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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

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.

1. INTRODUCTION

HE modern power grids promise not only better electric-
T 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
(51, [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, fopology 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 fopology
3 [9]-[11] not only increases the control complexity but also
decreases the system efficiency as compared with ropology 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 (>+/2V7, _ 1), 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

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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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 fopology 4 and provide ac-
tive power transfer and power quality conditioning functions
simultaneously, the capacitive-coupling grid-connected invert-
ers (CGCls) 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 CGClIs 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 CGCls 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
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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 CGCls 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, CGClIs, and HGCISs 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 CGClIs. 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 “z” stands for phases a, b, and c in the
following analysis. vy, is the power grid source voltage; and
isz,1L2, and 4., are the source, load, and injecting currents,
respectively. L, is the transmission line impedance. The HGCI
consists of a TCLC and an active inverter part.
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TABLE I
COMPARISON OF IGCISs, 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] KKk Hokok ok sokokok Kok Hokkok Kokokok Hokok Kok
CGClIs [16], [17] * Kk Kokok * * * * *
Proposed HGCI koK Kokokok Hkskok oKk * KKKk * *%
Note: The shaded area means the undesirable characteristics.
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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 L., a expressed as
parallel capacitor Cpy, and a thyristor-controlled reactor with .
I(;JL‘f = Ica:fp + 'Icwfq (1)

Lpy. The TCLC part provides a wide and continuous induc-
tive and capacitive reactive power compensation range that is
controlled by controlling the firing angles «, of the thyristors.
The active inverter part is composed of a dc/ac voltage source
inverter (VSI) with a dc-link capacitor Cp¢ and a dc-link volt-
age Vpc, 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
PrROPOSED 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

where the subscript “f” represents the fundamental frequency
component, and I, r, is the fundamental active current that is
injected or absorbed from the grid. /.., 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

Vinexf = ‘Zu + XreLe - I_;Lf
()

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

XTCR<aZ>XCPF

= _‘szf +XTCLC(az) : (I_;zpf +jI_;qu)

X . X
TeLe (@) = Xco. — Xvon(an) + X,
_ ﬂ'XLpF ).(CPF +XL(:
Xepe (27 — 20, +8in 200, ) — X1,
3

where X1 ., X1pr, and Xcpy are the fundamental impedances
of L., Lpr, and Cpp, respectively. In (3), it is shown that the
TCLC part impedance is controlled by the firing angle ;. And
the minimum inductive and capacitive impedances (absolute
value) of the TCLC part can be obtained by substituting the
firing angles o, = 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 (X, q(min) > 0)
and capacitive (Xcup(min) < 0) TCLC part impedances can be
expressed as

o XL) ‘XC> N
“PF PF

XCap(min) (az = 1800) = _XCPF + XL{, . (5)

+ X1, 4

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

Lo o Vivas — Vear |
S V... =V . inve f sxf
ol sef eat s (jXTCLC(O‘x)

o ((‘/inv:(“,fCOS(S +,j‘/inv1:f sin 5) - ‘/G:rf>*
! jXrevLe(ar)

. fiinv:L‘f cosd — ‘ZJf
Xrere(os)

Xrere(ag)

Vszf Vvinvzf sin o . ‘/etf Vinvxf cosd - ‘/927]‘
Xrove(az) Xrovne(ax) Xrove(az)

= Lexf +chzf (6)

where * is the conjugate value, and § is the angle between the
inverter voltage Viny. s and the source voltage V;, ;. Based on
P, caf

(6), the ratio of Vi,,y s / Vi, s can be expressed as
‘/;HV‘T 2 cr 2
L — ( ) +<—Q ! —1) )
‘/sa:f SbaseH SbaseH

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

V?r f
o] (8)

S ="
baseH XTCLC (aw)

In (8), XTcrc () is controlled by the firing angle which can
be obtained from (3). In other words, the Sy ..z is controlled
by the firing angle of the thyristors. In order to get the minimum
ratio of Vi, s /Vi,y in (7), so as to achieve the minimum dc-link
voltage requirement for the HGCI, the optimal S},,5.y can be
calculated by taking the derivative of V¢ /Vis ¢ with regard to
Shasel to zero

8 (‘/mwnf/‘/saaf)

2 2
]D(:xf + chf
aSbascH

chf

If the deduced Spasey in (9) is within the range Spaser €
[ngmf/XTCLC (Ozw = 1800), V;Qxf/XTCLC (aw = 900)], the ra-
tio of Vi, Vi ¢ can be calculated by substituting Shaser in
(9) into (7). Otherwise, the ratio of Vi, s/V;,s can be cal-
culated with Sp.seg = V;wa/XTCLC (a, = 180°) or Shasenr =
V2 s /XrcLe (o, = 90°). Compared with the HGCI, the cou-
pling impedances for the IGCIs and CGClIs are shown in Fig. 2,
which are fixed as X and X; — X¢. The base power of IGCI
and CGCI can be expressed as

=0, (€))

SbaseH =

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

S

3

%g LER

502

Ny :

R ~. i
e - . H%CI*W

Q. (Var) “"h‘mw.m”m > 7 (W)

(b)

Fig.3. Ratioof Vi, /Vy, s intermsof P, ; and Q. s : (a) IGCT and CGCI,
and (b) IGCI and the proposed HGCI.

v,
= — 1
SBaseI 27TfL ( 0)
V?
Spasec = =L ——. 11
BaseC 27TfL— 1 (11)

2 fC

From (10) and (11), the base power of the IGCI and CGCI is
a fixed value. By substituting (10) and (11) into (7) (Shasenr =
Shaser and Shaserr = Shasec ), the ratio of Vi, s /Vi, ¢ in terms
of P, and Q.. 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), Vipvyf/Vsys > 1 when
the loading is inductive. In contrast, the required Vipv, s/ Vi s
is slightly smaller than 1 when the required reactive power is
capacitive. Actually, the Vinv, s/ Vi, 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 Vi,y.f/Via s
is lower than 1 under a small inductive reactive power area. In
contrast, the ratio of Vi, s Vi ¢ increases rapidly when Q..
is moving away from Sy s -

For the proposed HGCI shown in Fig. 3(b), if the deduced
Sbaser in (9) is within the range Syaserr € [V, ;/Xrcore(ar =
180°), fof/XTCLC(az = 90°)], the ratio of Viyys/Vses can
always be smaller or equal to 1. This phenomenon can be proved
mathematically by substituting (9) into (7)

2
_ 1)

_ Pc%z:f + < Qc:z:f
SbaseH SbaseH
Pi o+ P? Q%
POy ()

‘/invsr,f
V;zf
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where Sy asepr 1S designed to be

XTCLC(a:v) Q(:xf

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

Shaserr = (13)

4 2 2
V;nva:f — Lim P(‘Tf + Pc;er(‘,;rf

Compared with the IGCI and CGCI, the HGCI requires the
lowest required fundamental inverter voltage Vi,.; to inject
P...s and compensate Qs to the power grid simultaneously
in the daytime or compensate ()., ¢ 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.

=0. (14)

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 L. in series with Cpp (LC-mode). When
the switch is turned ON, the TCLC part is L. in series with the
paralleled combination of Lpy and Cpp (LC L-mode).

Fig. 4 shows its equivalent circuit model of parallel HGCIs
due to load harmonic current ¢y, .1, . The subscript “h” denotes the
harmonic component. In the harmonic model shown in Fig. 4,
the inverters of the parallel HGClIs can be treated as a current-
controlled voltage source, which can be expressed as
(15)

Vinvzhl = Kl ' isxhu Vinvzh2 = K2 “lsgh

where 4., is the source harmonic current, and K; and K
are the control gains which depend on the inverter part of the
parallel HGCIs. Referring to Fig. 4, the ratio of iy, and iz,
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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

Zlh,//ZQh,
Zon + Ky + Ko+ Z11 /| Zap,

where Z;, is the harmonic impedance of system L,. Z;; and
Zsy, are harmonic impedances of the TCLC part of the parallel
HGCIs. K1 = 0and Ky = 0 for the operation of pure TCLC part
(no inverter) of the parallel HGCIs while K1 > 0 and Ky > 0
for the operation of the parallel HGCls.

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 /| and K> can eliminate the
original resonance condition of the pure TCLC part operation at
| Zsn + Z11// Zan| =0 in (16), thus playing a similar damping
role as Zs;,. Hence, the pole of the transfer function shifts to a
lower frequency. The K; = Ky = 0 plotin Fig. 5 describes the
corresponding transfer function with only pure TCLC part op-
eration. The K; = Ky = 40 and K; = Ky = 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.

i.s;vh
Ksh = - -
LLxh

(16)

V. PARAMETER DESIGN OF HGCI

The TCLC part of the proposed HGCI is designed based on
the consideration of the injection of .,y and the compensation
Qca ¢ range (for Lpr and Cpr) and the limitation of the high-
frequency switching current ripple (for L.).

A. Design of Cpr and Lpr

The purpose of the TCLC part is to provide the op-
timum based power Spasey as in (9). In (9), when
the Xtcorne (o) = Xcap(min) (@ = 180%) or Xrcorc(aw)
Xind(min) (0 = 90°), the TCLC part provides the maxi-
mum capacitive or inductive compensating reactive power
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Qc:tf(MaxCap) > 0 and Qc:z:f(l\laxlnd) <0, respectively. There-
fore, SBascH(MaXCap) and SBascH(MaxCap) via (13) can be ex-
pressed as

2 2
PCIf(MaX) + chf(MaxCap)

SBaseH MaxCap) —
( ») Qc:vf(MaxCap)
2 2
_ Vvsgrf _ erf (17)
XCap(min)(ax = 1800) XCpF - XLC
Pczzv,f(l\'lax) + Qzarf(l\'laxlnd)
SBaseH(MaxInd) =
chf(MaxInd)
V2 V2
= T (0r =90 ~ oo, 18
Ind(min) Gz Xenr Xio + XL,

where the minimum inductive impedance Xy,q(min) and the
capacitive impedance Xcqp(min) are obtained from (4) and (5),
respectively. Based on (17) and (18), the parallel capacitor Cpp
and inductor Lpy can be designed as, (19) and (20) shown at the
bottom of this page, where ., r(\1ax) is the designed maximum
injected active power, and Q. y(MaxCap) a0d Qcy f(Maxind) are
the designed maximum compensated inductive and capacitive
reactive power. w is the fundamental angular frequency and V.
is the root-mean-square source voltage.

B. Design of L,

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

L, > 0.05

_ 21
> e @)

where Cpr 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.
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Fig. 6.

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 P,y * (from PV source) and compensate the load
reactive power Qc,;r = Qray ~ drz/2. Referring to (13), to
calculate Xrcp,c in real time, the expression of Xtcp,¢ can be
expressed in terms of instantaneous values as

Q(‘JI,‘fV?-
cx, cx

—2
[[v]]

V3

QLI/ 2
(q1:/2)" + P2,
(22)

where ||v|| is the norm of the three-phase instantaneous source
voltage vs, and ¢z, is the dc component of the load reactive
power. The expression of ||v|| and Gy, with low-pass filters can
be obtained by [24]

]l = \/via + v, + 02 (23)
dLa Ush - iLc — Usc - Z'Lb
qrb | = |Usc - 1La — Vsa " iLc (24)
qrLe Usq * LLb — Vsh * ILa

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

2 2
Pczf(Max) + chf(MaxCap)

Cpr =

wQLC (Pczzv,f(l\'lax) + Qzaz:f(MaxCap)) - O‘)V;sz ’ QCIf(l\'IaXC?lP)

‘/sng Ql‘»l‘f(M'dXIHd) —whle (R%Lf(Max) + szf(MaxInd)>

19)

w (Pc21'f(Max) + szf(Ma‘xInd)) - w3 LC CPF (Pc?xf(Max) + Qzarf(MaxInd)) + wQ V?rf CPF chf(MaXInd)

(20)
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TCLC part can then be generated by comparing the firing angle
a; with 0., which is the phase angle of the source voltage vy, .
6, 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 Vpc of the
HGCL

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 Vp ¢ is used to compensate harmonic
power and inject active power (P, ). Therefore, a minimum
dc-link voltage reference Ve, * is still required and can be
calculated based on harmonic current compensation when the
reference active power injection P..;* = 0. Vpc,, * can be
expressed as

\/> ‘/Invaha \[ Vlnvbha \/6 V;nvch)

Z(Xa'n Z Xb'n ILIm B

n=2 n=2

*
VDCm ma.

= max IL(m ,

\/6 Z (ch N ILcn)2

n=2

(25)

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

‘ 7(nwlpr)
(27 — 2 + sin 2a) — w(nw)

|X17n (0‘)| =
* . LppCpr

+ nwlL,]| (26)

Once the MPPT method leads to the PV output voltage Vi,
lower than its Vpc,, ¥, the reference dc-link voltage Vpc * will
be equal to Vp ¢y, *. In this situation, the HGCI is controlled to
compensate reactive power, unbalanced power, and harmonics
power only (without active power injection P,y * = 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 Vi, is higher than its Vpc,, *. When
Vimp > Voem ™, Vbe ™ = Viamp, the HGCI with the PV power
is used to inject active power (P, ;" = Vpc - ipyv/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
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TABLE II
SIMULATION AND EXPERIMENTAL PARAMETERS FOR THE IGCI,
CGCI, AND HGCI

Parameters Physical values
System Vsas fy Ls 110V, 50 Hz,0.1 mH
parameters
1GCI L 5 mH (0.14 p.u.)
CGCI L,C 5mH (0.14 p.u.), 80 uF (3.6 p.u.)
HGCI Le,Lpp,Cpr  5mH (0.14 p.u.), 30 mH (0.87

p-u.), 160 uF (1.8 p.u.)

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

dey = — ky - (Vi
dey = ky - (Voo

—Vbe)
—Vbe)

27)
(28)

where k, and k,, are the proportional gains of the dc-link voltage
controller. dc, and dc, are the dc control signals related to the
reactive and active current components. dc, aims to step change
the dc-link voltage under insufficient de-link voltage, which can
be effectively applied for start-up process while dc, 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 (3P.,;" = Vpc -ipy) and compensate reactive
power (G, ) and harmonic current (p, 3 and g, ). Specifically,
the active inverter part is used to limit the compensating current
1., to track its reference value 7., *. i., * can be calculated as

Va —U
Uﬂ U()z

(29)

o 1 0

o 2 1
i == —— | —1/2 V3/2
cb \/g v2 403 /2 V3

P12 —vE)2

dcpl

where Vpc and ipy are the measured dc-link voltage and PV
current, and dc, and dc, are the dc control signals related to the
reactive and active current components, which can be obtained
from (27) and (28). p, 3 and g, g are the instantaneous active and
reactive powers of the loading which include dc components
Dap and G, g, and ac components p,g and G,3. Pops and Gug
contain the fundamental active and reactive current components,
respectively, while p, 3 and g, 3 contain harmonic currents and
negative sequence components. p, g is obtained by passing p, 3
through a high-pass filter. p, g and g, 3 can be obtained as

Pap N Vo Vg ia
qap —Vp Vo Z@

In (29) and (30), the voltages (v, and vg) and currents (i,
and ig) in the o — 3 plane are transformed from a —b — ¢

ﬁaﬁ +3P("I‘f* -

Gap — dcq

(30)
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TABLE III
SIMULATION RESULTS FOR DIFFERENT LOADS COMPENSATION BEFORE AND AFTER THE IGCI, CGCI, AND HGCI COMPENSATION

Iy (A) Qsz (Var) Py, (VV) PF THD; s, (%) Vpe (V)
Linear load (P, s * = 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 (P, s * = 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 (P, s * = 100 W)  Before Comp. A 6.2 486 457 0.68 274 -
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 A. Comparative Performances of IGCI, CGCI, and HGCI
Vea | Figs. 7 and 8 show the performance of the IGCI, CGCI, and
{U”} = {1 -1/2 -1/2 } - |vg | and HGCI for linear loading and nonlinear loading compensation,
vs 0 V3/2 —v3/2 Vse in which they are switched ON at 60 ms.
- The IGCI, CGCI, and HGCI provide the load required reactive
i 1 —1/2 —1/2 tLa power Q1. ¢ = Q.. r,and inject thF: active power to its reference
is| =10 V32 —vE/2| irp (1) value P.,; * = P,, ;. Based on Fig. 7 and Table III, the IGCI
° Lc | and CGCI require about Vpc = 300 V to compensate Q. r =

where v, and iz, are source voltage and load current signals.
Finally, by comparing compensating current 7., with the refer-
ence value 7., * 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 Wyase = 110 Va Thase = 10 A, and Xbase = Vi)ase/-[base =
112, Table II presents the parameters used in the both sim-
ulations and experiments. The values of Lpy and Cpy 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, Lpr and Cpp are selected to be 30
mH and 160 pF due to the small rating HGCI. For practical
industrial application with wider reactive power compensation
range and active power injection, a much smaller Lpyr 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.

540 var and inject P, ;* = 200 W to the linear loads power
system while the HGCI just requires Vpc = 100 V for the same
Qr..; compensation and P, injection.

As shown in Fig. 8(a), the IGCI with V¢ = 300 V cannot
injectthe same P, ; * = 200 W (P,, ; = 120 W) when the loads
has the harmonic current (THD,,, = 16.2%). However, when
Vb increases to 400 V, the IGCI can fully compensate the
reactive power and current harmonics problem and inject the
P..;* =200 W as shown in Table III. Based on Fig. 8(b) and
(c), the CGCI and HGCI require Vpc = 300 and 100 V for fully
reactive power (Q., f = Qr,y = 540 var and current harmonics
compensation and also active power injection ( P, =Py =
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.
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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 Vpc = 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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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 (Psop = 45T W, P,y = 608 W, and P,y = 708 W)
before compensation. After compensation, the source active
power is balanced to around 498 W with P,y * = 100 W injec-
tion for each phase. Moreover, from Table I1I, the source current
THDs are compensated to lower than 5% from 27.4% (showing
the worst phase).
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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 Vpc * is keeping at the minimum dc-link voltage ref-
erence Vpc,, “~ 45V (when P,y ~ 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 V;,1,;, higher than
its VDCm, *~ 45 V. When V;nmp > VDCm *7 VDC t = Mrlmp:
the HGCI with the PV power is used to inject active power
(Pewf* = Ve - ipy /3) and compensate reactive power, unbal-
anced power, and harmonics power simultaneously.

From Fig. 12, THD;,, 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 (Qca; = Qroy = 1640 var/3) during both night-time
and daytime. By using the MPPT method, V¢ 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 PM300DSAG60 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, (¢) 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 vy;,%5; Qss f»
and P, 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 THD,, to 9.7% and improve the PF to 0.99
from the original 16.2% and 0.85. And, the voltage THDy,
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.
harmonic current compensation and active power injection by using the HGCIL.
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TABLE IV
EXPERIMENTAL RESULTS FOR DIFFERENT LOADS COMPENSATION BEFORE AND AFTER THE PROPOSED HGCI COMPENSATION

Isz (A)  Qsz (var) Py (W)  PF  THDy, (%) THDisx (%) Vpce (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 44 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 32 10.7

Ag funa 56
Acfuna 76
Hz 50.035
e - 53
SApe -148
ﬂﬂcm -281

7 ABC
y
=12

2300 S0Hz 38 WVE  ENS0160

1104416 20:51:36

(a)

Fig. 19.  Experimental phasor diagrams of vs, and i, s 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 (P, * =
200 W) during the daytime, the three-phase active power 3 P,
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 THD,,, from 18.7% to 10.7% and source
voltage THDy, . 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
Qs s of each phase (0.56, 0.28, and 0.58 kvar) close to zero.
And the different Py, ; of each phase (0.37, 0.57, and 0.64 kW)
has been compensated to approximately the same. Moreover,
the total three-phase 3P, s 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
HGCT 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, CGClI, 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)
1GCI 340 138 1.2 139.2 162 1.6 163.6
CGCI 105 41 32 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 THDjsx PF THDjsx

(%) (%)
Before - 0.96 24.5 0.93 12.7
Comp.
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.
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