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Second-order Sliding Mode Controller

Ramakrishna Raghutu, P.V.Ramana Rao

Abstract: The presence of DFIG (Doubly Fed Induction
Generator) affecting the stability of the inter-area interconnected
power system due to the lagging response of DFIG under
undesirable conditions like faults. This paper addresses a
Second-order Sliding Mode controller for DFIG to damp
inter-area frequency oscillations of the interconnected power
system. The proposed heuristic controller is a sliding mode
controller of second-order type and works based on the reactive
power capability of DFIG. This novel controller is not affected by
system modeling uncertainties and unwanted parameter
variations. The proposed controller is designed and implemented
on 3-bus interconnected system in MATLAB/Simulink
environment and the results obtained compared with the
conventional controller under different fault conditions to show
the effectiveness. Results demonstrated that the sliding mode
controller effectively damping inter-area oscillations compared
with a conventional controller.

Index Terms: Doubly Fed Induction Generator (DFIG),
Multi-Machine Power system, Sliding Mode Controller (SMC).

I. INTRODUCTION

Due to rapid change in demand, environmental and
economic issues, the need to produce non-conventional
energy sources have developed more popular and acquire the
increasing interest of power generation like solar, wind and
biomass [1]. DFIG type non-conventional energy source was
one of the recommended sources among all non-conventional
energy sources due to the availability of wind [2]. Many
authors proposed different methods for modeling and
controlling of DFIG for increasing the efficiency and also for
stability enhancement. It diminishes the stresses on the wind
turbine produced from wind gusts and turbulence.

On the other hand, the rapid use of wind power penetration
on highly interconnected synchronous generators, the stability
analysis of the interconnected power system is of growing
concern. In the stability analysis, the dynamics of wind
turbines should be cautiously considered, in the
interconnected system low-frequency oscillations are more
prominent and these are of local and inter-area mode
oscillations. Local mode oscillations are due to load or
generations etc., variations in one particular area, whereas
inter-area mode the oscillations in one area will affect other
areas and these oscillations are traveling through tie line
between the two areas [5]. The growth of power electronic
technology and their usage in interconnected power systems
have influenced the power engineers to use various non-linear
controllers in the power system. Various controllers related to
the integrated power system have been extensively described
in the literature [4].

In order to synchronize the wind power generating system
into the existing power grid, various methods developed by
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different operators based on the grid characteristics. In [7],
DFIG based wind farm is synchronized to the grid with
reactive power control and five modes are used for examining
the proposed method effectiveness by monitoring the stator
and rotor power loss of DFIG. In [4], an algorithm is proposed
for the reduction of DFIG torque ripples under unbalanced
conditions. The grid voltage variations are taken as
unbalanced conditions. In [3], wind farm with SVC controller
is synchronized with the grid and feed-forward voltage
control method proposed. In this method, the availability of
SVC reactive power is coordinately controlled with wind
farm to improve the stability. Different models of wind farms
proposed for transient stability enhancement of large
interconnected power systems from various aspects [3-4].

These methods are given relative importance for stability
enhancement of the interconnected power system and at most
importance given for different DFIG models. In this paper, a
second-order sliding mode controller is proposed for stability
enhancement of interconnected systems with inter-area
oscillations. The proposed method is designed in
MATLAB/Simulink environment and tested on 3 bus two
area system.

In this paper dynamic modeling of two area system with
and without wind farm is described in section-Il, sections 111
and IV describe proposed method and results respectively.
Finally, conclusions included in section-V.

Il. INTER AREA OSCILLATIONS IN POWER
SYSTEM

This paper first considers two area two bus system and then
wind farm of DFIG type is included, the resultant diagram is
taken as 3 bus two area system and it is shown in Fig(1).
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Fig. 1 Two machine two-area test system

Table.1 Parameters of a Test system

Component | Parameter details
Tie line 700km length, the operating voltage is
500kv
Hydraulic 1000MW, 500kv g
Power plant | inarea 1 & arg
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Load 5000MW resistive load connected in
area 2

Transformer | 1000MVA transformer at area 1 and

S 5000MVA transformer at area 2 are
connected

DFIG 150MW

Test system parameters are illustrated in table.1
A. The dynamic model of two area system without wind

Power plant
The swing equation describes the behavior of the rotor
dynamics. According to the swing equation [1]

=P, -P )

Where the § is the angle of the internal e.m.f. of the generator
and it gives the amount of power that can be transferred.

H represents inertia constant, P, is mechanical power and P,
is Electrical power.

The swing equation for two area power system is

6:)12 = Hil (Pmechl - Ploadl)_ Hi2 (Pmechz - I:>Load 2 )

1 1)V, .

—| =+ |Lsing, (2)
Hl H 2 VZ

d1,=Relative rotor angle between two generators

wio=relative rotor speed between two generators
815=01-6,

®12= 1~ M2 (3)
B. The dynamic model of two area system with wind
Power plant

When the wind power plant is connected at bus 1 the system
dynamics can be written as

. i (Pmechl + I:)Wind - I:)Load 1 )_ Hi (Pmech 2 PLoad 2 )

1 2

—(lj+|_|1j\\jlsin oy, 4
1 2 2
Here Pying is the active power generated from the wind power
plant From equation 3 the tie-line power between two areas
depends upon the relative rotor angle between two areas and
the reactive power based upon the voltage magnitude of the
buses. The damping can be minimized by injecting reactive
power into the system.[7].

V7 —=V,V, cos?,
Q2 = Quing = ? : X2 = 5)
where Qg is the reactive power transmitted from area 1 to
area 2. Quing is Wind reactive power. in order to keep the
system into synchronism the difference between rotor angles
of two areas should be minimum that is nearly equal to zero
for the ideal case, it is zero. suppose if any disturbance
occurred in the system i.e a double line to ground fault
occurrence or due to unbalance between load and generation
then the system goes into loss of synchronism that leads to
oscillations into the system. for stability concerns, the
oscillations should be damped instantaneously. in this paper
mainly aims to develop a new robust damping controller i.e.
second-order sliding mode controller to damp the system
inter-area oscillations by varying the reactive power of wind
power plant.

w12 =
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I1l. SLIDING MODE CONTROLLER
A. Selection of Sliding Variable

The proposed method aim is to reduce the inter-area
oscillations; this is possible by controlling the variables of the
controller. The controller first variable is ¢ and the second
variable is the first time derivative of ¢ . In this paper, the
control variable ¢ is taken as 6 = ®1»[9],[10] so that the
oscillations will reduce. The typical flow diagram of the
proposed method is shown in Fig.(2).

Start

L)

Measure the rotor speed of the
generators @, @,

Y

Select sliding surface using
equation (3)

Y

Tune the suitable parameters of
gains £,: &

Y

Develop control law using
equation(12)

Fig. 2 The flowchart of Sliding Mode Controller

B. Design of Damping Controller for two area

system
By considering the two-area power system shown in Fig.3,
choosing the relative rotor angle 6,,=0 taken as the reference
angle, the dynamics of the system written ain equation (2)
[9].[10].
From the equation (4) we can get the value of V;
V]_ — V22 - Qwind X (6)

V, cosd,,

Substitute the value of V; in equation (2) we get

. 1 1
w12 = H_l(Pmechl - PLoadl)_ H_Z(Pmechz - PLoadZ)

1 1 \V/sind sins
- + : - Qwind (7)
H, H, \ Xcosé coso

From equation (6) gives the relation between the relative rotor
angle and reactive power of the wind. But here we cannot
change the reactive power of the wind instantaneously. In the
conventional control method, there are two loops, the first one
is taking care of reactive power and the second one is meant
for current control. The
following equations are used
for controlling purpose.
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. 1 1
W12 =_(P - PLoadl)__(P

1 1 sind V22 1000 MVA P, 000 MVA
-t —|—|—=-AQ, , — 8
(Hl HZJCOSé‘[X med wde ( )

A — win
Qu=—"=F "

5AQ () = ) - SQuss O
u(s)
T

Grid end Rotor end
Converter Converter

1
Amed (S)|:S + T j|

u(s)
AQying (8) = %

S+ y
T
Where T represents the equivalent inertia time constant of

DFIG reactive power control loop The control variable of the proposed method is expressed as:

Where u is the additional reactive component; Quing and
Quinat A Qs are the reactive powers of wind and net _ . . .
respectively; A Qp is for damping control. u=-g,sign(c)-g,sign o | (12)

With the discontinuous signum function

©)

Fig.3 Two Area Power System with SMC

From equation (7) we can get

. 1, o¢0
) . . V2 sin G{—l, o 0}
w12 = H—+— sec’ 5.dS TZ_AQwind _Qwind

Where the variables g;>0 and g,>0 are the control gains and

1 2
1 1 \sing . ,, are the sliding variable and it is expressed as:
I T AQO . .
(Hl H, J cosS Qin w12 = F,(W,, 8, AQing 1)+ F,(5,1)

1 1 1 V2 - g, sign(c)— g, sign & (13)
== (_ + _) (72 = AQuing — Quing ]wlz ) ( )

2
H, H,)cos” o for the wind power plant the reactive power limit is

i — ; Qwind min = Qwind S(?wind max
+[i+iJ Smé‘{u Amed:| (10)

H H. |coss T The boundary of control law gives
1 2
Qwind - med min = su <med max Qwind

. u—AQ,.
® d5 = a)lz ' A(?Wind = i
T
- _[1 1 ][_VZ _AQ. . +0 ] _l The reactive power can be controlled by Vg. The vy and v
12 = wind wind 2 12 - . .
H, H, A X 6 can be controlled using PWM technique via dq to abc
(1 N 1 )sin S AQying . 1 1) sins transformation
Mo Hpjooss T T, Teoss” IV. SIMULATION RESULTS
=F (W1z 10, AQ g 't)+ F, (5,t)u (19 '

1 1 Fig.1 is taken as test system and parameters are shown in
Where F(W,,8,4Q,.t) = (H1+H2J table.1. 0.5 p.u. is the maximum DFIG reactive power with a
step regulation of 0.1 p.u.

sing AQ, (V) 1 . . L
— -t AQ, +Q, + Qso ——W, The simulation results are explained in three cases depends on
coso T s? S
the type of fault created.
(6.t = [ j sin & CASE:1
H, JTcosd A three-phase fault is created at the transmission line and neat

at bus 1 are simulated respectively. The fault occurs at t=1 s
and cleared after 1.01 s. rotor angles, rotor speed, tie-line
power, voltage and wind
active and reactive power
deviations are shown in
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figures 5 to 10. In these figures, blue colour curve indicates
wind with conventional represented as without controller and
red colour indicates with proposed controller represented as
with the controller
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Fig. 4 Relative rotor angle deviation of generators
Fig.4 illustrates the deviation of the rotor angle with respect to
time. The conventional controller is taking more than 1 sec for
damping this oscillation, whereas the proposed controller is
damping this within 0.1 sec with reduced peak overshoot.
Fig.5 illustrates the deviation of rotor speed with respect to
time. The conventional controller is taking more than 1 sec for
damping this oscillation; whereas the proposed controller is
damping this within 0.2 sec.

Fig.6 illustrates the deviation of tie-line power with respect to
time. The conventional controller is taking more than 1 sec for
damping this oscillation; whereas the proposed controller is
damping this within 0.2 sec.

Fig.7 illustrates the deviation of voltage at bus 1 with respect
to time. with the conventional controller, the oscillations in
voltage are still existing after 1 sec also; whereas the proposed
controller is damping this within 0.2 sec.

Figs.8 & 9 illustrates the deviation of real and reactive powers
with respect to time respectively. With conventional
controller, the oscillations in voltage still exist after 1 sec also;
whereas the proposed controller is damping this within 0.2
sec.
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Fig. 5 Relative rotor speed deviation of generators
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Fig. 7 Voltage Stability during three-phase fault
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Fig. 8 Dynamic response of wind active power
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Fig. 9 Dynamic response of wind active power
Case 2:
Increase in load

The power output of a synchronous generator is given as

sind

From the above equation, it is clear that the increase in load
angle 6 increases the power output provided field excitation
and the generator terminal voltage is kept constant. In the
second case, the load is increased to 10% of total load at 1 sec
and removed at 1.02 sec. The sliding mode controller
regulates the reactive power of DFIG to damp the oscillations
immediately. The transient
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Fig. 6 Tie Line Power between two areas
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Fig.10 illustrates the deviation of the rotor angle with respect
to time. The conventional controller is taking more than 5 sec
for damping these oscillations; whereas the proposed
controller is damping this within 1.5 seconds.

Fig.11 illustrates the deviation of tie-line power with respect
to time. The conventional controller is taking more than 6 sec
for damping this oscillation; whereas the proposed controller
is damping this within 1.5 seconds.

Fig.12 illustrates the deviation of rotor speed with respect to
time. The conventional controller is taking more than 5 sec for
damping this oscillation; whereas the proposed controller is
damping this within 1.5 seconds.

Fig.13 illustrates the deviation of voltage at bus 1 with
respect to time. With the conventional controller, the
oscillations in voltage still exist after 6 sec also; whereas the
proposed controller is damping this within 1.5 seconds.
Figs.14 & 15 illustrates the deviation of real and reactive
powers with respect to time respectively. With conventional
controller, the oscillations in voltage still exist after 6 sec also;
whereas the proposed controller is damping this within 2
sec.
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Fig. 10 Relative rotor angle deviation of generators

during an increase in load
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Fig. 11 Tie Line Power between two areas during an
increase in load
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Fig. 12 Relative rotor angle deviation of generators
during increase in load
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Fig. 13 Voltage Stability during increase in load
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Fig. 14 Dynamic response of wind active power during
increase in load
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Fig. 15 Dynamic response of wind reactive power during
increase in load

Case 3:

Decrease in load

In the third case load is decreased to 10% of total load at 1 sec

and removed at 1.02 sec. The sliding mode controller

regulates the reactive power of DFIG to damp the oscillations

immediately. The transient responses of the system after the

decrease in load are given in Figs. 16 to 21

Fig.16 illustrates the deviation of the rotor angle with respect
to time. The conventional controller is taking more than 6 sec
for damping these oscillations; whereas the proposed
controller is damping this within 1 second.

Fig.17 illustrates the deviation of rotor speed with respect to
time. The conventional controller is taking more than 5 sec for
damping this oscillation;
whereas  the  proposed
controller is damping this
within 1.5 seconds.
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Fig.18 illustrates the deviation of tie-line power with respect
to time. The conventional controller is taking more than 6 sec
for damping this oscillation; whereas the proposed controller
is damping this within 1.2 seconds.

Fig.19 illustrates the deviation of voltage at bus 1 with respect
to time. With conventional controller, the oscillations in
voltage still exist after 6 sec also; whereas the proposed
controller is damping this within 1.4 seconds.

Figs.14 & 15 illustrates the deviation of real and reactive
powers with respect to time respectively. With conventional
controller, the oscillations in voltage still exist after 6 sec also;
whereas the proposed controller is damping this within 1.2
seconds.
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Fig. 16 Relative rotor angle deviation of generators

during decrease in load
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Fig. 17 Relative rotor angle deviation of generators
during decrease in load
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Fig. 18 Tie Line Power between two areas during
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Fig. 19 Voltage Stability during decrease in load
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Fig. 20 Dynamic response of wind active power during

decrease in load
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Fig. 21 Dynamic response of wind reactive power during

decrease in load

V. CONCLUSION

This paper proposed a sliding mode second-order controller
for DFIG for damping inter-area oscillations. The
effectiveness of the proposed controller is examined in three
cases; in all the cases the proposed controller is effective.
Proposed method damping oscillations within 2 seconds
maximum irrespective of disturbance under any case. The
simulation results have demonstrated the performance and
robustness of the recommended damping controller
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