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Abstract: A system’s stability is affected by the generation types in the interconnected power system.
For example, synchronous generators usually have high inertia sharing with the power system since
they have rotating mass, and they usually have primary frequency response capability. On the other
hand, renewable energy sources (RES) neither provide inertia to the system nor have a primary
frequency response capability; hence, adding RES will impact the power system’s voltage, angle, and
frequency stability. Battery energy storage systems (BESSs) have many applications in the future
electric grid. From the stability perspective, BESSs can be used to increase the power system’s stability.
A case study was conducted on the Rafha microgrid in the Kingdom of Saudi Arabia (KSA) to inspect
a BESS’s influence on the Rafha microgrid’s stability and the impact of changing the BESS'’s location,
which might cause changes in the system stability after contingencies. In addition, we investigated
which dynamic stability is affected if the BESS’s capacity changes. The microgrid is tested using
contingencies that affect the system’s frequency, angle, and voltage stability using the power system
simulator for engineering (PSS/E) software as a simulation platform. Finally, we investigated the
technical impact of utilizing a BESS and its influence on economic operation.

Keywords: batteries; energy storage; power system stability; power system transients; power system
dynamics; power system control; power system modeling; renewable energy resources; lithium-Ion
batteries

1. Introduction

With the increasing contribution of renewable energy resources (RES) to the power
system, it is becoming more and more difficult to predict the quantity of power gener-
ated. For example, photovoltaic (PV) systems will lose massive power output when the
weather is cloudy; wind farms will shut down at times when the wind speed is less than
the threshold [1,2]. When the contribution of RES to the power generation grid is low,
the system’s primary response can make up for the amount of power lost in power genera-
tion. However, if its contribution to the power system is considerably high, the system’s
primary response cannot compensate for the power loss. When this happens, the system’s
frequency will fall below the acceptable limit [3]. Scientists and engineers predicted this
drawback of renewable energy generation and have started looking for solutions to this
problem, which may face power systems in the future [4]. Energy storage systems (ESS)
can be used to regulate the power within a power system. There are different types of ESS,
such as electrochemical energy storage (EES) and thermal energy storage (TES). Each type
of ESS has unique properties in terms of energy density, efficiency, and rate of charging
and discharging [5-7]. In the last ten years, the installation capacity of RES worldwide has
doubled, to reach 2532 GW in 2019 [8]. Many countries are making considerable efforts
to stop global warming by shifting more and more towards using RES for their energy
requirements [9,10]. KSA has declared its Vision 2030 concerning RES, which states that
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it will increase its RES by installing a maximum of 40 GW of solar PV, around 16 GW of
wind farms, and 2.7 GW of energy through other RES. Thus, the total RES penetration
planned by the KSA is around 58.7 GW [11]. Synchronous generators can provide pri-
mary frequency response and inertia to power systems. However, RES cannot provide
primary frequency response or inertia to the grid [12]. RES installed in a power system
can cause critical challenges to the power system’s stability. The power system inertia
of the Japanese, EU, and Asian electric grids has decreased in the past 20 years with the
increasing installation of RES [13]. According to [3,7,14,15] the installation of battery energy
storage systems (BESSs) is an efficient way to improve power system stability. Additionally,
BESSs can provide primary frequency response to the grid, increasing the power system'’s
stability [16]. Adding control to the BESSs to monitor the voltage and frequency could
increase the system’s stability. The Western Electricity Coordinating Council (WECC) and
North American Electric Reliability Corporation (NERC) issued a benchmarking model
for BESSs in different simulation platforms, including the Power System Simulator for
Engineering (PSS/E) [17,18]. This model has been tested and validated in [19]. However,
only a few studies have implemented and tested the BESS model in an existing power
system (case study); moreover, the research that has been conducted on the effect of BESSs
on the power system usually investigates the impact of BESSs on frequency stability only,
without considering other dynamic stability types [20]. Additionally, researchers usually
study the BESSs’ sizes and locations only by considering frequency stability. This paper is a
case study of the Ratha microgrid in KSA. It investigates the effect of a BESS on different
types of system stability, which are frequency, voltage, and angle stability, and examines
the effect of a BESS on each system stability type. Furthermore, a stability performance
study is conducted after installing BESSs of various sizes in various locations, to examine
their effect on the overall system stability.

1.1. Research Objectives

Many studies in Saudi Arabia mainly focus on the operation and control in steady state
of a classic electric grid without the exchange of power among interconnected entities such
as BESSs and the solar city, neglecting the dynamic aspects of such a network. Therefore,
the objectives of this research are as follows:

¢ To utilize the WECC benchmarking BESS model on an existing microgrid using the
PSS/E simulation platform.

e To study the impact of installing a BESS on the Rafha microgrid and examine the
performance of angle, frequency, and voltage stabilities after contingency.

¢ Investigate the impact of changing the BESS’s size or location on the Rafha microgrid
system’s stability.

¢  Find what will be the optimal bus location where the BESS should be installed in the
Rafha microgrid in the presence of RES.

1.2. Problem Formulation

With the increase in RES’s penetration to the power system, the system’s stability
can be seriously affected. BESSs have a positive impact on system stability. This research
focuses on the Raftha power system as a case study to examine the effect of a BESS on
frequency, angle, and voltage stability. Furthermore, this research aims to investigate the
effect of changing the BESS's size and location on the power system’s stability.

2. Power System Stability

Power system stability is defined as the system’s ability to remain in operating equilib-
rium, and it can be categorized as shown in Figure 1. There are three main categories [21,22]:
angle stability, frequency stability, and voltage stability.
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Figure 1. Classification of power system stability.

2.1. Angle Stability

All power system machines must be synchronized to maintain equilibrium. The ma-
chine’s ability to maintain synchronization is called its angle stability. There are two
types of angle stability: transient stability or large-disturbance stability and small angle-
disturbance stability. Transient stability or large-disturbance angle stability is the system’s
ability to maintain angle synchronism when subjected to a severe disturbance. On the other
hand, an event that has a small impact on the system is called small-disturbance stability.
Instability caused by a small disturbance can take two forms, either a rotational angle
increases through an aperiodic mode due to insufficient synchronizing torque, or oscilla-
tions with increasing amplitude occur due to inadequate damping torque [21,22]. Ideally,
the power transferred between any source and load bus in a connected power system is
given by [23,24]:

_VsVi

Ln

P

sin(J) 1

where Vs—voltage at the source bus, V;—voltage at the load bus, X} ,—line impedance,
and J—power angle, which is the difference between the source bus and the load bus
voltage angle. The maximum power transfer is when the power angle is 90 degrees; if the
power angle grows beyond 90 degrees, the system will lose its ability to control angles
and power flows. Typically, the power angles between connected buses are less than
10 degrees [25].

2.2. Frequency Stability

Frequency stability is the ability of the power system to maintain a steady frequency
when upsets happen to the power system, resulting in an imbalance between generation
and load. Instability occurs when the system frequency continues swinging after the upsets,
resulting in tripping of generator units or load. The upsets also affect power flow, voltages,
and other system variables; therefore, processes, control, and protections, not modeled
in conventional transient stability or voltage stability studies, take actions to protect the
system. These processes are slow, such as boiler dynamics, or only act after extreme
system conditions, such as protection tripping generators. In an extensive interconnected
power system, the most common situation is when a fault causes a system to split into
islands. In this case, there will be an imbalance between the generation and the load, which
may cause load loss to reach a steady frequency. During the frequency correction action,
the activated processes and devices will range from milliseconds to several minutes [23].
In normal frequency deviation under normal conditions, the frequency limit varies in the
range of £0.03 Hz from the reference value. If the system frequency is 60 Hz, the normal
range is 59.97 Hz to 60.03 Hz. These variations are normal and frequently occur due to
the varying nature of the load. If the frequency deviation exceeds the deviation limit
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by 1 Hz, this is called an abnormal frequency deviation [25]. An automatic generation
control (AGC) system operates at a much higher level of control than a governor. Where
a governor control system monitors and controls only one generator, an AGC system
monitors a section of the power system, known as a balancing authority area, and controls
multiple generators. Governor control is often referred to as primary frequency control,
while AGC is referred to as secondary frequency control [25]. Figure 2 summarizes the
concept of frequency deviations. The right side of the figure illustrates typical deviations
during normal system conditions. If the frequency limit is in the range of £0.03 Hz, it
is called the time correction range, and the AGC corrects the frequency. The governor’s
response will enter if the frequency deviation is from +0.03 Hz to £1 Hz. The left side of
the figure illustrates larger frequency deviations. If frequency deviations are larger than
+1 Hz, automatic protection systems typically operate to minimize damage to the system’s
equipment [25].
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Figure 2. Frequency deviations summary.

The frequency fall (frequency nadir) value is the minimum frequency reached after
upsets occur to a power system. The time taken from fault time to frequency fall is called the
fall time. The setting frequency is the value after the primary frequency control stabilizes
the system. The rate of change of frequency (RoCoF) depends on the system inertia.
Figure 3 shows the frequency response including the time-frame control reactions [26]. The
swing equation is usually used to represent the dynamic frequency response, and it can be

expressed as follows [27]:
2Hdf _ Pn—P _ AP @

fodt S S
where H is the system inertia, f; is the nominal frequency, % is the rate of change of
frequency (RoCoF), AP is the difference between the mechanical power input (P;;) and
the electrical power output (P), and S is the nominal rating of the system. Frequency

response and fall-based frequency response after tripping of generation can be expressed
as follows [26,28]:

MW GLost
_ 3
frespﬂnSE( Hz ) ngminal —fSetting ¥
MW GLost
_ 4
ffallBase( Hz ) fNominal = ffann ?

where Gp,; is the generation lost in the power system, fnominar is the nominal frequency
value, fsetting is the setting frequency value, and ff,; is the frequency fall value.
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Figure 3. Power system frequency response.

2.3. Voltage Stability

Voltage stability is the system’s ability to maintain a steady and acceptable voltage.
The reactive power Q directly affects the voltage [23,29]. Most loads are inductive, which
means they absorb reactive power from the power system. In the case of load tripping,
the system’s reactive power will increase; hence, the system voltages will increase. On the
other hand, the synchronous generators and PV generation provide reactive power to the
power system, which causes the voltages to reduce in the case of generation tripping [30].

3. Energy Storage System

ESSs play a key role in controlling the power in an electrical system. Energy sources
such as conventional generators can supply the demand according to customer needs.
On the other hand, RES’s output power changes continuously depending on variables such
as solar radiation; thus, it is better to store the extra energy and use it when needed. ESS can
provide better economic performance and a more stable system [6]. The ESS has multiple
purposes, such as power source, load shaving, and stability improvement, in addition to
decreasing hydrocarbon emissions, thereby improving air quality [6,31].

3.1. Capability Curve of BESS

The capability curve of a BESS is defined as the region of charging and discharg-
ing, which creates a four-quadrant curve. The shape of the curve is almost symmetrical,
as shown in Figure 4 [18]. However, sometimes the design of the BESS is required to limit
the capability curve; for example, it limits the losses in the power plant. In such cases,
the curve becomes asymmetrical.

Capabi;ity Curve
Underexcited_ _ - -----""""""==--_____ Overexcited

_ - 25 TN~
.0. 095/ 1o |

0.8

[

-2.5 -2

Active Power (MW)

Reactive Power (Mvar)

Figure 4. Capability curve of 2.7 MVA BESS.
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3.2. Active Power Frequency Control

Applying conventional droop characteristics to the BESS’s control is an efficient
method to provide active frequency control to the system. Transmission planners should
specify the boundary of the capability curve (droop setting, dead-bands, and other response
characteristics). The droop is almost symmetrical, so the response remains nearly the same,
regardless of operation mode. The BESS is considered to be the primary frequency control.
The speed of response depends on the primary frequency needed, and the maximum
response is determined by the BESS’s state of charge (SOC) [18].

3.3. Reactive Power Voltage Control

The BESS should enhance the voltage stability during normal and abnormal conditions
by charging and discharging operations [18].

4. Static BESS Modeling

Figure 5 shows a single-line diagram of a BESS connected to the microgrid [18].
To simplify the BESS static model, we will consider one 132 kV busbar, two 300 V busbars as
generator buses, two 132/0.3 kV delta—delta transformers, and two conventional generators.

68702
BESS 68700
BESS SS
BESS th———————iagl———
68701
BESS
BESS 20) ??
10 10
03 132.0

Figure 5. Generic power flow model example for a BESS.

For steady-state power flow modeling of a BESS, we will consider the following
aspects [18]:

4.1. Charging and Discharging Operation

For the P,,;, value, the equivalent BESS generator charging capability should be set
to a negative value for the active power limit. On the other hand, P, is a positive value
representing the discharge capability.

4.2. Point of Voltage Control and Frequency Control

Depending on the Rafha system’s needs, the BESS’s control system will operate with
frequency control priority; hence, the limitation of RES’s installation depends on the
frequency and active power limit during contingencies.

5. Dynamic BESS Modeling

The latest standardized library model to represent a BESS is shown in Figure 6. This
model simulates a plant’s overall dynamic behavior. The BESS model is designed and built
in the PSS/E platform using the WECC generic model. The model consists of three control
modules: plant control, electrical control, and converter control. The frequency and voltage
controls are with the electrical control model.
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Figure 6. Block diagrams of WECC for BESS modeling.

The following modules represent the dynamic behavior of a BESS:

¢ REGCAU1 module:
This represents the inverter interface to the power system. REGCAUT1 receives the
active and reactive current command, with terminal voltage as feedback, and outputs
the active and reactive current that will be injected into the grid [32]. The REGCAU1
module shown in Figure 7 can be used to model different RES, such as wind or
solar plants.

e REECCUI module:
REECCUL1 is the electrical control module, and it is suitable for BESSs since it can oper-
ate the active and reactive power in the four quadrants if the SOC of the BESS allows
it. The REECC shown in Figure 8 represents the control of the inverter. The input
signals are the active power reference, reactive power reference, and feedback signal
of the terminal voltage, which are taken from the REPCAU1 and REGCAU1 modules.
The outputs are the active and reactive current commands, which go to the REGCAU1
module [32].

¢  REPCAU1 module:
This represents the plant controller. Its inputs are the system voltage and the output
reactive power to control the voltage at the plant level. Moreover, it inputs the system
frequency, and the output is the active power entering to control the active power [32].
In addition, this module provides active and reactive power signals to the REECCU1
module, as shown in Figure 9. In addition, it can be used as a plant controller in other
RES models.

Dynamic values of the BESS are used in the WECC benchmarking model [16-18].
However, the model data and the PI controller values have been tuned to meet the Rafha
microgrid’s requirements. The dynamic model limitation values will change depending
on the BESS’s capacity, but the PI controller values will be the same. Finally, to change
the BESS’s location, the BESS’s dynamic reference values will be changed. The data and
the dynamic values of the generators, PV generation, and load will be discussed later, in
Section 6.
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Figure 9. REPCAUTI plant controller generic model.

6. Results and Discussion

This section presents the results of the Rafha system utilizing a BESS. It compares
it with the base case to see the effect of connecting a stand-alone BESS to the system
from a stability perspective, using the PSS/E platform. Further, this section discusses the
increasing BESS capacity and its influence on system stability. It represents the spinning
reserve capacity range estimated for the Rafha grid, provided by National Grid SA [33].
In addition, the section investigates the effect of changing the BESS’s location on the system
stability. Finally, the economic impact of utilizing the BESS is addressed.

6.1. Rafha System Base Case

Rafha is an electrically isolated city in northern Saudi Arabia. The Rafha system has
three voltage levels (132 KV, 33 KV, 13.8 KV). Loads and generators are on the low voltage
side (33 KV, 13.8 KV). In 2025 it is planned to increase the system load and we will assume
that PV generation will be added to the Rafha system. After adding the load and PV
generation to the grid, the power system stability system will be affected and may not meet
the system requirements. In the base case, the Ratha system consists of five substations:
substation A, substation B, substation C, substation D, and PV substation. Substation A
contains seven conventional generators, the PV substation consists of solar generation,
and the rest are load substations. The base case is established by National Grid SA [33],
which has presented a simulation of the Rafha system for the summer of 2025, including
the dynamic values of the generators, PV generation, and load, assuming that Rafha is still
isolated. The case assumes maximum demand in the summer of 2025, as shown in Table 1.

Table 1. Forecasted peak load in Rafha.

Substation Voltage (KV) Load (MW) Load (Mvar) Load (MVA)
Substation A 132/33 KV 33 49.6 19.84 53.42
Substation B 132/13.8 KV 13.8 70.6 28.24 76.04
Substation C 132 60.6 24.24 65.27
Substation D 13.8 50.0 17.00 52.81

Total 230.8 89.32 247.54
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6.2. Rafha System with Connecting BESS

The Raftha system with BESS connecting to the substation B is shown in Figure 10.
Table 2 shows the generators in service and the generators dispatch. Moreover, Table 3
shows data from reactive power components.
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Figure 10. Rafha system utilizing BESS.
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Table 2. Generators in service.

Generator Substation Pgey MW)  Pprpy MW) Py MW) Qg Mvar)  Qpy Mvar) Qi Mvar)
GT1 Substation A 20 33 0 1.4903 29 —-12
GT2 Substation A 27 30 0 1.5775 29 -12
GT3 Substation A 32 76 0 3.5597 65 —-37
GT4 Substation A 35 70 0 4.3533 65 —37
GT5 Substation A 35 76 0 3.6506 65 —37
PV1 PV substation 20 81 0 0 0 0
PV 2 PV substation 20 81 0 0 0 0
PV 3 PV substation 20 81 0 0 0 0
PV 4 PV substation 20 81 0 0 0 0

BESS 1 BESS substation 1.8143 2.5 —2.5 0.5074 25 —25
BESS 2 BESS substation 1.8143 2.5 —-25 0.5074 2.5 —-25

Table 3. Shunt and FACTs.

Shunt/FACTs Substation Steps Qéen (Mvar) Qniax Mvar) Quiin Mvar)
Capacitor 1 Substation D 1 7 7 0
Capacitor 2 Substation D 1 7 7 0

Capacitor bank  Substation B 132/13.8 KV 3 21 21 0
SVG PV substation - 47.5 75 —75

6.3. Methodology

As shown in Figure 11, the methodology for investigating the effect of the BESS’s size
and location starts by creating the base case and cases with different BESS capacities and
locations. After issuing the cases, contingencies are applied that include tripping a genera-
tor, simulating a fault, and losing a load. These contingencies affect the frequency, angle,
and voltage stability of the Rafha microgrid. Then, the system’s frequency, angle, and volt-
age response are drawn. Finally, the results are compared to examine how the BESS’s size
and location affects the Rafha system’s stability. Table 4 states the different contingencies
that were performed to investigate the BESS’s influence on the Rafha system’s stability.

| Adding BESS to the Base Case and
Trying Different Capacities

Base Case

Contingency that | Contingency that affects
affects Angle stabilit Voltage stability

Contingency fhat affects
frequency stabilit

Draw

: . a

e response | | BESS sharing

Frequency response |

Compare

Base Adding BESS to the Base Case and
Case Trying Different Capacities

Trying Different BESS Location

Figure 11. Methodology flowchart.
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Table 4. Cases to test performance.

Contingency Different Capacity/without BESS Different Locations
Tripping of PV1 generation Case 11 Case 21
Fault at GT1 in substation A Case 12 Case 22
Tripping of substation D load Case 13 Case 23

6.4. Testing System Performance with Different BESS Capacities and without BESS

The spinning reserve, as per the grid code in National Grid SA [33], is equal to the
generation of the largest two units in the power system. Thus, the reserve of BESS and
generators should equal the sum of the generation for the two largest units in the Rafha
microgrid. Between 5 and 50 MVA of the BESS’s capacity should be utilized to meet the
reserve requirement. Rafha’s demand forecast is 230 MVA for the summer of 2025. However,
the frequency fall values (frequency nadir) during the tripping of one PV generator with
different BESS capacities are shown in Figure 12.

Frequency Fall

e
59.77

/

(] 5 10 15 20 25 30 35 40 45 50
BESS Capacity (MW)

Figure 12. Frequency fall with different BESS capacities.

Now, the connection of the BESS in substation B will be studied in four cases.

®  The system without BESS.

®  The system with a 5 MVA capacity BESS.
*  The system with a 20 MVA capacity BESS.
¢ The system with a 50 MVA capacity BESS.

6.4.1. Case 11: Tripping of PV1 Generation

This case assumes that the system runs flat, and that after 15 s PV1’s generation in
the PV substation is shut down for some reason. The Rafha system frequency response
in all four cases is shown in Figure 13. The under-frequency load shedding (UFLS) starts
operating if the frequency reaches 58.8 Hz; however, in the case under consideration, UFLS
does not operate, and the secondary frequency control is not simulated since we aim to
examine the performance of the BESS on the power system stability. Using Equation (2) to
calculate the RoCoF in all cases, the rate remains fixed, which means that the BESS does not
contribute to the system inertia. As shown in Table 5, we calculate the frequency response
and frequency response fall based on (3) and (4).
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Table 5. System response with different capacities.

BESS (MVA) Fall-Based Frequency Response (MW/Hz) Frequency Response (MW/Hz)

0 41.7 105.3
5 444 111.1
20 66.7 133.3
50 90.9 161.3

Before adding a BESS to the system, disconnecting the PV1 generation causes the
system frequency to decrease to 59.82 Hz (setting frequency), with frequency nadir equal
to 59.52 Hz, reaching the setting time after 15 s. After connecting the 5 MVA BESS to the
system, the frequency setting decreases to 59.83 Hz, with a frequency nadir of 59.55 Hz,
reaching the setting frequency after 15 s. When the 50 MVA BESS has been connected,
the frequency response improves rapidly: it reaches the setting frequency of 59.88 Hz in 5 s,
and the frequency nadir is only 59.78 Hz. On the other hand, connecting the 20 MVA to the
system decreases the frequency response performance compared to the 50 MVA BESS. It
takes 10 s to reach the setting frequency of 59.85 Hz and frequency nadir of 59.7 Hz.

Rafha System Frequency
60.1

60 oo

n

©

©
B

Frequency (Hz)
w
o
-

w
©
N

59.6

59.5

0 5 10 15 20 25 30 35 40 45 50
Time (s)
——Base Case 5MW BESS 20MW BESS - - 50MW BESS

Figure 13. Rafha system frequency response without a BESS and with different BESS capacities with
the tripping of PV generation.

The angle spread is the difference between the system’s minimum and maximum
voltage angles, as shown in Figure 14. As the BESS capacity increases, the angle spread
becomes more stable.

The voltage in substation A is shown in Figure 15. A BESS increases the steady-state
voltage of substation A in all situations. After tripping PV1, the voltage fluctuates. With a 0
or 5 MVA BESS, the fluctuation persists for 8 s and reaches a steady state less than the base
case. On the other hand, with a 20 or 50 MVA BESS, the fluctuation lasts for 5 s and reaches
a steady state close to the base case.

As shown in Figure 16, BESS sharing with 5 MVA reaches its maximum value and
cannot contribute further. In the case of 20 MVA, BESS shares 10 MW (5 MW each), while

the power lost is 20 MW. If the BESS is 50 MVA, it contributes 14 MW, which is 70% of the
lost power.
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Angle Spread
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Figure 14. Angle spread without BESS and with different BESS capacities after tripping of PV generation.
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Figure 15. The voltage at substation A without BESS and with different BESS capacities after tripping

PV generation.

BESS Sharing
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Figure 16. BESS sharing without BESS and with different BESS capacities after tripping of PV

generator.
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6.4.2. Case 12: Fault at GTI in substation A

This case assumes that the system runs flat, and that after 15 s generator GT1 in
substation A has a terminal fault for three cycles of 0.05 s. The generator does not trip after
the fault. The Rafha system’s frequency response in all four cases is shown in Figure 17.
The 50 MVA BESS provides the fastest response (by 5 s); the rest of the BESSs provide almost
the same response rate. The angle and voltage responses for all BESS capacities remain the
same since it is a transient fault and a BESS does not provide inertia to the system.

Rafha System Frequency

60.13

60.11

60.09

60.07

-
o
o
a

Frequency (Hz)
(=2
4
o
w

60.01

59.99

59.97

59.95

0 5 10 15 20 25 30 35 40 45 50
Time (s)
—Base Case 5MW BESS  ----20MW BESS - - 50MW BESS

Figure 17. Rafha system frequency response without BESS and with different BESS capacities with a
fault in GT1 after 15 s.

6.4.3. Case 13: Tripping of Substation D Load

This case assumes that the system runs flat, and that after 15 s of double lines substation
D trips. The Ratha system’s frequency response in all four cases is shown in Figure 18.

Rafha System Frequency
61.25

61.05

60.85

Frequency (Hz)
3
a

o
o
»
a

60.25

60.05

59.85

0 5 10 15 20 25 30 35 40 45 50
Time (s)
—Base Case 5MW BESS  ----20MW BESS - - 50MW BESS

Figure 18. Rafha system frequency response without BESS and with different BESS capacities with
the tripping of substation D after 15 s.

The BESS improves frequency response. If the BESS is equal to 50 MVA, the frequency
after load tripping of substation D (52.81 MVA) increases by 0.5 Hz, while without the
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BESS, it increases by up to 1.1 Hz. In addition, it reaches a steady state near the base case.
The angle spread is shown in Figure 19. The BESS with a capacity of 50 MVA results in a
more stable angle response than the rest of the cases. The voltage in substation A is shown
in Figure 20.

The voltage recovery time for the cases with no BESS and the 5 MVA BESS is 7 s,
but the voltage recovery time for the 50 MVA BESS is only 2 s. The BESS sharing is shown
in Figure 21. The 50 MVA BESS charges almost at maximum capacity.

Angle Spread
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= = = = =
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Figure 19. Angle Spread without BESS and with different BESS capacities with the tripping of
substation D after 15 s.
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Figure 20. Voltage in substation A without BESS and with different BESS capacities with the tripping
of substation D after 15s.
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Figure 21. BESS sharing with different BESS capacities with the tripping of substation D after 15s.

6.5. Testing System Performance with Different Locations

Now, we will keep the BESS capacity at 50 MVA, install the system in different

locations, and test the performance in the following locations: substation A, substation B,
and the PV substation

6.5.1. Case 21: Tripping of PVI Generation

This case assumes that the system runs flat, and that after 15 s PV1 generation in
the PV substation shuts down for some reason. The Rafha system’s frequency and angle
response in all three locations remain the same. The voltages, on the other hand, are affected
by changing location. When the BESS is utilized in substation B, which is a load bus, it
stabilizes the voltage during generation, tripping more than at other locations, as shown in

Figure 22.
"Substation A" Bus Voltage
0.9975
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& ]
% !
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Figure 22. Voltage at substation A in different BESS locations with the tripping of PV generation.
6.5.2. Case 22: Fault at GT1 in Substation A

This case assumes that the system runs flat, and after 15 s generator GT1 in substation

A has a terminal fault for three cycles of 0.05 s, and the generator does not trip after the
fault clearance.
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The Rafha system’s stability responses in all three locations are the same, since the BESS
does not contribute to system inertia. Therefore, the BESS can be located in a high-short-
circuit area without significantly impacting the short circuit values. Therefore, changing
the location does not affect the system stability in case of faults.

6.5.3. Case 23: Tripping of Substation D Load

This case assumes that the system runs flat, and that after 15 s the double lines of
substation D trip. The Rafha system’s frequency response in all three cases is shown in
Figure 23.

Locating the BESS in substation B gives a better frequency response. On the other
hand, the voltage value will limit BESS sharing at substation A and the PV substation since
they are generation buses, and the voltage value will be high after load tripping. The angle
spread values of the BESS in all locations are shown in Figure 24. The BESS located in
substation A gives a better angle response, since it stabilizes the frequency more than the
BESSs in other locations.

The voltage in substation A is shown in Figure 25. Locating the BESS in substation B
gives a better voltage response. BESS sharing is shown in Figure 26. As mentioned earlier,
the BESS located in substation B charges more than those in the other locations, since the
other locations are limited by the voltage value.
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Figure 23. Rafha system frequency response in different BESS locations with the tripping of substation
D load.
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Figure 24. Angle spread in different BESS locations with the tripping of substation D load.
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Figure 25. Voltage in substation A in different BESS locations with tripping of substation D load.
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Figure 26. BESS sharing in different BESS locations with the tripping of substation D load.
6.6. Summary

The BESS will compensate for the contingencies that cause generation loss in the
power system and improve the system’s voltage, angle, and frequency stability. The BESS
increases the frequency stability during the transient contingencies. Finally, during the loss
of load contingencies, the BESS enhances the angle, voltage ,and frequency stability. Table 6
shows the summary of the BESS’s effect on the system contingencies. Changing the BESS’s
location will impact the voltage stability during the contingencies that cause generation loss.
It will also affect the frequency, angle, and voltage stability of the contingencies that cause
load loss in the power system. Table 7 shows a summary of changing the BESS’s location.
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Table 6. Summary of BESS capacity effect on power system stability.
Case 1 Generation Lost Transient Fault Load Lost
Frequency stability Increase Increase Increase
Voltage Stability Increase - Increase
Angle Stability Increase - Increase
Table 7. Summary of BESS location effect on power system stability.
Case 2 Generation Lost Transient Fault Load Lost
Frequency stability - - Affected
Voltage Stability Affected - Affected
Angle Stability - - Affected

7. Conclusions

RES neither provide inertia to the system nor have a primary frequency response
capability. With the increasing penetration of RES into the power system, the inertia and
spinning reserve will be reduced; hence, system stability will be reduced. Utilizing BESS
in the power grid can enhance system stability and provide primary response capability.
Installing a higher BESS capacity increases the frequency stability by increasing the fre-
quency setting and fall values and decreasing the fall and setting time values. However,
after calculating the RoCoF for different BESS capacities, the RoCoF does not change, since
BESS do not have a rotating mass that can provide kinetic energy. Therefore, BESS do
not contribute to system inertia, which is why they did not have a high impact on system
stability during transient faults. The angle spread and the voltage response of the system
is affected by increasing the BESS capacity. If the BESS capacity increases it can generate
more active and reactive power. Hence, the angle spread and the voltage after tripping are
dampened faster and with lower error, therefore, BESS enhance the steady-state voltages
and frequency of the system. Locating BESS near loads helps share their active and reactive
power according to their control, although a small effect may appear because of load or
generation response. However, BESS near renewable or conventional generation will be
highly affected by their controller and may not give the optimal response unless a unique
control is implemented (hydride plant) to optimize the performance of BESS considering
the plant’s controller effect.
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Abbreviations

The following abbreviations are used in this manuscript:

KSA Kingdom of Saudi Arabia

1Y% Photovoltaic
PSS/E  Power system simulator for engineering
ESS Energy storage system

BESS Battery energy storage system
WECC  Western Electricity Coordinating Council
NERC North American Electric Reliability Corporation

AGC Automatic generation control
RoCoF  Rate of change of frequency
Py Mechanical power input

P, Electrical power output

Fr Frequency response

FBFR Fall-based frequency response
H System inertia

fs Nominal frequency

RES Renewable energy sources
BPS Depending on interconnection requirements and agreements
SR Saudi Riyal

Ty Converter time constant

LVPL Low voltage power logic
Repwr  LVPL ramp rate limit

Brkpt LVPL characteristic voltage 2
Zerox LVPL characteristic voltage 1
Lvpll LVPL gain

Vojim Voltage limit

Lvpntl  High voltage point

Lvpnt0  Low voltage point

Tojin, Current limit

Vitter Voltage filter time constant

Khv Overvoltage compensation gain used in the high voltage reactive current management
Iqrmax ~ Upper limit on rate of change for reactive current
Iqrin Lower limit on rate of change for reactive current
Accel Acceleration factor

Lvplsw Low voltage power logic

Ipema Active current command

19cmd Reactive power command

Vr Terminal voltage

I Active current

I; Reactive current

S Transfer function

Viip Low voltage threshold

Vup Upper voltage limit

Try Voltage filter time constant

dbd1 Voltage error dead-band lower threshold
dbd2 Voltage error dead-band upper threshold

Ko Reactive current injection gain

Lim Upper limit on reactive current injection
Iin Lower limit on reactive current injection
Viefo User defined reference

T, Filter time constant for electrical power
QMax Upper limit for reactive power regulator
Qmin Lower limit for reactive power regulator

Vmax Max. limit for voltage control
VMIN Min. limit for voltage control
Kygp Reactive power regulator proportional gain
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Kyi Reactive power regulator integral gain

Kop Voltage regulator proportional gain

Koi Voltage regulator integral gain

T Time constant on delay s4

dPax Power reference max. ramp rate

dP,,in Power reference min. ramp rate

Pmax Max. power limit

Pyn Min. power limit

Tax Maximum limit on total converter current

Tpora Power filter time constant

Tt Voltage or reactive power measurement filter time constant
Ky Reactive power PI control proportional gain

K; Reactive power PI control integral gain

Ty Lead time constant

Tyy Lag time constant

i Voltage below which state s2 is frozen

Rc Line drop compensation resistance

Xe Line drop compensation reactance

K. Reactive current compensation gain

€max Upper limit on dead-band output

€in Lower limit on dead-band output

dbd1 Lower threshold for reactive power control dead-band
dbd2 Upper threshold for reactive power control dead-band
Qimax Upper limit on output of V/Q control

Quin Lower limit on output of V/Q control

Kpg Proportional gain for power control

Kig Proportional gain for power control

T, Real power measurement filter time constant

fdbd1 Dead-band for frequency control, lower threshold
Fdbd2 Dead-band for frequency control, upper threshold

femax Frequency error upper limit

fein Frequency error lower limit

T, Power controller lag time constant
Dy, Droop for over-frequency conditions
Dup Droop for under-frequency conditions
Vier Reference for voltage control

Qref Reactive power reference

Freq,.s Frequency reference

Plant,,.;  Active power reference

Pgen Power generation

Patax Maximum power

Ptin Minimum power

QGen Reactive power generation

QMax Maximum reactive power

Qumin Minimum reactive power
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