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Abstract
This paper offers novel non-linear control of a doubly fed induction generator (DFIG)

c J and unified power flow controller (UPFC) for transient stability increment with transient
orrespondence i L. i .
Saced Abazari, Faculty of Engincering, Shahrekord energy function (TEF) and sliding mode observer in a power system. First, the TEF

University, Shahrekord, Iran. technique is considered for the damping control in a power system with a synchronous
generator (SG), DFIG, and UPFC, and then the controller time-detivative signals are esti-

mated by a second-order sliding mode observer. The importance of the issue is in the
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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

The other one method that can help to decrease pressure
and the problem of preservation stability is the use of Flexible
With the expansion of the power network, its stability is of more AC Transmission System (FACTS) devices [3]. Among various

significance in the performance of the power systems. Also, FACTS devices, the UPFC offers the most comprehensive and

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].

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 [20].
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 lineatiza-
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
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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 vatiables 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
obsetrver.

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 seties 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 1,
and T/, by modifiable magnitude and angle. The controllable
voltage 1, and I, in converters are obtained as follows:

v, =M, V, /0 = (U, +)U,,) ¢%, (12)

V=M, VO = (U, + JUy,) &%, (1b)

where I/ represents the DC side voltage of UPFC.
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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 7and j, the
power flow of UPFC can be obtained as follows:

3 | MULTI-MACHINE POWER SYSTEM
MODEL

Consider the power network with 7+ / + # nodes that con-
tains 7#-SG and /-DFIG and 7 load buses that are modeled as
constant impedances. The voltage phasor of the internal gen-
erator bus is E;L5Z- and that of the external generator bus is
17£8,. 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 §,); and the center of
speed W are determined as follows [33]

bcor = 5 3 18, wcor = I X Me, 0

i=1 i=1

a

where My = Y, M;.
=1
The variables §; is, /-th generator intetior angle, and w; is, 7-th

27 f. Therefore, variables of
generator in the COT frame can be rewritten as 8, = 8, — 8¢y,
0,=6, —8.0; and @; = w; — W ;. The dynamic equations
of SG are as follows [30]. For the /-th generator, 7 = 1,2,...,m

speed of the generator, and @, =

é‘j:CDZ'—CUA.
A 1 ~
) CU;‘ZM b, — b —D; (@, — ’

X i X

/
. 1 X Xdl'—Xd.
E’,/,-=F< B+ ——Viws (6; = 0) +
u

)

where P, = % E;Z.Vj sin(8; — 6)) — L1172 6in(2(5; — 6)))
di (// ‘/’
a

Z( mz_

and PCO[

3.2 | DFIG modeling

The dynamic equations of DFIG have two rotor inputs,

Iy and 17, in the d — g reference frame. With transform-

ing to polar coordinates E’ = \/E’ ’ +E’ > and O, =

(—) Equivalent DFIG dynamic as follow [20]. For the
/éthgenerator k=m+lL,m+2..,m+/

-

£ (Xrl/e = x0) Visin (8, — 6,)
5,@ =W; — 7 7
T E
d,(' 0 g
n Wy T/;(,é—///) cos (5/ - er(k—m))
A
. 1 M,
e = A B — L — ATTPFO[ , 05
/
B, o= — X"% E’ . Vicos (8, —6,)
€= 7 % £~ O
dOk Xy Xk
+ w; 7;[/(% I/r(k—m)ﬂ.ﬂ (51' - er(k—m)))

\

whete 0,; indicates the angle of the 4-th DFIG termi-
nal voltage Vi, Vil 6=V +] V="V % =
. 1 ’ .

[Vl (cosO,, + JsinB,,) and Py = % Eq/éT//e sin(@, — 6,) —
!

Z ok V2 sin(2(8, — 6,)) is the active electrical power deliv-
*dﬁ‘r]k

ered via the generator to the terminal voltage 17, (same as SG).

m+!

Bor= % (By—Pp.
k=m+1
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
3td terms of the angle §; equation with —S$;w,, can be written
as

(3 = %) Visin (5, — 6,)

Sk = 1 + 7 "
w50 T E,

T/;“(k:—m) cos (5/€ -
- 7
Ek

er(é—m))

) ©)

where S, is the rotor slip of the £-th DFIG. By blending (6)
and the 3rd equation of (5) the DFIG totor voltage inputs 17,
and I,; 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
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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 7-SG and /-DFIG that in
the form of an affine non-linear system is written as follows:

8=, —w, i=1,2.,m

. _ M,
M;@; =P, —P;,—D;(@;—w)— MICO]

T Vicos (8, — 6,)

40 ’ di i i i

~ [ =— —F] + ;
Xdi T Xy, X (Xdi Xdi) X
1
+ Eﬁ
1. (Xdi - X,z) ‘
6, =w;, —S.w, k=m+1, ., m+]
M, &, =P, —P M p
/ Wy = mk — Lok T T LC
£ ,/g n £ g, oo

7:10/e 7 Xk by V005 (8, — 0,)

_ r ’ o £ /
Nk Xdk Xk (Xrlk X{aa) Xk

1 .
+ @, ]:[l( V;(/a—ﬂ/)ﬁ” (5»% - er'(k—w))
(X[/;g - dk)

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

8

VGa,E 1 8) = vk Tt Z vyt 2
i=1

m+l 2
ZM(CU CU) + Z Mk( _S/a((SF’V@)w)
/ =1 /e = m+1
m+!
Vp1 = — Z P,ms
i=1
m+l+n
Vpp = Z 16;
i=m+I+1
m+1+n
_ Q/,z
”/?3 = Z f I/Z dV
i=m+l+1
m+! 1
Vo = —[E +V2—2B Vicos (6; — )]
" ; 2x,
1 m+/+n m+k+n
i=1 j=
m+l )
Xai T % 10 2
Vg = — |V =V cos (2(6, - 6;
6 ; e [ 26— 6]
= i qi
v El m+l El
i £
pp=— Y —— - —~ w1V
7 Z i Z 7 @5 L gog Vrte—m)
Q=1 %d T Xy k= w1 Xdk T Xgp

®)

By utilizing the symbol [3] for ;—i % and A'”@ for % the same
1) @

way for the other cases, we have:

dv duy dv dy, dy dvy  dv  dvg 3
e d T d T 5
m+l

- Z D@ —w) = Y Maw(® T - 50,) Sue) ,

i=1 k= mt+l

m+! E/

+ Z —w: 7:{:% —//1)“”‘” (5/f - er(k—m)) (a)~/f - ‘g‘kw:)

k= m+l Xk T Xk

(9.2)
4 dvyy v dvys  dvyg ~
S S A C p(] =Y (B+P0

dt dr dt dad

k= m+l

- 5:0,) 1686 9.b)

dvg Ay dvgy  dvys dvyg v
[7*7*7*7*7 =L@ty

m+/
= ) Mo, (@ = $,0,) S Vi 9.9
k= mt+1
[d”K vy dyg d”ﬂ] o Iy %
dt dt dt at ; i:lxdi_xg,!/ ‘
m+!
Z Mo, (@ = Si0.) Sy0) ol ©.d)
= m+1 )

where 3B+ )8, = 0and $(Q; + 1)~ =0

4.1 | Design of DFIG controller

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

lZD(a) co)+2 ,/0, i

i=1 i=1%di — X
[ !
2 M/eco — S, ) Sk
k= m+l
m+! !
3 .
= Y 50T Vimin (8 = Bre)
£ = ml Nk T X
m+/ .
- (C?/é - ;S‘/éCL) z M/éco S\kCL) ) YMQ)GE
k= m+l
m+!
+ Z Mo, (@ = 50,) Sein Vi
k= m+l
m+!
. -
+ ) Mo, (@ - 50, Suen B4
k= m+l _

=g + iprc
(10)

85UB017 SUOLUWIOD 3A 181D 3[edldde auy Aq peuienol a1e sajolie YO ‘9SN Jo Sa|nJ 10} AIq1T8ULUO A8|IM U (SUORIPUOD-PUE-SWLBIAL0D" A IM ATeIq1jBu 1 U0//SdNy) SUOTPUOD pue SWwie 1 34} 88S *[£202/80/0€] U0 Akeiqi8ulIuO AB]IA ‘PReog YoIeasay Ui esH Aq 9vSgT ZPiB/6v0T OT/I0p/u0o" A3 1M AleIqijeul U0 YD essa e //Sdny Lol pepeojumod ‘6T ‘2202 ‘G698TSLT



GHAEDI ET AL. | 3803
where ﬁk(é); Sé(E'): A}(V) and j}é(g) are given in Appendix A. d .\ @ dv_p4 % % - Z i z
dr dr dr dr dr s Y
m+l _ F T/i% -
Iprc = = Z Mo, (@ — S, _—(K(k—m) "y
k= mtl My (xp = ) — o .
= X Mo (@ =se) S (14b)
. . & . P . . . .y J = mtl
s (5/5 - 6,.%_”/)) + Sk(5)5ls + S/((g)ek + S/c(f')T/;: + Svk(E’)E,é .
Since for the UPFC 7, = —1,, so 7 is written as follows:

(11.2)

By wusing Vi (6—6,)=17 sind— 1,08 and
Viysin (6 — 6,) = V. (cos8,5ind — s5inb,.co58), we have:
ENT) sindy,
[MM (@ - 5) (—I/M%k(;«dk—xf%)

m+l

bprc = = Z + Sk@)

k=m+1
E)T) cos8,
+ | Mo, (@ — S, (Vr/eL )]
[ ( ) ! M k(X Y’;;)

(11.b)

— 85,0.) + 5681 + Sen Vi + S L )] )

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

My (g = 0,

Uit = — sin (&) [( W — S, ) (1 - 5‘/6,(5))
BT
— S‘é(é)ék - S“M/)V,é - S‘k(b’)E,(C] N (129.)
My (% — x
qu}(’f ‘ ( j% ’ [l/é) cos (5k) (EJ; - Skw;) s (12b)
EkT;{O/@

where K; and K, are positive constants that are chosen sep-
arately to acquire proper damping of fluctuations. By selecting

Upp and U, as given by (12), (10) becomes:
. i D@ —w) i 7;/,01 E_,z
V= — ] ;, — Wy - —/ .
i=1 S xa—xy "
m+! )
- ) KMo (@ - Sw,)” <0. 13)
k= m+l
4.2 | Design of UPFC controller

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

d”/% dﬂpz dﬂp4 dﬂp;) dﬂp() _ ~ F;,

A AN e
m+/ .
Y Mo, (@ - Sw,) 565, (14.2)
J = mtl

B ] 1
ZD(w—w)+Z i E + ) Mo, (@ _—Skw)&(s)
i= F=1Xdi k= mt+1

m+l !
- —— 0, T Vi (8 = O, (@5 — S10,)
&=l Xk T Xy )
m+l N
+ ) Mo, (@ - sl,m)sk@e,&
k= m+l
m+l m+!
+ Y Mo, (@ = 50,) S Vi + Y, Mo, (@7 — $,,) Sy L
| k= m+l k= m+l i

~ |r8; + I./+ 4 =y, i
uivij <Q1/1 I/ <QI// I/ - L'/w,,ﬂ f ”ﬁp fe (1 5)

where i, . = =[P, 9,/ +¢Q,,, -+ 0, /] By substituting the
power flow of UPFC (2), we have

ijﬂ[l)ff = _Bfe Vym’ [OJ‘QU) + Vﬂ’q (T/;a)lj + T/};melf)]

- B, [Vzmwz, + V17, (16)
where 6, =6, —=6,,6, =6, -6,0,=0, =6,

If b, is negatlve the UPFC alds to dampen the oscﬂlatlon
of the system. To achieve this aim:

Ui = kyy (Vi = Vyeos6y;) (17.a)
Uy = kyy (View;; + Vysing;) (17.b)
Uspa = k39 Vis (17.¢)

Uspg = kyy Vi, (17.d)

{/ 9
where ’é.vd’ /é.rq,
separately to acquire proper damping of fluctuations. By select-
ing Uy, and U,,; as given by (12) and 17,5, V,y, 14 and 17, as
given by (17), (15) becomes:

e [§ e § ]

i=1 z—1Xd—X

k;4 and £, ate positive constants that are chosen

m+!
l Y kMo (@

k= m+l

- 50, )Z]
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Controller _[—sed. Mg = JUshdz + Ushqz :
I I
A _1 Usha |
Eq.23 —+——=P1 ] @ =tan™? US |
& { shg :
Eq.24 I 'UPEC control !
b---------------—--—--—--—--—=--—=--—=--—=-=z==z==z=!
| i
|
U I
| drk 2 2
| Vrk - Udrk + Uqu Power :
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[ ar @ = tan~? = ystem :
| ark |
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Xz V;
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=2 1 time-derivative i
Tiz signals VK
Viz « Ok
2order SMO
FIGURE 2  The novel non-linear control configuration
L1 The control laws include time-derivatives. The 17, T7j, 7, 6 ¢
and 61/ due to the presence of noise, cannot be obtained
UPFC L2 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 vatiables as follows:
FIGURE 3 The TMIB system xq =V
. , (19.2)
Xrl =Xp = T/,;’J- = iaja k
. ) 2 . 2
— [BeKa(Vi = Vs8,)” 4 BK (Vi + V8 i = O 195)
2 2 Jk =0k =6
+ By, (Vi) + ByK (1)
o . B =9y
= Vs + YDric; + ””Pﬁ S 0. (18) . .. (19C)
i1 = Rz = 9;‘/

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

Assuming the measurable voltages and angles (17, s =
i,k B ;6,]) are continuous and bounded, improved
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FIGURE 5 The rotor angle of SG and DFIG

TABLE 1 CCT for different controls in TMIB

I =2 +mny

System with Controller CCT (ms) s (20.b)
UPFC Without 214 e =7y
Novel 252 A N
B = Rzt g
DFIG 257 , (20.c)
UPFC & DFIG 264 Rj2 = Wz

where the variables wy,., wy., 1), w3, w1, and w,, are given by
the following expressions:
second-order sliding mode observers are written as follows

34, 35]: . Lo .
[ | wye = =K — x| 2sign (R — x0) — K, (% — x)

El

X1 = &JZ + Myy § = Z., j, £ Wy, = —ax.fl;gﬂ (3,\65.1 _Xﬂ)
, (20.2) (21.2)
X5 = Wy
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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

1
wiy = —=B,0e1 — w1 |2 51 G =) — K, Gt —y41)

wyy = —Qysign Ge1 — Y1)
@1.b)

1
My = —5z|%/1 — | Csign (81 = 21) — K (&1 — %),

wyy = —sign (31 — 1)
1.0

2.5 3 3.5 4 4.5 5

Time (sec)

a,, B, and K. (r = x, y, ) are the positive tuning parame-
T X525 by = IR T IR
b =Jk2 Tk 6 = Rt — Xy and e, = 30 = g the
following dynamics errors equations are acquired:

ters. Taking e, = X1 — x5, €, = X

1
. —_ 2 7
m e fan)
by, = —Q.5ign (exn)

!
. _ 2 .
by = —Key, — ﬁ,)’ Opr | 58" (6))’161 ), (22.b)
b, = —Q,sign (f)}'m)

!
. — — — 2 .
Gin = Kz%ﬂ ‘81|€%'/1 8 (62’5/1), (22.¢)
%_/2 = —az.rzgn (e%/.] )
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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 ate substituted in the controller and finally, the adaptive
controller for the £-th DFIG and UPFC is as follows:

My (g = %) . .
Udrk = _Kr#ﬂﬂ (5&) [(Cl)k — 5&%) (1 — jk(g))
BT
- j/g(é)j’/ez - 3/<([/>5%2 - 5&(5/)5'12] (23.2)

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
(Vis V), Vi, By, 6;) 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.

51 | 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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FIGURE 13 The New England power system network single line diagram
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FIGURE 15

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.

3 3.5 4 4.5 5

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

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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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

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

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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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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