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Abstract  

 

This paper presents a combined system of a small-capacity inverter and multigroup delta-connected thyristor switched 
capacitors (TSCs). The system is referred to as a hybrid static compensator (HSC) and has the functions of dynamic reactive 
power compensation and harmonic suppression. In the proposed topology, the load reactive power is mainly compensated by the 
TSCs. Meanwhile the inverter is meant to cooperate with TSCs to achieve continuous reactive power compensation, and to filter 
the harmonics generated by nonlinear loads and the TSCs. First, the structure and mathematical model of the HSC are discussed 
Then the control method of the HSC is presented. An improved reduced order generalized integrator (ROGI)-based selective 
current control method is adopted in the inverter to achieve high-performance reactive and harmonic current compensation. 
Meanwhile, a switch control strategy is proposed to implement precise and fast switching of the TSCs and to avoid changing the 
time delay needed by the conventional switch strategy. Experiments are implemented on a 20 KVA HSC prototype and the 
obtained results verify the validity of the proposed HSC system. 
 
Key words: Harmonic suppression, Hybrid static compensator (HSC), Reactive power compensation, Reduced order generalized 
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I. INTRODUCTION 

A lot of power electronic devices and nonlinear loads have 
been widely used in power systems, which results in a lot of 
serious problems, including reactive power and harmonic 
pollution. The presence of reactive power and harmonics is 
detrimental to the grid, because it causes additional power 
losses and malfunctions of the grid components. Thus, 
reactive power compensation and harmonic suppression have 
become popular issues in recent research [1]-[3]. 

Thyristor switched capacitors (TSCs) are the most 
commonly used device for reactive power compensation. 
They have the characteristics of a simple structure, low loss 
and low maintenance requirements. The reactive power 
output of a TSC can be changed step by step through 
switching the thyristor on or off. Several TSCs can be 
combined for large-capacity reactive power compensation at 
a low cost. However, TSCs have a relatively slow response 
time, and they cannot implement continuous reactive power 

compensation [4], [5]. Static Var Compensators (SVCs) are 
also useful. However, they introduce harmonic currents into 
the grid [6]-[8]. Active power filters (APFs) have been 
developed for harmonic suppression and reactive power 
compensation since the 1970s [9]-[11]. These devices have 
good performances, such as high steady-state compensation 
precision, fast dynamic response, low probability of 
resonance with the grid, etc. However, the cost of an APF is 
relatively high so that it is unsuitable for a large-scale 
systems [12]-[14]. The aforementioned devices can 
individually improve the power quality of the grid. However, 
they also have limitations. Thus, many hybrid systems have 
been proposed to achieve superior performance [15]-[17]. 

In low-voltage distribution grids, a kind of electronic 
device with harmonic suppression and large-capacity reactive 
power compensation is widely needed. In [16], the authors 
presented a dynamic hybrid var compensator (HVC) that is 
composed of a small-rate distribution static compensator 
(DSTATCOM) and multigroup TSCs. The HVC can 
implement large-capacity continuous reactive power 
compensation. However, multiple current sensors are 
necessary for simultaneously detecting the TSC current and 
the load current, which increases the system complexity. In 
[17], a combined system of an APF, a thyristor controlled 

Manuscript received Oct. 12, 2016; accepted Feb. 17, 2017 
Recommended for publication by Associate Editor Kyo-Beum Lee. 

†Corresponding Author: yjq1998@163.com 
Tel: +86-571-8795-1784, Fax: +86-571-8795-1625, Zhejiang Univ. 

*College of Electrical Engineering, Zhejiang University, China 

© 2017 KIPE



A Hybrid Static Compensator for Dynamic Reactive Power Compensation and Harmonic Suppression        799            

 

reactor (TCR) and a fixed capacitor (FC) was proposed. The 
system has the functions of power factor correction and 
harmonic suppression. However, it is difficult to dynamically 
adjust the high capacity reactive power due to the FC. 

In this paper, a HSC system is proposed for dynamic 
reactive power compensation and harmonics suppression. 
The HSC is a typical hybrid system that is composed of a 
small-capacity inverter and multigroup delta-connected TSCs. 
Both the control of the inverter and the TSCs can influence 
the system performance. The inverter is meant to cooperate 
with the TSCs to achieve smooth reactive power 
compensation and to filter harmonic currents. The current 
control method adopted in the inverter directly determines the 
performance of the current compensation. However, some 
common control methods, such as PI control [18], fuzzy 
control [19], sliding-mode control [20] and adaptive control 
[21], can attenuate current harmonics only to a certain level, 
and cannot realize high current compensation precision. 
Consequently, a high-performance current control method is 
required for controlling the inverter. On the other hand, TSCs 
are used to compensate the major reactive power of the load, 
and their reactive power output can be changed step by step. 
Therefore, a fast and precise switch control strategy is needed 
to control the switching of the TSCs. Traditionally, the power 
factor (PF) is chosen as a reference, and the TSCs are 
switched to satisfy the requirement of the PF. A fixed time 
delay is usually added to ensure that the switching of the 
TSCs is operated when the load reactive power is restored to 
the steady state. However, a suitable time delay is difficult to 
set because practical load changes are uncertain [22], [23]. 

Based on the proposed HSC system, a ROGI-based current 
control method is presented to realize high-performance 
reactive and harmonic current compensation. Meanwhile, a 
precise and fast switch control strategy is adopted without 
changing the time delay under different load changes. This 
paper is organized as follows. Section II introduces the 
structure and compensating principle of the HSC and gives 
the mathematical model. Section III analyzes the 
mathematical model of the inverter, and proposes a 
ROGI-based selective current compensation method. Section 
IV introduces the proposed switch control strategy. Section V 
presents experimental results, and Section VI draws some 
conclusions. 

 

II. HSC CONTROL SYSTEM AND MATHEMATICAL 
MODEL 

A. HSC Structure and Compensating Principle 

The structure of the proposed HSC is shown in Fig. 1. The 
HSC is composed of several thyristor switched capacitors 
(TSC) and a two-level voltage source inverter with a DC 
capacitor and an LCL-type output filter. A three-phase diode 
rectifier with a resistive and inductive load is adopted as a  
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Fig. 1. Structure diagram of the HSC. 
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Fig. 2. Block diagram of the HSC control system. 
 

harmonic source to produce harmonic currents. In addition, a 
three-phase linear inductive load can be connected in parallel 
with the nonlinear load to produce the necessary reactive 
current. 

In Fig. 1, us denotes the grid voltage, Ls denotes the grid 
impedance, and is denotes the grid current. il denotes the load 
current, iTSC denotes the current of the TSCs, ic denotes the 
output current of the inverter, and it denotes the current sum 
of il and iTSC. PCC denotes the point of common coupling. In 
the inverter, L1 denotes the inverter-side filter inductor, L2 
denotes the grid-side filter inductor, C denotes the filter 
capacitor, Rd denotes the damping resistor, and udc denotes 
the voltage of the DC capacitor. In each TSC, an inductor and 
a capacitor are in series and inverse parallel couple 
silicon-controlled rectifiers (SCR) are used as an electric 
switch. Lf and Cf denote the inductor and capacitor of the 
TSC, respectively. 

A block diagram of the HSC control system is presented in 
Fig. 2. The control system contains a reactive and harmonic 
current detection link, a DC voltage regulator, a 
compensation current controller and a switch control strategy 
link. The reactive and harmonic current detection link detects 
the reactive and harmonic components in the total currents of  
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Fig. 3. Compensating principle of the HSC. 
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Fig. 4. Single-phase equivalent circuit of the HSC. 
 

the load and TSCs. A DC voltage regulator is adopted to 
maintain the DC bus voltage stability. The compensation 
current controller generates a reference voltage that allows 
the compensation current to track the reference current 
accurately. The switch control strategy link generates the 
switching signal to operate the TSCs. Therefore, the total 
compensation current of the HSC can offset the reactive and 
harmonic components in the load currents, and the power 
quality in the PCC is also improved. 

The compensating principle of the HSC is presented in Fig. 
3. NTSC is the number of TSCs which are switched onto the 
grid, and QC and QL are the output capacitive reactive power 
and inductive reactive power of the HSC, respectively. In Fig. 
3, NTSC increases with the capacitive reactive power which is 
demanded to compensate an inductive load. In this case, the 
major reactive power is produced by the TSCs and the 
residual part is produced by the inverter. However, inductive 
reactive power is sometimes demanded when a capacitive 
load is connected to the grid. The inverter only works under 
this condition. 

B. Mathematical Model 

A single-phase equivalent circuit of the HSC is shown in 
Fig. 4. The nonlinear load is considered as a current source, 
the TSCs are considered as an equivalent impedance, and the 
inverter is considered as a controlled current source. 

In Fig. 4, the current sum of the load and TSCs It is 
detected as the input of the inverter, and Ginv represents the 
controlled gain of It. Thus, the output current of the inverter Ic 
can be expressed as: 

( )c inv t inv TSC lI G I G I I                (1) 

The equivalent circuit is feasible at both the fundamental 
frequency and the harmonic frequencies. The subscripts 1 and 
h are used to indicate these two cases. When the equivalent 
circuit is applied at the fundamental frequency, the currents 
of inverter and TSCs, Ic1 and ITSC1, compensate the reactive 
component of the load current Il1q, and the grid current Is1 is 
equal to the active component of the load current Il1p, which 
can be expressed as: 

1 1 1 1

1 1 1

c t q TSC l q

s t p l p

I I I I

I I I

  
  

             (2) 

Where It1q and Il1q are the reactive components of It1 and Ic1, 
respectively. 

When the equivalent circuit is applied in the harmonic 
region, according to Kirchhoff voltage law and current law, it 
can be seen that:  

sh sh sh TSCh TSCh

sh TSCh lh ch

lh sh sh sh

U Z I Z I

I I I I

U U I Z

 
   
  

           (3) 

From Equation (3), the grid harmonic current can be 
expressed as: 

TSCh lh sh TSCh ch
sh

sh TSCh sh TSCh sh TSCh

Z I U Z I
I

Z Z Z Z Z Z
  

  
    (4) 

According to Equation (4), it can be seen that the grid 
harmonic current Ish is composed of two parts, which are 
caused by the load harmonic current Ilh and the grid harmonic 
voltage Ush, respectively. In addition, system parallel 

resonance occurs when 0sh TSChZ Z  . The harmonic 

compensating current of the inverter Ich can be used to 
eliminate these two harmonic components.  

Substituting Equation (1) into Equation (4), the grid 
harmonic current can be changed into: 

(1 ) (1 )

(1 ) (1 )
inv TSCh lh inv sh

sh
TSCh inv sh TSCh inv sh

G Z I G U
I

Z G Z Z G Z

 
 

   
   (5) 

 

It can be seen from Equation (5) that it is possible to totally 
eliminate the grid harmonic current Ish, and to avoid the 
resonance problem between the grid and the TSCs when Ginv 
is equal to 1. 

Fig. 5 shows a control block diagram of the HSC. It is 
equivalent to Fig. 4, and it is possible to obtain Equation (5) 
from Fig. 5. There is a closed loop in the control diagram, 
which is circled with the dotted line. 

In Fig. 5, the grid voltage is viewed as the disturbance 
variable, and it is possible to obtain the open-loop transfer 
function and the closed-loop transfer function of the HSC as: 

_ _ = S
HSC Open loop inv

S TSC

Z
G G

Z Z
 


          (6) 

_ _

(1 )
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(1 )
s inv TSC

HSC Closed loop
l TSC inv s

i G Z
G

i Z G Z




 
    (7) 
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Fig. 5. Control block diagram of the HSC. 
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Fig. 6. Current control block diagram of the inverter. 
 

 
Fig. 7. Bode diagram of the HSC open-loop transfer function 
under different kid. 
 

III. CURRENT CONTROL METHOD  

A. Mathematical Model of the Inverter 

Fig. 6 shows a current control block of the inverter. GCD 
denotes the reactive and harmonic current detection link; τs 
denotes the switching period; KPWM = Ud / Ut, where Ud 
denotes the DC link voltage and Ut denotes the amplitude of 
the triangular carrier [17]; ki denotes the proportionality 
coefficient of the current controller; and GLCL denotes the 
LCL-type filter link. 

Considering the filtering link and computational delay of 
the current detection link, GCD can be approximately 
expressed as: 

*

11
c id

CD
t

i k
G

i s
 


              

(8) 

Where kid denotes the current compensation coefficient, 
and τ1 denotes the delay time. 

The LCL-type filter is a third-order filtering link, and its 
transfer function can be expressed as:  

3 2
1 2 1 2 1 2

1

( ) ( )
d

LCL
d

R Cs
G

L L Cs L L R Cs L L s




   
   

(9) 

Where Rd is the damping resistor, C is the filter capacitor, 
L1 is the inverter-side filter inductor, and L2 is the grid-side 
filter inductor. 

Thus, the transfer function of the inverter is expressed as: 

*
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Where T1~T6 are respectively expressed as: 
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(11) 

According to Equation (6), (10) and (11), it is possible to 
obtain a bode diagram of the HSC open-loop transfer 
function under different kid as Fig. 7. 

From Fig. 7, a resonant peak exists in the Bode diagram, 

and a -180° phase jump occurs at this resonant frequency. 

This causes an output current oscillation and destabilizes the 
HSC system. However, this resonant peak is influenced by 
the value of kid, and a decreasing kid helps damp the resonant 
peak and increases the system phase margin.  

B. ROGI-based Selective Current Compensation Method 

Based on Fig. 7, it is feasible for the HSC system to get a 
sufficient phase margin by decreasing kid. However, high 
gains at the fundamental and harmonic frequencies are 
required to ensure a high current compensation precision. The 
selective current compensation method is appropriate to 
satisfy this under a low kid, and a second order generalized 
integrator (SOGI) is generally adopted to obtain a high 
enough gain at a specific frequency and to track the ac signal 
with zero steady-state error. The transfer function of a SOGI 
is expressed as: 

2 2

2
( ) I I I

SOGI
h hh

K s K K
G s

s j s js  
  

 
      (12) 

Where KI is the integral gain, and ωh is the resonant 
frequency. From Equation (12), the SOGI can be viewed as a 
combination of two first order generalized integrators with 
the same resonant frequency and opposite sequences. For this 
reason, the first order generalized integrator is referred to as  
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(a) Amplitude-frequency response of 2KI s/(s2+ω1

2). 
 

 
(b) Amplitude-frequency response of 2KI /(s-jω1). 

 

 
(c) Amplitude-frequency response of 2KI /(s+jω1). 

 

Fig. 8. Amplitude-frequency responses of the SOGI and ROGI. 

 
the ROGI [24]. 

Fig. 8 presents the amplitude-frequency responses of the 
SOGI and two ROGIs in Equation (12). In Fig. 8, ωh =ω1, and 
ω1 is the fundamental frequency. 

As shown in Fig. 8, the SOGI obtains an infinite gains at 
both the fundamental positive and negative sequences, 
whereas the ROGI obtains an infinite gain at only one of the 
two sequences. This indicates that the ROGI is characterized 
as sequence-decoupled frequency selection and that it can 
assign different gains for the positive and negative sequence 
components of the ac signal. Consequently, the ROGI has 
more control freedom degrees and better control flexibility 
when compared to the SOGI. 

The ROGI in Equation (12) has an infinite gain at the 
resonant frequency, which tends to degrade the stability of 
the control system. Meanwhile, the grid frequency fluctuation 
or the resonant frequency deviation caused by the 
discretization process of the ROGI controller result in a sharp 
decline of the actual controller gain. Given the above issues, 
an improved ROGI is proposed by introducing a damping 
term, and its transfer function is expressed as: 

( ) I c
ROGI

h c

K
G s

s j


 



 

             (13) 

 
 

Fig. 9. Frequency response of the improved ROGI. 
 

Where KI is the integral gain, ωh is the resonant frequency 
of the ROGI controller, and ωc is the added damping term. 

Fig. 9 presents the frequency response of the improved 
ROGIs with different KI and ωc parameters, when the ROGI 

resonant frequency is 1 50 2h      . 

According to Fig. 9, the improved ROGI gain at the 
resonant frequency is independently adjusted by KI. The 
bandwidth and phase characteristics at the resonance 
frequency are determined by the ROGI damping term ωc. 
Consequently, the two issues are solved in the improved 
ROGI and the frequency response of the improved ROGI can 
be adjusted simply by changing KI and ωc. 

A balanced three-phase system generally contains only 
(6k±1)th (k = 1, 2, 3...) harmonic currents because most 
power conversion processes involved in the industrial 
apparatus (e.g., diode rectifier loads) produce these harmonic 
components. When the grid voltage or load condition is 
unbalanced, each (6k±1)th harmonic contains both positive 
and negative sequence components. However, in most cases, 
the unbalanced condition of the grid voltage or load is not 
severe (i.e., mostly below 10%). In such cases, each harmonic 
mainly contains a certain sequence component which satisfies 
(±6k+1) (k = 1, 2, 3...), and the improved ROGI unit in 
Equation (13) can be introduced to cope with the 
corresponding harmonic signal. 

In this study, two ROGIs separately tuning at ±ω1 are 
adopted for the fundamental current because the fundamental 
unbalance component cannot be neglected relative to the 
harmonics. Considering that the percentage of non-linear load 
harmonic current components above the 25th in the total 
harmonic currents is less than 2%, a series of paralleled 
ROGIs tuning at (±6k+1)ω1 (k = 1, 2, 3, 4) are selected to 
constitute the harmonic controller. In addition, a proportional 
controller with the gain Kp is also included to ensure good 
dynamic performance. Thus, the whole current controller of 
the ROGI-based selective current compensation method is 
expressed as: 

I(-1) c(-1) I( ) c( )
C p

6 11 c(-1) 1 c( )

( ) n n

n k n
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Fig. 10. Diagram of the ROGI-based current controller. 

 
Where k = 0, 1, 2, 3, 4, and it is possible to depict a 

diagram of the proposed ROGI-based current controller as 
Fig. 10. 

 

IV. SWITCH CONTROL STRATEGY  

In the HSC, the inverter and the TSCs should cooperate 
closely to implement accurate reactive power compensation 
for non-linear loads. However, three problems exist. 

1) It is used in Fig. 1 to detect the load reactive power 
rather than the load current Il. Thus, it is necessary to 
precisely recognize which causes the detected reactive power 
to change between the load change and the TSC switching. 
Otherwise, the wrong recognition may result in repeated 
switching of the TSCs. 
 2) It matters in terms of how to control the TSCs in time 

when the load reactive current fluctuates sharply, which may 
also cause the TSCs to lose control.  
 3) The switch time of the TSCs and the resulting current 

fluctuation should be taken into account because the TSCs 
and the inverter have different dynamic response speeds.  

To solve the above issues, a switch control strategy is 
proposed as follows. 
 Step 1:  Extract the fundamental reactive component of 

It. 
 Firstly, it is necessary to transform It from the abc 

stationary frame to the dq rotating frame, and obtain its d-axis 
component Itd and q-axis component Itq. Then, two DC 

components tdI and tqI  can be extracted by filtering Itd and Itq 

with low-pass filters (LPF), and they satisfy Equation (15): 

1 1

1 1

3 cos

3 sin

td t

tq t

I I

I I





   
   

                  

(15) 

Where It1 is the fundamental component of It, and θ1 is the 
phase difference between grid voltage Us and It1. 

2G
*
1t qI *

1l qI

*
TSCI

tqI tqI
LPF 1 3 3G

1G

d dt

Fig. 11. Switch control diagram of the HSC. 
 

It1q denotes the reactive current component of It1, and it is 
equal to It1sinθ1. Thus, It1q can be expressed as: 

1 1 1sin
3

tq
t q t

I
I I   

            

(16) 

In this way, it is possible to deduce the fundamental 
reactive current component It1q from It. 

Step 2:  Decide the switch table of the TSCs. 
Fig. 11 depicts a switch control diagram of the HSC. In Fig. 

11, *
1t qI is the deduced fundamental reactive component from 

It,
*
TSCI is the calculated TSC current, and *

1l qI is the 

fundamental reactive component of Il. G is the switch table of 
the TSCs, in which 0 denotes switching off and 1 denotes 
switching on. Specially, G1 is the switch table in the present 
period. G2 is the possible switch table in the next period. G3 is 
the switch table which meets Judge1 and will be 
implemented in the next period. 

From Fig. 11, the proposed switch control strategy is used 
to predict the possible switch table in the next period G2, and 
to confirm whether G2 will be implemented in the next period. 

Generally, the fundamental reactive current component *
1t qI is 

deduced from It.
*
TSCI is calculated according to the TSC 

model and the present switch table G1 because the TSC 

current is not directly detected in the HSC. Thus, *
1l qI will be 

obtained by subtracting *
TSCI from *

1t qI . Four input signals: *
1l qI ,

*
1l qdI dt , G1, and G3 are sent to the decision table, and G2 is 

subsequently deduced. In order to avoid repeatedly switching 
the TSCs, Judge1 is employed to decide whether G2 will be 
implemented in the next period. If G2 meets Judge1, G2 is 
assigned to G3 and will be operated; if G2 does not meet 
Judge1, G1 is assigned to G3 and the switch table of the TSCs 
does not change. In addition, a Delay link is added between 
G2 and G1 because the response time of the TSCs cannot be 
neglected. 

A program flow diagram of the switch control strategy is 
shown in Fig. 12. Judge1 and Delay are both identified with 

the dotted line. In Judge1,
1

*

l q
dI dt   needs to be met ten 

times in a row to ensure that the switching of the TSCs can be 
operated only when the load reactive power remains steady. 
In the Delay, Z counts up to 100 from 0 so that the transient 
process of switching the TSCs totally ends and the HSC is 
restored to the steady state. 
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Fig. 12. Program flow diagram of the switch control strategy. 

TABLE I 
DECISION TABLE FOR TWO TSCS 

*
1l qdI dt Switch 

table G3
 Switch 

table G1
*
1l qI Switch 

table G2

*
1l qdI dt  

1 3G G

(0,0) *
1 0l qI  (0,0)

(0,1)  

*
1 1l qI I  (0,0)

*
1 1 0l qI I    (0,1)  

(1,0)  

*
1 2l qI I  (0,0)

*
2 1 1l qI I I    (0,1)  

*
1 1 0l qI I    (1,0)  

(1,1)

*
1 3l qI I  (0,0)

*
3 1 2l qI I I    (1,0)  

*
2 1 1l qI I I   (0,1)  

*
1 1 0l qI I    (1,1)

Random

*
1 10 l qI I  (0,0)
*

1 1 2l qI I I  (0,1)  

*
2 1 3l qI I I  (1,0)  

*
3 1l qI I (1,1)

1 3G G  Random Random 
Unchan

ged 

In the HSC prototype, two TSCs are supplied and the 
decision table is shown as Table I. In Table I, I1 denotes the 
current of the first TSC, I2 denotes the current of the second 
TSC, and I3 denotes the current sum of the two TSCs. 

Fig. 13. Three-phase three-wire HSC experimental prototype. 

TABLE II 
PARAMETERS OF THE HSC EXPERIMENTAL PROTOTYPE 

Parameter Value 
Grid voltage Us  380 V 

DC side voltage of inverter Udc  780 V 

Inverter-side inductor L1   100 μH 

Grid-side inductor L2 50 μH 

Filter capacitor Cf    30 μF 

Damping resistor Rd  0.1Ω 

Diode rectifier resistive load Rload  5.8Ω 

Diode rectifier inductive load Lload 1 mH 

Inductor of the 1st TSC Lf1 5.133 mH 

Capacitor of the 1st TSC Cf1  46.1 μF 

Inductor of the 2nd TSC Lf2 3.423 mH 

Capacitor of the 2nd TSC Cf2  69.1 μF 

V. EXPERIMENTAL RESULTS AND ANALYSIS 

Experiments are implemented on a 20KVA three-phase 
three-wire HSC prototype, which is depicted in Fig. 1. A 
photo of the prototype is shown in Fig. 13. 

The load consists of two parts: a three-phase diode rectifier 
with RL loads and a three-phase inductive load. They are 
connected in parallel to produce harmonics and reactive 
current. The key parameters of the prototype are listed in 
Table II. The control platform is implemented on a 
TMS320F28335 DSP control board. Both the sampling and 
switching frequencies are set to 15 kHz. A Yokogawa DL850 
is used as the measurement instrument. 

A. Steady-state Performance Comparison of Different 
Current Control Methods 

Fig. 14(a) shows a waveform of the grid current with a 
nonlinear load and a 7Kvar inductive load before the HSC is 
used. Fig. 14(b) shows the frequency spectrum of the grid 
current. The total harmonic distortion (THD) of the grid 
current is 21.8%. Fig.14(c) shows information about the 
reactive power and power factor (PF). The total 9.48Kvar 
reactive power is produced and injected into the grid under 
this load condition, and the PF of the PCC is 0.85. 
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(a) Phase currents. 

 
(b) Frequency spectrum.        (c) Power factor. 

 

Fig. 14. Waveform of the grid current without the HSC. 
 

 
(a) Phase currents. 

 
(b) Frequency spectrum.        (c) Power factor. 

 

Fig. 15. Steady-state performance with a traditional PI controller. 
 

Fig. 15 shows experimental results of the steady-state grid 
current when the HSC with a traditional PI controller is used. 
The 1st TSC has been switched into the grid. As shown in Fig. 
15(b), the THD of the grid current is reduced from 26.1% to 
9.6%. As shown in Fig. 15(c), the PF of the PCC is improved 
from 0.85 to 0.99. 
Fig. 16 shows experimental results of the steady-state grid 

current when the HSC with the ROGI-based current 
controller is used. The 1st TSC has been switched into the 
grid. As shown in Fig. 16, the grid current is almost 
sinusoidal with a low THD of 3.3%, and the PF of the PCC 
reaches nearly 1.00. 

 
(a) Phase currents. 

 
(b) Frequency spectrum.        (c) Power factor. 

Fig. 16. Steady-state performance with the ROGI-based current  
controller. 

 
From Fig. 14 - 16, the THD of the grid current and the PF 

of the PCC have both been improved when the HSC is 
operated, which confirms that this device has a good steady 
performance for harmonic suppression and reactive power 
compensation. Furthermore, the proposed ROGI-based 
controller can realize a lower THD and a higher PF than a 
traditional PI controller. This result shows that the proposed 
ROGI-based controller has a better steady current control 
capability. 

B. Dynamic Response Comparison of Different Switch 
Control Strategies 

Fig. 17 - 19 illustrate experimental results of the dynamic 
response when the conventional switch control strategy [22] 
and the proposed switch control strategy are adopted. During 
the experimental process, the load changes in the following 
order: no load, nonlinear load, nonlinear load + 7Kvar 
inductive load, nonlinear load + 10Kvar inductive load, 
nonlinear load + 7Kvar inductive load, nonlinear load, no 
load. In each figure, from top to bottom, GTSC1 and GTSC2 are 
the switch control signals of the two TSCs in which the high 
level denotes switching off and the low level denotes 
switching on, Ua is the a-phase voltage of the PCC, Ila is the 
a-phase load current, Isa is the a-phase grid current, Ica is the 
a-phase current of the inverter, and ITSCa is the a-phase 
current of the TSC.  

Fig. 17 shows experimental results of the dynamic 
response when a conventional switch control strategy with a 
fixed time delay of 0.14s is used. Waveforms during the 
entire experimental process are illustrated in Fig. 17(a). As 
shown, the 1st TSC is switched on when the 7Kvar inductive 
load is added; the 1st TSC is switched off while the 2nd TSC  
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(a) Waveforms during the whole experimental process. 

 

 
(b) Waveforms when a 7Kvar inductive load is added. 

 

 
(c) Waveforms when the inductive load increases to 10Kvar. 

 

Fig. 17. Dynamic response when a conventional switch control 
strategy with a fixed time delay of 0.14s is used. 

 
is switched on when the inductive load increases to 10Kvar 
from 7Kvar; and right switch control signals are also 
produced when the inductive load decreases. This result 
confirms that the switch control strategy in Fig. 17 can 
precisely recognize changes in the load reactive power and  

 
(a) Waveforms during the whole experimental process. 

 

 
(b) Waveforms when a 7Kvar inductive load is added. 

 

 
(c) Waveforms when the inductive load increases to 10Kvar. 

 

Fig. 18. Dynamic response when a conventional switch control 
strategy with a fixed time delay of 0.08s is used. 
 
correctly implement the switching of the TSCs. Fig. 17(b) 
shows waveforms when a 7Kvar inductive load is added. As 
shown, the measured time interval between increasing the 
inductive load and generating the switching control signals is 
approximately 0.1562s. Fig. 17(c) shows waveforms when  
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(a) Waveforms during the whole experimental process. 

 

 
(b) Waveforms when the a 7Kvar inductive load is added. 

 

 
(c) Waveforms when the inductive load increases to 10Kvar. 

 

Fig. 19. Dynamic response when the proposed switch control 
strategy is used. 
 
the inductive load increases to 10Kvar from 7Kvar, and the 
measured time interval in Fig. 17(c) is nearly 0.1494s. The 
two time intervals are almost the same, and the difference 
between them may be caused by different relay circuits. In 
addition, they are both very close to the fixed time delay of 
0.14s. 

 
(a) Phase currents. 

 
    (b) Frequency spectrum.        (c) Power factor. 
Fig. 20. Steady-state performance when a topology for detecting 
the load current Il is adopted. 
 

Fig. 18 shows the dynamic response when a conventional 
switch control strategy with a fixed time delay of 0.08s is 
adopted. As shown in Fig. 18(a), a malfunction of the TSCs 
occurs because reducing the time delay may cause the 
switching of TSCs to be operated during the oscillation 
process of the load reactive power. Moreover, the time 
interval in Fig. 18(b) is measured to be 0.0897s, and the time 
interval in Fig. 18(c) is 0.0847s. The two measured time 
intervals are nearly the same and very close to the fixed time 
delay of 0.08s. 

Fig. 19 shows the dynamic response of the proposed switch 
control strategy. As shown in Fig. 19(a), the switching of the 
TSCs is implemented precisely when the load condition 
changes. In addition, the time interval in Fig. 19(b) is 
measured to be 0.1167s, while the time interval in Fig. 19(c) 
is 0.0837s. The former time interval is obviously longer than 
the latter one because it takes the grid current Isa a longer 
time to restore to the steady state when a 7Kvar inductive 
load is added than when a 3Kvar inductive load is added. 
This result demonstrates that the proposed switching strategy 
has no fixed time delay, and that the time interval between 
recognizing the change of the load reactive power and 
producing the switch signals is adjusted depending on the 
practical load conditions. 

From Fig. 17-19, it can be seen that the conventional 
switch strategy needs a long enough time delay against the 
malfunction of the TSCs. However, the time delay is difficult 
to set because the practical load condition is usually uncertain. 
In comparison with the conventional method, the proposed 
switch control strategy can implement a precise and fast 
switching of the TSCs without changing the time delay under 
different load changes. Thus, it is more suitable for practical  
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(a) Waveforms during the whole experimental process. 

 
(b) Waveforms when a 7Kvar inductive load is added. 

 
(c) Waveforms when the inductive load increases to 10Kvar. 

Fig. 21. Dynamic response when a conventional switch control 
strategy with a fixed time delay of 0.08s is adopted in the 
topology for detecting the load current Il. 

 
systems. 

C. Performance Comparison between Different 
Topologies 

Fig. 20-21 represent experimental results of the 
steady-state grid current and experimental results of the 

dynamic response when the load current Il is detected instead 
of the current sum of the load and the TSCs It. In this 
topology, the ROGI-based current controller and the 
conventional switch control strategy are adopted. 

Fig. 20 shows experimental results of the steady-state grid 
current under the same load condition as Fig. 16. The 1st 
TSC has been switched into the grid. As shown in Fig. 20(b) 
and (c), the grid current is almost sinusoidal with a THD of 
4.1%, and the PF of the PCC reaches 1.00. In Fig. 16, it can 
be seen that the steady-state grid current has a lower THD of 
3.3%. Comparing Fig. 20 and 16, the topology for detecting 
the load current Il cannot achieve an equally good harmonic 
suppression effect as that for detecting It. This is because the 
harmonics caused by the TSCs are allowed into the grid when 
the topology for detecting Il is used. 

Fig. 21(a) illustrates waveforms of the dynamic response 
when a conventional switch control strategy with a fixed time 
delay of 0.08s is adopted in the topology for detecting the 
load current Il. As shown in Fig. 21(b) and 21(c), the two 
time intervals are 0.0862s and 0.0859s, respectively, which 
are both close to 0.08s. Compared with Fig. 18(a), there is no 
malfunction of the TSCs under the same time delay. This is 
because the switching of the TSCs has no influences on 
recognizing the load reactive power. 

From Fig. 20-21, in the topology for detecting the load 
current Il, the change of the load reactive power is directly 
recognized. Thus, the switching of the TSCs can be correctly 
implemented in spite of a short time delay. However, the 
harmonics caused by the TSCs are allowed into the grid, 
which leads to a poor steady harmonic suppression effect. In 
addition, considering that the current of the TSCs is not 
detected, a TSC model is needed so that the inverter can 
precisely compensate the residual reactive power when the 
TSC is switched on. 

In conclusion, Table III is given to summarize the above 
experimental results. 

 

VI. CONCLUSIONS  

This paper proposed a HSC system that is composed of a 
small-capacity inverter and multigroup TSCs. The proposed 
HSC combined the advantages of both inverters in terms of 
their precise and fast current compensation and TSCs in 
terms of their large-capacity reactive power compensation at 
a low cost. The structure and mathematical models of the 
HSC are both given. Then the control method is presented. 
For the inverter, a ROGI-based current control method is 
used to achieve high-performance current compensation. For 
the TSCs, a switch control strategy is proposed to implement 
precise and fast switching of the TSCs. When compared with 
the conventional switch strategy, the proposed strategy is 
more suitable for practical systems because it does not need 
to change the time delay under different load changes. A 
20KVA prototype was developed in the laboratory.  
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TABLE III 
PARAMETERS OF THE SHUNT APF PROTOTYPE 

 
PI current 
controller 

Proposed 
ROGI-based

current 
controller 

Conventional
switch control

strategy 

Proposed 
switch control

strategy 

Topology for 
detecting the 
load current Il 

Adopted 
Topology for 

detecting the current 
sum of the load and 

the TSCs It 
Steady-state 

current compensation 
precision 

THD=9.6% 
PF=0.99 

THD=3.3%
PF=1.00 

  
THD=4.1% 

PF=1.00 
THD=3.3% 

PF=1.00 

Whether to 
implement the 

correct switching of 
the TSCs 

  
Yes (with a 
proper time  

delay) 
Yes   

Whether a fixed time 
delay is needed 

  Yes No   

How to recognize a 
change of the load 

reactive power 
    Directly Indirectly 

 
Experimental result comparisons between different control 
methods and topologies validated the theoretical analysis. 
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