diode behavior  
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Partial shading is one of the most significant causes of power loss in photovoltaic 

systems. Unlike uniform irradiance reduction, where all modules experience similar 

operating conditions, partial shading affects only a portion of the array. Common sources 

include nearby buildings, trees, utility poles, antennas, bird droppings, accumulated dirt, 

and adjacent PV rows. 

When one cell in a series-connected module is shaded, the photocurrent generated by 

that cell decreases substantially. Since the same current must flow through every cell in 

the series string, the shaded cell cannot supply the required current and begins operating 

in reverse bias. Instead of generating power, it absorbs electrical power from the 

remaining cells, producing localized heating known as a hot spot. Without protective 

measures, even shading a single cell can reduce the output power of an entire module by 

more than 50%, while prolonged operation under these conditions may permanently 

damage the shaded cell due to excessive heating. 

To prevent this problem, PV manufacturers install bypass diodes inside the module 

junction box. A bypass diode is connected in parallel with a group of series-connected 

cells, typically protecting one-third of the module. Under normal operating conditions, 

the diode remains reverse-biased and carries no current. When shading causes the 

protected cells to become reverse biased, the bypass diode becomes forward biased and 

provides an alternative current path around the shaded section. Figure 3.7 illustrates the 

equivalent circuit of a bypass diode together with its electrical behavior under shading 

conditions.  

 

Figure 3.7: Bypass diode  

Although bypass diodes reduce the module voltage by excluding the shaded cell 

group from power generation, they prevent excessive heating and allow the remainder of 

the module to continue producing electricity. 

Figure 3.8 compares the I–V characteristics of a fully illuminated module and a 

partially shaded module equipped with bypass diodes. When the bypass diode conducts, 

the characteristic curve develops a distinct step corresponding to the bypassed section. 

This produces multiple local maxima on the P–V curve, making maximum power point 

tracking considerably more challenging. 
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Figure 3.8: I-V curve on cell with and without diode in shaded situation  

Technical Note 3 

Bypass diodes and blocking diodes serve different functions in PV systems. A bypass 

diode is connected in parallel with a group of PV cells to protect shaded cells from 

reverse-bias operation and hot-spot formation. In contrast, a blocking diode is installed 

in series with the PV array to prevent reverse current flow from batteries or other DC 

sources into the PV modules during periods of low or zero irradiance, such as nighttime. 

While modern grid-connected inverters generally incorporate reverse-current protection 

internally, blocking diodes remain common in stand-alone and battery-based PV systems.  
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3 Protection and Grounding System  

Electrical protection is an essential component of PV systems because PV arrays 

continuously generate electricity whenever sufficient sunlight is available. Unlike AC 

systems, where the current naturally passes through zero every half cycle, DC current is 

continuous, making electrical faults more difficult to interrupt. Consequently, PV systems 

require carefully coordinated protection devices, grounding systems, and surge protection 

equipment to ensure personnel safety, protect electrical equipment, and minimize fire 

hazards. 

The main protection functions in a PV installation include overcurrent protection, 

surge and lightning protection, and ground-fault detection. Together, these protection 

systems isolate faulty circuits while allowing the remaining parts of the PV system to 

continue operating safely. 

3.1 DC protection coordination  

DC protection coordination is the process of selecting and coordinating protective 

devices so that the device closest to a fault operates first, preventing damage to cables 

and electrical equipment. In photovoltaic systems, this coordination is particularly 

important because DC faults can sustain electrical arcs that rapidly overheat conductors 

and insulation. 

The most common overcurrent protection device used on the DC side is the fuse, 

which is installed inside string combiner boxes to protect individual PV strings against 

reverse currents, short circuits, and ground faults. During a fault, the fuse must interrupt 

the circuit before the cable temperature exceeds its thermal limit. If the fuse operates too 

slowly, excessive current may damage the cable insulation, resulting in arc faults or even 

fire. 

 

Figure 3.9: TCC of cable and fuse  
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Protection coordination is achieved by comparing the time-current characteristic 

(TCC) of the fuse with the thermal withstand characteristic of the cable. As illustrated in 

Fig. 3.9, the fuse operating curve should always lie below the cable damage curve. This 

ensures that the fuse melts and clears the fault before the cable reaches its maximum 

permissible temperature. 

The allowable continuous current of a DC cable (𝐼𝑧) depends on its rated current and 

the installation conditions, including ambient temperature, installation depth, and cable 

grouping. It is calculated as: 

𝐼𝑧 = 𝐼𝑛𝐾1𝐾2𝐾3 (7) 

Where 𝐾1, 𝐾2 and 𝐾3 are ambient temperature, installation and cable grouping 

correction factors. The fuse rating is then selected to withstand normal operating current 

while providing reliable protection during fault conditions. The fuse should satisfy the 

Eq. (8). 

𝐼𝑓𝑢𝑠𝑒 ≥ 1.5 × 𝑁𝐺𝐼𝑠𝑐  (8) 

𝐼𝑠𝑐  is the short-circuit current of one PV string and 𝑁𝐺 is the number of strings 

protected by the overcurrent device. Proper coordination between the fuse and the cable 

improves system reliability, limits thermal damage during faults, and allows healthy 

strings to continue operating while the faulted string is isolated. 

3.2 Surge and lightning protection  

PV arrays are commonly installed on rooftops or open ground where they are 

exposed to lightning strikes and transient over voltages. Although direct lightning strikes 

are relatively rare, nearby strikes can induce high transient voltages in PV cables, causing 

severe damage to inverters, combiner boxes, monitoring equipment, and communication 

systems. 

To protect the installation, the metallic frames of PV modules and supporting 

structures are bonded to the grounding system. In locations with high lightning activity, a 

lightning protection system consisting of air terminals (lightning rods), down conductors, 

and grounding electrodes provides a preferred low-resistance path for lightning current to 

dissipate safely into the earth, as shown in Fig. 3.10. 

In addition to external lightning protection, Surge Protection Devices (SPDs) are 

installed on both the DC and AC sides of the PV system. SPDs limit transient 

overvoltages by diverting surge current to ground before it reaches sensitive electrical 

equipment. They protect against switching surges, nearby lightning strikes, and induced 

electromagnetic transients. Modern PV systems typically install Type II SPDs inside DC 

combiner boxes and AC distribution panels, while Type I SPDs may be required where 

direct lightning protection systems are installed. 
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Figure 3.10: Typical lightning protection system  

3.3 Ground fault protection  

A ground fault is an unintended electrical connection between a current-carrying 

conductor and a grounded metallic component, such as the module frame or mounting 

structure. Ground faults are among the most common electrical faults in photovoltaic 

systems and are typically caused by damaged cable insulation, deteriorated module 

encapsulation, moisture ingress, or accidental contact between conductors and grounded 

metal parts. 

When a ground fault occurs in one PV string, the electrical balance of the array 

changes. Healthy strings continue generating current, while the faulted string may 

become reverse biased and behave as an electrical load instead of a power source. As a 

result, current from the healthy strings flows backward into the faulted string, creating a 

back-fed current that combines with the current generated by the faulted string itself. The 

operation of a grounded PV array under normal and fault conditions is illustrated in Fig. 

3.11. 

 

Figure 3.11: PV system under normal and fault situation  
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The magnitude of the ground-fault current increases with the number of parallel 

strings because each healthy string contributes additional back-fed current. If the fault is 

not cleared rapidly, sustained DC arcing may occur at the fault location, creating a 

significant fire hazard. Ground-fault protection is provided by a Ground-Fault Protection 

Device (GFPD), typically implemented using a fuse or dedicated electronic monitoring 

circuit. Under normal operation, no current flows through the grounding conductor. When 

a ground fault occurs, the GFPD detects the resulting imbalance and disconnects the PV 

array from the inverter. According to modern electrical standards, the inverter must 

automatically cease power generation and indicate the fault condition until the fault has 

been repaired. 
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4 Grid-Connected Electrical Architecture  

Following the PV array design and protection systems, the next stage of the electrical 

structure is the connection of the photovoltaic plant to the utility grid. After the PV arrays 

generate DC electricity, the power is converted into AC by the inverter and subsequently 

transmitted through transformers, switchgear, and medium-voltage (MV) collection 

networks before reaching the grid interconnection point. The arrangement of these 

electrical components is referred to as the grid-connected electrical architecture, and its 

design significantly influences system efficiency, reliability, operational flexibility, and 

maintenance requirements. Modern utility-scale PV plants employ a modular electrical 

architecture in which multiple inverter stations are interconnected through an MV 

collection network and connected to a central substation for power export. Figure 3.12 

illustrates the PV system structure, starting with DC generation, inverter station, AC 

collection, transformer, switchyard and grid connection. 

 

Figure 3.12: PV system structure  

4.1 Inverter station  

In large-scale photovoltaic plants, the inverter is installed as part of an inverter 

station, which forms the interface between the DC collection system and the AC power 

network. The inverter station receives DC power from multiple PV strings through 

combiner boxes, converts it into three-phase AC power, and delivers it to the step-up 
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transformer. Besides the inverter itself, the station typically incorporates DC disconnect 

switches, AC circuit breakers, protection relays, auxiliary power supplies, monitoring and 

communication equipment, and cooling systems. These components are integrated into a 

containerized or skid-mounted assembly, allowing rapid installation, simplified 

maintenance, and modular plant expansion as depicted in Fig. 3.13. 

The inverter station also performs continuous monitoring of electrical parameters and 

communicates with the plant supervisory control and data acquisition (SCADA) system. 

In modern PV plants, inverter stations are distributed throughout the solar field to reduce 

DC cable lengths, improve operational reliability, and minimize electrical losses before 

the AC collection network. 

 

Figure 3.13: Inverter station  

Technical Note 3 

Grid-connected PV plants employ several inverter configurations depending on plant 

capacity and application. Central inverters are commonly used in large utility-scale 

projects because they offer high power ratings and lower installation costs. String 

inverters distribute the conversion process among multiple independent units, improving 

system flexibility and reducing mismatch losses, while microinverters perform power 

conversion at the module level to maximize energy harvest under non-uniform operating 

conditions. The operating principles, control methods, and selection criteria of these 

inverter configurations were discussed in the Power Electronics course and are therefore 

not repeated here.  

4.2 Transformers and switchgear  

The AC output voltage produced by the inverter is generally unsuitable for 

transmitting power over long distances because low-voltage transmission results in higher 

current and greater cable losses. Consequently, each inverter station is connected to a 
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step-up transformer, which raises the inverter output voltage to the medium-voltage level, 

depending on the project requirements and grid connection specifications. 

Following voltage transformation, the electrical power passes through the switchgear 

before entering the medium-voltage collection network. Switchgear provides switching, 

isolation, and fault interruption functions, ensuring safe operation during normal service 

and maintenance activities. It also houses protective devices such as circuit breakers, 

disconnect switches, current transformers, voltage transformers, and protection relays that 

isolate faulty equipment while maintaining the operation of healthy sections of the PV 

plant. Proper coordination between transformers and switchgear is therefore essential for 

maintaining system reliability and complying with grid interconnection standards. 

4.3 Medium-voltage collection systems  

Once the inverter output has been transformed to the required medium-voltage level, 

electrical power from multiple inverter stations is gathered through a medium-voltage 

collection system before reaching the main substation. Figure 3.14 represents the MV 

collection system. This collection network forms the electrical backbone of the PV plant 

and is responsible for transporting power efficiently while maintaining high reliability 

and effective protection coordination. 

 

Figure 3.14: MV system in PV plant  

After the inverter output is stepped up to medium voltage, power from multiple 

inverter stations is collected through medium-voltage feeder cables and delivered to the 

plant substation. The collection feeders connect groups of inverter stations to the main 

substation, where the voltage is further increased for transmission to the utility grid. The 

design of the collection network considers cable routing, current-carrying capacity, 

voltage drop, short-circuit levels, protection coordination, installation cost, and 

maintenance accessibility. Proper design minimizes electrical losses while ensuring 

reliable operation and compliance with utility interconnection requirements. The design 

of medium-voltage collection systems considers cable routing, current-carrying capacity, 

voltage regulation, fault current levels, protection coordination, maintenance 

accessibility, and future plant expansion. 
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5 Advanced Electrical Reliability Issues  

Photovoltaic systems are expected to operate reliably for more than 25 years under 

continuously changing environmental conditions. During long-term operation, electrical 

components are exposed to high temperatures, humidity, ultraviolet (UV) radiation, 

thermal cycling, electrical stress, and mechanical loading. These conditions gradually 

degrade the electrical integrity of the PV system and may reduce power generation, create 

safety hazards, and shorten system lifetime. Among the most significant electrical 

reliability issues are insulation degradation, connector heating, and potential-induced 

degradation (PID). Understanding these degradation mechanisms allows engineers to 

implement appropriate preventive measures during system design, installation, and 

maintenance. 

5.1 Insulation degradation  

Electrical insulation provides isolation between live conductors, grounded metallic 

structures, and the surrounding environment. A PV system contains several insulation 

layers distributed throughout the electrical structure, including the insulation surrounding 

DC and AC cables, module back-sheet insulation, encapsulation materials around the 

solar cells, junction boxes, connector insulation, inverter insulation, and transformer 

winding insulation. Together, these insulation systems prevent current leakage, ground 

faults, and accidental electric shock while maintaining safe system operation. 

During long-term outdoor operation, insulation materials gradually deteriorate due to 

prolonged exposure to ultraviolet radiation, elevated temperatures, moisture ingress, 

pollution, thermal cycling, and mechanical stress caused by wind or cable movement. 

Over time, these factors reduce the insulation resistance and may produce cracks, 

embrittlement, delamination, or moisture penetration. Damaged insulation allows leakage 

current to flow from energized conductors to grounded metallic structures, increasing the 

risk of ground faults, arc faults, corrosion, and fire hazards. The degradation of cable 

insulation is particularly common in PV plants because cables are continuously exposed 

to sunlight and varying environmental conditions. Similarly, deterioration of the module 

back-sheet or encapsulant may expose conductive components, reducing dielectric 

strength and compromising electrical safety. 

Insulation degradation is typically detected through insulation resistance testing, 

leakage current measurements, visual inspections, and thermal imaging. Preventive 

measures include the use of UV-resistant cable insulation, proper cable routing, high-

quality encapsulation materials, adequate mechanical protection, and periodic electrical 

testing. 

5.2 Connector heating  
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Electrical connectors provide the mechanical and electrical interface between PV 

modules, strings, combiner boxes, and inverters. Since every PV installation contains 

hundreds or thousands of connector pairs, they represent one of the most common 

sources of electrical failure. 

Connector heating occurs when the electrical contact resistance increases because of 

poor crimping, loose mechanical connections, corrosion, moisture ingress, contamination, 

or the use of incompatible connectors from different manufacturers. Increased contact 

resistance causes localized heating whenever current flows through the connector. If the 

problem remains undetected, the connector temperature continues to rise, accelerating 

insulation aging and potentially leading to melting, electrical arcing, hotspot formation, 

or fire. Figure 3.15 demonstrates the examples of overheated connectors. 

 

Figure 3.15: Overheated PV connector  

Connector heating is commonly identified through infrared thermography, which 

allows maintenance personnel to detect abnormal temperature rises before visible damage 

occurs. Routine inspection and preventive replacement of damaged connectors 

significantly reduce the likelihood of unexpected failures. 

5.3 Potential induced degradation  

Potential-Induced Degradation is a long-term electrical degradation mechanism that 

affects crystalline silicon photovoltaic modules operating under high system voltages. 

PID occurs when a large electrical potential difference develops between the solar cells 

and the grounded aluminum module frame. This voltage stress causes leakage currents to 

flow through the glass and encapsulation materials, allowing mobile ions, particularly 

sodium ions from the front glass, to migrate toward the solar cells. The accumulation of 
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these ions changes the electrical properties of the cell surface and reduces the module's 

power output. A typical PID phenomenon is shown in Fig 3.16. 

 

Figure 3.16: Mechanism of PID  

The front glass used in crystalline silicon PV modules contains sodium ions (Na⁺), 

while the encapsulant and back sheet act as dielectric insulating materials. Under normal 

operating conditions, these ions remain relatively immobile and do not affect module 

performance. However, when the PV module operates at high system voltages (typically 

1000 V or 1500 V), a strong electric field is established between the solar cells and the 

grounded module frame. This electric field, combined with elevated operating 

temperatures and humidity, causes sodium ions to migrate from the front glass through 

the encapsulant toward the solar cells. The ion migration is further accelerated under hot 

and humid environmental conditions, where the electrical conductivity of the 

encapsulation materials increases. Leakage currents may travel through several possible 

pathways inside the module, including through the front glass, encapsulant, interfaces 

between the glass and encapsulant, interfaces between the encapsulant and back-sheet, 

and, in some cases, along the surface of the back-sheet. These leakage current paths 

transport sodium ions toward the cell surface, where they accumulate and modify the 

electrical characteristics of the p-n junction. As a result, the cell experiences increased 

carrier recombination, reduced shunt resistance, and lower charge collection efficiency, 

leading to reductions in open-circuit voltage, fill factor, and overall module power output. 

Because PID often develops gradually and without visible external damage, 

performance monitoring alone may not immediately reveal the problem. PID is 

commonly diagnosed using electroluminescence (EL) imaging, current-voltage curve 

measurements, insulation resistance testing, and long-term performance analysis. Figure 

3.17 represents the comparison between healthy and a PID affected module based on the 

EL imaging. 
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Figure 3.17: EL comparison between a healthy and PID affected PV module  

 Modern PV modules increasingly incorporate PID-resistant cell structures and 

encapsulation materials, while many utility-scale inverters include anti-PID recovery 

functions that apply a reverse bias to reduce ion migration during nighttime operation. 

Proper grounding design and the selection of certified PID-resistant modules further 

minimize the likelihood of degradation. 
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Session Summary  

This session presented the advanced electrical design and reliability aspects of grid-

connected PV systems. It explained PV array electrical design, including string voltage 

limits, parallel string balancing, and array configurations to ensure compatibility with 

inverter operating requirements. The session also discussed electrical losses caused by 

cable resistance, module mismatch, and partial shading, highlighting the role of bypass 

diodes in minimizing power loss and preventing hotspot formation. 

The protection and grounding section covered DC protection coordination, surge and 

lightning protection, and ground-fault protection to ensure safe and reliable system 

operation. The grid-connected electrical architecture was then introduced, describing the 

functions of inverter stations, transformers, switchgear, and medium-voltage collection 

systems in delivering power to the utility grid. Finally, the session examined advanced 

electrical reliability issues, including insulation degradation, connector heating, and 

potential-induced degradation, together with their causes, impacts on system 

performance, and common mitigation techniques. Overall, the session provides the 

knowledge required to design, protect, and maintain efficient, reliable, and long-lasting 

PV electrical systems. 
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Control, Monitoring, and SCADA Systems in Solar PV 

Plants 

Learning Objectives 

• Explain the fundamental principles of control systems including the objectives of plant 

control, closed-loop control, and the coordination of PV inverters and the plant controller. 
  

• Analyze inverter control strategies and Maximum Power Point Tracking (MPPT) 

techniques under varying environmental conditions, and evaluate how DC-link voltage 

regulation, active power control, and reactive power control. 
 

• Describe the architecture and operation of Supervisory Control and Data Acquisition 

(SCADA) systems, including field sensors, meters, communication networks, and 

centralized monitoring platforms for real-time data acquisition and plant supervision.  
 

• Analyze operational data, performance indicators, alarms, and event logs to 

evaluate PV plant performance and support fault diagnosis. 
  

• Explain the control strategies used in PV-storage and hybrid power systems, 

including load-following operation and grid-support functions such as voltage and 

frequency regulation.  

Abstract 

This course, “Control, monitoring, and SCADA systems in solar PV plants”, 

introduces the principles of PV plant control systems, beginning with the fundamentals of 

closed-loop control and the coordination between inverters and plant-level controllers. It 

then examines inverter control strategies, including maximum power point tracking, DC-

link voltage regulation, and active and reactive power control under changing irradiance 

and grid conditions. The course also presents the architecture of SCADA systems, 

covering sensors, communication networks, data acquisition, visualization, and 

operational analytics used in modern utility-scale PV plants. Finally, learners will explore 

operational monitoring techniques, performance assessment using key performance 

indicators, alarm management, and advanced control approaches for PV systems 

operating within microgrids and hybrid energy systems. By the end of the course, 

participants will understand how integrated control and SCADA systems improve the 

efficiency, reliability, and operational resilience of large-scale solar PV installations. 
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1 PV Plant Control Fundamentals  

Modern photovoltaic (PV) plants employ hierarchical control systems to maximize 

energy production while ensuring safe operation and compliance with grid requirements. 

Unlike conventional power plants whose energy source can be regulated, the output of a 

PV array continuously changes with solar irradiance and cell temperature. Consequently, 

power electronic converters and intelligent controllers are required to regulate energy 

conversion, maintain power quality, and satisfy utility grid codes. 

The control architecture of a PV system depends primarily on whether the system 

operates independently (islanded mode) or is connected to the utility grid. In both cases, 

multiple control loops operate simultaneously at different levels, ranging from fast 

converter-level current regulation to plant-level supervisory control. 

1.1 Control objectives in PV system  

The primary objective of a PV control system is to extract the maximum available 

energy from the PV array while ensuring reliable and stable operation. However, the 

specific control requirements differ between islanded and grid-connected PV systems. 

Figure 4.1. represents the general PV configurations and the system control levels. 

 

Figure 4.1: General scheme of PV systems topologies and their control levels 

In islanded PV systems, the controller is responsible for supplying local loads 

directly. Therefore, the control system regulates the output voltage and frequency while 

balancing the power generated by the PV array, battery storage, and connected loads. 
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Additional energy management controllers are often incorporated to coordinate battery 

charging and discharging, ensuring uninterrupted power supply. 

In grid-connected PV systems, the objective changes significantly. Instead of 

regulating the load voltage, the inverter synchronizes with the utility grid and injects 

electrical power according to grid-code requirements. Besides maximizing energy 

production, the controller must regulate active and reactive power, maintain current 

quality, synchronize with the grid, support voltage and frequency during disturbances, 

and implement protection functions such as anti-islanding detection. 

According to modern PV control architecture, these objectives are implemented 

through three hierarchical control levels: 

• First-level controllers, which perform the basic converter functions including 

MPPT, voltage regulation, current regulation, and grid synchronization.  
 

• Second-level controllers, which satisfy mandatory grid requirements such as 

reactive power regulation, harmonic mitigation, anti-islanding protection, and 

voltage support.  
 

• Third-level controllers, which provide supervisory functions including fault 

management, plant optimization, forecasting, and coordinated operation of 

multiple inverter stations.  

This hierarchical approach enables the PV plant to operate efficiently while satisfying 

increasingly demanding utility regulations. 

1.2 Closed-loop control basics  

Nearly all modern PV systems employ closed-loop control, in which electrical 

quantities are continuously measured and compared with desired reference values. The 

controller calculates the error between the reference and the measured value and adjusts 

the controller switching signals to minimize this error. Feedback control allows the PV 

system to respond automatically to changes in irradiance, temperature, load demand, and 

grid conditions, resulting in stable and reliable operation. 

The implementation of this control depends on the inverter topology. Two principal 

converter architectures are widely used in grid-connected PV systems: single-stage and 

two-stage converters, illustrated in Fig. 4.2. 
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Figure 4.2: General control structures of PV systems: a) single-stage b) double-stage systems  

In the single-stage configuration, the PV array is connected directly to the DC-link of 

the inverter. The inverter simultaneously performs maximum power point tracking, DC 

voltage regulation, current control, and power injection into the grid. This configuration 

offers high efficiency and a simple hardware structure, but all control objectives must be 

achieved by a single converter. 

In the two-stage configuration, a DC-DC converter is inserted between the PV array 

and the inverter. The DC-DC converter independently performs MPPT and regulates the 

PV operating voltage, while the grid-connected inverter controls the DC-link voltage, 

grid current, and active/reactive power injection. This separation of functions provides 

greater flexibility and improved dynamic performance, particularly for large utility-scale 

PV plants. 

Regardless of the converter topology, grid-connected PV systems are generally 

controlled using two cascaded feedback loops. The outer control loop regulates slower 

electrical variables such as DC-link voltage or active power and generates the current 

reference. The inner control loop responds rapidly by controlling the inverter current 

injected into the grid. Because current dynamics are much faster than voltage or power 

dynamics, this cascaded structure provides stable operation and excellent disturbance 

rejection. 

1.3 Coordination between inverter and plant controller  
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Utility-scale PV plants may contain some or even hundreds of inverters operating 

simultaneously. Although each inverter is capable of controlling its own power 

conversion process, independent operation is insufficient to satisfy the requirements of 

the electrical grid. Therefore, a higher-level supervisory controller, commonly known as 

the Plant Controller or Plant Power Controller (PPC), is used to coordinate the operation 

of the entire PV plant. 

The local inverter controller is responsible for fast converter-level control. It 

continuously regulates the inverter switching devices to perform functions such as MPPT, 

DC-link voltage regulation, current control, grid synchronization, and local protection. 

These control actions occur within milliseconds and ensure stable operation of each 

individual inverter. The plant controller operates at a higher supervisory level and 

coordinates all inverter stations so that the PV plant behaves as a single generating unit. 

Instead of directly controlling the inverter switches, it receives operating information 

from the field—including inverter measurements, weather stations, power meters, 

transformers, and substation equipment—and calculates the overall operating references 

for the plant. These references are then transmitted to each inverter through the plant 

communication network. 

Figure 4.3 illustrates the coordination between the plant controller and inverter 

stations. The plant controller continuously collects measurements from the entire PV 

plant, compares the actual operating conditions with the desired plant objectives, and 

distributes new control commands to individual inverters. In this way, all inverter stations 

respond in a coordinated manner rather than operating independently. 

 

Figure 4.3: Coordination of inverter and plant controller in typical PV system  

Technical Note 1 

The Plant Controller typically performs supervisory functions such as regulating the total 

active power exported to the grid, controlling plant reactive power or power factor, 
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maintaining the voltage at the point of common coupling, coordinating inverter responses 

during voltage or frequency disturbances, implementing power curtailment requested by 

the grid operator, and distributing power references among all available inverter 

stations. Unlike local inverter controllers, which respond almost instantaneously, the 

plant controller updates its commands at slower intervals. 

The exchange of information between the PPC and the inverter stations is achieved 

through industrial communication. These communication networks enable the Plant 

Controller to monitor plant performance, receive dispatch commands from the utility 

operator, and coordinate all inverter stations in real time. 
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2 MPPT and Inverter Control  

Modern grid-connected PV plants rely on several coordinated control functions to 

maximize energy extraction while maintaining stable and reliable interaction with the 

electrical grid. The primary control objectives are to continuously track the maximum 

available power from the PV array, regulate the DC-link voltage to provide a stable 

energy buffer between the PV array and inverter, and control the active and reactive 

power exchanged with the utility grid according to grid-code requirements.  

2.1 MPPT under variable  

The output power of a photovoltaic module continuously changes with solar 

irradiance and cell temperature. Consequently, the operating point of the PV array must 

be continuously adjusted so that it operates at its maximum power point (MPP) regardless 

of environmental conditions. 

For a given irradiance level, the PV module exhibits a nonlinear power-voltage 

characteristic with only one operating point where the generated power is maximum. The 

role of the MPPT controller is to continuously estimate this point and command the 

converter to operate at the corresponding voltage. Under uniform irradiance, the P-V 

characteristic contains a single maximum, allowing conventional MPPT algorithms to 

accurately locate the operating point. However, partial shading caused by clouds, nearby 

structures, dirt accumulation, or module degradation produces current mismatch between 

series-connected modules. Bypass diodes become active, creating multiple peaks in the 

P-V curve. As illustrated in Figure 4.4, the resulting characteristic contains several local 

maximum power points (LMPPs) and one global maximum power point (GMPP). 

 

Figure 4.4: Effect of partial shading on the P-V and I-V characteristic  

Under these conditions, conventional MPPT algorithms such as Perturb and Observe 

(P&O) may converge to a local maximum instead of the global optimum, leading to 
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noticeable energy losses. Therefore, large utility-scale PV plants increasingly employ 

enhanced MPPT techniques capable of distinguishing the global maximum under rapidly 

changing irradiance conditions. 

The effectiveness of an MPPT algorithm is generally evaluated according to: 

• tracking speed,  

• steady-state oscillation,  

• computational complexity,  

• accuracy under rapidly changing irradiance,  

• ability to locate the global MPP under partial shading.  

Table 4.1 represents the advantage and disadvantages of the most widely used MPPT 

algorithms. 

Table 4.1: Comparison of different MPPT algorithms in PV system 

Scheme Advantage Disadvantage 

Perturb & Observe 

Simple implementation; 

low computational burden; 

 widely used.    

Oscillates around MPP;  

may fail under rapidly changing 

irradiance or partial shading 

Incremental 

Conductance  

Better accuracy during irradiance 

variation;  

reduced oscillation 

Higher computational complexity 

Constant Voltage  
Very simple implementation; 

inexpensive 

Low accuracy since MPP voltage varies 

with temperature 

Short-Circuit Current 

Method 

Simple; 

no perturbation ripple 

Requires periodic short-circuit 

measurement; 

Inaccuracy. 

Ripple Correlation 

Control 

High tracking accuracy without 

perturbation;  

ripple amplitude offers the MPP 

information 

More complex implementation and 

sensitive to converter ripple; 

trade-off between efficiency loss due to 

the MPPT and due to the ripple 

Intelligent methods 
Capable of identifying the lobal 

MPP under partial shading 

High computational requirements and 

parameter tuning 

 

Among these methods, the Perturb and Observe (P&O) algorithm remains the most 

widely implemented in commercial PV inverters because of its simplicity and robustness 

under normal operating conditions, whereas advanced optimization-based algorithms are 

increasingly adopted in utility-scale PV plants exposed to frequent partial shading 

2.2 DC-link voltage control  
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The DC-link capacitor forms the electrical interface between the PV array and the 

grid-side inverter. Its primary function is to store energy temporarily and maintain a 

nearly constant DC voltage despite fluctuations in solar irradiance and grid power 

demand. The DC-link voltage controller regulates the capacitor voltage around a 

reference value generated by the MPPT algorithm. In a two-stage inverter, the DC-DC 

converter adjusts the PV operating voltage to extract maximum power, while the inverter 

regulates the DC-link voltage and transfers the extracted power to the grid. 

Figure 4.5 illustrates a typical DC-link voltage control scheme used in a two-stage 

grid-connected PV inverter. The MPPT controller continuously measures the PV array 

voltage (𝑉𝑃𝑉) and current (𝐼𝑃𝑉) to determine the optimum operating voltage 

corresponding to the maximum power point. This reference voltage (𝑉𝑑𝑐𝑟𝑒𝑓) is compared 

with the measured DC-link voltage, and the resulting error is processed by a proportional-

integral (PI) controller. The PI controller generates the reference current (𝐼𝑔𝑟𝑒𝑓) required 

to maintain the DC-link voltage at its desired value. Meanwhile, a phase-locked loop 

(PLL) synchronizes the inverter with the grid voltage (𝑉𝑔), allowing the proportional-

resonant current controller to regulate the injected grid current (𝐼𝑔). Finally, the controller 

produces the PWM gating signals for the inverter, enabling stable power transfer from the 

PV array to the utility grid while maintaining the DC-link voltage at the reference value. 

 

Figure 4.5: Typical DC-link voltage control structure  

Maintaining an appropriate DC-link voltage is essential because an excessively low 

voltage prevents proper pulse width modulation, whereas an unnecessarily high voltage 

increases semiconductor switching losses, capacitor stress, and thermal loading. Recent 

research therefore recommends adaptive DC-link voltage control, where the reference 

voltage is adjusted according to operating conditions rather than maintaining a fixed 

value. This strategy reduces inverter losses, improves converter efficiency, and extends 

the lifetime of power electronic components. 

2.3 Active and reactive power control in inverter  
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In grid-connected PV systems, the inverter is responsible not only for transferring the 

available solar power to the grid but also for supporting grid voltage and maintaining 

power quality. Modern grid codes require PV inverters to operate as smart inverters, 

capable of independently regulating both active power and reactive power according to 

the operating conditions of the electrical network. 

Under normal operating conditions, the inverter prioritizes the delivery of the 

maximum available active power extracted from the PV array through the MPPT 

algorithm. When the grid voltage remains within the normal operating range, the inverter 

typically operates at or near unity power factor, injecting little or no reactive power. 

However, during voltage fluctuations or utility requests, the inverter adjusts its reactive 

power output to help regulate the voltage at the point of common coupling. During 

voltage rise, the inverter absorbs reactive power, while during voltage sag it injects 

reactive power to support the grid voltage. A practical limitation is that the inverter has a 

fixed apparent power rating. Since active and reactive power share the same inverter 

current capability, increasing reactive power support reduces the amount of active power 

that can be exported. Consequently, when the inverter approaches its rated apparent 

power, active power may need to be curtailed to provide additional reactive power. This 

operating constraint is commonly represented by the inverter capability curve, which 

defines the allowable combinations of active and reactive power. 

Figure 4.6 illustrates a typical inverter capability curve. The circular boundary 

represents the inverter's maximum apparent power rating. Any operating point inside the 

circle is permissible, whereas points outside exceed the inverter current capability. The 

figure also shows that when the inverter operates at maximum active power, only a 

limited amount of reactive power can be exchanged. Conversely, greater reactive power 

support is available when active power output is reduced. 

 

Figure 4.6: Active-Reactive Power Plane for a PV inverter  
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Technical Note 2 

Many modern utility-scale PV plants implement Volt–Var and Volt–Watt control functions 

to comply with grid codes. In Volt–Var control, the inverter automatically adjusts reactive 

power according to the measured PCC voltage to mitigate voltage deviations. In Volt–

Watt control, active power is intentionally reduced when the grid voltage exceeds 

predefined limits, preventing overvoltage conditions on distribution feeders. These 

control strategies improve voltage regulation, reduce feeder stress, and enhance the 

stability of power systems with high PV penetration. Careful tuning of these controllers is 

essential because aggressive control settings may lead to interactions among neighboring 

inverters, resulting in oscillatory voltage and reactive power behavior.  
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3 SCADA Architecture and Data Acquisition  

SCADA systems are the central monitoring and supervisory platform of modern 

utility-scale photovoltaic power plants. Although local controllers embedded within 

inverters regulate electrical variables in real time, the SCADA system continuously 

collects operational data from equipment distributed throughout the plant, stores the 

information in a centralized database, and provides operators with real-time visualization, 

alarms, historical trends, and remote supervisory control. Through continuous 

monitoring, SCADA enables operators to evaluate plant performance, detect abnormal 

operating conditions, schedule preventive maintenance, and optimize energy production. 

A typical PV SCADA system integrates field sensors, electrical meters, inverter 

controllers, weather stations, programmable logic controllers, meters, communication 

networks, data loggers, and supervisory software. Measurements collected throughout the 

plant are transmitted through industrial communication protocols to the central SCADA 

server, where they are processed, archived, and displayed. Figure 4.7 illustrates the 

overall architecture of a typical utility-scale PV monitoring system. 

 

Figure 4.7: Typical SCADA architecture of a utility-scale PV power plant  

3.1 Sensors and meters  

The performance of a PV plant depends on continuous monitoring of both 

environmental conditions and electrical operating parameters. Sensors provide the real-

time measurements required by the SCADA system to evaluate plant performance, verify 

compliance with design expectations, detect abnormal operating conditions, and support 

preventive maintenance. By combining environmental measurements with electrical 

measurements, operators can distinguish between reductions in power caused by 

changing weather conditions and those resulting from equipment faults or degradation. 
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The sensors installed throughout a PV plant can generally be divided into 

environmental sensors and electrical sensors. Environmental sensors characterize the 

operating conditions experienced by the PV modules, while electrical sensors measure 

the energy conversion process from the PV array to the grid. 

3.1.1 Solar irradiance sensors 

Solar irradiance is the primary input energy source of a photovoltaic system, making 

its accurate measurement essential for performance evaluation. Irradiance sensors 

continuously measure the solar energy incident on the PV array and provide the reference 

against which the electrical output of the plant is compared. 

Two sensor technologies are commonly employed. Pyranometers measure global 

solar irradiance (W/m²) using a thermopile sensor and are considered the reference 

instrument for accurate resource assessment and performance analysis. Reference PV 

cells consist of calibrated photovoltaic cells that produce an electrical response similar to 

the plant modules. Although less accurate than pyranometers, they closely represent the 

operating characteristics of the PV array and are widely used for routine plant 

monitoring. The measured irradiance is used to estimate the expected power production, 

calculate the Performance Ratio (PR), identify underperforming strings or inverters, and 

evaluate the effects of cloud movement or shading. Figure 4.8 depicts the solar irradiance 

sensors used in PV system. 

 

Figure 4.8: Solar irradiance sensors  

3.1.2 Temperature sensors  

Temperature measurements are required because the electrical characteristics of PV 

modules vary considerably with operating temperature. As module temperature increases, 

the output voltage decreases, leading to lower power production even under constant 

irradiance. Temperature sensors are commonly installed on the rear surface of 

representative PV modules to monitor module temperature. Additional sensors measure 

pyranometer

Reference PV cell



14 

 

ambient air temperature, inverter cabinet temperature, and transformer temperature. 

These measurements are used to estimate module operating conditions, verify thermal 

models, identify overheating equipment, and improve energy production forecasts. 

Module and ambient temperature sensors are represented in Fig. 4.9. 

 

Figure 4.9: a) module and b) ambient temperature sensors  

3.1.3 Electrical sensors and power meters  

Electrical sensors monitor the energy conversion process from the PV array to the 

utility grid. Measurements are obtained at several locations, including PV strings, 

combiner boxes, inverter inputs and outputs, transformer terminals, and the point of 

common coupling. 

Typical measurements include DC voltage, DC current, AC voltage, AC current, 

active power, reactive power, frequency, energy production, and power factor. These 

measurements allow operators to compare the actual electrical output with the expected 

production based on irradiance and temperature data. Any significant deviation may 

indicate faults such as string outages, inverter malfunctions, connector failures, or 

excessive module degradation. 

Technical Note 3 

Although solar trackers are part of the mechanical mounting system, they are closely 

integrated with the plant monitoring system. Tracking controllers continuously calculate 

the optimal module orientation and communicate their operating status to the SCADA 

system. Parameters such as tracker position, motor current, wind protection status, and 

fault alarms are monitored continuously. 

Single-axis trackers rotate the modules from east to west throughout the day and are 

widely adopted in utility-scale PV plants because they increase annual energy production 

compared with fixed structures. Dual-axis trackers additionally adjust the seasonal tilt 

angle, increasing energy capture further but at the expense of higher mechanical 

complexity, maintenance requirements, and installation costs. 
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3.2 Communication system structure  

The communication system provides the pathway through which measurements 

collected from field devices are delivered to the plant monitoring system. Rather than 

functioning as a single network, utility-scale PV plants employ a hierarchical 

communication structure. 

At the field level, sensors, combiner boxes, tracker controllers, weather stations, and 

inverters continuously acquire operational measurements. These devices transmit their 

data to local controllers or data concentrators installed within each inverter station. 

At the plant level, the collected information is aggregated and transferred through the 

communication network to the central SCADA server located in the control room. The 

SCADA server processes incoming data, archives historical records, generates alarms, 

and distributes information to operator workstations. At the supervisory level, operators 

access real-time measurements, equipment status, historical trends, performance reports, 

and maintenance information through graphical interfaces. Modern systems also allow 

secure remote monitoring so that multiple PV plants can be supervised from a centralized 

operation center. 

3.3 Data logging and visualization 

The data logger is the central data acquisition unit of a photovoltaic plant. Its primary 

function is to continuously collect measurements from field devices, organize the 

acquired information with accurate time stamps, and transmit the processed data to the 

SCADA server for visualization and long-term storage. By acting as an interface between 

field equipment and the supervisory system, the data logger enables continuous 

monitoring of plant operation and provides the historical records required for 

performance assessment, fault diagnosis, and predictive maintenance. 

As illustrated in Figure 4.7, measurements are acquired from various sources 

throughout the PV plant, including irradiance sensors, temperature sensors, electrical 

meters, inverter controllers, and weather stations. The collected data are first transmitted 

to local data loggers located. The data logger validates the incoming measurements, 

stores them locally, and forwards them to the central SCADA server, where they are 

archived in a plant database and displayed through graphical monitoring interfaces. 

The data logger typically records a wide range of operational parameters, including: 

• Solar irradiance and weather measurements  

• Module and ambient temperatures  

• DC string voltages and currents  

• Inverter operating status  

• AC voltage, current, frequency, and power factor  
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• Active and reactive power  

• Energy production  

Unlike real-time measurements, data logging preserves historical operating 

information over the entire lifetime of the PV plant. These historical records allow 

operators to evaluate long-term energy production, compare measured performance with 

design expectations, identify gradual degradation, verify warranty conditions, and support 

preventive maintenance planning. 
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4 Operational Monitoring and Alarms  

Continuous monitoring is one of the principal functions of the SCADA system in 

modern photovoltaic power plants. Besides collecting operational measurements, the 

monitoring platform continuously evaluates the health and performance of plant 

equipment, identifies abnormal operating conditions, records operational events, and 

notifies operators whenever corrective actions are required. Effective operational 

monitoring minimizes downtime, improves energy production, and supports preventive 

maintenance throughout the plant lifetime. 

4.1 Performance ratio monitoring  

The Performance Ratio (PR) is the most widely accepted indicator for evaluating the 

operational performance of grid-connected photovoltaic plants. Unlike energy yield 

alone, PR accounts for the available solar resource and therefore provides a normalized 

measure of plant efficiency that is largely independent of plant size and geographical 

location. Consequently, PR has become the industry standard performance indicator 

recommended for PV system monitoring. 

The performance ratio compares the actual electrical energy delivered by the plant 

with the theoretical energy that would be expected under the measured solar irradiance. It 

therefore reflects the combined influence of all system losses, including module 

temperature, inverter efficiency, cable losses, shading, module mismatch, soiling, 

equipment outages, and degradation. The performance ratio is calculated as: 

𝑃𝑅 =
𝑌𝑓

𝑌𝑟

 (1) 

Where 𝑌𝑓 is the final system yield, defined as the AC energy generated divided by the 

installed DC capacity of the PV plant based on the Eq. (2). 

𝑌𝑓 =
𝐹𝑖𝑛𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝑂𝑢𝑡𝑝𝑢𝑡 (𝑘𝑊ℎ)

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐷𝐶 𝑃𝑜𝑤𝑒𝑟 (𝑘𝑊)
 (2) 

𝑌𝑟 is the reference yield, determined from the measured in-plane solar irradiation 

normalized to the standard irradiance of 1000 W/m². Reference yield is defined by Eq. 

(3). 

𝑌𝑟 =
𝑇𝑜𝑡𝑎𝑙 𝑖𝑛 − 𝑝𝑙𝑎𝑛𝑒 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 (𝑘𝑊ℎ/𝑚2)

𝑃𝑉 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 (𝑘𝑊/𝑚2)
 (3) 

Clearly, it is evident from Eq. (3) that reference yield is dependent on location. 

A PR value approaching unity indicates that the PV plant is operating close to its 

theoretical capability. In practice, however, unavoidable conversion losses prevent the 

performance ratio from reaching 100%. 
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4.2 Fault alarms 

Faults occurring in photovoltaic systems can be broadly classified into 

environmental, physical, and electrical faults, as illustrated in Figure 4.10.  Although 

these faults originate from different mechanisms, they all reduce plant performance, 

affect reliability, and generate alarms within the SCADA system. Continuous monitoring 

of electrical quantities together with meteorological measurements enables the 

supervisory system to distinguish between normal environmental variations and actual 

equipment failures. 

 

Figure 4.10: Three fundamental categories faults in PV  

4.2.1 Environmental faults  

Environmental faults are caused by external operating conditions rather than 

equipment failures. These faults generally reduce energy production but do not 

necessarily indicate permanent damage to the PV system. The most common 

environmental fault is partial shading, produced by nearby buildings, trees, clouds, or 

adjacent PV rows. Shading creates current mismatch between modules, leading to 
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multiple local maximum power points and reduced energy harvest. Dust accumulation, 

pollen, bird droppings, snow, and other contaminants also reduce the amount of solar 

irradiance reaching the solar cells, thereby lowering the output current and overall system 

efficiency. High ambient temperature further decreases module voltage and conversion 

efficiency, while strong winds, humidity, and extreme weather events may accelerate 

component aging. SCADA systems distinguish these conditions by correlating electrical 

measurements with irradiance, module temperature, and weather station data, allowing 

operators to differentiate environmental effects from electrical faults. 

4.2.2 Physical faults  

Physical faults arise from mechanical damage or material degradation of photovoltaic 

components during installation or long-term operation. These faults commonly include 

cracked solar cells, broken glass, delamination, discoloration, back-sheet cracking,, loose 

connectors, damaged junction boxes, and cable insulation deterioration. Mechanical 

stresses caused by thermal cycling, wind loading, hail impact, transportation, or 

installation errors gradually weaken module integrity and reduce electrical performance. 

Unlike environmental faults, physical faults usually become permanent and may 

eventually develop into electrical faults if not repaired. SCADA systems detect these 

faults indirectly through abnormal reductions in string current, decreased performance 

ratio, insulation monitoring, or infrared inspections that reveal localized hot spots. 

4.2.3 Electrical faults  

Electrical faults directly affect the electrical operation of the PV array and usually 

require immediate corrective action. These faults are continuously monitored by inverter 

protection systems and SCADA because they may reduce energy production or create 

safety hazards. 

A mismatch fault occurs when one or more modules operate under different electrical 

conditions than the remaining modules within the same string. Temporary mismatch is 

typically caused by shading or soiling, whereas permanent mismatch results from module 

degradation, cracked cells, or manufacturing defects. Since series-connected modules 

carry identical current, the weakest module limits the output of the entire string. 

An open-circuit fault occurs when the electrical path is interrupted by broken 

conductors, disconnected connectors, poor solder joints, damaged fuses, or failed 

terminals. The affected string produces little or no current, resulting in a significant 

reduction in inverter input power. 

A short-circuit fault develops when conductors of different electrical potentials 

become unintentionally connected. Line-to-line short circuits produce excessive current 

that rapidly operates fuses or circuit breakers to isolate the faulted section. 
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A ground fault occurs when an energized conductor contacts the grounded module 

frame or supporting structure. Ground faults are particularly hazardous because they may 

produce sustained DC leakage currents and create fire hazards if not cleared promptly. 

Residual current monitoring devices, insulation monitoring devices, and ground-fault 

protection circuits continuously supervise these conditions. 

Besides PV array faults, SCADA continuously supervises the remaining plant 

equipment. Inverter alarms include DC overvoltage, DC under-voltage, overcurrent, 

insulation failure, synchronization failure, anti-islanding operation, cooling system 

failure, communication loss, and internal hardware faults. These alarms are assigned 

different priority levels so that critical faults affecting plant safety or grid compliance 

receive immediate operator attention.  

4.3 Event logs and status codes 

Following fault detection, the SCADA system records every operating event in an 

event log. Event logging provides a chronological history of plant operation and forms 

the basis for fault diagnosis, maintenance planning, warranty verification, and long-term 

reliability assessment. Each event record typically includes the timestamp, equipment 

identification, measured electrical quantities, alarm priority, operating mode, and operator 

actions. By analyzing historical event logs, engineers can identify recurring failures, 

estimate equipment availability, and evaluate maintenance effectiveness. 

Besides recording alarms, SCADA systems assign an operational status to each 

monitored component. The status indicates the current operating condition of the 

equipment and assists operators in distinguishing normal operation from abnormal 

behavior. Commercial inverter manufacturers generally employ proprietary status codes 

such as Running, Standby, Fault, Warning, Grid Fault, Maintenance, and Shutdown. 

Status codes provide a standardized method for describing the operating condition of PV 

components. Instead of continuously analyzing raw voltage and current measurements, 

the monitoring system classifies the operating state into predefined conditions according 

to measured electrical parameters. These codes simplify fault diagnosis and enable 

automated alarm generation within the SCADA platform. As an example, Table 4.2 

presents an operational status coding method for PV module electrical fault diagnosis. 

The classification distinguishes between normal operation, short-circuit faults, open-

circuit faults, mismatch conditions, and undefined operating states using measured 

electrical quantities. 

The diagnostic logic behind these status codes is based on the characteristic electrical 

behavior of PV modules under different fault conditions. During normal operation, the 

module produces power close to its expected maximum power point. In a short-circuit 

fault, the voltage rapidly decreases while current remains relatively high. Conversely, an 
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open-circuit fault causes the current to fall nearly to zero while the module voltage 

approaches its open-circuit value. Mismatch faults are identified through reductions in fill 

factor and abnormal deviations in the I–V and P–V characteristics, which commonly 

result from partial shading, soiling, degradation, or manufacturing differences between 

modules. When none of the predefined conditions is satisfied, the monitoring system 

assigns an undefined status, indicating that additional analysis or inspection is required. 

Table 4.2: Operational status codes for PV module electrical fault diagnosis 

Status code Operating condition Status condition 

0 Normal operation  𝑃𝐶𝑒𝑙𝑙 ≥ 0.9 𝑃𝑀𝑃𝑃 

1 Short-circuit fault 
𝐼𝐶𝑒𝑙𝑙 ≥ 0.9 𝐼𝑠𝑐 

𝑉𝐶𝑒𝑙𝑙 ≤ 0.1 𝑉𝑜𝑐  

2 Open-circuit fault 
𝐼𝐶𝑒𝑙𝑙 ≥ 0.1 𝐼𝑠𝑐 

𝑉𝐶𝑒𝑙𝑙 ≤ 0.9 𝑉𝑜𝑐  

3 Mismatch fault 𝐹𝐹𝑆𝑌𝑆 − 𝐹𝐹𝐶𝑒𝑙𝑙 ≥ 0.1 

4 Undefined O.W. 
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5 Control in Micro-grids and Hybrid Systems  

The increasing penetration of photovoltaic generation has shifted PV plants from 

passive energy sources to active participants in microgrids and modern power systems. In 

hybrid PV–battery energy storage systems (PV-BESS), the control system must 

coordinate multiple energy sources while maintaining stable DC bus voltage, satisfying 

load demand, and supporting grid frequency and voltage. Unlike conventional PV plants 

operating only at the maximum power point, hybrid systems require coordinated power 

management among PV arrays, battery storage, and the grid to improve reliability, reduce 

power fluctuations, and provide ancillary services. Recent studies have therefore focused 

on hierarchical control architectures in which the PV inverter, battery converter, and 

supervisory controller operate cooperatively to achieve stable and efficient system 

operation. Figure  

5.1 PV-storage coordination  

In a hybrid PV-storage system, photovoltaic generation supplies the available solar 

power, while the battery energy storage system compensates for the difference between 

PV generation and load or grid demand. The principal objective of the coordinated 

controller is to maintain power balance while allowing the PV array to operate close to its 

maximum power point whenever possible. 

The coordination is performed by a supervisory Energy Management System (EMS) 

or plant controller. The EMS continuously receives measurements of PV power, battery 

state of charge (SOC), DC-link voltage, load demand, and grid conditions. Based on 

these measurements, it generates reference commands for the PV inverter and the battery 

converter. Under normal operating conditions, the PV array is operated at its maximum 

power point, while the battery absorbs surplus energy during periods of excess generation 

and discharges whenever the PV generation becomes insufficient. If the battery reaches 

its SOC limits, the controller limits charging or discharging to preserve battery lifetime. 

Figure 4.11 illustrates a control structure of a single-stage PV-storage grid-connected 

system with common DC bus. 
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Figure 4.11: PV-ESS diagram  

5.2 Load-following operation  

In a hybrid PV microgrid, the electrical load continuously varies throughout the day, 

while the power generated by PV systems depends on solar irradiance and is therefore 

intermittent. As a result, the generated PV power rarely matches the instantaneous load 

demand. Load-following control is implemented to continuously balance power 

generation and consumption by coordinating the PV array, battery energy storage system 

and, when available, auxiliary generation or the utility grid. 

Unlike conventional PV systems that always operate at the maximum power point, 

load-following control adjusts the operating point of the hybrid system according to the 

actual load demand. The supervisory controller continuously measures the load power 

and compares it with the available PV generation. When PV production exceeds the load 

demand, the excess energy is directed to charge the battery or exported to the utility grid. 

Conversely, when PV generation becomes insufficient because of cloud cover or 

increased demand, the battery discharges to compensate for the power deficit. If the 

battery reaches its operating limits, the remaining demand is supplied by the utility grid 

or a backup generator. 

The load-following control objective is described by: 

𝑃𝐸𝑆𝑆 = 𝑃𝐿𝑜𝑎𝑑 − 𝑃𝑃𝑉  (4) 

Where 𝑃𝐸𝑆𝑆 is the battery power and positive battery power represents battery 

discharge and negative values indicate charging. 

This coordinated operation enables the microgrid to maintain continuous power 

balance while minimizing unnecessary battery cycling and maximizing renewable energy 

utilization. The control strategy also improves system efficiency by reducing reverse 

power flow, preventing battery overcharging or deep discharge, and ensuring stable 

operation under rapidly changing irradiance conditions. Figure 4.12 represents the load 

following evaluation of energy storage alongside with the PV system, as explained. 
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Figure 4.12: PV-ESS load following based on load curve  

5.3 Frequency and voltage support  

Modern grid codes require large photovoltaic plants to actively participate in 

maintaining power system stability rather than simply injecting maximum available 

power. Consequently, hybrid PV-storage systems employ coordinated active and reactive 

power control to support grid frequency and voltage during disturbances. 

When the system frequency decreases because generation becomes lower than the 

load demand, the controller increases active power injection by commanding the battery 

to discharge while allowing the PV inverter to contribute its available reserve power. 

Conversely, during frequency rise events, battery charging or PV power curtailment 

absorbs excess generation and restores the system frequency. The active power reference 

is commonly determined using frequency-droop control in Eq. (5). 

𝑃𝑟𝑒𝑓 = 𝑃0 − 𝐾𝑓(𝑓 − 𝑓0) (4) 

Where 𝑃0 is the scheduled active power, 𝐾𝑓 indicates the droop coefficient and 𝑓 and  

𝑓0 are the measured and nominal grid frequency. 

Voltage regulation is achieved by controlling the inverter reactive power. The plant 

controller continuously measures the PCC voltage and adjusts the inverter reactive power 

reference according to a predefined Volt–Var characteristic. During voltage sag 

conditions, the inverter injects capacitive reactive power to raise the voltage. During 

voltage swell conditions, inductive reactive power is absorbed to reduce the voltage 

toward its nominal value. Since the inverter has a finite apparent power rating, during 

frequency support requiring high active power output, the available reactive power 

capability decreases. Similarly, providing large reactive power for voltage support limits 

the active power that can be delivered.  
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Session Summary  

This session has presented the fundamental control, monitoring, and supervisory 

functions of modern PV power plants. It introduced the hierarchical control structure of 

PV systems, including plant-level controllers, inverter control, and closed-loop regulation 

required to maximize energy production while ensuring stable and reliable operation 

under changing environmental and grid conditions. Also, the key inverter control 

strategies discussed including maximum power point tracking, DC-link voltage 

regulation, and active/reactive power control, highlighting their roles in improving energy 

conversion efficiency and meeting modern grid-code requirements. It also examined 

SCADA architecture, sensor systems, communication networks, data logging, and 

visualization platforms that enable continuous monitoring, remote supervision, and 

predictive maintenance of large-scale PV plants. 

Operational monitoring techniques such as performance ratio evaluation, fault 

alarms, event logging, and inverter status codes were presented to demonstrate how plant 

performance and equipment health can be continuously assessed while supporting rapid 

fault diagnosis and maintenance. Finally, the session explored control strategies for 

microgrids and hybrid PV systems, focusing on PV–battery coordination, load-following 

operation, and frequency and voltage support. These advanced control functions enable 

PV plants to participate actively in grid regulation, improve renewable energy utilization, 

and enhance overall system reliability and stability.  
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Power electronics in solar PV systems- Advanced 

Learning Objectives 

• Differentiate between advanced photovoltaic inverter topologies, including central, 

string, and micro-inverter architectures, and evaluate their applications in modern PV 

systems.  
 

• Explain the operating principles and performance characteristics of advanced DC/DC 

converter technologies used for voltage regulation and maximum power extraction. 
 

• Analyze the implementation of multi-maximum power point tracking techniques, power 

optimizers, and module-level power electronics for improving energy yield under varying 

environmental conditions.  
 

• Describe grid synchronization methods and evaluate the role of power electronic 

converters in maintaining power quality through harmonic mitigation, filtering, and 

power factor control.  
 

• Explain advanced grid support functions implemented in modern photovoltaic inverters, 

including low-voltage ride-through, volt-var regulation, frequency support, and active 

power curtailment.  
 

• Assess the influence of thermal management, wide-bandgap semiconductor devices, and 

smart inverter technologies on the efficiency, reliability, and future development of 

photovoltaic power conversion systems.  

Abstract 

This course, “Power electronics technologies in solar PV systems” presents an 

advanced study of power electronic technologies employed in photovoltaic energy 

systems. It begins by examining modern inverter architectures, including central, string, 

and micro-inverter configurations. The course then explores advanced DC/DC converter 

technologies, multi-maximum power point tracking (MPPT) strategies, and module-level 

power electronics that maximize energy harvesting under non-uniform operating 

conditions. Subsequently, the course investigates the interface between photovoltaic 

systems and the electrical grid, emphasizing synchronization techniques, harmonic 

mitigation and filtering, and reactive power management. Advanced grid support 

functionalities, such as low-voltage ride-through (LVRT), volt-var control, frequency 

regulation are introduced to demonstrate how modern photovoltaic inverters participate in 

maintaining grid stability under both normal and disturbed operating conditions. Finally, 

the course discusses emerging developments in photovoltaic power electronics, including 

thermal management techniques, wide-bandgap semiconductor devices based on silicon 

carbide and gallium nitride, and the evolution of smart and hybrid inverter technologies. 
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1 Advanced Solar Inverter Topologies  

As photovoltaic (PV) systems have evolved from small residential installations to 

large utility-scale power plants, inverter technology has also become significant 

development. While the primary function of an inverter remains the conversion of DC 

power generated by photovoltaic modules into grid-compatible AC power, modern PV 

systems demand much more than simple power conversion. Today's inverters are 

expected to maximize energy harvesting, accommodate different array configurations, 

enhance system reliability, facilitate monitoring, and support advanced grid functions. 

The diversity of photovoltaic installations has led to the development of several inverter 

topologies, each designed to satisfy specific technical and economic requirements. 

Factors such as system size, shading conditions, installation flexibility, maintenance 

requirements, efficiency, and cost all influence the selection of appropriate inverter 

architecture. 

1.1 Central inverter technology  

Central inverters represent the earliest and most widely adopted topology for large-

scale photovoltaic power plants. In this configuration, numerous PV strings are connected 

in parallel through a combiner box, and the combined DC power is delivered to a single 

high-capacity inverter. The inverter performs DC-to-AC conversion and injects the 

generated power into the utility grid through a common connection point. Figure 5.1 

represents the central inverter configuration for a typical system. 

 

Figure 5.1: Central solar PV inverter configuration  

Because only one inverter is required, the overall system architecture is relatively 

simple and installation costs are generally lower than those of distributed inverter 

configurations. Central inverters are commonly installed in utility-scale solar farms 

where hundreds or thousands of PV modules operate under similar environmental 

conditions. The centralized arrangement also simplifies system integration and allows 

maintenance personnel to access the inverter without entering the PV array. However, 

Since all PV strings share a common inverter and a single MPPT unit, the overall system 
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performance is strongly influenced by the weakest-performing string. Partial shading, 

module mismatch, dust accumulation, or faults affecting a small portion of the array can 

reduce the power output of the entire system. Furthermore, failure of the central inverter 

results in the shutdown of the complete PV plant until repairs are completed. 

Consequently, central inverters are best suited for installations with uniform irradiance 

conditions, minimal shading, and large power ratings where cost and simplicity are 

primary design considerations. 

1.2 String inverter configuration  

String inverters were developed to overcome several limitations associated with 

centralized inverter systems. In this configuration, each PV string is connected to its own 

inverter, allowing every string to operate independently as shown in Fig 5.2. 

Consequently, each inverter incorporates an individual MPPT controller that continuously 

optimizes the operating point of its corresponding string. 

 

Figure 5.2: Typical configuration of a string inverter PV system 

The use of multiple string inverters improves system flexibility and reduces 

mismatch losses between different strings. If one string experiences partial shading or 

reduced performance due to dirt or module degradation, only that particular string is 

affected, while the remaining strings continue operating at their respective maximum 

power points. This architecture therefore increases the overall energy yield, especially in 

installations where environmental conditions vary across the PV array. String inverters 

have become the preferred solution for residential and commercial photovoltaic 

installations because they provide a good balance between efficiency, reliability, 

installation cost, and maintenance. In addition, the modular design allows future 

expansion by adding new strings without replacing the entire inverter system. However, 

shading within an individual string still affects all modules connected in that string 

because they share the same operating current. Although the losses are significantly lower 

than those observed in central inverter systems, complete elimination of mismatch losses 

requires module-level power electronics. 
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1.3 Micro- and module level inverter  

Micro-inverters represent the most decentralized inverter architecture currently used 

in photovoltaic systems. Instead of connecting multiple PV modules to a common 

inverter, each individual solar module is equipped with its own inverter. The DC power 

generated by each module is therefore converted directly into AC power before being 

combined with the outputs of other modules. Figure 5.3 illustrates the typical PV system 

implementing the micro-inverter configuration. 

 

Figure 5.3: Micro-inverter configuration  

Since every module operates independently, each inverter performs its own MPPT, 

allowing every PV panel to continuously generate its maximum available power 

regardless of the operating conditions of neighboring modules. This greatly reduces 

mismatch. In addition, module-level monitoring enables rapid fault detection and 

simplifies maintenance by identifying underperforming panels individually. The main 

disadvantages of this scheme are their higher initial investment and the increased number 

of electronic devices installed throughout the PV array. In this case, replacement or 

maintenance may require access to rooftop installations, potentially increasing service 

complexity. Consequently, micro-inverters are primarily adopted in residential systems, 

buildings with complex roof geometries, and installations where partial shading is 

unavoidable.  

The comparison between different inverter topology and the advantages and 

disadvantage are showed in Table 5.1. 
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Table 5.1: Comparison of different inverter topologies in PV system 

Scheme Advantage Disadvantage 

Central 

Use of high voltage and high power 

applications; 

Simple architecture.    

Use of high voltage DC cables; high power 

losses due to common MPPTs; module 

mismatch; non flexible design; losses in the 

string diodes. 

String 
Low cost as compared to central; overall 

higher efficiency; individual MPPTs.  

The necessary high voltage-amplification 

may reduce the overall efficiency and 

increase the cost per kW of power produced 

Module level 

Low manufacturing and retail costs; 

minimum power loss; maximum power 

extraction from the PV module; easy 

expanding of the system. 

Reduced overall efficiency; higher 

amplification; higher installation cost; main 

challenge for the designers is to develop an 

inverter that can amplify the very small 

voltage 

Multi-string 

Every string can be controlled separately; 

allows the integration of strings of 

different technologies and of various 

orientations; small DC-link capacitor; 

high energy reveal due to local MPPT. 

The use of both DC-DC and DC-AC 

converters increases the cost per kW of this 

inverter 

 

 

 

Technical Note 1 

A multi-string inverter extends the conventional string inverter concept by incorporating 

a dedicated DC/DC converter with an individual MPPT controller for each PV string 

before all strings are connected to a common DC/AC inverter. This configuration allows 

each string to operate at its own maximum power point while reducing mismatch losses 

between strings. Multi-string architectures provide greater design flexibility and are 

commonly employed in medium-sized commercial photovoltaic systems.. 
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2 DC/DC Conversion and MPPT Technologies  

2.1 DC-DC converter topologies for PV system 

The DC/DC converter is positioned between the PV array and the inverter or battery 

storage system. By controlling the switching duty cycle, the converter adjusts the PV 

operating voltage so that the array operates at or near its maximum power point. Various 

converter topologies are available, with the buck, boost, and buck–boost converters being 

the most widely used in photovoltaic applications. The converters equivalent circuit 

diagrams are demonstrated in Fig. 5.4. 

 

Figure 5.4: Converter topologies in PV system: a) buck b) boost and c) buck-boost converter  

2.1.1 Buck converter  

The buck converter is a step-down DC/DC converter, meaning that its output voltage 

is always lower than its input voltage. It consists of a controlled semiconductor switch, 

diode, inductor, and output capacitor. During operation, the switch alternately stores 

energy in the inductor and transfers it to the load, producing a regulated lower output 

voltage. For an ideal buck converter operating in continuous conduction mode (CCM), 

the voltage conversion ratio is: 

𝑉𝑜 = 𝐷. 𝑉𝑠 (1) 

Where 𝑉𝑜 is output voltage and D indicates the duty cycle of the switching device 

which is between 0-1. Since the output voltage is proportional to the duty cycle, 

increasing the duty cycle increases the output voltage while remaining below the input 

voltage. Buck converters are commonly used in PV battery charging systems, low-

voltage DC loads, and MPPT controllers where the PV array voltage is higher than the 

required load voltage. Their simple structure, high efficiency, and straightforward control 

make them attractive for many low- and medium-power PV applications. However, 
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because the converter can only reduce voltage, its operating range is limited when the PV 

voltage falls below the required output voltage. Buck converter has the disadvantage of 

generating a lot of electromagnetic interference noise on account of pulsating source 

current waveform. 

2.1.2 Boost converter  

The boost converter is a step-up converter that increases the input voltage to a higher 

output voltage. It stores energy in the inductor while the switch is ON and releases this 

stored energy to the output when the switch is OFF, resulting in an output voltage greater 

than the input voltage. The relation between output and input voltage is defined as Eq. 

(2). 

𝑉𝑜 =
𝑉𝑠

1 − 𝐷
 

(2) 

As the duty cycle increases, the output voltage also increases. Boost converters are 

extensively used in grid-connected PV systems because individual PV strings generally 

produce DC voltages lower than the voltage required by the inverter DC-link. Therefore, 

the boost converter raises the PV voltage while simultaneously implementing MPPT 

control. 

One of the main advantages of the boost converter is its ability to interface low-

voltage PV arrays with higher-voltage DC buses. However, the converter subjects the 

switching device to relatively high voltage stress, across the switching device, higher on 

state resistance leading to more conduction losses in the switch, reverse recovery problem 

of output diode, losses in the leakage inductance, parasitic capacitance and the 

discontinuous output current requires a larger output filter capacitor to reduce voltage 

ripple. 

2.1.3 Buck-boost converter  

The buck–boost converter combines the functions of both the buck and boost 

converters. By adjusting the duty cycle, it can either decrease or increase the output 

voltage depending on the operating conditions, making it highly flexible for PV 

applications where the input voltage varies over a wide range. For the conventional buck–

boost converter, the output voltage defined as: 

𝑉𝑜 = −
𝐷

1 − 𝐷
𝑉𝑠 

(3) 

The negative sign indicates that the output polarity is reversed with respect to the 

input. In practical PV applications, modified non-inverting buck–boost topologies are 

commonly employed to maintain the same output polarity while retaining the capability 

to both step up and step down the voltage. 
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Because of this flexibility, buck–boost converters are widely adopted in standalone 

PV systems, battery-powered applications, and renewable energy systems experiencing 

large variations in irradiance and temperature. Their ability to maintain the desired 

operating voltage over a broad range of input conditions makes them particularly suitable 

for efficient MPPT implementation. 

2.2 Multi- MPPT systems 

MPPT is essential for ensuring that PV systems operate at their maximum available 

power under varying environmental conditions. As PV installations become larger and 

more complex, especially in commercial and utility-scale applications, different parts of 

the PV array may experience unequal irradiance due to shading, dirt accumulation, or 

module aging. Under these conditions, employing a single MPPT controller for the entire 

PV array may not provide the highest possible energy yield. To overcome this limitation, 

modern PV systems increasingly employ multiple MPPT controllers, allowing different 

sections of the array to operate independently at their own maximum power points. 

Figure 5.5 represents the single and multi MPPT in PV system. 

 

Figure 5.5: Architecture of a) single-, and b) multi- MPPT technology  

A single-MPPT uses one MPPT controller to regulate the operating point of the entire 

PV array or several series-connected strings simultaneously. The controller continuously 

adjusts the operating voltage through the DC/DC converter so that the combined array 

operates near its maximum power point. This configuration is commonly adopted in 

residential and small commercial PV systems where all modules experience nearly 

identical irradiance and temperature conditions. Under uniform operating conditions, a 

single-MPPT provides satisfactory performance while maintaining relatively simple 

system architecture with fewer control components. 

A multi-MPPT configuration assigns an independent MPPT controller to each PV 

string or group of modules. Each controller continuously determines the optimal 

operating point of its associated string, allowing every section of the PV array to operate 

independently regardless of the conditions experienced by other strings. This approach is 
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particularly advantageous in utility-scale PV plants and installations where arrays are 

installed with different orientations or are frequently affected by partial shading. Since 

each string operates independently, variations in irradiance or temperature influence only 

the affected string rather than the entire PV system. Although the use of multiple MPPT 

increases converter complexity and system cost, the improvement in energy production 

often justifies the additional investment, particularly in installations with non-uniform 

operating conditions. Consequently, multi-MPPT architectures have become the standard 

solution for modern string inverters and many large-scale photovoltaic systems. 

Technical Note 2 

Recent developments in MPPT technology extend beyond conventional control 

algorithms. Modern photovoltaic systems increasingly employ intelligent MPPT 

techniques based on artificial intelligence and optimization methods to improve tracking 

accuracy under rapidly changing environmental conditions. These approaches include 

machine learning, deep learning, fuzzy logic, artificial neural networks, genetic 

algorithms, particle swarm optimization, and hybrid optimization techniques. Compared 

with conventional algorithms such as Perturb and Observe and Incremental 

Conductance, intelligent methods can more effectively identify the global maximum 

power point during partial shading conditions. However, they require greater 

computational capability, more complex controller implementation, and higher 

processing costs. Therefore, conventional MPPT algorithms remain the preferred solution 

for most commercial PV systems, while intelligent techniques are mainly applied in 

advanced research and high-performance photovoltaic installations. 

2.3 Power optimizer and module level control 

Power optimizers are module-level DC/DC converters installed directly at individual 

PV modules to maximize the energy extracted from each panel independently. Unlike 

conventional string-based systems, where all modules operate at the same current, a 

power optimizer performs MPPT for each module separately before transmitting the 

conditioned DC power to a centralized string inverter. As a result, every PV module can 

operate at its own maximum power point regardless of the operating conditions of 

neighboring modules. Figure 5.6 illustrates PV system consisting optimizers. 

The primary advantage of power optimizers is their ability to reduce mismatch losses 

caused by partial shading. In a conventional string configuration, the reduced 

performance of a single module limits the output of the entire string. By contrast, when 

power optimizers are employed, each module is independently controlled, preventing the 

performance degradation of one panel from affecting the remaining modules. 

Consequently, higher overall energy production can be achieved, particularly in 

installations where shading or non-uniform operating conditions are common. 
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Figure 5.6: Schematic of a PV system incorporating power optimizers  

In addition to improving energy harvesting, power optimizers regulate the output 

voltage of each PV module, allowing the string voltage to remain within the desired 

operating range of the central inverter. This simplifies system operation, enhances MPPT 

performance, and improves overall system flexibility. Since DC power is still delivered to 

a centralized inverter, the system retains the high conversion efficiency and relatively low 

cost associated with string inverter architectures while benefiting from module-level 

optimization. Power optimizers therefore represent an intermediate solution between 

conventional string inverters and micro-inverters. They combine many of the advantages 

of module-level control with the simplicity and efficiency of centralized DC-to-AC 

conversion, making them a widely adopted technology in modern residential and 

commercial PV systems where maximizing energy yield and mitigating mismatch losses 

are important design objectives. 
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3 Grid Interface and Power Quality Concept  

Grid-connected PV systems rely on power electronic inverters to convert the DC 

power generated by solar modules into AC power that is compatible with the utility 

network. Besides energy conversion, modern PV inverters perform several essential grid-

interface functions, including synchronization with the utility, harmonic mitigation, 

voltage regulation, and reactive power control. These functions ensure that the injected 

power satisfies grid codes while maintaining the stability and reliability of the electrical 

network.  

3.1 Synchronization with the grid  

Before a PV inverter can deliver power to the utility network, its output must be 

synchronized with the grid. Grid synchronization ensures that the inverter output voltage 

has the same frequency, phase angle, voltage magnitude, and phase sequence as the utility 

supply. Failure to achieve synchronization may lead to circulating currents, protection 

trips, and unstable system operation. 

Modern grid-connected PV inverters employ a phase-locked loop (PLL) to 

continuously measure the grid voltage and estimate its instantaneous phase angle and 

frequency. Based on this information, the inverter controller adjusts the switching signals 

generated by the pulse width modulation technique so that the inverter output remains 

synchronized with the grid even under small voltage or frequency variations. The 

synchronization process is essential not only for safe power injection but also for 

implementing advanced functions such as reactive power support, active power 

regulation, and grid-support services. The principal synchronization requirements are 

summarized in Table 5.2. 

Table 5.2: Grid synchronization parameters 

Parameter Description 

Phase sequence The phase rotation of the inverter output must match 

the phase sequence of the three-phase utility grid. 

Voltage magnitude The inverter output voltage should closely match the 

grid voltage magnitude before power injection. 

Frequency The inverter output frequency must be equal to the 

grid frequency to ensure stable operation. 

Phase angle The phase difference between the inverter voltage and 

the grid voltage should be approximately zero during 

synchronization. 

3.2 Power quality and mitigation  
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Power quality refers to the ability of an electrical power system to supply voltage and 

current with the correct magnitude, frequency, waveform, and continuity required for the 

reliable operation of electrical equipment. Poor power quality may result in equipment 

overheating, reduced efficiency, and malfunction of sensitive electronic devices. 

Therefore, modern PV inverters incorporate advanced control and filtering techniques to 

ensure that the injected power complies with international grid standards. 

Although the desired output of a PV inverter is a pure sinusoidal waveform, the high-

frequency switching of semiconductor devices generates harmonic components. These 

harmonics distort the output current and voltage, increase losses in electrical equipment, 

and may interfere with sensitive loads if they are not adequately filtered. The quality of 

the inverter output is commonly evaluated using the Total Harmonic Distortion (THD) 

index. Lower THD indicates that the inverter output is closer to an ideal sinusoidal 

waveform and therefore provides better power quality. To reduce harmonic distortion, 

PWM switching is combined with output filters placed between the inverter and the 

utility grid. Modern grid-connected PV inverters commonly employ an LCL filter 

between the inverter and the utility grid, as shown in Fig. 5.7, to attenuate the high-

frequency harmonics produced by PWM switching.  

 

Figure 5.7: Harmonic filter compensating the inverter harmonic content 

The LC filter has the inverter side inductance (Li) the grid side inductance (Lg) and 

capacitance (Cf ). The Lg Cf is considered as second order low pass filter. The ratio of grid 

side inductance and converter side inductance depends upon the ripple current 

attenuation. The inverter-side inductor limits the switching current ripple, while the 

capacitor provides a low-impedance path for high-frequency harmonic components. The 

grid-side inductor further attenuates the remaining harmonics before current is injected 

into the utility network. For preliminary design, simplified LCL filter equations are 

commonly used as Eq. (4-5). 

𝐿𝑖 =
𝑉𝑔

2√6𝑓𝑠𝐼𝑟𝑖𝑝𝑝𝑙𝑒

 (4) 

𝐶𝑓 =
0.05

𝑤𝑛𝑍𝑏𝑎𝑠𝑒

 (5) 
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Where 𝑉𝑔 is the grid rms phase voltage, 𝑓𝑠 is the inverter switching frequency, 𝐼𝑟𝑖𝑝𝑝𝑙𝑒 

is the peak value of ripple current and 𝑤𝑛 is the operating frequency. 𝑍𝑏𝑎𝑠𝑒 is derived as: 

𝑍𝑏𝑎𝑠𝑒 =
𝑉𝑔,𝐿𝐿

2

𝑃𝑛

 (6) 

𝑉𝑔,𝐿𝐿 is the grid line voltage and 𝑃𝑛 indicates the inverter rated power. These provide 

an initial estimate of the filter parameters and are typically refined through detailed 

harmonic analysis and stability studies during inverter design. 

Technical Note 3 

The L filter, consisting of a single series inductor, offers a simple and reliable solution but 

requires a relatively large inductance to achieve adequate harmonic attenuation. The LC 

filter improves filtering performance by adding a shunt capacitor, providing better 

harmonic suppression than the L filter but introducing the possibility of resonance. The 

LCL filter, which combines two inductors with a capacitor, is the most widely used 

topology in modern PV systems because it provides superior harmonic attenuation with 

smaller passive components, resulting in lower current distortion, higher efficiency, and a 

more compact design. Although resonance damping is required, the LCL filter has 

become the preferred choice for grid-connected photovoltaic inverters. 

3.3 Power factor and reactive power regulation  

Modern grid-connected PV inverters are capable of providing not only active power 

generated by the photovoltaic array but also reactive power support to improve grid 

voltage regulation and maintain a desired power factor. This capability is enabled through 

advanced inverter control strategies, commonly referred to as Watt–Var control, which 

dynamically adjust the inverter's reactive power output according to the operating 

conditions of the grid. The Watt-Var control scheme is presented in Fig. 5.8, which 

comprises three operating phases. 

 

Figure 5.8: The Watt-Var control scheme of a modern inverter 
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Under normal operating conditions, the inverter delivers the maximum available 

active power from the PV array while maintaining a unity or near-unity power factor. 

However, when high PV generation causes the voltage at the point of common coupling 

to exceed the allowable limit, the inverter begins supplying or absorbing reactive power 

to regulate the voltage without initially reducing the active power output (Phase1). As 

long as sufficient inverter capacity is available, reactive power compensation is 

prioritized while maintaining maximum power extraction from the PV array. If the 

inverter reaches its apparent power limit and additional voltage support is still required, 

the control strategy enters a second operating region where reactive power is further 

increased by gradually reducing the active power output (Phase 2). This allows the 

inverter to remain within its rated capacity while continuing to support grid voltage 

stability. In situations where the inverter reaches its minimum allowable power factor, the 

controller maintains the power factor at this limit and proportionally reduces both active 

and reactive power outputs (Phase 3). This operating mode protects the inverter from 

exceeding its thermal and electrical ratings while ensuring reliable operation under severe 

grid conditions. 

The Watt–Var control strategy enables PV inverters to actively contribute to voltage 

regulation, improve power factor, and enhance the stability of distribution networks, 

particularly in systems with a high penetration of photovoltaic generation.  
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4 Grid support function of power electronic in PV system  

In addition to converting DC power generated by PV arrays into AC power, modern 

grid-connected PV inverters contribute to the stable operation of electrical power 

systems. With the increasing penetration of PV generation, grid codes require inverters to 

support the network during normal operation and temporary disturbances instead of 

simply disconnecting from the grid. Consequently, advanced inverter control strategies 

have been developed to regulate voltage, support frequency stability, and maintain 

operation during grid faults. Among the most important grid support functions are low-

voltage ride-through, Volt–Var control, and frequency support with active power 

curtailment. 

4.1 Low-Voltage Ride-Through (LVRT)  

LVRT also referred to as fault ride-through (FRT), is the capability of a grid-

connected PV inverter to remain connected to the utility grid during short-duration 

voltage sags. In older PV installations, inverters were designed to disconnect immediately 

when the grid voltage dropped below a predefined threshold. However, with the 

increasing contribution of PV generation to the electrical grid, simultaneous 

disconnection of many PV systems during a fault can reduce the available generation and 

negatively affect system stability. 

Modern grid codes therefore require PV inverters to remain connected during 

temporary voltage disturbances for a specified time while continuing to support the 

network. During a voltage sag, the inverter limits its output current, regulates the DC-link 

voltage, and injects reactive current to assist voltage recovery. Once the fault is cleared 

and the grid voltage returns to an acceptable level, the inverter resumes normal operation 

without interruption. Figure 5.9 illustrates a typical LVRT requirement.  

 

Figure 5.9: The FRT criterion  
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Under normal conditions (Region I), the inverter operates continuously at rated 

voltage. During a voltage sag (Region II), the inverter must remain connected for the 

specified duration while the fault is cleared. If the voltage recovers to approximately 90% 

of its nominal value within the required time (Region III), continuous operation is 

maintained; otherwise, the inverter disconnects to protect the equipment and the grid. 

Technical Note 5 

To satisfy LVRT requirements, inverter controllers employ several protection and control 

strategies. These include rapid fault detection, limitation of inverter current during grid 

faults, regulation of the DC-link voltage to prevent overvoltage, and controlled injection 

of reactive current to assist voltage recovery. Together, these functions enable the inverter 

to remain synchronized with the grid while protecting its semiconductor devices and 

maintaining reliable operation during transient disturbances.  

4.2 Volt-Var control  

Volt–Var control is an inverter control function that regulates the voltage at the point 

of common coupling by controlling the exchange of reactive power with the utility grid. 

Instead of operating with a fixed power factor, the inverter continuously monitors the grid 

voltage and adjusts its reactive power output according to a predefined voltage–reactive 

power characteristic. 

When the grid voltage exceeds its nominal value, the inverter absorbs reactive power 

to reduce the voltage. Conversely, when the voltage falls below the desired operating 

range, the inverter supplies reactive power to support voltage recovery. When the PCC 

voltage is close to its nominal value, the reactive power output is typically zero, allowing 

the inverter to deliver primarily active power, as demonstrated in Fig. 5.10. 

 

Figure 5.10: Common Volt–Var Function Curve 

Volt–Var control improves the voltage profile, mitigates voltage fluctuations caused 

by variations in solar generation, and increases the capability of the network to 

accommodate higher PV penetration without violating voltage limits. 



17 

 

4.3 Frequency support and curtailment control  

The frequency of an electrical power system depends on the balance between 

generated power and load demand. When generation exceeds demand, the system 

frequency increases, whereas insufficient generation causes the frequency to decrease. As 

photovoltaic penetration increases, PV inverters are expected to contribute to frequency 

regulation by adjusting their active power output according to grid conditions. 

Frequency support is commonly achieved through frequency–watt (or Watt–

Frequency) control similar to Fig. 5.10, in which the inverter automatically reduces its 

active power output when the grid frequency rises above its nominal value. This 

intentional reduction in generated power, known as power curtailment, helps restore the 

balance between generation and demand while preventing excessive frequency 

deviations. Similarly, during under-frequency conditions, modern grid codes require PV 

inverters to remain connected for specified operating ranges rather than disconnecting 

immediately. By maintaining synchronization and responding to frequency variations 

through controlled active power regulation, PV inverters contribute to improved 

frequency stability and more reliable operation of modern power systems. 
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5 Reliability and Emerging Technologies  

5.1 Thermal management  

Power electronic devices inevitably generate heat during operation due to conduction 

and switching losses within semiconductor switches such as MOSFETs and IGBTs. If this 

heat is not effectively dissipated, the junction temperature of these devices increases, 

resulting in reduced efficiency, accelerated component aging, and eventually premature 

inverter failure. Consequently, thermal management has become one of the most 

important considerations in the design of reliable PV inverters. 

Elevated operating temperatures not only reduce semiconductor lifetime but also 

accelerate the degradation of other inverter components such as electrolytic capacitors, 

solder joints, bond wires, and magnetic materials. Furthermore, repeated temperature 

cycling caused by daily changes in solar irradiance produces mechanical stresses due to 

the different thermal expansion rates of packaging materials, which is one of the primary 

causes of inverter failure. 

To maintain safe operating temperatures, modern PV inverters employ various 

cooling techniques depending on their power rating and application. Small residential 

inverters commonly rely on passive heat sinks and natural air convection, whereas larger 

commercial and utility-scale systems typically utilize forced-air cooling or liquid-cooling 

systems to improve heat dissipation. Recent developments also incorporate heat pipes, 

vapor chambers, and advanced thermal interface materials to further reduce thermal 

resistance. In addition, many modern inverters continuously monitor semiconductor 

temperatures and automatically adjust their operating conditions to prevent overheating, 

thereby extending service life and improving system reliability. 

5.2 Wide-bandgap semiconductor devices  

Conventional photovoltaic inverters are primarily based on silicon power 

semiconductor devices such as MOSFETs and IGBTs. Although silicon technology is 

mature and cost-effective, its relatively small bandgap energy and low critical electric 

field limit its switching speed, increase conduction losses, and restrict operation at 

elevated temperatures. These limitations become increasingly significant as PV systems 

demand higher efficiency, greater power density, and smaller converter size. 

Wide-bandgap (WBG) semiconductor materials, particularly Silicon Carbide (SiC) 

and Gallium Nitride (GaN), have emerged as promising alternatives to conventional 

silicon devices. Their larger bandgap energy enables significantly higher breakdown 

electric fields, allowing the fabrication of thinner voltage-blocking layers with 

substantially lower on-resistance. Consequently, WBG devices exhibit lower conduction 

and switching losses, higher switching frequencies, and superior thermal performance 
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compared with silicon-based devices. Fig. 5.11 shows the unipolar limit relationship as a 

function of on-resistance and breakdown voltage for silicon and two WBG materials, 

SiC, and GaN. 

 

Figure 5.11: Specific on-resistance versus breakdown voltage for silicon, SiC and GaN  

One of the major advantages of WBG semiconductors is their ability to operate at 

much higher switching frequencies. Increasing the switching frequency reduces the 

required size of passive components, particularly inductors and capacitors, leading to 

more compact and lightweight inverter designs. The required inductance of a DC–DC 

converter is inversely proportional to the switching frequency and can be approximated 

by: 

𝐿 =
(𝑉𝑔 − 𝑉)𝐷

2∆𝑖𝐿 . 𝑓𝑠

 (7) 

where 𝑉𝑔 is the input voltage, V is the output voltage, D is the duty cycle, 𝑓𝑠 is the 

switching frequency, and ∆𝑖𝐿 is the allowable inductor current ripple. This equation 

clearly indicates that increasing the switching frequency reduces the required inductance, 

enabling smaller magnetic components and higher inverter power density. 

Besides reducing converter size, WBG devices significantly improve inverter 

efficiency. Silicon-based PV inverters typically achieve peak efficiencies between 97% 

and 98%, whereas SiC-based inverters can approach efficiencies of 99%. More 

importantly, WBG devices maintain very high efficiencies even under partial-load 

conditions where PV systems spend a significant portion of their operating time. This 

improved efficiency directly increases the annual energy yield while simultaneously 

reducing cooling requirements because of lower power losses. Figure 5.12 compares 

inverter efficiency as a function of load for conventional silicon and WBG-based 

inverters. 
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Figure 5.12: Inverter efficiency for a commercially available silicon IGBT, a WBG inverter   

5.3 Smart and hybrid inverters  

The increasing penetration of distributed photovoltaic generation has transformed the 

role of the inverter from a simple power conversion device into an intelligent interface 

between renewable energy systems and the electrical grid. Modern inverter technologies 

are therefore designed not only to maximize energy conversion efficiency but also to 

provide advanced monitoring, communication, and energy management capabilities. 

Among these technologies, smart inverters and hybrid inverters represent two major 

developments that enhance both grid operation and PV system flexibility. 

A smart inverter is a grid-connected inverter equipped with advanced sensing, 

communication, and control capabilities that enable continuous interaction with the utility 

network. In addition to converting DC power generated by the PV array into 

synchronized AC power, the inverter continuously monitors system variables such as 

voltage, frequency, power quality, and operating conditions. Based on these 

measurements, the inverter automatically adjusts its operating parameters to comply with 

grid requirements while maintaining reliable system operation. Unlike conventional 

inverters, smart inverters can exchange information with utility operators and energy 

management systems through standard communication protocols, allowing remote 

monitoring, diagnostics, software updates, and coordinated grid operation. These 

inverters also incorporate advanced control functions such as voltage regulation, reactive 

power support, active power limitation during frequency disturbances, and fault ride-

through capability. Such functions improve voltage stability, reduce the impact of high 

PV penetration, and facilitate the integration of distributed renewable energy resources 

into modern smart grids. 

A hybrid inverter extends the capabilities of a conventional grid-connected inverter 

by integrating battery energy storage into the PV system, as shown in Fig. 5.13. Instead 



21 

 

of managing only the power generated by the solar array, the hybrid inverter 

simultaneously controls the bidirectional power flow among the PV modules, battery 

storage system, local electrical loads, and the utility grid. This integrated configuration 

eliminates the need for separate battery inverters, simplifies system architecture, and 

improves overall energy management. During periods of high solar generation, surplus 

photovoltaic energy can be stored in the battery rather than exported directly to the grid. 

When solar generation decreases or electricity demand increases, the stored energy is 

supplied to local loads, thereby increasing self-consumption and reducing electricity 

purchased from the utility. In addition, hybrid inverters can operate in island mode during 

utility outages, allowing essential loads to continue receiving power from the PV system 

and battery storage. 

 

Figure 5.13: Typical hybrid inverter structure Inverter  

The features of a hybrid structure summarized as follows: 

• Converts DC electricity from solar panels into AC and maximizes solar energy 

harvesting. 
 

• Stores excess solar energy in batteries for later use and draw energy from the 

grid when needed. 
 

• Supports smart energy management and backup during power outages. 
 

• Automatic switching between on-grid, off-grid and hybrid, based on 

availability and demand. 
 

• Implemented using microcontrollers with real-time monitoring, power flow 

control, and MPPT algorithms 

The control strategy of a hybrid inverter continuously determines the optimal energy 

flow based on solar generation, battery state of charge, load demand, electricity pricing, 

and grid conditions. This intelligent energy management enables advanced functions such 

as peak shaving, load shifting, backup power operation, and participation in demand 
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response programs. Consequently, hybrid inverters have become a key technology for 

residential and commercial PV systems incorporating battery energy storage and are 

expected to play an increasingly important role in future distributed energy systems. 
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Session Summary  

Power electronic technologies are the foundation of modern PV systems, enabling 

efficient energy conversion, reliable grid integration, and advanced system control. This 

session examined the evolution of inverter topologies, highlighting the characteristics and 

applications of central, string, microinverter, and module-level power electronic 

solutions. The role of DC/DC converters, including buck, boost, and buck-boost 

topologies, was discussed in relation to voltage regulation and maximum power point 

tracking, followed by an overview of multi-MPPT architectures and power optimizers 

that improve energy harvesting under partial shading and mismatched operating 

conditions. The session also addressed the grid interface requirements of PV inverters, 

including synchronization with the utility network, harmonic mitigation through output 

filters, and power factor as well as reactive power regulation. These functions enable PV 

systems to comply with grid codes while maintaining acceptable power quality and 

supporting stable network operation. Advanced grid support capabilities, such as low-

voltage ride-through, Volt-Var control, and frequency support with active power 

curtailment, were introduced as essential features that allow PV systems to remain 

connected during grid disturbances and actively contribute to voltage and frequency 

stability. 

Finally, emerging developments in inverter technology were presented, including 

thermal management strategies, the adoption of wide-bandgap semiconductor devices, 

and the evolution toward smart and hybrid inverter architectures. Wide-bandgap devices, 

such as silicon carbide (SiC) and gallium nitride (GaN), enable higher switching 

frequencies, reduced converter losses, smaller passive components, and improved 

conversion efficiencies. Moreover, smart and hybrid inverters extend inverter 

functionality through integrated energy management, battery interfacing, and advanced 

communication capabilities. Collectively, these advancements demonstrate that modern 

PV inverters have evolved from simple power conversion units into intelligent energy 

management platforms capable of maximizing energy yield, improving reliability, and 

supporting the future operation of renewable-rich power systems. 

 



S2-06 Solar Energy Generation Plants Planning and Allocation 

This module provides a comprehensive overview of the critical steps involved in planning and allocating solar energy 

generation plants. Participants will gain a thorough understanding of site selection, system design considerations, grid 

integration, and economic evaluation, enabling them to contribute effectively to the development of sustainable solar 

energy projects. Upon completion of this module, participants will be able to: 

• Identify and evaluate key factors for optimal solar power plant site selection. 

• Understand the principles of solar resource assessment and its impact on system performance. 

• Apply basic concepts of solar panel layout, shading analysis, and inter-row spacing. 

• Recognize the considerations for connecting solar power plants to the electricity grid. 

• Perform a preliminary economic assessment of solar energy projects. 

1. Site Selection and Assessment 

The foundation of any successful solar energy generation plant lies in choosing the right location. This involves a 

meticulous evaluation of various environmental, geographical, and logistical factors. The primary goal is to identify a 

site that maximizes energy yield, minimizes costs, and ensures long-term operational viability. 

One of the foremost considerations is solar irradiance. Different geographical locations receive varying amounts 

of sunlight throughout the year. Access to high levels of direct and diffuse solar radiation is crucial for maximizing 

the output of photovoltaic (PV) panels. Data on historical irradiance patterns, typically measured in kilowatt-hours 

per square meter per day (kWh/m2/day), is essential for preliminary assessments. For instance, a site in a desert region 

with abundant sunshine will naturally be more attractive than a site prone to frequent cloud cover or located at high 

latitudes with short winter days. 

Beyond sunlight, land availability and topography are critical. Large-scale solar farms require significant land 

area, and the terrain plays a role in installation costs and potential energy losses. Flat or gently sloping land is generally 

preferred as it simplifies the installation of mounting structures and reduces the need for extensive earthworks. Steep 

slopes or uneven terrain can complicate the precise orientation of panels and increase construction expenses. 

Additionally, the geotechnical properties of the soil must be assessed to ensure the stability of foundations for the 

mounting systems, especially in areas prone to seismic activity. 

Accessibility and infrastructure are also vital. A site that is easily accessible by road facilitates the transportation 

of equipment during construction and maintenance. Proximity to existing transmission infrastructure, such as 

substations and high-voltage power lines, is paramount for efficient grid connection. The further a potential site is 

from the grid, the higher the cost of establishing the necessary transmission lines, which can significantly impact 

project economics. Evaluating the capacity of the local grid to absorb the generated solar power is also a crucial aspect 

of the assessment. 

Furthermore, environmental and regulatory considerations cannot be overlooked. Potential sites must be assessed 

for ecological sensitivity, including the presence of endangered species, wetlands, or protected areas. Compliance with 



local zoning laws, building codes, and permitting processes is essential. Engaging with local communities and 

stakeholders early in the planning process can help mitigate potential opposition and ensure smooth project 

development. For example, a site that is a critical habitat for migratory birds might be deemed unsuitable due to 

environmental regulations, even if it has excellent solar resources. So, the following key takeaways for site selection 

can be identified: 

• Maximize solar irradiance by choosing locations with high sunlight. 

• Prioritize flat or gently sloping land for ease of installation and cost-effectiveness. 

• Ensure good access for construction and maintenance. 

• Minimize the distance to existing grid infrastructure. 

• Comply with environmental regulations and local zoning. 

2. Solar Resource Assessment and System Sizing 

Once a suitable site is identified, the next critical step is to accurately assess the solar resource and determine the 

appropriate system size. This involves a detailed analysis of the amount of solar energy available at the chosen location 

and how it will be converted into electricity by the solar power plant. 

The solar resource assessment involves quantifying the amount of solar radiation that will reach the PV panels. 

This is typically done using historical meteorological data from ground-based stations and satellite imagery. Key 

metrics include Global Horizontal Irradiance (GHI), which measures the total solar radiation received on a horizontal 

surface, and Direct Normal Irradiance (DNI), which measures the radiation coming directly from the sun. The choice 

between different PV technologies and system designs can be influenced by the specific characteristics of the available 

solar resource; for example, concentrating solar power (CSP) technologies heavily rely on DNI. 

Shading analysis is an integral part of resource assessment. Even partial shading of PV panels can significantly 

reduce their energy output. This involves identifying potential sources of shade, such as surrounding buildings, trees, 

hills, or even other rows of solar panels within the same array. The impact of shading needs to be quantified to adjust 

system design and layout accordingly. For instance, if a site is known to have significant morning shading from a 

nearby forest, the orientation and spacing of panels may need to be optimized to minimize this impact. 

System sizing is the process of determining the total capacity of the solar power plant, typically measured in 

megawatts (MW). This is directly influenced by the energy demand the plant is intended to meet, the available land 

area, and the expected performance of the PV modules under the assessed solar resource conditions. A common 

approach is to estimate the annual energy yield (in megawatt-hours, MWh) that a given system size will produce. This 

yield estimation takes into account factors like panel efficiency, inverter efficiency, system losses (due to temperature, 

soiling, wiring, etc.), and the site-specific solar resource. A simplified formula for estimating energy output can be 

conceptualized as: 

Eannual ≈ System Siza (MWp) × Performance Ratio (PR) × Annual peak sun hours (PSH) 

Where: 



• System Size is the DC nameplate capacity of the solar plant (e.g., in kWp or MWp). Be noted that kWp/MWp 

is the unit used to measure the maximum theoretical power output of a PV system under Standard Test 

Conditions (STC). Unlike regular kW/MW, which represent actual real-time power, kWp/MWp refers to the 

“nameplate capacity”—the peak performance the system can achieve under ideal sunlight and temperature. 

• Performance Ratio (PR) is a dimensionless factor that represents the overall efficiency of the system, 

accounting for various losses. A typical PR for a well-designed utility-scale solar farm might range from 0.75 

to 0.85. 

• Solar Irradiance is the total solar energy available at the site over a period, often expressed in equivalent 

full sun hours (e.g., 5 equivalent full sun hours per day means the site receives as much energy as it would 

under 1000 W/m² for 5 hours). 

For example, a 1 MWp solar array with an expected performance ratio of 0.80, installed at a site receiving an average 

of 4.5 equivalent full sun hours per day, would theoretically produce approximately: 

The daily production is: 

Daily Energy=1 MWp×0.80×4.5 h=3.6 MWh/day 

The annual production is: 

Annual Energy=3.6 MWh/day×365 days=1314 MWh/year 

This estimated yield is then compared against the energy needs to confirm the system size. Once the annual energy 

production is estimated using the system’s capacity, performance ratio, and solar resource data, the resulting yield 

must be benchmarked against the projected energy demand. This comparison is a critical step in the design process, 

as it allows for the validation of the system’s sizing; it ensures that the installed capacity is sufficient to meet the 

required load while avoiding unnecessary capital expenditure due to oversizing.  

• Solar Geometry: To effectively analyze solar irradiance and the performance of a PV plant, it’s crucial to 

understand the fundamental geometry of the sun’s apparent movement across the sky. This movement is not 

constant; it varies by location, time of day, and time of year. The tools for understanding this are the Sun 

Path Diagram and the concept of Solar Irradiance. 

Sun Path Diagram: Solar Irradiance is the total solar energy available at the site over a period, often expressed in 

equivalent full sun hours (e.g., 5 equivalent full sun hours per day means the site receives as much energy as it would 

under 1000 W/m² for 5 hours). Understanding this irradiance requires knowing when and from which direction the 

sun’s energy is available. This is where the Sun Path Diagram becomes indispensable. 

The sun path diagram shown in Fig. 1 visually represents the sun’s position in the sky throughout the day and across 

different seasons. It’s typically plotted for a specific geographic location (latitude). 

Elevation Angle (Altitude): This is the sun’s height above the horizon, ranging from 0° (at sunrise/sunset) to 90° 

(directly overhead). On the diagram, it’s often shown as concentric arcs or lines. You can see how the sun’s maximum 

elevation changes significantly between summer (higher arcs) and winter (lower arcs). 

Azimuth Angle: This is the sun’s compass direction, measured as a relative angle from True South (0∘) in the 

Northern Hemisphere. In this representation, negative values indicate the sun is East of South (morning hours), and 

positive values indicate it is West of South (afternoon hours). 



For practical O&M analysis, the diagram focuses on the productive window of the day, covering a range of −120∘ to 

+120∘. This range captures the most significant solar energy contribution, as angles beyond ±120∘ fall outside the 

array’s effective field of view and have minimal impact on total generation. On the diagram, these angles appear as 

radial lines emanating from the center, with 0∘ (South) serving as the reference axis. 

 
Fig. 1 The sun path diagram 

Practical Application for O&M: By looking at a sun path diagram for your specific plant location, you can: 

• Predict peak solar availability: Identify the time of day when the sun is highest (maximum elevation), 

which often corresponds to peak irradiance. 

• Understand seasonal variations: See how the sun’s path shifts from summer to winter, impacting the 

duration and angle of available sunlight. 

• Assess potential shading: If you know the azimuth and elevation of nearby obstacles (buildings, trees, 

mountains), you can use the diagram to predict at which times of day and year these obstacles will cast 

shadows on the PV array. This is crucial for troubleshooting performance losses that cannot be explained by 

weather alone. 

Therefore, the key takeaways for resource assessment and sizing include: 

• Quantify solar irradiance (GHI, DNI) using historical data. 

• Identify and mitigate potential shading sources. 

• Determine system size based on energy demand, land, and yield estimates. 

• Use performance ratios to account for system losses. 

3. Solar Array Layout and Shading Analysis  

The physical arrangement of solar panels within a generation plant, known as the array layout, is critical for 

maximizing energy capture while minimizing installation and maintenance costs. This section delves into the practical 



aspects of designing this layout, with a particular focus on how the positioning of panels affects shading and overall 

system efficiency. 

Row spacing is a fundamental parameter in the layout of ground-mounted solar arrays. Panels are typically 

arranged in parallel rows. The distance between these rows is crucial for preventing mutual shading, where the panels 

in one row cast a shadow on the panels in the row behind them, especially during the morning and late afternoon when 

the sun is at a lower angle as shown in Fig. 2. Insufficient spacing leads to significant energy losses. Conversely, 

excessive spacing wastes valuable land area and can increase the cost of cabling and other infrastructure. 

 

Fig. 2 The effect of row spacing in mutual shading in PV systems 

The optimal row spacing is determined by several factors, including the tilt angle of the panels, the height of the 

panels, and the latitude of the site. A simplified approach to determine adequate spacing to avoid inter-row shading at 

the winter solstice (when the sun is at its lowest angle) involves calculating the sun's altitude angle. The sun's altitude 

angle (α) at solar noon can be approximated by: 

α ≈ 90° − Latitude + Declination 

Where the declination angle varies throughout the year, being approximately -23.5 degrees for the winter solstice. 

For a site at 30 degrees North latitude, the winter solstice noon sun altitude would be roughly 90°  −30° −23.5° =36.5°. 

The required spacing would then be calculated such that the shadow cast by the top of a row does not reach the 

bottom of the next row at this sun angle. A common rule of thumb is that the spacing should be at least 3 to 5 times 

the height of the panel plus the height of the mounting structure, depending on the desired level of shading avoidance. 

Panel orientation also plays a significant role. In the Northern Hemisphere, panels are generally oriented towards 

true south to maximize annual energy production. In the Southern Hemisphere, they are oriented towards true north. 

The precise orientation may be adjusted based on site-specific shading patterns or to favor energy production during 

specific times of day when electricity demand is highest. 

Shading loss analysis is a detailed process that accounts for the impact of any obstructions that cast shadows on 

the PV modules. This can be done using specialized software that simulates the sun's path throughout the year and 

models the shadows cast by terrain features, buildings, vegetation, and adjacent rows. The output of this analysis is a 



quantification of the percentage of energy that is lost due to shading. This information is vital for optimizing the layout 

and can also inform decisions about mitigation strategies, such as trimming trees or adjusting panel placement. 

Worked Example: Calculating Minimum Inter-row Spacing 

To ensure optimal energy yield, we must design the spacing to prevent shading during the most critical period (the 

winter solstice). 

Assumptions: 

• Mounting Height (H): 1 m (distance from ground to the top of the panel). 

• Winter Sun Altitude (α): 30° (the lowest sun angle at noon). 

Step 1: Calculate the Shadow Length (L): 

The length of the shadow cast by the top of the panel can be calculated using trigonometry: 

L=
𝐻

tan(𝛼)
=

1𝑚

tan(30°)
≈ 1.73 𝑚𝑒𝑡𝑒𝑟𝑠 

Step 2: Determine Required Spacing (D): 

To avoid shading, the distance between rows must account for this shadow length. Therefore, the minimum distance 

(D) between the back of one row and the front of the next must be: 

D> L+ Clearance/ structure height 

In this scenario, the inter-row spacing must be significantly greater than 1.73m to ensure that the shadow of the front 

row does not intercept the active surface of the adjacent row. 

Note: In practical applications, a clearance (e.g., 0.2–0.5 m) is added to the theoretical shadow length to account for 

ground irregularities and maintenance access. 

For layout and shading, the following points should be considered: 

• Optimize row spacing to minimize inter-row shading, especially at low sun angles. 

• Orient panels towards true south (Northern Hemisphere) or north (Southern Hemisphere) for maximum 

annual yield. 

• Utilize shading analysis tools to quantify energy losses from obstructions. 

• Consider the interplay between panel tilt, height, and sun angle for spacing calculations. 

4. Grid Connection and Integration 

Connecting a solar energy generation plant to the electricity grid is a complex process that involves technical, 

regulatory, and contractual considerations. The primary objective is to ensure that the solar power generated can be 

safely and reliably fed into the existing electricity network without causing instability or disruptions. 

The point of interconnection (POI) is a critical decision, determining where the solar farm will connect to the grid. 

This location is typically dictated by the proximity and capacity of existing substations or transmission lines. The 

voltage level at which the plant will connect (e.g., 33kV, 66kV, 132kV) is also determined by the grid infrastructure 

and the size of the solar plant. Larger plants will require connection at higher voltage levels to efficiently transmit the 

generated power. 



A detailed grid impact study is usually required by the grid operator. This study assesses how the injection of power 

from the solar plant will affect the stability, voltage, and fault levels of the local and wider grid. It identifies any 

necessary upgrades to the grid infrastructure to accommodate the new generation source. These upgrades could include 

reinforcing existing transmission lines, installing new substations, or implementing advanced grid control systems. 

Protection systems and control schemes are essential for the safe operation of the solar plant and its integration with 

the grid. These systems ensure that the plant can automatically disconnect from the grid in case of a grid fault (e.g., a 

short circuit or voltage collapse) and can respond to grid commands regarding power output. Modern solar plants often 

incorporate inverters that not only convert DC power from the panels to AC power for the grid but also provide 

essential grid support functions, such as reactive power control and frequency regulation. 

The type of inverter chosen also influences grid integration. String inverters are commonly used in smaller to medium-

sized systems, while central inverters are often used for larger utility-scale projects. In recent years, module-level 

power electronics (MLPE), such as microinverters and power optimizers, have gained popularity, offering benefits 

like individual panel performance monitoring and enhanced shading tolerance, though they can add to the system cost 

and complexity of grid connection. 

The capacity of the grid to absorb the intermittent nature of solar power is another significant consideration. Solar 

generation is inherently variable, dependent on sunlight availability. Grid operators must manage this variability to 

maintain a balance between electricity supply and demand. This might involve using energy storage systems (like 

batteries) alongside the solar plant, or relying on other dispatchable power sources to compensate for fluctuations in 

solar output. Finally, for grid connection of PV systems, we should consider the following takeways: 

• Determine the optimal point of interconnection and voltage level. 

• Conduct thorough grid impact studies to ensure stability. 

• Implement robust protection systems and control schemes for safe operation. 

• Understand the role of inverters in grid support and power conversion. 

• Address the intermittency of solar generation through grid management and potential storage solutions. 

5. Economic Evaluation and Feasibility 

The economic viability of a solar energy generation plant is a critical determinant of its success. This section 

focuses on the financial analysis required to assess the profitability and sustainability of such projects. It involves 

understanding the various cost components and revenue streams, and employing financial metrics to evaluate the 

investment. 

Capital expenditure (CapEx) represents the upfront costs associated with building the solar power plant. This 

includes the cost of solar panels, inverters, mounting structures, balance of system components (cables, transformers, 

switchgear), land acquisition or lease, site preparation, engineering, procurement, and construction (EPC) costs. For 

instance, the cost of PV modules is a significant portion of the total CapEx, and it has seen a substantial decrease over 

the last decade. 



Operational expenditure (OpEx) refers to the ongoing costs incurred during the plant's operational life. These 

include maintenance (cleaning panels, inspecting equipment), repairs, insurance, administrative costs, and land lease 

payments. A well-maintained plant will have lower OpEx and a longer lifespan. 

The primary revenue stream for a solar power plant comes from the sale of electricity. This is typically governed 

by a Power Purchase Agreement (PPA), which is a long-term contract between the solar plant owner and the electricity 

buyer (e.g., a utility company or a large industrial consumer). The PPA specifies the price at which electricity will be 

sold, the duration of the contract, and other terms and conditions. Government incentives, such as tax credits or feed-

in tariffs, can also significantly boost project revenues and improve economic feasibility. 

A key metric for evaluating the economic performance of a solar power plant is the Levelized Cost of Energy 

(LCOE). The LCOE represents the average cost per unit of electricity generated over the entire lifetime of the plant. 

It takes into account all lifetime costs (CapEx, OpEx, financing costs, etc.) and the total energy produced. A lower 

LCOE indicates a more cost-competitive energy source. The formula for LCOE can be simplified as: 

LCOE=
∑

𝐼𝑡+𝑀𝑡+𝐹𝑡
(1+𝑟)𝑡

𝑛
𝑡=1

∑
𝐸𝑡

(1+𝑟)𝑡
𝑛
𝑡=1

 

where, in the above equation, It stands for Capital expenditures (CAPEX) in year t, Mt shows Operation and 

maintenance (O&M) costs in year t, Ft explains fuel costs in year t (Note: For solar power plants, this is zero), Et 

identifies energy generated in year t, r depicts discount rate (the rate used to discount future cash flows to present 

value) and n determines expected lifetime of the system (in years). 

A more detailed calculation involves discounting future costs and revenues to their present value using a discount 

rate that reflects the cost of capital. This temporal adjustment is critical, as it accounts for the time value of money—

recognizing that a unit of currency today is worth more than in the future. By normalizing these flows over the system’s 

lifetime, we can accurately assess the long-term economic viability and compare it with alternative energy sources on 

a level playing field. Other important financial metrics include: 

• Net Present Value (NPV): The difference between the present value of cash inflows and the present value 

of cash outflows over a period. A positive NPV indicates that the project is expected to be profitable. 

• Internal Rate of Return (IRR): The discount rate that makes the NPV of all cash flows from a particular 

project equal to zero. It represents the effective rate of return of an investment. 

• Payback Period: The time it takes for the cumulative cash inflows from the project to equal the initial 

investment. 

Totally, for economic evaluation of PV systems consider: 

• Understand and estimate all capital (CapEx) and operational (OpEx) costs. 

• Analyze revenue streams, including electricity sales (PPAs) and incentives. 

• Calculate the Levelized Cost of Energy (LCOE) to assess cost-competitiveness. 

• Utilize NPV, IRR, and payback period for comprehensive financial assessment. 

6. Hands-on Activity: Integrated Solar Project Simulation  



To consolidate the learning from each section, participants will engage in a simulated solar project planning 

exercise. This activity can be conducted in small groups and will involve the following steps: 

1. Site Selection Scenario: Participants will be provided with a hypothetical region with varying geographical 

features, solar irradiance data, and proximity to existing grid infrastructure. They will need to select the most 

suitable site for a 5 MW solar power plant, justifying their choice based on the criteria discussed in Section 

1. 

2. Resource and Sizing Exercise: Based on the selected site's solar data, participants will estimate the potential 

annual energy yield and determine the appropriate system size and panel configuration (e.g., number of 

panels, DC capacity) considering estimated performance ratios and potential losses discussed in Section 2. 

3. Basic Layout Design and Shading Consideration: Participants will sketch a basic layout for their solar 

array, considering row spacing and orientation. They will identify potential shading sources (e.g., imaginary 

terrain features, existing structures) and qualitatively describe how they would mitigate their impact, 

referencing principles from Section 3. 

4. Grid Connection Points: Participants will identify a plausible point of interconnection for their plant on a 

simplified grid map, considering voltage levels and distance to substations as discussed in Section 4. 

5. Preliminary Economic Assessment: Using provided cost ranges for PV modules, installation, and 

operation, participants will estimate the total CapEx and OpEx for their project. They will then calculate a 

simplified LCOE and assess the project's initial economic feasibility based on a hypothetical electricity sale 

price or incentive structure from Section 5. 

Summary 

In conclusion, the planning and allocation of solar energy generation plants is a multifaceted discipline that demands 

a holistic approach. From the initial site selection and detailed resource assessment to the intricate aspects of array 

layout, grid integration, and robust economic evaluation, each step is critical for the successful deployment of solar 

energy. By thoroughly understanding and applying the principles covered in this module, you are equipped to 

contribute to the growth of clean, sustainable energy solutions. As you move forward, consider this action checklist 

to guide your planning and decision-making: 

• Site Viability: Has a thorough assessment of solar resource, land availability, topography, and accessibility 

been completed? 

• Environmental and Regulatory Compliance: Have all environmental impact assessments and regulatory 

requirements been addressed and satisfied? 

• System Performance: Is the system sizing accurate, considering solar resource, shading, and estimated 

performance ratios? 

• Layout Optimization: Is the array layout designed to maximize energy yield while minimizing shading and 

installation costs? 



• Grid Interconnection Feasibility: Has a detailed grid impact study been conducted, and are the necessary 

grid upgrades identified? 

• Economic Soundness: Has a comprehensive economic evaluation, including LCOE, NPV, and IRR, been 

performed to ensure profitability and long-term sustainability? 

• Risk Assessment: Have potential risks (technical, financial, regulatory) been identified, and are mitigation 

strategies in place? 

Suggested Resources 

• National Renewable Energy Laboratory (NREL) Publications on Solar Energy Systems 

• International Renewable Energy Agency (IRENA) Reports on Solar Power 

• Textbooks on Photovoltaic Systems and Renewable Energy Engineering 

• Industry Standards and Guidelines from organizations like the IEEE and IEC 



Fault Identification and Diagnostics in Solar PV Systems 
Learning Objectives 

• Classify common solar PV faults according to their location, physical mechanism, 

operating effect, and level of severity.  

• Explain how module defects, wiring problems, shading, degradation, inverter 

failures, and protection-system faults affect PV electrical and thermal behavior.  

• Interpret the main fault signatures observed in voltage, current, power, insulation 

resistance, I–V curves, infrared images, and SCADA records.  

• Apply essential diagnostic formulations to compare measured PV performance with 

expected or healthy operating conditions.  

• Develop a systematic fault-response process that includes detection, localization, 

root-cause analysis, corrective action, verification, and technical documentation.  

Abstract 

Fault identification in a solar photovoltaic system is the process of detecting abnormal 

operation, locating the affected component, determining the physical or electrical cause, 

and selecting an appropriate corrective action. This process is more difficult in PV systems 

than in many conventional electrical systems because voltage, current, temperature, and 

power continuously change with solar irradiance, cell temperature, shading, wind, and 

operating conditions. A reduction in output power is therefore not automatically evidence 

of a fault. The measured behavior must first be normalized or compared with a healthy 

reference operating under similar environmental conditions. 

This session presents the foundational theory of module faults, string and wiring faults, 

inverter and protection faults, hotspots, cracks, delamination, soiling, degradation, ground 

faults, arc faults, and connector failures. It then introduces the principal diagnostic 

methods: I–V curve tracing, infrared thermography, electrical measurements, and SCADA-

data analysis. The uploaded course plan defines S2-07 as a three-hour session covering 

module, inverter, wiring, shading, degradation, hotspot, and arc-fault identification using 

I–V curves, thermography, and monitoring data. The five-section organization below 

follows the source outline: common faults, module faults, electrical faults, diagnostic tools, 

and fault response. 

 



Main Quantities Used in This Session 

Symbol Meaning 

GPOA Plane-of-array solar irradiance 

Tc PV cell or module temperature 

PSTC Rated PV power at standard test conditions 

Voc Open-circuit voltage 

Isc Short-circuit current 

Vmp, Imp Voltage and current at the maximum power point 

Pmp Maximum electrical power 

Rs Effective series resistance 

Rsh Effective shunt resistance 

Rins Insulation resistance between energized conductors and earth 

 

 



1 Common Fault Types in PV Systems 

1.1 Meaning of a Fault in a PV System 

A PV fault is an abnormal condition that reduces energy production, changes electrical 

behavior, creates an unsafe operating condition, or prevents a component from performing 

its intended function. A fault must be distinguished from a symptom. For example, low 

inverter power is a symptom; the root cause may be shading, high module temperature, a 

disconnected string, an MPPT problem, grid curtailment, or an inaccurate irradiance sensor. 

Faults may be sudden or gradual. A sudden fault normally produces a clear change in 

voltage, current, power, alarm status, or insulation resistance. Examples include a blown 

fuse, open connector, failed inverter, or shorted bypass diode. Gradual faults develop over 

weeks, months, or years and may be difficult to detect without historical comparison. 

Examples include corrosion, increasing contact resistance, optical degradation, 

delamination, potential-induced degradation, and progressive cell cracking. 

Faults can also be classified as permanent, intermittent, or condition-dependent. A 

permanent fault is continuously present until repaired. An intermittent fault appears and 

disappears because of vibration, thermal expansion, moisture, wind, or unstable electrical 

contact. A condition-dependent fault may only become visible at high current, high 

temperature, wet weather, or partial shading. 

1.2 Relationship Between Array Configuration and Fault Behavior 

PV modules connected in series form a string. Under normal operation, the string 

voltage is approximately the sum of the individual module voltages: 

𝑉string = ∑𝑉𝑚,𝑘

𝑁𝑠

𝑘=1

 (6.1) 

The same current flows through all series-connected modules. Therefore, when bypass 

diodes are not conducting, the string current is strongly influenced by the module or cell 

group with the lowest current-producing capability: 

𝐼string ≈ min(𝐼𝑚,1
, 𝐼𝑚,2

, … , 𝐼𝑚,𝑁𝑠
) (6.2) 

When strings are connected in parallel, their currents are added: 

𝐼array =∑𝐼string,𝑗

𝑁𝑝

𝑗=1

 (6.3) 

These relationships explain why a current-related defect in one module can affect the 

output of an entire series string, while an open string in a large parallel array may mainly 



appear as a reduction in total array current. The map of each type of the faults is shown in 

Figure 6.1. 

 

Figure 6.1: The relationship between array configuration and fault behavior. 

1.3 Expected Power and Fault Residual 

A basic diagnostic process compares the measured power with the expected power 

under the same irradiance and temperature. A first-order expected DC power model is 

𝑃DC,exp ≈ 𝑃STC (
𝐺POA

𝐺STC

) [1 + 𝛾𝑃(𝑇𝑐 − 𝑇STC)]𝜂ref (6.4) 

where 𝛾𝑃 is the module power temperature coefficient and 𝜂ref is a calibrated factor 

representing normal wiring, conversion, mismatch, and other baseline losses. A normalized 

power residual may then be calculated as 

𝑟𝑃 =
𝑃meas − 𝑃exp

𝑃exp

 (6.5) 

A negative residual indicates that the measured power is below the expected value. A 

single negative value is not sufficient to confirm a fault. The deviation must be checked for 

persistence, sensor accuracy, inverter operating state, curtailment, irradiance variation, and 

comparison with similar strings or inverters. 



1.4 Main Fault Categories 

Table 6.1 summarizes the main faults categories their effect on the operation of the 

plant. 

Table 6.1: Faults categories their effect on the operation of the plant. 

Fault location Typical faults Main operating effect Common indication 

PV cell or module 

Cracks, hotspots, 

delamination, bypass-diode 

failure, degradation 

Reduced current, 

voltage, fill factor, or 

insulation quality 

Abnormal I–V curve, 

local heating, visible 

damage 

String and DC wiring 

Open circuit, reversed 

polarity, damaged cable, 

loose connector, blown fuse 

Zero or reduced string 

current, unstable 

voltage, resistive losses 

Current imbalance, 

thermal connector 

anomaly, continuity 

failure 

Inverter and power 

electronics 

MPPT failure, 

semiconductor failure, DC-

link problem, 

overtemperature 

Reduced conversion, 

shutdown, unstable 

output 

Alarm code, 

abnormal DC/AC 

relation, repeated trip 

Protection and 

grounding 

Ground fault, insulation 

deterioration, SPD or fuse 

failure 

Unsafe leakage current, 

loss of protection, plant 

disconnection 

Low insulation 

resistance, protection 

alarm, unexplained 

shutdown 

Environmental or 

operational 

Shading, soiling, snow, high 

temperature, tracker error 

Reduced irradiance on 

modules or incorrect 

orientation 

Current reduction, 

stepped I–V curve, 

production mismatch 

Monitoring system 

Failed sensor, 

communication loss, 

incorrect scaling 

Incorrect diagnosis or 

missing information 

Impossible values, 

flat data, inconsistent 

sensor comparison 

 

1.5 Module, String, Inverter, and Protection Fault Interaction 

Fault categories are not fully independent. A loose connector is initially a wiring fault, 

but increasing contact resistance produces heating and can develop into an arc fault. Partial 

shading is initially an environmental operating condition, but repeated reverse bias may 

create a permanent hotspot or accelerate bypass-diode failure. Moisture entry through 

module delamination can reduce insulation resistance and later produce a ground-fault 

alarm at the inverter. 

Inverter alarms must also be interpreted carefully. An inverter shutdown does not 

necessarily mean that the inverter itself has failed. It may be responding correctly to 

excessive DC voltage, low insulation resistance, grid overvoltage, abnormal frequency, 



high internal temperature, or an external emergency command. The diagnostic process 

must therefore separate the component reporting the fault from the component causing the 

fault. 

Technical Note 1: 

PV fault diagnosis should be based on a reference condition rather than on 

nameplate power alone. Irradiance, module temperature, inverter state, tracker 

position, curtailment commands, and sensor validity should be checked before a 

power deviation is classified as a physical fault. In practice, simultaneous 

comparison of neighboring strings or inverters is often more reliable than 

comparison with a purely theoretical power model. 

 



2 PV Module Fault Identification 

2.1 Hotspots 

A hotspot is a localized region of excessive temperature within a PV cell, module, 

connector, junction box, or bypass diode. At cell level, hotspots commonly occur when a 

weak or shaded cell is forced to carry the current generated by the other cells in the string. 

The affected cell may enter reverse bias and begin dissipating electrical power instead of 

generating it. The approximate thermal power dissipated in a reverse-biased cell is 

𝑃hot ≈∣ 𝑉rev ∣ 𝐼string (6.6) 

where 𝑉rev is the reverse voltage across the affected cell. This power is concentrated over a 

small physical area, so the local temperature can become much higher than that of 

neighboring cells. 

Hotspots may be caused by cell cracks, localized soiling, bird droppings, solder-bond 

failure, cell mismatch, shading, or a defective bypass diode. Persistent hotspots may 

discolor the encapsulant, damage the backsheet, weaken solder connections, accelerate 

moisture entry, or create a fire hazard. Bypass diodes are installed across groups of series-

connected cells to limit reverse voltage during shading or cell failure. When a diode 

conducts, the affected substring is bypassed. The module can continue operating, but its 

voltage decreases. A short-circuited bypass diode permanently removes the associated 

substring voltage, while an open bypass diode may fail to protect shaded cells against high 

reverse voltage. 

2.2 Cell Cracks and Interconnection Defects 

Cracks may form during manufacturing, transport, installation, mechanical loading, 

hail impact, thermal cycling, or repeated structural movement. A microcrack may initially 

have little effect because parts of the cell remain electrically connected. As the crack grows 

or separates active areas from the busbars, the effective current-producing area decreases. 

Cracked cells can produce reduced current, reduced fill factor, intermittent power 

changes, or localized heating. Some crack-related faults are load-dependent. Thermal 

expansion may open the crack at high module temperature and partially close it at lower 

temperature. This behavior can make the fault intermittent and difficult to reproduce during 

a short inspection. Interconnection defects include broken ribbons, poor solder joints, 

detached busbars, and increased resistance at cell-to-cell connections. These defects 

normally increase series resistance and reduce the sharpness of the maximum-power-point 

region of the I–V curve (see Figure 6.2). 



 

Figure 6.2: Effect of defects on solar performance. 

2.3 Delamination, Moisture Entry, and Material Deterioration 

Delamination is the separation of module layers, such as the glass, encapsulant, cell, 

or backsheet interfaces. It can reduce optical transmission, allow moisture and 

contaminants to enter, increase internal reflection, and place additional stress on cell 

interconnections. 

Moisture entry may lead to corrosion of metallic conductors, leakage current, reduced 

insulation resistance, and discoloration. Backsheet cracking can expose internal 

components to humidity and may produce ground-fault or insulation alarms. These faults 

are often gradual and may initially appear as small reductions in fill factor or unstable 

insulation measurements during wet weather. Visible signs include bubbles, cloudy 

regions, yellowing, corrosion, backsheet cracking, burn marks, and separation near module 

edges. However, the absence of visible damage does not prove that the module is 

electrically healthy. 

2.4 Soiling and Partial Shading 

Uniform soiling reduces the irradiance reaching the cells and normally causes a 

reduction in short-circuit current and maximum-power current. Since PV current is 

approximately proportional to irradiance, the first-order relationship is 



𝐼𝑠𝑐(𝐺) ≈ 𝐼𝑠𝑐,ref

𝐺

𝐺ref

 (6.7) 

Module voltage is less sensitive to irradiance than current, although voltage decreases 

under very low irradiance. 

Nonuniform soiling or partial shading is more serious because different cells receive 

different irradiance levels. The lowest-current cell group restricts string current until a 

bypass diode begins conducting. The resulting I–V curve may contain steps, multiple 

knees, or several local power maxima. These conditions can also confuse some MPPT 

algorithms. A shadow does not need to cover the whole module to create a large loss. A 

narrow shadow across a row of cells may activate a bypass diode and remove the voltage 

contribution of an entire cell substring. 

2.5 Module Degradation 

Degradation is a gradual reduction in performance or material quality. It may affect 

photocurrent, open-circuit voltage, series resistance, shunt resistance, optical transmission, 

insulation, or bypass-diode behavior. Common mechanisms include ultraviolet exposure, 

thermal cycling, corrosion, encapsulant discoloration, solder fatigue, moisture ingress, and 

electrically induced leakage mechanisms. 

The degradation rate should be evaluated from long-term, corrected data rather than 

from raw annual energy values. Weather variation, soiling, downtime, curtailment, and 

sensor drift can otherwise be incorrectly interpreted as module degradation. A useful 

module quality indicator is the fill factor: 

𝐹𝐹 =
𝑃𝑚𝑝

𝑉𝑜𝑐𝐼𝑠𝑐
=
𝑉𝑚𝑝𝐼𝑚𝑝

𝑉𝑜𝑐𝐼𝑠𝑐
 (6.8) 

The fill factor describes how rectangular the I–V curve is. An increase in series 

resistance, decrease in shunt resistance, severe mismatch, or cell damage generally reduces 

the fill factor. The electrical mismatch loss between components may be expressed as 

𝐿mis = 1 −
𝑃combined,max

∑ 𝑃𝑖,max

𝑁

𝑖=1

 (6.9) 

where 𝑃combined,max is the maximum power of the connected group and 𝑃𝑖,max is the 

individual maximum power of each component under the same environmental conditions. 

Technical Note 2: 

A hotspot is a thermal symptom, not a complete root-cause diagnosis. The same thermal 

pattern may result from shading, a cracked cell, high resistance, bypass-diode operation, 

or internal interconnection failure. Infrared evidence should therefore be correlated with 



electrical measurements, visual inspection, operating current, and the physical position 

of the anomaly inside the module. 

 



3 Electrical Fault Diagnosis 

3.1 Open-Circuit Faults 

An open-circuit fault interrupts the electrical path. Common causes include 

disconnected connectors, broken cables, blown fuses, failed solder joints, damaged module 

leads, open bypass diodes, or loose terminals. 

A completely open string normally produces approximately zero string current. The 

voltage observed during testing depends on where the circuit is open and where the 

measurement is made. The module side of a disconnected string may still contain the full 

open-circuit voltage, while the inverter or combiner input may show no usable string 

contribution. In a large array, one open string may not produce a complete inverter 

shutdown. Instead, the inverter may continue operating with reduced input current. The 

fault is then identified by comparing string currents or by observing a step reduction in 

inverter DC power. 

3.2 Short-Circuit Faults 

A short circuit creates an unintended low-resistance path between conductors or across 

part of a circuit. A PV source is current-limited by irradiance, so a short circuit does not 

always produce the extremely high fault current expected from a conventional voltage 

source. However, in arrays with several parallel strings, healthy strings may feed reverse 

current into a faulted string. 

Possible indications include reduced string or array voltage, blown fuses, abnormal 

current distribution, repeated inverter startup failure, melted insulation, or protection 

operation. A shorted cell substring or bypass diode may reduce module voltage without 

creating a complete array short circuit. Short-circuit diagnosis must consider array 

topology, number of parallel strings, fuse ratings, blocking behavior, inverter input 

configuration, and the location of the fault. 

3.3 Ground Faults and Insulation Failure 

A ground fault is an unintended electrical connection between an energized DC 

conductor and a grounded structure, module frame, cable tray, equipment enclosure, or 

earth. The connection may be metallic and low resistance, or it may occur through 

moisture, contamination, damaged insulation, or degraded module materials. The 

insulation resistance can be approximated from a controlled test by 

𝑅ins =
𝑉test

𝐼leak

 (6.10) 

A lower insulation resistance indicates a stronger leakage path. The acceptable value 

depends on system voltage, array size, inverter design, grounding arrangement, equipment 



requirements, and the applicable electrical rules. Therefore, one universal resistance 

threshold should not be applied to every plant. 

Ground faults may be persistent or weather-dependent. A damaged cable may only leak 

current when wet. Delaminated modules, cracked backsheets, water-filled connectors, and 

damaged junction boxes can similarly produce alarms after rainfall or during high 

humidity. Fault localization is normally performed by isolating sections of the array and 

repeating insulation measurements until the affected string, cable section, or module group 

is identified. 

3.4 Arc Faults 

An electrical arc is a sustained current through ionized air or another normally 

insulating gap. In PV systems, arcs are commonly divided into series arcs and parallel arcs. 

A series arc develops in the normal current path, such as at a loose connector, damaged 

cable, broken conductor, poor crimp, or failed terminal. Because the load current already 

passes through the fault location, the arc current may remain below the overcurrent 

protection rating. A conventional fuse may therefore not detect a series arc. A parallel arc 

occurs between conductors of different potential, such as positive-to-negative or 

conductor-to-ground. Parallel arcs may be supplied by several strings and can release 

significant energy. 

Arc-fault signatures may include rapid voltage and current fluctuations, high-

frequency electrical noise, intermittent power reduction, local heating, carbonization, 

repeated inverter trips, and visible connector or cable damage. These signatures can also 

be produced by switching equipment or electromagnetic interference, so arc-fault alarms 

require confirmation. 

3.5 Connector and High-Resistance Faults 

A connector fault may result from incomplete insertion, poor crimping, contamination, 

corrosion, mismatched connector types, damaged sealing, incorrect torque, cable strain, or 

repeated disconnection. The power converted to heat at a resistive connection is 

𝑃heat = 𝐼2𝑅contact (6.11) 

This equation is important because heating rises with the square of current. A connector 

may appear normal at low irradiance but overheat strongly near maximum operating 

current. Heating may further oxidize or deform the contact, increasing resistance and 

producing thermal runaway. The voltage drops across a resistive connection is 

𝑉drop = 𝐼𝑅contact (6.12) 

A voltage-drop measurement across a connector or cable section, when performed 

safely under load, can therefore support the identification of excessive resistance. 



3.6 Inverter and Protection Faults 

Inverter faults can be internal or externally initiated. Internal causes include 

semiconductor failure, gate-drive problems, DC-link capacitor deterioration, cooling-fan 

failure, temperature-sensor error, control-board failure, MPPT malfunction, or 

communication failure. 

External conditions that cause inverter alarms include excessive or insufficient DC 

voltage, reverse polarity, insulation faults, arc-fault detection, grid overvoltage, grid 

undervoltage, abnormal frequency, high ambient temperature, curtailment commands, and 

transformer or switchgear problems. Protection-device faults include open fuses, 

deteriorated surge-protection devices, incorrectly operating disconnects, failed ground-

fault detectors, and nuisance trips. A protection device that opens may be the result of 

another fault rather than the root cause. Replacing a fuse without identifying why it opened 

can allow the fault to recur. 

Technical Note 3: 

An open PV circuit must never be treated as electrically safe simply because current is 

zero. A disconnected string can retain its full DC open-circuit voltage whenever irradiance 

is present. Diagnostic work requires correctly rated measuring equipment, safe isolation, 

verified polarity, appropriate personal protection, and avoidance of opening DC 

connectors while current is flowing. 

 



4 Diagnostic Tools and Techniques 

4.1 I–V Curve Tracing 

An I–V curve tracer measures PV current while sweeping the operating voltage from 

near short circuit to near open circuit. The resulting curve provides 𝐼𝑠𝑐, 𝑉𝑜𝑐, 𝐼𝑚𝑝, 𝑉𝑚𝑝, 

maximum power, fill factor, and information about resistive and mismatch effects. The 

basic electrical behavior of a PV device can be represented by the single-diode model: 

𝐼 = 𝐼𝑝ℎ − 𝐼0 [exp (
𝑉 + 𝐼𝑅𝑠
𝑛𝑁𝑠𝑉𝑇

) − 1] −
𝑉 + 𝐼𝑅𝑠
𝑅𝑠ℎ

 (6.13) 

where 

𝑉𝑇 =
𝑘𝑇𝑐
𝑞

 (6.14) 

and 𝐼𝑝ℎ is the light-generated current, 𝐼0 is the diode saturation current, 𝑛is the diode 

ideality factor, 𝑁𝑠 is the number of series-connected cells, 𝑘 is Boltzmann’s constant, and 

𝑞 is the elementary charge. The model is useful diagnostically because different physical 

changes affect different regions of the curve: 

• A reduction in 𝐼𝑝ℎ mainly lowers 𝐼𝑠𝑐 and 𝐼𝑚𝑝. It may indicate low irradiance, soiling, 

shading, or loss of active cell area.  

• An increase in 𝑅𝑠 rounds the knee and reduces the fill factor and maximum power. 

It may indicate loose connectors, damaged interconnections, corrosion, or cable 

resistance.  

• A reduction in 𝑅𝑠ℎ increases leakage and changes the slope near the short-circuit 

region. It may indicate cell damage, moisture-related leakage, or internal defects.  

• A reduction in 𝑉𝑜𝑐 may indicate increased cell temperature, a shorted substring, a 

shorted bypass diode, or loss of series-connected cell voltage.  

• Steps or multiple knees commonly indicate partial shading, module mismatch, or 

bypass-diode operation. 

 



General I–V Signatures 

I–V observation Likely interpretation 

Entire curve current lower than reference Lower irradiance, uniform soiling, current degradation 

Voc lower with relatively normal current 
High temperature, missing substring, bypass-diode 

fault 

Rounded maximum-power-point knee Increased series resistance or interconnection loss 

Strong slope near the short-circuit region Reduced shunt resistance or leakage path 

Steps in the curve Partial shading, mismatch, bypass-diode conduction 

Reduced Isc, Voc, and fill factor 
Severe module or string degradation, multiple 

simultaneous defects 

Irregular or unstable trace 
Intermittent connection, changing irradiance, arc, or 

measurement problem 

 

I–V curves must be interpreted with irradiance and temperature measurements. A curve 

recorded during rapidly changing cloud conditions can resemble a defective curve. 

Comparison should therefore be made after correcting to a reference condition or by testing 

healthy and suspected strings under nearly identical conditions. 

4.2 Infrared Thermography 

Infrared thermography measures surface temperature patterns without direct electrical 

contact. It is particularly effective for identifying hotspots, high-resistance connectors, 

bypass-diode heating, junction-box problems, uneven current flow, and thermal differences 

between modules. 

Thermal inspection should normally be performed while the PV system is producing 

power. Higher current improves the visibility of resistive faults because heating follows 

𝐼2𝑅. Stable irradiance, limited wind, similar viewing angles, and adequate operating time 

improve result quality. The thermal anomaly is evaluated relative to a suitable reference: 

Δ𝑇 = 𝑇fault location − 𝑇healthy reference (6.15) 

Absolute temperature alone is not sufficient. A hot module may simply have lower 

wind exposure, a different mounting condition, or a different surface emissivity. 

Reflections from the sky, sun, nearby structures, or the camera operator can also create 

false thermal patterns. 



A cell-level hotspot normally appears as a localized warm region. An active bypass 

diode may produce heating near the junction box and a temperature pattern across the 

associated cell substring. A high-resistance connector usually appears as concentrated 

heating at the connector body or cable termination. A whole module that is warmer than 

neighboring modules may be operating at a different electrical point or may have reduced 

current flow. 

4.3 Electrical Measurements 

Basic electrical measurements remain necessary even when advanced monitoring is 

available. Measurements may include open-circuit voltage, operating voltage, string 

current, polarity, continuity, insulation resistance, ground continuity, cable voltage drop, 

and fuse condition. 

Voltage measurements are useful for identifying missing modules, bypassed 

substrings, reversed polarity, open circuits, or inverter input problems. Current 

measurements are effective for comparing parallel strings. Insulation measurements are 

used to detect leakage and ground faults. Continuity tests help locate open conductors, but 

they are normally performed only after safe isolation. Electrical measurements should be 

compared with circuit design values and with equivalent healthy circuits. A value can be 

electrically possible but still abnormal for the specific array configuration. 

4.4 SCADA Data and Alarm Analysis 

SCADA systems provide continuous operational information from irradiance sensors, 

temperature sensors, energy meters, string-monitoring units, inverters, transformers, 

switchgear, weather stations, and plant controllers. Typical data include DC voltage, DC 

current, DC power, AC power, inverter efficiency, internal temperature, operating state, 

grid voltage, grid frequency, alarms, and event codes. A useful string-comparison indicator 

is the relative current deviation: 

𝑑𝐼,𝑖 =
𝐼𝑖 −median(𝐼peer)

median(𝐼peer)
 (6.16) 

where 𝐼𝑖 is the current of the investigated string and the denominator is the median current 

of comparable strings connected to the same MPPT or exposed to similar conditions. A 

value near −1 indicates that the string produces almost no current relative to its peers. The 

plant performance ratio may be expressed as 

𝑃𝑅 =
𝑌𝑓

𝑌𝑟
=

𝐸AC/𝑃0
𝐻POA/𝐺STC

 (6.17) 

where 𝐸AC is the delivered AC energy, 𝑃0 is the installed reference power, 𝐻POA is plane-

of-array irradiation, and 𝐺STC is the reference irradiance. A declining performance ratio 



indicates increased system losses, but it does not identify the location of the fault by itself. 

Alarm analysis should include the event timestamp, operating state before the event, 

associated measurements, alarm duration, recurrence, weather conditions, grid conditions, 

and the sequence of related alarms. The first alarm in the sequence may be closer to the 

root cause than the final shutdown alarm. 

4.5 Combining Diagnostic Methods 

No single diagnostic instrument identifies every fault. SCADA analysis is effective for 

detecting when and where performance changed. String-current comparison helps localize 

the affected DC branch. I–V curve tracing describes the electrical behavior of the string or 

module. Thermography identifies local heat generation. Visual inspection confirms 

physical damage, contamination, loose equipment, or environmental causes. Insulation and 

continuity tests confirm leakage or conductor interruption. 

Table 6.1: Faults categories their effect on the operation of the plant. 

Diagnostic method Best suited for Main advantage Main limitation 

SCADA and alarms 
Continuous detection 

and historical analysis 

Covers the entire plant 

continuously 

Depends on sensor 

quality and data 

resolution 

String-current 

comparison 

Open strings, current 

mismatch, shading 

Fast localization of 

underperforming strings 

Limited information 

about the exact 

component 

I–V curve tracing 

Mismatch, resistance, 

bypass operation, 

degradation 

Detailed electrical 

characterization 

Requires controlled 

conditions and isolation 

Infrared thermography 
Hotspots, connectors, 

junction boxes, diodes 
Rapid non-contact inspection 

Thermal patterns can 

have several causes 

Visual inspection 

Cracks, soiling, 

corrosion, cable and 

structural damage 

Simple and direct 
Internal defects may not 

be visible 

Insulation testing 
Ground faults and 

leakage 

Direct evaluation of 

insulation condition 

Requires safe 

segmentation and 

correct interpretation 

Voltage-drop testing 
Resistive connectors 

and cables 

Quantifies resistive loss 

under current 

Requires safe access 

while operating 

 

 

A practical sequence is to detect the anomaly from SCADA, identify the affected 

inverter or string, verify the monitoring data, inspect the equipment, perform targeted 

electrical or I–V measurements, use thermography for thermal confirmation, and then 

compare all evidence before declaring the root cause. 



Technical Note 4: 

Sensor quality and time synchronization are part of the diagnostic system. An incorrectly 

calibrated irradiance sensor, failed temperature sensor, current-sensor offset, or 

communication delay can make a healthy PV system appear faulty. Before physical 

equipment is replaced, the diagnostic data source should be checked against an 

independent measurement or a reliable peer sensor. 

 

 



5 Fault Response and Corrective Actions 

5.1 Root-Cause Analysis 

Root-cause analysis determines why the abnormal condition occurred rather than only 

identifying the visible symptom. For example, a blown string fuse may be caused by 

reverse current from parallel strings, incorrect fuse rating, a shorted cable, damaged 

insulation, or a previous maintenance error. Replacing the fuse without investigating the 

cause may restore operation temporarily but does not remove the original fault. A root cause 

should be supported by consistent evidence. The alarm history, electrical measurements, 

environmental conditions, thermal images, visible condition, maintenance history, and 

post-repair performance should support the same technical explanation. Faults should be 

considered at three levels: 

1. Observed symptom: low current, inverter trip, hotspot, or low insulation 

resistance.  

2. Immediate fault mechanism: open connector, high contact resistance, moisture 

leakage, or failed diode.  

3. Underlying cause: incorrect installation, incompatible connector pair, cable 

movement, inadequate sealing, repeated shading, material degradation, or 

insufficient maintenance. 

5.2 Troubleshooting Workflow 

The first step is always safety classification. Hot connectors, arc indications, damaged 

insulation, exposed conductors, smoke, ground faults, and unstable inverter behavior may 

require immediate shutdown or isolation. Low-severity production deviations may be 

scheduled for further testing without an emergency shutdown, provided there is no safety 

concern. The second step is validation. The operator should determine whether the event is 

real or caused by a sensor, communication, curtailment, grid, or weather condition. The 

third step is localization. Plant-level loss should be narrowed to an inverter, MPPT, 

combiner, string, module, or connection. 

The fourth step is confirmation through targeted testing. Testing should begin with the 

least intrusive method and progress to isolation or component-level measurements only 

when required. The final technical diagnosis should explain both the measured symptom 

and the physical evidence. 

 

 

 



Stage Main activity Required output 

1. Safety assessment Determine electrical, thermal, fire, 

and mechanical risk 

Safe work boundary and 

immediate isolation decision 

2. Event confirmation Confirm the alarm, output loss, or 

abnormal measurement 

Verified fault symptom 

3. Data validation Check sensors, timestamps, 

irradiance, temperature, 

curtailment, and grid state 

Valid diagnostic dataset 

4. System localization Identify affected inverter, MPPT, 

combiner, string, module, or cable 

section 

Defined fault area 

5. Targeted testing Apply visual, electrical, I–V, 

thermographic, or insulation tests 

Evidence supporting fault 

mechanism 

6. Root-cause determination Connect the symptom to the 

physical or control cause 

Documented technical 

conclusion 

7. Corrective action Repair, replace, reconfigure, clean, 

isolate, or recalibrate 

Restored safe condition 

8. Verification Repeat measurements and compare 

with healthy references 

Proof that the fault has been 

removed 

9. Documentation Record findings, action, parts, 

measurements, and follow-up 

Traceable maintenance record 

 

5.3 Corrective Actions 

Corrective actions depend on the type and severity of the fault. Uniform soiling may 

require cleaning and verification of current recovery. A repeated shading condition may 

require vegetation control, obstruction removal, layout modification, or acceptance of an 

unavoidable seasonal loss. 

A damaged or overheated connector normally requires safe isolation, removal of the 

damaged connector pair, inspection of the cable conductor, correct re-termination, and 

verification of connector compatibility and crimp quality. Simply pushing an overheated 

connector back together is not an adequate repair. An open string requires inspection of 

fuses, connectors, cable continuity, module leads, and combiner terminals. A ground fault 

normally requires array segmentation, insulation testing, and repair or replacement of the 

affected module, connector, junction box, or cable. 

A defective module may be repaired only when the repair method is technically 

approved and preserves electrical insulation, mechanical integrity, weather sealing, and 

warranty conditions. Otherwise, replacement is normally more appropriate. Modules with 

severe hotspots, burnt backsheets, exposed conductors, major delamination, failed junction 

boxes, or unsafe insulation should not be returned to service without proper engineering 



evaluation. An inverter should only be reset after the cause of the trip has been understood. 

Cooling systems, DC voltage, insulation condition, grid measurements, internal 

temperatures, alarm history, and control settings should be checked before restart. 

5.4 Evaluating Energy Loss 

The energy not produced because of a fault can be estimated from the difference 

between expected and measured power: 

𝐸loss = ∫ max
𝑡2

𝑡1

[𝑃exp
, (𝑡) − 𝑃meas(𝑡)0] 𝑑𝑡 (6.18) 

This value supports maintenance prioritization. A low-power fault affecting many strings 

may create more total energy loss than a severe defect affecting one module. However, 

safety-critical faults must be prioritized even when their energy effect is small. Corrective-

action priority should therefore consider safety risk, expected energy loss, recurrence, fault 

progression, repair cost, equipment availability, warranty status, and the possibility that the 

fault will damage other components. 

5.5 Post-Repair Verification 

The system should not be considered repaired simply because an alarm disappears. 

Post-repair verification should demonstrate that the electrical and thermal behavior has 

returned to an acceptable condition. 

Verification may include restoration of normal string current, recovery of expected 

voltage, improved I–V curve shape, acceptable insulation resistance, elimination of thermal 

anomalies, stable inverter operation, and agreement with peer strings or inverters. 

Monitoring should continue after the repair to confirm that the fault does not recur under 

higher irradiance, higher temperature, rainfall, or other operating conditions. 

5.6 Technical Documentation 

A complete fault record should include the asset identification, date and time, 

environmental conditions, operating state, original alarm, measured values, SCADA 

trends, photographs, thermal images, I–V curves, insulation readings, fault location, root 

cause, corrective action, replacement parts, personnel involved, and post-repair verification 

results. 

Documentation supports recurring-fault analysis, warranty claims, spare-parts 

planning, reliability assessment, and improvement of preventive maintenance procedures. 

Consistent fault coding is important because similar events should be grouped under the 

same technical category. 

 



Technical Note 5: 

Resetting an alarm, replacing a fuse, or reconnecting a string is not by itself evidence that 

the root cause has been corrected. A complete corrective action must remove the fault 

mechanism, restore safe operation, confirm electrical and thermal performance, and create 

a traceable record that allows recurrence to be recognized. 

 

 



Session Summary 

Fault identification in a solar PV system begins by separating normal environmental 

variation from abnormal equipment behavior. Solar irradiance, cell temperature, shading, 

wind, curtailment, and inverter operating state strongly influence voltage, current, and 

power. Diagnostic decisions must therefore be based on corrected expected performance, 

comparison with healthy peer equipment, or historical baseline behavior. The basic 

electrical structure of the array is also important: voltages add in series strings, currents 

add in parallel branches, and the lowest-current element can restrict a complete series path. 

The main PV module faults include hotspots, cell cracks, interconnection failures, 

bypass-diode defects, delamination, moisture entry, soiling, partial shading, and long-term 

degradation. Hotspots result from local power dissipation and may damage module 

materials. Cracks and interconnection problems commonly reduce active area or increase 

series resistance. Uniform soiling mainly reduces current, while nonuniform shading can 

activate bypass diodes and create stepped I–V curves. Fill factor, corrected power, 

mismatch loss, and relative temperature differences provide useful quantitative indicators. 

Electrical faults include open circuits, short circuits, ground faults, arc faults, high-

resistance connectors, inverter faults, and protection-device problems. An open string 

normally produces little or no current, while a short circuit may reduce voltage and allow 

reverse current from parallel strings. Ground faults reduce insulation resistance and may 

depend on moisture. Series arcs are particularly important because they may not produce 

enough current to operate a fuse. High-resistance connections generate heat according to 

𝐼2𝑅, making them more visible during high-current operation. 

I–V curve tracing, infrared thermography, SCADA analysis, electrical measurements, 

and visual inspection provide complementary information. I–V curves reveal changes in 

current generation, voltage, series resistance, shunt resistance, mismatch, and bypass-diode 

operation. Thermography identifies localized heating but does not independently establish 

the root cause. SCADA systems provide continuous data, alarms, performance trends, and 

comparison between strings or inverters, but their reliability depends on sensor accuracy 

and correct time synchronization. 

The complete fault-response process consists of safety assessment, event confirmation, 

data validation, system localization, targeted testing, root-cause analysis, corrective action, 

post-repair verification, and technical documentation. A successful diagnosis does not only 

identify where the fault is located; it explains why the fault occurred, proves that the 

corrective action removed the fault mechanism, and confirms that safe and expected system 

performance has been restored. 



S2-08 Solar PV Plant Operation and Maintenance (O&M) Management 

1. PV Plant Installation and Commissioning  

This module delves into the critical initial stages of a Solar Photovoltaic (PV) plant’s life cycle, focusing on the precise 

procedures required for successful installation and commissioning. Adherence to these steps ensures the plant’s 

structural integrity, electrical safety, and optimal performance from the outset. 

1.1 Mechanical Installation Checks 

This phase involves verifying the physical integrity and correct placement of all mechanical components of the PV 

system. Precision here is paramount to prevent structural failures, ensure longevity, and facilitate efficient energy 

capture. 

• Structural Integrity: 

Foundation and Mounting System: Confirm that the foundation (e.g., concrete footings, ground screws) is stable and 

correctly installed according to design specifications and local soil conditions. Verify that the mounting structures 

(racks, rails) are securely fastened, properly aligned, and capable of withstanding expected environmental loads (wind, 

snow). Check for any signs of damage or deformation during transport and assembly. 

Component Placement: Ensure PV modules, inverters, combiner boxes, and other electrical equipment are installed 

in their designated locations, allowing for adequate ventilation, accessibility for maintenance, and protection from 

environmental hazards. Verify correct orientation and tilt angle of PV modules as per the site design to maximize solar 

energy capture. 

• Component Verification: 

Module Integrity: Inspect each PV module for physical defects such as cracks, delamination, or damage to the frame 

or junction box. Ensure the correct model and quantity of modules are installed as per the Bill of Materials (BOM). 

Wiring and Cabling: Check that all DC and AC cabling is correctly sized, properly routed, and securely fastened to 

prevent strain or damage. Ensure correct polarity in DC connections and adherence to electrical codes for grounding 

and protection. Verify that all connections are tight and weatherproof. 

• Safety Compliance: 

Confirm that all installation practices comply with relevant safety standards and regulations, including proper 

grounding of all metallic components, the use of appropriate personal protective equipment, and safe work procedures 

at height or near electrical equipment. 

1.2 Electrical Commissioning 

This critical stage involves the systematic testing and energization of the PV system’s electrical components to ensure 

they function correctly and safely before the plant is put into operation. It verifies that the system is electrically sound 

and ready to generate power. 

• Pre-Energization Tests: 

Continuity and Grounding Tests: Perform rigorous tests to confirm the integrity of all electrical connections and the 

effectiveness of the grounding system. This is a crucial safety step to prevent electrical shock hazards. 



Insulation Resistance Tests (Megger Testing): Measure the insulation resistance of DC strings and AC circuits to 

detect potential faults or weaknesses that could lead to short circuits or energy loss. 

Polarity Checks: Verify the correct polarity of all DC connections to prevent damage to modules and inverters. 

• Component Functional Tests: 

Inverter Testing: Test the inverters individually to ensure they are functioning within specified parameters, including 

voltage, current, and frequency outputs. Verify communication links between inverters and the monitoring system. 

Combiner Box and String Combinations: Test the functionality of combiner boxes, ensuring correct isolation and re-

combination of strings. Verify voltage and current readings for each string under open-circuit and short-circuit 

conditions (where applicable and safe). 

• System Energization and Initial Operation: 

Controlled Energization: Gradually energize the system, starting with DC string connections and then the AC side, 

closely monitoring all electrical parameters. 

Grid Connection Verification: If grid-connected, verify the synchronization and connection to the utility grid. Ensure 

protection relays and anti-islanding systems are functioning correctly. 

Initial Power Generation: Monitor the system’s performance immediately after energization to confirm that it is 

generating power as expected and that all readings are within nominal ranges. 

1.3 Performance Verification 

This final step in the commissioning process confirms that the PV plant is operating according to its design 

specifications and performance expectations. It establishes a baseline for future performance monitoring and 

guarantees that the client receives a system that meets contractual obligations. 

• Performance Ratio Measurement: Calculate the performance ratio, a key metric that indicates the overall 

efficiency of the PV system by comparing the actual energy yield to the theoretically possible yield under 

given irradiance and temperature conditions. A performance ratio above a specified threshold (e.g., 0.80 or 

80%) typically signifies satisfactory performance. 

• Energy Yield Validation: Measure and record the energy generated by the plant over a defined period (e.g., 

24-72 hours) under varying solar conditions. Compare this yield against the predicted energy output from the 

system’s design models. 

• Response to Irradiance Changes: Observe and record how the system’s output changes in response to 

fluctuations in solar irradiance throughout the day. 

• Response to Grid Disturbances (if applicable): For grid-connected systems, test the plant’s response to minor 

grid voltage or frequency variations to ensure compliance with grid codes. 

• Documentation and Handover: Compile all test results, commissioning reports, and performance data into a 

comprehensive handover package. 

• Train the plant’s operational and maintenance staff on the system’s specifics, monitoring procedures, and 

emergency protocols. 

• Formally hand over the operational plant to the owner/operator, confirming all contractual performance 

guarantees have been met. 



2. Operation and Performance Monitoring 

Operation and performance monitoring is the day-to-day foundation of a professional O&M program. After 

commissioning, the plant must be observed continuously (or at least systematically) so that its real output can be 

compared against expected behavior. This is essential not only to maximize energy generation, but also to detect 

degradation, faults, and inefficiencies early—before they become costly failures. Effective monitoring turns raw 

operational data into actionable knowledge. 

2.1 Daily operation indicators 

Daily monitoring focuses on verifying that the plant is behaving normally under current weather conditions and 

grid/operational constraints. Typical daily indicators include inverter status (alarms, shutdowns, and efficiency 

indicators), DC string performance (where string monitoring exists), AC output behavior, transformer or switchgear 

status (where applicable), and temperature-related readings from key equipment. Just as importantly, daily checks 

should confirm that the monitoring and communication system is functioning correctly—because lost data can hide 

real performance problems. 

In a well-structured monitoring routine, the operator does more than “look at numbers.” They interpret whether 

the PV system is responding in a way consistent with irradiance and temperature. For example, if irradiance is 

sufficient but inverter output drops unexpectedly, this can indicate an electrical fault, a blown protection device, a 

cable/connector issue, or a partial failure of PV strings. If the plant output slowly drifts below expected ranges over 

weeks or months, this may suggest degradation, persistent soiling, mismatch effects, or issues with cooling/ventilation 

and electrical losses. 

2.2 Energy yield and availability 

Energy yield describes how much electrical energy the plant actually produced over a defined period (hourly, 

daily, monthly, annually). For operational performance, yield is the primary outcome metric because it directly links 

to revenue (in market-based settings) or service delivery targets (in contracted models). However, energy yield alone 

does not explain the reason for underperformance. 

That is why availability must also be tracked. Availability represents how often the plant—or critical parts of it—

were available for generation. If energy yield is low due to low irradiance, availability may remain high. Conversely, 

if irradiance is normal but the plant is frequently down due to failures, protection trips, or communication faults, 

availability drops. Distinguishing these causes is critical: it prevents incorrect conclusions such as “the plant is 

underperforming due to module issues,” when the real problem is repeated downtime caused by equipment failures or 

control logic. In practice, a monitoring framework uses energy yield and availability together to separate 

environmental losses from operational losses. This also supports contract compliance, performance warranty 

discussions, and prioritization of maintenance resources. 

2.3 Performance ratio tracking 

Performance Ratio is a normalized metric used to evaluate PV plant performance independent of the absolute 

irradiance level. It compares actual energy output with what the plant would be expected to deliver under reference 



conditions, considering system losses. Performance ratio therefore provides a clearer view of whether the plant is 

operating efficiently or whether losses are increasing. 

Tracking performance ratio over time is especially valuable because many operational problems manifest as 

performance losses rather than complete shutdowns. For instance, increased soiling can steadily reduce performance 

ratio. Connector heating or insulation degradation can increase losses before full failure occurs. Partial string failures 

may reduce performance ratio gradually depending on how many strings and inverters are affected. Even tracking-

system inaccuracies, if present, can distort performance patterns and must be interpreted carefully. 

A professional approach to performance ratio tracking includes trend analysis and periodic benchmarking against: 

• commissioning baseline values, 

• design/expected PR, 

• historical PR under comparable seasons, 

• and changes after specific maintenance actions. 

Performance ratio tracking is not just “reporting.” It is a decision tool that helps determine when to schedule 

cleaning, investigate electrical issues, verify monitoring accuracy, or conduct deeper inspections. 

3. Preventive Maintenance Planning 

Preventive maintenance planning ensures that the PV plant remains reliable, safe, and efficient. The goal is to 

reduce unexpected failures by addressing wear-out mechanisms and early deterioration signs before they escalate. 

Preventive maintenance is a strategy of controlled, scheduled interventions, designed around plant risk, equipment 

criticality, and observed degradation behavior. 

3.1 Cleaning schedules 

Cleaning is one of the most influential preventive activities in many PV plants because soiling directly affects the 

optical energy reaching the modules. Dust, sand, industrial fallout, bird droppings, pollen, and general debris can 

create a film or pattern of blockage that increases with time. The resulting energy loss often depends on local 

conditions (rain frequency, wind intensity, proximity to roads/industry, and the module tilt angle). 

In high-quality O&M planning, cleaning schedules should not be purely calendar-based. While periodic cleaning 

is common, the optimal schedule is influenced by soiling rate and performance outcomes. Therefore, cleaning 

frequency should be adjusted according to: 

• observed performance ratio trends and yield shortfalls, 

• local environmental conditions, 

• seasonal factors, 

• and water availability and operational constraints. 

Over-cleaning can also be problematic: it increases cost, can stress module surfaces, and may be unsafe if cleaning 

is performed without proper safety measures at height or with improper water handling. Preventive maintenance 

planning treats cleaning as a controlled engineering activity: cleaning methods, safety procedures, and post-clean 

verification (e.g., short-term performance ratio improvement) must be included. 



3.2 Visual inspections 

Visual inspection is a low-cost but high-value preventive method. It enables early detection of issues that may not 

yet trigger alarms in the electrical monitoring system. A structured visual inspection should cover modules, mounting 

structures, cable routes, junction boxes, combiner boxes (as applicable), inverter enclosures, and earthing/grounding 

components. 

For modules, inspections focus on signs of physical damage such as cracks, delamination, discoloration, loose 

frames, or damaged glass and laminates. For the balance of system, inspections look for corrosion, loose fasteners, 

water ingress indicators, deterioration of cable glands, and any signs of overheating (for example, discoloration around 

connectors or enclosures). 

The key educational point in preventive maintenance is that visual inspection must be systematic and comparable 

over time. The same areas should be checked at defined intervals using checklists, photos, and recorded observations—

so trends can be recognized and future maintenance can be justified with evidence. 

3.3 Electrical and mechanical inspection intervals 
Preventive maintenance also requires electrical and mechanical inspection intervals. These intervals are not 

universal; they depend on equipment type, design, environment, manufacturer recommendations, and risk assessment. 

For example, harsh climates and high pollution environments typically require more frequent checks. Plants in areas 

with frequent lightning or grid disturbances may require tighter inspection of protection systems and earthing integrity. 

Electrical inspections commonly include verification of connections, checks related to insulation health, and 

functional checks of protection components where permitted and required. Mechanical inspections include checks of 

structural integrity, mounting stability, hardware corrosion, and the condition of drainage pathways that reduce water 

stagnation. In a well-designed maintenance program, inspection intervals should be: 

• risk-informed, 

• aligned with manufacturer guidance, 

• updated based on operational history and fault records, 

• and clearly documented. 

This ensures preventive maintenance stays effective and cost-efficient rather than becoming routine paperwork. 

4. Corrective and Predictive Maintenance 

Even with preventive planning, faults can occur due to unexpected operating conditions, manufacturing defects, 

wear-out, accidental damage, or grid-related disturbances. Corrective maintenance restores the plant after faults 

occur, while predictive maintenance aims to forecast failures and reduce downtime by acting before a breakdown 

happens. A mature O&M strategy uses both. 

4.1 Fault-based maintenance 

Fault-based maintenance begins when a fault is detected. Fault detection may come from monitoring alarms, protective 

relays, abnormal performance indicators (for example, sudden drops in energy yield without weather explanation), or 

physical evidence from inspections. 



When implementing fault-based maintenance, the central requirement is disciplined troubleshooting. Maintenance 

should not only repair the symptom (e.g., replacing a component after shutdown) but also identify the root cause. 

Without root cause analysis, faults often repeat, causing recurring downtime and increasing long-term costs. 

A professional corrective maintenance workflow typically includes: 

• fault confirmation and evidence collection, 

• isolating the affected subsystem safely, 

• verifying assumptions through measurements, 

• identifying root cause (electrical, thermal, environmental, or operational), 

• executing repair/replacement, 

• and recording lessons learned to improve future reliability. 

4.2 Condition monitoring 

Condition monitoring supports predictive maintenance by tracking the health of components through measurable 

signals. In PV plants, condition monitoring is particularly relevant for parts where deterioration begins as subtle 

changes before failure becomes obvious. Common examples include thermal behavior (detecting hot spots), electrical 

parameter trends (voltage/current deviations), and observation of patterns that indicate rising losses or contact 

degradation. 

Thermal imaging is widely used because overheating at connectors or junctions can often be detected before it 

causes catastrophic failure. Electrical condition monitoring may also reveal abnormal current behavior, imbalance 

issues, or signs of insulation degradation. The objective is to transform “maintenance time” from a reactive cost into 

a planned reliability improvement activity. 

Condition monitoring must be executed consistently with proper methods and safe access practices. Results should 

be compared against baselines and interpreted with understanding of irradiance/temperature effects; otherwise, false 

positives may lead to unnecessary interventions. 

4.3 Data-driven maintenance planning 

Data-driven maintenance planning uses historical data, operational KPIs, and fault records to improve maintenance 

decisions. Instead of treating all equipment the same, data-driven planning prioritizes interventions according to risk 

and expected impact. This approach considers: 

• which components fail most frequently, 

• which failures cause the most downtime, 

• how failure likelihood changes with time, 

• and what the performance losses look like before the fault becomes a shutdown. 

By analyzing trends, the O&M team can adjust maintenance schedules, refine inspection intervals, decide when 

replacement is more economical than repeated repairs, and select the most effective troubleshooting strategies. In 

practice, data-driven planning improves both reliability and cost control because it reduces unnecessary work and 

targets the real reliability bottlenecks. 



5. Safety and Lifecycle Management 

Safety and lifecycle management ensure the PV plant can operate reliably while minimizing risk to personnel, 

equipment, and the environment. Lifecycle management further ensures that decisions made today—about parts, 

repairs, and upgrades—remain aligned with long-term sustainability and cost effectiveness. 

5.1 DC electrical safety 

DC electrical safety is a key risk area in PV plants due to the characteristics of photovoltaic strings and the 

persistence of DC voltage under irradiance. Even if the AC side is disconnected, DC circuits may remain energized if 

modules receive sunlight. This makes safe work practices essential for maintenance and inspection activities. 

Operational safety measures must include strict procedures for safe isolation, verification of de-energization where 

required, use of appropriate personal protective equipment, and adherence to qualified electrical work practices. 

Maintenance teams must understand where hazards exist—string circuits, combiner boxes, inverters, and near-

energized conductors—and must follow consistent safe isolation steps before touching any electrical parts. 

This topic should be treated as non-negotiable training content, because correct practices reduce electrical shock 

risk and reduce the likelihood of equipment damage during maintenance. 

5.2 Lockout/tagout procedures 

Lockout/Tagout (LOTO) procedures prevent unintended energization and protect maintenance workers from 

hazardous energy sources during servicing. In a PV plant, LOTO must consider both DC and AC isolation 

requirements, and the possibility that energy may still be present in portions of the system depending on weather and 

operational state. A robust LOTO process includes: 

• identifying all energy sources that could energize the equipment, 

• applying lock and tag controls, 

• verifying the zero-energy state where applicable, 

• controlling access so only authorized personnel can remove locks/tags, 

• and documenting the process for traceability. 

LOTO reduces human error and is a core requirement for any professional maintenance schedule. 

5.3 Spare parts and end-of-life management 

Spare parts management ensures that repairs can be performed quickly and reliably when components fail. The 

goal is not to store unlimited spares, but to stock and manage the critical parts that minimize downtime and replacement 

lead time. Spare parts planning should reflect component criticality, historical failure rates, supplier lead times, 

warranty constraints, and system configuration. 

End-of-life management extends beyond simply replacing components. It involves planning for decommissioning, 

responsible disposal, recycling pathways, and ensuring that replacement strategies remain compatible with safety 

standards and environmental obligations. Lifecycle thinking also includes planning for degradation and upgrade 

feasibility—so that when technology evolves or components reach end-of-service life, the plant can be maintained or 

repowered in a structured manner. 
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