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Abstract: The high penetration of inverter-fed renewable energy sources (RESs) in modern energy
systems has led to a reduction in the system’s inertial response. This reduction in the rotational
inertial response is associated with synchronous generation and might result in a deteriorated
frequency response following a power disturbance. This paper investigates the frequency stability
of the Kingdom of Saudi Arabia’s (KSA) grid. It includes a description of the changing energy
landscape of the KSA’s electricity grid and an investigation of the impact of high penetration levels of
inverter-fed RESs on the dynamic behavior of the KSA grid. The impact of RESs has been studied
through a simulation of case studies of the future KSA power system using the MATLAB/Simulink
simulation software. The frequency stability of the KSA’s power system has been evaluated with
various RES levels under peak and base load conditions. The simulation results show that the high
penetration levels of RESs dramatically affect the system’s frequency response, especially under
off-peak conditions. In addition, the significance of battery energy storage systems (BESSs) for
compensating the reduction in the system inertial response has been addressed. The results show the
effectiveness of aggregated BESSs for enhancing the system frequency control of the KSA grid.

Keywords: frequency response; modern power systems; power system stability; renewable energy
sources; system inertia

1. Introduction
1.1. Background

Load frequency is an important variable that indicates the stability of a power system.
To monitor the balance between demand and supply in the power system, the grid fre-
quency is measured instantaneously. The nominal values of the grid frequency are 50 Hz or
60 Hz, based on the operating policy of each country, while the upper and lower operating
limit is set to ±1% Hz of the nominal value [1–4].

The grid frequency is directly proportional to the real power in the electrical system.
Hence, frequency excursion is a direct result of an imbalance between the generation and
load in the power system. The system’s frequency rises when there is more generated power
than demand. Similarly, it falls when the supply is less than demand, due to generation
loss or an increase in the electrical load [1–3].

Load frequency should be maintained at the nominal value to ensure the secure and
reliable operation of the power system. The control of the grid’s frequency (depending on
the frequency deviation range) is achieved through the following control loops: primary
frequency control (PFC), secondary frequency control (SFC), and tertiary frequency control
(TFC), as shown in Figure 1 [1–3,5,6].
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actions. The TFC, or emergency control plan, is required if the frequency after a severe 
frequency incident keeps dropping to critical values. It incorporates automatic or manual 
changes in the working conditions, such as altering the participating power plants, con-
necting or disconnecting energy storage systems, changing the power interchange pro-
gram, and using load control to restore the grid’s frequency to within acceptable limits 
[3,6].  

Synchronous inertia provides the electrical network with robustness against fre-
quency disturbances by maintaining the rate of change of frequency (RoCoF) at a low level 
[3,5–9]. This leaves sufficient time following a frequency incident for a fast frequency re-
sponse (FFR) and primary frequency response (PFR). Hence, the replacement of conven-
tional power generation with RESs that are not directly coupled with the network would 
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beyond the permissible limits under severe frequency incidents. This would result in sig-
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The PFC is a fast control response control loop that operates in the first few seconds
(5~30 s) after a disturbance in the system frequency to maintain the grid frequency within
acceptable limits [2,3,5,6]. The PFC is automatically provided by the inherent inertia in
the synchronous generators and motors that are directly connected to the grid to resist
unexpected changes in the system frequency. It is also provided automatically by speed
governor systems [3,6]. The SFC control loop, which is also known as automatic generation
control (AGC), operates after the primary response to a large frequency deviation in a
time scale from 30 s up to 10 min [3,6]. It is provided by a combination of AGC and
manual actions. The TFC, or emergency control plan, is required if the frequency after a
severe frequency incident keeps dropping to critical values. It incorporates automatic or
manual changes in the working conditions, such as altering the participating power plants,
connecting or disconnecting energy storage systems, changing the power interchange
program, and using load control to restore the grid’s frequency to within acceptable
limits [3,6].

Synchronous inertia provides the electrical network with robustness against frequency
disturbances by maintaining the rate of change of frequency (RoCoF) at a low level [3,5–9].
This leaves sufficient time following a frequency incident for a fast frequency response
(FFR) and primary frequency response (PFR). Hence, the replacement of conventional
power generation with RESs that are not directly coupled with the network would result
in a reduction of the system’s inertia [6–9]. Consequently, following a frequency incident,
the RoCoF will be more rapid, and the system’s frequency will easily deviate beyond
the permissible limits under severe frequency incidents. This would result in significant
problems for the power system, such as cascading loss of generation, undesirable under-
frequency load shedding (UFLS), or even partial or total system blackout [3,5–9].

1.2. Literature Survey

The share of RESs has increased significantly worldwide during the last decade,
especially power-electronics-interfaced generation technologies such as wind and solar PV.
At the end of 2021, RESs accounted for a third of the global installed generation capacity of
3064 GW, half of which comes from solar and wind generation technologies with overall
capacities of 849 GW and 845 GW, respectively [10]. Additionally, many countries around
the world are intending to increase their investment in RESs because of their economic and
environmental benefits. More than half of the world’s countries have adopted renewable
energy policy targets for the next two decades, which indicates an ongoing shift toward
RESs as the driver of global energy transformation [11,12].
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Power system operators worldwide have expressed serious concerns about the impact
of high-penetration non-synchronous RES generation on the stability of the power system.
The high penetration of inverter-based RESs (such as solar PV) and wind generation in
modern power systems may cause a reduction in the system’s inertia and PFR because they
are indirectly coupled with the power network [5–9]. This reduction in the rotational inertia
associated with synchronous generation may increase the RoCoF, which may deteriorate
the frequency regulation performance [5–9].

Several studies have shed light on the impact of the high-penetration RESs’ integration
on the power system’s stability in different countries [13–20]. In [13], the frequency stability
of the US Western Interconnection was evaluated under various extra-high PV penetration
levels. The simulation results show that up to 45% of PV power plants can be accommo-
dated without stability concerns. However, the Western Interconnection system will no
longer be dynamically stable with extra-high PV penetration at 80% and additional ancillary
services would be required to improve the system’s stability. Another comprehensive study
of the US interconnected power system under extra-high PV penetration scenarios was
performed in [14]. The results of this simulation demonstrate that fast-frequency ancillary
services are necessary for maintaining the dynamic stability of the US interconnected power
system with the extra-high integration of PV generation into the grid.

The influence of high-penetration RESs on the interconnected European transmission
network has been discussed in [15]. The results show the necessity for a more flexible
interconnected pan-European transmission network to ensure a more reliable and stable
European electricity system. In [16], the frequency stability of Great Britain’s (GB) national
grid was evaluated under extra-high RESs penetration. The authors evaluate the perfor-
mance of new ancillary services to support the future of the frequency response in the
GB’s national grid under the high penetration of RESs. The results of their simulation
show the effectiveness of the new FFR services in avoiding massive frequency excursions
of the system frequency following a significant power disturbance. In [17], the impact of
large-scale offshore wind power plant (OWPP) integration on the voltage and frequency
stability of the Turkish national grid was investigated. The results of this simulation show
that the stability of the Turkish power system could be maintained after the integration of
an 1800 MW OWPP.

The effect of the high penetration of utility-scale PV power plants on the Egyptian
national grid was evaluated in [18]. The frequency response simulation results show
that the Egyptian grid remains stable under high penetration levels of RESs of up to
3000 MW. Static and dynamic analyses of the Moroccan southern power network with
a large-scale integration of RESs were performed in [19]. The results of this simulation
reveal that the stability of the Moroccan southern transmission network will not be affected
by the integration of RESs. Meanwhile, the frequency stability of Jordan’s power system
under high non-synchronous RES penetrations has been investigated in [20]. The results
of this simulation reveal that Jordan’s national grid can accommodate extra-high RESs
penetrations of up to 40% in terms of frequency response.

1.3. Aim and Contributions

The KSA is located in a distinctive location and climate, which makes an investment
in renewable and sustainable energy resources suitable [21,22]. In particular, the KSA has
one of the highest average annual solar insolation rates in the world at approximately
2400 kWh/m2, as shown in Figure 2, which makes it an ideal location for installing solar
energy systems [21–23]. Wind energy is another promising renewable energy technology.
Although the KSA has a poor average wind speed, there are a few sites where wind
technology could be effective [21,22]. The projected locations are in the west coast and the
northwest parts of the Kingdom, due to their relatively high wind speed [21,22].
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The KSA government has laid out an ambitious plan to invest in RESs to develop a
secure, sustainable, and renewable energy system. The government of Saudi Arabia has a
target of achieving 40% of the energy mix from RESs by 2030 [21]. However, this change in
the energy landscape will impact the operability of the KSA’s electricity network. Hence,
studying future operability challenges such as inertial response, frequency stability, and
voltage stability has become an important step to mitigate the risks of this technology.

This paper focuses on the impact of the reduction in the overall system inertia on the
frequency stability of the KSA’s power system under different energy scenarios from 2018
to 2030. The frequency stability of the KSA’s power system will be evaluated with various
penetration levels of RESs under peak and base load conditions. This research studies three
plausible future energy scenarios (FESs) for the next decade based on the KSA government’s
2030 renewables target, which is considered to be a high progression scenario [21]. Another
two scenarios are proposed considering a medium and low progression in the alternative
energy projects. An estimation of the electricity generation trend is considered based on
the available energy sources, renewables potential, and network capabilities. The KSA
FESs will also consider the future growth of the demand for electricity. The growth of
the electricity load is estimated by considering load forecasting, population growth, and
energy-saving programs.

Given the lack of future dynamic stability studies of the KSA power system, this
work can be considered as a basis for future research related to the extensive integration of
RESs into the KSA’s power grid. It is hoped that this work will help system planners and
operators to develop and implement planning and operation policies regarding the high
penetration of non-synchronous RESs.

The rest of this paper is organized as follows. Section 2 presents an overview of the
KSA’s power system. The methodology of this paper is described in Section 3. Section 4
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discusses the dynamic stability of the future KSA power system under various penetration
RESs. Section 5 discusses some practical mitigation measures to compensate for the reduc-
tion in the system’s overall inertia. Finally, Section 6 draws a conclusion and makes several
recommendations for future work.

2. Overview of the KSA’s Power System
2.1. Description of the KSA’s Power System

The KSA has a considerable power system, with 78,733 km-circular of transmission
lines and 615,307 km-circular of distribution networks that extend to cities, towns, and
villages across five operation areas supplying electricity to more than 99% of the Kingdom’s
population [24]. The electricity demand in the KSA has grown significantly in the past
two decades to reach 64 GW in 2018, due to the rapid growth of population and industrial
cities [24]. The Saudi Electricity Company (SEC), which is the main operator of the KSA grid,
has developed a considerable generation capacity to meet the rapidly growing demand for
electricity and is ranked the world’s eleventh largest consumer of generated electricity [25].
Today, the KSA is ranked the world’s sixteenth largest producer of electrical energy, which
is primarily derived from liquid petroleum and natural gas sources [25,26]. The distribution
of the total installed generation capacity based on the generation technology in 2018 is
presented in Figure 3, where 37% of the generation capacity is derived from open-cycle gas
turbine (OCGT) power plants, 15% from closed-cycle gas turbine (CCGT) power plants,
and 48% from steam plants [24,26].
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The KSA’s power system is interconnected with the Gulf Cooperation Council (GCC)
countries through 400 kV high-voltage direct-current (HVDC) double circuit lines, which
operate at different frequency levels [2,27,28]. As shown in Figure 4, the GCC interconnec-
tion includes 900 km of overhead lines and a 37 km submarine cable to Bahrain, which
allow for the interchange of electricity between all GCC grid emergency situations to reduce
the spinning reserves of all of the GCC’s grids and improve their reliability. The GCC
allows the KSA’s power system to interchange a maximum of 1200 MW during emergency
situations [2,27,28]. However, this back-to-back HVSC interconnection to the GCC comes in
the third stage of the frequency control loops following a power disturbance and does not
contribute to the fast ancillary services in the KSA’s grid because they are not synchronously
connected [2,28].
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2.2. Frequency Control in the KSA’s Grid

The nominal value of the grid frequency is 60 Hz in the KSA interconnected power
system. During the normal operation, the transmission service provider (TSP) should
maintain the system frequency within normal steady-state operational limits of between
59.9 Hz and 60.1 Hz [2,28].

According to the Saudi Arabian Grid Code, the system frequency is controlled by the
TSP through primary frequency control (PFC) and secondary frequency control (SFC). The
PFC takes place immediately following the frequency event and lasts up to 30 s, which is
achieved by automatic corrective measures to frequency deviations. Automatic PFC actions
aim to attenuate small frequency fluctuations (59.9~60.1 Hz) [2,28]. Frequency deviations
outside the normal fluctuations are corrected using the SFC and operating reserve. The
SFC, which is provided by a combination of automatic and manual actions, takes place on
a time scale from 30 s up to 10 min following the frequency event [28].

Under system stress, the steady-state emergency limits of the frequency are 59.80 Hz
and 60.50 Hz. According to the Saudi Arabian Grid Code for frequency variations of 57.5
to 61.5 Hz for 30 min and 57.0 to 62.5 Hz for 30 s, relays will begin to operate at 59.6 Hz
under-frequency load shedding (UFLS). Therefore, emergency limits of 59.80 to 60.5 Hz will
always be maintained [29]. Following a UFLS event, the dispatchers take more actions to
return the system frequency to its nominal value as soon as possible. This includes the call
for spinning reserve requirements and standby generation, and additional load shedding if
generation is unavailable.

3. Methodology
3.1. Estimation of Future Demand in the KSA

Estimating the growth in future power consumption and electricity demand is a
vital step in developing comprehensive FESs. The future load demand is estimated by
considering load forecasting, population growth, and energy-saving programs. Historically,
electricity demand in KSA grew from 22 GW in 2000 to 62 GW in 2015, with a growth rate
of approximately 7%, as shown in Figure 4 [24,29]. The load demand then remained flat
in the next four years (2016–2018) because of fuel subsidy reduction, which led to a fall
in consumption.

Even with the implementation of energy-efficiency measures and projections of slower
growth for electricity demand in the future, the peak demand is predicted to be just below
120 GW in 2030, as shown in Figure 4. As a result, the government has laid out a plan to
increase electricity generation capacity to 120 GW by 2030, which will cost the Kingdom
an additional 3 million barrels of oil per day to supply this demand [29]. Therefore, the
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country has laid out an ambitious plan to diversify its generation sources and provide more
than 58.7 GW of local generation from RESs by 2030 [21,29].

3.2. Future Energy Scenarios (FESs)

For a comprehensive analysis of the KSA’s future power system, three plausible FESs
are developed based on the government’s renewables targets in the coming decade. In
2018, the KSA government issued a target to achieve 27.3 GW of local generation from RES
by 2023 and 58.7 GW by 2030 [21].

The 2030 target is considered to be the high progression scenario (HP). Another two
FESs of the KSA’s power system with various penetrations of RESs have been developed
considering the medium progression (MP) and low progression (LP) of the 2030 renewables
target. These scenarios aim to detect when the overall system inertia will drop to critical
levels that could endanger the grid’s stability. An estimation of the electricity generation mix
was considered based on the available energy sources, renewables potential, and network
capabilities. The energy mixes, and more importantly the synchronous and asynchronous
generation capacity resulting from these FESs, are summarized in Tables 1 and 2 for 2023
and 2030, respectively [21,24,26].

Table 1. Summary of the KSA’s energy mix for 2023.

Technology
Installed Capacity [GW]

HP MP LP

Steam (ST) 38 36% 38 41% 38 43%

Gas (OCGT) 29.5 28% 29.5 32% 29.5 34%

Gas (CCGT) 11.9 11% 11.9 13% 11.9 14%

Nuclear 0 0% 0 0% 0 0%

Wind 7.0 7% 3.5 4% 2.1 2%

Solar PV 20.0 19% 10.0 11% 6.0 7%

CSP solar 0 0% 0 0% 0 0%

Totals 106.4 100% 92.9 100% 87.5 100%

Synchronous 79.4 75% 79.4 85% 79.4 91%

Non-Synchronous 27.0 25% 13.5 15% 8.1 9%
HP = high progression; MP = medium progression; LP = low progression.

Table 2. Summary of the KSA’s energy mix for 2030.

Technology
Installed Capacity [GW]

HP MP LP

Steam (ST) 38 28% 38 32% 38 32%

Gas (OCGT) 29.5 21% 29.5 25% 29.5 25%

Gas (CCGT) 11.9 9% 23 19% 35 29%

Nuclear 0 0% 0 0% 0 0%

Wind 16 12% 8 7% 4.80 4%

Solar PV 40 29% 20 17% 12.00 10%

CSP solar 2.70 2% 1.35 1% 0.81 1%

Totals 138 100% 120 100% 120 100%

Synchronous 82.1 59% 92 77% 103 86%

Non-Synchronous 56.0 41% 28 23% 16.8 14%
HP = high progression; MP = medium progression; LP = low progression.
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The HP scenario represents the KSA government’s vision of achieving almost 25% of
the generation mix from RESs by 2023 and 41% by 2030, as shown in Tables 1 and 2, respec-
tively. It is assumed the KSA government will make outstanding progress in achieving the
projected target on time.

In the MP scenario, a medium progression in the projects of the 2030 renewables
target is assumed. The MP scenario anticipates that 50% of the planned RES projects will
be achieved by 2023 and 2030, respectively, due to financial and technical obstacles. It is
assumed that non-synchronous generation will contribute to the generation mix by 13 GW
and 28 GW in 2023 and 2030, respectively, as shown in Tables 1 and 2.

The LP scenario assumes slow progression in the achievement of the 2030 renewables
plan, due to some financial and technical obstacles to developing and integrating such large
renewable energy projects into the existing power system. This scenario assumes that just
30% of the planned target will be achieved by 2023 and 2030, respectively. The RESs are
expected to contribute to the energy mix with only 9.3 GW and 14 GW in 2023 and 2030,
respectively, as shown in Tables 1 and 2.

3.3. Simplified KSA Power System Model

The electrical frequency of a power system is the mean frequency of all of the syn-
chronous generators that are directly coupled to the grid, which is directly proportional
to their rotor speeds. Hence, the control of power system frequency can be expressed as
the frequency control of one synchronous generator. The control of the system frequency
is achieved by a turbine governor (speed governor) control. The speed governor adjusts
the position of the main steam valve to maintain the speed of the rotor at the synchronous
speed and ensure a balance between the mechanical and electrical torques [30,31].

For instance, a change in electrical load is reflected instantaneously as a change in the
electrical torque output (Te) of the generator. This change causes an imbalance between
the turbine mechanical torque (Tm) and generator electrical torque (Te). The imbalance
between Tm and Te results in an imbalance in the net torque (Ta) and a change in the rotor
speed (wm), according to the equation of motion. When Tm is less than Te, wm decreases
and the governor extends the valve inlet to increase Tm. Similarly, when Tm is greater than
Te, wm increases and the governor shrinks the valve inlet to decrease Tm.

The relationship between the net torque and the variation in the mechanical speed of
the generator rotor can be described using the swing equation of the synchronous generator,
as shown in Equation (1):

Ta = Tm − Te = J
d∆wm

dt
(1)

where J in [kg.m2] is the combined moment of inertia of the generator and turbine.
The swing equation can be expressed in terms of inertia constant (H), which is defined

as the ratio of the stored kinetic energy on the machine rotor (K.E) to the rating power of
the generator (Sbase) in [MVA], as follows:

H =
K.E
Sbase

=
0.5Jwm

2

Sbase
(2)

Substituting for J in Equation (1) gives:

Ta = Tm − Te = 2H
d∆wm

dt
(3)

For a thorough study of the system frequency, it is more desirable to express this
relationship in terms of mechanical and electrical power instead of torque. The relationship
between P in [W] and torque T in [N.m] is shown in Equation (4), where wm in [rad/sec] is
the speed of the machine rotor [30,31]:

P = T*wm (4)
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Considering a small deviation from the normal values, the above quantities can be
rewritten as follows:

P = P0 + ∆P (5)

T = T0 + ∆T (6)

wm = wm0 + ∆wm (7)

and equation can be rewritten considering their steady state and derivative terms, as shown
in Equation (8).

P0 + ∆P = (T0 + ∆T)+(w m0 + ∆wm
)

(8)

The relationship between the derivative terms only can be written as follows:

∆P = ∆Twm0 + T0∆wm (9)

Therefore,

∆Pm − ∆Pe = (∆Tm − ∆Te)wm0 + (Tm0 − ∆Te0)∆wm (10)

In steady state, Tm0 = ∆Te0 and the synchronous speed (wm0) = 1 p.u.; hence,
Equation (10) can be written as follows:

∆Pm − ∆Pe = ∆Tm − ∆Te (11)

Equations (3) and (11) can now be expressed in terms of inertia constant as shown in
Equation (12).

∆Pm − ∆Pe = 2H
d∆wm

dt
(12)

Loads in the power system are classified based on their sensitivity to the frequency
deviation into two categories: frequency-independent loads, such as resistive loads (i.e.,
lighting and heating loads); and frequency-dependent loads, such as inductive loads (i.e.,
motor loads). Hence, the overall characteristics of the change in electrical power due to
deviation in the system frequency can be written as follows:

Pe = ∆PL − Dwm (13)

where ∆PL is non-frequency-sensitive load change, Dwm is a frequency-sensitive load
change, and D is the load damping coefficient.

The load damping constant is defined as the percent of change in load for a 1%
change in the system’s frequency. The value of D is typically between 1% and 2%. To
illustrate, a value of D = 2 means that the load will change by 2% for a 1% change in the
system frequency. Considering the effect of the load damping constant and taking Laplace
transform to Equation (12), the transfer function of the relationship between power and
variation in speed can be expressed as in Equation (14) and represented in a block diagram
as shown in Figure 5 [30,31]:

∆Pm − ∆Pe = ∆wm(2HS − D) (14)
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Analysis of frequency deviation required the use of complex numerical methods
because of the nonlinear and time-varying nature of the power system. However, simple
first-order transfer functions are used to analyze the power system frequency and control
design. The load frequency control (LFC) model, which is widely used in academic power
network dynamic studies, was modified to resemble the KSA’s power system [30,31].
Figure 6 gives a schematic diagram of the LFC model.

Electronics 2023, 12, x FOR PEER REVIEW 9 of 20 
 

 

In steady state, Tm0 = ∆ Te0 and the synchronous speed (wm0) = 1 p.u.; hence, Equa-
tion (10) can be written as follows:  

∆ Pm − ∆ Pe = ∆ Tm − ∆ Te   (11) 

Equations (3) and (11) can now be expressed in terms of inertia constant as shown in 
Equation (12). 

∆ Pm − ∆ Pe = 2𝐻𝐻 
𝑑𝑑∆wm

𝑑𝑑𝑑𝑑
   (12) 

Loads in the power system are classified based on their sensitivity to the frequency 
deviation into two categories: frequency-independent loads, such as resistive loads (i.e., 
lighting and heating loads); and frequency-dependent loads, such as inductive loads (i.e., 
motor loads). Hence, the overall characteristics of the change in electrical power due to 
deviation in the system frequency can be written as follows:  

Pe = ∆ PL − D wm   (13) 

where ∆ P𝐋𝐋 is non-frequency-sensitive load change, D wm is a frequency-sensitive load 
change, and D is the load damping coefficient.  

The load damping constant is defined as the percent of change in load for a 1% 
change in the system’s frequency. The value of D is typically between 1% and 2%. To 
illustrate, a value of D = 2 means that the load will change by 2% for a 1% change in the 
system frequency. Considering the effect of the load damping constant and taking Laplace 
transform to Equation (12), the transfer function of the relationship between power and 
variation in speed can be expressed as in Equation (14) and represented in a block diagram 
as shown in Figure 5 [30,31]:  

∆ Pm − ∆ Pe =  ∆wm(2𝐻𝐻𝐻𝐻 − D)   (14) 

 
Figure 5. Block diagram of the generator–load dynamic relationship, adapted from [31]. 

Analysis of frequency deviation required the use of complex numerical methods be-
cause of the nonlinear and time-varying nature of the power system. However, simple 
first-order transfer functions are used to analyze the power system frequency and control 
design. The load frequency control (LFC) model, which is widely used in academic power 
network dynamic studies, was modified to resemble the KSA’s power system [30,31]. Fig-
ure 6 gives a schematic diagram of the LFC model.  

 
Figure 6. Simplified load frequency control model, adapted from [31]. 

Figure 6. Simplified load frequency control model, adapted from [31].

The adopted model is simulated using real data that were collected from various
KSA electricity domains, including the SEC and Electricity & Cogeneration Regulatory
Authority (ECRA) [24,26,32]. Personal interviews with experts in the SEC have been
conducted to ensure the ability of the adopted model to resemble the KSA’s power system.
This research analyzes the initial period following power disturbance to evaluate the
impact of a reduction in the system’s inertia on the frequency stability. Thus, this model
does not include a representation of the secondary frequency control loop (AGC) or other
control loops.

Given that all of the generating units in the KSA’s power system are thermal units,
all of the generators are substituted with a single generation unit considering their total
aggregated installed capacity. The KSA’s synchronous generation is represented by govern-
ing turbine transfer functions. The model includes a representation of a speed governor,
turbine, rotating mass, and load for the provision of system frequency analysis.

Table 3 shows the values of the parameters used in the simplified LFC model of the
KSA’s grid. Generator–turbine time constants (Tg, Ttr, Tt, and Tr) are set according to their
typical values. According to the KSA grid code, all generation units must have a governor
droop setting of 4% [2]. Therefore, the droop setting is represented in the test model by the
block gain 1/R and is set to 20 p.u. The value of the load damping coefficient (D) is set to 1,
which means that a 1% change in system frequency would cause a 1% change in load.

Table 3. Parameter values for the simplified KSA model.

Constant Tg Ttr Tt Tr D R

Typical value 0.3 s 2.1 s 8 s 0.3 s 1 4%

The inertia constant of each generation unit is set according to the generator type
to determine the rotational inertia contribution of each generation technology. Table 4
gives the typical values of the inertia constant for different generation technologies at
3600 rpm [33,34]. As can be seen, OCGT and CCGT power plants would deliver most of
the inertial response, while non-synchronous generators such as wind and solar PV would
not offer any rotational inertial response because they are indirectly connected to the grid
using power converters. The overall system inertia (Heq) is estimated to be 4.15 s through
aggregating the inertia constants of all generating units connected directly to the grid.
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Table 4. Typical values of H for different generation technologies at 3600 rpm [33,34].

Generation Technology Inertia Constant [MWs/MVA]

Coal 2.63

Steam 2.94

Open-cycle Gas Turbine (OCGT) 5.29

Closed-cycle Gas Turbine (CCGT) 4.97

Nuclear 4.67

Hydro/Pumped Storage (PS) 2.4

Solar PV –

Wind –

Concentrated Solar Power (CSP) 2.5

The accuracy of the adopted model was verified against the KSA’s power system
through various real power disturbances. The parameters of the model have been adjusted
to ensure that it resembles the dynamic behavior of the real KSA power system. Figure 7
shows an example of the dynamic behavior of the adopted model when compared to the
real KSA system.
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The model was validated with a real frequency incident that occurred in the KSA grid
when the system frequency dropped to almost 59.78 Hz following a sudden power outage
in the eastern operation area, which resulted in a power loss of 1206 MW. The frequency
response of the adopted model matched well with the response of the real system for the
same power disturbance, which indicates the validity of the adopted model for resembling
the KSA power system.

4. Dynamic Stability of the Future KSA Power System

The impact of the high-penetration RESs on the dynamic stability of the KSA’s power
system in 2023 and 2030 was evaluated under peak and base load conditions. The dynamic
behavior of the KSA system under various penetration RESs has been simulated and
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analyzed using the MATLAB Simulink simulation software package. A generation loss
of 1849.6 MW, which corresponds to the generation trip of the eight power plants in the
central region (PP-8), is considered as a power disturbance incident in all case studies (∆PL).
The power disturbance incident is assumed to happen after 5 s in all simulations.

4.1. Results for the Year 2023

The transient behavior of the KSA power system in 2023 with various penetration
levels of non-synchronous RESs was investigated under peak and base load conditions.
The required generation capacity to meet the estimated load demand under peak and base
load conditions was designated based on the proposed FESs. The penetration level of RESs
is represented in the model through a corresponding reduction in the overall inertia of the
KSA’s power system.

4.1.1. Case 1: Peak Load Conditions

The dispatch of the installed generation units for the FESs in 2023 under peak load
conditions is shown in Table 5. The estimated values of the overall inertia constant (Heq),
based on the renewables target progression, as shown in Table 5, are modeled for each
scenario to show the impact of a reduction of the system’s inertia on the inertial response
of the system. The frequency responses for each FES in 2023 under peak load conditions
following a generation loss of 1849.6 MW are presented in Figure 8.

Table 5. Online generation under peak load conditions in 2023.

Generation Technology
Online Capacity [GW]

Base HP MP LP

Steam (ST) 38.02 38.02 38.02 38.02

Gas (OCGT) 29.08 7.08 19.58 22.98

Gas (CCGT) 11.89 11.89 11.89 11.89

Nuclear 0 0 0 0

Wind 0 7 3.5 2.1

Solar PV 0 20 10 6

CSP solar 0 0 0 0

Total 79 84 83 81

Heq 4.14 2.51 3.33 3.64

4.1.2. Case 2: Base Load Conditions

The energy dispatch for all of the generation technologies for the FESs in 2023 under
base load conditions is shown in Table 6. The estimated values of the overall inertia constant
(Heq), based on the renewables target progression, as shown in Table 6, are modeled for
each scenario to show the impact of a reduction of the system’s inertia on the inertial
response of the system. The frequency responses following a generation loss of 1849.6 MW
for each FES under base peak load conditions in 2023 are shown in Figure 9.

4.2. Results for the Year 2030

The transient behavior of the KSA’s power system in 2030 with various penetration
levels from non-synchronous RESs was also investigated under base and peak load condi-
tions. The necessary generation capacity to meet the estimated load demand under peak
and base load conditions was selected based on the proposed FESs. The penetration level
of the RESs is represented in the model through a corresponding reduction in the overall
inertia of the KSA’s power system.
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4.2.1. Case 1: Peak Load Conditions

The dispatch of all of the available generation technologies for the FESs in 2030 under
base load conditions is shown in Table 7. The estimated values of the overall inertia constant
(Heq), based on the renewables target progression, are shown in Table 7. Online generation
capacity under peak load conditions in 2030 are simulated for each scenario to show the
impact of a reduction in the system’s inertia on the inertial response of the system. The
frequency step responses following a generation loss of 1849.6 MW for each FES under
peak load conditions in 2030 are shown in Figure 10.
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Table 6. Online generation under base load conditions in 2023.

Generation Technology
Online Capacity [GW]

Base HP MP LP

Steam (ST) 38.02 38.02 38.02 38.02

Gas (OCGT) 17.48 0 8.98 9.38

Gas (CCGT) 11.89 11.89 11.89 11.89

Nuclear 0 0 0 0

Wind 0 7 3.5 2.1

Solar PV 0 20 10 6

CSP solar 0 0 0 0

Total 67.4 76.92 72.4 70.4

Heq 3.94 2.25 3.05 3.17
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Table 7. Online generation capacity under peak load conditions in 2030.

Generation Technology
Online Capacity [GW]

Base HP MP LP

Steam (ST) 38.0223 38.0223 38.0223 38.0223

Gas (OCGT) 29 10.0834 30.0834 42.2834

Gas (CCGT) 43.9777 11.8943 14.8943 13.8943

Nuclear 0 0 0 0

Wind 0 16 8 4.8

Solar PV 0 40 20 12

CSP solar 0 0 0 0

Total 111 116 111 111

Heq 4.38 1.95 3.13 3.66

4.2.2. Case 2: Base Load Conditions

The dispatch of all of the available generation technologies for the FESs in 2030 under
base load conditions is shown in Table 8. The estimated values of the overall inertia constant
(Heq), based on the renewables target progression as shown in Table 8, are simulated for
each scenario to show the impact of a reduction in the system’s inertia on the inertial
response of the system. The frequency responses for each FES in 2030 under base load
conditions following a generation loss of 1849.6 MW are presented in Figure 11.
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Table 8. Online generation capacity under base load conditions in 2030.

Generation Technology
Online Capacity [GW]

Base HP MP LP

Steam (ST) 38.02 38.02 38.02 38.02

Gas (OCGT) 29 0 22.08 29

Gas (CCGT) 27.97 11.89 11.89 14.17

Nuclear 0 0 0 0

Wind 0 16 8 4.8

Solar PV 0 40 20 12

CSP solar 0 0 0 0

Total 95 105.92 100 98

Heq 4.28 1.64 2.90 3.45

4.3. Analysis of the Results

The simulation results that were obtained in Section 4 revealed that the KSA power
system would experience a significant change in the future frequency response because of
the reduction in the overall inertia of the system. However, the reduction in the frequency
response varies based on the penetration level of the non-synchronous RESs connected
to the network. The increase in the frequency deviation is directly proportional to the
percentage of the non-synchronous RESs connected to the grid.
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The frequency response in 2023 is relatively stable under peak load conditions, even
with the high penetration levels of RESs. The simulation results show that the system
frequency under peak load conditions following a generation loss of 1849.6 MW drops
to the levels that are shown in Figure 8. The worst frequency response occurs in the HP
scenario, when 25% of the energy mix is derived from inverter-coupled RESs. The system
frequency falls to approximately 59.63 Hz, where the available inertial response will be
able to arrest the frequency deviation from triggering the UFLS threshold (as shown in
Figure 8). In contrast, the frequency deviation under base load conditions in 2023 is much
more vulnerable than in peak load conditions because of the reduction in the Heq. This
is attributed to the lower level of synchronous generation units that are connected to the
grid under light load conditions when compared to the peak load conditions. The worst
frequency response occurs with the HP scenario, where the system frequency falls below
59.6 Hz and triggers the UFLS threshold to restore the frequency to the safe levels as shown
in Figure 9.

The reduction in the frequency response in 2030 is higher than in 2023, due to the
increase of synchronous RESs that are integrated into the system. Under peak load con-
ditions, the frequency deviation would be much more vulnerable when the level of the
non-synchronous RES generation is as high as 41% of the generation mix. The Heq is ex-
pected to decrease to about 1.95 s. The frequency response following a power disturbance
of 1849.6 MW at 5 s drops rapidly to about 59.58 Hz, which exceeds the UFLS thresholds
(as shown in Figure 10. This would result in spontaneous ULFS and would leave many
customers without electricity for a period of time.

The KSA’s power system in 2030 under base load conditions would experience the
worst transient behavior when the level of the inverter-fed RESs generation is as high as 41%
of the generation mix. The frequency following a generation loss of 1849.6 MW at 5 s drops
rapidly to almost 59.52 Hz, which exceeds the UFLS thresholds (as shown in Figure 11).
This will result in a spontaneous ULFS and would leave many customers without electricity
for a period of time. Further practical solutions are required to mitigate the negative effect
of the high levels of penetration of the inverter-interfaced RESs on the system’s frequency
and ensure a reliable and secure operation of the future KSA power system.
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5. Compensating for the Reduction in the System Inertia

Several new control strategies have been developed to mitigate the effect of a high pen-
etration of RESs on the stability of the system’s frequency [35–37]. The proposed approaches
can be categorized based on the technology used into two approaches. The first approach,
as depicted in Figure 12a, is to compensate for the reduction in the synchronous inertial
response by adding some traditional synchronous generators (synchronous compensators)
to provide the minimum inertia requirement for the system.
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However, applying this solution would require large and costly power plants, which
would reduce the system’s efficiency and increase the CO2 emissions to higher levels [35,36].
The second approach to ensure the system’s frequency stability under conditions of low
system inertia uses smart techniques (as shown in Figure 12b), which include demand-side
response (DSR) services, energy storage systems (ESSs), aggregated diesel generators, and
synthetic (virtual) inertia services [35–37].

The reduction in the inertial response of the KSA’s grid may be compensated by using
BESSs. The importance of BESSs for compensating the reduction in the system inertia may
be illustrated through simulations that consider the HP scenario of the KSA grid under
peak load conditions in 2030 and aggregated BESSs. The aggregated BESSs are simulated
and integrated with the adopted model, as shown in Figure 13. It is assumed that the
aggregated BESSs have enough capacity to store the minimum required energy from the
surplus energy generated by the generating units during off-peak times and then release it
immediately once needed to compensate for the reduction in the system’s inertia.
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The aggregated BESSs is modeled using the first-order transfer function. The transfer
function of the aggregated BESSs can be expressed as follows:

GBESS(s) =
K0

1 + STB
(15)
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where K0 is the gain of the aggregated BESSs and TB is the time constant of the aggregated
BESSs [38].

It is assumed that BESSs can immediately deliver a maximum power output of
1200 MW for a few minutes following a sudden disturbance. The simulation results show
the ability of aggregated BESSs to arrest the frequency decay and avoid UFLS. The BESSs
raise the system frequency to a safer value by reducing the drop in the system frequency by
0.01 Hz (as shown in Figure 14), which improves the frequency regulation by 25%. This in-
dicates the ability of aggregated BESSs to maximize the use of power-electronics-interfaced
RESs in modern power systems.
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6. Conclusions

This paper evaluated the impact of the high penetration levels of inverter-fed RES
generation technologies on the future frequency stability of the KSA grid. This paper
included a description of the changing energy landscape of the KSA’s electricity grid and
investigated the impact of the high penetration levels of inverter-fed RESs on the dynamic
behavior of the KSA grid. The impact of RESs has been studied through a simulation of case
studies of the future KSA power system using the MATLAB/Simulink simulation software.

A simplified LFC model of the KSA grid was simulated and validated in the MAT-
LAB/Simulink software. The dynamic behavior of the KSA future power system with
various penetration levels of RES levels was evaluated under peak and base load conditions.

The simulation results show that the high penetrations of inverter-coupled RESs
have a severe impact on the system’s frequency response. The RoCoF is steeper and the
system frequency drops rapidly to unacceptable levels, which causes undesirable UFLS
and cascading generation failure. The worst frequency response would occur with high
penetration levels of RESs under base load conditions, due to the substantial reduction in
the overall system inertia.

Several smart control strategies to mitigate the reduction in the overall inertia of
the power system were demonstrated. Meanwhile, the reduction in the system’s inertial
response was compensated by integrating aggregated BESSs into the KSA network. The
simulation results show that aggregated BESSs can substantially enhance the frequency
regulation. This demonstrates the importance of using BESSs to maximize the utilization
of RESs.
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This paper does not cover the regional impact of RESs on the KSA’s power system.
Therefore, our future work will model a more detailed power network and investigate
the impact of RESs on each operation area of the interconnected KSA power system. In
addition, the performance of the SFC and other additional reserve requirements to restore
the frequency to the nominal value are beyond the scope of this work and will be discussed
in future studies.
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