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Abstract— This paper presents the study, analysis and
practical implementation of a versatile unified power quality
conditioner (UPQC), which can be connected in both three-phase
three-wire or three-phase four-wire distribution systems for
performing the series-parallel power-line conditioning. Thus,
even when only a three-phase three-wire power system is
available at a plant site, the UPQC is able to carry out power-line
compensation for installed loads that require a neutral conductor
to operate. Different from the control strategies used in the most
of UPQC applications in which the controlled quantities are non-
sinusoidal, this UPQC employs a dual compensation strategy,
such that the controlled quantities are always sinusoidal.
Thereby, the series converter is controlled to act as a sinusoidal
current source, whereas the parallel converter operates as a
sinusoidal voltage source. Thus, because the controlled quantities
are sinusoidal, it is possible to reduce the complexity of the
algorithms used to calculate the compensation references.
Therefore, since the voltage and current controllers are
implemented into the synchronous reference frame, their control
references are continuous, decreasing the steady-state errors
when traditional proportional-integral controllers are employed.
Static and dynamic performances, as well as the effectiveness of
the dual UPQC are evaluated by means of experimental results.

Index Terms— Active filter, dual control strategy, power
conditioning, three-phase distribution systems, UPQC.

I. INTRODUCTION

HE demand for power quality (PQ) improvement has been

growing in recent years, mainly due to the increase of
nonlinear loads connected to the electrical power system
causing distortions in the utility voltages at the point of
common coupling. Other PQ problems, such as voltage
sags/swells and voltage unbalances can also affect the proper
operation of sensitive equipment causing malfunction.
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Furthermore, additional procedures should be taken into
account in order to overcome PQ problems associated with
harmonic currents generated by nonlinear loads, load
unbalances and reactive power demanded by the load.

Several procedures have been adopted to mitigate PQ
problems, which can be carried out by means of active power-
line conditioners, such as unified power quality conditioners
(UPQCs) [1]-[17], shunt [18]-[24], series [25] and hybrid
active power filters (APFs) [26], [27] and dynamic voltage
restorers [28].

By means of single-phase [18], [19] or three-phase [20]-
[24] topologies, shunt APFs are placed in parallel with non-
linear loads, and controlled to operate as a non-sinusoidal
current source. In three-phase systems, they can only be
employed for compensating harmonic currents [20] or load
unbalances and load reactive power compensation [21]-[24].
Operating as non-sinusoidal voltage sources [26] or sinusoidal
current sources [27], series APF filters, which are placed
between the utility grid and the load, can compensate
harmonic currents, load unbalances and reactive power of the
load, while the load voltages are regulated [27]. On the other
hand, UPQC systems can perform, simultaneously, the series-
parallel active power-line compensation by using both series
and parallel APFs. Thus, for overcoming utility PQ problems,
UPQCs have been employed based on different concepts and
solutions [10], [13], [15], comprising single-phase systems
[14] or in three-phase applications, considering three-phase
three-wire (3P3W) systems [1], [3], [9], [17] or three-phase
four-wire (3P4W) systems [2], [4], [8], [11], [12].
Accordingly, in most UPQC-based applications, the series and
parallel APFs are controlled as non-sinusoidal sources by
using non-sinusoidal references to control voltage and current
quantities [1], [6]-[17].

It is well known that non-sinusoidal references are difficult
to be synthesized by PWM converters and require an
additional effort in order to achieve good performance in APF
or UPQC applications. On the other hand, sinusoidal control
references have been used in applications involving
uninterruptible power supply (UPS) systems [29], [30], such
that in the standby operation mode the UPS system acts
similarly to a UPQC performing the series-parallel power
compensation. In this application, the series converter is
controlled to operate as a sinusoidal current source rather than
a non-sinusoidal voltage source, while in the parallel
conditioning the parallel converter is controlled to operate as a
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sinusoidal voltage source rather than a non-sinusoidal current
source.

In addition, this dual compensation strategy has also been
tested in UPQC applications [2]-[4]. Thus, different from the
conventional conditioning strategy, which uses non-sinusoidal
control references, the dual compensating strategy uses only
sinusoidal references to control the PWM converters. As a
result, the generation of the control references is easier to
obtain, allowing the use of simpler algorithms to accomplish
this aim.

It can be noted that, since the parallel converter is controlled
to handle only sinusoidal voltages [2], [3], [29], [30], the
utility voltage components that are different from the positive
sequence components will appear across the series coupling
transformers, so that they are indirectly compensated without
the need to calculate any non-sinusoidal compensation
reference voltages. Moreover, since the output voltages are
controlled to be in phase with the utility voltages, the use of a
Phase-locked Loop (PLL) system operating with constant
amplitude is necessary in order to generate the sinusoidal
output voltage references.

Synchronous Reference Frame (SRF) based controllers
(dq0-axes) are implemented in this paper to control the input
currents and the output voltages of the UPQC. Due to the
voltage and current references being sinusoidal, the use of
continuous control references into the SRF-based controllers is
allowed, leading to a reduction in steady-state errors when
conventional Proportional-Integral (PI) controllers are chosen
to be implemented in this same reference frame, representing
another important advantage when the dual compensation
strategy is compared to the conventional one.

The UPQC input currents are also controlled to be in phase
with the utility voltages. Thereby, the estimated utility phase-
angle (0) obtained from the PLL is also employed to generate
the sinusoidal input current references. In addition, € is used
for obtaining the coordinates of the unit vector (sin6 and
cos 0) of the SRF-based controllers. In this paper, a three-
phase power-based PLL (3pPLL) scheme is employed [9],
[30]. Once the conventional 3pPLL suffers with utility voltage
disturbances, such as harmonics and/or unbalances, a self-
tuning filter (STF) [23] is used in conjunction with the 3pPLL
scheme. The STF is placed between the utility voltages and
the 3pPLL scheme, where the angular frequency estimated
from the 3pPLL is used to adjust the STF cut-off frequency,
avoiding that variations in utility frequency can interfere or
affect its performance.

The main contribution of this paper is to present the
practical implementation of a 3P4W distribution system based
on UPQC topology, which has been previously evaluated in
[6] using simulations. This versatile UPQC topology can be
connected either in three-phase three-wire (3P3W) or in three-
phase four-wire (3P4W) distribution power systems, to
perform active power-line conditioning. Nevertheless, its main
application is indicated for 3P3W systems. Thus, if only a
3P3W power supply system is available at a plant site, the
implemented UPQC is able to perform the power-line
compensation even when the installed single-phase loads
require the neutral conductor to operate.

In [6], the effectiveness of the UPQC-based 3P4W
distribution system was evaluated only by means of simulation

results, in which the well-known strategy based on the p-q
theory [33] was used to obtain the compensation references of
voltages and currents. Besides the experimental results used to
evaluate the static and dynamic performance, as well as the
effectiveness of the UPQC topology, this paper aims to
employ the dual compensating strategy implementation, with
its inherent advantages, to achieve the following purposes: i)
suppress load harmonic currents; ii) compensate load reactive
power; iii) compensate load unbalances; iv) compensate utility
voltage unbalances; v) suppress utility harmonic voltages; and
vi) regulate the output voltages.

This paper is organized as follows: Section Il describes the
structure of the UPQC topology and its main features are
highlighted. Section Il presents the state feedback of the
current and voltage controllers, while the stability analysis is
treated in Section IV. The strategies used to generate the
sinusoidal references of voltages and currents are presented in
Section V. In Section VI the static and dynamic performances
of the UPQC are evaluated by means of experimental tests.
Finally, Section VII presents the conclusions of the paper.

Il. UPQC TOPOLOGY DESCRIPTION

The UPQC topology employed to implement the dual
compensation strategy presented in this paper is shown in Fig.
1. It is comprised of both Three-Leg (3-Leg) and Four-Leg (4-
Leg) PWM converters sharing the same DC-link.

The UPQC is connected between a 3P3W power supply
distribution system and a 3P4W plant site composed of several
types of three-phase and single-phase loads. It is assumed that
the single-phase loads use the neutral conductor to operate. In
this case, a 3PAW distribution system is necessary, which is
composed of three power conductors and a neutral conductor
to feed the loads. Thus, as can be noted in the UPQC-based
3P4W distribution system shown in Fig. 1, the neutral current
flows through the wire conductor connected to the fourth leg
of the shunt 4-Leg PWM converter.

The 4-Leg PWM converter [6], [8], [12] was chosen to act
as the shunt APF, because it is able to operate with lower DC-
link voltage amplitude when compared to the 3-Leg PWM
split-capacitor topology [2], [15]. In addition, the 3-Leg split-
capacitor topology requires an additional control loop to
compensate its inherent DC-link capacitor voltage unbalances.
Although the 4-Leg converter has a greater number of
switches, the power rating of the devices that compose its
fourth leg is reduced, because the current that flows through
the neutral conductor in most cases is low.

A. Dual Compensation Principle

In order to make the input currents sinusoidal, balanced and
in phase with the utility voltages, in the dual compensating
strategy, the series PWM converter is controlled to operate as
a sinusoidal current source. In this case, its impedance must be
high enough to isolate the harmonic currents generated by the
non-linear loads. On the other hand, the parallel PWM
converter also makes the output voltages sinusoidal, balanced,
regulated and in phase with the utility voltages. In other
words, it is controlled to operate as a sinusoidal voltage
source, such that its impedance must be sufficiently low to
absorb the load harmonic currents [30].
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Fig. 1. 3P4W distribution system based on UPQC topology connected to 3P3W power system.

Since the series and parallel converters have high and low
impedances, respectively, the load harmonic currents flow
naturally through the parallel converter. Furthermore,
compensation for load unbalances is ensured by controlling
the series converter to follow sinusoidal and balanced
references so that the negative and zero sequence components
are compensated. Finally, the fundamental reactive power
compensation is ensured by controlling the series converter
current references to be in phase with the utility voltages.

On the other hand, the utility harmonic voltages and
unbalances are compensated ensuring that the controlled
output voltages follow sinusoidal and balanced references,
such that the amplitude differences between the input and
output voltages will appear across the series coupling
transformers, meaning that any utility voltage disturbances are
naturally compensated. This makes the dual compensating
strategy more attractive than the conventional strategy,
considering that the load is less affected by the occurrence of
grid voltage disturbances, such as voltage sags. This is
possible because, different from the conventional strategy in
which the series converter controls the output voltages, in the
dual compensating strategy this task is entirely assumed by the
parallel converter.

I11. MODELING OF SERIES AND PARALLEL CONVERTERS

The modeling of the series and parallel PWM converters are
presented in this section. In addition, the voltage and current
controllers implemented in the SRF (dg0-axes) are discussed.

A. Series Converter Modeling

The state-space system and the transfer functions of the
series converter in the dg-axes are obtained based on a
mathematical model. The modeling is accomplished
considering that all involved inductances and resistances are
identical, as follows: Lrsq = Lggp = Lsc = L and Rpgq =
Resp = Rpsc = Rps. By means of Fig. 1, the equations that
represent the system are given by (1) and (2).

Usab_pwm = Vifsa T VrRrsa T Vcab — VResb — Vifsh 1)
Uspe_pwm = Vifsb T Vresb t+ Vebe — VRese — Vifsc )

where: Uggp pwm aNd Ugpe puwm are the respective PWM
voltages at the 3-Leg series converter terminals.

Considering the voltages of the PWM series converter in the
dg-axes (usq pwm aNd Ugq pum), the state-space equation is
given by:

J.Csdq (t) = Asdq' xsdq (t) + Bsdq' usdq (t) + Fsdq- Wsdq (t) (3)

where:
disq : u
xsdq ) = & y Xsdq ®)= [izz} Usqq= [uzz:z:jz ;
dt g
e 1o R B L F

Lys
Fsaq = 3%/%[_01 _01]

Thereby, based on (3), the series converter average model
represented as a signal flow graph is shown in the dotted area
of Fig. 2(a). In addition, the current controller into the dg-axes
is also shown, where Gspp)q and Gs(ppyq represent the transfer
functions of the PI current controllers; Dsq and Dsq are the duty
cycles; Vpc is the DC-bus voltage; and Kpww is the gain of the
PWM modulator given by Kewm = 1/Ppwm [31], where Ppww is
the peak value of the PWM triangular carrier implemented in
the digital signal processor (DSP). The current coupling
between the dg-axes, shown in the average model of Fig. 2(a),
is eliminated by using the scheme presented in Fig. 2(b),
where the dotted blocks represent the decoupling effects [32]
implemented in the block diagram shown in Fig. 2(a).

Thus, based on Fig. 2(a), the transfer functions of the closed
loop system can be represented by (4), where Kpsqq) and
Kisq,q) are the proportional and integral controller gains, and
I5(a,q)(S) represents the continuous current references in the dq
coordinates.

0885-8993 (c) 2015 |EEE. Personal use is permitted, but republication/redistribution requires |EEE permission. See
http://www.ieee.org/publications_standards/publicationg/rights/index.html for more information.



This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/TPEL .2015.2487867, IEEE Transactions on Power Electronics
TPEL-Reg-2015-06-0923.R1 4
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Fig. 2. Series converter: (a) Signal flow graph of the current controllers and
average model; (b) Model of the uncoupled system in SRF dg-axes.

B. Parallel Converter Modeling

The state-space system and the transfer functions of the
parallel converter in the dg0-axes are obtained based on a
mathematical model. The modeling is accomplished
considering that all involved inductances, resistances and
capacitances are identical, as follows: L, = Lepp = Lepe =
Lepn = Lyp; Repa = Repp = Repe = Repn = Rpp, and Cppg =
Crop = Crpe = Crp-

By means of Fig. 1, the equations that represent the system
are given by (5), (6) and (7), as follows:

di

. ia cn

upan_pwm = pra- Lia + pra dt + VLa + prn dt + prn len (5)
. 'lb iCn .

upbn_pwm = prb' Lip + prb E + Vrp + prn ¢ + prn' len (6)

. lic .
Upcen_pwm = prc- lic + Lfcc W + v+ prn W + prn- len (7)
Where: Uyan pwm» Upbn pwm » AN Upen pwm are the respective

PWM voltages at the terminals a, b and ¢ of the 4-L parallel
converter.

The capacitor currents of the output filters (i¢cspa, icrpp, aNd
icrpc ) are given by:

. dv, . .
lefpa = Cfpa dta = lig — lea (8)
, dvy, . .
ierpp = Crpp =g~ = lin ~ Lo )
. dv, , .
lefpe = CfPC dtC = lic = lec (10)

where i;,, i;, and i;, are the currents of the inductors, and i,
i.p and i.. are the output currents of the parallel converter.

Considering the PWM converter voltages of the parallel
synchronous rotating frame (u,q_pwm: Upg pwm, aNd Upo pum),
the state-space equation is found as:

J.deqo(t) = Apdqo-xpdqo(t) + deqo- updqo (t)

11
+ deqO- Wpqu (t) ( )
where:
% (t) — diid diiq @ ded deq deO T
pdqo dt dt dt dt dt dt
Xpaqo(t) = [lia lig Lo Via Vig Vio]T;
Upd_pwm inpd
Upaqo [upqum] 5 Wpago | tcfpa |3
Upo_pwm ictpo
By 0 =X 0 0
Lfp Lfp
-~ Be 90 0 -2 0
Lfp Lfp
0 0 B 0o -t
Apaqo = Lev Alyp
L 0 0 0 w 0
Crp
0o = —w 0 0
Crp
0 o = 0 0
Crp
1 0 ) r 0 0 0
Lep 0 0 0
0 — 0 0 0 0
fp 1
—-— 0 0
Bpago=|0 0 —|[Fpago=| s
4pr _i 0
0 0 0 Cr
0 0 0 0 e
Lo 0 0 ol

Thereby, based on (11), the parallel converter average model
represented as a signal flow graph is shown in the dotted area
of Fig. 3(a). In addition, the voltage and current controllers
into the dg0-axes are presented, where Gppy(ay, GPprv(q) aNd
Gppv(oy represent the transfer functions of the PI voltage
controllers (outer 100ps); Gppicay, GPpicq) aNd Gpp; (o) are the
transfer functions of the proportional current controllers (inner
loops); and Dy, Dpq and Dyo are the duty cycles. The current
and voltage coupling between the dg-axes shown in the
average model of Fig. 3(a) is eliminated by using the scheme
presented in Fig. 3(b), where the dotted blocks represent the
decoupling effects, which are implemented in the block
diagram shown in Fig. 3(a).

Thus, based on Fig. 3(a), the transfer functions of the closed
loop system can be represented by (12) and (13), where
KPp(a,q) Kipa,q and Ki,) are the proportional and integral
gains of the controllers (outer voltage control loop), Kp,i(a,q)
and Kpy;o) are the proportional gains (inner current control
loop), and v;44,0)(S) represents the continuous voltage
references in the dq0 coordinates.
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Fig. 3. Parallel converter: (a) Signal flow graph of the voltage controllers and average model; (b) Model of the uncoupled system in SRF dqg0-axes.

The currents of the filter capacitors icfy,(q,q,0) ShOWn in Fig.
3(a) are estimated considering the derivatives of the measured
output voltages (v,4pc)and the respective capacitances

(Cfpa,b,c) [4]

Vi () _ Xiaa)S® + X20)S + X3a0) (12)
Viaa)®)  ViaoS® + Ya@os? + YsaaS + Vaaa

VL0)(S) X1(0)8% + X30)5 + X3(0) (13)
Vi) Yi)S® + Ya(0)5? + Yays + Yao)

where:

Xia,q) = KpwmVocCrpKPpica,q);

Xoa,q) = KpwmVpcKPpi(a,q) KPp(aq);

Xsa,0) = Yaaq) = KewmVocKPpia,)Kipa,a:;
Yiaa) = CrpLyp:

Yaa,q) = Crp (KpwmVocKPpica,q) + Rep);
Y3(a.9) = KpwmVocKPpi(a,9)KPpa,q) + 1;

X100y = KpwmVpcCrpKppicoys
Xz(o) = KpwmVocKPpi0)KPp(0):
X300) = Ya0) = KpwmVpcKPpi0)Kip(o);

Vi) = 4CrpLyp;
Ya00) = Crp(KpwmVpcKDpio) + 4Ryp);
Y300) = KpwmVpcKPpi(o)KPp(o) + 4-

IV. STABILITY ANALYSIS OF THE SYSTEM

This section presents the stability study of the UPQC
system, which involves the series and parallel converters. The
aim of this study was to verify the ability of the system to
remain stable even under load disturbances.

A. Series APF

Considering the signal flow graph of the current controller
and the series converter average model shown in Fig. 2(a), the
closed loop transfer function in the dq coordinates can be
represented by (4). Thereby, the stability analysis of the series
converter involves only the second order denominator (4;) of
(4). By applying the Routh-Hurwitz stability criterion, the
necessary and sufficient conditions for ensuring the series
converter stability is that all the coefficients of A; must have
the same sign. As can be noted, all the coefficients are
positive, meaning that the series converter control is always
stable. In addition, load transients only affect the generation of
the series current references. Therefore, since the reference
currents are always sinusoidal, it is possible to assume that the
series converter remains acting as a sinusoidal current source
even when load transients occur.

B. Parallel APF

Considering the signal flow graph of the voltage controllers
and the parallel converter average model shown in Fig. 3(a),
the closed loop transfer functions in the dg0 coordinates can
be represented by (12) and (13). Considering that the PI
controller  gains  Kpy,; = Kppica,q) = KPpicoy/4: Kpp =
Kppaq) = Kppeoy and Ki, = Kiyqq) = Kip), the same
transfer function is obtained for each control loop
implemented in the d, q and 0 coordinates as given by (14),
allowing the study of the voltage control loops by means of a
unique transfer function G,(s). In addition, it is assumed that
the individual control loops in the dqO coordinates are
obtained taking into account the coupling effects between the
dg coordinates shown in Fig. 3.
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G,(s) = V1(2,4,0)(5) _ (1 + K)[X1(0,005% + Xo(@,q05 + Xs(aq0]
Va0 Yiaans® + Ya@a0ns? + Ya@ans + Yaaqo
where:

X1(a,q,0) = KewmVpcCrpKppis

X2(4,q,00 = KewmVpcKppiKpp;

X34,4,0) = Ya(a,q,0) = KpwmVpcKppiKiy;

Yiaq0) = Crplsp:

Y20a,4.0) = Crp (KpwmVocKppi + Rep);

Y3(a,0.0) = KpwmVpcKppiKpp + 1.

(14)
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Fig. 4. Parallel converter equivalent model used to stability analysis for the
dq0 voltage control loops.

However, it is not possible to analyze how the load current
transients will interfere in the controls of the UPQC output
voltages only by using the transfer function G,(s). Thus, Fig. 4
presents the block diagram, which is based on the control
loops shown in Fig. 3(a), as well as the aforementioned
considerations. Thus, the load current (i) is considered as an
input of the system, whereas the voltage (v,) is the output. In
addition, in order to obtain an adequate representation of the
system, the source current (i) is calculated from both the
output voltage (v;) and input voltage (vy), taking into account
the leakage inductances and resistances of the series coupling
transformers (L, and R;), as well as the grid equivalent
inductances (Lg4). Thereby, from Fig. 4, the closed loop
transfer function G, (S) = vy(a,q,0)(5)/iL(aq,0(s) can be
obtained by (15). By applying the Routh-Hurwitz stability
criterion, two conditions must be met: i) all the polynomial
coefficients of the denominator must have the same sign; ii)
the inequality Y,Y; > Y;Y, must be respected. Therefore, by
inspecting the denominator of (15), the first condition is
always met. On the other hand, the second condition can be
met by adjusting the PI controller gains. Thus, taking into
account the aforementioned conditions, the system will always
be stable, even when load transients occur.

Gur(s) = Via,q0(S) X2+ X5 + X5
vt iLaq0(s) YisS+Y,s2+Y;5+7Y,
where:

K= KPWMVDCKPpii

Xy = (Lat + Lo)Lsp;

X, = (Lgs + LS)Rpr + LepRy;

X3 =RRy

Yy = CepLep(Lgr + L),

Y, = Cfp(Ldt + LS)Rpr + CrplepRe + Cfp(Ldt + LK + Kp,K;
Y; = CprtRpr + CrpReK + KppRprK + LepKinK + (Lgt + Ly);
Y, = Rpr +RprKipK+ K.

(15)

V. CONTROL REFERENCES OF THE SERIES AND PARALLEL
CONVERTERS

In this section the strategies used to generate the sinusoidal
reference quantities used to control the series and the parallel
converters are presented. As aforementioned, both the current
and voltage control references are controlled to be in phase
with the utility voltages. Since the controlled voltages and
currents are sinusoidal quantities, a significant advantage is
attained when the dual compensating strategy is compared
with the conventional strategy, whose controlled quantities are
always non-sinusoidal. This advantage is highlighted mainly
because the control references into the SRF-based controllers
are continuous, leading to reduced errors in the steady-state of
the PI controllers.

A. Series Converter Reference Currents

The current control loop of the series converter is shown in
the signal flow graph of Fig. 5(a). The continuous reference
current in the SRF direct axis d is defined by i;;, which is able
to make the serial converter synthesize the sinusoidal input
currents (isq, Lsp, isc)- AS can be noted, the three-dimensional
space vector modulation (3-D-SVM) technique is used in the
series converter.

The reference current i;, is obtained by measuring the load
currents (inq, ip, iLc) and converting them to the rotating
reference frame. Thus, the direct current (i;) is achieved by
means of (16) and (17), whereas the utility phase-angle 9,
used to calculate the coordinates of the unit vectors sin 6 and
cos 0, is obtained from the three-phase PLL system. Next, a
low-pass filter (LPF) is employed to obtain the direct
component (i4,), which represents, in the SRF, the active
portions of the load currents (i;,, iy, iLc)- In other words,
lq,, Tepresents the positive sequence components of the load
currents.

. 1 1
i 22 i

“« 2 3 3|| ke

o= Fo B ¥, (16)
i 3 2 2 1|

0 [1 1 1 |t

lz vz vzl

g = igc0s6 + igsinf a7

The control of the power balance flow through the UPQC
must be take into account in order to maintain the DC-bus
voltage constant. Thereby, the final reference current iy, is
calculated by using (18), where i, is added to iy, . Thus, iy,
represents the control action of the DC-bus voltage controller
that compensates the inherent losses of the filter elements and
semiconductor devices. In addition, i . controls the balance of
the power flow through the UPQC when different amplitudes
between the input voltages (vg,, v, Vs:) and output voltages
(Vie» Vb, Vie) OCcur [30].

lsqg = lac + lay, (18)
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the input current controllers; (b) Output voltage controllers.
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Fig. 6.

The reference current of the quadrature axis q (is;) and ig,
are set to zero since the series converter synthesizes only
positive sequence components (active currents), such that
sinusoidal and balanced currents are achieved.

B. Parallel Converter Reference Voltages
The voltage control loop of the parallel converter is shown

in the signal flow graph of Fig. 5(b). The reference voltage in
the SRF direct axis d is defined by v;,. Its constant and
continuous value represents the AC voltages (viq, Vip, Vic)
provided to the load. The reference voltages of the quadrature
axis q (viq) and vy, are set to zero since sinusoidal and
balanced voltages are desirable. As can be noted, the 3-D-
SVM technique is employed in the parallel converter.

VI. EXPERIMENTAL RESULTS

The performance of the implemented UPQC is evaluated by
means of experimental tests based on the prototype shown in
Fig. 6. Two digital signal processors (DSP TMS320F28335)
were used for digital implementation of the SRF and PLL
algorithms, as well as the PI controllers. IGBT modules
(SK40GB 123 Semikron) with their respective drivers
compose the 4-Leg converters. The main parameters used in
the experimental tests are shown in Table I, whereas the
controller parameters, such as the phase-margins and
crossover frequencies used to determine the PI controller gains
are shown in Table Il. The controllers were tuned based on the
frequency response method adopting the gain crossover
frequency at 0dB and the phase-margin as design parameters
[19]. Finally, the three-phase non-linear loads adopted in the
experiments are described in Table Il1.

Fig. 7 presents the static behavior of the currents involved
in the UPQC operation, considering the loads presented in
Table I11. The unbalanced load currents (iyq, iLp, irer irn), the
compensated source currents (ig,, ig, and ig), and the
compensation currents (icq, icp, icer icn) are shown in Fig. 7(a),
considering the unbalanced three-phase load (1). As can be
noted, the source currents are sinusoidal, balanced, and with
very low harmonic contents. In addition, it can be seen that the
load neutral wire current (i;,,) flows to the fourth leg of the
parallel 4-Leg converter (i.,). In Fig. 7(b) the experimental
results for the unbalanced three-phase load (2) are shown,
where the load currents (i, i1, irc), the currents related to
phase “a” (iq, icq» Isq), @nd the input and output currents and
voltages related to phase “a” (vy,, isq, Vg, and i,) can be
seen. It can be noted that both the input currents, as well the
output voltages are controlled to be in phase with the utility
voltages.

The results obtained for the balanced three-phase load (1)
are presented in Fig. 7(c), where the load currents (i.q, i.p,
and i;.), the output voltage (v,,), the parallel converter
compensation currents (i.,, i, and i..), and the balanced
source currents (ig,, i, and ig.) are shown.

The results presented in Fig. 7 show the ability of the
UPQC to perform the power-line compensation even when
only a 3P3W system is available at a plant site is, and the
installed loads require a neutral conductor for connecting one
or more single-phase loads (3P4W).

Table IV shows the THD of the load currents (iyq, iz, irc)
and source currents (igq, isp, isc), Where a significant reduction
in the THDs related to the compensated source currents is
noted.

Fig. 8 presents the static behavior of the voltages involved
in the UPQC operation. Balanced, however distorted, input
voltages (vg,, Vs, and v.), the compensated output voltages
(via, vip and v;.), and the compensation voltages across the
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series transformers (v¢,, v¢p and ve,.) are shown in Fig. 8(a),
whereas unbalanced, however undistorted, input voltages, the
compensated output voltages, and the compensation voltages
across the series transformers (v¢q, v¢p and ve,.) are shown in
Fig. 8(b), considering the unbalanced three-phase load (1). As
can be seen, in both cases, the parallel converter provides
sinusoidal, balanced, and regulated output voltages for the
loads, with low harmonic contents. Since the output voltages
are controlled to be sinusoidal, the series compensation
voltages (veq, Vep and ve.) are the difference between the
input voltages and the output voltages. This means that the
utility voltage harmonics, and/or voltage unbalances are
indirectly compensated and naturally absorbed by the series
transformers, without the need to use any method to calculate
the compensation references. Table V presents the THD of the
input and output voltages related to the experimental tests
presented in Fig. 8(a). A significant reduction of the harmonic
contents present in the output voltages is noted.

Fig. 9 presents the dynamic behavior of the DC-bus voltage
(Vpe) and the source currents (ig,, is,, and ig.) when the load
of phase "a" is disconnected and reconnected after a few
seconds. Fig.9(a) presents the DC-bus voltage and the
unbalanced load currents (i;,, i1, irc)- AS can be noted, even
before and after the load transients, the source currents remain
balanced as shown in Fig. 9(b). Fig. 9(c) shows the source
currents in detail after the first transient. The action of the DC-
bus voltage controller on the input currents keeps the voltage
controlled at 400 V. The UPQC dynamic behavior under
voltage sag (30%) during ten utility cycles is presented in Fig.
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10 considering phase ‘a’. As can be seen, the UPQC output
voltage does not suffer with the voltage sag disturbance,

remaining sinusoidal and regulated.

TABLE |
PARAMETERS USED IN THE TESTS CARRIED OUT ON THE UPQC

Sa=1590 VA,
Apparent power of the unbalanced three-phase load (1) Sp=1260 VA,

Sc=950 VA
Sta= 1940 VA,
Apparent power of the unbalanced three-phase load (2) Swn=1260 VA,
Sic=1590 VA
Apparent power of the three-phase load S. =4170 VA
Effective nominal voltage of the utility (line-to-neutral)) Vsape = 127 V

Nominal utility grid frequency fs =60 Hz

Switching frequency of the converters fen = 20 kHz

Coupling inductance of the parallel converter Lipabc = 1.0 mH

Series resistance of the coupling inductors
(parallel converter)

Rpra,b,c = 012 Q

Capacitances of the parallel filters

Chpap,c = 85 pF

Coupling inductance of the series converter

Lfsavbyc =15mH

Series resistance of the coupling inductors
(series converter)

RLfa.b‘c =0.150Q

Dispersion inductance of the series coupling transformer Lg = 0.42 mH
Resistances of the series coupling transformers Riape = 0.26 Q
Transformation ratio of the series coupling transformers n=1
DC-bus voltage Vg =400 V
DC-bus capacitance Cyc = 9400 pF
DSP sampling frequency fa =40 kHz

Gain of the PWM modulator

KPWM = 26610’4

TABLE Il
GAINS OF THE Pl CONTROLLERS AND DESIGN SPECIFICATIONS
Parallel Converter

Series Converter

dqo-axes Outer Loop Inner Loop Kps Kis
Kpo Kip Kppi
233.10 Q 1217639 Q/s
dq 0.2333 O 549 OYfs 90 Q
0 0.2381 Q™ 526 Qs 361 Q

DC-bus voltage
Crossover frequency of the parallel converter inner current loop

Kpa= 0.0357 Q* Kig=0.1202 QYs
Wi, = 2nf,/6rad/s

Phase margin MF;,=75°
Crossover frequency of the parallel converter outer loop voltage Wy, = 0.16w;, Tad/s
Phase margin ME,,= 55°
Crossover frequency of the series converter current loop W = 21fy/9rad/s
Phase margin MF; = 50°
Crossover frequency of the DC bus loop voltage W, = 42rad/s
Phase margin MEF, =87.5°
TABLE Il
LOAD PARAMETERS USED IN THE EXPERIMENTAL TESTS
Unbalanced three-phase loads Phase A Phase B Phase C
(1) R=8.1 Q R=10.12 Q R=13.50 Q
Three single-phase full wave rectifiers L=380 mH L=346 mH L=357 mH
7)) R=13.5Q R=10.12 Q R=8.1 Q
C=940 pF L=346 mH L=380 mH
Balanced three-phase load Phases ABC
Three-phase full wave rectifier 1) R=17.7Q
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TABLE IV
LOAD AND SOURCE CURRENTS TOTAL HARMONIC DISTORTIONS

Total Harmonic Distortion (THD %)

Three-phase loads

lLa Ib Iic Isa Isb Isc

Unbalanced three-phase load (1) 30.7 25.0 24.9 1.2 1.0 1.0
Unbalanced three-phase load (2) 62.7 25.0 30.7 0.9 1.0 1.2
Three-phase load (1) 26.0 26.0 26.0 1.7 1.7 1.7
- : -
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Fig. 7. Experimental results for the loads presented in Table Ill: (a) UPQC currents for unbalanced three-phase -phase load (1) (20 A/div, 5 ms/div): Load
currents (iyq, iz, izc) and i, Compensated source currents (isq, isp, isc), and Currents of the parallel converter (i.q, icp, icc) and i.,; (b) Currents and voltages
of phase “a” of the UPQC for the unbalanced three-phase load (2) (20 A/div, 100V/div, 5 ms/div): Load currents (i, i.p, irc); Currents of phase “a”: load i,,,
parallel converter i, and source iy,; voltages and currents of phase “a”: load current i;, , source current iy, utility voltage v,, and load voltage v,,, (c) UPQC

currents for three-phase load (1) (2.5 ms/div): Load currents (i,4, i.p, i) (5 A/div), Source compensated currents (isg, i, isc) (10 A/div), Parallel converter
currents (icq, icp, icc) (10 A/div).

TABLE V
THD OF THE INPUT AND OUTPUT VOLTAGES FOR THE UNBALANCED THREE-PHASE LOAD (1)

Total Harmonic Distortion (THD%)

Three-phase load

Vsa Vsp Vse Via Vi Vie

Unbalanced three-phase load (1) 12.3 12.3 12.3 18 17 1.7
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Fig. 8. Voltages of the UPQC under utility harmonics and unbalances for the unbalanced three-phase load (1): (a) Utility voltages (vgq, Vsp, Vse) (50 V/div,
2,5ms/div), Load voltages (vq, vy, vs) (50 V/div, 2,5ms/div) and series compensating voltages (v¢q, vep, and ve.) (50 V/div, 2,5ms/div); (b) (a) Utility
voltages (vsq, Vg, Vsc) (50 V/div, 2,5ms/div), Load voltages (v,q, vy, v ) (50 V/div, 2,5ms/div) and series compensating voltages (v¢q, vep and ve.) (50

V/div, 2,5ms/div)

_ Vpc—
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Fig. 9. Voltages and current of the UPQC for the unbalanced three-phase load 1: (a) DC-bus voltage (V,) (100 V/div, 500ms/div) and load currents (i, i1y, irc)
(20 A/div, 500ms/div); (b) DC-bus voltage (V) (100 V/div, 500ms/div) and source currents (is,, isp, isc) (20 A/div, 500ms/div); (c) DC-bus voltage (V) (100
V/div, 5ms/div) and details of the source currents (i, isp, isc) after the first load transient (20 A/div, 5ms/div).

11. The THDs of the utility voltage (v,,) and the load voltage

3, /\/\/\ﬂ \[ \/\[\M (vLq) measured in phase ‘a’ are shown in Fig. 11(a), whereas
' Veg—t the THDs of the source current (is,) and the load current (i,,)
are shown in Fig. 11(b) for the unbalanced three-phase load

(1). The current harmonic spectra and THDs of the UPQC
b supplying the unbalanced three-phase load (2), measured in
phase ‘a’ (isq, i14), are shown in Fig. 11(c).

VLa_f

) oy A AA A VII. CONCLUSION
29nA L, \ %%, . . . . .
- N\\fCa/_\ff\/ VWA This paper presents a practical and versatile application

Fig. 10. UPQC under voltage sag disturbance (phase ‘a’): utility voltage (vq,), based on UPQC, which can be used m_ three-phase th’?e'wlre
load voltage (v,,) and series compensating voltage (vc,) (200 V/div,  (3P3W), as well as three-phase four-wire (3P4W) distribution
25ms/div). systems. It was demonstrated that the UPQC installed at a
3P3W system plant site was able to perform universal active

Harmonic spectra and the THDs related to the input and  filtering even when the installed loads required a neutral
output voltages and currents of the UPQC are presented in Fig.  conductor for connecting one or more single-phase loads
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(3P4W). The series-parallel active filtering allowed balanced
and sinusoidal input currents, as well as balanced, sinusoidal
and regulated output voltages.

By using a dual control compensating strategy, the
controlled voltage and current quantities are always
sinusoidal. Therefore, it is possible to reduce the complexity
of the algorithms used to calculate the compensation
references. Furthermore, since voltage and current SRF-based
controllers are employed, the control references become
continuous, reducing the steady-state errors when
conventional PI controllers are used.

Based on digital signal processing and by means of
extensive  experimental tests, static and dynamic
performances, as well as the effectiveness of the dual UPQC
were evaluated, validating the theoretical development.

10% : : : :
9 [O voltage vgq THD = 12.3%
’ |H voltage vig THD = 1.8%

8%
7%
6%
5%
4%
3%
2%
1%
° [T N TR WA AP I TUN T DA S PO S
35 9 10 13 15 17 19 21 23 25 17 29 31 33 35 37 39 41 43 45 47 49 51 53
@
30%—— : . : : T \ :
| W current fSQ’ THD = 1.2%
25% -1 current iy ; THD = 30.7%
20% |
15% ‘
10% 3
5% i
0 I]H (I NN n sla oo aninnannoata
35 9 1113151719 21 23 25 17 29 31 33 35 37 39 41 43 45 47 49 51 53
(b
80% T T
70% - B current igg THD=0.9% | |
‘ [ current if , THD = 62.7%
60%: ¢ 7 ; H H
50%
40%
30% |-
20% |}
10% -
0 [I I] N n all . i i
35 9 11131517 1921232517 29 31 33 35 37 39 41 43 45 47 49 51 53
©

Fig. 11. Harmonic spectra and THDs of voltage and current. (a) voltages of
phase “a” for the unbalanced three-phase load 1: utility voltage vy, and load
voltage v,,; (b) currents of phase “a” for the unbalanced three-phase load 1:
source current iz, and load current i,,; (c) currents of phase “a” for the
unbalanced three-phase load 2: source current iy, and load current i, .
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