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Abstract: – Photovoltaic (PV) systems are becoming more prevalent globally, especially in power distribution 
networks. However, their intermittent integration into these networks can pose reliability concerns regarding 
voltage instability. Voltage instability is a significant threat to the secure operation of power systems 
worldwide. With the rise of grid-connected renewable energy-based generation for economic and 
environmental reasons, there's a growing interest in understanding its impact on voltage stability. This study 
focuses on assessing and analyzing the effect of 300 MW large-scale PV generation on the voltage stability of 
the power system, utilizing a comprehensive model tailored to a typical Saudi power grid network. Various 
performance metrics, including static power flow analysis, PV, and Q-V curves, are employed to analyze how 
PV generators affect power system static voltage stability. The investigation identifies the maximum 
permissible PV penetration as 462 MW. Under normal conditions, static load-flow analysis reveals that the 
highest active and reactive power loss occurs at the transmission lines closest to the solar PV bus. Time domain 
simulations further corroborate these findings. This work emphasizes the significance of voltage/var control 
capacity in preserving voltage stability, a feature often deficient in PV systems. It points out that regulating 
the voltage of PV systems could result in over-voltage concerns, potentially leading to sudden voltage collapse, 
especially with high regional PV penetration. Nevertheless, the integration of 300 MW large-scale PV 
demonstrates promising results in static analysis, showcasing reductions in system losses and increased 
maximum loading capacity of transmission lines. 
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1. Introduction 

The worldwide rise in renewable energy sources (RES) for 
generating electricity is evident, propelled by economic 
and environmental considerations [1-2]. Recent studies 
highlight the increasing commercial attractiveness of 
photovoltaic (PV) generation due to its abundant nature, 
low maintenance requirements, and silent operation [3]. 
Progress in power electronic interfaces, combined with 
declining component expenses of PV generators and 
continuous government incentive programs, has 
substantially reduced the overall deployment expenses of 
PV energy sources. Consequently, this has catalyzed 
increased integration of solar energy into grids across the 

globe, aiming to reduce energy costs. For instance, The 
Saudi government has pinpointed more than 35 sites for 
renewable energy initiatives, primarily emphasizing solar 
photovoltaic, wind, and concentrated solar power (CSP) 
projects [4-6]. These initiatives align with the long-term 
targets of Vision 2030. As part of this vision, the 
government plans to complete several renewable energy 
projects by 2030, with approximately 3.1 GW of total 
capacity, including 2.2 GW from solar PV and 0.9 GW 
from wind energy [7-8]. Particularly, leveraging private-
sector investment and fostering public-private 
partnerships are vital strategies for effectively managing 
the nation's power requirements. A standout example of 
this approach is the Sakaka Solar PV project, initiated by 
Saudi Arabia’s Renewable Energy Development Office 
(REPDO), which represents a cornerstone in the country's 
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energy diversification and development efforts. Its 
successful completion represents a significant milestone, 
accompanied by agreements for seven additional solar 
power projects across various locations, collectively 
contributing to a capacity of 3670 MW [9-10]. This 
capacity includes the Sakaka solar and Domat Al Jandal 
wind projects. Concurrently, the Public Investment Fund 
of Saudi Arabia has unveiled ambitious plans for the 
Sudair Solar PV project, poised to become the largest solar 
plant in the nation. With an estimated investment value of 
SAR 3.4 billion and a capacity of 1,500 MW, the Sudair 
Solar PV project is projected to provide power to 185,000 
households while mitigating over 2.9 million tons of 
emissions annually. Nonetheless, integrating solar PV 
systems into the grid presents several challenges, given 
that the existing grid infrastructure was not initially 
designed to accommodate high levels of PV penetration 
[11]. Solar PV generation is intermittent, reliant on 
weather conditions, and unavailable during nighttime 
hours. Consequently, a substantial portion of the power 
injected into the grid from PV sources exhibits 
intermittent behavior. Moreover, unlike conventional 
energy sources, the output from solar PV systems cannot 
be easily adjusted to match fluctuating load demands. 
These intricacies in energy generation can impact the 
operation and stability of PV-connected grids. Studies in 
[12] and [13] indicate that numerous catastrophic failures 
and blackouts in the past three decades have been linked 
to voltage instability. Consequently, voltage instability 
has become a significant concern for power systems 
integrating intermittent PV generation [14], [15]. Voltage 
stability in a power system refers to its ability to maintain 
voltage levels within acceptable limits across the network 
during normal operations and disturbances [16]. As solar 
PV systems become increasingly integrated into grids, 
evaluating the power grid's voltage stability and promptly 
implementing corrective measures to prevent potential 
system failures is essential. Several research has delved 
into the effects of different levels of PV penetration on 
system voltage stability [17], [18], [19]. For example, 
findings from [17] indicate that the impact of PV 
integration on grid voltage stability can vary, with 
outcomes ranging from adverse to beneficial, contingent 
upon factors like PV installation locations and penetration 
levels. In [18], the PV curve method was utilized to assess 
the influence of varying PV penetration levels on the 
voltage stability of distribution networks. Findings 
indicate that higher PV penetration levels can enhance the 
grid's loading margin and reduce grid losses by up to 30%. 
Additionally, research in [19] demonstrates that changes 
in PV penetration levels exhibit a quadratic relationship 
with voltage fluctuations in extensive transmission 
systems for specific load demands. Conversely, [20] 
suggests that in low-voltage distribution networks, 
intermittent PV generation may lead to voltage 
fluctuations and short-term instability, particularly during 
fault conditions. Sreekumar et al. [21] examined the 
effects of grid-connected distributed PV systems on 
distribution networks, specifically focusing on power 

losses and voltage drops caused by PV systems. These 
effects are more pronounced when large-scale PV 
installations near lightly loaded, long distribution feeders. 
Furthermore, [22] illustrates that PV energy sources can 
enhance a power grid's voltage stability if the associated 
inverters provide reactive power support. Simulation 
outcomes in [23-24] underscore the significance of 
voltage control capabilities in PV energy systems, as 
systems lacking such capabilities may trigger voltage 
fluctuations at the point of common coupling (PCC), 
particularly during abrupt changes in solar irradiation. 
This effect is particularly pronounced with high levels of 
PV penetration. Power flow analyses indicate increased 
PV generation directly undermines voltage stability [25, 
26-29]. PV systems are vulnerable to risks stemming from 
weather conditions, leading to sudden decreases in 
generation. One proposed solution involves deploying 
emergency battery energy storage to reinforce grid 
resilience under such circumstances [30]. Furthermore, 
the limited reactive power regulation capability of PV 
systems is acknowledged as a significant concern. While 
employing large-capacity inverters and reactive power 
resources for enhanced flexibility is feasible, it entails 
substantial costs [30, 31]. Studies conducted on a modified 
IEEE 13-bus test system have indicated that PV 
penetration below 40% does not notably affect the system 
[32]. Additionally, it has been demonstrated that PV can 
improve voltage stability on a smaller scale by reducing 
long-distance power transfers [33]. Moreover, distributed 
PV generators have less impact on voltage stability than 
centralized PV farms [31]. Further research focusing on 
penetration levels between 0-16% indicates a trend of 
decreasing voltage magnitude with increasing penetration, 
a trend expected to persist beyond the 16% threshold [32]. 
It has also been demonstrated that PV can enhance voltage 
stability on a smaller scale by reducing long-distance 
power transfers [33]. Furthermore, dispersed PV 
generators have a lesser impact on voltage stability than 
centralized PV farms [31]. Additional research focusing 
on penetration levels between 0-16% reveals a trend of 
decreasing voltage magnitude with increasing penetration, 
a trend expected to persist beyond the 16% threshold [32]. 
Large-scale PV systems have demonstrated the capability 
to generate reactive power [34]. Nevertheless, their 
reactive power generation is usually constrained by grid 
codes, frequently operating near unity power factor 
(typically around 0.95 lead-lag power factor). 
Nonetheless, the size and positioning of large PV 
generators can significantly impact power system voltage 
stability, especially as PV penetration reaches a significant 
percentage of total installed power. Hence, this research 
aims to assess the effect of extensive solar adoption on the 
voltage stability of the Saudi distribution system. Both 
static power flow analysis and time-domain simulation 
techniques were employed to examine the implications of 
PV integration during peak demand periods. The 
following research questions guide the study: 

International Journal of Electrical Engineering and Computer Science 
DOI: 10.37394/232027.2024.6.23

Abdelaziz Salah Saidi, Lina Alhmoud, 
Adel Ali Alqahtanid, 

Osama Ali Zemie, Muhammad Umar Malik

E-ISSN: 2769-2507 190 Volume 6, 2024



 Does the high level of PV integration cause voltage 
instability in the Saudi distribution network? 

 How does PV systems penetration impact power flow 
losses within the Saudi distribution network? 

 What is the maximum permissible level of solar PV 
penetration? 

This research paper contributes in the following ways:  

 Developing a model for the electrical distribution 
network in Saudi Arabia incorporating a grid-connected 
PV farm. 

 The model he developed is then utilized to assess how 
the PV farm affects the voltage stability of the electrical 
distribution network. 

 To design an advanced voltage controller with PSCAD 
and PSSE software to stabilize the voltage. 

 To determine the maximum PV penetration level. 
 

This paper is organized as follows: Section 2 contains a 
qualitative analysis of the impact of the PV on voltage 
stability. Section 3 describes the effect on the active and 
reactive power margin. The system description and 
simulation results are presented and discussed in Sections 
4 and 5, and the study is concluded in Section 6. 

2. Analysis of Pv's Impact on 

Voltage Stability (Qualitative)   

 
The displacement of synchronous generators with PV 
affects voltage stability due to PV generation's distinctive 
voltage and reactive power control characteristics. 
Equations derived from a simple radial system, as 
illustrated in Fig. 1, are utilized to investigate the impact 
of PV on voltage stability. 

 

 
 

Fig 1. A simple radial system diagram. 
 

For a simple radial system [35], the receiving end voltage 
is shown in Equation (1) 

𝑉𝑅 =  𝑍𝐿𝐷𝐼 =
1

 𝐹

𝑍𝐿𝐷
𝑍𝐿𝑁

𝐸𝑠          (1) 

 

The receiving end power is shown in Equation (2) 

𝑃𝑅 =  𝑉𝑅𝐼 cos∅ =
𝑍𝐿𝐷
𝐹

 
𝐸𝑠
𝑍𝐿𝑁

 cos∅       (2) 

 

Because of the limited converter current capacity in PV 
systems, their reactive power capability tends to be 
smaller than synchronous generators, especially when the 
real power output of the PV system approaches its rated 
value. Consequently, in scenarios where there is a higher 
penetration of PV at the receiving end and the reactive 
power limit of the PV system is reached, there could be an 
increase in reactive power demand as the load rises. This 
results in a further lagging power factor of the equivalent 
load impedance (cos φ), which, as per equations (1) and 
(2), leads to a reduced voltage stability margin. For 
accurate load flow simulations, it's imperative to represent 
the equivalent PV generator as a standard generator rather 
than a negative load. Solar PV inverters can autonomously 
regulate both active and reactive power, as illustrated in 
Figure 2, which showcases the capability curve of the solar 
PV system [36]. As illustrated in Figure 2, The reactive 
power capability is significant at low active power levels, 
corresponding to lighter loading conditions. Furthermore, 
as depicted in Figure 3, solar PV systems mainly operate 
below their rated active power for the majority of the day, 
showcasing considerable reactive power capability 
throughout the operational timeframe. Therefore, it is 
crucial to investigate long-term voltage stability 
phenomena under both full-load and partial-load 
conditions. 

  

Fig. 2. Solar-PV system capability curve. 

 
Fig. 3. Typical solar-PV system generation curve. 
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3. Impact on the active and reactive 

power margin 
a. PV System Model in Power Flow 

PV power generation compromise of PV arrays, 
controllers, inverters, and associated components. When 
modeling a PV power generator to analyze directional 
effects, focusing only on steady-state results suffices 
without examining the dynamic characteristics of the 
control system tuning process. The configuration and 
attributes of the transformer dictate the suitable sequence 
for electrical power output. Figure 4 states a high-
penetration PV system on the grid [14]. 

 

Fig. 4. High-penetration PV system connected to the 
Power system. 
The equality constraints are active/reactive power flow 
equations as [14]: 
 

PPVj = PLj + Vj · Σ(i=1→nbus) Vi · Yij · cos (θij + δi – δj)   (4) 

QPVj = QLj + Vj · Σ(i=1→nbus)  Vi · Yij · sin (θij + δi – δj) (5) 

i = 1, … , nbus     (6) 

where PPVj and QPVj are generated active and reactive 
powers of PV system bus j, PLj , and QLj are load active 
and reactive powers bus j, Vi and Vj are the magnitude of 
the voltage at buses i, and j, Yij, and θij are the magnitude 
of admittance magnitude and the angle of the line between 
bus I and j. The active and reactive powers of the PV 
system PPVj and QPVj depend on the weather conditions 
(irradiation and temperature). The actual power output PPV 
extracted from the PV system can be written as: 

PPV = Σ(n=1→nPV) PgPV  (7) 

PPV ∝ G                (8) 

where G is the irradiation value (W/m2). The standard 
value of irradiation of PV systems is 1000 W/m2. The 
output power of PV at the different values of irradiation 
can be calculated by: 
 

PPV = PPVr . (G/1000) (9) 
 

where PPVr is the rated output power of the PV system at 
the irradiation value of 1000 
W/m2. The output reactive power QPV can be calculated 
by: 
 

QPV = m PPV (10) 
 

where m depends on the PV system's power factor (pf) and 
can be adjusted using pf of the PV system, m = 0.44 for pf 
= 0.9. 

 

4. PV/ QV curves analysis 

The PV/QV analysis is designed to study steady-state 
loanability limits related to the voltage stability of radial 
systems and large mesh networks. The voltage variation 
concerning active and reactive power variations is 
evaluated using power flow techniques. These two 
techniques do not provide solutions to stability issues. 
They are tools used to analyze steady-state voltage 
stability issues associated with power systems.   
The PV curve is a parametric study implying AC load flow 
analysis that systematically monitors the changes in power 
flow variables in a set. It is a powerful technique that 
determines active power transfer limits concerning 
voltage. The low transfer limit capability is related to 
where voltage reaches the low value at the knee point. 
Eventually, each bus has its knee points, where the buses 
devoted to the transfer path typically demonstrate greater 
predictability at a knee point, as shown in Figure 5. Thus, 
monitoring what happens to the bus voltage as a result. 
The distance between the operating and maximum loading 
points is known as the loading margin, real power margin, 
or voltage stability margin [37-38]. The drawback of this 
technique is that power flow should be done on many 
buses, which takes time because there is no prior 
knowledge about the critical buses. Hence, there is no 
helpful information about the causes of voltage instability. 
Besides, at different power factors, the maximum power 
and critical voltage are higher at higher pf. 

 
Fig. 5.  Typical PV curve. 

In the PSSE, the PV curve is created by choosing two 
subsystems. One of them is a source, while the other is a 
sink. The power flows from the source to the sink bus. AC 
power flow simulation increments the power transfer 
between the subsystems in a predefined step size by 
monitoring the bus voltage, generator output, and the 
network. The PV curve can be sketched when the bus 
voltages are mapped as a function of the incremental 
power transfer. The QV curve is one of the most popular 
ways to explore voltage instability challenges in a power 
system during the post-transient period. QV curves 
determine the reactive power injection or absorbing for 
various scheduled voltages required at a bus to vary the 
bus voltage to the required value [39-40]. The curve is 
sketched starting with existing reactive loading at the 
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particular bus. Then, the voltage is evaluated for a power 
flow as the reactive load increases in predefined steps. The 
voltage collapse point is determined as the system-
imposed low convergence difficulties while the process is 
continued.  Figure 6 shows the typical QV curve obtained 
that is stable at normal loading and unstable at higher 
loading.  The minimum reactive power requirement for the 
stable operation can be determined at the bottom of the 
curve, hence representing the voltage stability limit. The 
size and type of compensation needed to provide voltage 
stability are obtained by examining the curve. Thus, the 
capacitor bank characteristics are drawn over the system 
QV curve. Utilities widely use the vicinity to voltage 
collapse using QV. In addition, the voltage stability of the 
system is monitored to take appropriate control action.  

V.

 
Fig. 6. Typical QV curve. 

 
5. System description 

The single-line diagram of the proposed 300 MW solar 
power plant's transmission grid is depicted in Figure 7-a. 
This network encompasses 22 MV bus bars. A 300 MW 
PV power plant model has been meticulously constructed 
and interconnected with the distribution power grid at 
bus 1 as shown in Fig. 7-b. This plant consists of 150 PV 
arrays, each with a rating of 2 MWp. These arrays are 
linked to the grid via a three-phase inverter and a step-up 
transformer. The modular inverter, comprising multiple 
parallel units, carries a rating of 2 MW. Each transformer 
boasts a power capacity of 2 MVA, with a rated 
frequency of 60 Hz and a voltage ratio of 0.4/22 kV. 
Simulations utilizing PSCAD software have been 
executed to capture the active and reactive power outputs 
delivered to the grid and the voltage at each point for the 
integrated generators [26-27]. Table 1 showcases the Vdc 
and current controller values [28], while Table 2 outlines 
the PV array parameters [29], encompassing a fill factor 
of 0.73, indicative of solar PV panel efficiency. 

 

 

 

 

 

 

 

 

 

 

Table 1. Vdc and current controller values. 
 Parameters of the controller  Value 

Nominal power Pnom 2 MW 

Nominal frequency 50 Hz 

Initial DC voltage 700 V 

Nominal DC voltage Udc 700 V 

Rated power Pnom 20 MW 

Vdc regulator gains Kp and Ki 7 and 800 

The current regulator gains Kp and Ki 0.3 and 20 

Choke impedance 1 m, 250 
H 

Transformer leakage impedance 
 Rxfo, Lxf  / Pnom 

0.002, 0.06 

 

Table 2. PV array parameters. 
 

PV array parameters Value 

Open circuit voltage Voc 64 V 

Short-circuit current Isc 5.87 
A 
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MPPT voltage Vmp 54.7 
V 

MPPT current Imp 5.49 
A 

Number of parallel modules Np 445 

Number of series modules Ns 15 

 

6. Simulation results and discussions 

6.1 Static voltage and loss analysis 

comparisons 
The system is examined with and without consideration of 
solar penetration. A load flow calculation and active and 
reactive power losses were performed. Also, The study 
observed the maximum permissible PV penetration levels 
without infringing statutory limits under both no-load 
conditions (representing the worst-case scenario) and peak 
load conditions.  
Voltage profiles of both cases have been compared in the 
following table. The voltages are improved when the local 
power plant is connected. The voltage profile of the Saudi 
Arabia distribution network before and after injecting a 
local generation source is measured, as seen in the 
attached table. The voltages remained within the 
acceptable statutory limits outlined in the Saudi grid code. 
Grid code voltage limits were upheld until solar 
integration reached a steady state value of 100% (300 
MW). Moreover, the voltage profile of the Saudi Arabia 
distribution network is enhanced following the injection 
of an additional generation source, as depicted in the Table 
3.  Moreover, the voltage profile of the source bus is also 
enhanced from 0.9569 pu to 0.9788 pu.  The simulation 
results indicate that the system is stable.  
The system losses in MW (real power) and MVAR 
(reactive power) have been observed in Tables 4 and 5. 
These tables show a reduction in power losses as solar PV 
penetration increases from 0 MW to its nominal value, 
especially in the lines close to the PV bus, compared with 
the losses of the normal system. The same tables show that 
the real and reactive power losses are not decreased when 
injecting solar power into some transmission lines.  
Thus, the power generated by the PV plants must traverse 
considerable distances to reach the network loads, 
resulting in increased losses within the system. 
Additionally, the output power of the PV plants is 
constrained by the availability of solar irradiance. 
Consequently, the placement of large-scale PV plants 
notably impacts voltage stability. 
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Figure 7-a. Saudi Arabia's transmission network with 300 MW solar PV integration is under study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 -b. Saudi Arabia distribution network under study with 300 MW solar PV integration. 
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Table 3. Comparison of Voltages in Reduced Base Case 

Bus # 

Voltage (pu) 

–without 

Solar farm 

Voltage (PU) 

–with Solar 

farm 

Bus 1 1.000 1.0000 

Bus 2 1.007 1.0070 

Bus 3 1.0095 1.0054 

Bus4 0.9694 1.0054 

Bus_5 0.9621 0.9953 

Bus_6 0.9723 0.9884 

Bus_7 0.98 1.0005 

Bus_8 0.9788 1.0111 

Bus_9 0.9569 0.9788 

Bus_10 0.9577 0.9569 

Bus_11 1.0394 0.9577 

Bus_12 1.0148 1.0394 

Bus_13 0.993 1.0178 

Bus_14 0.969 1.0072 

Bus_15 1.03 0.9690 

Bus_16 0.9883 1.0300 

Bus_17 1.0264 1.0159 

Bus_18 1.000 1.0260 

Bus_19 1.0286 1.0000 

Bus_20 1.03 1.0286 

Bus_21 0.9843 1.0070 

Bus_22 0.9751 1.0274 

Bus_23 0.9831 0.9799 

Bus_24 1.0392 0.9751 

Bus_25 0.9752 0.9831 

Bus_26 1.0291 0.9578 

Bus_27 1.024 1.0392 

Bus_28 0.9664 0.9752 

Bus_29 0.9679 1.0287 

Bus_30 0.9828 1.0240 

Bus_31 0.9925 1.0197 

Bus_32 0.9656 1.0270 

Bus_33 0.9946 1.0270 

Bus_34 1.0075 1.0270 

Bus_35 0.9887 1.0100 

Bus_36 1.0139 1.0100 

Bus_37 1.0099 1.0100 

 

 

Table 4. Comparison of active power losses in the reduced base case. 

From 

Bus 
To Bus 

MW Losses – 

Without Solar 

farm 

MW Losses 

– With 

Solar farm 

Bus_1 Bus_2 0 0 

Bus_1 Bus_2 0 0 

Bus_3 Bus_39 -0.8 0 

Bus_3 Bus_4 0.6 0.1 

Bus_3 Bus_12 0.3 0.1 

Bus_3 Bus_13 1.4 0 

Bus_3 Bus_13 1.4 0 

Bus_3 Bus_17 0.2 0.2 

Bus_3 Bus_17 0.2 0.2 

Bus_4 Bus_5 0.1 0.1 

Bus_4 Bus_5 0.1 0.1 

Bus_4 Bus_6 0 0.2 

Bus_4 Bus_6 0 0.2 

Bus_4 Bus_12 1.6 0.4 

Bus_6 Bus_7 0.3 0.4 

Bus_6 Bus_7 0.3 0.4 

Bus_7 Bus_13 0.9 0 

Bus_7 Bus_13 0.9 0 

Bus_7 Bus_16 0 0 

Bus_8 Bus_9 1.3 1.3 

Bus_8 Bus_14 0.3 0.3 

Bus_8 Bus_15 3.2 3.2 

Bus_8 Bus_15 3.2 3.2 

Bus_9 Bus_10 0 0 

Bus_9 Bus_10 0 0 

Bus_9 Bus_14 0 0 

Bus_11 Bus_15 0 0 

Bus_11 Bus_15 0 0 

Bus_12 Bus_15 0.1 0.1 

Bus_12 Bus_15 0.1 0.1 

Bus_15 Bus_16 0.4 0.1 

Bus_15 Bus_16 0.4 0.1 

Bus_15 Bus_17 0 0 

Bus_15 Bus_17 0 0 

Bus_15 Bus_19 0.1 0.1 

Bus_15 Bus_40 0.2 0.2 

Bus_15 Bus_40 0.2 0.2 
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Table 5. Comparison of reactive power losses in the reduced base case 

From Bus To Bus 

Reactive 

power losses 

Without 

Solar farm 

Reactive power 

losses – With 

Solar farm 

Bus_1 Bus_2 -49 -49 

Bus_1 Bus_2 -49 -49 

Bus_3 Bus_39 0 0 

Bus_3 Bus_4 -6.1 0.2 

Bus_3 Bus_12 37 -1 

Bus_3 Bus_13 3.9 -0.5 

Bus_3 Bus_13 3.9 -0.5 

Bus_3 Bus_17 -1.1 -1.1 

Bus_3 Bus_17 -1.1 -1.1 

Bus_4 Bus_5 -0.2 -0.2 

Bus_4 Bus_5 -0.2 -0.2 

Bus_4 Bus_6 -0.2 0.1 

Bus_4 Bus_6 -0.2 0.1 

Bus_4 Bus_12 3.4 -0.8 

Bus_6 Bus_7 0.3 1.1 

Bus_6 Bus_7 0.3 1.1 

Bus_7 Bus_13 2.6 -0.6 

Bus_7 Bus_13 2.6 -0.6 

Bus_7 Bus_16 -10.9 -12.3 

Bus_8 Bus_9 2.9 2.9 

Bus_8 Bus_14 -1.1 -1.1 

Bus_8 Bus_15 8.4 8.4 

Bus_8 Bus_15 8.4 8.4 

Bus_9 Bus_10 -1.7 -1.7 

Bus_9 Bus_10 -1.7 -1.7 

Bus_9 Bus_14 -3.9 -3.9 

Bus_11 Bus_15 -11.4 -11.4 

Bus_11 Bus_15 -11.4 -11.4 

Bus_12 Bus_15 -1.2 -1.4 

Bus_12 Bus_15 -1.2 -1.4 

Bus_15 Bus_16 -2 -4.4 

Bus_15 Bus_16 -2 -4.4 

Bus_15 Bus_17 -0.7 -0.5 

Bus_15 Bus_17 -0.7 -0.5 

Bus_15 Bus_19 -2.7 -2.7 

Bus_15 Bus_40 -1.8 -1.8 

Bus_15 Bus_40 -1.8 -1.8 

 

6.2 PV analysis comparisons with solar PV 

farm 
Figure 8 illustrates the V-P curves for the load nodes of 
the Saudi Arabia distribution network node test system. 
These curves were derived by calculating the positive 
sequence components of voltage based on power 
variations. Upon examining the PV curve for the solar PV 
generation bus within the PSS/E, it becomes apparent that 
there is a linear relationship between active power and 
voltage within the specified range of 0.95 to 1.05 p.u at 
generator-controlled buses. However, an increase in active 
power from solar PV generation buses is observed to lead 
to a dip in voltages for certain distribution buses. This 
underscores the significance of the operating point. The 
analysis of this curve proves crucial in comprehending the 
system’s voltage stability characteristics, necessitating the 
development of strategies to mitigate potential issues. The 
operating point is vital because voltage instability issues 
beyond 300 MW are observed. In the rising photovoltaic 
generation margin, the bifurcation voltage diagram at 
distribution buses is shown in the same figure. As PV 
power injected increases to approximately 200 MW, the 
voltage also rises, predominantly in the first half of the 
curve. This trend is driven by the feeder's reduction in 
active power injection into the power system. 
Subsequently, in the second half of the curve, voltage 
tends to decrease, often exhibiting nose curves, as the 
feeder returns to its regular power flow. PV farms supply 
power to the grid and meet neighborhood load demands. 
The network's maximum penetration of photovoltaic 
farms can sustain up to 462 MW. 

 
 

Fig. 8. The PV curves. 
 

6.3 QV analysis comparisons without solar 

PV farm 
The Q-V analysis curve depicts the relationship between 
reactive power (Q) and voltage (V) at a specific bus or 
generator in a power system. This graphical representation 
is pivotal for assessing the reactive power capabilities of a 
device and understanding its impact on voltage stability. 
In Figure 9, It is evident that voltage control has played a 
significant role in enhancing the penetration level of 
photovoltaic power (PVP) at integration points by 
regulating the reactive power injected at these buses. This 
voltage control method has effectively maintained the 
voltage profile at the terminals of PVP power stations and 
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surrounding substations, as depicted in the figures. 
Furthermore, the voltage stability of a specific substation 
within the grid is directly impacted by the equivalent 
impedance of the electric network at that location. A 
higher equivalent impedance results in greater voltage 
sensitivity and restricts the real power that can be injected 
at that point. The curve also typically exhibits a positive 
slope from -180 MVAr to 85 MVAr, indicating an 
increase in reactive power with an increase in voltage, or 
a negative slope, indicating a decrease in reactive power 
with a rise in voltage. Critical points such as the maximum 
reactive power (Qmax) and the minimum voltage (Vmin) 
highlight operational limits. According to the U-Q curve, 
we can obtain the maximum reactive power that needs to 
be extracted from the solar PV bus to reach a minimum voltage 
level of 0.90 p.u. (a maximum deviation of +/- 10 % is 
considered). The Q−V curve assists in developing control 
strategies for generators, pinpointing issues related to voltage 
stability, and optimizing the flow of reactive power within the 
system. A comprehensive analysis of this curve provides 
valuable insights into the dynamic behavior of the power system, 
allowing for the evaluation of the impact of changing conditions 
on reactive power. This, in turn, facilitates formulating strategies 
to sustain stable and efficient system operation. 

 

Fig. 9. The QV curve. 
 

6.4 Base case scenario on the reduced 

network – with and without solar farm. 
Extensive dynamic voltage stability simulation studies are 
conducted using the PSCAD power system analysis 
software. These studies analyzed the impact of PV system 
behavior on power system steady-state stability, 
considering network terminal voltage and generator 
output of electrically active and reactive power. The 
analysis encompassed four voltage levels: 380 kV, 132 
kV, 33 kV, and 13.8 kV, focusing on normal operating 
conditions. 
 No variation is observed in the system's state variable 
under a normal operating scenario. The source buses 
deliver 100 MW of power at 380 kV (Fig. 10-a) and 600 
MW at 132 kV (Fig. 12-a) under normal cases without 
solar PV farms. This generation of active power will be 
less (95 MW at 380 kV (Fig. 10-b) and 450 MW at 132 
kV (Fig. 12-b)) in the case when integrating the solar PV 
farm to satisfy the demand of the local network without 
any stability issue. In case of no PV power, the swing bus 

delivers 45 MVAr at 380 kV (Fig. 11-a) and -37 Mvar at 
132 kV (Fig. 13-a) from the two SG power plants. This 
total reactive power generated by the three power plants is 
decreased in the case of PV farm integration (see Figs. 11-
b and 13-b) due to the control mode available by the solar 
PV bus.  

As this scenario reflects the steady state stability, 
and as the PV farm works in voltage regulation mode, we 
can see from Figures 14 and 17 that the voltage variations 
at 33 kV and 13.8 kV are stable. It can also be observed 
that the generation is stable without any oscillation in the 
output. All active power flow (Fig. 15) of the load buses 
in the Saudi distribution network is stable, and the power 
consumption under normal cases is to satisfy the demand 
without any power quality issues or oscillation. All 
reactive power flows (Fig. 16) at the load buses in the 
Saudi distribution network are stable, and consumption of 
reactive power under normal cases is to satisfy the demand 
without any power quality issues and oscillation. 
 

 
Fig. 10-a.  Active power generation at 380 kV under normal conditions 

without solar PV farms.

 

Fig. 10-b. Active power generation at 380 kV under normal conditions 
with solar PV farms.

 

Figure 11-a. Reactive power generation at 380 kV under normal 
conditions without a solar PV farm. 
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Fig. 11-b. Reactive power generation at 380 kV under normal 
conditions with a solar PV farm.

 

Fig. 12-a. Active power generation at 132 kV under 
normal conditions without solar PV farms. 

  

Fig. 12-b. Active power generation at 132 kV under 
normal conditions with solar PV farms. 

 

Fig. 13-a.  Reactive power generation at 132 kV under 
normal case without Solar PV farm. 

 

 

 

Fig. 13-b.  Reactive power generation at 132 kV under 
normal case with Solar PV farm.

 
Figure 14-a. Voltage load variation at 33 kV under normal case 

without solar PV farm.

 

Figure 14.b- Voltage load variation at 33 kV under 
normal case with solar PV farm. 

 

Figure 15-a. Active power load at 13.8 kV under normal 
case without solar PV farm. 
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Figure 15-b. Active power load at 13.8 kV under normal 

case with solar PV farm.

 

Figure 16-a. The reactive power load at 13.8 kV under 
normal conditions without a solar PV farm.

 

Figure 16-b. The reactive power load at 13.8 kV under 
normal conditions with a solar PV farm. 

 
Figure 17-a. Voltage load variation at 13.8 kV under 

normal case without solar PV farm. 

 

 

Figure 17-b. Voltage load variation at 13.8 kV under 
normal case with Solar PV farm. 

7. Conclusion 

The performance of the Saudi distribution grid under 
high levels of photovoltaic power generation is 
demonstrated through computational simulations using 
the PSCAD and PSSE software packages. Assessments 
of the impact of increased PV penetrations on the Saudi 
distribution power system's capacity were conducted 
using various methodologies, including the Newton-
Raphson load flow method, PV and QV method, and time 
domain simulation in the base case scenario. Considering 
constraints on transmission line capacity, simulation 
results confirmed that the proposed PV farm station's 
maximum allowable generation did not exceed 462 MW. 
The network's static and dynamic voltage stability 
concerning the integration of large-scale photovoltaic 
generation was examined. To this end, a Saudi electrical 
distribution network model with 300 MW solar PV 
penetration was developed. This model was utilized to 
investigate the effects of voltage regulation and power 
flow analysis on the electrical distribution network. 
Additionally, a voltage controller was implemented to 
regulate voltage drop at the point of common coupling 
(PCC) and mitigate reverse power flow issues under 
worst-case scenarios of maximum power output from a 
PV bus. Simulation results highlighted that integrating a 
PV farm into the distribution network improves the 
voltage profile of the power system and reduces both 
active and reactive power losses. 
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