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Nowadays, the problem of power quality increases day by day. Harmonic current and reactive
power are the important factors disturbing the power quality. The induction motors draw both
harmonic current and reactive power from the grid. Reactive power and harmonic current lead
to heat losses and decrease in the efficiency of the transmission lines. Passive and active filter
applications have been used to solve these problems. There are some disadvantages of passive
filters. Large physical dimensions and resonance with load can be shown as examples for these
disadvantages. Therefore, the application areas of Active Power Filter (APF) are rapidly
developing due to the fact that they can be applied together with harmonic and reactive power
compensation as appropriate control methods. This paper proposes a MATLAB/Simulink
simulation to perform power factor correction and reactive power compensation of three-phase
induction motor by using three-phase Parallel Active Power Filter (PAPF). In order to generate
PAPF’s reference currents the Sine Multiplication Technique (SMT) is used. Simulation studies
are presented to be able to assess the performances under different motor operating conditions.
The proposed hysteresis controller based PAPF filter makes the power factor up to 1 and the
reactive power compensation of the three-phase induction motor.

© 2020, Advanced Researches and Engineering Journal (IAREJ) and the Author(s).

1. Introduction

capacity and to reduce the size of the transmission line
conductor, reactive power compensation is required.

Induction motors are widely utilized in many different
applications [1]. An important percentage of the energy
generated in an industrialized country is consumed by
induction motors [2]. However, the main disadvantages
of them are that they require reactive power and draw
harmonic currents. Reactive power leads to heat losses
and decrease in the efficiency of the power systems. To
reduce or solve many of the problems related to the
power quality, the optimal control of the reactive power
can be applied [3]. It is also possible to make significant
financial saving with the reactive power compensation.
The circulation of reactive power in the grid in a system
without reactive power compensation is shown in
Figurel.

In terms of controlling power systems, one of the
important problems is reactive power compensation. In
the power systems, to increase the current carrying
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Thus, it leads to the reduction of losses. Also, the
production cost of the transmission system is reduced [4].
There are many advantages of producing reactive power
at the point close to the load and giving it to the grid in
order to prevent excessive current circulation caused by
the reactive power requirement in the grid. This
application is known as the conventional reactive power
compensation method. It is also called "power factor
correction”. Figure2 shows the reactive power circulation
in the grid after the compensation is performed.
Therefore, the reactive power should be reduced by
correcting the power factor. Passive filter applications
have long been used to solve these problems.
Nevertheless, it is possible to mention many
disadvantages of passive filters, such as settling to certain
frequency values, resonance with load, and large physical
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dimensions. Because conventional compensation systems
can not immediately respond to the reactive power
demand that a load needs in a moment, correcting the
loads’ power factor, which is powerful and has the ability
to enter and leave the circuit swiftly, cannot be achieved
by applying the conventional electromechanical
compensation arrangements. The rapid increase in
technology has also increased the importance of
compensation realized by using modern methods.

When the compensation of power systems is done with
semiconductor switches, the voltage collapses can be
avoided and it can improve transient and dynamic
stability [5,6]. Besides, reactive power compensation
should be used to reduce current harmonics [7]. In
electrical systems, nonlinear loads draw nonlinear current
from the grid. In power systems, voltage harmonics are
generated by nonlinear currents. Then, all system
elements are affected by spreading of these voltage
harmonics to the entire power system. Due to current and
voltage harmonics, overheating of transformers,
increasing of losses, reduction in the power factor, and
decreasing of the system efficiency are experienced [8].
In terms of the Point of Common Connection (PCC),
there are some limitations brought by the IEEE Standards
519 to the voltage and current harmonics. The above-
mentioned standards recommend that the determined
value of the Total Harmonic Distortion (THD %) should
be 3% for the voltage and 5% for the current. Because the
power systems’ receivers are affected negatively by
harmonic currents, these standards have been prepared to
ensure that the harmonic currents are kept within the
determined limits [9].

—

Distribution
Systems

Distribution

Systems

Compensation Unit
(Passive Filter)

Figure 2. Conventional compensation system

Active power filters (APF) are called devices that both
compensate and eliminate harmonics by using
semiconductor switches. Due to the switching capabilities
of the power switches at very high frequencies, active
power filters can also filter high frequency current and
voltage  harmonics,  perform  reactive  power
compensation, reduce neutral line currents and eliminate
imbalance emerging in three-phase systems.

Nowadays, various active power filters (e.g., serial,
parallel, hybrid and combined power quality regulators)
are used to find solutions for power quality problems.
The most common and widely utilized active power filter
method in the industry is the parallel active power filter
(PAPF) [10,11].

For example, in distribution systems, to be able to
ensure the optimal reactive power compensation, an
optimal phase angle model and allocation method of
multiple Distribution-STATCOM (DSTATCOM) was
proposed. The proposed method is more influential in
compensation of the reactive power for the reduction of
the power loss [12].

One of the effective methods of performing reactive
power compensation in industrial applications is the
hybrid active power filter because it allows low-cost high
power applications [13].

For different compensations in a system that had static
and dynamic loads, a 3-phase DSTATCOM was applied
and its performance analysis was carried out. In this
study, to generate the reference signal, the synchronous
reference frame theory was used and the hysteresis pulse
width modulation switching was applied for the firing
pulse generation, and these were realized in the field-
programmable gate array (FPGA) [14].

A model to correct the power factor, and digital
implementation of various loops of a circuit (e.g.,
hysteresis controller for current loop and PI controller for
voltage loop) were presented. Fixed, sinusoidal and
variable bands were implemented and they were verified
through simulation. Compared to other hysteresis control
methods, the variable band hysteresis control gave lower
THD value for the input current in the current loop [15].
For the shunt active power filter depending on the
predictive direct power control through the space vector
modulation, a powerful control design was proposed. The
problem of the variable switching frequency of the
predictive control method was solved by the proposed
design, and it offered simple and powerful hardware
application [16]. Instead of conventional compensation
systems, PAPF ensures dynamic and rapid reactive power
compensation even under very changeable load
conditions [17].

A simple controller structure with minimal feedback
that ensured the open-ended winding induction motor
(OEWIM), used in the Dual inverter drive (DID) system,
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to operate under constant power factor under different
load and speed conditions was proposed [18].

Reactive power compensation of an induction motor
with nine switching elements and fed through an AC-DC-
AC converter was performed. A Pl controller was
developed to achieve the desired power factor within the
closed-loop control structure [19].

The effects of the active power filter (APF) on power
quality at the output of a synchronous generator with a
distorted back-EMF waveform were examined. In
simulation and experimental studies conducted using
APF, it was observed that THD was significantly reduced
[20].

A new adaptive fuzzy-based hysteresis current control
technique was proposed to reduce current harmonics and
switching losses in a system using the hybrid active
power filter (HAPF). Experimental studies showed that
switching losses were reduced by 9% [21].

In addition to having a fast dynamic response, the
“bipolar hysteresis current control technique” used in
two-stage photovoltaic (PV) micro-inverters has high
efficiency even at high switching frequencies. To reduce
switching losses at high switching frequencies, the
unipolar hysteresis current control technique is preferred.
However, in also this control technique, zero-crossing
distortions and low-frequency harmonics occur in the
grid current. To solve this problem, the technique of
proportional resonant (PR) and hybrid hysteresis current
control was proposed [22].

Electric motors and other inductive loads need reactive
power. They draw the power they need either from the
grid or from fixed-capacity compensation units called
passive filters. The active power filters developed as an

alternative system both meet the reactive power
requirement of the system and make the power factor of
the system one (1) at each load stage. In the literature,
there are different studies on the reactive power
compensation of parallel active power filter (PAPF) and
3-phase induction motor. However, studies that SMT,
which is the reference current prediction technique, and
HBCC, which is the hysteresis controller structure, are
used together has not been encountered. In order to
contribute to this area, a model in which the Sine
Multiplication Technique (SMT) and Hysteresis Band
Current Controller (HBCC) structure were used together
was created. With  this model created in
MATLAB/Simulink  environment, reactive  power
compensation of a 3-phase induction motor was
performed. With simulation studies for no-load and
loaded operating conditions, the power factor of the
system was successfully increased to 1. In this respect,
this study is different from other studies that have been
conducted and it partly contains originality.

2. Entire System and Proposed Filter

As seen in Figure 3, the system simulation consists of
three-phase induction motor, the sine multiplication
technique control blog to determine the reference current,
dc-link capacitor, 3-wired two-level voltage source inverter,
hysteresis band current controller (HBCC), and a coupling
inductance to connect the inverter to the grid.

Although the literature includes a lot of complex control
algorithms, the use of the simple structure hysteresis
controller with the Sine Multiplication Technique has the
advantages of being easy-applicable and easy to perform
with low speed microprocessors.
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Figure 3. Block diagram of the PAPF
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2.1 Parallel Active Power Filter (PAPF)

Among the active power filters, the one that is the most
commonly utilized in the industry is the parallel active
power filter [23]. Figure 4 shows the general structure of
the PAPF’s voltage source [26]. A PAPF consist of an
inverter, a DC link capacitor, a connection inductance that
provides connection to the grid and a controller unit. The
inverter generates the compensation current. The duty of the
connection inductance used on the AC side of the inverter is
to prevent the switching parasites generated by the inverter,
and the switching signals for the inverter are generated by
the controller.

Injecting currents as equal magnitude and in reverse
phase to the grid to be able to get rid of load current's
harmonics and performing reactive power compensation
can be shown as the primary principles of the PAPF. In this
way, the harmonics are eliminated and the source currents
start to oscillate sinusoidally. For successful application of
PAPF, extracting the correct reference current values and
generating gate signals are important. Therefore, it is
needed to determine the reactive and harmonic components
that are drawn by the load currents in order to extract the
reference currents. In the literature, there are various
techniques for the extraction of reference currents; some of
these are shown in Figure 5 [26].

For the extraction of the harmonic current/voltage
components in APF practices, a lot of methods that can be
performed both in frequency and time domains have been
proposed and assessed.

Suppl Nonlinear
ACGHd  Impotance Load
4
N
Coupling
Inductors
- Inputs
—>{Controller | Inverter
]

Figure 4. Voltage source PAPF.
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Figure 5. Methods for reference current/voltage extraction
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When these methods are examined, it is seen that the
most widely used are frequency and time domain based
methods [24]. Though there are some distinctive limitations
of the techniques used to extract reference current, most of
them run stably under fixed loads. Nevertheless, various
load circumstances affect their performance significantly. In
order to mitigate these effects, different approaches such as
Fourier, Artificial Neural Network (ANN) have been
proposed in the literature [25,26].

However, these methods presented have some
disadvantages. For example, in the method used to extract
reference current by depending on the artificial neural
networks, a huge amount of data is needed for the training
of the network. In this study, for the generation of the active
power filter reference currents, the sine multiplication
method is used [27].

2.2 Reference Current Estimation

The most important part of the PAPF is the reference
current extraction part. In this study, the Sine Multiplication
Technique was used to find the reference current. SMT is a
widely used technique for the determination of the
reference compensation currents of PAPFs [28]. However,
in power systems where the source voltage is not in ideal
sinusoidal form, sine multiplication technique loses
effectiveness [27]. Figure 6 shows the block diagram of
SMT.

By injecting the predicted reference current into the grid
in the opposite phase and with equal amplitude, elimination
of the harmonics and realization of the reactive power
compensation are achieved. If we assume that the grid is
pure (in other words, it does not have harmonics and
reactive component), the grid voltage is in the ideal form.
Eq. (1) expresses this situation.

V.(t) =V, Sin wt Q)
If we assume that a non-linear load is fed by this grid,

then the current drawn from the grid can be expressed as
shown in Eq. (2).

I(t) = Z LimSin(nwt + @) = LypSin(wt + ¢4)
= @
+ Z ILnmSin(nwt + ¢,)

n=2

LO—> + T ,/\
Ve %@J’

Figure 6. MATLAB/Simulink block diagram of SMT




Karaman et al., International Advanced Researches and Engineering Journal 04(03): 239-248, 2020 243

As seen in the Eq. (2), the fundamental component is the
maximum value of the first-order harmonic and I,,, refers to
the maximum load current value. Independently from
capacitive or inductive load conditions, the sign of the
phase angle (¢,) of the load is written as a general
expression. We can express the instantaneous power that is
drawn from the grid as follows;

P(t) = V(). 1,(t) ©)

The following power components were obtained by
placing Eqg. (1) and Eq. (2) in their places at Eq. (3);

P(t) = VI, Sinwt. Cose,
+Vpp I Coswt. Sinwt. Sing, 4

+,Sinwt Z LynSin(nwt — ¢,)
n=2

It is understood from Eq. (4) that active power as well as
infinite number of harmonics and reactive power are drawn
from the grid. By separating it from Eq. (4), the active
power can be expressed as follows;

Pyctive = Viplm. Sinwt. Cosg, (5)

As a result of its withdrawal from the active power, the
instantaneous power value shown in Eq. (4) and the
harmonic and reactive power components are obtained.
Reactive power can be shown as;

Preactive = Vinlm- Coswt. Sinwt. Sing, (6)

The remaining part in Eq. (4) is the harmonic power
components. If the active power can be removed in Eq. (4),
the remaining reactive and harmonic component power can
be compensated with PAPF. Similarly, the reactive and
harmonic current components are obtained by subtracting
the real current from the total current given in Eq. (2).
Therefore real current can be written as;

I,(t) = I,Sin(wt + @) ()

Finally, by subtracting the actual current component
from the total load current, the reference compensation
current of the parallel active power filter given in Eq. (8)
can be calculated;

I(t) = 1,(8) = I;(t) )

2.3 Hysteresis Band Current Control (HBCC)

Various current control methods have been applied to
generate switching signals in active power filters [29]. In
this paper, in order to obtain switching signals, HBCC

was used as a control method. It has been proven that
HBCC is an effective technique to generate gate signals
in all applications of active power filters that have
voltage source inverters. Furthermore, this is a consistent
and fast method that has a high accuracy rate [30]. HBCC
is widely applied in APF for current harmonic
compensation [31]. In HBCC as a control method, in
order for generating switching signals, actual
compensation current and reference compensation current
are combined on a hysteresis band. With this non-linear
current controlling technique, the continuous tracking of
the output current of the inverter within a certain band is
ensured [32].

In the block diagram given in Figure 9, the reference
currents generated by SMT and the motor currents drawn
from the grid are compared to be able to control the inverter
current. The obtained current error is applied as input to the
two-level hysteresis controller in order to generate
switching signals. The block structure of the two-level
hysteresis current controller is shown in Figure 7. This
block structure represents only one phase. Because the
system is three-phase, three separate hysteresis controllers
were used.

The current controller bandwidth is 2Al. The actual
motor current (1) varies in such a way that it stays within the
+Al-valued band around the reference currents ().
Therefore, in the actual motor current, the amount of
deviation allowed in positive and negative directions is as
much as the maximum It = AL Controller outputs are
digital outputs and take 0 and 1 values. If the controller
output is 0, the S2 switching signal is generated and if the
controller output is 1, the S1 switching signal is generated.
The variations of S1 and S2 switching signals are shown in
Figure 8.

I ; [1=S1]
re Al
> hF
[0=S2]
I
Figure 7. Hysteresis controller block diagram.
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2 ;(:urrent Current
ler +AI 2 L
/
Iref / //\W/\W HB=2Al
I ref 'A I

O )4

1Sl 1Sl hF

S2 S2
0 0 0
Figure 8. Structure of hysteresis band.
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The Iref-Al value is the lower bound value of the
hysteresis band and is shown in Figure 8 with the point
Al. The Al point is the lowest value where the actual
motor current allowed by the controller can decrease.
When it reaches to point Al, it is no longer allowed the
actual motor current to decrease further, and at this point,
the controller output becomes hF=1 in order to produce
the S1 switching signal that will increase the current.
With the selection of the S1 switching signal at point A1,
the actual motor current continues to increase with a
positive slope up to point A2. The controller output at
point A2 becomes hF=0 and the S2 switching signal
which will reduce the current is selected. Motor current
continues to decrease with negative slope up to A3 point.
In the hysteresis bandwidth determined in this way,
switching signals that will allow the motor current to
change in positive and negative directions are obtained.
The current controller output according to the current
error is mathematically expressed by Eq. (9).

1=S51 <l —Al
hF = )
0="52 I >l +AI

Hysteresis bandwidth HB=2AI directly affects the
switching frequency of the inverter. Small bandwidth
causes high switching frequency, while large bandwidth
causes low switching frequency. Therefore, the switching
frequency of the inverter should not be exceeded by

keeping the bandwidth at the optimum value. The
switching frequencies obtained for 3 different hysteresis
band values in the conducted simulation studies is given
in Table 1 below.

3. Simulation Results

Figure 9 shows the Simulink block diagram for the entire
system. In this simulation study, MATLAB/Simulink
package program was utilized to perform the reactive
power compensation of induction motor with PAPF. The
source voltage and frequency were set to 311 volt and 50
Hz, respectively. DC-link voltage and coupling inductance
were determined 311 V and 3 mH. Induction motor
parameters were 4 kW for power, 400 V for voltage and
1430 rpm for speed.

The three-phase induction motor is supplied with a
source voltage with a balanced 311 V amplitude. It is
important that this voltage signal is pure sinusoidal
because the unit sinusoidal signal used to create the
reference current is derived from the source voltage.

Table 1. Switching frequency for different hysteresis
bands.

Hysteresis Band (HB) | Switching Frequency (fsw)

2A1=1 fsw = 5.082 kHz
2A1=0.5 fow = 7.342 kHz
2A1=0.1 fow = 12.540 kHz
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Figure 9. All system MATLAB/Simulink block diagram.
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Figure 10 shows that there is a phase difference between
voltage and current due to the reactive component before
0.16™ of a second. In the same way, PAPF activates at
0.16th second. Therefore it makes reactive power
compensation and eliminates the phase difference between
the voltage and current.

Figure 11 shows that when PAPF enabled, the reactive
power drawn from three-phase source by the induction
motor is decreases to zero. In this way successful reactive
power compensation is made. In terms of power signals, P,
Q, and S refer to active, reactive, and apparent powers,
respectively.

Figure 12 shows, motor power factor with filter and no
filter at no-load conditions. After the filter is activated at
0.16™ second than the power factor becomes 1.

The phase difference between current and voltage is

Voltage (V) and Current (I)

shown in Figure 13 when the induction motor is loaded
with 2 Nm. At 0.16" second the PAPF is enabled. In this
case, the phase difference observed between the voltage and
the current disappears. Thus, PAPF successfully performs
reactive power compensation even when the motor is
loaded with 2 Nm.

Figure 14 shows that when PAPF is enabled, the reactive
power drawn from the three-phase source by the induction
motor decreases to zero. In this way, successful reactive
power compensation is realized.

Figure 15 shows the motor power factor with filter and
without filter at loaded conditions. After the filter is
activated at 0.16™ second, the PAPF performs a successful
reactive power compensation by raising the power factor
from 0.89 to 1.

Source Phase Voltage/10

—— Motor Phase Current

-60 | |

"'t (min)

Figure 10. Source voltage and phase current of motor (no-load).
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Figure 12. Power factor with filter and no filter at no-load conditions.
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Figure 13. Source voltage and phase current of motor (loaded with 2 Nm).
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Figure 15. Power factor with filter and no filter at loaded conditions.

According to the block diagram given in Figure 9, the
induction motor is directly connected to the 3-phase grid.
There is no any switched power supply, such as inverter
and converter, between the grid and the motor. Therefore,
the current drawn from the grid by the motor running as an
open loop is in pure sinusoidal form. However, there is a
phase difference between the current drawn from the grid
and the voltage. With the enabling of the Parallel Active
Power Filter (PAPF), the motor draws the reactive energy,
it needs, through the inverter connected to the DC bus. In
this case, the phase difference between motor current and
voltage becomes zero, but motor current loses its pure
sinusoidal form. That is, it becomes a harmonic structure.
Harmonics occur in all switched electronic circuits. The
distortions to be caused by these harmonics vary according

to the switching frequency. In this respect, the total THD to
occur in the current with the enabling of PAPF is found
naturally higher than the situation before the compensation.
This is because the currents drawn by the motor from the
grid before compensation are pure sinusoidal and their
THD is lower. In this respect, by considering that THD
analysis of conditions before and after compensation could
be a different study subject, no harmonic analysis was
performed in this study.

4, Conclusions

In the literature, there are different studies related to the
reactive power compensation of the 3-phase induction motor
with the parallel active power filter (PAPF). However, studies
in which SMT, which is the reference current prediction
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technique, and HBCC, which is the hysteresis controller
structure, are used together have not been encountered much.
In this study, in order to contribute to this area, a model in
which the sine Multiplication Technique (SMT) and Hysteresis
Band Current Controller (HBCC) structure were used together
was created. With this model created in MATLAB/Simulink
environment, reactive power compensation of a 3-phase
induction motor was performed and the power factor was
corrected. In this respect, this study is different from other
studies that have been conducted and it partly contains
originality.

Performance of a PAPF using the sine multiplication
techniqgue was investigated. Reference currents were
estimated via sine multiplication technique. While the
induction motor was running both no-load and loaded, the
PAPF successfully performed reactive power compensation
and power factor correction. Simulation studies were
presented to evaluate the performance under different motor
operating conditions. It was observed that PAPF performed
a successfully reactive power compensation by increasing
the power factor.
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