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Abstract

This paper proposes a reference signal generation
method for the UPQC adopted to compensate both
current and voltage quality problems of sensitive loads.
The shunt converter eliminates current harmonics
originating from load side and series converter
eliminates voltage sag originating from the supply side.
The developed algorithm for the shunt controller and
series controller for reference signal generation is
based on Instantaneous Reactive Power Theory and
nonlinear adaptive filter (phased-locked loop). The DC
link control strategy is based on PI controller. The
proposed UPQC mitigates the effects of voltage sag
and suppresses the load current harmonics under
distorted supply conditions. The proposed system.is
tested through simulation studies using
MATLAB/SIMULINK environment.

Index Terms—: Power Quality (PQ), Reference
signal generation, PI controller, IRPT, Unified Power
Quality Conditioner (UPQC).

1. Introduction

Power Quality issues are becoming more and more
significant in these days because of the increasing
number of power electronic devices that behave as
nonlinear loads. With the increasing applications of
nonlinear and electronically switched devices in
distribution systems and industries, Power Quality (PQ)
problems, such as harmonics, flicker and imbalance
have become serious concerns. In addition, lightening
strikes on transmission lines, switching of capacitor
banks, and various network faults can also cause PQ
problems, such as transients, voltage sag/swell, and
interruption [1].

One of the electrical system adapter structures is
back to back inverter. According to the controlling
structure, back to back inverters might have different
operations in compensation. UPQC is a combination of
shunt (Active Power Filter) and a series compensator
(Dynamic Voltage Restorer) connected together via a
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common DC link capacitor, which facilitates the
sharing of the active power.

The application of UPQC is to compensate the sag,
swell and unbalanced voltage, reactive power, current
harmonics and voltage harmonics through shunt and
series voltage source inverter. Voltage Source
Converter (VSC) based custom power devices are
increasingly being used in custom power applications
to mitigate these PQ problems in power distribution
system. The series active power filter mitigate voltage
waveform distortion such as harmonics, flicker, sag and
swell. The shunt active power filter compensate current
distortions like harmonics and phase displacement of
the load current from the system voltage [3].

Control techniques play a vital role in the overall
performance of the power conditioner [4].
Instantaneous power theory is generally preferred to
generate reference signals for the shunt converter [2]
[5]. The adaptive detection technique is used to
minimize the effects of noise or parameter variation [6].
To generate reference signals simultaneously for series
and shunt converter, abc-dq transform, wavelet
transform [7] etc methods are employed. DC voltage
control can be fulfilled by proportional control and PI
control [8]. The hysteresis method, space vector Pulse
Width Modulation (PWM) [9] and sinusoidal PWM
strategy are preferred for series and shunt side
converter signal generation.

A comprehensive control strategy for UPQC should
be accurate, fast and simple in generation of reference
waveforms for series and shunt active power filters.
Inaccurate waveforms cause additional power quality
problems. When the speed of its response decreases,
the switching power loss increases, the capacitor
voltage oscillation also increases so the compensator
operation may become unstable.

2. Power Circuit Configuration of UPQC

The UPQC shown in Fig.1 consists of series and
shunt converter that are connected back to back through
common energy storage capacitor (Cpc). Dynamic
Voltage Restorer (DVR) is connected through
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transformers between the supply and Point of Common
Coupling (PCC). Active Power Filter (APF) is
connected in parallel with PCC through the
transformers. The main objective of DVR is to mitigate
voltage sag from the supply side. The ac filter inductor
L; and capacitor C; are connected in each phase to
prevent the flow of harmonic currents generated due to
switching [3]. The objective of APF is to regulate the
dc link voltage between both converters and to suppress
the load current harmonics [2]. The switching devices
in both the converters are Insulated Gate Bipolar
Transistor (IGBT) with anti parallel diodes. Cpc
provides the common dc link voltage to DVR and
APF.
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Fig.1 Schematic diagram of UPQC.
3. Control Strategies of UPQC

The control strategy of UPQC consists of APF and
DVR controller. DVR controller measures the supply
voltages to generate the required compensation and
sag/swell detection signals. These signals are then
compared in PWM controller and the required gate
signals are generated. APF controller measures the load
voltages, capacitor voltage, load currents and injected
currents. The controller algorithm of APF processes the
measured values and generates the required
compensation signals. These signals are then compared
with hysteresis controller and the required gate signals
are generated.

3.1. Control Algorithm for DVR

The control system of DVR performs voltage
measurements, sag detection, reference voltage
extraction and gate signal generation. Fig. 2 shows the
control algorithm of series converter for phase A. The
control algorithm is identical for the other phases.
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Fig. 2. Control block diagram of DVR.
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A. Reference Voltage Generation

The reference voltage computation of DVR is based
on the nonlinear adaptive filter [6]. This filter can be
used as a PLL. The block diagram of the proposed
algorithm is shown in Fig. 3. The proposed algorithm is
derived from the findings of both enhanced PLL and
nonlinear adaptive filter. The proposed controller
minimizes the mathematical operands in the system and
reduces complex parameter tuning. The measurements
of supply voltages are required for the control strategy
of DVR. The system receives the measured input signal
A(t) and B(t), the difference of input and the
synchronized fundamental component; C(t), the
amplitude of D(t); D(t), the synchronized fundamental
component; E(t), PLL signal; 6(t), the phase angle of
D(t). For series inverter, A(t) corresponds to supply
voltage Vs and E(t) corresponds to Vp | s. The required
compensation signal Ve s is obtained from (Vp. s -
Vs). C(t) corresponds to Vm, s and this signal is used to
detect voltage sags.

For series inverter, A(t) corresponds to supply
voltage Vs and E(t) corresponds to Ve s. The required
compensation signal Ve s is obtained from (Ve s -
Vs). C(t) corresponds to Vamp s and this signal is used
to detect voltage sags.

A + B{t) =|T| ¢ N 1 Bt)

Cos
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Fig. 3. Block diagram of the proposed algorithm.

B. Proposed Sag Detection Method
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With the proposed fault detection method, the
controller is able to detect balanced and unbalanced
voltage sags without an error. C(t) gives the amplitude
of the tracked signal A(t). For example, if the amplitude
of the measured Phase A supply voltage is 220V, C(t)
signal is obtained as 1p.u. If the amplitude falls to
176V, the amplitude of the C(t) signal falls to 0.8p.u.
The voltage sag detection method is based on E-PLL
method which is presented in Fig. 4. By subtracting the
C(t) signal from the ideal voltage magnitude (1p.u), the
voltage sag depth Sy, can be detected as in “Eq. (1)”.

Sprop = |1_C(t)| (1)
C Sag detection
Phase Proposed 4 Syep cional
voltage controllay N

Reference
Fig. 4. Proposed sag detection method

The voltage compensation signal Ve is compared
with a fixed frequency carrier wave to generate the
firing pulses as PWM signals. Sinusoidal PWM control
technique is used to generate the gate switching pulses
of DVR.

3.2. Control Algorithm of APF

The control system of APF performs reference
current extraction, capacitor voltage balance control
and generation of gating signals. APF controller
measures the load voltage, capacitor voltage, load
currents and injected currents. The controller algorithm
of APF processes the measured values and generates
the required compensation signals. These signals are
then compared in hysteresis controller and the required
gate signals are generated. The algorithm for reference
current generation is based on the Instantaneous
Reactive Power Theory [10].

The control system of traditional APF is shown in
Fig. 5. Three-phase load voltages, DC capacitor
voltage, load currents and injected currents are the
input for the control system. The capacitor voltage is
controlled using PI controller.

This theory consists in the algebraic transformation
of the current and voltage of the system from the abc
system to af0 system using Clarke's transformation as

in the “Eq. (2)” and “Eq. (3)”.
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Where iy, i, iic are the load currents and Vi, Vi, Vic
are the load voltages.
According to the p-q theory, the active, reactive and

zero-sequence powers are defined as in “Eq. (4)”, “Eq.
(5)” and “Eq. (6)”.

pP=V,i, +V,i, (4)
q=%%—%g (5)
Py =Vl (6)

The currents, voltages and powers in the a-ff system
can be decomposed in mean and alternating values,
corresponding to the fundamental and harmonic
components, as in “Eq. (7)”, where x can be currents,
voltages and powers.

X=X+X 7)

Zero sequence power (pg) only exists in three-phase
system with neutral wire. P and P are the DC and
AC. components of the instantaneous real power and
gand § are the DC and AC components of the

instantaneous imaginary power. The power required to
be compensated by the APF are calculated as in “Eq.

(8)”.

pl [v. v.[i o o0Ti,
PlaYe Vol = Z) | @
q 0 0|1 Vs Vo |l
After adding the active power required to regulate the
DC bus voltage, pjoss t0 the alternative value of the

instantaneous real power, the reference currents i;ﬁ.
are calculated by “Eq. (9)”.

e
s A la] A q

) R
Where: A=V, +V,

To|Ye 7V

VoV,

The load currents are transformed from three-phase abc
to a0 components using Clarke's transformation, as in
“Eq. (10)”.
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Fig. 5. Control system of traditional APF.

The most important disadvantage of IRPT theory is
that voltage harmonics in supply voltage (so load
voltages) result in increased THD content. This can
cause the incorrect calculation of reference current. To
overcome this problem, only one load voltage
measurement is performed. With the use of the
measured value, 90° phase shifted virtual voltage is
generated as shown in Fig. 6. The generation of this
virtual voltage depends on the detection of zero
crossing of phase-to-phase voltage of A and B phases.

With the zero crossing detection, frequency
compensation is made on virtual voltage. The
unbalances between measured load voltages are
eliminated using this control approach as in “Eq. (11)”
and “Eq. (12)”.

V, =V, (11)

V, =V, /-90° (12)

A Pl controller is used to compensate DC link
capacitor voltage if APF is in compensation state. The
instantaneous active power is calculated by using the
transformed values and they are applied to a 100Hz
digital low pass filter.

The instantaneous active and reactive currents are
calculated using “Eq. (9)”. The feedback method used
to control DC bus is very important. The method
consists of controlling the capacitor voltage to a
reference value. To achieve this, a PI control may be
chosen for the error between the reference value and
the capacitor voltage value at the end of each period.

ferr = lref - if 13)
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Fig. 6. Proposed APF controller.

These signals are then compared in hysteresis
controller and the required gate signals are generated.

C. DC Capacitor Voltage Regulator

Due to switching loss, transformer loss and active
power flow between shunt and series part of UPQC
during sag and swell, voltage of the DC capacitor
changes. To maintain DC voltage constant, the shunt
part of UPQC should interchange active power with
power network. To reach this goal the difference
between reference voltage Vpc, and actual voltage,
Vpc of the DC capacitor is fed into a PI controller to
calculate the amplitude of the extra active current
which must be drawn from network. This current must
be in phase with the network voltage to generate the
active power, so the calculated amplitude is multiplied
by three-phase load voltages. So the resulting current
ipc, has proper phase and amplitude and can maintain
Vpc constant. The DC voltage regulator is shown in
Fig. 7. This active current component is added to the
reference waveform. The resulting waveform is fed into
a hysteresis controller to obtain the firing pulses for
semiconductor switches of shunt active power filter.

Ve
Ve +_L ipc
—bO—I— Pl

VL

Fig.7. DC voltage regulator block diagram

4. Simulation Results and Discussion

Simulation results of the UPQC system for power
quality improvement are tested through case studies
using MATLAB/SIMULINK software. This section is
divided to three cases in which Case 1: nonlinear loads
connected to the grid and its effect on source side. Fig.8
shows the Matlab/Simulink Model of nonlinear loads
connected to grid. Universal bridge is considered as
non linear load. Universal bridge diodes are considered
since every power electronic device is the cause of
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harmonics. A three-phase diode bridge rectifier is used
as a harmonic current producing load with a total
harmonic distortion (THD) of 31%.

Case 2: Fig. 11 shows the Matlab/Simulink Model
of UPQC. The harmonic suppression capability of APF
is analyzed. The supply voltage and load voltage
waveforms before and during the voltage sag are
presented. The harmonic suppression capability of APF
is analyzed.
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Fig. 8. Matlab/Simulink model of nonlinear loads connected

to grid.
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Fig. 9. Simulation results of nonlinear loads connected to grid
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Fig. 9 shows the sinusoidal source voltage and non
sinusoidal source currents. Three-phase source currents
are influenced by nonlinear load.

Fig. 10 shows the harmonic spectrum and THD

value is observed to be 31.02% of fundamental.
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Fig. 10. Total harmonic distortion without UPQC.
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. 11. Matlab/Simulink Model of UPQC.

I AEAN

I
045

I i I h
0% 03 [ 04
TIME (SECS)

Fig. 12. Simulation results of compensated load current.

Fig. 12. shows how APF overcomes the load current
harmonics with the proposed control algorithm. A
nonlinear load current with 22% THD is approximately
reduced to 3.88% with a PI controller as shown in Fig.
13.
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Fig. 13. Total harmonic distortion of source current.
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Fig. 14. Matlab/Simulink result of (a) source voltage during
sag (b) compensated source voltage.

Fig. 14 shows the supply and load voltage
waveforms during voltage sag, when the sag signals are
applied from time period 0.2 sec to 0.3 sec. The supply
current THD is approximately reduced to 5% with the
PI controller.

5. Conclusion

The Unified Power Quality Conditioner is
introduced and analyzed by the controlling voltage
source converter (DVR and APF) based on Enhanced
PLL and nonlinear adaptive filter algorithms and dc-
link voltage with a PI controller. New functionality is
added to the UPQC system to quickly extract the
reference signals directly for load current and supply
voltage with a minimal amount of mathematical
operands. The computation method is simpler than for
other control algorithms of reference extraction. The
number of parameters to be tuned has also been
reduced by the use of the proposed controller. The
performance of the proposed UPQC and the controller
for PQ improvement is tested through the case study
simulations.
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