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Abstract Wind generation is considered as one of the optimum renewable energy
sources due to its more saving running cost, zero-emission, and friendly environ-
ment at comparing with the traditional power plants. Using the wind farms with the
utility grid can’t reach the optimum compensation during any abnormal condition
in the power system. Distributed Static Synchronous Compensators (D-STATCOM)
is a power electronic control system to be used with the distribution power network
for harmonics current elimination, reactive power compensation, voltage regulation,
voltage flicker mitigation, and frequency regulation. D-STATCOM provides effec-
tive compensation to the unbalance or the nonlinear loads by injecting the required
accurate value at the Point of Common Coupling (PCC) depending on the Voltage
Source Converter (VSC). This chapter proposes a design procedure of a high-power
D-STATCOM with the distribution network linked with the wind generation for
enhancing the power system quality. The proposed simulation in this chapter has
been done using the MATLAB/Simulink software for distribution voltage control,
loadability, and power loss reduction using theD-STATCOMcontrol techniqueswith
the electrical distribution network.
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Nomenclature

R Rotor resistance impedance
U Output voltage
X1 Stator reactance
X2 Rotor reactance
Xσ Total reactance rotor and stator
S Generator slip
Q Reactive Power
QC The parallel capacitor group
QN−Unit Reactive power capacitor compensation capacity
[n] Assuming actual capacitor investment group
Cp max Optimal power coefficient
λ Ratio between the wind speed and the rotor speed
vw Wind speed
w Wind turbine rotational speed
Pm The extracted mechanical power by the constant pitch
ρ Air density
Cp Turbine coefficient
Ar Area swept by the blades
wt The rotational speed
kopt The unique parameter
L f Interfacing inductors
m The modulation index
w The system frequency
vA1 Output injection voltage inverter 1
vA2 Output injection voltage inverter 2
i A1 Currents delivered by inverter-1
i A2 Currents delivered by inverter-2
L0 Mutual inductance
Llk Leakage inductance
egr Equivalent grid voltage
Lgr Equivalent inductance
Rgr Equivalent resistance
vgr Voltage at the point of common coupling (PCC)
igr The current at PCC
vA1 The instantaneous voltage generates by converter-1
vA2 The instantaneous voltage generates by converter-2
v f The voltage over filter capacitor c f
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1 Introduction

Doubtless the electrical power system network has a lot of challenges to save the
stable system especially with the extension and the increasing of the nonlinear loads.
Using the compensation devices for enhancing the system to reach the optimum
operation is the solution to save the electrical system in stable condition [1]. The
power system quality is affected by the disturbances or any abnormal condition
as voltage sag/swell, which directly have an impact on electronic devices or any
critical loads causing heating or malfunction of devices and the high cost related
to the system shut down. With the extension of the demands of the wind energy
to utilize the natural environment and to save the generation running costs, the
reactive/voltage control in the distribution system is becoming more important [2].
Wind turbines utilizing the frequency converters are generally fit for controlling
the reactive power to zero or potentially of providing or devouring reactive power
as indicated by needs, even though this is restricted by the size of the converter
[3]. So, it’s important to use compatible devices for enhancing the system quality
during abnormal conditions [4, 5]. However, unfortunately of using the compensa-
tion techniques to finding other bad affection as feeding harmonics by the compen-
sation devices or noncontinuous compensation or finding the inrush current [6]. The
system compensation by a fixed shunt capacitor is a simple way, but it’s not accu-
rate especially with the fast load variation and with the critical loads. Following the
improvement of the power electronics circuits and the advanced methodology, the
Flexible AC Transmission Systems (FACTS) devices can solve the power system
quality depending on the thyristors technologies [7]. FACTS devices are consisting
of the optimum way to operates in fast, accurate compensation techniques, and easy
to install with the system for control the voltage profile, damp the power system
oscillation [6–8]. Consequently, Custom Power Devices (CPD) are preferred for
the electrical power quality improvement due to the lower cost, greater flexibility,
and increase of system security [9]. Static Synchronous Compensation (STATCOM)
control techniques and Static Var Compensation (SVC) modules are the famous
compensation ways of the FACTS families [10–15]. Distributed Static Synchronous
Compensators (D-STATCOM) is a shunt compensator device to be installed with
the electrical distribution network for voltage control, also it can tackle the power
quality issues [16–24]. TheD-STATCOMconfiguration is adaptable enough to abuse
multi-usefulness coupling with the power system. Besides, D-STATCOM is a multi-
functional gadget that simple to give viable remuneration to the non-direct loads
and unbalance stacks by infusing suitable responsive power contingent upon the
thyristors for exchanging [21]. Figure 1 shows the streamlined structure to connect
the D-STATCOM with the distribution network for improving the PQ. There are
many designs of the D-STATCOMmultilevel inverter control as Cascaded H-Bridge
[22] and Diode-Clamped [23]. However, using a new control technique with the
D-STATCOM topology by adding one more converter with the D-STATCOM to
increase the voltage source converter power. This chapter discusses the importance
of using the D-STATCOMwith the distribution system for voltage control depending
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Fig. 1 D-STATCOM for PQ control

on the Voltage Source Converter (VSC) for the optimum power quality improve-
ment. The proposed analysis in this chapter has been validated with the distribution
network to compensate for the voltage on a 25-kV distribution network using the
MATLAB/SIMULINK software to shows the voltage compensation during the fault
condition in the power system.

2 Wind Generation Output Power

Utilizing the environment renewable sources like thewind can be used for rotating the
generator to find free electric powerwithout running cost as comparingwith the fossil
fuel generation system. By the last simple discussion, Fig. 2 shows the fundamental
wind turbine parts which depending upon the transformer to connect with the utility
grid [24–30].Moreover, the typical technique to change over the low- and high-speed
conditions and to generate the electric power from mechanical power a gearbox and
a generator is required to be synchronized with electric utility network. The gearbox
changes the low speed of the turbine rotor to high speed. Notwithstanding some types

Mechanical Power Electrical PowerWind
Power Rotor

Gearbox
(Optional) Generator

Power
Converter

Power
Transformer

Electrical
Grid

Fig. 2 Main component for WG
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Fig. 3 The equivalent
simplification model for WG
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of wind turbines like the one use permanent magnet and multipole generator systems
are not using gearbox [31]. The wind energy system is considered as precarious for
power due to its compelled consistency and irregularity [32]. By using the exchange
plans with nearby generating power plants, the power system can disentangle the
fluctuations caused by the wind energy systems. At the point when the generated
power from the wind is lower than the loads, the primary game plan is used to
use standard generation units to cover this shortage of wind power [33]. The wind
generation is relying upon the criticism pay through the utility grid, thus, the wind
generation can be classified as PQ or PV busbar types in the power stream modeling
[34–38]. The coordinated generator circuit can be streamlined to the proportionate
circuit as appeared in Fig. 3. Where, the stator resistance can be disregarded, R is the
rotor resistance impedance, U is the yield voltage, X1, X2 are the stator, and rotor
reactance impedance individually and Xm is the excitation reactance.

Equation (1) shows the total reactance rotor and stator, to uses for calculating the
active generated power in Eq. (2).

Xσ = X1 + X2 (1)

P = SRU2

S2X2
σ + R2

(2)

With consideration, S is the generator slip, that is related to Eq. (3) to obtain the
reactive power by using Eq. (4).

S = R

(
U2 −

√
U4 − 4X2

σP
2

)
/2PX2

σ (3)

Q = [
R2 + Xσ(Xm + Xσ)S

2
]
/SRXm (4)

There are various methods when choosing the reactive power compensation
system inside the WG gatherer design, the parallel shunt capacitors with the WG
can compensate for the reactive power [39–42]. Which able to calculates by the
below equation number (5) to find the total required capacitor group value QC from
Eq. (6).
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Cos(∅) = P/

√
P2(QC − Q)2 (5)

Q = P

[√
1

(Cos(∅1))2
− 1 −

√
1

(Cos(∅2))2
− 1

]
(6)

Chosen the compatible and prober way should follow the prerequisites of theWG
plant. Further things for thought may incorporate voltage impediments, especially
during the switching of shunt capacitors, power quality necessities, for example,
glint during fire up or cut-in, harmonics, and so forth [43, 44]. By expecting the real
capacitor speculation bunch is [n], and the receptive power capacitor pay limit is
Q_(N-Unit), which mimics at the evaluated voltage, which can use to generate the
WG reactive power from Eq. (8).

[n] = QC/QN−Unit (7)

Q
′ = QC − Q (8)

The controller used for WG speed control essential function is the Maximum
Power Point Tracking (MPPT) of the available power in the wind. An expanding
number of biggerWGs (starting from1MWandmore) are created with a functioning
slow down power control component. Actually, the dynamic slow down turbines take
after pitch-controlled turbines since they have pitch capable blades. To get a sensibly
huge force (turning power) at lowwind speeds, theWGwill ordinarily be customized
to pitch their blades a lot of like a pitch-controlled wind turbine at low wind speeds.
Regularly they utilize just a couple of fixed advances depending on the wind speed.
At the point when the turbine arrives at its evaluated power, nonetheless, it will see
a significant distinction from the pitch-controlled wind turbines: If the generator is
going to be over-burden, the turbine will contribute its blades the other way from
what a pitch-controlled WG does. As such, it will build the approach of the rotor
blades to cause the blades to go into a more profound slow down, in this manner
squandering the overabundance energy in the wind [45]. One of the active stalls of
a functioning slowdown is that one can control the active power more precisely than
with passive stall, to abstain from overshooting the appraised power of the turbine
toward the start of a whirlwind. Another preferred position is that the WG can be
run precisely at the evaluated power of the machine at all high wind speeds [43–45].
Figure 4 shows the variable wind speed [43]. Where, (λ) is the tip-speed to simulate
the ratio between the wind speed and the rotor speed as shown in Eq. (9).

λ = Rpw

vm
(9)

with considering, is the wind speed represented by vw and the WG speed is w [46].
Hence, the extracted mechanical power by the constant pitch can be calculated from
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Fig. 4 Wind generation output power during fixed and variable wind speed

the below Eq. (10):

Pm = 1

2
.ρArv

3
w.Cp(λ) (10)

where; ρ is the air density is presented by ρ, the turbine coefficient presented by
Cp and the area swept by the blades can simulate by Ar . The wind velocity V1,
V2 are presented for WG control curve as shown in Fig. 5. With a note, at the WG

Fig. 5 WG power control curve
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operates at optimal power coefficient (Cp max) in this simulation, at each velocity,
there is one maximum power capture point [47]. Moreover, an individual optimal
power available for the WG speed by using the below Eq. (11).

Popt = koptw
3
T (11)

where, wt is the rotational speed and kopt is the unique parameter.

3 D-STATCOM Control Strategies

D-STATCOM control techniques are designed to link with the three-phase power
system by three-phase stacks as shown in Fig. 1. The D-STATCOM is a shunt
connected custompower device depending on theDirect Current (DC) energy storage
for injection of the voltage through the coupling transformer under control by the
VSC converts and the output filter. The point of adding the VSC to convert the DC
stockpiling batteries voltage to the decent three-phase AC yield voltages. The created
voltages are in-phase and interconnected with the utility grid through a coupling
transformer. D-STATCOM legitimate yield setting of the phase angle and the voltage
greatness permits successful control of active and reactive power flow between the
D-STATCOM and the utility distribution system [48]. The three-phase loads may
be of various sorts like lagging power factor, unbalance, linear or nonlinear loads,
and joined among linear and nonlinear loads. However, to reduce the swiping in
the compensating current, it requires to use the interfacing inductors (L f ) at the
AC side of the VSC. The operation characteristics of the D-STATCOM can be
justified depending on the dc-link capacitor, equivalent transformer. An insulated-
gate bipolar transistor (IGBT)-based VSC, and filter resistance, and filter induc-
tance, and the utility grid as a three-phase source. Figure 6 shows the equivalent
D-STATCOM circuit, which can use to find the combination of the PCC voltage and
the inverter-generated voltage for system compensation.

The simplified equation for phase (A), phase (B), and phase (C) can find from
Eqs. (12), (13), (14), respectively.

Rsia + Ls

[
dia
dt

]
= VPa − Vca (12)

Rsib + Ls

[
dib
dt

]
= VPb − Vcb (13)

Fig. 6 D-STATCOM
equivalent simplified circuit
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Rsic + Ls

[
dic
dt

]
= VPc − Vcc (14)

By transforming the equations to obtain the below equations, with considering m
is the modulation index, the frequency is w.

Ls

[
did
dt

]
+ Rsid = VPd − mVdc cosθ + Lswiq (15)

Ls

[
diq
dt

]
+ Rsidq = VPq − mVdc sinθ − Lswid (16)

where from Eqs. (15) and (16) can be justified as shown in Eq. (17).

d

dt

[
id
iq

]
=

(−Rs/Ls w
−w −Rs/Ls

)[
id
iq

]
+ 1

Ls

(
Vpd − Vcd

Vpq + Vcq

)
(17)

The simplified equations are simplified by ignoring the voltage harmonics as
shown in the following.

m.Vdc cosθ = Vcd (18)

m.Vdc sinθ = Vcq (19)

By considering the inverter is a lossless circuit, so the instantaneous power can be
found by the power balance theory at the ac-dc terminal to find as shown in Eq. (20)
and the dc side circuit can find as shown in Eq. (21).

Vdc.idc = 3

2
(V cd .id + Vcq .iq) (20)

idc = C.
d(V cd)

dt
= 3

2
.m.(id.cosθ − iq.sinθ) (21)

By combining Eq. (17) and Eq. (21)

d

dt

⎛
⎝ id

iq
Vdc

⎞
⎠ = F

⎛
⎝ id

iq
Vdc

⎞
⎠ − 1

Ls

⎛
⎝ id

iq
Vdc

⎞
⎠

where, F is given as:
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⎛
⎜⎝

−Rs/Ls w −m
Ls

cosθ

−w −Rs/Ls
m
Ls
sinθ

3
2
m
c cosθ

−3
2

m
c sinθ 0

⎞
⎟⎠ (22)

At this point, to illustrate the active and reactive power for D-STATCOM
compensation, it can simplify by the below Eqs. (23), (24), respectively.

P = Vpd.id + Vpd.iq = Vpd.id = Vpd.id (23)

q = Vpq.id − Vpq.iq = −Vpd.iq = −Vpd.iq (24)

Finally, the D-STATCOM module operates to compensate the system depending
on controlling of id, iq as shown in Eq. (23) for active power injection and Eq. (24)
for the reactive power injection to the distribution busbar.

4 D-STATCOM Characteristic Logic

Depending on the coupling of magnetic elements for the parallelization of standard
two-level or three-level inverters using the D-STATCOM dual-converter configura-
tion can be created to increase the VSC output power as shown in Fig. 7 for the
dual-converter with common DC link and Fig. 8 for the dual-converter with isolated
DC link [49, 50]. According to the coupling between the two converters, an equal

A2

B2

C2

A1

B1

C1

A

B

C

iA1

iA2

o

Udc / 2

Udc / 2
A

B

C

i

i

i

Fig. 7 D-STATCOM Configurations using the dual-converter topology with a common DC link
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A1

B1

C1

A2

B2

C2
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B

C

iA

iB

iC

iA1

iA2

U dc / 2

U dc / 2

U dc / 2

U dc / 2

o

o

Fig. 8 D-STATCOM the dual-converter design with separated DC link

current will flow from both converters, which can be known as a parallel interleaved
VSC [51]. The harmonic injection can be significantly reduced by the interleaved
carrier signal of both SVCs, which is phase-shifted by 180° [51–53]. With notes,
there is a potential difference between the output injection voltage VA1 and VA2 due
to carriers are interleaved.

The circulating current is depressed by the effection of the DC links which is
described in Figs. 7 and 8. Where VSC contains two parallel parts of three-phase
converters. The parallelization of inverter phases is accomplished by the methods
for two neighboring coils that are attractively connected. Ignoring copper losses, the
mutual induction between the coupled coils can be portrayed by the equivalent circuit
for Phase-A in Fig. 9, where the currents delivered by each inverter is i A1 and i A2,
to express as a function of common-mode current imc and differential-mode current
imd (circulating current) as shown in Eqs. (25) and (26).

i A1 = imc

2
+ imd (25)

i A2 = imc

2
− imd (26)

With a note, the two inductors in the same phase are the same number of turns and
arranged on the same ferromagnetic core [51]. The mutual inductance L0 and the
leakage inductance Llk can be expressed in function of the self-inductance, where k
expresses the coupling factor between the coils that can equalize “1” at the two coils
symmetrically, to be used as shown in Eqs. (27) and (28):
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Fig. 9 D-STATCOM
equivalent circuit

L
0

mci

A2
A

A

imd

lk

1

2

L

A

A1i

i

lkL

L
0

L0 = kL (27)

Llk = (1 − k)L (28)

The two coils are connecting to cancel the induced magnetic field as shown in
the polarity points for both coils as shown in Fig. 9, to find the difference potential
between the two points A1 and A2 as describes in Eq. (29).

vA1o − vA2o = (2Llk + 4L0)
dimd

dt
(29)

where, the inductive reactance L0ω seen by differential-mode currents as the quarter
value of the impedance. The circulating currents can be decreased by the separation
of DC links as shown in the equivalent circuit diagram in Fig. 10. DC link isolates
to repress the zero-sequence track, and zero-sequence circulating current to be no
longer among the two converters [51].

LCL filter is the common coupling part between the electrical system and D-
STATCOM. Figure 11 shows the equivalent circuit for single-phase D-STATCOM
with an LCL filter with neglecting the copper losses. Where, egr is the equivalent
grid voltage, Lgr is the equivalent inductance, vgr is the voltage at PCC point, Rgr is
the total equivalent resistance, and igr is the current at PCC. Equations (30) to (34)
shows the differential equations for the filter dynamics.

vA1 = Llk
di A1
dt

+ L0
di A1
dt

− L0
di A2
dt

+ vA (30)

vA2 = Llk
di A2
dt

+ L0
di A2
dt

− L0
di A1
dt

+ vA (31)
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Fig. 10 Isolated DC link for D-STATCOM dual-converter

Fig. 11 Single-phase D-STATCOM equivalent circuit with LCL filter

vA = L1
di A
dt

+ v f (32)

v f = (L2 + Lgr )
di gr
dt

+ Rgr igr + egr (33)

vA1 + vA2
2

= Llk

2

di A
dt

+ vA (34)

where, vA1 is the instantaneous voltage generates by converter-1, vA2 is the instanta-
neous voltage generates by converter-2, and v f is the voltage over the filter capacitor
c f .

The common-mode voltage is defined by:

vmc = vA1 + vA2
2

(35)
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The thunderous frequency is picked lower than the tweak frequency of the double
converter, and the shunt capacitors of the LCL filter ought to be picked as little as
conceivable because they draw receptive power, this part is fully discussed in [51].

5 D-STATCOM Simulation

D-STATCOM control techniques are used with the distribution power network to
manage voltage during abnormal conditions. Figure 12 shows an example of an elec-
trical system contains three busbars, variable loads linked at busbar-B2 and busbar-
B3, two feeder lines (21 and 2 km) to fed the lads, and D-STATCOMmodule linked
with 25 kV system. The shunt capacitor bank is used for power factor correction at
busbar-B2. The variable loads at busbar-B3 are operating through a step-down trans-
former 25 kV/600 V to a plant retaining constantly evolving currents, in this way
creating voltage flicker. At 5.0 Hz frequency, can regulate the variable magnitude of
the load current which obvious the apparent power between 1.0 and 5.2 MVA, with
saving the power factor at 0.9 lag. The load variation in this simulation will allow
us to describe the capacity of the D-STATCOM to compensate voltage which can
add capacitance value or reactance value depending on the required action as shown
in Fig. 13. The D-STATCOM is connected with busbar-B3 to compensate for the
reactive power by generates the in-phase voltage by a voltage source PWM inverter
with the utility grid [54].

5.1 D-STATCOM Operation Characteristics

During this simulation, the load is starting a constant value to observe the D-
STATCOM response to step changes in source voltage [55]. With notes, the modu-
lation of the variable load is not in service, which depending on the Time-on and
Time-off= [0.15 1] *100 > simulation stop time. The voltage source block is adjusted
to simulate the internal voltage of 25.0 kV; however, the voltage is starting at 1.077pu
to keep the floating injection by the D-STATCOMat busbar-3 by 1.0 pu as comparing

Fig. 12 D-STATCOM simulation with distribution network
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Fig. 13 D-STATCOM design with 2 inverters

with the reference value 1.0 pu. The D-STATCOM is programmed to operates by
three steps at 0.2 s, 0.3 s, and 0.4 s for increasing the voltage source by 6.0% or
decrease the voltage by 6.0% and return to be 1.077 pu. At 0.15second, the transient
happened in the system at so the D-STATCOMwill start to compensate the system at
0.2 s to increase the voltage by 6% by absorbing the system reactive power by Q= +
2.7Mvar as shown in Fig. 14. At time= 0.3 s the voltage source is decreased by 6.0%
from the corresponding voltage to reach the reactive compensation 0.0 Mvar. Addi-
tionally, the D-STATCOM is required to compensate the system voltage to reach the
reference value 1.0 p.u to change the reactive compensation from inductive to capac-
itive between -2.8Mvar and 2.7Mvar, as shown in Fig. 15 for the PWM inverter 0.56
p.u to 0.9 which corresponds to a proportional increase in inverter voltage [54, 55].
Figure 16 shows the fast reversing of reactive power at one cycle by theD-STATCOM
current.
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Fig. 14 D-STATCOM consumes the system reactive power (Q = + 2.7 Mvar)
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5.2 Mitigation of Voltage Flicker

To simulate the operation characteristics of D-STATCOM for voltage compensa-
tion, it needs to variate the loads’ value. By changing the “Time Variation of” In
the Programmable Voltage Source block menu parameter to “None,” with set the
Modulation Timing Parameter in the Variable Load block menu to [Ton Toff] =
[0.15 1] (without 100-multiplication factor). Also, change the “Mode of operation”
parameter to “Q regulation” in the D-STATCOM control part, and set the reference
reactive powerQ value as zero. In thismode, D-STATCOMcompensation techniques
are not affecting the voltage. After running the system and check the operation for
D-STATCOM as shown in Fig. 17 to verify the active power P and reactive power
Q at busbar-B3, moreover, busbar-B1, and B3 voltages are simulated in Fig. 18. In
another hand, without adding the D-STATCOM, the voltage at busbar-B3will vary in
range (0.96:1.04) pu [54, 55]. But, after adding the D-STATCOMcontrol techniques,
the voltage at busbar-B3 is reduced to±0.7%. In Fig. 19, D-STATCOMcompensates
the voltage by injecting a reactive current which formed at 5.0 Hz as depending on
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Fig. 17 For variations of P and Q at busbar-B3

Fig. 18 Voltage value at busbar-B1 and busbar-B3
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Fig. 19 D-STATCOM injection reactive current modulated at 5.0 Hz

the varying between capacitive and reactive related to the required compensation at
the under/over voltage, respectively.

6 Conclusion

The blend of renewable energy sources like solar or wind energy to the electrical
grid affects stability and system quality. The power system designers have to ensure
a stable system and their services to retain the system in the stable region at any
abnormal condition in the system. Using D-STATCOM techniques with the distribu-
tion network can achieve for enhancing the PQ. Adding the battery and the capacitor
bank are used as the DC busbar in the design of D-STATCOM. In this chapter, the
D-STATCOM has been demonstrated for improving power system quality during
various operational events. The abnormal conditions in the distribution system as
the tripping/reclosing of distribution feeder, energizing high-power transformer,
switching ON/OFF of capacitor, or inductive-resistive loads. This chapter investi-
gated one of the FACTS modules of D-STATCOM to be linked with the distribution
network as a fully inductive/capacitive load as required for compensation under the
support by the battery bank to be used for PQ enhancement. Finally, in this chapter,
the simulation analysis was carried by MATLAB/Simulink software to discusses the
operation steps of D-STATCOM to reach the optimum compensation for saving the
voltage in the required stable region.
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