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and may be unbalanced. Therefore, UPQC must
carry out parallel and series compensation under
such conditions [9]. The shunt and series APFs of
UPQC are linked to each other by a dc-link. In
UPQC, unlike UPFC, the series APF is connected
to the source side and the shunt APF is connected
to the load side. The shunt APF is used to
compensate current distortions and to supply load
reactive power [7]. Thus, the shunt APF of UPQC
acts as a current source which injects the
compensation current into the network. The series
APF is used to compensate voltage fluctuations
and so it can act as voltage source which injects
the compensation voltage into the network
through a series transformer.

In the past few years, several control strategies
have been presented in literature for determining
the voltage and current reference signals. Some of
the most common strategies include p-q-r theory
[10], improved single-phase p-q theory [11],
synchronous reference frame (SRF) theory [12],
symmetric component transformation [13], Icose
theory [14,15] and some other innovative control
methods[16,17]. In [18], the one-cycle control
approach (without calculating the reference) is
used for controlling a three-phase four-wire
UPQC. Among the these control methods, the
most important and common control methods are
p-q and SRF theories and so far some research
have been done to modify these two control
theory [19-22]. However, these two strategies
based on balanced three phase systems can be
used for single phase systems [23,24]. In Some
research, these two control methods combined for
better performance of UPQC [25,26].

One of the important parts in both these strategies
is PLL determining automatically the system
frequency and the phase angle of fundamental
positive-sequence component of three phase
generic input signal [27]. In order to improve
performance of UPQC under distorted and
unbalanced voltage waveforms, some research
have been done to modify PLL circuit [19,20]. As
the application of artificial neural network and
fuzzy inference systems is growing in power
electronics, an ANN-based controller is designed
for current control of shunt active filter [28]. The
performance of fuzzy logic controller and ANN
controller is compared [29].

In this paper, the proposed control method which
is the combination of instantaneous power theory
and synchronous reference frame (SRF) theory is
optimized by using a STF and without using load
or filter currents measurement. The performance
of proposed system is tested by using
MATLAB/SIMULINK software in cases such as
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power factor correction, reducing source neutral
current, load balancing and reducing current and
voltage harmonics in a three-phase four-wire
system for distortional and unbalanced loads.
Results obtained from simulation show the power
and effectiveness of proposed control method in
comparison to the conventional p-g method.

2. UPQC
The UPQC improves power quality, because of its
capability in  removing  harmonics and

simultaneous compensation of voltage and
current. Almost all papers about UPQC show that
it could be used for solving all the power quality
problems. Figure 1 shows the basic structure of
UPQC consisting of shunt and series APFs. The
shunt APF is used for absorbing current
harmonics, compensating reactive power and
regulating dc-link voltage. The main purpose of
using series APF is removing voltage harmonics
of the source. Furthermore, series APF is capable
of compensating voltage unbalance and
compensating harmonics at the point of common
coupling in consumer side [28].

3. Proposed control method
3.1.STF
Hong-Sock studied integral in the synchronous
reference frame and showed that:
1)

v, (=™ j e™U, (t)dt

where, U,, and V,, are instantaneous signals
respectively before and after the integration in the
synchronous reference frame [30]. Applying the
Laplace transform on (1), the equation of the
transfer function H(s) is expressed as:

)

V,, (5) _ stjo
U,() s'+e’
In order to obtain self-tuning filter (STF) with a
cutoff frequency from the transfer function H(s), a
constant parameter Kk is introduced [31]. Thus, by

the use of parameter k, a function H(s) can be
written as follows:
®3)

H(s)= V,,(8) _k(s+k)+jm,
UL (st e,

By adding a constant parameter k to H(s), the
amplitude of the transfer function is limited and
equal to the amplitude of frequency component
(my). In addition, the phase delay is zero for cutoff
frequency. By replacing the input signals U,y(s)
by X.s(s) and the output signals V,y(s) by xAuﬁ(s),
the following expressions can be obtained:

R, =S, O, G122 £,(9)

H(s)=

(4)
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K=oy (5%, O 2 %, (9) ©
where, o, is desired output frequency, and k is the
filter gain. The higher the value of k, the higher
the accuracy of extracting the desirable
component is. Also, when the value of k
decreases, the transient duration increases. X,(s),
and x“aﬁ(s) may also be either voltage or current
signals, respectively before and after filtering.
Therefore, by using a STF, the fundamental
component of distortional signals can be obtained
without changing the amplitude and phase delay.
According to (4) and (5), block diagram of STF is
shown in figure 2 [31].
Figure 3 shows the frequency response of the STF
versus different values of the parameter k for
fc=50Hz. At 50Hz, the phase angle of bode
diagram is null, which means that the two input
and output signals are in phase either k. Also the
phase shift for the other frequencies is shown. On
the other hand, it is observed from figure 3
showing that |H(s)| = 0dB at f.=50Hz. The rate of

amplitude changes for the other frequencies is
shown in figure 3.

One of the feature of STF is that despite extreme
unbalance between two input signals, the STF will
create always two equal magnitude sine-waves
according to following equation:

X (S)+X, (s (6)
i%fgm@ﬂ@

This feature is a disadvantage of STF for
generating reference load voltages under
unbalance voltage condition. To overcome this

problem, d-q theory is used for control of series
APF.
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Figure 1. The basic structure of unified power quality
conditioner (UPQC).
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Figure 2. The block diagram of STF.
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Figure 3. Bode diagram for the STF versus pulsation for

different values of the parameter k (fc=50Hz).

3.1. Reference voltage signal generation of the
series APF
The proposed control method has been used for
solving all the problems related to the power
guality including source voltage harmonics,
unbalanced voltages, voltage sag and swell. In the
proposed approach, by using (7), first the
measured voltages of source are transferred to the
d-g-o coordinates. Under harmonic voltage
conditions, instantaneous voltages of source (Vs
and vgg) contain two components; harmonic and
mean component, the latter contains the positive
sequence. Furthermore, when the voltage
unbalance exists, the zero sequence voltage (V)
of source also emerges.

1 1 1 (7)

% F |,
S0 Sa
2] . . 2n . 2n
S E 3 sin(wt) sm(mt-?) sm(wt+?) Vg,

Sq 2 Ve

?)

As it is stated in (8) and (9), the source voltages in
d-g-o coordinates contains harmonic and mean
components. In order to compensate for harmonic
and unbalance voltages, a negative and zero
sequence of voltage set to zero and the

< < <

cos(wt) cos(o)t-zg) sin(ot+
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fundamental component of voltage in d axes (V's)
are separated from harmonic components by the
LPF. Therefore, the load reference voltage is
obtained by (10):

Ve =Vgy Vg, (8)
Vg =V, s, 9)
-i sin(ot) cos(ot) ]
v 2 0
V*La —\F S sin(ot 2—n) cos(mt 2—ﬂ:) v (10)
V*Lb 3 \/z 3 3 Sd
’ L cos(mt 2—ﬂ:) cos(mt+2—n)
V2 3 37

The three phase reference load voltages (V" )
are compared to the distortional voltages of source
side (Vsanc) and the errors are processed by the
PWM controller and required signals for IGBT
switches of the series APF are generated.

The voltage sag or swell compensation may
include absorbing/injecting real power from/to
supply line. Therefore, real powers of series and
shunt APFs must be balanced. In order to make
the dc-link voltage fixed, the absorbed and
injected real powers by series and shunt APFs
must be equal to injected and absorbed powers by
shunt APF, respectively [27]. The series APF
control is shown in figure 4.

3.1. Reference current signal generation of the
shunt APF

The shunt APF is wused for compensating
harmonics, load unbalance and reactive power
generated by nonlinear load. The p-g theory is
used to control the shunt APF. In this theory,
voltages and currents are transferred to a-B-0
coordinates by (11) and (12):

RN ay
| NCRN A
80 5 1 1| =
:Su § 1 'E 'E IiSb
sp . ﬁ _ﬁ Se
2 2
(101 1] (12
NPENENCE
S0 E ) _1 _1 VSa
Sa 3 2 2 Sb
Sp 0 ﬁ _ﬁ VSc
L 2 2 |

The current transferred to the Clark’s system enter
the STF which is set to the fundamental
frequency. The STF output currents will be the
fundamental components (i’ and i"5) which will
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contain the fundamental components of active and
reactive powers. To fully compensate for the
reactive power, the fundamental component of
reactive power obtained from (13) must be
subtracted as a current component from current
fundamental components.

Considering the switching loss (P o), Voltage
fluctuation would be a good index showing that
these fluctuations could be converted into a
current by using a proportional-integral (PI)
controller. This current must be injected into a
main axis. Hence, For DC voltage regulation,
voltage of dc-link is compared with reference
voltage (V'pc), and then is injected to into the
main axis by PI and it doesn’t need any external
supply.

On the other hand, when the load is unbalanced,
there will be current in neutral wire. the total
power of zero sequence component will be
obtained from (14). To decrease the neutral
current, the total zero sequence power must be
supplied by shunt APF and this index must also be
injected into main axis. As it is stated in (15), if it
is needed to fully compensate for both the zero
sequence component and reactive power, i'y, and
I'g are the reference injected currents which must
be injected into a-f axes. As it is stated in (16)
and (17), by injecting these currents into a-3 axes,
the reference currents i', and i’y for shunt APF
are obtained. Then, the reference currents in abc
coordinates are calculated by (18).

=1, 5,1, 0 (13)
Po :Vsoiso (14)
L] 1 U [pm;po} (15)
i’Sli vgu +0;ﬁ vsp \75(1 'q
i;a=?50+i,Sa (16)
iy =lgp +igy (17)
i ] (18)
. 1 0
| %
Slo 2l VB
PIN3| 2 2 |l
" 1B
L2 2

.

The reference currents, i, i and i are
calculated to compensate neutral currents, reactive
and harmonic currents in the load. These reference
source currents are compared to measured
currents of the source and errors resulted from this
comparison are received by a hysteresis band
controller to produce required switching signals of
shunt APF. The shunt APF control is shown in
figure 4.
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Figure 4. The block diagram of proposed control method for UPQC.

4. Simulation results

In this study, the proposed control method for
UPQC which is wused for compensating
distortional and unbalanced load currents under
the conditions of distortional and unbalanced
source voltages are evaluated by MATLAB
software. The load used in simulations is a
combination of a three-phase rectifier load and a
single-phase rectifier load. The single-phase
rectifier load is used to create load unbalance in
phase ‘a’. Also, the source voltage contains odd
harmonics up to the order of 17. Furthermore, the
third harmonic and its multiples are not
considered in simulations, because the third
harmonic and its multiples will be compensated
by the connections of transformers and often there
is no need to compensate for them by the series
APF. Passive filters with R and C are used to
remove the switching ripples in voltage and
current waveforms. The values of simulated
parameters are given in table 1.

4.1. The performance of UPQC in load
balancing, power factor correction and current
and voltage harmonics compensation

The responses of UPQC in load balancing,
power factor correction and current and voltage
harmonics compensation are shown in figure 5.
Figure 5(a) shows the harmonic voltages before
compensation. It could be seen from figure 5(c)
that by injecting compensating for voltage into
system, the series APF of UPQC removes source
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voltage harmonics and creates sinusoidal voltages
for the load. Voltages injected by the series APF
are shown in figure 5(b). As voltage harmonics is
removed by the series APF, load voltage THD
decreases from 11.25% to 1.47%. Voltage
harmonics  spectrums  before and  after
compensation are shown in figure 6(a) and figure
6(b), respectively. On the other hand, figure 5(d)
shows the load harmonic and unbalanced current
before compensation. It could be seen from figure
5(f) that by injecting compensating currents for
system, the shunt APF makes the source current
sinusoidal and balanced and decreases source
current THD from 28.27% to 2.36%. The currents
injected by shunt APF into the network are shown
in figure 5(e). Also, the current harmonic
spectrum of phase ‘a’ of the source before and
after compensation, are shown in figure 6(c) and
figure 6(d), respectively. It could be seen from
figure 5(g) that the current through neutral wire
before compensation is equal to 26.6 A. When the
neutral compensating for current is injected by the
shunt APF, the neutral current of source decreases
to zero. The neutral compensating for current
injected by shunt APF and source neutral current
are shown in figure 5(h) and figure 5(i),
respectively. As UPQC enters the circuit, the
whole reactive power of load is supplied by shunt
APF and voltages and currents of source become
in phase and the load just derives reactive power
from source. Figure 5(k) shows the reactive power



Ghanizadeh & Ebadian/ Journal of Al and Data Mining, Vol 3, No 2, 2015.

derived from the source which has an amplitude
equal to zero.

Table 1. System parameters [19].

Parameters Value
Voltage Vsane 380V
Source
Frequency f 50Hz
3-Phase ac Line Inductance Lobe 2mH
1-Phase ac Line Inductance L., 1mH
3-Phase dc Inductance Lgcs 10mH
Load
3-Phase dc Resistor Ries 1000
1-Phase dc Resistor R 500
1-Phase dc Capacitor Cior 240uf
Voltage A\ 700V
de-link
Capacitor c,/C, 2200pF
Ac Line Inductance L cane 1mH
Shunt Filter Resistor Reac 50
APF . .
Filter Capacitor Ceabe 4.7uF
Hysteresis Band h 0.5A
Ac Line Inductance Leane 0.6mH
Series Filter Resistor Reabe 50
APF Filter Capacitor Csane 26uF
Switching Frequency Towm 15kH
STF Factor k In STF Block k 60

4.1. Performance of UPQC during a sudden
increase of load

In this section, to investigate the dynamic
response of UPQC and to see how it enters the
circuit, first it is assumed that UPQC is not in the
circuit. As it could be seen from figure 7 (a) and
figure 7(c), source contains unbalanced and
harmonic voltages and load derives unbalanced
and harmonic currents from the source. At t=0.1s,
the UPQC enters the circuit and shunt and series
APFs start the compensation. Figure 7 (b) shows
that when UPQC enters the circuit, series APF
immediately injects compensating voltages into
the network and makes the load voltages
sinusoidal.

Also, figure 7(d) shows the currents generated by
shunt APF which makes the currents derive from
the network balanced and sinusoidal. The
performance of UPQC in compensating for the
neutral current of source and load reactive power

vSabc (V)

vTabc (V)

be (V)

@
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>

|Labc (A)
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is shown

in figure 7(f) and figure 7(h),

respectively.
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Figure 5. Simulation results for the proposed control
approach for: (a) source distortional voltages, (b) voltages
injected by transformer (c) load voltages (d) unbalanced
and nonlinear load currents (e) currents injected by
compensator (f) source currents (g) load neutral current
(i) neutral current injected by compensator (h)
instantaneous reactive power.

In order to show the UPQC performance during a
sudden change in the load, when system is
operating, the load is suddenly increased at t=0.2s.
As it is shown in figure 7, in addition to
compensating for load unbalance, supplying
reactive power and compensating for harmonics,
the UPQC controller gets a new static state after
the load change.
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Figure 6(a). Load voltage and its harmonic spectrum
before compensation.

Furthermore, figure 7(i) shows that a slight
change in dc-link voltage occurs at the moment
that the load change (0.2s) which is immediately

controlled by the dc-link voltage controller and
the dc-link voltage returns to its previous value.
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Figure 7. The results of UPQC performance while
operating. (a) load voltages, (b) voltages injected by the
series transformers (c) load currents (d) source currents
(e) the injected compensating currents (f) source neutral

current (g) instantaneous reactive power (h)
instantaneous active power (i) dc link voltage.
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4.2. Comparison to the convention methods
Conventional techniques published so far in the
literature have more computational burden. On the
other hand, the proposed method is a simple
approach for effectively compensating current and
voltage harmonics, reactive power and load
balancing. Other advantages of this approach is
the reduction of number of current and voltage
measurements for controlling the shunt and series
APFs. In the proposed method, to control the
shunt APF, we just need to measure the source
current whereas in conventional techniques, it is
necessary to measure the currents of load, source
and shunt APF. In the proposed control method, it
IS not necessary to measure neither the currents of
shunt APF or the voltages of series APF which
have fast variations. In order to compare the
proposed approach with conventional p-g method,
the results obtained from both these techniques
are compared in table 2.

Table 2. % THD of the supply currents and load voltages.

UPQC with
proposed
method

UPQC with
conventional
p-g method

Supply
currents/load
voltage

Without
UPQC

%THD in
current in
Phase a

28.72% 2.36% 3.04%

%THD in load
voltage

11.25% 1.47% 2.23%

The simulation results obtained by using
conventional p-g method are shown in figure 8.
Figure 8(a) shows the source harmonic voltages
before compensation. It could be seen from figure
8(c) that by injecting compensating voltages into
system, the series APF of UPQC generates
sinusoidal load voltages and decreases the load
voltage THD from 11.25% to 2.23% whereas in
the proposed control method, the load voltage
THD is decreased from 11.25% to 1.47 %. The
voltages injected by the series APF are shown in
figure 6(b). On the other hand, figure 8(f) shows
that, by injecting compensating currents for
network, the UPQC shunt APF compensates load
unbalance and load current harmonics and also
decreases the source current THD from 28.72 %
to 3.04 %, whereas in the proposed control
method, source current THD is decreased from
28.72 % t0 2.23%.

The load harmonic and unbalanced currents and
shunt APF injected currents are shown in figure
8(d) and figure 8(e), respectively. Figure 8(i)
shows that the source neutral current is decreased
to zero by the shunt APF of UPQC. It could be
seen from figure 8(K) that reactive power is fully

vTabc ) vSabc (V)

vLabc V)

iLabc (A)

iSabc (A)

q(vVA)

q (IVA)

iSn (A)

compensated by shunt APF. Simulation results
show that the proposed control technique
outperforms conventional p-q control theory.
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Figure 8. Simulation results for conventional p-q method:
(a) distortional unbalanced voltages of the source (b)
voltages injected by the transformer (c) load voltages (d)
unbalanced and nonlinear load currents (e) currents
injected by the compensator (f) source currents (g) load
neutral current (h) neutral current injected by
compensator (i) source neutral current (h) instantaneous
reactive power.

4. Conclusion

In this paper, the performance of the proposed
control method for a three-phase four wire UPQC
was investigated. Simulation results show the
capability of proposed control approach in dealing
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with the problems of power quality such as load
balancing, load reactive power compensation, and
current and voltage harmonics compensation
under voltage unbalance conditions. In the
proposed control method, to control the shunt
APF, we just need to measure source current
while in conventional methods currents of load,
source and shunt APF must be measured.
Therefore, the number of current measurements is
decreased in the proposed approach. Simulation
results show that under conditions of unbalanced
and nonlinear load current, this method not only
decreases the effects of load distortion and
unbalance in the power system, but also improves
the power factor. Meanwhile, whenever the source
voltages are distortional and unbalanced, the
series APF provides sinusoidal voltages for loads.
Also, in this research, it is shown that the UPQC
simultaneously compensates voltage and current
problems and it has the best compensation
features even during the emergence of unbalanced
components in the three-phase four-wire electrical
systems. Simulation results reveal that the
proposed  control  technique has  better
compensation performance than conventional p-q
control theory.
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