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Power quality improvement in distributed generation system
under varying load conditions using PWM and hysteresis
controller

Abstract - This paper proposes a power system network modeled using a microgrid, integrated with wind and solar photovoltaic (PV) resources,
along with the battery energy storage system (BESS) connected to the three-phase grid feeding the linear and nonlinear load. The simulation is
carried out with unit vector and instantaneous reactive power control algorithm for series and shunt active power filter respectively. The power quality
improvement is analyzed for the voltage sag, swell, and harmonics for system with load variation and without load variation. The performance
analysis is based on voltage & current THD, voltage & current RMS, and power and power factor analysis. The THD for comparison is represented
in form of bar chart to show the effective performance of control algorithm proposed using PWM method and hysteresis controller.

Streszczenie. W artykule zaproponowano modelowanie sieci elektroenergetycznej za pomocg mikrosieci zintegrowanej z wiatrowymi i stonecznymi
zrédfami fotowoltaicznymi (PV) wraz z bateryjnym systemem magazynowania energii (BESS) podigczonym do sieci tréjfazowej zasilajgcej
obcigzenie liniowe i nieliniowe. Symulacja prowadzona jest za pomocg wektora jednostkowego i algorytmu regulacji mocy biernej chwilowej
odpowiednio dla filtru mocy czynnej szeregowego i bocznikowego. Poprawa jakosci energii jest analizowana pod katem zapadéw, wzrostow
napiecia i harmonicznych dla systemu ze zmiennym obcigzeniem i bez zmiennego obcigzenia. Analiza wydajnosci opiera sie na THD napigcia i
pradu, wartos$ci skutecznej napigcia i prgdu oraz analizie mocy i wspoéfczynnika mocy. THD dla poréwnania przedstawiono w postaci wykresu
stupkowego, aby pokazac¢ efektywne dziatanie algorytmu sterowania zaproponowanego przy uzyciu metody PWM i regulatora histerezy. (Poprawa
Jjakosci energii elektrycznej w systemie generacji rozproszonej w warunkach zmiennego obciazenia z wykorzystaniem PWM i regulatora

histerezy)

Keywords: microgrid, distributed generation, power quality, UPQC
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Introduction

Power quality (PQ) is used to assess and maintain the
good quality of power at different levels (generation,
transmission, distribution, and utilization) of the AC
electrical power system. Power quality has become a
challenging area of research in electrical engineering.
Power quality is a combination of current and voltage
quality. The voltage or current deviation from the ideal
value is the disturbance of power quality. However,
distinguishing between the voltage and current
disturbances in the power system is difficult because for
different customers different event leads to different
disturbances. Therefore, in general, power quality is related
to disturbances in voltage, current, frequency, and power
factor. The electrical network considered for power quality
assessment includes a three-phase programmable source
connected to a microgrid with wind and solar PV resources
along with battery storage. The system is connected to the
non-linear load and linear load for power quality analysis. In
[1] author explains generalized integrator controller which
provides unity power factor (UPF) operation, load
balancing, harmonics mitigation, and reactive power
compensation for three phases single-stage grid interfaced
solar energy conversion system. Different methods of
analysis that describes the harmonic behavior of the
electrical network and these data are reported to provide
suitable mitigation strategies in a real-time operation is
explained in [2]. The author in [3] explains the
implementation of distributed generation operated for
nonlinear and unbalanced load with different source
conditions using enhanced Instantaneous Power Theory.
The use of renewable energy sources has different
environmental benefits and is also economical when
compared with the traditional source of power generation
[4]. The integration and control of renewable energy in
electric power systems is mathematically modelled in [5] .In
[6] ,a modified p-q theory-based control that implements a
solar photovoltaic (PV) array integrated unified power
quality conditioner (PV-UPQC-S) for analysis of the steady
and dynamic performance of the system is explained. The
paper [7] proposes a three-phase transformer less Hybrid

Series Active Filter (THSeAF) in combination with SRF and
PQ theory to provide suitable mitigation for power quality
issues. [8] explains about the stationary and non-stationary
power quality disturbance which is mitigated using
variational mode decomposition (VMD) and decision tree-
based detection method which is capable of accurate
detection, estimation, localization, and classification of all
kinds of PQ disturbances in both noisy and noise-free
cases. [9] explains how fluctuation in photovoltaic (PV)
power plants affects the power quality and stability of the
grid along with the increasing penetration of PVs. The
addition of an energy storage system resolves this issue.
The importance of battery parameter state of charge is
taken care of to ensure the stability of the energy storage
system. In [10], different positions of UPQC placement for
better performance are analyzed. A Synchronous
reluctance generator is used as an input to feed linear and
nonlinear loads with an adaptive neural network-based
control algorithm to improve power quality which mitigates
some power quality problems such as harmonic
suppression, and load balancing, reduction in frequency
variation and voltage regulation[11]. Passive and active
fiters in providing power quality compensation, the
advantages and disadvantages of both types of filters are
explained and justify that the active power filter is more
advantageous [12].

Prioblem formulation

The three-phase voltage source of 415V, 50 Hz is
integrated with a Microgrid designed with solar and wind
generation connected to linear and nonlinear load . The
magnitude of the voltage at the microgrid is maintained the
same as the supply voltage as it is connected in parallel.
The supply voltage is observed to be 229.2 volts phase to
phase as shown in figure 1, at t=0s to t=0.1s. The voltage
sag of 0.6 pu is introduced at t= 0.1s to t= 0.25s whose
magnitude is reduced to 138V as indicated in figure 1, at t=
0.1s to t= 0.25s.Its corresponding RMS voltage is shown in
figure 2. The power system is connected to a nonlinear
load of a three-phase bridge rectifier with R= 40Q and
L=1e-4 H through a transmission line of resistance 0.002
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ohms and inductance of 1e-5 H. At t=0.02 s, the linear load
is added to the system to analyze the effect of a sudden
change in load on the power system considered. The
decrease in voltage and increase in current from t= 0.02s to
t=0.16s, due to the addition of load is shown in figure 3 and
figure 4.
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Fig. 1. Voltage waveform without UPQC Compensation
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Fig. 2. RMS voltage (sag) without UPQC compensation due to a
change in load
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Fig. 3. Voltage waveform to indicate a decrease in voltage due to a
change in load.
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Fig. 4. Current waveform to indicate an increase in current due to a
change in load

The RMS current waveform for variation in load is as
shown in figure 5 where the load is added at t=0.02 s to t=
0.16s. The load is removed at t=0.16s, and hence the

[—

magnitude of the current decreases at t=0.16s. Att=0.1s,
the voltage sag of 0.6 pu is introduced which indicates the
reduction in power at that instant as shown in figure 6. It is
observed in figure 7, that the power factor without UPQC
compensation is 0.94.
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Fig. 6.Waveform representing power before UPQC compensation
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Fig. 7. The waveform of Power factor without UPQC compensation

Dersign of unified power quality contriller (UPQC)

In view of improving the system performance by
mitigating the defined power quality issue in section 2,
UPQC is designed with a unit vector algorithm for series
active power filter (APF) and Instantaneous reactive power
theory for shunt active power filter. The gate pulse is
generated using the PWM technique in series APF and
PWM and the hysteresis controller in the shunt active filter.
The MATLAB simulation model designed for the defined
power system network is shown in figure 8.

Three-phase voltage source in parallel to the microgrid
at the supply terminal is connected to a three-phase load
(both linear and nonlinear) through the transmission line.
The UPQC comprising of series and shunt compensator is
as shown in figure 8. The series active filter is designed
using a unit vector control algorithm. The single phase input
is fed to the phase-locked loop with the gain of 0.005 to
obtain the value of wt. The three-phase voltage is derived
by using the equation (1) — (3) which is then compared with
the supply voltage to determine the error in voltage that
derives the switching signals using the method of pulse
width modulation.
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Fig 8. A simulation model for Power system network with UPQC

(1) V, = 230 * sinwt
211

) Vb=230*sin(wt—?)

. 211
(3) VC—230*sm(Wt+ ?)

The series active filter is connected to the supply
terminal using three phases linear transformer with 12
terminals with three phases rated power of 10e6VA, with 50
Hz frequency. The winding RMS voltage is set to 100V, R=
0.002pu and X= 0.00005 pu.

The design of shunt APF is done using instantaneous
reactive power theory (IRPT) with two different control
algorithms for the generation of switching signals. One uses
a PWM controller and the other uses a hysteresis controller.
The IRPT is designed using supply voltage and load
current. The reference current is obtained using supply
voltage, load current, and control signal obtained using a PI
controller. The reference current is obtained using the
equation (4) — (9)

(4) Valpha

2
= \/; [Vea = 0.5 Vs — 0.5 Vsc]

2
) Vbeta = \/; [Vsa + 0.866 Vs, —0.866 V(]

. 2. , ,
(6) lLalpha = \/; [lLa - 05 lLb_O'S lLC]
(7) iLbeta = \/g [iLa + 0.866 iLb— 0.866 iLC]
(8) PLoad =Valpha * iLapha T Vbeta * iLpety
(9) QLOﬁd = Vbeta * iLa]pha -

Valpha *Upeia

The series and shunt compensation is provided by

using a MOSFET-based universal bridge inverter connected
along with the interfacing inductor of 4e-3 H. The simulation
results after providing UPQC compensation for the problem
formulated are shown in figure 9. In figure 9, at t= 0.05s and
t=0.156s, with a magnitude of voltage 231.6 V. lts
corresponding RMS component of voltage is shown in
figure 10.
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Fig. 9 : Waveform of voltage after UPQC compensation
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Fig. 10. The waveform of RMS voltage after UPQC compensation
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Fig. 11. Waveform of current after UPQC compensation

The current waveform is as indicated in figure 11. The
magnitude of current is 14.54 A at t= 0.02s to t=0.16s. At
t=0.16s the linear load is removed and hence the magnitude
of the current is reduced to 12.3A. After UPQC
compensation the power waveform is as shown in figure 12.
The magnitude of power is 1543 W at t= 0.02s to t= 0.16s.
As the load is removed at t=0.16s, the power magnitude
also reduces to 1333 W. The power factor after UPQC
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compensation is as shown in figure 13, where the power
factor is improved to 0.98 compared to 0.94 without UPQC
compensation. As per IEEE standards 519-1992: For
general distribution system, current distortion limits obtained
by the simulation performed lie within the limit.
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Fig. 12. The waveform of Power after UPQC compensation
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Fig. 13. Waveform of Power factor after UPQC compensation

The comparison of simulation output obtained from
PWM and hysteresis controller for system without variation
in load and with variation in load for different magnitudes of
voltage sag and swell and harmonic orders are as tabulated
in table 1 to table 6.

Table 1: THE MAGNITUDE OF FUNDAMENTAL COMPONENT OF VOLTAGE AND CORRESPONDING THD FOR VOLTAGE SAG AND

SWELL WITHOUT LOAD CHANGE.

Without UPQC | With hysteresis With PWM controller
Compensation controller UPQC UPQC Compensation
Compensation
The The The THD -
The fundamental fundamental fundamental | Voltage
Magnitude | component THD - component THD - component %
SL of Voltage | of Voltage Voltage | of Voltage Voltage | of Voltage
No. | (per unit) V) % (V) % V)
1 0.2 91.99 55.3 228.6 3.52 228.8 3.29
2 0.4 126.5 30.16 229.1 1.98 229.3 1.93
3 0.6 161 15.8 229.3 1.46 229.5 1.35
4 0.8 195.5 6.5 229.4 1.32 229.8 1.14
5 1 230 0 230 0 230 0
6 1.2 264.5 4.81 230.3 1.31 230.1 1.13
7 1.4 299 8.51 230.5 1.33 230.4 1.23
8 1.6 333.5 11.44 230.7 1.6 230.5 1.39
9 1.8 368 13.82 230.9 1.83 230.7 1.62
10 2 402.5 15.8 231 1.98 230.9 1.88

Table 2: THE MAGNITUDE OF FUNDAMENTAL COMPONENT OF
CURRENT AND CORRESPONDING THD FOR VOLTAGE SAG AND
SWELL WITHOUT LOAD CHANGE.

Without UPQC Compensation With hysteresis controller UPQC With PWM controller UPQC
Compensation Compensation
The Magnitude The fundamental The fundamental The fundamental
of Voltage (per component of THD - component of THD - component of THD -
S1.No. unit) Current (A) Current % Current (A) Current % Current (A) Current %
1 0.2 10.14 25.44 11.99 12.9 12.35 12.76
2 0.4 10.16 25.27 11.8 10.03 11.9 9.6
3 0.6 10.18 25.22 11.04 9.64 11.2 8.43
4 0.8 10.19 25.2 10.3 8.68 10.92 8.38
5 1 10.2 25.29 10.54 8.56 10.83 8.48
6 1.2 10.21 252 11.43 9.75 10.94 8.43
7 1.4 10.22 25.2 11.36 9.32 11.23 8.45
8 1.6 10.22 25.2 11.94 9.17 11.7 8.99
9 1.8 10.24 25.21 12.65 10.79 12.38 10.48
10 2 10.25 25.24 13.57 13.87 13.26 12.74
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Table 3: THE MAGNITUDE OF FUNDAMENTAL VOLTAGE COMPONENT AND CORRESPONDING THD FOR VOLTAGE SAG AND
SWELL WITH LOAD CHANGE.

Without UPQC Compensation

With UPQC Compensation -
hysteresis controller

With UPQC Compensation -PWM
controller

S1.No. The Magnitude The fundamental THD - The fundamental THD - The fundamental
of Voltage Sag component of Voltage % component of Voltage % component of THD -
(per unit) Voltage without Voltage with Voltage with Voltage %
UPQC (V) UPQC (V) UPQC (V)

1 0.2 91.99 55.3 228.6 3.52 228.8 3.29
2 0.4 126.5 30.16 229.1 1.98 229.3 1.93
3 0.6 161 15.8 229.3 1.46 229.5 1.36
4 0.8 195.5 6.5 229.4 1.32 229.8 1.16
5 1 230 1.09 230 0 230 0

6 1.2 264.5 4.81 230.3 1.31 230.1 1.14
7 1.4 299 8.51 230.5 1.33 230.4 1.24
8 1.6 333.5 11.44 230.7 1.6 230.5 1.4
9 1.8 368 13.82 230.9 1.83 230.7 1.62
10 2 402.5 15.8 231 1.98 230.9 1.89

Table 4: THE MAGNITUDE OF FUNDAMENTAL COMPONENT OF CURRENT AND CORRESPONDIN
SWELL WITH LOAD CHANGE.

G THD FOR VOLTAGE SAG AND

Without UPQC Compensation

With UPQC Compensation -

With UPQC Compensation -PWM

hysteresis controller controller

S1.No. The Magnitude The Magnitude of | THD without | The Magnitude of THD with The Magnitude of THD with

of Voltage Sag the fundamental UPQC - the fundamental UPQC - the fundamental UPQC -

(per unit) component of Current % component of Current % component of Current %

Current (A) Current (A) Current (A)

1 0.2 11.73 22.67 13.8 8.12 14.1 7.99
2 0.4 11.75 23.08 13.65 7.9 13.45 7.7
3 0.6 11.76 23.22 13.15 9.2 12.96 8.82
4 0.8 11.78 23.24 12.94 10.1 12.67 9.9
5 1 11.88 23.39 12.54 7.7 12.48 6.9
6 1.2 11.79 23.24 12.72 10.1 12.67 9.99
7 1.4 11.81 23.23 13.1 9.7 12.96 9.07
8 1.6 11.81 23.22 13.66 8.23 13.46 7.78
9 1.8 11.82 23.22 14.23 8.02 14.13 7.08
10 2 11.84 23.22 15.02 8.23 14.99 7.78

Table 5: THE MAGNITUDE OF FUNDAMENTAL COMPONENT OF CURRENT AND CORRESPONDING THD FOR HARMONICS.

SL Harmonic order Without UPQC Compensation With hysteresis controller UPQC With PWM controller UPQC
No. Compensation Compensation
The fundamental THD - The fundamental The THD - THD - The fundamental
component of Current (%) component of Current (%) Current (%) component of
current current current
A) (A) A
1 3rdg sth 12.08 22.63 11.98 9.27 12.91 8.02
2 5thg 7th 13.09 19.61 12.46 6.13 13.65 5.09

TABLE 6: THE MAGNITUDE OF FUNDAMENTAL COMPONENT OF VOLTAGE ANDCORRESPONDING THD FOR HARMONICS.

SL Harmonic order Without UPQC Compensation With hysteresis controller UPQC With PWM controller UPQC

No. Compensation Compensation
The fundamental THD — The fundamental THD — The fundamental THD —
component Voltage(%) component Voltage(%) component Voltage(%)
of voltage(V) of voltage(V) of voltage(V)

1 3 rd& 5th 230 22.76 230 2.08 230 1.22

2 sthg 7th 230 19.98 230 1.96 230 1.14

Conclusion bar chart representation of THD for voltage and current

The aim of power quality improvement is to provide
pure sinusoidal voltage and current to the consumers. The
problem formulated includes the addition of load at the
distribution end, introducing voltage sag, swell, and
harmonics of a different order which is as shown in figure 1
— figure 4.

The above-defined p

ower quality-related issues are mitigated using a
combination of shunt and series active power filters called
UPQC with PWM and

hysteresis controller as shown in figure 9-figure 11.The
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without UPQC, with UPQC PWM and UPQC Hysteresis is
shown in figure 14 —figure17. It can be concluded that PWM
controller gives good performance when compared to
hysteresis controller. The power and power factor,
corresponding RMS voltage, and current is analyzed to
show the effectiveness of UPQC designed to improve the
power quality.
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Fig. 14. Voltage THD for power system without variation in load.
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Fig. 15. Current THD for power system without variation in load.
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Fig. 16. Voltage THD for power system with variation in load
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