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Analysis, Control, and Design of a Hybrid
Grid-Connected Inverter for Renewable Energy
Generation With Power Quality Conditioning

Lei Wang , Chi-Seng Lam , Senior Member, IEEE, and Man-Chung Wong, Senior Member, IEEE

Abstract—This paper proposes a new type dc/ac inverter named:
hybrid-coupling grid-connected inverter (HGCI) for photovoltaic
active power generation with power quality conditioning, which
consists of a full-bridge three-phase dc/ac inverter coupling to the
power grid in series with a thyristor-controlled LC filter. Compared
with the conventional inductive-coupling grid-connected inverter
(IGCI) and capacitive-coupling grid-connected inverter (CGCI),
the proposed HGCI has distinct characteristics of wide operational
range and low dc-link operating voltage. Based on these prominent
characteristics, the system cost and operational cost can be re-
duced. Moreover, it can transfer the active power and compensate
reactive power, unbalanced power, and harmonic power simultane-
ously. In this paper, the analysis of the structure, parameter design,
and control method of the HGCI is proposed and presented. Fi-
nally, simulation and experimental results are provided to verify
the effectiveness and performance of the proposed HGCI in com-
parison with the IGCI and CGCI.

Index Terms—Active power, current harmonics, hybrid-
coupling grid-connected inverter (HGCI), reactive power,
thyristor-controlled LC (TCLC), unbalanced compensation.

I. INTRODUCTION

THE modern power grids promise not only better electric-
ity service and more reliable system but also environ-

mental friendly energy. The solar energy as one of the most
common renewable energy plays an important role in modern
power grids due to its advantages of environmental friendli-
ness, cost-efficiency, and mature technology. And, the global
solar power capacity is predicted to reach 613 GW in 2020
from 285 GW in 2016, which is increasing rapidly. In order to
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transfer the solar energy to the loads or grids, researchers have
been continuously improving the structure design and control
methods of photovoltaic (PV) dc/ac inverters [1]–[14] based on
the inductive-coupling grid-connected inverter (IGCI), in which
the IGCI operating voltage should be higher than the power
grid voltage or the dc-link voltage of the IGCI should be higher
than the peak value of the power grid voltage. To meet this
requirement, the possible inverter structures and characteristics
for a PV energy generation system in a three-phase distribution
power grid are shown in Fig. 1 and summarized as follows.

The basic structure characteristics of different dc/ac inverter
topologies can be described as:

1) using a multilevel dc/ac inverter structure with each mod-
ule supported by independent PV panels as energy source
[5], [6];

2) using a line frequency voltage step-up transformer after
the dc/ac inverter to step-up its operating voltage into the
same power grid voltage level [7], [8];

3) step up the PV panel output voltage by using a dc–dc boost
converter before the dc/ac inverter [9]–[11];

4) connecting many PV panels in series as the dc-link energy
source for the dc/ac inverter [12]–[14].

However, due to the multilevel structure, topology 1 [5], [6]
requires many power switches and dc capacitors, which greatly
increases the system cost and control complexity. By using the
line frequency step-up transformers, topology 2 [7], [8] can re-
duce the required power switches and dc capacitors. However,
using the transformers still increases the size, weight, power
loss, and cost of the system. Using a dc–dc boost converter
to boost up the PV panel output voltage shown in topology
3 [9]–[11] not only increases the control complexity but also
decreases the system efficiency as compared with topology 4.
The single-stage topology 4 [12]–[14] will be the best choice
among the four topologies because it can obtain the lowest
cost and the highest efficiency, under the consideration of the
same power transfer capability or number of PV panels. How-
ever, topology 4 still requires large numbers of PV panels con-
nected in series to support its high dc-link voltage requirement
of IGCI (>

√
2VL − L ), which still occupies a large area and high

costs.
Besides, from the China Meteorological Administration Wind

and Solar Energy Resource Center, the average sunshine hour
per year for the West part of China is less than 3600 h while that
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Fig. 1. Possible circuit topologies for a PV energy generation system [1]–[14] based on IGCI. (a) Topology 1. (b) Topology 2. (c) Topology 3. (d) Topology 4.

for the East part of China is even less than 2700 h, with one year
of 8760 h [15]. That means the costly PV energy generation sys-
tem does not operate almost 60% of the year if it just transfers
the active power to the power grid only, which is not efficient
and cost-effective. As a result, the PV generation system will
work more cost-effectively if it can provide active power injec-
tion together with power quality conditioning (such as reactive
power, current harmonic, and unbalanced power compensation)
simultaneously. For example, the PV generation system can in-
ject the active power and provide power quality conditioning in
the daytime while it just compensates the power quality problem
at night.

As the active power injection and power quality condition-
ing are fully supported by the inverter part only of the IGCI,
this is the reason why the IGCI requires a high dc-link volt-
age, so as high-voltage rating switching devices. To reduce the
required high dc-link voltage in topology 4 and provide ac-
tive power transfer and power quality conditioning functions
simultaneously, the capacitive-coupling grid-connected invert-
ers (CGCIs) have been proposed in [16] and [17]. For the CGCI
structure, the dc/ac inverter is connected to the power grid via a
series-connected LC filter. The coupling LC filter aims to com-
pensate a fixed reactive power and a tuned harmonic current
order and can provide a large fundamental voltage drop so as
to significantly reduce the dc-link voltage requirement. With
the low dc-link voltage characteristics, the CGCIs require less
series-connected PV panels (mainly for active power injection
and remaining current harmonics compensation), which offers
the benefits of lower cost, lower operational loss, and higher
reliability than the IGCI because it can use lower voltage rat-
ing switching devices and connect fewer PV panels in series.
However, the large LC filter impedance of the CGCIs leads to a
narrow energy conversion range. In addition, when the loading
is capacitive or outside its operation range, the dc-link voltage
is required to be higher than the power grid voltage, which loses
its low dc-link voltage advantages.

A thyristor-controlled LC-coupled hybrid active power fil-
ter (TCLC-HAPF) is proposed for power quality compensation
[18]–[23], in which it has distinct characteristics of wide com-
pensation range and low active inverter capacity (no matter the

loading is inductive or capacitive). However, the active power
injection capability of this TCLC-HAPF has not been studied.
This type of TCLC-HAPF is named as a hybrid grid-connected
inverter (HGCI) for a PV energy generation system. In this pa-
per, a single-stage, multitask HGCI structure is proposed for the
PV energy generation system. The proposed HGCI can over-
come the high dc-link voltage problem of the IGCIs and narrow
energy conversion range of the CGCIs for both active power
transfer and power quality conditioning simultaneously. There-
fore, the HGCI requires low-voltage rating switching devices
and operates with fewer PV panels connected in series. With
the advantage of low dc-link voltage, the power loss can be re-
duced compared with the conventional IGCI. A comparison of
IGCIs, CGCIs, and HGCIs is presented in Table I. Moreover,
the proposed HGCI can

1) inject active power;
2) compensate reactive and harmonic power;
3) compensate the three-phase unbalanced power.
In this paper, the system configuration of the proposed HGCI

is introduced in Section II. In Section III, the required in-
verter voltage of the HGCI is proposed in comparisons with
the conventional IGCIs and the CGCIs. In Section IV, the
parallel resonance prevention study of HGCI is provided. Af-
ter that, the parameter design and control strategy of the
HGCI are proposed in Sections V and VI. The simulation (see
Section VII) and experimental results (see Section VIII) are
provided to prove active power injection capability, wide power
quality compensation range, and low dc-link voltage character-
istics of the proposed HGCI. Finally, Section IX presents the
conclusion.

II. CIRCUIT CONFIGURATION OF THE PROPOSED HGCI

Fig. 2 shows the circuit configuration of the proposed HGCI,
in which the subscript “x” stands for phases a, b, and c in the
following analysis. vsx is the power grid source voltage; and
isx , iLx , and icx are the source, load, and injecting currents,
respectively. Ls is the transmission line impedance. The HGCI
consists of a TCLC and an active inverter part.
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TABLE I
COMPARISON OF IGCIS, CGCIS, AND HGCIS FOR A PV GENERATION SYSTEM WITH POWER QUALITY CONDITIONING

Inverter Active power Reactive Harmonic Unbalanced DC-link Operate Power Cost
type Injection power Comp. Comp. power Comp. voltage range loss

IGCIs [12]–[14] ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗ ∗∗∗
CGCIs [16], [17] ∗ ∗∗ ∗∗∗ ∗ ∗ ∗ ∗ ∗
Proposed HGCI ∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗ ∗∗∗∗ ∗ ∗∗

Note: The shaded area means the undesirable characteristics.

Fig. 2. Structure of the IGCI, CGCI, and the proposed HGCI for PV active power injection with power quality conditioning.

The TCLC part is composed of a coupling inductor Lc , a
parallel capacitor CPF , and a thyristor-controlled reactor with
LPF . The TCLC part provides a wide and continuous induc-
tive and capacitive reactive power compensation range that is
controlled by controlling the firing angles αx of the thyristors.
The active inverter part is composed of a dc/ac voltage source
inverter (VSI) with a dc-link capacitor CDC and a dc-link volt-
age VDC , and a small rating active inverter part is used to bear
the PV active power injection, improve the performance of the
TCLC part, and also compensate the current harmonics. Thus,
it is possible to connect fewer PV panels in series in comparison
with the IGCI case for active power transfer and power quality
conditioning. The HGCI requires low-voltage rating switching
devices of the active inverter part, and the cost and switching loss
of the thyristor are much lower than those switching devices.
Therefore, the initial cost and operational loss of the HGCI are
less than the IGCI. In addition, the coupling components of the
conventional IGCI and CGCI are also presented in Fig. 2 for
comparison.

III. CHARACTERISTIC STUDY OF THE IGCI, CGCI, AND THE

PROPOSED HGCI

As mentioned in the previous section, the grid-connected
inverters are used to inject active power and reactive power to
the grid at the fundamental frequency when they are used to
integrate the PV energy generation system with power quality
conditioning. The current injected to the grid by the VSI can be

expressed as

Icxf = Icxf p + j · Icxf q (1)

where the subscript “f” represents the fundamental frequency
component, and Icxf p is the fundamental active current that is
injected or absorbed from the grid. Icxf q is the fundamental
reactive current that is injected or absorbed to the grid. The
fundamental output voltage of the VSI of the HGCI is given as

Vinvxf = �Vsxf + XTCLC · �Icxf

= �Vsxf + XTCLC(αx) · (�Icxpf + j�Icxqf ). (2)

In (2), the TCLC part impedance XTCLC(αx) of the HGCI
can be expressed as

XTCLC(αx) =
XTCR(αx)XCP F

XCP F − XTCR(αx)
+ XLc

=
πXLP F XCP F

XCP F (2π − 2αx + sin 2αx) − πXLP F

+ XLc

(3)

where XLc , XLPF , and XCPF are the fundamental impedances
of Lc, LPF , and CPF , respectively. In (3), it is shown that the
TCLC part impedance is controlled by the firing angle αx . And
the minimum inductive and capacitive impedances (absolute
value) of the TCLC part can be obtained by substituting the
firing angles αx = 90◦ and 180◦ into (3), respectively. In the
following discussion, the minimum value for impedance stands
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for its absolute value. The minimum inductive (Xind(min) > 0)
and capacitive (XCap(min) < 0) TCLC part impedances can be
expressed as

XInd(min)(αx = 90◦) =
XLP F XCP F

XCP F − XLP F

+ XLc
(4)

XCap(min)(αx = 180◦) = −XCP F + XLc
. (5)

Based on (1)–(3), the injected active power and reactive power
by the HGCI can be expressed as

Scxf = �Vsxf
�I∗cxf = �Vsxf ·

(
�Vinvxf − �Vsxf

jXTCLC(αx)

)∗

= Vsxf ·
(

(Vinvxf cosδ + jVinvxf sin δ) − Vsxf

jXTCLC(αx)

)∗

= Vsxf ·
(

Vinvxf sin δ

XTCLC(αx)
+ j

�Vinvxf cosδ − �Vsxf

XTCLC(αx)

)

=
Vsxf Vinvxf sin δ

XTCLC(αx)
+ j

(
Vsxf Vinvxf cosδ

XTCLC(αx)
− V 2

sxf

XTCLC(αx)

)

= Pcxf + jQcxf (6)

where ∗ is the conjugate value, and δ is the angle between the
inverter voltage Vinvxf and the source voltage Vsxf . Based on
(6), the ratio of Vinvf /Vsxf can be expressed as

Vinvxf

Vsxf
=

√(
Pcxf

SbaseH

)2

+
(

Qcxf

SbaseH
− 1
)2

(7)

where SbaseH is the base power of the HGCI, which can be
expressed as

SbaseH =
V 2

sxf

XTCLC(αx)
. (8)

In (8), XTCLC(αx) is controlled by the firing angle which can
be obtained from (3). In other words, the SbaseH is controlled
by the firing angle of the thyristors. In order to get the minimum
ratio of Vinvf /Vsxf in (7), so as to achieve the minimum dc-link
voltage requirement for the HGCI, the optimal SbaseH can be
calculated by taking the derivative of Vinvf /Vsxf with regard to
SbaseH to zero

∂ (Vinvxf /Vsxf )
∂SbaseH

= 0, SbaseH =
P 2

cxf + Q2
cxf

Qcxf
. (9)

If the deduced SbaseH in (9) is within the range SbaseH ∈
[V 2

sxf /XTCLC(αx = 180◦), V 2
sxf /XTCLC(αx = 90◦)], the ra-

tio of Vinvf /Vsxf can be calculated by substituting SbaseH in
(9) into (7). Otherwise, the ratio of Vinvf /Vsxf can be cal-
culated with SbaseH = V 2

sxf /XTCLC(αx = 180◦) or SbaseH =
V 2

sxf /XTCLC(αx = 90◦). Compared with the HGCI, the cou-
pling impedances for the IGCIs and CGCIs are shown in Fig. 2,
which are fixed as XL and XL − XC . The base power of IGCI
and CGCI can be expressed as

Fig. 3. Ratio of Vinvf /Vsxf in terms of Pcxf and Qcxf : (a) IGCI and CGCI,
and (b) IGCI and the proposed HGCI.

SBaseI =
V 2

sxf

2πfL
(10)

SBaseC =
V 2

sxf

2πfL–− 1
2πf C

. (11)

From (10) and (11), the base power of the IGCI and CGCI is
a fixed value. By substituting (10) and (11) into (7) (SbaseH =
SbaseI and SbaseH = SbaseC ), the ratio of Vinvf /Vsxf in terms
of Pcxf and Qcxf can be plotted as Fig. 3(a) and (b). The plots
of the IGCI in Fig. 3(a) and (b) are the same.

For IGCI shown in Fig. 3(a) and (b), Vinvxf /Vsxf > 1 when
the loading is inductive. In contrast, the required Vinvxf /Vsxf

is slightly smaller than 1 when the required reactive power is
capacitive. Actually, the Vinvxf /Vsxf is close to one due to the
small value of the coupling inductor L.

For CGCI shown in Fig. 3(a), it is shown that Vinvxf /Vsxf

is lower than 1 under a small inductive reactive power area. In
contrast, the ratio of Vinvxf /Vsxf increases rapidly when Qcxf

is moving away from SbaseC .
For the proposed HGCI shown in Fig. 3(b), if the deduced

SbaseH in (9) is within the range SbaseH ∈ [V 2
sxf /XTCLC(αx =

180◦), V 2
sxf /XTCLC(αx = 90◦)], the ratio of Vinvf /Vsxf can

always be smaller or equal to 1. This phenomenon can be proved
mathematically by substituting (9) into (7)

Vinvxf

Vsxf
=

√
P 2

cxf

SbaseH
+
(

Qcxf

SbaseH
− 1
)2

=

√√√√P 4
cxf + P 2

cxf Q2
cxf

(P 2
cxf + Q2

cxf )2 ≤ 1 (12)



WANG et al.: ANALYSIS, CONTROL, AND DESIGN OF A HGCI FOR RENEWABLE ENERGY GENERATION WITH POWER QUALITY 6759

Fig. 4. Harmonic equivalent circuit model of parallel HGCIs due to iLxh .

where SbaseH is designed to be

SbaseH =
V 2

sxf

XTCLC(αx)
=

P 2
cxf + Q2

cxf

Qcxf
. (13)

The basic function of the HGCI at the fundamental frequency
is to inject Pcxf and compensate Qcxf to the power grid simul-
taneously in the daytime; and it provides Qcxf compensation
at night, which makes the PV generation system to work more
cost-effectively instead of just injecting active power during sun-
shine hours in the daytime. Another desirable function of the
HGCI is that Vinvf /Vsxf can be as small as zero when it pro-
vides Qcxf compensation only at nighttime. This phenomenon
can be observed from Fig. 3(b) (with Pcxf = 0), and also can
be proved by using (12) as

Vinvxf

Vsxf
= Lim

Pc x f →0

√
P 4

cxf + P 2
cxf Q2

cxf

(P 4
cxf + 2P 2

cxf Q2
cxf ) + Q4

cxf

= 0. (14)

Compared with the IGCI and CGCI, the HGCI requires the
lowest required fundamental inverter voltage Vinvf to inject
Pcxf and compensate Qcxf to the power grid simultaneously
in the daytime or compensate Qcxf at the nighttime. As the
fundamental inverter voltage usually dominates the design of
the dc-link voltage of the dc/ac VSI, the HGCI can obtain the
lowest dc-link voltage requirement among the IGCI and CGCI.

IV. PARALLEL RESONANCE PREVENTION OF HGCI

The pure TCLC part operation may cause the resonance prob-
lem, but the active inverter part of HGCI can help to alleviate the
resonance problem. The TCLC part is controlled by thyristors
which can be modeled as a switch. When the switch is turned
OFF, the TCLC part is Lc in series with CPF (LC-mode). When
the switch is turned ON, the TCLC part is Lc in series with the
paralleled combination of LPF and CPF (LCL-mode).

Fig. 4 shows its equivalent circuit model of parallel HGCIs
due to load harmonic current iLxh . The subscript “h” denotes the
harmonic component. In the harmonic model shown in Fig. 4,
the inverters of the parallel HGCIs can be treated as a current-
controlled voltage source, which can be expressed as

vinvxh1 = K1 · isxh , vinvxh2 = K2 · isxh (15)

where isxh is the source harmonic current, and K1 and K2
are the control gains which depend on the inverter part of the
parallel HGCIs. Referring to Fig. 4, the ratio of isxh and iLxh

Fig. 5. Bode diagrams of parallel HGCIs under resonance analysis: (a) both
LC modes, (b) both LCL modes, and (c) one LC mode and one LCL mode.

under both LC-mode and LCL-mode can be expressed as

Ksh =
isxh

iLxh
=

Z1h//Z2h

Zsh + K1 + K2 + Z1h//Z2h
(16)

where Zsh is the harmonic impedance of system Ls . Z1h and
Z2h are harmonic impedances of the TCLC part of the parallel
HGCIs. K1 = 0 and K2 = 0 for the operation of pure TCLC part
(no inverter) of the parallel HGCIs while K1 > 0 and K2 > 0
for the operation of the parallel HGCIs.

With the help of (16) and the bode diagrams shown in Fig. 5,
the possible parallel resonance problem of the parallel HGCIs
can be analyzed. The existence of K1 and K2 can eliminate the
original resonance condition of the pure TCLC part operation at
|Zsh + Z1h//Z2h | ≈0 in (16), thus playing a similar damping
role as Zsh . Hence, the pole of the transfer function shifts to a
lower frequency. The K1 = K2 = 0 plot in Fig. 5 describes the
corresponding transfer function with only pure TCLC part op-
eration. The K1 = K2 = 40 and K1 = K2 = 80 plots indicate
the transfer function with the parallel HGCIs operation. The
amplitude frequency response shows a damping characteristic
due to the load harmonic current.

V. PARAMETER DESIGN OF HGCI

The TCLC part of the proposed HGCI is designed based on
the consideration of the injection of Pcxf and the compensation
Qcxf range (for LPF and CPF ) and the limitation of the high-
frequency switching current ripple (for Lc ).

A. Design of CPF and LPF

The purpose of the TCLC part is to provide the op-
timum based power SBaseH as in (9). In (9), when
the XTCLC(αx) = XCap(min)(αx = 180◦) or XTCLC(αx) =
XInd(min)(αx = 90◦), the TCLC part provides the maxi-
mum capacitive or inductive compensating reactive power
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Qcxf (MaxCap) > 0 and Qcxf (MaxInd) < 0, respectively. There-
fore, SBaseH (MaxCap) and SBaseH (MaxCap) via (13) can be ex-
pressed as

SBaseH (MaxCap) =
P 2

cxf (Max) + Q2
cxf (MaxCap)

Qcxf (MaxCap)

=
V 2

sxf

XCap(min)(αx = 180◦)
= − V 2

sxf

XCP F − XLc

(17)

SBaseH (MaxInd) =
P 2

cxf (Max) + Q2
cxf (MaxInd)

Qcxf (MaxInd)

=
V 2

sxf

XInd(min)(αx = 90◦)
=

V 2
sxf

XL P F XC P F
XC P F −XL P F

+ XLc

(18)

where the minimum inductive impedance XInd(min) and the
capacitive impedance XCap(min) are obtained from (4) and (5),
respectively. Based on (17) and (18), the parallel capacitor CPF
and inductor LPF can be designed as, (19) and (20) shown at the
bottom of this page, where Pcxf (Max) is the designed maximum
injected active power, and Qcxf (MaxCap) and Qcxf (MaxInd) are
the designed maximum compensated inductive and capacitive
reactive power. ω is the fundamental angular frequency and Vsxf

is the root-mean-square source voltage.

B. Design of Lc

A coupling inductor Lc is used to limit the high-frequency
switching current ripple. According to [17], the impedance of
the coupling Lc can be designed to be larger or equal to 5% of
the impedance of the coupling capacitor CPF as

Lc ≥ 0.05
ω2 · CPF

(21)

where CPF is the TCLC part capacitor which can be found from
(19).

VI. CONTROL STRATEGY OF HGCI

In this part, the control strategy for the HGCI is proposed
by coordinating the control of the TCLC part and the active
inverter part, so that the two parts can complement each other’s
disadvantages and the overall performance of the HGCI can be
improved. And, the control block diagram of the HGCI is shown
in Fig. 6.

The control strategy of the HGCI is separated into two parts
for discussion: A) TCLC part control and B) active inverter part
control.

Fig. 6. Control block diagram of the proposed HGCI.

A. TCLC Part Control

The TCLC part control is based on the instantaneous pq theory
[17]. The TCLC part is mainly used to instantaneously inject
the reference Pcxf

∗ (from PV source) and compensate the load
reactive power Qcxf = QLxf ≈ q̄Lx/2. Referring to (13), to
calculate XTCLC in real time, the expression of XTCLC can be
expressed in terms of instantaneous values as

XTCLC(αx) =
Qcxf V 2

sxf

P 2
cxf + Q2

cxf

=
‖v‖2

√
3

× q̄Lx/2
(q̄Lx/2)2 + P ∗2

cxf

(22)

where ‖v‖ is the norm of the three-phase instantaneous source
voltage vsx and q̄Lx is the dc component of the load reactive
power. The expression of ‖v‖ and q̄Lx with low-pass filters can
be obtained by [24]

‖v‖ =
√

v2
sa + v2

sb + v2
sc (23)⎡

⎣qLa

qLb

qLc

⎤
⎦ =

⎡
⎣vsb · iLc − vsc · iLb

vsc · iLa − vsa · iLc

vsa · iLb − vsb · iLa

⎤
⎦ . (24)

In (23) and (24), vsx and qLx are the instantaneous load
voltage and the load reactive power, respectively. By comparing
the calculated XTCLC in (22) and XTCLC expression in (3), the
firing angle αx can be determined. Because (3) is complicated,
a look-up table between the firing angle αx and XTCLC is
installed inside the controller. The trigger signals to control the

CPF =
P 2

cxf (Max) + Q2
cxf (MaxCap)

ω2Lc

(
P 2

cxf (Max) + Q2
cxf (MaxCap)

)
− ωV 2

sxf · Qcxf (MaxCap)

(19)

LPF =
V 2

sxf Qcxf (MaxInd) − ωLc

(
P 2

cxf (Max) + Q2
cxf (MaxInd)

)
ω
(
P 2

cxf (Max) + Q2
cxf (MaxInd)

)
− ω3LcCPF

(
P 2

cxf (Max) + Q2
cxf (MaxInd)

)
+ ω2V 2

sxf CPFQcxf (MaxInd)

(20)
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TCLC part can then be generated by comparing the firing angle
αx with θx , which is the phase angle of the source voltage vsx .
θx can be obtained by using a phase lock loop.

B. Active Inverter Part Control

The active inverter part is explained into two parts. In
Section VI-B1, the dc-link voltage control with the maximum
power point tracking (MPPT) is proposed and discussed. In
Section VI-B2, the reference current calculation is introduced.

1) DC-Link Voltage Control With the MPPT: Because the
PV power output is usually affected by the weather, the com-
monly used MPPT leads to active power changing in time, which
can affect the active inverter part dc-link voltage VDC of the
HGCI.

For the HGCI system, the TCLC part is used to compensate
reactive power and unbalanced power. And, the active inverter
part with dc-link voltage VDC is used to compensate harmonic
power and inject active power (Pcxf ). Therefore, a minimum
dc-link voltage reference VDCm

∗ is still required and can be
calculated based on harmonic current compensation when the
reference active power injection Pcxf

∗ = 0. VDCm
∗ can be

expressed as

V ∗
DCm = max

(√
6 · Vinvah ,

√
6 · Vinvbh ,

√
6 · Vinvch

)

= max

⎛
⎝√

6

√√√√ ∞∑
n=2

(Xan · ILan )2 ,
√

6

√√√√ ∞∑
n=2

(Xbn · ILbn )2 ,

√
6

√√√√ ∞∑
n=2

(Xcn · ILcn )2

⎞
⎠ (25)

where ILxn is the load harmonic current at each harmonic order
n, and Xxn is the harmonic impedance of the TCLC part, which
can be expressed as

|Xxn (α)| =
∣∣∣∣ π(nωLPF)
(2π − 2α + sin 2α) − π(nω)2 · LPFCPF

+ nωLc | (26)

Once the MPPT method leads to the PV output voltage Vmmp
lower than its VDCm

∗, the reference dc-link voltage VDC
∗ will

be equal to VDCm
∗. In this situation, the HGCI is controlled to

compensate reactive power, unbalanced power, and harmonics
power only (without active power injection Pcxf

∗ = 0), which
is similar as its targeted operation at night. The HGCI can
resume its active power injection once the MPPT-controlled
PV output voltage Vmmp is higher than its VDCm

∗. When
Vmmp > VDCm

∗, VDC
∗ = Vmmp , the HGCI with the PV power

is used to inject active power (Pcxf
∗ = VDC · iPV/3) and com-

pensate reactive power, unbalanced power, and harmonics power
simultaneously.

The HGCI can effectively control the dc-link voltage by feed-
back the dc voltage controlled signal. According to dc-link volt-
age control study in [26]–[28], the feedback signals use both

TABLE II
SIMULATION AND EXPERIMENTAL PARAMETERS FOR THE IGCI,

CGCI, AND HGCI

Parameters Physical values

System
parameters

Vsx , f, Ls 110 V, 50 Hz,0.1 mH

IGCI L 5 mH (0.14 p.u.)
CGCI L, C 5 mH (0.14 p.u.), 80 μF (3.6 p.u.)
HGCI Lc , LPF , CPF 5 mH (0.14 p.u.), 30 mH (0.87

p.u.), 160 μF (1.8 p.u.)

reactive and active components (dcq , dcp) with proportional (P)
control:

dcq = − kq · (V ∗
DC − VDC) (27)

dcp = kp · (V ∗
DC − VDC) (28)

where kq and kp are the proportional gains of the dc-link voltage
controller. dcq and dcp are the dc control signals related to the
reactive and active current components. dcq aims to step change
the dc-link voltage under insufficient dc-link voltage, which can
be effectively applied for start-up process while dcp aims to
maintain the dc-link voltage due to the system loss.

2) Reference Current Calculation: In the proposed control
strategy, the instantaneous active and reactive power theory
method [25] is implemented for the active inverter part to inject
active power (3Pcxf

∗ = VDC · iPV) and compensate reactive
power (q̄αβ ) and harmonic current (p̃αβ and q̃αβ ). Specifically,
the active inverter part is used to limit the compensating current
icx to track its reference value icx

∗. icx
∗ can be calculated as

⎡
⎢⎣

i∗ca

i∗cb

i∗cc

⎤
⎥⎦ =

√
2
3
· 1
v2

α + v2
β

⎡
⎢⎣

1 0

−1/2
√

3/2

−1/2 −√
3/2

⎤
⎥⎦ ·
[
vα −vβ

vβ vα

]

·
[
p̃αβ + 3Pcxf

∗ − dcp

qαβ − dcq

]
(29)

where VDC and iPV are the measured dc-link voltage and PV
current, and dcq and dcp are the dc control signals related to the
reactive and active current components, which can be obtained
from (27) and (28). pαβ and qαβ are the instantaneous active and
reactive powers of the loading which include dc components
p̄αβ and q̄αβ , and ac components p̃αβ and q̃αβ . p̄αβ and q̄αβ

contain the fundamental active and reactive current components,
respectively, while p̃αβ and q̃αβ contain harmonic currents and
negative sequence components. p̃αβ is obtained by passing pαβ

through a high-pass filter. pαβ and qαβ can be obtained as

[
pαβ

qαβ

]
=

[
vα vβ

−vβ vα

]
·
[
iα

iβ

]
. (30)

In (29) and (30), the voltages (vα and vβ ) and currents (iα
and iβ ) in the α − β plane are transformed from a − b − c
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TABLE III
SIMULATION RESULTS FOR DIFFERENT LOADS COMPENSATION BEFORE AND AFTER THE IGCI, CGCI, AND HGCI COMPENSATION

Isx (A) Qsx (var) Psx (W) PF THDisx (%) VDC (V)

Linear load (Pcxf
∗ = 200 W) Before 7.6 540 630 0.76 0.1 –

IGCI Comp. 4.2 8 468 1.00 2.1 300
CGCI Comp. 4.0 18 433 1.00 2.3 300
HGCI Comp. 4.1 15 443 1.00 2.5 100

Nonlinear load (Pcxf
∗ = 200 W) Before 9.3 540 864 0.85 16.2 –

IGCI Comp. 7.3 10 700 1.00 10.7 300
IGCI Comp. 6.4 11 680 1.00 3.7 400
CGCI Comp. 6.2 20 650 1.00 2.4 300
HGCI Comp. 6.2 28 674 1.00 4.3 100

Unbalanced loads (Pcxf
∗ = 100 W) Before Comp. A 6.2 486 457 0.68 27.4 –

B 6.2 280 608 0.91 27.3
C 8.1 508 708 0.81 20.7

After HGCI Comp. A 4.6 1 498 1.00 3.0 100
B 4.6 10 498 1.00 4.7
C 4.6 5 499 1.00 4.6

frames by

[
vα

vβ

]
=
[

1 −1/2 −1/2
0

√
3/2 −√

3/2

]
·
⎡
⎣vsa

vsb

vsc

⎤
⎦ and

[
iα
iβ

]
=
[

1 −1/2 −1/2
0

√
3/2 −√

3/2

]
·
⎡
⎣iLa

iLb

iLc

⎤
⎦ (31)

where vsx and iLx are source voltage and load current signals.
Finally, by comparing compensating current icx with the refer-
ence value icx

∗ through the hysteresis pulse-width modulation
(PWM) control method, the triggers for active inverter part can
be generated.

VII. SIMULATION STUDY OF HGCI

In this section, simulation case studies are provided to
verify the proposed HGCI can perform active power injec-
tion, reactive power, and harmonic current compensation un-
der different loading conditions (balanced/unbalanced) in com-
parison with the IGCI and CGCI. With the based value
of Vbase = 110V, Ibase = 10A, and Xbase = Vbase/Ibase =
11Ω, Table II presents the parameters used in the both sim-
ulations and experiments. The values of LPF and CPF in HGCI
are designed based on the reactive power/current compensa-
tion and active power injection range. A small rating HGCI
(110 V–10 A) experimental prototype is built in the laboratory
for testing purpose. And, LPF and CPF are selected to be 30
mH and 160 μF due to the small rating HGCI. For practical
industrial application with wider reactive power compensation
range and active power injection, a much smaller LPF value
can be designed. Table III summarizes all the above-mentioned
simulation results by using the IGCI, CGCI, and HGCI. The
comparative performances of IGCI, CGCI, and HGCI are given
in Section VII-A. And, the electromagnetic interference (EMI)
impact of the HGCI is provided in Section VII-B. The HGCI for
unbalanced loads compensation is presented in Section VII-C.
Finally, the HGCI with the proposed MPPT control method dur-
ing the night-time and daytime is discussed in Section VII-D.

A. Comparative Performances of IGCI, CGCI, and HGCI

Figs. 7 and 8 show the performance of the IGCI, CGCI, and
HGCI for linear loading and nonlinear loading compensation,
in which they are switched ON at 60 ms.

The IGCI, CGCI, and HGCI provide the load required reactive
power QLxf = Qcxf , and inject the active power to its reference
value Pcxf

∗ = Pcxf . Based on Fig. 7 and Table III, the IGCI
and CGCI require about VDC = 300 V to compensate QLxf =
540 var and inject Pcxf

∗ = 200 W to the linear loads power
system while the HGCI just requires VDC = 100 V for the same
QLxf compensation and Pcxf injection.

As shown in Fig. 8(a), the IGCI with VDC = 300 V cannot
inject the same Pcxf

∗ = 200 W (Pcxf = 120 W) when the loads
has the harmonic current (THDisx = 16.2%). However, when
VDC increases to 400 V, the IGCI can fully compensate the
reactive power and current harmonics problem and inject the
Pcxf

∗ = 200 W as shown in Table III. Based on Fig. 8(b) and
(c), the CGCI and HGCI require VDC = 300 and 100 V for fully
reactive power (Qcxf = QLxf = 540 var and current harmonics
compensation and also active power injection (Pcxf

∗ = Pcxf =
200 W).

B. EMI Impact of the HGCI

The high switching frequency will introduce high-frequency
voltage and current noise components to the system, which is
one of the main reasons to cause EMI noise. In order to reduce
the EMI noise of the HGCI, the hysteresis PWM method can
be used. The operational principle of hysteresis current PWM
can spread the energy concentrated around the harmonics of
switching frequency to a wider frequency range to reduce the
EMI peak value. The following simulation case study is provided
to explain the hysteresis PWM control method. From Figs. 9 and
10, it can be seen that the hysteresis PWM method can spread
the switching frequency energy in a wider frequency range to
reduce the EMI peak value.

Moreover, compared with the conventional high dc-link
voltage-controlled IGCIs, the low dc-link voltage characteristic
of the HGCI can also help to reduce the EMI noise. The lower
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Fig. 7. Simulation results for balanced linear loading compensation before
and after: (a) IGCI, (b) CGCI, and (c) HGCI operation.

the dc-link voltage means the lower high-frequency power (volt-
age). Thus, lowering the high-frequency power (voltage) can
lead to the EMI reduction. Besides, the EMI filter for the power
supply of the controller, transducers, and drivers of the insulated
gate bipolar transistor (IGBT) and thyristors has been installed
in the hardware prototype to relax the EMI problem.

Fig. 8. Simulation results for balanced nonlinear loading compensation before
and after: (a) IGCI, (b) CGCI, and (c) HGCI operation.

C. HGCI for Unbalanced Loads Operation

Fig. 11 shows the performance of the HGCI for unbalanced
loads compensation, in which it is switched ON at 80 ms. From
Fig. 11 and Table III, by using the HGCI with VDC = 100 V
and the proposed control method, the three-phase system source
power factors (PFs) have been compensated to unity from the
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Fig. 9. Waveforms of inverter compensating current and corresponding
switching signal of IGBT.

Fig. 10. Spectrum of the inverter compensating current.

Fig. 11. Simulation results for unbalanced loading compensation before and
after HGCI operation.

original 0.68 (showing the worst phase). And, the source reac-
tive powers are compensated close to zero from the original 486,
280, and 508 var. And, the average value of source active power
is 591 W (Psaf = 457 W, Psbf = 608 W, and Pscf = 708 W)
before compensation. After compensation, the source active
power is balanced to around 498 W with Pcxf

∗ = 100 W injec-
tion for each phase. Moreover, from Table III, the source current
THDs are compensated to lower than 5% from 27.4% (showing
the worst phase).

Fig. 12. Simulated waveforms of load voltage, load and source currents, three-
phase load and injected reactive powers, PV output and three-phase injected
active powers, PV output voltage, and dc-link voltage during HGCI with MPPT
control.

D. HGCI With the Proposed MPPT Control Method During
Night-Time and Daytime

Fig. 12 illustrates the performance of the HGCI with the
proposed MPPT control method during the night-time and day-
time. From Fig. 12, it can be seen that the reference dc-link
voltage VDC

∗ is keeping at the minimum dc-link voltage ref-
erence VDCm

∗ ≈ 45 V (when Pcxf ≈ 0) during the night-time
for harmonic and reactive power compensation. During the day-
time, the HGCI can resume its active power injection once the
MPPT methods lead to the PV output voltage Vmmp higher than
its VDCm

∗ ≈ 45 V. When Vmmp > VDCm
∗, VDC

∗ = Vmmp ,
the HGCI with the PV power is used to inject active power
(Pcxf

∗ = VDC · iPV/3) and compensate reactive power, unbal-
anced power, and harmonics power simultaneously.

From Fig. 12, THDisx has been improved to 2.7% during the
night-time and 2.9% during the daytime from the original 8.5%.
And, the injected reactive power can fully compensate the load
reactive (Qcxf = QLxf = 1640 var/3) during both night-time
and daytime. By using the MPPT method, VDC increases from
45 to about 110 V while the three-phase injected active power
increases from zero to 530 W.

VIII. EXPERIMENTAL RESULTS

A three-phase three-wire 110 V–10 A HGCI experimental
prototype is designed and constructed in the laboratory as shown
in Fig. 13. The digital control system of the HGCI consists of
two paralleled digital signal processors (DSPs) TMS320F2812s,
and the basic settings of both DSPs are the same. The SanRex
PK110FG160 thyristors are used for the TCLC part while the
Mitsubishi IGBT intelligent power modules PM300DSA60 are
employed as the switching devices of the inverter. Each part of
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Fig. 13. Experimental setup of the 110 V–10 A HGCI experimental prototype.

Fig. 14. 110 V–10 A HGCI and loading system: (a) IGBTs and their divers,
(b) thyristors and their divers, (c) transducers with signal conditioning circuits,
(d) DSPs and their extension boards, (e) TCLC part components, dc capacitor
and discharge resistor, and (f) loading system.

the experimental prototype including the testing loads is illus-
trated in Fig. 14.

The performances of the proposed HGCI for balanced and un-
balanced loads compensation are provided in Sections VIII-A
and VIII-B. Fig. 15–19 show the waveforms of vsx , isx Qsxf ,
and Psxf for balanced and unbalanced reactive power and har-
monic current compensation and active power injection by using
the HGCI. And Table IV summarizes the experimental results.

A. HGCI for Balanced Loads Compensation

From Fig. 15 and Table IV, it can be seen that the HGCI
can compensate THDisx to 9.7% and improve the PF to 0.99
from the original 16.2% and 0.85. And, the voltage THDV x

has been improved from to 4.7% to 3.2% for the worst phase
among phases a, b, and c. As shown in Fig. 16 and Table IV, the

Fig. 15. Waveforms of vsx and isx for balanced inductive reactive power and
harmonic current compensation and active power injection by using the HGCI.

Fig. 16. Dynamic balanced inductive loads compensation by using the HGCI:
(a) Qsxf (reactive power compensation) and (b) Psxf (active power injection).

Fig. 17. Waveforms of vsx and isx for unbalanced inductive reactive power
and harmonic current compensation and active power injection by using the
HGCI.

Fig. 18. Dynamic unbalanced inductive loads compensation by using the
HGCI: (a) Qsxf (reactive power compensation) and (b) Psxf (active power
injection).
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TABLE IV
EXPERIMENTAL RESULTS FOR DIFFERENT LOADS COMPENSATION BEFORE AND AFTER THE PROPOSED HGCI COMPENSATION

Isx (A) Qsx (var) Psx (W) PF THDV x (%) THDisx (%) VDC (V)

Nonlinear loads (HGCI Comp.) Before Comp. A 7.8 0.58k 0.73k 0.85 4.7 16.2 –
B 7.8 0.58k 0.73k 0.85 4.7 16.2
C 7.8 0.58k 0.73k 0.85 4.7 16.2

After Comp. A 4.3 0.05k 0.54k 0.99 3.1 9.7 100
B 4.3 0.05k 0.55k 0.99 3.1 9.2
C 4.3 0.04k 0.54k 0.99 3.1 9.7

Unbalanced loads (HGCI Comp.) Before Comp. A 5.7 0.56k 0.37k 0.59 4.6 18.7 –
B 5.6 0.28k 0.57k 0.88 4.7 17.4
C 7.6 0.58k 0.64k 0.77 4.6 13.4

After Comp. A 4.4 0.02k 0.43k 0.99 3.1 10.5 100
B 4.8 0.04k 0.50k 0.99 3.1 10.6
C 4.4 0.09k 0.44k 0.99 3.2 10.7

Fig. 19. Experimental phasor diagrams of vsx and isxf for unbalanced in-
ductive loads: (a) before compensation and (b) after HGCI compensation.

three-phase reactive power has been compensated to 0.14 from
1.74 kvar. With the active power injection function (Pcxf

∗ =
200 W) during the daytime, the three-phase active power 3Psxf

has been reduced to 1.63 kW from the original 2.19 kW by using
the HGCI.

B. HGCI for Unbalanced Loads Compensation

As shown in Fig. 17 and Table IV, the HGCI can improve
the source current THDisx from 18.7% to 10.7% and source
voltage THDV x from 4.7% to 3.2% (showing the worst phase
among phases a, b, and c). And, the worst phase PF is improved
from 0.59 to 0.99. From Fig. 18, the HGCI can compensate
Qsxf of each phase (0.56, 0.28, and 0.58 kvar) close to zero.
And the different Psxf of each phase (0.37, 0.57, and 0.64 kW)
has been compensated to approximately the same. Moreover,
the total three-phase 3Psxf has been reduced to 1.37 kW from
the original 1.58 kW. In addition, as shown in Fig. 19, the source
voltage and current have been compensated to be in phase with
each other for the unbalanced loads compensation.

IX. CONCLUSION

In this paper, the analysis of the structure, parameter design,
and control method of a new type dc/ac inverter HGCI for PV
power generation with power quality conditioning is proposed.
Compared with the conventional IGCI and CGCI, the proposed
HGCI has distinct characteristics of wide operational range and
low dc-link operating voltage; thus, the system and operational
costs can be reduced. Moreover, the HGCI can inject the ac-
tive power and provide reactive power, unbalanced power, and

harmonic power compensation at the same time. Simulation and
experimental results are presented to verify the effectiveness and
performance of the proposed HGCI, which also shows a much
lower dc-link operating voltage than the IGCI and CGCI.

APPENDIX

A. Power Losses of IGCI, CGCI, and HGCI: To compare
the power losses of IGCI, CGCI, and HGCI, the experimental
results are carried out under 110 V system for power quality
compensation of the same loadings in the laboratory. The 1)
switching loss and 2) component conduction loss are included
in the power losses study. And two different loads are used for
measurement. The power losses and compensation results of
IGCI, CGCI, and HGCI are summarized in Tables V and VI.

TABLE V
EXPERIMENTAL POWER LOSSES OF IGCI, CGCI, AND HGCI (SWITCHING LOSS

AND CONDUCTION LOSS)

DC-link First load First and second
voltage (V) connected loads connected

Sw. Cond. Total Sw. Cond. Total
loss (W) Loss (W) loss (W) loss (W) Loss (W) loss (W)

IGCI 340 138 1.2 139.2 162 1.6 163.6
CGCI 105 41 3.2 44.2 59 3.7 62.7
HGCI 60 37.5 5.7 43.2 52.1 7.7 59.8

TABLE VI
EXPERIMENTAL COMPENSATION RESULTS OF IGCI, CGCI, AND HGCI

DC-link voltage (V) First load connected First and second loads
connected

PF THDisx
(%)

PF THDisx
(%)

Before
Comp.

– 0.96 24.5 0.93 12.7

IGCI 340 0.98 9.5 0.99 8.7
CGCI 105 0.85 12.5 0.99 7.5
HGCI 60 0.99 6.3 0.99 5.5

Based on Tables V and VI, it can be seen that IGCI obtains the
largest power loss (switching loss and conduction loss) while
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the CGCI and HGCI obtain much lower power losses. Besides,
HGCI obtains the best compensation results even with the lowest
dc-link operating voltage, which shows the advantages of the
proposed HGCI.

REFERENCES

[1] Y. P. Siwakoti, F. Z. Peng, F. Blaabjerg, P. C. Loh, and G. E. Town,
“Impedance-source networks for electric power conversion Part I: A topo-
logical review,” IEEE Trans. Power Electron., vol. 30, no. 2, pp. 699–716,
Feb. 2015.

[2] P. G. Arul, V. K. Ramachandaramurthy, and R. K. Rajkumar, “Control
strategies for a hybrid renewable energy system: A review,” Renewable
Sustain. Energy Rev., vol. 42, pp. 597–608, 2015.

[3] W. Li, Y. Gu, H. Luo, W. Cui, X. He, and C. Xia, “Topology review
and derivation methodology of single-phase transformerless photovoltaic
inverters for leakage current suppression,” IEEE Trans. Ind. Electron.,
vol. 62, no. 7, pp. 4537–4551, Jul. 2015.

[4] R. Carbone and A. Tomaselli, “Recent advances on ac PV-modules for
grid-connected phtotvoltaic plants,” in Proc. Int. Conf. Clean Electr.
Power, Jun. 2011, pp. 124–129.

[5] F. Rong, X. Gong, and H. Shoudao, “A novel grid-connected PV sys-
tem based on MMC to get the maximum power under partial shading
conditions,” IEEE Trans. Power Electron., vol. 32, no. 6, pp. 4320–4333,
Jun. 2017, doi: 10.1109/TPEL.2016.2594078.

[6] X. Li, S. Dusmez, U. R. Prasanna, B. Akin, and K. Rajashekara, “A
new SVPWM modulated input switched multilevel converter for grid-
connected PV energy generation systems,” IEEE J. Emerg. Sel. Topics
Power Electron., vol. 2, no. 4, pp. 920–930, Dec. 2014.

[7] N. Kumar, T. K. Saha, and J. Dey, “Sliding-mode control of PWM dual
inverter-based grid-connected PV system: Modeling and performance
analysis,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 4, no. 2,
pp. 435–444, Jun. 2016.

[8] A. Pigazo, M. Liserre, R. A. Mastromauro, V. M. Moreno, and A.
Dell’Aquila, “Wavelet-based islanding detection in grid-connected PV
systems,” IEEE Trans. Ind. Electron., vol. 56, no. 11, pp. 4445–4455,
Nov. 2009.

[9] A. Sangwongwanich, Y. Yang, and F. Blaabjerg, “A sensorless power
reserve control strategy for two-stage grid-connected PV systems,” IEEE
Trans. Power Electron., vol. 32, no. 11, pp. 8559–8569, Nov. 2017, doi:
10.1109/TPEL.2017.2648890.

[10] F. J. Lin, K. C. Lu, T. H. Ke, B. H. Yang, and Y. R. Chang, “Re-
active power control of three-phase grid-connected PV system during
grid faults using Takagi–Sugeno–Kang probabilistic fuzzy neural net-
work control,” IEEE Trans. Ind. Electron., vol. 62, no. 9, pp. 5516–5528,
Sep. 2015.

[11] L. Cao, K. H. Loo, and Y. M. Lai, “Output-impedance shaping of bidi-
rectional DAB dc–dc converter using double-proportional-integral feed-
back for near-ripple-free dc bus voltage regulation in renewable energy
systems,” IEEE Trans. Power Electron., vol. 31, no. 3, pp. 2187–2199,
Mar. 2016.

[12] Y. Bae, T. K. Vu, and R. Y. Kim, “Implemental control strategy for grid
stabilization of grid-connected PV system based on German grid code
in symmetrical low-to-medium voltage network,” IEEE Trans. Energy
Convers., vol. 28, no. 3, pp. 619–631, Sep. 2013.

[13] B. N. Alajmi, K. H. Ahmed, G. P. Adam, and B. W. Williams, “Single-
phase single-stage transformer less grid-connected PV system,” IEEE
Trans. Power Electron., vol. 28, no. 6, pp. 2664–2676, Jun. 2013.

[14] H. Choi, M. Ciobotaru, M. Jang, and V. G. Agelidis, “Performance
of medium-voltage dc-bus PV system architecture utilizing high-gain
dc–dc converter,” IEEE Trans. Sustain. Energy, vol. 6, no. 2, pp. 464–
473, Apr. 2015.

[15] Spatial Distribution of China Average Annual Total Sunshine Hours
Between 1978 and 2007, China Meteorological Administration (CMA)
Wind and Solar Energy Resource Center. [Online]. Available:
http://cwera.cma.gov.cn/ Website/index.php?ChannelID = 121&NewsID
= 1985.

[16] T. Ye, N. Dai, C. S. Lam, M. C. Wong, and J. M. Guerrero, “Analysis,
design, and implementation of a quasi-proportional-resonant controller
for a multifunctional capacitive-coupling grid-connected inverter,” IEEE
Trans. Ind. Appl., vol. 52, no. 5, pp. 4269–4280, Oct. 2016.

[17] N. Y. Dai, W. C. Zhang, M. C. Wong, J. M. Guerrero, and C. S. Lam, “Anal-
ysis, control and experimental verification of a single-phase capacitive-
coupling grid-connected inverter,” IET Power Electron., vol. 8, no. 5,
pp. 770–782, 2015.

[18] C. S. Lam, L. Wang, S. I. Ho, and M. C. Wong, “Adaptive thyristor
controlled LC—Hybrid active power filter for reactive power and cur-
rent harmonics compensation with switching loss reduction,” IEEE Trans.
Power Electron., vol. 32, no. 10, pp. 7577–7590, Oct. 2017.

[19] L. Wang, C. S. Lam, and M. C. Wong, “Modeling and parameter design of
thyristor controlled LC-coupled hybrid active power filter (TCLC-HAPF)
for unbalanced compensation,” IEEE Trans. Ind. Electron., vol. 64, no. 3,
pp. 1827–1840, Mar. 2017.

[20] L. Wang, C. S. Lam, and M. C. Wong, “Hardware and software design of
a low dc-link voltage and wide compensation range thyristor controlled
LC-coupling hybrid active power filter,” in Proc. TENCON 2015 IEEE
Region 10 Conf., Nov. 2015, pp. 1–4.

[21] L. Wang, C. S. Lam, and M. C. Wong, “An unbalanced control strategy
for a thyristor controlled LC-coupling hybrid active power filter (TCLC-
HAPF) in three-phase three-wire systems,” IEEE Trans. Power Electron.,
vol. 32, no. 2, pp. 1056–1069, Feb. 2017.

[22] L. Wang, C. S. Lam, and M. C. Wong, “Selective compensation of distor-
tion, unbalanced and reactive power of a thyristor-controlled LC -coupling
hybrid active power filter (TCLC-HAPF),” IEEE Trans. Power Electron.
vol. 32, no. 12, pp. 9065–9077, Dec. 2017.

[23] L. Wang, C. S. Lam, and M. C. Wong, “A Hybrid STATCOM with wide
compensation range and low dc-link voltage,” IEEE Trans. Ind. Electron.,
vol. 63, no. 6, pp. 3333–3343, Jun. 2016.

[24] F. Z. Peng and J. S. Lai, “Generalized instantaneous reactive power theory
for three-phase power systems,” IEEE Trans. Instrum. Meas., vol. 45,
no. 1, pp. 293–297, Feb. 1996.

[25] H. Akagi, Y. Kanazawa, and A. Nabae, “Instantaneous reactive power
compensators comprising switching devices without energy storage com-
ponents,” IEEE Trans. Ind. Appl., vol. IA-20, no. 3, pp. 625–630,
May 1984.

[26] W.-H. Choi, C.-S. Lam, M.-C. Wong, and Y.-D. Han, “Analysis of dc
link voltage controls in three-phase four-wire hybrid active power fil-
ters,” IEEE Trans. Power Electron., vol. 28, no. 5, pp. 2180–2191,
May 2013.

[27] L. Wang, C. S. Lam, M. C. Wong, N.-Y. Dai, K.-W. Lao, and C.-K. Wong,
“Non-linear adaptive hysteresis band PWM control for hybrid active power
filters in reducing switching loss,” IET Power Electron., vol. 8, no. 11,
pp. 2156–2167, Nov. 2015.

[28] C.-S. Lam, W.-H. Choi, M.-C. Wong, and Y.-D. Han, “Adaptive dc-link
voltage controlled hybrid active power filters for reactive power com-
pensation,” IEEE Trans. Power Electron., vol. 27, no. 4, pp. 1758–1772,
Apr. 2012.

Lei Wang received the B.Sc. degree in electrical and
electronics engineering from the University of Macau
(UM), Macao, China, in 2011, the M.Sc. degree in
electronics engineering from The Hong Kong Uni-
versity of Science and Technology, Clear Water Bay,
Hong Kong, in 2012, and the Ph.D. degree in elec-
trical and computer engineering from UM, Macao,
China, in 2017.

Currently, he is a Postdoctoral Fellow in the Power
Electronics Laboratory, UM. His research interests
include power electronics, power quality, distribution

flexible ac transmission system, power quality compensation, and renewable
energy.

Dr. Wang received the champion award in the “Schneider Electric Energy
Efficiency Cup,” Hong Kong, 2011.

http://dx.doi.org/10.1109/TPEL.2016.2594078
http://dx.doi.org/10.1109/TPEL.2017.2648890


6768 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 8, AUGUST 2018

Chi-Seng Lam (S’04–M’12–SM’16) received the
B.Sc., M.Sc., and Ph.D. degrees in electrical and elec-
tronics engineering from the University of Macau
(UM), Macao, China, in 2003, 2006, and 2012,
respectively.

From 2006 to 2009, he was an E&M Engineer
with UM. In 2009, he simultaneously worked as a
Laboratory Technician and started to work toward
the Ph.D. degree, and completed his Ph.D. degree
within 3 years. In 2013, he was a Postdoctoral Fellow
with The Hong Kong Polytechnic University, Hung

Hom, Hong Kong. He is currently an Assistant Professor in the State Key Lab-
oratory of Analog and Mixed-Signal VLSI, UM. He has co-authored 2 books:
Design and Control of Hybrid Active Power Filters (Springer, 2014) and Par-
allel Power Electronics Filters in Three-phase Four-Wire Systems - Principle,
Control and Design (Springer, 2016), 2 US patent, 2 Chinese patents, and more
than 60 technical journals and conference papers. His research interests include
integrated power electronics controllers, power management integrated circuits,
power quality compensators, smart grid technology, renewable energy, etc.

Dr. Lam was the GOLD Officer, a Student Branch Officer, and a Secretary of
IEEE Macau Section in 2007, 2008, and 2015. He is currently the Vice-Chair of
IEEE Macau Section, the Chair of IEEE Macau CAS/COM Joint Chapter, and
the Secretary of IEEE Macau PES/PELS Joint Chapter. He served as a member
of Organizing Committee or Technical Program Committee of several inter-
national conferences, such as IEEE TENCON 2015, ASP-DAC 2016, etc. He
received the Macao Science and Technology Invention Award (Third-Class) and
the R&D Award for Postgraduates (Ph.D.) in 2014 and 2012, respectively. He
also received Macao Government Ph.D. Research Scholarship in 2009–2012,
Macao Foundation Postgraduate Research Scholarship in 2003–2005, and the
third RIUPEEEC Merit Paper Award in 2005.

Man-Chung Wong (SM’06) received the B.Sc. and
M.Sc. degrees in electrical and electronics engineer-
ing from the University of Macau (UM), Macao,
China, in 1993 and 1997, respectively, and the Ph.D.
degree in electrical engineering from Tsinghua Uni-
versity, Beijing, China, in 2003.

He was a Visiting Fellow with Cambridge Uni-
versity, Cambridge, U.K., in 2014. He is currently an
Associate Professor in the Department of Electrical
and Computer Engineering, UM. He has co-authored
2 Springer books, more than 100 journal and con-

ference papers, and 8 patents (China and USA). His research interests include
power electronics converters, pulse with modulation, active power filters, hy-
brid active power filters, and hybrid power quality compensator for a high-speed
railway power supply system. Recently, an industrial power filter platform was
developed and installed in a practical power system based on his research
results.

Dr. Wong was a member of several conference committees and the General
Chair of IEEE TENCON 2015 Macau. He is with IEEE Macau Section and
IEEE Macau Power Joint Chapter for many years. In 2014–2015, he was the
Chair of IEEE Macau Section. Currently, he is North Representative of IEEE
Region 10 Power and Energy Society and the Chair of IEEE Macau PES/PELS
Joint Chapter. He received the Macao Young Scientific Award from Macau
International Research Institute in 2000, the Young Scholar Award of UM in
2001, Second Prize for Tsinghua University Excellent Ph.D. Thesis Award in
2003, and the Macao Science and Technology Invention Award (Third-Class)
in 2012 and 2014. He supervised several students to receive merit paper awards
in conferences and champions in student project competitions.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


