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Abstract:

This paper presents the stability-improvement re- sults
of four parallel-operated offshore wind turbine generators
(WTGs) connected to an onshore power system using a
static synchronous compensator (STATCOM). The oper-
ating charac- teristics of each of the four WTGs are simu-
lated by a 5-MW wind permanent-magnet synchronous
generator while the onshore power system is simulated
by a synchronous generator (SG) fed to an infinite bus
through two parallel transmission lines. A damping con-
troller of the proposed STATCOM is designed by using
a pole-assignment approach to render adequate damping
to the dominant modes of the studied SG. A frequency-
domain approach based on a linearized system model us-
ing eigenvalue analysis is performed while a time-domain
scheme based on a nonlinear system model subject to dis-
turbances is also carried out. It can be concluded from the
simulation results that the proposed STATCOM joined
with the designed damping controller can effectively im-
prove the stability of the studied SG-based onshore power
system under various disturbance conditions.

Index Terms:

Dynamic stability, permanent-magnet syn- chronous gen-
erator (PMSG), pole-assignment approach, static syn-
chronous compensator, wind turbine generator (WTG).

I. INTRODUCTION:

ENEWABLE energy is one of the hottest themes in the
entire world today due to the fast and huge consump-
tion of fossil fuels. Some academic researchers have de-
voted to high-capacity offshore wind turbine generators
(WTGs) connected to onshore substations through under-
sea cables.
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Currently, wind doubly-fed induction generators (DFIGs)
and wind permanent-magnet synchronous generators
(PMSGs) have been widely used in high-capacity oft-
shore wind farms (OWFs). From the historical point
of view, a direct-coupled, modular PMSG for variable-
speed wind turbines was proposed and multiple single-
phase outputs were separately rectified to obtain a
smooth dc-link voltage [1]. The dynamic model based
on small-signal stability of a wind turbine (WT) using a
direct-drive PMSG with its power converters and control-
lers was proposed in [2]. A new interconnecting method
for two or more PMSG-based WTGs used in a wind farm
was proposed in [3], and the proposed scheme required
only one externally commutated inverter and only one
dc link. A small-signal47th-order analytical model for
representing the operating characteristics of a direct-drive
PMSG connected to ac grids of widely varying strength
and very weak grids was explored in [4]. A variable-speed
WT-PMSG connected to the power grid through a fully
controlled frequency converter has the reactive-power
control ability to offer required reactive power of the
fixed-speed WT generators connected in series or parallel
to its terminals [5]. The control strategy of a hybrid wind
farm containing a large number of induction machine
(IM)-based WTGs and very few PMSG-based WTGs
to compensate the reactive power requirement of the IM
during faults and mitigate power fluctuations during wind
gusts was proposed in [6]. An integration of a generator-
side three-switch buck-type rectifier and a grid-side Z-
source inverter as a bridge between the PMSG and the
grid was proposed for a PMSG-based WTG while the
experimental validation and simulation studies were
carried out to examine the effectiveness of the proposed
scheme [7]. A simple coordinated control of dc-link volt-
age and pitch angle of a PMSG-based WTG to smooth
wind power fluctuations was proposed [8].
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Regarding the applications of STATCOM to power-sys-
tem stability improvement, the stability enhancement
of power systems using STATCOMs and the damping
controller design of STATCOMs were presented in [9].
A variable-blade pitch of a WTG and design of an output
feedback linear quadratic controller for a STATCOM to
perform mechanical power control and voltage control
under different operating con- ditions were studied in
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[10]. Controller design and system modeling for quick
load voltage regulation and suppression of voltage flick-
er using a STATCOM were explored in [11]. A novel
D-STATCOM control algorithm for enabling sepa- rate
control of positive- and negative-sequence currents was
proposed in [12]. Dynamic characteristics of a power
system with a STATCOM and a static synchronous series
compensator
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Fig. 1. Configuration of the studied SG-based OMIB system containing four parallel-operated PMSG-based
WTGs with STATCOM.

Basically, the grid-side converter of the PMSG-based
WTG can be operated as a STATCOM. Many manufac-
turers also provide this option even for the case when the
WTG is not running. But in a real PMSG-based OWF, it
has several PMSG-based WTGs operating together, and
it is difficult to control reactive power of all WTGs at
the same time to supply adequate reactive power to the
system. Hence, to guarantee good power quality (PQ) of
the system, an additional VAR compensator is required.
In this paper, a STATCOM is proposed as a VAR com-
pensator.(SSSC) through digital simulations were com-
pared in [13]. The application of a STATCOM to damp
torsional oscillations of a series-capacitor compensated
ac system were shown in [14]. The characteristics of us-
ing PSS, static VAR compensator (SVC), and STATCOM
for damping undesirable interarea oscillations of a power
system were compared in [15]. These days, with the fast
advance of high-capacity power-electronics technology,
large commercial wind turbine generators can be prac-
tically employed to contribute high generated power to
power systems, where wind PMSGs with full back-to-
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back converters have proven to be good choices for high-
power WTGs. This paper focuses on modeling the char-
acteristics of four5-MW PMSG-based WTGs fed to an
SG-based power system to examine the effect of large
power penetration to the SG. For improving the damping
of the SG of the OMIB system, a STATCOM joined with
the designed PID controller connected to the common ac
bus of the studied system is proposed.

II.CONFIGURATION OF THE STUDIED
SYSTEM:

Fig. 1 shows the configuration of the studied system.
The right-hand side of Fig. 1 represents the synchronous
generator (SG)-based one-machine infinite-bus (OMIB)
system. Two parallel-operated 615-MVA SGs are con-
nected to an infinite bus (or a power grid) through two
parallel transmission lines (TL1 and TL2) and a 15/161-
kV step-up transformer [16], [17].
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Four parallel-operated PMSG-based WTGs and a  5-M-
VAR STATCOM are connected to the common offshore
ac bus that is fed to the point of common coupling (PCC)
of the OMIB system through a step-up transformer of
23/161 kV and a cable (undersea and underground ca-
bles). Each 5-MW WTG is rep- resented by a PMSG with
an ac/dc converter, a dc link, a dc/ac inverter, and a step-
up transformer of 3.3/23 kV. While the shaft of the
wind PMSG is directly driven by a variable-speed WT.
the four PMSG-based WTGs, the STATCOM, and a local
load are connected to a common ac bus through connec-
tion lines and transformers. The equivalent capacitance
is also connected to the common ac bus. The employed
mathematical models of the studied system will be de-
scribed.

A. Wind Turbine Model and Mass-Spring-
Damper Model :

The captured mechanical power (in watts) by a WT can
be written by

Fu e A Vi s CLIN T (1

where — is the air density “kg=m1"", A, is the blade swept area
“n=_, Viy is the wind speed (in meters per second), and(_ is
the dimensionless power coefficient of the WT. The CL can be
expressed by

C_:?JIIEI A - (1‘;}_;_ - =" qd—=—fg'n — —_) Ip (_?‘I—U_i)
@)

where

1 ] -

— — — ()

e A+—=-97 5-+1

A R.'o”—| : =0y
Vi

where I1i=s,-, is the blade angular speed (in radians per second).
Iy, , is the blade radius (in meters), A is the tip speed ratio,

Fig. 2. Two-inertia reduced-order equivalent mass-spring-

damper model of each WT coupled to the rotor shaft of a
wind PMSG.

@)

Oy

WT
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/i is the blade pitch angle (in degrees), and -y — —- are the con-
stant coefficients for C_. The wind speed V7;- is modeled as the
algebraic sum of a base wind speed, a gust wind speed, a ramp
wind speed, and a noise wind speed [18] while the expression of
('_ can be referred to [19]. The cut-in, rated, and cut-out wind
speeds of the studied WT are 4, 14, and 25 m/s, respectively.
When wind speed 17y is lower than 14 m/s, i " When
Viy > 14 m/s, the pitch-angle control system activates and 7
increases accordingly. Each WT is directly coupled to the rotor
shaft of a wind PMSG and it can be represented by a two-inertia
reduced-order equivalent mass-spring-damper model shown in
Fig. 2 [20]{22].

The per-unit (pu.) equations of motion for the two-inertia
reduced-order WT model are expressed by

=Hpm:. T,—K = —D (5)
“Hypm., K Z=+D w -1 (6)
pl= T T — et (7)

whgre p is the differential operator with respect to time® p

- % [f andfl  are the inertias of the hub and the PMSG,
respectively: 11— and 1| gge thg angular speeds of the hub and
the PMSG, respectively_; .and= _ are the mechanical
damping coefficient, spring constant, and rotor-angle difference
between the hub and the PMSG. respectively: T, and’f, are the
mechanical input torque and the electromagnetic torque of the
PMSG, respectively [21].

B. Permanent-Magnet Generator and Power

Converters

The p.u.d—_ axisequivalent circuitmodel ofthestudied wind
PMSG, where the —-axis is fixed on the machine rotor and ro-
tates at rotor speed, can be expressed by [16] and [17]

T ‘% + %@b_ ®)
1= L v - ﬂt.'l}; ]
1= =
where
o =X+ Xes, =X, (10)

1|'-Ilj— _:)(III—+X'I:E—I+‘YIII—E'I|| _‘Y—E—I—I—‘YIII—E'IN (11}
where ¢ is the per-unit flux linkage, 1, is the per—unit stator
windingvoltage =, is the per-unit stator winding current. X, is
the per-unit magnetization reactance, X; is the per-unit leakage
reactance.s! is the per-unit magnetization cwmrent, 1)), is the
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Fig. 3. Model of power converters of the studied wind
PMSG.

per-unit rotational speed, and is the per-unit base
speed. The power converter of each wind PMSG con-
sists of a voltage- source converter (VSC) and a voltage-
source inverter (VSI) as shown in Fig. 3. The VSC or
the VSI consists of six insu- lated-gate bipolar transistors
(IGBTs). The common dc link with a large capacitor is
connected between the VSC and the VSI. The operation
of the VSC and the VSC is properly decoupled by the
dc-link capacitor and, hence, the VSC and the VSI have
independent controllers.

The input 4 — axis per-unit voltages of the voltage-source
converter (VSC) converter of a wind PMSG can be expressed
by 1 e ([T M-y - resped-
tively. where 1, is the dcdink wveoltage while =, ,,,  and
=l - are the - and _-axis modulation indices of the VSC
converter. respectively. The output J— axis per unit volt-
ages of the VSC inverter of a wind PMSG can be written by
Hinyn =Wy =00 1 and Hiny = TP — | P (R
respectivelv, where Sy, g, are the mOodulation
index and the phase angle of the VSC inverter, respectively. The
fundamental control block diagram of the VSC converter and
the VSC inverter of each of the wind PMSGs can be referred to
Fig. 4. Fig. 4 shows thatyy;,, isresponsible to control the rotor
speed of the wind PMSG 7y, _. and —yp;,,, isused to control the
output reactive power of the PMSG 7()_ =sm,,,, is emploved
to control the de-link voltage -y, - . andgyy,,,, isutilized to
control the stator-winding voltage of the PMSG,,- [23].

and 1,y

C.STATCOM Model:

The per-unit - and -axis output voltages of the pro-
posedSTATCOM shown in Fig. 1 can be written by, re-
spectively

- + 11
[] m, ;“hlu = - (12}
iy A= 0 (13)

e Voo
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where j_,, andy_,, are the per-unit_ - andd -axis voltages
at the output terminals of the STATCOM, respectivelsi q,
and 11,, are the modulation index and phase angle of the
STATCOM. respectively;= ,, is the voltage phase angle ofthe
common ac bus,and V", , is the per-unit dc voltage of the dc
capacitor(”,, [24]. The per-unit dc voltage-current equation of
the dc capacitorn”,,, can be described by

- - r - =17 - 4
G p Vo _I—| w Vo Illl-j?lll-_ (14)
Dr_ref + K inv
v - . B
w—> [i0y 1451
ainv_ min
w,
kmimO
km,
my max
+ Akm, + X
>3 K LU ’
Q ref > g 1+sh 2 ki,
0
Vs_ref + Ky
o, —» fr (o) 4?2)_# —mh
Vg kmcnnq_min
kmcondo
kmcoml_max
Ak N
+ K3 Meond +
Vdc_ref 2 T3 1203 kmMeong
KmMeondmin

Fig. 4. Control block diagram of the VSC converter
and the VSC inverter of each of the wind PMSGs
[23].

where

Lgesta = I-'qsta ket - CUS(Bhu& + Q’sta)

+ idsta * kTgta - SiH(gbus + ‘:fs'.aj (15)

1s the per-unit dc current flowing into the positive termunal of
Viesta. 1l 15 the per-unit equivalent resistance considering the
equivalent electrical losses of the STATCOM, and igs. and
igsta ate the per-umit g- and d-axis currents flowing into the ter-
minals of the STATCOM, respectively. The fundamental control
block diagram of the employed STATCOM including a propor-
tional-integral-derivative (PID) damping controller 1s shown in
Fig. 5. The per-unit dc voltage V..., 1s controlled by the phase
angle v, while the voltage v, 1s vanied by changing the mod-
ulation index km;, . Based on the conclusions of [25] and [26].
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ulation index kmy,,. Based on the conclusions of [25] and [26].
the size of the STATCOM 1n this paper is chosen as £5 MVAR
that 1s equal to 25% of the capacity of the studied OWF. The
procedure to calculate parameters of the proposed STATCOM
1s referred to 1n [26].

IILDESIGN OF A PID DAMPING CON-
TROLLER FOR THE STATCOM USING
MODAL CONTROL THEORY:

This section describes the design procedure and de-
sign results of the PID damping controller of the proposed
STATCOM shown in Fig. 5. The aim of the PID controller
for the STATCOM is to achieve stability improvement of
the studied SG-based OMIB system with four parallel-
operated PMSG-based WTGs. The nonlinear system
equations devel- oped in Section II can be linearized
around a selected nominal operating point to acquire a set
of linearized system equations in matrix form of [27]

Vhus kMgia0 m
sta max

b [
Akmm,+z m

sta
1+s7% ’

Vius ref + X K

kmxtaﬁmin
a.\-m()
a.\‘mimax
K.
1+s7,
asmimin
sTw AP
’ PID 1+sTy !
vcximin
it —1 -
T - 1+57,
Py

Fig. 5. Control block diagram of the employed STAT-
COM including the de- signed PID damping control-
ler [24].
where X 1s the state vector, Y 1s the output vector, U 1s the
external or compensated input vector, and W 1s the disturbance
input vector while A, B, C, and D are all constant matrices
of appropriate dimensions. To design the PID STATCOM
damping controller shown 1n Fig. 5. W 1n (16) and U 1n (17)
can be 1gnored by setting D = V = 0. The state vector X
i (16) and (17) can be partitioned into four substate vectors
as X = ,-KW'l' PMSC XOMIB, XLOCAL, Xsr_a]-]', where
Xwr-prusa. Xowms. Xpocar. and Xgra are referred to the
system state vectors of the four WT-PMSG sets, the SG-based
OMIB system. the local load, and the STATCOM., respectively.
Since the wind speed Vi of the studied WTGs seldom reaches
the rated wind speed of 14 m/s, Vi of 12 m's is properly
selected as the nominal operating point for designing the PID

damping controller.
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Table I lists the eigenvalues of the studied SG-based OMIB
system containing the four PMSG-based WTGs and the
STATCOM (but without PID controller) under the selected
nomunal operating conditions that are: P =09pu., V; =10
pu., PF = 0975 lagging, and Viy = 12 m/s. The eigenvalues (
) ®xn. where n = 3 or 4, listed in Table L, represent the repeated
eigenvalues of the four WT-PMSG sets since four WT-PMSG
sets have identical parameters. Hence, the eigenvalues As. Aj .,
Ag__ ;*I.]z___ A]j.'__ and ;‘5.25 e Ag_r) listed 1n Table I are related to
the modes of the four WT-PMSG sets. The mode Aqq 1s the
eigenvalue that is closest to the imaginary axis in all system
eigenvalues but it is nearly fixed on the complex plane and its
frequency is around 60 Hz. The eigenvalues Ay and Agy listed
in Table I refer to the mechanical mode and the exciter mode
of the studied SG, respectively. They are the modes of low-fre-
quency oscillations of the OMIB system. and these oscillations
are related to the domuinant modes of the studied system. Since

TABLE I:EIGENVALUES (RAD/S) OF THE

STUDIED SYSTEM UNDER NOMINAL
OPERATING CONDITIONS
System with STATCOM but | System with STATCOM and
without PID controller PID controller
A -100 -100
Ay -25.727 + 89496 -25.727 + ;89496
A3 -32.393 + 88736 -32.393 + ;88736
Ay (-4.504 + j6.9726x10°) x4 (-4.504 + j6.9726x10°) x4
As (-4.7032 % j5.9666x10°) x4 | (-4.7032 = j5.9666x10%) x4
Ag -233.69 + /13938 -233.69 ;13938
A7 -235.81 + /10672 -235.81 ;10672
Ag (-233.75 +j8923.1) x3 (-233.75 +j8923.1) x3
Ao -36.267 +;2047.8 -36.766 +;2047.8
Ao -24.492 + ;746.93 -20.703 +;747.32
A -652.29, -629.07 -652.29, -628.88
Ap -0.072063 +376.99 -0.071912 +;376.99
Az -227.25, -131.31 -230.62, -133.62
Ay (-471.33) x3 (-471.33) x3
As -12.686 +;76.874 -12.687 +,76.876
Ag -92.814 +;24.814 -95.532 +36.825
Az (-12.52 £ /76.862) x3 (-12.52 £ /76.862) x3
Ajg -99.557, -34.936 -101.76, -34.938
A -1.8089 +;11.216 -1.7995 +;10.87
A -0.62329 +,10.247 -1.5 +10*
Aoy -8.9828 +;10.767 -8.9863 +;10.771
Axn -15.803, -0.65861 -14.746, -0.64091
A -100.66 +;0.16538 -100.63, -99.544
Aoy -0.59538 +,1.5984 -0.65 +1.6*
Aos (-100.61) x3 (-100.61) x3
Ao (-103.53 +/17.853) x3 (-103.53 +/17.853) x3
Ay (-99.528) x3 (-99.528) x3
Asg (-2.3609 +;22.862) x3 (-2.3609 +;j22.862) x3
Ay (-0.68174) x3 (-0.68174) x3
Aso -6.9848 -0.8276 +;2.2942
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Fig 6. Steady-state root-loci results of the studied system versus vanous values of system operating conditions. (a) Mechanical mode versus Fr; . (b) Exciter

mode versus Pr;. (¢) Mechanical mode versus V. (d) Exciter mode versus V5. (e) Mechanical mode versus PF. (f) Exciter mode versus P F . (g) Mechanical
mode versus Vi . (h) Exciter mode versus V.

their positions are close to the imaginary axis but not fixed on The control block diagram of the phase angle v, of the
the complex plane, their damping needs to be improved by STATCOM meluding the PID damping controller was shown in
using the designed damping controllers. The selection of the Fig 5. Ttis seen that the proposed PID damping controller senses
two modes 1s according to the experiences accumulated by the  the active-power dewviation of the transmission line [AF,) to

authors for several years [24]. [27]. generate a damping signal v, in order that the damping char-
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Fig. 7. Transient respenses of the studied system with and without the designed PID STATCOM damping controller subject to a three-phase short-cireuit fault.
(a} Fl N (b} Q'_ s {[‘) nyu'_urr.- (ED Qx_.,...-_w.-_. (E) P_‘-;{.'. {f) QH{: ) {g) &. CI]:J Wesd . {1) Q..m. (:]) .F'..-_... ﬂi) T-"Pt:u. (l) LA TP

acteristics of the poorly damped mechanical mode Aoy and ex-
citer mode Agy of the SG listed 1n Table T can be effectively
enhanced Hence, the output signal in (17) 15 Y = AF; and the
input signal in (16) and (17) 1s U = v... The transfer function
H(2) of the proposed PID STATCOM damping controller in &
domain 1s given by

U(s) _ vaals) _
Y(s) AP(s) 1+sTw

ty (Kp + % +sKp

(18)
where Ty 1s the time constant of the wash-out term while K .
K. and Ky are the proportional gain, mntegral gain, and deriva-
tive gain of the damping controller, respectively. Taking the
Laplace transformation of (16)(17). an algebraic equation of
the closed-loop system contaiming the PID STATCOM damping
controller can be acquired. The mnput signal m the s domamn can
be expressed by

His) =

U(s) = H(s)AP(s) = H(s)Y(s) = H(s)CX(s). (19)

Combining (18) and (19), it yields
sX(5) = {A+B[H(s)C]} X(s). (20)

The characteristic equation of the closed-loop system. n-
cluding the PID damping controller. 1s given by

det {s1 — [A+BH(s)C]} =10 (21)

When two pairs of the prespecified mechanical mode and ex-
citer mode (Ao and Mgy ) are substituted into (21). the four pa-
rameters of the PID controller can be solved. The design results
of the PID STATCOM damping controller are given as follows.

Prespecified eigenvalues

Aug = — 0.65 £ 71.6 (Exciter mode of SG).

Paramefers of the designed PID damping coniroller

Kj' — —].l? K; = —bZZKU — —U.n'—J]..TH.' = 1.16 s.

The system eigenvalues of the studied SG-based OMIB
system containing the four WT-PMSG sets, the proposed
STATCOM, and the designed PID damping controller are listed
in the third column of Table I It can be clearly observed that
Agp and Aoy have been exactly located on the desired locations
on the complex plane. Some major constraints for selecting
the assigned eigenvalues can be referred to in [24]. From the
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eigenvalue results listed in the third column of Table T and
the four parameters of the designed PID damping controller. it
can be concluded that the design results are appropriate to the
studied system. Steady-state analysis of the mechanical mode
and exciter mode under different operating conditions using
root-loct scheme will be performed 1n the next section.

The design procedure for the PID dampmg controller 1s easily
understandable, systematic. and useful. One of the main advan-
tages of this design approach is that the proposed PID damping
controller can be easily designed by exactly assigning the dom-
inant modes of the studied system to the desire locations of the
complex plane. In fact. PID controllers have been practically
applied to industry process control and various systems or de-
vices. The main drawback of this method in a real system comes
from the fact that the parameters of the controller must be care-
fully tuned since uncertainty could exist in the studied systems.
To perform this task, advanced knowledge for setting up such
PID controllers 1s required to avoid errors, or an autotuming
method has to be employed. It 1s common that commercial PID
controllers offer autotuning functions. The operators can start
the autotuning functions via some buttons and/or menu choices
on the PID controllers. The controllers then automatically ex-
ecute preplanned experiments on the uncontrolled processes or
the control systems depending on the autotuning method 1mple-
mented. Although other robust control techniques can be more
effective than PID controllers, PID controllers still can be prac-
tically employed in various control systems with acceptable ac-
curacy. Moreover, a robust controller requires much time to de-
sign since system uncertainties have to be included in the design
process while robust controllers are not widely applied to prac-
tical systems.

IV. ROOT-LOCI ANALYSIS

This section presents the root-loct analyzed results of both
mechanical mode and exciter mode of the SG when the oper-
ating conditions are widely varied. The simulated wind speed
Vi of the four PMSG-based WTGs increases from 4 (cut-in
wind speed of WT) to 24 m/s (cut-out wind speed of WT) with
a step-wise change of 1 m/s. The output active power of the SG
{ Pg) 1s increased from 0.5 to 1.5 pu. the terminal voltage of the
SG (V;) is increased from 0.8 to 1.2 pu, and the output power
factor of the SG (FF') 1is increased from 0.6 to 0.975 lagging.
Fig. 6 plots the root-loci results of the mechanical mode and
the exciter mode of the SG under the selected operating condi-
tions. Each start symbol (*) m Fig. 6 presents one wind-speed
condition. The root-loci results shown mn Fig. 6 are analyzed as
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a) Fig. 6(a) and (b) shows the root-loci results of the mechan-
ical mode and the exciter mode under different values of
Fe;. respectively. It 1s found that mechanical mode and

exciter mode always move away from the imaginary axis,
and they can be maintained stable by the control scheme
when Py mcreases. When P increases, the imaginary
parts of mechanical mode and exciter mode are nearly
fixed.

b) Fig. 6(c) and (d) illustrates the root-loci characteristics
of the mechamcal mode and the exciter mode under dif-
ferent values of V}, respectively. It 1s seen that mechanical
mode moves toward the imagmary axis while the exciter
mode moves away from the imaginary axis when 1} in-
creases. Both modes can be stably operated by the control
scheme when V; changes. When V; increases, the imag-
inary part of the mechanical mode 1s shightly increased,
but the imaginary part of the exciter mode 1s nearly fixed.

c) Fig. 6(e) and (f) plots the root-loct outcomes of the me-
chanical mode and the exciter mode under different values
of PF, respectively. It 1s observed that, again. the me-
chanical mode moves toward the imaginary axis while the
exciter mode moves away from the imaginary axis when
PF increases. Both modes can be kept stable operation
by the control scheme when /F changes. Agamn. when
PF increases, the imaginary part of the mechanical mode
1s slightly increased, but the imaginary part of the exciter
mode is nearly fixed.

d) Fig. 6(g) and (h) draws the root-loct results of the me-
chanical mode and the exciter mode under different values
of Vi, respectively. Tt 15 discovered that the mechanical
mode moves away from the imaginary axis when Viy is
increased from the cut-in wind speed to the rated wind
speed. However, the mechanical mode moves toward the
imagmary axis when Viy 1s increased from the rated wind
speed to the cut-out wind speed. The exciter mode always
moves away from the imaginary axis when Vjy increases.
When Vi increases. both modes can be maintained stable
by the control scheme.

V. TIME-DOMAIN SIMULATIONS:

This section utilizes the nonlinear system model devel-
oped in Section II to compare the damping characteristics
contributed by the proposed STATCOM joined with the
designed PID damping controller. To examine the effec-
tiveness of the pro- posed damping control scheme, this
paper uses a three-phase short-circuit fault suddenly ap-
plied to the power grid at2 s, and the fault is cleared at
2.1 s. Although this type of fault seldom occurs in prac-
tical power systems, it is the most critical and the most
severe fault to test stability of power systems. Most tran-
sient stability studies or evaluations employ such three-
phase short-circuit faults applied to the studied systems
to check whether the studied systems can withstand such
se- vere system impacts.

Volume No: 3 (2016), Issue No: 1 (January)

Besides, a three-phase short-circuit fault imposes the most
severe duty on power circuit breakers while this type of
fault is also used to determine the circuit-breaker ratings.
Hence, it is worth using a three-phase short-circuit fault
for testing the transient responses of the studied systems.
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 the ability to
remain in 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 studied system op-
erates under the operating conditions used in Table I.Fig.
7 plots the comparative transient responses of the
studied system with and without the designed PID damp-
ing controller. Since four parallel-operated PMSG-
based WTGs have identical parameters and operating
conditions, only the active power and the reactive power
of WTG#1 are shown in Fig. 7. It is clearly observed
from the comparative transient simulation results shown
in Fig. 7 that all transient responses of the studied system
with the proposed STATCOM joined with the designed
PID damping controller can be recovered to the prefault
steady-state operating conditions around 6 7.5 s. When
the fault occurs, large amplitudes on all quantities shown
in Fig. 7 can be clearly found. It also shows that the pro-
posed STATCOM joined with the designed PID damping
controller can supply proper reactive power to the system
and offer better damping characteristics to the modes of
the SG to quickly damp out the inherent oscillations
of the SG. It shows that better damping characteris-
tics can be effectively contributed by the designed PID
damping controller of the STATCOM to suppress oscil-
lations of the SG. A voltage profile of the studied system
can also be improved by the proposed STATCOM with
the designed PID damping controller.

V1. CONCLUSION:

This paper has presented the stability improvement
of four parallel-operated PMSG-based WTGs con-
nected to an SG-based OMIB system. The STATCOM
is proposed and is connected to the common ac bus of
the four WTGs to supply adequate reactive power and of-
fer proper damping. A PID damping controller has been
designed for the STATCOM using modal control theory
to assign the mechanical mode and the exciter mode of
the studied SG on the desired locations on the complex
plane.
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Root-loci plots under various operating conditions and
time-domain transient simulations of the studied system
subject to a three-phase short-circuit fault at the power
grid have been systematically performed to demon-
strate the effectiveness of the proposed STATCOM joined
with the designed PID damping controller on suppressing
inherent SG oscillations and improving system stability
under different operating conditions. It can be concluded
from the simulation results that the proposed STATCOM
joined with the designed PID damping controller has the
ability to improve the perfor- mance of the studied multi-
ple PMSG-based WTGs connected to an SG-based power
system under different operating condi- tions.
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