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Abstract  

Solar photovoltaic (PV) energy systems are central to the transition toward sustainable 

power generation. However, integrating them into modern power grids requires careful 

system studies to mitigate potential undesirable impacts. These studies focus on control 

strategies to maintain grid stability during disturbances and typically conducted using 

electromagnetic transient (EMT) simulations. Thus, properly parameterized models of key 

components such as PV modules are essential to accurately evaluate system behavior. The 

inverter control strategies need to be improved to ensure stability during disturbances. 

To address some of these issues, this thesis develops a robust method for extracting 

parameters of the Single Diode Model (SDM) of monofacial PV modules from data sheet 

information. The models of bifacial PV modules, whose output depends on both front and 

rear irradiance, are not well established. Rear-side irradiance and partial shading effects 

are often inadequately characterized in manufacturer datasheets, leading to performance 

prediction errors. In this study, the SDM is extended to bifacial modules by incorporating 

bifacial gain and partial shading effects, and a method to extract model parameters is 

proposed. Validation of this model is carried out using manufacturer datasheets and 

experimental data from published sources. 

Fast synchronization of solar plants during grid disturbances is critical for maintaining 

system stability. Frequency measurement accuracy becomes especially important when PV 

plants participate in power-frequency control, as errors during transients can lead to 

maloperation. To address these challenges, two key enhancements are proposed to the 

Double Second Order Generalized Integrator Phase-Locked Loop (DSOGI-PLL). First, a 
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transient elimination mechanism is introduced to detect grid disturbances and temporarily 

hold the frequency output, thereby preventing erroneous readings. Then, an adaptive 

bandwidth control strategy is proposed to dynamically increases the bandwidth of the 

DSOGI-PLL during transients to improved the response time. The proposed DSOGI-PLL 

is validated in PSCAD/EMTDC using synthetic waveforms, a solar plant connected to a 

voltage source behind an impedance, and a modified IEEE 9-bus system with solar 

integration. Furthermore, a power reserve control of solar plant is evaluated to demonstrate 

its effectiveness in supporting primary frequency response during grid disturbances.  
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Chapter 1                                     

Introduction 

This chapter outlines the current state of solar energy technology, identifies the pressing 

challenges, and delineates the research objectives aimed at addressing these issues through 

the development and validation of comprehensive simulation components for Solar 

photovoltaic (PV) systems. The chapter concludes with an overview of the organization of 

the thesis. 

1.1 Background  

The global energy landscape is undergoing a profound transformation, with renewable 

energy sources, particularly solar power, at its core. This transformation is driven by the 

need to mitigate climate change impacts and reduce dependence on fossil fuels [1], [2]. 

Solar PV energy systems, capable of converting sunlight directly into electricity, are crucial 

in this transition. However, integrating them into the power grid introduces a range of 

technical challenges. These include the need for accurate PV module models that can 

predict performance under varying environmental conditions, and the ability to maintain 

grid stability during disturbances. In order to design robust solar PV energy systems, 

simulation studies, typically performed in electromagnetic transient (EMT) simulators, are 

essential. EMT simulation models capable of precisely simulating the performance of solar 

PV modules together with the other components involved in the converters and control 
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systems are required for this purpose. This thesis addresses the challenges of solar energy 

integration by focusing on accurate PV module modeling and advanced inverter control 

strategies to enhance grid stability under disturbances and intermittency.  

1.1.1 Accurate Modeling of Solar Modules 

Photovoltaic energy conversion relies on semiconductor solar cells, often silicon-based, to 

harness the photovoltaic effect. The electrical performance of a PV cell is typically 

characterized by the current-voltage (I-V) curves. When analyzing the impact and 

performance of solar PV energy system embedded in a power system, the system needs to 

be simulated together with the power system. In power system simulators, PV cells or 

modules are represented through their electrical models. However, the nonlinear nature of 

the I-V curves makes implementing the models of PV cells in power system simulators 

without significantly slowing the simulation speed a challenging task. Another challenge 

is the determination of accurate parameters required for the models of solar PV modules 

relying on the limited information available in the manufacturer datasheets. Robust model 

parameters are important to ensure simulation stability and the accuracy of simulations, 

which is essential for predicting power output and optimizing system design [3]. This is 

especially true for bifacial modules, which capture sunlight from both sides and offer 

enhanced energy yield potential. Modeling bifacial modules introduces additional 

complexities due to their increased sensitivity to partial shading. Therefore, developing 

robust simulation models for both monofacial and bifacial PV modules is vital for 

improving performance predictions and studying their integration into power grids. 
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1.1.2 Inverter Controls Amidst Disturbances and Solar Intermittency  

Integration of PV systems into the electrical grid requires advanced control mechanisms 

that incorporate precise frequency measurement and phase detection. These capabilities are 

crucial for ensuring synchronization of inverters with the grid and controlling their output 

active and reactive powers as desired. The most prevalent techniques for achieving this 

synchronization include Phase-Locked-Loops (PLL) and Discrete Fourier Transform 

(DFT) techniques. Inverter control systems typically employ decoupled control strategies, 

which needs continuous measurements of the voltage phase angle at the Point of Common 

Coupling (PCC). Inverter control systems heavily rely on the efficacy of the PLL measure 

the phase angles. However, the conventional approaches used to implement PLLs often 

face challenges in maintaining precision during grid disturbances such as transient faults, 

which can lead to potential stability problems, particularly in scenarios where the grid is 

inherently weak [4]. The ability to identify the phase swiftly and accurately during transient 

conditions becomes critically important in the context of decoupled control systems. 

Additionally, the significance of accurate frequency measurement becomes more distinct 

in the implementation of power frequency control, which is vital for ensuring a balance 

between electricity supply and demand as well as for keeping the operational frequency 

within prescribed limits. Thus, enhancing the accuracy of frequency measurement in 

inverters is fundamental to improving grid stability, a necessity that becomes even more 

critical given the variable nature of solar power generation [5].   

Moreover, enhancing the primary frequency response of the power grid is vital for 

responding to rapid changes in electricity demand or supply. One of the main disadvantages 

of renewable energy sources, such as solar and wind, without battery storage, is their 
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inability to support the grid during under-frequency scenarios as effectively as synchronous 

generators. This limitation stems from the intermittent nature of renewable energy sources, 

which do not produce a constant and predictable output, and the tendency to operate the 

solar PV modules at the maximum power point to maximize the economic benefits. In the 

context of grid stability, synchronous generators play a crucial role by providing inertia 

and damping, which help to maintain frequency within acceptable limits following 

disturbances. Renewable energy sources, on the other hand, are typically connected to the 

grid via inverters that do not inherently provide these inertia effects. This discrepancy can 

lead to challenges in maintaining grid frequency stability, especially as the penetration of 

renewable energy in the power mix increases [6], [7]. The concept of grid forming inverters 

that can provide virtual inertia is emerging as a solution; however, a majority of inverters 

still depend on the grid following controls [8].   

1.2 Problem Statement 

1.2.1 Accurate Modeling of Solar Modules 

Accurate modeling of solar PV modules is critical for performance evaluation, system 

design optimization, and integration into power grids. However, challenges arise due to the 

nonlinear nature of the I-V characteristics of PV cells and the limited data provided in 

manufacturers' datasheets, which often lack essential electrical model parameters. This gap 

hinders precise representation of PV modules in simulation studies, affecting the reliability 

of the models. 
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Existing parameter extraction methods for the Single Diode Model (SDM), which is a 

widely adopted and practical approach for modeling monofacial PV modules, encounter 

significant challenges in terms of robustness and efficiency. These methods often rely on 

complex numerical algorithms or oversimplified assumptions, resulting in inaccuracies, 

convergence failures, or unrealistic parameter values. Additionally, Current approaches 

overlook variations in ideality factors (Ai) and struggle to incorporate accurate irradiance 

and temperature dependencies [9], [10], [11]. 

The rise of bifacial PV modules, which utilize both front and rear irradiance to enhance 

energy capture, introduces additional complexities. While the SDM has been extensively 

used for monofacial PV modules, its application to bifacial PV modules, which capture 

energy from both front and rear surfaces, remains underexplored. Challenges arise in 

modeling bifacial-specific characteristics, such as bifacial gain and partial shading effects, 

which are influenced by environmental conditions and structural features like junction 

boxes. The absence of a reliable approach to model partial shading reduces the accuracy of 

performance predictions, limiting the optimization of bifacial PV systems [12]. 

Thus, there is a need for advanced, robust and accurate modeling techniques for both 

monofacial and bifacial PV modules. These methods should utilize limited manufacturer 

data effectively, incorporate environmental dependencies, and address the specific 

characteristics of each module type, enabling precise simulation, control design, and 

performance evaluation in real-world PV system applications. 
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1.2.2 Enhancing Grid Stability Amidst Disturbances 

In the process of integration of renewable energy sources, notably solar power, into the 

electrical grid,  it is imperative to ensure the grid stability amidst various disturbances and 

solar intermittency through effective control of inverters. As mentioned earlier, PLLs plays 

major role in preserving the stability of inverter control. Traditional methods of 

determining grid frequency and phase such as PLL, DFT, and Zero Crossing detection, 

face significant challenges, specailly under weak grid conditions. These traditional 

mechanisms often fail to accurately and promptly detect grid phase and frequency during 

transient conditions. These mechanisms  often assume linear, steady-state conditions and 

are not equipped to handle the complexities of non-ideal grid scenarios, which include 

rapid dynamic changes such as phase jumps, presence of noise and harmonics, and 

deviations from perfect sinusoidal waveforms. Their slow response to these conditions 

compromises their ability to provide precise and reliable measurements, highlighting the 

need for more resilient and adaptive measurement and control technologies in modern 

power systems. This was confirmed by the Blue Cut Fire event on August 16, which 

revealed the deficiencies in inverter control and PLL systems in providing precise grid 

frequency measurements during transient scenarios. An instance of this issue was when a 

solar inverter incorrectly reported the grid frequency as 54.5 Hz, despite the actual 

frequency being 59.867 Hz during a line-to-line fault. The incorrect frequency 

measurement stemmed from distortion in the voltage waveform, which experienced a 

phase jump of -26 degrees [13]. This inaccurate frequency reading led to unnecessary 

shutdowns of inverters. Such a chain of events triggered a significant power outage, 

estimated at around 700 MW, thereby emphasizing the grid's sensitivity to transient 
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disruptions. In reaction to such events and the inadvertent disconnections due to incorrect 

frequency detection, NERC suggested a provisional remediation plan [13], [14]. This plan 

recommended that inverter manufacturers and utility companies implement a delay for 

activating low or high-frequency protective measures to reduce the risk of unwarranted 

disconnections. Nevertheless, this temporary fix introduces its own challenges, including 

the potential for delayed responses of inverters to actual critical frequency changes.  

Further supporting these concerns are the events of the 2017 Canyon 2 Fire in California, 

the 2021 Odessa 1 and 2022 Odessa 2 disturbances in Texas, where solar PV plants 

continued to trip due to PLL loss of synchronism, exacerbated by sudden phase jumps. In 

2021, it was observed that solar PV plants were still tripping on PLL loss of synchronism, 

and these issues were not being properly mitigated. Transmission Operators (TOs), in 

coordination with their Reliability Coordinators (RC), Balancing Authorities (BA), 

Transmission Planners (TP), and Planning Coordinators (PC), have not established 

interconnection requirements to prevent plants from tripping on PLL loss of synchronism. 

This form of tripping, though not addressed in PRC-024-3, has been identified as a 

significant cause of solar PV reduction during grid disturbances. The poor tracking 

capability of PLLs during transient events has led to unreliable performance of a number 

of large Bulk Electric System (BES), as solar PV resources often fail to provide adequate 

fault ride-through support. The persistence and growth of this reliability issue and 

inadequate mitigation has led to the recommendation that the Reliability and Security 

Technical Committee (RSTC) of the North American Electric Reliability Corporation 

(NERC) to direct the NERC Inverter-Based Resource Performance Working Group 
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(IRPWG) to produce a Standard Authorization Request (SAR) to mitigate this issue 

effectively [5], [13], [15]. 

Moreover, the 2022 Odessa disturbance highlighted how inverters did not trip on PLL loss 

of synchronism because many of those protections had been disabled. However, these 

inverters tripped on a passive anti-islanding function, which misinterpreted the grid phase 

angle shift upon fault recovery as an islanding signature. The protection system, which 

compares the angle difference between inverter voltage and current phasors and operates 

for a change larger than 15 degrees within 500 ms, failed to accurately respond to the grid 

conditions, leading to further disruptions [15]. 

Additionally, inaccurate frequency measurements pose a risk of triggering incorrect 

operational responses from solar power plants during power frequency control processes, 

potentially leading to further grid instability at crucial times. For example, if the frequency 

is erroneously reported as high during a fault condition, the inverter controller might 

attempt to reduce power output. This reaction, is counterproductive in such scenarios where 

an increase in power supply is actually needed to restore system balance. 

Moreover, the challenges faced by solar plants with decoupled control systems, particularly 

when integrating into weak grids, underscore the critical importance of accurate and rapid 

phase detection for system stability. Decouple control systens commonly rely on PLL for 

estimating the phase, which is crucial for the execution of the Park transform, a key 

component in these control systems. However, the effectiveness of this approach hinges on 

the precision and speed with which the PLL-based systems can estimate the phase, 

particularly during transient events. Delayed or inaccurate phase detection can lead to 

misjudgments in control actions, resulting in system imbalances. In the context of weak 



 

9 

 

grid conditions, where the system's resilience to disturbances is already compromised, such 

inaccuracies can escalate to a system collapse [16], [17]. 

The widespread adoption of Synchronous Reference Frame (SRF) PLL in converter 

controls, while popular for its effectiveness in steady-state conditions, exhibits significant 

limitations under non-ideal grid scenarios marked by imbalance and harmonic disturbances 

[18], [19]. This reliance on SRF PLL technology, despite its known disadvantages in such 

conditions, poses a risk to overall system stability. It compromises the system's ability to 

adequately reject disturbances, making it more vulnerable during transient events and less 

resilient against the challenges posed by weak grids. 

Developing more robust and adaptive control strategies is essential for the reliable 

operation of solar plants. These strategies must be capable of handling rapid phase changes 

and disturbances. This is particularly important for integrating solar plants into the broader 

power system in areas served by weak grids. 

1.3 Research Objectives 

The main objective of this study is to develop and validate comprehensive simulation 

models for several essential components in solar PV energy systems, focusing on 

enhancing grid stability amidst transient conditions and solar intermittency. The research 

is divided into two primary goals, each supported by specific sub-objectives: 

1.3.1 Accurate Modeling of Solar Modules 

1. Evaluate the methods available for extracting parameters of the SDM from 

manufacturers' datasheets for monofacial PV modules 
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2. Adapt the parameter extraction method for the SDM for bifacial PV modules. 

3. Enhance the modeling for bifacial modules by incorporating partial shadings into 

the simulation model. 

4.  Validate simulation models of both monofacial and bifacial PV modules under 

various environmental conditions. 

1.3.2 Enhancing Grid Stability Amidst Disturbances 

1. Develop an advanced PLL to improve phase detection and frequency measurement 

accuracy during grid transients. 

2. Evaluate the performance of the developed PLL using multiple test scenarios. 

3. Develop a control strategy for solar inverters to enhance primary frequency 

response by leveraging reserve capacity.  

4. Validate the effectiveness of the developed strategy for improving primary 

frequency response of a power system with heavy presence of solar PV generation. 

1.4 Thesis Organization 

Following this introduction, Chapter 2 provides an in-depth review of the literature related 

to key research areas. It begins with a comprehensive review of PV solar module modeling 

methods for both monofacial and bifacial modules. The chapter then explores the 

Frequency Ride-Through (FRT) capabilities of grid-connected PV systems, frequency 

measurement methods, and inverter technologies, highlighting their associated challenges. 

Finally, it discusses power reserve control strategies for inverters and concludes with 

insights into their role in enhancing grid stability. 
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Chapter 3 examines the parameter extraction methods for PV modules, addressing both 

monofacial and bifacial configurations. It highlights the use of manufacturer data and 

experimental results to validate the proposed extraction methods, ensuring accurate 

modeling and performance prediction under varying environmental conditions. 

Chapter 4 focuses on improving grid synchronization techniques through advanced PLL 

strategies. It begins by reviewing conventional PLL algorithms, such as the Synchronous 

Reference Frame PLL (SRF-PLL), and introduces the Double Second-Order Generalized 

Integrator PLL (DSOGI-PLL) as a more robust alternative for grid-connected systems. To 

enhance the DSOGI-PLL’s performance during grid disturbances, two key mechanisms are 

developed: a transient detection mechanism and an adaptive bandwidth control algorithm. 

The chapter includes a comprehensive comparison between SRF-PLL, conventional 

DSOGI-PLL, and the proposed adaptive DSOGI-PLL, demonstrating the relative 

performance of the modified approach in terms of synchronization accuracy, phase error 

reduction, and resilience under fault conditions.  

Chapter 5 details the development and validation of solar plant systems integrated with the 

grid and the IEEE 9-bus system. It assesses various test case scenarios to evaluate the 

proposed advancements. The chapter also focus on developing a power reserve control 

algorithm to solar plants and shows how it can be used for primary frequency response. 

Chapter 6 concludes the thesis by summarizing the key findings and contributions of the 

research. It provides recommendations for future studies to further improve solar PV 

module modeling, grid stability, and the integration of solar energy systems into modern 

power grids. 
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Chapter 2                                        

Literature Review 

This chapter provides an overview of modeling and parameter estimation of PV modules 

with a focus on both monofacial and bifacial technologies. It highlights the significance of 

accurate parameter estimation in enhancing PV system performance. Additionally, the 

chapter addresses grid stability challenges, including FRT requirements, and examines 

current frequency regulation standards, frequency measurement techniques, and large-

scale inverter control systems. The role of power reserve control and associated challenges 

in maintaining grid stability are also discussed.  

2.1 Modeling of Solar PV Modules 

2.1.1 Monofacial PV Modules and Bifacial PV Modules 

PV modules have evolved significantly to enhance efficiency and adapt to diverse 

environmental conditions. Monofacial PV modules, which absorb sunlight from a single 

side, have been the standard in the solar industry. However, bifacial PV modules have 

gained prominence due to their ability to capture reflected and scattered light on both sides, 

leading to higher energy yield per unit area. Studies indicate that bifacial modules can 

increase energy production by 10–30% compared to their monofacial counterparts, 

depending on installation conditions such as albedo and tilt angle [20]. The modeling of 

these modules must consider factors like shading effects, ground albedo, and the angular 
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response of bifacial cells, making their characterization more complex but rewarding in 

terms of output prediction. 

2.1.2 Equivalent Circuit Models for Monofacial and Bifacial PV Modules 

While monofacial PV modules have been extensively studied and modeled, the same 

cannot be said for bifacial modules. The complex interaction between incident light, 

surface albedo, and the reflection of sunlight from various surroundings makes bifacial PV 

module behavior considerably more intricate to predict accurately. The existing modeling 

methods, initially designed for monofacial cells, often fall short in encapsulating the 

specific characteristics of bifacial technology [12]. Nevertheless, monofacial PV module 

models remain a crucial foundation for further development. 

In the literature, monofacial PV cell models are categorized into four main types: Ideal 

SDM, SDM, Double-Diode Model (DDM), and Triple-Diode Model (TDM) as illustrated 

in Figure 2.1 [3]. 
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Figure 2.1 Monofacial PV cell models 
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Among these, the TDM and DDM are known for their high accuracy, as they incorporate 

additional parameters to account for complex physical phenomena such as recombination 

losses. However, this increased accuracy comes at the cost of greater complexity. For 

instance, the DDM requires seven parameters, compared to five in the SDM, making the 

parameter estimation process more challenging [3], [21]. 

Despite the higher accuracy of the DDM and TDM, the added complexity does not always 

translate to significantly better performance predictions in most practical scenarios. As a 

result, the SDM is widely favored for modeling applications due to its balance between 

simplicity and accuracy, making it suitable for the majority of situations [22], [23]. 

Regardless of the chosen model, the precise extraction of PV module parameters is 

essential for reliable simulations, particularly for control design and performance 

evaluation. Additionally, the dependence of PV module parameters on environmental 

factors such as temperature and irradiance necessitate the inclusion of these dependencies 

in modeling efforts. Incorporating these variations ensures that the models accurately 

reflect real-world performance under dynamic operating conditions [24]. 

The rear side of a bifacial PV module can be treated as an additional current source. Models 

like the SDM can be adapted for bifacial modules by including separate photocurrent 

sources for the front and rear surfaces, as outlined in the IEC 60904-1-2 standard [25]. One 

research study proposed an equivalent circuit for bifacial modules, representing them as 

two parallel-connected monofacial PV module [26]. The equivalent circuit used in this 

model is shown in Figure 2.2. Advanced approaches include the use of Double Single-

Diode Models (D-SDM) in parallel or Double Double-Diode Models (D-DDM). The D-
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DDM approach, while offering higher accuracy in low irradiance conditions, introduces 

additional parameters, significantly increasing the complexity of the models [27], [28]. 

 

Figure 2.2 Equivalent circuit for a bifacial solar cell [26] 

These complexities pose challenges for parameter extraction, especially when relying on 

limited information, such as manufacturers' datasheets. This highlights the need for more 

efficient and robust parameter estimation techniques that leverage simplified equivalent 

circuits without compromising accuracy. 

2.1.3 Parameter Estimation Methods for PV Electrical Models 

Researchers typically rely on two primary data sources to estimate the parameters of a solar 

PV module [29], [30], [31]. 

1. Experimentally Measured I-V Curves: These provide detailed and accurate data 

but require controlled environmental conditions and expensive equipment, such as 

sun simulators, which may not always be accessible.  

2. Manufacturer’s Datasheet Information: This includes key parameters, such as 

voltage and current, at Standard Test Conditions (STC) and Normal Operating Cell 

Temperature (NOCT). While less precise than experimental measurements, 
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datasheets are widely used due to their availability and practicality for researchers 

and designers in the PV industry.  

As a result, many parameter estimation techniques focus on extracting parameters from 

datasheet information to address the challenges of limited experimental resources. 

Various methods have been proposed to determine the unknown parameters of PV modules 

by analyzing I-V curves measured under different operating conditions. These methods are 

broadly classified into analytical techniques, numerical techniques, and evolutionary 

algorithm techniques [32]. Each method has distinct advantages and limitations, as 

described below [9], [10], [11] . 

Analytical methods use mathematical equations and simple calculations to estimate 

parameters. They are computationally efficient and ideal for rapid parameter extraction 

under standard conditions. Techniques such as the Lambert W-function have been 

combined with parameter extraction algorithms to address the nonlinearity of the Shockley 

equation, producing explicit analytical equations for PV models [33], [34]. However, these 

methods often simplify parameters, leading to reduced accuracy in dynamic conditions, 

such as varying irradiance or temperature. Despite advances, analytical methods can still 

produce unrealistic parameter values in some scenarios, highlighting ongoing challenges 

in the field. 

Numerical methods employ iterative optimization algorithms, like Newton-Raphson and 

Bisection algorithms, to refine parameter values for greater accuracy  [35], [36]. These 

methods are suitable for handling complex PV models but are highly sensitive to initial 

values and prone to convergence failures. Additionally, while numerical techniques 
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provide robust solutions, the computational demands and the risk of producing unrealistic 

results remain significant limitations. 

Evolutionary algorithms leverage heuristic optimization techniques, such as genetic 

algorithms and Particle Swarm optimization, to search for global solutions. These methods 

are especially effective under dynamic conditions like partial shading. However, their 

computational demand and requirement for careful tuning make them resource intensive 

[9], [10]. 

The use of a combination of analytical and numerical techniques has been observed to be 

more efficient in terms of computational time compared to other standalone techniques 

[37]. An advanced method has been proposed to consider multiple points on the P-V curve, 

reducing dependency on initial conditions. However, such methods require a curve 

extractor to obtain data points from I-V curves in datasheets, which can be inconvenient 

and introduce errors [38]. Despite these efforts, the issue of determination of the PV 

parameters remains an ongoing challenge in the field as algorithms sometimes fail to 

converge or produce unrealistic parameter values. 

2.2  Grid Stability Challenges and Frequency Ride-Through 

Capability Requirements 

2.2.1 Frequency Regulation Standards and Grid Codes 

Grid frequency stability is maintained through regulatory standards that outline permissible 

frequency deviations, recovery times, and operational modes. These standards vary across 

regions to reflect differing grid operational requirements. For instance, the European 
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Network of Transmission System Operators for Electricity (ENTSO-E) defines detailed 

frequency regulation standards for Great Britain, Continental Europe, the Nordic system, 

and the all-island Irish System. Table 2.1 summarizes these standards, highlighting 

acceptable frequency deviation ranges and recovery protocols [39].  

Table 2.1  ENTSO-E network code: frequency standards 

 Great Britain 

(GB) 

The continental 

Europe (CE) 

The inter-

Nordic 

system (NE) 

The all-island 

Irish 

system (IRE) 

Standard frequency deviation 

range 
± 0.2 Hz ± 0.05 Hz ± 0.1 Hz ± 0.2 Hz 

Maximum instantaneous 

frequency deviation 
0.8 Hz 0.8 Hz 0.8 Hz 0.8 Hz 

Maximum steady state 

frequency deviation 
0.5 Hz 0.2 Hz 0.5 Hz 0.5 Hz 

Frequency recovery range ± 0.5 Hz not used not used ± 0.5 Hz 

Time to recover frequency 60 s not used not used 60 s 

Frequency restoration range ± 0.2 Hz not used ± 0.1 Hz ± 0.2 Hz 

Time to restore frequency 600 s 900 s 900 s 1200 s 

 

As the integration of PV systems into modern power grids accelerates, maintaining grid 

stability during transient events has become a critical challenge. Unlike conventional 

synchronous generators, inverter-based PV systems lack inherent inertia, which limits their 

ability to resist frequency deviations. Consequently, advanced control mechanisms and 

FRT capabilities have become essential to ensure stable grid operation [40]. Table 2.2 

summarizes the FRT requirements for Distributive Energy Sources (DER) according to 

IEEE Std 1547-2018 [41].  
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Table 2.2 Frequency ride-through requirements for DER 

Frequency Range (Hz) Operating Mode Minimum time (s) 

> 62.0 Not required to stay connected N/A 

61.2 – 61.8 Mandatory Operation 299 seconds 

58.8 – 61.2 Continuous Operation Indefinite 

57.0 – 58.8 Mandatory Operation 299 seconds 

< 57.0 Not required to stay connected N/A 

2.2.2 Frequency Measurement Techniques 

Accurate frequency measurement is a prerequisite for implementing various measures such 

as FRT control designed to preserve grid stability. Various techniques have been developed 

to address challenges posed by non-ideal grid conditions such as harmonics, noise, and 

voltage disturbances. Below is a comprehensive review of frequency measurement 

techniques. 

Zero-Crossing method is one of the simplest and most widely used techniques for 

measuring the frequency of a periodic signal. It works by detecting the time intervals 

between consecutive zero-crossings, points where the signal crosses the zero-voltage level. 

As illustrated in Figure 2.3 and represented by (2.1)  the frequency (f) is calculated using 

the time difference between two successive zero-crossings. 

Where: 

• t2-t1 the time between successive zero crossings. 

𝑓 =  
1

2. (𝑡2 − 𝑡1)
 

(2.1) 
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Figure 2.3 Zero crossing detection for frequency estimation[42] 

 

Its simplicity and low computational cost make it popular for basic frequency 

measurement. However, its accuracy can be compromised by harmonics, noise, and 

quantization errors. Enhancements like polynomial curve fitting and moving average filters 

improve precision but increase complexity and latency. Furthermore, its slow response to 

frequency changes limits its effectiveness in dynamic scenarios, requiring supplementary 

techniques to enhance reliability [42], [43]. 

DFT is a widely employed method in power systems for the calculation of voltage and 

current phasors, particularly for estimating the fundamental frequency phasors of a signal. 

The voltage phasor Vk is derived from the fundamental frequency component of the DFT 

algorithm using the sequential data of the instantaneous voltage 𝑣. The calculation is 

expressed as in (2.2): 
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Where: 

• N is the number of samples in one cycle, 

• k is the index of the last sample in the data window, 

• 𝑒−
𝑗2𝜋𝑛

𝑁   represents the complex exponential term in the Fourier transform. 

The resulting phasor, Vk , rotates in the complex plane with an angular velocity determined 

by the signal frequency (f) which can then be derived from the phase angle difference 

between consecutive phasors as shown in (2.3). 

It is particularly effective in steady-state conditions but is prone to leakage errors when the 

signal frequency does not align with discrete frequency bins. Techniques like variable 

sampling rates, adjustable data windows, and re-sampling address these errors but 

introduce computational demands and feedback loop delays. Despite these challenges, 

DFT remains highly valuable for applications requiring simultaneous estimation of 

phasors, harmonics, and frequency. 

In addition to these several advanced techniques are employed for frequency measurement 

in power systems. Orthogonal decomposition involves breaking down a signal into 

orthogonal components, such as sine and cosine, to estimate frequency. It offers high 

accuracy but requires precise filter design and can struggle with unbalanced systems [44]. 

𝑉𝑘 = √
2

𝑁
 ∑ 𝑣(k + n − N + 1)

𝑁−1

𝑛=0

)𝑒−
𝑗2𝜋𝑛

𝑁  

(2.2) 

𝑓 =
1

2π
 
arg[𝑉𝑘+1] − arg[𝑉𝑘]

∆𝑡
  

(2.3) 
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Signal demodulation simplifies frequency estimation by modulating the input signal 

with a reference and extracting the low-frequency component using a low-pass filter, 

providing simplicity but requiring careful filter design [45], [46]. Least Squares 

Estimation involves fitting a model to the signal data to estimate frequency, minimizing 

the sum of squared errors, which offers high accuracy but can be computationally intensive. 

Wavelet Transform analyzes signals at multiple scales, making it suitable for detecting 

transient events and non-stationary signals, though it requires complex computations[47], 

[48], [49]. Prony Analysis models the signal as a sum of damped exponentials, enabling 

the extraction of modal information such as frequency, damping, and amplitude, effective 

for analyzing signals with damped oscillations but sensitive to noise [50]. Artificial 

Intelligence Techniques, including machine learning algorithms and neural networks, 

have been applied to frequency measurement, offering adaptability to complex and non-

linear system behaviors, though they require substantial training data and computational 

resources[51], [52]. Taylor approximation estimates frequency by expanding signal 

models into a series, suitable for small variations but less effective for large deviations and 

transients [53]. Numerical analysis methods are computationally efficient and provide 

high accuracy through predefined calculations without iteration. However, they have 

limitations, including sensitivity to noise, reliance on high-quality and uniform sampling, 

and reduced adaptability to changing signal conditions [54]. Each method presents a 

balance between accuracy, computational complexity, and sensitivity to noise and 

harmonics, with the choice depending on specific application requirements, including the 

need for real-time processing and the dynamic nature of the power system. 
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Most inverter control systems rely on PLLs for frequency and phase synchronization due 

to their effectiveness in maintaining grid stability. By accurately locking onto the grid's 

frequency and phase, PLLs are integral to providing synchronized reference frames, such 

as the dq-frame, which is essential for decoupling and independently controlling active and 

reactive power. Among these, the SRF-PLL is widely used because of its simplicity and 

ease of implementation. However, SRF-PLL performance can degrade under non-ideal 

grid conditions, such as unbalanced voltages or harmonic distortion, leading to challenges 

in accurately tracking the grid's frequency and phase. This compromises system stability 

and reduces disturbance rejection capabilities, making it less robust against issues like 

voltage sags, swells, and harmonic distortions [55], [56]. In literature many PLLS have 

been introduced with different modifications. Most of these PLL algorithms attempt to 

extract the fundamental frequency positive sequence (FFPS) of the grid voltage and track 

phase using the SRF-PLL. Brief comparison of different types of PLLs is given in Table 

2.3. 
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Table 2.3 Comparison of Different PLL improvement Techniques 

 

PLL  Merits Demerits 

Low Pass  

Filter based PLL 

[19], [57], [59] 

• Simple to implement 

• High noise immunity 

• Improves stability 

• Introduced variable phase shifts 

in filtered signal. 

• Slow dynamic response 

Moving Average  

Filter (MAF) -

PLL[19] 

• High filtering capability 

• Less computational burden 

• High noise immunity 

•Low disturbance ejection 

• No harmonic extraction 

• Slow dynamic response 

Notch Filter based 

PLL 

[19], [57] 

• High disturbance rejection 

• High filtering capacity 

• Fast dynamic response 

• Highly immune to noise 

• No harmonic extraction 

•High computational burden 

Delayed Signal 

Cancellation 

(DSC)-Based PLL 

[19] 

• Average for disturbance 

rejection 

• High filtering capability 

• Low computational burden 

• Highly immune to noise 

• No harmonic extraction 

• Slow dynamic response 

Complex-

coefficient-filter 

(CCF) based PLL 

[58], [59] 

• High disturbance rejection 

• High filtering capacity 

• Can extract harmonic 

• Fast dynamic response 

• Highly immune to noise 

•High computational burden 
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PLL  Merits Demerits 

   

Double Second-

Order Generalized 

Integrator PLL 

(DSOGI-PLL) [19], 

[57] 

• High disturbance rejection 

• High filtering capacity 

• Can extract harmonic 

• Fast dynamic response 

• Highly immune to noise 

•  Suitable in voltage unbalance 

• High computational burden 

Decoupled Double 

Synchronous 

Reference Frame 

PLL –  

(DDSRF PLL) [58] 

• Stable 

• High harmonics filtering 

• Suitable in voltage unbalance 

• Low computational complexity 

• Eliminate DC offset 

• Moderate implementation 

complexity 

• Not suitable for frequency 

variation 

 

Compared to other PLLs proposed in the literature, DSOGI-PLL offers significant 

advantages with fewer drawbacks. However, despite advancements in PLL techniques, a 

comprehensive solution that addresses key challenges remains warranted. Reducing the 

impact of harmonics, improving noise immunity, and enhancing disturbance rejection 

capabilities are crucial for robust performance in non-ideal grid conditions. Additionally, 

minimizing frequency oscillations during transients and improving phase tracking speed 

are essential for dynamic stability and responsiveness. Integrating these improvements into 

a single, optimized PLL algorithm could greatly enhance the performance and reliability 

of inverter-based systems, particularly in diverse and challenging operational scenarios. 
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2.2.3 Control System Architecture and Challenges in Large-Scale Solar PV 

Plants 

The basic structure of the control system for a large-scale solar power plant is illustrated in  

Figure 2.4. At the core of this system is the Power Plant Control (PPC), which functions as 

the master controller. It gathers measurements from the PCC and issues commands to 

various devices, including inverters, Flexible AC Transmission Systems (FACTS), and 

capacitor banks. During regular operations, inverters adhere to PPC instructions via their 

internal controls. However, in Voltage Ride Through (VRT) scenarios, inverters bypass 

PPC commands to respond swiftly, aligning with grid codes to prevent non-compliance 

due to communication delays during faults [59]. 

PV power plants must meet several grid code requirements. For voltage regulation, this 

includes managing reactive power setpoints, implementing voltage regulation via droop 

curves, and adhering to power factor setpoints as specified by the Transmission System 

Operator (TSO). Frequency regulation involves TSO directed active power curtailment and 

frequency management through droop curves, with potential contributions from energy 

storage systems. During FRT events, plants must dynamically inject active power and 

maintain grid connection for specified durations. Additionally, ramp rate restrictions 

control the variation in active power during transitions, with energy storage systems 

providing flexibility. These requirements ensure compliance with grid codes, focusing on 

voltage and frequency stability, fault response, and ramp rate management, thereby 

facilitating the smooth integration of large-scale PV plants into the power grid [14], [60]. 
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Figure 2.4 Basic inverter control diagram 

 

Figure 2.5 shows the active power control of the PPC. This Power reference can be given 

to each inverter. Inverters can operate according to the PPC, but if the inverter can’t 

produce the amount there will be problem. So, to avoid such scenarios, the individual 

inverter can take the minimum power reference out of the reference given by the PPC and 

the Maximum Power Point (MPP) of the inverter. 

 

Figure 2.5 Active power control. 
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Reactive power (Qref) can be provided as a set value Qset, or Q can be calculated to   

maintain voltage at the PCC or a specific power factor. The user can select between these 

control modes, with the PPC assigning the Qref command to each inverter. A controller to 

give the Qref is shown in Figure 2.6. 

 

Figure 2.6 Reactive power control 

In grid-connected photovoltaic systems, inverter control architectures are commonly 

classified into single-stage and dual-stage configurations. In single-stage systems, the 

photovoltaic array is directly interfaced with the grid-side inverter, and both maximum 

power point tracking and grid power control are performed within a single power 

conversion stage. Such architectures are widely adopted in high-power industrial 

applications due to their higher efficiency and reduced component count [61]. 

In contrast, dual-stage inverter systems employ an additional DC–DC conversion stage 

between the PV array and the grid-side inverter, allowing independent control of the PV 

operating point and the DC-link voltage. Figure 2.7 illustrates the dual stage control system 

for a single inverter within the solar plant. Both Pref  and Qref  are fed to individual inverters, 

enabling each inverter to independently manage its active and reactive power while 

adhering to the PPC instructions and its MPP (Pmppt). This two-stage setup comprises a 

boost converter and an inverter controller, each with specific control objective. For the 



 

29 

 

boost converter, the control objective is to select the minimum of the Pref  from the PPC or 

the Pmppt and maintain that power level. This ensures optimal utilization of the PV system 

while aligning with grid requirements. For the inverter controller, the primary goals include 

maintaining the DC-link voltage at a constant reference value and managing the Qref. The 

system utilizes a decoupled control strategy to manage active and reactive power 

independently [62], [63]. 
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Figure 2.7 Dual stage grid tied inverter control system 

A key component in this control structure is the PLL, which plays a vital role in the control 

system. The PLL provides the phase angle (θ) for abc-to-dq transformations, which are 

essential for the operation of the decoupled controllers. The accuracy and reliability of the 

PLL are critical, especially during transients, as the PPC's power-frequency control often 

relies on the frequency measured by the PLL. Accurate frequency measurement is essential 

to ensure stability and compliance with grid codes during dynamic events. Without a 
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properly functioning PLL, the system's performance can be severely compromised [16], 

[17]. 

2.2.4 Power Reserve Control of Inverters 

The increasing penetration of inverter-based resources in modern power grids has led to a 

reduction in system inertia, thereby increasing the rate of change of frequency (ROCOF) 

following generation or load disturbances. This shift necessitates faster responding 

resources to arrest frequency deviations and stabilize the grid. Fast Frequency Response 

(FFR) refers to the rapid energy injection or demand reduction to support grid stability. 

Sources of FFR include synchronous machine inertia, fast-responding inverter-based 

resources (such as wind, solar PV, and batteries), automatic load tripping, and non-

sustained energy extraction from wind turbine rotors [14]. 

Given these dynamics, maintaining a power reserve in solar plants is particularly beneficial 

for grids with high inverter-based resource penetration. A power reserve allows PV 

inverters to provide primary frequency response and contribute to FFR, enhancing grid 

reliability. Power point tracking can be performed on either side of the MPP, referred to as 

points A or B, as illustrated in Figure 2.8 [64]. 
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Figure 2.8 PV curve showing MPP and FPPT [64] 

Various algorithms have been developed to determine the available power in PV systems 

under operation. These include the following approaches [64], [65], [66]. 

• Utilizing solar forecasting data combined with PV array characteristics provides 

a predictive approach but heavily relies on the accuracy of weather forecasts, which 

may falter during sudden environmental changes. 

• Measurement-based techniques, using sensors to measure irradiance, 

temperature, voltage, and current, offer real-time accuracy but increase system 

complexity and costs due to additional hardware requirements. 

•  Artificial Intelligence -based techniques, which utilize meteorological data and 

historical operation records, provide robust predictions but require significant 

computational resources and access to large datasets. 

•  Curve-fitting approaches use PV characteristic curves to estimate power, 

offering simplicity but limited adaptability to dynamic changes in environmental 

conditions.  
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• Operating a small PV unit in MPPT mode to approximate total available power 

is a practical method but assumes uniform environmental conditions across the 

array 

Recent grid codes and standards now require PV power generators to provide frequency 

support through power reserve control [67], [68]. While Power reserve control 

significantly improves grid stability and ensures compliance with grid regulations, 

further research is necessary to evaluate its impact on primary frequency response and 

to develop simplified mechanisms for integrating MPPT within power reserve control 

systems. This would enhance system reliability in diverse grid conditions. 

2.3 Chapter Summary 

This chapter reviewed research on modeling and parameter estimation of PV modules and 

FRT capability addressing key problem statements. 

Monofacial and bifacial PV modules both face modeling challenges. Monofacial models, 

despite extensive study, struggle with robustness and accuracy using only manufacturers' 

datasheet information. SDM is identified as a simple and effective model for both types of 

modules, but bifacial modules require further improvements due to the complexity of dual-

sided light capture. The limitations of existing methods for extracting parameters of PV 

modules have been identified, highlighting the need for more robust and accurate 

techniques. 

PV systems lack inertia, posing challenges in maintaining grid stability during transient 

events. Existing techniques, including frequency measurement methods and PLL designs, 



 

33 

 

have limitations in accuracy and robustness under dynamic conditions. DSOGI-PLL is 

identified as a promising option but requires further improvements.  

Power reserve control plays a significant role in enhancing grid stability and ensuring 

regulatory compliance. However, its influence on primary frequency response remains an 

area requiring further investigation. Continued research is essential to optimize its 

integration and fully understand its impact on system dynamics. 
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Chapter 3                                                   

PV module model parameter extraction and 

incorporation of partial shading effects  

3.1 Introduction 

The accurate modeling of PV modules is pivotal for simulating and optimizing solar energy 

systems with the adoption of renewable energy technologies continues to accelerate. 

Manufacturers typically provide limited data for PV modules under STC and NOCT, and 

these data do not directly correspond with the parameters needed in the physics-based 

models such as SDM. Poor parameterization results in inaccurate representation of PV 

module characteristics in simulations studies, which compounds under dynamic 

environmental conditions such as partial shading if such effects are poorly modeled. 

Traditional models such as the SDM have been widely used to represent PV modules due 

to their balance between simplicity and accuracy. However, these models often overlook 

critical aspects like the bifacial characteristics of newer PV technologies and the impact of 

non-uniform irradiance. The emergence of bifacial PV modules, which utilize both front 

and rear surfaces for energy generation, introduces additional complexities, including rear-

side irradiance and shading effects. 

This chapter focuses on addressing these challenges by presenting robust methods for 

parameter extraction from manufacturer data, extending the SDM to incorporate partial 
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shading effects, and validating these models with both experimental data and manufacturer 

specifications. Special attention is given to bifacial PV modules, where an enhanced 

modeling approach captures unique characteristics such as bifacial gain and shading 

impacts. Through these advancements, this work contributes to more accurate and reliable 

modeling of PV systems, enabling better design, integration, and operation of solar energy 

technologies. 

3.2  Monofacial PV Modules  

The SDM is one of the most widely used models for representing the electrical behavior of 

PV cells. It strikes a balance between simplicity and accuracy, making it suitable for 

various simulation and design applications in solar energy systems. The SDM is 

represented by a simplified equivalent circuit, as shown in Figure 3.1, which effectively 

reproduces the I-V curve of a PV cell or module. 

This circuit includes the following components: 

1. Photoelectric Current Source (Iph): Generates current in response to incident 

sunlight, representing the photocurrent of the PV cell. 

2. Diode: Models the nonlinear current-voltage characteristics of the p-n junction in 

the PV cell. 

3. Series Resistance (Rs) Accounts for resistive losses due to cell solder bonds, 

interconnections, and junction box materials. 

4. Shunt Resistance (Rsh): Represents leakage currents through high-conductivity 

shunts across the p-n junction 
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Figure 3.1: Equivalent circuit of a PV module 

 

The diode in the model represents a real diode and is described by the Shockley equation 

embedded in ((3.1), which relates the PV cell/module terminal current 𝐼 and voltage 𝑉 [69] 

Where: 

• Io is the diode's reverse saturation current. 

• Ai is the ideality factor that incorporates deviations from the Shockley diffusion 

theory. 

• VT is the thermal voltage of the diode 

The VT is defined by (3.2)  is determined by several physical constants and operating 

conditions. These includes electron charge (q), Boltzmann constant (k), the number of cells 

in series (Ns), and absolute temperature (T) [33], [70]. 

𝐼 = 𝐼𝑝ℎ − 𝐼𝑜 [𝑒
(
𝑉+𝐼𝑅𝑠
𝐴𝑖𝑉𝑇

)
− 1] −

𝑉 + 𝐼𝑅𝑠 

𝑅𝑠ℎ
 

(3.1) 

     𝑉𝑇  = 𝑁𝑠

𝑘𝑇

𝑞
 

(3.2) 
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3.2.1 Parameter Calculation 

The performance of a PV module is commonly represented by it’s I-V characteristics, 

which describe the relationship between the output current and voltage under specified 

operating conditions. The I-V curve typically features three critical points: the short-circuit 

current (Isc), the open-circuit voltage (Voc), and the MPP (Impp,Vmpp). Isc corresponds to the 

maximum current generated by the module when the output terminals are short-circuited 

(V=0) and is directly proportional to solar irradiance while being influenced by the 

module's temperature. The Voc represents the maximum voltage the module can produce 

when no current flows (I=0), and it decreases with increasing temperature. The MPP 

identifies the optimal operating condition where the module delivers its highest power 

output (Pmpp=ImppVmpp), which is critical for efficient energy extraction. These points, 

alongside other specifications, are typically provided in manufacturer datasheets under 

standard test conditions STC, characterized by an irradiance of 1000 W/m2, a cell 

temperature of 25°C. Additionally, parameters under NOCT, such as an irradiance of 800 

W/m2, an ambient temperature of 20°C, and a wind speed of 1 m/s, offer insights into real-

world performance. The shape and position of the I-V curve are influenced by 

environmental factors like irradiance and temperature, as well as the inherent electrical 

properties of the module, making these points crucial for understanding and optimizing PV 

system performance. 
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Voc

Isc

Vmpp,Impp 

V[V]  

Figure 3.2 Typical I-V characteristics of a PV module 

The following is a procedure to determine all required parameters using only the 

information provided in manufacturer’s datasheet, which is a common situation faced in 

industry when attempting to model a PV array for simulation studies. By substituting the 

three known points on the I-V curve into (3.1), a set of equations can be derived to extract 

the necessary parameters of the SDM [33], [70]. 

For the short-circuit point (Isc), where V=0, the equation is: 

For the open-circuit point (Voc), where I=0, the equation becomes: 

At the maximum power point, where the module delivers the maximum power 

(Pmpp=ImppVmpp ), the equation is: 

𝐼𝑠𝑐 = 𝐼𝑝ℎ − 𝐼𝑜 [𝑒
(
𝐼𝑠𝑐𝑅𝑠
𝐴𝑖𝑉𝑇

)
− 1] −

𝐼𝑠𝑐𝑅𝑠

𝑅𝑠ℎ
 

(3.3) 

0 = 𝐼𝑝ℎ − 𝐼𝑜 [𝑒
(

𝑉𝑜𝑐
𝐴𝑖𝑉𝑇

)
− 1] −

𝑉𝑜𝑐

𝑅𝑠ℎ
 

(3.4) 
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Power at any point can be obtained by multiplying (3.1) by V: 

Then one more equation can be obtained considering the derivative of power-voltage 

relationship, 𝑑𝑃 𝑑𝑉⁄ , which is equal to zero at the maximum power point:  

Substituting Impp= Pmpp /Vmpp on (3.7): 

 

Maximum power equation can be obtained by multiplying (3.5) by 𝑉𝑚𝑝𝑝: 

𝐼𝑚𝑝𝑝 = 𝐼𝑝ℎ − 𝐼𝑜 [𝑒
(
𝑉𝑚𝑝𝑝+𝐼𝑚𝑝𝑝𝑅𝑠

𝐴𝑖𝑉𝑇
)
− 1] −

𝑉𝑚𝑝𝑝 + 𝐼𝑚𝑝𝑝𝑅𝑠

𝑅𝑠ℎ
 

(3.5) 

𝑃 = 𝑉𝐼 = 𝑉𝐼𝑝ℎ − 𝑉𝐼𝑜 [𝑒
(
𝑉+𝐼𝑅𝑠
𝐴𝑖𝑉𝑇

)
− 1] −

𝑉2 + V𝐼𝑅𝑠 

𝑅𝑠ℎ
 

(3.6) 

𝑑𝑃

𝑑𝑉
|
𝑉=𝑉𝑚𝑝𝑝

= 0 
 

0 = 𝐼𝑝ℎ − 𝐼𝑜 [𝑒
(
𝑉𝑚𝑝𝑝+𝐼𝑚𝑝𝑝𝑅𝑠

𝐴𝑖𝑉𝑇
)
− 1] − 𝑉𝑚𝑝𝑝𝐼𝑜𝑒

(
𝑉𝑚𝑝𝑝+𝐼𝑚𝑝𝑝𝑅𝑠

𝐴𝑖𝑉𝑇
)

(

 
 

1 −
𝐼𝑚𝑝𝑝

𝑉𝑚𝑝𝑝
𝑅𝑠

𝐴𝑖𝑉𝑇

)

 
 

−
2𝑉𝑚𝑝𝑝

𝑅𝑠ℎ
) 

(3.7) 

 

0 = 𝐼𝑝ℎ − 𝐼𝑜

[
 
 
 
 
 

𝑒(

 
𝑉𝑚𝑝𝑝+

𝑃𝑚𝑝𝑝
𝑉𝑚𝑝𝑝 

𝑅𝑠

𝐴𝑖𝑉𝑇

)

 

− 1

]
 
 
 
 
 

− 𝑉𝑚𝑝𝑝𝐼𝑜𝑒(

 
𝑉𝑚𝑝𝑝+

𝑃𝑚𝑝𝑝
𝑉𝑚𝑝𝑝 

𝑅𝑠

𝐴𝑖𝑉𝑇

)

 

(

 
1 −

𝑃𝑚𝑝𝑝

𝑉𝑚𝑝𝑝  2
𝑅𝑠

𝐴𝑖𝑉𝑇

)

 −
2𝑉𝑚𝑝𝑝

𝑅𝑠ℎ

) 

(3.8) 

  
𝑃𝑚𝑝𝑝𝑝 = 𝑉𝑚𝑝𝑝𝐼𝑚𝑝𝑝 = 𝑉𝑚𝑝𝑝𝐼𝑝ℎ − 𝑉𝑚𝑝𝑝𝐼𝑜 [𝑒

(
𝑉𝑚𝑝𝑝+𝐼𝑚𝑝𝑝𝑅𝑠

𝐴𝑖𝑉𝑇
)
− 1] −

𝑉𝑚𝑝𝑝
2 + 𝑉𝑚𝑝𝑝𝐼𝑚𝑝𝑝𝑅𝑠

𝑅𝑠ℎ

) 
(3.9) 
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Substituting 𝐼𝑚𝑝𝑝 =
𝑃𝑚𝑝𝑝

𝑉𝑚𝑝𝑝
  to  (3.9):  

Substituting Iph from (3.5) and  𝑃𝑚𝑝𝑝 = 𝐼𝑚𝑝𝑝𝑉𝑚𝑝𝑝 to equation (3.10): 

 

From (3.3) - (3.10), it is possible to derive equations as discussed in subsequent 

paragraphs [33], [70] : 

When the PV module is short-circuited (V=0), the photo current (Iph) can be determined 

using Kirchhoff's Current Law (KCL). The relationship is given by: 

Using e (3.4) and (3.12)  diode saturation current can be expressed as: 

The series resistance can be determined by solving (3.14), which is obtained by  (3.11) and 

substituting  𝑅𝑠ℎ = 1 − 𝐼𝑚𝑝𝑝𝑅𝑠/𝑉𝑚𝑝𝑝 ∶  

𝑃𝑚𝑝𝑝𝑝 = 𝑉𝑚𝑝𝑝𝐼𝑝ℎ − 𝑉𝑚𝑝𝑝𝐼𝑜

[
 
 
 
 
 

𝑒(

 
𝑉𝑚𝑝𝑝+

𝑃𝑚𝑝𝑝
𝑉𝑚𝑝𝑝 

𝑅𝑠

𝐴𝑖𝑉𝑇

)

 

− 1

]
 
 
 
 
 

−
𝑉𝑚𝑝𝑝

2 + P𝑚𝑝𝑝𝑅𝑠

𝑅𝑠ℎ

) 

(3.10) 

−
𝐼𝑚𝑝𝑝

𝑉𝑚𝑝𝑝
= −

𝐼𝑜
𝐴𝑖𝑉𝑇

(1 −
𝐼𝑚𝑝𝑝

𝑉𝑚𝑝𝑝
𝑅𝑠) [𝑒

(
𝑉𝑚𝑝𝑝+𝐼𝑚𝑝𝑝𝑅𝑠

𝐴𝑖𝑉𝑇
)
− 1] − (1 −

𝐼𝑚𝑝𝑝

𝑉𝑚𝑝𝑝
𝑅𝑠)

1

𝑅𝑠ℎ
 

(3.11) 

𝐼𝑝ℎ = 𝐼𝑠𝑐 (1 +
𝑅𝑠

𝑅𝑠ℎ
)    

(3.12) 

       𝐼𝑜 =
𝐼𝑠𝑐(𝑅𝑠 + 𝑅𝑠ℎ) − 𝑉𝑜𝑐

𝑅𝑠ℎ𝑒
(

𝑉𝑜𝑐
𝐴𝑖𝑉𝑇

)
 

(3.13) 
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The shunt resistance is obtained by (3.4) and (3.11) along with the assumption that 𝑉𝑜𝑐 ≈

𝑉𝑚𝑝𝑝 + 𝐼𝑚𝑝𝑝𝑅𝑠: 

 

Equations (3.12)- (3.15) can be solved for 𝑅𝑠, 𝑅𝑠ℎ, 𝐼𝑝ℎ, and 𝐼𝑜 for an estimated value of 𝐴𝑖. 

However, solving for 𝑅𝑠 is not straightforward. It is possible to transform (3.14) into an 

explicit equation using the Lambert W-function defined in (3.16); where z is a complex 

number: 

For a real variable 𝑥, the relation W is defined only for 𝑥 ≥ −1 𝑒⁄  and it can be shown as 

in Figure 3.3. 

𝐴𝑖𝑉𝑇𝑉𝑚𝑝𝑝(2𝐼𝑚𝑝𝑝 − 𝐼𝑠𝑐)

[𝑉𝑚𝑝𝑝𝐼𝑠𝑐 + 𝑉𝑜𝑐(𝐼𝑚𝑝𝑝 − 𝐼𝑠𝑐)](𝑉𝑚𝑝𝑝 − 𝐼𝑚𝑝𝑝𝑅𝑠) − 𝐴𝑖𝑉𝑇(𝑉𝑚𝑝𝑝𝐼𝑠𝑐 − 𝑉𝑜𝑐𝐼𝑚𝑝𝑝)
= 𝑒

(
𝑉𝑚𝑝𝑝+𝐼𝑚𝑝𝑝𝑅𝑠−𝑉𝑜𝑐

𝐴𝑖𝑉𝑇
)
 

(3.14)   

 

 𝑅𝑠ℎ =
(𝑉𝑚𝑝𝑝 − 𝐼𝑚𝑝𝑝𝑅𝑠)[𝑉𝑚𝑝𝑝 −  𝑅𝑠(𝐼𝑠𝑐 − 𝐼𝑚𝑝𝑝) − 𝐴𝑖𝑉𝑇]

(𝑉𝑚𝑝𝑝 − 𝐼𝑚𝑝𝑝𝑅𝑠)(𝐼𝑠𝑐 − 𝐼𝑚𝑝𝑝) − 𝐴𝑖𝑉𝑇𝐼𝑚𝑝𝑝

      
(3.15) 

𝑧 = 𝑊(𝑧)𝑒𝑊(𝑧)
                                 (3.16) 

𝑥 = 𝑊(𝑥)𝑒𝑊(𝑥) (3.17) 
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Figure 3.3 Lambert W function for real variable x 

Using Lambert W function, it is possible to rewrite (3.14) as: 

Applying the equivalence in (3.17) to (3.18) yields: 

−𝑉𝑚𝑝(2𝐼𝑚𝑝 − 𝐼𝑠𝑐)

[𝑉𝑚𝑝𝐼𝑠𝑐 + 𝑉𝑜𝑐(𝐼𝑚𝑝 − 𝐼𝑠𝑐)]
𝑒

(−
2𝑉𝑚𝑝−𝑉𝑜𝑐

𝐴𝑖𝑉𝑇
+

𝑉𝑚𝑝+𝐼𝑚𝑝𝑅𝑠−𝑉𝑜𝑐

(𝑉𝑚𝑝𝐼𝑠𝑐+𝑉𝑜𝑐(𝐼𝑚𝑝−𝐼𝑠𝑐))
)

  

  

= (
𝐼𝑚𝑝𝑅𝑠−𝑉𝑚𝑝

𝐴𝑖𝑉𝑇
+

𝑉𝑚𝑝𝐼𝑠𝑐−𝑉𝑜𝑐𝐼𝑚𝑝

(𝑉𝑚𝑝𝐼𝑠𝑐+𝑉𝑜𝑐(𝐼𝑚𝑝−𝐼𝑠𝑐))
)𝑒

(
𝐼𝑚𝑝𝑅𝑠−𝑉𝑚𝑝

𝐴𝑖𝑉𝑇
+

𝑉𝑚𝑝𝐼𝑠𝑐−𝑉𝑜𝑐𝐼𝑚𝑝

(𝑉𝑚𝑝𝐼𝑠𝑐+𝑉𝑜𝑐(𝐼𝑚𝑝−𝐼𝑠𝑐))
)   

  

 

(3.18) 

(
𝐼𝑚𝑝𝑅𝑠 − 𝑉𝑚𝑝

𝐴𝑖𝑉𝑇
+

𝑉𝑚𝑝𝐼𝑠𝑐 − 𝑉𝑜𝑐𝐼𝑚𝑝

(𝑉𝑚𝑝𝐼𝑠𝑐 + 𝑉𝑜𝑐(𝐼𝑚𝑝 − 𝐼𝑠𝑐))
)

= 𝑊−1 (
𝑉𝑚𝑝(2𝐼𝑚𝑝 − 𝐼𝑠𝑐)

[𝑉𝑚𝑝𝐼𝑠𝑐 + 𝑉𝑜𝑐(𝐼𝑚𝑝 − 𝐼𝑠𝑐)]
𝑒

(−
2𝑉𝑚𝑝−𝑉𝑜𝑐

𝐴𝑖𝑉𝑇
+

𝑉𝑚𝑝𝐼𝑠𝑐−𝑉𝑜𝑐𝐼𝑚𝑝

(𝑉𝑚𝑝𝐼𝑠𝑐+𝑉𝑜𝑐(𝐼𝑚𝑝−𝐼𝑠𝑐))
)
)      

(3.19) 
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Where 𝑊−1(∙) represents the negative branch of Lambert W function, as the left-hand side 

of equation (3.18) is lower than -1 for typical solar PV modules. Note that in (3.19), 𝑅𝑠 is 

included only on the left-hand side, and an explicit expression can be obtained for the series 

resistance 𝑅𝑠 as in (3.20)  [33]. 

where:  𝐶1 =
𝐴𝑖𝑉𝑇

𝐼𝑚𝑝
 ,       C2 = −

𝑉mp(2Imp−Isc)

[VmpIsc+Voc(Imp−Isc)]
 , 

C3 = −
2Vmp−Voc

AiVT
+

V𝑚𝑝Isc−VocImp

(V𝑚𝑝Isc+Voc(Imp−Isc))
 ,    𝐶4 =

𝑉𝑚𝑝−𝑉𝑜𝑐

𝐴𝑖𝑉𝑇
 

 

As described, (3.12)- (3.15) enable the determination of Rs, Rsh, Iph, and Io by applying the 

Lambert W function to a given 𝐴𝑖. The optimum value for 𝐴𝑖 can be found through a grid 

search, that is computing 𝑅𝑠, 𝑅𝑠ℎ, 𝐼𝑝ℎ, and 𝐼𝑜 for different values of 𝐴𝑖 in a defined search 

area and evaluating the fitness of the computed parameters. The fitness of these computed 

parameters can be assessed using an objective function that considers multiple criteria 

outlined below: 

1. At 𝑉𝑚𝑝𝑝, the calculated power should be equal to 𝑃𝑚𝑝𝑝 given in the datasheet. This 

gives: 

 

𝑅𝑠 = 𝐶1(𝑊−1(𝐶2𝑒
𝐶3) − 𝐶4 − 𝐶3)                 (3.20) 

𝑓1(𝐴𝑖) = 𝑉𝑚𝑝𝑝 [𝐼𝑝ℎ − 𝐼𝑜 [𝑒
(
𝑉𝑚𝑝𝑝+𝐼𝑚𝑝𝑝𝑅𝑠

𝐴𝑖𝑉𝑇
)
− 1] −

𝑉𝑚𝑝𝑝+𝐼𝑝𝑚𝑝𝑅𝑠

𝑅𝑠ℎ
] − 𝑃𝑚𝑝𝑝 = 0 

               

(3.21) 
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2. At V𝑚𝑝, the derivative of output power with respect to voltage should be equal to 

0. This gives: 

 

3. At V = 0, i.e., at short circuit point, the derivative of current with respect to voltage 

is equal to the negative of the reciprocal of the shunt resistance.  This gives: 

4. At Vmpp, the calculated current should be equal to Impp given in the datasheet. This 

condition yields an alternative expression to  𝑓1(𝐴𝑖) which can be omitted if 

desired: 

5. The combined objective function to minimize can be defined as: 

𝑓𝑜𝑏𝑗(𝐴𝑖) = [𝑓1(𝐴𝑖)]
2 + [𝑓2(𝐴𝑖)]

2 + [𝑓3(𝐴𝑖)]
2 + [𝑓4(𝐴𝑖)]

2 

𝑑𝑃

𝑑𝑉
|
𝑉=𝑉𝑚𝑝 ,𝐼=𝐼𝑚𝑝

= 0      (3.22) 

𝑓2(𝐴𝑖) = 𝐼𝑝ℎ + 𝐼𝑜 − (1 +
𝑉𝑚𝑝

𝐴𝑖𝑉𝑇
) 𝐼𝑜𝑒

(
𝑉𝑚𝑝+𝐼𝑚𝑝𝑅𝑠

𝐴𝑖𝑉𝑇
)
−

2𝑉𝑚𝑝 + 𝐼𝑚𝑝𝑅𝑠

𝑅𝑠ℎ
= 0 

(3.23) 

𝑑𝐼

𝑑𝑉
|
𝑉=0

= −
1

𝑅𝑠ℎ
 

(3.24) 

𝑓3(𝐴𝑖) = −

1

𝑅𝑠ℎ
+

𝐼𝑜
𝐴𝑖𝑉𝑇

𝑒
(
𝐼𝑠𝑐𝑅𝑠

𝐴𝑖𝑉𝑇
)

1 +
𝑅𝑠𝐼𝑜
𝐴𝑖𝑉𝑇

𝑒
(
𝐼𝑠𝑐𝑅𝑠

𝐴𝑖𝑉𝑇
)

+
𝑅𝑠

𝑅𝑠ℎ

+
1

𝑅𝑠ℎ

= 0 

 

(3.25) 

𝑓4(𝐴𝑖) = 𝐼𝑝ℎ − 𝐼𝑜 [𝑒
(
𝑉𝑚𝑝𝑝+𝐼𝑚𝑝𝑝𝑅𝑠

𝐴𝑖𝑉𝑇
)
− 1] −

𝑉𝑚𝑝𝑝 + 𝐼𝑚𝑝𝑝𝑅𝑠

𝑅𝑠ℎ
− 𝐼𝑚𝑝𝑝 = 0 

(3.26) 
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The value of 𝐴𝑖 (and the corresponding 𝑅𝑠, 𝑅𝑠ℎ, 𝐼𝑝ℎ, and 𝐼𝑜) that minimizes fobj(𝐴𝑖) can 

be considered the optimum PV module equivalent circuit parameters, at the standard test 

conditions. By searching over a broader range for 'Ai', this method ensures the avoidance 

of unrealistic parameters, such as negative shunt resistance values, when using the single-

diode PV module equivalent circuit depicted in Figure 3.1. This method leads to optimal 

'Ai' values slightly below 1.0 in some cases, while maintaining realistic values for other 

parameters. The process of estimating the PV module parameters at the standard conditions 

is shown in Figure 3.4. 

Start

Get datasheet info

Set Ai(opt) =Ai(min)

Set f(opt) =1010

Compute Rs and Rsh

 Rsh(min)   Rsh    

Rsh(max)

Compute Iph and Io

Compute fobj (Ai)

fobj (Ai) <f(opt)

 Set fobj (Ai) = f(opt)(Ai) 

Ai(opt)   =  Ai

Ai =  Ai +  D  Ai

Ai =  Ai(max) 

 Set  Ai = Ai(opt) 

Ai(opt)   =  Ai

Compute Rs Rsh, 

Iph and Io

End

Y

N

Y

N

N

Y

 

Figure 3.4 The process of estimating the PV module parameters at STC 
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Calculating Rs involves solving the Lambert W function, which is a complex process. Some 

advanced software like MATLAB has an inbuilt Lambert W function, but a simple search 

algorithm can be developed to solve for 𝑦 in 𝑥 = 𝑦𝑒𝑦 for a given 𝑥 . 

3.2.2  Irradiance and Temperature Dependence of Parameters 

The short circuit current of the PV module is dependent on both the irradiance (G) and the 

cell temperature (T), and is typically modeled as in (3.27),  where 𝐼𝑠𝑐_𝑆𝑇𝐶 is the short circuit 

current at standard test conditions defined by GSTC(= 1000
𝑊

𝑚2
) and TSTC(= 25℃)  [3]. 

The temperature coefficient of short circuit current (δIscT) is available in data sheets. The 

value of δIscT is typically given as a percentage variation of 𝐼𝑠𝑐_𝑆𝑇𝐶  per degree centigrade 

(%/oC), and it is a positive value.    

The Voc of the module is also dependent on both the G and T. The Voc varies linearly with 

T, but the variation of Voc with G is nonlinear. However, the variation with G can be 

considered approximately linear with the change is ln(𝐺) and the voltage can be modeled 

as given in (3.28), where 𝑉𝑜𝑐_𝑆𝑇𝐶   is the open circuit voltage at the standard test conditions 

[70]. The temperature coefficient of open circuit voltage (δVocT) is typically given as a 

percentage variation of  𝑉𝑜𝑐_𝑆𝑇𝐶  per degree centigrade (%/oC) and is available in data 

sheets. The value of δVocT is negative as 𝑉𝑜𝑐 drops with the increase of cell temperature.  

The value of irradiance coefficient of open circuit voltage (δVocG) is not available in typical 

datasheets. But it can be evaluated using the open circuit voltage at the NOCT which is 

𝐼𝑠𝑐(𝐺, 𝑇) = 𝐼𝑠𝑐𝑆𝑇𝐶

𝐺

𝐺𝑆𝑇𝐶

[1 + 𝛿𝐼𝑠𝑐𝑇(𝑇 − 𝑇𝑆𝑇𝐶)]  
(3.27) 
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usually given in the datasheets using (3.29[3] . NOCT (TNO) is the cell temperature when 

the irradiance (𝐺NO) is 800 W/m2, ambient temperature is 20 oC, and the wind speed is 1 

m/s [71], [72], [73], [74], [75]. 

The short-circuit current can be restated as in (3.30): 

Although the parameters Rs and Ai are also slightly affected by the temperature, they can 

be assumed to remain constant without significant error for the normal range of operating 

temperatures [1]. The dependence of Iph, and Io on G and T can be modeled using VT(T), 

Isc(G,T), and Voc(G,T) as given in (3.31) and (3.32). 

Given the temperature and irradiance conditions for a specific PV module, it is possible to 

calculate the I-V and P-V curves using (3.27) – (3.31). 

𝑉𝑜𝑐(𝐺,𝑇)= 𝑉𝑜𝑐_𝑆𝑇𝐶 [1+𝛿𝑉𝑜𝑐𝐺 (𝑙𝑛 (𝐺)− 𝑙𝑛 (𝐺𝑆𝑇𝐶))] [1+𝛿𝑉𝑜𝑐𝑇(𝑇−𝑇𝑆𝑇𝐶)] 

 

(3.28) 

 𝛿𝑉𝑜𝑐𝐺 =

𝑉𝑜𝑐(𝐺𝑁𝑂 , 𝑇𝑁𝑂)
𝑉𝑜𝑐_𝑆𝑇𝐶[1 + 𝛿𝑉𝑜𝑐𝑇(𝑇𝑁𝑂 − 𝑇𝑆𝑇𝐶)]

− 1

𝑙𝑛 (𝐺𝑁𝑂) − 𝑙𝑛 (𝐺𝑆𝑇𝐶)
 

(3.29) 

𝐼𝑠𝑐(𝐺, 𝑇) = 𝐼𝑠𝑐𝑆𝑇𝐶

𝐺

𝐺𝑆𝑇𝐶

[1 + 𝛿𝐼𝑠𝑐𝑇(𝑇 − 𝑇𝑆𝑇𝐶)]  
(3.30) 

     𝐼𝑝ℎ(𝐺, 𝑇) = 𝐼𝑠𝑐(𝐺, 𝑇) (1 +
𝑅𝑠

𝑅𝑠ℎ
) 

(3.31) 

 𝐼𝑜(𝐺, 𝑇) =
𝐼𝑠𝑐(𝐺, 𝑇)(𝑅𝑠 + 𝑅𝑠ℎ) − 𝑉𝑜𝑐(𝐺, 𝑇)

𝑅𝑠ℎ𝑒
(
𝑉𝑜𝑐(𝐺,𝑇)
𝐴𝑖𝑉𝑇(𝑇)

)
       

(3.32) 
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3.2.3 Validation of the Method Using Manufacturer's Data Sheets 

The proposed parameter estimation methodology was implemented in MATLAB to verify 

the accuracy of the derived parameters for PV modules. The methodology was tested on 

several PV modules for which manufacturer datasheets provided I-V curves and other 

necessary data points.  

To evaluate the accuracy of the estimated parameters against the manufacturer’s datasheet 

values, two key error metrics were used: 

1. Root Mean Square Deviation (RMSD): The RMSD quantifies the absolute 

difference between the model-predicted current (𝐼𝑘,𝑚𝑜𝑑𝑒𝑙) and the actual datasheet 

current (𝐼𝑘,𝑑𝑎𝑡𝑎) over N data points. It is defined as: 

2. Normalized Root Mean Square Deviation (NRMSD): The NRMSD normalizes 

the RMSD by dividing it by the short-circuit current (𝐼𝑠𝑐) of the module. This 

allows for a scale-independent comparison between different PV modules   

The proposed method was applied to several PV modules, utilizing the datasheet-provided 

values for Isc, Voc, Vmpp, and Impp. The key equations were implemented in MATLAB, and 

the estimated parameters (Rs,Rsh,Iph,Io,Ai) were validated by comparing the predicted I-V 

curves to those provided in the manufacturer datasheets as shown in Table 3.1.   

                            𝑅𝑀𝑆𝐷 = √∑ (𝐼𝑘,𝑑𝑎𝑡𝑎 − 𝐼𝑘,𝑚𝑜𝑑𝑒𝑙)
2𝑁

𝑘=1

𝑁
                       

(3.33) 

                                                                                   𝑁𝑅𝑀𝑆𝐷 =
 𝑅𝑀𝑆𝐷

𝐼𝑠𝑐
   × 100     (3.34)  
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Table 3.1 : Manufacturer’s Datasheet Values for Tested Modules 

Parameters  

(STC) 

SOLAR MODULES. 

Canadian solar 

CS1U-405MS 

Jinko Solar 

JKM405M-

54HL4 

Suntech 

STP585S-

C72/Nsh 

Blue Sun 

BSM535M1

0 -72HPH 

Deep Blue 

JAM78s30-

600/GR 

Maximum power 

(Pmpp)  
405 W 405W 585 W 535W 600W 

Voltage at Pmax 

(Vmpp)  
44.3 V 30.52V 42.79 V 41.47V 45.3V 

Current at Pmax 

(Impp)  
9.16 A 13.27A 13.67 A 12.90 A 13.25A 

Open-circuit 

voltage (Voc) 
53.5 V 37.06V 51.55 V 49.45 V 53.5 V 

Short-circuit 

current (Isc) 
9.65 A 13.85A 14.40 A 13.79A 14.03A 

Number of Cells 

in Series (Nsm) 
81 54 72 72 78 

 

The estimated parameters of the tested solar modules are presented in Table 3.2. The results 

demonstrate realistic electrical characteristics for all modules, validating the effectiveness 

of the proposed parameter estimation method. Notably, the Rsh were consistently of the 

order of 1000 compared to the Rs, reflecting realistic electrical characteristics. Relaxing 

the range of Ai during the optimization process yielded optimum values for Ai within the 

range of [0.5–2.0], further improving the accuracy of the extracted parameters and ensuring 

realistic values for all other parameters.  
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Table 3.2 : Parameter Identification 

 Parameters  

(STC) 

SOLAR MODULES. 

CS1U-

405MS 

JKM405M-

54HL4 

STP585S-

C72/Nsh 

BSM535M1

0 -72HPH 

JAM78s30-

600/GR 

Series Resistancce  

Rs () 
0.2808 0.2035 0.1717 0.145 0.0465 

Shunt Resistance  

Rsh () 
15491 6.885.1 8657.3 14608 15681 

Diode Ideality Factor 

(Ai) 
1.2000 0.8700 1.1600 1.5350 1.3080 

Photo Current at 

STC  Iph (A) 
9.6502 13.8504 14.4003 13.7900 14.030 

Irradiation 

coefficient of Voc (%) 
3.53 2.70 4.17 4.03 2.47 

 

Model performances were evaluated by comparing the I-V curves from the data sheets with 

the model's output. The datasheet-provided I-V curves were extracted using an online 

graph extractor [38], allowing for direct comparison with the model-generated curves. The 

accuracy of the model was assessed by calculating the difference in the PV current between 

the model predictions and the datasheet values using the NRMSD as the metric. 

3.2.3.1 Effect of irradiance 

The performance of the proposed parameter estimation method was evaluated under 

varying irradiance levels for PV modules from different manufacturers, while maintaining 

a constant temperature of 25°C. Figure 3.5 illustrates the comparison between the I-V 

characteristics predicted by the model and the corresponding datasheet values at different 

irradiance levels.  
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Figure 3.5 : I-V Comparison between the proposed method and the manufacturer data of the “Blue sun” 

panel at different irradiances 

 

The accuracy of the model was further validated using the NRMSD as a metric. Table 3.3 

presents the NRMSD values for different modules at various irradiance levels. The results 

show that the NRMSD values lie consistently within the range of 1%–4%, indicating an 

excellent fit between the predicted and actual values. 

Table 3.3 : NRSMD values as a percentage for different PV modules at different irradiation levels in 25oC 

PV modules. 
Irradiances 

1000(W/m2) 800(W/m2) 600(W/m2) 

Canadian Solar 4.05 2.69 1.95 

Jinko solar 1.62 1.27 1.55 

Suntech 1.52 1.16 1.22 

Blue sun 1.47 1.68 1.05 

Deep Blue 2.47 1.77 1.78 
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3.2.3.2 Effect of temperature 

The impact of temperature on the performance of PV modules was evaluated by comparing 

the I-V characteristics generated by the proposed method with the manufacturer’s datasheet 

I-V curves. The comparisons, shown in Figure 3.6, were conducted at a constant irradiance 

of 1000 W/m² across various temperature levels. 

 

Figure 3.6 Comparison between the proposed method and the manufacturer data of deep blue solar panel at 

different T values and G of 1000W/m2 

 

The I-V curves required for detailed comparisons are not always available in every 

manufacturer’s datasheet. For modules where I-V curves were provided at different 

temperature levels under a constant irradiance (G=1000 W/m²), the model’s accuracy was 

evaluated using the NRMSD metric. 
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Table 3.4 presents the NRMSD values for two solar modules under varying temperatures. 

The values consistently fall within the range of 1%–3%, indicating a strong agreement 

between the estimated and actual values, even as temperature levels vary. 

Table 3.4 NRSMD values at different temperatures  

Temperature (oC) Blue sun PV module Deep Blue PV module 

10 1.89 1.78 

25 2.47 1.83 

40 1.64 2.54 

55 2.99 2.65 

70 2.65 2.99 

While the temperature coefficient of power (Kp) is commonly provided in datasheets, it is 

not directly used in the proposed methodology. Instead, the calculated Kp values are 

compared with the datasheet-provided values to further validate the accuracy of the model. 

Kp quantifies the rate at which a PV module's Pmpp changes with temperature. It is expressed 

as the slope of the percentage variation of Pmpp with respect to T. 

The calculation of Kp  involves analyzing the Pmpp at different temperatures and plotting 

the "Percentage variation of Pmpp  vs. T graph. Figure 3.7 and Figure 3.8, derived from 

Jinko Solar data, illustrate this calculation process. These graphs visually demonstrate the 

linear relationship between the percentage change in Pmpp and T, providing a clear method 

for determining Kp . 
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Figure 3.7 I-V, P-V curves for Jinko Solar panel for different temperatures 

 

Figure 3.8 Percentage variation of Pmax vs Temperature 

 

To validate the accuracy of the proposed model, the value of Kp is compared against 

manufacturer datasheet values, as shown in Table 3.5. The percentage difference is in the 

range of 1- 4%, for all PV modules. This reaffirms the proposed model's accuracy in 

estimating I-V characteristics for a given PV module. 
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Table 3.5 Comparison of Kp for different PV modules 

PV module Data sheet value 

(% / °C) 

Calculated value. 

(% / °C) 

Percentage 

Error (%) 

Canadian Solar -0.37 -0.35 4.13 

Jinko solar -0.35 -0.339 2.85 

Suntech -0.3 -0.304 1.43 

Blue sun -0.35 -0.346 1.02 

Deep Blue -0.35 -0.346 1.25 

3.3 Bifacial PV Modules 

3.3.1 Background 

Bifacial PV technology, which captures solar energy from both the front and rear surfaces 

of solar modules, has emerged as a promising advancement in solar energy generation. As 

illustrated in Figure 3.9, these modules utilize rear-side irradiance in addition to direct 

sunlight on the front surface. This dual exposure enables bifacial modules to achieve higher 

energy yields compared to their monofacial counterparts. Consequently, they present an 

attractive solution for enhancing solar power efficiency. 

 

Figure 3.9 Bifacial PV module 
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3.3.2 Enhanced SDM Adaptation 

While the SDM has been extensively validated and is widely used for simulating 

monofacial PV modules, its accuracy and applicability to bifacial PV modules remain less 

explored. Bifacial modules introduce unique characteristics, such as bifacial gain, 

bifaciality, and rear irradiance-driven power gain yield (BiFi), which require specific 

adaptations to traditional SDM modeling approaches. Furthermore, bifacial modules are 

often subjected to partial shading, a factor that can significantly impact energy output and 

is insufficiently addressed in existing models. Some of the bifacial PV module parameters 

are discussed in Section 3.3.2.1. 

3.3.2.1 Bifacial PV Module Parameters 

Bifacial Gain 

Bifacial Gain, a crucial metric in bifacial PV modules, signifies the additional energy 

output compared to monofacial counterparts. It is shaped by diverse factors including 

albedo (reflectivity of the ground), solar radiation, module height, rear shading, and row 

pitch. Albedo, measuring reflected light, plays a substantial role in influencing energy 

generation on the rear side. Solar radiation directly affects energy yield on both sides of 

the module. Module height, shading, and row pitch are essential considerations to 

determine the amount of light reaching the rear side. Bifacial Gain can be mathematically 

expressed as [76], [77]: 

Where:  

𝐵𝑖𝑓𝑎𝑐𝑖𝑎𝑙 𝐺𝑎𝑖𝑛 =
𝐸𝑏𝑖𝑓𝑖

𝐸𝑚𝑜𝑛𝑜
− 1 =

𝐸𝑟𝑒𝑎𝑟 

𝐸𝑚𝑜𝑛𝑜 
 

(3.35)  
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• Emono is the specific energy yield with front-side illumination under identical 

conditions. 

•  Ebifi, is the specific energy yield of the bifacial module.  

• Erear, is the difference between Ebifi and Emono, denoted as encapsulates the 

incremental energy gain from the rear side. 

Bifaciality 

Bifaciality characterizes the relative performance of a module’s rear side compared to its 

front side. Measured under STC, it is expressed through three key ratios: 𝜑𝑃𝑚𝑎𝑥 (rear-to-

front side maximum power), 𝜑𝑉𝑂𝐶 (rear-to-front open-circuit voltage), and 𝜑𝐼𝑆𝐶 (rear-to-

front short-circuit current). Notably, the values of 𝜑𝑃𝑚𝑎𝑥 vary depending on module 

technology, with n type - Passivated Emitter Rear Totally Diffused (PERT) modules 

ranging from 75% to 95%, p-type Passivated Emitter and Rear Cell (PERC) modules from 

60% to 70%, and Heterojunction Technology (HJT) modules exceeding 90%. Bifaciality, 

an intrinsic module property, interacts with installation techniques and environmental 

factors to determine Bifacial Gain [25], [76]. Equation (3.36) defines bifaciality as the ratio 

of the rear-side maximum power output (𝑃𝑚𝑝𝑝𝑟𝑒𝑎𝑟) to the front-side maximum power 

output (𝑃𝑚𝑝𝑝𝑓𝑟𝑜𝑛𝑡 ). 

 φPmax =
𝑃𝑚𝑝𝑝𝑟𝑒𝑎𝑟

𝑃𝑚𝑝𝑝𝑓𝑟𝑜𝑛𝑡
 

(3.36) 

Rear-irradiance driven power gain yield (BiFi) 

The rear irradiance-driven power gain yield (BiFi) quantifies the contribution of rear-side 

irradiance to the Pmpp of bifacial PV modules. It is determined by analyzing the module's 
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Pmpp  under a fixed front irradiance (Gfront=1000 W/ m2) while varying the rear irradiance 

(Grear). BiFi is calculated as the slope of the Pmpp vs. Grear graph, adhering to the IEC 60904-

1-2 standard, which provides two measurement methods: single-side illumination, where 

Grear is calculated indirectly, and double-side illumination, where Grear is directly measured 

[76]. This slope represents the additional energy yield contributed by the rear side of the 

module and serves as a critical metric for optimizing bifacial module performance. It is 

assumed that the module's performance can be interpolated between the STC and any level 

of rear irradiance, enabling accurate modeling and system design. Figure 3.10 illustrates 

the Pmpp vs. Grear relationship, with the slope defining BiFi. 

Grear

Power at

STC

Pmpp

 

Figure 3.10 Power vs the rear irradiation (slope is used to calculate find BiFi) 

 

 

Equivalent Irradiance (GE)  

Equivalent irradiance represents the combined effect of irradiance received on both the 

front and rear surfaces of a bifacial PV module as illustrated in Figure 3.11. This value is 

adjusted by the module's bifaciality, which reflects the relative performance of the rear 
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side. Equation (3.37) describes the total effective irradiance (GE) as the sum of the Gfront 

and the rear-side  Grear, scaled by the bifaciality factor. 

GE = Gfront + Bifaciality.Grear (3.37) 

 

Figure 3.11 Equivalent irradiation 

Bifacial Ratio 

Bifacial ratio is the ratio between the Grear  and Gfront as shown in (3.38). 

Bifacial ratio =
Grear

Gfront
 

(3.38) 

From the equations describing the parameters of bifacial PV modules, the relationship 

between bifacial gain, bifacial ratio, and bifaciality can be expressed as: 

𝐵𝑖𝑓𝑎𝑐𝑖𝑎𝑙 𝐺𝑎𝑖𝑛 = 𝐵𝑖𝑓𝑎𝑐𝑖𝑎𝑙 𝑟𝑎𝑡𝑖𝑜 .  𝐵𝑖𝑓𝑎𝑐𝑖𝑎𝑙𝑖𝑡𝑦 (3.39) 

3.3.2.2 Bifacial PV Module Equivalent Circuit 

The adaptation of the SDM to include separate photocurrent sources for the front and rear 

surfaces aligns with the single-side illumination method described in the IEC 60904-1-2 

standard [25]. This approach effectively models bifacial modules by considering 

contributions from both irradiance sources. For bifacial PV modules, the model can be 
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adapted to include separate photocurrent sources for the front and back sides as in  Figure 

3.12 which depicts the equivalent circuit. The total photocurrent (𝐼𝑝ℎ) can be written as 

the summation of front (𝐼𝑝ℎ,𝑓) and rear (𝐼𝑝ℎ,𝑟) photoelectric current currents as (3.40).  

Rs

IdIph, r
Rsh

I

V
Iph, f

+

-
 

Figure 3.12  Bifacial PV module equivalent circuit 

𝐼𝑝ℎ = 𝐼𝑝ℎ,𝑓+ 𝐼𝑝ℎ,𝑟  (3.40) 

Although there may be a minor mismatch between the I-V curves around the maximum 

power point when comparing the single-side and double-side illumination methods, this 

difference is typically negligible [78]. Additionally, research has shown that there is no 

significant difference in the temperature coefficient of short circuit current (𝛿𝐼𝑆𝐶𝑇
) of the front 

and rear sides of the module [79]. As a result, the SDM, with its inherent simplicity and 

adaptability, remains an accurate and practical tool for evaluating the performance of 

bifacial PV modules. By accommodating the contributions from both the front and rear 

surfaces, the same modeling approach used for monofacial modules can be effectively 

applied to bifacial modules with minimal modifications  

3.3.2.3 Modeling Partial Shading 

In PV systems, shading from surrounding facilities or objects can significantly impact 

module performance. Unlike unshaded cells that convert sunlight into electricity, shaded 
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cells in a module cease to generate power and instead begin to act as loads. This 

phenomenon leads to electrical consumption by the shaded cells, utilizing the energy 

produced by the remaining illuminated cells within the module. The resultant effect is a 

reduction in the overall electrical output of the module and the generation of heat losses. 

This heat can induce thermal stress and damage to the solar cells, manifesting as hot spots 

which accelerate the degradation of the module's performance and durability. To mitigate 

the adverse effects of partial shading, bypass diodes are integrated into PV modules. These 

diodes are designed to provide an alternative path for the current to flow around shaded 

cells, thus preventing them from consuming power and overheating. Typically, in a 72-cell 

PV module, one bypass diode is installed for every group of 24 cells as shown in  Figure 

3.13. 

 

Figure 3.13 Physical configuration of a PV module 

If there are Ns number of cells in a PV module and Nb number of bypass diodes, each group 

of cells, consisting of Ns/Nb, is connected in series and protected by a bypass diode, as 

illustrated in Figure 3.14.  
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Figure 3.14 PV module configuration with bypass diodes for Ns/Nb, cell groups. 

 

When shading occurs on one group, the bypass diode associated with that group becomes 

active, creating an alternative current path. This design isolates the shaded group, allowing 

the rest of the module to continue operating efficiently. This modular protection 

mechanism enhances the reliability and performance of PV modules under real-world 

conditions. Figure 3.15 depicts the electrical circuit configuration of each group of cells. 
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Figure 3.15 Electrical circuit of a single cell group with bypass diode. 
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When modeling the effects of partial shading on PV cells, it's essential to consider the 

details of each individual cell. Partial shading can cause significant variations in the 

performance of different cells within the same module, affecting the overall module output. 

The parameters of the SDM for a solar cell can be extracted using the same method used 

to extract the parameters of a solar module using manufacturers data. For a solar cell within 

a module, these parameters can be adjusted based on the number of cells in series (Ns) as 

follows: 

𝑉𝑜𝑐𝑐𝑒𝑙𝑙
=

𝑉𝑜𝑐𝑆𝑇𝐶

𝑁𝑠
 ; 𝑉𝑚𝑝𝑝𝑐𝑒𝑙𝑙

=
𝑉𝑚𝑝𝑝𝑆𝑇𝐶

𝑁𝑠
  

(Where, 𝑉𝑜𝑐𝑆𝑇𝐶
, 𝑉𝑚𝑝𝑝𝑆𝑇𝐶,𝑁𝑠are from data sheets.) 

(3.41) 

These equations are used to determine the electrical characteristics of each cell in the 

context of the whole module. This is crucial when modeling the impact of partial shading 

because the shaded and unshaded cells will have different electrical outputs, which must 

be accurately represented in the model to predict the module's performance. 

This detailed approach allows for more accurate predictions of PV system behavior under 

real-world conditions, which is especially important for systems that incorporate bifacial 

modules where partial shading can occur on either side of the module. 

To accurately model this behavior, a series of equations and conditions are used to predict 

the cell's I-V characteristics. 𝐼𝑠𝑐𝑐𝑒𝑙𝑙 can be written as the summation of front (Iscf) and rear 

(Iscr) short circuit currents as in (3.42). 

𝐼𝑠𝑐𝑐𝑒𝑙𝑙 =  𝐼𝑠𝑐𝑓 +  𝐼𝑠𝑐𝑟 (3.42) 
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Rear and front short circuit currents can be written as in (3.43) and (3.44) where, SRf is 

shading ratio of front side of the cell, SRr is shading ratio of rear side of the cell and 𝐼𝑠𝑐𝑆𝑇𝐶  

is the short circuit current of the module at STC. 

𝐼𝑠𝑐𝑓 = 𝐼𝑠𝑐𝑆𝑇𝐶 . (
𝐺𝑓

𝐺𝑆𝑇𝐶
) . (1 + 𝛿𝐼𝑆𝐶𝑇

. (𝑇𝑛𝑜𝑚 − 𝑇𝑆𝑇𝐶)) . (1 −
𝑆𝑅𝑓

100
) 

(3.43) 

𝐼𝑠𝑐𝑟 = 𝐼𝑠𝑐𝑆𝑇𝐶 . (
𝐺𝑟

𝐺𝑆𝑇𝐶
) . (1 + 𝛿𝐼𝑆𝐶𝑇

. (𝑇𝑛𝑜𝑚 − 𝑇𝑆𝑇𝐶)) . (1 −
𝑆𝑅𝑟

100
) 

(3.44) 

 

As in the SDM of a monofacial solar module, dark saturation current (Iocell), photoelectric 

current (Iphcell) of bifacial solar cell can be written as (3.45) and (3.46). 

In plotting the I-V curve of the bifacial module, voltage of all shaded and unshaded cells 

should be calculated to a particular current value. To find the voltage of a cell the following 

procedure can be followed. 

For Individual Cells: 

If  0≤𝐼≤𝐼𝑝ℎ𝑐𝑒𝑙𝑙:   

The voltage of the cell (Vcell) is found by solving the single diode equation: 

0 =  −𝐼 + 𝐼𝑝ℎ𝑐𝑒𝑙𝑙 − 𝐼𝑜𝑐𝑒𝑙𝑙. (𝑒𝑥𝑝(
𝑉𝑐𝑒𝑙𝑙+𝐼.𝑅𝑠

𝑎.𝑉𝑡
) − 1) − (

𝑉𝑐𝑒𝑙𝑙+𝐼.𝑅𝑠

𝑅𝑠ℎ
  ) (3.47) 

If 𝐼>𝐼𝑝ℎc𝑒𝑙𝑙 

The voltage is determined by the linear equation: 

𝐼𝑜𝑐𝑒𝑙𝑙 =
𝐼𝑠𝑐𝑐𝑒𝑙𝑙. (𝑅𝑠ℎ + 𝑅𝑠) − 𝑉𝑜𝑐

𝑅𝑠ℎ. 𝑒𝑥𝑝 (
𝑉𝑜𝑐
𝑎. 𝑉𝑡)

 
(3.45) 

𝐼𝑝ℎ𝑐𝑒𝑙𝑙 = 𝐼𝑠𝑐𝑐𝑒𝑙𝑙. (1 +
𝑅𝑠

𝑅𝑠ℎ
) 

(3.46) 
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𝑉𝑐𝑒𝑙𝑙 = −(𝑅𝑠ℎ + 𝑅𝑠). 𝐼 + 𝐼𝑝ℎ𝑐𝑒𝑙𝑙. 𝑅𝑠ℎ 

 

(3.48) 

For String of Cells: 

To find the voltage of a particular string, photoelectric current of the string (IphSTRING) 

should be found as follows. This is the minimum photocurrent from all cells in the string 

𝐼𝑝ℎ𝑆𝑇𝑅𝐼𝑁𝐺 = min  ( 𝐼𝑝ℎ𝑐𝑒𝑙𝑙𝑠) (3.49) 

 

Voltage of the string (VSTRING) based on current (I): 

 

If 0 ≤ 𝐼 ≤ 𝐼𝑝ℎ𝑆𝑇𝑅𝐼𝑁𝐺  

𝑉𝑆𝑇𝑅𝐼𝑁𝐺 = ∑ 𝑉𝑐𝑒𝑙𝑙  
(3.50) 

If ∑𝑉𝑐𝑒𝑙𝑙 ≥ 𝑉𝑑  𝑎𝑛𝑑 𝐼 ≥ 𝐼𝑝ℎ𝑆𝑇𝑅𝐼𝑁𝐺 where Vd is diode forward voltage drop typically 

around   -0.6V  

𝑉𝑆𝑇𝑅𝐼𝑁𝐺 = ∑𝑉𝑐𝑒𝑙𝑙  
(3.51) 

  

If  ∑𝑉𝑐𝑒𝑙𝑙 <  𝑉𝑑  𝑎𝑛𝑑 𝐼 ≥ 𝐼𝑝ℎ𝑆𝑇𝑅𝐼𝑁𝐺 

𝑉𝑆𝑇𝑅𝐼𝑁𝐺 =  Vd (3.52) 

  

For the number of substrings in the module, voltage is calculated as above and voltage of 

the solar module at a particular current can be found by the summation of all voltages of 

the substrings.  

The complete procedure for determining the I-V characteristic curve of a given bifacial 

module, along with shading information, is illustrated in the Figure 3.16. 
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. 

Start

Get the manufacturers  

datasheet values.

Input the Equivalent Irradiance 

(GE) and Temperature (T) to 

plot the I-V curve.

Nb= Number of bypass diodes

Ns=Number of  cells in Series

Voccell= VocSTC/ Ns

Vmppcell= VmppSTC/ Ns

Compute parameters of the SDM of the PV cell 

using Voccell and Vmppcell.

Compute Isc of the module using GE.

Get the shading ratios of each 

cells (Both front and rear) 

Initialize the current (I) values.

0: D I:Isc

x = 1

If  I < Isc

If  x < Nb

y = 1

If  y    Ns/Nb

Compute Isccell, Iocell , Iphcell of the 

particular cell with the relevant shading 

ratio of front and back of each cell.

If  0  I    

Iphcell

0 = −𝐼 + 𝐼𝑝ℎ𝑐𝑒𝑙𝑙 − 𝐼𝑜𝑐𝑒𝑙𝑙 . (exp (
𝑉𝑐𝑒𝑙𝑙 + 𝐼. 𝑅𝑠

𝛼. 𝑉𝑡
) − 1) − (

𝑉𝑐𝑒𝑙𝑙 + 𝐼. 𝑅𝑆

𝑅𝑠ℎ
) 

𝑆𝑜𝑙𝑣𝑒 𝑉𝑐𝑒𝑙𝑙 = −( 𝑅𝑠ℎ + 𝑅𝑆). 𝐼 + 𝐼𝑝ℎ𝑐𝑒𝑙𝑙 . 𝑅𝑠ℎ  

Vtotal= Vcell

Iphstring =min Iphcells

If  0   I < 

Iphstring

Vsubstring = Vcell

x = x+1 

If  Vtotal   vd

Vsubstring =vd

(where vd is diode forward 

voltage drop)

Y

Y

Y

Y

N

N

N

N

y = 1+y

Plot I-V Curve

Stop

N

Y

N

I=I+D I

V(I) = Vsubstring

 

Figure 3.16 Procedure for determining the I-V characteristics 
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3.3.3  Validation of Bifacial PV Module Model with Manufacturer's Data 

This section presents results of the validation of bifacial PV model with parameters 

estimated from the manufacturer-provided data. The SDM parameter estimation 

methodology applied to the mono-facial modules was applied to the bifacial modules. With 

the estimated model parameters, the key electrical characteristics, including Pmpp, Voc, Isc, 

Impp, and Vmpp, are re-evaluated at various bifacial gains and compared with the 

manufacturer specifications. The comparison results presented in Table 3.6 and Table 3.7 

shows good agreement between computed and data sheet values for various bifacial gains. 

While a direct comparison of I-V curves was not feasible due to the lack of a controlled 

test setup, the differences between the estimated values and manufacturer data were 

minimal, with all errors consistently under 1%. 

  



 

68 

 

Table 3.6  Comparison of electric characteristics at different bifacial gains for Longi-545W module [80] 

Bifacial Gain(%) 5.0 10.0 15.0 20.0 25.0 

P
m

a
x
 (

W
) Data 572 600.00 627.00 654.00 681.00 

Estimated 572.39 600.67 627.84 655.01 682.19 

Error (%) 0.07 0.11 0.13 0.15 0.18 

V
o
c 

(V
) 

Data 49.65 49.65 49.75 49.75 49.75 

Estimated 49.67 49.68 49.70 49.72 49.73 

Error (%) 0.04 0.07 0.10 0.07 0.04 

Is
c(

A
) 

Data 14.61 15.31 16.00 16.70 17.39 

Estimated 14.61 15.32 16.01 16.70 17.39 

Error (%) 0.00 0.10 0.09 0.02 0.02 

Im
p

p
 (

A
) Data 13.69 14.34 14.99 15.65 16.30 

Estimated 13.71 14.37 15.02 15.67 16.34 

Error (%) 0.15 0.21 0.20 0.13 0.25 

V
m

p
p

 (
V

) Data 41.80 41.80 41.90 41.90 41.90 

Estimated 41.75 41.80 41.80 41.80 41.75 

Error (%) 0.12 0.00 0.24 0.24 0.36 
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Table 3.7  Comparison of electric characteristics at different bifacial gains for LG-390N2T-A5 module[81] 

Bifacial Gain(%) 5 10 20 30 

P
m

a
x
  
( 

W
) 

Data 410 429.00 468.00 507.00 

Estimated 410.11 430.36 470.79 511.29 

Error (%) 0.03 0.32 0.60 0.85 

V
o
c 

(V
) Data 49.20 49.20 49.30 49.30 

Estimated 49.26 49.31 49.41 49.51 

Error (%) 0.12 0.23 0.23 0.42 

Is
c(

A
) 

Data 10.65 11.17 12.18 13.20 

Estimated 10.66 11.17 12.18 13.20 

Error (%) 0.07 0.04 0.00 0.04 

Im
p

p
 (

A
) Data 9.90 10.36 11.28 12.22 

Estimated 9.93 10.37 11.29 12.35 

Error (%) 0.30 0.10 0.09 1.06 

V
m

p
p

 (
V

) Data 41.40 41.40 41.50 41.50 

Estimated 41.30 41.50 41.70 41.70 

Error (%) 0.24 0.24 0.48 0.48 

 

3.3.4 Validation with Previously Published Experimental Results 

In several research papers, I-V curves of bifacial PV modules have been presented without 

explicit references to manufacturer data. However, in the study in [82], the authors 

provided reference to the manufacturer data sheet and presented several I-V and P-V curves 

at various conditions [81]. Although the authors did not provide bifacial gain data for each 

case, they did include measured values for Voc and Isc for a particular condition. These 

values are used to reverse-calculate the temperature T and equivalent irradiance GE , which 

represents the combined effect of irradiance received on both the front and rear surfaces, 

under various test conditions by solving (3.53) and (3.54).  
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𝐼𝑆𝐶𝑇(𝐺, 𝑇) = 𝐼𝑠𝑐𝑆𝑇𝐶

𝐺𝐸

𝐺𝑆𝑇𝐶
[1 + 𝛿𝐼𝑆𝐶𝑇

(𝑇 − 𝑇𝑆𝑇𝐶)] 
(3.53) 

𝑉𝑜𝑐(𝐺, 𝑇) = 𝑉𝑜𝑐𝑆𝑇𝐶
[1 + 𝛿𝑉𝑜𝑐𝐺(𝑙𝑛 (𝐺𝐸) − 𝑙𝑛 (𝐺𝑆𝑇𝐶))][1 + 𝛿𝑉𝑜𝑐𝑇(𝑇 − 𝑇𝑆𝑇𝐶)] (3.54) 

Three cases were taken to calculate values of GE (total effective irradiance) and 

Temperatures as shown in  Table 3.8.  

Table 3.8 Back calculated GE and Temperature for three cases found in [82] 

Case Isc(A) Voc
 (V) Back calculated 

GE Wm-2 Temperature (K) 

1 10.42   46.75 1020.76 317.22 

2 10.63 48.59 1045.53 303.74 

3 9.54 47.039 935.74 312.95 

 

The reverse-calculated parameters were subsequently used to generate I-V curves for the 

bifacial module, which were directly compared to the experimentally measured curves as 

illustrated in Figure 3.17. The NRMSD values for these comparisons across three cases are 

presented in Table 3.9. 
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(a) (b)

(c)
 

Figure 3.17 I-V curves for (a) Case 1 (b) Case 2 (c) Case3  in Table 3.8 

Table 3.9 NRMSD values for three cases in Table 3.8 

Case 1 2 3 

NRMSD (%) 3.24 3.54 2.82 

3.3.5 Validation of the Model for Partial Shading of Bifacial Modules 

The study outlined in [83] offered valuable insights into the performance of bifacial PV 

modules. Researchers provided detailed information on factors such as rear-side shading, 

temperature fluctuations, and manufacturer data. Using this data, a model for partial 

shading of bifacial modules was validated. The study focused on bifacial PERC cells, 

operating under the assumption that their bifaciality falls within the range of 60% to 70%.  
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The experiments involved placing cardboard strips in various positions and orientations 

behind the bifacial module to simulate rear-side shading as shown in  Figure 3.18. 

 

Figure 3.18 : Rear-surface shading on a bifacial PV module using cardboard strips [83] 

 

First, using the manufacturer’s data, the model parameters were estimated. Then the I-V 

curves under the shading conditions corresponding to experimental results given in [83] 

were generated using the model with estimated parameters. Figure 3.19 and Figure 3.20 

show the comparison of I-V curves obtained with the proposed method with the 

experimental results found in   [83].  NRMSD values of these two case are 3.1% and 3.3% 

respectively. 
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Figure 3.19  Comparison of I-V curves obtained using the proposed method with experimental results when 

an obstruction is placed along a single string as described in [83] 

 

 

Figure 3.20 Comparison of I-V curves obtained using the proposed method with experimental results when 

an obstruction is placed across cell strings as described in [83] 
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3.4 Summary 

This chapter presents a comprehensive analysis of the effectiveness of SDM for PV 

modules, structured into two distinct sections addressing monofacial and bifacial PV 

modules. Each section provides novel methodologies that provide robust solutions for 

parameter estimation and modeling of PV module performance, validated against 

manufacturer provided data and experimental data. 

3.4.1 Monofacial PV Modules 

A novel approach is proposed to estimate electrical parameters from manufacturer 

datasheets under STC. The methodology employs the Lambert-W function to solve a set 

of equations and extract the equivalent electrical circuit parameters based on manufacturer 

datasheet values under STC. A range of Ai values is tested, and the optimal Ai is identified 

using a multi-criteria objective function. Temperature and irradiance dependencies are 

derived using datasheet temperature coefficients and the irradiation coefficient of open-

circuit voltage (from NOCT data). The proposed method is validated across five PV 

modules, demonstrating errors below 4% when compared to datasheet values. The method 

effectively predicts I-V characteristics and the temperature coefficient of maximum power, 

making it a reliable tool for simulation studies. 

3.4.2 Bifacial PV Modules 

The SDM proposed for monofacial modules is adapted to bifacial modules by integrating 

bifacial gain, bifaciality, and rear irradiance effects, aligning with IEC TS 60904-1-2 

standards. The method is validated against manufacturer datasheets and experimental 
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results, achieving errors below 1% for key parameters (Isc, Voc, and Pmpp). A novel approach 

to model partial shading is proposed and validated using experimental data. This approach 

addresses gaps in bifacial modeling and supports enhanced energy capture and system 

optimization. 

Together, these methodologies provide a robust framework for accurate simulation and 

design of PV systems, contributing significantly to both academic research and industry 

applications.  
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Chapter 4                                 

Enhancements to DSOGI-PLL for Robust 

Grid Synchronization 

This chapter proposes several modifications to the DSOGI-PLL to improve its phase and 

frequency tracking performance under transient conditions. The chapter presents an 

overview of the PLL algorithm, followed by a detailed discussion of the control structure 

of the SRF-PLL and its parameter tuning mechanisms. Subsequently, the DSOGI-PLL is 

introduced, along with its parameters. Then, the proposed modifications to the DSOGI-

PLL are explained in detail. The chapter concludes with a basic validation of the PLL 

model, focusing on its dynamic performance using synthetic input signals under various 

transient scenarios. 

4.1  Overview of the PLL Algorithm 

The PLL is a nonlinear device (or mathematical process) that synchronizes the phase and 

frequency of an output signal to a reference signal. It operates based on the principle of 

feedback control, continuously adjusting the output phase to minimize the phase difference 

between the input and output signals. A typical PLL consists of three main components, 

which are the Phase Detector (PD), the Loop Filter (LF), and the Voltage Controlled 

Oscillator (VCO), as illustrated in  Figure 4.1[42], [57] .   
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Figure 4.1Block diagram of PLL 

 

• Phase Detector (PD): The PD compares the input signal 
𝑟𝑒𝑓

 and the output signal 


𝑜𝑢𝑡

of the PLL. It generates a phase error signal 
𝑒𝑟𝑟

 proportional to the phase 

difference . 

• Loop Filter (LF): The LF is responsible for filtering out high-frequency 

components (ac components) present in the phase error signal
𝑒𝑟𝑟

. By doing so, it 

produces a corresponding dc control signal, which is then fed into the VCO. The 

LF may also incorporate a Proportional-Integral (PI) controller to reduce steady-

state phase angle errors, ensuring precise phase tracking of the input voltage 

• Voltage Controlled Oscillator (VCO): Adjusts the output frequency and phase 

based on the control signal from the loop filter 

The main distinction among different types of PLLs lies in the implementation of the 

PD block. Variations in the PD design influence the overall system's performance and 

its ability to handle specific application requirements [57]. 
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4.2 SRF-PLL 

4.2.1 Overview of SRF-PLL 

The SRF-PLL is a widely used control system designed to achieve phase and frequency 

synchronization of input signals, particularly in three-phase electrical systems. Figure 4.2 

shows the basic structure of the SRF-PLL.  

 

Figure 4.2 SRF-PLL 

Here : 

• 𝜃 is the estimated phase angle. 

• 𝜔̂  is the estimated frequency. 

• 𝜔𝑛  is the nominal frequency. 

In this PLL, the transformation of the three-phase input voltages to the d-q synchronous 

reference frame is achieved through a combination of Clark and Park transformations. 
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Through the application of a feedback loop, the angular position of the d-q reference frame 

is regulated. 

In the SRF-PLL, the proportional–integral (PI) controller plays a central role in regulating 

the estimated angular frequency and phase of the system. After the three-phase voltages 

are transformed into the synchronous 𝑑–𝑞 reference frame, the arctangent of 𝑣𝑞⁄𝑣𝑑 is used 

as the phase error signal. Under ideal synchronization conditions, this is driven to zero 

when the estimated phase angle 𝜃 is aligned with the actual grid voltage vector. 

The PI controller processes this error and generates a frequency correction term that adjusts 

the estimated frequency 𝜔̂. The proportional term provides a fast dynamic response to 

phase and frequency deviations, while the integral term eliminates steady-state phase error 

by accumulating the error over time. The output of the PI controller is added to the nominal 

frequency 𝜔𝑛to form the estimated frequency 𝜔̂, which is then integrated to obtain the 

estimated phase angle 𝜃. Through this feedback mechanism, the PI controller forces the 

synchronous reference frame to lock onto the grid voltage, achieving stable phase and 

frequency synchronization. 

Most of the SRF-PLLs used in control systems directly feed 𝑣𝑞 to the PI controller. 

However, this direct approach introduces nonlinearity to the PLL, potentially resulting in 

slower responses and system instability under specific conditions. Furthermore, the 

magnitude of the voltage contributes to the PLL bandwidth, leading to dynamic changes in 

bandwidth as the voltage magnitude varies. Taking arctangent of 𝑣𝑞⁄𝑣𝑑 can make the PLL 

linear and the PLL can have a constant BW irrespective of the magnitude of the voltage 

[84]. 
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4.2.2 Small Signal Model of SRF-PLL 

The three-phase input voltages 𝑉𝑎𝑏𝑐 of the PLL are assumed to be unbalanced and 

harmonically distorted, as expressed in (4.1). 

Where;  

• h: Harmonic order (1 represents the fundamental frequency, while h>1 represents 

higher-order harmonics). 

• 𝜔: Angular frequency of the fundamental component. 

• 𝑉ℎ+and 𝜑ℎ+:Amplitude and phase angle of the positive-sequence component for 

the hth harmonic. 

• 𝑉ℎ−and 𝜑ℎ−: Amplitude and phase angle of the negative-sequence component for 

the hth harmonic. 

The Park transformation can be seen as a composite transformation, where the Clarke 

transformation is followed by axes rotation as illustrated in Figure 4.3 [85]. 

𝑉𝑎(𝑡) = ∑[𝑉ℎ+ cos(ℎ𝜔𝑡 + 𝜑ℎ+) +

∞

1

𝑉ℎ− cos(ℎ𝜔𝑡 + 𝜑ℎ−)] 

𝑉𝑏(𝑡) = ∑[𝑉ℎ+ cos (ℎ𝜔𝑡 + 𝜑ℎ+ −
2𝜋

3
) +

∞

1

𝑉ℎ− cos (ℎ𝜔𝑡 + 𝜑ℎ− +
2𝜋

3
)] 

𝑉𝑐(𝑡) = ∑[𝑉ℎ+ cos (ℎ𝜔𝑡 + 𝜑ℎ+ +
2𝜋

3
) +

∞

1

𝑉ℎ− cos (ℎ𝜔𝑡 + 𝜑ℎ− −
2𝜋

3
)] 

 

(4.1) 
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Figure 4.3 abc-αβ- dq transformation 

Applying abc-αβ-dq Transformation to (4.1 will give Vd, Vq parameters as expressed in 

(4.2). 

After simplifying the above equation, d-q components for positive and negative sequences 

can be derived as in (4.3): 

Under a quasi-locked condition (i.e., ω = 𝜔̂, and 𝜑1+ ≈ 𝜑1+̂ ), the PLL achieves alignment 

such that θ = 𝜃 resulting in a zero-phase error. This indicates that U and Ud are in phase 

 [
𝑉𝑑
𝑉𝑞
𝑉𝑜

]=[
𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃 0
−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠 𝜃 0

0 0 1

]
2

3
 

[
 
 
 
 1 −

1

2
−

1

2

0
√3

2
−

√3

2
1

√2

1

√2

1

√2 ]
 
 
 
 

[
𝑉𝑎
𝑉𝑏
𝑉𝑐

] where 𝜃=𝜔̂𝑡+ 𝜑1+̂  

(4.2) 

[
𝑉𝑑+

𝑉𝑞+]=[
∑ [𝑉𝑑ℎ+]∞

1

∑ [𝑉𝑞ℎ+∞
1 ]

] =[
∑ [𝑉ℎ+ cos ((ℎ𝜔 − ω̂)𝑡 + 𝜑ℎ+ − 𝜑1+̂)]∞

1

∑ [𝑉ℎ+ sin ((ℎ𝜔 − ω̂)𝑡 + 𝜑ℎ+ − 𝜑1+̂)]∞
1

];  

[
𝑉𝑑−

𝑉𝑞−]=[
∑ [𝑉𝑑ℎ−]∞

1

∑ [𝑉𝑞ℎ−∞
1 ]

] =[
∑ [𝑉ℎ− cos ((ℎ𝜔 + ω̂)𝑡 + 𝜑ℎ− + 𝜑1+̂)]∞

1

−∑ [𝑉ℎ− sin ((ℎ𝜔 + ω̂)𝑡 + 𝜑ℎ− + 𝜑1+̂)]∞
1

]   

(4.3) 
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and Uq become zero. As illustrated in Figure 4.3, when Uq > 0, U leads Ud, when Uq < 0, 

U lags Ud therefore, the phase error can be detected by using abc−αβ−dq transformation. 

According to (4.3) and (4.4) fundamental negative-sequence component along with the 

harmonic components of the input voltage, appear as a disturbance input to the PLL 

linearized.  Figure 4.4 shows the small signal model of the SRF-PLL. For the stability 

analysis of the PLL the disturbance terms can be neglected. This allows to take the error of 

the angle ( 𝜑1+ − 𝜑1+̂)  by taking, tan−1 𝑉𝑞

𝑉𝑑
  . 

 

Figure 4.4 Small signal model of SRF- PLL 

When designing the PLL, selecting appropriate proportional (Kp) and integral (Ki) gains is 

critical for ensuring stability and optimal performance. A stable system requires positive 

gain and phase margins, with a commonly recommended phase margin above 45∘, as 

illustrated in Figure 4.5 [86]. 

[
𝑉𝑑
𝑉𝑞

] ≈ [
𝑉𝑑̅̅̅̅

𝑉𝑞̅̅̅̅ ] +[
𝑉𝑑̃
𝑉𝑞̃

]=[
𝑉ℎ+ cos(𝜑1+ − 𝜑1+̂)

𝑉ℎ+ sin(𝜑1+ − 𝜑1+̂)
] +[

∑ [𝑉𝑑ℎ+]∞
2

∑ [𝑉𝑞ℎ+]∞
2

] + [
∑ [𝑉𝑑ℎ−]∞

1

∑ [𝑉𝑞ℎ−]∞
1

]  ;  

Where,  𝑉𝑑̅̅̅̅  and  𝑉𝑞̅̅̅̅  are dc terms and 𝑉𝑑̃ and 𝑉𝑞̃ are disturbance terms. 

(4.4) 
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wc
wc

 

Figure 4.5 Stability criterions 

 

Moreover, transient response of the system depends on the cross over frequency (ωc) and 

achieving a faster transient response is often associated with a higher ωc. Disturbance 

rejection capability is vital for a control system to attenuate external disturbances, ensuring 

stability and performance despite external influences. So, there is always trade off when 

choosing the ωc. For SRF-PLL, ωc  is typically chosen as 0.2 times the nominal frequency 

(ωn) , achieving approximately -20 dB attenuation at 2ωn , which is crucial for managing 

the second-order harmonics present in the disturbance terms. Additionally, a damping ratio 

(ζ) closes to 0.707 is preferred for minimizing overshoot, reducing settling time, and 

mitigating oscillations. Achieving the right balance in these design parameters is crucial 

for ensuring stable and optimal performance of the PLL. 
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The open loop and closed loop transfer functions of the SRF-PLL are given in (4.5) and 

(4.6). 

From (4.6) , the characteristic equation of the system can be obtain as s2 + Kps + Ki=0, 

which  can be compared to the standard form of the second order equation s2 + 2ξωnats +

ωnat
2 = 0, where ωnat is the natural frequency of the system and ξ is the damping ratio of 

the system. In order to achieve the previously mentioned desirable crossover frequency and 

damping ratio values, the required Kp and Ki parameters can be calculated as follows: 

• ωc of the system should be selected less than  0.2 times the nominal frequency 

(ωn) 𝑠uch that it will attenuate the second order disturnabnces by -20dB. For a 60 

Hz system, where ωn=377 rads-1, ωc can be selected as 75.39 rads-1. 

Substituting ξ = 0.707  and ωc= 75.39 rads-1 on (4.7) and (4.8). Kp and Ki can be calculated 

and the phase margin also can be determined as follows. 

GolSRF =
Kps + Ki

s2
 

(4.5) 

GclSRF =
Kps + Ki

s2 + Kps + Ki
 

(4.6) 

Kp = 2*ξ ∗ ωnat ; Ki = ωnat
2 (4.7) 

At ωc , the magnitude condition |GolSRF| = 1 leads to : 

√ωc
2. Kp

2 + Ki
2

ωc
2

= 1 

 

(4.8) 

Kp =    68 ; Ki = 2330 ;  PM = tan−1 ωc

Ki/Kp 
= 65o    (4.9) 
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Figure 4.6 shows the Bode plot of SRF-PLL considering all these design criteria.  

 

Figure 4.6 Bode plot of SRF-PLL 

While the small-signal model of the SRF-PLL considers unbalanced and harmonically 

distorted input voltages, the stability analysis and controller design typically assume a 

quasi-locked condition where the input is balanced and predominantly sinusoidal. Under 

such assumptions, disturbance terms (e.g., harmonics and negative-sequence components) 

are neglected to simplify the analysis. However, in practical scenarios, the presence of 

unbalanced conditions, DC offsets, or harmonic distortions can introduce significant errors 

in the estimated phase and frequency, thereby degrading PLL performance. These 

limitations highlight the need for more robust PLL architectures capable of maintaining 

accuracy under non-ideal grid conditions. 
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4.3 Advancements on PLLs 

To enhance the performance of the control system and address specific challenges, several 

advanced techniques can be employed. Many PLLs have been introduced in literature to 

overcome these challenges and out of them DSOGI-PLL takes a significant place due to 

its advantages over the other PLLS[19], [57]. The DSOGI-PLL is specifically designed to 

track the phase of the positive sequence voltage, offering noise immunity and enhanced 

harmonic rejection. These features make it particularly well-suited for operation under non-

ideal grid conditions. The next section will discuss the DSOGI-PLL and perform its 

stability analysis. 

4.3.1 DSOGI-PLL 

4.3.1.1 Overview of DSOGI-PLL 

The DSOGI-PLL is a sophisticated phase-locked loop with three main components: 

1. Second-Order Generalized Integrator (SOGI): Two SOGI blocks are employed 

in the pre-filtering stage to process vα and vβ signals. 

2. Positive Sequence Calculator (PSC): Extracts the FFPS components. 

3. SRF-PLL: A conventional PLL used to determine the grid frequency and phase. 

Structures of the DSOGI-PLL and SOGI block are shown in Figure 4.7 and Figure 4.8 

respectively. In the configuration shown in Figure 4.7, two SOGIs are utilized to filter vα 

and vβ signals in the pre-filtering stage. Additionally, the SOGIs function as a Quadrature 

Signal Generator (QSG), producing quadrature filtered versions of vα and vβ signals which 

are qv`α and qv`β [87]. 
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Figure 4.7   DSOGI-PLL 

 

Figure 4.8 QSG-SOGI block 

 

The signals from the QSG- SOGI blocks are processed through the PSC to reveal the FFPS 

components. Finally, these components are fed into the SRF-PLL to extract the grid 

frequency and phase. The detected grid frequency 𝜔̂ can be fed back to the QSG-SOGI 

blocks to ensure the DSOGI-PLL remains frequency adaptive [57][87].  

The QSG-SOGI block is crucial for harmonic rejection, noise filtering, and producing 

quadrature signals. Its transfer functions are given in (4.10): 

 

𝐺𝑑(s) =
𝑘.𝜔1. 𝑠

𝑠2 + 𝑘.𝜔1. 𝑠 + 𝜔1
2
  

𝐺𝑞(s) =
𝑘. 𝜔1

2

𝑠2 + 𝑘.𝜔1. 𝑠 + 𝜔1
2
 

(4.10) 
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 Where: 

• 𝜔1: Estimated frequency. 

• k: Gain factor of the QSG-SOGI block 

Both transfer functions share the same second-order denominator, which represents a 

resonant system tuned at the estimated angular frequency 𝜔1. The numerator of 𝐺𝑑(𝑠) 

contains the term 𝑠, which introduces a 90° phase lead around the resonant frequency. As 

a result, the output of 𝐺𝑑(𝑠) produces the in-phase (direct) component of the fundamental 

signal. 

In contrast, the numerator of 𝐺𝑞(𝑠) does not contain the term 𝑠 and therefore does not 

introduce the same phase shift. Due to the common denominator, the output of 𝐺𝑞(𝑠) lags 

the output of 𝐺𝑑(𝑠) by approximately 90° at 𝜔1. This phase relationship can be verified by 

evaluating the frequency response at 𝑠 = 𝑗𝜔1, where the magnitudes of both transfer 

functions become equal while their phase difference approaches 90°. 

Consequently, when both transfer functions are excited by the same input, the QSG-SOGI 

generates two signals with equal magnitude and a quadrature phase relationship. This 

orthogonal signal pair forms the basis for quadrature signal generation and is used for 

reference frame transformations and phase estimation. 

According to [88], the optimal value of gain factor of the QSG-SOGI block of the DSOGI-

PLL, k, is 1.414; this value results in favorable settling time, overshoot and harmonic 

rejection capabilities, and leads to a damping factor of 0.7 in SOGI blocks. Therefore, this 

value is used in the proposed DSOGI -PLL. 
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The DSOGI-PLL combines band-pass and low-pass filtering capabilities to extract the 

fundamental frequency. Filter bandwidth is exclusively determined by the gain value and 

independent of frequency estimation. At the center frequency as shown in  Figure 4.9, the 

gain of both direct (Gd(s)) and quadrature (Gq(s)) is unitary, while the phase of Gq(s) is 

lagging 90o. Independent of the input signal frequency, the output qv’ always lags 90o from 

v’. Therefore, when the frequency of the input signal deviates from the center frequency, 

the filter output signal differs only in magnitude. 

 

Figure 4.9 Bode plots of Gd and Gq 

This section describes how the QSG-SOGI blocks, in conjunction with the Positive 

Sequence Calculator (PSC), extract the positive sequence components from the three-phase 

voltage signals. The following provides the mathematical process and justification for 

extracting the positive sequence. First consider the transformation of three-phase voltage 

(𝑣𝑎𝑏𝑐  ) into positive (𝑣𝑎𝑏𝑐
+ ) and negative (𝑣𝑎𝑏𝑐

− ) sequences: 
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For the αβ -frame, the positive sequence (𝑣𝛼𝛽
+ ) is derived as: 

 After simplifying [𝑇𝛼𝛽][𝑇𝑝][𝑇𝛼𝛽 ]
𝑇
 in  (4.12), the positive sequence  values as facilitated 

by the SOGI and PSC, are expressed as in (4.13): 

4.3.1.2 Small signal model of DSOGI-PLL 

Even though the DSOGI-PLL has a complex structure, it can be represented using the small 

signal model shown in Figure 4.10, as has been proposed in [57]. 

 

Figure 4.10 Small signal model of DSOGI-PLL 

𝑣𝑎𝑏𝑐
+ = [𝑇𝑝]𝑣𝑎𝑏𝑐  𝑎𝑛𝑑 𝑣𝑎𝑏𝑐

− = [𝑇𝑛]𝑣𝑎𝑏𝑐   

𝑤ℎ𝑒𝑟𝑒: 

  [𝑇𝑝] =
1

3
[
1 𝑎 𝑎2

𝑎2 1 𝑎
𝑎 𝑎2 1

 ] , [𝑇𝑛] =
1

3
[

1 𝑎2 𝑎
𝑎 1 𝑎2

𝑎2 𝑎 1

 ] , 𝑎 = 𝑒
𝑗2𝜋
3  

 

(4.11) 

𝑣𝛼𝛽
+ = [𝑇𝛼𝛽]𝑣𝑎𝑏𝑐

+ = [𝑇𝛼𝛽][𝑇𝑝]𝑣𝑎𝑏𝑐 = [𝑇𝛼𝛽][𝑇𝑝][𝑇𝛼𝛽 ]
𝑇
𝑣𝛼𝛽 

𝑤ℎ𝑒𝑟𝑒 ∶ 

 [𝑇𝛼𝛽] =
2

3
[

1 −
1

2
−

1

2

0
√3

2

√3

2

 ]  

 

(4.12) 

𝑣𝛼𝛽
+ =

1 

2
[
1 −𝑞
𝑞 1

 ] 𝑣𝛼𝛽  , 𝑞 = 𝑒−
𝑗𝜋
2   

(4.13) 
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Here 𝜔𝑝 =
𝑘𝜔 ̂

2
 and Kp , Ki are the paramters of the PI controller. Based on the model, the 

open loop and closed loop transfer functions of the DSOGI-PLL can be obtained as in 

(4.14) and (4.15) [57], [89]. 

Characteristic equation of the DSOGI-PLL can be equated to the standard factorized form 

for an underdamped system as:  

 

Same design criteria as for the SRF-PLL should be considered here to design the DSOGI-

PLL. Cut off frequency was selected same as the SRF-PLL which is ωc =75.39 rads-1 for a 

60 Hz System. According to the definition of the ωc and the PM, by substituting s = jωc 

into 𝐺𝑜𝑙𝑆𝑅𝐹: 

|𝐺𝑜𝑙𝑆𝑅𝐹(jωc)| = 1  

Gol−DSOGI =
Kps + Ki

s2
.

ωp

ωp + s
  

(4.14) 

Gcl−DSOGI =
(Kps + Ki). ωp

s3 + ωps2 + ωpKps + Kiωp
 

(4.15) 

s3 + ωps
2 + ωpKps + Kiωp = (s + A)(s2 + 2ξωnats + ωnat

2) (4.16) 

By equating the corresponding parameters: 

𝜔𝑝 = (2𝜉ωnat + 𝐴); (ωnat
2 + 2𝜉ωnat𝐴) = 𝜔𝑝𝐾𝑝;  𝐴ωnat

2 = 𝐾𝑖𝜔𝑝 

 

(4.17) 
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To satisfy all the design criteria, Kp = 70; Ki = 2416 were selected. The resulting phase 

margin (PM) is calculated as: 

Figure 4.11 shows the Bode plot of DSOGI-PLL considering all these design criteria.  

 

Figure 4.11 Bode plot of DSOGI-PLL with Kp = 70; Ki = 2416 

4.3.2 Modifications Proposed to Improve DSOGI-PLL  

To further improve the performance of DSOGI-PLL during the transient periods, it is 

modified by introducing a transient eliminator and an adaptive bandwidth mechanism. 

Transient eliminator is used to detect transient in the grid and to freeze the frequency for 

short period of time until the system becomes stable. This frequency is used in the 

controller of the DSOGI -PLL.  

The adaptive bandwidth mechanism allows the PLL to dynamically adjust its response, 

achieving faster phase tracking, particularly during transients. This feature significantly 

PM=tan−1 ωc

𝐾𝑖/𝐾𝑝 
 −  tan−1 ωc

𝜔𝑝 
= 49.8𝑜 (4.18) 
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aids in the synchronization of the control system under rapidly changing grid conditions, 

improving overall system robustness and stability. By minimizing phase errors and 

expediting the synchronization process of PLLs, it is expected that the stability and 

resilience of power systems in the face of transient conditions arising from various 

disturbances can be significantly improved. Before delving into the proposed modifications 

4.3.2.1 Transient Eliminator 

 

Figure 4.12 Modified DSOGI-PLL 

The DSOGI-PLL relies on the frequency fed to its SOGI blocks for effective filtering. 

However, during transient events, fluctuations in the detected frequency can compromise 

its filtering capability. In response to this challenge, a transient eliminator which activates 

upon observing a sudden change in frequency is incorporated into the system. When a 

transient is identified by the transient eliminator, it temporary freezes the frequency at the 

value just before the inception of transient for a period of Tfz. This frozen frequency is then 

provided to the SOGI blocks. By doing so, the DSOGI-PLL mitigates the potential 

undesirable outcomes associated with transient events, ensuring a more stable and effective 

filtering process. This adaptive mechanism contributes to improve the robustness of the 

DSOGI-PLL, particularly in handling transient conditions, such as faults. Detection of the 
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transients can be achieved either by examining the voltage waveform or using the phase 

error which can be obtained from an intermediate stage of the DSOGI-PLL.  

1. Voltage Waveform-Based Transient Detection 

The voltage waveform-based method examines the three-phase instantaneous voltages 

(Vabc) to identify transient events. Each phase is monitored to determine if a deviation 

exceeds a predefined threshold (δ). If any phase voltage crosses this threshold, the transient 

is detected, and the system freezes the frequency for a predefined duration (Tx) to stabilize 

the operation. This algorithm is illustrated in  Figure 4.13 . To further minimize oscillations 

in frequency and prevent sudden changes during or after a transient event, ROCOF is 

limited to 8 Hz/s. In practical implementations, systems connected to inverter-based 

resources (IBR) typically restrict the maximum allowable ROCOF to around 4 Hz/s [90], 

[91]. 
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Start

Inputs

•  Frqt: Tracked frequency input.

• xx3: Array of three-phase voltage signals.

• nsc: Number of samples per cycle.

• Vmag: Base voltage magnitude.

Diff3=abs(Xsmpnew3(Nsmp)-Xold3(Nsmp))

 D=max(Diff3)

Normalize the  D by dividing by the base voltage.

 D= D/ Vmag

Initialize the parameters

Y

While 

running

Nsmp=1

Y

Nsmp<nsc

If transient is 

detected 

Y

Fre_afterTD=previous frequnecy

Adjust Frqt to limit the ROCOF to 

8HZ/s

N

previous frequnecy=Frqt

• Nsmp=Nsmp+1

• Xold3(Nsmp)=Xsmpnew3(Nsmp)

If Tdif >Tx 

Stop

Y

N

N If abs (previous 

frequency-Frqt)/

DTsmp>8Hz/s

Y

N

previous frequnecy=Adjusted Frqt

Tdif=Now Time-Previous time

Previous time=Now time

 

Figure 4.13 Transient detecting algorithm using voltage waveform 

2. Phase Error-Based Transient Detection 

Transient detection can also be achieved using the phase error obtained from any PLL as 

shown in Figure 4.1. The phase error, which represents the difference between the input 

and output phase of the PLL, can indicate transients if it exceeds a threshold. This method 

is tightly integrated with the PLL and offers a simpler implementation. 
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Both methods, voltage waveform-based and phase error-based, are implemented and used 

into the advanced PLL to enhance transient detection and system stability. The voltage 

waveform-based approach is preferred for frequency freezing, particularly in systems 

exposed to long-term harmonic distortion. Under such conditions, the phase error may fail 

to converge to zero. As a result, the transient eliminator may be triggered repeatedly, even 

in the absence of actual transients. This repeated activation can lead to system instability 

and false transient detections, undermining the reliability of the PLL. 

Conversely, the phase error-based method is suitable for adaptive bandwidth enhancement, 

as the threshold used in this context can tolerate phase errors introduced by harmonics. 

However, for frequency freezing, precise transient detection is critical, making the voltage 

waveform-based method more reliable due to its resilience against harmonic interference. 

4.3.2.2 Adaptive Bandwidth Mechanism 

The Adaptive Bandwidth scheme is activated when the phase error greater than a threshold 

value, ,  is detected as illustrated in Figure 4.14. Upon detecting such deviations, the 

bandwidth is rapidly increased, allowing the PLL to respond swiftly to transient events and 

enhancing its capacity to track and synchronize with grid phase changes promptly. This 

dynamic adjustment supports system stability during crucial moments, such as fault 

conditions or sudden grid fluctuations. As conditions normalize, the bandwidth is gradually 

reduced, preventing overshooting, and minimizing the introduction of unnecessary phase 

errors during the transition back to steady-state operation. This is achieved by linearly 

changing the control gains to original values with time, offering an effective means of 
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enhancing PLL performance in dynamic power system environments by providing a 

balance between precision and adaptability.  

Steady State 

Kp, Ki 

normal values

Transient State  

Kp, Ki 

adaptive values

err  

err  

 

Figure 4.14 Adaptive bandwidth mechanism 

 

When increasing the bandwidth, it is important to ensure that the system remains 

underdamped to avoid slow responses. According to previous research it is desirable to 

have 0.7 as the damping ratio of the system to have favorable operation [87]. Therefore, by 

considering the open loop transfer function described in (4.19), it is possible to derive the 

characteristic equation of the system as:  

If the system considered as an underdamped system, equation in (4.19) can be factorized 

as shown in (4.20) and (4.21), where A is a constant and 𝜔𝑛𝑎𝑡 is the natural frequency and 

𝜉 is the damping coefficient.  

Using these equations, appropriate 𝐾𝑝and 𝐾𝑖 values can be determined by following the 

procedure illustrated in Figure 4.15. 

𝑠3 + 𝜔𝑝 ∙ 𝑠2 + 𝐾𝑝 ∙ 𝜔𝑝 ∙  𝑠 + 𝐾𝑖 ∙ 𝜔𝑝 = 0 (4.19) 

(𝑠 + 𝐴)(𝑠2 + 2𝜉𝜔𝑛𝑎𝑡𝑠 + 𝜔𝑛𝑎𝑡
2) = 0 (4.20) 

𝑠3 + (2𝜉𝜔𝑛𝑎𝑡 + 𝐴)𝑠2 + (𝜔𝑛𝑎𝑡
2 + 2𝜉𝜔𝑛𝑎𝑡𝐴)𝑠 + 𝐴𝜔𝑛𝑎𝑡

2 = 0 (4.21) 
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Figure 4.15 Adaptive bandwidth gain calculating mechanism. 
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Table 4.1 presents the identified parameters for different bandwidth (BW) enhancements. 

Increasing BW improves the system’s responsiveness (ωc) by enabling faster transient 

response. However, this improvement introduces trade-offs, particularly a reduction in 

phase margin (PM), which affects stability. Notably, as BW enhancement exceeds 5 times, 

the phase margin becomes critically low, jeopardizing system stability. A BW 

enhancement below 5 times strikes a balance between achieving a faster transient response 

and maintaining sufficient phase margin, ensuring both stability and improved dynamic 

performance. 

Table 4.1 Parameters identified for different Bandwidths. 

BW 

multiplier 

ωc Kp Ki   PM 

2 150.78 135.19 1915.33 0.70 55.13 

3 226.17 295.07 1511.48 0.56 48.50 

3.5 263.87 368.07 1920.65 0.55 44.50 

4 301.56 450.83 1078.73 0.53 40.59 

5 376.95 639.59 3776.47 0.31 45.02 

7 527.73 586.43 4144.80 0.33 26.03 
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4.4 Implementation of the proposed PLL model in PSCAD/ 

EMTDC simulation software 

The proposed advanced PLL model is implemented within the PSCAD/EMTDC 

simulation environment. It builds upon the standard built-in PLL model provided by 

PSCAD/EMTDC by integrating additional advanced functionalities. As illustrated in 

Figure 4.16 , the user interface of this PLL model allows operation in two modes: the 

standard SRF - PLL mode and an enhanced mode with adaptive features. By default, the 

model functions as a conventional SRF-PLL unless the advanced features are explicitly 

enabled. One of the key configurations is automatic estimation of PI controller parameters 

to ensure stable system performance. Alternatively, users may manually input their 

preferred PI gains to suit specific design requirements. 

 

Figure 4.16 User interface of the advanced PLL 
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Figure 4.17 represents the configuration interfaces for the advanced features. These 

include: 

• Adaptive Bandwidth: Users can select from predefined BW enhancements (i.e., 2-

times, 3-times, or 4-times) and specify the desired phase margin. 

• Transient Eliminator: Users can define the duration for which the PLL output 

frequency is frozen during detected transients, as well as set the sampling rate in 

terms of samples per cycle. 

These configurable features provide flexibility to identify optimal parameter settings for 

improved robustness and dynamic performance of the PLL under varying grid conditions 

Figure 4.17 Advanced feature tabs: (a) Adaptive Bandwidth (b) Transient Eliminator  

4.5 Testing Using Synthetic Signals 

Power systems often experience transients, such as faults, which induce magnitudes 

changes, phase jumps, and frequency deviations in the voltage waveforms.  However, the 

(a) (b) 
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extents of these changes are system dependent and cannot be precisely controlled. 

Therefore, the use of synthetic signals with controlled variations in magnitude, phase, and 

frequency mimicking these scenarios is the first approach used for testing the proposed 

advanced PLL.   

A synthetic waveform generator was implemented using PSCAD/EMTDC master library 

components to allow for individual control of voltage magnitude, phase, and frequency for 

each phase. Additionally, the generator can introduce harmonics into the three-phase 

waveforms. 

4.5.1 Comparison of Conventional SRF PLL and DSOGI-PLL  

This section evaluates the performance of the SRF-PLL and the DSOGI-PLL under 

dynamic and transient conditions. The analysis considers both balanced and unbalanced 

scenarios, along with various transient events, to highlight differences in robustness and 

tracking accuracy. 

4.5.1.1 Performance Under Balanced Conditions. 

Figure 4.18 illustrates the behaviour of SRF-PLL and the DSOGI-PLL under balanced 

transient conditions. 
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Figure 4.18 Performance of SRF-PLL and DSOGI-PLL under balanced conditions 

 

The transient response of the PLLs is tested  under two scenarios: a frequency step-change 

(Case 1) and a 90-degree phase jump (Case 2). In these cases, both SRF-PLL and DSOGI-

PLL exhibit comparable phase and frequency tracking characteristics, maintaining stable 

performance. Under ideal conditions, with no harmonics or unbalanced elements in the 

system, both SRF-PLL and DSOGI-PLL perform similarly. Their outputs are comparable, 

demonstrating effective phase and frequency tracking with no significant differences. The 

bandwidth and proportional-integral (Kp, Ki) values for both PLLs are calculated as per 

Section 4.2.2 and 4.3.1.2, ensuring a fair comparison. 
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4.5.1.2 Performance Under Harmonics and Unbalanced Conditions 

When subjected to unbalanced and harmonic-rich environments, the DSOGI-PLL 

outperforms the SRF-PLL in robustness and stability. Figure 4.19 illustrates their behavior 

under four specific test cases:  

• Case 1: Magnitude of Phase C is reduced to 0.5 pu at 1.0 seconds. 

• Case 2: Harmonics are injected into the system at 1.0 seconds. 

• Case 3: A 90-degree phase jump is introduced to Phase C, to the harmonic-injected 

system. 

• Case 4: A frequency ramp of 4 Hz/s is applied at 8.0 seconds to the harmonic-

injected system. 
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Figure 4.19 Comparison of SRF -PLL with conventional DSOGI-PLL for Cases 1 to 4 

 

In Case 1 and Case 3, where transients such as magnitude reduction and a 90-degree phase 

jump are introduced, the SRF-PLL exhibits oscillatory frequency and noticeable phase 

error, while the DSOGI-PLL shows a slight overshoot in both phase error and frequency 

immediately after the disturbance but settles quickly to steady-state. In Cases 2 and 4, 

where harmonics are injected along with additional transients, the SRF-PLL displays 

significant noise in its frequency output and high phase error throughout, whereas the 



 

106 

 

DSOGI-PLL maintains smooth frequency tracking and lower phase error, with only very 

low-magnitude oscillations compared to the SRF-PLL. In all these scenarios, the DSOGI-

PLL demonstrates consistent tracking performance, effectively handling transient events 

without significant degradation in output quality. 

4.5.2 Comparison of Conventional DSOGI-PLL and Proposed Adaptive 

DSOGI-PLL  

This section presents a detailed evaluation of the conventional DSOGI-PLL and the 

proposed adaptive DSOGI-PLL under various dynamic and transient scenarios. The 

proposed modifications, which include the use of an adaptive bandwidth mechanism and a 

transient eliminator, are assessed for their ability to enhance system robustness and 

accuracy. The scenarios include harmonic injections, three-phase and unbalanced phase 

jumps, voltage magnitude changes, and frequency ramps. In this work, the bandwidth is 

increased by 5 times during a transient compared to normal operation, with ε set at 0.08 

rad, and Tx is defined as 0.3s. 

4.5.2.1 Performance Under Harmonic Injection 

Figure 4.20  illustrates the response of the DSOGI-PLL systems to a harmonic injection at 

2.0 seconds, where 3rd, 5th, and 7th harmonics create a total harmonic distortion (THD) of 

30%. The high harmonic content causes the phase error to exceed the threshold, activating 

the adaptive bandwidth mechanism and transient eliminator in the proposed DSOGI-PLL. 

Once the phase error falls below the threshold, the adaptive bandwidth returns to its normal 

bandwidth. During the active period of adaptive bandwidth, the frequency exhibits high-

magnitude oscillations; however, as the system transitions back to normal bandwidth, both 
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configurations—with and without adaptive bandwidth—show similar oscillation 

magnitudes. Although the frequency oscillations increase when harmonics are introduced, 

this effect can be effectively mitigated by using the transient eliminator, which freezes the 

frequency  

 

Figure 4.20 Comparison of proposed DSOGI-PLL with conventional DSOGI-PLL applying harmonic at 

2.0s 

Quantitative performance during harmonic injection is summarized in Table 4.2. This 

reveals that the proposed DSOGI-PLL achieves lower RMSE values for both phase error 

(0.027 rad) and frequency (0.001 Hz) compared to the conventional DSOGI-PLL (0.032 

rad and 0.350 Hz, respectively). These results underscore the proposed PLL's effectiveness 

in mitigating oscillations and maintaining stability under high harmonic distortions. 
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Table 4.2 RMSE values for harmonic injection from 2.05s – 2.15s 

 

4.5.2.2 Response to Frequency Ramp 

Typically, the power system with a high penetration of renewable energy resources usually 

experiences a higher ROCOF, which typically doesn’t exceed 4Hz/s [90], [91]. To 

demonstrate worst-case scenarios, a frequency ramp of 7Hz/s was used to show that the 

system can correctly detect the frequency with the proposed modifications. Figure 4.21 

illustrates the behavior of the conventional DSOGI-PLL and the proposed DSOGI-PLL 

under a frequency ramp starting at 2.0 seconds. This scenario demonstrates the proposed 

adaptive DSOGI-PLL’s ability to accurately track frequency without activating the 

transient eliminator. The results show that both conventional and proposed adaptive 

DSOGI-PLLs respond very similarly, and the proposed enhancements do not compromise 

the system’s steady state performance.  

 Normal DSOGI-PLL Proposed DSOGI-PLL 

Phase Error (rad) 0.032 0.027 

Frequency (Hz) 0.350 0.001 
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Figure 4.21 Comparison of proposed DSOGI-PLL with conventional DSOGI-PLL under a frequency ramp 

starting at 2.0s 

 

4.5.2.3 Performance Under Voltage Magnitude Changes 

  Figure 4.22  highlights the response to a voltage magnitude change from 22 kV to 66 kV 

at 3.0 seconds. This transient activates both the adaptive bandwidth mechanism and the 

transient eliminator, allowing for fast phase tracking and reduced phase error overshoot. 

The proposed DSOGI-PLL achieves a settling time of 0.015 seconds and an overshoot of 

0.08 rad, significantly outperforming the conventional system, which has a settling time of 

0.04 seconds and an overshoot of 0.15 rad. These results emphasize the improved dynamic 

response of the proposed PLL. 
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  Figure 4.22 Comparison of proposed DSOGI-PLL with conventional DSOGI-PLL applying a voltage 

magnitude change at 3.0s 

 

4.5.2.4 Phase Jump Scenarios 

Figure 4.23 and Figure 4.24 compare the performance of the proposed method with the 

conventional method under specific conditions. Figure 4.23 illustrates an unbalanced phase 

jump of 90° in phase A, while Figure 4.24 demonstrates a balanced phase jump. In both 

cases, the phase jump occurs at 2.0 seconds and returns to the normal position around 2.2 

seconds.  
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Figure 4.23 Comparison of proposed DSOGI-PLL with conventional DSOGI-PLL applying an unbalanced 

phase jump change at 2.0s 

 

Figure 4.24 Comparison of proposed DSOGI-PLL with conventional DSOGI-PLL applying a balanced 

phase jump at 2.0s 
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These transients activate both the adaptive bandwidth and transient eliminator in the 

proposed DSOGI-PLL. Table 4.3 provides a quantitative comparison of the settling time 

and overshoot for balanced and unbalanced phase jumps. 

Table 4.3 Comparison of the Proposed DSOGI-PLL for Different Phase Jumps 

 

The proposed adaptive DSOGI-PLL significantly reduces the settling time and overshoot, 

demonstrating enhanced robustness and stability during phase jump scenarios. While the 

use of adaptive bandwidth can introduce frequency oscillations, these are effectively 

mitigated by the transient eliminator. The transient eliminator enhances the overall 

precision and stability of the PLL by addressing potential adverse effects caused by 

increased bandwidth during transients. 

Overall, the proposed adaptive DSOGI-PLL demonstrates robustness and accuracy under 

diverse transient conditions compared to the conventional DSOGI-PLL, particularly in 

phase detection and synchronization. The integration of the adaptive bandwidth 

mechanism and the transient eliminator allow the system to effectively handle challenging 

scenarios such as harmonic injections, phase jumps, and voltage magnitude changes. These 

modifications significantly enhance the PLL's performance by reducing settling times, 

 Normal DSOGI-PLL Proposed DSOGI-PLL 

Settling time 

(s) 

Overshoot 

(rad) 

Settling time (s) Overshoot 

(rad) 

Phase jump (unbalanced) 0.1 0.3 0.02 0.1 

Phase jump(balanced) 0.1 1.2 0.02 1 
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minimizing overshoots, and maintaining system stability even under dynamic operating 

condition. 

4.6 Summary 

This chapter introduces enhancements to the DSOGI-PLL for robust grid synchronization 

under dynamic conditions. It begins with an overview of the PLL and SRF-PLL, outlining 

their structures, limitations, and tuning methods. The DSOGI-PLL is presented as an 

advanced solution, featuring SOGI blocks and Positive Sequence Calculators for improved 

harmonic rejection and frequency adaptability. 

Key enhancements include: 

• Transient Eliminator: Freezes frequency during transients to stabilize filtering 

and avoid frequency fluctuations. 

• Adaptive Bandwidth: Dynamically adjusts bandwidth for faster phase tracking 

during disturbances and restores it to normal during steady state, ensuring stability 

and precision. 

The chapter also presents synthetic waveform comparisons under various transient 

scenarios such as phase jumps, harmonic injections, and frequency ramps. These 

simulations demonstrate the performance of the proposed DSOGI-PLL compared to 

conventional designs, highlighting improvements in accuracy, dynamic response, and 

overall robustness. 

 

  



 

114 

 

Chapter 5                                          

Performance Assessment of Improved 

Inverter Control Strategies  

5.1 Introduction 

This chapter details the testing of the proposed modifications to the DSOGI-PLL using 

three distinct approaches that include two test systems simulated in PSCAD/EMTDC. 

These tests evaluate the performance improvements in terms of the tracking accuracy and 

the quality of dynamic responses. The chapter explores the incorporation of power reserve 

control into a solar PV power plant and analyzes of its impact on the primary frequency 

response of the system. The chapter also includes a comprehensive discussion on the solar 

PV systems utilized in the study. 

5.2 Solar Plant Connected to a Grid 

This test demonstrates application of PLLs to implement a solar plant converter. The solar 

PV plant is connected to a voltage source behind an impedance, which is a simplified 

representation of a grid. The solar PV inverter uses decoupled control system, which relies 

on the PLL performance. This system facilitates evaluating the PLL performance under 

actual renewable energy integration conditions, considering intermittent solar power 

generation and grid interactions. 
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 Figure 5.1 illustrates the test system designed for analyzing a solar inverter under grid-

connected conditions. A single inverter rated at 0.25 MW is modeled in PSCAD/EMTDC, 

with its power output scaled using a dedicated PSCAD/EMTDC scaling component to meet 

the desired requirements. A 5 s simulation time step was used considering the PWM 

carrier frequencies of the converters. The voltage source, representing the grid, is 

configured to allow dynamic adjustments to magnitude, phase, and voltage, enabling the 

simulation of various grid conditions. Temporary faults are applied to one of the 

transmission lines to analyze the inverter’s response to disturbances, including stability and 

recovery. This scalable system effectively replicates real-world scenarios and evaluates 

inverter performance under diverse operational conditions. 
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Figure 5.1 PV power plant scaled using the scaling component 

 

5.2.1 Boost Converter Parameter and Control Design 

Given the varying terminal voltage of a PV panel due to environmental changes such as 

temperature or solar intensity, a boost converter is implemented to maintain a desired DC 

voltage. Figure 5.2 Boost Converter shows the schematic of the boost converter.  
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Figure 5.2 Boost Converter 

When designing a boost converter, it is crucial to ensure that the components are chosen to 

optimize performance and efficiency. The general rules for designing the input inductance 

and output capacitance are as follows: 

• In continuous mode operation, the ripple of the inductor current is generally 

maintained within 20% to 30% of its rated current. This practice helps in controlling 

the current magnitude and reducing switching losses. 

Rated current of the input inductance of a PV plant of 0.25 MW: 

Moreover, the ripple of the inductor current (Δ𝐼𝐿) can be calculated using (5.2). Where k is 

the ripple factor (0.2 to 0.3), 𝑓𝑆𝑤 is switching frequency and D is the duty cycle. 

ILrated
=

Prated

Vinrated 
=

0.25MW

0.839kV
= 0.308kA 

(5.1) 



 

118 

 

The relationship between the input voltage, output voltage, and duty cycle in a boost 

converter is given by (5.4): 

From this equation, the expressions for the maximum and minimum duty cycle can be 

derived so that the range of duty cycle can be determined as in (5.5). 

As seen from (5.2) the right-side expression has a largest value when D = 0.5. Therefore, 

To determine minimum and maximum Vin, a variation of temperature as ±20oC and 

irradiation level of ±300 Wm-2 can be considered. 

 

ΔIL =
VinD

fSwLin
=

VoutD(1 − D)

fSwLin
≤ k ILrated

 
(5.2) 

Lin ≥
Vout(1 − D)D

fSwk ILrated 
 

(5.3) 

Vout =
Vin

1 − D
    

(5.4) 

Dmax = 1 −
Vinmin 

Vout
  , Dmin = 1 −

Vinmax 

Vout
 

(5.5) 

                          if Dmin < 0.5 < Dmax         :  Lin ≥
Vout

4fSwk ILrated 
 

if Dmin < Dmax < 0.5         :  Lin ≥
Vout(1−Dmax)  Dmax

fSwk ILrated 
 

if 0.5 < Dmin < Dmax          :  Lin ≥
Vout(1−Dmin)  Dmin

fSwk ILrated 
 

(5.6) 
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Table 5.1 Summary of Lin calculation 

Parameter Value/Range 

PV System Parameters at STC (Rated parameters) 

Prated 0.25MW 

Irated 0.308kA 

Vrated  0.839kV 

 At T=45oC and  

G=700 Wm-2 

At T=5oC and  

G=1300 Wm-2 

Voltage range at Pmax 0.806kVx 0.8=0.6448 0.891 kV/0.8→1.113 

Current range at Pmax 0.218kA 0.384 kA 

Maximum power range 0.176MW 0.341MW 

Boost Converter Design 

Switching frequency 3kHz 

Duty cycle range Dmin=0.0725, Dmax=0.462, Drated=0.3 

Minimum Required Input 

Inductance (Lin) 

2.4mH 

Selected Lin 2.5mH 
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In renewable energy applications like PV systems, a properly sized output capacitor (DC-

bus capacitor) is essential for maintaining a stable DC voltage, smoothing out voltage 

fluctuations, and providing energy during transient conditions. The design of the output 

capacitor must consider the hold-up time, which is the period the capacitor can supply 

energy to the load when input power is temporarily unavailable. This is crucial in 

renewable energy systems with intermittent power supply. 

The required capacitance for the hold-up time can be calculated based on the energy needed 

during this period. The energy stored in a capacitor is given by: 

where 𝐶𝑜𝑢𝑡 the total dc-link capacitance, and Th is the hold-up time. Th is typically selected 

to be around one fundamental period. So Cout can be selected as 𝐶𝑜𝑢𝑡 ≥ 5875 𝜇𝐹    

There are several methods to implement control algorithms for extracting maximum power 

from a solar panel using a boost converter. A single controller or a dual controller can be 

used to regulate the boost converter [92]. In this solar plant, a dual control loop is 

implemented as illustrated Figure 5.3. The PV array voltage reference is provided by the 

MPPT component available in PSCAD/EMTDC with perturb and observe algorithm to 

track the maximum power output. To maintain MPP at PV panel terminals to harness the 

maximum power from the PV panels. 

 

1

2
. 𝐶𝑜𝑢𝑡. 𝑉𝑂𝑢𝑡

2 ≥
𝑃𝑜𝑟𝑎𝑡𝑒𝑑

𝜂
. 𝑇ℎ     

(5.7) 
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Figure 5.3 Dual controller for boost converter. 

 

5.2.2 Power Plant Controller 

When a PPC is integrated with a solar PV power plant, it typically provides a reference for 

the power output. The system operates based on the minimum of the PPC reference and 

the MPPT command. If power frequency control is incorporated into the power plant, the 

PPC reference adjusts according to the droop setting. Alternatively, frequency control can 

be added to the power order after the PPC. 

However, frequency control in solar plants has limitations. If the available power is less 

than the PPC's requested power, the system cannot fully address the grid's power frequency 

issue. Conversely, if the available power exceeds the requested power, the system can 

supply the requested power. The control algorithm used to implement power frequency 

control through the PPC is illustrated in Figure 5.4. 
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Figure 5.4 Active power reference calculation using PPC 

 

Power frequency control is realized through a droop curve, as shown in Figure 5.5. The 

key parameters for frequency-droop operation are outlined in  Table 5.2 [41]. 
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Figure 5.5 Primary Frequency Response (PFR) of an IBR 
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Table 5.2 Parameters of frequency-droop (frequency-power) operation [41] 

Parameter Default Setting   

dbOF, dbUF (Hz) 0.06% of  from ( 0.036Hz (for 60Hz)) 

kOF,kUF 5% 

 

The droop relationship is defined by the equation: 

A typical droop setting of 5% implies that if the frequency error is 5% (e.g., 3 Hz for a 60 

Hz system), the power plant attempts to utilize its full output to counteract the frequency 

deviation. 

Incorporating power frequency control in inverters can lead to unintended outcomes if a 

false high-frequency signal is detected. In such cases, the controller may erroneously 

reduce active power injections, which could hinder the system's recovery during a fault. 

For effective grid support, active power should increase after a fault is cleared [14], [93]. 

Reactive power (Qref) can be provided as a set value Qset, or Q can be calculated to   

maintain voltage at the PCC or a specific power factor. The user can select between these 

control modes, with the PPC assigning the Qref command to each inverter. The used 

controller to give the Qref is shown in  Figure 5.6.  

𝐷𝑟𝑜𝑜𝑝 (%) =  100.
𝛥𝐹/𝐹𝑛𝑜𝑚

𝛥𝑃/𝑃𝑀𝐴𝑋
     

(5.8) 
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Figure 5.6 Reactive power reference calculation using PPC 

 

5.2.3 Simulation Results 

Using Transient eliminator to freeze the frequency with SRF -PLL. 

The validation process involved comparing the performance of the transient eliminator 

with the SRF-PLL in a solar power plant. An A-B to Ground fault was applied at 3.0 

seconds, and the system recovered by 3.2 seconds. The results, as shown in Figure 5.7, 

highlight the variation in power output with and without the use of the transient eliminator 

to freeze the frequency. 
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Figure 5.7 Impact of Frequency Freezing on Power Output Stability using SRF-PLL 

The following observations were made: 

• Without the transient eliminator, erroneous frequency detection caused a reduction 

in the power reference after fault clearance, leading to a decrease in power output. 

• With the transient eliminator freezing the frequency during the fault (for 0.3 

seconds), the power output improved, aiding recovery after the fault. 

Using Transient eliminator freeze the frequency with DSOGI -PLL 

The same validation process was conducted using DSOGI-PLL. In this case, fault 

impedance is reduced because the DSOGI-PLL does not exhibit as severe a response to 

erroneous frequency detection as the SRF-PLL. 
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Figure 5.8 Impact of Frequency Freezing on Power Output Stability using DSOGI-PLL 

 

In this study, the transient eliminator was applied to both the standard DSOGI-PLL and the 

adaptive DSOGI-PLL. It effectively prevented erroneous frequency detection, 

demonstrating that transient eliminator plays a crucial role in enhancing power frequency 

control. Furthermore, incorporating the adaptive bandwidth mechanism did not 

compromise performance and even showed slight improvements over the standard DSOGI-

PLL. 

The validation highlights the critical role of transient eliminators in freezing frequency 

during faults to maintain stable power output. Erroneous frequency detection can lead to 

reduced power output, negatively affecting system recovery. By employing a transient 
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eliminator, the system can sustain its power reference during and after faults, ensuring 

effective grid support and improving overall reliability. 

5.3 Modified IEEE 9-Bus System with an Installed Solar 

Plant 

The performance of the proposed DSOGI-PLL is now evaluated using a modified version 

of the IEEE 9-bus test system with an installed solar power plant for several scenarios. The 

schematic diagram of the simulation test system is shown in  Figure 5.9. A 125MW rated 

solar power plant is connected to the bus 3 via a step-up transformer. The Short-Circuit 

Ratio (SCR) of the PV system used is close to 1.8. The synchronous generators G1 and G2 

are modeled as a hydro-power plant with a capacity of 100MVA and 200 MVA. Thus, this 

system includes dynamics of the synchronous generators, in comparison to the system 

equivalent considered in Section 5.2. The system was simulated in PSCAD/EMTDC with 

5 s simulation time step.  
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Figure 5.9: Modified IEEE 9-bus system with an installed solar plant. 

 

5.3.1 Grid-Side Converter 

Figure 5.10 shows the decoupled control of the grid side converter. Here the converter is 

maintaining the Vdc at a constant value and maintain the reactive power according to the 

PPC control command. 
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Figure 5.10  Decoupled control of grid side converter 

 

The harmonic currents injected by a grid-connected inverter can be classified into three 

categories: low frequency harmonics, switching frequency harmonics, and high frequency 

harmonics. Each category of harmonic currents must be sufficiently and appropriately 

attenuated to ensure optimal performance and minimize potential issues [94], [95]. An LCL 

filter is typically used at the inverter output due to its several advantages. It can operate 

effectively at low switching frequencies, offers benefits in filter dimensions compared to 

conventional "L" and "LC" filters, and has a lower voltage drop while providing better 

damping than traditional "L" and "LC" filters [96]. The system and LCL filter parameters 

are shown in Table 5.3. 
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Table 5.3 System and LCL Filter Design Parameters 

System Parameters. LCL Filter parameters. 

Vdc        =    1.2 kV L1                =   0.4mH 

Vac         =    0.65kV L2          =    0.4mH 

Prated =   0.25MW 

Irated   =    0.22kA 

Cf               =   39.23 μF 

 Rf                = 10.68 Ω 

fsw    =     3kHz (switching frequency)  

5.3.2 Simulation Results 

The impact of an unbalanced fault on the modified IEEE 9-bus system with a solar plant 

connection is illustrated in Figure 5.11. An A-C-G fault is applied at 3.5 seconds and 

cleared at 3.66 seconds at location ‘F1’, near Bus 6, as shown in Figure 5.9. During this 

disturbance, the Adaptive DSOGI-PLL with three times bandwidth enhancements 

demonstrates improved performance compared to the conventional DSOGI-PLL. 

Specifically, it exhibits reduced overshoot in both phase error and power response, and the 

system’s power output settles more quickly with the adaptive PLL. While the voltage 

response remains nearly identical for both configurations, notable differences are observed 

in the frequency output. The conventional DSOGI-PLL and the raw frequency output of 

the adaptive DSOGI-PLL show oscillations during the fault period. In contrast, the frozen 

frequency output of the adaptive DSOGI-PLL remains constant throughout the 
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disturbance, effectively preventing erroneous frequency measurements and enhancing 

system stability. 

 

Figure 5.11  Comparison of PV plant control performance with proposed DSOGI PLL and the conventional 

under an unbalanced fault 

 

The impact of a balanced fault on the modified IEEE9 solar plant-connected system is 

presented in Figure 5.12 A three-phase-to-ground fault is applied at fault location ‘F2’, as 

shown in  Figure 5.9 , at 1.5 seconds. To clear the fault, both breakers on the affected 

transmission line are opened at 1.66 seconds. 
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Figure 5.12  Comparison of PV plant control performance with proposed DSOGI PLL and the conventional 

under a balanced fault condition 

 

In the case where the standard DSOGI-PLL is employed, the system experiences instability 

after removing Line 9-6 to clear a fault. This instability is not confined to a single parameter 

but is clearly reflected across all major system responses. Active power, phase error and 

voltage exhibit significant oscillations, and while the frequency deviates drastically, 

eventually reaching the upper limit of 1.2 pu (72 Hz) set within the DSOGI-PLL. This 



 

133 

 

instability is due to transient variations and delayed tracking of the phase angle at the point 

of interconnection, which adversely affects the control system that uses the phase angel for 

dq transformation. Contrastingly, with the adaptive DSOGI-PLL with bandwidth 

enhancement of three times , the phase angle is promptly tracked after the fault is cleared. 

Despite some initial overshoots in power, the system stabilizes approximately within 0.5s 

after clearing the fault. The system stability under the normal DSOGI PLL is observed to 

be maintained down to a minimum SCR of 2.3 for the event. Beyond this threshold, a 

decrease in SCR results in system instability. But with the use of the proposed PLL the 

SCR can be reduced even further, down to 1.0. This outcome highlights the effectiveness 

of the proposed modifications in ensuring swift and accurate phase detection, ultimately 

contributing to the stability and resilience of the system, specially in post-fault scenarios. 

Furthermore, this modified PLL is tested under different fault scenarios including balanced 

and unbalanced faults and it is well performing compared to the standard DSOGI-PLL 

5.4 Power Reserve control 

After validating the performance of the modified DSOGI-PLL, a power reserve controller 

was incorporated into the solar plant. The master-slave approach, known for its simplicity, 

was used to manage the power reserve. Figure 5.13 shows the modified system. 
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Figure 5.13 Solar plant connected system with power reserve control. 

 

In the master-slave approach, a selected inverter or set of inverters functions as the master, 

tracking the MPPT to determine the optimal power output based on solar irradiance. This 

MPPT value is then communicated to the PPC, which manages power reserves and 

performs frequency control. The PPC adjusts the MPPT output based on system 

requirements, reserving a fraction of the power as needed. For instance, if 90% of the 

MPPT value is required, the PPC scales the power output to 0.9 of the MPPT. It then 

calculates the minimum between the TSO setpoint and the reserved MPPT value. This 

minimum value serves as the reference for power-frequency control, enabling the solar 

plant to regulate active power output effectively in response to grid frequency deviations. 

Once the PPC establishes the active power order, it distributes the command to all slave 

inverters, ensuring synchronized and coordinated power output across the plant. Figure 

5.14 shows this control system. 
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Figure 5.14 Power reference calculation using PPC incorporating power reserve. 

 

Power-frequency control is most effective when adjustments are made directly to the 

available power output of the solar plant rather than modifying thet TSO command ( PTSO). 

Due to the intermittent nature of solar power, relying solely on TSO commands can be 

impractical. Maintaining awareness of the available power at all times allows the system 

to allocate reserves consistently, irrespective of solar variability. This approach ensures 

that the inverter actively supports the system's primary frequency response, enhancing grid 

stability and reliability even under fluctuating power conditions. By aligning available 

power with grid requirements, this method provides a robust mechanism to mitigate the 

challenges posed by solar intermittency. 

5.4.1 Simulation Results 

The modified IEEE-9 bus system, integrated with a solar plant equipped with power 

reserve control, is utilized to evaluate the proposed power reserve control mechanism. A 
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load of 30 MW is added to the system at 6 seconds from Bus 8 as illustrated in  Figure 

5.15. 

 

Figure 5.15 modified IEEE-9 bus system with power reserve in solar plant 

 

Two different droop settings—1% and 5%—with a power reserve of 0.1 of the available 

power are analyzed. The frequency responses of these settings are compared against a 

scenario without any power reserve, as illustrated in Figure 5.16. Both droop settings 

provided effective primary frequency responses, stabilizing the grid during frequency 

deviations. However, the 1% droop setting demonstrated a slight improvement over the 5% 

droop due to its higher power output rate, enabling a faster response to frequency changes. 

Since only the primary frequency response is considered, the system settles at a lower 
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frequency without returning to nominal. This results in a slightly reduced steady-state 

power output, as dictated by the droop characteristic at the new frequency.  

 

Figure 5.16 Primary frequency response with and without power reserve 

 

The results demonstrate that incorporating power reserve, allowing the frequency droop 

curve to operate on both sides, significantly enhances the primary frequency response of 

the overall system. 

Further, this power reserve control was used to study the impact of changes in irradiation 

levels on system performance. When irradiation decreases, the available power from the 

PV plant also drops. In such cases, if the plant maintains a reserve, the primary frequency 

response improves. Specifically, when power drops due to reduced irradiation, the 

frequency also declines, and the plant operates at full capacity to support frequency 
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recovery. Once the frequency stabilizes, the plant restores the reserve from the available 

power, as illustrated in the Figure 5.17. 

 

Figure 5.17 Primary frequency response with and without power reserve under an irradiation change 

 

To accurately capture real world scenarios such as variations in irradiation and temperature, 

it is essential to implement detailed solar PV module models as discussed in Chapter 3 

rather than relying on a simple DC source to mimic PV functionality.  

5.5 Summary 

This chapter evaluated the proposed DSOGI- PLL modifications under various test 

scenarios, demonstrating improvements in accuracy, dynamic response, and robustness. It 

examined the integration of PLLs into grid-connected solar PV systems, confirming their 

role in stabilizing power output under dynamic conditions. Furthermore, the 
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implementation of a Power Reserve Controller using the Master-Slave approach optimized 

frequency regulation and enhanced primary frequency response, addressing challenges 

caused by disturbances. Overall, the proposed enhancements significantly improved 

system stability and reliability. 
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Chapter 6                                       

Conclusions and Future Work 

6.1  Summary and Conclusions 

This thesis addresses key challenges in integrating PV systems into modern power grids, 

with a dual focus on enhancing PV module modeling and improving grid stability during 

transient events. 

In Chapter 3, a robust methodology was introduced for extracting parameters of the SDM 

for monofacial PV modules using only the electrical data typically available in 

manufacturer datasheets. This approach eliminates the need for extensive experimental 

data or complex optimization techniques. The accuracy of the method was confirmed by 

comparing simulated I-V curves with those extracted from datasheets using a curve 

extraction tool. The model also accounts for variations in temperature and irradiance, 

demonstrating its robustness and reliability. The same methodology was extended to 

bifacial PV modules by incorporating bifacial gain and partial shading effects. Validation 

was performed through comparisons with manufacturer data and experimental results from 

published literature, confirming the method’s accuracy and applicability for bifacial PV 

modeling 

Chapters 4 and 5 focused on enhancing the performance of the DSOGI-PLL used in grid-

connected converter systems. Key modifications included the integration of a transient 

eliminator and an adaptive bandwidth scheme to the DSOGI-PLL. The transient eliminator 
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effectively identifies and responds to grid disturbances by freezing the PLL frequency 

temporary for a predetermine time, thereby reducing overshoot during phase jumps and 

fault conditions. The adaptive bandwidth mechanism dynamically increases the cutoff 

frequency of the DSOGI-PLL during disturbances, enabling faster synchronization with 

the grid voltage and thereby enhancing overall system stability. Simulation results validate 

the effectiveness of these enhancements, showing improvements in synchronization 

accuracy, reduced phase error, and better adaptability during transient events. Furthermore, 

a power reserve controller was implemented using the master-slave approach for enhancing 

frequency regulation and primary frequency response. The simulation results confirmed 

that this power reserve controller can support power frequency response during 

disturbances. 

In conclusion, the methodologies developed in this thesis contribute to more accurate PV 

module modeling and more resilient grid synchronization strategies, supporting the reliable 

integration of renewable energy sources into modern power systems. 

6.2 Contributions 

Advancements in PV Module Modeling 

• Validated a robust parameter extraction method for monofacial and bifacial PV 

modules using limited manufacturer data. 

• Included partial shading effects in the modeling of bifacial PV modules to improve 

prediction accuracy in real-world conditions 

• Validated the bifacial model using experimental data from published data, 

establishing their reliability for diverse environmental conditions. 
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Enhancement of Grid Stability 

• Proposed and validated a modified DSOGI-PLL incorporating adaptive bandwidth 

and transient detection algorithms to improve performance under dynamic 

conditions. 

• Conducted extensive simulations using diverse test cases, including a test 

waveform generator, a solar plant connected to a grid modeled as a voltage source 

behind an impedance, and an IEEE 9-bus system, to assess the robustness of the 

proposed methodologies. 

•  These test results showed that when using the conventional DSOGI-PLL, the 

modified IEEE-9 bus system could maintain synchronism during severe faults for 

PV plants with SCR values approaching 2.0. However, with the proposed 

modifications, the system could accommodate PV plants with SCR value 

approaching 1.0, demonstrating improved robustness under weak grid conditions. 

•  Demonstrated how primary frequency response can be enhanced using power 

reserve control for solar inverters, contributing to improved grid stability. 

These contributions have led to the following publications;: 

• G. Ranasinghe and A. Rajapakse, "Enhanced Single Diode Model for Bifacial PV 

Module Incorporating Partial Shading," 2023 International Conference on 

Sustainable Technology and Engineering (i-COSTE), Nadi, Fiji, 2023, pp. 1-6 

• Rajapakse, G. Ranasinghe, R. Jayasinghe, L. Kotalawala and D. Muthumini, 

"Robust Method for Estimating Single-Diode Model Parameters of a PV Module 
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from the Manufacturer's Datasheet Information," 2023 International Conference on 

Sustainable Technology and Engineering (i-COSTE), Nadi, Fiji, 2023, pp. 1-6 

• G. Ranasinghe, A. D. Rajapakse and L. Kotalawala, "Advanced DSOGI PLL with 

Adaptive Bandwidth for Improved Transient Performance of Grid Connected 

Inverter Control Systems," 2024 IEEE Power & Energy Society General Meeting 

(PESGM), Seattle, WA, USA, 2024, pp. 1-5. 
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6.3 Future Work 

• Validate the bifacial PV module model using experimental data from laboratory 

setups to ensure its practical applicability and accuracy under real-world 

conditions. 

• Integrate the proposed PLL modifications into larger systems with higher levels of 

renewable energy generation to evaluate their scalability and performance. 

• The reliability of the proposed master–slave approach for power reserve control has 

limitations, as the failure of a single master could lead to system-wide issues. This 

approach was implemented primarily to demonstrate how maintaining a reserve 

improves primary frequency response. For a more robust solution, future work can 

explore distributed and fault-tolerant control strategies. 
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Appendix. A  

Table A.1: Parameters of PPC 

Parameter Value 

Upper limit on active power reference (Pmax,1) 1 

Lower limit on active power reference (Pmin,1) 0  

Upper limit on V/Q control (Qmax) 0.477  

Lower limit on V/Q control (Qmin) -0.477  

Reactive power compensation gain (Kc) 0.04  

Active power PI controller proportional gain 1.0 

Active power PI controller integral gain 1  

Reactive power PI controller proportional gain  1  

Reactive power PI controller integral time constant 0.1  

 

Table A.2: Parameters of Inverter and Boost Converter controller. 

Parameter Value 

Converter controller  

Vdc PI controller proportional gain 1.0 

Vdc PI controller integral time constant 1  

Reactive power PI controller proportional 

gain  

1  

Reactive power PI controller integral time 

constant 

0.1 

Boost Converter  

Outer loop proportional gain 0.1 

Outer loop integral time constant 0.03 
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Inner loop proportional gain 1 

Inner loop integral time constant 0.05 
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Standard IEEE 9-Bus System 

Table A.3: Terminal conditions of IEEE 9-bus system 

Bus Voltage (kV) Phase angle 

(deg) 

Active power 

(pu) 

Reactive 

Power (pu) 

1 17.16 0.0 0.7163 0.2791 

2 18.45 9.3507 1.63 0.049 

3 14.145 5.142 0.85 -0.1145 

 

Table A.4: Transmission line characteristics of IEEE 9-bus system 

From bus To bus R (pu/m) X (pu/m) B (pu/m) 

4 5 0.01 0.068 0.0176 

4 6 0.017 0.092 0.158 

5 7 0.032 0.161 0.306 

6 9 0.039 0.1738 0.358 

7 8 0.0085 0.0576 0.149 

8 9 0.0119 0.1008 0.209 

Table A.5: Load characteristics of IEEE 9-bus system 

Bus P (pu) Q (pu) 

5 1.25 0.5 

6 0.9 0.3 

8 1.0 0.35 

 

Table A.6: Hydro governor parameters 
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Parameter Value Parameter Value 

Dead band value 0.00033 pu Permanent droop (Rp) 0.2 pu 

Maximum gate 

position (Gmax) 

1.0 pu Minimum gate position 

(Gmin) 

0.0 pu 

Maximum gate 

opening rate 

(MXGT OR) 

1 pu/s Maximum gate closing 

rate (MXGT CR) 

1 pu/s 

Pilot servo motor 

time constant (TA) 

0.05 pu Gate servo time 

constant (TC) 

0.2 pu 

Gate servomotor 

time constant (TD) 

0.2 Derivative gain (KD) 0 pu 

Table A.7: Hydro turbine parameters 

Parameter Value Parameter Value 

Head at rated 

conditions 

1.0 pu Output power at 

rated conditions 

1.0 pu 

Gate position at 

rated conditions 

1.0 pu Rated no-load gate 0.05 pu 

Water starting time 

(TW) 

2.0 s Penstock head loss 

coefficient (fp) 

0.02 pu 

Turbine damping 

constant (D) 

0 pu   

 


