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Stability Enhancement of DFIG-Based Offshore
Wind Farm Fed to a Multi-Machine System
Using a STATCOM

Li Wang, Senior Member, IEEE, and Dinh-Nhon Truong

Abstract—In this paper, the simulation results of using a static
synchronous compensator (STATCOM) to achieve damping im-
provement of an offshore wind farm (OWF) fed to a multi-machine
system is presented. The operating performance of the studied
OWEF is simulated by an equivalent aggregated doubly-fed induc-
tion generator (DFIG) driven by an equivalent aggregated wind
turbine (WT) through an equivalent gearbox. A PID damping
controller and a hybrid PID plus fuzzy logic controller (FLC)
of the proposed STATCOM are designed to contribute adequate
damping characteristics to the dominant modes of the studied
system under various operating conditions. A frequency-domain
approach based on a linearized system model using root-loci
technique and a time-domain scheme based on a nonlinear system
model subject to a three-phase short-circuit fault at the connected
bus are systematically performed to examine the effectiveness of
the proposed control schemes. It can be concluded from the com-
parative simulated results that the proposed STATCOM joined
with the designed hybrid PID plus FLC is shown to be superior for
improving the stability of the studied system subject to a severe
disturbance than the PID controller.

Index Terms—Doubly-fed induction generator, fuzzy logic con-
troller, multi-machine system, offshore wind farm, stability, static
synchronous compensator.

I. INTRODUCTION

OUBLY-FED induction generator (DFIG) is, currently,

the most employed wind generator due to its several
merits. One of the advantages is the higher efficiency compared
to a direct-drive wind power generation system with full-scale
power converters since only about 20% of power flowing
through power converter and the rest through stator without
power electronics. Another advantage of a wind DFIG is the
capability of decoupling control of active power and reactive
power for better grid integration [1]. However, by connecting
stator windings directly to the power grid, a wind DFIG is
extremely sensitive to grid faults. Moreover, wind energy is
a kind of stochastic energy, implying that the output of OWF
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varies in a certain range due to unstable wind characteristic.
Therefore, the operating point of the power system changes
from time to time when the wind power is integrated with the
power system. Several published papers have discussed how to
reduce the negative influences of the power grid on DFIG-based
wind farms [2]-[6]. In [2], DFIG-based OWF connected to a
power grid through a line-commutated high-voltage direct-cur-
rent (HVDC) with a damping controller located at the rectifier
current regulator of the HVDC link was proposed to contribute
adequate damping to the OWF under various wind speeds and
different disturbance conditions. But this control scheme was
only suitable for the systems having a long distance from OWFs
to onshore grids. In [3], a variable frequency transformer (VFT)
was proposed to smooth the fluctuating active power generated
by the OWF sent to the power grid and improve the damping
of the OWF. These papers, however, just considered a power
grid as an infinite bus that is not a practical power system.

To study the performance of a practical power system, a
multi-machine power system is generally employed to replace
the single-machine infinite-bus (SMIB) equivalent model. In
[4], a DFIG-based wind power plant (WPP) was connected to
a three-machine nine-bus system to compare voltage stability
of the system at a point of common coupling when the system
was with and without the WPP. The dynamic performance
of DFIG-based wind turbines connected to multi-machine
systems under three different configurations was presented in
[5]. A new control strategy for improving fault ride-through
capability of wind farms connected to a multi-machine power
system was proposed in [6], while a small series dynamic
braking resistor was located at the stator circuit of the DFIG
along with a DC-chopper braking resistor. Especially, in-
crease of wind-power penetration could lead to the problem
of sudden disconnection of considerable amount of power
generation in case of a transient fault occurred in the system,
causing the system to be unstable from an otherwise harmless
fault situation. In this case, a static synchronous compensator
(STATCOM) is one of the good candidates for dynamic com-
pensation of reactive power when the voltage is lower than
the normal voltage range. A STATCOM can generate more
reactive power than other FACTS devices like static VAR
compensator (SVC). This is due to the fact that the maximum
capacitive power generated by a STATCOM decreases only
linearly with the bus voltage but it drops off as square of the
bus voltage for an SVC. In addition, the STATCOM normally
exhibits a faster response as it has no significant time delay
associated with thyristor firing (in the order of 4 ms for an
SVC) [7]. In [8], a STATCOM was connected at the point of
common coupling (PCC) to maintain stable voltage and to
improve the power quality by protecting DFIG-based wind
farm connected to a weak grid from going offline during and
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Fig. 1. Configuration of the studied system.

after disturbances. As proposed in [9], a new control strategy
using a full-power wind permanent-magnet generator (PMG)
with a STATCOM to provide reactive power compensation
can be used to improve stability of transient voltage. In [10],
performance of a PMG-based wind energy system employing
a dynamic voltage regulator (DVR) was compared to one of
the system employing a STATCOM. It is recommended to
use a STATCOM in systems with large loads where reactive
power consumption from the grid could cause serious effects
on connected loads. Also in [11], a STATCOM with a fuzzy
logic controller (FLC) was used to enhance power stability
of a two-area four-generator interconnected power system.
Co-operating a PI controller and an FLC applied to improve
dynamic and steady-state performance of a speed controller
based interior permanent-magnet synchronous motor was
proposed in [12]. Simulation and experimental results were
demonstrated that the superior performance of the proposed
hybrid control over conventional fixed-gain PI controller. The
tuning of the scaling factors of a fuzzy PID-type controller
with other fuzzy systems used in the excitation control of a
synchronous power generator connected to an infinite bus
through a transmission line was proposed in [13]. It was found
that PID and fuzzy controller combinations can produce a better
quality control. For the purpose of improving the damping of
the studied power system for grid integration of an OWF, this
paper proposes a STATCOM connected to the interconnected
bus of a DFIG-based OWF fed to a three-machine nine-bus
system for compensating reactive power and maintaining the
voltage at the connected bus. The main contribution of this
study is the hybrid PID plus FLC considered as a new damping
controller which is designed to damp out oscillations of the
studied system.

This paper is organized as below. System configuration and
employed models for the studied DFIG-based OWF fed to a
three-machine nine-bus system using a STATCOM are intro-
duced in Section II. The design procedure and design results for
the PID damping controller of the proposed STATCOM using
pole-placement technique and the designed FLC plus the PID
are depicted in Section III. Root-loci results of system dominant
modes under various operation points as well as comparative
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transient responses of the studied system with and without the
designed PID and the hybrid PID plus FLC damping controllers
subject to severe disturbance are described in Sections IV and
V, respectively. Finally, specific important conclusions of this
paper are drawn in Section VI.

II. SYSTEM CONFIGURATION AND MATHEMATICAL MODELS

Fig. 1 shows the configuration of the studied system. A DFIG-
based OWF of 100 MW and a STATCOM of +50-MVAR are
connected to bus 9 of a three-machine nine-bus system. The
OWF is represented by a large equivalent aggregated DFIG
driven by an equivalent aggregated variable-speed wind turbine
(VSWT) through an equivalent gearbox. The employed mathe-
matical models of the studied system are described as below.

A. Wind Turbine

The captured mechanical power (in W) by a VSWT can be
written by

1 A
Ppn=5p- A Vi - Cp(A, 0)

: M

where p is the air density (kg/m®), A, is the blade impact area
(m?), Vyy is the wind speed (m/s), and C,, is the dimensionless
power coefficient of the VSWT. The power coefficient of the
VSWT (), is given by

Cyle B) = (w_i ey fea b) oxp (—“—7)
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2
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where wyq is the blade angular speed (rad/s), 24 is the blade
radius (m), A is the tip speed ratio, 3 is blade pitch angle (de-
grees), and ¢1 — ¢g are the constant coefficients for power coeffi-
cient C,. The wind speed V3 is modeled as the algebraic sum of
a base wind speed, a gust wind speed, a ramp wind speed, and a
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Fig. 2. Control block diagram for the GSC of the studied wind DFIG.
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Fig. 3. Control block diagram of the employed STATCOM including the de-
signed PID and hybrid PID plus FLC damping controllers.

noise wind speed [2]. The cut-in, rated, and cut-out wind speeds
of the studied VSWT are 4, 14, and 24 m/s, respectively. When
Vw < 14 m/s, B = 0°. When Vi > 14 /s, the pitch-angle
control system activates to increase (3.

The two-inertia reduced-order equivalent mass-spring-
damper model of the VSWT coupled to the rotor shaft of the
wind DFIG through an equivalent gearbox is used. The per-unit
(pu) equations of motion can be referred to [2], [14], and [16].

B. DFIG-Based OWF Model

The stator windings of the studied wind DFIG are directly
connected to the low-voltage side of the 0.69/33-kV step-up
transformer while the rotor windings of the DFIG are connected
to the same 0.69-kV side through a rotor-side converter (RSC), a
DC link, a grid-side converter (GSC), and a connection line. For
normal operation of a DFIG, the input AC-side voltages of the
RSC and the GSC can be effectively controlled to achieve the
aims of simultaneous output active-power and reactive-power
control [15].

Fig. 2 shows the control block diagram of the RSC, and
the operation of the RSC requires ¢4+, and ¢4, to follow the
varying reference points that are determined by maintaining
the output active power and the stator-winding voltage at the
setting values, respectively. The required voltage for the RSC
{(0rw) is derived by controlling the pu ¢- and d-axis currents
of the RSC. The control block diagram of the GSC is shown
in Fig. 3. The pu ¢- and d-axis currents of the GSC, 4,4, and
144w, have to track the reference points that are determined by

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 28, NO. 3, AUGUST 2013

maintaining the DC link voltage V., at the setting value and
keeping the output of the GSC at unity power factor, respec-
tively. The required pu voltage of the GSC (v, ) is derived by
controlling the per-unit ¢- and d-axis currents of the GSC [2].

C. STATCOM Model [16]

The pu ¢- and d-axis output voltages of the proposed
STATCOM shown in Fig. 1 can be written by, respectively,

qutn, = Vdcsta, . k7rlst0, . Cos(abus + astu,) (5)
Vdsta — Vdcstu ‘ k777'.sta ¢ Sin(abus + asta) (6)

where vgst, and vgs4, are the pu ¢- and d-axis voltages at the
output terminals of the STATCOM, respectively; kmsy, and
(vgt, are, respectively, the modulation index and phase angle of
the STATCOM; 6, is the voltage phase angle of the common
AC bus, and Vs, is the pu DC voltage of the DC capacitor
C,.. The pu DC voltage-current equation of the DC capacitor
C,n, can be described by

T/f csta
(ColVicws) = [Taoa = (522 ) |

where p is a differential operator with respect to time ¢ and

Idcsta = iqsta M knbsta, ’ COS(‘gbus + Uésta) + Z.dsta : k'rnsta
° Sin(gbus + asta) (8)

is the pu DC current flowing into the positive terminal of
Viesta, Bm 1s the pu equivalent resistance considering the
equivalent electrical losses of the STATCOM, and i, and
idsta are the pu ¢- and d-axis currents flowing into the terminals
of the STATCOM, respectively. The fundamental control block
diagram of the employed STATCOM including a PID damping
controller is shown in (i) of Fig. 3. The pu DC voltage Vi stq
is controlled by «:, while the AC voltage vy, is varied by
changing km gy, .

D. Three-Machine Nine-Bus System

The well-known three-machine nine-bus power system
which is widely used in power system stability studies was
shown in Fig. 1. The complete parameters of this system can
be referred to [17]. In this paper, each synchronous generator is
represented by a two-axis model whose block diagram is shown
in Fig. 4. In this model, the transient effects are accounted for
while the subtransient effects are neglected. The additional as-
sumptions made in this model are that the transformer-voltage
terms in the stator voltage equations are negligible compared to
the speed-voltage terms and the rotational speed is approximate
to the rated speed of 1.0 pu. The pu differential equations for
the ¢-th synchronous generator are described as follows:

(T0i) P (Ey) = — Egy — (Xgi — X0) Iy ©

(Tho) P (Ep;) = — B + Erpi + (Xai — X;) Lai (10)
(rji)p(wi) = T — [IdiE,/i,,; + [q'i,E:Iq',

— (L:” - th) Idini] - Diwi (11)

p(6¢) = Ww; — 1. (12)

Consider the multi-machine system with constant impedance
loads shown in Fig. 5 whose network has three generators and
three loads. Assume that the three loads are represented by three
constant impedances while three generators are represented by
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Fig. 4. Block diagram representation of two-axis model for the studied SG.

three active sources. Therefore, all the nodes have zero injection
currents except for the generator nodes. This property is used to
obtain the network reduction as shown below. With the relation
between nodal currents and voltages is

I= ?Sys A\ (13)
or
I Y Y vV
-l
0 Y3 Y Vo

where I3 = [Iz1 Irs Ips]? is the injected current vector at
generator nodes, Va1 = [V Vo V3]7T is the voltage vector
at the generator nodes, V3o = [V+ Vo V7 is the voltage
vector at the eliminated nodes, and Y, is the original system

admittance matrix. Expanding the above equations, it yields
Is = Y31 V31 + Y32 Vaoand 0 = Y33V + Y34 Vaa. (15)
From (15), V32 can be eliminated to get

(16)
amn

Iy = (Y31 — Y32 Y5, Yi3) Vs
Y = (Y31 - Y3 Y3 Y33)

where Y is the desired reduced admittance matrix and it has the
dimensions of 3 x 3. Since each generator is modeled under its
own dg-axis reference frame rotating with its rotor, the transfor-
mation from each synchronous generator’s dg-axis rotor refer-
ence frame to the common D()-axis reference frame is shown
in Fig. 6 and can be given as follows:

fo| _ [sinéd;, —cosd;| | fu
Jo|  |cosé;  siné; fyi
where f can be either a current ¢ or a voltage v while é; is the

angle between the g-axis of the :-th synchronous generator and
the common ()-axis.

(18)
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Fig. 6. Transformation from the ¢th synchronous generator’s rotor reference
frame to the common D reference frame.

III. DESIGN OF DAMPING CONTROLLERS FOR STATCOM

A. Design of a PID Damping Controller

This subsection describes the design procedure and design re-
sults of the PID damping controller for the proposed STATCOM
to achieve stability improvement of the studied system using
a unified approach based on modal control theory. The non-
linear system equations developed in the previous section are
linearized around a selected nominal operating point to acquire
a set of linearized system equations in matrix form of [16]

pPX =AX +BU+ VW
Y =CX + DU

19
(20)

where X is the state vector, Y is the output vector, U is the
external or compensated input vector, W is the disturbance
input vector while A, B, C, and D are all constant ma-
trices of appropriate dimensions. To design the PID damping
controller for the STATCOM, W in (19) and U in (20)
can be properly ignored by setting D = V = 0. The state
vector X can be partitioned into three substate vectors as
X = [Xsgs, Xwr-pric, Xsrarcom])t, where Xgcs,
Xwr-prrg, and Xgrarcoa are referred to the system
state vectors of the three SGs, the DFIG-based OWF, and
the STATCOM, respectively. Because wind speed Vi seldom
reaches the rated wind speed of 14 m/s, Vi3 of 12 m/s is properly
selected as the nominal operating point for designing the PID
damping controller. The eigenvalues of the studied three-ma-
chine nine-bus system without DFIG-based OWF and with
the DFIG-based OWF and the proposed STATCOM are listed
in the second and the third columns of Table I, respectively.
The eigenvalues Ay — Asg, Aoy — Azs, and Azqy — Asg listed
in Table I relate to the modes of the three-machine nine-bus



2886

system, the DFIG-based OWF system, and the STATCOM,
respectively. The following points can be found by examining
the system eigenvalues listed in Table I.

1) All modes of the system are almost fixed on the com-
plex plane regardless the addition of the designed PID
damping controller for STATCOM.

2) The modes A; 2 and Aj 4 relating to the rotor angle de-
viation between G1 to G2 (Aéd12) and the rotor angle
deviation between G1 to G3 (Ady3), respectively, are
changed and these modes can be improved by damping
controllers.

The control block diagram of the STATCOM including the de-
signed PID damping controller was shown in (i) of Fig. 3. The
PID damping controller with a first order wash-out term senses
the rotor speed deviation of the G1 and G2 (Aw;s) to generate
a damping signal V., in order to improve the damping ratios of
two modes (A; 2 and A3 4) of studied system listed in Table 1.
Hence, the output signal in (23) is Y = Awis and U = V,, is
the input vector. The transfer function H (s) of the PID damping
controller for the STATCOM in s domain is given by

U(s)  Viu(s)  sTw

Hs)= Y (s) - Awia(s) T 1+sTy

K
(KP-FTI-FSKD)
(21)

where Ty is the time constant of the wash-out term while K p,
K7, and Kp are the proportional gain, integral gain, and deriva-
tive gain of the damping controller, respectively. Taking the
Laplace transformation of (19)—(20), the characteristic equa-
tion of the closed-loop system containing the PID damping con-
troller can be acquired. The input signal in s domain can be ex-
pressed by

U(s) = H(s)Awia(s) = H(s)Y (s) = H(s)CX(s). (22)
Combining (21)—(22), it yields
sX(s)={A+B[H(s)C]} X(s). (23)

The characteristic equation of the closed-loop system including
the PID damping controller is given by

det {sI — [A + BH(s)C]} = 0. (24
When two pairs of the specified mechanical modes (A » and
Aj3.4) are substituted into (24), the four parameters of the
PID controller can be obtained. The design results of the PID
damping controller for the STATCOM are given as below.

Prespecified Eigenvalues

ALQ =-0.85+ ]14 and A334 =-090+ ]80
Parameters of the Designed PID Damping Controller

Kp=-47.21,K; == —183.23, Kp = —33.36,
and Twr =0.42s.

The eigenvalues of the studied three-machine nine-bus
system containing the DFIG-based OWF and the proposed
STATCOM joined with the designed PID damping controller
are listed in the fourth column of Table I. It can be clearly
observed that both A; 5 and A3 4 have been exactly positioned
on the desired locations on the complex plane. Moreover,
the damping ratios of A;» and Az, increase from 0.03842
to 0.06060 and from 0.06824 to 0.11179, respectively. Some
major constraints for selecting the assigned eigenvalues can be
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TABLE I

EIGENVALUES (rad/s) [DAMPING RATIOS] OF THE STUDIED
SYSTEM UNDER WIND SPEED OF 12 m/s

Ei System without System with Sysiem with,
igenvalug OWF and OWF and OWE,
No. STATCOM and
STATCOM STATCOM
PID controller
Ao -0.64457 £j12.643 | -0.5483 £;14.142 -0.85 £514.0*
[0.050916] [0.03842] [0.06060]
Aza -0.62939 +;8.8714 | -0.5533 +; 8.089 -0.90 + j8.0*
[0.07076] [0.06824] [0.11179]
Asg -5.2056 +;7.8469 | -5.2686+;7.8815 | -5.2676 £;7.8901
A7g -5.2419 +57.9464 -52483£;7.943 | -52745+,7.9325
Aoto | -5.2479+,7.9823 | -5.3696£,7.9535 | -5.3844 %,7.9657
USTRES -6.4894, -3.9926 -7.0012, -3.646 -7.4325 +j0.7794
Az 14 | -0.44061£50.9991 | -0.4939 +0.8039 | -0.3258 +;0.8786
Alsis | -0.38165+0.5615 | -0.3706 +,0.5521 | -0.3658 £ 0.6498
A17.18 -0.34982 +0.3445 | -0.2404 £;0.1145 | -0.1812 £;0.1461
A1920 -3.2258,-0.3732 -0.2388, -3.2258 -0.2388, -3.2258
Asim B 87.568 £,179.18 | -87.505 +,179.07
A4 -56.093 +/141.12 | -56.067 141.13
Ars26 -116.42 £;91.274 | -116.45+,91.251
Ar708 -64.781, -41.788 -64.765, -35.564
A2930 -5.7815£15.451 | -5.7816 +,15.451
A313 -28.55,-12.845 -28.555,-12.815
Ass -1.9628 -1.6891
A343s -99.742, -100.12 -100.02, -99.403
Ase37 -0.131 £,0.5424 -0.331 +,0.1837
Asg -0.25609 -0.23011
Asg - -3.7109

*denotes exactly assigned eigenvalues

referred to [16] and [18]. According to the eigenvalue results
listed in the fourth column of Table I and the four parameters
of the designed PID damping controller of the STATCOM
shown above, it can be concluded that the design results are
appropriate to the studied system.

B. Design of an FLC Plus to the Designed PID

This section employs the technique of FLC theorem to design
the hybrid PID plus FLC damping controller shown in (ii) of
Fig. 3. To design the FLC controller, the following fundamental
design steps for a FLC are employed and referred to [19] in-
cluding: 1) fuzzification (FI), 2) decision-making logic (DML),
3) defuzzification (DFI), and 4) knowledge base (KB). Fig. 7
plots the block diagram of this hybrid control system, where
the rotor-speed deviation between G1 and G2, Awyo, and its
derivative, p(Awy2), are fed to the FLC to generate three aux-
iliary gains (K%, K7, and K,) for adding to the three gains of
the designed PID controller (Kp, K1, and Kp) in the previous
subsection to control the phase angle (. ) of the STATCOM.
These incremental gains from the FLC are updated to the gains
of the PID controller using the following rules [12]:

Kpy, :KP—I—K} (25)
K[h:K[-i-K} (26)
Kp, =Kp+ Kp. 27)

This paper utilizes the Sugeno-type fuzzy inference system
since it works well with linear, optimization, and adaptive tech-
niques [10], [11]. Seven linguistic variables for each input vari-
able are used. These are NB (Negative Big), NM (Negative
Medium), NS (Negative Small), ZR (Zero), PS (Positive Small),
PM (Positive Medium), and PB (Positive Big). There are also
seven linguistic variables for output variable, namely, IB (In-
crease Big), IM (Increase Medium), IS (Increase Small), KV
(Keep Value), DS (Decrease Small), DM (Decrease Medium),
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Fig. 7. Block diagram of the proposed hybrid PID plus FLC.

TABLE II
CONTROL RULES OF THE STUDIED FLC

4012 | ng [ NM | Ns | zZR| ps | pm | PB
p(Aw12)

PB KV | IS | IM | 1B | 1B | IB| IB
PM DS | KV | IS | IM | 1B | 1B | IB
PS DM | DS | KV | 1S | IM | 1B | IB
7R DB | DM | DS | KV | IS | IM| 1B
NS DB | DB | DM | DS | KV | IS | IM
NM DB | DB | DB | DM | DS | KV | IS
NB DB | DB | DB | DB | DM | DS | KV

and DB (Decrease Big). The control rules subject to the two
input signals and the output signal are listed in Table II.

IV. RoOOT-LOCI ANALYSIS UNDER
VARIOUS OPERATING CONDITIONS

This section presents the comparative root-loci analyzed
results of the system dominant modes when the proposed
STATCOM is with and without the designed PID damping
controller under widely changed wind speeds. The simulated
wind speed Vi of the DFIG-based OWF is increased from
4 m/s (cut-in wind speed of VSWT) to 24 m/s (cut-out wind
speed of VSWT). Fig. 8(a) and (b) shows the corresponding
root-loci plots for the eigenvalues of the rotor angle between
Gl to G2 (612) and the rotor angle between G1 to G3 (613)
under the selected wind speeds, respectively. It is found that
these dominant modes can maintain stable operation and move
to leftward of the imaginary axis when the designed PID con-
troller is in service. It means that the system is more stable when
the proposed STATCOM is with the designed PID controller.

V. NONLINEAR MODEL SIMULATIONS

This section uses the nonlinear system model developed in
Section II to compare the damping characteristics contributed
by the proposed STATCOM joined with the designed PID
damping controller and the hybrid PID plus FLC damping con-
troller on stability improvement of the studied system under a
three-phase short-circuit fault at bus 9 of Fig. 1. The three-phase
short-circuit fault is suddenly applied to bus 9 att = 1 s and is
cleared at £ = 1.1 s. Although this type of fault seldom occurs
in practical power systems, it is the most critical and the most
severe fault to check whether the studied systems can withstand
such severe system impacts. If the studied systems are stable
when this severe fault is suddenly applied and is cleared by
some protective relays, it means that the studied systems have
ability to remain stable operation when the systems are subject
to other faults such as single line-to-ground fault, line-to-line
fault, etc. It is assumed that the DFIG-based OWF operates
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Fig. 8. Root-loci results of the studied system versus various values of wind
speed condition.

under a base wind speed of 12 m/s while the three-machine
system operates under a stable condition as referred to [17]
and [20]. The simulation results of the proposed system using
MATLAB/SIMULINK toolbox are presented in Fig. 9. This
figure plots the comparative transient responses of the studied
system with the proposed STATCOM without controller (blue
lines), with the designed PID damping controller (red lines) and
with the hybrid PID plus FLC damping controller (black lines).
It is clearly observed from the comparative transient simulation
results shown in Fig. 9 that the proposed STATCOM with the
designed hybrid PID plus FLC damping controller can offer
better damping characteristics than the designed PID damping
controller.

The rotor speeds and the rotor angle derivations of the three
SGs are shown in Fig. 9(a)-(e), respectively. While terminal
voltages of each SG are plotted, respectively, in Fig. 9(g)—(i).
For the responses of the DFIG-based OWF, the rotor speed
and terminal voltage of the DFIG are plotted in Fig. 9(f) and
(j), respectively. Fig. 9(k) presents the reactive power of the
STATCOM. It is obviously seen that the damping of the studied
system is still very poor with the stable time of about 6 s when
the STATCOM is connected to the connected bus (bus 9). By
coordinating with the designed PID damping controller with
the STATCOM, the studied system has better damping and it
is stable at around £ = 4 s.

For more clearly, the percentage of improvement index ()
is used. The transient responses shown in Fig. 9 are assumed to
be similar to the transient responses of a typical second-order
system as shown in Fig. 10. The overshoot refers to an output
exceeding its steady-state value and percent of overshoot (POT)
is an index to qualify the overshoot of a system, POT is calcu-
lated as follows:

— Yss

POT — .yTTL(l.'L'
Yss

x 100% (28)

where 1,4, and yss are the maximum and steady-state values of
iy, respectively. Applying (28), the percentage of improvement
(1) of each figure is calculated and the result is also shown in
Fig. 9 when the studied system is without controller and with
the designed PID+FLC controller. It can be observed that only
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Fig. 9. Transient responses of the studied system under a three-phase short-circuit fault happened at bus 9. (a) Rotor speed of G1; (b) rotor speed of G2; (c) rotor
speed of G3; (d) rotor angle deviation between G1 to G2; (e) rotor angle deviation between G1 to G3; (f) rotor speed of equivalent DFIG-based OWF; (g) terminal
voltage of G1; (h) terminal voltage of G2; (i) terminal voltage of G3; (j) voltage of OWF; (k) reactive power supplied by STATCOM.

Fig. 9(k) (reactive power supplied by STATCOM) has a very
small negative value for y+ of —1%. However, most responses
shown in Fig. 9 demonstrate better damping and stable time
when the studied system is with the designed PID+FLC con-
troller.

It shows that the proposed STATCOM with the designed PID
and hybrid PID plus FLC damping controllers can supply proper
reactive power to the studied system and offer better damping
characteristics to quickly damp out the inherent oscillations of
the studied system than the studied system without controller.

VI. CONCLUSION

This paper has presented the stability improvement of a
DFIG-based OWF fed to a multi-machine system using a
STATCOM. The STATCOM is proposed and is connected to
the connected bus of the OWF to the multi-machine system.
To supply the adequate reactive power to the system, a PID

R 0)
Ymax
y“]ilx_yss
Yss
Yss
t
O

Fig. 10. Transient response of a typical second-order system.

damping controller for the STATCOM has been designed by
using a modal control theory to assign two dominant modes
of the studied system to the desired locations on the complex
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plane. Root-loci plots under various wind speed operating
conditions have been carried to show the effectiveness of the
designed PID damping controller. Moreover, for improving
the performance of the studied system with the designed PID,
a hybrid PID plus FLC damping controller is also designed.
Comparative time-domain simulations of the studied system
subject to a three-phase short-circuit fault at the connected
bus have been systematically performed to demonstrate the
effectiveness of the proposed STATCOM joined with the two
designed damping controllers on suppressing inherent oscil-
lations of the studied system. It can be concluded from the
simulation results that the proposed STATCOM joined with
the designed hybrid PID plus FLC damping controller has the
best damping characteristics to improve the performance of
the DFIG-based OWF fed to the studied multi-machine system
under different operating conditions.
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