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ABSTRACT

A Wide Area Measurement System (WAMS) can extend and effectively improve a controllers’
capability of damping inter-area low-frequency oscillations in interconnected power systems. This
paper presents an implementation of a Wide Area Fractional-Order Proportional-Integral-Derivative
(WA-FOPID) damping controller to improve the system damping. A modal analysis approach is
proposed to identify the best location for the WA-FOPID controller and the optimal combination
of input signals. The differential evolution optimization algorithm is used to determine the optimal
controller parameters, and a nonlinear time-domain-based objective function is formulated to
minimize the time-weighted errors. The proposed approach is successfully applied to a two-area
four-machine system, as well as to a practical multi-area power system. The nonlinear time-
domain simulations indicate that the proposed WA-FOPID damping controller can effectively
dampen inter-area oscillations and improve system stability, irrespective of the severity or location
of disturbances.

Keywords: Differential evolution (DE); fractional-order PID (FOPID); oscillation damping;
phasor measurement unit (PMU); wide area damping controller (WADC).

Nomenclature

CPSS : Conventional Power System Stabilizer

FOPID  : Fractional-Order Proportional-Integral-Derivative
PSO : Particle Swarm Optimization

FACTS : Flexible AC Transmission System

TCSC : Thyristor-Controlled Series Compensation
AGC : Automatic Gain Control

LFO : Low-Frequency Oscillations

PSS : Power System Stabilizer

PMU : Phasor Measurement Unit

WAMS  : Wide Area Measurement System
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Ky Ty : Gain and time constant of the excitation system
GPS : Global Positioning System
D : Damping coefficient, puMW/Hz
M : Generator inertia constant
T : Input torque of the generator, p.u.
T. : Output torque of the generator, p.u.
Eg, Erq  :Internal voltage of the machine, V
ig, Iq : d- and g-axis armature currents, A
Xa) Xd : d-axis reactance and d-axis transient reactance, 2
0 : Generator rotor angle, °
wp : Base angular velocity, p.u.
10} : Angular velocity, p.u.
INTRODUCTION

Nowadays, power system networks are becoming more complex, and an increasing number of
tie-lines are linking adjacent areas and, in some cases, loading networks very close to their capacity
limits. At the same time, the low-frequency oscillations that result from heavy loading conditions
limit the utilization of tie-lines up to their full capacity.

For decades, the damping of inter-area oscillations has been accomplished by installing Power
System Stabilizers (PSSs) (Sauer et al., 1998; Yu, 1983). Each installed PSS receives a local signal
such as the generator speed or power, as the input, and provides a supplementary signal to the
generator excitation control. Although these local-measurement-based PSSs can provide sufficient
damping for local mode oscillations, they demonstrate limited effectiveness in damping inter-area
mode oscillations (Aboul-Ela et al., 1996; Kamwa et al., 2001). To address this problem, many
researchers have explored the effectiveness of wide area measurements in wide area damping
controllers (WADCs) for damping inter-area oscillations.

The use of remote signals as inputs has been proved to enhance the dynamic performance of the
power system and dampen inter-area oscillations (Zhang et al., 2008). Many different approaches
have been proposed for the design of WADC:s, such as the phase-shift compensation technique
(Huang et al., 2004), fruit fly optimization (Liu et al., 2014), fuzzy control (Lin, 2013), artificial
neural networks (Lokman et al., 2013), backtracking search algorithm (BSA) (Shafiullah et al.,
2015), hybrid energy-based wide area function (Yousefian et al., 2017), and robust control (Wang
et al., 2014). However, the controllers developed based on these techniques are integer controllers.
Because many physical systems are realized using fractional-order differential equations, better
performance can be ensured by implementing fractional-order controllers (Ahuja et al., 2014).
A FOPID controller, as proposed in Podludny (1999), can provide better performance than the
conventional PID controllers; this is validated by analyzing the dynamic responses of the FOPID
controllers.
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In FOPID controllers, the derivative and integral operations are of fractional-order. Therefore,
in addition to tuning the proportional (Kp), derivative (K)), and integral (K)) gains, two more
parameters are used—the powers of s in the derivative and integral actions, p and A, respectively.
These additional parameters add flexibility and make the system more robust than its integer
counterpart, thereby enhancing the dynamic performance. The proposed controller is a five-
dimensional hyperspace optimization, as it requires finding an optimal set of values for K, K,
K, A, and p to meet the specifications for a given process plant (Zhao et al., 2009). Thus, the
FOPID controller uses the following parameters: proportional gain, derivative gain, integral gain,
derivative order, and integral order.

The application of FOPID controllers to improve the power system oscillations damping has
been explored to some extent. In Zhao et al. (2009), the system responses to disturbances were
compared to those observed when using conventional PID controllers. In Bamasak et al. (2014),
Particle Swarm Optimization (PSO) was implemented to tune the FOPID oscillation damping
controller for a Flexible AC Transmission System (FACTS) device in a single machine infinite
bus (SMIB). More recently, FOPID was studied as a means of improving system stability in
multimachine power systems (Morsali et al., 2015). FOPID was applied in Thyristor-Controlled
Series Compensation- (TCSC-) based damping controllers in coordination with Automatic Gain
Control (AGC) to improve the overall system stability (Morsali et al., 2017). The Bacterial Foraging
Optimization Algorithm (BFOA) was proposed by Arya, Y. & Kumar, N. (2017) to tune the FOPID
parameters and was tested on a three-multi-area power system. In all these papers, local feedback
signals were used in the damping controller.

In this paper, a Differential Evolution (DE) algorithm is proposed for simultaneously tuning a
WA-FOPID controller and a Conventional Power System Stabilizer (CPSS) for damping inter-area
low-frequency oscillations. The optimal WADC location, input signals, and controller design are
also addressed. Modal analysis is used to determine the optimal location and the proper remote
input signals. A time-weighted integral error index is implemented to tune the proposed controller’s
parameters. The performance of the proposed controller is investigated for a two-area power system.
Time-domain simulations are performed to evaluate the performance of the proposed controller, and
the results are compared with those of conventional WADCs.

Fractional-order PID (FOPID) overview

A FOPID controller is a generalization of the typical PID controller. The main idea is to
introduce an operator D, associated with the orders A and p, which are not limited to integers. The
differential equation for the FOPID controller is described as

u(t) = Kye(t) + K;D7*e(t) + KpDf e(t) (1

The Laplace transform is used to obtain the continuous transfer function of the FOPID controller
as follows:

G(s) = Kp + K;s™* + Kpst @)

The design of a FOPID controller includes tuning the following parameters: Kp, K, K, )\ and
1, which can take noninteger values. The fractional-order controller improves the conventional
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PID controller from points to plane. Fig. 1 shows a comparison of the control possibilities using
a FOPID controller and the four control points of a classical PID controller (Vilanova & Visioli,
2012). Such extension offers more flexibility in realizing the control purposes.

For industrial simulations and implementations, the transfer functions involve fractional orders of
s, and it is necessary to implement approximations for the usual (integer-order) transfer functions. To
approximate a fractional function correctly, a usual transfer function should engage an infinite number
of zeroes and poles. In this paper, the FOPID differential equation has been solved using MATLAB
code, by implementing rational approximations as discussed in Tracaud & Chen (2010).

PD PID PD PID
u=19 L) u=1® L
P PI P PI
-T—o—m —T—HA
A= A=1

(a) (b)
Figure 1: FOPID vs Classical PID: from point to plane: (a) integer-order controller

and (b) fractional-order controller.

POWER SYSTEM MODELING

A 2-area 4-machine power system is used in our study. The modeling of system components is
described below.
Generator

A power system network consists of n generators; the third-order model is considered for
each generator, which consists of swing equations and equations for the internal voltage E fll of the
generator, behind the transient reactance X;. The generators are assumed to have an excitation
system consisting of PSSs (Yu, 1983). The equations of the i generator corresponding to this
dynamic model are as follows:

6 = wp(w—1) 3)
&= (T, —T, —D(w—1))/M )
E'q=(Era— (—x'q +x3) % ig — E'9)/(T" 40) 5)

Excitation system

The excitation system for the generators is assumed to be an IEEE Type ST1 system (Lee et
al., 1992). The system transfer function is shown in Fig. 2. A damping controller attached to the
excitation system uses the deviations in the generator angular velocity as input. In this study, the
damping controller may be a (1) CPSS, (2) classic WADC, or (3) WA-FOPID controller.
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Figure 2: Excitation system model IEEE ST1 with damping controllers.

The IEEE ST1 model is represented by the equation
Epg = (KaX(=v + Vrep + U ) — Epa)/(Ta) ©)

where K and T, are the gain and time constant, respectively.

Wide area FOPID

As shown in Fig. 3, in the proposed WA-FOPID damping controller, the stabilizing signals
are measured by the Phasor Measurement Units (PMUs). These measured signals are time-
synchronized using a Global Positioning System (GPS) and then transmitted to the controller.
Then, the WA-FOPID controller generates the necessary control signals to prompt the generator
excitation system to dampen the inter-area oscillations.

WAMS

PMU-1

Stabilizipg Signals

\ 4 VL A 4
WADC

AVR/WA- .
FOPID —> Exciter —}@

Synchronous Generator

A\ 4

Figure 3: Structure of Wide Area Damping Control.

Linearized multimachine system model

The power system dynamics are generally represented by a set of nonlinear differential
equations (Kundur, 1994) given by
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x=f(x,U) (7)

where the variable of state vector is represented by X = [5, w, Eé, Efd]T, and U is the
stabilizing input vector given by U = [U ]T. The design of the damping controllers utilizes a
linearized incremental model around an operating point (Yu & Elsharkawi, 1981). Linearization of
(07) yields the following:

Ak=AMx+BU ®)
Ay =CAx+ D Au )
where
AX represents the state vector increment for n machines;

Ay represents the output vector increment for m stabilizers;

Au represents the r input vector increment;
Ais a (4n x 4n);
B is a (4n x m);
Ax is a (4n x 1);

Uisan (m x 1).

DESIGN OF WIDE AREA FOPID DAMPING CONTROLLER

A WA-FOPID controller utilizes remote measurements as feedback signals to improve the
inter-area oscillation damping. To achieve an acceptable level of damping control, the location of
the controller and the selection of the control inputs are critical. Two measurements are relevant
in the design of the WA-FOPID controller (Dominguez-Garcia et al., 2014)—the observability
measurement, which defines the observation machines based on their output signals, and the
controllability measurement, which defines the control machines based on their input signals
with respect to the interested mode of oscillation. Thus, when the output signal Aw of the j*
machine has the maximum mode observability, and the input signal Upss of the k* machine has the
maximum mode controllability with regard to the i” inter-area mode, a preferable approach is to
dampen the i mode by remotely feeding back the signal Aw of the j* machine as an input to the
WADOC located at the £ machine. Therefore, for the WA-FOPID controller, the controllability and
observability measures can be derived from

Cont.;, = |¥; Byl (10)
Obse.ﬁ = |C]¢l| , (11)

where Cont.;, is used to measure the controllability of the i mode from the &” input and
Obse.;; measures the observability of the i/ mode from the j* output. @ and ¥ are the right and left
eigenvectors. To determine the best location for the CPSS and WA-FOPID controllers, the residue
is considered as follows:
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R}k = Ck¢iqlzTBk (12)

In the event that the output signal Awj has the highest observability, and the input signal U 55 S
has the highest controllability concerning the i oscillation mode, it is suggested that the i mode
be dampened by feeding back as an input to the WA-FOPID controller located at the £ machine.

Differential Evolution- (DE-) based damping controller design and parameter tuning

DE is viewed as an evolutionary algorithm (Rainer et al., 1995) owing to its capacity to work
in multimodal, nondifferentiable, and nonlinear objective functions. New offspring are created in
DE, by forming a trial vector of each parent individual of a population. Selection, mutation, and
crossover operations are performed to improve the effectiveness of the population in successive
generations. The control parameters of the algorithm are the population size NP, the crossover
constant CR, and the mutation constant . The major stages in the DE algorithm are mentioned
below.

i. Initialization
First, as preparation for the optimization process, the independent variables are initialized in

their practical numerical ranges. If the lower and upper bounds of the j-th variable of a given

X and xMin

problem are x|t g

j
can be initialized as

= x]min + rnd(o;l) * (x]max - x}nin) L= 1'NP’] - 1,D (13)

, respectively, the j-th component of the i-th population member

Xi,j

Then, the objective value for each vector can be calculated using the initial population and

can be compared to obtain the best solution. In each generation, this value is updated by
comparison.

ii. Mutation

The mutation operation begins with the process of generating new solutions. In this stage, for

every individual solution in the population in generation j; X @ ; i =1,.. NP, amutant
(G+1).

vector V is generated as

G+1 G G G
v = xP + Fx3 - x) (14)

where X (2) and X 3 ) are solution vectors selected randomly from the current generation.
X IS ezt is the solution achieving the best value, and F is a mutation constant that has values in

the range [1,0]. The factor F' determines the speed of convergence.
iii Crossover

The crossover operation aims to improve the diversity of the generated solution. In this
stage, the DE copies the generated mutant vector parameters, and its corresponding vector
i in the original population, to a trial solution according to a crossover factor CR € [1,0].
For each parameter, a comparison is carried out between a random number in the range [1,0]
and the CR, and the parameter value is selected between the mutant vector and the parent as



101  Design of wide area fractional-order PID damping controller for inter-area low-frequency oscillations using differential evolution

©) ,
. {Vi if rnd(0,1 < CR) s

T X else

where ulG j represents the child that competes with the parent X; ;.
iv. Selection

The last phase is to calculate the objective function for each trial vector and compare it with
the solutions in the previous population. The one that gives the best result remains in the new
population.

v. Stopping Criteria
Once a new generation is produced, the global best is updated. The stopping criterion chosen
is the iterations maximum number.
Tuning of parameters

An objective function ./, is defined as an integral of time multiplied by the absolute error for
speed deviation, for all machines.

JoE = f03 tX1Aw;]) dt (16)

The optimization problem of tuning the controller parameters is formulated as follows.
Minimize J (17)
Subject to

Kp min <Kp <Kp max

Kp min <Kp <Kp max

Ki min S K1 <K pax

Amin <A Apax

Hmin < M < Hmax
Kmin < KPSS—i < Kmax

min max
Tipss <Tipssi<Tpss

min max
Ts5.pss < T3pssi<T3.pss

The limit range values of K, K, , and K, are set between 0.1 and 50. The A and p parameters
are in the range [0.001, 2]. The data for these ranges have been taken from Zamani et al. (2016).

Figure 4 shows a simplified schematic diagram of the interactions between DE and the dynamic
simulations.
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Figure 4: Integration of DE with nonlinear time-domain simulation

SIMULATION RESULTS AND DISCUSSION

The effectiveness of the proposed controller in a multimachine power system network was
evaluated using MATLAB-based simulations, for a two-area four-machine system. The simulation
results for WA-FOPID controller were compared with those of the classic WADC and CPSS.
The time constant for the reset block, 7., was set to 10 s. Table 1 presents the values of the DE

parameters.

Table 1: DE parameters.

DE control parameters
Population size (NP) 50
Max. no. of gen. (GMAX) 100
Mutation (fm) 02
Crossover (CR) 0.6

Case Study 1: Two-area four-machine system

The two-area four-machine power network presented in Fig. 5 has two identical areas (Kundur,
1994), each with two 900 MVA generators. All four generators are represented by the third-order
model. It is assumed that 400 MW power is transferred over the tie-line from the first area (Area 1)
to the second (Area 2). The system data and initial conditions are presented in the appendix.

7 10

G1
Area 1 Area 2

Load-7 Load-9
9.67 MW 17.67 MW
5 1.0 Mvar 2.5 Mvar 2
G2 G4

Figure 5: System single-line diagram.
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Table 2 shows the system open-loop eigenvalues and their characteristics. From this table, it
can be observed that three electromechanical modes are present in this system. These are (i) an
inter-area mode, which has a negative damping ratio and a frequency of 0.6129 Hz, where the two
generators that operate in Area 1 oscillate against Area 2 generators; (ii) a local mode, which has
a frequency of 1.106 Hz, in which machines in Area 1 oscillate against each other; and (iii) a local
mode, which has a frequency of 1.0741 Hz, where the machines in the Area 2 oscillate against
each other.

Table 2: Open-Loop System Eigenvalues.

igemvatues Y PRIETE ciations
Mode 1 | -1.2753 +6.949i 1.1060 0.1805 Local
Mode2 | -1.1983 +6.748i 10741 0.1748 Local
Mode3 | 002813810 0.6129 00073 Inter-Area

The participation factors (PFs) for each machine in these three modes are shown in Table 3. Since
the generators in each area are electrically close to each other, and all of them are identical, they have
close values of PF for each mode of oscillation. For the inter-area mode, the table shows that Area 2
generators at the receiving end have higher PFs than Area 1 generators at the sending end.

Table 3: Machines’ Participation Factors in Oscillation Modes.

Machines Participation Factor

Eigenvalues Area 1 Area 2
Gl G2 G3 G4
-1.2753 +i6.9492 0.2867 03146 0.0052 0.0127
-1.1983 +i6.7486 0.0110 0.0062 0.2890 0.3103
0.0281 +i3.81 0.1200 0.0808 0.1631 0.1435

Once the dominant machine PFs are identified for each mode, the mode shapes can be
determined from the magnitude and sign of the real part of the elements in the right eigenvector,
related to the state variables involved in the mode. The rotor-angle right eigenvector elements for
the three modes are shown in Table 4. For mode 1, G, has a positive real part, whereas G, has a
negative real part. This indicates that G, rotates against G, locally, in Area 1. Similarly, the second
local oscillation in Area 2 is between G, and G, as these have different real part signs. Further, it
can be inferred that mode 3 is an inter-area mode, since both G1 and G, have the same sign for the
real part, which is opposite to that of G; and G,. With this knowledge about the oscillatory modes,
dominant machines, and their state variable participations in each mode, the local PSSs and WA-
FOPID controllers can be designed. This design is discussed in the next section.
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Table 4: Right-Eigenvector Elements (Corresponding to Ad).

Mode 1
Generator Right Eigenvector Entry
1 0.0148 - 0.0472i
2 -0.01895 + 0.0458i
Mode 2
Generator Right Eigenvector Entry
3 0.0089 - 0.0488i
4 -0.0144 + 0.0480i
Mode 3
Generator Right Eigenvector Entry
1 -0.0240 + 0.07901
2 -0.0286 + 0.0486i1
3 0.0584 - 0.0948i
4 0.0491 - 0.0883i

Optimal placement of the proposed controller

From Table 3, it can be seen that G, has the largest PF among all generators in oscillation mode
7. Thus, this machine has a greater effect on the oscillations in this mode than any other machine in
the same area. Similarly, in mode 8, G, has the largest PF. Thus, the local PSSs are located at G,and
G, in order to make the damping of the local-mode oscillations in these areas more effective.
Further, as G, has a higher participating inter-area oscillation than G,, the WA-FOPID controller is
located at G,. A connectivity diagram of the proposed controller is shown in Fig. 6.

PMU-1 --o- >

PMU-2 > (Do 1+ Dw-1-B-3-Dw-4)
PMU-3 =====> AN
PMU-4 --=-- p |

Load-7 Load-9
9.67 MW 17.67 MW
1.0 Mvar 2.5 MVvar

Figure 6: Connectivity diagram of the proposed controller for Two-Area Network.

To confirm the placement of the proposed controllers, measurements of controllability,
observability, and residue should be obtained for all modes, as per equations (10)—(12). The
overall damping stabilizer design enhances the damping in all oscillation modes. The residues of
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the system generators correspond to the local modes of oscillation. Findings from modes 1 and 2
indicate that G, has the largest magnitude in mode 1, and G, has the largest magnitude in mode 2.
Therefore, the CPSSs should be placed at G, and G, which are the optimal locations for damping
local-area oscillations. The inter-area mode controllability measurement is also used to confirm
the placement of the WA-FOPID controller at G, since it has the largest controllability value. The
feedback combination signal is (Yy—1, 0x — Zk=34 W)

-
[
I
[

w w b w 1.5
2 ! = 2 !
= 0.5 l = 05 I = 0.5 I I
2 0 = N S() 0 -— 2 0
= 1 2 3 4 = 1 2 3 4 = 1 2 3 4
GENERATOR NO. GENERATOR NO. GENERATOR NO.
(a): Mode 1 (b): Mode 2 (c): Mode 3

Figure 7: Controllability measures for all modes.
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1 2 3 4 1 2 3 4 12 3 4
GENERATOR NO. GENERATOR NO. GENERATOR NO.

(a): Mode 1 (b): Mode 2 (c): Mode 3

Figure 8: Observability measures for all modes.

Wide area FOPID and WADC parameter tuning using DE

Table 5 shows the optimal values for the controller parameters, obtained through the implementation
of the DE algorithm for both the WA-FOPID controller and the WADC. The variations in the objective
functions of the classic WADC and the WA-FOPID controller designs, with reference to the number
of generations of the DE, are shown in Fig. 9.

Table 5: Optimal Settings of the Proposed Controller.

WA-FOPID @ machine-3 CPSS @ machine-2 & 4
Parameters Value Parameters PSS-2 PSS-4
Kp 29.558 K 88.176 14.3065
Kp 16.680 T\(s) 0.0702 0.3246
K; 06.180 Ta(s) 0.0500 0.0500
A 1.3803 Ts(s) 0.0616 0.0021
I 0916 Ty(s) 0.0500 0.0500
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Figure 9: Variation of objective functions for DE-based optimization technique.
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Nonlinear time-domain simulation

To validate the performance of the system with the proposed controllers, nonlinear time-
domain simulations were carried out for a 3-ph fault of duration six cycles of 60 Hz at Bus#9. The
simulations were conducted with different controllers: (i) three CPSSs, (ii) the classic WADC, and
(iii) the proposed WA-FOPID controller. Fig. 10 and Fig. 11 show the variations in the rotor angles
and the angular velocities of the machines in the system, corresponding to this disturbance. As
seen in these figures, the system without the provision of any control experiences significant power
oscillations. Further, it can be seen that the classic WADC dampens the inter-area oscillations
better than the CPSS. The figures also indicate that the damping provided by the proposed WA-
FOPID controller, along with the local CPSSs, is better than that provided by the classic WADC.
The system with the WA-FOPID controller demonstrates the shortest settling time, zero steady-
state error, and thus, an enhanced overall dynamic stability.

A83-A81 A34-Ad1
18- i ; 32
CPSS (Kundur, 1994)
WADC@G3+CPSS@G2,G4 34 -

CPSS (Kundur, 1994)
WADC@G3+CPSS@G2,G4
WA-FOPID

WA-FOPID

Degree
Degree

Time (s) Time (s)

Figure 10: G3 relative angle responses for | Figure 11: G4 relative angle responses for 3-

3-ph short circuit. ph short circuit.

Table 6 shows the settling time, peak, and mean sum squared error (MSSE) of the relative angle
responses for the three controllers. It can be seen that the WA-FOPID controller achieves the least
MSSE and that it minimizes the peak overshoot and settling time.
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Table 6: Evaluation of Relative Angle Responses.

G3 Relative angle responses G4 Relative angle responses
T (sec) | Overshoot % MSSE Ts (s) Overshoot % MSSE
CPSS >7 32.06 7.181e-4 >7 26436 % 6.253e-4
WADC 5.7 24.13 5.679%-4 54 17.24 % 2.667e-4
WA-FOPID 4.5 17.01 2.071e-4 5.0 17.24 % 2.457e-4

Case Study 2: Saudi electrical network

The Saudi power grid 380 kV map and tie-lines diagram are shown in Fig. 12 and Fig. 13,
respectively. Saudi power grid has four interconnected operating areas. In this paper, a reduced
version of the Saudi 380 kV network is considered, which consists of 29 generators, 127 buses, and
222 circuits. The system reduction methodology has been presented in Al-Hajji et al. (2014), and
it has been concluded that the reduced model is accurate and reliable for representing the dynamic
characteristics of the complete system.

Figure 12: Saudi Arabia 380 kV Map.

WOA - Area 2 COA-Areal EOA-Area3
Bust 63 musi 35| Bust 115
MDE SUDAIR Fadhli
Bus# 44
QASSIM
TEG LITH SHB Bust# 41] Bus# 118
PP9] kHURAIS
Bust# 30| Bus# 110
9001 SHEDGUM
BSH MHIL NMR Bust# 32 Bus# 112
9003 FARAS
SOA —Area 4

Figure 13: Saudi 380 kV Interconnection Tie-Lines.
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The open-loop system eigenvalues are given in Table 7; they indicate that the system exhibits 28
electromechanical oscillation modes. All modes are classified as local modes except mode 28, which
is classified as an inter-area mode of oscillation with an eigenvalue of —0.10402.449+i, frequency
0f 0.389 H,, and a very low damping ratio of 0.042. The PF analysis has shown that Machine #28,
which is located in Area 2, has the largest contribution to the inter-area mode.

Once the dominant machine PFs are identified for the inter-area mode, the mode shape can be
determined from the elements in the right eigenvector related to the state variables involved in the
mode. From the magnitude and sign of the real part of the eigenvector entries, the mode shape
corresponding to the rotor angle states for mode 28 can be obtained; this is shown in Fig. 14. It
indicates inter-area oscillations between Area 2 generators and the generators in Areas 1 and 3.
More specifically, Generator 28 in Area 2 oscillates against units 16 and 11 in Area 3.

Table 7: Open Loop System Analysis for Saudi Network.

Eigenvalues Freq. (Hz.) Damping Ratio

1 -0.4608 + 12.1695i1 1.9368 0.037
2 -0.8865 + 11.0973i 1.7662 0.079
3 -0.2952 + 10.5184i 1.6740 0.028
4 -0.4867 + 10.5859i 1.6848 0.045
5 -0.4422 +9.9178i 1.5784 0.044
6 -0.1872 + 9.4819i 1.509 0.019
7 -0.4349 + 9.3251i 1.4841 0.046
8 -0.3611 + 9.3704i 14913 0.038
9 -0.3552 + 8.8637i 1.4107 0.040
10 -0.3112 + 8.7874i 1.3985 0.035
11 -0.4485 + 8.2598i 1.3145 0.054
12 -0.2939 + 8.3084i 1.3223 0.035
13 -0.2897 + 8.2699i 1.3161 0.035
14 -0.2391+ 8.0673i 1.2839 0.029
15 -0.2200 + 7.6753i 1.2215 0.028
16 -0.2794 + 7.6203i 1.2128 0.036
17 -0.2734 + 5.4143i 0.86171 0.050
18 -0.4605 + 6.1002i 0.9708 0.075
19 -0.3709 + 7.50641 1.19469 0.049
20 -0.2666 + 6.4366i 1.02442 0.041
21 -0.3372 + 7.0021i 1.11441 0.048
22 -0.3425 + 7.1568i 1.1390 0.047
23 -0.4280 + 7.2257i 1.1500 0.059
24 -0.4585 + 7.1232i 1.1336 0.064
25 -0.3088 + 6.5138i 1.0367 0.047
26 -0.2269 + 4.6636i 0.7422 0.048
27 -0.2444 + 4.8919i 0.7785 0.049
28 -0.1040 + 2.44901 0.3897 0.042
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Figure 14: Mode shape for rotor angle (inter-area mode).

Placement and design of the proposed controller

The modal analysis has indicated that Generator 28 is the most dominant unit for the inter-area
mode of oscillations. Hence, the proposed WA-FOPID damping controller will be placed at Unit 28 and
the feedback combination signal will be (Zk=28 @k — Zk=1116 @x)- The controller schematic structure
is presented in Fig. 15. Comparing the damping ratio analyses, with and without the WA-FOPID
controller, it can be observed that, without the WA-FOPID controller, the highest damping ratio of the
rotor speed deviation is 0.079, whereas, after deploying the proposed controller, the highest damping
ratio is 0.194. In general, by comparing the performances of the power systems without and with the
WA-FOPID controller, it can be observed that the eigenvalues and their respective damping ratios
show great improvements. Thus, it is quite clear that the overall dynamic performance is enhanced
significantly after the deployment of the proposed controller.

WA-FOPID

_______ Bus# 44
’J[ | QASSIM

Figure 15: WA-FOPID Damping Controller Structure.
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Nonlinear time-domain simulation

Fig. 10 and Fig. 17 show the speed deviation and rotor angle responses for a 3-ph short
circuit. These figures compare the system dynamic stability before and after the deployment of
the proposed WA-FOPID damping controller. By analyzing these figures, it is quite clear that the
dynamic performances of the system with the proposed PSS show considerable improvement. For
example, the settling times of Machine 28 in Area 2 are noticeably decreased by more than 15, to
approximately 7 s.

Machine & 28 Machine # 28
1.003; 3 : 10 : T -
3 ——— Propased WA-FOPID
—— Proposed WA-FOPID -5 - — Exsting P5Ss
1.002 - Exsting PS5s
ERE
£ s
a =5
= <
% 0.999 -
0.998 -
BB 2
08Ty 5 10 15 9 5 18 15
Time {=) Time (s}

Figure 16: G28 speed deviation response for | Figure 17: G28 angle response for 3-ph

3-ph short circuit. short circuit.

The existing maximum power transfer between COA and WOA is approximately 420 MW,
after which the system goes out of synchronism and oscillates continuously. However, it can also
be observed that, after deploying the optimized WA-FOPID controller, the dynamic stability of the
system is improved considerably. Thus, the power transfer between the two areas can be increased
far beyond the existing transfer level. To determine the maximum power transfer using the proposed
controller, the same incident is repeated in this section. Fig.18 shows that the maximum power is
substantially increased, from 420 to 700 MW.

Power Flow in Line 44-63
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Figure 18: Power flow in COA-WOA tie-lines at (700 MW) power transfer.
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CONCLUSION

This paper reported an investigation into the effectiveness of a WA-FOPID system to enhance

the power system stability. The controller-stabilizing signals were derived from the data acquired
through the PMUs installed at different locations in the system. The WA-FOPID controller was
designed such that it focused on stabilizing the inter-area oscillations in the system, while leaving

the local modes of oscillation to be controlled by the local PSSs. The preliminary investigations

indicated that the WA-FOPID damping controller showed a significantly better performance than

the conventional integer controllers, even under severe disturbance conditions.
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APPENDIX

The two-area system data, load flow results, and initial conditions are given below.

Table 8: Generator and Exciter Data.

Gen nrwsniva) g o ow oo 6 6 P K
1 55575 02 0.9 0033 006l 8 04 0 200 001
2 55575 02 0.9 0033 0061 8 04 0 200 001
3 585 02 0.9 0033 0061 8 04 0 200 001
4 585 02 0.9 0033 0061 8 04 0 200 00l

Table 9: System Bus Data.
Generation Load
Busno. — Type V(():)ts;g © Angle (MI;V) (M\?AR) (MI;V) (M\?AR)
1 1 1.03 0 0 0
2 2 1.01 700 0 0
3 2 1.03 719 0 0
4 2 1.01 700 0 0
5 3 1.00 0 0 0 0
6 3 1.00 0 0 0 0
7 3 1.00 0 0 967 100
8 3 1.00 0 0 1767 250
9 3 1.00 0 0 0 0
10 3 1.00 0 0 0 0

Bus types: (1) Slack Bus, (2) PV Bus, (3) BQ Bus
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Table 10: System Transmission Lines Data.

Line no. From To R (p.uw) X (puw) B (p.w)
1 1 5 0 0.0576 0.00
2 2 6 0 0.0625 0.00
3 3 10 0 0.0586 0.00
4 4 9 0 0.0850 0.088
5 5 6 0.0025 0.025 0.021875
6 6 7 0.001 0.01 0.00875
7 7 8 0011 0.11 0.385
8 8 9 0.001 0.01 0.00875
9 9 10 0.0025 0.025 0.021875

Table 11: System Load Flow Results.

Generation Load
Bus no. Voltage Angle P Q P Q
(pw) (Degree) MW) (MVAR) MW) (MVAR)
1 1.03 0 704.94 201.63 0 0
2 1.01 -9.9268 700.00 27141 0 0
3 1.03 -28.7102 719.00 235.61 0 0
4 1.01 -39.0715 700.00 344 .85 0 0
5 1.0038 -6.5378 0 0 0 0
6 0.9720 -16.7654 0 0 0 0
7 0.9504 -25.3242 0 0 967 100
8 0.9294 -54.8907 0 0 1767 250
9 0.9600 -45.9963 0 0 0 0
10 0.9986 -35.4139 0 0 0 0
Table 12: Machines Initial Conditions.
L I, Vi Vi Eg, E,
G, 6.089528 3.686605 0.700455 0.755157 1.973063 0.578797
G, 6.568511 3.479973 0.661195 0.763493 2.077195 0.546356
G; 6.381238 3.638824 0.691377 0.763478 2.039725 0.571295
G, 6.983409 3.305191 0.627986 0.791033 2.187715 0.518915
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