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Abstract: Large-scale wind farms in commercial operations have demonstrated growing influence on
the stability of an electricity network and the power quality thereof. Variations in the output power of
large-scale wind farms cause voltage fluctuations in the corresponding electrical networks. To achieve
low-voltage ride-through capability in a doubly fed induction generator (DFIG) during a fault event,
this study proposes a real-time reactive power control strategy for effective DFIG application and a
static synchronous compensator (STATCOM) for reactive power compensation. Mathematic models
were developed for the DFIG and STATCOM, followed by the development of an indirect control
scheme for the STATCOM based on decoupling dual-loop current control. Moreover, a real-world
case study on a commercial wind farm comprising 23 DFIGs was conducted. The voltage regulation
performance of the proposed reactive power control scheme against a fault event was also simulated.
The simulation results revealed that enhanced fault ride-through capability and prompt recovery of
the output voltage provided by a wind turbine generator could be achieved using the DFIG along
with the STATCOM in the event of a three-phase short-circuit fault.

Keywords: doubly-fed induction generator; decoupling dual-loop control; low voltage ride-through;
static synchronous compensator; wind turbine generator; wind farm

1. Introduction

Currently, wind power is considered to be among the most promising renewable
energy sources for commercial applications. The commercial application of large-scale wind
turbine generators demonstrates the growing need for stability and quality in electrical
networks. Because of the inherent characteristics of wind-powered generator sets, an output
fluctuation occurs when substantial wind power is supplied to an electrical network. For
example, considerable disturbance in a wind farm engenders a three-phase short-circuit
fault and causes inadequate supply of reactive power [1–4]. Wind turbine generators can
be disconnected from an electrical network in the event of overspeeding and low output
voltage or to ensure protection. When the affected power generator set is disconnected, the
output voltage provided by the set is unlikely to be recovered, resulting in a short-term
power outage in the entire power station or even the connected electrical network. To
avoid this, two effective measures are employed against an unintended power failure.
The first measure entails applying a high-speed real-time reactive power compensator,
such as a static var compensator (SVC), static synchronous compensator (STATCOM), or
thyristor-controlled series capacitor (TCSC) [5–9], to obtain a prompt point of common
coupling (PCC) voltage [10,11]. The second measure involves regulating the reactive power
by using a doubly fed induction generator (DFIG), such as an active crowbar, excitation
fault, or wind tracking control; nevertheless, the innate power decoupling capability of
the DFIG itself (i.e., a reactive power controller) is limited. Accordingly, considering the
reactive power characteristics of a DFIG, research has proposed a real-time reactive power
control strategy for ensuring coordination among power generator sets. Specifically, in
this strategy, a DFIG serves as a reactive power compensator for a connected electricity
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network for adequately regulating the PCC voltage level. Thus, enhanced low-voltage
ride-through (LVRT) capability is achieved against a fault event [12–15].

A STATCOM is a crucial facility as well as a core technology in a flexible alternat-
ing current transmission system and is highly suitable for performing reactive power
compensation when applied to regulate a node voltage to a specified level. Previous stud-
ies [16–19] have applied a STATCOM to achieve fault ride-through capability enhancement.
Although numerous studies have been conducted on various types of STATCOM control
strategies, some current control strategies remain the most widely and successfully applied
to practical operations. Such current control strategies can be categorized into two types:
indirect and direct. The direct control strategy necessitates high-speed switching, which is
not applicable to high-voltage and high-power systems. Therefore, adopting the indirect
current control approach, this study proposes a reactive power compensation strategy
for wind farms; this strategy entails the use of a STATCOM controlled by decoupling the
dual-loop current control [20–22].

SVC, STATCOM, distribution static synchronous compensator (D-STATCOM), and
permanent magnet direct-drive wind turbines [23] have been widely used to provide
high-performance steady-state and transient voltage control at the PCC. These devices
are employed to develop fixed-speed wind turbines equipped with induction generators
for steady-state voltage regulation and short-term transient voltage stability [24,25]. The
STATCOM is low-cost and suitable for small-capacity generators. Moreover, STATCOM
has a faster response speed than SVC. Using a MATLAB/Simulink toolbox, this study de-
veloped a simulation model for 23 DFIGs constructed at Changhua Coastal Industrial Park,
Taiwan. The performance of the proposed real-time reactive power control strategy and the
power stability improvement at the moment of a fault were studied. Moreover, through
simulations, the STATCOM was validated to improve the voltage transient response of
the DFIGs during a fault event. Furthermore, the effect of the STATCOM installation
location on the system output voltage stability was explored. The results indicate the
response tracking performance of a STATCOM at the facility level and the compensation
performance at the system level, as reflected in the performances of the inner and outer
loop controllers, respectively.

2. STATCOM Mathematical Model and Control Strategy
2.1. Mathematical Model

This section describes the operating principle of a STATCOM. In a STATCOM circuit,
a self-commutated voltage-source inverter is connected in parallel with a grid through a
transformer. The inverter regulates the phase of the output voltage on the ac side [7,8] to
achieve continuous input or to absorb the reactive power. Figure 1 illustrates a schematic
of a basic STATCOM circuit. To account for the power facility loss, a cascade of R and
L, representing the power line resistance and transformer leakage reactance in a typical
STATCOM, respectively, is included.

Figure 1. Schematic of a basic STATCOM circuit.
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Assume that the voltage vs. in a three-phase system is represented as

vs =

 vsa
vsb
vsc

 =
√

2 Vs

 sin ωt
sin(ωt− 2π/3)
sin(ωt + 2π/3)

 (1)

where Vs represents the root mean square of vs, and ω is the angular frequency rate (377 rad/s)
Then, the output voltage provided by the STATCOM can be expressed as follows:

vc =

 vca
vcb
vcc

 = mvdc

 sin(ωt− δ)
sin(ωt− 2π/3− δ)
sin(ωt + 2π/3− δ)

 (2)

where m is the modulation index and δ is a tunable quantity symbolizing the phase angle
between vc and vs. Application of Kirchhoff’s voltage law to the three-phase circuit of a
STATCOM (Figure 1) requires that

L
d
dt

is + Ris = vs − vc (3)

where is = [ia ib ic]T. Applying the energy conservation law to both ports of the STATCOM
yields the following:

d
dt
(

1
2

Cv2
dc) = vT

c is (4)

By applying Park transform, the three-phase currents are converted into direct axis
(d axis), quadrature axis (q axis), and zero axis (0 axis) components perpendicular to the
dq reference frame [26,27]. Equations (3) and (4) can be converted to the dq0 synchronous
rotating coordinate system:

L
d
dt

[
id
iq

]
=

[
−R ωL
−ωL −R

][
id
iq

]
+

[
vsd − vcd
vsq − vcq

]
(5)

Cvdc
d
dt

vdc =
3
2
(vcdid + vcqiq) (6)

Assume that the d axis of the synchronous rotating coordinate system represents the
system voltage vs; accordingly, the phase angle δ of the output voltage vc can be expressed
as follows: [

vsd
vsq

]
=
√

2Vs

[
1
0

]
(7)[

vcd
vcq

]
= mvdc

[
cos δ
sin δ

]
(8)

Back substitution of Equations (7) and (8) into Equations (5) and (6) yields a matrix
representation of the STATCOM in time domain

d
dt

 id
iq

vdc

 =

 − R
L ω −m cos δ

L
−ω − R

L −m sin δ
L

3m
2C cos δ 3m

2C sin δ 0

 id
iq

vdc

+


√

2Vs
L
0
0

 (9)

Through the mathematical model, the reactive power drawn and supplied by a
compensator can be derived as follows:

Q =
3Vs

2

2R
sin 2δ (10)



Energies 2021, 14, 6413 4 of 16

According to Equation (10), when δ > 0, that is, Q > 0, reactive power is drawn by the
device; otherwise, it is supplied by the device. In other words, the operation of a STATCOM
depends on the value of the phase angle δ.

2.2. Decoupling Dual-loop Current Control

As illustrated in Figure 2, a STATCOM controller design involves two levels: an inner
loop and outer loop. As a parallel reactive power compensator, a STATCOM aims to
provide a power system with a continuous reactive current such that the voltage can be
regulated as intended. In practical applications, numerous quantities such as the system
current, power angle, and rotator speed are considered to improve the system performance
(e.g., signal filtering and power oscillation damping in the outer feedback loop) [21]. The
current instruction yielded by the outer loop controller is used as an instruction to the inner
loop controller to achieve efficient and precise mapping between i*dq and the compensation
current is.

Figure 2. A STATCOM control system.

The response tracking performance at the facility level of a STATCOM and the com-
pensation performance at the system level are reflected in the performance of the inner
and outer loop controllers, respectively. The outer loop controller adapts to various power
system applications, and the inner loop controller affects the overall performance of the
facility. This study presents a dual-loop current control strategy based on the proposed
STATCOM model.

2.2.1. Inner Loop Current Control

Because id and iq in Equation (5) cannot be decoupled, the state matrix is diagonalized
in an attempt to independently control the real and reactive power through the compen-
sator [8]. Accordingly, the introduction of the variables x1 and x2 into Equation (5) yields
the following:

d
dt

[
id
iq

]
=

[
− R

L 0
0 − R

L

][
id
iq

]
+

[
x1
x2

]
(11)

Equation (5) into Equation (11) yields the following:

vcd = vsd − Lx1 + ωLiq
vcq = vsq − Lx2 −ωLid

(12)

In this study, particle swarm optimization (PSO) was applied to obtain the voltage PI
parameters. PSO produces no overlapping and does not require mutation calculation [28].
The search can be performed using the speed of the particle. Over the development of
several generations, only the most optimized particle can transmit information to the other
particles, and the research speed is rapid [29,30]. It has excellent robustness and can be
used in different application environments with minor modifications. x1 and x2 can be
treated as the control variables of the AC voltage outputs vcd and vcq, respectively, provided
by the STATCOM [8]. Accordingly, the proportional integral PI control law can be defined
as follows:

x1 = (KPd +
KId

s )(i∗d − id)

x2 = (KPq +
KIq

s )(i∗q − iq)
(13)
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Consequently, the decoupling inner loop control for the STATCOM is derived, as
illustrated in Figure 3. The current instructions i*d and i*q are provided by the outer loop
control, where i*q reflects the variation in the capacitor voltage vdc on the dc side. On the
basis of the instantaneous reactive power theory, m and δ can be expressed in terms of vcd
and vcq as follows:

m =

√
v2

cd + v2
cq

vdc
(14)

δ = tan−1(
vcq

vcd
) (15)

Figure 3. Decoupled current control approach between the real and reactive power in a STATCOM.

2.2.2. Current Instruction Generation for Outer Loop Current Control

Unlike the conventional definition of a time averaged power, the instantaneous power,
both reactive and real, is well defined in the instantaneous reactive power. Presented in
Figure 4 is the block diagram of a reactive power detector for the fundamental and higher
harmonic components. Phase lock loop (PLL) is a control system that generates an output
signal whose phase is related to the phase of an input signal [31] Cαβ is used to convert

the equation from ia, ib, ic to iα, iβ values, which is based on Park transform. CT
αβ is the

transpose of Cαβ, Cpq is the real and reactive current convert matrix, and C−1
pq is the inverse

of Cpq. The grid voltage ea is employed in a PLL to yield a synchronous signal sin ωt and
the corresponding−cos ωt, and then the real and reactive power components ip and iq are
determined by taking the transform of the load current [22].

Figure 4. Block diagram for a simultaneous detection of the fundamental and higher harmonic
reactive power components.

Subsequently, both DC components ip and iq are yielded as the output of a low pass
filter (LPF). Consider that the channels ip and iq represent the real and reactive power,
respectively; the final current instruction, which comprises the fundamental and higher
harmonic reactive power components, is provided when the channel iq is disconnected. The
difference between the DC-side capacitor voltage vdcr and the feedback signal vdcf is derived
and applied to a PI controller, after which ∆ip is superimposed onto the fundamental
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harmonic real power branch. Thus, the capacitor voltage is regulated by the energy
interchange between the dc and AC-side of the STATCOM, as displayed in Figure 4.

In Figure 4, all the variables are related as follows:

[
ip
iq

]
= Cpq · Cαβ

 ia
ib
ic

 = Cpq

[
iα
iβ

]
(16)

where

Cpq =

[
sin ωt − cos ωt
− cos ωt − sin ωt

]
(17)

Cαβ =

√
2
3

[
1 −1/2 −1/2
0
√

3/2 −
√

3/2

]
(18)

The i′p represents the sum of the real power and DC-side ∆ip, expressed as

i′p = ip − ∆ip (19)

Disconnection of the reactive power channel yields ia f
ib f
ic f

 = CT
αβ

[
iα f
iβ f

]
= CT

αβCpq

[
i′p
0

]
(20)

Finally, the current instruction for the compensation can be written as follows: i∗ca
i∗cb
i∗cc

 =

 ia
ib
ic

−
 ia f

ib f
ic f

 (21)

However, the aforementioned control scheme has a major limitation when applied to
a high-power STATCOM because it involves the highly complex task of controlling a high-
power switching device, such as a gate turn-off thyristor. Moreover, a higher harmonic
component cannot be detected precisely owing to the switching frequency limit of the
device, and unintended harmonics would be embedded into the output voltage. Therefore,
the mentioned control approach is applicable only to a low- or medium-power STATCOM.

Because the reactive power of the fundamental harmonic contributes the most to the
entire reactive power consumption, the reactive power can be compensated to a satisfactory
extent in case the compensation is conducted on only the fundamental harmonic compo-
nent. This compensatory approach entails extracting the reactive power associated with
the fundamental harmonic from the load current and then converting it into the current
instruction by taking the inverse transform. Figure 5 displays a block diagram of the
derivation of the inverse transform of the real power to regulate the DC-side capacitor
voltage. Disconnection of the transformed channel ip yields the instruction signals for the
compensation current as follows: i∗ca

i∗cb
i∗cc

 = CT
αβ

[
iα f
iβ f

]
= CT

αβCpq

[
∆ip
iq

]
(22)

The greatest advantage of this approach over the aforementioned approach is that
it does not necessitate the detection of any harmonic component; that is, the switching
frequency limit is not a concern. This permits the design of a high-capacity power system
by using a high-power thyristor as a switch. Consequently, the output voltage contains a
large number of harmonics, leading to a reduced utilization rate of the DC component—a
problem that can be solved using a multilevel technique.
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Figure 5. Block diagram for the detection of the fundamental reactive power component.

3. Case Study on Wind Power System

The test objects employed in this work included 23 sets of 3.6 MW DFIGs, with a
total capacity of 82.8 MW, erected at the wind farm in Changhua Coastal Industrial Park,
Taiwan. The generators were divided into six groups, five of which comprised four wind
turbine generators, and the sixth group contained three wind turbine generators. The
transmission line lengths of the groups are presented in Table 1. As illustrated in Figure 6,
the output voltage provided by each generator (4160 V) was boosted to 22.8 kV by using a
4160 V/22.8 kV step-up transformer connected in parallel with PCC through power cables
spanning several kilometers. Then, the 22.8 kV voltage was applied to a 161 kV power
grid compound transmission line system by using a 22.8 kV/161 kV step-up transformer.
The parameters required for simulations, 4.16 kV/22.8 kV and 2.8 kV/161 kV step-up
transformers, and the transmission line are tabulated in Tables 2 and 3 [25].

Table 1. Transmission line length in the wind power generation station at Changhua Coastal Indus-
trial Park, Taiwan.

First Group Length (km) Fourth Group Length (km)

E/S→G1 3.7 E/S→G13 3.863
G1→G2 0.212 G13→G14 0.212
G2→G3 0.212 G14→G15 0.212
G3→G4 0.212 G15→G16 0.513

Second Group Length (km) Fifth Group Length (km)

E/S→G5 4.65 E/S→G17 5.3
G5→G6 0.212 G17→G18 0.5
G6→G7 0.212 G18→G19 0.5
G7→G8 0.212 G19→G20 0.527

Third Group Length (km) Sixth Group Length (km)

E/S→G9 3.015 E/S→G21 6.827
G9→G10 0.212 G21→G22 0.528
G10→G11 0.212 G22→G23 0.514
G11→G12 0.212

Table 2. Parameters of a transformer and transmission line.

4.16 kV/22.8 kV 22.8 kV/161 kV

Rated capacity 4 MVA 60 MVA
Transmission line impedance 0.0694 (Ω/km) 0.0694 (Ω/km)

Connection type Yg/∆ ∆/Yg
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Table 3. Parameters of a DFIG system.

Wind Turbine Generator

Rated power 3.6 MW Rated power 3.6 MW
Rated velocity 14 m/s Rated voltage 4.16 kV
Cut-in velocity 3.5 m/s Rated frequency 60 Hz

Number of blades 3 rr 0.025 pu
Cut-out velocity 27 m/s rs 0.0079 pu

Area of cross section 8495 m2 Lir 0.40 pu
Blade diameter 104 m Lis 0.07939 pu

Blade speed 8.5–15.3 rpm Lm 4.4 pu

Figure 6. Power system configuration of the wind power generation station at Changhua Coastal
Industrial Park, Taiwan.

3.1. Three Phase Ground Fault Analysis

This study simulated a scenario involving the occurrence of a three-phase ground
fault at t = 0.1 s in bus A1 and the removal of the ground fault at t = 0.2 s. The simulation
revealed the transient-state response across the various wind turbine generators and buses.
The simulation was performed on a reasonable premise: the wind speed was maintained at
15 m/s, the rotator was operated at 1.2 per unit (pu), and all wind power generators were



Energies 2021, 14, 6413 9 of 16

operated in the over-synchronous speed mode. As presented in Table 1, with the shortest
transmission line length, the turbines in the third group had the shortest distance from
the fault location, meaning that they were affected the most. Therefore, the transient-state
response of buses D3 and C9 and that of the generator G9 (treated as a reference) were
explored for further investigation of the STATCOM.

The transient-state responses of voltage, current, real power, and reactive power to a
three-phase ground fault on bus A1 are displayed in Figure 7; the voltage and the real and
reactive power dropped to zero at the instant the fault occurred, but the current increased
up to a maximum value of 4.18 pu.

Figure 7. Responses of voltage, current, and real and reactive power on bus A1.

The transient-state responses of voltage, current, real power, and reactive power on
bus D3 are presented in Figure 8. When a fault occurred, the voltage magnitude dropped
to approximately 0.103 pu, the current increased to a maximum value of 0.68 pu, and the
real power dropped to 1 MW. However, a reactive power of 4 Mvar was provided by one of
the generators to the power grid, with the symbols “−” and “+” representing the reactive
power provided by the power grid and by a wind turbine generator, respectively.

The transient-state responses on bus C9 are plotted in Figure 9. When the fault
occurred, the voltage dropped to 0.103 pu, the maximum current was 0.18 pu, and real
power decreased from 3.6 to 0.3 MW. In addition, a reactive power of 1 Mvar was supplied
from the winder power generators to the power grid to compensate for the loss and to
increase the bus voltage.
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Figure 8. Responses of voltage, current, and real and reactive power on bus D3.

Figure 9. Responses of voltage, current, and real and reactive power on bus C9.

The G9 transient-state responses of stator voltage, rotator speed, real power, and
reactive power are presented in Figure 10. In the event of a system malfunction, on account
of a drop in the stator voltage, the power generator set failed to supply the intended
amount of electricity to the power grid, leading to a drop (from 3.6 to 0.3 MW) in the real
power supplied to the grid. An excessive amount of electricity supplied by a generator
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sped up the rotator revolution to approximately 1.237 pu. For compensation, 2.2 Mvar of
reactive power was provided to the grid for boosting the voltage to 0.235 pu on bus G9.
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3.2. Responses in the Presence of a STATCOM

As mentioned, the third group of generators had the greatest vulnerability to the
impact because it was closest to the fault location. Accordingly, the effects of a STATCOM
on a wind turbine generator were investigated in three cases: In the first case, the STATCOM
was installed at the PCC bus C9 of G9. In the second case, the STATCOM was installed at
the feeder termination bus D3 of the third group. Finally, in the third case, the STATCOM
was installed at the feeder termination bus D1–D6 of each group.

3.2.1. Case 1—STATCOM Installed at the PCC Bus C9 of G9

The plots of real and reactive power in case 1 are shown in Figure 11. When a fault
occurred, zero real power was delivered to C9, but the STATCOM compensated for the
reactive power on C9 by up to 25 Mvar. Accordingly, the line voltage increased. The
simulated responses of the G9 stator voltage, rotator speed, and real and reactive power
for a time span of 1 s are presented in Figure 12. The use of the STATCOM promoted the
generator voltage to 0.311 pu, which increased the electromagnetic torque and inhibited
the increase in the rotator speed. The rotor speed decreased from 1.237 pu (without any
compensation) to 1.228 pu (after compensation). An output power of 2.5 MW was well
maintained. Thus, the installation of the STATCOM at C9 of G9 helped maintain the LVRT
capability and prevented overspeeding of the rotator; that is, a balance between mechanic
and electromagnetic torque was reached to avoid generator tripping. After the fault was
fixed at t = 0.2 s, the steady-state response recovered following an interval of oscillation.
Specifically, the STATCOM installed at bus C9 of G9 enabled an uninterrupted power
supply system.
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Figure 11. Real and reactive power responses on bus C9.

Figure 12. Responses of the G9 stator voltage, rotator speed, and real and reactive power for the
STATCOM installed at bus C9.

The first wind turbine generator erected in each group incurred the most severe impact
from the fault. A comparison of the output voltage supplied by the first generator in each
group is provided in Figure 13. The comparison results indicated that the installation
of the STATCOM at bus C9 of G9 increased the voltage from 0.235 to 0.311 pu when the
fault occurred but did not demonstrate the influence on the output voltage rendered by
other generators. Thus, the STATCOM improved only the transient-state response of the
compensated power generator. In contrast to the results in Figure 11, as illustrated in
Figure 12, a reactive power of only 2 Mvar was delivered, but the voltage levels on buses
C9 and C10–C12 were largely elevated due to the contribution of a 25-Mvar compensation
to bus C9.
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wake of an oscillation.

Figure 14. Responses of the D3 voltage, current, and real and reactive power for STATCOM installed
at bus D3.

For comparison, the output voltages provided by generators G9–G12 in the third
group in the course of the fault event are plotted in Figure 15. In compliance with the safety
requirements for an LVRT in a wind power generation facility, a wind turbine generator
must endure operation for 1 s at a low voltage level; that is, the output voltage must be
maintained above 0.3 pu. A difference was seen between an uncompensated case and this
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STATCOM-compensated power system, and all the output voltage levels were effectively
regulated to meet the power requirement.
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3.2.3. Case 3—STATCOM Installed at the Feeder Termination Bus D1–D6 of Each Group

According to the LVRT requirement stipulated in the parallel connection regulation
by the Taiwan Power Company for renewable energy sources, a wind power generation
facility must be able to operate for 0.5 s when the output voltage plunges to 15% of the
voltage rating in the event of a power system malfunction [32]. As indicated in Figure 16,
in the uncompensated case, the feeder termination bus D1–D6 voltages did not reach 15%
of the rated voltage because of a shorter transmission line length (i.e., a smaller value
capacitance). In this case, dynamic reactive power compensation was achieved by the
STATCOM to individual groups during the fault event. The LVRT capability was enhanced,
and feeder termination bus D1–D6 voltage in each group exceeded 0.2 pu, as presented in
Figure 16.
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bus D1–D6 of each group.

In consideration of LVRT, uninterrupted operation for a minimum of 1 s is required
for a power generator; that is, a minimum of 0.3 pu of output voltage must be maintained,
which is evident in Figure 17.
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4. Conclusions

In this study, fault analysis was performed, and transient performance improvement
of wind power systems was investigated. A model of the Changhua Coastal Industrial
Park commercial wind farm was constructed using Simulink, and the transient responses
of the wind farm during ground faults were simulated. Utilizing the innate reactive
power compensation ability of DFIGs, this study proposes a real-time reactive power
control strategy as an effective approach for regulating the system output voltage by
using a STATCOM against a fault event. The analysis and simulation results reveal that
the fault ride-through capability improved considerably, and rapid recovery of power
generator output voltage was observed upon fault removal. Furthermore, the effect of the
STATCOM installation location on the stability of the system output voltage was explored
for practical applications.
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