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Abstract: The purpose of this study is to solve the main problems in distribution networks, including increased line loss and 

reduced power supply quality caused by insufficient capacitive reactive power. To reduce the capacity, voltage, and current stress of 

an active module of a compensation device and improve the cost performance of the device, an improved hybrid reactive power 

compensation system based on a fixed capacitor (FC) and a static synchronous compensator (STATCOM) is proposed. The 

topological structure and basic operating principle of the proposed reactive power compensation system are introduced. In addition, 

from the perspectives of output voltage, current, power, loss of the active part, and system compensation cost, the performances of the 

proposed reactive compensator and the inductively coupled STATCOM (L-STATCOM) are compared and analyzed. Furthermore, the 

key parameters of the proposed system are designed, and the joint optimization control strategy of the FC and STATCOM is studied. 

The correctness and effectiveness of the proposed topology structure and control method are verified by simulations. 
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1  Introduction    

With the definition of carbon peaking and neutrality 
goals and the in-depth progress of the construction of 
new power systems, the power grid has played a more 
prominent role as a hub platform for energy conversion, 
utilization, and transmission configuration [1-3]. In 
recent years, with the continuous development of the 
power grid system, inductive loads, such as electric 
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motors and electric arc furnaces, have increased 
sharply, so the demand for capacitive reactive power in 
a distribution network is also increasing. If the 
phenomenon of capacitive reactive power shortage 
exists in a distribution network for a long time, it not 
only increases the line loss and reduces the power 
factor of the system but also reduces the power supply 
quality of the grid, and it can even endanger the 
stability of the power system [4-7]. 

At present, reactive power compensation technology, 
as one of the important applications of power 
electronics technology, has an important role in power 
system operation. Therefore, it has been widely 
studied, and various types of reactive power 
compensation device have been proposed. Among 
them, a shunt capacitor is an example of early reactive 
power compensation technology. It has a simple 
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structure and can improve the voltage quality and 
reduce the power loss. A thyristor switched capacitor 
(TSC) can effectively reduce the impulse current when 
the capacitor bank is mechanically switched. However, 
the mentioned compensation technologies can only 
achieve graded compensation but cannot continuously 
adjust the reactive power, and, generally, 
overcompensation or undercompensation occurs [8-9]. 
To compensate for that the inability of the shunt 
capacitor and TSC to achieve continuous 
compensation, a thyristor controlled reactor (TCR) and 
a fixed capacitor (FC) or a TSC and a TCR can be 
used together. In such a combination, a TCR controls 
the current flowing through the reactor to provide 
reactive power continuously by adjusting the trigger 
angle of a thyristor. However, the adjusting TCR 
generates harmonics, and the compensation range of 
the two devices is limited [10-11]. With the development 
of power electronics technology, a static synchronous 
compensator (STATCOM) has been proposed. The 
STATCOM represents an advanced and continuously 
adjustable static reactive power compensation device. 
However, the STATCOM has certain disadvantages, 
such as high DC-link voltage, large capacitance, and 
high cost [12-15]. Therefore, how to achieve continuous 
but economical compensation for high-capacity 
reactive power has become a leading research topic in 
the field of electrical engineering. 

Considering the compensation effect and cost, some 
hybrid reactive power compensation devices with 
superior performance have emerged. Their topology is 
mainly composed of active modules and passive 
devices connected in series or parallel. 

Hybrid parallel structures: A hybrid topology 
composed of the STATCOM and static var 
compensator (SVC) connected in parallel has been 
introduced [16-19]. In this topology, the SVC of the 
passive part of the device compensates for most of the 
capacitive reactive power and reduces the output 
capacity of the STATCOM. However, the coordinated 
control of the active and passive parts is complex, and 
the DC-link voltage on the active part is high. A 
capacitive coupling STATCOM (C-STATCOM) was 
connected in parallel with thyristor-controlled series 
compensation (TCSC) [20]. Although this device can 
expand the range of reactive power compensation and 

lower the DC-link voltage, harmonics are injected into 
the power grid, so additional filtering devices are 
required. 

Hybrid series structures: A C-STATCOM composed 
of capacitors and a traditional STATCOM connected in 
series has been proposed [21-23]. To improve the range 
of reactive power compensation, the TSC and TCSC 
modules have been replaced by the coupling 
capacitance [24-25]. To solve the problem of the low 
utilization rate of hybrid equipment, a series structure 
of a thyristor-controlled LC filter (TCLC) and a 
STATCOM was introduced [26]. This structure can 
achieve reactive power compensation, and it has arc 
suppression capabilities. The four devices can reduce 
the output voltage of the active part by using the series 
capacitor, TSC, TCSC, and TCLC, which in turn 
reduces the output capacity and DC-link voltage of the 
STATCOM. However, the output current of the active 
part of the four devices is larger, and the current stress 
brought by the switching device and the total cost of 
the device are high. 

To address the shortcomings of the existing 
solutions, an improved hybrid reactive power 
compensation system based on the FC and STATCOM 
is proposed. It was developed by using an idea of the 
hybrid series-parallel type and considering that an FC 
composed of multiple capacitors connected in series or 
parallel. 

The remainder of this article is organized as follows. 
In Section 2, the topological structure of the proposed 
reactive power compensation system is introduced, 
and its basic working principle is explained. The 
performance advantages of the proposed reactive 
power compensation system are analyzed in Section 3. 
The key circuit parameters of the proposed system are 
discussed in Section 4. The control strategy of the joint 
optimization of the FC and STATCOM is studied in 
Section 5. The correctness and feasibility of the 
proposed topology and control strategy are verified by 
simulation, as described in Section 6. Finally, 
conclusions are drawn in Section 7. 

2  Topology and operating principle  

2.1  Circuit topology 

The circuit topology of the proposed reactive power 
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compensator is shown in Fig. 1, which shows that it 
includes a DC-link capacitor Cdc, a voltage source 
inverter (VSI), an output filter inductor Lf, and a fixed 
capacitor C. The fixed capacitor C is composed of 
capacitors C1 and C2 connected in series. The VSI is 
placed between capacitors C1 and C2 and connected to 
them through a filter inductor Lf. 

Compared with the traditional L-STATCOM 
structure [27], the proposed compensator structure 
includes a parallel connection of capacitor C2 and 
the AC output side of the VSI and a serial 
connection of capacitor C1 and the grid-connected 
branch. Capacitor C1 can withstand the main 
fundamental voltage drop, thereby reducing the AC 
output voltage and DC-link voltage of the VSI. 
Furthermore, capacitor C2 can reduce the output 
current of the VSI through the shunt action, thereby 
reducing the current stress of the insulated gate 
bipolar transistor (IGBT) in the VSI. 

 

Fig. 1  Topology of the proposed reactive power compensator 

In Fig. 1, usa, usb, and usc represent the phase 
voltages of the power supply on the grid side, isa, isb, 
and isc represent the phase currents on the grid side, Zs 
represents the system line impedance, ua, ub, and uc 
denote the voltages of the proposed reactive power 
compensator access point, iLa, iLb, and iLc are the 
three-phase resistive-inductive load currents, ic1a, ic1b, 
and ic1c represent the three-phase currents flowing into 
capacitor C1 at the grid connection point, ic2a, ic2b, and 
ic2c represent the three-phase currents flowing into 
capacitor C2, and iinva, iinvb, and iinvc are three-phase 
fundamental currents from the VSI output. 

2.2  Operating principle 

For the proposed reactive power compensator 
topology shown in Fig. 1, an equivalent single-phase 

fundamental wave operating circuit can be obtained, as 
shown in Fig. 2. In Fig. 2, arrows indicate positive 
directions of voltage and current, U is the voltage of 
the compensator junction point, UC1 and IC1 represent 
the voltage and current of capacitor C1, respectively, 
UC2 and IC2 represent the voltage and current of 
capacitor C2, respectively, ULf is the voltage of a filter 
inductor Lf, and Uinv and Iinv denote the output voltage 
and current of the VSI, respectively. 

 

Fig. 2  Equivalent single-phase circuit of the proposed reactive 

power compensator 

Ignoring the inductive reactive power, the reactive 
power transmitted to the power grid by the proposed 
reactive compensator can be calculated by 

 c C1 C2 m[( 1) ]Q Q Q Q mλ= + + −     (1) 

where 2
C1 C1 1(1 )Q U Cω= , 2

C2 C2 2(1 )Q U Cω= , QC1 
and QC2 represent the output reactive powers of the 
capacitors C1 and C2, respectively, Qm is the maximum 
output reactive power capacity of the VSI, and m is in 
the range of [0, 1]. 

When the capacitor C is in the undercompensated 
state, then λ=0. When the capacitor C is under full 
compensation, then m=0. When the capacitor C is in 
the overcompensated state, then λ=1. 

As shown in Fig. 3, when capacitors C1 and C2 
compensate for most of the reactive load power, they 
are in the undercompensated state, and the VSI needs 
to output residual capacitive reactive power. When 
capacitors C1 and C2 compensate for all the reactive 
load power, achieving the full-compensation state, the 
VSI does not need to provide additional capacitive 
reactive power, and its output current is approximately 
zero. When the reactive power compensated for by 
capacitors C1 and C2 is larger than the reactive load 
power, it is in the overcompensated state, and the VSI 
must output an appropriate inductive reactive power to 
absorb the capacitive reactive power overcompensated 
for by the capacitor. In the three described 
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compensation situations, the VSI and capacitors C1 
and C2 coordinate and cooperate to achieve the 
reactive load power compensation. 

 

Fig. 3  VSI output capacity changes when the fixed capacitor 

is under (a) partial compensation, (b) full compensation, and (c) 

overcompensation 

3  Performance analysis 

3.1  VSI output voltage 

The operating vector diagrams of the traditional 
L-STATCOM system and the proposed reactive 
power compensation system are shown in Figs. 4a 
and 4b, respectively. From the diagrams in Fig. 4, 
the voltage equations of the two systems can be 
expressed as 

 inv f inv Lf inv( j )u i L u u uω= + = +     (2) 

 c2 c1 inv f inv c1

Lf inv c1

( j )u u u i L u u
u u u

ω= + = + + =
+ +

  
 (3)

 

where u is the voltage of the compensator joint point, 
uLf is the output filter inductor voltage, iinv and uinv are 
the output AC current and voltage of the VSI, 
respectively, and ic1, ic2, uc1, and uc2 are the currents 
and voltages of capacitors C1 and C2 in the proposed 
system, respectively. 

 

Fig. 4  Operating vector diagrams  

When the output current of the VSI is equal, since 
the voltage of capacitor C1 (uc1) is added to the right 
side of Eq. (3), the output AC voltage of the VSI (uinv) 
can be reduced. In addition, because uinv is related to 
the DC-link voltage, increasing the capacitance of 
capacitor C1 can reduce the DC-link voltage Udc. 

3.2  VSI output current 

The reactive current vector diagrams of the 
L-STATCOM system and the proposed one are shown 
in Figs. 5a and 5b, respectively. Because both systems 
mainly realize full compensation for the reactive 
current of the load, the active components of the 
output current in the compensation process can be 
ignored in the analysis. According to the diagrams in 
Fig. 5, the reactive current equations of the two 
systems can be expressed by 

 Lq invqI I= −         (4) 

 Lq c1q invq c2q( )I I I I= − = − +     (5) 

where ILq and Iinvq denote the reactive current of the 
load and the output reactive current of the VSI, 
respectively, and Ic1q and Ic2q are the reactive currents 
flowing through capacitors C1 and C2 in the proposed 
system, respectively. 

 

 

Fig. 5  Reactive current vector diagrams  

When the reactive load power is constant (i.e., the 
reactive current is unchanged), because the reactive 
current of capacitor C2 (Ic2q) is added to the right side 
of Eq. (5), an increase in the capacitance of capacitor 
C2 can reduce the output fundamental reactive current 
of the VSI (iinvq), which can reduce the output current 
of the VSI. Thus, the output current of the active part 
of the proposed compensation system is smaller than 
that of the L-STATCOM. 
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3.3  VSI output capacity 

The output reactive power value of each part of the 
L-STATCOM system and the proposed system during 
the reactive power compensation process is shown in 
Fig. 6. Ignoring the reactive power generated by Lf, 
according to the power balance law, the relationships 
between the output reactive power capacities of the 
parts of the two systems are given by 

 L invQ Q= −   (6) 

 L c1 c2 inv( )Q Q Q Q= − + +  (7) 

where QL and Qinv denote the reactive power of the 
load and the output reactive power of the VSI, 
respectively. 

In the case of constant reactive load power, because 
the reactive powers Qc1 and Qc2 generated by 
capacitors C1 and C2 are added to the right side of Eq. 
(7), the addition of capacitors C1 and C2 can reduce the 
reactive output capacity of the VSI, Qinv. 

 

Fig. 6  Output reactive power value of each part of the  

two systems 

3.4  Power loss 

The active power loss is mainly composed of the 
switching loss of the VSI and the loss of the filter 
reactor. The switching loss includes the turn-on and 
turn-off losses of a switching device. Assuming that 
the switching device of the VSI is an IGBT, the 
switching loss, filter reactor loss, and the total system 
power loss can be expressed by [28] 

 

[ ]
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where 
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⎪
⎨
⎪ =⎪⎩

    (9) 

Here, PIGBT_loss, PLAC_loss, and Psyetem_tot represent the 
switching loss of the IGBT, filter reactor loss, and total 
system power loss, respectively, fs is the switching 
frequency, T denotes the modulation wave period, Rf is 
the equivalent resistance of the filter reactance, Eon 
and Eoff represent the energy consumptions of a single 
pulse in the on and off states of the IGBT, respectively, 
Eon_test and Eoff_test represent the energy consumptions 
of the single pulse in the on and off states of the IGBT 
during the product test, respectively, Rgon_test and 
Rgoff_test indicate the on and off resistances of the IGBT 
gate during the product test, respectively, Rgon and Rgoff 
represent the on and off gate resistances in actual use, 
respectively, Eon(Rgon_test) and Eoff(Rgoff_test) represent 
the on and off energy consumptions corresponding to 
the gate resistance under the rated current of the IGBT 
during the product test, respectively, Eon(Rgon) and 
Eoff(Rgoff) represent the on and off energy 
consumptions corresponding to the gate resistance 
under the actual rated current, respectively, Utest is the 
UCE test value of the IGBT, Udc is the DC-link voltage, 
and Eon(ti) and Eoff(ti) represent the on and off energy 
consumptions of the switching device of the IGBT at 
time ti, respectively. The values of Eon, Eoff, and other 
parameters can be obtained from the IGBT module 
specification information. 

For instance, if a 1 200 V/400 A IGBT switch tube 
of the FF400R12KE3 model under the Infineon brand 
is used, then Rgon=Rgoff=1.8 Ω, Utest=600 V, Eon=17 mJ, 
Eoff=42 mJ, and Rf=0.2 Ω. According to these 
parameters and Eqs. (8) and (9), the total power loss of 
the system can be obtained, as shown in Fig. 7. Fig. 7 
reveals that the system power loss is positively related 
to both the DC-link voltage and the output current of 
the VSI. When the DC-link voltage and the output 
current of the VSI increase, the system loss also 
increases. Because the DC-link voltage and the output 
current of the VSI of the proposed system are smaller 
than those of the L-STATCOM, the power loss of the 
proposed system is less compared with the 
L-STATCOM power loss. 
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Fig. 7  System power loss diagram 

3.5  Compensation cost 

The system compensation cost mainly consists of the 
costs of the active and passive parts, which can be 
expressed as follows 

 
Passive

IGBT DC_Cap Pa

Act

ssi

i

ve

veCost Cost Cost
Cost Cost Cost

= + =

+ +
 

(10)
 

where Cost denotes the total cost of system 
compensation, CostActive is the cost of the active part, 
CostPassive is the cost of the passive part, CostIGBT is the 
cost of the IGBT, and CostDC_Cap is the cost of the VSI 
DC-link capacitor. 

The IGBT of the VSI in the L-STATCOM requires 
high voltage- and current-resistant levels, and its DC 
side requires a large capacitance, so the overall cost of 
the reactive power compensation of the L-STATCOM 
increase significantly. Compared with the 
L-STATCOM, although the passive part (i.e., fixed 
capacitance C) is added to the proposed system, the 
output voltage, current, capacity, and DC-link voltage 
of the VSI are significantly reduced; thus, the DC 
capacitance, voltage-resistant level, and current- 
resistant level of the IGBT are reduced accordingly. 
And under the same voltage level, the capacitance cost 
is much less than that of the IGBT. Therefore, the total 
cost of the reactive power compensation of the 
proposed system is reduced compared with the 
L-STATCOM. 

To illustrate the advantages of the proposed 
compensator, it is compared with hybrid reactive power 
compensation devices proposed previously [18, 21], as 
shown in Fig. 8. One of the previously proposed 

topologies realizes reactive power compensation 
through a parallel connection of the SVC and 
STATCOM [18]. The SVC compensates for most of the 
reactive power and reduces the output current and 
reactive capacity of the active part. However, this 
topology has the problems of high DC-link voltage, 
inverter loss, and cost. In the other previously 
introduced topology [21], the series capacitor can 
effectively reduce the output active capacity and 
DC-link voltage so that the power loss of the VSI and 
the compensation cost are reduced. However, the 
problem of a large VSI output current still exists. A 
comprehensive comparison shows that the proposed 
system combines the advantages of the previously 
proposed topologies [18, 21]. In the proposed system, the 
series capacitor decreases the output active capacity 
and DC-link voltage, and the parallel capacitor 
decreases the output current of the VSI so that its loss 
and cost are reduced. 

 

Fig. 8  Performance comparison diagram of  

different structures 

4  System parameter setting 

To give the proposed compensator its full 
compensation ability and improve its reliability, it is 
necessary to set the key parameters of the proposed 
circuit reasonably and properly. The parameters to be 
considered include filter inductance Lf, DC-link 
voltage Udc, and fixed capacitance C (i.e., the resulting 
capacitance of capacitors C1 and C2 connected in 

series). These parameters are analyzed in detail in the 
following. 

According to Fig. 2, the output impedance of the 
proposed reactive power compensation system is a 
second-order link, which has a series resonance point. 
Voltage U can be regarded as a disturbance whose 
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effect on the output current can be ignored; thus, in this 
study, the output voltage Uinv is used as a control input, 
and the output current Iinv is used as a control output. 
According to the state space equation, transfer function of 
the input-output can be obtained as follows [24]. 

 inv 1 2
2

inv f 1 2

( ) ( )
( )

( ) ( ) 1
I s C C s

G s
U s L C C s

+
= =

+ +
    (11) 

To facilitate parameter analysis and design, the 
simulation values of filter inductance Lf and 
capacitances of capacitors C1 and C2 are substituted 
into Eq. (11), and the amplitude-frequency curve of the 
transfer function G(s) is obtained, as shown in Fig. 9. 
According to the results in Fig. 9, there is a resonance 
peak in the output impedance of the system, and the 
resonance angular frequency can be calculated 
by r f 1 21 / ( )L C Cω = + . If the series resonance occurs 
at the fundamental frequency, the gain at the resonant 
frequency suddenly increases, so the fundamental 
current component increases sharply. This affects the 
IGBT of the VSI and system stability. Therefore, when 
selecting the values of Lf and capacitances C1 and C2, 
it is necessary to pay attention to whether the series 
resonance occurs. 

 

Fig. 9  Bode diagram of transfer function G(s) 

4.1  Filter inductance Lf 

According to the general selection principle of the 
traditional DSTATCOM, the output filter inductance Lf 
of the VSI can be calculated by 

 
2

s
f

N

U X
L

Qω

∗

=     (12) 

where Us is the grid voltage, QN is the rated reactive 
power, ω is the fundamental angular frequency of the 
grid, X* is the reactance ratio, and its value range is 

[0.15, 0.3]. 

4.2  Series and parallel capacitors 

Considering the requirements of actual application 
scenarios, the rated reactive power of the load is set to 
QN, and its reactive power fluctuation range is set to 
±Qf. The series and parallel capacitors must match 
each other, and the constraints can be defined as 

 

N f
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      (13) 

where ωs is the angular frequency of the VSI switch. 
To avoid fundamental wave series resonance 

between Lf and capacitances C1 and C2, the value of 
the angular frequency must satisfy the following 
condition 

 f 1 21 ( )L C Cω ≠ +    (14) 

The capacitance values of capacitors C1 and C2 can 
be obtained by Eqs. (13) and (14). 

4.3  DC-link voltage 

To ensure the normal operation of the proposed 
compensator in the reactive load power range, the 
DC-link voltage constraints of the VSI are defined as 

 
dc

sm

2 1.154 7
3

2

M

MU
U UΔ

⎧ =⎪⎪
⎨
⎪ −
⎪⎩

≤

≥

  (15) 

where M denotes the amplitude modulation ratio of the 
VSI, which is set to the maximum value of 1.154 7, 
and Usm is the phase voltage amplitude of the VSI 
grid-connected point. 

Based on Eq. (15), the DC-link voltage should 
satisfy the following condition 

 sm
dc

2( )
1.154 7
U U

U Δ+
≥     (16) 

To achieve a better compensation effect, the value 
of UΔ in Eq. (16) cannot be zero. Because the 
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presented deduction process utilizes the minimum 
value, the final DC-link voltage reference value also 
must have an appropriate margin. 

5  Control strategy 

A block diagram of the control strategy of the 
proposed reactive power compensation system is 
shown in Fig. 10. It includes two main parts: the 
reference current calculation and the VSI control. In 
this study, the focus was on the reactive power 
compensation, and the capacitor voltage balance 
control on the DC side of the VSI was not analyzed, so 
this content is not included in the control block 
diagram. 

 

Fig. 10  Control block diagram of the proposed system 

First, the three-phase load currents iLa, iLb, and iLc 
are used to obtain reactive and active current 
components (i.e., iLq and iLd) through Parker 
transformation. Similarly, the three-phase current of 
capacitor C2 is transformed to obtain ic2q and ic2d. 
Second, channels iLd and ic2d are eliminated and set to 
zero. Meanwhile, the DC components of the reactive 
power components iLq and ic2q are obtained by a 
low-pass filter. Third, the load’s reactive current 
components iLaq, iLbq, and iLcq and the reactive current 
components of capacitor C2, ic2aq, ic2bq, and ic2cq can be 
obtained by inverse Parker transformation of the DC 
components. Then, the reactive power components of 
the two currents are combined to obtain command 
signals iaref, ibref, and icref. Finally, the output currents 
iinva, iinvb, and iinvc of the VSI are subtracted from the 
command current signal to obtain the error signals. 
The error signals are passed through the 

proportional-integral regulator (PI) to obtain the 
modulated wave and then compared with the 
triangular carrier to generate the driving pulse of the 
VSI. 

6  Simulation results 

To verify the effectiveness and feasibility of the 
proposed structure and the control method of the 
proposed reactive power compensation system, a 
simulation model of a 0.4 kV power distribution 
system connected to the compensation system was 
built using Matlab/Simulink software. The simulation 
system parameters are shown in Tab. 1. The DC-link 
voltage of the VSI was provided by the ideal DC 
voltage source. 

Tab. 1  Simulation parameters  

Parameter 
Value 

L-STATCOM Proposed 
system 

Grid voltage Us/V 380 380 

DC-link voltage Udc/V 800 300 

Filter inductance Lf/mH 2.3 2.3 
Single-phase reactive load power 

PL/kVar 20 20 

Single-phase active load power QL/kW 20 20 

Capacitance C1/mF — 2 

Capacitance C2/mF — 6 

6.1  Comparative analysis of system performance 

Under the condition of consistent system parameters, 
the reactive power compensation effects of the 
L-STATCOM and the proposed reactive power 
compensator in static compensation were compared. 

During the simulation, the L-STATCOM and the 
proposed compensator were set to be input at 0.1 s. A 
performance comparison of the two systems is shown 
in Fig. 11. The phase-space waveform diagrams of the  
output A-phase voltage and current of the VSI are 
presented in Figs. 11a and 11b, respectively, where uL, 
uN, iL, and iN represent the moduli of the VSI output 
voltage and current (i.e., the amplitude of the 
instantaneous voltage and current), R represents the 
radius of the circle, and parameter sets (uL_α, uL_β, iL_α, 
iL_β) and (uN_α, uN_β, iN_α, iN_β) represent the voltage 
and current values in the αβ two-phase stationary 
coordinate system, respectively. The total harmonic 
distortion (THD) curves of the A-phase output current 
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of the VSI and its three-phase reactive power in the 
two systems are presented in Figs. 11c and 11d, 
respectively. 

 

Fig. 11  Performance comparison of the L-STATCOM and the 

proposed reactive power compensator  

As shown in Fig. 11, when the three-phase load 
inductive reactive power of 60 kVar was compensated 
for, the amplitude of the fundamental voltage output 
by the VSI in the proposed reactive power 
compensation system was 107 V, the amplitude of the 
fundamental current was 68 A, and the current THD 
was 1.58%. At this time, the compensation state of the 

fixed capacitor was overcompensated, and the 
three-phase inductive reactive power output by the 
VSI was 10 kVar. In the L-STATCOM system, the 
amplitude of the fundamental voltage output by the 
VSI was 312 V, the amplitude of the fundamental 
current was 130 A, and the current THD was 2.22%. 
The three-phase capacitive reactive power output by 
the VSI was 60 kVar. Compared with the 
L-STATCOM, the output fundamental voltage, current, 
and capacity of the VSI in the proposed reactive power 
compensation system were reduced by 66%, 48%, and 
83%, respectively. Meanwhile, the THD of the VSI 
compensation current was also reduced, as shown in 
Tab. 2. The results show that the output voltage, 
current, and reactive capacity of the VSI could be 
reduced, and the current compensation quality could 
be improved by reasonably setting the capacitance of 
the series-parallel capacitor in the proposed reactive 
power compensator. 

Tab. 2  Performance analysis 

VSI L-STATCOM Proposed 
topology 

Improvements 
achieved by 

proposed 
structure 

Output voltage 
amplitude/V 312 107 Reduced by 

66% 
Output current 
amplitude/A 130 68 Reduced by 

48% 
Output reactive 

power/kVar 60 10 Reduced by 
83% 

Current THD(%) 2.22 1.58 — 

DC-link voltage/V 800 300 — 

The reactive power compensation effects of the 
L-STATCOM and the proposed reactive power 
compensator are shown in Fig. 12, where ULsa, UNsa, 
ILsa, and INsa represent the A-phase voltages and 
currents on the grid side of the two systems, 
respectively. Before the compensator was put into 
operation, because of the resistive inductive load, the 
voltage phase on the grid side was ahead of the current 
phase, and the values of the active and reactive powers 
of the load were the same during this period; thus, the 
power factor of the two systems was 0.707. The 
reactive power compensation effect of the 
L-STATCOM is shown in Fig. 12a, which shows that, 
after the system reached stability, the voltage phase on 
the grid side was consistent with the current phase, and 
the power factor increased to one. The reactive power 
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compensation effect of the proposed reactive power 
compensator is shown in Fig. 12b. The proposed 
system became stable after 10 ms. The voltage and 
current on the grid side were in the same phase, and 
the power factor increased to one. The results show 
that the proposed compensator has an excellent 
reactive power compensation effect as L-STATCOM. 

 

Fig. 12  Reactive power compensation effects  

6.2  Dynamic compensation analysis 

To verify that the proposed reactive power 
compensator can dynamically compensate for an 
inductive load with large fluctuations, the simulation 
conditions were set so that the three-phase resistive 
inductive load could suddenly increase the reactive 
power of 10 kVar and active power of 10 kW at 0.3 s 
and decrease the reactive power of 15 kVar and active 
power of 15 kW at 0.6 s. 

The output A-phase voltage and current of the VSI 
and capacitors C1 and C2, as well as their respective 
three-phase compensation reactive power values, are 
shown in Fig. 13. According to Figs. 13a-13c, during 
the compensation period of 0.3-0.6 s, when the 
reactive load power suddenly increased, the current of 
capacitor C1 also increased, as given by Eq. (5), so its 
voltage increased accordingly. When the voltage of 
capacitor C1 increased, according to Eq. (3), the 
voltage of capacitor C2 and the output voltage of the 
AC side of the VSI decreased accordingly. Following 
Ohm’s law, the current of capacitor C2 decreased. As 
shown in Fig. 13d, during this period, capacitors C1 and 

C2 could compensate for most of the reactive power and 
were in the undercompensated state. The VSI only needed 
to provide a small part of the reactive power, and its 
output current was significantly reduced. 

 

Fig. 13  Output A-phase voltage and current of the VSI and 

capacitors C1 and C2 and their respective three-phase 

compensation reactive powers 

As shown in Figs. 13a-13c, during the 
compensation period of 0.6-0.9 s, when the reactive 
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load power suddenly decreased, the current of 
capacitor C1 also decreased, according to Eq. (5), so 
its voltage decreased. When the voltage of capacitor 
C1 decreased, according to Eq. (3), the voltage of 
capacitor C2 and the output voltage of the AC side of 
the VSI increased accordingly. Furthermore, according 
to Ohm’s law, the current of capacitor C2 increased. As 
shown in Fig. 13d, the sum of the capacitive reactive 
powers compensated for by capacitors C1 and C2 
exceeded the inductive reactive power of the load. In 
addition, the compensation state of the capacitor was 
overcompensated during this period, while the VSI 
needed to modulate inversely and output a part of the 
inductive reactive power to absorb excess capacitive 
reactive power, so its output current increased 
significantly. The VSI and capacitors C1 and C2 
cooperated to achieve dynamic compensation of the 
reactive load power. 

The A-phase output current tracking waveform of 
the VSI and dynamic compensation effect waveform 
of the proposed system are presented in Fig. 14. In Fig. 
14a, Iref_a and Iinv_a denote the reference A-phase 
current and the actual output compensation current of 
the VSI, respectively. 

 

Fig. 14  Output A-phase current tracking waveform of the VSI 

and dynamic compensation effect waveform of  

the proposed system 

As shown in Fig. 14a, when the reactive load power 
changed significantly, the current compensated for by 
the VSI in the proposed reactive power compensator 
could track the reference current. In addition, Fig. 14b 
shows that, during the sudden increases in the reactive 
load power in the intervals of 0.3-0.6 s and 0.6-0.9 s, 
after the real-time dynamic compensation by the 
proposed reactive power compensator, the proposed 
system could reach stability within 10 ms. Moreover, 
the voltage phase at the grid side was consistent with 
the current phase, and the power factor increased to 
one. The above shows that the proposed reactive 
power compensator can achieve a good dynamic 
compensation effect. 

7  Conclusions 

An improved hybrid reactive power compensation 
structure based on the FC and STATCOM was 
presented, along with its control method. The proposed 
structure includes a parallel connection of capacitor C2 
and the AC output side of the VSI, and a serial 
connection of capacitor C1 and its grid-connected 
branch. Capacitors C1 and C2 are connected in series, 
forming a fixed-capacitance capacitor C. The proposed 
structure has the following advantages. First, capacitor 
C1 can withstand the main fundamental voltage drop, 
thereby reducing the AC output voltage and DC-link 
voltage of the VSI. Second, capacitor C2 reduces the 
output current of the VSI through the shunt action, 
thus reducing the current stress of the IGBT in the VSI, 
which is beneficial for the selection of IGBT devices. 
The proposed structure can reduce the system 
compensation cost, active power loss, and output 
capacity of the VSI. The proposed structure was 
verified by Matlab/Simulink platform simulations. The 
simulation results demonstrate the excellent reactive 
power compensation performance of the proposed 
structure. 
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