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ABSTRACT

Shunt Active Power Filter (APF) is one of most preferred filters for the mitigation of harmonics
in power systems. The controller part of shunt APF plays an important role to generate a
reference current which compensate/cancel the distorted currents. The APF injects current equal
but opposite to the harmonic components, in turn the fundamental components only flows in the
point of common coupling (PCC). In this studying, for four controls algorithm are proposed to
control the shunt active filter. Instantaneous Active-Reactive Power Theory (PQ), an adaptive
phase locked loop (PLL), Instantaneous active and reactive current method (DQ) and
Synchronous detection method (SD) are designed to generate the reference current of APF for
mitigation of harmonics. The performance of the four methods are analyzed and compared under
different operating conditions. The load is assumed to have high nonlinear characteristics.

Digital simulations are carried out to demonstrate the performance of the proposed algorithms
using matlab/Simulink software package.

Keywords : Active power filter; Harmonics; PQ theory; PLL method, DQ method; SD method.

performance and response. Also, the total cost
and the efficiency improved as a results of
replacing the mechanical variable speed
system with electrical ones. However, the

1. INTRODUCTION

Recently, the improved power quality
becomes a higher demand as a result of the

fast advancement in industry and technology.
However, most of the control systems in
industry depends mainly on power electronic
devices (converters and inverters).Variable
speed drives, conveyers, air conditioning,
fluorescent and led lamps are becoming now
essential in the industrial applications. The
nonlinear characteristics of these systems
reduce the level of electric power quality [1-
3]. Moreover, it becomes more and more
difficult to supply the consumer with clean
electric power.

Electric drives and power electronic devices
are used to improve the control system

electric drives and power conditioning devices
increase the distortion level on the current and
voltage in the electric power grids. The power
conditioning devices draw harmonic currents
from the electric grid and in turn the harmonic
voltage will then be generated. The harmonic
voltages are generated because the harmonic
current causes nonlinear voltage drop across
the grid impedance. The nonlinear current or
voltage has components at frequencies other
than the fundamental one (harmonics), and
also has negative and zero sequences
components. These components are harmful to
all the electrical equipment of the power
supply utilities and those of the customers.
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Harmonic distortion causes different problems
in power grid and consumer products, such as
equipment  overheating, capacitor  fuse
blowing, transformer overheating,
malfunction of control/protection devices, and
excessive neutral current [4-7].

Moreover, it is well known that the induction
motor have poor power factor because of high
magnetizing current value. Low power factor
means drawing more reactive current
component from the grid and in turn the
system losses will increase and the power
network stability will be weak [8].

Harmonic filters are very much necessary for
the harmonic compensation, improving the
power quality and increase the reliability of
the electric power system [9]. There are two
types of harmonic filters, passive power filters
(PPFs) and active Power filters (APFs).

PPFs are simple construction and low cost.
PPFs are inserted in parallel at the point of
common coupling. Design of PPFs includes
determining the types, put number, elements,
and parameters of filters to satisfy the
requirements of harmonic filtering, power
factor correction, and other conditions. The
PPFs consist of resistive, inductive and
capacitive component. The performance of
PPFs is based not only on circuit structure but
also by the values of these components. The
types of PPFs are a single-tuned filter, second-
order damped filter, third-order damped filter,
and C-type damped filter [10], and [11].
Although PPFs are simple and least costly,
they have drawbacks of large size, resonance,
fixed compensation performance and low
transient response. Moreover, over or under-
compensation of harmonics can occur with
load variation or system parameter variation.
To overcome these problems, active power
filters (APFs) have Dbeen studied and
developed [8]. Active power filter is a
controlled passive power filter by inserting
active element (controlled element such as
transistors) beside the passive element.

In this paper, four control algorithms are
proposed to regulate the switching of shunt
active filters. An instantaneous Active and
Reactive Power method (PQ), adaptive phase
locked loop (PLL) method, Instantaneous
active and reactive current method (DQ) and

Synchronous detection method (SD) are
studied to generate the reference current of
APF and mitigation of harmonics. The
performance of the four methods are analyzed
and compared under different operating
conditions, i.e., nonlinear loads, unbalanced
and/or harmonically grid voltage.

2. ACTIVEPOWER FILTERS

Active power filters are an up-to-date solution
for power quality problems. Figure 1 shows
the general configuration of the active power
filters. APFs can be classified based on
inverter type to current source and voltage
source active filters. Voltage source active
power filter is preferred type because of its
high efficiency, light weight and low cost.
Moreover, multilevel and multistep voltage
source inverters are developed.

Based on the connection of active filters, they
can be classified into four types as shunt,
series, hybrid and universal APFs [12]. Shunt
active power filter is the most common type of
active filters. Shunt active filters can be a
voltage source or current source. This type is
connected in parallel with the nonlinear load
and designed at the PPC rated voltage [13].
Series active power filters are inserted in
series between source and nonlinear loads and
compensates the harmonic current of the
nonlinear load and the voltage source
harmonics. It is designed at the load rated
current.

Hybrid active power filters is a hybrid of
active and passive filters. This configuration is
designed to reduce the initial cost of the filter
and improve the efficiency. In this
configuration, the switching frequency of the
active filter is decreased. This type of APFs
provide a solution of the problem of high
fundamental current through the series active
filter and high fundamental voltage across the
shunt active filter.

Universal active filters are a hybrid of series
and shunt active filters. This type of filter are
designed to reduce the voltage and current
harmonics at the source and load in the same
time. Shunt and series active power filters can
be located at the source and load, respectively,
or vice versa.
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The core of the active power filter is the
control algorithm which generates the
reference current. Different control algorithms
such as active and reactive power (P-Q)
theory, Instantaneous active and reactive
current (D-Q) theory, Phase-locked loop
(PLL) method, Adaptive control, Neuro-
Fuzzy, sliding mode control, delta-sigma
modulation, vector control and repetitive
control, Synchronous detection (SD) Method
[14-16]. However, most of methods suffer
from complexity and a lot of measurement
signals.

In the following sections, P-Q method,
Adaptive PLL method, D-Q method and SD
method are explained.

Nonlinear
Load

Fig.1. Shunt Active power filter configuration.

3. APF controller design based on PQ
theory

In this method, the reference current is
estimated based on the active and reactive
power components. Then, the reference
current is used to generate the switching state
of the inverter. The P-Q theory is based on a
transformation from a stationary reference
system in a-b-c coordinates, to a system a-f-0
coordinates. The block diagram of the P-Q
theory is shown in Fig. 2[17-19]. The three-
phase system voltages and load current in the
a-b-c coordinates are transformed to the o-f
coordinates as follows:
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Fig. 2. Block diagram of the P-Q theory.
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The instantaneous active and reactive power
for the three- phase system is as follows:

=15 dlll o

where P is the instantaneous real power and Q
is the instantaneous reactive power.

By detecting the formulations of P and Q, it is
possible to put them in the following form:

P=P+P (4)

Q=Q+0Q (5)

where P is the DC component related to
fundamental active current conventional. P is
the AC component of P, and related with
harmonic caused by the AC component of
instantaneous real power. Q is the DC
component related to the reactive power
generated by the components fundamental
currents and voltages. Q is the AC component
of g and related to harmonic currents caused
by the AC components instantaneous reactive
power.
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The reference currents ls are calculated as
follows:

]l

Using equations (4) and (5), the reference
current can be estimated as:

Iref]

a

ref =
Iﬁ . _
oAy | P Ry |4
A Vﬁ Va Q A Vﬁ Va Q
where A = V7 +Vj

By using inverse transformation, the three
phase reference currents are calculated as:

0 ] ref
fl_f _l ref] 8

The analysis of this method assumes that the
source voltage are ideal (pure sinusoidal and

ADAPTIVE FILTER

ref 1
ref 2
ref 3

balanced). Practically, source voltage may be
unbalanced and/or distorted; and in turn, the
control performance using the P-Q theory may
be unsatisfactory under these conditions.

4. APF controller design based on
adaptive PLL method

PLL systems are used in different industrial
fields such as motor drives, induction heating
and power supplies. Also, in the field of
renewable energy integration, PLL systems
have been used for synchronization process
between grid-interfaced converters and the
utility network even under unbalanced
harmonic grid voltage[20-22].

When the network has high distorted current
and unbalanced loads, Adaptive phase-locked
loop is used to calculate the reference current.
Adaptive PLL consists of three control units
that individually control frequency, load
current and voltage source. In control
frequency unit, the fundamental frequency of
the pure sinusoidal signal is extracted as
shown in Fig. 3. [23].

ADAPTIVE MEAN

500 » U

>
>

@—‘ fre P 1ls

FREQ

Signal

[> | x —CD

RMS

Fig. 3. Proposed reference signal generation (Adaptive PLL).

5. APF controller design based on DQ
method

In this method, the reference current is
estimated based on the instantaneous active
and reactive current components id and iq of
the nonlinear load. Then, the reference current

is used to generate the switching state of the
inverter. The block diagram of the DQ theory
is shown in Fig.4.

Two axes transformations are used in this
method. First transformation is from a-b-c to
a-p-0 coordinates and then to d-g-0
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coordinates. Two different transformation
matrix need to be required Clarks
Transformation and parks transformation, the
transformations are defined by equations
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Fig.4. Block diagram of the D-Q theory.

A synchronous reference frame Phase Locked
Loop (PLL) scheme is used to determine the
frequency and phase angle of fundamental
voltage for the dg reference frame
(6) [26].Rotating reference frame d-q
transformations are used for extracting
fundamental and harmonic currents. The
corresponding  fundamental  current s
transformed to DC component while harmonic
components are transformed to AC
components in the frame. Therefore, the AC
components can be filtered out by low pass
filtering(LPF).  After an inverse d-q
transformation in the respective frame, the
unfiltered DC components are transformed
back to corresponding harmonic. A targeted
frequency component can then be separated
from other frequency components in harmonic
load currents. Now inverse transformation is
performed to transform the currents from two
— phase synchronous frame d-q into two-phase
stationary frame a-f as per equation (11).

£e4 cos@ —sin@][idh

[iﬁ] - [sinG cos 6 [iq an
Finally the current from two phase stationary
frame of0 is transformed back into three-
phase stationary frame a-b-c as per equation

(12) and the compensation reference currents
ia*, ib* and ic* are obtained

- vl

-3/, 1/\f

One of the most |mportant characteristics of
this algorithm is that the reference currents are
obtained directly from the loads currents
without considering the source voltages. This
is an important advantage since the generation
of the reference signals is not affected by
voltage unbalance or voltage distortion,
therefore  increasing the  compensation
robustness and performance[27]. The DQ is
selected for the harmonic detection because
this method provide the fast calculation time
in which it is suitable for the real time
application.

6. APF controller design based on SD
method

The block diagram of the SD theory is shown
in Fig.5. In this algorithm, the three-phase
source currents are assumed to be balanced
and the power factor will be unity after
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compensation [28]. So, the real power
consumed by the load could be calculated
from the instantaneous voltages and load
currents.  Under balancing source current
condition (after compensation):

pa= vAM b 19
= *
a= (19)
Pb Vbm Pt 20
=3 *
o (20)
P vem Pt 21
—_ *
c= (21)

lam = Ibm = Icm (13)  whree,Vt = Vam + Vbm + Vcm
The active power per phase: The compensation currents are then calculated
Pa = Vam * lam 14 as:

4= _ a5 2Pa [ 2Pt
where Vm and Im are the maximum voltage ~ Isa(t) = — = (Vam " Vt) *Va(t) (22)
and current values, respectively. 2Pb 2 %Pt
The phase currents can be estimated as 1SP(®) =g —= (me " Vt) * Vb(1) (23)
follows: 2Pc 2 % Pt

Isc(t) = = * Ve(t) (24)
— 2Pa — 2Pb — 2Pc Vem (ch * Vt)
Iarr_l = Vam Ibm = —— ,Icm = Vem (15)
Using equations 14 and 15, the relation
between phase powers can be deduced as:
Vbm Vem
Pb = *Pa , Pc = * Pa (16)
am Vam
The total active power equals the sum of three
phase powers:
Pt =Pa+ Pb+ Pc 17)
Pt=P ( vt ) 18
- Vam (18) s
=L
Vaa RVS Gain Product c-""";_
Product 2 g‘? :_

| Function

[ Function = Psg = (Vaa® Lea)+(Ven* len)+(Vec® lsc) |

Fig. 5. Block diagram of the SD theory.

It is not a necessary condition that the three-
phase voltage should be balanced. The
advantage of this is that it leads to very much
greater flexibility in wider application of
reactive and harmonic current compensation
in any operating distribution system where the
feeder lines may lose voltage balance [28]. In
addition, this method can be extensively used
for compensation of reactive power, current
imbalance and mitigation of current
harmonics. It is the simplest method as it
requires minimum calculations. However this
method suffers a drawback from individual
harmonic detection and its mitigation [29-30].

7. Simulation results and discussions

The system is simulated in MATLAB as
shown in Fig. 6. The system parameters
selected for the simulation studies are given in
table 1. Time simulation is 0.1 sec. A shunt
active power filter is applied at 0.05 second.
The simulation cases are divided into three
cases

of different supply conditions:

First case: the three-phase source voltages are
assumed balanced and sinusoidal. The load is
nonlinear.
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Second case: the three-phase source voltages
are assumed distortion and the load is
nonlinear.

cl c

3- phase source Impedance (Zt)

measurements

Third case: the three-phase source voltages are
assumed unbalance at magnitude and the load
is nonlinear.

Discret
Ts=5e-6s

Power gui

o ]
2

Non linear load

Shunt APF scope

Fig .6. Three phase system with shunt active power filter.

Table 1. The proposed system parameters.

Three phase source voltage, V = 400 V
Vs
Frequency, f 50 Hz
Source resistance, R 0.01Q
Source inductance, L 1pH
Load first phase(A) R.=4Q
Load second phase(B) Ry =4Q
Load third phase (C) R=3Q
Filter inductance, L; 2 mH
Filter DC capacitance, Cgy, 200uF
DC reference voltage , Vg 1200V

First Case: Figure 7 shows the simulation
results of the compared APF compensation
strategies when the ideal source voltages
supply and nonlinear load. The waveforms
shown from the top to the bottom are source

voltages, load currents, source currents of
compensation by using PQ method, Adaptive
PLL method, DQ method, and SD method. As
shown in Fig. 7, all of the proposed
compensation strategies work very well to
compensate harmonics. Table 2 shows the
values of total harmonic distortion of source
current, it is clear that the THD of the four
methods has low values. The source neutral
current under balanced source voltage and
nonlinear load is shown in Fig. 8. It is shown
that the neutral current of the source is very
high as a results of nonlinearity and
unbalanced characteristics of the load before,
A shunt active power filter is applied. After, A
shunt active power filter is applied, the neutral
current of the source is negligible for four
method.

Table 2: Source current THD for case (1).
Current | Before filter PQ Adaptive PLL DQ SD
I, 129.17% 3.26% 2.15% 2.85% | 4.14%
Iy 130.73% 3.55% 2.23% 3.27% | 4.82%
[ 98.44% 7% 1.88% 3.34% | 5.41%
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voltage source
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load current
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current source PLL method

.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
current source DQ method

.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
current source SD method

.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time(sec)

Fig .7. Voltage Source, load current and compensated source current
waveforms for Case (1).

Neutral current

Current(Amper)
o

. . . . . J
0.01 0.02 0.03 004 005 0.06 0.07 0.08 0.09 0.1
Time (sec)

Fig. 8. Neutral current waveform
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Second case: Figure9 shows the simulation
results of the compared APF compensation
strategies when the three phase source
voltages are assumed distortion and nonlinear
load. In Fig.9, the order of the figure as in

the previous case. As shown in Fig. 9, PQ
method and SD method have a bad
performance. The total harmonics distortion of
the source current in table 3 show the
superiority of the Adaptive PLL and DQ
methods compared to PQ and SD methods.

voltage source

0 0.01 0.02 0.08 0.04

0.05

0.06 0.07 0.08 0.09 0.1

load current

0 0.01 0.02 0.083 0.04

0.05

0.06 0.07 0.08 0.09 0.1

current source PQ method

0.02 0.03 0.04

0.05

0.06 0.07

current source PLL method

0.02 0.03 0.04

0.05

0.06 0.07 0.08 0.09 0.1

current source DQ method

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
current source SD method
200
ol
-200 f
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (sec)

Fig .9. Voltage Source, load current and compensated source current
waveforms for Case (2).

Table 3: Source current THD for case(2).

[0) Current Voltage PQ Ad;fﬂve DQ SD

A 131.43% 25.05 % 26.93% 4.06% 3.11% 24.97%
B 119.8% 25.04 % 25.29% 4.31% 3.77% 23.53%
C 87.36% 25.09 % 31.78% 4.18% 3.99% 24.57%

Third Case: in this case, the three phase
source voltages are assumed unbalanced at
magnitude and nonlinear load. The three
phase source voltage values are V, =320 V,
Vp=400V and V.= 440V. In Fig.10, the
waveforms of the four methods are given. As

shown in Fig. 10, Adaptive PLL method, DQ
method, and SD method work very well to
compensate harmonics but PQ method has a
bad performance. The total harmonics
distortion are shown in Table 4 for each
method.
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voltage source
T T T
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load current

0.02 0.03 004 0.05 0.06 0.07
current source PQ method
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current source PLL method

0.08

0.03 0.04 0.05 0.06 0.07
current source DQ method
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0.08

0 0.01 002 003 004 0.05 0.06 0.07 0.08 0.09 0.1
Time(sec)
Fig .10. Voltage Source, load current and compensated source current
waveforms for Case (3).
Table 4. Source current THD for case (3).

Current Before filter PQ Ad;EEve DQ SD

la 131.84% 8.8% 4.02% 2.56% 3.75%

Ib 106.66% 8.16% 3.74% 2.57% 4.17%

Ic 72.95% 13.56% 3.21% 2.75% 4.58%
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8. CONCLUSION

A comparison of four control techniques
applied for the generation of the reference
current for shunt active power filters was
presented. The four controllers performance
are tested under operating conditions. The
compensation performance of the different
techniques is almost similar under ideal
balanced conditions. D-Q method and
Adaptive PLL method have good results
under different operating conditions, i.e.
harmonically load current, unbalanced and
distorted supply voltage. P-Q and SD
methods has acceptable performance with
nonlinear loads. SD gives acceptable results
with unbalanced supply voltage and
harmonically loads. P-Q performance is
unsatisfied with unbalanced and / or
distorted voltage source. But PQ method is
consider the simplest method because axes
transformation from stationary frame to
synchronous frame is not required.
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