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Abstract: This paper presents an analysis of current source inverter (CSI)-based unified power
quality conditioner (UPQC) to improve the electric power quality at distribution levels. In recent
years unified power quality conditioner (UPQC) is being used as a universal active power
conditioning device to mitigate both voltage as well as current harmonics in a polluted power
system network. Fabrication of UPQC is done implying both current source and voltage source
inverter. Current source UPQC has unique advantages over generalised voltage source-based
UPQC. Reference and switching signals are derived using a simple PI controller and robust
hysteresis band PWM technique respectively. The resultant compensation system eliminates
voltage as well as current harmonics with good dynamic response. Extensive simulation results
using MATLAB/Simulink and SimPowerSystems software for R-L load connected through an
uncontrolled bridge rectifier is presented for performance evaluation.
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1 Introduction

The word ‘power quality’ is the most important facets of
any power delivery system. Poor power quality affects
electricity consumers in many ways. The lack of quality
power can cause severe damage to sensitive equipments can
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result in increase in power losses, and interference with
communication lines. The widespread use of power
electronics equipment generates harmonics in voltages and
currents and produces a significant impact on quality of
electric power supply. Therefore, it is very important to
maintain a high standard of power quality (Bollen, 2000;
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Dugan et al., 2004, 2006; IEEE Std. 1159-1995; Antonio,
2007).

One of the best solutions for mitigation of the major
power quality problems is active power filtering (Aredes,
1995). These are a good solution for problems of power
quality. A large number of configurations such as series,
shunt, hybrid (a combination of shunt and passive filters)
have been introduced and improved (Horn et al., 1996;
Balbo and Malesani, 1993; Prabhu, 2014; Syamnaresh and
Rajesh, 2012). The unified power quality conditioner
(UPQC) (Hugh and Sabahi, 2016) has been widely studied
by many researchers as an ultimate device to improve
power quality (Chen et al., 2000; Akagi and Fujita, 1995;
Singh et al., 1999; Fujita and Akagi, 1998; Khadkikar et al.,
2004; Venkatesh and Elano, 2013; Valsala and Padma
Suresh, 2013).UPQC can be designed as VSlI-based,
CSlI-based and hybrid in design (Venkatesh and Elano,
2013).UPQC provides a relevant, weighty and flexible
alternative to mitigate both voltage as well as current
disturbances simultaneously by a single unit. It generally
consists of two bi-directional converters connected back to
back through an energy storage device (Vaidirajacharya
et al., 2007). VSI-based UPQC was in use due to its cost
effectiveness, compact size and flexibility to extend
multilevel converter topology. Principle of operation,
various configurations, and control of VSI- based UPQC is
presented in depth in references (Chen et al.,, 2000;
Akagi and Fujita, 1995; Singh et al., 1999; Fujita and
Akagi, 1998; Akagi et al., 2007).

As new IGBTs with reverse blocking capability have
become available, there is an increment in the use of
current source active filters due to its inbuilt short circuit
protection capability, higher efficiency at low power loads,
effective filtering of harmonics and simple open loop
current control. Control aspect of current source active
power filter and various configurations have been discussed
by many researchers (Hayashi et al., 1997; Salo and Tuusa,
2005). Performance of CSl-based UPQC is presented by
Graovac et al. (2001). A comparison of current and voltage
source shunt active power filters is presented in Salo and
Tuusa (2005), Benchaita et al. (1999), Yunus and Bass
(1996), Khadkika et al. (2004) and Eldin Bahr et al. (2012).

This paper presents a comprehensive analysis of
current source inverter (CSI)-based UPQC using a
simple PI controller for derivation of reference signals.
These reference signals are then compared in a robust
hysteresis controller for generation of switching signals.
The CSI-based UPQC exhibits excellent performance for
current as well as voltage harmonic mitigation.

2 System modelling and description

The equivalent circuit diagram of UPQC is shown in
Figure 1 V is the supply voltage, V., and i, are the series
compensation voltage , shunt compensation current and V;
and i; are the load voltage and load current respectively.

Figure 1 Schematic diagram of UPQC
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The source voltage may contain positive, negative and zero
sequence components as well as harmonic components.
The per phase voltage of the system can be expressed as:

Vsa = lea + I/lna + VlOa + Z:=2 I/ka Sin(k(()f+ eka) (1)

Here ¥, is per phase voltage.

Vipe 1s fundamental frequency positive sequence
component.

Vinas Viea are negative and zero sequence components
respectively.

The harmonic content in the voltage is represented by
the last term of equation. For the load voltage to perfectly
sinusoidal and balanced, the series filter should produce a
voltage equal to

Vah = I/lna + I/IOa + Z:=2 I/ka Sin(k(()f + eka) (2)

Functions of the shunt active filter are to provide
compensation of the load harmonic current, load reactive
power demand and also to maintain DC link current
constant.

The per phase load current of shunt active filter is
expressed as:

ial = ialp COS(M—01)+ia1n +Zk=2ialk (3)

Iy =1y, cos(ax)cos(6)
4)

Hiyy, SI(@)SING) 41,1, + D i

For compensation of harmonic current and meeting the
reactive power demand the shunt active filter should
produce a current of

fup = a1 SIN(@OSING) iy, + D i (5)
Therefore source current is
lys =iy =l =1y, COS(@X)COS(6,) (6)

Thus the source current will be free from harmonics and
will be in phase with source voltage.
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3 Control algorithm

The schematic diagram of CSI-based unified power quality
conditioner is shown in Figure 2. It consists of series and
shunt filter connected by a common DC inductor.

3.1 Series filter controller

Series filter is controlled by hysteresis band voltage control
in CSI-based Unified Power Quality Conditioner. The series
active filter acts as controlled voltage source; it imposes
high impedance for the harmonic currents and blocks their
flow from both load to source and source to load directions.
The source voltage may contain zero, negative sequence as
well as harmonic component, which need to be eliminated
by series compensator, in order for the load voltage to
perfectly sinusoidal and balanced, thus the series filter
should produce a voltage given by equation (2). A
PLL-based unit vector templates is multiplied with a
constant equal to peak amplitude of fundamental input
voltage to obtain reference load voltages. Unit vector
templates for different phases are obtained with proper
phase delay as follows:

U, =sin(ex) (7

U, = sin(ar —120°) (8)
U, = sin(er +120°) 9)

The compensation signals are generated as given below:

Vfa = Vsa _Vm ’Ua (10)
V;b: :b_Vm'Ub (11)
Vie=Vie=V, U (12)

where V,,, Vg, Vi are phase voltage of three phases
respectively.

U, U, U, are unit vector templates for three phases
respectively.

V.. is the constant equal to peak amplitude of
fundamental input voltage.

The compensation signals are then compared with actual
signals at the terminals of series active filter, the error is
then given to hysteresis controller and the required gating
signals for series filter is generated.

The control block diagram of series filter is as shown in
Figure 3.

Figure 2 Schematic diagram of CSI-based unified power quality conditioner
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Figure 3 Control block diagram of series filter controller
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3.2 Shunt filter controller

In CSI-based UPQC, the DC link current is sensed and
compared with reference DC link current to generate an
error signal. The error signal is then processed through the
PI controller. The output signal from PI controller is treated
as switching power losses of shunt active filter, and is added
to real power loss component to derive reference source
current using equations (14) to (23). The switching signals
of shunt inverter are derived by comparing these reference
currents with actual source current in a hysteresis controller
band. The schematic block diagram of shunt filter controller
is shown in Figure 4.

In the block diagram of Figure 4, distorted source
voltage and source current are multiplied to yield
instantaneous active and reactive power. Then the dc
component of active power is separated with the help of low
pass filter and reactive power is set to zero. Also the dc link
current is compared with the reference current and passed
through a PI controller and added with the dc component of
instantaneous real power. After this inverse Clarke
transformation is performed to give reference source
current, and are subsequently used to generate control
pulses.

In shunt filter controller, instantaneous three-phase
currents and voltages are transformed into a three
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coordinates from a-b-c coordinates, known as Clarke
transformation as given in equation (13).

1 — — [
Vo 2 2 2

= /= 13
{vﬁ} EY NN I ()

Basically Clarke transformation is used for converting a
time variant frame of reference to an invariant frame of
reference. Instantaneous active and reactive powers in
orthogonal co-ordinates are calculated as follows,

1) = Vo (O (1) +v5 (D) 5(1) (14)
9() ==V (i (1) + v, (D)5 (1) (15)

From above equations, the instantaneous power can be
rewritten as shown below in equation (16) as,

|:p:| :|:va Vﬂ:||:l:a:| (16)
q Vg Vo |5

where p — instantaneous real power, q — instantaneous
reactive power.

From (14) and (15), the values of p and q can be
expressed in terms of DC components plus the AC
components as follows,

p=p+p (17)

g=q+4q (18)
where p is the dc component of the instantaneous power p,
and is related to the fundamental active current.

p is the ac component of the imaginary power p and is

related to the harmonic current caused by the ac component
of the instantaneous real power
g is the AC component of the imaginary instantaneous

power q and is related to the reactive power generated by
the fundamental components of voltage and current.
g is the AC component of the instantaneous imaginary

power q and is related to the harmonic current caused the ac
component of instantaneous reactive power.

For computation of harmonic free unity power factor
3-phase currents, compensating powers p. and ¢, are
selected as,

DPe =D+ Digs (19)
q.=0 (20)

where p, is the instantaneous active power corresponding
to the switching loss and resistive loss of shunt active filter.
The orthogonal components of the fundamental current are
obtained as follows,

-1
ia _ VOC vﬂ pc
Lﬂ}{‘vﬂ VJ Lc} @D

The a-b-c components of fundamental reference current are
obtained as follows:

| T2/3 0 i

iy |=[-1/3 1/43 {"’} (22)
. lp

i [-1/3 143

The control of CSI-based UPQC is realised using hysteresis
band PWM technique. Among different PWM techniques,
the hysteresis band control is used very often. The
hysteresis band is used because of its simplicity of
implementation, fast response and does not need any
knowledge of load parameters. In hysteresis control
switching signals are derived by comparing the signal error
with a fixed tolerance band.

4 Performance evaluation

To justify the performance capability, CSI-based UPQC
model is developed using above equations in
MATLAB/SIMULINK and SimPowerSystems software.
Nonlinear load is employed using three-phase diode
rectifier with an RL load. All the compensators are
implemented using equivalent discrete blocks. Shunt filter is
switched on at 0.05 sec. while series filter is switched on
at 0.1 sec to verify the performance of industrial filters.
The system parameters are selected as mentioned in
Table 1.

Table 1 System parameters
System parameters Values
Source voltage 230 (RMS)
System frequency 50
Load impedance 150 Q, 40 mH
DC link inductance 160 mH
Reference current 6 Amps
Source impedance 0.01 Q, 50 uH

In order to simulate source voltage distortion, a 10% of 5th
harmonic and 5% of 7th harmonic are added to the
fundamental. A hysteresis band of +0.05 is considered for
simulation study. Filter parameters are shown in Table 2.

Table 2 Filter parameters
CSI
DC link inductance 160 mH
Series filter reactance 1Q, 25 uF
Shunt filter reactance 1.5Q,25 uF

A PLL-based unit vector template is used for obtaining
reference values. Unit vector templates for different phase
input voltage is unitised by multiplying with gain factor
equal to its peak amplitude and then passed through
phased locked loop to obtain proper phase delay. The unit
vector templates thus obtained are shown below in Figure 5.
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Figure S  Unit vector template
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Figure 6 (a) Source voltage (b) Load voltage (c¢) Required compensation (d) Compensation signal
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From the unit vector thus obtained, reference load voltages
can be obtained by multiplying with unit magnitude equal
to peak of load voltage. The performance of UPQC for
voltage harmonic correction depends on series filter
performance. The load voltage is same as source voltage, till
the series filter is switched on; As the series filter is
switched on at 0.1 sec. the load voltage becomes purely
sinusoidal as indicated in Figure 6. The THD of load
voltage is same as that of source voltage that is 6.87%
before series filter is activated. This is shown in harmonic
spectrum of source voltage shown in Figure 7(a). The load
voltage THD is reduced to just 0.72% by series filter as
shown in harmonic spectrum of load voltage in Figure 7(b).

Time(sec)

Hence compensating for voltage harmonics present in the
system and thus, the system voltage to become sinusoidal at
PCC irrespective of voltage distortions present at the source.

It can be seen from Figure 8 that once the shunt active
filter starts its operation at t = 0.05 sec, the source current
becomes sinusoidal and the shunt filter starts compensation.
Also it can be observed that load current is non-sinusoidal
and has a THD of 28.85% as shown in harmonic spectrum
of load current in Figure 9(a). As soon as shunt active filter
is activated, the source current becomes sinusoidal with a
THD of 2.30% as shown in harmonic spectrum of source
current in Figure 9(b).
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Figure 7 (a) Harmonic spectrum of source voltage (b) Harmonic spectrum of load voltage (see online version for colours)
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Figure 9 (a) Harmonic spectrum of source current (b) Harmonic spectrum of load current (see online version for colours)
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Figure 10 Plot of source current (Vs), source current (Is) vs time (sec)
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Also it can be seen from comparison of source voltage and
source current that both are in phase and unity power factor
is maintained as shown in Figure 10.

For step variation in load, first load resistance is
changed from 150 ohms to100 ohms. The UPQC behaves
perfectly as can be seen from Figure 11. In Figure 12, the
current is shown, at t = 0.3sec the load is changed and some
transients are there but after some time source current
becomes sinusoidal. Also in Figure 13 source voltage and
source current are shown which are in phase and unity
power factor is maintained. In Figure 14(a) and
Figure 14(b), harmonic spectrum of respective load voltage
and source current is shown which is well below 5% (THD
of load voltage is 1.0% and that of source current is 1.98%).

After this load resistance and load inductance both are
changed at t = .3sec (resistance is changed to 100Q from
150Q and load inductance is changed to 10mh from 50mbh).
Again the UPQC works perfectly for voltage harmonics as
shown in Figure 15. In Figure 16, various currents are
shown (source current, load current, filter current) and the
source current is becoming perfectly sinusoidal. In Figure
17, source current and source voltage are plotted which are
in phase maintaining unity power factor, thus the UPQC is
working for this change in RL load also. In Figure 18(a) and
Figure 18(b), harmonic spectrum of load voltage and source
current is shown which is well within the required limits
(THD of load voltage is 1.06% and that of source current is
1.99%).
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Figure 11 Source voltage, load voltage, required compensation, compensation signal for step change in R load at t = .3 sec.

9

8

Sourge Voltage(V)
g o

Time(sec)

8

. Load Voltage(V) .
S o

88.88

Required Gompensation(V)

—
—
—
—
—
—
—
p—
|
—

Compensation signal(V)

Time(sec)
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Figure 14 (a)Harmonic spectrum of load voltage after step chenge in R-load at t = .3 sec. (b) Harmonic spectrum of source current after
step change in R-load at t = .3 sec. (see online version for colours)
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Figure 15 Source voltage, load voltage, required compensation, compensation signal for step change in R-L load at t =.3 sec.
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Figure 16 Source current, load current and filter current for step change in R-L load at t = .3 sec.
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Figure 18 (a) Harmonic spectrum of load voltage after step chenge in R-L-load at t = .3 sec. (b) Harmonic spectrum of source current after
step change in R-L-load at t =.3 sec. (continued) (see online version for colours)
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At last filter capacitor is attached across R-L load Also for this case the harmonic spectrum is shown in
(C = 1,000 pF). Again voltage harmonics are eliminated Figure 22(a) and Figure 22(b) for load voltage and source
perfectly as shown in Figure 19, subsequently current current respectively. These are also within required limits
harmonics are also eliminated as shown in Figure 20. In (THD of load voltage is 0.81% and that of source current is
Figure 21, source voltage and source current are shown 2.98%).

which are in phase and unity power factor is maintained.

Figure 21 Source voltage and source current for load having filter capacitor

Time(sec)
Figure 22 (a) Harmonic spectrum of load voltage for load having filter capacitor (b) Harmonic spectrum of source current for load having
filter capacitor (see online version for colours)
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5 Conclusions

A CSI-based UPQC is proposed in this paper for mitigation
of both voltage and current harmonics. It is evident from the
results that voltage profile at point of common coupling
(Load Voltage) has improved significantly (THD of 0.72%)
while THD of source voltage is still 6.87%. As the voltage
at point of common coupling is sinusoidal, any load can be
connected at the PCC. Also source current has become
sinusoidal (THD of 2.30%). Furthermore the power factor
on source side is nearly unity and thus CSI-based UPQC
can be used with high efficiency even when load power
is low. In case of step load variation of R,it is shown that
the load voltage and source current are having THD less
than 5% (THD of load voltage is 1.00% and that of source
current is 1.98%),also in case of step variation of R-L load
the CSI-based UPQC is working perfectly (THD of load
voltage is 1.06% and that of source current is 1.99%) and at
last a filter capacitor is attached at load teminals and the
operation of CSI-based UPQC is found to be perfect (THD
of load voltage is 0.81% and that of source current is
2.98%). Thus it can be concluded that UPQC is a n ultimate
device for removal of both voltage and current harmonics in
different load scenarios.

Also one more advantage is that open loop current
control is possible with CSI-based UPQC. The continuous
development of technology will throw new challenges and
will provide new opportunities which will lead to further
improvement of CSI-based UPQC technology.
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