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Abstract

The awareness of the quality and reliability of the power system has been increased in
recent years due to several reasons. The excessive increasing of the applications of power
electronics devices on the grid causes power quality problems including harmonic distortion and
unbalancing in the power system. The unbalanced loading and the variations in the loads cause
system imbalance. Harmonic distortion and system imbalance weaken the system and make it
unstable and unsecured.

Several devices have been introduced for solving power quality problems. Problems such
as imbalance and harmonics can be corrected using filters. Because of the increasing of nonlinear
loads, the active power filter (APF) have been preferable over passive filters. The shunt APFs are
controlled to eliminate power quality problems related to source current. However, some control
systems do not operate effectively under unbalanced power system operation.

The extraction of the positive and negative sequence components is important for the
control system of shunt APFs. Traditional extraction methods have weak performance under
unbalanced conditions. Therefore, a new extraction method is introduced. It operates under any
power system conditions, and is intended to extract the positive and negative sequence components
from the measured signals. The analysis and evaluation demonstrate the capability of this

extraction method.

An improved control method based on instantaneous real and reactive power theory (IRPT)

is proposed. Using the proposed extraction method allows the control system to operate under



different power system conditions. Several simulation and experimental tests are presented to
validate the work of this control method. Moreover, the system frequency could fluctuate due to
changes in the power system. For that, the proposed control method was examined under frequency
change. A frequency detection method was designed using the proposed extraction filter. It is
aimed to measure the frequency and allow the control system to adapt the system frequency.
Several simulation and experimental tests were performed to validate the operation of the proposed
control methods. Finally, a voltage sensorless control method is presented. It is intended to reduce
the number of the measured signals. The proposed extraction method is used with the source

current. The simulation and experimental results show the operation of this control technique.
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CHAPTER 1: INTRODUCTION

Power quality problems arise from the deviation from ideal conditions of the power system
[1]. Non-linear loads cause several power quality issues such as low power factor, low efficiency,
electromagnetic interference (EMI), and distortions in the voltage and the current signals [2] [3].
Other issues come from the zero, negative and positive components generated from a single-phase
load or unbalanced loads. The awareness of the quality and reliability of the power system has
increased in recent years [4] [5]. The impacts of power quality problems are greatly adverse on the

power system, and they should be solved in order to have reliable and secure power systems [2].

1.1 Power Quality Problems
Different power systems problems such as current harmonics, voltage and load variations,
and frequency variations can be encountered. The impact of each on the system performance,

reliability and stability differs. The main problem for the current is the harmonic distortion.

1.1.1 Current harmonics

The advancement in power generation technology including, renewable energy sources
installed in the grid network and the highly developed devices at the end users, has increased in
power systems [4]. The use of power electronics devices have given more efficiency and flexibility
to numerous applications [7]. But, the excessive number of these power electronic devices or non-
linear loads on the grid leads to many problems that have become an important concern [7] [8].
Non-linear loads have increased in the industrial and commercial spaces [5]. Examples of non-
linear loads are rectifier equipment, appliances, and adjustable speed drives. Non-linear loads
cause distortion and unbalance at the supply. Disturbances such as harmonic distortion weaken a
power system and makes it unstable and unsecured. The main source of the harmonic distortion in

power distribution system is the non-linear load. The harmonic currents flow back in the direction
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of the source through the point of common coupling (PCC) [9]. Harmonics have both short-term
and long-term impacts on the power system. The short-term impacts are related to excessive
voltage distortion. While, long-term impacts are an increase in resistive losses and voltage stresses.
Moreover, harmonic currents can interact harmfully with power system equipment causing
additional losses, overheating, overloading, and interface with telecommunication lines, and errors
in metering devices. Another impact is reducing the system power factor (pf), which can be

expressed as:

P

s=.P2+Q (12
where P is the active power, Q is the reactive power, and S is the apparent power.

As a result, the IEEE (Institute of Electrical and Electronics Engineers) introduced
regulating guidelines and standards to manage the accepted limits of the voltage and current
harmonics as shown in Table 1.1 [10]. Two important definitions regarding current harmonics are:
total demand distortion (TDD) and total harmonic distortion (THD) [11]. The THD is the most

used harmonic index for many applications and is calculated as follows:

Vs — 12 RMS of all harmonic current
THD _ ViRms 11 _
current I RMS of the fundamental current

(1.3)



Table 1.1: IEEE 519-2014 current harmonic distortion limits [10]

Maximum current harmonic distortion in percent of I,

Individual harmonic order (Odd harmonics)?®

Isc/IL <11 11<h<17 17<h<23 23<h<35 35<h TDD
<20°¢ 4.0 4.0 4.0 4.0 4.0 4.0
20<50 7.0 7.0 7.0 7.0 7.0 7.0
50<100 10.0 10.0 10.0 10.0 10.0 10.0
100<100 12.0 12.0 12.0 12.0 12.0 12.0
0>1000 15.0 15.0 15.0 15.0 15.0 15.0

a: Even harmonics are limited to 25% of the odd harmonic limits above.

b: Current distortions that result in a dc offset, e.g., half-wave converters, are not allowed.

c: All power generation equipment is limited to these values of current distortion, regardless of
actual Is/I.

where Isc = maximum short-circuit current at PCC

IL = maximum demand load current (fundamental frequency at the PCC under normal load
operating conditions

1.1.2 Unbalanced System

Another power quality issue is system imbalance. Three-phase quantities are called
balanced when they have equal magnitudes and are displaced from each other by 120°. In a three-
phase system, voltages are called unbalanced when either or both the magnitude and phase are
different from the definition in the previous sentence [12]. System imbalance is mostly caused by
unbalanced loading. Electrical equipment, especially motors and their controllers, will not run
reliably under unbalanced voltages in a 3-phase system [13]. The impact of power system
imbalance depends on the unbalance ratio and on the nature of the electrical equipment. Voltage
unbalance has three definitions addressed by different organizations [12], [14]. The unbalance ratio
is defined as the ratio of the negative sequence component to the positive sequence component,

and this definition is known as unbalance factor (UF) which is given by:

UF negative sequence component

— (1.4)
positive sequence component



Higher unbalance ratio might cause overheating of components, especially motors, and irregular
shutdown of motor controllers. According to [12], the unbalance ratio should not exceed 2% of
the lowest voltage. Three-phase quantities are called unbalanced if the unbalance ratio is more than

2%.

1.1.3 Frequency variations
For grid frequency of 60 Hz, the limit of the frequency in the normal conditions should be
within 60£2% Hz [15]. When the demand increases, the power consumption fluctuates [16] [17].

As a result, the prime mover of the generator oscillates causing the frequency to deviate.

1.2 Mitigation of Power Quality Problems

Several devices have been developed and introduced to improve of the power quality [1].
The suppression of the current harmonics is important in improving the power quality [4] [5]. A
common technique for eliminating the harmonics is using filters. Two types of filters are common
for eliminating current harmonics: passive and active filters. Passive filters were an adequate
solution. But, the increase in power electronics devices in power networks make passive filters an
insufficient solution. As a result, the active power filter (APF) was introduced to solve the

problems that passive filters cannot solve.

1.2.1 Passive filters

Passive filters are made of passive components: resistors, capacitors, and inductors [18]. A
passive filter is a filter that does not have amplifying elements (transistors, operational amplifiers,
etc.). Passive filters have become an ineffective solution because of their large size, resonance and
fixed compensation behavior [19]. Table 1.2 shows the advantages and disadvantages of passive

filters [18].



Table 1.2: Advantages and disadvantages of passive filters.

Advantages

Disadvantages

Simple implementation of a given transfer
function in terms of the number of required

components

Provide no signal gain because of no active

elements.

Require no power supplies because they do not

have active components

May need to use buffer amplifier to have the

desired values of input and output impedances

Work fine at very high frequencies since there

are no bandwidth limitations of op amps

May cost a lot because of inductor

characteristics such as high accuracy, small

physical size and large value.

Work in applications having large current or
voltage levels that the active devices cannot
handle

Tuning the adjustable inductors to the required
values is time-consuming and expensive when

producing large quantities of filters.

Generate little noise (compared with active

elements).

Can be difficult and time consuming to design
complex passive filters (higher than 2nd-order)

1.2.2 Active power filters

Active power filters were introduced to minimize the power quality problems [2]. For some

specific conditions of a system, new resonances appear with the application of passive tuned filters

[20]. In addition, the number of passive filters often are increased to deal with possible harmonic

absorption from the power system. In the last decade, humerous publications have appeared on

active power filters (APF) to reduce harmonics in the source currents. Active filters are adjustable

with the system conditions in terms of harmonic reduction and reactive power compensation [2].

Unlike passive filters, active filters use amplifying components to synthesize the desired filter

characteristics [18]. The concept of an active filter employs power electronics to inject harmonic

components to eliminate the harmonic current or voltage components at the source [20]. Table 1.3

shows the advantages and disadvantages of active filters [18].




Table 1.3: Advantages and disadvantages of active filters.

Advantages

Disadvantages

Can have high input impedance, low output

impedance, and virtually any arbitrary gain.

Effect on capacitors due to the problem of
accuracy and value spacing. Effects here are

lesser than for passive filters.

Achieve very good accuracy within the

operating frequency.

Limit the performance at high frequencies
because of the gain-bandwidth product of the
active filter elements (such as amplifiers).

Reduce the number of the inductors.

Generate noise because of the amplifying
circuitry which can be minimized by using

low-noise amplifiers.

1.2.3 Active power filter topologies

APFs have different topologies based on the desired correction to the voltage, current or both.

The common type of APFs are shunt APFs [6], which are utilized to correct the grid/source

currents. Three common topologies of APF are shunt, series, hybrid active power filters [6] [20]:

1. Series active power filters:

This type of filter inserts a harmonic voltage in series with a voltage source and acts like a

controlled-voltage source capable of compensating voltage source harmonics and voltage

imbalance. It utilizes a current-source inverter (CSI) as shown in Figure 1.1.

Voltage source

Csl

X

Nonlinear load

Figure 1.1: Series APF.
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2. Shunt active power filters:
Harmonic currents generated by the load are compensated by parallel active filters which inject

harmonic currents. It utilizes a voltage-source inverter (VSI) as shown in Figure 1.2.

Voltage source ;
Nonlinear load

=yl L
I

Figure 1.2: shunt APF.

3. Hybrid APF:
Hybrid active filter topologies, shown in Figure 1.3, are composed of both passive and active
filters [6]. The role of the passive filters is to reduce the power rating of the APF and to attenuate

the switching harmonics.

Voltage source AT
Nonlinear load

Passive Voltage source

flter Passive Nonlinear load
filter

=g =i

(@) (b)
Figure 1.3: (a) Hybrid series APF. (b) Hybrid shunt APF.




1.2.4 Shunt active power filters

Shunt APF’s have shown great performance in eliminating power quality problems
associated with the source currents [3] [21]. The shunt active filters eliminate the distorted
components of the load currents from the grid; therefore, the source currents have low harmonic
distortion and are in phase with the source voltages. The shunt APF compensates for the load
current harmonics and supplies the load reactive power. Therefore, the source supplies only active
power. The shunt APF may compensate for any kind of load and may adjust itself as the load
changes. Since the APF is connected in parallel to the AC mains, it does not require a transformer
in the system.

The current harmonics and unbalanced currents come from nonlinear and unbalanced
loads. The source currents become distorted, unbalanced or both by the nonlinear and unbalanced
loads. The shunt active filter is responsible to injects harmonic currents to compensate for reactive
power, harmonics, and unbalance. The source currents supply only the fundamental components
since the shunt APF injects harmonic components for eliminating the harmonics from the source
currents. The injected currents have equal magnitudes of the source current harmonics and

opposite phase of the source currents. The shunt APF is mainly located at the load side [22].

1.3 Control of Three-Phase Shunt Active Power Filter

The objective of the APF is to generate a compensation current to eliminate harmonic and
reactive power components in the source currents [4] [5]. Complete reactive power compensation
achieved by a suitable control system for the shunt APF can yield unity power factor [21]. All
control techniques have four stages, which are measuring signals, generating compensating

signals, controlling the DC-link voltage, and generating firing (switching) signals for the VSI.



Different control strategies for shunt APF have been presented in the literature [4] [5] [7]
[6][22-30]. The performance of the shunt APF depends on the control strategy that is responsible
to generate the switching signals in the VSI. These techniques have shown enhancements in the
steady state and the dynamic performances and the stability of the filters, which are important
features of a control strategy. The performance of a control method can be determined by the
amount of reduction in the total harmonic distortion (THD) of the source current and by the
dynamic response to changes in the load. Moreover, the control method can be classified as direct
or indirect control [31]. In the direct methods, the shunt APF currents are sensed and controlled.
While in the indirect methods, the source currents are sensed and controlled. Measuring the voltage
and the current on the supply side is common in most control methods. The first step is to measure
the voltage signals at the PCC and the load currents. Then, the reference currents can be generated
and compared with the measured currents in a current controller to generate the required gate

signals.

Some control methods do not operate effectively under unbalanced power systems
conditions with or without the presence of harmonics. While others are intended to work in
distorted and unbalanced conditions, they do not completely eliminate power quality problems.
They could also cause more issues such as phase delay, which degrade the performance of the

shunt APF.

1.3.1 Reference current control methods

The control system of the shunt APF mainly depends on the current reference generating
methods [4] [5]. Reference current control is responsible for calculating the compensating current
signal and can be classified into two categories based on the domain in which the control system

is operated [26]. The first category is time domain, which includes notch filters, sliding-mode



controller, and neural network, instantaneous reactive power theory (IRPT), and synchronous
reference frame method (SRF). The second category is the frequency domain, which includes fast
Fourier transform (FFT) to estimate the harmonics and allow elimination of certain harmonics.
The main drawbacks of the FFT method are the poor performance in transients, numerous
calculations, the use of considerable memory, and a delay in the extraction of the harmonics. The
time-domain methods are less complex than the frequency-domain methods, and the most common
time-domain control strategies are SRF and IRPT [6]. Different controls methods are based on
modifying the IRPT, including extension IRPT, optimal linear prediction theorem, and dividing
frequency theorem. Unlike IRPT, the SRF method uses a Park transformation to transform the
measured signals from abc components into rotating frame dq components. The active and reactive
powers are calculated in dq coordinates in order to calculate the reference current signals. The
above control strategies are all utilized in shunt APFs. However, only IRPT and SRF of the time

domain techniques will be discussed hereafter.

1.3.2 Instantaneous reactive power theory (IRPT)

The instantaneous reactive power theory (IRPT) was originated by Akagi [27]. The
traditional power flow calculations are based on average power and root-mean-square values of
the voltages and the currents. IRPT is based on the instantaneous real and reactive power
calculations using a Clark transformation to determine the reference currents of the shunt APF.
Although the IRPT method has a good performance and simple implementation, its main drawback
is that it is not applicable in unbalanced power system conditions [17]. Figure 1.4 shows the source
currents under unbalanced conditions without and with the shunt APF. The source currents with
the shunt APF are nearly balanced. But, they are distorted with a THD of about 12%. For that,

IRPT is not suitable under unbalanced conditions.
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Without shunt APF
isabc=4,3.47,2.7 A
THD=2.3%

R N U~ CR

With shunt APF
is.abc= 3.6,3.5,3.5 A
THD=12%

0.4 0405 041 0415 0.42 0.425 0.43 0.435 0.44 0.44

Figure 1.4: Using IRPT, the source currents (isanc) with and without the shunt APF under unbalanced power
system conditions.

1.3.2.1 Clark transformation

The Clark transformation is a mathematical transformation that simplifies the analysis
of three-phase circuits [32]. One useful application is the generation of the reference signal used
for space vector modulation control of three-phase inverters. The voltage and current equations
determine the behavior of three-phase machines [33]. The coefficients of differential equations are
varying. Therefore, modeling such a system has a tendency to be complex because the system
parameters vary continuously as time varies. For that, a mathematical transformation, such as a
Clark transformation, is used to solve equations involving time varying quantities by referring all
variables to a common frame of reference. Any three phase quantities can be represented by space

vectors. The Clark transformation is a method of space vectors and it can be represented as:

1 1
X _ [F|' Tz 2
Xﬁ_30£_ﬁ

11

(15)



https://en.wikipedia.org/wiki/Transform_(mathematics)
https://en.wikipedia.org/wiki/Three-phase_electric_power
https://en.wikipedia.org/wiki/Inverter_(electrical)

The inverse Clark transformation is used to convert back to three phase quantities as:

0
=I—% 2 [X] (1.6)

2

Xa
Xp
Xc

The reason the coefficient \/g is used is that the standard reference frame uses coefficient

gwhere its matrix is not unitary [34]. The active and reactive powers are computed using the above

equations in order to preserve the power because the transformation matrix is unitary. For that, the

.. - 2
coefficient used to preserve power is \/; .

1.3.2.2 Direct IRPT

The voltages at the PCC and the load currents are measured [17] [27] [35]. The measured
signals are then transformed from abc coordinates into two orthogonal rotating vectors called o3
using the Clark transformation in equation (1.5). Then, the instantaneous real and reactive power

(P and Q) are calculated as:

e i R R

P and Q have average (DC) components labelled as p and q and oscillating components labelled
as p and g. P and Q have only average components for linear loads. The oscillating powers are
extracted from P and Q using a low pass filter (LPF) or a high pass filter (HPF), results from the

harmonic and reactive currents, and are used to calculate the reference currents as:

i:efa Va _vﬁ 1%
-l I oo
lrefﬁ Ua+'l7
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The inverse Clark transform (1.6) is applied to the reference currents as:

refa
refb

refc

0
V3 i

2 l.Zef"‘l (1.9)
\/— refp

Pl

va—kl\:r—x

The reference currents are compared with the shunt APF current in a current controller to produce

the gating signals. Figure 1.5 shows a block diagram of direct IRPT.

abc
Vpec-abe Vop » = | P p R
2 a HPF 0 o
o~ & g2
(IB :_’ g ':_l' g o | £ O:B . Current
€ a g 8 g uﬁ-rek labe-ref Controller
258 g 3 -
abc o5 ¢ 59
. 2 E e q . 3 o abc
. o g 2
iLabe lp 3 o -e
(I-B iabc-filter

Figure 1.5: Direct IRPT.

1.3.2.3 Indirect IRPT

Unlike the direct IRPT, the indirect IRPT uses the source current for calculating the
reference current [17] [35]. The indirect method requires less hardware than the direct method.
The PCC voltages and the source currents are transformed from abc coordinates into of
coordinates. Then, the instantaneous real and reactive power (p and q) are calculated. The average
power (p and q) are extracted using an LPF or HPF. The average power is used to calculate the
reference currents, which are compared with the source currents in a current controller to produce

the gating signals. Figure 1.6 shows a block diagram of direct IRPT.
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abc
Vpecabe | Vop > » = P _ -
23 o wr o
af 2 3 8 s 5 |, afl Current
=N = .
g a g 5 g |uﬁ-re|; labc-ref Controller
%58 2 2 .
abc Ss 8§ |q a =i
. > g 2 LPF o = abc
. o
Is-abc > lap > g o -~ @
ap

Figure 1.6: Direct IRPT.

1.3.2.4 Elaboration of instantaneous power calculations in aff coordinates
The power equations are calculated using Clark transformation [36]. The general equation
of the complex power in a three-phase system can be calculated as:

S =37r (1.10)

where * is used to denote a complex conjugate, V is the measured line-to-neutral voltage and I is

the measured current. The power equation in @ coordinates can be expressed as [31]:
S =p+ja = Vaplyp = (va +jvp) (ia + Jip) = (Wa +j¥p) (ia — Jip)

= (vg + vy +jvg +jvp)(ig +ig — jig +jig)

= (vdit +viiz —jvgig —jvdip) + (vaid +viiz — jvgif — jvziz)

+(jvgit +jvgiz +vpig +vpiz) + (ugid +jvgiz +vgif +vgiz) (1.11)

where " indicates positive sequence components and ~ indicates negative sequence or harmonics
components. The instantaneous real power and reactive power are composed of average (p, q) and
oscillating (P, §) quantities. The average power is related to the fundamental components of the
voltage and the current. Whereas, the oscillating power is related to harmonics or negative
sequence components.
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p=p+p=iif+viiy +viiz +vgiz) + Wiig +viiz +v il +vzif) (1.12)
q=q+q=(-viij +viit —vyig +vziz) + (—viiz +vjiz —vgif +vzid) (1.13)
1.3.3 Synchronous reference frame (SRF) method

Synchronous reference frame (SRF) is also known as the instantaneous current method

[17]. The load currents are transformed into synchronous dg coordinates using the Park

transformation as:

3

[id] 2 [ cosf  cos(8 —120°) cos(6 + 120°) ta

Iq ~3|-sing —sin(0 — 120°) —sin(8 + 120°) [;b] (1.14)
C

where 8 = wt is angular position of the synchronous reference frame determined by a phase
locked loop (PLL). The currents iq and iq have average components and an oscillating components

as follows:

ig=1g+1y (1.15)

ig =1, +1,
HPFs are used to extract the oscillating components from ig and iq to obtain the reference
compensating currents. The shunt APF generates only oscillating components (i, and 7,) of the
load currents to eliminate the unwanted components from the source current. Then, the three

reference currents of the shunt APF are transformed into the abc frame using the inverse

transformation of (1.14). Figure 1.7 shows a block diagram of the SRF method.
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iL-a—p abC Td_' + Td Id Current
> HPF > dq ial:ll:-ref Controller
b,
i, +1 I
iL-c . dqg F—L—»| HeF q abc
I Y ¥ 3
7 v,
iabc-filter
F 3
v,

Vpec-abe » PLL

Figure 1.7: A block diagram of SRF method.

The direct and quadrature (d and g) components represent the active and reactive
components of the system. This method is stable because it is based mainly on DC quantities. The
computation of SRF is instantaneous. A problem of this method is that it experiences time delays
in filtering the DC quantities. Additionally, this method is not appropriate for a single-phase
system.

1.3.4 Positive sequence extraction methods

The extraction methods of the unwanted components from voltages and currents are a very
important characteristic in controlling a shunt APF. IRPT theory and some other control methods
have been used to improve the efficiency of the harmonic suppression of the APF [4] [5] [25-28].
But, these theories require detecting the fundamental components and oscillating components. The
extraction techniques are classified into frequency-domain techniques and time-domain techniques
[17]. The frequency domain techniques utilize a FFT to extract the harmonic components. But,
these techniques show poor performance under disturbances and cause a delay that can be at least
one period. Examples of time-domain extraction methods are notch and selective band-pass

filters. Extraction methods reduce the complexity of the control system. The time-domain methods
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are a faster response and require less calculations. However, some of these methods exhibit poor

performance under non-ideal power system conditions.

1.3.4.1 Extraction using LPF, HPF and PLL

Traditionally, some control methods employ an LPF or HPF to extract the average or
oscillating components [4] [9]. IRPT utilizes LPF and/or HPF in order to obtain the average power
components or the oscillating power components (refer to Figures 1.5 and 1.6). The SRF method
also employs an LPF and/or HPF to extract the oscillating components of the load currents (refer
to Figure 1.7). Although the implementation of LPF and HPF is simple, they cause phase delays
at the fundamental frequency that could degrade the performance of the shunt APF. Because of
that, other techniques were proposed to overcome the issues from LPF and/or HPF. A PLL can
replace the LPF for extracting fundamental components, but it has poor performance under
unbalanced or distorted grid voltages [9]. Additionally, a PLL makes the control system more

complex.

1.3.4.2 Notch filter

A notch filter can be used to separate the harmonic components from the fundamental
components [26] [29]. It operates effectively for unbalanced conditions, simplifies the control
system, eliminates the use of a PLL, and is very insensitive to disturbances. It can be modeled to
operate similarly as a band-stop filter or band-pass filter because it removes a band of frequencies
from a signal. The connection method of the notch filter can determine the type of the filter as

shown in Figure 1.8.

17



L i i =1, +1 D I
=T, %1 Notch Filter [>i. PEL L Notch Filter _L’Q_L.

Band-stop filter Band-pass filter I
(@ (b)
Figure 1.8: (a) Notch filter acting similar to a band-stop filter. (b) Notch filter acting similar to a band-pass
filter.

1.3.4.3 Selective band-pass filter

A selective band-pass filter (SBPF), also called a self-tuning filter, is a technique of
extracting the positive sequence components and the negative sequence components under non-
ideal power system conditions [4] [5] [37] [38]. SBPFs eliminate employing the traditional
extraction methods: LPF, HPF and PLL. The output from the filter can be determined from the
coupling method as shown in Figure 1.9. The SBPF can be set to extract the fundamental or
oscillating components. The transfer function of an SBPF is expressed as follows:

(s+k)+jo,
(s +k)? + jw?

Hsppr(s) = (1.16)

The SBPF can be tuned at the n' harmonic frequency by adjusting the system frequency (w,) to
wy, In order to compute the dc component at the output of the SBPF. The gain Kk is very important
in designing the SBPF. Each harmonic is amplified by k. Choosing k depends on the frequency
response and the total harmonic distortion (THD). A smaller value of k increases the selectivity of
the filter. The time constant of the SBPF is equal to 1/k; therefore, the transient response is
increased when k is decreased. Moreover, the value of k has an influence on the SBPF harmonic
attenuation and on the time constant in the “+” sequence such as when k increases; the time
response is faster but the harmonic suppression is less effective. Figure 1.10 shows the response

of the filter when w, = 1207 rad/sec at several values of gain k.
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Figure 1. 9: Block diagram of the SBPF.
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Figure 1.10: Bode diagram for the SBPF versus different values of the parameter k.

1.3.5 DC-link voltage control
The DC input voltage of the inverter in an APF is provided by a capacitor [31]. This DC
link voltage can stay constant if there is no active power exchange between the shunt APF and the

grid, and if there are no losses in the inverter. Practically, both conditions can be not realized. The
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power losses of the inverter can be compensated for by drawing balanced power from the grid to
the DC bus. A DC-bus voltage regulator can balance the losses. As a result, the DC-link voltage
control is very important in order to stabilize the power exchange, to compensate for the inverter
real power losses (pqc), t0 generate accurate reference currents, and to regulate the DC-link voltage
[4] [5] [23]. Several methods for controlling the DC-link voltage are employed in controlling a
shunt APF such as a PI controller and a sliding mode controller. An example of DC-link voltage

control that can be included in the IRPT method is shown in Figure 1.11.

Vdc-ref. Pl-controller |Pdc-loss
DC-link voltage
control
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Figure 1.11: DC-link voltage control in IRPT method.

1.3.6 Current control
The current control is the final stage of the shunt APF control system. It is responsible for
generating the firing (switching) signals of the inverter [6]. In order to obtain the reference

currents, the error signal is calculated as:
error = lper — if (1.17)

where iret i the reference currents and i is the actual generated currents from the shunt APF filter.
The error signals are input to the current controller. The common current controllers for shunt
APFs are sinusoidal pulse-width modulation (PWM) and hysteresis control.
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1.3.6.1 Hysteresis control

Hysteresis current control is a well-known method for current control in a shunt APF [6]
[11] [17] [26] [31]. It maintains the current in a defined region around the reference current. It has
two defined bands: upper and lower. The position of the switches changes as the error signal
crosses a certain defined upper band value. And when the error signal crosses a certain defined
lower band value, the position of the switches are then changed. Hysteresis control has shown
stable performance, fast response to errors, and easy implementation. However, it results in a

varying switching frequency [31] [39].
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Figure 1.12: Principle hysteresis control block diagram.
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1.3.6.2 Sinusoidal pulse-width modulation (SPWM)

Pulse-width modulation (PWM) techniques are employed for current control in a shunt
APF [31]. Sinusoidal PWM (SPWM) is one of the most commonly employed current control
techniques. Since it utilizes a fixed switching frequency, the cancelation of the switching
harmonics is easy. The error signal (1.18) is compared with a triangular carrier signal. The
switching frequency is the frequency of the carrier signal. The frequency ratio, that is the frequency

of the carrier signal over the reference signal, is very significant. The ratio should be an integer for
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synchronizing the carrier signal with the reference signal. An odd integer ratio is preferable to
maintain symmetric reference signals. In addition, the ratio should be high to obtain fast switching
and to separate the switching harmonics from the injected currents. Figure 1.13 shows the principle

of PWM control.
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Figure 1.13: Principle of SPWM control method.

1.4 Frequency deviation and detection

The system frequency is a significant variable for power system control. Variations in the
system frequency could adversely impact the performance of the APF [35]. Large variations
should be corrected to ensure stability and suitable performance. The control techniques for APFs
usually consider a constant system frequency. But, the system may become unstable in case of a
varying frequency. For such a system, the variations in the system frequency should be accounted
for in designing the control system scheme in order to maintain stable and proper system
performance.

Adding a frequency detection method to the control scheme of shunt APF would make the

control system capable of adapting to changing frequencies. However, the complexity of the
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control system increases [40]. Several methods of measuring the system frequency were proposed
in [41], [42]. The zero-crossing method measures the frequency by calculating the time between
two consecutive zero crossing of a signal. Even though it is the simplest among the other methods,
it is not effective with measuring the frequency of distorted signal. To overcome this issue with
zero-crossing method, many techniques have been introduced such as orthogonal modified zero-

crossing, PLL, peak location, FFT, and period estimation.

1.5 Voltage Sensorless Control

The conventional APF control techniques require the measurements of the voltages and the
currents [43] [44]. That means the system is equipped with two types of sensors: voltage sensor
and current sensor. Accurate voltage information is critical for performance of the APF [46]. Some
methods such as SRF and IRPT need the voltage magnitude and phase to determine the proper

reference signals.

However, it is possible to eliminate a number of sensors to implement sensorless control
systems [44] [46]. This can offer some advantages such as eliminating sensor offset, resolution
limitation and sensor noise, robustness against sensor failures, improving the system reliability
and lowering the costs. Because the grid voltage is not sensed directly through sensors or PLL in
sensorless control techniques, it is estimated from the other measured variable such as the current
and the DC-link voltage [45]. The current sensors and DC-link voltage are important for
controlling the VSI and for protecting from short circuit and over-and-under voltage [43]. Several
sensorless control techniques were proposed [43] [44]. Among these techniques, there are two
known methods, which are voltage oriented control and current shaping. The voltage oriented
control method shows poor performance under modeling errors. The current shaping method is

simple and has better stable and robust performance.
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This dissertation introduces an improved control method based on instantaneous real and
reactive power (PQ) theory of three-phase shunt APF that can effectively operate under balanced
and unbalanced conditions of the power system and with the presence of the harmonics. The
proposed method includes a technique to extract positive sequence and negative sequence
components of voltages and currents. It is also employed when the system frequency varies. A
frequency detection method is added to the proposed control method. As a result, a frequency
adaptive control method is introduced. Moreover, another control strategy that does not require
sensing the voltage is proposed. Several simulation and experimental tests have been performed

to validate the operation of the proposed control strategies.

1.6 Motivation and Problem Statement

Active power filters have become very common in power applications. Numerous
nonlinear loads in the power system cause variations in grid voltages and currents. This project
has been focused on the development of a control system that should be capable of working reliably

under non-ideal power system conditions.

Figure 1.14 shows a model of a power system with a shunt APF. The source currents could
be non-sinusoidal or unbalanced under non-ideal (distorted and unbalanced) conditions of the grid
voltages and loads. The distorted conditions come from harmonics generated from the loads, and
the unbalanced conditions come from the unbalanced source voltages or loads. The shunt APF is
controlled to generate the filter currents which eliminate the unwanted components in the source
currents. Therefore, only the fundamental component of the source currents are obtained. In order
to achieve to obtain balanced sinusoidal source currents, a control technique is developed to
eliminate the current harmonics and balance the source currents. It is also intended to deal with

the variations of the network frequency.
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Figure 1.14: A model of basic principle of controlling three-phase shunt APF.

1.7 Objectives and Contributions of Dissertation

The main objectives of this dissertation are as follows:

1. To introduce a novel method of extracting the positive and negative sequence
components, and evaluate the performance of this method under ideal and non-ideal
power system conditions.

2. To develop a control method for current reference generation for a shunt APF.

3. To describe the modeling of the shunt APF and the power system, and evaluate the
performance of the proposed control method under ideal and non-ideal power system
conditions.

4. To develop a voltage sensoreless control method, and evaluate the performance of the

proposed control method under ideal and non-ideal power system conditions.
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5. To develop a frequency adaptive control method based on the original proposed control
method, and evaluate the performance of the proposed control method under ideal and

non-ideal power system conditions.
The main contributions of this dissertation are listed as follows:

1. A new filtering method of extracting the positive and negative sequence components was
investigated and validated. It filters the three-phase quantities in the abc coordinate
frame.

2. A control method based on the instantaneous reactive power theory (IRPT or PQ) was
developed and evaluated under balanced and unbalanced power system conditions and
with and without the presence of the harmonics.

3. The proposed control method was designed based on 60 Hz, and the frequency can be
adjusted manually. However, a frequency detecting method was added to the control
system allowing operation at any frequency. The simulation and experimental analysis
validated the performance of the modified control system.

4. Another control method that does not require a voltage sensor was proposed and
investigated under ideal and non-ideal power system conditions. The simulation and

experimental results validate the performance of this voltage sensorless control method.
The simulation and experimental evaluations can be summarized in the following points:

e Eliminating the utilization of low pass filters (LPF) and high pass filters (HPF).
e Eliminating the use of a phase locked loop (PLL) as well as the dq transformation.
e Reducing the number of calculations in the control system.

e Providing efficient performance in steady state and in transient.
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e Ensuring no phase delay at the fundamental frequency.

e Showing great suppression of negative sequence components.
e Balancing the source currents.

e Performing effectively under small frequency variations.

e Giving almost unity gain at the fundamental frequency.

e Implementing the proposed systems easily in a digital controller.

1.8 Dissertation Outline

This dissertation is organized into five chapters which follow this introductory chapter.

1. Chapter 1 includes an overview of power quality problems including harmonics, unbalance
in three phase systems and frequency variations. It also presents a literature review of the
active power filter, active power filter topologies, control system of the shunt active power
filter, different types of control techniques of shunt APF, control of shunt APF under
frequency deviation, an overview of voltage sensorless control techniques.

2. Chapter 2 includes the proposed positive and negative sequence component filter, proposed
control strategy, proposed adaptive frequency control technique, proposed voltage
sensorless control method. It contains simulation results for the proposed methods.

3. Chapter 3 includes a description of the system, design of the shunt active power filter,
design of the measurement circuits, and hardware setup.

4. Chapter 4 includes validation of the proposed filter through experimental results.

5. Chapter 5 includes conclusion and suggestion for future work of this research.
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CHAPTER 2: PROPOSED CONTROL STRATEGIES

The proposed control strategies are presented in this chapter. First, the proposed filter is
introduced. One of the most important advantages of this filter is the separation of the positive
sequence components from the negative sequence components under any power system condition.
This filter is then used with instantaneous reactive power theory (IRPT) to obtain a modified
version of this theory. The reason for using this filter with the theory is to overcome the problems
resulting from the inability of the theory alone to deal with unbalanced systems and to eliminate
the problems from using other elements such as low-pass filters, high-pass filters, and a phase-
locked loop. The system frequency could encounter variations which could lead to adverse impacts
on the power system. For that, a frequency detection method was designed and added to the
previous control system. Finally, a voltage sensorless control system is presented. All proposed
systems are explained analytically and graphically. Simulation results of these systems are

provided.

2.1 Proposed positive and negative sequence components filter

In many control strategies for a shunt active power filter (APF), low-pass filters (LPFs), high-
pass filters (HPFs) and phase locked loop (PLL) are employed to separate the fundamental and
harmonic quantities and to track the phase angle. However, the use of filters and a PLL can degrade
the performance of the control system. The proposed filtering technique eliminates the need for

these devices. The proposed filter can provide the following features:

- Production of the positive sequence components, which form a balanced three set of
guantities.

- fast detection of the positive and negative sequence components,
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- operation under ideal and non-ideal power system conditions,

- excellent performance in both steady state and in transient conditions.

2.1.1 The mathematical relationship between the phase shift and the time
Balanced three-phase quantities have the same amplitude and are displaced by a phase shift
of 120°. For a 60 Hz system, balanced three phase signals (fa, b, fc) can be mathematically

expressed as:

fo(t) = fhaxcos(120mt + 6)

fp(t) = fpaxcos(120mt + 6 — 120°) (2.1)
fo(t) = fpaxcos(120mt + 6 + 120°)

For positive phase sequence (abc phase sequence), phase A is followed by phase B, and
phase B is followed by phase C. For the system of line frequency of 60 Hz, a cycle is 1/60 s (16.667
ms). Moreover, one cycle is 360°. Since the system is balanced, the phasors are displaced equally
in each cycle. The amount of displacement in time is one third (1/3) the time of one cycle and in

degrees is 120°.

1 cycle — 360° § cycle = 120°
The time shift between the phases is shown in the following equations:
Time of 1 cycleist, = % , Where f is the frequency

A cycle is 360° and the time between two consecutive phasors can be calculated as:

phase shift between two phases in degrees
tsh = 360° X tc

(2.2)
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A representation of 1 cycle of balanced three phase quantities, for f = 60 Hz, is shown in

Figure 2.1.

For f=60Hz, time of 1 cycle is 16.667ms
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Figure 2. 1: A representation of 1 cycle of balanced three-phase quantities.

2.1.2 Derivation of the positive and negative sequence components

The sequence phase components are defined as:

(1) Positive-sequence components: three phasors have equal magnitude and separated by 120°
in phase. They have the same phase sequence as that of the original phasors.

(2) Negative-sequence components: three phasors have equal magnitude and are displaced by
120° from other two phases. They have the opposite phase sequence to that of the original
phasors.

(3) Zero-sequence components: three phases have equal magnitudes and are displaced by 0°.

The proposed filtering method is outlined below. The 3-phase quantities in equation (2.1) can be

rewritten and expressed as:

(O = [flel©t)

. 2T
fy(8) = [fl @073 (2.3)
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. 4T
fe(t) = 1f1/073)

where w = 2nf = 120m radians/second.

Let’s calculate the time shift with respect to phase A
A-B: t 120° X ! ! 2.4
- B: p = = .
sha=b = 3600 " 60Hz 180 @4
_0° 11 ,
360° 60Hz 90 - (25)

A-C tshac
Based on the calculations of the time shift between a-b and a-c, equation (2.3) can be rewritten as:

fo(t) = |f|e}(@t+®)
(2.6)

£, () = |fle/ @ T5+®)

. 1
fe(t) = |fl @90+
The symmetrical components transformation is utilized to clarify the method of extracting the

positive sequence components and negative sequence components.

1 1 1
A=|1 a? a_]
1 a a?
1r 1 1
A—1=—[1 a 52]
3 1 a? a

2T AT
where @ = e’= and a? = e’ . The proposed method is based on the positive phase sequence

With respect to phase a, b lags by 120° (j%ﬂ rad) and c is displaced by 240° (MT“) as shown in

Figure 2.2. The phasor @ and a2 can be represented by time as:
31



Lo 1 1 .
sh-a = 3000 “ 60Hz 90 " 27)

t _1200 1 1 -
sh-a* = 3600 " 60Hz 180 " (2:8)

fo

Figure 2.2: Phasors a,b, and ¢ with a and a?.

. . . . 1 .
The following equations use a and o where o is a delay function of % seconds and o? is a delay

function of % seconds. The symmetrical components for 3-phase quantities can be expressed as:

£(0) (fa+fp + 1)
fo12() = [f(l) = A Mape () =3 (f + afy, + of) (2.9)
£ (f + o?fy, + afy)

Where f©@ is the zero sequence, f is the positive sequence, and f@ is the negative sequence.

Based on “012” sequences (equation (2.9)), abc quantities can be written as:

(f(O) + £ 4 f(Z))
= AfOlZ (t) = (f(O) + O(zf(l) + O(f(z))
(fO + af @ + o2f@)

fa
fapc(t) = [fb

£ £ ) £LOT [P [6®
=[f<o> + o2 fO af(z)]— f,O[+|6,P+ P (210)
£ af @) 2f(2> £, fu) £ @
C

Positive phase sequence components

Negative phase sequence components
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From equation (2.10), phasors a,b and ¢ are composed of zero () components, positive (V)

components and negative (¥) components as:
O =690+LP0+6P0 =90 + D) + D ()
f, (0 =20 + L0 + 6520 = FO) + 2fD () + af @ (D) (2.11)

fa(t) = fC(O) (t) + fc(l) (t) + fc(z) (t) — f(O) (t) + (Xf(l) (t) + O(Zf(z) (t)

£
. £,
/< .2 f(O)
- f,0 4 \ £,
fb/ fol® £ £

Figure 2.3: Phasor relationship between phase sequernce components.

1
fO) = 3 (fa(® + (O +1£c(0)

FO() = 2 (fa (1) + ofy (1) + o2 (1)) (2.12)

() = %(fa (1) + a?fy (t) + afc (1)

The proposed method extracts the positive-sequence components as:

£, 1) = FDO(t) = [fD|el@t+0r)

£, (1) = o2fD (1) = |fD]eI(@t+0r, 71207 (2.13)
(.1 = af D (1) = |fD|el@t+0r,+1209

where 8¢, is the phase angle of f MW (t). All phasors have equal magnitude, and they are displaced
by 120° in phase. f, ¥ (t) is shifted by 120° from £, (t). £.*(t) is also shifted from £, (t) by
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240°. Based on based on equations (2.7) and (2.8), the phase shift can be translated in time with

respect to the phase of fa(l) (t) as following:

£ (p) = %(fa(t) + afy (O) + 026, (D) = %(fa(t) +f, (t - %) +f, (t - %)) (2.14)

fa(l) ) = £ (t) = |f(1)| ol (0t+05,)

1 : 1
£, D (0) = 2D () = £ (t - M) = |f®|el(o(+-150)+05,) (2.15)

£ D) = (f D (1) = O (t _ %) _ |f(1)|ej(w(t—%)+9f1)

The negative sequence components can be also represented as:

f@(t) = 1(f (V) + a2f, (1) + af (1) _1 £,(t) +f (t—i> +f (t—i)
3\a b c 3\? P\" 180/ " °\" 90

fa(Z)(t) — f(2) (t) — |f(2)|ej((1)t+ef1)

1 . 1
fb(Z)(t) = af @ (t) = £ (t _ %) — |f(2)|e]((l)(t_%)+ef1) (2.16)

. 1
fC(Z)(t) — (Xzf(z)(t) — f(Z) <t _ %) — |f(2)|e](w(t—m)+ef1)

The zero sequence is zero in a balanced system, in an ungrounded system, or in a delta-connected

systems. However, the zero components of a grounded system can be represented as:
() = %(fa(t) + £ (D) + f(D) (2.17)
For an ungrounded system, the negative sequence components can be found as:

fpc () =0
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fabc(t) = fabc(l) (t) + fabc(Z) (t) + fabc(O) (t)

fabc(Z) (t) = fabc(t) - fabc(l) (t)
fa

where f,,c = [fb‘.
fe

The proposed algorithm maintains constant magnitude and phase angle relative to the input
signals. The proposed sequence component filter eliminates the use low-pass filters (LPFs) and/or
high-pass filters (HPFs). It is intended to extract the positive components from the positive
sequence producing 3-phase balanced sinusoidal signals. The coupling method of this filter
determines the extraction type whether negative sequence components or positive sequence
components as shown in Figure 2.4. In the case of distorted signals, a passband filter is utilized

with the proposed filter.

NG >
Positive
Components
fip (£ > calculations
Eq. (2.15)
fe(®) >

fape (1) 4@—> fape 2 (1)
fabc (t)

Figure 2.4: Block diagram of the proposed filter algorithm.
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2.1.3 Simulation verification of the proposed filter

The simulation results were obtained using Matlab by computing equation (2.13) which
represents the main method based on a frequency-domain approach and the modified method
(equations (2.14) and (2.15)) which represent the proposed method based on a time-domain
approach. The results are shown in Figure 2.5, 2.6 and 2.7 for balanced and unbalanced three-

phase quantities.

Balanced 3-phase guantities:

f,(t) = 100e)(@D f,(t) = 100e}(@t-120) £.(t) = 100e/(@t+1207)

10 Three Phase Quantltles 100 Main Method for Posmve Sequence Component
50 50
ot ol
-50F -50
_1000 0. 005 O. 1 0. 015 0. 2 0. 025 0.0 400? 0.605 0.‘01 0.615 0.02 0.625 0.03
10 Modified Method fer Posmve Sequence Components 25 L1013 ‘ Difference between t‘:he Two‘Method‘s
501
ol
_50l
_1000¥ 0.605 0.‘01 0. 015 0.02 0. 025 0.03 “o 0.605 0.‘01 0.615 0.‘02 0.625 0.‘03

Figure 2.5: The outputs from the main method and modified method under balanced conditions.
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Unbalanced magnitudes:

f,(t) = 100e}(®V fi, (t) = 85el(@t=120%) f.(t) = 92¢/(©t+120%)

Main Method for Positive-Sequence Components

10 ‘ IThree-Phase Quantltles . 100 :
50 50} 4
or ot i
-50f -50}- 4
-10 [¢] 0.605 .0 0. 015 .0. 0. 025 0;03 -10 ] 0.605 0.‘01 0.615 0.‘02 04(‘)25 04‘03
10 Mot:‘lified Mgthod fc'>r Positi've-Seqlfence Cpmponents Dif'ference'Betwee'n Two h{lethod i
50
ot ]
-50 4
-10 o] 0.605 0.‘01 0.615 O.‘02 0.625 O.‘03 (0] 0.605 0.‘01 0.615 O.‘02 0.625 0.‘03

Figure 2.6: The outputs from the main method and modified method for unbalanced magnitudes.

Unbalanced magnitudes and phases:

f,(t) = 100e(@V fi, (t) = 90/ (@t=110%) f.(t) = 80e)(@t+1007)
10 Three-Phase Quantltles 10 M?in Metr'md for I?ositive:Sequel:lce Con'ylponents
501 501 4
o oF i
-50r -50F 4
-10 o] 0. 005 . 0. 015 . 0. 025 . -10 o] 0.605 O.‘O’I 0.615 O.‘02 0.625 0.‘03
10 Moqified Mgthod fgr Positi've-SeqL'lence Cmeponents 2 <1013 Difference b?tween !:he Two'Method's
501 4
or i
-50[ |
>20 0.605 0.‘01 0.61 5 O.‘02 0.625 0.‘03

-10 (0] 0.605 0.‘01 0.615 0.‘02 04‘025 0.‘03
Figure 2.7: The outputs from the main method and modified method for unbalanced magnitudes and phases.
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The simulation results show that the main method and the modified method yield similar
results. The proposed filter maintains balanced signals under balanced and unbalanced three phase

quantities. The figures show that the difference between the methods is almost zero.

2.2 Proposed Control Method
The purpose of the control of shunt APF is to maintain sinusoidal source currents under
ideal and non-ideal conditions of the grid voltages and load(s). The proposed control method is

based on a modified IRPT method. The voltages at the point of the common coupling (vp), the

load currents (i;) and the actual shunt APF currents (if) are sensed as shown in Figure 2.8. The

load currents can be expressed as:
i, =i +ip + g (2.18)

where iy, is the load current, i, is the fundamental current, iy, is the harmonic current, and i is the

reactive current. The shunt APF can be modeled as a current source in parallel with the system
load. The VSl is controlled to generate a current that has an equal magnitude to that of the harmonic

and reactive load current and has the opposite phase angle as:
if = —(ip +1ig) (2.19)

The source current (ig) is a combination of the load current and the ShAPF current (if). The

resulting current of the combination is the fundamental load current that is sinusoidal as:

iS == iL + if == il (220)
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Figure 2.8: A single line diagram of a shunt APF in a power system.

The quantities v, and i, are composed of positive sequence components and negative
sequence components. Both v, and iy, are filtered using the proposed filter. The filter is set to
generate the fundamental components of v,.. and the harmonic and reactive components of iy..
The filtered signals are then transformed from abc coordinates into af3 coordinates. Then, the

instantaneous real and reactive power (p,, and G,), related to the harmonic and reactive load

currents, are calculated as:
~ — +._ +._ ~ — +._ +._
Pn = Vqlig +Vgig n = —Vqlg +Vgig

If the VSI is powered by a DC power source, pq4. IS not needed since the error signal from the Pl

controller is equal to zero. The reference currents are then calculated as:

[irefoc] _ 1 V; Vé- ﬁn]
lrefp V&"Z -|-V(')("2 VE{ —V&_ an

The inverse Clark transformation is applied to the reference currents to transform them into abc

coordinates as:
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The reference compensation currents are compared with the actual filter currents (if). PWM
generates the switching function and controls the inverter switches from the error signals. Figure

2.9 shows the block diagram of the proposed control method.
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Figure 2.9: Proposed modified PQ based control systemi._f
2.2.1 Simulation verification of the proposed control method
The software program utilized to design, model and simulate the system is Simulink using
the powerscape library. The model of the proposed system is shown in Figure 2.10. The parameters
of the test system are shown in Table 2.1. The model consists of a three-phase programmable
voltage source, grid impedances, line impedances, five load sets, two measurement blocks, a three-

phase PWM inverter with LCL filter, DC power source, and the control system. The system was
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evaluated under different source and load conditions in steady state and transient. The simulation

was performed on a 2-second time frame that is divided into different time segments as following:

= 0-0.4sec: nonlinear load (NL)

= 0.4-0.8sec: NL and balanced linear load (BLL)

= 0.8-1.2sec: NL and unbalanced linear load (ULL)
= 12-1.6sec:BLL

= 16-2sec: ULL

The control system consists of the current reference control and PWM controller. It uses the
measurements of the pcc voltages and load currents to calculate the reference current. The filter
currents are utilized with the PWM controller to generate the switching signals. The switching
frequency is set to be 10 kHz, and the sampling time is 50 ps. The results are obtained via scopes

and the FFT analysis tool.

The results are listed in tables and shown in figures in the following sections and were
analyzed based on three aspects: the amount of harmonic elimination based on the total harmonic
distortion (THD), the ability to balance the magnitudes of the source currents, and the ability to
obtain unity power factor. The unbalance in the signals can be determined from the magnitudes of

the source currents.

Table 2.1: System parameters.

Frequencies Grid fo= 60 Hz, switching fsw= 10 kHz

Grid voltages Voo = 14/0°V,Vy, = 14|—120°V,V,, = 14|120°V
DC Voltage 36V

Grid impedance L =300 puH

Line impedance R=006Q , L=1mH

R load for rectifier |R=5Q

Linear loads Balanced: R = 4,4,4 0, Unbalanced: R = 2,4,6 Q
LCL Filter L; = 4 mH, Cf = 10 pF,Rq = 20, Ly = 300 pH
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Figure 2.10: Simulink model of the system.

Case 1: Balanced source:

+ jDC source

T

B iy

Inverter

This case presents the evaluation of the system under balanced source voltages. Table 2.2

presents the THD of the source currents with and without the shunt APF. The THD of the three

phase source currents could be equal or different based on the system conditions. The THD

represented by one value is shared by all phases, while two values of THD represent the lowest

and highest THD among the three phase source currents. The THD of the source current is

relatively small. Table 2.3 shows the magnitudes of the source currents with and without the shunt

APF. The magnitudes of the source currents with the shunt APF are almost equal which indicates

balanced three phase quantities. Figures 2.11 and 2.12 show that the source currents are pure

sinusoidal waves.
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Table 2.2: THD of Is without and with the shunt APF.

THD of Isw/o the shunt APF | THD of Isw/ the shunt APF
NL 21.96% 3%
NL+BLL 10.96% 1.2%, 1.33%
NL+ULL 8.51%, 11.72% 1.07%, 1.3%
BLL 0.65% 2.16%, 2.22%
ULL 0.55%, 0.7% 1.95%, 2.19%

Table 2.3: The magnitudes of Iswithout and with the shunt APF.

|lsal,|Isb],|Isc| (A) w/o the shunt APF | |lsa],|lso],[lsc| (A) w/ the shunt APF
NL 4.37,4.37,4.37 4.46,4.47,4.47
NL+BLL 7.43,7.43,7.43 7.50,7.51,751
NL+ULL 7.62,6.94, 8.56 7.77,7.75,7.51
BLL 3.42,3.42,3.42 3.49, 3.50, 3.50
ULL 2.79, 3.95, 4.61 3.80, 3.78, 3.81
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Figure 2.11: For nonlinear load, Is, I and lrwith the shunt APF when the source voltages are balanced.
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Figure 2.12: For linear load, Is, I and Ifwith the shunt APF when the source voltages are balanced.

Case 2: Unbalanced magnitudes of the source voltages:

The source voltages are unbalanced where the magnitudes of phases B and C are 80% of

phase A magnitude. Table 2.4 shows the THD of the source currents with and without the shunt

APF. The THD is relatively small with amount less than 5%. Table 2.5 shows the magnitudes of
the source currents, which are considered balanced three phase quantities since the difference

between the magnitudes is very small. Figure 2.13 shows that the source currents are balanced

sinusoidal waveforms.

Table 2.4: THD of Is without and with the shunt APF.

THD of Isw/o the shunt APF | THD of Isw/ the shunt APF
NL 20.07%, 24.33% 2.74%, 2.99%
NL+BLL 10.18%, 12.24% 1.34%, 1.42%
NL+ULL 7.96%, 12.42% 1.14%, 1.22%
BLL 0.61%, 0.66% 2.40%, 2.64%
ULL 0.49%, 0.77% 2.18%, 2.37%
Table 2.5: The magnitudes of Iswithout and with the shunt APF.
|lsal,|Isb],|Isc| (A) w/o the shunt APF | |lsa],|lsb],[lsc| (A) w/ the shunt APF
NL 3.89, 4.20, 4.34 4.22,4.20,4.22
NL+BLL 6.64, 7.20, 7.32 7.12,7.11,7.12
NL+ULL 6.81,6.77, 8.39 7.35,7.34,7.35
BLL 3.08, 3.34, 3.35 3.33, 3.33, 3.35
ULL 2.52,3.91,4.54 3.64, 3.63, 3.66

44



S bl st e O )

Ul %: — i I f " t I S N B R
. ‘\ \l .‘f" Iﬁ‘ \‘ !II Ji \1 ﬁL " \L ’r, ;‘ | {f\ ‘ | J'I\

| i VLI AN IR
o e e e
i Vv Vv vV Vv \ |
“ | ] | | | | | | |

1 1 1 1 1 1 1 1
10l T T T T T T
. ILabc (A)
Favata VN TN TS A ativay faa
I i} i } 1Y ] i
[ Y = - T g £t
Y 1 I |} 1 1
s Sl s P, VL P S A LA o
.l
1 1 1 1 1 1 1 1
T T T T T T
.

|f abc (A)

S W
TR A

un [F] [15) [T} o5 016 . 0 (1)

(b) Is, I and It with NL.

DOOOOCOCHONONL e 994 ?{' ) \ L=
off \ // \\ 1 -\ /y A / \ "‘! \\. »/»’/— / N )( ;«:.‘
AAAAAAAAAAAAAAAN AAA \/\ \/-
1 1 1 1 1 1 1 1 1 1 1
T T T T T T

OO O OO

|L,abc (A)
‘I‘\/ r’/ \ I\.-
A

O
\.‘ \\;

Ty e f "j-."'\,‘l‘ f |

i v Avvie g A/

I I L L L L I I i L

: It.abc (A) It.abc (A)
: ~f AR AN AN RN SRR ev\ ,\)OM ”WJ 0@ f”Wf VYR
(@l lLand kwithNL & BLL. (d) ls, 1 and lywith NL & ULL.
) IS,abC (A) Ij—‘“‘\f Is abc (A)
J}" ‘l‘\ ‘-V-;‘it
) I abc (A)
) B |fabc (A)
‘| :jﬁ,: \j\{; &/; % \jX’:,- AN

(e) Is, I and Ir with BLL.

(f) Is, I and lswith ULL.

Figure 2.13: Is, I and Irwith the shunt APF when the source voltages are unbalanced.



Case 3: Distorted source voltage

In this case, the source voltages are distorted where the THD is about 19%. Table 2.6 shows
the lowest and the highest THD of the source currents with and without the shunt APF. The THD
of the source current is under 5%. Table 2.7 shows that the magnitudes of the source currents with

the shunt APF are balanced. The source currents are balanced and sinusoidal quantities as shown

in Figure 2.14.
Table 2.6: THD of Is without and with the shunt APF.
THD of Isw/o the shunt APF | THD of Isw/ the shunt APF
NL 21.17% 4.88%, 4.91%
NL+BLL 15.29% 2.73%, 2.79%
NL+ULL 12.90%, 15.93% 2.83%, 3.08%
BLL 11.46% 2.54%, 2.68%
ULL 10.38%, 12.21% 2.42%, 2.47%
Table 2.7: The magnitudes of Iswithout and with the shunt APF.
||sa|,||sb|,||sc| (A) W/O the Shunt APF ||sa|,||5b|,||sc| (A) W/ the Shunt APF
NL 421,421,421 4.30,4.31,4.31
NL+BLL 7.23,7.23,7.23 7.33, 7.33,7.33
NL+ULL 7.50, 6.72, 8.23 7.63,7.57,7.57
BLL 3.42,3.42,3.42 3.51, 3.52, 3.52
ULL 2.79, 3.95, 4.61 3.80, 3.79, 3.81
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The results confirmed that the proposed control system was able to inject the desired
currents required to eliminate the unwanted components from the source currents. The source
currents were also balanced where the difference between the magnitudes is zero or very small.
Because the source currents had the same shape as the grid voltages and in phase with the grid
voltages, almost unity power factor has been achieved for all conditions except when the source
voltages were distorted. Therefore, the proposed control system was able to achieve its purposes

under different conditions of the grid voltages and loads.

2.3 Proposed Frequency Adaptive Control

A proposed frequency detection method uses zero-crossing detection [47]. It utilizes the
proposed filter to obtain accurate measurement and can be set to count rising or falling edges as
shown in Figure 2.15. The frequency is calculated from the period between two consecutive rising
or falling edges. It is modified by rounding the output. The proposed frequency detection method
was evaluated in software using a three-phase AC source with the frequency initially set to 40 Hz.
Then, the frequency was increased by 10 Hz until it reaches 70 Hz. The simulation is executed in
4 seconds where the frequency increases 10 Hz each second. The simulation result is show in
Figure 2.16. It can be seen from the results that the proposed detection method works properly in
tracking the system frequency. The response time of this method to the frequency change is about

0.2 sec.
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Figure 2.16: Simulation result of measuring the system frequency using the proposed frequency detection
method.

The proposed control system in the previous section is modified to adapt the system
frequency. The frequency (f) is determined from one of the voltage phases. Then, the proposed
filter uses the measured frequency in order to generate the positive sequence components and

negative sequence components. The positive sequence components are calculated as:

f(l)(t) = %(fa(t) +f, (t - %) + f. (t - %)>
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The negative sequence and negative sequence components are calculated as:

(@ () = %(fa(t) +1, (t _ %) +f, (t - %))

2 = @)

f, P (1) = af D(t) = f@ (t —~ %)

) — 2¢(2) — (2 _i
£ @) = o 2f@(0) = f (t Sf)

The negative sequence components can also be determined from:

fa(z) fa fa(l)
£,@| = [fb] - [£,®
fC(Z) fc fc(l)
The reference current signals are calculated from the calculations of the instantaneous real and

reactive powers as shown previously:
_ . . ~ _ +:— +:—
pn_Va1a+VBIB qn__VocIB +V81a

The DC-link voltage is not sensed because a DC voltage source is used, which means that DC
power losses from the inverter are supplied by the DC power source with a fixed value.
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The inverse Clark transformation is applied on the reference current to transform into abc

coordinates as:

These signals should have the same frequency as that of the system frequency. The reference
current signals and the filter currents are then compared through a PWM controller to produce the

gating signals. The block diagram of this method is shown in Figure 2.17.
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Figure 2.17: Block diagram of the proposed adaptive frequency modified IRPT method.
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2.3.1 Simulation results of the proposed control method under frequency deviation
The results were obtained with and without the shunt APF to detect the response of the
proposed control system under the frequency deviation. The simulation results are shown in Tables

2.8 and 2.9 and Figures 2.18, 2.19, 2.20, 2.21, and 2.22.

Table 2.8: Simulation results from changing the frequency without the shunt APF.

System Without the shunt APF
condition f(Hz) | |[lsal,|Iso] |lsc| (A) THDv
58 3.38, 3.38, 3.38 0.14,0.22,0.2
Balanced 59 3.38,3.38,3.38 | 0.02,0.02,0.02
system 60 3.38, 3.38, 3.38 0,0,0
61 3.38,3.38,3.38 | 0.18,0.12,0.18
62 3.38,3.38,3.38 | 0.11,0.13,0.08
58 4,3.43,2.75 0.23,0.2,0.17
Unbalanced 59 4,3.43,2.75 0.02, 0.02, 0.02
system 60 4,3.43,2.75 0.1,0.1,0.17
61 4,3.43,2.75 0.19, 016, 0.15
62 4,3.43,2.75 0.1,0.1,0.13

Table 2.9: Simulation results from changing the frequency with the shunt APF.

System With the shunt APF
condition f (Hz) [lsal,[1so] |Isc] (A) THDy
58 3.54, 3.35, 3.35 2.36, 2.56, 2.33
Balanced 59 3.5,3.41, 351 244,243,241
system 60 3.46, 3.46, 3.46 2.4,2.38,2.33
61 3.4,35,34 2.6, 2.5, 2.65
62 3.37,3.52,3.31 2.71,2.53, 2.7
58 3.5, 3.36, 3.56 2.3,2.68, 2.38
Unbalanced 59 3.49, 341,351 2.3, 2.63, 2.66
system 60 3.45, 3.46, 3.46 24,2.6,2.7
61 3.35, 3.47, 3.37 2.4,2.4,2.44
62 3.3,3.48, 3.27 2.42,2.55,2.73
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The simulation results show that the shunt APF with the proposed control method
maintained sinusoidal currents as the frequency changes. Ideally, the filter currents are very small
for the balanced system as seen in the simulation results. But, the filter currents were increased as
the frequency deviation increases. The source currents were almost balanced source currents under
balanced and unbalanced power system conditions. However, the differences between the
magnitudes of the source currents were enlarged as the frequency deviation increased. Moreover,
the simulation THDs increased as the frequency deviation increases. Based on the above results,
the shunt APF shows acceptable performance under frequency variations, but it does not change

the system frequency to the desired frequency of 60 Hz.

54



2.3.2 Simulation results of the proposed frequency adaptive control method

The performance of the proposed frequency adaptive control method with the shunt APF
can be determined from the simulation results. This control method was evaluated under balanced
and unbalanced conditions. The simulation results are shown in Table 2.10 and Figures 2.23, 2.24,

2.25,2.26, and 2.27.

Table 2.10: Simulation results for the magnitude and the THD of the source currents.

f (Hz) [lsal, [1sbl [Isc] (A) THDy
58 3.47, 3.47, 3.47 25,25, 25
Balanced 59 3.47, 3.47, 3.47 24,24,24
system 60 3.47, 3.47, 3.47 24,24,24
61 3.47, 3.47, 3.47 2.6,26,26
62 3.47, 3.47, 3.47 24,24,24
58 3.44, 3.46, 3.45 2.3,2.3,2.3
Unbalanced 59 3.44, 3.46, 3.45 2.3,25,2.75
system 60 3.43, 3.45, 3.44 24,2.7,25
61 3.43, 3.46, 3.45 25,25, 25
62 3.42, 3.44, 3.44 23,2526
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Figure 2.23: For balanced and unbalanced conditions: from the top, vpc, is, iL, and is when f= 58 Hz.
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The simulation results show that the shunt APF injected currents that eliminate the negative
sequence components from the currents as the frequency changes. For balanced conditions, the
filter currents were very small when the system frequency deviates as seen in the simulation results.
Additionally, the source currents were almost balanced under balanced and unbalanced power
system conditions. The THDs were very low for all cases. The shunt APF shows suitable
performance under frequency variations where the source current has the same frequency as the

grid voltage frequency.

2.4 Proposed PCC Voltage Sensorless Control Method

The proposed voltage sensorless control method generates the reference current signals
without sensing the grid voltages. The proposed positive and negative sequence filter generates
the reference signals. The load currents are measured. The measured currents are then filtered to

obtain the negative sequence components which are the reference signals as the following:

iref,a ia(Z)
iref,b = -b(2)
iref,c ic(z)

The reference signals are then compared with the filter currents. The compared signals are
controlled by a PWM controller to generate the switching signals. The error signal could be scaled
to estimate the proper voltage. This method does not require any transformation of the measured
signals, and it has fewer calculations and steps. The sensorless control system can be seen in Figure

2.28.
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Figure 2.28: Block diagram of the p:roposed voltage sensorless control method.

2.4.1 Simulation study of the proposed voltage sensorless control method

The system parameters of the simulated system are presented in Table 2.1. The results are
shown in the tables and figures below. The results were analyzed based on three aspects: the THD,
the ability to balance the magnitudes of the source current, and the power factor. Different source
and load conditions were tested in steady state and transient. The simulation was performed on a
2-second time frame that is divided into five time segments based on the load conditions which

are NL, NL and BLL, NL and ULL, BLL, and ULL.

Balanced grid voltages:

The shunt APF with the proposed voltage sensorless control method was evaluated under
balanced source voltages. Table 2.11 presents the THD of the source currents with and without the
shunt APF. The THD of the three phase source currents could be either equal or unequal based on
the system conditions. The THDs of source current with the shunt APF are small and do not exceed
3%. Table 2.12 shows the magnitudes of the source currents with and without the shunt APF. The

magnitudes of the source currents with the shunt APF are almost similar which indicates balanced
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three phase quantities.

Figures 2.29 and 2.30 show that the source currents are pure sinusoidal

Waves.
Table 2.11: THD of Is without and with the shunt APF.
THD of Isw/o the shunt APF | THD of Isw/ the shunt APF
NL 21.8%, 21.8%, 21.8% 3,2.83,2.7
NL+BLL 10.81%, 10.81%, 10.81% 1.35,1.29,1.25
NL+ULL 8.39%, 11%, 11.52% 1.24,1.26,1.35
BLL 0.65%, 0.65%, 0.65% 2.42,2.46,2.45
ULL 0.5%, 0.64%, 0.74% 2.28,2.44,2.33
Table 2.12: The magnitudes of Iswithout and with the shunt APF.
|sal,|Isb],|1sc| (A) w/o the shunt APF | |lsy],|lsl,]lsc| (A) w/ the shunt APF
NL 4.3,4.3,4.3 4.38, 4.383, 4.384
NL+BLL 7.25,7.25,7.25 7.31,7.31, 7.317
NL+ULL 8.33,7.43,6.78 7.546, 7.559, 7.549
BLL 3.38, 3.38, 3.38 3.464, 3.47, 3.463
ULL 4.613,3.71,2.88 3.735, 3.758, 3.739
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(b) Is, IL and I+ with NL.
Figure 2.29: With nonlinear load, Is, IL and lrwith the shunt APF when the source voltages are balanced.
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Unbalanced magnitudes of the source (magnitude of phase A is 80% of the magnitudes of phases

B and C):

The source voltages are unbalanced where the magnitudes of phases B and C are 80% of
the phase A magnitude. Table 2.13 shows the THD of the source currents with and without the
shunt APF. The THDs with the shunt APF were low indicating the source currents were sinusoidal.
Table 2.14 shows the magnitudes of the source currents. The source currents are considered

balanced three phase quantities since the magnitudes are almost similar. Figures 2.31 and 2.32

show that the source currents are balanced sinusoidal waveforms.

Table 2.13: THD of Is without and with the shunt APF.

THD of Isw/o the shunt APF | THD of Isw/ the shunt APF
NL 25.14% ,21.6% , 19.3% 3.13%, 2.9%, 2.98%
NL+BLL 12.6%, 10.45%, 9.72% 1.48%, 1.4%, 1.45%
NL+ULL 9.9%, 10.83%, 10.34% 1.31%, 1.4%, 1.45%
BLL 0.77%, 0.67%, 0.7% 2.79%, 2.72%, 2.85%
ULL 0.58%, 0.68%, 0.82% 2.49%, 2.69%, 2.69%

Table 2.14: The magnitudes of Iswithout and with the shunt APF.

[sal,|Isb],|1sc| (A) w/o the shunt APF | |lsy],|lsl,]lsc| (A) w/ the shunt APF
NL 3.67, 4.08, 4.26 4.066, 4.066, 4.078
NL+BLL 6.21, 6.96, 7.11 6.811, 6.809, 6.823
NL+ULL 7.16, 7.03, 6.59 6.983, 6.995, 6.997
BLL 2.93, 3.27, 3.28 3.233,3.233,3.24
ULL 4,01, 3.46, 2.73 3.426, 3.445, 3.441

62



Vpcc-abe (V)

/ |s,abc (A)
ANIVAN
\

<
¢
%
— S~
s

=

SiNIB N

15 It.abc (A)
o LA, /’\Apm!i\yﬂ:’\/\ ‘h ‘4‘/}“‘ \{\‘y % r“.(\ “w\’*‘ ,\){;\d T ord
(a) PCC voltages. AR UK IR 3

0205 ozt 0215 0 2 2 0235 024 0245 025

(b) Is, I and Ir with NL.
Is,abc (A) R |s,abc (A)

/AN S T~ A AL T
/\Y/ ) /\\\( \

N ]
|f,abc (A) |f,abc (A)

e I AV e T WA T c Y P Lo N o e s A e S A e N
O V- EEVIEN Y S i i YAy R b A Gl NN e ATl W s ey .i){br NN

0608 82 o. 083 o. o 0845 068 1 1005, 28 1,08 1 108 1045 105

(c) Is, I. and lrwith NL & BLL. (d) Is, I. and lrwith NL & ULL.

Figure 2.31: With nonlinear load: Is, I and I+ with the shunt APF when the source voltages are unbalanced.
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Figure 2.32: Is, IL and I+ with the shunt APF when the source voltages are unbalanced.

Distorted source:

In this case, the source voltage is distorted where the THD is about 16%. Table 2.15 shows the
THD of the source currents with and without the shunt APF. The THD of the source currents with
the shunt APF are less than 5%. Table 2.16 shows that the magnitudes of the source currents with
the shunt APF are balanced. The source currents are balanced and sinusoidal quantities as shown

in Figures 2.33 and 2.34.

Table 2.15: THD of Is without and with the shunt APF.

THD of Isw/o the shunt APF | THD of Isw/ the shunt APF
NL 18.6%, 18.6%, 18.6% 3.23%, 3.23%, 3.23%
NL+BLL 16.4%, 16.4%, 16.4% 1.63%, 1.63%, 1.63%
NL+ULL 14.39%, 17.37%, 16.5% 1.76%, 1.78%, 1.56%
BLL 14.4%, 14.4%, 14.4% 2.46%, 2.46%, 2.46%
ULL 12.88%, 15.19%, 13.38% 2.54%, 2.71%, 2.46%

Table 2.16: The magnitudes of Iswithout and with the shunt APF.

|sal,|Isb],|1sc| (A) w/o the shunt APF | |lsy],|lsbl,]lsc| (A) w/ the shunt APF
NL 4.11,4.11,4.11 4,18, 4.18, 4.18
NL+BLL 7,7, 7 7.07,7.07,7.07
NL+ULL 8.04,7.23,6.53 7.3,7.33,7.3
BLL 3.38, 3.38, 3.38 3.48, 3.48, 3.48
ULL 461, 3.71, 2.88 3.75, 3.76, 3.75
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Figure 2.33: With nonlinear load: Is, IL and I+ with the shunt APF when the source voltages are distorted.
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Figure 2.34: Is, IL and I+ with the shunt APF when the source voltages are distorted.

The simulation results demonstrate that the shunt APF with the proposed sensorless control
system was able to eliminate the undesirable components from the source current. For all
conditions, the THD of the source current was acceptable with a THD less than 5%. The source
currents were balanced with very small difference between the source current magnitudes under
unbalanced conditions. Since the source currents had the same waveform shape as the grid voltages
and in phase with the grid voltages, almost unity power factor has been achieved for all conditions
except when the source voltage is distorted. Therefore, the proposed sensorless control system

performs effectively under different conditions of the grid voltages and loads.
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CHAPTER 3: SYSTEM MODELING AND DESCRIPTIO

The power circuit of the shunt APF is composed of a three-phase voltage-source inverter
(VSI), DC power supply and the control unit as shown in Figure 3.1. A passive filter couples the
shunt APF to the grid network. A three-phase power supply with Zg represents the grid voltages
and impedances. The loads are connected to the power supply through a line impedance. The loads
may be nonlinear, balanced linear, or unbalanced linear. Three parameters are measured: the pcc
voltages, the load currents and the filter currents. The shunt APF is designed to maintain balanced

three-phase source currents under ideal and non-ideal power system conditions.

Voltage source
ATy AAA isz/fl I'L: f1+fq+fh Y f
— WY /amann > '/// TH—\'——Load(s)
Zg o z
T - (igtin)
Passive filter
is: source current.
% Vpee: VOltage at point of
P common coupling.
VSI l ii: load current.
L hepower ir=-(in + ig): filter current.
Supply inand ig: harmonic and
reactive power components.
Modulation
- Current if
Controller ¢
T ff‘
Vv .
P« Current reference i
control

Figure 3.1: A line diagram of the shunt APF connected to the power system.
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3.1 Design of the System
The design of the system is important in order to achieve suitable operation of the shunt
APF. In this chapter, design of the three parts of the system is demonstrated and was validated

through simulation and experimental tests.

3.1.1 Design of the shunt APF circuit
The shunt APF consists of a VSI, a DC power source and a passive filter. The VSI is
connected in parallel with the three-phase supply via a passive filter. The DC power supply

provides a fixed DC voltage to compensate for the inverter’s losses [11].

3.1.1.1 Design of the DC-link voltage

The selection of the DC bus voltage is very important in order to accurately inject harmonic current
into the grid [4] [5] [11] [35]. The value of the DC bus voltage should be greater than the peak
value of the grid voltage (Vycc—max)- If it is smaller than the grid voltage, the system will
experience voltage variations. By assuming the linear modulation mode of PWM (0<m<1), the

DC bus voltage can be expressed as:
Vdc = 2\/Evpcc—max (3-1)

3.1.1.2 Design of the coupling filter

This filter couples the grid and the VSI. An L filter is usually used as smoothing coupler
between the grid and the shunt APF. A large inductor is needed in order to reduce the harmonics
around the switching frequency of the VSI. But, large inductors are very expensive and big in size.
For that reason, LCL filters are used because of better performance at high power levels [48] [49].
The LCL filter can achieve higher harmonic attenuation which allows the use of a lower switching

frequency as well as reducing the switching frequency harmonics. In addition, it minimizes the

68



amount of the distortion in the injected current to the grid to improve the power quality of the
system. An LCL filter is often utilized because it uses small values of inductance and capacitance.
Figure 3.2 shows a single phase representation of the LCL filter with VSI modeled as an AC
voltage source where Lg is inductance of the grid side, L; is inductance of the inverter side, Cs is
the filter capacitor, Vi is voltage of the inverter, l; is LCL filter inverter-side current, and I is the
LCL filter grid-side current.

Lg Li i
ST = T ey

Ig 1 Vi
—— cf
1 |

Figure 3.2: A single phase repre‘sentation of the LCL filter with VSI.

The transfer function of the LCL is of the following form:

H =K 3.2
el = K T 2wy + 00 (3.2)
Hyo (s) = Ig(s) 1 1 1 23
LCLS) =y () LiLeCes3 + (Li+Lg)s  LiLeCe [, N Li+Lg (3:3)
S\ TLILG
o = [t (3.4)
res LngCf

where w,¢ IS the resonant frequency and ¢ is the damping ratio. In order to find the magnitude
equation and phase angle equation, let s = jhw (h is the number of harmonic). The transfer

function can be expressed as:
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Ig(]hw) . _j _ _j
Vi(jhw)  —h3w3LiLgCr + hw(Li+Lg)  hw[—h2w2L;L,C¢ + (Li+Lg)]

HicL(jhw) =

1
—h30)3LiLng + hO)(L1+Lg)

|Hecr Ghw)| = (3.5)

. . LiLng .
ZHicL(jhw) = =t — £ | joh + (jwh)3 (3.6)
LitLg

Several LCL filter designs have been reported in the literature [48 — 53]. The proposed design
combines the virtues of these previous designs and tries to avoid their negatives. The following

definitions and parameters were used in the design:

E is the grid line-to-line voltage magnitude; Z,, Cp, and Ly are the base impedance, capacitance
and inductance; Pn is the rated load power; r is the relationship index between Ljand Lg; fc is the
grid frequency; fres is the resonant frequency of the LCL filter; and fsw is the switching frequency

of the inverter.
The proposed LCL filter is designed based on several conditions and constraints that are:
1. Al (ripple) is limited by up to 10%.
2. 5% voltage drop on L.
3. per unit of (Li+ Lg) is less than 10% of Ly to limit voltage drop.
4. acceptable x (maximum power factor variation) is 5%.
5. Lg must satisfy the desirable attenuation rate (ka); typical ka is 20%.
6. 10fc < fres < fsu/2.

7. Reasonable value of Rq (damping resistance).
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The above quantities can be calculated as shown below which are taken from [48-53].

EZ
C, = ! 3.8
b= o7 (38
L, =2 3.9
b= (3:9)
B 1,(jhw)
1

k. =
1+ 7(1 - Liwpes” Cpx)|

P2
Al =0.1 3.10
max \/§E ( )
0.025 E
a fsw AImax
Vdc
Lij=—— 3.11
' 6 Fo Bl S
C¢ < 0.05Cy, (3.12)
1 1
ToXte < Xer < oXug
1
—+1
k,>
Ly = ~——— (3.13)
g (Dresz Cf
Rq = 1 3.14
4= 3(")rescf ( . )

Based on the above equations, the element values for the LCL filter were calculated and rounded

to the following values:
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Li= 4mH ; L, =300 uH; C; = 10 uF

This design was simulated and experimentally tested in order to investigate its performance. The
experimental results were obtained using an AP Instruments Inc. model 300. Both simulation and
experimental results show that they have the same attenuation rate and the same phase response as
shown in Figure 3.3. The resonant frequencies were 3 kHz from simulation and 2.67 kHz from the
experiment. The difference between the frequencies is about 300 Hz, but it is not significant

because the device used to test the filter has its own components that could affect the frequency.

Bode Diagram
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Figure 3.3: (a) Simulation and (b) experimental magnitude and phase responses of the designed LCL filter.
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3.1.2 Design of the measurement circuits

Two circuits were designed for measuring the voltages and the currents. Multisim was used
for testing the measurement designs and for designing the measurement board. For certain
limitations of the hardware devices, the maximum and the minimum tolerable output voltages are

+10V. The two designs have common parts:

e DC offset filter at the input and the output sides of the op-amp.
e Low-pass filters (LPF) at the output.

> Design of the DC offset filter

From the input side, the cut-off frequency is 1.592 Hz; which was calculated as:

1
fo= e (3.15)
Vin c4 R8
ot
10uF 10kQ

Figure 3.4: DC offset filter of the input side.

Figures 3.5 and 3.6 show the dc offset filter at the output side of the measurement circuits. The
cut-off frequency for the voltage circuit was 0.884 Hz. For the current measurement circuit, the

cut-off frequency was 0.707 Hz.
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Figure 3.5: DC offset filter at the output side for the voltage measurement circuit.

LF351P

VEE

-10v R7

W

100kQ 22.5 %
Key=A
Figure 3.6: DC offset filter at the output side for the current measurement circuit.

» Low pass filter design

The LPF for the measuring circuits is shown in Figure 3.7. The gain and phase shift of the LPF

can be calculated as following.

H')—VOl— 1 3.16
o) =3~ =TT 0ke (316)

The filter gain can be calculated as:
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You

HGw)| = |2

’ 1
= 1T (oR02 (@RO)E 0.8756

where R= 1kQ and C= 1uF. The phase angle of the filter is calculated as:
H(jw) = —tan"! wRC = —20.656°

The cut-off frequency and the time response are calculated as:

1
f. = —— = 159.155 Hz

2nRC
T=RC=1ms
Vo R Vol
o AN o)
1kQ
C
== 1pF

Figure 3.7: Low-pass filter for the measuring circuits.

This filter causes a phase shift between the input and the output. Therefore, a phase compensator

is added latter to the control system to overcome this issue as following.

Hc(s) = (3.17)

where: a= 9.251 and T=0RC

Voltage measurement circuit design

The op-amp used in this design was an LF351P. The gain can be calculated from Figure 3.8 as

following.
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v, —18k
o= Tror = —0.16364

Gop-amp = G1 = 110k

The non-inverting of the op-amp is grounded through a resistance of value 10 kQ.

T U2

R6

AN+ Vo
vin R9 rg 10kQ ° o
o AN AN 2 |-

100kQ 10kQ
/J LE351P
VEE

100kQ 18 %
Key=A
Figure 3.8: Op-amp design of the voltage circuit.

Figure 3.9 shows the complete design of the voltage measuring circuit. The voltage gain of the

measuring circuit can be expressed as:

Vol = |Vin X Gy X GppFl (3.18)
vce
VDD 5.0V
- 10V D1
10 u IN4001G
R1
+ c2 R4 Vo
vin Rs Cl rg 10kQ . I MW\ o
o———]| A 2 - wor k0
100k 4 10kQ
) LF351P c3 D2
VEE = F  A1IN4001G
ETVA R2 VsSs
) 5.0V

100kQ 18 %
Key=A
Figure 3.9: Voltage Measurement Circuit.
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Current measurement circuit design

The gain of the op-amp can be calculated from Figure 3.10 as following.

V, —22.5k _ —
V., 10k 7

Gop—amp =G, =

The non-inverting of the op-amp is grounded through a resistance of value 10 kQ.

VDD
_ 10V
i [ I U
R6
ANA——+ Vo
Vin rg 10k - o
o AN 2 |_
10kQ |1
. LF351P
VEE
-10V R7

100kQ 22.5 %
Key=A
Figure 3.10: Op-amp design of the current circuit.

A current sensor is employed, which can sense up to 9A as maximum current. The output of this

sensor is calculated as:

Vour = I X 0.282

where | is the measured current and 0.282 is the gain of the current sensor. Figure 3.11 shows the

complete design of the current measuring circuit. The equation that represent the current measuring

circuit can be expressed as:
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° | My p 104F
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Y 50V

100kQ 22.5%
Key=A
Figure 3.11: Current Measurement Circuit.

Simulation and experimental validation of the measurement designs:

An AC source of 17.78 Vms and a resistive load of 10Q with a power rating of 225W were
used to examine the proposed measurement designs. The simulation and experimental output
voltages from the voltage measurement circuit (Vo -vr) and the current measurement circuit (Vo -

1) are nearly equal as shown in Table 3.1. Figures 3.12 and 3.13 show the simulation and

experimental results.

Table 3.1: Simulation and experimental results from the measurements.

Parameter Simulation Experimental
Vin (Vrms) 178 178
| (Arms) 1.78 1.7
Vo - VR (Vrms) 2.55 2.46
Vo1 (Vms) 0.988 0.999

78



01 i
Bl \ T .". Y / AV IS . T Y 5 J
\__.\ /.-" N ) / o-1 \ ,-’! \_\. /__./
\_/ \_/ \_ \_/
T\ U/
-3

(b)

Figure 3.12: The simulation outputs of the measurement circuit (a) Vin, Vo-vrand Vo_1. (b) Vo-vrand Vo-|
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Figure 3.13: The experimental outputs of the measurement circuit for Vin (C4), Vo-vr (C2) and Vo-1(C3).

3.2 Hardware Setup

The experimental setup of the DSP-based APF is presented in Figure 3.14. Six main
components were used to perform all the experimental tests. They are as follows: 1)NHR 9410
grid simulator was used as a grid voltage generator, 2) HiRel power electronics drive board as the
inverter board, 3) DSP based dSpace DS1104 R&D controller card and CP 1104 1/O, 4) DC power
sources, 5) Matlab Simulink and dSpace control-desk, and 6) measurement boards for measuring
the voltages and currents.

The three-phase source acts as the grid voltages. The network includes adjustable grid
impedances and fixed line impedances. Different loads are used including a nonlinear resistive
load, balanced linear loads, and unbalanced linear loads. A three-phase MOSFET inverter is used
as the converter. A DC power source is used as a DC-bus voltage to feed the inverter. The inverter
output is connected to the grid via coupling component(s) represented by an L filter and an LCL

filter. Measurement boards were designed to measure the PCC voltages, the source currents, the
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load currents and the inverter output (filter) currents. The DSP controller board controls the shunt

APF and generates the switching signals. The DSP board contains a built-in signal conditioning

system. Two power supplies are used to power the measurement boards.

3-phase

Source

Grid
impedance

2= R #X,

Meas.

board

dspace
Computer
board

Figure 3.14: Block diagram of the experimental setup.

3.2.1 Power supplies

Meas. Line
impedance
board Loads
Z,= Ri+X,
ﬁﬂ
DC source DC source
+/-5V +/-12V
L Filter
H or || meas. [| Converter DC source
T LCL B Board Board 36-42V
. B B 0-5A
Filter

A three-phase AC source and four DC power supplies were utilized in the experiments.

The AC source is NHR 9410 grid simulator manufactured by NH Research Inc. and is shown in

Figure 3.15(a). It is a bi-directional AC/DC source and can be operated as single phase or three

phase. The parameters of each phase can be adjusted. The frequency is also adjustable. The NHR

9410 is used to test the PV inverters and other grid-connected equipment.
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A HP 6030A sytem power DC supply was used as the input for the inverter and is shown
in Figure 3.15(b). The maximum voltage and current ratings are 500 VDC and 5 A. A DC power
supply of £12 V was used to power the converter board. The measurement boards were suplied

with+12Vand 5 V.

T
@m 8410

(b)
Figure 3.15: (a) NHR 9410. (b) HP 6030A sytem power supply.

3.2.2 The inverter board
The board combines two independent three-phase PWM inverters fed from a constant DC voltage

source. The board is shown in Figure 3.16. These inverters are three-phase three-leg MOSFET
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inverters, and the DC-bus voltage of the inverters must be set between 36 V and 42 V. The board
components are powered via a £12 V DC adapter. It also provides phase A and phase B currents
measurements and DC-bus voltage measurement. It interfaces with a DSP-based DS1104

controller, which generates the PWM signals for the inverter.

Figure 3.16: The inverter board.

3.2.3 DS1104 R&D controller board and CP 1104 1/O board

The dSpace DS1104 R&D controller board, shown in Figure 3.17, provides inputs/outputs
and a real-time processor. It is used to create a control system using the Real-Time Interface (RTI)
installed in Simulink. RTI has Simulink blocks for graphical 1/O configuration. A Simulink model

can be easily transitioned for an application using RTI and a DS1104 R&D controller board.

The implementation of a real-time control loop using dSpace and MATLAB/Simulink
required the dSpace DS1104 R&D controller board, connector panel CP1104 and a cable
connected between the CP1104 and the inverter board. BNC cables were used to connect the
measurements to analog-to-digital-converter (ADC) of the controller board. The voltage and

current measurements should be within the voltage range of the ADCs, which are+10V. They are
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then used via the dSpace block installed in Simulink. The output of the model was transmitted

though a cable connecting the inverter board with the controller board.

A -~ ~\ ) T o g2 nc2 o
] o - o/ ~/ . 2 i m
i |
ADCHZ ACH T p ‘
. 5 ™ ™
@ - / O ‘ . O
ADCH2 OCH DACH3 DAGAT UART
= [ oaid s
. \ RSOZ 4 AT
© @ 0 © & “& |
ADCHA D8 DACH4 DACHS N * ‘:‘:‘ '
> a < %
© 0 _90 © g
dSPACE
28 X 4 i,
= e ]
‘ = |

Figure 3.17: DS1104 R&D controller board.

3.2.4 Measurement boards

The system has two measurement boards. Each measurement board has six input connectors and
six output connectors. Three inputs and outputs are for measuring the voltages, and the other three
inputs and outputs are for the currents. The current measurements and the voltage measurements
are independent even though they share the same board. The current sensor utilized is a CSLH3A9
manufactured by Honeywell. The board is powered by £12 V and £5 V DC voltage sources. A

photo of the measurement board is shown in Figure 3.18.
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Figure 3.18: Voltage and current measurement boards.
3.2.5 The loads and the inductors of the impedance and the LCL filter
A total of twelve inductors for the grid impedances, the line impedances and the LCL filter
were designed. The grid reactances were designed to be adjustable between about 100 pH and 1
mH as seen in Figure 3.19. Two types of loads were employed. Nonlinear loads were built using
three-phase diode-bridge rectifier, shown in Figure 3.20, and a resistor. The linear loads were built

from resistors with different values as seen in Figure 3.21.

Figure 3.19: Adjustable inductor for the grid impedance.
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Figure 3.21: Sample of the used resistors.
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CHAPTER 4: RESULTS AND DISCUSSION

The last two chapters presented the proposed methods for controlling the shunt APF and
the description of the simulation and hardware setups. This chapter presents the experimental
results for these methods. Several studies were performed to tests the performance of the proposed

methods under different conditions of grid voltage and loads.

4.1 Validation of the Proposed Filter

The model of the experimental system is shown in Figure 4.1. The test system consists of
a three-phase voltage source, grid impedances, measurement board and three resistive loads of 5Q
each. The experimental test is utilized to obtain the measurements of the voltages and the currents
through the measurement board. The measured signals were filtered by the proposed filter to
generate the positive sequence components. The results were obtained by dSpace ControlDesk as

shown in Figure 4.2, 4.3 and 4.4. This experiment was performed under three test cases:

1. Balanced voltages of magnitudes of 12V ms.
2. Unbalanced magnitudes of 12 Vims , 11 Vims and 15 Vims.
3. Unbalanced magnitudes (12 Vims , 11 Vims and 15 Vms) and phases where phases a and b

are displaced by 210° and phases a and c are displaced by 100°.

. W N Vabo
; ok ——( 1|

N B W B a
W

Three-Phase Three-FPhase oot
Programmable V-l Messurementd

\oltage Sourcel

IH

0
0

Figure 4.1: Test system for the proposed filter.
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Balanced 3-phase guantities:
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Figure 4.2: For balanced voltages: (a) measured voltages and measured currents. (b) filtered voltages and
filtered currents.
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Unbalanced magnitudes:
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Figure 4.3: For unbalanced magnitudes: (a) measured voltages and measured currents. (b) filtered voltages
and filtered currents.
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Unbalanced magnitudes and phases:
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Figure 4.4: For unbalanced magnitudes and phases: (a) measured voltages and measured currents. (b)
filtered voltages and filtered currents.
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From the previous figures, the proposed filter maintains balanced voltages and currents
under balanced and unbalanced voltages with the presence of the harmonics in the measured

signals. The experimental results validated the proposed filter.

4.2 Performance Investigation of the Proposed Control Method

Experimental tests were performed to determine the proposed control method performance.
The source currents were observed in order to evaluate this method. The experimental tests were
performed under several conditions of the grid voltage and the load. Four different load
combinations were utilized: nonlinear load (NL), NL and balanced linear load (BLL), NL and

balanced linear load (ULL), and BLL and ULL.

Moreover, each load condition is tested under several grid conditions including: balanced
grid voltages, unbalanced grid voltages, and unbalanced grid voltages and unbalanced grid
impedances. Three resistors of 5Q were connected in series with the shunt APF for synchronizing.
The performance of the shunt APF was determined by the THD, the magnitudes of the source
currents, and the power factor (pf). The results were obtained by a Tektronix MIDO 3024

oscilloscope. The system parameters are shown in Table 4.1.

Table 4.1: Experimental system parameters.

Frequencies grid fo= 60 Hz , switching fsw= 20 kHz
Grld VOItages Van == 105[00 Vrms, vbn == 105l_1200 Vrms, Vcn = 105[1200 Vrms
DC Voltage 40V

Grid impedance adjustable Ly = 100 pH, 300 pH, 700 puH, 1 mH
Line impedance R=050L=1mH

R load for rectifier |[R=250,R=125Q0, R=5Q

Linear load sets R=10Q,R=1250,R=250

LCL filter L; = 4 mH, C¢ = 10 pF, L, = 300 pH

L filter L; = 4mH
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Case 1: Nonlinear resistive load

Several tests based on the grid conditions were performed. Figure 4.5 shows the

configuration of the system for this case.

|SA

PCC
Ao AT MM A
a
ls =i
'k 8 o= AN T 5 AT
.
lsc T
c -__;_..'W\f_f'm'\ W ¢
C
Grid impedance line impedance
Grid Simulator LgI00u Lo, 12=0.6. Ohms Nonlinear load
V_L-L=18V
B AN e el
L EVATAY A JR—
n-.—‘_l,-'\,',"\uf\—g —C

.,

]

= R=250hms

Active power filter and

the control unit

Figure 4.5: The system with NL.

A. Balanced grid voltages

Three different nonlinear loads were tested as listed in A1, A2 and A3. This experiment aimed to

evaluate the proposed control system under different nonlinear loads. The results are presented in

tables and figures that follow.

Al. R=25Q

Table 4.2: Magnitudes of the source currents and the PCC voltage without and with the shunt APF.

15| (Arms) W/0 APF

|ls| (Arms) W/ APF

|Vab| (Vims) W/o APF

|Vab | (Vrms) W/ APF

0.7

0.964

17.9

17.8

Table 4.3: THD of the source current and the PCC voltage without and with the shunt APF.

THD of Isw/o APF

THD of Isw/ APF

THD of Vaw/o APF

THD of Vaw/ APF

19.5%

2.66%

4.7%

3.15%

92



Table 4.4: Harmonic analysis of the source current and PCC voltage without and with the shunt APF.

f (Hz) Is w/o APF Is w/ APF Vb W/0 APF Vab W/ APF
180 1.53% 0.39% 0.99% 1.15%
300 18.4% 0.24% 3.63% 0.57%
420 4.29% 0.19% 1.14% 0.37%
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J 15:55:35

Figure 4.6: (a) Vab-pcc @and isp without the shunt APF. (b) Vab-pcc ,isb and im with the shunt APF. (10ms/div)

A2.R=125Q

Table 4.5: Magnitudes of the source currents and the PCC voltage without and with the shunt APF.

Ils| (Arms) W/0 APF

|ls| (Arms) W/ APF

|Vab| (Vims) W/o APF

|Vab | (Vrms) W/ APF

1.3

1.57

17.9

18

Table 4.6: THD of the source current and the PCC voltage without and with the shunt APF.

THD of Isw/o APF

THD of Isw/ APF

THD of Vaw/o APF

THD of Vaw/ APF

19.5%

3%

13%

3.15%
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Table 4.7: Harmonic analysis of the source current and PCC voltage without and with the shunt APF.

f (Hz) Is w/o APF Is w/ APF Vb W/0 APF Vab W/ APF
180 0.09% 0.9% 0.33% 0.82%
300 21.8% 1% 8.11% 0.48%
420 7.1% 0.49% 4% 0.37%
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& RS 2324 2.32 2.30 2.34 2.16m
(b)

Figure 4.7: (a) vab-pcc and isp without the shunt APF (10ms/div). (b) Vab-pec ,isb and is with the shunt APF
(20ms/div).

A3.R=5Q

Table 4.8: Magnitudes of the source currents and the PCC voltage without and with the shunt APF.

|ls| (Arms) W/0 APF

Ils| (Arms) W/ APF

Vab| (Vrms) W/o APF

|Vab | (Vrms) W/ APF

2.94

3.38

18

18

Table 4.9: THD of the source current and the PCC voltage without and with the shunt APF.

THD of Isw/o APF

THD of Isw/ APF

THD of Vaw/o APF

THD of Vaw/ APF

19.5%

4.09%

15%

6.8%
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Table 4.10: Harmonic analysis of the source current and PCC voltage without and with the shunt APF.

f (Hz) Is w/o APF Is w/ APF Vb W/0 APF Vab W/ APF
180 1.1% 1.88% 0.82% 1.1%
300 15% 0.42% 11.1% 1.94%
420 4.22% 0.51% 4.78% 0.99%
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[ = BEEES 10.0 4 ™ 10k points —200ma,
Value Mean Min tax Std Dev 2 Jun 2013
& RS 2.94 4 2.94 2.94 2.94 0.00 15:45:49
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& Frs 3.45 & 3.45 3.45 3.45 .00

Figure 4.8: (a) Vab-pcc and isp without the shunt APF. (b) Vab-pec ,isb With the shunt APF. (10ms/div)

For Test case A, the source currents were almost equal with the shunt APF as shown in
Tables 4.2, 4.5 and 4.8. The THDs of the source currents were small as seen in Tables 4.3, 4.6

and 4.9. Figures 4.6 (b), 4.7 (b) and 4.8 (b) shows the source currents were balanced and

sinusoidal.
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B. Unbalanced magnitudes and phase angles ( V,,= 10.520° Vims, V= 11.52-110° Vims,

VCHZ 13.5,110° Vrms) .

The results were obtained without and with the proposed control system as shown in Tables 4.11,

4.12, and 4.13. The source currents were balanced with a low THD of 3.4%. Figure 4.9 (b) shows

that the source currents were balanced and sinusoidal.

Table 4.11: Magnitudes of the source currents and the PCC voltage without and with the shunt APF.

|1sal, | Isb| (Arms) w/o APF

[sal,|Isb| (Arms) w/ APF

[Vab| (Vrms) W/0 APF | |Vab | (Vrms) W/ APF

0.68, 0.88

1.1,1.19

18.8

18.5

Table 4.12: THD of the source current and the PCC voltage without and with the shunt APF.

THD of Isw/o APF THD of Isw/ APF THD of Vayw/o APF | THD of Vaow/ APF
Min =19.7% 3.66% 4.84% 2.98%
Max= 29%

Table 4.13: Harmonic analysis of the source current and PCC voltage without and with the shunt APF.

f (Hz) Is w/o APF Is w/ APF VapW/0 APF Vap W/ APF

180 Min=12.1% 0.72% 1.2% 1.08%
Max=17.5%

300 Min= 13.8% 0.46% 3.56% 0.59%
Max= 22.6%

420 Min=4.1% 0.41% 1.44% 0.32%
Max=6.71%
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Figure 4.9: (@) Vab-pcc, isa and iso without the filter (10ms/div). (b) Vab-pcc, isa, isb and i with the filter (20ms/div).

As seen from the above tables and figure, the shunt APF was able to eliminate the negative

sequence components from the source currents.

C. Unbalanced grid impedances (Lga~ 100 uH, Lgp ~ 700 pH, Lgc ~ 1000 pH) and voltages

(\_/anZ 10.520° Vrms, vbn: 12.5/-120° Vrms, Vcn: 11.632111.43° Vrms)

The results of the source currents are presented in Tables 4.14, 4.15 and 4.16. The source currents
were balanced with low THD of 3.4%. Figure 4.10 (b) shows that the source current was

sinusoidal.
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Table 4.14: Magnitudes of the source currents and the PCC voltage without and with the shunt APF.

|1sal, | Isb| (Arms) w/o APF

[sal, | Isb| (Arms) w/ APF

[Vab| (Vrms) W/0 APF | |Vab | (Vrms) W/ APF

07,0.9

1.1,1.15

18.4

20

Table 4.15: THD of the source current and the PCC voltage without and with the shunt APF.

THD of Isw/o APF

THD of Isw/ APF

THD of Va, w/o APF

THD of Va, W/ APF

Min=18.4%
Max= 23.1%

3.4%

3.36%

4.74%

Table 4.16: Harmonic analysis of the source current and PCC voltage without and with the shunt APF.

f (Hz) Is w/o APF Is w/ APF VapW/0 APF Vab W/ APF

180 Min=5.9% 0.9% 1.2% 1.39%
Max= 6.6%

300 Min= 15.8% 0.725% 0.68% 3.74%
Max= 21.9%

420 Min= 1.69% 0.54% 0.5% 1%
Max= 5.84%
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Figure 4.10: (@) Vab-pec , isa @and isp without the filter. (b) Vab-pec, isa, isb and iso with the filter. (10ms/div)
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From the above results of Case 1, the nonlinear load with smaller load resulted in a higher
THD as seen in cases Al, A2, and A3. The THD of the source current and the pcc voltage were
decreased sharply. Figures 4.6-4.10 show the source current waveforms and pcc voltage were
corrected to sinusoidal waveforms with the shunt APF. The source current magnitudes were also
close to each other. For balanced and unbalanced grid conditions, the source currents were
balanced sinusoidal when the load was nonlinear.

Case 2: Nonlinear resistive load (25 Q) and balanced linear resistive load (25 Q, 25 Q, 25 Q)

The system with nonlinear and balanced linear loads was investigated under balanced and
unbalanced grid conditions. This case is divided into three divisions based on the grid conditions.

The results are shown in the tables and figures that follow. Figure 4.11 is a diagram for the setup.

IS PCC
-——AP-—-'Wv—fW a = MA—TI-=
N l
r e et 110 2 AT = ole = R-250nme
4] b ]
lsc
oo AT AMA—TIT
Grid impedance C line impedance
Grid Sirulator Lg=300uH L=1mH, R=0.5 Ohms Nonlinear load
V_L-L=18V
< L]
Linear R load
B
BN A e als
B A -

Active power filter and
the control unit

Figure 4.11: The system with nonlinear load and linear load.

A. Balanced grid voltages

Under balanced grid voltages, the source current magnitudes remained balanced with magnitude

of 1.44 Armsas shown in Table 4.17 and Figure 4.12. As shown in Table 4.18, the THD was
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decrease from 14.8% to 2.69%. The amounts of the 5" and 7" harmonic orders were decreased to

less than 1% as shown in Table 4.19.

Table 4.17: Magnitudes of the source currents and the PCC voltage without and with the shunt APF.

||s| (Arms) w/o APF

15| (Ams) W/ APF

|Vab| (Vrms) w/o APF

|Vab | (Vrms) W/ APF

1.08

1.44

18

18.2

Table 4.18: THD of the source current and the PCC voltage without and with the shunt APF.

THD of Isw/o APF

THD of Isw/ APF

THD of Va W/0o APF

THD of Va W/ APF

14.8%

2.69%

6.13%

4.56%

Table 4.19: Harmonic analysis of the source current and PCC voltage without and with the shunt APF.

f (Hz) Is w/o APF Is w/ APF VapW/0 APF Vab W/ APF
180 0.65% 1.26% 0.47% 2.32%
300 13% 0.1% 4.2% 0.73%
420 4.34% 0.25% 2.73% 0.39%
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Figure 4.12: (a) Vab-pcc @and isp without the filter. (b) Vab-pec ,iso and im with the filter. (10ms/div)
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B. Unbalanced grid voltages (V,,= 10.520° Vims, V= 11.52£-110° Vims, Von= 13.52110°

Vrms)

For unbalanced grid voltages, Table 4.20 and Figure 4.13 show that the source current magnitudes

were balanced with a magnitude of about 1.5 Ams. The THD was reduced sharply to 3.59% as

seen in Table 4.21. The amounts of the 3, 5" and 7" harmonic orders were decreased as shown in

Table 4.22.

Table 4.20: The source current magnitudes and the PCC voltage without and with the shunt APF.

“sa‘,“sb‘ (Arms) w/o APF

“sa‘,“sb‘ (Arms) w/ APF

|Vap| (Vims) w/o APF |Vab| (Vrms) W/ APF

1,14

1.53, 1.59

18

17.6

Table 4.21: THD of the source current and the PCC voltage without and with the shunt APF.

THD of Isw/o APF

THD of Isw/ APF

THD of VaW/o APF

THD of Vap W/ APF

Min=19.7%
Max= 29%

3.59%

5.2%

4.16%

Table 4.22: Harmonic analysis of the source current and PCC voltage without and with the shunt APF.

f (Hz) Is w/o APF Is w/ APF VapW/0 APF Vap W/ APF
180 6.52% 1.12% 1.7% 1.32%
300 8.6% 1.96% 4.23% 0.94%
420 4.3% 0.72% 1.3% 0.57%
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Figure 4.13: (a) Vab-pcc, isa and isb without the filter. (b) Vab-pec, Isa, isb and i with the filter. (10ms/div)

C. Unbalanced grid impedances (Lga~ 100 uH, Lgb ~ 700 pH, Lgc ~ 1000 pH) and voltages

(Van=10.520° Vims, Vpn=12.52-120° Vims, V= 11.63.2111.43° Vims)

For unbalanced grid impedances and grid voltages, Table 4.23 and Figure 4.14 show that the source

current magnitudes were nearly equal with a magnitude of about 1.6 Arms. As shown in Table 4.24,

the THD was reduced sharply to 3.59%. The 3", 5" and 7™ harmonic orders amounts were

decreased as shown in Table 4.25.

Table 4.23: The source current magnitudes and the PCC voltage without and with the shunt APF.

||Sa|,||sb| (Arms) W/O APF

||sa|,||sb| (Arms) w/ APF

Vab| (Vims) /o APF

|Vab| (Vrms) W/ APF

11,131

154,16

19.6

19.7
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Table 4.24: THD of the source current and the PCC voltage without and with the shunt APF.

THD of Isw/o APF

THD of Isw/ APF

THD of Va Ww/0o APF

THD of Vap W/ APF

10.3%

3.9%

5.1%

3%

Table 4.25: Harmonic analysis of the source current and PCC voltage without and with the shunt APF.

f (Hz) Is w/o APF Is w/ APF Vb W/0 APF Vab W/ APF
180 3.9% 2% 0.63% 0.6%
300 8.17% 1.14% 3.67% 0.27%
420 3.17% 0.47% 1.16% 0.32%
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Figure 4.14: (a) Vab-pcc , isa and isp without the filter. (b) Vab-pec, Isa, isb and i with the filter. (10ms/div)

The results from Case 2 show that the proposed system was able to maintain sinusoidal

waveforms of the pcc voltage and the source currents. The THDs of the pcc voltage and the source

current were less than 5%. The source current amplitudes have almost equal values. As seen in
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Figures 4.12, 4.13 and 4.14, the source currents were balanced sinusoidal waveforms under

balanced and unbalanced grid conditions with nonlinear and linear balanced loads.

Case 3: Nonlinear resistive load (25 Q) and unbalanced linear resistive loads (12.5 Q, 25 Q, 25
Q)

The system with nonlinear and unbalanced linear loads was investigated under balanced and

unbalanced grid conditions. This case is divided into 3 divisions based on the grid conditions. The

results are shown in tables and figures.
A. Balanced grid voltages

Table 4.26 and Figure 4.15 show that the source current magnitudes were balanced with a
magnitude of about 1.6 Ams. The THD of the source current was reduced from 11.1% to 3.1% as
shown in Table 4.27. The amounts of the 3", 5" and 7™ harmonic orders were decreased sharply

as shown in Table 4.28.

Table 4.26: The source current magnitudes and the PCC voltage without and with the shunt APF.
||sa|,||sb| (Arms) W/O APF ||sa|,||sb| (Arms) W/ APF |Vab| (Vrms) W/O APF |Vab| (Vrms) W/ APF ‘
1.17,1.3 1.55, 1.55 17.9 17.9 \

Table 4.27: THD of the source current and the PCC voltage without and with the shunt APF.
THD of Isw/o APF THD of Isw/ APF THD of Va w/o APF THD of Vap W/ APF
11.1% 3.1% 4.33% 3.75%

Table 4.28: Harmonic analysis of the source current and PCC voltage without and with the shunt APF.

f (Hz) Is w/o APF Is w/ APF VapW/0 APF Vap W/ APF
180 0.33% 0.6% 1.1% 0.78%
300 10.4% 1.1% 3.29% 0.922%
420 3% 0.66% 1.58% 0.342%
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Figure 4.15: (@) Vab-pcec, isa @and isp without the filter. (b) Vab-pec, isa, isb and is with the filter. (10ms/div)

B. Unbalanced grid voltages ( V,,= 10.520° Vims, Vpn= 10.5./-120° Vims, Vo= 142120°

Vrms)

The source current magnitudes were almost equal with magnitude of about 1.7 Armsas shown in

Table 4.29 and Figure 4.16. The THD of the source current was reduced from 13.3% to 4.3% as

shown in Table 4.30. The amounts of the 3", 5" and 7™ harmonic orders were decreased sharply

as shown in Table 4.31.

Table 4.29: The source current magnitudes and the PCC voltage without and with the shunt APF.

||Sa|,||sb| (Arms) W/O APF

||sa|,||sb| (Arms) w/ APF

Vab| (Vims) /o APF

|Vab| (Vrms) W/ APF

122,14

1.69,1.71

18

18
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Table 4.30: THD of the source current and the PCC voltage without and with the shunt APF.

THD of Isw/o APF

THD of Isw/ APF

THD of Va Ww/0o APF

THD of Vap W/ APF

13.3%

4.3%

5%

4.07%

Table 4.31: Harmonic analysis of the source current and PCC voltage without and with the shunt APF.

f (Hz) Is w/o APF Is w/ APF Vb W/0 APF Vab W/ APF
180 4.19% 0.52% 0.06% 1.27%
300 12.1% 1.17% 4.32% 0.86%
420 2.3% 0.438% 1.18% 0.38%
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Figure 4.16: (a) Vab-pcc, isa @and isb without the filter. (b) Vab-pec, isa, isb and s with the filter.

The results of Case 3 show that the waveforms of the source current and the pcc voltage

were sinusoidal for balanced and unbalanced conditions. The THDs of the pcc voltage and the

source current were reduced to less than 5%. The source current magnitudes were nearly equal and
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were considered balanced under balanced and unbalanced grid voltages as shown in Figures 4.15
and 4.16.

Case 4: Balanced linear resistive loads

In this case, the proposed control method was applied to the system shown in Figure 4.17.
The case consists of three divisions A, B and C based on the grid condition. In division A where
the grid voltages were balanced, three different loads were tested in order to examine the
effectiveness of the proposed control method with big and small loads. Divisions B and C show

the results when the grid conditions were unbalanced. The results were obtained with and without

the shunt APF.
PCC
Al AATTT AT A
,1' N sl AMNTIT AT
=4
el AATT AT
Grid impedance line impedance
Grid Simulator Lg=300uH L=1mH, R=0.5 Ohms Linear R load
V_L-L=138V

=\
BV e
AN

Active power filter and
the control unit

Figure 4.17: The system with nonlinear load and linear load.

A. Balanced grid voltages
Al. Ri=R>=R3=25Q

Table 4.32: Magnitudes of the source currents and the PCC voltage without and with the shunt APF.

|ls| (Arms) W/0 APF

Ils| (Arms) W/ APF

Vab | (Vims) /o APF

|Vab | (Vrms) W/ APF

0.425

0.67

18

18

Table 4.33: THD of the source current and the PCC voltage without and with the shunt APF.

THD of Isw/o APF

THD of Isw/ APF

THD of Vaw/o APF

THD of Vaw/ APF

2.15%

3.78%

2.81%

2.85%
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Table 4.34: Harmonic analysis of the source current and PCC voltage without and with the shunt APF.

f (Hz) Is w/o APF Is w/ APF Vb W/0 APF Vab W/ APF

180 1.21% 1.82% 1% 0.8%

300 0.15% 0.09% 0.52% 0.4%

420 0.18% 0.11% 0.4% 0.26%
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 ZANYZNYZN 7NV N7 R

T T R X
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& RS 2,154 215 2.14 216 5.80m

Figure 4.18: (a) Vab-pcc and isp without the filter (10ms/div). (b) Vab-pcc,isb and i with the filter (20ms/div).

A2.R1=R,=R3=10Q

Table 4.35: Magnitudes of the source currents and the PCC voltage without and with the shunt APF.

15| (Arms) W/0 APF

|ls| (Arms) W/ APF

|Vab | (Vrms) W/o APF

|Vab | (Vrms) W/ APF

1

1.28

18

18

Table 4.36: THD of the source current and the PCC voltage without and with the shunt APF.

THD of Isw/o APF

THD of Isw/ APF

THD of Vaw/o APF

THD of Vaw/ APF

1.81%

3%

2.39%

1.9%
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Table 4.37: Harmonic analysis of the source current and PCC voltage without and with the shunt APF.

f (Hz) Is w/o APF Is w/ APF Vb W/0 APF Vab W/ APF
180 0.36% 1.7% 1.1% 0.75%
300 0.9% 0.5% 0.95% 0.43%
420 0.6% 0.26% 0.6% 0.2%
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Figure 4.19: (@) Vab-pec , isa @and isp without the filter. (b) Vab-pec, isa, isb and iso with the filter. (10ms/div)

For the results of division A, the source current magnitudes were almost equal as shown in Tables
4.32 and 4.35 and Figures 4.16 and 4.17. The THDs of the source current were low as shown in
Tables 4.33 and 4.36. The amounts of 3", 5" and 7! harmonic orders were decreased sharply as

shown in Tables 4.34 and 4.37.

B. Unbalanced magnitudes and phase angles (V,,= 10.520° Vims, V= 11.52-110° Vs,

Vcn= 13.5,110° Vrms)
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Table 4.38 and Figure 4.20 show that the source current magnitudes were balanced with a
magnitude of about 1.4 Ams. The THD of the source current was low as shown in Table 4.39. The

amount of the 3", 5™ and 7" harmonic orders were also low as shown in Table 4.40.

Table 4.38: Magnitudes of the source currents and the PCC voltage without and with the shunt APF.

[sal,[Isbl [ lsc| (Arms) w/o
APF

||sa|,||sb| ,||sc| (Arms)
w/ APF

|Vab | (Vrms) w/o APF

|Vab | (Vrms) W/ APF

1.17,0.93,1.26

14,141.4

18

17.6

Table 4.39: THD of the source current and the PCC voltage without and with the shunt APF.

THD of Isw/o APF

THD of Isw/ APF

THD of Va, w/o APF

THD of Va, W/ APF

2.16% 2.83% 2.07% 1.81%
Table 4.40: Harmonic analysis of the source current and PCC voltage without and with the shunt APF.
f (Hz) Is w/o APF Is w/ APF VapW/0 APF Vab W/ APF
180 1.31% 1.42% 1% 0.9%
300 0.9% 0.42% 0.92% 0.44%
420 0.34% 0.35% 0.26% 0.2%
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Figure 4.20: () Vab-pee , isa @and isp without the filter. (b) Vab-pec, isa, isb and iso with the filter. (10ms/div)
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C. Unbalanced grid impedance (Lga~ 100 pH, Lgh » 700 pH, Lgc ~ 1000 pH) and voltages

(\_/an: 10.520° Vrms, Vbn: 12.5,-120° Vrms, vcn: 11.63,111.43¢° Vrms)

For unbalanced grid impedances and grid voltages, Table 4.41 and Figure 4.21 show that the
source current magnitudes were nearly equal with a magnitude of about 1.4 Ams. As shown in
Table 4.42, the THD was reduced sharply to 2.3%. The 3", 5"and 7" harmonic orders amounts

were decreased as shown in Table 4.43.

Table 4.41: Magnitudes of the source currents and the PCC voltage without and with the shunt APF.

1sal,[Isb| | Isc| (Arms) W/O | [lsa],[Isb] |lsc| (Arms) | [Vab | (Vims) W/o APF [Vao | (Vims) W/ APF
APF w/ APF

0.98,1.2,11 1.38,1.4,1.38 19.8 19.7

Table 4.42: THD of the source current and the PCC voltage without and with the shunt APF.

THD of Isw/o APF THD of Isw/ APF THD of Vayw/o APF | THD of Vaow/ APF

2.2% 2.3% 2.4% 2.5%

Table 4.43: Harmonic analysis of the source current and PCC voltage without and with the shunt APF.

f (Hz) Is w/o APF Is w/ APF VapW/0 APF Vab W/ APF
180 0.83% 0.9% 1% 0.6%
300 1.31% 0.23% 1% 0.6%
420 0.8% 0.3% 0.4% 0.33%
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Figure 4.21: (a) Vab-pcc, isa and isb without the filter. (b) Vab-pec, Isa, isb and i with the filter. (10ms/div)

For balanced grid voltages, three sets of balanced loads were used as seen in divisions Al
and A2. The pcc voltages and the source currents remained balanced with very small THD. Under
unbalanced grid conditions, the source currents were balanced as shown in Figures 4.18, 4.19, 4.20
and 4.21. The results of Case 4 show that the source currents were balanced sinusoidal under

balanced and unbalanced conditions.

Case 5: Unbalanced linear resistive loads (25 Q, 10 Q, 10 Q)

The configuration of this case is shown in Figure 4.17. This case consists of three divisions,
which are A, B and C and based on the grid condition. In division A where the grid voltages were

balanced, three different loads were tested in order to examine the effectiveness of the proposed
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control method with big and small loads. Divisions B and C show the results when the grid

conditions were unbalanced. The results were obtained with and without the shunt APF.

A. Balanced grid voltages
Table 4.44 and Figure 4.22 show that the source current magnitudes were balanced with a
magnitude of 1 Amms. The THD of the source current was low as shown in Table 4.45. The amount
of the 3'Y, 5" and 7" harmonic orders were also low as shown in Table 4.46.

Table 4.44: Magnitudes of the source currents and the PCC voltage without and with the shunt APF.
[1sal,|Isb] [1sc| (Arms) W/O | [lsal,[Isb] [lsc| (Arms) | [Vab | (Vims) W/o APF | [Van | (Vims) W/ APF

APF w/ APF
0.54,0.91,0.89 1,0.99,1 18.2 18

Table 4.45: THD of the source current and the PCC voltage without and with the shunt APF.
THD of Isw/o APF THD of Isw/ APF THD of Vi w/o APF THD of Vap W/ APF
2.44% 3% 2.53% 3%

Table 4.46: Harmonic analysis of the source current and PCC voltage without and with the shunt APF.

f (Hz) Is w/o APF Is w/ APF Vab W/0 APF Vab W/ APF
180 1.84% 1.66% 1.37% 0.77%
300 0.64% 0.57% 0.86% 0.8%
420 0.36% 0.24% 0.23% 0.42%
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Figure 4.22: (a) Vab-pcc , isa and isb without the filter. (b) Vab-pec, Isa, isb and i with the filter. (10ms/div)

B. Unbalanced grid impedance (Lga~ 100 pH, Lgo~ 700 puH, Lgc ~ 1000 pH) and voltages

(van: 10.520° Vrms, vbn: 12.5,-120° Vrms, vcn: 11.63,111.43¢° Vrms)

Table 4.47 and Figure 4.23 (b) show that the source current magnitudes were balanced with a
magnitude of about 1.2 Arms. The THD of the source current was low as shown in Table 4.48. The

amount of the 3™ 5™ and 7" harmonic orders were also low as shown in Table 4.49.

Table 4.47: Magnitudes of the source currents and the PCC voltage without and with the shunt APF.
[Isa),|Isb| ,|1sc| (Arms) W/O | [Isa|,|Isb] [Isc] (Arms) | [Vab | (Vrms) W/o APF [Vab | (Vims) W/ APF
APF w/ APF
0.51,1.13,1.18 1.15,1.2,1.18 18.1 17.8
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Table 4.48: THD of the source current and the PCC voltage without and with the shunt APF.

THD of Isw/o APF

THD of Isw/ APF

THD of Va Ww/0o APF

THD of Vap W/ APF

2.77%

2.39%

2.39%

2.77%

Table 4.49: Harmonic analysis of the source current and PCC voltage without and with the shunt APF.

dI/dt

f (Hz) Is w/o APF Is w/ APF Vb W/0 APF Vab W/ APF
180 2.29% 0.82% 1.36% 0.87%
300 0.72% 0.54% 0.63% 0.42%
420 0.2% 0.51% 0.27% 0.2%
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Figure 4.23: (@) Vab-pec , isa @and isp without the filter. (b) Vab-pec, isa, isb and iso with the filter. (10ms/div)

For Case 5, unbalanced loads were tested under balanced and unbalanced grid conditions.

Balanced source currents were obtained under all conditions. The THDs of the source currents
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were less than 5%. Therefore, the shunt APF with the proposed control system operates effectively

with unbalanced loads under balanced and unbalanced grid conditions.

Power factor analysis

The power factor (pf) was determined by the Tektronix oscilloscope to evaluate the
performance of the shunt APF. It was determined for three load conditions and two grid voltage
conditions. In all cases, the pf was almost unity when the proposed shunt APF was operating. The

results are presented in Tables 4.50, 4.51, and 4.52.

Table 4.50: Power factor with balanced linear loads.

Balanced grid voltages Unbalanced grid voltages
Without the With the Without the With the
Shunt APF Shunt APF Shunt APF Shunt APF

0.988 0.99 0.993 0.993

Table 4.51: Power factor with unbalanced linear loads.

Balanced grid voltages

Unbalanced grid voltages

Without the With the Without the With the
Shunt APF Shunt APF Shunt APF Shunt APF
0.993 0.992 0.992 0.991

Table 4.52: Power factor with nonlinear load.

Balanced grid voltages

Unbalanced grid voltages

Without the With the Without the With the
Shunt APF Shunt APF Shunt APF Shunt APF
0.915 0.99 0.92 0.973

4.2.1 Summary

The proposed control method was applied to a system with different operating conditions.
The experimental results have shown that the shunt APF with the proposed control method was
able to inject three phase currents in order to cancel the unwanted components from the source
currents. For all conditions, the source currents were balanced and had a very small THD value.

The pcc voltages were maintained sinusoidal when the load was nonlinear. The power factor
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achieved almost unity in all cases and conditions. The experimental results validated the simulation
results. Therefore, the proposed control method is an effective control method for balanced and

unbalanced power system conditions with the presence of harmonics.

4.3 Investigation of the proposed control method under frequency deviation

The purpose of this study was to test the response of the shunt APF with the proposed
control method when the system frequency deviates from the nominal system frequency under
balanced and unbalanced power system conditions. The system configuration is shown in Figure
4.17. For the study of the control methods, the frequency was set to five different values 58 Hz,
59 Hz, 60 Hz, 61 Hz and 62 Hz. For the frequency detection method, the frequency was selected
as 40 Hz, 50 Hz, 60 Hz and 70 Hz. Three sets of results are presented to study and analyze the
control system under system frequency variations. The proposed control method in the previous
section was tested when the system frequency changed. The performance of utilizing the proposed
system was determined by the magnitude of the source currents and the THD of the source
currents. The results of the proposed frequency detection method was then provided. Finally, the
study of the proposed frequency adaptive control method was presented in order to develop the

performance of the shunt APF under a change of the system frequency.

4.3.1 Results of the proposed control method under frequency change

The results were obtained with and without the shunt APF to detect the response of the
proposed control system under the frequency deviation. The system was evaluated under balanced
and unbalanced conditions. The experimental system parameters are shown in Table 4.1. The
unbalanced conditions include ULL (three unequal resistors as 25 Q, 10 Q, and 10 Q) and

unbalanced grid voltages which are V,,=14.20° Vims, Vyn=11./-110° Vims, Vo= 10.5.2110° Vims.
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Table 4.53: Experimental results from changing the frequency without the shunt APF.

System Without the shunt APF
condition f(Hz) |1sal, | Isb ,|1sc| (Arms) THDo
Balanced 58 1,1,1 2,2,2

system 59 1,1, 1 2,2,2

60 1,1,1 2,2,2

61 1,1,1 2,2,2

62 1,1,1 2,2,2

Unbalanced 58 0.56,1,1 2,2,2
system 59 0.56,1,1 2,2,2
60 0.56,1,1 2,2,2

61 0.56,1,1 2,2,2

62 0.56,1, 1 2,2,2

Table 4.54: Experimental results from changing the frequency with the shunt APF.

System With the shunt APF

condition f (Hz) sal,|1sb] [Isc| (Arms) THDy
Balanced 58 1.33,1.26,1.24 15,14,15
system 59 1.34,1.3,1.27 15,14,15
60 1.33,1.33,1.33 14,15,15
61 1.3,1.34,1.26 14,14,15
62 1.27,1.33,1.25 1.7,18,1.6
Unbalanced 58 1.17,1.12, 1.05 14,13, 1.4
system 59 1.18,1.15,1.12 14,1.6,1.6
60 1.18,1.17,1.17 14,16,15
61 1.16, 1.18,1.13 14,1.7,1.8
62 1.13,1.16,1 1.3,1.7,1.8
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®)
For balanced system at =58 Hz, (a) Vab-pcc and isp
without the shunt APF. (b) Vab-pec and ish with the
shunt APF.
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For unbalanced system at =58 Hz, (&) Vab-pce, isaand
iso without the shunt APF. (b) Vab-pcc, isa@nd iso with
the shunt APF.

(b)
For balanced system at =59 Hz, (a) Vab-pcc and isp
without the shunt APF. (b) Vab-pec and isb With the
shunt APF.
Figure 4.24: Experimental results without and with the proposed control method for 58 Hz and 59 Hz when
the system is balanced and unbalanced.

(b)

For unbalanced system at =59 Hz, (a) Vab-pce, isaand
iso without the shunt APF. (b) Vab-pcc, isaand is» with
the shunt APF.
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For unbalanced system at f=61 Hz, (a) Vab-pcc, isaand
iso without the shunt APF. (b) Vab-pcc, isaand iso with
the shunt APF.
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shunt APF.

Figure 4.25: Experimental results without and with the proposed control method for 61 Hz and 62 Hz when
the system is balanced and unbalanced.
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The experimental results show that the shunt APF with the proposed control method
maintained sinusoidal currents as the frequency changes as shown in Figures 4.24 and 4.25. The
source currents were almost balanced source currents under balanced and unbalanced power
system conditions. However, the differences between the magnitudes of the source currents were
enlarged as the frequency deviation increased as seen in Table 4.54. The THDs increased as the
frequency deviation increased as shown in Table 4.53. Based on the above results the shunt APF
shows acceptable performance under frequency variations, but it does not change the system
frequency to the desired frequency of 60 Hz. The frequency fluctuated between the system

frequency and the control system frequency.

4.3.2 Results of the proposed frequency detection method

The proposed frequency detection method was evaluated in software and in hardware. It
employed a three-phase AC source. The frequency is set initially at 40 Hz. It was increased by 10
Hz until it reaches 70 Hz. The simulation is executed in 4 seconds where the frequency increases
10 Hz each second. The experimental results were obtained by increasing the source frequency
manually by 10 Hz. The simulation and experimental outputs are shown in Figure 4.26. It can be
seen from the results that the proposed detection method works properly. The response time of this

method to the frequency change is about 0.2 sec.
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Figure 4.26: Experimental result of measuring the system frequency using the proposed frequency detection

method.

4.3.3 Experimental results of the proposed frequency adaptive control method

The performance of the proposed frequency adaptive control method with the shunt APF

can be determined from the experimental results. The experimental results are shown in Table 4.55

and Figures 4.27 and 4.28.

Table 4.55: Experimental results for the magnitude and the THD of the source current.

f(HZ) ||s| (Arms) THDy,
58 1.31,1.33,1.33 2,2,2
Balanced 59 1.32,1.33,1.32 2,2,2
system 60 1.33,1.33,1.33 2,2,2
61 1.33,1.32,1.32 21,21,2.1
62 1.33,1.31,1.33 2,2,2
58 1.18,1.17,1.16 2,2.2,2.4
Unbalanced 59 1.18,1.18,1.17 2.2,21,2.2
system 60 1.18,1.17,1.17 2,2,2
61 117,1.17,1.17 19,22,2.2
62 1.16,1.17,1.17 2,2.1,2
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Figure 4.27: Experimental results of the proposed frequency adaptive control system for 58 Hz, 59 Hz, and 60
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Figure 4.28: Experimental results of the proposed frequency adaptive control system for 61 Hz and 62 Hz.

The experimental results show that the shunt APF injected currents that eliminate the
negative sequence components from currents as the frequency changes. The source currents were
almost balanced under balanced and unbalanced power system conditions. The THDs were low

for all cases. The shunt APF shows appropriate performance under frequency change.

4.4 Experimental Study of the Proposed Sensoless Control Method
The proposed sensorless control method was investigated for different power system
conditions. Several experimental tests were undertaken to determine its performance. The outputs

of the source currents were observed and analyzed to evaluate the feasibility of this method.

The experimental study was executed in several tests. These tests were undertaken under

several conditions of the grid voltages and the loads. The loads have three conditions that are BLL,
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ULL, and NL. The BLL consists of three 25 Q resistors. The combination of the ULL is three
unequal resistors of 25 Q, 12.5 Q, and 25 Q. The NL has a resistor with a value of 25 Q.
Additionally, each load condition is tested under two grid conditions that are balanced grid
voltages, where the magnitude of each phase is 10.5 Vims, and unbalanced grid voltages which are
V,n=10.520° Vims, Vipn= 11.52-110° Vims, Vo= 13.52110° Vims. The performance of the shunt

APF was determined from the THD, the magnitudes of the source currents, and the power factor

(pf).

System with Linear resistive loads:

A. Balanced loads

For balanced loads, the source currents were balanced with the shunt APF as shown in Table 4.56.
Table 4.57 shows low THD of the source current with the shunt APF. The amount of 3™, 5" and
7" harmonic orders were acceptable as shown in Table 4.58. The power factor was also found as
shown in Table 4.59. The power factor was almost unity with the shunt APF. Figures 4.29 and
4.30 show that the waveforms for the source currents were balanced and sinusoidal under balanced

and unbalanced grid voltages.

Table 4.56: Magnitudes of the source currents without and with the shunt APF

Balanced grid voltages Unbalanced grid voltages
[1sa],| Isb|,| Isc]| (Arms) [1sa],| Isb|, | Isc| (Arms) W/ [1sa],| Isb|,| Isc| (Ams) wio [1sa],| Isb|,| Isc| (Arms) W/
w/o shunt APF shunt APF shunt APF shunt APF
0.42,0.42,0.42 1,1,1 0.39, 0.49, 0.52 11,11,1.2

Table 4.57: THD of Is without and with the shunt APF.

Balanced grid voltages Unbalanced grid voltages
THD w/o shunt THD w/ shunt THD w/oshunt | THD w/ shunt
APF APF APF APF
3.33% 2.72% 3.4% 3.68%
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Table 4.58: Harmonic analysis of the source current without and with the shunt APF.

Balanced grid voltages Unbalanced grid voltages
f(Hz) | % of fundamental % of fundamental | % of fundamental | % of fundamental
w/o shunt APF w/ shunt APF w/o shunt APF w/ shunt APF
180 1.66% 1.25% 1.46% 2.16%
300 0.67% 1.07% 0.8% 0.6%
420 0.43% 0.1% 0.18% 0.47%

Table 4.59: Power factor without and with the shunt APF

Balanced grid voltages Unbalanced grid voltages
Without shunt . Without shunt With shunt
APF With shunt APF APF APE
0.993 0.99 0.996 0.994
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Figure 4.29: For balanced voltages: (a) Von-pec isa and iss without the shunt APF. (b) Von-pec ,isa @and isp with the
shunt APF. (10ms/div)
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Figure 4.30: For unbalanced voltages: (a) Vbn-pec isa and isp without the shunt APF. (b) Vbn-pec ,isa @nd isb with the
shunt APF. (10ms/div)

B. Unbalanced loads

For unbalanced loads, the source current magnitudes were nearly equal with the shunt APF as

shown in Table 4.60. Table 4.61 shows low THD of the source current with the shunt APF. The

amount of 3, 5" and 7™ harmonic orders were acceptable as shown in Table 4.62. The power

factor was almost unity with the shunt APF as shown in Table 4.63. The waveforms the source

currents were balanced and sinusoidal under balanced and unbalanced grid voltages as seen in

Figures 4.31 and 4.32.
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Table 4.60: Magnitudes of the source currents with and without the shunt APF

Balanced grid voltages

Unbalanced grid voltages

||sa|,||sb|,||sc| (Arms)

||Sa|v||5b|1||sc| (Arms) w/

||Sa|’||5b|,|lsc| (Arms) w/o

||Sa|’||5b|,|lsc| (Arms) w/

w/o shunt APF shunt APF shunt APF shunt APF
0.48, 0.62, 0.47 1.1,1.1,1 0.45,0.72, 0.61 1.2,1.1,1.2
Table 4.61: THD of Is without and with the shunt APF.
Balanced grid voltages Unbalanced grid voltages
THD w/o shunt THD w/ shunt THD wi/o shunt THD w/ shunt
APF APF APF APF
2.85% 3.26% 2.49% 2.61%

Table 4.62: Harmonic analysis of the source current without and with the shunt APF.

Balanced grid voltages

Unbalanced grid voltages

f(Hz) | % of fundamental % of fundamental | % of fundamental | % of fundamental
w/0 shunt APF w/ shunt APF w/o shunt APF w/ shunt APF

180 1.13% 2% 0.618% 0.36%

300 0.74% 0.94% 0.48% 1.1%

420 0.62% 0.51% 0.35% 0.9%

Table 4.63: Power factor without and with the shunt APF

Balanced grid voltages Unbalanced grid voltages
Without shunt With shunt Without shunt With shunt

APF APF APF APF

0.994 0.995 0.996 0.997
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Figure 4.31: For balanced voltages: (a) Vbn-pcc isa and iss without the shunt APF. (b) Vbn-pec,isa @and isb with the
shunt APF. (10ms/div)
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Figure 4.32: For unbalanced voltages: (a) Vbn-pcc isa and isp without the shunt APF. (b) Vbn-pec ,isa @nd isb with the
shunt APF. (10ms/div)

System with nonlinear load:

The source current magnitudes were balanced with the shunt APF and nonlinear load as shown in
Table 4.64. The THD of the source current with the shunt APF was low as shown in Table 4.65.
The 3, 5" and 7" harmonics were satisfactory as shown in Table 4.66. The power factors were
about 0.98 under balanced and unbalanced grid voltages with the shunt APF as shown in Table
4.67. The waveforms for the source currents were balanced and sinusoidal under balanced and

unbalanced grid voltages as seen in Figures 4.33 and 4.34.
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Table 4.64: Magnitudes of the source currents with and without the shunt APF

Balanced grid voltages

Unbalanced

grid voltages

||sa|,||sb|,||sc| (Arms)
w/o shunt APF

||Sa|v||5b|1||sc| (Arms) w/
shunt APF

||Sa|’||5b|,|lsc| (Arms) w/o

shunt APF

||Sa|’||5b|,|lsc| (Arms) w/
shunt APF

0.67, 0.67, 0.67

1,11

0.67,0.79, 0.86

1.1,1.1,1.05

Table 4.65: THD of Is without and with the shunt APF.

Balanced grid voltages

Unbalanced grid voltages

THD w/o shunt THD w/ shunt THD w/o shunt THD w/ shunt
APF APF APF APF
18.6% 4.96% 20.4% 5.13%

Table 4.66: Harmonic analysis of the source current without and with the shunt APF.

Balanced grid voltages Unbalanced grid voltages
f(Hz) | % of fundamental % of fundamental | % of fundamental | % of fundamental
w/o shunt APF w/ shunt APF w/o shunt APF w/ shunt APF
180 0.94% 1.79% 11.3% 2.17%
300 17.4% 2.47% 15% 2.98%
420 5.26% 1.27% 6.74% 1.37%

Table 4.67: Power factor without and with the shunt APF

Balanced grid voltages Unbalanced grid voltages
Without shunt With shunt Without shunt With shunt

APF APF APF APF

0.92 0.98 0.912 0.977
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Figure 4.33: For balanced voltages: (a) Vbn-pcc isa and iss without the shunt APF. (b) Vbn-pec,isa @and isb with the
shunt APF. (10ms/div)
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Figure 4.34: For unbalanced voltages: (a) Vbn-pcc isa and isp without the shunt APF. (b) Vbn-pec ,isa @and iso with the

shunt APF. (10ms/div)

The experimental results show that the harmonics in the source current have been reduced.

Under different grid voltage and load conditions, the THD of the source current was satisfactory.

The magnitudes of the source currents were balanced with low UB ratio under unbalanced

conditions of the source voltage and loads. The power factor was almost unity for all cases. For

that, the shunt APF with the proposed sensorless control method operated suitably under different

power system conditions.
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4.4.1 Summary

The proposed PCC voltage sensorless control method was employed to eliminate the power
quality problems related to the source currents. Experimental results have shown that the filtered
source currents had balanced sinusoidal waveforms. For all conditions, the source currents had a
THD value less than 5%. The magnitudes of the source currents were nearly balanced. The
harmonics in the PCC voltages were also eliminated when the load is nonlinear. The experimental
results validate the simulation results. Therefore, the proposed control method is a suitable control

method for balanced and unbalanced power system conditions with the presence of harmonics.
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CHAPTER 5: FUTURE PLAN AND CONCLUSION

5.1 Conclusion

The increase of power electronics devices on the grid and the variable nature of the loads
can lead to serious disturbances on power system. Passive and active filters are used to solve power
quality problems, especially harmonics. With the increase of the number of the harmonic orders,
passive filters are insufficient solutions because of their large size, resonance, and fixed
compensation behaviors. Active power filters have been employed because they are adjustable
with the system conditions in terms of harmonic elimination and reactive power compensation. A
proper and suitable control system of shunt APFs are very important to eliminate power quality

problems related to source current.

Among several control methods, instantaneous reactive power theory (IRPT) is a well-
known method in the field of controlling shunt APFs. It has a suitable performance and a simple
implementation. But, it has poor performance under unbalanced power system conditions.
Moreover, the extraction of the positive sequence components and negative sequence components
has an important role in the control system of shunt APF. Traditionally, low-pass filters (LPF),
high-pass filters (HPF), and a phase-locked loop (PLL) are used for extracting the harmonic
components. However, these devices cause some issues which degrade the performance of the

control system.

The main purpose of this research is to design and build a control system that is able to
operate properly under balanced and unbalanced power system conditions with and without the
presence of the harmonics. For that, a new positive and negative sequence components filter was

designed and analyzed. It is intended to separate the positive sequence components from three-
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phase gquantities under any power system conditions. This filter produces balanced three-phase
quantities, which are utilized with IRPT. This allows the elimination of other types of filters and
PLL. Algorithm analyses demonstrated the operation of the control system. The simulation and
experimental results show that the source currents were balanced and sinusoidal under ideal and
non-ideal power system conditions. For that, the shunt APF with the proposed control system has
been successfully demonstrated. Additionally, the control system was tested under different values
of the system frequency. The results show that the control system was able to handle different
values of the frequency. The differences between the source current magnitudes increased as the
frequency deviation increased. The frequency of the source currents under frequency deviation

followed the system frequency not the filter frequency, which is 60 Hz.

The consideration of the system frequency in controlling shunt APFs is important to
guarantee suitable operation and synchronization of APFs. Variations in the frequency could cause
adverse impacts to the control system and the power system. Therefore, these variations should be
controlled in order to obtain stable and proper performance of the system. A frequency detection
technique with the proposed filter was evaluated in simulation and in experiment. It shows its
ability to measure the frequency with a wide range. Then, it was added to the proposed control
system in order to overcome the issues of the frequency variations. The simulation results show
the new control system adapted the system frequency. From the experimental results, the frequency
of the proposed filter was adjusted to be similar to the system frequency. The results show effective

operation under frequency change.

Conventional control systems require information of the voltage magnitude and phase.
However, some control techniques can be mathematically modified that allows reducing or

eliminating a number of sensors. Therefore, it is possible to perform sensorless control systems.
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This can offer some advantages such as eliminating sensor offset, resolution limitation and sensor
noise, robustness against sensor failures, improving the system reliability and lowering the costs.
For that, a voltage sensorless control method was proposed in this thesis. It is purposed to generate
the reference current signals without sensing the grid voltages. It is mainly depends on the
proposed positive and negative sequence filter to generated the reference signals. The simulation
and experimental results show that this method is compatible under different power system
condition.

The results show that the proposed control techniques operate suitbly under ideal and non-
ideal grid and load conditions. The following points summarize the operation of the proposed
techniques:

e Generating the fundamental components by extracting the positive sequence in any grid or
load conditions.

e Generating the negative sequence components to balance the source currents and to
compensate for the harmonics.

e Generating the reactive components to compensate for the reactive power.

e No need for PLL.

e No dq transformation needed.

e Adequate performance in steady state and in transient.

e No phase delay at fundamental frequency.

e Reducing the calculations greatly.

e Easy to implement in digital controllers.
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5.2 Future Plan

The research and work in this dissertation have given new ideas for future work regarding
power quality problems and controlling APFs. Future research can be performed in the following
areas:

e Comparing the performance of available positive sequence components detection and
reference signal generation methods with the proposed sequence component detection and
control method.

e Applying the proposed control system to a renewable energy system such as a PV system.

e Investigating the operation of the proposed control system in a weak grid.

e Estimating voltage of sensorless control.

e Applying the proposed filter to different control strategies.

e Investigating the work of the proposed control with some modifications for series APFs.

e Applying other frequency detection techniques to the proposed control system for

comparison purposes.
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