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Abstract: This paper presents the application of fuzzy logic PID secondary voltage control to the
Egyptian power system model. The study included tertiary voltage control, Wide Area Measurement
System (WAMS) configuration, a selection of pilot buses, and fuzzy logic PID secondary voltage
control to improve the system performance. The secondary voltage control was applied using a fuzzy
PID coordinated controller, a reactive power integral controller, Automatic Voltage Regulators (AVRs),
and regional generators. The tertiary voltage control was implemented based on the optimal power
flow to maximize the reactive power reserve. A novel optimization technique is presented to select
pilot buses based on different operating conditions and compared to other techniques. The optimal
WAMS configuration included the best allocation of Phasor Measurement Units (PMUs), Phasor Data
Concentrators (PDCs), and the required communication infrastructure considering geographical
regions with minimum cost. The Egyptian power grid considering 500/220 kV level is simulated by
using DIgSILENT software to perform static and dynamic analyses, while the WAMS optimization
problems and fuzzy logic PID controller design are performed by employing MATLAB software.

Keywords: Egyptian grid; maximum reactive power reserve; pilot bus selection; secondary voltage
control; tertiary voltage control; WAMS; phasor data concentrator; phasor measurement unit;
communication infrastructure

1. Introduction

The operation and control of modern power systems face increasingly complex chal-
lenges [1,2]. If a power grid is subjected to an unsecured disturbance, the voltage may
decline within a few minutes dramatically and monotonically. If this decrease is too pro-
nounced, the system integrity may become endangered, and the protection system may
trip generation, transmission, or loads. This degradation process may eventually lead to
a partial or full blackout due to voltage collapse [3]. Therefore, voltage control [4] is an
essential requirement to preserve power system integrity.

In electrical power systems, there are three hierarchical voltage control levels. These are
divided as follows: (1) the Primary Voltage Control (PriVC) level, (2) the Secondary Voltage
Control (SecVC) level, and (3) the Tertiary Voltage Control (TerVC) level [5,6]. PriVC aims
to control the voltage magnitude of the buses where the reactive power sources are installed,
such as synchronous generators, synchronous condensers, Static Var Compensators (SVCs),
or Static Compensators (STATCOMs). The voltage measurements used in this control level
are taken locally [6]. The function of the SecVC is to provide voltage control of a pilot busbar
in a control region. The pilot busbar is selected as a load bus that has the highest sensitivity.
This control level is normally performed by using hardware that leads to adjusting the
reference point of the PriVC, which is located in the same region as the pilot bus, at a speed
slower than that of the PriVC control level. SecVC also determines the voltage control
regions and indicates their association with each load bus. TerVC determines the optimal
reference values of the load buses’ voltage magnitudes in the grid [7]. The optimal values
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may be determined by using the Optimal Power Flow (OPF) technique to achieve a certain
objective function, such as minimal power loss, minimal load shedding, or maximizing the
reactive power reserve. TerVC has a time range from half an hour to a complete hour to be
periodically performed [8].

Secondary voltage control has been explored in many recent research works. In [8],
a decentralized control scheme for the coordinated SecVC of large power networks is
presented. A model predictive controller for each area of the power grid was designed.
It can modify the set points of reactive power compensators that are participating in the
SecVC scheme. In [9], an enhanced worst-case design of SecVC was performed, employing
the maximum likelihood approach. As power system operating conditions continuously
change, the SecVC should be flexible to cope with those changes and provides optimal set
points that relate to the entire grid conditions [10].

An important factor for the proper operation of a SecVC is to carefully select the
pilot bus [4]. In [11], the problem of pilot bus selection was solved based on the singular
decomposition of the reduced Jacobian matrix with the voltage security margin index.
In [12], the pilot bus selection was based on a stochastic multi-objective optimization
problem considering normal operating conditions.

The Supervisory Control and Data Acquisition (SCADA) system has been widely used
in the last century to transfer data on a point-to-point basis in power grids worldwide.
In the era of green and smart grids, more states are present and a higher speed for data
transfer is required, so Wide Area Measurement Systems (WAMS) are replacing SCADA.
WAMS mainly consist of Phasor Measurement Units (PMUs) and associated communication
devices. Many research papers in the field of WAMS configuration have focused on
determining the optimal placement of PMUs in power grids that could drive the grid
to be fully visible with minimum cost, but ignoring the communication devices cost.
In [13], the target was to develop a full wide area measurement system configuration
for standard power grids without considering the real geographical regions. In [14], a
network model-free wide-area voltage control strategy is presented using PMUs. In [15],
a proposed method for the coordinated SecVC of an HVDC system and offshore wind
farm is presented. The aim was to minimize real-time voltage fluctuations throughout the
offshore grid.

Applications of SecVC have been recently developed for microgrids. A distortion-
based potential game strategy for SecVC in microgrids is presented in [16]. Nonlinear
multiple models of adaptive SecVC for microgrids are described in [17]. A proposed
method is presented in [18] to design a distributed SecVC based on an extended-state
Kalman-Bucy filter and fast terminal sliding mode control for the resilient operation of
an islanded microgrid with inverter-based distributed generators. In [19], a proposed
unfalsified switching adaptive voltage control method was developed for the SecVC of
islanded microgrids considering uncertainties. An optimally distributed control method-
ology for secondary frequency and voltage regulation in a microgrid is presented in [20].
A coordinated PID-SecVC of a power system based on the genetic algorithm is presented
in [21]. Coordinated SecVC and PriVC in multi-machine power systems were developed
in [22] using a complex-valued encoding dragonfly algorithm and artificial emotional
reinforcement learning techniques. A proposed SecVC method incorporating compressive
sensing and morphology singular entropy for a multi-area power system is introduced
in [23]. A morphological median filter is used to reduce noise from the output of the PMUs.
A method was developed in [24] to design a SecVC system for the IEEE 39-bus network as
a multi-region grid.

This paper presents a proposed fuzzy logic PID SecVC system for the Egyptian power
grid. The grid is partitioned into six geographical regions, and a pilot busbar is selected in
each region for implementing SecVC. The selection of pilot busbars of the Egyptian grid
is solved as a stochastic multi-objective optimization problem considering the regional
constraints and different operation conditions. The results of the pilot bus selection are
compared with those in [11] and [12]. All components of the WAMS are considered
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here, and the total cost is minimized while keeping high redundancy to fully cover all
geographical regions. The proposed WAMS method is compared to the method in [14] in
terms of cost and full coverage considering the geographical borders. The TerVC is applied
to maximize the reactive power reserve.

The main contributions of this paper are:

i. Optimal WAMS configuration optimization problem for a real power grid considering
geographical regions for secondary voltage control;

ii. Optimal selection of the pilot bus in each region as a multi-objective optimiza-
tion problem;

iii. Design of a secondary voltage fuzzy logic PID control system, and then applied to the
real Egyptian grid 500/220 kV model;

iv. Application of tertiary voltage control in the Egyptian grid to achieve the maximum
reactive power reserve in different operation conditions.

The remainder of this paper is structured as follows. Section 2 presents a description
of the modeling and simulation of the power grid of Egypt. Section 3 presents a procedure
to select the pilot buses and the application of SecVC. The idea of the WAMS and its
configuration are presented in Section 4. The TerVC system is described in Section 5. The
simulation results are presented in Section 6. A general discussion is presented in Section 7.
Finally, Section 8 summarizes the main conclusions.

2. Egyptian Power Grid

A model and simulation of the Egyptian grid were fully described in [25]. The model
represented the peak demand in 2016. Here, the model was updated to include the five
new power stations and their associated new transmission facilities, which have already
been in service. The new power plants include the world’s three largest combined cycle
power stations with installed capacities of 4.8 GW each (8 × 400 MW GT + 4 × 400 MW ST).
They are located in Burullus, Beni Suef, and New Capital, in addition to the world’s largest
photovoltaic park in Benban with 1.8 GW, which was constructed near Aswan, and the
expanded Gabalzeet wind farms of 540 MW. Due to the introduction of the above large
power plants and their associated expanded transmission network, the system was parti-
tioned geographically into six zones instead of the five zones that the early 2016 system
was divided into, as described in [25]. The six regions are the Cairo region, the Alexan-
dria region, the Canal region, the Delta region, the Middle Egypt region, and the Upper
Egypt region. A geo-schematic diagram of the upgraded power grid of Egypt is shown
in Figure 1 [26].

The code of operation of the Egyptian grid is designed such that the grid can op-
erate without any violations in voltage and frequency in case of a single circuit outage
in the 500 kV voltage level transmission system (N-1 contingency) or a double circuit
outage in the 220 kV voltage level transmission system (N-2 contingency). In Section 4,
the WAMS configuration is optimally designed to comply with the code of operation of
the grid.
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3. Secondary Voltage Control and Pilot Bus Selection
3.1. Secondary Voltage Control Concept

SecVC is applied to achieve acceptable values of voltages at the load buses in a region
and keep the voltage at acceptable values even in cases of large disturbance such as line,
generator, or transformer outage. As the voltage control of each load bus is not mandatory,
a load bus, which is the most sensitive to changes in reactive power, is selected to perform
the secondary voltage control in each control region.

To design the SecVC, a linearized model was obtained, as illustrated in Equations (1)–(3),
neglecting small changes in the voltage due to changes in the active power [6].[

SGG SGL
SLG SLL

][
∆VG
∆VL

]
=

[
∆QG
∆QL

]
(1)

∆VL = [A] ∆QL + [B] ∆VG (2)

∆VP = [M]∆VL (3)

where
∆VG = change of voltages of PV buses;
∆VL = change of voltages of PQ buses;
∆QG = change of injected reactive power;
∆QL = change of demand reactive power;
[SGG], [SGL], [SLG] and [SLL] are submatrices that relate to changes in the voltage to

the change in reactive power;

[A] = [SLL]
−1 and [B] = − [SLL]

−1[SLG

]
;

M is a 0-1 matrix to show which of the load buses will be employed as pilot buses. It
has a size of (nP × nL), where nP stands for the number of pilot buses, and nL stands for
the number of load buses.

3.2. Pilot Buses Selection

Pilot bus selection is a complex non-linear problem [27–30]. In this paper, a novel
method for selecting pilot buses is proposed based on different grid conditions [31]. In this
study, the base case and three outages in the Egyptian power system were considered. The
three server outages had the highest effect on the grid operation in terms of the possibility
of driving the system to instability. Thus, a set of scenarios was generated. In each of these
scenarios, the following optimization process was followed to select the optimal pilot bus
of each region.

O = W1F1 + W2F2 + W3F3 (4)

W1 + W2 + W3 = 1, W1 = W2 = W3 =
1
3

(5)

F1 = ∑d∈Ωd
Πd × ||∆VL||infinity (6)

∑d∈Ωd
Πd = 1 (7)

F2 = ∑d∈Ωd
Πd × (−∑i∈Ωp

OIi), OIi =
∆Vi

∑ ∆VL
(8)

F3 = ∑d∈Ωd
Πd × (−∑i∈Ωp

CIni), CIni =
q

∆Vi
(9)

F = λ1OBase case + λ2OContingency 1 + λ3OContingency 2 + λ4OContingency 3 (10)

λ1 + λ2 + λ3 + λ4 = 1, λ1 = λ2 = λ3 = λ4 = 0.25 (11)

where O is the multi-objective function to select the optimal pilot bus of each region in a
certain operation condition (base case or contingency). F1 is an objective function for the
minimization of load bus deviation in a certain region. Πd is the probability associated with
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scenario d, while Ωd is the set of all the scenarios (candidate pilot bus). F2 is an objective
function for the maximization of observability of the candidate pilot bus and its representa-
tion to the rest of the load buses. The observability degree is calculated according to the
observability index OI, which is calculated based on the voltage coupling ratio between
buses. F3 is an objective function for the maximization of the controllability of the candidate
pilot bus according to the controllability index (CIn), which represents the sensitivity of
the generator control actions to the load bus voltage magnitude. W1, W2, and W3 are the
weighting factors of each of the three objective functions at a certain operating condition. F
is the objective function to select the optimal pilot bus of each region considering differ-
ent operating conditions. λ1 , λ2, λ3, and λ4 are the weighting factors of each operating
condition. The four operating conditions were assumed to have the same weight. The
contingencies were selected according to the contingency analysis. Figure 2 shows a flow
chart of the optimization process to select the optimal pilot bus of each region.
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3.3. Secondary Voltage Control Strategy

The objective of the SecVC strategy in this study was to achieve the optimal values
of the voltages at the load busbars in order to maximize the reactive power reserve. The
process was carried out by the measurements obtained from the PMUs, coordinated PID
control, and reactive power integral control. The controlled power stations generate or
absorb reactive power to maintain the voltage at the pilot buses according to (12) [11,27]:

∆VP = MA∆QL + MB∆VG (12)

In previous research [2,21], the SecVC strategy has been applied, as shown in
Figures 3 and 4. In this study, the control was implemented in DIgSILENT software us-
ing the built-in functions, and the output of SecVC was an additional signal to the AVR
set-point. The following equations describe the control strategy:



Sustainability 2023, 15, 3338 7 of 18

Sustainability 2023, 15, x FOR PEER REVIEW 7 of 18 
 

Central Area Control (CAC) equations: 𝑉 − 𝑉 = ∆𝑉  (13)𝑞 = (𝐾 + 𝐾𝑠 ) ∆𝑉  (14)

Unit Cluster Control (CC) equations: 𝑄 = 𝑞 ∗ 𝑄  (15)𝑉 = 𝐾𝑠 (𝑄 − 𝑄 ) (16)

where 𝑉  = pilot bus set-point voltage calculated from the TerVC level; 𝑉  = pilot bus current voltage; ∆𝑉  = voltage error; 
q = control signal (action); 𝑄  = reactive power capability curve limits of the generator or power station; 𝑉  = additional signal to the AVR set-point; 
The regulator integral gain 𝐾  equals  [21]. 
The minimization results that enable the calculations of the PI controller parameters 

are shown in (17) and (18). The time constant was set as 50 s. 𝐾 = 1𝑋 𝑄  (17)

𝐾 = 1 + 𝐾 𝑄 𝑋𝑇 𝑄 𝑋  (18)

 
Figure 3. Tertiary and secondary voltage control concept. Figure 3. Tertiary and secondary voltage control concept.

Sustainability 2023, 15, x FOR PEER REVIEW 8 of 18 
 

 
Figure 4. Secondary voltage control strategy. 

In [2,7], a neural network was developed to perform the secondary voltage control 
process. The secondary voltage control system consists of a PID controller tuned by a neu-
ral network-based genetic algorithm in the CAC, in addition to CC elements. The system 
performance was found to be better than using classical control techniques. In this study, 
the secondary voltage, a PI/PID controller in the CAC, was replaced by a Fuzzy Logic PID 
(FLPID) controller. The FLPID controller was established as two parallel controllers—a PI 
controller and a PD controller. The inputs of the controller were the error in the pilot bus 
voltage, as illustrated in (14), and the change in the pilot bus voltage, which was chosen 
instead of the change in the error ∆𝑉 . This avoided the harmful effects of step changes in 
the pilot bus reference signal 𝑉  on sharply triggering the derivative action. The FLPID 
controller is illustrated in Figure 5. The parameters GE, GCE, GU, and GCU were calcu-
lated based on an arbitrary PID controller in a certain case, as illustrated in (19), (20), and 
(21). The fuzzy inference system is shown in Figure 6. The FLPID controller was designed 
using MATLAB software and integrated with the DIgSILENT model of the system [24]. 𝐾 =  𝐺𝐶𝑈 × 𝐺𝐶𝐸 +  𝐺𝑈 ×  𝐺𝐸  (19)𝐾  =  𝐺𝐶𝑈 ×  𝐺𝐸 (20)𝐾  =  𝐺𝑈 × 𝐺𝐶𝐸 (21)

 
Figure 5. Secondary voltage control fuzzy PID controller. 

Figure 4. Secondary voltage control strategy.

Central Area Control (CAC) equations:

Vpre f −Vp = ∆Vp (13)

q =

(
Kp +

KI
s

)
∆Vp (14)

Unit Cluster Control (CC) equations:

Qre f = q ∗QGl (15)

VGS =
KG
s

(
Qre f −QG

)
(16)
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where
Vpre f = pilot bus set-point voltage calculated from the TerVC level;
Vp = pilot bus current voltage;
∆Vp = voltage error;
q = control signal (action);
QGl = reactive power capability curve limits of the generator or power station;
VGS = additional signal to the AVR set-point;
The regulator integral gain KG equals XTG+Xeq

TG
[21].

The minimization results that enable the calculations of the PI controller parameters
are shown in (17) and (18). The time constant was set as 50 s.

Kp =
1

XTGQGL
(17)

KI =
1 + KpQGlXeq

TcQGlXeq
(18)

In [2,7], a neural network was developed to perform the secondary voltage control
process. The secondary voltage control system consists of a PID controller tuned by a neural
network-based genetic algorithm in the CAC, in addition to CC elements. The system
performance was found to be better than using classical control techniques. In this study,
the secondary voltage, a PI/PID controller in the CAC, was replaced by a Fuzzy Logic PID
(FLPID) controller. The FLPID controller was established as two parallel controllers—a PI
controller and a PD controller. The inputs of the controller were the error in the pilot bus
voltage, as illustrated in (14), and the change in the pilot bus voltage, which was chosen
instead of the change in the error ∆Vp. This avoided the harmful effects of step changes in
the pilot bus reference signal Vpre f on sharply triggering the derivative action. The FLPID
controller is illustrated in Figure 5. The parameters GE, GCE, GU, and GCU were calculated
based on an arbitrary PID controller in a certain case, as illustrated in (19)–(21). The fuzzy
inference system is shown in Figure 6. The FLPID controller was designed using MATLAB
software and integrated with the DIgSILENT model of the system [24].

KP = GCU × GCE + GU × GE (19)

KI = GCU × GE (20)

KD = GU × GCE (21)

Sustainability 2023, 15, x FOR PEER REVIEW 8 of 18 
 

 
Figure 4. Secondary voltage control strategy. 

In [2,7], a neural network was developed to perform the secondary voltage control 
process. The secondary voltage control system consists of a PID controller tuned by a neu-
ral network-based genetic algorithm in the CAC, in addition to CC elements. The system 
performance was found to be better than using classical control techniques. In this study, 
the secondary voltage, a PI/PID controller in the CAC, was replaced by a Fuzzy Logic PID 
(FLPID) controller. The FLPID controller was established as two parallel controllers—a PI 
controller and a PD controller. The inputs of the controller were the error in the pilot bus 
voltage, as illustrated in (14), and the change in the pilot bus voltage, which was chosen 
instead of the change in the error ∆𝑉 . This avoided the harmful effects of step changes in 
the pilot bus reference signal 𝑉  on sharply triggering the derivative action. The FLPID 
controller is illustrated in Figure 5. The parameters GE, GCE, GU, and GCU were calcu-
lated based on an arbitrary PID controller in a certain case, as illustrated in (19), (20), and 
(21). The fuzzy inference system is shown in Figure 6. The FLPID controller was designed 
using MATLAB software and integrated with the DIgSILENT model of the system [24]. 𝐾 =  𝐺𝐶𝑈 × 𝐺𝐶𝐸 +  𝐺𝑈 ×  𝐺𝐸  (19)𝐾  =  𝐺𝐶𝑈 ×  𝐺𝐸 (20)𝐾  =  𝐺𝑈 × 𝐺𝐶𝐸 (21)

 
Figure 5. Secondary voltage control fuzzy PID controller. Figure 5. Secondary voltage control fuzzy PID controller.

Sustainability 2023, 15, x FOR PEER REVIEW 9 of 18 
 

 
Figure 6. Relation between fuzzy inputs and output. 

4. Wide Area Measurement System (WAMS) 
With the increasing variability in power systems due to the integration of large 

amounts of renewable energy, WAMS are highly required to replace SCADA systems [31–
36]. WAMS in the SecVC process will play an important role in the measurement of the 
voltages of pilot buses and will also help in selecting the best generator to be employed as 
a reactive power supporter. In this study, the following procedure was applied to the 
Egyptian power grid model: 

i. The optimal PMU placement was carried out in the modeled grid; 
ii. A complete optimal WAMS configuration was designed for the grid in a normal 

case, including national and regional PDCs; 
iii. A complete optimal WAMS configuration was designed for the grid to achieve (N − 

1)/(N − 2) contingency (outage of PMU, transmission line, cable, or transformer) 
according to the Egyptian power grid code. 
Figure 7 shows the optimal WAMS configuration of the Egyptian power grid, includ-

ing all the required elements: PMUs, PDCs, communication links, operator, and data stor-
age. 

 
Figure 7. WAMS configuration in the Egyptian grid. 

Figure 8 shows a flow chart for the optimal configuration of a WAMS in the Egyptian 
grid considering the six regions mentioned in Section 2. 

Figure 6. Relation between fuzzy inputs and output.



Sustainability 2023, 15, 3338 9 of 18

4. Wide Area Measurement System (WAMS)

With the increasing variability in power systems due to the integration of large
amounts of renewable energy, WAMS are highly required to replace SCADA systems [31–36].
WAMS in the SecVC process will play an important role in the measurement of the voltages
of pilot buses and will also help in selecting the best generator to be employed as a reactive
power supporter. In this study, the following procedure was applied to the Egyptian power
grid model:

i. The optimal PMU placement was carried out in the modeled grid;
ii. A complete optimal WAMS configuration was designed for the grid in a normal case,

including national and regional PDCs;
iii. A complete optimal WAMS configuration was designed for the grid to achieve

(N-1)/(N-2) contingency (outage of PMU, transmission line, cable, or transformer)
according to the Egyptian power grid code.

Figure 7 shows the optimal WAMS configuration of the Egyptian power grid, including
all the required elements: PMUs, PDCs, communication links, operator, and data storage.
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Figure 8 shows a flow chart for the optimal configuration of a WAMS in the Egyptian
grid considering the six regions mentioned in Section 2.

4.1. Optimization for PMU Placement

Adding a PMU in each busbar of the grid is the best solution for accurate and reliable
measurement, but it is costly and unnecessary [2]. The following is an optimization process
to minimize the number of PMUs in the grid such that all busbars could be observed. The
fact is that the PMU can measure the busbar voltage where it is installed and the voltage of
any busbar connected to it through only one transmission line, cable, or transformer.

Objective : min ∑n
i=1 Cixi (22)

Variables: Busbars where the PMUs are installed.
Constraints: In the base case, the voltage at each busbar is measured by one PMU, at least,

i.e., K = 1. Additionally, in the (N-1) contingency case, two PMUs are employed, i.e., K = 2.
In the power grid of Egypt studied here, the 220 kV transmission lines comply with

the (N-2) security criterion and the 500 kV lines comply with the (N-1) criterion. Most of
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the 220 kV lines in Egypt are double circuits, so considering the (N-1) contingency for the
PMUs is equivalent to considering (N-2) for the double-circuit transmission lines in the
220 kV network. This can be achieved as per Equation (23) when K = 2. Therefore, the
following constraint was considered:

f (X) ≥ K (23)

In Equation (23), f (X) implies that at least K PMUs can measure the voltage at each
busbar in the power system. K is a vector whose entries are all the same value.
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4.2. Optimization for PDC Placement

The idea of the optimization of PDC placement is to minimize the total cost of the
WAMS, including switches, routers, and communication links, such that the WAMS con-
figuration is applied to the power grid with minimal cost by using (24) as an objective
function and considering (23) as a constraint.

min
{
∑n

i=1(CiXi) + C f b ∑m
i=1(li) + CSw ∑ CI

}
(24)

where
C f b = installation cost of one kilometer of optical fiber link;
li = total length of the optical fiber link connecting the ith PMU and PDC;
m = number of PMUs;
CSw = cost of the installation of one switch;
CI = system buses in the communication path between the PMU and PDC.
Upon allocating the PMUs, we allocated a PDC at each busbar and then calculated the

cost of the communication system. The lowest cost led to the optimal location of the PDC
in each region.
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5. Tertiary Voltage Control (TerVC)

Generally speaking, the TerVC strategy is considered here as an optimal power flow
process to operate the power grid while achieving certain objectives such as minimal power
losses, minimal generation cost, and maximum reactive power reserve.

To improve the voltage stability of the power system, two approaches can be used. The
first is to maximize the reactive power reserve, and the second is to maintain the required
stability margin in the current operating conditions. During a contingency or load change,
the active power of the line loadings will not change significantly [7], unlike the reactive
power flow, which can highly change. Sufficient reactive power reserves are required to
be available to cover the reactive power changes caused by a contingency or a change in
load. Simply speaking, the reactive power reserve [35,36] is the ability of the generators to
support bus voltages under load change conditions or contingency. The reactive power
reserve is calculated using Equation (25), while the objective function that maximizes the
reactive power reserve is calculated using Equation (26).

Qgres = Qgmax −Qg (25)

OF = max ∑i Wgi
(
Qgimax −Qgi

)
(26)

where
Qgres = reactive power reserve;
Qgmax = maximum reactive power of the generator as per the capability curve;
Qg = actual generator reactive power;
i = number of generators assigned to support the pilot bus in a certain region;
Wgi = participation factor of the generator providing reactive power support.
Based on [36], the Wgi formula is illustrated in (27) which is calculated with reference

to the minimum eigenvalues of reduced power flow Jacobians.

Wgi = ∆Qgi/(max∆Qg) (27)

∆Qgi is the change in the reactive power of generator i to support the pilot bus. The
maximization of the reactive power reserve is used here as the objective function of the
tertiary voltage control in contingencies and load variation events while minimizing the
total power losses is the objective in normal operating conditions. The aim of this strategy
is to ensure the availability of sufficient reactive power for any upcoming power system
disturbance event while maintaining the equality and non-equality constraints of the grid.

6. Optimization and Simulation Results
6.1. Optimal WAMS Configuration Results

Table 1 summarizes the results of carrying out the optimization process in MATLAB
to optimally configure the WAMS in the Egyptian grid considering the cost of a PMU is
USD 40,000 and the cost of 1 km of optical fiber is USD 4000.

Table 1. WAMS configuration summary.

Method Condition Number
of PMUs

Location of
PDC

Number of
Switches

Total Cost
(USD)

Number of PMUs not Sending
Data to the Right Regional Center

Proposed
method

Base case 51 South 220 98 15.7 million 0
(N-1) case 103 Nubaria 500 160 25.7 million 0

Method in [14]
Base case 48 South 220 96 14.9 million 3
(N-1) case 98 Nubaria 500 154 24.6 million 5

6.2. Results of Pilot Bus Selection

As illustrated in Section 3, the idea of optimally selecting the pilot busbar is to min-
imize the load voltage deviation and maximize the controllability and observability in
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different operating conditions. The chosen conditions were the base case and three (N-2)
contingencies that have the highest ranking. Contingency analyses were performed,
and the results are shown in Table 2. The optimal selection of the pilot bus was then
based on considering the normal condition and the highest three contingencies according
to Equations (4)–(10).

Table 2. Highest contingencies based on (N-2) security criterion.

Rank of the Contingency Transmission Line

1 Line connecting High Dam bus and Nagaa Hammady bus
2 Line connecting Zaafarana 2 bus and Ras Gharib bus
3 Line connecting Ain Sokhna bus and Zaafarana bus

The optimal results were found in different operating conditions according to both
the normal and contingency operating conditions. The results were compared to state-of-
the-art techniques and show better performance in terms of the voltage deviation index in
different operating conditions.

6.3. TerVC and SecVC Results

The TerVC and SecVC systems were applied to the simulated Egyptian grid. The coor-
dinated FLPID controller parameters were calculated using the equations to automatically
track the optimal pilot bus voltage.

The power system optimization was performed to achieve the maximum reactive
power reserve in the case of a certain disturbance to determine the optimal pilot bus voltage
in reference to the SecVC during the disturbance.

6.3.1. Case 1: Line Outage

Assuming a line outage event occurred in the 220 kV line connecting the NH and
South Qena busses (a two-circuit outage), the South Qena load bus voltage, which is the
pilot bus of the Upper Egypt region, was reduced to 0.79 pu without applying the SecVC.

This value does not comply with the Egyptian Grid Code [37]. Based on the TerVC
results, the pilot bus voltage magnitude after this disturbance should be 0.947 pu to achieve
the maximum reactive power reserve, which the SecVC will enact to accomplish this value,
as shown in Figure 9. This means that the High Dam (HD) hydraulic power plant and the
Aswan Dam hydraulic power plant should inject reactive power. Despite the injection of
the reactive power that supports the bus voltages, the reactive power reserve after applying
the SecVC was 72% for the HD power plant and 65% for the Aswan Dam power plant. The
FLPID controller acted to track the optimal South Qena bus (Upper Egypt region pilot bus)
voltage. The control was applied to the South Qena bus, as it was effectively varied due to
the disturbance, while the other pilot buses only slightly changed or did not change; the
maximum change in the other pilot buses was 0.0004 pu.

6.3.2. Case 2: Generation Outage

Assuming that the Beni Suef combined-cycle power station was operating at 75% of
its rated capacity (i.e., producing 3600 MW), with one block out of service and three
blocks working at maximum capacity, each block produced 1200 MW of active power and
622 MVAR of reactive power. Each generator produced 400 MA and 207.33 MVAR. The
test in Case 2 was an outage of a single block (1200 MW) of the three operating blocks. The
simulation of this test resulted in decreased voltage at the Beni Suef 220 kV load bus to
0.94 pu without applying the SecVC. When the TerVC was implemented to achieve the
maximum reactive power reserve in this case, we found that the optimal voltage should
be 0.979 pu, which was achieved using SecVC, as shown in Figure 10. In order to reach
the optimal value, reactive power support was required from the rest of the Beni Suef
power station units and the Kurymat power station units. The FLPID controller tracked the
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optimal pilot bus voltage. The remaining reactive power reserve at the Beni Suef power
station was 5% and the reactive power reserve at the Kurymat power station was 38.6%.
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TerVC was carried out in the Middle Egypt region because the other pilot buses had
much fewer changes compared to the pilot bus at Beni Suef. The maximum change in
the other pilot buses was 0.0005 pu. When the tertiary voltage control objective was to
minimize the total power loss during this contingency, the reactive power reserve was
0% for the Beni Suef power station, which means no reactive power support could take
place if any other event occurred after the generation outage.

6.3.3. Case 3: Load Increase Disturbance Test in Cairo Region

Assuming that a load increase of 25% took place at the Heliopolis busbar (Cairo region
pilot bus), Figure 11 shows the system response with the SecVC strategy. The reactive power
of the supportive generating units at the Tawleed Shamal station injected more reactive
power. The FLPID controller tracked the optimal voltage magnitude of the Heliopolis
busbar, which was 0.952 pu as calculated using the OPF at the TerVC level. SecVC was
applied in the Cairo region as it was significantly affected due to this load disturbance,
unlike the other regions, which were slightly affected. The maximum change in the other
pilot buses was 0.000008 pu.
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6.4. Voltage Deviation Index

Table 3 shows a comparison of the system performance in terms of the voltage devia-
tion index (Xrms) [38], as illustrated in Equation (28).

Xrms =

√
1

nL
∑nL

i=1(Vin −Vi)
2 (28)

where nL is the number of load buses in the power system, which equaled 81 buses in this
case study. Vin is the nominal voltage of the load bus and Vi is the actual load bus voltage.

Three SecVC methods were considered: (i) the proposed SecVC method, (ii) the SecVC
method of [11], and (iii) the SecVC method of [12]. These were in addition to the system
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without SecVC. Note that in the methods of [11] and [12], the pilot bus selection was
based on optimization techniques. The results show that the system with the proposed
SecVC method achieved the best performance in terms of a lower voltage deviation index,
compared to the other methods, by controlling the reactive power.

Table 3. Comparison between different techniques in terms of voltage deviation index in different
operating conditions.

Voltage Deviation Index (Xrms) Proposed Method Method in [11] Method in [12] Without SecVC

Case 1 0.023 0.056 0.048 0.090
Case 2 0.018 0.043 0.042 0.074
Case 3 0.004 0.010 0.009 0.013

7. Discussion

This study illustrates a method to apply secondary voltage control to the Egyptian
grid considering levels of 500/220 kV. To apply SecVC, a set-point is needed for each pilot
bus voltage, which was optimally selected as the most controllable and observable load
bus in each region.

The set-point of the pilot bus voltage was calculated based on an optimal power flow
process to achieve a maximum reactive power reserve. Three case studies were carried
out in different regions to simulate different events, namely generator contingency, line
contingency, and load increase. The results show that the remaining reactive power reserve
using SecVC at the Beni Suef power station was 5% and the reactive power reserve at the
Kurymat power station was 38.6% when the generator contingency occurred in the Middle
Egypt region. When the same contingency was simulated, but with the optimal power
flow applied to achieve minimal power losses instead of achieving the maximum reactive
power reserve, the results show that the reserve reactive power at the Beni Suef power
station was 0%. This will not allow for any reactive power support if further contingency
events occur. Additionally, when the line outage event occurred in the Upper Egypt region,
reactive power levels of 72% at the HD and 65% at the Aswan Dam were still present as
reserves after applying the proposed SecVC strategy.

To implement regional SecVC, a WAMS is required to measure the voltages of system
buses. In addition, to avoid sending the wrong data between regions, an optimal WAMS
configuration was applied considering the regions and the regional control centers in the
power grid. The proposed method for the WAMS configuration was applied to achieve (N),
(N-1), and (N-2) conditions. The results were compared with those of [14]. The comparison
proved that the proposed method avoided the possibility of sending PMU data to the
wrong regional control center, unlike the method in [14], which may lead to sending at
least 3–5 wrong data from the PMUs to the regional control centers.

For the implementation of a WAMS in a practical power system, updated costs of all
components and their installation should be used in estimating the total cost. In addition,
the costs of other necessary works should be included [34,39,40]. The optimal number and
locations of PMUs should be considered.

The proposed method for selecting the pilot bus in each region was compared to the
methods in [11,12] in terms of the voltage deviation index in three different operating
conditions. The results show that the proposed method achieved less voltage deviation
than that of [11] by 55% on average in the three cases of power system scenarios and
42% less deviation on average than that of [12].

8. Conclusions

The proposed secondary coordinated fuzzy logic PID controller reached the optimal
voltage profile under different operating conditions. A method for pilot bus selection was
presented, and its proficiency was shown based on various operating conditions, topologies,
and real geographical regions. The proposed method was more effective in comparison to
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other techniques. The maximization of the reactive power reserve ensured better voltage
stability in terms of enough reactive power reserve at the generating units for load bus
voltage support during contingencies. The proposed method of the WAMS configuration
was applied to the power grid of Egypt to provide a clear techno-economic analysis of the
system under different scenarios.

The proposed WAMS configuration was shown to be efficient in covering the whole
grid, considering the real regional zones. The proposed methodology for the optimal
configuration of WAMS realized the (N-2) security criterion for the 220 kV system and
the (N-1) criterion for the 500kV system. The cost of the WAMS configuration, which
considers the contingency case, was found to be 63% higher than the cost of the base case
(N) conditions for the studied system. This was calculated by dividing the difference
between the two costs by the base case cost.

The results show that the power system with the proposed SecVC provided an im-
proved voltage profile in terms of a better voltage deviation index compared to other
state-of-the-art voltage control techniques.
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