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Abstract: - This paper introduces an application of an active power filter (APF) in a real industrial zone smart
grid for power quality (PQ) improvement issues. The random harmonics generated by on-grid PV inverters and
non-linear loads that represent the topology of the industrial smart grid are mitigated, also the reactive power,
voltage levels, and power factor were adjusted using a shunt active power filter (SAPF). Detailed design of
APF and its hysterics control strategy were presented using the MATLAB/SIMULINK software package. The
results prove that SAPF is an effective device to mitigate total harmonic distortion (THD), and has a fast

dynamic response to regulate the grid's power factor (PF).
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1 Introduction

The connection of utility grids with new renewable
energy resources such as photovoltaic and wind
technologies raises challenges in front of power
quality issues. The main research topics in the smart
grid field focus on how to improve the quality of
electrical services. Continued development in the
field of power electronic devices such as nonlinear
loads, variable frequency drives, and soft starters are
the major cause of poor PQ problems like
harmonics, poor power factor, sag, and swell
distortions, [1], [2], [3]. Therefore, it’s critical to
evaluate new solutions to increase the quality of
utility services.

Active and passive power filters are the main
solutions to mitigate PQ problems, passive power
filters (PPF) have many drawbacks, such as their
inability to compensate for sub-harmonics, tuning
the circuit’s accuracy, and difficulty with its large
size in comparison with active power filters (APF),
[4].

There are many research topics in the field of

renewable energy technology focused on delivering
real power to the loads in addition to mitigating

harmonics and increasing the power factor up to
unity. Recently, APFs have become the most
effective solution to eliminate the harmonics, inter-
harmonics, and sub-harmonics due to their
advantages; (i) fast response to grid variations, (ii)
ability to compensate for random harmonics. (iii)
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high control accuracy. In practice, APFs inject a
current into the point of common coupling (PCC)
equal but opposite in its direction to the grid
harmonics and generate — absorb reactive power
into the grid to cancel a wide range of harmonics
that affect on utility system in addition to increase
the grid's power factor (PF), [5]. Furthermore, APFs
keep the grid system balanced and stable with load
variations and grid transients.

In this paper, shunt APF is further designed to
solve practical PQ problems of renewable energy
sources that integrate with utility grids in Hebron
city in Palestine to mitigate grid harmonics and
increase the PF of the system to unity. This paper is
organized as follows: the methodology of shunt
active power filter design is presented in section 2,
the simulation of the selected case study and the
results are provided in section 3, and finally, the
conclusion is drawn in section 4.

2 Problem Formulation
Shunt active power filter is a three-phase inverter
and there are two main types of SAPF regarding its
connection, each one has its advantages and
disadvantages depending on its effects and capacity,
[6], [7]:

Series active power filter (series-APF): it is a
filter used in series with the loads and designed to
mitigate the voltage harmonics of the grid by
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generating negative voltage harmonics to cancel the
effects of the load voltage harmonics and keep the
grid’s voltage in pure sine shape against transients,
sag and swell events. Figure 1 shows the topology
of the series APF.
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Fig. 1: Series active power filter configuration, [7].

Shunt active power filter (shunt-APF): it is a
filter connected in parallel with nonlinear loads that
are used to reduce the grid’s current distortion and
increase the utility power factor by injecting
negative current harmonic into the grid. Figure 2
shows the topology of shunt APF.
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Fig. 2: Configuration of shunt-active power filter,

[7].
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Also, there are two types of inverter topologies;
(1) voltage source inverter (VSI). (ii) Current source
inverter (CSI). The literature review shows that
using VSI is more efficient than CSI in high-power
applications (in MV applications), while CSI is
better than VSI in low-power applications. CSI
needs additional overvoltage protection in the DC-
link inductor in case of switch faults. Both types
have significant losses, the main losses in VSI are in
its AC-linking inductance filter while the losses in
CSI are in its DC-link inductance, [8]. Since the
total harmonic distortion of the current (THD1i) in
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renewable energy sources and industrial zones is
much greater than the total harmonic distortion of
the voltage (THDv), current-controlled VSI is
usually used for this purpose.

Shunt-APF can be two-level or multilevel
inverters which is better in dealing with high power-
high voltage applications, also it can be modeled
two two-level inverters that are connected in series
and parallel operation. Shunt-APF is a three-phase
voltage source inverter that is used to stabilize the
system's performance depending on generating
specific reference current of the IGBT bridge to
mitigate random harmonics and compensate the
power factor up to unity, [9], [10], [11], [12].

There are different control techniques of
reference current calculation, the most popular one
is the instantaneous reactive power theory (P-Q
theory) that depends on measuring the three-phase
voltages and currents, then converting it into a two-
phase model (a & B) by Clark transformation
matrix. This two-phase signal can be regulated using
different control techniques such as hysteresis, PI,
and fuzzy controllers to evaluate the reference
currents in two phases. Then, reference currents are
used to gate the Inverter Bridge after evaluating
three-phase reference currents by inverse Clark
transformation, [13], [14], [15].

Figure 3 illustrates the control procedure of
reference calculation. Figure 4 shows the overall
transfer matrices.
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Fig. 3: Control procedure of reference current
calculation.

Reference current calculation using (P-Q theory)
has the following steps, [6]:

2.1 Two-phase Calculation

The two-phase calculation method was used to
convert three-phase measurements into the two-
phase model (a & b) using Clark transforms to
simplify the calculations according to Equation (1).
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Fig. 4: Overall transfer matrices of generating
reference currents.
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2.2 Instantaneous Power Calculation
instantaneous real power (P) and instantaneous
reactive power (Q), both include two components,
DC components due to the fundamental of the load
current (power dissipated in 50 Hz) and an AC
component corresponding to the harmonic current of
the load (power dissipated in frequencies other than
50 Hz). This instant power can be calculated
depending on equation (2).

P| | Va Vb||la (2)
[qJ_LVb VaHIbJ
P=P +P~
Q=0 +Q

2.3 AC Real Power Calculation
AC real power reference P~ can be extracted from
total power P by a low pass filter to separate the two
components from each other and select the AC
component only to be compensated.

2.4 Reference Current Calculation in Two-
Phase Mode

The compensating currents la-ref and IB-ref in two-

phase mode can be calculated depending on

equation (3).
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la* 1 Va -Vb||P~
IB*| Vvaz+vb2|\yh Va Q~ 3)
Three-Phase
Calculation
Compensating current in three-phase mode can be

evaluated depending on two-phase results using
inverse Clark transform according to equation (4).

25 Reference Current

la* 1 0 o
Ib* :F ~05 3/3 (4)
3 Ich

Ic* —0.5 —+/3/2

2.6 Hysteresis Band Current Controller
(HCC)

It is a controller used to force the compensated grid
current (Ig) to follow the calculated reference
current (I-ref). The accuracy of the hysteresis
controller depends on its hysteresis band (HB)
which represents the current ripple. However,
narrower HB in HCC leads to increased switching
loss in shunt-APF. Figure 5 shows the block
diagram of the hysteresis current controller, [9].

Fig. 5:
controller.

current

Block diagram of hysteresis

3 Problem Solution

To study the performance of shunt-APF in the
presence of local non-linear load in an industrial
zone that represents the topology of a bad power
quality smart grid. Simulation was done using the
MATLAB/ SIMULINK software package with an
overall simulation time of 100 ms, shunt APF
became in service after the first two cycles (40 ms),
and the results were carried out as follows.
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3.1 The Selected Case Study

Shunt-APF is connected to an 11 kV, 50 Hz grid, to
compensate and mitigate the effect of non-linear
load that represents the topology of industrial zone
loads. Figure 6 shows the overall system design.

Fig. 6: Overall system design.

3.2 Non-linear Load

The topology of the industrial zone loads are non-
linear loads that are full of random harmonics,
practical harmonic measurements were used and
simulated using current source generators to
simulate each harmonic content. Table 1 shows the
practical harmonic measurements for the first ten
harmonic content. Figure 7 shows the load current
wave shape.

Table 1. Practical harmonic measurements for the
first ten harmonic content

Harmonic Order  Current (A)
1 165
2 4.1
3 14.3
4 0.21
5 4.73
6 0.25
7 2.65
8 0.171
9 2.16
10 0.03

3.3 Two-phase and Instantaneous Power
Calculation

Two-phase calculation is done depending on the
Clark transform matrix in equation (1), followed by
instantaneous real and reactive power calculation
according to equation (2). Figure 8 shows a two-
phase calculation block diagram. Figure 9 shows the
Instantaneous real and reactive power.
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Fig. 7: Distorted current wave shape of the proposed
load.
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followed by an instantaneous power calculation.

Fig. 9: Instantaneous real and reactive power.

3.4 AC Real Power Calculation

Real power (P) out of the previous step consists of
two components, P-ac (that consumed by
fundamental frequency, 50 Hz) and P-dc (that
consumed in frequencies other than 50 Hz),
applying LPF can separate P-ac and P-dc
components from each other. P-ac also depends
on the losses in the DC bus at the input of the
inverter bridge, it is critical to keep the voltage level
stable at a pre-determined value by applying a PI
controller. Figure 10 shows the block diagram of
evaluating P-ac. Figure 11 shows the power
separation into its components (P-ac and P-dc).
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Fig. 10: The block diagram of evaluating P-ac.

Fig. 11: Real power separation, (a) total power, (b)
P-dc component, and (c¢) P-ac component.
Current

35 Three-phase  Reference

Calculation

Compensating currents are reference currents of an
inverter's bridge (it is a control signal in a PWM
generator) used to mitigate random harmonics and
increase the grid's PF up to unity.

Generating reference current process depends on
evaluating reference currents in a two-phase model
according to equation (3) followed by inverse Clark
transform according to equation (4) to get the
references in the three-phase model. Figure 12
shows reference current curves in two-phase and
three-phase models respectively.

Fig. 12: Reference current in two-phase and three-
phase models, respectively.
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The summation of references at any instant of
time equals zero to make the system stable and
balanced.

3.6 Hysteresis Current Controller Design
The compensating current in Figure 12 is an analog
signal with high error and is not able to be used as
firing signals of the inverter bridge. A hysteresis
controller is used to control on error value and force
the compensated current to follow the reference
current. Figure 13 shows the block diagram of
Hysteresis Current Controllers.

Fig. 13: Hysteresis current controller block diagram.

Hysteresis Controllers make the grid current
follow reference currents with small hysteresis
bands (HB) to minimize the error value and increase
the accuracy of the output current. Figure 14 shows
the input and output signal of the Hysteresis
Controller with HB = 10 (a ripple of 10 A is
allowable).

Fig. 14: Input and output signal of hysterésis
controller with HB = 10.

3.7 Shunt APF Performance
The purpose of using Shunt-APF was achieved. The
level of THD reduced significantly and PF increased
up to unity. Figure 15 shows the current wave
shapes before and after installing shunt-APF.

Figure 16 shows the PF correction response up to
unity value, which means that shunt-APF works as
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STATCOM. Table 2 summarizes a comparison of
THD and PF before and after installing APF. Lastly,
the current wave shapes before and after installing
APF. (a) load current, (b) SAPF current and (c) grid
current are presented in Figure 15.

Table 2. Comparison of APF performance
before and after installing APF
Before adding After adding

Parameter

APF APF
THD of voltage 8.3% 1.3%
THD of 23.4% 2.8%
current
PF 0.80 0.97
/\\/ /\\//\
// > r /
IR
Fig. 15: Current wave shapes before and after

installing APF. (a) load current, (b) SAPF current,
(c) grid current.

Fig. 16: PF regulation response.

4 Conclusion

The performance of shunt-APF in a practical
industrial zone with a non-linear load that is full of
harmonics for PQ improvement was studied using
hysteresis current controllers that were implemented
by the MATLAB/SIMULINK package and studied
under different conditions. The proposed Shunt-APF
designed using instantaneous reactive power theory
(p-q theory) and the results show that inserting
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SAPF can significantly improve the smart grid
performance by mitigating random harmonics and
limiting it within the standards, it is also can
increase PF up to unity which means that SAPF
works as STATCOM.
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