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FACTS Controllers for Grid
Connected Wind Energy
Conversion Systems

In this paper, the dynamic performance of grid connected wind energy conversion system
(WECS) is analyzed in terms of rotor speed stability. The WECS considered is a fixed-
speed system that is equipped with a squirrel-cage induction generator. The drive-train is
represented as a two-mass model. Results show that for a particular fault simulated, the
voltage at the point of common coupling drops below 80% immediately after fault appli-
cation and exhibits sustained oscillations. The rotor speed of induction generators be-
comes unstable. In order to improve the low voltage ride-through of WECS under fault
conditions and to damp the rotor speed oscillations of induction generator, various flex-
ible ac transmission system (FACTS) controllers such as static VAR (volt ampere reactive)
compensator, static synchronous compensator, and unified power flow controller (UPFC)
are employed. The gains of these FACTS controllers are tuned with a simple genetic
algorithm. It is observed that among the FACTS controllers considered, UPFC is supe-
rior not only in regulating the voltage but also in mitigating the rotor speed instability.
[DOL: 10.1115/1.3028040]
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UPFC, squirrel-cage induction generator, fixed-speed wind turbines, genetic algorithm,

point of common coupling

1 Introduction

One of the most critical issues for the development of wind
energy in India has been the transmission capacity of the grid in
the areas where the wind farms exist. Wind farms are concentrated
in the rural areas where the existing transmission grids are very
weak. In addition, the wind farms were developed during a com-
paratively short period of time in a few areas, and the reinforce-
ment of the transmission systems in these areas has lagged behind
the fast development of wind energy [1].

In case of fixed-speed wind turbines equipped with induction
generators, reactive power support is needed at WECS terminals
for voltage regulation and improvement of low voltage ride-
through capabilities. As the wind speed continuously changes, the
voltage at the point of common coupling (PCC) fluctuates. A pos-
sible way to improve this situation is by incorporating dynamic
reactive power compensation.

When fault occurs, the voltage at the WECS terminals drops.
Thus the generated active power falls, while the mechanical
power does not change and so the induction generator accelerates.
After fault clearance, the reactive power consumption increases,
resulting in reduced voltages near the generating unit. Thus the
induction generator voltage does not recover immediately after
fault, but a transient period follows. As a consequence, the gen-
erator continues to accelerate, and this may lead to rotor speed
instability [2]. Thus, it is clear that the dynamic controller used
should not only provide the needed reactive power support for
voltage regulation but should also help to damp out the rotor
speed oscillations.

Many authors have discussed the application of FACTS con-
trollers such as static var compensator (SVC) and static synchro-
nous compensator (STATCOM) to improve the voltage ride-
through of induction generators [3-12]. But the effect of these
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controllers in mitigating the rotor speed instability is not dis-
cussed. In this paper, the impacts of various FACTS controllers
such as SVC, STATCOM, and UPFC on the stability of grid con-
nected WECS is analyzed. Simulation results are presented for an
11-bus radial system, using the C++ programming language.

2 Dynamic Equations

Figure 1 shows the schematic of a typical WECS. The dynamic
equations include the differential and algebraic equations pertain-
ing to the models of wind turbine, the mechanical model of the
drive-train, induction generator, and the power system. These are
described in the following sections.

2.1 Wind Turbine Model. The simple aerodynamic model
commonly used to represent the turbine is based on power perfor-
mance versus tip-speed ratio. The power extracted from the wind
turbine is given by [13]

P, =1pACp0° (1)

where p is the density of dry air, v is the velocity of the wind in
m/s, A is the swept area of the blades in m?, and Cp is the power
coefficient. A general expression for Cp is given in Ref. [14].

2.2 Drive-Train Model. In the case of a conventional WECS
model, accurate results are obtained by increasing the number of
masses, springs, and damper, which are used to represent the
physical characteristics of the actual system. It has been proved
that the two-mass model for WECS representation is fairly accu-
rate [5]. Thus this approach is adopted here and is shown in Fig. 2.
As shown in Fig. 2, the wind turbine and the generator rotor are
modeled as two masses and the wind mill shafts as a spring
element.

The dynamic equations of the two-mass representation is given
by [15]
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Fig. 2 The simplified two-mass model
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Fig. 3 Induction generator transient model
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where T is the torque, & is the angular displacement between the
two ends of the shaft, w is the angular speed, H is the inertia
constant, and K| is shaft stiffness. The indices ¢ and e stand for
wind turbine and generator, respectively.

2.3 Electric Generator. The induction generator is repre-
sented by the well known third order model [16]. The stator flux
linkage transients are neglected, so that only fundamental fre-
quency components are represented. This results in the Thevenin
equivalent circuit shown in Fig. 3.

The differential equations are then given by

av, 1

— == —[V)+ (X, - X)I ]+ sV

dt Té[ d ( s .x) qs] § q

dv! 1

[V (X, = X)) - sV 3
dl T(,)l: q ( s)d] d ()

where V' is the voltage behind transient reactance, I, is the stator
current, s is the slip, T(') is the open circuit time constant, and X, s’ is
the transient reactance of the machine. The subscripts d and ¢
stand for the direct and quadrature axis values, respectively.

The third differential equation is the swing equation, which has
been included in the mechanical model. The electromagnetic
torque is computed as

Te = Vc’ilds + Vl;qu (4)

where 7, is the electromagnetic torque.

3 Description of the System Considered

An 11-bus radial system is considered for analysis. It consists
of a wind farm with ten wind turbines, each rated at 750 kW and
is shown in Fig. 4. Fixed capacitors with 150 kVAR (kilo volt
ampere reactive) rating is connected at the terminals of each wind
turbine. At the PCC, the wind turbines are connected in two
groups: Group 1 consisting of three turbines, connected at bus 10,
and Group 2 consisting of seven turbines, connected at bus 11.
The distance between the wind turbines in each group is taken as
500 m. The feeder between the wind farm and grid is a 10 km
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Fig. 4 Single line diagram of the 11-bus radial system
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Fig. 5 PCC voltage for a solid three-phase to ground fault of Case 1

double circuit line. The data for the system are given in the Ap-
pendix. In this paper, the investigations are executed on the as-
sumption that all the wind turbines in the wind farm are identical
and have the same operating condition. Thus, the three turbines of
Group 1 are aggregated together as one single turbine of a capac-
ity of 2.25 MW (750 kW X 3) connected at bus 10. Similarly, the
seven turbines of Group 2 are aggregated together as one single
turbine of a capacity of 5.25 MW (750 kW X 7) connected at bus
11.

4 Rotor Speed Stability Analysis

The rotor speed stability analysis is carried out by evaluating
the transient stability of the system. The initial steady state values
of powers (P,Q), magnitude, and phase angles of the voltages at
all buses and the operating value of slip of the induction generator
are obtained by a simultaneous method of power flow analysis
[17]. The time response of rotor speed of the induction generators
and the PCC voltage are obtained for the following case.

Case 1. A solid three-phase to ground fault on one of the inter-
connecting lines between the wind farm PCC (bus 9) and the grid
(bus 5) near bus 9 at 1 s followed by tripping of faulted line
between buses 9 and 5 after a delay of 5 cycles when the WECS
is operating at rated speed (17 m/s).

Figures 5 and 6 show the voltage at the PCC and the rotor
speed of WECS. It is seen that without any controller, the PCC
voltage drops to a very low value of 0.31 p.u. (per unit) initially
and does not settle down. It exhibits sustained oscillations. In Fig.
6, it is seen that the amplitude of speed oscillations of the induc-
tion generators increases with time, which indicates clear rotor
speed instability.
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——With UPFC

-

(=]

S
L

Rotor speed (p.u)
=4

5 Impact of FACTS Controllers

The power generation by the WECS depends on the wind
speed. Figure 7 gives the reactive power absorbed by the induc-
tion generator (data given in the Appendix) with changes in wind
speed. It can be observed that the reactive power demand varies
continuously with the variation in wind speed. It can also be seen
that the induction generator absorbs about 150—300 kVAR from
the grid when wind speed varies from cut-in (5 m/s) to cut-out
(25 m/s) speed. So connecting fixed capacitor for reactive power
compensation will not yield better performance.

In this paper, a fixed capacitor equal to the no-load (operation at
cut-in speed) compensation of 150 kVAR is assumed to be con-
nected at the terminals of each generator. Then, the dynamic VAR
requirement at the PCC that has to be supplied by FACTS con-
trollers is selected as the difference between full-load (operation at
rated speed) and no-load compensations. Thus the rating of
the FACTS controllers is set to 1.5 MVAR (150 kVAR X 10),
capacitive.

The gains of the controllers are tuned by using a simple genetic
algorithm (GA) [18]. GA is a computerized search and optimiza-
tion algorithm based on the mechanics of natural genetics and
natural selection. In this paper, GA is chosen for tuning of con-
troller gains as it helps to achieve global optimum, while the
conventional optimization methods may end up in local optimum.

GA works on a set of population of the problem variables coded
in some string structures. The population is a group of binary
strings, consisting of a number of binary substrings. The number
of substrings is equal to the number of gains of the controller that
has to be tuned. Each binary substring represents the feasible
value for each parameter of interest. The length of the string de-

TIME (sec)

Fig. 6 Rotor speed of WECS for a solid three-phase to ground fault of Case 1
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Fig. 7 Q variation of a single wind turbine

pends on the accuracy desired. The equivalent decimal value of
the variable in the search space is found using some linear map-
ping rule. GAs mimic the survival of the fittest principle of nature
to make a search process. Therefore, a fitness function is derived
from the objective function and is used in successive genetic op-
erations. The population is generated randomly, and thereafter
each string is evaluated to find the fitness value, called the string
fitness. The member with the higher value of the fitness will have
more opportunities to pass on genetically important information to
successive generations. The population is then operated by three
main operators, namely, reproduction, crossover, and mutation.
The new population is further evaluated and tested for termina-
tion. This iterative process is continued until a termination crite-
rion is met.

In this paper, the tuning of controller gains is posed as an op-
timization problem with the sum squared deviation index (SSDI)
of the PCC voltage as the objective function. SSDI is given by

SSDI= D, (Vo= V,)? (5)
k

where V=1.0 p.u., V; is the PCC voltage.

5.1 Simulation With SVC. SVC is a shunt connected static
generator and/or absorber of reactive power whose output is var-
ied so as to control specific parameters of the electric power sys-
tem. From the viewpoint of power system operation, a SVC is
equivalent to a parallel combination of a shunt capacitor and a
shunt inductor, both of which can be adjusted using a thyristor
switch to control voltage and reactive power at the bus to which
they are connected. With the use of SVC, the reactive power can
be varied steplessly.

In this paper, the SVC considered is of a fixed capacitor
+thyristor controlled reactor (FC+TCR) configuration with a
simple gain-time constant model, as shown in Fig. 8.

From Fig. 8, the state equation for SVC can be written as

. K 1
BSVC = ;(Vref - Vmeas) - }BSVC (6)

Here, Ve, is the PCC voltage.

For the 11-bus system in Fig. 4, simulation is carried out with
SVC with rating of 1.5 MVAR (capacitive) at the PCC along with
150 kVAR FC at each of the generator terminals. The gain K of

Fig. 8 SVC model
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SVC is initially chosen as 10. The time constant 7" of the SVC is
selected as 0.01 s. After tuning with GA, the SSDI is reduced
from 0.3811 to 0.2679, and the optimum gain of the SVC is ob-
tained as 2.8361. With this tuned gain of 2.8361, simulation is
carried out for the three-phase fault described in Case 1 with SVC
connected at the PCC (bus 9). Figure 5 shows that the PCC volt-
age settles within 2.34 s with SVC. The initial transient dip in
voltage is improved to 0.81 p.u. Figure 6 shows that although the
rotor speed oscillations get damped, they do not settle down
quickly.

5.2 Simulation With STATCOM. STATCOM is a shunt con-
nected device that is capable of generating and/or absorbing reac-
tive power and in which the output can be varied to control the
specific parameters of an electric power system. It is basically a
voltage source converter that produces a set of three-phase ac
voltages from the dc voltage. The dc voltage is provided by an
energy storage capacitor.

The transient model of STATCOM is adopted from Canizares
et al. [19]. The model is based on the power balance technique,
which basically represents the balance between the controller’s ac
power and dc power under balanced operation at fundamental
frequency. The shunt controller of the STATCOM consists of a
pulse width modulation (PWM) based voltage magnitude control-
ler and a proportional-integral (PI) based phase angle controller.
The transfer function of the voltage magnitude controller is given
by

_ K(1+ST1) (7)

and the transfer function of the phase angle controller is given by

G(s)=Kp+ %’ (8)

Thus, the STATCOM is represented as a fifth order model.

The rating of the STATCOM connected at the PCC is chosen as
*1.5 MVAR. For the 11-bus system shown in Fig. 4, simulation
is carried out with STATCOM connected at the PCC along with
150 kVAR FC at each of the generator terminals. The initial value
of the gains K, K, and Kp are chosen as 10, and K is chosen as
1. The time constants 7 and 7, are selected as 1.0 s and 0.01 s,
respectively. Using GA, all four gains are simultaneously tuned.
After tuning it is observed that the SSDI is reduced from 0.2379
to 0.1263. The optimum gain values are obtained as K=7.3463,
Kp=9.8632, Kp=6.5823, and K;=0.5447.

With these optimum gains, simulation is carried out for the
Case 1 fault. Figures 5 and 6 show that with STATCOM, the
oscillations in both voltage and speed are less. The voltage oscil-
lations get damped out in 1.91 s. The initial transient voltage is
better with STATCOM and is equal to 0.87 p.u. Similarly, the
rotor speed oscillations settle down in 5.76 s with STATCOM, and
with SVC the speed oscillations settle down in 8.01 s.

5.3 System Response With UPFC. From the above analysis,
it is seen that the STATCOM improves the low voltage ride-
through of induction generators better than SVC. However, the
damping of speed oscillations is not very much improved either
with SVC or STATCOM. Therefore, for improving both the rotor
speed stability and voltage ride-through of WECS, a dynamic con-
troller that incorporates a series compensator along with shunt
compensation is necessary. Such a type of controller is UPFC,
which can independently control both the real and reactive flows
in a line.

UPFC is a shunt-series-connected FACTS controller that can
control the various electrical parameters (voltage, real power, and
reactive power) either individually or simultaneously. The tran-
sient model of UPFC is adopted from Canizares et al. [20]. The
power balance equation couples the shunt and series ac/dc con-
verters through its common dc link. The shunt controller of UPFC
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Fig. 9 PCC voltage for the Case 2 fault

is similar to that of the STATCOM model described in Sec. 5.2.
Thus, the transfer functions given in Egs. (7) and (8) apply to the
UPFC shunt controller also.

The series controller is used to control power flows on the
transmission line by regulating the magnitude and phase angle of
the series injected voltage. The transfer function of the series volt-
age controller is given by

K,
G(s)=Kp +— )
L
and the transfer function of the series phase angle controller is
given by
K;
G(s)=Kp +—2 (10)
o 5
Thus, the UPFC is represented as a ninth order model.
As the UPFC consists of both shunt and series controllers, the
objective of GA tuning is redefined as minimizing the oscillations

in PCC voltage and rotor speed. Thus the SSDI for tuning the
gains of UPFC may be written as

SSDI= 2 [(Vies = Vi + (0= 1)’ (1)
k

The initial values of the shunt controller gains are the same as
those chosen for STATCOM. The initial values of the series con-
troller gains Kpp and Kp( are chosen as 10 and K;p and K are
chosen as 1.0. Using GA, all eight gains are simultaneously tuned.
After tuning it is observed that the SSDI is reduced from 0.1124 to
0.0347. The optimum gain values are obtained as K=7.6932,
Kp=9.7652, Kp=6.4625, K;=0.4369, Kpp=2.6936, K;p=0.0498,

1.014
1.012 \
1.010 -

Rotor speed (PU)

1.006 -

1.004 T

Kpp=5.2894, and K;,=0.3836.

With these optimum gains, simulation is carried out for the
Case 1 fault with UPFC of rating 1.5 MVA connected between
buses 9 and 5 along with 150 kVAR FC at each of the generator
terminals. Figures 5 and 6 show that with UPFC, the oscillations
in both voltage and speed are minimum. It is observed that the
PCC voltage oscillations get damped out in 1.7 s and the rotor
speed oscillations take 2.52 s to settle down. It is also seen that
the initial transient voltage dip decreases by 0.06 p.u. with UPFC
as compared to STATCOM.

6 Effects
Faults

To examine the effects of the above controllers for other faults,
the following fault is simulated as Case 2.

Case 2. A solid three-phase to ground fault at the terminals of
Group 2 machines (seven machine group, connected at bus 11)
when operating at full-load (17 m/s) for 1 s. The fault is cleared
after a delay of 5 cycles, followed by tripping of all seven induc-
tion generators connected at bus 11.

Figures 9 and 10 give the PCC voltage and rotor speed oscilla-
tions of Group 1 machines with and without FACTS controllers
for Case 2. Figure 9 shows that immediately after fault, the PCC
voltage drops to a low value of 0.41 p.u. without controller. How-
ever, the voltage recovers and settles down to the original value.
Figure 10 shows the oscillations on the generator speed of Group
1 machines. The oscillations are of very high amplitude initially
and take around 8 s to settle down. With SVC, the PCC voltage
settles in 1.4 s. However, the rotor speed oscillations do not settle
down that quickly. With STATCOM the oscillations in both volt-

of Tuned FACTS Controllers for Other

—sa— Without Controller
With SVC

With STATCOM
With UPFC

e,

TIME (sec)

Fig. 10 Rotor speed oscillations of Group 1 machines for the Case 2 fault
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Table 1 Comparison between SVC, STATCOM, and UPFC

Case 1

Case 2

Settling time (s)

Settling time (s)

Initial Initial
Type of transient pPCC transient PCC Rotor
controller voltage (p.u.) voltage Rotor speed voltage (p.u.) voltage speed
No controller 0.31 Diverging Diverging 0.41 8.01 8.01
Svc 0.81 2.34 8.01 0.88 1.41 3.71
STATCOM 0.87 1.91 5.76 0.94 0.96 2.29
UPFC 0.93 1.70 2.52 0.98 0.33 0.40

age and speed are less. The voltage oscillations get damped out in
0.98 s. The initial transient voltage with STATCOM is 0.94 p.u.,
whereas with SVC it is 0.88 p.u. Similarly, the rotor speed oscil-
lations settle in 2.3 s with STATCOM, and with SVC speed oscil-
lations settle down in 3.7 s. As observed from Fig. 10, the ampli-
tude of rotor speed oscillations is decreased with STATCOM.
With UPFC, the oscillations in both voltage and speed are mini-
mum. Voltage settles down in 0.33 s and rotor speed oscillations
take around 0.4 s to damp out. It is also seen that the initial tran-
sient voltage with UPFC is 0.98 p.u. Thus the low voltage ride-
through is highly improved with UPFC.

7 Conclusion

Almost without exception, wind farms require VAR manage-
ment. After exploring various VAR management techniques, it is
found that wind farms operate under unique conditions, and the
traditional VAR management by capacitor banks has an adverse
impact. Employing dynamic VAR devices, sometimes in combi-
nation with and in control of capacitor banks, eliminates the nega-
tive consequences of the traditional solution. In this paper, the
effects of dynamic compensators, namely, SVC, STATCOM, and
UPFC, on improving the rotor speed stability and voltage ride-
through of WECS are analyzed. The gains of the controllers are
tuned with a simple GA. It is clear that the magnitude and fre-
quency of oscillations are reduced appreciably after tuning the
controller gains with GA.

Table 1 gives the comparison between the various controllers
for solid three-phase faults as described in Cases 1 and 2. From
the results presented in Table 1, it is clear that the settling time in
both PCC voltage and rotor speed and the initial transient dip in
voltage are lesser with UPFC than with SVC or STATCOM. Thus
it is concluded that dynamic compensation with a 150 kVAR
fixed capacitor at the generator terminals and 1.5 MVA UPFC
between the PCC and bus 5 provides the best solution for the
11-bus system, among the controllers considered.

The study reveals that in certain cases, adequate VAR compen-
sation can be achieved by using the existing capacitor banks along
with the FACTS controllers. This way the rating of the FACTS
controllers can be reduced. This will lead to a considerable reduc-
tion in economy, as the FACTS controllers are very expensive.
Moreover, total dispensing of the existing capacitor banks can be
avoided.

Appendix

Transmission line data (all lines). Resistance: 0.19 ()/km; re-
actance: 0.24 ()/km, susceptance: 2.80 ws/km; and Length:
20.0 km.

Asynchronous generator data. (A-connection) Stator resistance:
0.0034 ; Rotor resistance: 0.003 (); stator leakage reactance:
0.055 Q, rotor leakage reactance: 0.042 (), magnetizing reac-
tance: 1.6 (), rotor inertia: 5 sec; generator inertia: 0.45 sec, shaft
stiffness: 50 p.u., and shaft damping coefficient: 1 p.u.

Load transformer data. Rated apparent power: 0.63 MVA,

011008-6 / Vol. 131, FEBRUARY 2009

nominal short-circuit voltage: 6%, and copper loss at rated power:
6 kW.

Step-up transformer data. Rated apparent power: 1 MVA,
nominal short-circuit voltage: 6%, and copper loss at rated power:
13.58 kW.

Feeding transformer data. Rated apparent power: 25 MVA,
nominal short-circuit voltage: 11%, and copper loss at rated
power: 110 kW.

Load data (all loads): 0.150+j0.147 MVA

Nomenclature
T, = open circuit time constant
X, = transient reactance of the machine
6 = angular displacement between the two ends of
the shaft
o = angular speed
p = density of dry air
A = swept area of the blades (m?)
Cp = power coefficient
H = inertia constant
I, = stator current
K, = shaft stiffness
R, = stator resistance
s = slip
T = torque
T, = electromagnetic torque
v = velocity of the wind in m/s
V = terminal voltage of induction generator
V' = voltage behind transient reactance
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