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Abstract: This paper presents a novel fuzzy control scheme for damping the subsynchronous reso-
nance (SSR) according to the wide-area measurement system (WAMS) in power systems including
doubly fed induction generator (DFIG)-based wind farms connected to series capacitive compen-
sated transmission networks. The SSR damping is attained by adding the fuzzy controller as a
supplementary signal at the stator voltage loop of the grid-side converter (GSC) of DFIG wind farms.
Additionally, time delays due to communication signals are important when using WAMSs. If the
time delays are ignored, it causes system instability. In this paper, the time delays are modeled with
a separate fuzzy input to the controller. The new fuzzy control approach is executed by using the
angular velocity of synchronous generators (w) and its variation in the angular velocity (dw/dt).
The effectiveness and success of the WAMS-based fuzzy controller is demonstrated by comparison
with the particle swarm optimization (PSO) and imperialist competitive algorithm (ICA) optimiza-
tion methods. The efficacy and validity of the planned auxiliary damping control are verified on a
modified version of the IEEE second benchmark model including DFIG-based wind farms via time
simulations using the MATLAB/Simulink toolbox.

Keywords: transmission line; wind farm; fuzzy control; subsynchronous resonance; DFIG

1. Introduction

Due to the restructuring of power systems, system features have changed somewhat,
including the transmission system, and have exceeded their stable ranges [1]. The problems
experienced in the construction of power transmission lines have forced the generating
institutions to obtain maximum efficiency from energy transmission lines by methods such
as compensation [2]. Most of the strategies for growing the transmission energy of the
strains are low cost, using capacitive series repayment [3]. The application of series capaci-
tors causes an increase in power transmission capacity of the lines and an improvement
in system stability. Despite all its advantages, series capacitors cause fluctuations with
frequencies less than the network’s nominal frequency, stated as SSR [4]. On the other
hand, with the increase in wind turbine production capacity and the application of the
new generation of these turbines, the production capacity of wind farms has significantly
increased [5]. Usually, wind farms are installed offshore; therefore, long transmission lines
are needed to transfer the power of the wind farm to the power systems. As the length of
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transmission lines increases, the capacity of the transmission lines decreases, and limited
energy can be transmitted from this line. The capacity of the lines is usually increased
through series capacitors and reducing the electrical length of the line, which leads to SSR
fluctuations [6]. So far, many studies have been conducted on damping the SSR. There
are two main methods for mitigation of SSR: One method is auxiliary damping hardware.
Flexible alternating current transmission system (FACTS) devices, such as gated-controlled
series capacitors (GCSC), thyristor-controlled series capacitors (TCSC), and static var com-
pensators (SVC), can be used to mitigate SSR [7,8]. The second method is the damping
control approach. Subsynchronous resonance damping control is implemented in grid-side
converters (GSCs) [9], and the control performance of various signals, such as capacitor
voltage, current magnitude, and rotor speed, is analyzed.

In previous studies, power systems including the first and second IEEE benchmarks
were considered, and SSR studies have been performed on them. In this study, we used
a power system including DFIG-based wind farms, which have rarely been considered
in previous studies. In addition, WAMS technology was used in the design of the fuzzy
controller. Today, WAMS is widely used in power systems [10]. For instance, in [11], the use
of WAMS was an indispensable practical subject in monitoring and controlling large-scale
power systems. The roles of PDC and PMU in WAMS have been summarized. A WADC-
PSS was suggested according to modal analysis using PSO methodology. The WADC-PSS
input signals are the non-local machine speed measurements from the WAMS. Additionally,
reference [12] discusses how methods from reinforcement learning can be exploited to the
transition to a model-free and scalable wide-area oscillation damping control of power
grids. In addition, the control constructions with distinct features have been presented.

Because DFIG-based wind farms are offshore and usually far from the compensated
power system and transmission line, using WAMS is justified [13]. This is significant
because the auxiliary control scheme is used for SSR oscillation in DFIG control, and
because we employed the angular velocity and its variations in synchronous generators
for auxiliary control signals. The input quantities in a WAMS is measured via phasor
measurements unit (PMU), which is one of the chief parts of a WAMS. The important aspect
is that the time delays measured by the PMU should be taken into account in the design of
the controller. If this latency is ignored, the controller may even cause instability [14].

This paper offers a new method for decreasing subsynchronous resonance in utility
DFIG-based wind farms considering time delays by the PMU measurement in communica-
tion networks.

The main novelties of the current article are presented as follows:

• Design of a WAMS-based fuzzy control scheme that considers the communication
time latencies originating from PMU measurements.

• Decrease in the subsynchronous resonance for utility DFIG wind farms.
• The proposed control scheme does not require adjusting the parameters of the con-

troller.

The fuzzy controller was designed based on the Mamdani inference structures [15].
The inputs of the fuzzy controller are angular velocity and its variations, and the output is
at the stator voltage loop of the GSC. The remainder of this paper is structured as follows.
Section 2 describes the modeling of the IEEE benchmark, including DFIG-based wind
farms. Section 3 offers the background for the SSR phenomenon in the series capacitive
compensation of transmission lines. Section 4 describes the design of a wide-area fuzzy
logic controller based on the Mamdani inference system. Section 5 discusses the time-
domain simulation end result, and Section 6 concludes the paper.

2. Modeling of the IEEE Second Benchmark including DFIG Wind Farms

In order to evaluate the efficiency of the new method in auxiliary wide-area fuzzy
logic control input, the IEEE second benchmark model, improved by the inclusion of DFIG
wind farms, was employed (Figure 1).
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Figure 1. Single-line model of the studied system.

As demonstrated in Figure 1, the system has two steam generators with different
turbine masses, which are connected to the infinite bus by a transmission line and DFIG-
based wind farms, which are usually offshore. The dynamic model of each component
represented in the above single-line diagram, which has been defined in detail in previous
research, is briefly described below [16–18].

2.1. IEEE Second Benchmark

The standard IEEE second benchmark system has two steam-turbine-type generators,
each of which has different masses, as shown in Figure 1. The first generator has four
masses, HP1, LP1, G1, and EX1, so it has 3 torsion modes, HP1-LP1, LP1-G1, and G1-EX1.
The second generator has 3 masses, HP1, LP1, and G1, which therefore has 2 torsional
modes, HP1-LP1 and LP1-G1 [19]. In addition, the data of this system are given in Table A1.

2.2. Model of DFIG-Based Wind Farm

A schematic of the DFIG- based wind farms is shown in Figure 2. The DFIG has two
controllers: a rotor-side converter (RSC) and a grid-side convertor (GSC). In addition, a
two-mass model was applied for the generator turbine shaft system, MT mass for low
turbine speed and MG mass for high generator speed, as shown in Figure 2. In addition,
the data of this system are given in Table A2.

Figure 2. Single-line model of DFIG.

In addition, Figure 3 shows the structure of the RSC and GSC controllers. According
to Figure 3, the RSC controller is employed to control the active/reactive power of the
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converter, and the GSC controller is applied to control the reactive power and DC link
voltage between the two converters [20].

Figure 3. The structure of RSC and GSC controllers.

According to references [21–25], a wind farm can be modeled as an equivalent wind
farm because all the parameters of a wind farm are similar to an equivalent wind farm.
The total power is equal to the total installed capacity of the wind turbines. For example, a
wind farm with fifty 2 MW generators is modeled as one 100 MW generator [26]. The data
attachments of these systems are given in the appendices.

3. Definition of SSR

In this part of the paper, the concept of SSR is examined. According to the IEEE
definition, SSR is a condition in the power system that is associated with the exchange of
energy between the electrical network and the generator turbine at one or more natural
frequencies of the shaft turbine system below the synchronous frequency [27]. The SSR
phenomenon manifests in two different ways: SSR due to the steady state and SSR due
to transient conditions. In the SSR due to steady-state frequency, subsynchronous electric
currents passing through the armature induce torque and current in the rotor circuit with fr
frequency equal to:

fr = fs − fn (1)

In Equation (1), fs is the synchronous frequency and fn is the resonant frequency, which
is obtained from Equation (2):

fn = fs

√
Xc

Xl
(2)

In Equation (2), Xc is the compensator reactance and Xl is the reactance series of the
transmission line, both of which are in ohms. The passage of induced currents in the rotor
leads to subsynchronous voltage components in the armature, which may, in some cases,
lead to an increase in the subsynchronous armature currents, resulting in self-excitation
or steady-state SSR that divide into induction effect (IG), and torsional interaction (TI). In
addition, the other type of SSR occurs in the transient state, when the resonant frequency
complement is close to one of the torsional frequencies of the synchronous generators [28].
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4. Modeling of Wide-Area Fuzzy Controller in the System under Study
4.1. Review of Fuzzy Logic

Fuzzy logic is a technique of reasoning that is similar to the process of human reason.
Fuzzy logic is a type of many-valued logic where the true value of variables may be any
real value between 0 and 1. It is used to handle the partial truth concept, where the truth
value may range between fully true and fully false. Fuzzy logic has four chief portions,
which are introduced below [29].

Rule base consists of the rules set and the IF-THEN conditions provided by the
specialists to govern the decision-making system with linguistic information. Recent
advances in fuzzy logic have led to the construction of various effective approaches for
the design and tuning of the fuzzy control laws. Most of the progresses decrease the fuzzy
rules number.

Fuzzification is applied to convert the inputs, i.e., crisp numbers, into fuzzy sets. Crisp
inputs are fundamentally the exact inputs measured by the sensors and passed into the
control system for the process.

Inference engine determines the matching degree of current fuzzy input with respect
to the rules and decides which rules are fired based on the input field. Then, the fired rules
are mixed to establish the control inputs.

Defuzzification is employed to convert the fuzzy sets attained by the inference engine
into the crisp value. There are various defuzzification approaches available. The centroid
technique is one of the commonly applied defuzzification methods, and it is used in this
paper.

All of the above items are shown in Figure 4 [30].

Figure 4. Fuzzy logic system.

4.2. Review on Wide-Area Measurement Systems

By merging the abilities of telecommunication structures, digital measuring devices,
and control laws, WAMS enables the monitoring, protection, and control of a smart grid
over a wide area. In general, WAMS consists of three subsystems: measurement, telecom-
munication, and processing. The system contains several PMUs and phase data con-
trollers (PDCs) linked by high-speed telecommunications networks, as demonstrated in
Figure 5 [31].



Energies 2022, 15, 1787 6 of 15

Figure 5. The hierarchical structure of a WAMS.

4.3. Fuzzy Controller Based on Wide-Area Measurement System

In order to evaluate the efficacy of the new method on the auxiliary wide-area fuzzy
logic controller, we used the IEEE second benchmark model, modified by the inclusion of
DFIG wind farms, as shown in Figure 1.

Figure 6 indicates the location of the WAMS controller. Due to the large distance of
synchronous generators from wind farms, which are usually offshore, a PMU is used to
measure the inputs of the fuzzy system. SSR damping is attained by adding the fuzzy
controller as a supplementary signal at the stator voltage loop of the grid-side converter
(GSC) of doubly fed induction generator (DFIG) wind farms. The input signals of this
controller are the angular velocity and its variations in synchronous generators, which
have four fuzzy inputs. One of the important items in control design is selecting the correct
control input, as shown in Figure 2. In this study, the angular velocity of synchronous
generators (w) and voltage across the series compensation (Vc) were studied, and the
optimum control signal was identified via residue analysis, clarified in the simulations.

Figure 6. Location of fuzzy controller in the GSC convertor.

The fuzzy control output, after being converted to a crisp number obtained by the
center of gravity method, is applied to the voltage control loop of the GSC. The membership
functions for the fuzzy controller’s inputs and output are obtained, as represented in
Figure 7. The employed fuzzy rules are of the Mamdani type, as shown in Table 1. Notably,
the Mamdani rules used in this research were obtained by trial and error.
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Figure 7. Inputs and output membership functions: (a) Angular velocity of generators, (b) variations
of angular velocity of generators, (c) output of fuzzy controller. NL, negative large; NM, negative
medium; Z, zero; PM, positive medium; PL, positive large; N, negative; P, positive.

Table 1. Fuzzy rules according to fuzzy system inputs and output (a) G1 and (b) G2.

A B
dw1
dt P N ZE

dw2
dt P N ZEw1 w2

G1

PL PL PM PL

G2

PL PL PM PL
PM PL PS PM PM PL PS PM
PS PM ZE PS PS PM ZE PS
ZE PM NM ZE ZE PM NM ZE
NS ZE NM NS NS ZE NM NS
NM NS NL NM NM NS NL NM
NL NM NL NL NL NM NL NL

The rules in terms of input parameters, i.e., the angular velocity of synchronous
generators and variations in the velocity, are outlined as shown in Table 1. According to
Table 1, for instance, if w1 is NS and dw1

dt is N, then the output is NM.
In conclusion, the output of the fuzzy system must be converted to a crisp number. As

mentioned, there are several defuzzification methods available. The centroid technique,
one of the commonly applied defuzzification methods, was used in this research. In this
method, the control signal is:

∆U(K) =
∑n

i=1 MiTi

∑n
i=1 Ti

(3)

In Equation (3), Mi is the membership grade and Ti is the membership function
singleton position.

5. Simulation Result

A modified version of the IEEE second benchmark model including DFIG wind
farms was employed to evaluate the suggested control input, and the MATLAB/Simulink
R2020b toolbox was employed for the simulations of the considered system. In general,
the simulation is performed in three parts. Initially, the system operates without auxiliary
control at 85% compensation ( Xc

Xl
), and at the moment t = 1 s, a three-phase fault occurs at
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bus j, which disappears at moment t = 1.0025 s. Figure 8 shows the torque of the steam
turbine rotor in different parts, which is unstable at 85% of compensation. In this paper, the
torque of the different parts of the steam turbine of both generators is presented in per unit.

Figure 8. (a) Torque T (HP1-LP1), T (LP1-G1), and T (G1-EX1) in the steam turbine of G1; (b) torque T
(HP2-LP2) and T (LP2-G2) in the steam turbine of G2 without damping.

In the following, the application of a fuzzy controller is designed based on a WAMS to
dampen SSR, expressed in two ideal modes and in the presence of time delays.

As illustrated in Figure 7, SSR oscillations are damped by using a control input to the
GSC stator voltage controller loop. As mentioned, residue analysis was applied to choose
the input controller, angular velocity of synchronous generators (w), and voltage across
series compensation (Vc).

The transfer function G(s) is

G(s) =
Ri

S− λi
(4)

where λi is the eigenvalues and Ri is the eigenvalues’ residues. Achieving the value of Ri
for the sub-synchronous mode corresponding to λ1 and 2 in Table 1, the location of the
controller, the angular velocity of synchronous generators, was selected as the input control
signal.

5.1. Wide-Area Fuzzy Controller without Time Delay

This part of the simulation shows the usage of fuzzy controllers in the studied system
in the case where the delays produced by the measured PMU are ignored. As demonstrated
in Figure 9, the SSR oscillations are damped by using a control signal to the stator voltage
control loop in the GSC. With the 42 fuzzy rules in Table 1, and receiving the controller in-
puts, which are the same as the angular velocity, and variations in generators synchronous
from the PMU, the functions of membership in Figure 7 will be satisfied by the SSR oscilla-
tions shown in Figure 9. According to Figure 9, in the condition where the compensation is
75% and the considered system is unstable, in the first second of simulations, a three-phase
fault occurs at bus j, which disappears at moment t = 1.0025 s, and by applying a fuzzy
controller, the oscillations are damped.
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Figure 9. Damping of SSR oscillation in synchronous generation and DFIG with wide-area fuzzy
controller without time delay. (a): turbine torque of second synchronous generation, (b): turbine
torque of first synchronous generation, (c): VDC, Q, and P of DFIG.

5.2. Wide-Area Fuzzy Controller with Time Delay

In the preceding subsection, the WAMS fuzzy control simulation was executed, in
which the latencies due to the PMU measurements were ignored. In practice, the delays in
sending of signals to the control input cannot be ignored because delays were inevitable
in telecommunication systems. According to reference [31], these delays are classified as
shown in Table 2. Therefore, if these delays are ignored, system instability occurs, as shown
in Figure 10. That shows that the state the measurement signals employed for the wide-area
fuzzy controller have a delay of 350 ms, and the control actions in the first second caused
the instability of the system and failed to damp the system.

The membership functions associated with the fifth input are given in Figure 11. As
shown, the amount of latency due to measuring PMU signals is divided into three intervals:
small, medium, and large. Thus, three membership functions are introduced for the latency.

To apply the fuzzy inputs to the fuzzy system, the fuzzy rules of Table 1 were changed,
the cause of which is well-illustrated in Figure 12.

Table 2. An example of telecommunications data delays.

Communication Data Delays Associated Delay (ms)

Telephone Lines 200–350

Satellite link 500–700
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Figure 10. SSR oscillation in synchronous generation with a wide-area fuzzy controller have a delay
of 350 ms.

Figure 11. Membership functions of the time delay. S, small; M, medium; L, large.

Figure 12. Time delay signal of w1, (a): PMU location without delay; (b): GSC location with medium
time delay; (c): GSC location with large time delay.

Figure 12 shows w1 of G1 in three modes without delay (a), with medium delay (b),
and with long delay (c); its dimensions can be in terms of per-unit.

Consider t = t1 as an instance. At t = t1, the primary signal, i.e., no-delay input of w1
is PL and (w1) is N, which, according to Table 3, will give the output value of fuzzy control



Energies 2022, 15, 1787 11 of 15

equal to PM. At this moment, if the medium delay is (M: time delay 1), the fuzzy rule as
w1 is PL and (w1) is P, and the system’s output must be ZE. In addition, at this point, the
primary signal, i.e., no-delay input of w1 is NL and (w1) is P, which, according to Table 3,
gives the output of fuzzy control signal equal to NM; at this moment, if the medium delay
is (L: time delay 2), the fuzzy rule in the delay as w1 is ZE and (w1) is N, and the output of
the system is ZE. Correspondingly, other modified fuzzy rules are shown in terms of time
delay in Table 3.

Table 3. Rule based on wide-area fuzzy controller with time delay.

Time
Delay

dw1
dt PL PM PS ZE NS NM NLW1

M

P PM NL PL PM PM NM PM

N NL ZE PM NL NS NM PS

ZE NS PS NM ZE PL NM NL

L

P ZE PM PL NM NL NM PM

N PL ZE NM NM PM PS NM

ZE PS NL ZE PL NM ZE PL

By modifying the fuzzy rules that are modeled taking into account the time delays
created by PMU measurements, the simulation results with two time delays of 400 millisec-
onds are presented in Figure 13. According to this figure, the fuzzy control input was able
to dampen the fluctuations caused the SSR by considering the changes in fuzzy rules.

Figure 13. Damping of SSR oscillation in synchronous generation and DFIG with wide-area fuzzy
controller with time delay. (a): turbine torque of first synchronous generation, (b): turbine torque of
second synchronous generation, (c): VDC, Q, and P of DFIG.
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For comparing the results of the suggested technique with the optimization meta-
heuristic methods such as PSO and ICA, as mentioned in various references, the control
structure of Figure 14 was considered. It was possible to optimize its parameters by opti-
mizing the objective function Equation (4) with the PSO and ICA optimization methods.

Objective Function = min(f)

f =
∫ t=tsim

t=0
t|∆ω1 + ∆ω2|dt (5)

Figure 14. Structure of damping controller with optimization methods.

In Equation (4), tsim represents the simulation time, and ∆ω1 and ∆ω2 represent
the angular velocity variations in the synchronous generators. To calculate the objective
function, the time domain of the system model must be simulated with respect to all
saturation constraints. The permissible limit kd1 and kd2 is between zero and one.

Table 4 shows the results of optimization with objective function (3) by both PSO
and ICA methods. In addition, Figures 15 and 16 show the angular velocity variations in
generators with PSO and ICA algorithms.

Table 4. The values of coefficients kd1, and kd2.

Optimization Methods kd1 kd2

PSO 0.64 0.38
ICA 0.72 0.57

Figure 15. Damping of SSR with ICA method (synchronous generations and, turbine torque).
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Figure 16. Damping of SSR with PSO method (synchronous generations and, turbine torque).

In addition, a comparison of Figures 15 and 16 with Figure 13 shows that the proposed
WAMS-based fuzzy controller method is faster. Another important point in the method
proposed in this paper is no need to adjust parameters at each level to compensate for
transmission lines.

6. Conclusions

In this study, a new scheme for damping of subsynchronous resonance in power
systems including utility DFIG wind farms linked to series capacitive compensated trans-
mission lines was employed. The parameters of the additional fuzzy controller do not
require adjustment at any percentage of compensation. In addition, the fuzzy controller
enables a high-level compensation, namely 85%. Applying a WAMS that considers delays
by the PMU measurement and the utility DFIG-based wind farms are the other main
features of this controller. In addition, time delays due to the communication signals were
shown to be important by using a WAMS. Ignoring the time delays causes instability of the
system. The effectiveness of the planned controller in damping SSR fluctuations, compared
to the methods that have been employed based on the optimization metaheuristic such
as PSO and ICA, was demonstrated by MATLAB/Simulink simulations on the modified
version of the IEEE second benchmark model including DFIG wind farms. Implementation
of the proposed wide-area fuzzy control approach on a practical small-size DFIG wind
farm for mitigation of the subsynchronous resonance can be investigated in upcoming
research. Moreover, investigation into the subsynchronous resonance in power systems in-
cluding DFIG and series single- and multi-type FACTS devices, instead of series capacitive
compensators, will be studied in future works.
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Appendix A. Systems Parameters

Transmission lines:
RL = 0.02 puXT = 0.14 pu
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XL = 0.05 puXsys = 0.06 pu, transformer ratio : 26/539 kV

Table A1. Shaft Parameters.

Parameter Value Parameter Value

KGEN-EXC 2.82 pu/rad HIP 0.155589

KLPB-GEN 70.858 pu/rad HLPB 0.884215

KHP-IP 19.303 pu/rad HEXC 0.0342165

KIP-LPA 34.929 pu/rad HHP 0.092897

KLPA-LPB 52.038 pu/rad HLPA 0.858670

HGEN 0.868495

Table A2. Parameters of DFIG- Based Wind Farms.

Parameter Lower Bound Upper Bound

Base Power 2 MW 100 MW

Based voltage (VLL) 690 V 690 V

Xls 0.09231 0.09231

Xlr 0.09955 0.09955

Rs 0.00488 0.00488

XM 3.95279 3.95279

Xtg 0.3 (0.189 mH) 0.3 (0.189/50 mH)

DC-link base voltage 1.2 KV 1.2 KV

DC-link capacitor 14 mF 0.7 F
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