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Abstract

proposed approach.

This paper presents a novel composite wide area control of a DFIG wind energy system which combines the
Robust Exact Differentiator (RED) and Discontinuous Integral (DI) control to damp out inter-area oscillations. RED
generates the real-time differentiation of a relative speed signal in a noisy environment while DI control, an
extension to a twisting algorithm and PID control, develops a continuous control signal and hence reduces
chattering. The proposed control is robust to disturbances and can enhance the overall stability of the system. The
proposed composite sliding mode control is evaluated using a modified benchmark two-area power system model
with wind energy integration. Simulation results under various operating scenarios show the efficacy of the
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1 Introduction

Increases in energy demand and environmental awareness,
government clean energy policies, increased inflow of
funds and reduced cost have resulted in huge renewable
energy development and generation [1]. Among the differ-
ent renewable power generation methods, wind energy
dominates because of its mature technology and the abun-
dant wind resources in many nations. According to Navi-
gant Research, 51.3 GW capacity of wind energy was
installed in 2018, reflecting the interests among producers
and governments for cheap and clean renewable energy
generation. Doubly fed induction generators (DFIGs) are
one of the main wind-energy conversion systems (WECS)
[2, 3]. They are extensively used owing to features like re-
duced converter rating, two-degree freedom in controlling
active and reactive power and high conversion efficiency.
A DFIG wind energy system with conventional vector
control regulates active and reactive power independently,
while its active power reference is computed based on the
maximum power point tracking, which in turn depends
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on the wind speed [4, 5]. As the performance of a DFIG
system largely depends on the control, early research was
mainly focused on the optimal DFIG control by tuning
the controller parameters [6, 7]. Emphasis was then grad-
ually moved towards application of nonlinear control
techniques [8-11].

Transmission interconnections are necessary for reliable
and efficient operation of the power system. Integration of
renewable energy with the grid reduces the inertia of the
system and may adversely affect system stability [12]. Con-
ventional power system stabilizers are deployed at gener-
ating stations with synchronous generators to suppress
power oscillations. However, the performance of these sta-
bilizers is limited to local modes, while FACTS controllers
like SVC, STATCOM, and UPFC have been used to
mitigate inter-area oscillations [13—15]. The installation of
PMUs at various nodes in the power system enables
continuous monitoring of inter-area oscillations. The use
of a PSS-based supplementary damping controller in a
DFIG system to reduce inter-area oscillations is imple-
mented in [16]. However, preliminary research was fo-
cused on developing supplementary control using active
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power, whereas it has been observed that reactive power
regulation can be more effective [17]. Thus, suppression
of inter-area oscillations could be further enhanced by
regulating both active power and reactive power output of
the DFIG system [18]. Proportional-resonant controller-
based power oscillation damping is proposed in [19], while
most of the research on damping of inter-area oscilla-
tions is based on a lead-lag compensator [20-22].
However, the performance of the controller cannot be
assured for large disturbances in the system as the
design is based on a linearized model of the power
system around an operating point.

Nonlinear  control methods like input-output
linearization, adaptive dynamic programming etc. have
been developed [23, 24]. As power system networks are
highly distributed and can exposed to many types of dis-
turbance, there is a need to develop robust controllers.
Additional damping control based on disturbance rejec-
tion is proposed in [25], and a wide-area control design
based on line potential energy and an extended state ob-
server is proposed in [26]. However, such controllers en-
counter a key challenge in guaranteeing finite time output
tracking. Sliding mode control is a robust control mechan-
ism that can ensure finite time output tracking, so a sec-
ond order sliding mode based on twisting law is proposed
in [27, 28]. However, although it is highly robust, the out-
put of the differentiator is sensitive to measurement noise.

The objective of this paper is to design a robust com-
posite wide area controller (WAC) for a DFIG wind en-
ergy system, combined with RED and DI controls. DI
control is a recently proposed novel control based on
the combination of the super twisting algorithm (STA)
and PID control. To compensate for the non-vanishing
disturbances, a discontinuous integral term is added to
the STA control output and a two-stage differentiator is
developed to obtain the real-time differentiation of the
relative speed signal. This is robust to measurement
noise and uncertainties [29, 30]. Features viz. finite-time
convergence, robustness to disturbance and reduced
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chattering are achieved by applying DI control [31, 32].
A supplementary WAC signal is thus generated to regu-
late the reactive power of a DFIG system through its
RSC.

The main contributions of the paper are as follows:

i. A composite wide area control combined with a
robust differentiator with discontinuous integral
control is proposed to suppress inter-area oscilla-
tions using a DFIG based wind energy system.

ii. The use of RED is to obtain a real-time differenti-
ation of the relative speed immune to noise in the
PMU measurements. A DI controller generates a
continuous control signal and thus reduces the
chattering.

iii. The proposed strategy is simple to implement and
is robust to disturbances.

The rest of the paper is organized as follows. Section 2
discusses the dynamics of the two-area power system
model with a DFIG in one area, while Section 3 de-
scribes the design of the proposed composite wide area
control. Section 4 analyzes the simulation results with
the proposed controller and concluding remarks are
given in Section 5.

2 System configuration and dynamic model of a
DFIG system

2.1 Modified two-area power system with wind energy
integration

The system under study is a modified two-area bench-
mark model integrated with a DFIG-based wind energy
system as shown in Fig. 1. Area-1 consists of a hydraulic
generator while area-2 has a synchronous generator.
These two areas are connected by a transmission line
while a DFIG-based wind power plant is connected to
Area-1. A resistive load is connected to Area-2 and
power flows from Area-1 to Area-2.

Synchronous generator
| 350Km

Area-1 ¢

Load-1

)

Wind Farm

-
Area-2

Load-2

Fig. 1 Modified two-area power system model with wind energy integration
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Fig. 2 DFIG wind energy system with WAC

The dynamics of the two-area power system model

1 1
with wind energy integration [27] are given as: ©n = (P1~Pr1) - a, (Py - Pra)
1 1)\ sind (V3
= i Y2 _pQ,-0Q,-0Q,
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Fig. 3 Block diagram of the RSC controller
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2.2 Dynamic model of DFIG
A DFIG wind energy system consists of a wind turbine
coupled to the DFIG shaft. The output of the DFIG sys-
tem is regulated by a back-to-back converter, in which
the GSC regulates the DC link voltage while the RSC
regulates both the active and reactive power output. To
suppress inter-area oscillations, a supplementary control
signal is generated from the proposed WAC unit to
regulate the reactive power output of the DFIG system
as illustrated in Fig. 2. As the main objective is to sup-
press the oscillations, this section focuses on the dy-
namic model of the DFIG machine and RSC control.
The dynamic model of a DFIG generator is repre-
sented as:

dE, ;L 17, N,
= :s,cosEq —wsL—rruq,— ?6 {Ed + (Xs—Xs>zqs}
(4)
dE, ,
%— —SrCOSEd
L, 1 / Y _x);
+wSL_rrudr_F£)|:Eq_( s~ S)lds:| (5)
1 /
. ta = | R+ — (X, - X, ) s -
déZS :% ds s O)STO s s ‘| ds
/ L
s (1 _Sr)Ed - g
1 er
+—— E, + Osigs (6)
XSTO
R+ —— (x,-x)|i
diqS:& Has ™ S+wsTé)< s S) fas = —;E,—w.id.
dat X, . Ly XTy @ ¢
(1-s,)E, - L—rruqr

The outer and inner loop controls are based on PI
controllers as illustrated in Fig. 3. The active and react-
ive power deviations are defined as:

ep = Py — Py (8)

€y = Qref - Qw - AQW (9)

These errors are fed to the PI controllers to generate
the reference d-axis and q-axis current as:
(10)

idr_ref = Kp1€p + Ky epdt
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iqr_ref = KpgeQ + I(Lg / ewdt (11)
The current references are compared with actual
current to generate current errors as:

€qd = lar = ldr_ref (12)

eq = igr = igr_ref (13)
The current errors are then fed to the PI controllers to
generate the control voltages as:

M*dr = I<p2€d -+ I(,‘l / eddt

M*qr = I<p26q + I(l‘g / eth

3 Design of composite wide area damping control
(WACQ)
The objective is to damp out rotor speed oscillation in

finite time with a robust WAC, ie. limw;;,—0. To
t—?tf

achieve this, a combination of RED and DI controls is
proposed.

3.1 DI control
The design of the DI control law is presented in this sec-
tion. Considering the sliding variable as

0 = W12 (16)
the second derivative of o with respect to time is:
g = 1 + x ﬁ AQ, -Q,-Q L
a H, H,/\ X wo w0 02
1 1\ AQ,, sind 1 1 sind
Nt ) (o u
H, H, T cosd H; H, T cosd
(17)
Equation (17) can be represented as:
o :f(w12:67 t) +g(57 t)u (18)
where
_ 1 1 %6 w1 AQ, sind
/= _<E+E)<<7_AQW_QW_QSO> cos? T Tcosﬁ)
Robust E: RSC
M D?ff:rfetnti)a(i;:rt DI Control Controller

Nois‘y PMU
signal

Fig. 4 Proposed Composite Controller
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Equation (17) can also be rewritten as:
02
o :f(COlQ, 67 t) + U (19)
& 01T
where )
0 -
uc = g(8,t)u (20)
-0.1
Though sliding mode control is robust when regu-
lating output in the presence of disturbances, it suf- -0.2
fers from control chattering. On the other hand, PID 03 ;
is effective in driving the output to the horizon but "5 0 5 10 15
only in the presence of constant disturbances. In Wiz <10

order to drive the states ¢ and ¢ in finite time in the
presence of time-varying disturbances, a robust DI
control is proposed which is a combination of a
twisting algorithm and PID control [31]. An integral
term is added to the regular high order sliding mode
control law to compensate for the time varying per-
turbations which cannot be fully compensated for by
feedback discontinuous control.

The control law required to stabilize the system under
persistent disturbances is given by:

U, = —)L1|a|% sgn(o) — Ay

g sgn (d) —/13/ sgn(a + Lad?)dr
(21)
From (20) and (21), there is:

1 1
u= PR ( - Mol sgn(o) -1y

a| sgn ([7) —/13/ sgn (o + /14[7%)4'1)
(22)

The main features of the proposed robust control law
are:
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Fig. 5 a Relative rotor speed deviations; b Reactive power; c

Tie-line power deviations for a three-phase fault with a fault

resistance of 1Q

Fig. 6 2D plot of o and ¢

i. It stabilizes the origin in finite time. In addition,
adding a discontinuous integral term stabilizes the
system even under non-vanishing disturbances.

ii. The continuous control signal avoids control
chattering.

iii. The integral term can be viewed as disturbance
estimation.

iv. Implementation of the discontinuous integral
control requires the derivative of w1,.

3.2 Robust exact differentiator

An ordinary differentiator amplifies measurement
noise, and thus noisy PMU measurements degrade the
performance of the controller with ordinary differenti-
ator. In addition, initial error and large transients dur-
ing convergence of the differentiator will degrade the
controller performance. Therefore, there is a need for a
robust exact differentiator. Considering its advantages
such as finite time convergence, robustness to external
disturbances and insensitivity to measurement noise,
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45 . . . - .
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Fig. 7 Relative rotor angle deviations for a three-phase fault
with a fault resistance of 0.001 Q
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Fig. 8 Relative rotor angle deviations in the worst
fault scenario

RED is used here to obtain the differentiation of the
relative speed signal.

The output of the system in the presence of noise can
be written as:

y=wp+v (23)

A second order RED is employed to estimate the sig-
nal ¢. Given that z; and z, are the respective estimates
of o and 7, and d is the cumulative disturbance of the

system estimated with a pseudo-state z3, the dynamics of
RED are:

. 1 2
z1 = —BMlzi -y sgn(z1-y) + 22 (24)
Zi= - Bz -y sgn(zi-y) + 22 (25)

z3 = -3 sgn(z; -y) (26)

3.3 Composite WAC

The principle of the proposed composite controller is il-
lustrated in Fig. 4. It is a combination of DI control and
RED. With the observed states the new control input is:

1 = = =without WAC
e Traditional
DI Control

Terminal voltage

10 15
timeins

Fig. 9 Terminal voltage in the worst fault scenario

0.5 1 15 2 25 3 3.5 4 4.5 5
timeins

Fig. 10 Relative rotor angle for load disturbance

ue = - h|zif sgn(z1) - dalzs| sgn (d) —/13/ sgn(zl +A4z§)d7
(27)

Defining the estimation errors as e; = x; — 2y, €y = %5 —

Zo, and e3 = x3 — d, the dynamics of the estimation errors
can be written as:

61 = —Blilerf sgn(er) +ex  (28)
¢y = —Blolerf sgn(er) +es (29)

€3 = —IA3 sgn(e;) -d (30)

From the above analysis, the following can be noted:

i. ror |d|<A, the estimation errors under closed
loop operation converge to the origin in finite
time.

ii. Control input compensates for the disturbance
affecting system performance.

iii. The differentiator and controller can be designed

independently.
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Fig. 11 Tie-line power deviations for load disturbance
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Fig. 12 Terminal voltage variations for load disturbance

4 Simulation results and discussion

The proposed composite control is simulated in
MATLAB/Simulink. The benchmark system is ob-
tained by modifying the two-area system demon
model in MATLAB/ Simulink to include a DFIG
wind energy system, while the parameters of the
lumped DFIG and controller are given in Tables 1
and 2 respectively in the Appendix. The efficacy of
the proposed approach is evaluated under different
operating scenarios.

4.1 Noise-free measurements

In this ideal case, the measurements from PMU are assumed
to be noise-free. The DI controller generates the required
reactive power signal for suppression of the inter-area oscil-
lations. The second state ¢ is obtained using the MATLAB
differentiator block. In addition, a three-phase symmetrical
fault is applied to the transmission line connecting the two
areas. The fault is initiated at 5 s and cleared after 5 ms. This
disturbance leads to rotor angle oscillation between the two

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

1 I I I I I I I I I
1 11 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

timeins
Fig. 13 Plots of a 0 and b ¢ with and without RED. Red and
blue colors represent with RED and ordinary
differentiator respectively

Fig. 14 Relative rotor speed in a noisy environment

areas as illustrated in Fig. 5 (a). In the absence of wide area
control, the power oscillations are damped after 10s while
with the proposed DI control, they are damped within 7.7 s.
Reactive power outputs of the DFIG system with and with-
out WAC can be observed from Fig. 5 (b). It can be ob-
served that without WAC, the reactive power is not
regulated while DI control regulates the reactive power. This
demonstrates the superior performance of DI control in
damping oscillations. The Tie-line power deviations with
and without WAC are compared in Fig. 5 (c), while Fig. 6
depicts the convergence of o and ¢ to the horizon.

Figure 7 illustrates the performance of DI control with
rotor angle deviations for a three-phase fault with a fault
resistance of 0.001 Q. As can be seen, DI control damps
out the rotor angle deviations faster with lower under-
shoot when compared to lead-lag compensator based
traditional controller [17], whose details are given in Ap-
pendix. For further analysis, a worst fault scenario is
considered where the system is unstable without WAC.
The rotor angle deviations in Fig. 8 and terminal voltage
in Fig. 9 show the efficacy of the proposed DI controller
for the same worst fault scenario.

In the next case, it is assumed that the load is suddenly
increased by 5% at 1s, and the simulation results are
shown in Figs. 10, 11 and 12. In order to evaluate the
performance of the DI controller under the worst oper-
ating scenario, the synchronous generators are operated
without local PSS. Without WAC, the load change leads
to sustained rotor speed oscillations as seen in Fig. 10.
However, the proposed DI controller effectively sup-
presses the relative rotor speed deviations and this also
results in reduced tie-line power oscillations when com-
pared to the traditional controller as illustrated in Fig. 11.
The terminal voltage also oscillates in the absence of the
WAC after the load disturbance while the proposed con-
troller suppresses the voltage oscillations as shown in
Fig. 12.
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4.2 PMU measurements with noise

Table 1 DFIG Data

DFIG Data

Nominal power 120X 1.5 MW
Frequency 50Hz
Stator Resistance R, 0.00706 p.u
Stator Inductance L 0.171 p.u
Rotor Resistance R, 0.005 p.u
Rotor Inductance 0.156 p.u
Mutual Inductance L, 29 pu

Pair of poles 3

Back to Back converter Data

Nominal DC voltage 1200V

DC capacitance 0.06 F
Wind Turbine data

Pitch controller gain (K,) 500

Max. pitch angle 45°

Table 2 Controller Parameters

M 15
Ay 2.5
A3 0.01
A 0.001
/ 04

A power system is highly nonlinear and stochastic,
and is subjected to various kinds of disturbance. This
necessitates the use of RED to differentiate noisy rela-
tive speed deviations rather than a conventional dif-
ferentiator. Realistic noise in the PMU measurements
is considered in the first case, in which Gaussian
noise with zero mean and covariance of 10™° is added
to the speed measurements. Figure 13 depicts the sig-
nificance of RED. As seen, without RED, noise is
amplified by the differentiator and this in turn affects
the controller performance, while the relative rotor
speed and its derivative estimated using RED show
significant improvements. Figure 14 depicts the rela-
tive rotor angle deviations and it can be concluded
that the proposed composite sliding mode shows su-
perior performance even under noisy environment
when compared with twisting control.

5 Conclusions

A composite WAC has been proposed to suppress
inter-area oscillations by controlling the reactive
power output of the DFIG system during distur-
bances. There are three main contributions of the

(2020) 5:25
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proposed method. First, a robust differentiator is de-
veloped to obtain the real-time differentiation of the
relative rotor speed signal of the uncertain nonlinear
power system. Second, super twisting control is ex-
tended by adding an integral control term to form a
robust DI controller to stabilize power oscillations
even under non-vanishing disturbances. Control chat-
tering is avoided as the control input is a continuous
signal. Third, the robust differentiator is combined
with a discontinuous integral controller to build a
WAC, which is robust to disturbances affecting the
stability of the system.

The proposed control is tested on the benchmark
two-area power system model with a DFIG wind en-
ergy integration. The results for a three-phase fault in
the power system have illustrated that the proposed
composite control significantly improves the transient
stability of the power system even under non-
vanishing disturbances. In the event of three-phase
faults, relative rotor angle deviations with DI control
can be damped earlier than with conventional
methods, while RED is very useful for obtaining the
real-time differentiation with reduced noise impact.
WAC can be designed in coordination with local PSS
to further enhance system transient stability.

6 Nomenclature

DI Discontinuous integral

RED Robust Exact Differentiator

WAC Wide area control

RSC Rotor side converter

GSC Grid side converter

v Zero mean measurement noise

6 Generator power angle

® Generator rotor speed

H Generator inertia

P Mechanical input power

P; Active power demand

V Terminal voltage

Q,, Reactive power supplied by the DFIG system
AQ,, Reactive power for damping

Qyo Reactive power supplied by synchronous generators
and shunt capacitorsX Line reactance

E/d’q Voltage across transient reactance on the d-axis and
q-axis

L,,, Mutual inductance

T\, Time constant of the rotor circuit

u, Stator terminal voltage

u, Rotor terminal voltage

R, Stator resistance

X, Stator reactance

X; Stator transient reactance

iy Stator current
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Ly, L,, Stator and rotor self-inductances 7.
o Sliding surface
z, Estimates of o
z, Estimates of o 8.
d Cumulative disturbance
A1, A2As,Ay DI controller parameters 9
P,.s Reference active power
P, DFIG generated power "
Qrer Reference reactive power )
K, 1 Kyo K3 Ki1, Kin Kiz PI controller parameters
e,» e, Active and reactive power errors 1.
ey e, Current errors
u’ 4, U 4, Control voltages 12
idr rep lgr rer Current references .
7 Appendix

Details of conventional controller: y

The transfer function of the traditional controller is
given by (30):

10. 1+0.07
H(s) = 10( —— + 9078
1+10s/\1+40.21s
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