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ABSTRACT In this study, a three-phase unified power quality conditioner (UPQC) topology based on a
quadruple-active-bridge (QAB) is presented as an attractive solution to power quality issues. It is composed
of three single-phase series converters, a three-phase shunt converter and a QAB converter located at the
common DC-link. Since the bulky low frequency isolation transformers are replaced by the high frequency
ones in QAB, it leads to higher power density, reduced weight and volume. The QAB converter could
function as an energy router to provide multiple DC-link voltage access ports in the UPQC, which increase
the flexibility of the UPQC. Finally, the MATLAB/Simulink simulation results and hardware-in-the-loop
testing verify the correctness and effectiveness of the proposed topology and control method.

INDEX TERMS Unified power quality conditioner (UPQC), quadruple-active-bridge (QAB), power quality,

power electronics, adaptive filter.

I. INTRODUCTION

Nowadays, the power quality (PQ) issues, including reactive
and harmonic currents, sags/swells in the supply voltage,
and distortion, are critical and not new [1], [2]. Especially,
with the growing use of renewable energy sources (RES),
such as inverter-based large-scale photovoltaic (PV) and wind
integration, distributed generator (DG) system, vehicle to grid
(V2G), the power quality issues become more severe [3]-[6].

In order to overcome those PQ issues, many power
electronics-based compensation devices, such as static var
generator (SVGQG), active power filter (APF) [7], [8], dynamic
voltage restorer (DVR) [9], [10], unified power quality con-
ditioner (UPQC) [11]-[13], are developed. Among these
compensation devices, the topology of UPQC is relatively
complex, which is formed with the back-to-back connection
of a series-APF and a shunt-APF through a common DC-link.
However, the UPQC is still considered as the most potential
and versatile compensation device [13], because it possesses
the ability of alleviating almost all the voltage- and current-
related PQ issues.

Currently, many researchers have done a lot to study the
topologies of UPQC with different aims [13]. In [14], [15],
the UPQC integrated with DG system (UPQC-DG) is pre-
sented to relieve the load active power demand on the grid,
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while the investment cost is relatively high. In [16], the
interline UPQC (UPQC-I) is proposed to control the active
power flow between two feeders and mitigate the PQ issues
of the two feeders, but the current- and voltage-related PQ
issues are not simultaneously mitigated in the same feeder.
To improve the power level of UPQC, the modular UPQC
[17], [18] based on cascade H-bridge and multilevel UPQC
are proposed. To reduce the number of switches, a novel ten-
switch topology for UPQC are proposed [19]. Although the
UPQC with less switches has the advantages of decreased
investment cost, it will inevitably increase DC-link voltage
level. To avoid the use of transformers, the single-phase
transformer-less UPQC and three-phase UPQC made up of
three single-phase UPQCs (TSP-UPQC) without series trans-
formers are proposed in [27] and [28], but the unbalanced
grid currents cannot be compensated when mitigating the
unbalanced grid voltage [28]. In [20], [21], some attention is
put on the UPQC integrated with dual-active-bridge (DAB).
The UPQC-DAB has the advantages of reduced cost, volume
and weight, because the bulky low frequency (LF) isolation
transformers are replaced by the high-frequency (HF) ones.
However, in the DAB based TSP-UPQC, the unbalanced grid
currents cannot be mitigated under unbalanced load, because
it is not possible to realize the transfer of energy among each
phase [21].

In this study, a quadruple-active-bridge (QAB) [22]-[24]
based UPQC is proposed, which is formed with the
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TABLE 1. Comparison with the existing topologies.

Removing Number of Voltage Reactive Current Unbalanced
DC power . .
LF . sag/swell power harmonics grid current
electronics S . o e
transformer . mitigation compensation elimination mitigation
interfaces
Three-ph
reephase | ! X 3 ) 3
TSP-DVR x 3 N N x X
Three-phase
STATCOM * ! * v v v
Th;&;}e)-é)}(ljase " 1 N N N N
TSP-UPQC x 3 v N v x
Three-phase
UPQC-DAB X 2 V N y \/
Three-phase
UPQC- QAB J 4 3 \/ 3 v

back-to-back connection of three single-phase series convert-
ers and a three-phase converter through a QAB converter. Due
to the lack of the bulky low frequency isolation transformers,
the proposed UPQC-QAB has higher power density, reduced
cost, volume and weight. Because the QAB converter func-
tions as an energy router in the UPQC, it cannot only pro-
vide more power electronic interfaces for renewable energy
sources, but also make it possible to mitigate the unbalanced
grid currents caused by the unbalanced load. Besides, com-
pared with DAB based TSP-UPQC, the number of switches
and DC-link capacitances can be reduced. Although the
three-phase UPQC-DAB could also remove the bulky low
frequency isolation transformers, it could not provide more
power electronic interfaces (only two DC ports) [29].
In summary, the main contributions of this study include:
v' A three-phase UPQC topology based on the QAB is
proposed, which can improve the power density and
flexibility;
v' The UPQC-QAB not only has the same functions as a con-
ventional UPQC, but also provides some flexible power
electronic interfaces for renewable energy source access.

The other parts of this paper are organized as follows.
Section II presents the topology and mathematical model
of the UPQC-QAB. In Section III, the associated control
schemes of the three single-phase series converters, the shunt
converter and the QAB are proposed. In Section IV, the
MATLAB/Simulink simulation results and hardware-in-the-
loop testing are presented. Finally, the conclusions are given
in Section VI.

Il. TOPOLOGY AND MATHEMATICAL MODEL OF
UPQC-QAB

In this section, the topology of the QAB-based UPQC is
presented and descripted in detail. Besides, the mathematical
models of the series converter, the shunt converter and the
QAB are introduced.

A. TOPOLOGY OF UPQC-QAB
The circuit configuration of the three-phase UPQC-QAB is
shown in Fig. 1, which is composed of three single-phase
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series converters, a three-phase shunt converter and a QAB
converter. Three DC ports (ports a, b and c) of the QAB are
connected with the three single-phase series converters, and
the fourth one (port d) is connected with the shunt converter.
In this topology, the QAB functions as an energy router in the
UPQC, and it provides flexible power electronic interfaces
for renewable energy sources. For example, ports a, b and ¢
could be the interfaces for photovoltaic panels, where the
DC-link voltages could be regulated conveniently. Moreover,
the conventional bulky transformer is replaced by small high-
frequency ones. Thus, in contrast to the conventional UPQC,
the proposed UPQC-QAB has the advantages of higher power
density and more flexibility.

Compared with other existing custom compensation
devices such as DVR, STATCOM, three-phase UPQC, three
single-phase UPQC, and three-phase UPQC-DAB, the fea-
tures of the UPQC-QAB are listed in Table 1. As shown, apart
from the merits of removing the LF transformer and provid-
ing more electronics interfaces, the proposed UPQC-QAB
has the advantages of mitigation of voltage sag/swell,
compensation of load reactive power, elimination of cur-
rent harmonics and mitigation of unbalanced grid current
simultaneously.

B. MODEL OF SERIES CONVERTER

In the UPQC-QAB, the series converter is composed of three
single-phase H-bridges. Based on Fig. 1, the mathematic
model of single-phase series converter can be expressed as
follows:

disex .
Ly, d = —Ryelsex + Vsex — Vix
a M
Vsex . .
Cse dr = I5x — Lsex

where vsor (x = a, b, c¢) are the injected voltages of series
converter, vs, and igy are the grid voltages and phase currents,
respectively. i;., represent the inductance currents. v;, are the
input voltages of series converter. L, and C;, represent the
filter inductance and capacitance, and R, is the equivalent
resistance.
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FIGURE 1. Circuit Configuration of three-phase UPQC-QAB.

C. MODEL OF SHUNT CONVERTER

The shunt converter of the UPQC-QAB is a conventional
three-phase converter. From Fig. 1, the mathematic model of
the shunt converter is descripted as (2),

dishx .
sh di = —Rpishy + Vox — Vix 2)
where vy, are the load voltages. v, are the output voltages of
the shunt converter. Ly, and Ry, represent the filter inductance

and equivalent resistance.

D. MODEL OF QAB CONVERTER
The power circuit of the QAB converter is shown in Fig. 1.
As shown, [vq vp ve vglT and [ig ip i iq]" are the DC-link
voltages and input currents of the related ports. [iy1 ip1 i ar
are the output currents of three single-phase series convert-
ers at the DC-links. [Lq Ly Le Lg]" and [Ny Np No Ngl*
are the leakage inductances and winding turns, respectively.
[C, Cp C. C41T are the DC-link capacitances.

Referring to port d and applying the Kirchhoff’s law in
“Y” equivalent circuit of the QAB (in Fig. 2(a)), the equiva-
lent link inductance of port m and n [26] is calculated as,

Lom=L.L! 1 1 1 1 3
(L *u*q%g,) 3
where m, n €{a, b, c,d} and m # n. [L] L L, LZI]T are the
equivalent leakage inductances referring to port d. Fig. 2(b)
shows the “A” equivalent circuit of the QAB.

In this study, the phase-shift-modulation (PSM) is used
to control the power flow between any two ports. Thus, the
QAB is driven by the square-wave voltages generated by their
corresponding full-bridge modules with a 50% duty cycle.

The power transferred from port m to port n can be
expressed as follows,

/7 /
Py = VmVn =D (1 —

sz mn

where f; is the switching frequency. D,, and D,, are the phase
shift ratios of port m and n, respectively. v, and v}, represent

|Din) “
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FIGURE 2. Equivalent circuits of the QAB (a) “Y” equivalent circuit;
(b) “A" equivalent circuit; (c) gyrator-based average model.

the equivalent voltages referring to port d. V,, and V,, are the
amplitudes of v/, and v),.

Thus, the main waveforms of corresponding voltage of
ports m, n and the link-inductor ac current in Fig. 3.

By utilizing Gyrator theory, the gyrator-based average
model of QAB [25] can be achieved (in Fig. 2¢). Furthermore,
the associated gyration gain is given as (5),

N7 1
g = _
" NmNn zfyLmn

Dy (1 — | D) )

Thus, the mathematic model of the QAB is given as (6),

dv, . .

CHE = 8abVb T 8acVe + 8adVd — lal — Ipva
dvp . .

Cbg = 8baVa + 8bcVe + 8bdVd — b1 — Lpvb ©)
dv, . .

CCE = gcava + gcbe + ngvd —lel — lpVC
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FIGURE 3. Waveforms of the QAB: (a) equivalent voltages of ports m, n
and (b) link-inductor current.

where i, represent the output currents of PV array integrated
to UPQC-QAB from DC port x. When iy, is equal to 0, it
means that the PV array is disconnected from port x. While
ipvx 18 bigger than 0, it denotes that the PV array operates at
UPQC-connected mode.

From (4), the gyration gain g, is a nonlinear function of
the phase shift ratios D, and D,,. As shown in (5), the original
QAB system in Eq. (6) is considered as a three-input three-
output nonlinear and strong cross-coupling system.

IIl. CONTROL SCHEMES OF UPQC-QAB

A. CONTROL OF SERIES CONVERTER

To track the grid angular frequency w accurately, an adaptive

filter is utilized instead of the phase-looked-loop (PLL). The

block diagram of the adaptive filter is shown in Fig. 4(a).
For the input signal x(n), the adaptive filter provides two

signals x1(n+1) and its quadrature signal gx(n+1).

x1(n+ 1) = —x1(n) + n(n)

gx1(n+ 1) = gx(n) + tan <wYTT5> n(n) @

tan( ) (K [x(n)+x(n+1) — 2qx1 ()] 42x1 ()}

1-+tan (‘”ssz) [Ks + tan (%)]

n(n)=

®)

where n represents the n-th sampling period, g represents
the quadrature shift operator. 7 is the sampling period.
The parameter K determines the steady-state accuracy and
dynamic performance of the adaptive filter. And Kj is chosen
as 0.2. wy is the resonant frequency, which has been proved
that the w; = w is the unique exponentially stable equilibrium
in the proposed system in [30]. Besides, the detailed descrip-
tion, analysis and proof is shown in [30].
The adaptive law of the adaptive filter is given as

ws(n + 1) = wy(n)
ws(m)T;
—ytan [T]'[x(n)—xl (m]-gx1(n)  (9)

where the parameter y is given as 0.0001 in this study. In
[30], by using the averaging theory, it has been proven that
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FIGURE 4. Control block diagram for (a) the adaptive filter, (b) the series
converter and (c) the shunt converter.

the control law of Eq. (9) has the exponential convergence
property as long as y is small enough and greater than zero.
Thus, the parameter y should be relatively small to ensure the
stability.

The control targets of series converters of UPQC-QAB is
to maintain the load voltage at the desire value. The reference
load phase-voltages v; . are given as

vi, = V[ sin(wt +6p)
Vi, = Visin (wr + 6, — 27 /3) (10)
Vi, = Vjsin (ot + 6, + 27 /3)
where V;* and 6, are the reference amplitude value and phase
angle of the load reference voltage.

Furthermore, the reference series injected voltage is given
as,

Vi = Vip — Vsx (11)

Fig. 4(b) shows the control block diagram for the
single-phase series converter. To realize the dynamic volt-
age compensation of the negative sequence and harmon-
ics components, the voltage loop design method based on
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proportional resonant (PR) controller is utilized. Finally, the
outputs of PR controller i},, and sensed currents iy, are sent
to the inner current controller for the PWM signals generation

of the single-phase series converter.

B. CONTROL OF SHUNT CONVERTER
The control objectives of the shunt converters are to 1) max-
imize the power factor of power grid, 2) mitigate the load
current harmonics and 3) maintain the voltage v; at a desired
value.

To obtain the desired grid current reference, the d-axis
component of reference grid current is determined by (12),

if;d = iLd + iLoss (12)

where iz4 is the fundament component of d-axis component
of sensed load current iz 45 By using the proposed adap-
tive filter, the fundament component fL,abc of ir apc can be
achieved. Next, the component iz can be gained by utilizing
abc/dqO transformation. iy s represents the loss component,
which is the output of the PI controller of DC-link at port
d. Since the sensed DC-link voltage v; contains noise and
ripples, it is necessary to filter the voltage v; to improve
the dynamic performance of the shunt controller. To extract
the fundament component of v;, the moving average filter
(MAF) is utilized, which has shown good performance in
extracting the DC components in [31].

The detailed discuss and analysis of MAF can be seen in
[31]. The transfer function of MAF is given as (13),

] —e fof

Smar(s) = T (13)

where T, represents the window length of MAF.

Fig. 4(c) shows the control block diagram for the shunt
converter. After obtaining the reference grid current ig,,
three-phase reference grid currents i;abc could be gained
by utilizing the dg0/abc transformation. Finally, the errors
between i; abe A0d is gpe are sent to the PWM controller for
the gate signals generation of the shunt converter.

C. CONTROL OF QAB CONVERTER
Because the QAB functions as an energy router in the
UPQC-QAB, it aims to realize the active power flow between
three single-phase series converters (port a, b, ¢) and three-
phase shunt converter (port d).

For convenience, (6) could be linearized around the oper-
ation point. Thus, the mathematic model of the QAB can be
rewritten as follows by some manipulation.

d
Cx& ~ Dx Z (kxnvn)_z (kannD:) —ix1—pe  (14)

dt ntx ntx
where
_Nj 1
 NeNy 2L’
Furthermore, (14) could be written as follows,

(n=a,b,c,dand n # x).

xXn

dv
de—tx ~ keDx +§ (15)
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FIGURE 5. Control block diagram for the QAB converter.

where

ke = Z (kxnvn) , & = — Z (kannD;;) — Ix] — Ipyx

n=x n#Xx

where & represents the disturbance.
Thus, the reference phase shift ratios could be obtained by
utilizing the PI controllers, which is given as (16)

* in *
Di=(Kp+-—L)(vi-vw) (=abc) (16)
)

where K, and K; are the gains of the PI controller, respec-
tively. v} represents the reference voltages of the DC port.
When the PV array is connected to the UPQC-QAB from DC
port x, the reference port voltage v} can be achieved by using
the maximum power point tracking (MPPT) controller [15].
Otherwise, when PV array is disconnected, the reference port
voltage is given as Vyef.

Fig. 5 shows the control block diagram of the QAB. As
seen, the errors between the reference and measured DC-link
voltages of port x are sent to the PI controllers to obtain
the reference phase shift ratios [D} D} D}]”. Finally, the
corresponding reference phase shift ratios are sent to the PSM
controllers for the gate signals generation of the QAB.

IV. VERIFICATIONS

To elaborate and validate the proposed topology and control
schemes, the MATLAB/Simulink simulations and hardware-
in-the-loop testing have been carried out on the three-phase
UPQC-QAB. Table 2 lists the parameters involved in the sim-
ulations. The switching frequencies of the control schemes
of the series converter, the shunt converter and the QAB con-
verter are assigned to be 20kHz, 20kHz and 100kHz. Besides,
the UPQC-P method is utilized in this study, where the series
converter only injects/absorbs the active power to/from the
power grid [13].

A. SIMULATION RESULTS

In this section, the MATLAB/Simulink simulation results
of the UPQC-QAB are illustrated. To comprehensively test
the compensation performance of the UPQC-QAB, four case
studies with different grid voltages and load scenarios are
presented, where the detailed parameters are listed in Table 3.
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TABLE 2. Parameters used in the simulations.

Symbol Description Value
VSube Grid phase voltage 230V(rms)
@ Grid angular frequency 314rad/s
L. Series filter inductance 1.5mH
Cye Series filter capacitance S0uF
R, Series equivalent resistance 0.02Q
Ly Shunt filter inductance 2mH
Ry Shunt equivalent resistance 0.02Q2
Vabe DC-link voltage of port abc 400V
Va DC-link voltage of port d 800V
Cipe Capacitance of port abc 1000uF
Cy Capacitance of port abc 6000F
Lape Leakage inductance of port abc 6.75uH
Ly Leakage inductance of port d 27uH
Nape Winding turns of port abc 1
Ny Winding turns of port d 2

TABLE 3. Grid voltage and load states during four case studies.

Grid voltage Load
Casel Balanced voltage R~=12.7Q, L,=30.3mH; R,=12.7Q,
ase
sag/swell L,=30.3mH; R=12.7Q2, L=30.3mH;
R=12,7Q, L=30.3mH; R,=6Q2,
Unbalanced
Case 2 L;=40mH; R=18Q, L =20mH;
voltage sag/swell .
Rectifier R=100Q2, L=60mH;
. . R=12,7Q, L=30.3mH; R,=6Q2,
Distorted grid
Case 3 L;=40mH; R=18Q, L =20mH;
voltage .
Rectifier R=100Q2, L=60mH;
Balanced voltage R,~=12.7Q), L,=30.3mH; R,=12.7Q,
Case 4

sag/swell L,=30.3mH; R=12.7Q2, L=30.3mH;

1) CASE STUDY 1

Firstly, the performance of the UPQC-QAB prototype is
tested in terms of mitigation of three-phase balanced voltage
sag/swell, and compensation of the load reactive power.

Fig. 6 shows the simulation waveforms of the UPQC-QAB
under case study 1. As shown in Fig. 6 (a), three-phase
balanced voltage sag happens between 0.12 and 0.16 s with a
depth of 20%, and three-phase balanced voltage swell with a
depth of 20% happens during 0.16s and 0.20s. With the com-
pensation of series converters (in Fig. 6 (¢)), the load voltage
vy, is always kept balanced and maintained at the desired value
(seen in Fig. 6 ()). From Fig. 6(d)-(f), the grid current ig is
balanced and in-phase with grid voltage by injecting the shunt
current is;,. Besides, all the four DC-link voltages are at the
corresponding desired values in Fig. 6(g)-(h).

Fig. 7 shows the related simulation waveforms of load
active/reactive power (Pr/Qr ), the grid active/reactive power
(Ps/Qs), the series injected active/reactive power (Pse/Qse)
and the shunt injected active/reactive power (Pg;/Qsp). As
shown, the load active power (8kW) is totally provided by the
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FIGURE 6. Waveforms of vg, v;, Vse, is, iy, isp, Va, Vp, Vc and v4 of
UPQC-QAB under case study 1.
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FIGURE 7. Waveforms of Py, Q;, Ps, Qs, Pse, Qse, P, and Qg of
UPQC-QAB under case study 1.

grid, and the load reactive power (6kW) is totally provided by
the shunt converter.

2) CASE STUDY 2
Secondly, the case study 2 is designed to test the capabilities
of the UPQC-QAB in mitigation of unbalanced voltage sag,
compensation of both reactive power, and elimination of
current harmonics.

Fig. 8 shows the simulation waveforms of the UPQC-QAB
under case study 2. In Fig. 8(a), the single-phase (c-phase)
grid voltage sag occurs during 0.12s and 0.16s with a depth of
40%, and three-phase unbalanced voltage sag occurs between
0.16s and 0.20s (the sag depths of vg,, vs, and v, are 20%,
15% and 25%, respectively). From Fig. 8(b)-(c), with the
compensation of three single-phase series converters, the
three-phase load voltages are almost kept unchanged. As seen
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UPQC-QAB under case study 2.

from Fig. 8(e), the load current contains lots of harmonics,
where the total harmonic distortion (THD) is about 8.56%.
Fig. 8(d) shows the grid current. As seen, the current is bal-
anced and in-phase with grid voltage and its THD is 2.06%.
Fig. 8(f) shows the injected shunt current iy through the
shunt converter. Besides, all the DC-link voltages are around
the desired values with small pulsations in Fig. 8(g)- (h).

Fig. 9 shows the related simulation power waveforms of
UPQC-QAB in case 2. As shown, since both the three-phase
loads are unbalanced and the grid voltage are unbalanced, the
series and shunt injected power are also unbalanced.

3) CASE STUDY 3

In this case, the UPQC-QAB operates under distorted grid
voltage sag/swell and nonlinear loads.
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The simulation waveforms of the UPQC-QAB under this
case are shown in Fig. 10. As seen in Fig. 10(a), the grid
voltage is distorted and unbalanced in the time interval
(0.12s, 0.20s), where the total harmonic distortion is 25%.
Due to the compensation of the UPQC-QAB (in Fig. 10(c)),
the load voltage is kept balanced, and the THD is 0.74%
(shown in Fig. 10(b)). From Fig. 10(d)-(f), the grid current
is is balanced and in-phase with grid voltage by injecting
the shunt current iy, through the shunt converter. And all the
DC-link voltages at all DC ports are shown in Fig. 10(g)-(h).

The related simulation power waveforms of UPQC-QAB
in case 3 are shown in Fig. 11(a)-(d). As shown, because the
grid voltage are distorted, the series injected active/reactive
power also have pulsations.

4) CASE STUDY 4
Finally, the performance of the UPQC-QAB integrated with
PV arrays is tested, and the grid voltage and load scenarios are
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under case study 4.

the same with case study 1. The related simulation waveforms
are shown in Fig. 12. The voltage at the maximum power
point is 387V and the current at the maximum power point
is given as 8A.

As shown in Fig. 12(a)-(b), the load voltage vy is always
kept balanced and at the desired value because of the com-
pensation of UPQC-QAB. The grid current is (shown in
Fig. 12(c)) is also balanced and in-phase with grid voltage.

Fig. 12(e) shows the output current of PV array ip,. As
seen, due to the integration with PV array, the grid current
decreases, which means that the power grid and the PV
array supply the load active power together. Besides, the DC
voltage v, of port b (which connects to the PV array) is still
kept stable and v; has a smaller pulsation (around the voltage
387 V at the maximum power of PV array) in contrast to case
study 1 (in Fig. 12(f)-(g)).

The related simulation power waveforms of UPQC-QAB
in case 4 are shown in Fig. 13(a)-(f). As shown, the active
power generated by PV arrays is about 3kW and supplies
the load from the shunt converter. Thus, the active power
is decreased to SkW from 8kW. Besides, due to reduced
grid active power, the grid currents and series injected active
power will be reduced when compared with case 1.

B. HARDWARE-IN-THE_LOOP TESTING

Furthermore, the proposed control schemes are verified with
OPAL-RT 4510. The physical models of the UPQC-QAB and
the power systems, including the source, the loads, etc., are
built in the real-time digital simulator of the OPAL-RT 4510.
The sampling time of the real-time digital simulator is set
to 1us. Besides, in this test, the root mean square (RMS)
value of grid phase voltage is 57.7V. The three-phase loads
are given as: R, = 692, L, = 10mH; R, = 8%, L, = 9mH;
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R. = 7Q, L, = 8mH; and diodes rectifier load R = 20%2,
L = 20mH. The results of the hardware-in-the-loop testing
of UPQC-QAB are presented in Fig. 14-16.

1) OPERATION UNDER NONLINEAR LOADS AND BALANCED
GRID VOLTAGES SAG

The waveforms of the UPQC-QAB under nonlinear load and
balanced grid voltage sag are illustrated in Fig. 14. As shown,
the grid voltage vs changes from the normal state to 20%
sag state, the load voltage vy, is almost kept unchanged by
injecting the voltage vy, through the series converter. Besides,
due to the compensation of shunt converter, the grid current
is is always balanced and in-phase with grid voltage, and the
current harmonics are also mitigated. Moreover, four DC-link
voltages (v4, vp, Ve and vg) are at the corresponding desired
values.
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UPQC-QAB under nonlinear load and distorted grid voltage.

2) OPERATION UNDER NONLINEAR LOADS AND
UNBALANCED GRID VOLTAGES

Fig. 15 illustrates the waveforms of the UPQC-QAB under
nonlinear load and unbalanced grid voltage. As shown, the
grid voltage vs changes from the normal state to the a-phase
voltage sag state, the load voltage vy is maintained balanced
and at the rated value by injecting the voltage v,.. By injecting
the current iy, through the shunt converter, the grid current ig
is maintained balanced and in-phase with grid voltage.

3) OPERATION UNDER NONLINEAR LOAD AND DISTORTED
GRID VOLTAGES

The waveforms of the UPQC-QAB under nonlinear load and
distorted grid voltage are illustrated in Fig. 16. As shown,
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the grid voltage vg changes from the normal state to the
distorted state, the load voltage v;, also remains unchanged by
injecting the voltage vy.. By injecting the current i, through
the shunt converter, the grid current ig is maintained balanced
and in-phase with grid voltage.

V. CONCLUSION

In this study, a topology of UPQC integrated with the QAB is
proposed. Due to the removal of the bulky low frequency iso-
lation transformers and the use of the QAB, the UPQC-QAB
has the advantages of higher power density and more flex-
ibility. Besides, the unbalanced grid currents caused by the
unbalanced load can be mitigated compared with three-phase
UPQC made up of three single-phase UPQCs. The effective-
ness of the UPQC-QAB were evaluated under distorted grid
voltage, balanced/unbalanced grid voltage sag/swell, unbal-
anced and nonlinear load conditions.

Because of the lower investment cost, smaller size and
more power electronic interfaces, the UPQC-QAB may be
widely used in residential areas or families. Furthermore,
under the topology of proposed UPQC-QAB, some promis-
ing work can be done in the future, including: 1) the optimal
VA capacity design of the UPQC-QAB; 2) the optimal oper-
ation of the UPQC-QAB; and 3) the UPQC-QAB integrated
with renewable energy sources (photovoltaic panels, fuel cell,
battery and so on).
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