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Abstract

With an aim to improve the transient stability of a DFIG wind farm penetrated multimachine power system (MPN), an
adaptive fractional integral terminal sliding mode power control (AFITSMPC) strategy has been proposed for
the unified power flow controller (UPFC), which is compensating the MPN. The proposed AFITSMPC controls
the dq- axis series injected voltage, which controls the admittance model (AM) of the UPFC. As a result the
power output of the DFIG stabilizes which helps in maintaining the equilibrium between the electrical and
mechanical power of the nearby generators. Subsequently the rotor angular deviation of the respective generators
gets recovered, which significantly stabilizes the MPN. The proposed AFITSMPC for the admittance model of the UPFC
has been validated in a DFIG wind farm penetrated 2 area 4 machine power system in the MATLAB environment. The
robustness and efficacy of the proposed control strategy of the UPFC, in contrast to the conventional PI control is
vindicated under a number of intrinsic operating conditions, and the results analyzed are satisfactory.

Keywords: Adaptive fractional integral terminal sliding mode power control, Doubly fed induction generator,
Multimachine power network, Unified power flow controller

1 Introduction
The increase in the penetration of wind power, especially
from doubly fed induction generator based wind farms
into the existing power grids, is although beneficial, but
has significant pessimistic impacts [1] such as voltage and
frequency control, power transfer capability, transient sta-
bility, etc. The employment of the power system stabilizers
(PSS) is helpful in stabilizing such power systems, but they
demonstrate an unreliable performance for the interarea
oscillations between the generators of the multimachine
power systems [2]. In the process, the application of the
Flexible AC Transmission System (FACTS) devices, such
as Unified Power Flow Controllers (UPFC) along with the
PSS has illustrated excellent results, especially for improv-
ing the oscillations exhibited by the power system compo-
nents [3]. Adding to it, they also control both the active

and reactive power flows across the ac transmission lines
[4, 5]. A number of configurations of the UPFC used for
the ac transmission lines in the last few decades have been
reviewed in [6]. Most of the models constitute a large
number of parameters involved and hence are computa-
tionally more complex. On the contrary, a simple model
which is easier for deriving the controls has been pro-
posed in [7], where the voltage injected in the series por-
tion of the UPFC is resolved into quadrature and phase
components, with respect to the current flowing along the
line. These components are further used to effectively
control the reactive and active power flow through the
transmission line, respectively.
A review on some of the control systems for the

UPFC as well as their drawbacks has been discussed
in [8]. The proportional-integral (PI) control is one of
the effective conventional controller for the UPFC [9],
but its performance is unreliable under some of the
intermittent operating conditions (DFIG based wind
farms) [10]. In the due course of time some of the
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non-linear controls such as sliding mode control [10]
(SMC), Neuro-SMC techniques [11] etc., have been
proposed for the control of the UPFC. The choice of
an ideal hyper plane that assures the asymptotic
stability of the non- linear systems is very much
important for the controller design of the SMC.
Adding to it, SMC is endowed with the well-known
chattering phenomenon which makes it unreliable
under certain operating conditions. Thus in order to
overcome the above mentioned problems, a fractional
integral terminal sliding mode power control
(FITSMPC) has been investigated for the nonlinear
and dynamic systems [12] that shows a very much
promising result in terms of guaranteed finite time
chatter free error convergence.
In view of the discussions made above, the major

contributions of the paper are listed as follows:

(a)A FITSMPC is proposed to control the dq- axis
series injected voltage of the UPFC that
subsequently controls the proposed admittance
model of the UPFC.

(b)The controller gains of the proposed FITSMPC for
the admittance model of the UPFC are made dynamic
[13], such that they adjust with the intermittent
operating conditions.

(c)This subsequently controls the active power
injection at the DFIG wind farm terminal, which
maintains the power balance of the nearby
generators. As a result, the rotor angular oscillations
between the generators in the multimachine system
gets recovered, which will help in improving the
power transfer capability of the associated
transmission lines (though this later portion has
not been investigated in the current paper, but is
considered for future work).

The proposed controllers for the admittance model of
the UPFC is installed in a standard 2-area 4-machine
system [7], which has been penetrated by a DFIG based
wind farm [14]. The overall model with their controllers
have been simulated in the MATLAB/Editor environ-
ment following the necessary requirements for multima-
chine simulation [15]. The size and location for
installation of the UPFC and DFIG based wind farm in
the multimachine power system has been followed as
per the references [7, 16], respectively. Critical Clearing
Time (TCCL) [1], one of the key indicators of the transi-
ent stability index, has been taken as the basis for com-
parison of the performance of the proposed controller
with the conventional PI control of the admittance
model of the UPFC installed in the DFIG wind farm
penetrated multimachine power system, and which is
subjected to three phase fault and the DFIG wind farm

experiences a realistic wind profile [17]. It is observed
that as compared to the conventional PI control, the
proposed control strategy for the admittance model of
the UPFC is very much significant and robust in improv-
ing the transient stability of the DFIG penetrated multi-
machine power system and exhibits the largest TCCL for
all most all the cases simulated in this paper. These out-
puts as illustrated in the simulation and results section
are satisfactory and vindicate the real time application of
the proposed technique.

2 Proposed admittance model of UPFC
2.1 Basic model of the UPFC
Figure 1 illustrates the single line diagram of an
UPFC connected within the buses ‘m’ and ‘n’ (with
bus voltage magnitudes Vm∟δm and Vn∟δn, respect-
ively). As a generalized concept of the UPFC [7], it
comprises of a series transformer (Tsbt), a shunt
exciter transformer (Tshet), a common dc link capaci-
tor and two voltage source converters. In fact the bus
‘n’ is very nearer to bus ‘m’, as compared to bus ‘o’
(with bus voltage magnitude Vo∟δo), as per the
inequality relation “(xSE+ xTsbt) < <xTr. Line”, where xSE,
xTsbt and xTr. Line are the reactance’s of the series
portion of UPFC, transformer Tsbt and the transmis-
sion line between bus ‘n’ and ‘o’, respectively.
Figure 2 shows the equivalent circuit of the UPFC

in terms of controlled current sources, where xSH
represents the reactance’s across the shunt portions of
the UPFC. ξSH and ξSE represent the susceptances of
the shunt and series converter transformers of
respectively. Similarly, υ and υSH represent the angle
of the VTsbt the UPFC, and VTshet with respect toVm,
respectively; δm and δn are the phase angle at buses
‘m’ and ‘n’, respectively.
Motivated from [7], let us assume μα|Vm | and μβ|Vm |

be the induced voltage across Tsbt and Tshet, respectively,
where μα and μβ are the voltage proportion level of the
series and shunt circuits of the UPFC, respectively. Thus
expression for the injection of the active and reactive
powers at buses ‘m’ and ‘n’ (Pm, Qm, Pn and Qn), respect-
ively, can be defined as:

Pm ¼ μβ Vmj j2ξSH sin υSHð Þ þ μα Vmj j2ξSE sin υð Þ
Qm ¼ μβ Vmj j2ξSH cos υSHð Þ þ μα Vmj j2ξSE cos υð Þ− Vmj j2ξSH
Pn ¼ −μα Vmj j Vnj jξSE sin δb þ υð Þ
Qn ¼ −μα Vmj j Vnj jξSE cos δb þ υð Þ

9>>=
>>;
ð1Þ

It is further stated that, in order to attain a permissible
operation of the shunt converters, υSH ≈ 0. Thus we
derive:
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μβ Vmj j2ξSH sin υSHð Þ ≈ 0 and

μβ Vmj j2ξSH cos υSHð Þ− Vmj j2ξSH ≈ 0

ð2Þ

Consequently, it can be rewritten as:

Pm ¼ μα Vmj j2ξSE sin υð Þ
Qm ¼ μα Vmj j2ξSE cos υð Þ

�
ð3Þ

It is to be noted that the autonomous control mechan-
ism of the shunt as well as the series converter of the
UPFC rarely leads to an exact balance of power between
them and hence some appropriate power injections must
be added to attain so. In accordance to it, the active
power at bus ‘m’ can be revisited as:

Pm ¼ μα Vmj j2ξSE sin υð Þ þ Vmj j ISHj j ð4Þ

where ISH corresponds to the real component of the
current across the shunt converter.

2.2 Admittance model of the UPFC
Thus UPFC can be treated as admittances (Ym and Yn)
which can be expressed in terms of the active and react-
ive power across the two buses ‘m’ and ‘n’ (Pm, Qm, Pn
and Qn), respectively, as shown in Fig. 3.
Ym and Yn can be expressed mathematically as:

Ym ¼ Pm−jQm

� �
= Vmj j2

Yn ¼ Pn−jQn

� �
= Vnj j2

)
ð5Þ

Substituting the expressions of Pm, Qm, Pn and Qn

from Eqs. (4), and (1) in Eq. (5), we derive,

Ym ¼ μα Vmj j2ξSE sin υð Þ þ Vmj j ISHj j− j μα Vmj j2ξSE cos υð Þ� �
= Vmj j2

¼ μαξSE sin υð Þ− j cos υð Þ½ � þ Vmj j−1 ISHj j
ð6Þ

Similarly,

Yn ¼ −μα Vmj j Vnj jξSE sin δb þ υð Þ− j −μα Vmj j Vnj jξSE cos δb þ υð Þð Þ= Vnj j2

¼ −μαξSE sin δn þ υð Þ− j cos δn þ υð Þ½ � Vnj j−1 Vmj j
ð7Þ

2.3 Design of μα and υ
Let us consider ϑζD and ϑζQ are the direct and quadra-
ture axis voltage injected in the series circuit of the
UPFC (ϑζ), i.e.

ϑζ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϑ2ζD þ ϑ2ζQ

q
ð8Þ

Now in order to attain a power flow control of the
series inverter of the UPFC, ϑζ can be resolved (ϑζP and
ϑζQ) across the series current Iζ such that:

ϑζP ¼ ϑζD sin δξð Þ þ ϑζQ cos δξð Þ
ϑζR ¼ ϑζQ sin δξð Þ−ϑζD cos δξð Þ

�
ð9Þ

where

δξ ¼ tan−1 iζD=iζQ
� � ð10Þ

and

iζ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i2ζD þ i2ζQ

q
ð11Þ

Where iζD and iζQ re the dq- axis component of the
series injected current Iζ.

Fig. 2 Equivalent circuit of the UPFC in terms of controller current sources

Fig. 1 The single line diagram of an UPFC
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The relation between the bus voltage ‘Vm’ and the
series injected voltage ‘ϑζ’ can be expressed in dq axis as:

ϑζD ¼ μαVmD cos υð Þ−μαVmQ sin υð Þ
ϑζR ¼ μαVmD sin υð Þ þ μαVmQ cos υð Þ

�
ð12Þ

Finally, the parameters μα and υ are designed as:

μα ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ϑ2ζPϑ

2
ζQ

q
Vm

andυ ¼ tan−1
iζD
iζQ

� 	
þ tan−1

VmD

VmQ

� 	
þ tan−1

ϑζP
ϑζQ

� 	

ð13Þ

Thus UPFC has been modeled as controllable ad-
mittance loads as specified in Eqs. (6) and (7), re-
spectively. It is to be noted that the admittance
across the loads Ym and Yn, can be controlled by μα
and υ which are again controlled by ϑζP and ϑζQ, re-
spectively, which depends upon δξ, ϑζD and ϑζD, re-
spectively. Thus the control of the UPFC as
controllable loads is achieved by controlling the series
injected voltage, as shown in Eq. (22), which is the
main contribution of this manuscript. Modelling of
the dc link voltage is referred to [7].

3 Methods
3.1 The non- linear dynamic model of the UPFC
The dynamic power model of the series SSSC of the
UPFC in form of a state- space representation can be
defined as

_pn ¼ −ωpn þ x−1SEγQ
_qn ¼ ωqn þ x−1SEγP

ð14Þ

γQ and γP are the control terms associated with the
non-linear dynamic Eq. (17), which are defined as:

γQ ¼ V 2
mD þ V 2

mQ


 �
− VmQϑxQ−VmDϑxD
� �h i

γP ¼ VmDϑxQ−VmQϑxD
� �� �

)
ð15Þ

In the above Eq. (15), the terms ϑxD and ϑxQ are
defined as:

ϑxD ¼ ϑςD þ VnD

ϑxQ ¼ ϑςQ þ VnQ

�
ð16Þ

Rearranging Eq. (16), we have:

ϑxD ¼ VmQγP þ VmDγ̂Q= V 2
mD−V

2
mQ

h i
ϑxQ ¼ VmDγP þ VmQγ̂Q= V 2

mD−V
2
mQ

h i
9=
; ð17Þ

where

γ̂Q ¼ γQ−V
2
mD−V

2
mQ

h i
ð18Þ

Finally the control objective is attained as:

ϑςD ¼ ϑxD−VnD

ϑςQ ¼ ϑxQ−VnQ

�
ð19Þ

Thus γQ and γP are the target control terms which are
used to control the final dq- axis series injected voltages
(Eq. (34)), which subsequently control the proposed AM
of the UPFC, respectively.

3.2 Proposed adaptive fractional integral terminal sliding
mode power control (AFITSMPC) of UPFC
Reformulating the dynamic power model of the series
SSSC of the UPFC (Eq. (17)):

_x ¼ Axþ Bu ð20Þ

where

A ¼ −ω 0
0 ω

� 
;B ¼ x−1SE 0

0 x−1SE

� 
; x ¼ X1

X2

� 

¼ pn
qn

� 
; and u ¼ γQ

γP

� 
ð21Þ

The tracking error functions for the controller, in
terms of the active and reactive power of the SSSC of
the UPFC are defined as:

er1
er2

� 
¼ p�n

q�n

� 
−

pn
qn

� 
ð22Þ

Where p�n and q�n are the reference value of the active
and reactive powers, which are evaluated in the initial
solution.
Taking the derivative of Eq. (22) with respect to time

on both sides, we derive:

_er1
_er2

� 
¼ ω 0

0 −ω

� 
pn
qn

� 
− 0 x−1SE

x−1SE 0

� 
γP
γQ

� 
ð23Þ

The fractional Integral terminal sliding surface (FITSS)
are defined as:

Fig. 3 Equivalent circuit of the proposed UPFC as
controllable admittances
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σr1
σr2

� 
¼ er1

er2

� 
þ α1 0

0 α2

� 
eIr1
eIIr2

� 
ð24Þ

where

_eIr1
_eIIr2

� 
¼ 1 0

0 1

� 
eβ1r1
eβ2r2

" #
ð25Þ

With α1, α2 > 0, β1, β2 are fractional numbers satisfying
the relation 0 < [β1, β2] < 1.
Integrating the above Eq. (25), and replacing the re-

sultant in Eq. (23), the final expression for the FITSS
in terms of the tracking error is defined as,

σr1
σr2

� 
¼ er1

er2

� 
þ α1 0

0 α2

�  Z
eβ1r1Z
eβ2r2

2
664

3
775 ð26Þ

where (β1, β2) are the fractional powers of the tracking
errors (er1, er2) with initial values (−er1(0)/α1, −er1(0)/α1),
respectively.
The derivative of the above Eq. (26) is defined as:

_σr1
_σr2

� 
¼ _er1

_er2

� 
þ α1 0

0 α2

� 
eβ1r1
eβ2r2

" #
ð27Þ

Replacing Eq. (23) in Eq. (27), we derive:

⇒
_σr1
_σr2

� 
¼ ω 0

0 −ω

� 
pn
qn

� 
þ α1 0

0 α2

� 
eβ1r1
eβ2r2

" #

− 0 x−1SE
x−1SE 0

� 
γP
γQ

� 
ð32Þ

Theorem 1 The tracking error functions as defined in
Eq. (25) will converge to zero in a finite amount of time,
and the system will remain robust and stable if the
FITSS are chosen as in Eq. (32), and the control is de-
signed as follows:

γP
γQ

� 
¼ γPnom

γQnom

� 
þ γ Prob

γQrob

� 
ð33Þ

where γPnom and γQnom are the nominal controls,
whereas γProb and γQrob are the robust controls, respect-
ively, as introduced by the terminal sliding mode con-
cept and can be derived as follows:

γPnom
γQnom

� 
¼ 0 −ωxSE

ωxSE 0

� 
pn
qn

� 

þ 0 α2xSE
α1xSE 0

� 
eβ1r1
eβ2r2

" # ð34Þ

_γ Prob
_γQrob

� 
¼ γ ProbV

γQrobV

� 
−

β Prob 0
0 βQrob

� 
γ Prob
γQrob

� 
ð35Þ

where

γ ProbV
γQrobV

� 
¼ β̂ ProbV 0

0 β̂QrobV

" #
sign σr2ð Þ
sign σr1ð Þ

� 
ð36Þ

_̂β ProbV
_̂βQrobV

" #
¼ −

β ProbA 0
0 βQrobA

� 
σr2j j
σr1j j

� 
ð37Þ

In the above Eqs. (34)–(37), {βProbV, βQrobV, βProbA,
βQrobA} > 0, are the gains of the controller, whose initial
values are mentioned in the Appendix. Eq. (37), which
makes the controller adaptive i.e., adjusts the controller
gains according to the varying operating conditions, is
defined as the fractional integral terminal sliding mode
adaptive law for the admittance model of the UPFC.
Proof of convergence On the surface _σr1 ¼ 0 and

_σr2 ¼ 0 we have,

_er1
_er1

� 
¼ − α1e

β1
r1

α2e
β2
r2

" #
⇒

_er1

α1e
β1
r1

_er2

α2e
β2
r2

2
6664

3
7775 ¼ −

1
1

� 
ð38Þ

Integrating the above Eq. (39), and then rearranging
the resultant term, the convergence time of the tracking
errors are derived as:

tr1
tr2

� 
¼

eIr1j j1−β1
αβ11 1−β1ð Þ
eIr2j j1−β2

αβ22 1−β2ð Þ

2
66664

3
77775 ¼

er1j j1−β1
α1 1−β1ð Þ
er2j j1−β2

α2 1−β2ð Þ

2
6664

3
7775 ð39Þ

Equation (39) guarantees a finite time convergence of
the tracking error functions [12] as defined in Eq. (25).
Proof of stability Let us consider the following Lyapu-

nov function:

VL ¼ 1
2
σ2r1 þ

1
2
σ2r2 þ

1
β ProbA

_̂β ProbV−β̂ ProbV


 �2

þ 1
βQrobA

_̂βQrobV−β̂QrobV

 �2

ð40Þ

Taking the derivative of the above Eq. (40) w.r.t time
on both sides, we derive:
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_VL ¼ σr1 _σr1 þ σr2 _σr2 þ _̂β ProbV−β̂ ProbV


 �
σr2j j

þ _̂βQrobV−β̂QrobV

 �

σr1j j
ð41Þ

Substituting Eqs. (34)–(37) in eq. (32), we simplify as:

_σr1

_σr2

� 
¼ −x−1SE

1−hð ÞβQrob
n o

þ hβ̂QrobV sign σr1ð Þ
n o

1−hð Þβ Prob

� �þ hβ̂ ProbV sign σr2ð Þ
n o

2
4

3
5

ð42Þ

where h is the step length equal to 0.01.
Now substituting Eq. (42) in Eq. (41), we derive:

_VL ¼ − 1þ hx−1SE
� �

β̂QrobV−
_̂βQrobV

h i
σr1j j

− 1þ hx−1SE
� �

β̂ ProbV−
_̂β ProbV

h i
σr2j j

−x−1SE σr1 1−hð ÞβQrob

 �

þ σr2 1−hð Þβ Prob

� �h i
⇒ _VL ≤0 for all σr1≠0 and σr2≠0:

ð43Þ

From Eq. (43), it is proved that as the value of _VL≤0
for all σr1 ≠ 0 and σr2 ≠ 0, which guarantees the system
stability. This completes the proof.

4 DFIG wind farm model
Motivated from [1], the large off-shore [18] 100 MW
DFIGWF comprising 20 wind turbines rated at 5 MW
each is characterized by an equivalent amassed DFIG
configuration, which is driven by an equivalent amassed
DFIG wind turbine (DFIGWT), via a matching gearbox
mechanism, as shown in Fig. 4. Thus each of the wind
turbines present in the wind farm model is assumed to
be identical, and the resulting wind farm is an aggre-
gated version of a number of wind turbines. The param-
eters of a single DFIGWT are referred to [14]. As
depicted from this figure, the DFIG stator terminals are
directly connected to the low voltage side of the utility
transformer (LVSUT), whereas, the DFIG rotor termi-
nals are connected to the same LVSUT via a back to
back, voltage source converter (VSC) based power elec-
tronic circuit.
The synchronous dq reference frame based dy-

namic model of the DFIG wind turbine is developed
from its flux linkage model [16], and is represented
as:

_ωrr ¼ 0:5� tssh−teeð Þ=Hgg

θtw ¼ ωee ωtt−ωrrð Þ
ωtt ¼ 0:5� tmm−tshð Þ=Htt

Esd ¼ −
Esd

Trr
þ ωss−ωrrð ÞEsq þ ωss

Lss−L=ss
� �

Trr
Isq

−ωssKmrrV rq ¼ γ1−γ3Vrq

Esq ¼ −
Esq

Trr
− ωss−ωrrð ÞEsd−ωss

Lss−L=ss
� �

Trr
Isd

þωssKmrrV rd ¼ γ2 þ γ3Vrd

Vdc ¼ Prr−Pii

CdcV dc
¼ − ωss−ωrrð ÞPss−Pii

CdcV dc

9>>>>>>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>>>>>>;

ð44Þ

where ωrr, ωtt and ωss are the rotor, turbine and syn-
chronous speeds of the DFIG, respectively. Esd and Esq
denotes the voltage behind the transient reactance of the
DFIG. θtw represents the shaft twist angle. Cdc and Vdc

are the capacitance and voltage components across the
dc terminal of the DFIG, respectively. The constants Hgg,
Htt are represents the inertia constants of generator and
turbine, respectively. Similarly, Lss, L

/
ss, Trr represent the

synchronous inductance, transient inductance and time
constant of DFIG respectively. Mathematically, L/ss = ωss

[L2mm/Lrr] and Trr = Lrr/rrr, where Lrr and rrr are the rotor
self-inductance and resistance, respectively, and Lmm is
the mutual inductance between the stator and the rotor
terminals of the DFIG. tmm, tsh and tee are the mechan-
ical, shaft and electromechanical torque of the DFIG
respectively.
The total real and reactive power supplied by DFIG to

the network is simplified as:

Pdf ¼ Pss þ Pii ¼ V sdIsd þ VsqIsq þ VrdIrd þ VrqIrq

ð45Þ
Qdf ¼ Qss þ Qii ¼ V sqIsd−V sdIsq ð46Þ

where Ird, Irq, Isd, Isq, Iid, Iiq,Vrd,Vrq,Vsd,Vsq,Vid, and Viq,
are the dq-axis current and voltage quantities of the
RSC, stator, and GSC Terminals, respectively. Similarly,
Prr, Pss, Pii, Pdf, Qrr, Qss, Qii, and Qdf are the active and
reactive power flows across the RSC, stator, GSC and
DFIG terminals respectively.
The GSC operation has been restricted to unity power

factor and hence, results in zero reactive power at the
GSC terminal.

5 Results
Figure 5 illustrates the single line diagram of the test sys-
tem i.e., the multimachine power system (2 area 4 ma-
chine system [19]), with a 100 MW DFIG based wind
farm [14] (comprising a lumped model of 20 number of
identical 5 MW DFIG based wind turbines) installed at
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the bus ‘7’ and the 20 MVA equivalent admittance model
of the UPFC [7] installed within the bus ‘m’ and ‘n’, re-
spectively, (as has been explained in section II), and this
model has been simulated in the MATLAB/Editor envir-
onment following the requirements for the multimachine
simulations [15]. The generators in the multimachine sys-
tem are enabled with PSS, and the details regarding the
concepts, modeling, parameterization and dynamics of the
various network components (including generators, trans-
mission lines, transformers, PSS, DFIG based wind farm,
UPFC, etc.) can be found in the literatures [14, 16, 19].
For simulating the power system shown in Fig. 4, the base
MVA is chosen as 100. Further it is noted that the compu-
tational complexity associated with the dynamics of the
network components, i.e., transformers, exciters, trans-
mission lines, converters, etc., is very much high for MPN
simulation, and hence following the IEEE 1547 norms and
[15], they have been neglected in this paper. A sporadic
wind profile [17], as shown in Fig. 5 is varying between
0.11 m/s and 18.11 m/s, which matches to (0–80) % of
total power generation capacity (TPGC) and (0–25.31) %

of total power penetration capacity (TPPC) of the DFIG
wind farm, respectively [1].
As depicted in Fig. 6, number of operating conditions

that have been selected are ‘A (1.47 s, 8.38 m/s)’, ‘B
(0.75 s, 7.30 m/s)’ and ‘C (2.5 s, 16.59 m/s)’, and ‘D
(3.05 s, 12.52 m/s)’ which corresponds to lower and
higher wind speeds at positive and negative slopes, re-
spectively. The penetration level of the DFIG wind
power have been varied from (16.01–23.90) % of the
TPPC [1], which corresponds to (0.51–0.76) p.u. of
DFIG wind power penetration, and are denoted as the
lower and higher penetration levels of the DFIG wind
power, respectively. It is to be noted that, a PI control
strategy is incorporated to the control the DFIG wind
farm [13] converters. Figs. 6, 7, 8, 9, 10 and 11 illustrate
the comparison of the cases where the STRATEGY A
(red line) involves the conventional PI control of the
AM of the UPFC, whereas the STRATEGY B (black line)
involves the proposed AFITSMPC for the AM of the
UPFC. The gains of the PI controllers for the DFIG as
well as AM of UPFC are tuned through ITAE criterion

Fig. 4 Single line diagram of the aggregated DFIG based Wind Farm

Fig. 5 Single line diagram of the test system
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[20], with possible maximum wind power penetration.
The detailed values of the tuned gains for the PI control-
ler for the DFIG as well as AM of UPFC are mentioned
in the Appendix.
A three phase short-circuit fault is considered as the

disturbance which has been simulated on one of the load
bus (bus ‘7’ in Fig. 5) for certain duration of time ‘tf ’ in
sec. The highest value of tf in the post fault region
within which synchronism between the relative rotor an-
gles of the generators in a power system is maintained is
defined as the critical clearing time denoted as TCCL [1].
Thus it is very much significant that, for a given operat-
ing condition, the TCCL provides an exact clue of the
transient stability margin of the power system.

5.1 Performance of the control strategies of the UPFC in
the DFIG wind farm penetrated two area four machine
system (Fig. 5) with the DFIG wind farm subjected to
fixed wind speed
In this particular case, a three phase fault is initiated
on bus 7 of the test system (Fig. 5) at the timing
instant ts = 2.11 s, where the DFIG wind farm is sub-
jected to fixed wind speed of 6.29 m/s. The perform-
ance of the controllers has been tested for both the
lower as well as higher level of penetration of the
DFIG wind farm, which are illustrated in Figs. 7 and
8, respectively. In order to evaluate the TCCL, the per-
formance of the proposed as well as conventional
controls of the AM of the UPFC is observed by re-
petitive simulations by increasing the duration of fault
‘tf ’. It is observed that, the TCCL for the conventional
PI control for this particular case is 249 ms and
161 ms for lower and higher penetration of DFIG
wind farm, respectively, at which the generators in
the system losses synchronism (subplots (d)). On the
contrary, for the same duration of fault (TCCL for PI
control), the proposed control of the AM of the
UPFC is very much significant in improving the ‘Ym’
and ‘Yn’ placed between the buses ‘m’ and ‘n’ as
shown in subfigures (a) and (b), respectively. Subse-
quently, the power at the DFIG wind farm terminal
(Pdg) is improved (subplot (c)), which is responsible
for restraining the electrical and mechanical power

Fig. 6 The sporadic wind profile
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Fig. 7 The response of the proposed and conventional controls of the admittance model of the UPFC for a three phase to ground
fault at time t = 2.11 s on the bus 7 of the test system as shown in Fig. 5, with a lower penetration of the DFIG wind farm which is
subjected to a fixed speed of 6.29 m/s, where, a the admittance of the UPFC at bus ‘m’ in p.u., b the admittance of the UPFC at bus
‘n’in p.u., c the active power injection of the DFIG (p.u.), and d the interarea oscillation between the generators ‘1′ and ‘4′
in Rad/s, respectively
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equilibrium of the nearby generators. This minimizes
the rotor angular deviation of the generators and
hence stabilizes the MPN, which is reflected in the
improvement on the interarea oscillation between
generators 1 and 4, (DW 1–4 (Rad/s)) as illustrated
in subplot (d), in these figures, respectively. Further,

the TCCL for the proposed control strategies is found
out to be 266 ms and 181 ms, for lower and higher
penetration of DFIG wind farm, which illustrates a
17 ms and 20 ms improvement in CCL, respectively,
for the proposed controller (STRATEGY B) in the
fixed wind speed operation of the DFIG wind farm.
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Fig. 8 The response of the proposed and conventional controls of the admittance model of the UPFC for a three phase to ground
fault at time t = 2.11 s on the bus 7 of the test system as shown in Fig. 5, with a higher penetration of the DFIG wind farm which is
subjected to a fixed speed of 6.29 m/s, where, a the admittance of the UPFC at bus ‘m’ in p.u., b the admittance of the UPFC at bus
‘n’in p.u., c the active power injection of the DFIG (p.u.), and d the interarea oscillation between the generators ‘1′ and ‘4′
in Rad/s, respectively
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Fig. 9 The response of the proposed and conventional controls of the admittance model of the UPFC for a three phase to
ground fault at time t = 1.47 s (operating point ‘A’) on the bus 7 of the test system as shown in Fig. 5, with a lower penetration
of the DFIG wind farm which is subjected to a variable wind speed (Fig. 6), where, a the admittance of the UPFC at bus ‘m’ in
p.u., b the admittance of the UPFC at bus ‘n’in p.u., c the active power injection of the DFIG (p.u.), and d the interarea oscillation
between the generators ‘1′ and ‘4′ in Rad/s, respectively
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5.2 Performance of the control strategies of the UPFC in
the DFIG wind farm penetrated two area four machine
system (Fig. 5) with the DFIG wind farm subjected to
variable wind speed
In this particular case, the robustness in performance of
the proposed AFITSMPC for the AM of the UPFC is

verified for the stability enhancement of the MPN (Fig. 5)
under both the lower as well as higher level of penetra-
tions of the DFIG wind farm, for a three phase fault ini-
tiated on bus 7 at the timing instants ‘A’, ‘B’ ‘C’ and ‘D’,
respectively, with a sporadic wind profile input to the
DFIG wind farm and the results are illustrated in Figs. 9,
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Fig. 10 The response of the proposed and conventional controls of the admittance model of the UPFC for a three phase to
ground fault at time t = 0.75 s (operating point ‘B’) on the bus 7 of the test system as shown in Fig. 5, with a lower penetration
of the DFIG wind farm which is subjected to a variable wind speed (Fig. 6), where, a the admittance of the UPFC at bus ‘m’ in
p.u., b the admittance of the UPFC at bus ‘n’in p.u., c the active power injection of the DFIG (p.u.), and d the interarea oscillation
between the generators ‘1′ and ‘4′ in Rad/s, respectively
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Fig. 11 The response of the proposed and conventional controls of the admittance model of the UPFC for a three phase to
ground fault at time t = 3.05 s (operating point ‘D’) on the bus 7 of the test system as shown in Fig. 5, with a higher penetration
of the DFIG wind farm which is subjected to a variable wind speed (Fig. 6), where, a the admittance of the UPFC at bus ‘m’ in
p.u., b the admittance of the UPFC at bus ‘n’in p.u., c the active power injection of the DFIG (p.u.), and d the interarea oscillation
between the generators ‘1′ and ‘4′ in Rad/s, respectively
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10, 11 and 12, respectively. Analogous to the previous
section, in order to evaluate the TCCL (see Appendix for
details), the performance of the proposed as well as con-
ventional controls of the AM of the UPFC has been con-
stantly observed by gradually increasing the duration of
fault’tf ’ for all the cases discussed in this case. Similar
observations as in case of previous case has been ob-
served in this case. For the particular cases illustrated in
these figures, it is observed that for the fault duration re-
sembling the TCCL for the conventional PI control (where
the generators loose synchronism in the post fault region),
the performance of the proposed AFITSMPC for the AM
of the UPFC is very much stable there is drastic improve-
ment in the TCCL, which is evident in the subfigures (a) to
(d) in the Figs. 9, 10, 11 and 12, respectively.
A detailed quantitative analysis of the proposed

STRATEGY B, i.e., Adaptive Fractional Integral terminal
sliding mode Power control (AFITSMPC) for the AM of
the UPFC over the conventional STRATEGY A, for
demonstrating its (proposed controller) robustness in

enhancing the transient stability of the DFIG wind farm
penetrated two area four machine power system have
been illustrated in Tables 1 and 2 respectively. Form
these tables, it illustrates the TCCL for both the conven-
tional and proposed controls as well as the improvement
in the TCCL for the proposed control for all the cases dis-
cussed in this case, with the lower and higher penetra-
tion levels of the DFIG, respectively.
The improvement in TCCL ranges between 9 ms −

19 ms in the lower DFIG wind power penetration case,
where as it lies between 5 ms − 23 ms for the higher
DFIG wind power penetration case. Thus as the
proposed AFITSMPC for the AM of the UPFC illustrates
an improved result in terms of damping out the
oscillations between the generators of the multimachine
power system for a number of intrinsic operating
conditions, hence it guarantees the robustness of the
method and also the applicability of the method in real
time applications (which is considered as a future work
in this paper).
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Fig. 12 The response of the proposed and conventional controls of the admittance model of the UPFC for a three phase to
ground fault at time t = 2.5 s (operating point ‘C’) on the bus 7 of the test system as shown in Fig. 5, with a higher penetration
of the DFIG wind farm which is subjected to a variable wind speed (Fig. 6), where, a the admittance of the UPFC at bus ‘m’ in
p.u., b the admittance of the UPFC at bus ‘n’in p.u., c the active power injection of the DFIG (p.u.), and d the interarea oscillation
between the generators ‘1′ and ‘4′ in Rad/s, respectively

Table 1 Critical Clearing time for the conventional and proposed
controllers subjected to Lower penetration of DFIG Power

Operating
Points

TCCLfor STRATEGY A
in ms

TCCLfor STRATEGY B
in ms

Improvement in TCCL
for STRATEGY B in ms

A 498 514 16

B 514 523 09

C 485 504 19

D 507 521 14

Table 2 Critical Clearing time for the conventional and proposed
controllers subjected to Higher penetration of DFIG Power

Operating
Points

TCCLfor STRATEGY A
in ms

TCCLfor STRATEGY B
in ms

Improvement in TCCL
for STRATEGY B in ms

A 391 414 23

B 411 426 15

C 387 392 05

D 355 371 16
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6 Discussion
It is observed that from previous two subsections and
Figs. 7, 8, 9, 10, 11 and 12, that after the initiation of
disturbance, the simulation of the overall model (Fig. 5),
illustrates some low frequency oscillations (as in case of
the interarea oscillation between the generators 1 and 4)
which is uncontrollable. On the contrary, the above
simulation with the proposed AFITSMPC for the AM of
the UPFC, i.e., STRATEGY B, also exhibits some low
frequency oscillation (as in case of the interarea oscilla-
tion between the generators 1 and 4), which deviates ap-
proximately between − 2 and 2 Rad/S. But in spite of it,
the active power or the reactive power based AFITSMPC
control of an AM of the UPFC considerably damps out
the respective inter-area low-frequency oscillations ex-
hibited by the network. In addition, the DFIG wind farm
is also equipped with the PI control mechanism on ac-
tive and reactive powers for both the rotor side as well
as grid side converters [21], which also boosts up in
damping the above low frequency interarea oscillations
[22]. It is also observed that, [22] illustrates a method by
which the low-frequency oscillation modes of the pre-
sented power system can be calculated through a low-
frequency oscillation modal analysis combined with the
dynamic small signal mathematical models of DFIG
wind turbines and synchronous generators, including
their eigenvalues, oscillation frequencies, and damping
ratios. This is an important and interesting topic which
will be given full consideration as a future work.
In addition, the adaptive nature of the controller gains of

the proposed AFITSMPC for the AM of the UPFC, is very
much significant in quickly stabilizing the admittance
model of the UPFC where the DFIG wind farm in the mul-
timachine power system has been subjected to fixed as well
as sporadic wind profile. In all the cases, there has been a
significant improvement in the interarea oscillations exhib-
ited by the MPN by the strategy B, which is justified in sub-
figure (d) of the Figs. 6, 7, 8, 9, 10 and 11, respectively. The
TCCL for both the strategy A and B have been tabulated
which justifies its improvement for proposed STRATEGY
B for almost all the cases illustrated in this section. Further
it is observed that, with the increase in penetration level of
the DFIG wind farm, there is a significant increase in the
maximum overshoots of the Pdg. In spite of this, the pro-
posed AFITSMPC for the AM of the UPFC, in comparison
to the conventional PI controller, is very much significant
and robust to enhance the stability of the MPN, subjected
to both the higher and lower level DFIG wind farm pene-
tration with fixed as well as sporadic wind profiles sub-
jected to different intrinsic operating conditions.

7 Conclusion
An adaptive fractional integral terminal sliding mode
power control strategy of the admittance model (AM) of

the UPFC, in order to damp out the oscillation between
the generators in a DFIG wind farm penetrated multi-
machine power system is proposed in this paper. Taking
the critical clearance time (TCCL) as the basis, the per-
formance of the conventional PI is compared with the
proposed AFITSMPC for the AM of the UPFC. It is ob-
served that the adaptive nature of the proposed strategy
B is very much significant in maintaining the synchron-
ism between the generators in the multimachine system
for a larger period of time (TCCL), which is evident by
improvement in TCCL for the proposed strategy for al-
most all the case studies illustrated in the paper. It is
also observed that the proposed AFITSMPC for the AM
of the UPFC significantly stabilizes the active power out-
put of the DFIG wind farm. This improves the electric
power of the nearby generators, which subsequently im-
proves (diminish) the irrespective rotor angle deviations
and hence leads to the stability enhancement of the mul-
timachine power system. The proposed controllers for
the UPFC has been tested for the stability enhancement
of the MPN for higher and lower penetrations of the
DFIG power, at various operating points, where the
DFIG wind farm has been subjected to a fixed as well as
a sporadic wind profile, respectively. It is observed that,
with an increase in penetration level of the DFIG, the
oscillations shown by its active power in the post fault
region increases. In spite of this, the proposed controller
for the AM of the UPFC has outperformed the conven-
tional one, by inheriting larger TCCL, for the DFIG pene-
trated multimachine system, under a number of intrinsic
operating conditions. This has been analyzed in the
simulation and result section, where the outputs shown
are satisfactory and vindicates the superiority of the pro-
posed controller.

8 Appendix

a) The dynamic model of the kth synchronous
generator [19], (k = 1, 2, .., 6) is signified as:

_δk ¼ ωk−ωk0

ωk ¼ ξ1 pMk−pEk½ �
_e=Qk ¼ ξ2 Δefdk− Xdk−X

=
dk


 �
Idk þ efdk0−e

=
qk

h i
Δ_efdk ¼ ξ3 Kek V tkref −V tk þ κk

� �
−Δefdk

� �

9>>>=
>>>;

ð47Þ

where ‘δk’ denotes the angular position of rotor, ‘ωk’ and
‘ωk0’ are the real and reference angular rotor speed, pMk

and pEk are the mechanical and electrical power output
of the kth synchronous generator, respectively. Xdk, Xqk,
X/
dk and X/

qk denotes the dq- axis synchronous and tran-
sient reactance’s of the kth synchronous generator, re-
spectively. Efdi is the transient voltage, Vtkre fand Vtk are
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the reference and actual terminal voltage of the kth syn-
chronous generator, respectively. e/di, e

/
qi, I

/
di, and I/qi de-

notes the dq- axis terminal current and voltage of the kth

synchronous generator, respectively.
Main parameters of synchronous generator are as

follows:
Stator leakage reactance (× 1): 0.2 p.u., Stator re-

sistance (Rs):
0.0025 p.u., Synchronous reactance of d-axis (xd): 1.8

p.u., Transient reactance of d-axis (x/d): 0.3 p.u., Sub
transient reactance of d-axis (x//d ):0.25 p.u., Synchronous
reactance of q-axis (xq): 1.7 p.u., Transient reactance of
q-axis (x/q): 0.55 p.u., Sub-transient reactance of q-axis
(x//q ):0.25 p.u., Transient time constant of d-axis (T/

d): 8 s,
Sub-transient time constant of d-axis (T//

d ): 0.03 s, Tran-
sient time constant of q-axis (T/

q): 0.4 s, Sub-transient
time constant of q-axis (T//

q ): 0.05 s.
Main parameters of the aggregated DFIG-based wind

farm:
Rated voltage: 690 V, Stator resistance Rs: 0.00706

p.u., Stator leakage reactance Xs: 0.171 p.u., Rotor
resistance Rr 0.005 p.u., Rotor leakage reactance Xrl:
0.156 p.u., Magnetizing reactance Xm: 2.9 p.u., Inertia
constant of equivalent generator Hg: 0.94 s, Inertia
constant of equivalent wind turbine Hw: 4.93 s, Tor-
sional stiffness of equivalent drive-train Ks: 0.5 p.u./
el.rad. rI = 0.04, xI = 0.2, cdc = 0.1.
Wind Turbine data: ρair = 1.225 Kg/m3, rblade = 58.6 m,

ωt = 0.8, ωS = 1,

cPP ¼ μ1
�½ μ2
λPP þ βAIRμ8

−
μ2μ9

βAIR
3 þ 1

−μ3βAIR−μ4βAIR
μ5 ‐μ6� � e

μ2
λPPþβAIRμ8 þ μ10

ð48Þ

whereμ1=0.22,μ2=116,μ3=0.4,μ4=0,μ5=0,μ6=5,μ7=12.5,
μ8 = 0.08,μ9 = 0.035andμ10 = 0.

The values of the parameter of the proposed
controller:

α1 ¼ 0:1; α2 ¼ 1:0; β1 ¼ 0:6; β2 ¼ 0:6; βProbV
¼ 0:1; βQrobV ¼ 8; βProbA ¼ 0:1; βQrobA ¼ 10:

The values of the parameter of conventional PI con-
troller for DFIG:

KPdr ¼ 0:1;KIdr ¼ 150;KPid ¼ 0:5;KIiq ¼ 200:

The values of the parameter of conventional PI con-
troller for AM of UPFC:

KPym ¼ 1;KIym ¼ 1150;KPyn ¼ 4:35;KIyn ¼ 1200:
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