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Abstract

This paper offers novel non-linear control of a doubly fed induction generator (DFIG)
and unified power flow controller (UPFC) for transient stability increment with transient
energy function (TEF) and sliding mode observer in a power system. First, the TEF
technique is considered for the damping control in a power system with a synchronous
generator (SG), DFIG, and UPFC, and then the controller time-derivative signals are esti-
mated by a second-order sliding mode observer. The importance of the issue is in the
employ of a complete UPFC model. Also, a one-axis model is used for DFIG that is sim-
ilar to the SG model. Another characteristic of the novel non-linear technique is robust
versus system topology changes and variable time delay of the control signals. To evaluate
the performance of the novel non-linear control method for increment transient stability,
simulation studies are performed on a two-machine connected to an infinite bus (TMIB),
the IEEE 9-bus, and the New England Standard 39-bus power system. The results deter-
mine that the novel non-linear control method decreases the first swing of fluctuations
admissibly and enhancement stability margins considerably.

1 INTRODUCTION

With the expansion of the power network, its stability is of more
significance in the performance of the power systems. Also,
the new transmission networks are increasingly pressured with
increasing daily demands and restrictions on the construction of
new lines. On the other hand, the market for renewable gener-
ating sources is enhancing every day due to the environmental
pollution factors and the energy crisis that has affected the
world. Among renewable sources, wind energy has a significant
contribution to the production of electricity [1]. Lately, power
system performance has faced the difficulty of preservation
stability when disturbances happen in the power system, con-
taining the variation presented with renewable energy sources
and the merge of wind power in conventional power networks.
Transient stability is mostly affected by the types of generators
in the power system, and the DFIG dynamic properties are dis-
tinct from SG. Therefore, the analysis of the transient stability of
DFIG and SG in power systems has become a very significant
subject [2].
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The other one method that can help to decrease pressure
and the problem of preservation stability is the use of Flexible
AC Transmission System (FACTS) devices [3]. Among various
FACTS devices, the UPFC offers the most comprehensive and
complete method in this field. By installing a UPFC in the trans-
mission system, the margin of stability increases, and as a result
the power transfer and the thermal limitation of the line con-
ductors increase [4]. Also, UPFC can prepare technical solutions
to increase the efficiency of merged wind power systems in
conventional [5].

A power system stabilizer (PSS) is a common technique for
system fluctuations damping and the recent development in
enforcement FACTS has reduced the damping of these fluctua-
tions [6, 7]. Also In the issue of multi-objective optimization [8],
the coordinated scheme between UPFC and PSS to increase the
damping of the electromechanical modes is studied in [9].

A transient stability enhancement in a power system with
UPFC has been investigated by POD and PID controllers [10].
In [11], the Control Lyapunov Function (CLF) and Power Oscil-
lation Damping (POD) are utilized to dampen the fluctuations.
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The POD controller of the UPFC is proposed for damping
fluctuations due to disturbances in an aggregated wind farm
[12].

With regards to recent advances in non-linear controllers, var-
ious strategies, containing TEF analytical methods [13], have
been utilized to model FACTS devices for damping fluctua-
tions [14, 15]. In [16], the term TEF was coined to denote
the transient energy function of a multi-machine power system
with UPFC. The TEF method with Lyapunov’s direct method
can provide the desired damping of fluctuations to enhance
transient stability [17].

A new challenging issue has emerged in the definition of
TEF for power systems with aggregated wind farms and FACTS
devices [18, 19]. In [20], the effect of aggregated wind farms
using DFIG on the power system stability is investigated. A
third-order model is obtained for a DFIG that is similar to the
standard one-axis model of SG. In [21], the transient stability
problem of a DFIG was addressed, for example, how the main
DFIG parameters affect it. A system energy function is modeled
based on an optimal control technique for output stabilization
of DFIG to maintain the network power that is isolated from
wind power output oscillations [22]. An adaptive sliding mode
control technique to a power system with UPFC is proposed to
increase the transient stability of a multi-machine power system
with DFIG that uses the power components [23]. A non-linear
control technique has been proposed to increase the transient
stability in the power systems with SG, DFIG, and STATCOM
[24].

A unified design of neural networks and TEF to model
the supernumerary damping control in the power system with
UPFC for damping of fluctuations is provided in [25] and [26].
In [27], the ability of the adaptive neuro-fuzzy inference sys-
tem to estimate the best UPFC control values to increase the
efficiency of a DFIG during fault is investigated. The non-
linear controller linearization feedback as a proper controller
is provided to improve various parameters, which changes
the control input so that FACTS devices can behave linearly
under entire dynamics of non-linear that occur in the power
system [28].

A practicable technique is provided to specify multiple-
parameter control in a power system to improve stability
[29] which by using the TEF method achieves a global opti-
mum in Lyapunov’s concept. Also, in [30] and [31], a control
technique based on Lyapunov theory by utilizing a control-
lable series capacitor by a proper control strategy is provided
to increase the additional oscillations damping of the power
system. The time-derivative of control laws is obtained via band-
pass filters which in this case noise problem is not completely
solved.

The proposed control design presents various supremacies.
More of the suggested techniques are based on linearized sys-
tem techniques such as PSS which responses under severe
disturbances could not be completely acquired. The other
non-linear control techniques, for example, feedback lineariza-
tion changes the basic system to a normal system. In return,
the suggested design is a non-linear control technique that
presents enhanced degrees of freedom in the scheme through

FIGURE 1 The scheme of a UPFC

the choice of a proper transient energy function. Also in non-
linear control design techniques, due to the presence of noise,
the time-derivative of control laws cannot be reached directly by
numerical differentiation. By using a novel non-linear TEF con-
troller for DFIG and UPFC that estimates the parameters with
the second sliding mode observer, can solve these problems and
assist in damping of oscillations.

In this study, non-linear control of DFIG and UPFC for tran-
sient stability increment of the power system is comprehensively
performed. The contributions of the paper include the use of
the following two at the same time.

1. The proposed control rules are achieved with two DFIG
control variables and four UPFC control variables by
interaction with each other.

2. The time-derivative signals of the UPFC and DFIG con-
trollers are estimated according to a second sliding mode
observer.

The paper is arranged as follows. Section 2 presents the mod-
eling of the UPFC. The multi-machine power system model will
be developed in Section 3. In Section 4, novel non-linear con-
trol design will be introduced. In Section 5, simulation design
will approve the performance of the novel proposed control
strategy. Conclusions are presented in Section 6.

2 MODELING OF THE UPFC

A scheme of the UPFC is shown in Figure 1 [3]. A UPFC
consists of a series controller (SSSC) and a shunt controller
(STATCOM) and series and shunt converters apply a Voltage
Sourced Converter (VSC).

The UPFC acts by using the injection of voltage sources V̄se

and V̄sh by modifiable magnitude and angle. The controllable
voltage V̄se and V̄sh in converters are obtained as follows:

V̄se = Mse Vc eJ (𝜃i+𝜑se ) =
(
Used + JUseq

)
eJ𝜃i , (1.a)

V̄sh = Msh Vc eJ (𝜃i+𝜑sh ) =
(
Ushd + JUshq

)
eJ𝜃i , (1.b)

where Vc represents the DC side voltage of UPFC.

 17518695, 2022, 19, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/gtd2.12546 by H

ealth R
esearch B

oard, W
iley O

nline L
ibrary on [30/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



GHAEDI ET AL. 3801

2.1 Power flow modeling

The UPFC can be demonstrated in the form of a power flow
model [32]. When the UPFC is placed betwixt buses i and j, the
power flow of UPFC can be obtained as follows:

⎧⎪⎪⎨⎪⎪⎩

Pui = Bse ViVseq + BshViVshq

Qui = Bse ViVsed + BshViVshd

Pu j = −BseVjVsed sin
(
𝜃i j

)
− BseVjVseq cos

(
𝜃i j

)
Qu j = −BseVjVsed cos

(
𝜃i j

)
+ BseVjVseq sin

(
𝜃i j

)
. (2)

3 MULTI-MACHINE POWER SYSTEM
MODEL

Consider the power network with m + l + n nodes that con-
tains m-SG and l -DFIG and n load buses that are modeled as
constant impedances. The voltage phasor of the internal gen-
erator bus is E ′

i ∠𝛿i and that of the external generator bus is
Vi∠𝜃i . Dynamic models of this power system including SGs
and DFIGs can be as follows.

3.1 SG modeling

The dynamics of any generator will be expressed in the form of
the COI reference frame. The COI to all 𝛿COI and the center of
speed 𝜔COI are determined as follows [33]

𝛿COI =
1

MT

m∑
i = 1

Mi𝛿i , 𝜔COI =
1

MT

m∑
i = 1

Mi𝜔i , (3)

where MT =
m∑

i=1
Mi .

The variables 𝛿i is, i-th generator interior angle, and 𝜔i is, i-th
speed of the generator, and 𝜔s = 2𝜋 f . Therefore, variables of
generator in the COI frame can be rewritten as �̃�i = 𝛿i − 𝛿COI ,
�̃�i = 𝜃i − 𝛿COI and �̃�i = 𝜔i − 𝜔COI . The dynamic equations
of SG are as follows [30]. For the i-th generator, i = 1, 2, … ,m

⎧⎪⎪⎪⎨⎪⎪⎪⎩

̇̃𝛿i = �̃�i − 𝜔s

̇̃𝜔i =
1

Mi

(
Pmi − Pei − Di (�̃�i − 𝜔s ) −

Mi

MT
PCOI

)
Ė ′

qi =
1

T ′
d 0i

(
−

xdi

x′
di

E ′
qi +

xdi − x′
di

x′
di

Vi cos (𝛿i − 𝜃i ) + E fi

) ,

(4)

where Pei =
1

x
′

di

E
′

qiVi sin(𝛿i − 𝜃i ) −
x
′

di
−xqi

2x
′

di
xqi

V 2
i sin(2(𝛿i − 𝜃i ))

and PCOI =
m∑

i=1
(Pmi − Pei ).

3.2 DFIG modeling

The dynamic equations of DFIG have two rotor inputs,
Vdr and Vqr , in the d − q reference frame. With transform-

ing to polar coordinates E ′
k
=

√
E ′

dk

2
+ E ′

qk

2
and 𝛿k =

tan−1 (
E ′

qk

E ′
dk

). Equivalent DFIG dynamic as follow [20]. For the

k-th generator, k = m + 1,m + 2… ,m + l

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

̇̃𝛿k = �̃�k −

(
xdk − x′

dk

)
x′

dk
T ′

0k

Vksin (𝛿k − 𝜃k )

E ′
k

+
𝜔sVr (k−m)cos

(
𝛿 j − 𝜃r (k−m)

)
E ′

k

̇̃𝜔k =
1

Mk

(
Pmk − Pek −

Mk

MT
PCOI

)
Ė ′

k =
1

T ′
d 0k

(
−

xdk

x′
dk

E ′
k
+

xdk − x′
dk

x′
dk

Vkcos (𝛿k − 𝜃k )

+ 𝜔sT
′

d 0k
Vr (k−m)sin

(
𝛿k − 𝜃r (k−m)

))
, (5)

where 𝜃rk indicates the angle of the k-th DFIG termi-
nal voltage Vrk, Vrk∠ 𝜃rk = Vdrk + J Vqrk = Vrk eJ𝜃rk =|Vrk| (cos𝜃rk + Jsin𝜃rk ) and Pek =

1

x
′

dk

E
′

qk
Vk sin(𝛿k − 𝜃k ) −

x
′

dk
−xqk

2x
′

dk
xqk

V 2
k

sin(2(𝛿k − 𝜃k )) is the active electrical power deliv-

ered via the generator to the terminal voltage Vrk (same as SG).

PCOI =
m+l∑

k=m+1
(Pmk − Pek ).

This model of DFIG is the same as a one-axis model of an SG
but has some differences [20]. The angle of the generator in the
first equation of (5) includes two additional terms in comparison
with the angle in the SG equation. By replacement, the 2nd and
3rd terms of the angle 𝛿 j equation with −Sk𝜔s , can be written
as

Sk = 1 +

(
xdk − x′

dk

)
𝜔sx

′
dk

T ′
0k

Vksin (𝛿k − 𝜃k )

E ′
k

−
Vr (k−m)cos

(
𝛿k − 𝜃r (k−m)

)
E ′

k

, (6)

where Sk is the rotor slip of the k-th DFIG. By blending (6)
and the 3rd equation of (5) the DFIG rotor voltage inputs Vdr j

and Vqr j can be directly computed. Presenting the DFIG model
above is beneficial because its model is the same as the SG and
we can use non-linear control design methods.

4 NOVEL NON-LINEAR CONTROL
DESIGN

Lyapunov’s direct method is a powerful design for transient sta-
bility analysis. This technique has been utilized to model various

 17518695, 2022, 19, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/gtd2.12546 by H

ealth R
esearch B

oard, W
iley O

nline L
ibrary on [30/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3802 GHAEDI ET AL.

controls [30, 31]. Lyapunov’s theory is used to model a novel
non-linear control to enhance transient stability in the power
systems as follows.

Consider the dynamic models of m-SG and l -DFIG that in
the form of an affine non-linear system is written as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

̇̃𝛿i = 𝜔i − 𝜔s i = 1, 2, … ,m

Mi
̇̃𝜔i = Pmi − Pei − Di (𝜔i − 𝜔s ) −

Mi

MT

PCOI

T ′
d 0i

xdi − x′
di

Ė ′
i = −

xdi

x′
di

(
xdi − x′

di

)E ′
i +

Vicos (𝛿i − 𝜃i )

x′
di

+
1(

xdi − x′
di

)E fi

̇̃𝛿k = 𝜔k − Sk𝜔s k = m + 1, … ,m + l

Mk
̇̃𝜔k = Pmk − Pek −

Mk

MT

PCOI

T ′
d 0k

xdk − x′
dk

Ė ′
k
= −

xdk

x′
dk

(
xdk − x′

dk

)E ′
k
+

Vkcos (𝛿k − 𝜃k )

x′
dk

+
1(

xdk − x′
dk

)𝜔sT
′

d 0k
Vr (k−m)sin

(
𝛿k − 𝜃r (k−m)

)

.

(7)

A TEF that includes SG and DFIG can be expressed as
below:

v(�̃�,�̃�,E ′,V ,�̃�) = vk +

8∑
i = 1

vpi + v0

vk =
1
2

m∑
i = 1

Mi (𝜔i−𝜔s )2
+

1
2

m+l∑
k = m+1

Mk

(
𝜔k − Sk(�̃�,E ′,V ,�̃�)𝜔s

)2

vp1 = −

m+l∑
i = 1

Pmi �̃�i

vp2 =

m+l+n∑
i=m+l+1

PLi �̃�i

vp3 =

m+l+n∑
i=m+l+1

∫
QLi

Vi
dVi

vp4 =

m+l∑
i=1

1

2x
′

di

[
E

′2

i +V 2
i − 2E

′

i Vi cos (𝛿i − 𝜃i )
]

vp5 = −
1
2

m+l+n∑
i = 1

m+k+n∑
j = 1

Bi jViVj cos
(
𝜃i − 𝜃 j

)
vp6 =

m+l∑
i=1

x′
di
− xqi

4x′
di

xqi

[
V 2

i −V 2
i cos (2 (𝛿i − 𝜃i ))

]
vp7 = −

m∑
i = 1

E ′
i

xdi − x′
di

E fi −

m+l∑
k = m+1

E ′
k

xdk − x′
dk

𝜔sT
′

d 0k
Vr (k−m)

cos
(
𝛿k − 𝜃r (k−m)

)
vp8 =

m+l∑
i=1

E
′2

i

2
(
xdi − x

′

di

)

.

(8)

By utilizing the symbol [
dv

dt
]
�̃�

for
𝜕v

𝜕�̃�

d �̃�

dt
and Ṡ(�̃�) for

𝜕S

𝜕�̃�
the same

way for the other cases, we have:[
dvK

dt

]
�̃�

+

[
dvk

dt
+

dvp1

dt
+

dvp4

dt
+

dvp6

dt
+

dvp7

dt

]
�̃�

=

−

m∑
i = 1

Di (𝜔i − 𝜔s )
2
−

m+l∑
k = m+1

Mk𝜔s

(
𝜔k − Sk𝜔s

)2
Ṡk(�̃�)

+

m+l∑
k = m+1

E ′
k

xdk − x′
dk

𝜔sT
′

d 0k
Vr (k−m)sin

(
𝛿k − 𝜃r (k−m)

) (
𝜔k − Sk𝜔s

)
,

(9.a)[
dvK

dt
+

dvp2

dt
+

dvp4

dt
+

dvp5

dt
+

dvp6

dt

]
�̃�

=
∑

(Pi + PLi )
̇̃𝜃i

−

m+l∑
k = m+1

Mk𝜔s

(
𝜔k − Sk𝜔s

)
Ṡk(�̃�)

̇̃𝜃k, (9.b)

[
dvK

dt
+

dvp3

dt
+

dvp4

dt
+

dvp5

dt
+

dvp6

dt

]
V

=
∑

(Qi + QLi )
V̇i

Vi

−

m+l∑
k = m+1

Mk𝜔s

(
𝜔k − Sk𝜔s

)
Ṡk(V )V̇k, (9.c)

[
dvK

dt
+

dvp7

dt
+

dvp8

dt
+

dvp4

dt

]
E
′
q

= −

m∑
i = 1

T ′
d 0i

xdi − x′
di

Ė
′2

i

−

m+l∑
k = m+1

Mk𝜔s

(
𝜔k − Sk𝜔s

)
Ṡk

(
E ′

k

)Ė ′
k
, (9.d)

where
∑

(Pi + PLi )
̇̃𝜃i = 0and

∑
(Qi + QLi )

V̇i

Vi

= 0

4.1 Design of DFIG controller

The time-derivative of the TEF that includes SG and DFIG is
as follows:

v̇ = −

[
m∑

i = 1

Di (𝜔i − 𝜔s )2
+

m∑
i = 1

T ′
d 0i

xdi − x′
di

Ė
′2

i

]

−

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

m+l∑
k = m+1

Mk𝜔s

(
𝜔k − Sk𝜔s

)2
Ṡk(�̃�)

−

m+l∑
k = m+1

E ′
k

xdk − x′
dk

𝜔sT
′

d 0k
Vr (k−m)sin

(
𝛿k − 𝜃r (k−m)

)
(
𝜔k − Sk𝜔s

)
+

m+l∑
k = m+1

Mk𝜔s

(
𝜔k − Sk𝜔s

)
Ṡk(�̃�)

̇̃𝜃k

+

m+l∑
k = m+1

Mk𝜔s

(
𝜔k − Sk𝜔s

)
Ṡk(V )V̇k

+

m+l∑
k = m+1

Mk𝜔s

(
𝜔k − Sk𝜔s

)
Ṡk

(
E ′

k

)Ė ′
k

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
= v̇SG + v̇DFIG

,

(10)
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GHAEDI ET AL. 3803

where Ṡk(�̃�), Ṡk(E ′ ), Ṡk(V ) and Ṡk(�̃�) are given in Appendix A.

v̇DFIG = −

m+l∑
k = m+1

Mk𝜔s

(
𝜔k − Sk𝜔s

)(
−

E ′
k
T ′

d 0k

Mk

(
xdk − x′

dk

)Vr (k−m)

sin
(
𝛿k − 𝜃r (k−m)

)
+ Ṡk(�̃�)

̇̃𝛿k + Ṡk(�̃�)
̇̃𝜃k + Ṡk(V )V̇k + Ṡk(E ′ )Ė

′
k

)
.

(11.a)

By using Vr sin (𝛿 − 𝜃r ) = Vdr sin𝛿 −Vqr cos𝛿 and
Vr sin (𝛿 − 𝜃r ) = Vr (cos𝜃r sin𝛿 − sin𝜃r cos𝛿), we have:

v̇DFIG = −

m+l∑
k=m+1

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝

[
Mk𝜔s

(
𝜔k − Sk𝜔s

)(
−Vdrk

E ′
k
T ′

d 0k
sin𝛿k

M k

(
xdk − x′

dk

)
+ Ṡk(�̃�)

(
𝜔k − Sk𝜔s

)
+ Ṡk(�̃�)

̇̃𝜃k + Ṡk(V )V̇k + Ṡk(E ′ )Ė
′
k

)]
+

[
Mk𝜔s

(
𝜔k − Sk𝜔s

)(
Vqrk

E ′
k
T ′

d 0k
cos𝛿k

M k(xdk−x′
dk

)

)]

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
.

(11.b)

If v̇DFIG is negative. The DFIG aids to the system oscillation
damping. To achieve this aim:

Udrk = −Kr

Mk

(
xdk − x′

dk

)
E ′

k
T ′

d 0k

sin (𝛿k )
[(
𝜔k − Sk𝜔s

) (
1 − Ṡk(�̃�)

)
− Ṡk(�̃�)

̇̃𝜃k − Ṡk(V )V̇k − Ṡk(E ′ )Ė
′
k

]
, (12.a)

Uqrk = Kr

Mk

(
xdk − x′

dk

)
E ′

k
T ′

d 0k

cos (𝛿k )
(
𝜔k − Sk𝜔s

)
, (12.b)

where Krd and Krq are positive constants that are chosen sep-
arately to acquire proper damping of fluctuations. By selecting
Udrk and Uqrk as given by (12), (10) becomes:

v̇ = −

m∑
i = 1

Di (𝜔i − 𝜔s )2
−

m∑
i = 1

T ′
d 0i

xdi − x′
di

Ė
′2

qi

−

m+l∑
k = m+1

Kr Mk𝜔s

(
𝜔k − Sk𝜔s

)2
≤ 0. (13)

4.2 Design of UPFC controller

The offering of the UPFC does not modify the TEF (8) but
does alter v̇. When the UPFC is placed between buses i and j,
we have:[

dvk

dt
+

dvp2

dt
+

dvp4

dt
+

dvp5

dt
+

dvp6

dt

]
�̃�

= −Pui
̇̃𝜃i − Pu j

̇̃𝜃 j

−

m+l∑
j = m+1

M j𝜔s

(
𝜔 j − S j𝜔s

)
Ṡ j (�̃�)

̇̃𝜃 j , (14.a)

[
dvk

dt
+

dvp3

dt
+

dvp4

dt
+

dvp5

dt
+

dvp6

dt

]
V

= −Qui

V̇i

Vi
− Qu j

V̇j

Vj

−

m+l∑
j = m+1

M j𝜔s

(
𝜔 j − S j𝜔s

)
Ṡ j (V )V̇j . (14.b)

Since for the UPFC Pui = −Pu j , so v̇ is written as follows:

v̇ = −

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

m∑
i = 1

Di (𝜔i − 𝜔s )2
+

m∑
i = 1

T ′
d 0i

xdi − x′
di

Ė
′2

i +

m+l∑
k = m+1

Mk𝜔s

(
𝜔k − Sk𝜔s

)2
Ṡk(�̃�)

−

m+l∑
k = m+1

E ′
k

xdk − x′
dk

𝜔sT
′

d 0k
Vr (k−m)sin

(
𝛿k − 𝜃r (k−m)

) (
𝜔k − Sk𝜔s

)
+

m+l∑
k = m+1

Mk𝜔s

(
𝜔k − Sk𝜔s

)
Ṡk(�̃�)

̇̃𝜃k

+

m+l∑
k = m+1

Mk𝜔s

(
𝜔k − Sk𝜔s

)
Ṡk(V )V̇k +

m+l∑
k = m+1

Mk𝜔s

(
𝜔k − Sk𝜔s

)
Ṡk(E ′

k )Ė ′
k

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
−

[
Pui

̇̃
𝜃i j + Qui

V̇i

Vi

+ Qu j

V̇j

Vj

]
= v̇noup fc

+ v̇up fc

,

(15)

where v̇up fc = −[Pui
̇̃
𝜃i j + Qui

V̇i

Vi

+ Qu j

V̇j

Vj

]. By substituting the

power flow of UPFC (2), we have

v̇up fc = −Bse

[
Vsed

(
V̇i − V̇j cos𝜃i j

)
+Vseq

(
Vi𝜔i j + V̇j sin𝜃i j

)]
−Bsh

[
ViVshq𝜔i j +VshdV̇i

]
, (16)

where 𝜃i j = 𝜃i − 𝜃 j ,
̇̃𝜃i j =

̇̃𝜃i −
̇̃𝜃 j , 𝜔i j =

̇̃𝜃i j = �̇�i j .
If v̇up fc is negative, the UPFC aids to dampen the oscillation

of the system. To achieve this aim:

Used = ksd

(
V̇i − V̇j cos𝜃i j

)
, (17.a)

Useq = ksq

(
Vi𝜔i j + V̇j sin𝜃i j

)
, (17.b)

Ushd = khd V̇i , (17.c)

Ushq = khq Vi𝜔i j , (17.d)

where ksd , ksq , khd and khq are positive constants that are chosen
separately to acquire proper damping of fluctuations. By select-
ing Udri and Uqri as given by (12) and Vsed , Vseq , Vshd and Vshq as
given by (17), (15) becomes:

v̇ = −

[
m∑

i = 1

Di (𝜔i − 𝜔s )2
+

m∑
i = 1

T ′
d 0i

xdi − x′
di

Ė
′2

qi

]

−

[
m+l∑

k = m+1

kr Mk𝜔s

(
𝜔k − Sk𝜔s

)2
]
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3804 GHAEDI ET AL.

FIGURE 2 The novel non-linear control configuration

FIGURE 3 The TMIB system

−
[
BseKsd

(
V̇i − V̇j cos𝜃i j

)2
+ BseKsq

(
Vi𝜔i j + V̇j sin𝜃i j

)2

+ BshKhq

(
Vi𝜔i j

)2
+ BshKhd

(
V̇i

)2]
= v̇SG + v̇DFIG + v̇up fc ≤ 0. (18)

Thus, damping of oscillation in the power system is happen-
ing by providing the DFIG and UPFC controlled with (12)
and (17).

The control laws include time-derivatives. The V̇i , V̇j , V̇k, �̇�k

and �̇�i j due to the presence of noise, cannot be obtained
directly by numerical differentiation. To deal with this prob-
lem, a second sliding mode observer is used to estimate control
parameters in Section 4.3.

4.3 States observer design

To estimate the unavailable voltage and angle derivatives
required for the implementation of the novel controller, let’s
consider second-order sliding mode observer and then we
introduce the variables as follows:

xs1 = Vs

ẋs1 = xs2 = V̇s , s = i, j , k
, (19.a)

yk1 = 𝜃k

ẏk1 = yk2 = �̇�k

, (19.b)

zi j1 = 𝜃i j

żi j1 = zi j2 = �̇�i j

. (19.c)

Assuming the measurable voltages and angles (Vs , s =
i, j , k ;𝜃k ;𝜃i j ) are continuous and bounded, improved
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GHAEDI ET AL. 3805

FIGURE 4 The speed of SG and DFIG

FIGURE 5 The rotor angle of SG and DFIG

TABLE 1 CCT for different controls in TMIB

System with Controller CCT (ms)

UPFC Without 214

Novel 252

DFIG 257

UPFC & DFIG 264

second-order sliding mode observers are written as follows
[34, 35]:

̇̂xs1 = x̂s2 + w1x , s = i, j , k

̇̂xs2 = w2x

, (20.a)

̇̂y
k1 = ŷk2 + w1y

̇̂y
k2 = w2y

, (20.b)

̇̂zi j1 = ẑi j2 + w1z

̇̂zi j2 = w2z

, (20.c)

where the variables w1x , w2x , w1y, w2y, w1z , and w2z are given by
the following expressions:

w1x = −𝛽x|x̂s1 − xs1| 1

2 sign (x̂s1 − xs1) − Kx (x̂s1 − xs1)

w2x = −𝛼xsign (x̂s1 − xs1)
,

(21.a)
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3806 GHAEDI ET AL.

FIGURE 6 The speed of SG and DFIG in which L1 is removed

FIGURE 7 The rotor angle of SG and DFIG in which L1 is removed

TABLE 2 CCT for different controls and faults in IEEE 9-bus test system

CCT (ms) for different controls

Fault line Without POD Backstepping Novel

4-5 134 161 165 176

4-6 141 168 172 181

w1y = −𝛽y
||ŷk1 − yk1

|| 1

2 sign (ŷk1 − yk1) − Ky (ŷk1 − yk1)

w2y = −𝛼ysign (ŷk1 − yk1)
,

(21.b)

w1z = −𝛽z
|||ẑi j1 − zi j1

||| 1

2
sign

(
ẑi j1 − zi j1

)
− Kz

(
ẑi j1 − zi j1

)
w2z = −𝛼z sign

(
ẑi j1 − zi j1

) ,

(21.c)

𝛼r , 𝛽r , and Kr (r = x, y, z) are the positive tuning parame-
ters. Taking exs1

= x̂s1 − xs1, exs2
= x̂s2 − xs2, eyk1

= ŷk1 − yk1,
eyk2

= ŷk2 − yk2, ezi j1
= ẑi j1 − zi j1, and ezi j2

= ẑi j2 − zi j2 the
following dynamics errors equations are acquired:

ėxs1
= −Kxexs1

− 𝛽x
|||exs1

||| 1

2
sign

(
exs1

)
ėxs2

= −𝛼xsign
(
exs1

) , (22.a)

ėyk1
= −Kyeyk1

− 𝛽y
|||eyk1

||| 1

2
sign

(
eyk1

)
ėyk2

= −𝛼ysign
(
eyk1

) , (22.b)

ėzi j1
= −Kzezi j1

− 𝛽y
|||ezi j1

||| 1

2
sign

(
ezi j1

)
ėzi j2

= −𝛼z sign
(

ezi j1

) . (22.c)
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GHAEDI ET AL. 3807

FIGURE 8 Impact of variable time delay in control signals

FIGURE 9 The IEEE 9-bus system with DFIG and UPFC

It is demonstrated in Sections 4.1 and 4.2 that the introduction
of the DFIG and UPFC by a non-adaptive controller provides
additional damping of oscillation. Thus, the estimated param-
eters are substituted in the controller and finally, the adaptive
controller for the k-th DFIG and UPFC is as follows:

Udrk = −Kr

Mk

(
xdk − x′

dk

)
E ′

k
T ′

d 0k

sin (𝛿k )
[

(𝜔k − Sk𝜔s )
(

1 − Ṡk(�̃�)
)

− Ṡk(�̃�) ŷk2 − Ṡk(V )x̂k2 − Ṡk(E ′ )Ė
′
k

]
(23.a)

Uqrk = Kr

Mk

(
xdk − x′

dk

)
E ′

k
T ′

d 0k

cos (𝛿k ) (𝜔k − Sk𝜔s ) (23.b)

Used = Ksd

(
x̂i2 − x̂ j2cos𝜃i j

)
(24.a)

Useq = Ksq

(
Viẑi j2 + x̂ j2sin𝜃i j

)
(24.b)

Ushq = Khq Vi ẑi j2 (24.c)

Ushd = Khd x̂i2 (24.d)

Figure 2 indicates the layout of the novel non-linear control,
which consists of three parts. Its two parts are related to the
primary control schemed by TEF for UPFC and DFIG, and
the third part is related to supplementary damping control
expanded by the second-order sliding mode. The input volt-
ages and angles in the second-order sliding mode controller
(Vi , Vj , Vk, 𝜃k, 𝜃i j ) via the DFIG and UPFC terminal bus are
measured.

5 SIMULATION DESIGN

The performance of the novel non-linear control is
done with numerical simulations in MATLAB software.
Although the formulations were obtained using the one-axis
model of SG and DFIG, the simulations were performed
with their complete model in the Simulink MATLAB
environment.

5.1 TMIB

The TMIB system, shown in Figure 3, includes SG, DFIG,
and UPFC providing the system power which is transferred via
two transmission lines. In the TMIB system, the infinite bus
provides the voltage source by constant magnitude and angle.
The parameters of the TMIB system and UPFC are given in
appendix B and C, respectively.

A three-phase fault, the worst fault of real power systems,
happens at the end of line L1. The value of Critical Clearing
Time (CCT) for the uncompensated TMIB system is equal to
0.214. For the compensated system with UPFC and DFIG, CCT
recalculation is performed. Table 1 presents CCT results for the
different systems and controllers.

The large three-phase disturbances considered in this design
are equal to 0.2 s which is happens at 0.5 s and is removed at
0.7 s. According to Figures 4 and 5, the novel control method
helps to increase transient stability and damping of oscillation,
especially in the first swing. In Figures 6 and 7, the distur-
bance clearance is performed via removing the line L1, which
demonstrates the robustness of the new control method versus
system topology changes.
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3808 GHAEDI ET AL.

FIGURE 10 The speed of SGs 1, 2, 3, and
DFIG

FIGURE 11 The rotor angle of SGs 1, 2, 3, and DFIG
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GHAEDI ET AL. 3809

FIGURE 12 Phase plan: (a) The POD controller; (b) the backstepping controller; (c) the proposed non-linear controller

FIGURE 13 The New England power system network single line diagram
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3810 GHAEDI ET AL.

FIGURE 14 The speed and rotor angle of generators 1 to 10 and DFIG

FIGURE 15 The speed and rotor angle of the generators in which the load in bus 12 is increased by about 50% of its base

The simulation results show that the variable time delay value
of the control signals has no considerable impact on the pro-
posed control method performance and it is negligible. Figure 8
shows the phase plan of the novel control method for a vari-
able time that is considered in a range of [0,20] ms. In practice,
the control signals’ time delay is much less than this value.
As can be seen, with a variable time delay the system is still
stable.

5.2 Multi-machine

5.2.1 IEEE 9-bus test system

The first selected multi-machine test system is an IEEE 9-bus
that is indicated in Figure 9. This test case contains three gen-
erators at buses 1 to 3, three transformers, six lines, and three
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GHAEDI ET AL. 3811

FIGURE 16 The speed and rotor angle of the generators with a 300 ms three-phase short circuit

loads [37]. This system is modified with the addition of a UPFC
and DFIG. The UPFC is placed on the line betwixt buses 7 and
8. Also, DFIG is modeled by a compacted wind farm with a
capacity of 100 MW (20 units with a capacity of 5 MW each)
that is placed at bus 8 [38].

For the above multi-machine system, a three-phase fault hap-
pens at the end of line 4–5 (near bus 5). The value of CCT
for the uncompensated multi-machine system is equal to 0.134.
Table 2 presents CCT results for the different controllers and
faults.

The large three-phase disturbances considered in this design
are equal to 0.2 s which is happens at 0.5 s and is removed at
0.7 s. According to Figures 10 and 11, the novel control method
helps to increase transient stability and damping of oscillation
in comparison with the POD control [39] and backstepping
control [40], especially in the first swing.

To specify the fluctuation amount and the rate of conver-
gence, and a better comparison of the controllers, the phase
plan of the novel control method, the POD control, and back-
stepping control for SG. 1 is indicated in Figure 12. This
figure indicates that the novel control method converges more
quickly to the origin, but the POD control and backstep-
ping control balance the system with more time after multiple
fluctuations.

5.2.2 New England Standard 39-bus test system

The second selected multi-machine test system is a New Eng-
land Standard 39-bus system that has 10-generators that is
well known as the 10-machine New-England Power System
[41]. SG. 1 represents the aggregation of a large number of
generators. Figure 13 shows the single-line diagram of the
system. A UPFC is installed between 6 and 7 buses in the

TABLE 3 CCT for different controls and faults in the New England
Standard 39-bus test system

CCT (ms) for different controls

Fault line Without POD Backstepping Novel

3-4 207 244 251 268

15-16 212 249 256 273

system and a DFIG is connected to bus 19 with a short
line.

For a New England Standard 39-bus test system, a three-
phase fault happens on the line between buses 3 and 4 (near
bus 3). The value of CCT for the uncompensated multi-machine
system is equal to 0.207. Table 3 presents CCT results for the
different controllers and faults.

The large three-phase disturbances considered in this design
are equal to 0.2 s which is happens at 0.5 s and is removed at
0.7 s According to Figure 14, the novel control method helps to
increase transient stability and damping of oscillation in the first
swing.

In Figure 15, the load in bus 12 is increased by about 50%
of its base value which shows the robustness properties of the
proposed controller against variations in the system topology.

The other large disturbance considered in this study is 300 ms
three-phase short-circuit faults. The comparative results for the
300 ms three-phase short circuit are reported in Figure 16.

6 CONCLUSION

In this paper, a novel non-linear control method TEF-based
has been suggested for the transient stability enhancement in
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3812 GHAEDI ET AL.

the power systems which consist of SG, DFIG, and UPFC. The
novel non-linear controller includes an initial control schemed
by TEF and the supplementary damping control extended
by second-order sliding mode. The derivative of the control
parameters in the novel non-linear controller for DFIG and
UPFC were estimated by improved second-order sliding mode
observers. The results of simulation in the TMIB and multi-
machine (IEEE 9-bus and the New England Standard 39-bus)
indicate that the novel non-linear control increases the transient
stability under severe disturbances. For the TMIB, IEEE 9-bus,
and the New England Standard 39-bus systems the novel non-
linear control has grown the CCT by about 23%, 31%, and 29%,
respectively, compared to the un-compensated system. Also,
the proposed non-linear controller increased CCT and margin
of stability by about 7% and 9%, respectively, versus the back-
stepping and POD controller. Another outcome of this study
is the robustness properties of novel non-linear control versus
system topology changes and variable time delay of the control
signals.
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APPENDIX B

Parameters of the TMIB system

Parameter SG DFIG

H(s) 3.12 4.24

Tdo (s) 6.55 5.44

Xd (p.u.) 1.035 0.987

X’d (p.u.) 0.296 0.458

Xq (p.u.) 0.474 0.528

APPENDIX C

Parameters of UPFC

Parameter

Series

converter

Shunt

converter

L(p.u.) 0.16 0.22

R(p.u.) 0.005 0.007
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