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Abstract——Wind energy systems (WESs) based on doubly-fed 
induction generators (DFIGs) have enormous potential for meet‐
ing the future demands related to clean energy. Due to the low 
inertia and intermittency of power injection, a WES is 
equipped with a virtual inertial controller (VIC) to support the 
system during a frequency deviation event. The frequency devia‐
tion measured by a phase locked loop (PLL) installed on a 
point of common coupling (PCC) bus is the input signal to the 
VIC. However, a VIC with an improper inertial gain could dete‐
riorate the damping of the power system, which may lead to in‐
stability. To address this issue, a mathematical formulation for 
calculating the synchronizing and damping torque coefficients 
of a WES-integrated single-machine infinite bus (SMIB) system 
while considering PLL and VIC dynamics is proposed in this 
paper. In addition, a power system stabilizer (PSS) is designed 
for wind energy integrated power systems to enhance electrome‐
chanical oscillation damping. A small-signal stability assessment 
is performed using the infinite bus connected to a synchronous 
generator of higher-order dynamics integrated with a VIC-
equipped WES. Finally, the performance and robustness of the 
proposed PSS is demonstrated through time-domain simulation 
in SMIB and nine-bus test systems integrated with WES under 
several case studies.

Index Terms——Doubly-fed induction generator (DFIG), virtual 
inertia controller (VIC), phase locked loop (PLL), small-signal 
analysis, synchronizing/damping torque, synchronous generator, 
power system stabilizer (PSS).

I. INTRODUCTION 

BECAUSE of their clean, sustainable, and excellent oper‐
ational characteristics, the integration of wind energy 

systems (WESs) in power systems has been rapidly increas‐
ing [1]. However, the stochastic nature and intermittency of 
WES behavior pose many challenges to the secure, reliable, 
and stable operation of power systems. Several researchers 
have recently conducted systematic investigations of the dy‐

namic interaction of doubly-fed induction generators 
(DFIGs) and synchronous generators (SGs) of power sys‐
tems on an electromechanical time scale [2]-[4]. The effects 
of WES dynamics on electromechanical oscillatory modes 
(EmOMs) of power systems are demonstrated in [2]. Refer‐
ences [2] and [5] conclude that DFIG-based wind farms are 
practically decoupled from power systems, which minimally 
affects low-frequency EmOMs. However, DFIGs with im‐
proper phase locked loop (PLL) settings may deteriorate the 
small-signal stability of power systems [4], [6]. According to 
[7], a high penetration level of type 3/4 wind power genera‐
tion without a frequency control capacity may result in de‐
creased frequency response tendencies on the power system 
due to a low-inertia system. Thus, a WES that uses frequen‐
cy support technology is critical for enhancing the stability 
and security of power systems. Previous studies have shown 
that the frequency control scheme of a WES is accomplished 
through two methods: frequency droop control and virtual in‐
ertia control (VIC) [8]. Many researchers have determined 
that VIC can provide inertial support with improved system 
frequency regulation (SFR). The frequency support can be 
provided by injecting active power [9] or extracting kinetic 
energy stored in the wind farm [10]. One significant advan‐
tage of extracting kinetic energy for frequency stability is 
that the wind generator does not need to deviate from the 
maximal power point tracking (MPPT) during normal opera‐
tion (i.e., the derated operation is avoided), and results in re‐
duced energy waste [11]. According to [12], increased wind 
penetration can adversely affect low-frequency EmOMs. Fur‐
thermore, [12] concludes that the inertial response from the 
WES protects the system from stability loss and improves 
damping of inter-area system modes. A key performance in‐
dicator is proposed in [13] to understand the frequency sta‐
bility limit of wind generators in power system planning 
studies. Under severe contingency conditions, extraction of 
kinetic energy by conventional VIC reduces the efficiency of 
variable-speed wind generators. This issue has been resolved 
by proposing an adaptive VIC [14].

Reference [15] proposes an adaptive virtual capacitor to 
provide inertial support. Later, [16] develops an optimal aux‐
iliary frequency controller containing only a droop controller 
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for wind turbine governors (WTGs) operating at MPPT for 
improved SFR. As part of the work in [17], the kinetic ener‐
gy from an SG and locally installed DFIG is shared to im‐
prove the transient and dynamic stability of the power sys‐
tem. In [18], an optimized proportional-integral-derivative 
controller is proposed to improve the performance of VIC to 
achieve better frequency stability. References [19] and [20] 
investigate power system stability in terms of energy dissipa‐
tion under the combined influence of a PLL and VIC. The 
studies have found that with a higher virtual inertial gain, 
the possibility that the energy dissipation may cause power 
system instability will be greater. Reference [20] explicitly 
shows that a WES with a PLL and VIC participates signifi‐
cantly in the low-frequency EmOMs of the power system. 
Therefore, careful cooperation in the design of the PLL is re‐
quired for wind power system that includes a PLL and VIC, 
as improved power angle stability in the power system can 
then be achieved.

Briefly, a survey of the existing literature reveals the ac‐
ceptable positive impact of VIC on power system stability. 
The VIC uses a local-frequency phase angle as input to con‐
trol the active power output of the WES [21]. It also utilizes 
a PLL to measure the local frequency. The literature review 
also reveals that few studies have conducted thorough analy‐
ses of the effects of DFIG-based WES on the electromechan‐
ical dynamics of power systems. Therefore, research on pow‐
er system stability under the combined influence of PLL and 
VIC has adequate scope. The main goal of this paper is to 
establish a correlation between the electromechanical oscilla‐
tion dynamics of the SG and the effects of DFIG-based 
wind energy integration on the power system. The paper in‐
vestigates the effects of DFIG integration on the electrome‐
chanical oscillation dynamics of the SG under the combined 
influence of a PLL and VIC. In addition, this paper demon‐
strates the manner in which a retuned power system stabiliz‐
er (PSS) of an SG under the influence of PLL and VIC dy‐
namics of a DFIG improves the electromechanical oscillato‐
ry characteristics of the power system. These objectives are 
achieved by developing mathematical functions for a single-
machine infinite bus (SMIB) system integrated with DFIG-
based WES that defines the electromechanical dynamics of 
the SG. To the best of our knowledge, this analysis of DFIG-
based wind energy integrated power systems under the com‐
bined influence of PLL and VIC is a novel study. The contri‐
butions of this paper in addressing the aforementioned re‐
search gaps are as follows.

1) A mathematical formulation is developed based on the 
effects of the VIC of a DFIG-based wind farm on the elec‐
tromechanical dynamics of the power system under PLL in‐
fluence. As part of the formulation, the joint effect of the 
VIC and PLL are incorporated by retaining the original Hef‐
fron-Phillips model.

2) Based on the modified Heffron-Phillips model, a PSS 
for SMIB is designed with parameters tuned to consider the 
effects of the VIC and PLL of a DFIG-based wind farm.

3) The effects of the VIC and PLL on the EmOM is char‐
acterized in terms of changes to synchronizing and damping 
torque coefficients, which are functions of VIC and PLL pa‐

rameters.
4) Finally, a systematic analysis is conducted to explore 

the expression of change in synchronizing and damping 
torque coefficients with respect to increased proportional 
gains of the VIC. A time-domain simulation of a VIC-in‐
stalled WES integrated with a single machine system and 
IEEE 9-bus system is conducted to validate the theoretical 
foundation.

The remainder of this paper is organized as follows. Sec‐
tion II describes the modeling of the DFIG-based wind ener‐
gy integrated power system. The dynamic modeling of an 
SMIB with a DFIG-based WES is presented in Section III. 
Section IV proposes a design algorithm for the proposed 
PSS. Section V describes how the exclusive expression of 
change in the synchronizing/damping torque as a function of 
VIC and PLL parameters is conducted. Results and discus‐
sion related to a technical understanding of the derived ex‐
pression are presented in Section VI. Finally, a conclusion is 
given in Section VII.

II. MODELING OF DFIG-BASED WIND ENERGY INTEGRATED 
POWER SYSTEM

Our analysis consists of a SMIB system integrated with 
DFIG-based WES. Figure 1 presents a schematic of a modi‐
fied SMIB system where the variables are defined in the fol‐
lowing text. In this paper, the DFIG-based WES is modeled 
by aggregating multiple DFIGs with the same capacity and 
operating state connected in parallel to a single generator. 
The complete system associated with a DFIG-based WES is 
basically classified into three categories: mechanical system, 
induction generator, and converters with controllers. In Fig. 
1, Popt is the MPPT power output of DFIG-based WES.

A. Modeling of a Mechanical System

A single-mass drive-rotational system models the mechani‐
cal part of the overall power system. The mechanical system 
provides the input power to the wind system based on wind 
velocity. The shaft torque, i.e., the input to the wind turbine, 
is defined by:

TshD =∑
i = 1

n 1
2

BωsC
i
p

(V i
w )3

ωrD
(1)

where B, C i
p, ωrD, ωs, and V i

w are the torque parameter, pow‐

Pref

DFIG

Pinert

ωwind

fpll

Popt+

d
dt

RSC VSC
PCC

1 2 3 4

E'q∠δ, jX'd

Kinert

VIC

jXT jXL1 jXL2

Vt∠θt Vn∠0°

Pg,Qg PΣ,QΣ 

Pw,Qw

+
�

Vp∠θp

Infinite

 bus

Wind velocity

Fig. 1.　Modified SMIB system.
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er coefficient of the wind turbine, rotor angular velocity of 
the DFIG, rotor angular velocity of the SG, and wind veloci‐
ty, respectively. The dynamics of the single-mass model of 
the rotational system can be defined as:

dωrD

dt
=

ωs

2HD

(TshD - TeD ) (2)

where HD is the inertial constant of the wind turbine genera‐
tor (WTG); and TeD is the electromagnetic torque of the 
DFIG, which is given by:

TeD =E'Dd IDds +E'Dq IDqs (3)

where E'Dq - jE'Dd and IDqs - jIDds are the rotor-induced electro‐
magnetic field (EMF) and stator current of the DFIG in the 
d-q axis, respectively.

B. Modeling of DFIGs

DFIGs are used for electricity generation from available 
wind power. The rotor flux dynamics are used to simulate 
the DFIG under the assumption that the stator flux linkage is 
infinitely fast. The dynamics of internal-induced EMF in the 
d-q axis of DFIG can be expressed as:

dE'Dd

dt
=

1
T 'o

[(X 's -Xs )IDds -E'Dq ]+ (ωrD -ωs )E'Dd +
Xm

Xr

ωsVDdr

(4)

dE'Dq

dt
=

1
T 'o

[(Xs -X 's )IDqs -E'Dd ]- (ωrD -ωs )E'Dq -
Xm

Xr

ωsVDqr

(5)

where T 'o, Xs, X 's, Xr, and Xm are the open-circuit transient 
time constant, stator reactance, stator transient reactance, ro‐
tor reactance, and mutual reactance of the stator and rotor of 
a DFIG, respectively; and VDqr - jVDdr is the d-q axis rotor 
voltage of the DFIG in the complex form.

C. Modeling of Controllers Associated with Converters

The converters at the rotor and grid sides are known as 
the rotor-side converter (RSC) and grid-side converter 
(GSC), respectively. The GSC in this paper is modeled as a 
constant current source. The transient behaviors of the active 
and reactive power controllers of the RSC are expressed as:

ì

í

î

ï

ï

ï
ïï
ï
ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

dx1

dt
=Ki1 (Pref -Pgen )

dx2

dt
=Ki2 [Kp1 (Pref -Pgen )+ x1 - IDqr ]

dx3

dt
=Ki3 (Qref -Qgen )

dx4

dt
=Ki4 [Kp3 (Qref -Qgen )+ x3 - IDdr ]

(6)

where Pref - jQref and Pgen - jQgen are the reference and gener‐
ated power outputs of the DFIG, respectively; Kpx +Kix /s (x =
1234) denotes the PI controllers associated with the RSC; 
x1 x2 x3 and x4 are the state variables associated with 
RSC controllers; and IDqr - jIDdr is the d-q axis rotor current 
of the DFIG in the complex form. Based on the assumption 
that the wind velocity is within its limit, the transient of the 
pitch angle controller is not included here. This paper con‐
ducts stability analysis for a DFIG-based wind energy inte‐

grated power system using a PLL for grid synchronization 
and VIC to provide inertial support during frequency devia‐
tion events. The following equations describe the transient 
behavior of the PLL:

dxpll

dt
=K pll

i Vp (θp - θpll ) (7)

dθpll

dt
=K pll

p Vp (θp - θpll )+ xpll (8)

where VpÐθpll is the voltage at PCC; θp is the voltage angle 
of the point of common coupling (PCC) bus; K pll

p +K pll
i /s de‐

notes the PI controller used in PLL; and xpll is the intermedi‐
ate state variable related to PI of PLL. The transient of the 
VIC is modeled by:

dxvic

dt
=

1
T

( fpll - xvic ) (9)

where fpll, xvic, and T are the PLL output frequency, associat‐
ed state variable, and time constant of the VIC, respectively. 
Based on (2) - (9), the transient equivalent model of the 
DFIG-based wind power system can be represented by:

ẋw (t)=w(t) (10)

where xw (t)=[ωrD E'Dd E'Dq x1 x2 x3 x4 xpll θpll xvic ]; and 
w(t) is the rector of functions of the first derivative of state 
variables. In this manner, the 10-order model of the DFIG is 
integrated into the power system, where the power system in 
this paper is composed of 4-order SGs. The following state 
equations define the small-signal equivalent model of the 
open loop of the power system and the DFIG-based WES:

{Dẋs =AsDxs +BsDPw

DVP =CsDxs +DsDPw

(11)

{Dẋw =AwDxw +BwDVP

DPw =CwDxw +DwDVP

(12)

where xs is the state vector of n SGs of the power system, 
xs =[δωE'qEfd ]T

7 ´ n, and the state variables δ ω E'q and Efd 
are the load angle, angular velocity, transient internal EMF, 
and exciter field voltage, respectively; Pw and VP are the in‐
jected power and voltage matrices at the PCC of the DFIG, 
respectively; As Bs Cs and Ds are the state matrix, input 
matrix, output matrix, and feedforward matrix, respectively; 
and Aw Bw Cw and Dw are defined in the similar fashion 
as of As Bs Cs and Ds. From (11) and (12), the state equa‐
tion of the entire system takes the following form:

ẋ =Asys x (13)

where x =[xsxw ]T; and Asys is the closed loop system state 
matrix. The following assumptions are adopted in the subse‐
quent sections to investigate the effects of the DFIG-based 
WES on the power system under the influence of VIC and 
PLL dynamics.

1) A single-mass drive-train system models the mechani‐
cal part of the wind turbine.

2) The turbine pitch angle controller is not modeled.
3) The GSC is modeled as a controlled current source.
4) All analysis is conducted on the assumption of a con‐

stant wind velocity, where the wind velocity is assumed to 
be within the operational limit.

5) The nominal frequency of the entire system is 60 Hz.
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III. DYNAMIC MODELING OF AN SMIB WITH 
A DFIG-BASED WES

A DFIG-based WES endowed with a VIC can support 
power system frequency by changing the reference current 
of the RSC controller [20]. The VIC is installed near the 
RSC of the DFIG. As Fig. 1 shows, the change in system 
frequency is measured by the PLL of the DFIG and pro‐
cessed through the VIC as a positive frequency error, which 
is then transformed into a corresponding inertial power out‐
put of VIC (Pinert). Thus, in frequency excursion events, Pinert 
alters the reference of the RSC active power controller to ex‐
tract stored kinetic energy of the rotor. The VIC controller 
with an improper gain setting can adversely affect the sys‐
tem. Therefore, it is essential to investigate the exact impact 
of the VIC on the small-signal stability of the power system. 
This section describes the theoretical basis for small-signal 
stability analysis of an SMIB system integrated with a DFIG-
based WES. The theoretical study interprets the manner in 
which the dynamics of a PLL and VIC of a WES affect the 
electromechanical modes of the SG. As Fig. 1 shows, an SG 
is installed at Bus 1, and the DFIG is installed at Bus 3. Bus‐
es 1 and 3 are connected through a transformer and lossless 
transmission line. The SG is modeled as a third-order flux 
decay model [22]. The differential equations associated with 
SGs and exciter dynamics [22] are given as:

ì

í

î

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

δ̇ =ω -ωs

ω̇ =
ωs

2H
(Pm -Pg )

Ė'q =
1

T 'do

[Efd -E'q - (Xd -X 'd )Id ]

Ėfd =
1
TA

[-Efd +KA (Vref -Vt )]

(14)

The variables and parameters of (14) follow the standard‐
ized notations from [22]. In the absence of a WES, the pow‐
er balance equation at Bus 3 satisfies:

{PΣ =Pg

QΣ =Qg
(15)

where Pg =
E'qVp

XL1 +XT +X 'd
sin(δ - θp ), PΣ =

VpVn

XL2

sin θp, Qg =

E'qVp cos(δ - θp )

XL1 +XT +X 'd
-

V 2
p

XL1 +XT +X 'd
, QΣ =

V 2
p

XL2

-
VpVn

XL2

cos θp, 

VpÐθp and VnÐ0° are the bus voltages of the PCC and infi‐
nite bus, respectively, Xd and X 'd are the d-axis steady-state 
and transient reactance of the SG, respectively, δ is the inter‐
nal bus voltage angle of the SG given in Fig. 1, and XL1 
XL2 and XT are the reactances of the transmission lines L1, 
L2, and transformer, respectively, which are considered to be 
lossless. Thus, the line and transformer equivalent impedanc‐
es have only imaginary parts. Linear modal analysis is con‐
ducted by linearizing the nonlinear differential-algebraic 
equations of the power system given in (14) and (15). In 
small-signal stability analysis, the change in electrical power 
output following a perturbation can be resolved into two 
components, namely, synchronizing and damping power. 
Hence,

DPg =PSDδ +PDDω (16)

where PS and PD are the synchronizing and damping coeffi‐
cients, respectively. The coefficients can be evaluated for an 
electromechanical mode of interest (EMI) 

-
λ c and are widely 

used to measure the small-signal stability of power systems 
[23]. This section describes how the modified Heffron-Phil‐
lips model is evaluated under the joint VIC-PLL effect for 
EMI 

-
λ c. To incorporate the effects of the WES, the power 

balance expressed in (15) can be augmented to:

PΣ =Pg +Pw (17)

The linear form of (17) can be expressed as:

DPΣ =DPg +DPw (18)

where DPΣ = ( Vp0Vn0

XL2

cos θp0 )Dθp +
Pg0

Vp0

DVp; and DPg =

( E'q0Vp0

X1

cos(δ0 - θp0 )) (Dδ -Dθp )+Pg0( 1
E'q0

DE'q +
1

Vp0

DVp ), in 

which X1 is defined as X1 =XL1 +XT +X 'd. The variables with 
subscript “0” indicate the initial operating points. Based on 
[4] and [24], the DFIG-based WES without VIC is practical‐
ly decoupled from the rest of the power system (i.e., the ro‐
tor velocity is decoupled with grid frequency). Therefore, 
the DFIG active power output Pw does not vary with small 
disturbance at the grid side. However, a DFIG endowed with 
VIC can modulate Pw with a frequency variation. The fre‐
quency variation at the PCC is measured by the PLL. Thus, 
Pw variation with the VIC and PLL can be defined as:

DPw = {-sKinertDfpll    with VIC and PLL

0                       without VIC
(19)

where Kinert and fpll are the proportional gain of the VIC and 
the frequency at the PCC measured by the PLL, respective‐
ly. The model of PLL based on a synchronously-rotating-ref‐
erence frame (SRF-PLL) considered in this paper is shown 
in Fig. 2. Based on the assumption that Vp = 1 p.u., the rela‐
tionship between Dfpll and Dθp can be expressed as:

Dfpll =
s

2π

sKPpll +KIpll

s2 + sKPpll +KIpll

Dθp (20)

Thus, with the PI parameters of the PLL (i. e., KPpll and 
KIpll), (19) can be rewritten as:
DPw =

ì

í

î

ïïïï

ïïïï

-s2 Kinert

2π

sKPpll +KIpll

s2 + sKPpll +KIpll

Dθp    with use of VIC and PLL

0                                                           without use of VIC
(21)

Next, to consider the contribution of wind power control‐
lers, the change in wind energy active power output can be 
expressed as:

+
+

ΔωpllΔθp

Δθpll

Vp KP,pll+
KI,pll

s

s
1

�

Fig. 2.　Model of SRF-PLL.
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DPw =-s2 Kinert

2π
Fpll (s)Dθp (22)

where Fpll (s) is the transfer function of PLL referred from 
(20) and (21). Similarly, the reactive power balance of (15) 
is linearized to obtain the expression of DVp. Based on the 
assumption that the DFIG reactive power output Qw = 0, the 
linearization of the reactive power balance of (15) becomes:

DQg -DQΣ = 0 (23)

ì

í

î

ï
ïï
ï
ï
ï

ï

ï
ïï
ï

ï

DQΣ=
Vp

XL2

DVp+
QΣ0

Vp0

DVp+PΣ0Dθp

DQg=
Vp0

X1

cos(δ0-θp0 )DE'q-Pg0 (Dδ-Dθp )+ ( )Qg0

Vp0

-
Vp0

X1

DVp

(24)

A modified Heffron-Phillips model can then be obtained 
by linearizing the nonlinear dynamics of the power system 
defined in (14)-(23) at an operating point when considering 
the dynamics of a WES endowed with VIC. The additional 
contribution to the original K1-K6 constants of the SMIB can 
be obtained, respectively, as:

ì

í

î

ï

ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

DK1 =
XL2 (E'q0 )2Vp0 cos2 (δ0 - θp0 )

X1 Men

D(s)

DK2 =-
Pg0 XL2 cos(δ0 - θp0 )

X1 Men

D(s)

1
DK3

=
P 2

g0 (Xd -X 'd )X1 XL2

Vp0 Men

D(s)

DK4 =
Pg0( )Xd -X 'd cos(δ0 - θp0 )XL2

Men

D(s)

DK5 =
XL1 XL2 Pg0

Mep

D(s)

DK6 =-
P 2

g0 XL1 XL2 X1 X 'd
E'qVP0 Men Mep

D(s)

(25)

where D(s)=
s2 Kinert

2π
Fpll (s)

Vp0

X1 XL2

Men + s2 Kinert

2π
Fpll (s)

; Men =Vn0 X1 cos θp0 +

E'q0 XL2 cos(δ0 - θp0 ); and Mep =E'q0 XL1 cos(δ0 - θt0 )+
Vp0 X 'd cos(θ t0 - θp0 ).

The steps for deriving the aforementioned functions are 
presented in Appendix A. The modified K1-K6 are then trans‐
formed into:

ì

í

î

ïïïï

ïïïï

Gi (s)=Ki +DKi (s)            i = 12456

1
Gi (s)

=
1
Ki

+
1

DKi (s)
    i = 3

(26)

All Gi (s) retain the properties of the classical Heffron-Phil‐
lips model, as shown in Fig. 3. The following section de‐
scribes how the properties of the automatic voltage regulator 
(AVR) and PSS are used for further analysis.

IV. DESIGN ALGORITHM FOR PROPOSED PSS 

The design of a PSS for the SG when considering the ef‐
fects of the VIC and PLL dynamics of the DFIG can im‐
prove the system’s damping properties. Instead of those of 
the conventional PSS (CPSS), the parameters of the pro‐
posed PSS are derived from the modified Heffron-Phillips 
model that incorporates the VIC and PLL dynamics of the 
DFIG. However, the structure of the transfer function model 
is identical to that of the CPSS. Thus, no limitation exists 
for the proposed PSS from a mathematical or implementa‐
tion standpoint. The most efficient design of the PSS is by 
means of the transfer function of GEP(s), where GEP(s) rep‐
resents the transfer function between the change in electrical 
power output and the reference voltage, as shown in Fig. 3 
and expressed as:

GEP(s)=
-G2 (s)G3 (s)HEXC (s)

G3 (s)G6 (s)HEXC (s)+ 1 + sG3 (s)T 'd0
(27)

where HEXC(s) is the transfer function of the exciter dynam‐
ics, which is a lead-lag type of compensator preferable for 
being used as the model of the PSS, as expressed in (28). 
This lead-lag compensator provides a sufficient phase lead 
to compensate for the phase lag of the feedback loop at a 
low-frequency EmOM.

Hpss (s)=Kpss

sTw

1 + sTw

1 + sT1

1 + sT2

1 + sT3

1 + sT4
(28)

All the parameters of the PSS as given in (28) accord 
with the standard notations in [22]. The tuning steps of the 
proposed PSS parameters referenced in Algorithm 1 ensure 
sufficient damping for the critical EmOM. The difference be‐
tween the tuning guidelines mentioned in [25] and those out‐
lined in Algorithm 1 is that instead of constant parameters 
for the Heffron-Phillips model, here we use G1 (s)-G6 (s).

Power electronic converters control nearly 30% of the to‐
tal electric power generation from DFIG-based wind technol‐
ogy. The rest of the power is directly fed to the grid through 
the DFIG stator, which is controlled by a mechanically rotat‐
ed wind turbine. During electrical faults, the mechanical 
power available at the input of DFIG is more than the elec‐
trical power available at its terminal. Thus, during a fault, 
when a frequency event is triggered, the application of the 
proposed PSS design method with a proper setting of VIC 
gain Kinert as demonstrated in this paper can stabilize the sys‐
tem by extracting kinetic energy stored in the rotor of the 
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Fig. 3.　Structure of classical Heffron-Phillip model with inertia controller 
and PLL dynamics of wind power controller.

528



SAHU et al.: DESIGN OF POWER SYSTEM STABILIZER FOR DFIG-BASED WIND ENERGY INTEGRATED POWER SYSTEMS...

DFIG. Therefore, even if no energy storage device is in‐
stalled in the system, the drive-train will not be placed under 
additional strain.

V. EFFECTS OF VIC AND PLL OF WES ON CHANGES TO 
SYSTEM SYNCHRONIZING/DAMPING TORQUE

To assess the dynamic effects of the DFIG on the damp‐
ing of the SG, we next determine the DPg in terms of Dδ 
and Dω as a function of the VIC and PLL parameters. This 
can be accomplished by further constructing DE'q in terms of 
Dδ and Dω. The relationship of DE'q to Dδ and Dω can be 
evaluated in a similar manner as in [26] and represented as:

DE'q (s)=Λavr (s)Dδ +Λpss (s)Dω (29)

ì
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î
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Λavr (s)=
-(G4 (s)+G5 (s)HEXC (s))G3 (s)

G3 (s)G6 (s)HEXC (s)+ 1 + sG3 (s)T 'd0

Λpss (s)=
-G3 (s)Hpss (s)HEXC (s)

G3 (s)G6 (s)HEXC (s)+ 1 + sG3 (s)T 'd0

(30)

Next, if we substitute (29) into (A2) of Appendix A, the 
change in generator output power can be expressed as:

DPg = (G1 (s)+G2 (s)Λavr (s))Dδ +G2 (s)Λpss (s)Dω (31)

As this paper focuses on low-frequency oscillations less 
than 3 Hz, we can assume that G4 (s) has a negligible impact 
on Λavr (s) [27]. With the usual range of generator constants 
and the tuning process of the AVR and PSS [26], the Λavr (s) 
and Λpss (s) could be approximated to that of [27] as:

ì

í

î

ï

ï
ïïï
ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

Λavr (s)»
-G5 (s)
KA K6

Hexc (s)

1 + s
T 'd0

KA K6

Λpss (s)»
-Hexc (s)Hpss (s)

KA K6( )1 + s
T 'd0

KA K6

(32)

Then, with the replacement of Λavr (s) and Λpss (s) from 
(32) into (31), DPg for EMI can be expressed in the form of 
(16) as:

DPg|s = λc +Dλc
=PSDδ +PDDω (33)

PS =G1 (s)-
G2 (s)G5 (s)HEXC (s)

KA K6( )1 + s
T 'd0

KA K6

(34)

PD =
-G2 (s)HEXC (s)Hpss (s)

KA K6( )1 + s
T 'd0

KA K6

(35)

where Dλc represents the change in EMI derived from the 
VIC and PLL dynamics of the DFIG.

From (34) and (35), we can see that the synchronizing/
damping coefficients (PS /PD) are mostly affected by G2 (s) 
and G5 (s). Next, we define all the parameters and functions 
without an inertia controller and PLL, which are marked 
with “ ”. With this property, (33) can be rewritten as:

DPg|s = λc +Dλc
= (P̂S +DPS )∆δ + (P̂D +DPD )Dω (36)

where P̂S and P̂D are the synchronizing and damping coeffi‐
cients for the case without a PLL and VIC, respectively. 
Thus, for the mode of interest λc, P̂S and P̂D can be ex‐
pressed as:

P̂S|s = λc
=K1 +K2 Λ̂avr (s)

P̂D|s = λc
=K2 Λ̂pss (s)

(37)

where Λ̂avr (s) and Λ̂pss (s) are the changes in the AVR and 
PSS transfer functions, respectively. In addition, from (32), 
the relationship between Λ and Λ̂ can be described as:

ì
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î

ïïïï
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ïï
ï

Λavr (s)= Λ̂avr (s) (1 + DK5 (s)
K5 )

Λpss (s)= Λ̂pss (s)

(38)

When (38) is substituted into (31), DPg can be rewritten 
as:

DPg = é
ë(K1 +K2 Λ̂avr (s))Dδ +K2 Λ̂pss (s)∆ωù

û (1 + DK2 (s)
K2 ) +

é

ë

ê
êê
ê ù

û

ú
úú
ú( )G2 (s)

XL1 Men

X1 Mvv

Λ̂avr (s)-K1

DK2 (s)
K2

+DK1 (s) Dδ (39)

where Mvv =Vn0 XL1 cos θp0 +Vt XL2 cos(θ t0 - θp0 ).
As highlighted in [25] and [26], with a high AVR gain, 

both the AVR and PSS offer constant contributions to the 
synchronizing/damping coefficients for a small change in ei‐
genvalues (i.e., λc® λc +Dλc). With this property, (39) can be 
expressed as:

DPg|s = λc
»DPg|s = λc +Dλc (40)

Equation (39), therefore, becomes:

DPg|s = λc
= P̂SDδ + P̂DDω + (PSaDδ +PDaDω)

DK2 (s)
K2

(41)
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î
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ï
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ïï
ï

PSa = P̂S +
XL1 Men

X1 Mvv

Psavr +
E'q0VP

X1

cos(δ0 - θp0 )-K1

PDa = P̂D +
XL1 Men

X1 Mvv

Pdavr

(42)

The Psavr and Pdavr are the synchronizing and damping 
contributions from K2 Λ̂avr (λc ), respectively. For the mode of 
interest, (41) implies that:

DPSDδ +DPDDω = (PSaDδ +PDaDω)
DK2 (λc )

K2
(43)

Based on (25) and (26), the following is derived:

Algorithm 1: tuning steps of proposed PSS parameters

Input: all data related to SG, VIC, and PLL

1:

2:

3:

4:

5:

6:

Output: proposed PSS parameters 

Obtain K1-K6 from the classical Heffron-Phillips model

Obtain the functions of G1 (s)- G6 (s) from the modified Heffron-
Phillips model using (26) and Appendix A

Neglecting damping from all other sources, obtain undamped natu‐
ral frequency (ωn) from torque angle loop presented in Fig. 3

Obtain the phase lag of GEP(s) of (27) at s = jωn

Set the phase lead of Hpss (s) in (28) such that ÐHpss (s)|s = jωn
+

ÐGEP(s)|s = jωn
= 0

Obtain the instability PSS gain K c
pss from the root locus plot of the 

system, including PSS, and then set Kpss =K c
pss /3
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DK2 (s)
K2

=
E'q0 XL2 cos(δ0 - θp0 )

Men

D(s) (44)

Thus, in the mode of interest (λc = σc + jωc ), the D(s) of 
(44) can be expressed as:

D(s)|s = λc
=DR + jDI (45)

If we assume that σcωc such that λc » jωc, the exclusive 
expressions of DR and DI are:
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DR =
-Kinert KIpllω

2
c A -Kinert KIpllω

3
c B

A2 +B2

DI =
Kinert KIpllω

2
c B -Kinert KIpllω

3
c A

A2 +B2

(46)

where A and B are expanded to:
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A =
2πVp0 Men

X1 XL2

(KIpll -ω
2
c )-Kinert KIpllω

2
c

B =
2πVp0 Men

X1 XL2

KPpllωc -Kinert Kppllω
3
c

(47)

Based on (43)-(45), DPS and DPD can ultimately be repre‐
sented as in (48).
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DPS =
E'q0 XL2 cos(δ0 - θp0 )

Men (A2 +B2 )
[(Pda KPpllω

2
c -Psa KIpll )Kinertω

2
c A -

(Psa KPpll +Pda KIpll )Kinertω
3
c B]

DPD =
E'q0 XL2 cos(δ0 - θp0 )

Men (A2 +B2 )
[-(Pda KIpll +Psa KPpll )Kinertω

2
c A +

(Psa KIpll -Pda KPpllω
2
c )Kinertωc B]

(48)

Thus, the changes in synchronizing and damping coeffi‐
cients as derived in (48) are the functions of eigenmode, 
damping frequency ωc, the VIC and PLL parameters, and 
synchronizing/damping coefficients from the no-wind integra‐
tion case (P̂S /P̂D). According to (48), as Kinert increases to a 
non-zero value, a shift occurs in the mode of interest (i. e., 
Dλc), and the wind power inertial controller participates in 
damping and synchronizing torque.

VI. RESULTS AND ANALYSIS

A. SMIB System

The outcomes described in the previous section were vali‐
dated through an SMIB test system, as shown in Fig. 1.
1)　Effects of Variations in Kinert on DPS and DPD

DPS and DPD were studied under different values of Kinert. 
The DPS and DPD curves inherited from (48) were validated 
against those obtained from (31), which consisted of exact 
expressions of AVR and PSS contributions. The parameters 
of the generator and AVR are presented in Appendix B. The 
wind farm installed at Bus 3 of the SMIB, as shown in Fig. 
1, consisted of 22 DFIGs at a 3.6 MVA rating and were con‐
nected in parallel. The wind farm was aggregated into a sin‐
gle DFIG for small-signal analysis. The parameters of the 
PLL used for synchronization purposes of the DFIG were 
KPpll = 0.01 and KIpll = 0.1. The remainder of the data related 
to the SG, transformer, and DFIG are presented in Appendix 

B Tables BI and BII. It should be noted that the change in 
the position of DFIG integration in the SMIB system, as 
shown in Fig. 1, could result in changes to line reactances 
XL1 and XL2. Equation (48) presents the effects of line reac‐
tance on the variations in synchronizing and damping torque 
of the SG. Under these conditions, the study was conducted 
with DFIGs installed at: ① Location 1: XL1 = 0.05 p.u., XL2 =
0.15 p.u. with the proposed PSS1; and ② Location 2: XL1 =
0.15 p. u., XL2 = 0.05 p. u. with the proposed PSS2. The ef‐
fects of the location of the DFIG equipped with a VIC and 
PLL on the synchronizing and damping torque (DPS and 
DPD) of the SG were studied. In an analysis of the character‐
istics of DPS and DPD, λc was considered to be the same in 
both cases. With the same data used at Location 1, the initial 
operating conditions of the system were Pg0 = 1 p. u., Pw0 =
0.88 p.u., Vt = 1Ð0.3398 p.u., Vp0 = 0.9887Ð0.2893 p.u., and 
Vn0 = 1Ð0 p. u.. Similarly, the operating conditions of Loca‐
tion 2 were Pg0 = 1 p.u., Pw0 = 0.88 p.u., Vt = 1Ð0.2462 p.u., 
Vp0 = 0.9938Ð0.0947 p.u., and Vn0 = 1Ð0 p.u.. All p.u. values 
were based on 100 MVA. The parameters of the proposed 
PSS1 and PSS2 were tuned according to Algorithm 1 and Ta‐
ble I. The changes of DPS and DPD versus Kinert at Locations 
1 and 2 are shown in Fig. 4.

The degree of mismatch observed in Fig. 4 derives from 
certain assumptions used to derive (48). Note that the dis‐
crepancies in the results as obtained from the approximated 
expression in (48) and the exact expressions in (29) - (31) 
could be ignored, as this paper focuses on the nature and 
properties of the interaction between the wind farm with an 
inertial controller and the SG. Figure 4 shows that the in‐
crease in Kinert toward a positive integer adversely affects 

TABLE I
PSS PARAMETERS FOR LOCATIONS 1 AND 2

PSS
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Proposed PSS2
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Fig. 4.　Changes in DPS and DPD versus Kinert at Locations 1 and 2. (a) DPS 
at Location 1 (proposed PSS1). (b) DPD at Location 1 (proposed PSS1). (c) 
DPS at Location 2 (proposed PSS2). (d) DPD at Location 2 (proposed PSS2).
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DPS such that at a certain value of Kinert, the DPS may be‐
come negative, which must be avoided to ensure the rotor 
angle stability of the system. In contrast to DPS, the behavior 
of DPD increases with Kinert. As expected, we conclude from 
Fig. 4 that the interaction between the wind farm and SG is 
more prominent when the wind was nearer to the SG, i. e., 
Location 1, and the effect diminished as it moved to a more 
remote location, i.e., Location 2.

The aforementioned observations was verified through a 
time-domain simulation performed in MATLAB 2019b for 
the system shown in Fig. 1. The SG and AVR parameters 
used in the simulation are presented in Appendix B. The line 
parameters were chosen to be the same as for Location 1. A 
wind farm consisting of 22 DFIGs, each DFIG with power 
of 3.6 MW, was integrated to the system at Bus 3. Data for 
each DFIG are provided in Appendix B. The simulation of 
the inertial loop of the VIC consisted of a rate limiter and 
low-pass filter to remove the noise from the frequency error 
signal, which was not modeled for the aforementioned math‐
ematical analysis. This research evaluated the mechanism of 
power system as derived from DFIG integration while con‐
sidering VIC and PLL dynamics. More specifically, this pa‐
per evaluated the manner in which the DFIG integration into 
the power system affected the damping and synchronizing 
torque of the SG. Thus, in this paper, the wind speed was 
treated as the average of the various wind speeds. Therefore, 
this paper assumed that the wind velocity and, thus, wind 
power output were constant. The PLL parameter was set per 
the value previously mentioned. The PSS parameters were 
chosen from Table I for Location 1 of the wind farm. Time-
domain simulation results of the load angle curve of the sys‐
tem for a three-phase fault applied between the PCC and in‐
finite bus at 1 s were obtained with different values of Kinert, 
as shown in Fig. 5. The system load angle curve was ob‐
served for different values of Kinert. Figure 5 shows that an 
increase in Kinert may have deteriorated the system rotor an‐
gle stability.

2)　DPS and DPD Versus CPSS and Proposed PSS
To demonstrate the effects of the proposed PSS and CPSS 

on changes in DPS and DPD, the proposed PSS for Location 
1 was designed according to the steps outlined in Algorithm 
1. The CPSS parameters were tuned without considering the 
effects of the VIC and PLL. The modified Heffron-Phillips 
model was derived for the given location of the wind farm. 
To design the proposed PSS for the SG, the PSS parameters 
were assumed to be T1 = 0.2 s, T2 = 0.02 s, and T3 = 0.1 s. T4 

was inferred from the phase-lagging information of 
GEP(jωn ). In this case, the undamped natural frequency was 
obtained as ωn = 8.03 Hz, with damping from all other sourc‐
es neglected. For the given ωn , T4 is obtained as 0.52 s. 
Then, Kpss was derived from the root locus diagram consider‐
ing the dynamics of the full system. The root locus of the 
SG is presented in Fig. 6. According to the root locus dia‐
gram, the critical value of PSS gain K cr

pss = 185. Thus, in ac‐
cordance with Step 4 of Algorithm 1, Kpss = 62. Figure 7(a) 
and (b) represents the changes in DPS and DPD with respect 
to Kinert for the proposed PSS and CPSS, respectively. The 
parameters of the proposed PSS and CPSS are presented in 
Table II. Figure 7 shows that the proposed PSS significantly 
improved the damping contribution from wind farms over 
that of the CPSS with respect to the complete range of Kinert. 
These observations were validated through a time-domain 
simulation developed in MATLAB 2019b of the given sys‐
tem with Kinert = 4. A three-phase fault was applied at 1 s be‐
tween the PCC and infinite bus. The fault response of load 
angle curve “δ”, as shown in Fig. 8, clearly revealed that 
the proposed PSS exhibited very impressive damping charac‐
teristics over those of the CPSS.

The system response under fast dynamic conditions is 
shown in Figs. 5 and 8 for the SMIB system under the appli‐
cation of a three-phase fault between the PCC and infinite 
bus. The figures conclusively show that the proposed PSS, 
which was designed to consider the effects of the VIC and 
PLL of the DFIG at a lower range of Kinert, exhibited impres‐
sive results compared with the CPSS. The infinite bus is con‐
sidered an ideal voltage source with no internal impedance. 
However, as Fig. 1 shows, the line impedance connected be‐
tween the PCC bus and infinite bus was XL2. Based on (48), 
XL2 is one of the function parameters of DPS and DPD. The 
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Fig. 5.　Dynamic response for different values of Kinert.
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TABLE II
PARAMETERS OF PROPOSED PSS AND CPSS

Type of PSS
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effects of changes in XL2 were simulated by changing the lo‐
cation of the DFIG. Here, XL2 could be treated as grid imped‐
ance. This research considered the two locational scenarios 
of Locations 1 and 2. Results under the two locations are 
presented in Figs. 4-8. From these plots, we concluded that 
when the DFIG was located near the SG, the interaction be‐
tween the DFIG and SG was prominent in terms of im‐
proved synchronizing and damping torque. Alternatively, 
high grid impedance promoted better system stability.

B. Modified IEEE 9-bus Test System

The modified IEEE 9-bus test system, as shown in Fig. 9, 
has a wind farm installed at Bus 7. All the parameters for the 
IEEE 9-bus test system were derived from [22]. A wind farm 
with 50 DFIG-based wind generators with stator-side capaci‐
ties of 1.5 MW each is assumed to be installed near genera‐
tor 2.

1)　Effects of Variations in Kinert

In this paper, a generator nearest the wind farm was identi‐
fied for installing the PSS. The PLL of the rotor-side con‐
verter was set to be Kppll = 0.52 and Kipll = 17. The exciter pa‐
rameters for G2 were replaced with a gain of 200 and time 
constant of 0.02 s. This part describes the effects of Kinert 
variations on small-signal stability. The effects of Kinert were 
assessed under the performance of the proposed PSS, the pa‐
rameters for which are listed in Table III. Details of the de‐
sign procedure of the proposed PSS are provided in the fol‐
lowing subsection. A three-phase fault was applied at Bus 5 
at 5 s to observe the fast dynamic response to variations in 
Kinert, where Kinert was varied from 2 to 12 s to consider the 
plots of load angle of SG 2 δ2 and active power output from 
the wind farm Pw, as shown in Fig. 10. The plots of δ2 and 
Pw in Fig. 10 show significant disturbances due to the pres‐
ence of system transients. Figure 10 clearly shows that a 
higher value of Kinert resulted in a greater amplitude of oscil‐
lation, which is not conducive to rotor-angle stability. By 
contrast, a smaller value of Kinert ensured better system per‐
formance.

2)　Effects of CPSS and Proposed PSS
The proposed PSS was designed according to the steps 

outlined in Algorithm 1 with Kinert = 4 for the VIC of the 
DFIG. With the phase compensation technique described in 
Algorithm 1, the time constants of the proposed PSS ob‐
tained were T1 = 0.1 s, T2 = 0.01 s, T3 = 0.2 s, and T4 =
0.02875 s. According to the root locus plot in Fig. 11, the 
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Fig. 7.　Change in DPS and DPD versus Kinert with proposed PSS and CPSS. 
(a) DPS with proposed PSS. (b) DPD with proposed PSS. (c) DPS with 
CPSS. (d) DPD with CPSS.
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critical gain was found to be K cr
pss = 761. Accordingly, Kpss 

was set to be Kpss =K cr
pss /3 » 254. The simulation results of 

post-fault response of the wind farm active power output Pw 
and load angle curve of G2 δ2 were obtained for a three-
phase fault applied at Bus 5, as shown in Fig. 12. It shows 
significant disturbances under the presence of system tran‐
sients. Figure 12(a) and (b) clearly shows that the proposed 
PSS significantly outperformed the CPSS.

VII. CONCLUSION

Existing power sectors have recently witnessed rapid 
growth in terms of wind power integration. As wind power 
is intermittent, a common practice is to utilize VIC for fre‐
quency support. This paper investigated the dynamic effects 
of VIC and PLL on the small-signal stability of a power sys‐
tem. For this purpose, an average model of the DFIG-based 
wind farm was developed that incorporated VIC and PLL dy‐

namics. An analytical formulation of damping and synchro‐
nizing coefficients was derived as functions of line reac‐
tance, Kinert, and PLL parameters. The significant coupling of 
the WES with the rest of the power system was observed 
with the incorporated VIC and PLL dynamics. This paper re‐
vealed to some extent the manner in which the gain of the 
inertial controller participated in power system stability by 
influencing the damping and synchronizing torque of the 
SG. The increase in value of virtual inertial gains Kinert re‐
duced synchronizing torque but increased the damping 
torque of the system. Therefore, a system with high Kinert 
may lose synchronism. This paper also revealed that the pro‐
posed PSS tuning method improved the damping mechanism 
of power system over that of the CPSS. Thus, to improve 
the stability performance of a power system, the joint effects 
of the PLL and inertial controller of the DFIG must be con‐
sidered in the design process of the PSS for the SG. The pa‐
rameters of the proposed PSS were designed under a modi‐
fied Heffron-Phillips model in a similar manner to that of 
the CPSS. However, more robustness could be obtained by 
applying some adaptive coordinated control methods. The pa‐
rameters of the controllers were not optimized. Improved 
damping in the system could be achieved by considering ad‐
vanced optimization techniques.

APPENDIX A

This section assists to derive DK1-DK6 discussed in Section 
II. From power balance equations (18) and (23), the following 
can be derived:

{Dθp = T1Dδ + T2DE'q
DVp = T3DE'q + T4Dδ

(A1)
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T1 =
Vp0Vn0 cos θp0 /XL2

VP0 Men /(XL2 X1 )+ s2 Kin Fpll /(2π)

T2 =
Pg0 /E'q0

VP0 Men /(XL2 X1 )+ s2 Kin Fpll /(2π)

T3 =
Vp0 XL2 cos(δ0 - θp0 )

Men

T4 =-
Pg0 X1 XL2

Men

(A2)

Substituting (A1) into (18), DPg can be derived to the fol‐
lowing form:

DPg = G1 (s)Dδ +G2 (s)DE'q (A3)

Further applying (A2) to the linearization of Ė'q of synchro‐
nous generator mentioned in (14), the following can be de‐
rived:

DĖ'q =-
1

T 'd0G3 (s)
DE'q -

G4 (s)
T 'd0

Dδ +
DEfd

T 'd0
(A4)

Based on (23), DVt can be derived to:

DVt =G5 (s)Dδ +G6 (s)DE'q (A5)

Now G1 (s)-G6 (s) can be separated as per the format ex‐
pressed in (26) to derive DK1-DK6 of (25).
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TABLE BI
PARAMETERS OF GENERATOR, AVR, AND TRANSFORMER

Equipment

Generator

AVR

Transformer

Parameter

H

xd

x'd
xq

T 'd0

Ka

Ta

xT

Value

6.4

0.8958

0.1198

0.8645

6

400

0.02

0.0625

TABLE BII
PARAMETERS OF DFIG

Parameter

Rating (MVA)

HD (s)

RsD (p.u.)

Value

3.6

5.23

0.007

Parameter

XsD (p.u.)

RrD (p.u.)

XrD (p.u.)

Value

3.37

0.005

3.47

534


