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This study examines stability improvement of the power system which includes
Double Feed Induction Generators (DFIGs) and Static Series Synchronous
Compensator (SSSC). The proposed nonlinear controller is designed based on the
terminal sliding mode control theory. A sliding mode observer is also developed to
remove the need to access the information of all the state variables. The final closed-
loop of the power system modeling is robust against parameter variations and
uncertainties. The limitations of the control signals in the process of controller
design are also considered. The application of such a method increases the stability
margins and results in higher robustness degrees. A comparison with other
nonlinear approaches such as back-stepping and feedback linearization approaches
is carried out. The results show the faster and more reliable convergence rate of the
power system-controlled trajectories to reach back to the equilibrium point after
occurring a sudden fault. The results are obtained by performing a simulation on
the standard 39-Bus, 10 machines NEW ENGLAND power system.

Nomenclature

8;  Rotor angle of the i" generator
w; Rotor speed of the i generator

X;  Equivalent reactance of DFIG in steady state
0;  Phase of the i generator terminal voltage
T,o;  Time-constant of the i generator excitation coil

E,  Internal voltage of i'" generator in g-axes xq  d-axis steady state reactance of the i generator
Ei Internal voltage of the i generator xg;  d-axis transient state reactance of the i generator
1;;  Stator current of the i generator in d-axis Xqi  g-axis steady state reactance of the i generator
I, Stator current of the i" generator in g-axis

vy  Excitation voltage of the i generator
M;  Moment of inertia of the i'" generator
P,; Mechanical input power of the i'" generator

uy  Signal control of DFIG

8o;  Rotor angle of the i" generator in steady state
wy; Rotor speed of the i generator in the steady state
V;  Amplitude of the i" generator terminal voltage
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I. Introduction

The consumption of electrical energy is increasingly growing in
today’s industrial world. The need for more electrical energy
brings attention and widespread investment in building new
electrical transmission lines and power plants. The problems of
environmental-friendly and safety of the newly built power plants
have also been a major factor in generating electrical energy.
Paying attention to decreasing the amount of consumption of fossil
fuels and pollutant and greenhouse gases in traditional electrical
power plants have paved the way to replace them with solar or
wind power generation. Due to the emerging technological growth
and suitable infrastructure, building wind-turbine power plants has
gained a tremendous amount of attention now. In Germany and
France, the nuclear power plants are rapidly replacing with wind-
turbine ones. For instance, in Germany, five-gigawatt nuclear
power plants are replaced with a thousand wind-turbine plants by
implementing DFIGs [1].

The second factor in the electrical energy industry is the high cost
of constructing new transmission lines to transmit and distribute
electrical power. The increase in power energy consumption with
the natural limitation of the current transmission networks brings
about the problems of insulation, stability, and thermal capacity,
[2-3]. Hence, there is a need to distribute the maximum possible
power through the available electrical networks. Flexible AC
Transmission systems (FACTS) are now spread and installed in
electrical networks as a solution to increase transmission capacity.
One of the important FACTS components is SSSC, [4-6]. In the
SSSC structure, passive elements are not employed. High level of
switching mode in SSSC results in the injection and absorption of
active electrical power at low cost and high speed.

Maintaining the stability of power networks after occurring a
sudden fault is one of the important issues in Transient Stability
Assessment (TSA). Moreover, the power system should also be
robust against unwanted disturbances. Utilizing DFIGs in addition
to SSSC to increase the stability and endurance of power networks
is now a major research trend. Applying a suitable control on
DFIGs, SSSCs and excitation circuits of synchronous generators
will lead to stability improvement [7-10].

In most of the existing research in improving the stability of power
networks, power system stabilizers are developed based on a local
linear model around the operating point, [11, 12]. In this research
area, Linear Matrix Inequalities (LMIs) or Root-Locus methods
are implemented to design a linear control law that stabilizes the
system all around the operating point. However, power systems are
complex nonlinear systems with a high amount of coupling
between their components. They are always under enormous
power demand to be supplied. Therefore, the operating point varies
with different conditions [13]. Hence, assuming local linear
models about the operating point and designing local linear control
laws result in a closed-loop control system with very low stability
margins. Naturally, some researchers have paid attention to
implementing nonlinear control laws to design power system
stabilizers. For instance, the feedback linearization method by

output feedback is implemented in [14] to improve stability with
respect to linear control laws. However, in this approach, the exact
system model is required to be known. However, usually, there is
a need to access high-order derivatives of the signals. Hence,
applying this linearization method is very limited in many cases.
In [15], linearization by output-feedback is offered, in which, the
designer should access the information of all the state variables of
the system. Moreover, this method is not robust against parameter
variations and structured uncertainties. In the literature survey [16-
18], adaptive control techniques for parameter estimation were
implemented. These methods have a higher robustness degree with
respect to the above-mentioned approaches. However, information
on all state variables of the system is needed to be available in the
design methodology. In [19, 20], adaptive backstepping
approaches are developed to cope with the above difficulties in the
design of the nonlinear control laws. However, in this design trend,
the coupling effect of SSSC and DFIG are not equally employed
to improve stability. Moreover, these methods are again not
completely robust performance compared to the existing structured
uncertainty in the power system.

In [21-22], adaptive backtracking and multi-input DSC are used to
improve stability in which the design of the controller is limited by
the number of inputs and outputs. In [23], the transient energy
function (TEF) is used. The main problem of using TEFs is the
complexity of the controller design for large networks.

In this paper, a terminal sliding mode approach is proposed to
enhance the performance of the power system in presence of both
DFIG and SSSC. In this regard, by control of the DC link voltage
profile, DFIG modeling is considered as a synchronous generator.
Besides, another sliding mode observer is also implemented in the
design procedure to remove the need to access the information of
all the state variables of the system. The close-loop observer-based
controller is proved to be stable. In the proposed method, certain
existing limitations on the signals in the system are also considered
in the design stage. The application of such a method increases
stability margins and results in higher robustness degrees.

This paper is organized as follows: In Section 2, a brief review of
the power system modeling which includes both DFIG and SSSC
is presented. Section 3 until 7is devoted to the design procedure of
the proposed control law by applying a terminal sliding mode in
addition to a sliding mode observer. In this section, particular
attention is paid to the implementation of the designed controller
and observer. In Section 8 a simulation is performed to investigate
the application of the proposed controller on the specific power
network. Also, a comparison is made with the existing results in
the literature.
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Fig. 1. a) The schematic diagram of the considered
case study, b) the diagram of DFIG.

1. Power System Modeling
Fig. 1 depicts the general form of the evaluated power system and

the case study. The considered power system consists of nl
synchronous generators, one DFIG component plus one SSSC. It
is assumed that the transmission lines resistances are negligible.
Hence, the transmission lines are modeled only by ?ij = jBj;. In
the formulation of the power system model, the mechanical
power input to the generators is assumed to be constant.
Moreover, the resistance of stators is negligible. The total
consumed power in each bus is modeled by Y; = G; — jB; [24].
The following mathematical model describes the multi-machine
power system including DFIG and SSSC where, V; s 6; are the
amplitude and phase angle of the connected bus voltage,
respectively.
Si = W — Wog

o=t [Pmi _ EqVisin(6,=6) _ Visin2(6,—6,)
M; Xai 2xqi%Xg;
;1 Egxai  Vi(xai — %4;) c0s(6;—6;)
T Taoi <vﬁ R Xai )

(1-a)

. 1 ,
6; = m [—Toi(w; — wo )E; —

Xi_Xl

_ Visin (6; — 0;) + Tp;woug;cos (6;)]
EqiTo;
. Wo Wy - :
i = [ P 22 = BBV (e = 0)
X, Xi—X
3 1 —TEi++ViCOS(5i_9i)+
Ei = T_ i Xl
o To;wouUg; Sin(8;)

1
|:Pr -— (ugzcos(6;) — uglsin(gi)]
g

(1-1b)

1
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n+p n+p n+p

j=1 j=1

j=1
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6; = Z Cin+z,iH; +

j=1
n+p n+p

Z ivnia,jVsj + Z kitnizjm
Jj=1 j=1

1-9

where Eq. (1-a) is related to the synchronous generators. In this
study, governor modeling is not considered as it creates a time
delay in the stability study. Eq. (1-b) models the DFIG, and Eq.
(1-c) describes the bus voltages of the connected buses to the
DFIG, SSSC, and synchronous generators. In the above model,
vy; (excitation voltage of synchronous generators) represents the
control input in the generator excitation circuit, u,; is the control
input of the RSC part of DFIG, and r is the control signal in the
SSSC component [25-26]. Eq. (1-b) models the DFIG. In this
equation, E; is the internal voltage of the i generator, B; is the
reactance of the admittance matrix of the system between the
DFIG and its connected bus. Also, uy; = V,;cos(®,;) is the
applied voltages to the DFIG rotor, where V,; and &,; are
amplitude and phase in polar coordinates, respectively. Due to
the structure of back-to-back DFIG converters and the presence
of a relatively large capacitor in the DC link, if a suitable
controller is not used, it can lead to an adverse effect on the
stability of the system. Here, the dynamics of capacitor voltage
changes are also considered in the equations. Full details and how
to obtain Eq. (1) are given in Appendix A. Eq. (1-c) formulates
the relations between the amplitudes and phases of the
synchronous generators, the DFIG, and the SSSC with its
connected buses. The mathematical Eq. (1) is derived based on
the algebraic power balance equations at buses which
synchronous generators, DFIG and SSSC are connected to. It is
assumed that the SSSC component only generates and consumes
reactive power, and its series reactance is zero [27].
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Here, considering that the SSSC only produces and absorbs
reactive power, the voltage of the capacitor voltage component
related to the SSSC has insignificant changes practically, and for
this reason, its dynamics have been neglected.
I11. Design of terminal sliding mode nonlinear
control law

According to Eq. (1), the goal is to convert the equations into the
form of state Eq. (2) and to design the terminal sliding controller.
Let’s consider the n™-order nonlinear strict feedback with
uncertainty d in the following form:

J'Cl = xz
.QICZ = X3
X3 = X4
@)
Xn-1 = Xn

Xy = F(xq,X0,.., %) + G(x, %3, .., X)U
+d(xy,%5,..,%,)

where x; € R is the i element of the state-vector for i=1, 2, ...,
n, and d represents the uncertainty in the system model with the
upper bound D>0, F, G are differentiable n-th order with G # 0,
and u€ R is the control input. Let’s define a sliding surface in the
following form:

S = x3 + Cx5]%,|%25gn(x,) + ¢y xq |x1[“sgn(x;)  (3)

In the above, ¢, s ¢, are constant design factors and a, s a, satisfy
the condition:
0<a,<1

4)

a;

a, =
2—a,

The sliding surface of (3) can be also written as:
S =x3+ %% + ™ 5)
In the sliding condition, S = 0, we have:
S=x3+Cx,2 + %1 =0 (6)
= X3 = —Cx, %2 — ¢y ™
Therefore, (2) and (6) lead to
X1 = X

(7

Xy = —0X" — o™

Note that ¢; and ¢, are positive scalars that should be designed
in such a way that the polynomial p% + c,p + ¢; becomes a
Hurwitz polynomial. This fact guarantees that the equilibrium
point is stable, and it converges in a limited time. See [28] for
complete proof. Differentiating Eq. (6) and Eq. (2) results in the
following control law:

A sat(uf, ug)

Fig. 2. Saturation function.
u =b7r()[-f(x) + sat(up, ug) — ksgn(s)] (8)
U = —Colp X, "2 Mg — cray X 171X, 9
In the above, sat (uy, u,) is the saturation function depicted in
the below figure:
The assumed condition leads to choosingk =D +1n and
constant n > 0 with u; > 0 as the threshold value.
IV. Implementing the terminal sliding control
design to power system
To apply the theory of the terminal sliding mode technique to the
power system described by Eq. (1), first, it is essential to define
a new set of variables [29]:
X1i = 6; — §jp
X2i = W) — Woj
1 EqVisin(8;—6;)  V;®sin2(8;,—6;)
T

X3i = 2
Xqi 2XqiXai

1<i<n

1 Ws z .
X3 = E [Pmi ;} — BiE; Vi sin(§; — ei)]
n,+1<i<n
(10)
Due to the existing difference between the speed of synchronous
generators and DFIG, xg; is introduced in a different form.
The variables of Eqg. (10) are strictly defined to achieve a suitable
feedback model. Here, x; is the error related to the internal angle
of the generator and the optimal value of the internal angle before
the fault occurs for the i-th machine, x,; is the error of the rotor
speed compared to the synchronous speed, and xj; is the
difference value between the output power and the output of the
i-th machine. Because the studied synchronous generators are of
the salient pole type and the DFIG generator is of the flat-pole
type, the definition of synchronous generators and The DFIG
generator is different. Applying the new set of variables in Eq.
(1):.
X1i = Xzi
Xai = X3
n+2 n+2

. (11)
X3i = fri + Z 8rijVg + z Lyr
= =1

The above equations will transform to the following matrix form
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version:
X, =X,
X, = X; (12)
X3 = Fp + GpVp + Lr
where:
Vi =1[vp1 Vp2 - Vo1 U I’
X =[x x5 0 xgn]"
X = [x21 %22 - 2xpn]"
X3 = [x31 X3z v X3p]” (13)

Now, according to Eq. (12), a new control input of the form U =
GrVe + Lr is defined. This new control input consists of n+1
components.

U=T[u; up . upy]™

In the final stage, with the definition of the sliding surface of the
form:

Si = Xaj  C2iXpi "% + €%y “H (14)
The control inputs will be obtained as:

u; = [—f;(X) + sat(ug, us;) — kisgn(sy)] ug = (15)

—Ci00iX5; “4 T X5 — Cq03 %4 1T X (16)

According to Figure 2, the use of the saturation function causes
a significant reduction in the output chattering phenomenon .
V. Design of the sliding mode observer

In the power system described by Eq. (1), the angle of each
generator rotor and the amplitudes and phases of the terminal
voltages of all the generators are accessible for controller design.
However, the designer does not access the information on the
remaining state variables. Therefore, an observer is needed to
estimate these variables. In this paper, a sliding mode observer is
proposed. The nonlinear system in Eq. (3) which has only one
output is considered in the following way [30-31]:

Xy Xz + g1 (%4, 1)
Xy X3 + g2(Xq, X5, 1)
] : a7
Xn-1 Xp + 8no1 (X1, Xz, eoes X, W)
Xn fn (X, u) + gn (X, u)
Yy =X

where x; represents the state variables, u e R™ is the control
input and y € R is the only output. f; and g; are nonlinear
analytical functions. It is possible to introduce the following
sliding mode observer:

%n
2y + 91 (xp, u) + Aysgny (X — %1)
X3 + g2 (%1, Xy, u) + Ap5gny (X, — %) (18)

fn + gn—l(xlr fzr T fn—l! u)
+/1n—ISgnn—1(fn—1 - J?n—l)
[y, %g, oon, Xy ) + g (1, Xz, v, Xy U)
+/1nsgnn (J?n - 5211)

y=%x
In the above, X; is defined as:
X = X; + Ai_158Nmoy,i-1 (X — %) (19)

where sgnp,qy ;-1 IS, in fact, the sgn;_; which is in series with a
low-pass filter to transform the saturate function from the initial
discontinuous switching function. The function sgn; is defined
below:

sgn;(X; — &) =
0 ,ifexists je {1,..,i—1}
Suchas X, —%; # 0 (20)

sgn( X; — X;) ,other

Due to the presence of the sgn term in the state observer
modeling, there is chattering in the observed states, and
considering that the saturation function is used in the main non-
linear controller, the presence of chattering in the observer states
does not have much effect on the performance of the controller.
In fact, the above function implies that the correcting term
becomes active, if and only if for all j e {1,..,i— 1}, we have
X;—X%;=0. The A; coefficients determine the required
convergence time for the observer.
In order to prove the convergence of the proposed observer, it is
first assumed that e; = x; — X; . This assumption implies that
e; = X, — %;and

é; = e, — A;sgn(e,) (21)

Considering e, = X, — %,, if |e;lmax <4, , then the sliding
surface e; = 0 will be an attracting surface that can be reached
in t; time, which leads to é; = 0. Now, a continuous function
with the name of sgnqis defined in such a way that e, —
A1Sgneq(ey) = 0. This fact results in X, = x,. We also have

SgNeq = SgNmey, therefore,

& =X, — (f(z + Aysgneq (% — f(l)) =X, —X,=0 (22)
Hence, it is obtained that g, (x4, X5, u) — g,(X4, X5, u) = 0. Inthis
stage, for e,, we have é, = e; — A,sing(e,). Similar to the above
procedure, if one has |e;|max < A, then after passing a limited
t, time, e; = e, = 0 and é, = 0, which both leads to
X3 = X3, and

&, = X3 — ()?3 + Axsgneq (%, — ?(2)) =X3—X3=0 (23)
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Continuing the similar path for then — 1 stage, e; = e, =..=
en—1 = 0, which concludes x = x in passing t,,_, time, the error
vector between the actual states and the observed ones converges
to zero.

V1. Implementing the sliding observer for the
power system including both the DFIG and
SSSC

Considering the above procedure in the observer design and Eq.
(1), it will be obtained that:

X, X,
XZ B < X3 )
X3 Fr+U (24)
Y =X,
where Y is the system output, i.e. the angle of the synchronous

generator rotors and the DFIG. According to the above equations,
the sliding mode observer will be defined as below:

{ ’:X1 X2 + A;sing; (X, — X1)
X, |= X5 + Asing, (X, — X,)
%, Fr(X) + UX u) + Assings(X; — X3) (25)
Y=X;
and
X, Xy + AoSingmoy,o (X1 - X1)
X, | = Xz + Assingmoy 1 (Xz — X2) (26)
X3 X3 + A;5ingmoy 2 (X5 — Xs)

The control input U is an input vector that includes the of
synchronous generators excitation voltage and the controllable
voltage of the rotor side converter and the control input related to
SSSC. Details on how to apply inputs are given in Appendix A.

Fig. 3. The Diagram of the proposed terminal sliding mode
controller alongside with the observer for the considered
power system which includes both DFIG and SSSC.

VII. The proposed algorithm for stability
improvement of the power system including the
DFIG and SSSC
In the following flowchart, the general configuration for the
power system under consideration, applying the terminal sliding

mode control law plus a sliding mode observer, is presented.
VIII. Simulation results

To evaluate and validate the effectiveness and performance of the

proposed observer-based controller laws on a power system, a

simulation is carried out. The considered power system is the

standard 39-Bus NEW ENGLAND network. This power system
includes 10 synchronous machines, a DFIG component in Bus
19, and a SSSC one between 16, and 19 Buses. The system
specifications are presented in Appendix B and a more complete
description is offered in [32]:

All simulations are done in the MATLAB software environment.
It is assumed that in the vicinity of G4 of the mentioned power
system, a short-circuit fault occurred and lasted for 100
milliseconds. In the first stage, it is assumed that there is no
control in the power system. The plot of speed deviation of the
G4 generator and DFIG is depicted in Fig. 6-a. As it is observed
from this plot, the power system is all unstable.

0 POWER
= Aomy A SYSTEM [
5 Sliding Mode | X(DX@)XG)|  Terminal sliding | U i
with
Observer mode control
; DFIG
V.0 .
[ | and 1_
§8§C
0
N

x(1)=0° -9

Fig. 3 depicts the schematic diagram of the systems’
performance together with the applied proposed control law:
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time over?

plot the desired parameter:
and quantities

END

Fig. 4 The simulation flowchart of the power system
including both DFIG and SSSC, applying terminal sliding
mode control law and the sliding observer.

In Figure 6-a, the speed deviations are shown. In terms of speed
change, this generator has the highest speed change compared to
other system generators which is about [-5, 5] rad/sec at an
angular speed of 377 rad/sec, and it can change the frequency to
0.9 Hz. Linear controllers certainly cannot be used to improve
stability due to extreme changes in the operating point. In the
second stage, DFIG control input, and synchronous generators
are considered for stability improvements by the terminal sliding
mode scheme.

All simulation is cariad out based on a, = 0.5 .In Figures 6-b and
6-c, the deviations in internal angle and speed of machines after
the short-circuit fault are depicted. It is clear that all the machines
plus DFIG are returned to their equilibrium conditions.

i/\
(610

30

~
)
N/ 29
-3 26

28

o)
-/

e

-
NS

20
7 J'_SSSCJ 1 . —1- N 22

[ kG |

71 (G2)
o/

Fig. 5 The NEW ENGLAND standard 39-Bus power system
which includes DFIG and SSSC.

8 33
- - kil 4‘ 32 T 3
N
3

speed deviation of G4 & DFIG

=

—DFIG
—G:

pm—rlli

i
4

speed deviation(rad/sec)

=
=T
r~

34 5 6 7 8 9 N
fime(sec)

Fig. 6-a Speed deviation of G4 and DFIG without

control.

rotor speed deviation of all generator ang DFIG (rad/sec)

—Gt
—6 |

e
—G5

—G7

G101
—OFIG

15 J
0 02 04 06 08 1 12 14 16 18 2

time(sec)
Fig. 6-b Rotor speed deviation of all generators and DFIG
applying the proposed controller.
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rotor angle deviation of all generator ang DFIG (rad)
T T T T

0 02 04 06 08 1 12 14 16 18 2
time(sec)

Fig. 6-c Rotor angle deviation of all generators and DFIG
applying the proposed controller.

E)écitation voltage of G3(vf3) Excitation voltage of G4(vf4)

=

1
1 0 05 1

0 0.5 1
Ex%itation voltage of G5(vf5)  control of RSC for DFIG(ud)

—

0.06
3
4
a’) 0.08 r——
2 01
0 05 10 05 1

time(sec) time(sec)

Fig. 7. Excitation voltage of G3, G4, G5, and RSC control of
DFIG.

phase diagram of G4

phase diagram of DFIG
o]
0]

-5
-0.02 (o] 0.02 0.04 O0.06 0.08

Fig. 8. The phase diagram of the G4 generator after
removing the fault

In Figure (7), the excitation voltages of generators No. 3, No.4,
No.5, and the control signal of DFIG are drawn due to their
proximity to the fault location and greater effectiveness .For a
better understanding of the phase diagrams G4 and DFIG after
removing the fault are plotted in Figs. 8 and 9.

active power of DFIG (p.u)

C; 0:5 1 1 :5 2
Fig. 10. Changes in the active power of DFIG after
clearing the fault.

10 active power of G4 (p.u)

(0] 0.5 1 1.5 2
time(sec)
Fig. 11. Changes in the active power of the G4
generator after clearing the fault.

terminal voltage of DFIG & G4 (p.u)

1.15 f —DFIG|
—G4
1.1 T
1.05
0 02 04 06 08 1

Fig. 12. Terminal voltages of G4 generator and DFIG after
clearing the fault.

It is evident from the figures that the mentioned variables tend
toward zero with an acceptable speed from their initial conditions
after clearing the fault occurrence.

Fig. 10 and Fig. 11 depict the deviation of one of the important
parameters of stability, that is, the changes in the active power
for the G4 generator and DFIG. Due to the increase of the power
angle during the fault, the power changes are instantaneous, and
their duration is very short. After fault clearing, the controller
should properly dampen these changes.

It is observed from the figures that the active powers converge
to their reference values in 0.3 seconds after the fault. In Fig. 12,
the plot of terminal voltages related to the G4 generator and
DFIG are shown. This figure shows that the terminal voltages
reach their initial values in a short duration of time after the fault
occurrence.



er2ror betwin real state and observed state for X2

ezrror betwin real state and observed state for X3
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Fig. 13. The Error between the actual values and the observed
values for X2 and X3 in all the generators and DFIG.

real and real and
observed state x2 for G4 observed state X3 for G4

—observed state
—real state

-5 ——observed state
——real state

0 0.5 1 1.5 2 0 05 1 15 2
time(sec) time(sec)

real and real and
observed state X3 for DFIG

observed state x2 for DFIG

—observed state
1 —real state
0 R ——observed state
—real state

0 0.5 1 15 2 0 0.5 1 15 2
time(sec) time(sec)

Fig. 14. A Comparison between the real state values with the
observed ones for the G4 generator and DFIG.

To examine the performance of the sliding mode observer,
the errors between the actual and the observed state variables
x2 and x3 are plotted in Fig. 13.

The corresponding observer error reaches zero in about 2
seconds. In Fig. 14, a comparison is made between the actual
states with their observed values for the G4 generator and
DFIG. The figure shows that the DFIG state-variable tends to
its actual value in a short duration of time.
In the following scenarios, the robustness of the designed control
method against the sudden change of the mechanical power input
of one of the generation units and the change of the fault location
and the change of the wind speed, as the input of the DFIG have
been investigated separately.
In Fig. 15, the performance of the G4 generator in the case of
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rotor angle deviation of G4 (p.u) against d(t)=5sin(0.1t) uncertainty
- - 0.08

—with uncertainty
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Fig. 15. A Comparison between the real state values with the
observed Ones for the G4 generator and DFIG under the effect
of noise.
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Fig. 16. Voltage of DC link in DFIG.

imposing uncertainty with the value of d(t) = 10sin(.1t) to the
power system is depicted. The plot shows that adding this
uncertainty does not have a particularly important effect on the
controller performance and the resulting output states. This fact
demonstrates the robustness of the proposed control scheme,
compared to the terminal sliding mode control law to structure
uncertainty in the form of additional noises.

Figure (16) shows the voltage changes in the dc link of the grid-
side converter. According to the figure, it can be seen that the
controller designed for the grid-side converter has been able to
adjust the voltage to the desired value of pre-fault.

To demonstrate the efficiency of the designed controller and its
robustness to the location of the fault occurring, a short-circuit
fault occurred for 100 milliseconds on bus No. 22 near generator
No. 6. In Figure 17, the angular speed changes for generators No.
6 and No. 7, which are closer to the fault, are shown. According
to these figures, both generators become stable after a short
period of time and the controller has performed well against the
fault.
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Fig. 17. Speed deviation of G6 and G7 against occurring
fault at Bus No. 22.
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Fig. 18. Speed deviation and rotor angle deviation of DFIG
against input mechanical power.

Also, considering that changes in wind speed cause changes in
the input mechanical power to the DFIG generator, therefore,
Figure 18 shows the changes in the angular speed and the internal
voltage angle of the DFIG against a decrease in the input
mechanical power by 17% in a period of 200 milliseconds.
According to this figure, it can be seen that the controller
performs well, the angular velocity changes are damped within
1.5 seconds and the DFIG becomes stable.

In order to further investigate, the performance of the proposed
control law, with respect to the other important methods
presented in the literature, a comparison is made with those in
[11] and [16]. Table 2 shows the comparison in terms of
overshoot, rise-time, and settling time resulting from the applied
control law in the presented approach with the multi-input back-
stepping method [16]. This table clearly shows the superiority of
the proposed control law with respect to [16].

TABLE 2: A COMPARISON OF CONTROL
CHARACTERISTICS BETWEEN THE PROPOSED
APPROACH WITH [16].

Nonlinear control design reported in
[16]

Proposed control law in this article

R'se Se_ttlmg Overshoot Rise time Se_ttlmg Overshoot
G3 time time ( U) (SEC) time ( U)
(Sec.) (Sec.) p-u. ' (Sec.) p-u.
Speed 035 25 0.0015 05 50 0.005
deviation
Rotor angle 0.35 2.7 3° 0.1 5.0 15°
Control 0.50 22 05 0.4 7.5 32
signal

TABLE 3: A COMPARISON OF CONTROL
CHARACTERISTICS BETWEEN THE PROPOSED
APPROACH WITH [11].

. . Optimized li trol desi
Proposed control law in this article pHmize |near'con ol design
reported in [11]
F.else Se_ttlmg Overshoot Rise time Se_ttlmg Overshoot
G4 time time (o.u) (Sec) time (o.u)
(Sec.) (Sec.) p-U. : (Sec.) p-u.
Speed 0.28 23 0.0025 0.20 45 0015
deviation
Rotor angle 0.30 2.5 5° 0.15 4.0 25°
Control 0.04 21 125 - - -
signal

Table 3 demonstrates the results obtained by applying the
proposed control law in this paper in comparison with the offered
linear method in Ref. [11]. This table also shows the
improvement in the stability characteristics with respect to the
results of Ref. [11].

IX. Conclusion
In this study, a nonlinear control law based on the theory of
terminal sliding modes is developed for power systems that
include DFIG and SSSC. The main contribution of the paper is
to enhance power system stability and to design a controller to
achieve a robust closed-loop performance. A sliding mode
observer is also designed to provide information on inaccessible
state variables.
In the simulation results section, the 39-bus power system
including DFIG and SSSC was considered, which becomes
unstable by taking into account the mentioned disturbance and
no controller. In the next step the system is stabilized by applying
the sliding non-linear controller. The changes in the excitation
field voltage of the generators and the changes in the DC link of
the DFIG were shown considering the limitations on the inputs.
In the next step, the effectiveness of the observer in estimating
states and their convergence in the minimum possible time was
shown. Next, the robustness of the designed control method
against the sudden change in mechanical change of one of the
generators and the changing fault location and the change of the
wind speed as the input of the DFIG was investigated separately
and the effectiveness of the proposed control approach was
shown. In the end, this method was compared with the linear
controller and the non-linear back-stepping controller, based on
some control criteria that are given in Tables 2 and 3, which
indicate the superiority of the proposed controller over other
methods.
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For instance, according to the simulation results, in Table 3, the
overshot level is decreased by 40% and the settling time is
decreased by 15% compared to the existing nonlinear control
laws.

Appendix A:

The injected model of SSSC:

In order to model SSSC in the power system, it is assumed that
SSSC is located between bus i and bus j as shown in Fig. Al. The
proposed model of the SSSC is a series converter. This converter
can stabilize the voltage of the power system buses and improve
dynamic stability by injecting reactive power into the series
branch [33].

The main goal of SSSC control approach aims to improve
dynamic stability by injecting the appropriate series voltage, i.e.
V... Hence, this controllable voltage of the converter can be
represented by Fig. A.2.

O

JX J f
I
S,

linj
(b)
Fig. A.1. a) simplified model of SSSC, between bus i and bus j,
b) equivalent circuit of SSSC.

Si [Toi(wi —wy)E{ —

E/T.,

itol

X, —

X ! ¢r|

X7 ~V; sin(8;—9;) + T,;wsV,; cos(8; — )]

1 1 o E{Vizsin(&—ei)]

M5 ™, X’

. 1 X; X; —

El’ I [ ! E, !
. ‘X! X

(l:)i =
(A-1)

V cos(6;,—6;))

+T5iwsVy; sin(8; — Pri )]

where, V and 6 are the amplitude and phase angle of the bus
voltages, respectively. X; is the seires reactance of the system
between the i-th DFIG and the bus connected to it. E; is the
internal voltage of the i-th generator, and V,; and &,; are the
amplitude and angle of the voltage applied to the DFIG rotor in
polar coordinates, respectively.

From Fig.A.1 obtained:
Iinj = —jB;Vse

Vse = Vseejcpse (A-Z)
B 1
N Xsij
7i = i 1o v =1 L
o ﬁ]
l)i'j(-)l' I_)/‘—-/.(J/

Fig. A.2. Alternative equivalent injected model of SSSC in power
system.

In Fig. A2, Py, Pgj, Q;, and Qg are defined between bus i-th
and bus j-th as follows:
Ssi = Psi +JjQsi = —BijVser Vi sin(6; — ®yey)
+jBijVsekVi COS(ei - q)sek)
Ssj = st +stj = BijVsekV} Sin(ej - cbsek)
k —JjBijVserV COS(ej - q)sek)
Here it is assumed that the SSSC component only generates and
consumes reactive powerand also the series resistance of the
transmission line on which the SSSC is located equals zero.
Hence, the SSSC voltage angle is determined as follows:
Dy = tan™? ( V; sin(8;) — V; sin(®)) ) (A-4)
=V cos(ej) + V; cos(8;)
Modeling of DFIG used in wind energy production
Fig. 1-b demonstrates the schematic diagram of a wind generator
equipped with DFIG. the equivalent with the definition of
Ugpai = ViiSin(®,;) and ugpqy; = Vcos(P,;) after the state-
space equations can be rewritten as in Eq. (A.5).

Si:(wi_ws)

(A-3)

—Xi —=—; Vsin(8; — 6;)
ETOLX’ sin

)
+ E_f (uag1i€05(8;) + Uggrisin(6;))]
i

oo s |p @s E{V;sin(5; — 6;)
¢ 2H; mt w; X'
E‘i =i[—ﬁE-' +X‘ Xi V; cos(6; — 6,))
T, X X!
+T5; s (UaziSIN(6;) — Ua1;€05(6;))]
(A-5)

Here, design principle is baed on using one of the inputs related
to the rotor control in order to attain a strict feedback form.

!

(w; —ws ) — L Vsin(6; — 6;) +

XETOL

(;)_Z(udfucos(si) + Ugf2;8in(6;)) = (w; — wo; )
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E{(ws — w; ) X —X{
Ugy; = + - V; sin(6; — 6;
azi ws sin(6;) T, X! sin(8;) ' (6 =60
E/cos(6;)

sin(s;)

(A6)
where wg; is the speed rotation of the DFIG generator in the
steady state. Substituting u,,; in Eq. (A. 5):
By replacing u,,; and defining uy,; = ug;, itis finally obtained:

. 1 ,
6 = 2 [~Toi(w; — wo )E; =

EiTy;
Xi _XL .
, Visin(6; — 6;) + Tojwougicos(6;)]
EqiTo;
g . o Wy o :
w; = 20, Pmia)_i_ BiE;V; sin(8; — 91‘)]
N T k. T
A s L+ 2 ; cos(8; — ;)

+Tpiwolg; Sin(5;)
(A7)

The dynamics of DC link capacitor:
By suitably controlling the grid-side converter, it is possible to
control the amount of DC link voltage ripple and the amount of
output reactive power. The following relationship can be used to
obtain the dynamics of the capacitor voltage [31]:

dVyc (A.8)

Cchdc W = [Pr - Rg]

Considering the output voltage of the grid-side converter in polar
coordinates as V=@, , the output power from the grid-side
converter to the generator terminal is obtained as follows:

V.V
P, = ZL=sin(®, — 6,) (A9)
Xg
V.: vV (A.10)
Qg == —ZL=cos(®, — 6,)
Xg Xg
Ugr = Vg cos(®g)ug, = Vsin(®,) (A1)
— _ Ug2
[{q = uglz + ugzz,(Dg = atan (u_g1) (A12)

aresult, the voltage dynamics of the DC link capacitor is obtained
as follows:

. 1 1 (A.13)
Ve = P —— 0;
dc Cchdc [ T xg (ugZCOS( L)
- uglsin(ei)]
Appendix B:

The specification of considered NEW ENGLAND 39-bus power
system is presented here.

TABLE 4: EQUIVALENT SPECIFICATIONS OF WIND-
TURBINE-BASED DFIG.
Xa X4 Xq H
2.605 0.107 0.0107 4

TABLE 5: EQUIVALENT SPECIFICATIONS OF
SYNCHRONOUS GENERATORS.

No H Ra x'd xd xq T'do xl
1 |50 0 0006 0.020 0.019 7.00 0.030
2 130 0 0.0697 0295 0282 656 0.035
3 [35¢ 0 0.0531 0.2495 0237 570 0.0304
4 |28¢ 0 0.0526 0.166 0.670 0.62 0.440
5 |26 0 0132 0.670 0620 540 0.054
6 |34¢ 0 0.050 0254 0241 7.30 0.0224
7 | 264 0 0049 0295 0292 566 0.0322
8 |24: 0 0.057 0290 0.280 6.70 0.028
9 |34f 0 0.057 02106 0205 4.79 0.0298
10 |42 0 0.031 0.100 0.069 10.2 0.0125
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