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Abstract
During the past two decades, active power filters have increasingly grown their popularity as a
viable method for improving electric power quality. The main reasons for this have been the advent
of fast self-commutating solid-state devices, the progression of digital technology and the improved
sensor technology. Four-wire active power filters provide an efficient solution for improving the
quality of supply in grounded three-phase systems or three-phase systems with neutral conductors,
which are commonly used for powering residential, office and public buildings. Four-wire active
power filters are applicable in compensating current harmonics, reactive power, neutral current and
load phase imbalance.
This thesis presents a comparative study of microcontroller controlled four-wire voltage and current
source shunt active power filters. The study includes two voltage source topologies and a current
source topology with two different dc-link energy storage structures, which are compared on the
basis of their filtering properties, filtering performance and efficiency. The obtained results are used
for determining the suitability of current source technology for four-wire active power filtering and
finding the most viable four-wire shunt active power filter topology.
One commonly recognized disadvantage of the current source active power filter has always been
the bulky dc-link inductor. To reduce the size of the dc-link inductor, an alternative dc-link
structure for current source active power filters was introduced in the late 80’s. The hybrid energy
storage consists of both inductive and capacitive energy storage elements, two diodes and two
controllable semiconductor switching devices. Since the capacitive element is used as a main
storage unit, the inductance of the dc-link inductor can be considerably reduced. However, the
original dc current control method proposed is not able to utilize the full potential of the hybrid
energy storage and the inductance required in the dc-link is still quite large. To solve the problem,
this thesis presents an enhanced dc current control method for the hybrid energy storage that makes
it possible to minimize the inductance of the dc-link inductor. The performance of the proposed
method is experimentally verified by applying it to the four-wire current source active power filter
topology.
The results show that all topologies included in the study have good filtering performance, but the
efficiency of the voltage source topologies is much better than that of the current source topology
with conventional dc-link structure. However, by using the hybrid energy storage and the enhanced
dc current control method, the efficiency of the four-wire current source active power filter can be
improved to be close to the efficiency of the voltage source topologies. Nevertheless, all things
considered, the voltage source topologies are found to be the most suitable for four-wire active
power filtering.
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Introduction

The proliferation of power electronic systems and loads has given rise to various problems related
to harmonic pollution in power systems, e.g. voltage waveform distortion, overheating of
components and equipment, voltage flicker, errors in metering, and interference with
communication and control signals. The most common method to convert line frequency ac into dc
is to use a line-frequency diode rectifier. Diode rectifiers are used to interface with both singlephase and three-phase utility voltages, and therefore they can be found in both residential and
industrial applications. A single low-power diode rectifier produces a negligible amount of
harmonic current compared to the system total current, but multiple low-power diode rectifiers can
inject a significant amount of harmonics into the power distribution system. [1],[2]
Three-phase four-wire power distribution systems are commonly used for powering residential,
office and public buildings. Typical loads connected to these systems are low-power single-phase
office and consumer electronics equipment, such as personal computers, uninterruptible power
supplies, space heaters, air conditioners and high-frequency fluorescent lamps. The current drawn
from the supply by these nonlinear loads is usually highly distorted. Due to the line-to-neutral
connected loads, the three-phase four-wire systems have unique problems compared to the threephase three-wire systems. The typical current of line-to-neutral connected power supplies is very
rich in triplen harmonics. In three-phase circuits the triplen harmonic currents are in phase with
each other and thus rather add than cancel in the neutral wire. Excessive neutral currents are
potentially damaging to both the neutral conductor and the transformer to which it is connected.
[3],[4],[5]
To maintain good power quality, various national and international agencies have released
standards and guidelines that specify limits on the magnitudes of harmonic currents and harmonic
voltage distortion at various harmonic frequencies. Standard IEC 61000-3-2 [6] specifies limits of
harmonic components of the input current which may be produced by electrical and electronic
equipment having an input current up to and including 16 A per phase, and intended to be
connected to public low-voltage distribution system. Correspondingly, technical report IEC 610003-4 [7] gives the recommendations for electrical and electronic equipment with a rated input current
exceeding 16 A per phase and intended to be connected to public low-voltage distribution system.
In addition, the Institute of Electrical and Electronics Engineers, Inc. has released their guide
IEEE Std 519-1992 [8] which has also been approved by the American National Standards Institute
(ANSI). This guide contains recommended practices and requirements for harmonic control in
electric power systems which are specified both on the user as well as on the utility.
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1.1

Solutions for Harmonic and Neutral Current Compensation

A traditional solution for compensating harmonic current components produced by nonlinear loads
is to use passive harmonic filters. In general, passive harmonic filters are shunt filters because they
are connected in parallel with the power system and provide low impedance paths to ground for
currents at one or more harmonic frequencies. Shunt filters may be divided into three basic
categories, which are single-tuned filters, multiple-tuned (usually limited to double-tuned) filters
and damped filters. The single-tuned and double-tuned filters are usually used for filtering specific
frequencies, while the damped filters are used for filtering a wide range of frequencies. However,
the use of passive filters for harmonic reduction may result in parallel resonances with the network
impedance, overcompensation of reactive power at fundamental frequency, and poor flexibility for
dynamic compensation of different frequency harmonic components. Moreover, passive filters are
typically large in size and their tuned frequency is subject to variations due to the temperature
sensitivity and the tolerance of the passive components. [9]
As mentioned before, in four-wire power distribution systems in addition to harmonic pollution,
there is a concern for excessive neutral currents, which may cause neutral conductor overheating.
Under worst case conditions, the rms value of the neutral current may be close to double the rms
value of the phase current [4]. Since the ampacity of the neutral conductor is typically either equal
or smaller than that of the phase conductor, problems may occur. This problem can be solved by
increasing the ampacity of the neutral conductor, through filtering (active or passive), or by using a
zigzag transformer [10],[11],[12]. In addition, a solution that uses a combination of a zero-blocking
transformer and a zero-passing transformer to minimize the zero-sequence currents in four-wire
power distribution systems is proposed in [13].
The increased severity of harmonic pollution in power distribution systems has attracted the
attention of power electronics and power system engineers to develop dynamic and adjustable
solutions to the power quality problems. Such equipment is generally known as active filters, but
they are also referred to as active power filters (APF), active power line conditioners, or active
power quality conditioners. Their basic operating principles were firmly established in the 1970’s,
but deeper interest in active power filters has been spurred by the advent of fast self-commutating
solid-state devices and the progression of digital technology, such as microprocessors,
microcontrollers, digital signal processors (DSP), field-programmable gate arrays (FPGA) and
analog-to-digital (A/D) converters. With the introduction of insulated-gate bipolar transistors
(IGBT), the active power filter technology got a real boost and, at present, they are considered to be
ideal solid-state devices for active power filters. The improved sensor technology has also
contributed to the enhanced performance of active power filters. The availability of Hall-effect
sensors and isolation amplifiers at reasonable cost and with adequate ratings has been important for
the progression of active power filters. [14],[15]
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Active Power Filter Topologies

Modern active power filters are superior in filtering performance, smaller in physical size, and more
flexible in application compared to traditional passive harmonic filters based on capacitors,
inductors and resistors. However, the active power filters are slightly inferior in cost and efficiency
compared to the passive filters, even at present. The active power filters are basically categorized
into single-phase active power filters, three-phase three-wire active power filters, and three-phase
four-wire active power filters. Like the passive filters, the active power filters can be used as shunt
filters, series filters, or as a combination of these. A shunt active power filter is connected in parallel
with the load and a series active power filter in series with the load through a transformer. The
shunt active power filter acts as a controllable current source and is most suitable for compensating
harmonic currents produced by a nonlinear load that can be considered as a harmonic current
source, such as a diode or thyristor rectifier with an inductive dc load. Unlike the shunt active
power filter, the series active power filter acts as a controllable voltage source, which makes it
suitable for compensation of a harmonic voltage source, such as a diode rectifier with a capacitive
dc load. When active power filters are used together with passive harmonic filters, they are referred
to as hybrid active power filters. The combination of the active power filter and one or more passive
harmonic filters makes it possible to significantly reduce the power rating of the active power filter.
Thus, the hybrid active power filters are very attractive in harmonic filtering from both viability and
economical points of view, especially for high-power applications. [2],[14]
There are basically two types of power circuits applicable for active power filters: a voltage source
converter and a current source converter [14]. The voltage source shunt active power filter
(VSAPF) is shown in Fig. 1.1 and the current source shunt active power filter (CSAPF) in Fig. 1.2.
In Figs. 1.1 and 1.2, a nonlinear load consisting of a diode rectifier and a commutation inductor
Lsmooth is connected to the point of common coupling (PCC) of the power distribution system. The
system is supplied by the voltage source Us. Inductance Ls represents a simplified equivalent
inductance of the power system existing upstream of the PCC. Due to the load nonlinearity, the load
current il is distorted, i.e. it contains other harmonic components in addition to the fundamental.
Without the active power filter connected, the supply current is equals il and is therefore also
distorted. As a result, the supply current distortion reflects on the voltage at the PCC through the

Fig. 1.1. Voltage source shunt active power filter.

Fig. 1.2. Current source shunt active power filter.
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supply inductance Ls. The distorted voltage may cause problems in other equipment connected to
the PCC. The task of the shunt active power filter is to draw the compensating current isf from the
supply so that it cancels the harmonic components in the load current il [2]. Thus, during the
operation of the active power filter, the supply current only contains the fundamental component.
Moreover, in addition to harmonic compensation, shunt active power filters may also be used for
reactive power compensation and load balancing.
The voltage source shunt active power filter consists of a voltage source converter bridge, a dc
capacitor, and a supply filter [Fig. 1.1]. The dc capacitor acts as an energy storage where the energy
needed for the harmonic compensation is stored. The purpose of the converter bridge is to produce
ac voltages by utilizing the voltage of the dc capacitor so that the desired compensating current can
be drawn through the supply filter. Nowadays, the control of the power converters is carried out
using the pulse width modulation (PWM) methods. The availability of the controllable
semiconductor switching devices with fast switching capability has made it possible to use high
modulation frequencies in inverters and rectifiers. The PWM converter of the active power filter
should have a high modulation frequency in order to accurately produce the compensating current
and to attain wide compensating bandwidth. Furthermore, since the PWM converters generate
undesirable current harmonics around the modulation frequency and its multiples [1], it is easier to
filter out these undesirable current harmonics with a passive filter if the modulation frequency is
high.
The supply filter of the voltage source active power filter is typically either a first-order L type or a
third-order LCL type low-pass filter as in Fig. 1.1. The supply filter makes it possible to control the
active power filter current as well as filters out the aforementioned undesirable current harmonics
generated by the PWM. However, in practice the first-order L type supply filter cannot usually
provide sufficient attenuation for the modulation frequency current harmonics and thus the LCL
type supply filter is commonly used and in most cases required.
As shown in Fig. 1.2, the main circuit of the current source shunt active power filter consists of a
current source PWM converter bridge, a dc inductor, and a second-order LC type supply filter
[16],[17],[18]. The current source active power filter utilizes the dc inductor as an energy storage
element instead of a dc capacitor. The operating principle of the current source shunt active power
filter is similar to that of the voltage source active power filter. However, in this case the
compensating current can be directly produced by pulse width modulating the dc current flowing
through the dc inductor. The supply filter is used for attenuating the modulation frequency current
harmonics from the compensating current. At present, the voltage source active power filter is
considered more favorable than the current source active power filter in terms of cost, physical size,
and efficiency [14]. The advantages of the current source active power filter generally include a
compact supply filter, good reliability and fault tolerance, fast and accurate ac current control, and a

Introduction

5

simple overcurrent protection [19],[20],[21]. The characteristics and performance of the three-wire
shunt voltage source and current source active power filters are compared in [21] and [22].
Active power filters have been investigated for over 30 years now. The single-phase active power
filters were introduced at the beginning of 1970’s and the three-phase active power filters a few
years later [15]. Since that time, many main circuit configurations and control methods have been
introduced and developed to date. Control is a very important part of active power filtering.
Especially the accuracy of the compensating current reference is a very significant factor
considering the filtering performance. A typical method to control a shunt active power filter is to
use load current feedforward connection based control. In that method, the instantaneous load
current is first measured and the harmonics are then extracted from it. The reference value for the
compensating current is obtained by making a phase shift of 180 degrees for the extracted
harmonics. The extraction of harmonics can be done using various methods utilizing e.g. the
instantaneous reactive power theory [23], the synchronous reference frame [24], or a notch filter
[3]. However, the compensating current reference can never be realized immediately. Operational
amplifiers, logic gates and other devices have finite slew rates and signal propagation delays, and
digital systems operate at finite sampling frequency. Moreover, the A/D conversions of the
measured quantities and the calculation of the control algorithms consume time in digital systems.
For these reasons, the active power filter cannot immediately react to fast load current transients and
the filtering performance is therefore impaired. In consequence of this problem, signal processing
has become an important part of active power filtering and various predictive or prediction based
algorithms have been developed for the compensating current reference generation purposes.
Four-wire active power filters are intended for grounded three-phase systems or three-phase
systems with neutral conductors. They provide an efficient solution for improving the quality of
supply in three-phase four-wire systems. These active power filters are specially designed for
compensating neutral currents and also have all the same compensation characteristics as three-wire
active power filters [2]. This means that they are applicable in compensating current harmonics,
reactive power, neutral current and load imbalance [15]. Since voltage source PWM technology has
gradually become dominant in industrial applications [14], the most common four-wire active
power filter topologies are also based on voltage source technology [3]. However, a few current
source topologies for four-wire systems have been presented over the years [25],[26],[27].

1.3

Objectives and Outline of the Thesis

The motivation for this thesis has mainly been given by the fact that the suitability of current source
technology for four-wire active power filtering has never truly been examined or proven/disproven.
Moreover, the manufacturers of commercial products have reported problems that hinder the sales
of four-wire active power filters, such as low efficiency, high production costs, and heavy weight of
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the products, which have motivated the author to find solutions to overcome these problems. Thus,
the main objectives of this thesis are
1. to examine the suitability of current source technology for four-wire active power
filtering and to develop four-wire current source shunt active power filter topologies
2. to discover the main sources of power losses in different four-wire active power filter
topologies and to find/develop methods to improve the efficiency of four-wire active
power filters without impairing the filtering performance of the system
3. to find/develop control methods for voltage source and current source four-wire shunt
active power filters that provide good filtering performance in both steady state and
transient state operation and are suitable for microcontroller implementation
4. to compare the characteristics of several different four-wire shunt active power filter
topologies and to find the most viable four-wire shunt active power filter topology in
terms of filtering properties, filtering performance, and efficiency
This thesis consists of an overview and seven Publications [P1]–[P7] which are arranged in the
context-specific order. After the introduction presented in this chapter, Chapter 2 gives an overview
of basic theories and concepts related to active power filtering and power quality in general. In
Chapter 3, a literature survey of four-wire shunt active power filter topologies is presented. After
that, Chapter 4 discusses the control of four-wire voltage source and current source shunt active
power filters, and proposes solutions to the common control related problems including control
delay compensation and supply filter resonance damping. Next, the simulation environment and the
experimental setup used in the study are introduced in Chapter 5. In Chapter 6, the results of the
comparative study between the voltage source and current source topologies are presented.
Chapter 7 presents the summaries of Publications [P1]–[P7] and the scientific contribution of the
thesis. Finally, the overview part of the thesis is concluded by Chapter 8 which summarizes the
study and presents the final conclusions.

1.4

Contribution of the Thesis

The main contributions of this thesis can be summarized as follows:
•

The comparison of voltage source and current source four-wire shunt active power filter
topologies on the basis of filtering performance, power loss distribution and efficiency.

•

The proposed optimal dc current control method for the hybrid energy storage, which
makes it possible to significantly reduce the size of the dc-link inductor in the current
source active power filters.

2

Review of Basic Theories and Concepts

This chapter presents the basic theories related to active power filtering, power, and power quality.
The concepts and definitions presented here are used in the modeling and control of active power
filters in the following chapters. They are also used for defining the concept of power quality.

2.1

Space Vector Theory

The space vector theory offers a practical tool for the analysis of three-phase systems. On the basis
of the space vector theory, the arbitrary instantaneous time-dependent phase variables xa, xb and xc
can be expressed as a two-dimensional space vector variable x in the stationary reference frame as
[28],[29]

(

)

2
2
xa + a xb + a xc = x e jθ = xα + jxβ
(2.1)
3
where a = ej2π/3, |x| is the magnitude of x, θ the instantaneous angle of x in relation to the real axis of
the stationary reference frame, xα the real axis component and xβ the imaginary component of x in
the stationary reference frame. Coefficient 2/3 in (2.1) scales the magnitude of the space vector to
be equal to the peak of the phase variables in the symmetrical and balanced three-phase system,
which is also known as the non-power invariant form of the phase transformation [29]. Note that
(2.1) does not include the zero-sequence component, i.e. xa + xb + xc = 0 at every time instant. Thus,
if the zero-sequence component does exist, it has to be calculated separately [29]:
x=

1
(2.2)
( xa + xb + xc ) .
3
On the basis of (2.1) and (2.2), the transformation into the stationary reference frame can be written
in matrix form as follows:
xz =

⎡1
⎡ xα ⎤
⎢
2
⎢x ⎥ =
⎢ β⎥ 3⎢ 0
⎢1 2
⎢⎣ xz ⎥⎦
⎣

−1 2

−1 2 ⎤ ⎡ xa ⎤
⎡ xa ⎤
⎥⎢ ⎥
3 2 − 3 2 ⎥ ⎢ xb ⎥ = Cαβ ⎢⎢ xb ⎥⎥ .
⎢⎣ xc ⎥⎦
12
1 2 ⎥⎦ ⎢⎣ xc ⎥⎦

(2.3)

Similarly, the inverse transformation matrix is
0
1⎤ ⎡ xα ⎤
⎡ xa ⎤ ⎡ 1
⎡ xα ⎤
⎢
⎥⎢ ⎥
⎢ x ⎥ = −1 2
−1 ⎢
3 2 1⎥ ⎢ xβ ⎥ = Cαβ ⎢ xβ ⎥⎥ .
⎢ b⎥ ⎢
⎢⎣ xc ⎥⎦ ⎢ −1 2 − 3 2 1⎥ ⎢⎣ xz ⎥⎦
⎢⎣ xz ⎥⎦
⎣
⎦

(2.4)

A space vector can also be expressed in a reference frame that rotates at arbitrary angular velocity.
In that case the component that has the same angular frequency as the reference frame appears as a
dc component. The reference frame has no effect on the zero-sequence component, however.
Considering the control of power converters and active power filters, in some cases it is
advantageous to use the so-called synchronous reference frame where the real axis is tied to the
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supply voltage vector. In the synchronous reference frame, the positive sequence fundamental
component appears as a dc component, and the other harmonics as well as the negative sequence
fundamental component as ac components. A space vector in the stationary reference frame can be
expressed in the synchronous reference frame on the basis of (2.1):

(

)

2
2
xa + a xb + a xc e-jθs = x e jθ e-jθs = x e j(θ-θs ) = x e-jθs = xd + jxq
(2.5)
3
where the superscript s denotes the synchronous reference frame, θs is the instantaneous angle of the
synchronous reference frame in relation to the real axis of the stationary reference frame, xd the
direct component and xq the quadrature component of the space vector in the synchronous reference
frame. The transformation matrices for the space vector components can be derived from (2.5):
s

x =

⎡ xd ⎤ ⎡ cos θs
⎢x ⎥ = ⎢
⎣ q ⎦ ⎣ − sin θs

sin θs ⎤ ⎡ xα ⎤
⎢ ⎥
cos θs ⎥⎦ ⎣ xβ ⎦

(2.6)

− sin θs ⎤ ⎡ xd ⎤
⎢ ⎥.
cos θs ⎥⎦ ⎣ xq ⎦

(2.7)

and
⎡ xα ⎤ ⎡ cos θs
⎢x ⎥ = ⎢
⎣ β ⎦ ⎣ sin θs

The space vector components in the synchronous reference frame and the zero-sequence component
can also be directly calculated from the phase variables. In that case, the transformation matrix is
cos ( θs − 2π 3)

⎡ cos θs
⎡ xd ⎤
⎢ x ⎥ = 2 ⎢ − sin θ
s
⎢ q⎥ 3 ⎢
⎢
⎢⎣ xz ⎥⎦
⎣ 12

− sin ( θs − 2π 3)
12

cos ( θs + 2π 3) ⎤ ⎡ xa ⎤
⎡ xa ⎤
⎥⎢ ⎥
− sin ( θs + 2π 3) ⎥ ⎢ xb ⎥ = Cdq ⎢⎢ xb ⎥⎥
⎥⎦ ⎢⎣ xc ⎥⎦
⎢⎣ xc ⎥⎦
12

(2.8)

and the respective inverse
cos θs
1⎤ ⎡ xd ⎤
− sin θs
⎡ xa ⎤ ⎡
⎡ xd ⎤
⎢ x ⎥ = ⎢ cos θ − 2π 3 − sin θ − 2π 3 1⎥ ⎢ x ⎥ = C −1 ⎢ x ⎥ .
)
( s
) ⎥ ⎢ q ⎥ dq ⎢ q ⎥
⎢ b⎥ ⎢ ( s
⎢⎣ xz ⎥⎦
⎣⎢ xc ⎦⎥ ⎢⎣ cos ( θs + 2π 3) − sin ( θs + 2π 3) 1⎥⎦ ⎢⎣ xz ⎥⎦

(2.9)

In the frequency domain the reference frame transformation is equivalent to a frequency shift. The
Laplace transformation of a space vector x(t) in the stationary reference frame is defined as
∞

X ( s ) = L { x ( t )} = ∫ x ( t ) e − st dt

(2.10)

0

where s is the Laplace operator. On the basis of (2.5) and (2.10) the transformation into the
synchronous reference frame for the Laplace transformed function can be derived as

X

s

∞

( s ) = ∫ x ( t ) e− jωst e− st dt = X ( s + jωs )

(2.11)

0

where ωs is the angular frequency of the supply voltage vector. It should be noted that (2.11) is only
valid if the angular frequency ωs is constant [30].
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2.2

Electrical Power

2.2.1

Power Definitions

9

The efficiencies of the systems examined in this thesis are determined by two commercial power
analyzers: LEM Norma D 6100 wide band power analyzer and Yokogawa WT1030 digital power
meter. This section presents the power definitions used by these analyzers. The definitions
presented here are mostly based on the information found in the user’s manuals [31],[32]. In a fourwire system, every phase can be treated separately, i.e. as three parallel single-phase systems.
The instantaneous energy flow per time unit being transferred in a single phase between two electric
subsystems is given by [31]

p1φ = ui

(2.12)

where u and i are respectively the instantaneous values of the phase voltage and current. If u and i
waveforms repeat with a time period T in steady state, the average energy flow per time unit in a
single phase can be calculated as [31]
T

T

1
1
P1φ = ∫ p1φ dt = ∫ ui dt .
T 0
T 0

(2.13)

This average value is known as active power and it represents the energy flowing per time unit in
one direction only [2]. This means that active power is the portion of power that realizes work. It
can also be calculated in the frequency domain as follows [2]:
∞

∞

n =1

n =1

P1φ = U dc I dc + ∑ U n I n cos ϕn = Pdc + ∑ Pn

(2.14)

where Udc and Idc are respectively the average values of the voltage and current, Un and In
respectively the rms values of the nth harmonic components of the voltage and current, and φn the
displacement angle between the nth harmonic components of the voltage and current. The rms value
of an arbitrary, periodic variable x is calculated as [2]
T

1 2
X=
x dt =
T ∫0

∞

∑X
n =1

2
n

.

(2.15)

Here, Xn corresponds to the rms value of the nth order harmonic components of the Fourier series,
and T is the period of the fundamental component. By examining (2.14) it can be noticed that only
the voltage and current components that have equal frequency and |φ| ≠ 90° carry the active power.
The three-phase active power is calculated as a sum of the active powers of all three phases [31]:
P3φ = P1φ ,a + P1φ ,b + P1φ ,c .

(2.16)

Other quantities that are commonly used to define the different portions of electrical power include
the apparent power S and the reactive power Q. The apparent power represents the maximum
reachable active power at unity power factor [2] and is calculated for a single phase as [31]
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S1φ = UI .

(2.17)

Furthermore, the three-phase apparent power is defined as [31]
S3φ = S1φ ,a + S1φ ,b + S1φ ,c .

(2.18)

The reactive power is commonly defined as the portion of power that does not realize work [2]. The
single-phase reactive power is calculated as [31]
Q1φ = S1φ 2 − P1φ 2

(2.19)

and the three-phase reactive power as [31]
Q3φ = Q1φ ,a + Q1φ ,b + Q1φ ,c .

(2.20)

However, the definition in (2.20) is only mathematical and has no precise physical meaning [2]. In
four-wire systems the reactive power in each phase should be considered separately because the
single-phase loads operate independently from other phases.
Note that the power analyzers used in this thesis do not separate the distortion power from the
reactive power. According to the power definitions introduced by Budeanu in 1927 [33], the
reactive power is formed by the current components lagging or leading the voltage at the same
frequency by 90° [2]:
∞

∞

n =1

n =1

QB = ∑ Qn = ∑ U n I n sin ϕ n

(2.21)

where subscript B refers to the power definitions by Budeanu. The distortion power is formed by
the products of the voltage and current harmonics at different frequencies [2]:

DB = S1φ − P1φ − QB .

(2.22)

However, the definition of the reactive power in (2.19) includes both QB and DB:
Q1φ = QB 2 + DB 2 .

2.2.2

(2.23)

Instantaneous Power Theory

The development of power electronics devices and their associated converters has brought new
boundary conditions to the energy flow problem. The dynamic response of these converters and the
way they generate reactive power and harmonic components have made it clear that conventional
approaches to the analysis of power are not sufficient in terms of taking average or rms values of
variables. Therefore time-domain analysis has evolved as a new manner to analyze and understand
the physical nature of the energy flow in a nonlinear circuit. The instantaneous power theory
presented in [23] may be considered the most important theory of all time in the evolution of active
power conditioning. It defines a set of instantaneous powers in the time domain. Since no
restrictions are imposed on voltage or current behaviors, it is applicable to three-phase systems with
or without neutral conductors, as well as to generic voltage and current waveforms. Thus, it is valid
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not only in steady states but also during transient states. The instantaneous power theory deals with
all the three phases at the same time, as a unity system [2].
The instantaneous three-phase power can be expressed with the instantaneous values of the phase
voltages and currents as follows [34]:

p3φ = ua ia + ubib + ucic .

(2.24)

It can also be written in terms of space vectors [34]:

{ }

3
3
3
+
(2.25)
Re ui + 3uz iz = ( uα iα + uβ iβ ) + 3uz iz = ( ud id + uq iq ) + 3uziz = p + pz
2
2
2
where the superscript + denotes the complex conjugate, p is the instantaneous real power and pz the
instantaneous zero-sequence power. In steady state the instantaneous three-phase power is a
periodic variable and therefore the total three-phase active power can be calculated as

p3φ =

T

T

1
1
1
P3φ = ∫ p3φ dt = ∫ ( ua ia + ub ib + ucic ) dt =
T 0
T 0
T

T

3
∫0 ( p + pz ) dt = 2T

T

∫ (u i

d d

+ uq iq + 2uz iz ) dt . (2.26)

0

Another power quantity defined by the instantaneous power theory is the instantaneous imaginary
power [2],[34]:
⎧1
⎪⎪ 3 ⎡⎣( ub − uc ) ia + ( uc − ua ) ib + ( ua − ub ) ic ⎤⎦
.
q=⎨
3
3
3
+
⎪ Im ui = ( u i − u i ) = ( u i − u i )
β α
α β
q d
d q
⎪⎩ 2
2
2

{ }

(2.27)

The imaginary power q is proportional to the quantity of energy that is being exchanged between
the phases of the system and therefore it does not contribute to the energy transfer between the
supply and the load. The term “energy transfer” refers here not only to the energy delivered to the
load, but also the energy oscillating between the supply and the load. [2]
2.2.3

Other Power Theories

After the introduction of the original instantaneous power theory (also known as the p-q theory) in
the early 80’s, there were claims that the theory is only complete for three-phase systems without
zero-sequence components [35]. This “defect” led to developing of new expanded power theories
that could also be used with four-wire systems. But as demonstrated in [2], the original p-q theory is
also suitable for four-wire systems with zero-sequence components and no expansion is necessary.
In any case, this section gives a short overview of other common power theories.
In the mid-90’s, a modified p-q theory that expands the concept of the imaginary power was
introduced [2]. Instead of one instantaneous imaginary power q, the modified p-q theory defines
three imaginary power components: qα, qβ and qz. The imaginary power qz corresponds to the
imaginary power q of the original p-q theory but the other two components qα and qβ relate α and β
voltage and current components with a zero-sequence voltage and current, which are not considered
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in the original p-q theory [2]. Thus, the modified p-q theory manipulates the zero-sequence voltage
and current together with the positive and negative sequence components, whereas the original p-q
theories treats the zero-sequence components separately. Also, the generalized instantaneous
reactive power theory presented in [36] and [37] correlates with the modified p-q theory, but the
power definitions are formed directly from the instantaneous voltage and current phase quantities
instead of using space vectors.
In 1999, the authors of [38] introduced a p-q-r theory. The p-q-r theory utilizes a rotating p-q-r
reference frame and combines the advantages of the p-q theory and the generalized instantaneous
reactive power theory. It introduces three power components that are linearly independent of each
other and makes it possible to define both instantaneous real and imaginary powers in the zerosequence circuit in three-phase four-wire systems [39]. Thus, any three-phase circuit can be
transformed into three single-phase circuits by the p-q-r transformation. As demonstrated in [40],
the power definitions are consistent in both single-phase and three-phase systems.

2.3

Measures of Power Quality

2.3.1

Total Harmonic Distortion

When the waveform of a signal differs from the sinusoidal form, the amount of distortion in the
waveform is quantified by means of an index called the total harmonic distortion (THD). The THD
for a periodic signal x in steady state is commonly defined as [1]
THD =

X 2 − X 12
=
X1

⎛ Xn ⎞
⎜
⎟
∑
n ≠1 ⎝ X 1 ⎠

2

(2.28)

where X is the rms value of x, X1 the rms value of the fundamental component of x, and Xn the rms
value of the nth harmonic component of x. In this thesis the THD values are typically calculated up
to the 40th harmonic and up to the 400th harmonic, which means that the highest frequency
component included is either 2 kHz (THD2kHz) or 20 kHz (THD20kHz) when the fundamental
frequency is 50 Hz. In many standards the highest harmonic component included in the limitations
is the 40th harmonic, e.g. in [6].
In addition, the THD of the neutral current is calculated as follows:
2

⎛
⎞
I nn
3I n
THDn = ∑ ⎜
⎟⎟ =
⎜
( I a1 + I b1 + I c1 )
n =1 ⎝ ( I a1 + I b1 + I c1 ) 3 ⎠
∞

(2.29)

where Inn is the rms value of the nth harmonic component of the neutral current, In the total rms
value of the neutral current, and Ia1, Ib1 and Ic1 the rms values of the fundamental phase currents.
Since in the ideal case the neutral current should not exist at all, the fundamental component of the
neutral current is also included in (2.29). Note that (2.29) is not a common definition and is merely
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used in this thesis for evaluating the magnitude of the neutral current in relation to the fundamental
phase currents.
Even though the output voltage is the quantity that is controlled in a voltage source inverter type
system, the current is the one that is frequently of most interest because losses, output power etc.
typically involve this quantity rather than voltage directly. The weighted total harmonic distortion
(WTHD) is a tool for a rough estimation of distortion in the current in the case of a motor load or a
first-order L type supply filter. It is defined as
1
WTHD =
U1

⎛ Un ⎞
∑
⎜
⎟
n ≠1 ⎝ n ⎠

2

(2.30)

where U1 is the rms value of the fundamental voltage. The WTHD is superior to the normal THD as
a figure of merit for a non-sinusoidal converter waveform because the WTHD predicts the
distortion in the current and subsequent additional losses which are typically the major issues in the
application of such converters. [41]
2.3.2

Power Factor

Another important measure of power quality is the power factor which is the ratio of the active
power and the apparent power of a single phase [1]:
PF =

P1φ
S1φ

.

(2.31)

The power factor is a measure of how effectively the load draws the active power. Ideally the power
factor should be a unity to draw power with a minimum current magnitude and hence minimize
losses in the electrical equipment and possibly in the load [1]. In four-wire systems it is beneficial to
treat every phase as an independent single-phase system because a single-phase load in one phase
does not affect a single-phase load in another phase.

2.4

Frequency Dependent Modeling of Magnetic Components

In addition to hysteresis losses generated in the core, parasitic eddy currents in the winding and the
core can have a major effect on inductor or transformer losses, especially if the exciting voltage or
the current in the winding contains harmonics. In the voltage, the harmonics will increase eddy
current heating in the core, whereas the harmonics in the current will increase conductor losses.
There are two physical phenomena that occur simultaneously in the winding of an inductor or a
transformer. The first is the skin effect which is the non-uniform distribution of current in a
conductor due to the magnetic field produced by the current in the conductor itself. The second
phenomenon is the proximity effect which is the non-uniform distribution of the current in a
conductor due to the magnetic field produced by the current in neighboring conductors. These two
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phenomena are usually treated together and the overall non-uniform distribution of the current in
the conductor is called eddy current effect in the windings. [42],[43]
Especially when designing passive filters based on resonant circuits consisting of inductors and
capacitors, the accurate modeling of eddy current effects is very important for predicting the
damping during transients because the actual resistance of the winding at high frequencies is by
several orders of magnitude larger than its low frequency value [43]. A simple method for modeling
the frequency dependence of an inductor is to use a series Foster model consisting of series
connected parallel RL blocks as presented in [43] and illustrated in Fig. 2.1. The resulting
impedance for the inductor model is
n

Z L ( ω ) = Rdc + ∑
i =1

jωLi Ri
.
Ri + jωLi

(2.32)

The accuracy of the Foster model increases with the number of RL blocks. An adequate accuracy
for power electronics applications can be typically achieved with three or four RL blocks [P3].

Fig. 2.1. Series Foster model.

3

Four-Wire Active Power Filter Topologies

There are many different kinds of four-wire active power filter topologies presented over the years.
This thesis concentrates only on shunt four-wire active power filter topologies even though several
series active power filter topologies for four-wire systems have been proposed, e.g. in [44], [45],
[46], [47], [48] and [49]. Most of the four-wire shunt active power filter topologies presented in
literature are voltage source topologies, either based on single-phase or three-phase converters.
There are also a few current source topologies, but overall the research of four-wire current source
active power filters has been minimal. This chapter gives an overview of the topologies presented in
literature.

3.1

Single-Phase Converter Based Voltage Source Topologies

Since the voltage source technology has been dominant in power electronics applications over the
years, the most active power filter topologies designed for four-wire systems have been
implemented using voltage source converters. A four-wire active power filter may be implemented
using single-phase converters. The simplest topology in terms of the number of controllable
switching devices required can be built using three half-bridge converters as shown in Fig. 3.1. In
total, this topology requires six controllable switching devices and six capacitors. The instantaneous
line-to-neutral voltage that can be produced at each phase terminal equals the voltage of a single dc
side capacitor. However, even though the half-bridge converter can utilize only a half of the total dc
voltage, every switching device has to withstand the full dc voltage, i.e. the sum of the capacitor
voltages uc1i and uc2i (i = a, b, c). Moreover, due to the split-capacitor structure it is not possible to
produce neutral currents containing a dc component with this topology since the capacitors act as dc
blocking capacitors in steady state [1].
Another topology based on single-phase converters is shown in Fig. 3.2(a). This topology consists
of three single-phase full-bridge converters with twelve controllable switching devices and three dc
capacitors [50]. A full-bridge converter can utilize the total dc voltage udci and therefore requires

Fig. 3.1. Four-wire voltage source shunt active power filter based on three single-phase half-bridge converters.
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(a)

(b)
Fig. 3.2. Four-wire voltage source shunt active power filter based on (a) three single-phase full-bridge converters and
(b) full-bridge converters with a common dc capacitor.

only a half of the dc voltage to achieve the same dynamic performance as the topology based on the
half-bridge converters. In addition, it is possible to produce compensating currents containing a dc
component with this topology since there are no capacitors in the compensating current path. To
simplify the dc voltage control, the full-bridge converters may be combined on the dc side and used
with a common dc capacitor, as shown in Fig. 3.2(b) [51].

3.2

Common Three-Phase Converter Based Voltage Source Topologies

Most common four-wire shunt active power filters are based on three-phase converters. The first
reason for this is that the number of switching devices and passive components can be minimized
and the second that the vector control of active power filters has become popular and the theories
used, e.g. the space vector theory and the instantaneous power theory, treat three-phase systems as a
unity system.
There are two common three-phase voltage source topologies for implementing a four-wire shunt
active power filter: the three-leg topology shown in Fig. 3.3(a) [3],[52] and the four-leg topology
shown in Fig. 3.3(b) [3]. Both are also used in commercial products [53],[54]. During the operation,
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(a)
(b)
Fig. 3.3. Voltage source three-phase four-wire shunt active power filter topologies: (a) three-leg topology and (b) fourleg topology.

the switching devices of both topologies are under unidirectional voltage stress with a magnitude
equal to the full dc side voltage udc formed by the sum of the capacitor voltages uc1 and uc2 in the
three-leg topology. The characteristics and the performance of these topologies are examined in
[P1]–[P4] and [P7].
3.2.1

Three-Leg Topology

The three-leg four-wire voltage source shunt active power filter topology utilizes a standard threephase PWM converter bridge and the neutral wire is connected to the midpoint of the dc-link. Note
that the concept “dc-link” in the case of active power filters refers to the dc side energy storage of
the converter bridge, although the dc-link of an active power filter does not normally supply any
load and is thus a link to nothing. It is only an established expression.
The advantage of the three-leg topology is the small number of switching devices and gate drivers
required, which also simplifies the modulation method. However, the split-capacitor dc-link
structure has several drawbacks and restrictions. The dc-link capacitor voltage balancing has to be
taken into account in the control system and it is not possible to produce compensating currents
containing a dc component since the neutral current has to flow through the dc-link capacitors.
Moreover, the neutral current cannot be controlled independently of the phase currents and
therefore the maximum modulation index cannot be increased by including a third-order harmonic
term in the phase voltage references [55] because the third-order harmonic voltage would generate a
common-mode third-order harmonic current flowing in the neutral wire.
Normally the voltage source converter is controlled so that if the dead time is ignored, one of the
two switches in the converter leg is conducting at every time instant. The switching function for
each leg is defined so that its value is either 1 if the upper switch is conducting or -1 if the lower
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switch is conducting. Therefore, if the switches are assumed to be ideal, the instantaneous phase
voltages produced by the three-leg converter in relation to the midpoint of the dc-link (M) are
⎛ sw + 1 ⎞
⎛ sw − 1 ⎞
ufiM = ⎜ i
uc1 + ⎜ i ⎟ uc2 , i = a,b,c
⎟
⎝ 2 ⎠
⎝ 2 ⎠

(3.1)

where swi is the switching function, and uc1 and uc2 respectively the instantaneous voltages across
the capacitors C1 and C2. In addition, subscripts a, b and c refer to the phase quantities. The total dclink voltage can be expressed as
udc = uc1 + uc2

(3.2)

and the voltage difference between the dc-link capacitors as
Δuc = uc1 − uc2 .

(3.3)

Now, on the basis of (3.1), (3.2) and (3.3), it can be written that
1
( swiudc + Δuc ) , i = a,b,c .
2
The switching vector sw can be defined according to the definition (2.1):
ufiM =

(

(3.4)

)

2
2
swa + a swb + a swc .
(3.5)
3
On the basis of (3.4) and (3.5), the voltage vector produced by the converter in the stationary
reference frame is
sw =

1
1
swudc = ( swα + jswβ ) udc = ufα + jufβ
2
2
where the real axis component of the switching vector sw is
uf =

2⎛
1
1
⎞
swα = ⎜ swa − swb − swc ⎟
3⎝
2
2
⎠

(3.6)

(3.7)

and the imaginary axis component
swβ =

1
( swb − swc ) .
3

(3.8)

The zero-sequence voltage produced by the converter can be derived by applying (2.2) and (3.4):
1
( swzudc + Δuc )
2
where the zero-sequence component of the switching function is
ufz =

swz =

1
( swa + swb + swc ) .
3

(3.9)

(3.10)

If the positive current directions are defined as in Fig. 3.3(a), the instantaneous current of the
positive dc rail is [56]
du
1
( swa ifa + swbifb + swcifc + ifn ) = C1 c1
2
dt
and the instantaneous current of the negative dc rail
idc1 =

(3.11)
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du
1
( swa ifa + swbifb + swcifc − ifn ) = C2 c2
2
dt
where the neutral current of the converter ifn is the sum of the phase currents:
idc2 =

ifn = ifa + ifb + ifc = idc1 − idc2 ,

(3.12)

(3.13)

and C1 and C2 are the capacitances of the dc-link capacitors. By combining (3.11) and (3.13), the
instantaneous current of the positive dc rail may also be expressed as
idc1 =

( swa + 1) i

fa

+

( swb + 1) i

fb

+

( swc + 1) i

fc

= C1

idc2 =

( swa − 1) i

fa

+

( swb − 1) i

fb

+

( swc − 1) i

fc

= C2

duc1
.
(3.14)
2
2
2
dt
Similarly, on the basis of (3.12) and (3.13) the instantaneous current of the negative dc rail may also
be written as

3.2.2

2

2

2

duc2
.
dt

(3.15)

Four-Leg Topology

The voltage source four-leg four-wire shunt active power filter topology has eight controllable
switches forming a four-leg PWM converter bridge. The neutral wire is connected to one of the
converter legs in the same way as the phase lines, which makes the dc-link structure solid. This kind
of main circuit structure has many advantages over the aforementioned three-leg split-capacitor
topology. There is no need for the dc-link capacitor voltage balancing, the neutral current can be
controlled independently of the phase currents and the maximum modulation index can be increased
by about 15 % without overmodulating by injecting a third-order harmonic in the phase voltage
references. This means that the dc-link voltage level of the four-leg topology can be set about 15 %
lower than that of the three-leg topology. Moreover, since the neutral current does not constantly
have to flow through the dc-link capacitor, the current stress on the dc-link capacitor is smaller
compared to the three-leg topology. In addition, it is also possible to produce compensating currents
containing a dc component.
The drawback of the four-leg topology compared to the three-leg topology is the greater number of
semiconductor devices and thus the greater number of gate drivers. The large number of
controllable switches also makes the modulation method more complicated and if the continuously
switched modulation method [55] is used, the four-leg topology has two more switchings during the
modulation period than the three-leg topology. Moreover, since under worst case conditions the rms
value of the neutral current may be close to double the rms value of the phase current [4], the
current rating of the semiconductor devices in the neutral leg has to be in practice at least double
compared to that of the semiconductor devices in the phase legs.
As in the case of the three-leg topology, the switching function for each leg of the four-leg
converter is defined so that its value is either 1 if the upper switch is conducting or -1 if the lower
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switch is conducting. Thus, the instantaneous line terminal voltages generated by the four-leg
converter in relation to the virtual midpoint of the dc-link are
1
swi udc , i = a,b,c,n
(3.16)
2
where udc is the dc-link voltage and the subscript n refers to the neutral leg of the converter.
Furthermore, the instantaneous line-to-neutral voltages produced by the converter in relation to the
node fn in Fig. 3.3(b) can be written as follows:
ufiM =

1
(3.17)
( swi − swn ) udc , i = a,b,c .
2
The voltage vector produced by the converter is the same as in the case of the three-leg topology,
i.e. (3.6) also applies to the four-leg topology. The zero-sequence voltage produced by the four-leg
converter can be derived on the basis of (2.2) and (3.17):
ufifn = ufiM − ufnM =

1
swz udc
2
where the zero-sequence component of the switching function is
ufz =

(3.18)

1
(3.19)
( swa + swb + swc ) − swn .
3
If the positive current directions are defined as in Fig. 3.3(b), the instantaneous dc-link current is
[57]
swz =

idc =

du
1
1
( swa ifa + swbifb + swcifc − swn ifn ) = ∑ ⎛⎜ ( swi − swn ) ifi ⎞⎟ = C dc , i = a,b,c
2
dt
⎠
i ⎝2

(3.20)

where C is the capacitance of the dc-link capacitor. The instantaneous dc-link current can also be
expressed on the basis of the space vector theory as follows:
idc =

1 ⎡3
⎤
swα ifα + swβ ifβ ) + 3swz ifz ⎥
(
⎢
2 ⎣2
⎦

(3.21)

where ifα and ifß are respectively the real axis and the imaginary axis components of the converter
current in the stationary reference frame, and ifz the zero-sequence component of the converter
current:
ifz =

i
1
( ifa + ifb + ifc ) = fn .
3
3

3.3

Current Source Topologies

3.3.1

Topologies with Conventional DC-Link Structure

(3.22)

Despite the fact that three-wire current source active power filters have been studied quite
intensively over the years, the research of four-wire current source active power filters has been
truly minimal. However, a few current source active power filter topologies for four-wire systems
have been presented. In [58] and [25] a four-wire shunt active power filter based on single-phase
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current source converters is proposed and studied with simulations and experimental tests. The main
circuit structure of the topology is shown in Fig. 3.4. The 1-kVA and 15-kVA experimental systems
implemented with power transistors are used for compensating current harmonics and reactive
power drawn by a nonlinear load. The experimental results show that fair filtering performance is
achieved. The drawback is that this kind of topology requires, in total, twelve controllable
unidirectional switching devices and three large dc inductors. On the other hand, since there are
three separate dc-links, the magnitude of the dc current can be kept smaller in each dc-link than in a
unified dc-link.

Fig. 3.4. Four-wire shunt active power filter based on three single-phase current source converters.

A four-wire current source shunt active power filter can also be implemented using a three-phase
four-leg PWM converter bridge built with eight controllable switching devices. One possible main
circuit structure for four-wire shunt current source active power filter is shown in Fig. 3.5(a) [P5].
This kind of main circuit structure resembles the main circuit structure of a typical shunt active
power filter and it is therefore referred to as the basic main circuit structure. In this case, the
compensating currents have to flow through the ac side filter inductors (Lsf), which affects the
dynamic response time of the active power filter. A better dynamic performance can be attained
with an alternative main circuit structure shown in Fig. 3.5(b) [59], which is referred to as the
modified main circuit structure. Since the load is connected to the terminals of the PWM converter
bridge the compensating currents flow directly to the load. Only the fundamental current is drawn
from the supply through the filter inductors, which may be either discrete elements or if the supply
inductance is large enough it can be utilized. Earlier, a similar main circuit structure has also been
applied to a three-wire current source shunt active power filter [60],[61].
Considering purely four-wire current source shunt active power filter topologies, a few similar
topologies have been presented in literature. The authors of [62] and [63] propose a topology whose
main circuit consists only of the four-leg PWM converter and dc-link inductor. Thus, since the
PWM converter bridge is connected directly to the supply and in parallel with the load, the current
ripple around the modulation frequency and its multiples flows into the supply causing distortion in
the supply currents and possibly in the voltage at the PCC, depending on the supply impedance.
Moreover, reference [26] presents a topology which resembles that in Fig. 3.5(a). However, the
neutral wire is connected to the converter leg through a filter inductor without a connection to the
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(a)

(b)
Fig. 3.5. Four-wire shunt current source active power filter (a) with basic main circuit structure and (b) with modified
main circuit structure.

neutral point of the filter capacitors. Moreover, since neither simulation results nor experimental
results have been presented, or any references given, the performance of this topology remains
unknown. In [27] four-wire current source inverter based static var compensators (ISVC) with two
alternative dc-link structures are studied. The reference presents resonant pulse soft switched and
resonant notch soft switched ISVCs implemented with gate turn-off thyristors, discusses their
operation modes and control, and studies their operation with computer simulations and
experimental tests. Finally, in [52] a main circuit structure similar to that in Fig. 3.5(b) is presented
but it lacks the ac side filter inductors (Lsf). Furthermore, apart from presenting the main circuit
structure, the proposed topology is not studied in any way.
Each switching device in the current source PWM converter bridge is under bidirectional voltage
stress. The maximum voltage stress depends on whether the switch is in the phase leg or in the
neutral leg of the PWM converter. The maximum voltage stress of the switches in the phase legs is
the peak of the line-to-line voltage and in the neutral leg the peak of the line-to-neutral voltage.
Since regular IGBT power modules have very low reverse voltage blocking capability, additional
diodes must be connected in series with the IGBTs, as shown in Fig. 3.5. The drawback of these
series diodes is that they increase the on-state power losses of the converter bridge. Thus, the lack
of proper switching devices may be considered one of the two major disadvantages of current
source active power filters, rectifiers and inverters. However, the RB-IGBTs with reverse voltage
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blocking capability may solve this problem in the future and render the use of the additional series
diodes unnecessary [64],[65],[66].
The conventional dc-link of a current source active power filter consists of a plain dc inductor as an
energy storage element. The instantaneous energy needed for the compensation of load current
harmonics and phase imbalance is stored in the dc-link inductor causing low-frequency ripple in the
dc-link current. To keep the current ripple at an acceptably low level, a dc-link inductor with large
inductance is required. In addition, the inductance of the dc-link inductor also determines how large
the dc-link current sag in case of a load change is. The bulky, heavy and expensive dc-link inductor
may be considered the second of the two major disadvantages of current source active power filters.
Normally the current source converter is controlled so that there is a path for the dc-link current idc
at every time instant, i.e. one of the upper switches and one of the lower switches are conducting at
a time. The switching function for each converter leg is defined so that its value is 1 if the upper
switch is conducting, -1 if the lower switch is conducting or 0 if both or neither of the switches are
conducting. Therefore, if the positive current directions are defined as in Fig. 3.5(a), the
instantaneous phase currents produced by the PWM converter are
ifi = swi idc , i = a,b,c

(3.23)

ifn = − swn idc .

(3.24)

and the instantaneous neutral current
The pulse width modulated dc voltage of the converter udcbr can be derived by assuming the
converter to be ideal, i.e. the instantaneous ac and dc powers are equal. Thus, on the basis of (2.25)
it can be written that
3
(3.25)
( ucfdifd + ucfqifq ) + 3ucfzifz = udcbridc
2
where ucfd and ucfq are respectively the direct and quadrature components of the filter capacitor
voltage vector in the synchronous reference frame, ifd and ifq respectively the direct and quadrature
components of the converter current vector in the synchronous reference frame, and ucfz the zerosequence component of the filter capacitor voltage. By assuming ucfq and ucfz to be zero, the
equation for the dc voltage is
udcbr =

3ucfd ifd 3usd ifd
≈
2 idc
2 idc

(3.26)

where usd is the direct component of the supply voltage vector in the synchronous reference frame.
3.3.2

Current Source Active Power Filter with Hybrid Energy Storage

To reduce the size of the dc-link inductor in the current source active power filter, a few solutions
have been proposed. In [67] a dc-link structure where the energy of the dominant harmonic
component is stored in a parallel resonant circuit is presented. As a result, a significant reduction in
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volume and weight of passive components is achieved. However, the proposed system is incapable
of compensating third-order harmonic current components and load phase imbalance.
Another solution is a hybrid energy storage which is presented in [19]. The hybrid energy storage
consists of a dc inductor, a dc capacitor, two diodes and two controllable switching devices. With
the hybrid energy storage the size of the dc-link inductor can be significantly reduced since the dclink capacitor stores most of the energy needed. Nevertheless, the voltage level of the dc-link
capacitor can be kept much lower than in the case of a typical voltage source shunt active power
filter. However, the control method for the dc-link current proposed in [19] is not optimal and
therefore, with an enhanced dc-link current control method, the size of the dc-link inductor could be
reduced even further.
Fig. 3.6 shows a four-wire current source shunt active power filter to which the hybrid energy
storage is applied [P6]–[P7]. The two controllable switching devices, two diodes and the dc
capacitor in the dc-link form a voltage source PWM converter which produces the instantaneous
pulse width modulated dc voltage uhdbr. With uhdbr the instantaneous voltage across the dc-link
inductor Ldc can be adjusted so that the desired dc-link current behavior is achieved. Thus, the
hybrid energy storage enables fast current control and the dc-link current can therefore be controlled
according to instantaneous current requirement.

Fig. 3.6. Four-wire shunt current source active power filter with hybrid energy storage.

The dc-link converter has three switching states. Two of these switching states are active. If neither
of the switches (T9 and T10) are conducting, the instantaneous voltage uhdbr equals the dc-link
voltage udc. Furthermore, if both of the switches are conducting, the instantaneous voltage uhdbr is
–udc. The zero switching states can be realized by setting only one of the switches in the on-state. In
that case, the dc-link capacitor Cdc is bypassed and the instantaneous voltage uhdbr is zero. In order
that the inductance of the dc-link inductor can be minimized, both the main converter bridge and the
dc-link converter bridge must realize the zero switching states and the active switching states at the
same time if possible. This way the instantaneous voltage difference across the dc-link inductor is
minimized along with the resulting modulation frequency current ripple [P7].

Four-Wire Active Power Filter Topologies

3.4

25

Other Topologies

In addition to the topologies presented earlier in this chapter, there are several other four-wire active
power filter topologies presented in literature that are worth mentioning. The authors of [68]
propose a system which comprises a three-phase three-wire shunt active power filter and a zig-zag
transformer. The task of the zig-zag transformer is to act as a path for the zero-sequence component
of the load current so that the zero-sequence component does not flow into the supply. The threewire active power filter, for its part, filters the positive and negative sequence harmonic current
components generated by the load. The advantage of the proposed system is that a standard threewire shunt active power filter can be used in four-wire systems and its power rating can be reduced
compared to a typical four-wire shunt active power filter.
In [69] and [70], a four-wire active power filter is implemented using two separate active power
filters and a zig-zag-delta transformer connected in parallel with the load. A single-phase voltage
source active power filter is connected to the neutral point of the primary side of the transformer
and is used for compensating the zero-sequence component of the load current. The other active
power filter is a three-phase three-wire voltage source active power filter connected to the
secondary side of the transformer. The task of the three-phase active power filter is to compensate
the positive and negative sequence harmonic current components of the load current. By separating
the compensation of the non-zero-sequence components and the zero-sequence component, the
overall power rating of the active power filters can be set smaller than if a single four-wire shunt
active power filter unit was used.
Reference [71] proposes a four-wire shunt active power filter which is a combination of the
common three-leg and four-leg voltage source topologies. The main circuit structure of the
proposed topology is shown in Fig. 3.7(a). This topology has been designed for improving the
performance of the three-leg topology. The additional converter leg enables efficient control of the

(a)
(b)
Fig. 3.7. Alternative shunt four-wire active power filter topologies: (a) voltage source four-leg active power filter with
split-capacitor dc-link structure and (b) four-wire active power filter implemented with bidirectional switches.
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dc-link voltage balance and reduces current stress of the dc-link capacitors, while maintaining the
independent control of the converter legs. This means that the line-to-neutral voltage produced by
each converter leg is independent of the states of the switches in other converter legs. Neutral
currents containing a dc component can also be produced with this topology.
Fig. 3.7(b) shows the four-wire shunt active power filter topology proposed in [72]. The topology
has neither a dc-link energy storage element nor a supply filter, and therefore requires only a
minimum number of passive components. However, the energy needed for the harmonic current
compensation is stored in the energy storage element of the load, and thus this topology is only
applicable for compensating harmonic currents produced by rectifiers supplying capacitive loads. In
addition, there also has to be sufficient supply inductance.
Lately the research of active power filters has been focused on methods for reducing voltage and
current ratings of the semiconductor switches in the PWM converter bridge, as well as the overall
power rating of the system. These matters become very important when active power filters are
applied in medium-voltage and high-voltage power distribution systems. A traditional method to
reduce the power rating of an active power filter is to use hybrid filters that combine active power
filters with passive components such as transformers, capacitors and reactors. However, these
hybrid filters might not be preferable in terms of size and weight due to a great number of passive
components and/or transformers required. As a solution, the authors of [73] propose a
transformerless hybrid filter for a 3.3-kV power distribution system. The hybrid filter consists of a
standard three-phase three-wire voltage source PWM converter bridge connected to the supply
through a series LC filter tuned at the seventh harmonic frequency. The LC filter absorbs harmonic
currents produced by the load, whereas the active power filter improves the filtering characteristics
of the LC filter. The required power rating of the active power filter is very small (10 kVA)
compared to the load power (300 kW). The drawback of the proposed hybrid filter is that it is not
very suitable for reactive power compensation because the impedance of the coupling capacitors is
high at the fundamental frequency and the dc-link voltage of the active power filter low compared
to the supply voltage.
Based on the idea described above, the authors of [74] propose a three-phase four-wire LC coupled
voltage source shunt active power filter whose main circuit is shown in Fig. 3.8. The proposed
topology is designed for a low-voltage power distribution system with a line-to-line voltage of
400 V. Due to the coupling capacitors Cc, the dc-link voltage level of the active power filter can be
set at as low as 250 V. The dc-link voltage balancing problem has been overcome by connecting the
neutral wire to the negative rail of the dc-link rather than the midpoint of the dc-link. The
simulation and experimental results show that adequate filtering performance can be achieved with
this topology.
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Fig. 3.8. Three-phase four-wire LC coupled voltage source shunt active power filter with asymmetric neutral wire
connection.

4

Control of Four-Wire Active Power Filter

The control of the active power filter is considered the most important factor in active power
filtering. First of all, to achieve good filtering performance, the compensating current reference of
the active power filter must be accurate. Secondly, the active power filter must be able to accurately
track the current reference. The control system of the active power filter is responsible for signal
processing in determining in real time the instantaneous compensating current reference [2]. The
primary task of the control system is to produce the compensating phase currents opposite to the
harmonics in the load phase currents, and the compensating neutral current opposite to the load
neutral current. Usually, the active power filter is also used for removing the load phase imbalance
as well as for compensating the reactive power drawn by the load, in which case the active power
filter injects the compensating current for the fundamental negative sequence load current
component and produces the reactive power required by the load. The secondary task of the control
system is to maintain the desired voltage or current magnitude in the dc-link so that the
compensating current references can be realized at every time instant.
The control system of the active power filter may be divided into three parts. The first part takes
care of the compensating current reference generation, the second part is the current controller
which ensures that the active power filter tracks the current reference as accurately as possible, and
the last part the modulator which generates the gate control signals for the semiconductor switching
devices in the PWM converter bridge.

4.1

Compensating Current Reference Generation

There are several compensating current reference generation methods presented in literature. In this
section the two most common methods applicable for four-wire shunt active power filters are
discussed. The first method is based on the original instantaneous power theory and the other on the
use of the synchronous reference frame. Both methods are very suitable for microcontroller
implementation.
4.1.1

Instantaneous Power Theory Based Generation

The original instantaneous power theory or the p-q theory was introduced in the early 80’s in
Japan [23]. Since then it has become the most popular theory used for generating the compensating
current reference for active power filters. It is applicable for both three-phase three-wire and threephase four-wire active power filters. A block diagram of the compensating current reference
generator based on the p-q theory is presented in Fig. 4.1. The compensating current reference for
the active power filter is calculated using the instantaneous real, imaginary and zero-sequence
powers of the load. To calculate these powers, the instantaneous values of the line-to-neutral supply
voltages usa,b,c and the load phase currents ila,b,c are required [Fig. 3.3]. The p-q theory operates with
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Fig. 4.1. Current reference generation based on the instantaneous power theory.

space vector quantities in the stationary reference frame and therefore all phase quantities are first
transformed into space vector form by applying (2.3). The instantaneous real, imaginary and zerosequence powers of the load are calculated on the basis of (2.25) and (2.27). This conversion can
also be expressed in matrix form as follows:
⎡ pl ⎤
⎡usα
⎢ q ⎥ = 3 ⎢u
⎢ l ⎥ 2 ⎢ sβ
⎢⎣ plz ⎥⎦
⎢⎣ 0

usβ
−usα
0

0 ⎤ ⎡ilα ⎤
0 ⎥⎥ ⎢⎢ilβ ⎥⎥
2usz ⎥⎦ ⎢⎣ ilz ⎥⎦

(4.1)

where pl, ql and plz are respectively the instantaneous real, imaginary and zero-sequence powers of
the load, usα and usβ respectively the real and imaginary axis components of the supply voltage
vector in the stationary reference frame, ilα and ilβ respectively the real and imaginary axis
components of the load current vector in the stationary reference frame, and usz and ilz respectively
the zero-sequence components of the supply voltage and load current. In steady state, these three
powers each have constant values and a superposition of oscillating components. They can therefore
be separated into two parts [2]:
⎡ pl ⎤ ⎡ p l + plh ⎤
⎢q ⎥ = ⎢ q +q ⎥
lh ⎥
⎢ l⎥ ⎢ l
⎢⎣ plz ⎥⎦ ⎢⎣ p lz + plzh ⎥⎦

(4.2)

where the overline (⎯) represents the average value and the subscript h the oscillating part of the
power. The instantaneous three-phase power drawn by the load can be calculated as
pl,3φ = pl + plz = p l + p lz + plh + plzh

(4.3)

and the active power as an average of (4.3):
Pl,3φ = p l + p lz .

(4.4)

Note that the zero-sequence power only exists if both voltage and current contain zero-sequence
components. Thus, if the supply voltages are sinusoidal, symmetrical and balanced, the zerosequence current does not transfer energy and plz is therefore zero.
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The p-q theory is very flexible and gives a possibility to choose quite freely which parts of the
powers are to be compensated. However, there is one exception. The zero-sequence power plz
always has the constant part associated with the oscillating part. Therefore if the oscillating part plzh
is eliminated by an active power filter, this active power filter should also be able to deal with the
constant part of the zero-sequence power that may be present [2].
The first method developed based on the p-q theory for a shunt active power filter is the constant
power compensation control method. In order to draw constant instantaneous power from the
supply, the active power filter must compensate ql and plz as well as the oscillating part of the real
power plh. Thus the reference values for the real and imaginary powers of the active power filter are
[75],[76]
*
⎡ pf* ⎤ ⎡ − plh + p lz + ploss
⎤
⎢ *⎥ = ⎢
⎥
−ql
⎣ qf ⎦ ⎣
⎦

(4.5)

where p*f and q*f are respectively the instantaneous real and imaginary power reference values for
the active power filter. The reference value p*loss represents the active power needed to cover the
active power filter losses and to maintain the desired voltage or current magnitude in the dc-link.
The oscillating part of pl is extracted with a high-pass filter (HPF) and the constant part of plz with a
low-pass filter (LPF), as shown in Fig. 4.1. The real and imaginary axis compensating current
references are given by [75]:
*
⎡isfα
⎤ 2
⎡usα
1
⎢* ⎥=
2
2 ⎢
⎣⎢isfβ ⎦⎥ 3 ( usα + usβ ) ⎣usβ

usβ ⎤ ⎡ pf* ⎤
−usα ⎦⎥ ⎢⎣ qf* ⎥⎦

(4.6)

where i*sfα and i*sfβ are respectively the reference values for the real and imaginary axis components
of the compensating current vector in the stationary reference frame. The reference value for the
zero-sequence component of the compensating current i*sfz is simply opposite to the zero-sequence
component of the load current ilz:
*
isfz
= −ilz .

(4.7)

With this approach, the active power filter supplies the whole zero-sequence current of the load and
the supply neutral current isn is therefore zero. Finally, the inverse transformation of i*fα,β,z may be
carried out by applying (2.4) if needed.
The advantage of the instantaneous power theory based current reference generation method is that
it does not require reference frame transformations. It is also the most optimal method for situations
where the instantaneous power drawn from the supply is desired to be constant. However, under
distorted supply voltage conditions, the supply currents produced by this method are also distorted
because it is impossible to achieve both constant power and sinusoidal currents under these
circumstances [2]. Therefore, if the supply currents are desired to be sinusoidal despite the shape of
the supply voltages, the current reference generation method utilizing the synchronous reference
frame should be used instead.
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Current Reference Generation in the Synchronous Reference Frame

The other common current reference generation method used with active power filters utilizes the
synchronous reference frame where the real axis of the reference frame is tied to the supply voltage
vector [77],[78],[79],[80]. In the synchronous reference frame, the fundamental positive sequence
components appear as dc components, which makes it easy to extract the harmonics from the
positive sequence fundamental component using high-pass filters. A block diagram of the current
reference generator implemented in the synchronous reference frame is shown in Fig. 4.2. In this
method the compensating current references are generated on the basis of the measured load phase
currents, which are first transformed into the synchronous reference frame by applying (2.8). The
reference frame angle θs is determined by a phase-locked loop (PLL). A simple way to determine
the angle is to observe the zero crossings of the phase-a supply voltage usa. However, this method is
not very robust when the voltage at the PCC is highly distorted and/or the phase shift of the phase
voltages is not symmetrical between the phases. A more accurate reference frame angle estimation
can be attained by measuring all three line-to-neutral voltages and applying a robust PLL algorithm.
Several different PLL algorithms are analyzed and compared in [81].
The extraction of the fundamental negative sequence component and the harmonics are carried out
with a high-pass filter (HPF). This filtering process is only applied to the direct component of the
load current vector ild so that a unity power factor and a complete suppression of the supply neutral
current isn are attained. Thus, the compensating current references in the synchronous reference
frame are
*
*
⎡isfd
⎤ ⎡ −ildh + isfdo
⎤
⎢* ⎥ ⎢
⎥
*
⎢isfq ⎥ = ⎢ −ilq + isfqo ⎥
* ⎥
⎢ isfz
⎢
⎥
⎣ ⎦ ⎣ −ilz ⎦

(4.8)

where i*sfd and i*sfq are respectively the reference values for the direct and quadrature components of
the compensating current vector in the synchronous reference frame, ilq the quadrature component
of the load current vector in the synchronous reference frame, i*sfdo the reference value for the direct
component of the compensating current vector in the synchronous reference frame used for
maintaining the desired voltage or current magnitude in the dc-link, and i*sfqo the reference value for
the quadrature component of the compensating current vector in the synchronous reference frame

Fig. 4.2. Current reference generator implemented in the synchronous reference frame.
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used for compensating the capacitive current drawn by an LC type or an LCL type supply filter. In
the case of an L type supply filter i*sfqo is zero. The generation of i*sfdo and i*sfqo is discussed in detail
in Sections 4.2 and 4.3.
The advantage of the synchronous reference frame based current reference generation method is
that the supply voltages have no effect on the current reference generation process, providing that
the reference frame angle has been correctly determined. Thus the compensating current references
that produce sinusoidal, symmetrical and balanced supply phase currents and zero supply neutral
current can always be generated despite the shape of the supply voltages.
4.1.3

Prediction Based Current Reference Generation

Nowadays, the most active power filter control systems are implemented digitally. Due to the time
delay caused by the computation of the control algorithm and the sampling of the measured signals,
the active power filter current reference is constantly lagging behind. Since the filtering
performance of an active power filter relies heavily on the current reference, this time delay impairs
the compensation of low-order harmonics and makes the compensation of higher order harmonics
very difficult [82]. In literature, several methods for improving the accuracy of the active power
filter current reference have been proposed. In [20], [83] and [84] the active power filter current
reference is generated on the basis of the measured data collected during the previous fundamental
period, which works fine in the steady state if the load current contains no subharmonics and/or
interharmonics. However, the collected data is not valid during the transient state.
Another popular method for predicting the behavior of the load current is to use a model based
predictive current controller, as in [85], [86] and [87]. These model based controllers perform well
in both steady state and transient state but are, to some extent, dependent on the correct estimation
of the system parameters. In addition, in [88] a prediction based current reference generation
method that processes all harmonics separately is presented. It also introduces prediction error
compensation to improve prediction accuracy. Although the method is efficient, the implementation
requires a fast processing unit with a great deal of computing power. Other proposed methods worth
mentioning include an adaptive predictive filter based current reference generator [89] and an
artificial neural network based predictive harmonic identifier [90].
When the control system of an active power filter is implemented using a microcontroller, the
control algorithms should not require heavy computing and they should also be suitable for fixedpoint arithmetic implementation. This section presents a simple prediction based current reference
generation method for four-wire shunt active power filter, which is very applicable for
microcontroller implementation because it requires no heavy computing. The method was originally
introduced for three-wire shunt active power filter in [91] and it was modified suitable for four-wire
shunt active power filter in [P4].
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A block diagram of the current reference generator based on the proposed method for four-wire
shunt active power filter is shown in Fig. 4.3. To ensure good filtering performance in both steady
state and transient state operation, two different current reference generation algorithms are used. In
the steady state, the current reference is generated on the basis of the data collected in the table
during the previous fundamental period. However, if the load currents can be assumed half-wave
symmetrical, it is enough to collect data during the previous fundamental half period. The delay
caused by the sampling of the measured signals and the calculation of the control algorithm can be
approximated to be about 1.5Ts, where Ts is the sampling interval of the control system [82]. Thus
the effect of the control delay can be compensated by advancing the active power filter current
reference by two samples. This yields the active power filter current reference equations:
*
isfdh
( k + 1) = ildo ( k ) − ild ( k − ( m − 2 ) ) ,

(4.9)

*
isfq
( k + 1) = −ilq ( k − ( m − 2 ) )

(4.10)

*
isfz
( k + 1) = −ilz ( k − ( m − 2 ) )

(4.11)

and

where k is a discrete time instant, m the number of samples collected during the fundamental period
of the supply voltage, and ildo the fundamental positive sequence component of the load current in
the synchronous reference frame. Since the fundamental positive sequence component ildo appears
as a dc component in the synchronous reference frame, it can be easily separated from the
harmonics using a moving average. In this case the moving average algorithm is
ildo ( k ) =

1
⎡ild,sum ( k − 1) − ild ( k − m ) + ild ( k ) ⎤⎦
m⎣

(4.12)

where
ild,sum ( k ) =

k

∑

k −( m −1)

ild ( k ) .

Fig. 4.3. Current reference generator for four-wire shunt active power filter implemented in the synchronous reference
frame.

Chapter 4

34

During transient state operation, the current reference cannot be generated on the basis of the data
collected during the previous fundamental period. For this reason, an alternative current reference
generation algorithm is used. The computational control delay compensation algorithm was
originally introduced in [82]. The algorithm is based on the knowledge of the system dynamics:
since the behavior of the compensating current in case of a step change in the current reference is
known, the reference can be corrected so that the compensating current behaves as desired. The
algorithm can be written in discrete form as
τc
⎡ildh ( k ) − ildh ( k − 1) ⎤⎦ − ildh ( k ) ,
Ts ⎣

(4.13)

*
isfq
( k + 1) = −

τc
⎡ilq ( k ) − ilq ( k − 1) ⎤⎦ − ilq ( k )
Ts ⎣

(4.14)

*
isfz
( k + 1) = −

τc
⎡ilz ( k ) − ilz ( k − 1) ⎤⎦ − ilz ( k )
Ts ⎣

(4.15)

*
isfdh
( k + 1) = −

and

where τc is the compensation time constant which should be equal to the length of the control delay
for optimal performance, i.e. 1.5Ts. Note that the multiplier of -1 in Fig. 4.3 is included in (4.13)–
(4.15). With this algorithm the glitches in the supply currents caused by the control delay are
reduced and the system performs well also during the transient state operation. The drawback is that
the higher order harmonics increase, but this is not a problem since this algorithm is only used for a
short while during the transient state operation.
The transient state operation is detected by calculating error values between the latest measured
load current values and the oldest load current values in the table. Thus the error values are
ed,q,z ( k ) = ild,q,z ( k ) − ild,q,z ( k − m ) .

(4.16)

These error values should be zero in the steady state operation but in practice they usually differ
from zero to some extent due to the inaccuracies in the system. To correctly determine the state of
the load, a maximum allowed error is set. If any of the calculated error values exceed the maximum
allowed error, the computational control delay compensation algorithm is used until all the error
values are once again below the maximum allowed error.

4.2

Capacitive Current Control

When the active power filter is equipped with an LC type or an LCL type supply filter the filter
capacitors draw capacitive current, which must be taken into account in the control system if a unity
power factor is pursued. The direct component of the filter capacitor current vector in the
synchronous reference frame is [59]
icfd = Cf

d
ucfd − ωsCf ucfq
dt

(4.17)
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and the quadrature component
d
ucfq + ωs Cf ucfd
(4.18)
dt
where Cf is the capacitance of the filter capacitor, and ucfd and ucfq respectively the direct and the
quadrature components of the filter capacitor voltage vector in the synchronous reference frame.
The capacitive current is mainly caused by the last term in (4.18) because ucfq is typically rather
small. Thus, the capacitive current can be compensated by adding a current reference component
i*sfqo to the quadrature component of the compensating current reference, as shown in Fig. 4.2. On
the basis of (4.18) it can be written that
icfq = Cf

*
isfqo
≈ −ωs Cf ucfd .

(4.19)

If the filter capacitor voltages are not measured, ucfd can be approximated to be equal to the direct
component of the supply voltage vector usd. Furthermore, if the supply voltages are close to
sinusoidal, symmetrical and balanced usd can be assumed to be constant, i.e. the peak of the supply
line-to-neutral voltage and no additional measurements are therefore required [92].

4.3

DC-Link Control

4.3.1

DC-Link Voltage Control

For the active power filter with a capacitive energy storage element in the dc-link, a sufficient dclink voltage level is required in order that the compensating current reference can be realized at
every time instant. To maintain the desired dc-link voltage level, the active power filter needs to
draw a certain amount of active power from the supply to cover its power losses. In the synchronous
reference frame, the three-phase instantaneous power of the active power filter can be expressed on
the basis of (2.25). If the supply voltages are assumed to be sinusoidal, symmetrical and balanced,
the direct component of the supply voltage vector usd is constant and equal to the peak of the supply
line-to-neutral voltage. In addition, the quadrature component of the supply voltage vector usq as
well as the zero-sequence component of the supply voltage usz are zero. Therefore it can be written
that the three-phase instantaneous power of the active power filter is
3
3
pf,3φ = usd isfd = uls isfd
2
2

(4.20)

where uls is the peak of the supply line-to-neutral voltage. Thus, according to (4.20) the three-phase
instantaneous power of the active power filter can be controlled with the direct component of the
compensating current vector isfd.
A block diagram of the dc-link voltage controller for active power filter is shown in Fig. 4.4. The
voltage is controlled in a closed-loop, usually with either P type or PI type controller. The voltage
error fed into the controller is calculated by subtracting the measured voltage udc from the voltage
reference u*dc. The controller outputs a reference value either for the real power of the active power
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filter p*loss or for the direct component of the compensating current vector in the synchronous
reference frame i*sfdo, depending on the implementation of the control system. These reference
values form the compensating current reference for the active power filter together with the
harmonic current reference, as shown in Figs. 4.1 and 4.2.

Fig. 4.4. Dc-link voltage controller.

The task of the dc-link voltage controller is only to maintain the desired average value of the dc-link
voltage and therefore the control bandwidth of the controller must be limited so that the controller
does not react to any oscillating components in the dc voltage during the steady state operation.
Otherwise the supply phase currents will be distorted.
4.3.2

DC-Link Voltage Balance Control

In the case of the three-leg voltage source topology with the split-capacitor dc-link structure
[Fig. 3.3(a)], the voltage balance of the dc-link capacitors can be controlled by altering the zerosequence component of the converter voltage ufz [93]. A block diagram of the voltage balance
controller is shown in Fig. 4.5. The dc-link capacitor voltages uc1 and uc2 are measured, and the
error value fed into the PI type controller is formed by calculating the difference between the
capacitor voltages. The control bandwidth of the PI controller is limited so that the controller does
not react to any oscillating components in the dc-link capacitor voltages. The output of the
controller is the reference voltage u*bal which is added to the reference value for the zero-sequence
component of the converter voltage. Normally during steady state operation when the compensating
currents are half-wave symmetrical, the dc-link capacitor voltages remain balanced and there is no
need for controlling the voltage balance. In that case u*bal is set to zero.

Fig. 4.5. Dc-link voltage balance controller.

4.3.3

DC-Link Current Control for Conventional DC-Link Structure

The dc-link current control of current source active power filter with conventional dc-link structure
[Fig. 3.5] is similar to the dc-link voltage control of voltage source active power filter presented
earlier. The desired magnitude of the dc-link current is maintained by controlling the active power
drawn by the active power filter with the direct component of the compensating current vector. A
block diagram of the dc-link current controller is shown in Fig. 4.6. The dc-link current control is
implemented in a closed-loop manner using a PI type controller. The error value for the PI
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Fig. 4.6. Dc-link current controller for current source active power filter.

controller is calculated by subtracting the measured dc-link current idc from the dc-link current
reference value i*dc. The output value of the PI controller is the reference value for the PWM dc
voltage of the converter u*dcbr. The reference value for the direct component of the compensating
current vector i*sfdo can be derived from (3.26):
*
isfdo
=

2 *
2 *
*
udcbr idc =
udcbr idc = c1udcbr
idc .
3usd
3uls

(4.21)

The direct component of the supply voltage vector usd is assumed to be constant and equal to the
peak of the supply line-to-neutral voltage in (4.21).
The dc-link current reference i*dc is generated so that the magnitude of the dc-link current is large
enough for realization of the compensating current reference at every time instant. The dc-link
current reference is calculated as follows [P5]:
⎛
idc* = c2 ⎜
⎝

(i ) + (i )
* 2
fd

* 2
fq

⎞
+ 3 ifz* ⎟
⎠

(4.22)

where c2 ≥ 1. The expression in parentheses in (4.22) determines the minimum value for the dc-link
current in order that the active power filter is able to realize the compensating current reference.
The value for the constant c2 is selected based on the desired margin. In practice it is advisable to
keep the magnitude of the dc-link current as low as possible to minimize the dc-link power losses.
However, due to the large inductance of the dc-link inductor required for the active power filter
applications, the dc-link current cannot follow a rapidly changing current reference. Thus, the rate
of change of i*dc should be limited, e.g. by using a low-pass filter with a large time constant.
4.3.4

DC Current Control for Hybrid Energy Storage

By replacing the conventional dc-link structure of the current source active power filter with the
hybrid energy storage [Fig. 3.6], the size of the dc-link inductor can be significantly reduced. The
amount of size reduction is heavily dependent on the control strategy. In [19], a 40-mH (57 % p.u.)
dc-link inductor was used, and since the inductance value of the dc-link inductor in the current
source active power filter is typically between 1 and 2 p.u., a major reduction in inductance and
volume is achieved. However, a dc inductor of 0.6 p.u. is still quite large. Thus, to further reduce
the inductance of the dc-link inductor, an enhanced dc current control method for the hybrid energy
storage is proposed in [94] and [P6].
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The main idea of the optimal dc current control is to minimize the modulation frequency current
ripple by minimizing the instantaneous voltage difference across the dc-link inductor. To
accomplish this, the modulation sequences of both converter bridges must be synchronized so that
the active and zero switching states are realized at the same time when possible. The importance of
the synchronization is illustrated by the simulation results in Figs. 4.7 and 4.8. Fig. 4.7 shows the
voltage waveforms during one modulation period where there is a 90° phase shift between the
modulation sequences. Similarly, Fig. 4.8 shows the voltage waveforms when the modulation
sequences are synchronized. In this case the rms value of the voltage in Fig. 4.8(c) is approximately
46 % smaller than in Fig. 4.7(c). Thus, when the modulation sequences are synchronized, smaller
modulation frequency current ripple is induced and the inductance value of the dc-link inductor can
be reduced.

(a)
(b)
(c)
Fig. 4.7. Simulated voltage waveforms during one modulation period when the modulation sequences of the PWM
converter bridges are not synchronized: (a) dc voltage of the main converter bridge udcbr, (b) dc voltage of the dc-link
converter bridge uhdbr, and (c) dc-link inductor voltage uLdc.

(b)
(c)
(a)
Fig. 4.8. Simulated voltage waveforms during one modulation period when the modulation sequences of the PWM
converter bridges are synchronized: (a) dc voltage of the main converter bridge udcbr, (b) dc voltage of the dc-link
converter bridge uhdbr, and (c) dc-link inductor voltage uLdc.

With the proposed modulation scheme, the inductance of the dc-link inductor can be reduced down
to about 3–5 % p.u. [94],[P6]. The small inductance enables fast dc current control according to
instantaneous current requirement and the average dc current as well as the dc-link inductor power
loss can be therefore minimized.
A block diagram of the proposed dc-link current controller is presented in Fig. 4.9. The dc-link
current is controlled in a closed-loop manner using a PI type controller, which outputs the voltage
reference u*Ldc across the dc-link inductor Ldc. The reference value for the dc-link PWM converter
voltage u*hdbr can be obtained by subtracting u*Ldc from the estimated PWM dc voltage produced by
the main converter bridge udcbr,est. The estimate for udcbr can be derived by assuming the
instantaneous ac and dc powers of the active power filter to be equal. Thus the estimate is [P6]
3u i* 3ul i*
(4.23)
udcbr,est = sd fd* = s fd* .
2 idc
2 idc
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The dc-link reference i*dc is generated on the basis of (4.22) as in the case of the conventional dclink structure. However, due to the small dc-link inductor, the current reference can be altered
according to instantaneous current requirement without the need for limiting its rate of change.

Fig. 4.9. Dc-link current controller for hybrid energy storage.

4.4

Control of Active Power Filter Currents

In order to achieve good filtering performance, the active power filter must be able to accurately
track the current reference. This imposes great demands for the current control of the active power
filter. A pure shunt active power filter that is well designed should have a filtering bandwidth
covering harmonics up to the 40th order, which is the highest low-order harmonic component
defined by many standards, e.g. [6]. However, there are many factors that affect the control
bandwidth of the active power filter. These include the sampling interval of the digital control
system, the modulation frequency used, the control delay caused by the sampling of the measured
quantities and the calculation of the control algorithm, the type of the current controller used, and
the supply filter design. There is a basic difference in the current control of voltage source and
current source active power filters. Since the PWM converter of the current source active power
filter acts as a controllable current source, the current reference can be realized in an open-loop
manner without any feedback loops. However, the PWM converter of the voltage source active
power filter acts as a controllable voltage source and therefore the converter currents are normally
controlled in a closed-loop manner to attain sufficient accuracy in current control.
The supply filter is an important part of the active power filter from several points of view. It acts as
a link between the PWM converter bridge and the supply and thus has a significant effect on the
dynamic performance of the active power filter. The supply filter has two main tasks. The first is to
enable the control of the converter currents and the second to filter out the current ripple at the
modulation frequency and its multiples from the supply currents. There are two common supply
filter structures used in the voltage source active power filters: the L filter and the LCL filter.
Moreover, the current source active power filter is typically equipped with the LC type supply filter.
To understand the principle of the current control of the voltage source active power filter, the
characteristics of the supply filter structures have to first be recognized.
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4.4.1

Current Control with L type Supply Filter

The simplest supply filter structure for the voltage source active power filter is the L type supply
filter which consists of plain inductors. The L type filter is a first-order low-pass filter and is
therefore in many cases inadequate for the PWM converter applications due to the insufficient
attenuation of the current ripple at the modulation frequency. An L type supply filter structure for
four-wire voltage source active power filters is presented in Fig. 4.10, where Lff, Lffn, Rff and Rffn are
respectively the inductance of the phase inductors, the inductance of the neutral wire inductor, the
resistance of the phase inductors, and the resistance of the neutral inductor. In this case, the supply
side currents isfa,b,c,n are equal to the PWM converter side currents ifa,b,c,n.

Fig. 4.10. An L type supply filter structure for four-wire voltage source active power filters.

According to Fig. 4.10, the voltage equation of the L type supply filter for the space vector
quantities in the stationary reference frame is
u s − u f = Rff i f + Lff

d
if ,
dt

(4.24)

which may be written in component form as
d
(4.25)
ifα,β
dt
where us, uf and if are respectively the supply voltage vector, the converter voltage vector and the
converter current vector in the stationary reference frame, and ufα and ufβ respectively the real and
imaginary components of the converter voltage vector in the stationary reference frame.
Furthermore, the voltage equations in component form in the synchronous reference frame are
[95],[96]
usα,β − ufα,β = Rff ifα,β + Lff

usd − ufd = Rff ifd + Lff

d
ifd − ωs Lff ifq
dt

(4.26)

and
d
(4.27)
ifq +ωs Lff ifd
dt
where ufd and ufq are respectively the direct and quadrature components of the converter voltage
vector in the synchronous reference frame. Since the space vector quantities contain only the
positive and negative sequence components, the neutral inductor has no effect on (4.24). For the
zero-sequence components the voltage equation is [P2]
usq − ufq = Rff ifq + Lff
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d
(4.28)
ifz .
dt
Eq. (4.24) and (4.28) clearly show that the converter currents can be controlled with the converter
voltage vector uf and its zero-sequence component ufz. From the control theory point of view, since
current is controlled with voltage, the admittance of the supply filter corresponds to the transfer
function of the process, which can be expressed in the frequency domain in the stationary reference
frame on the basis of (4.24) as follows:
usz − ufz = ( Rff + 3Rffn ) ifz + ( Lff + 3Lffn )

L {i f }
I f (s)
1
=
=
=
L {u s − u f } U s ( s ) − U f ( s ) sLff + Rff

1
.
⎛ Lff
⎞
Rff ⎜ s
+ 1⎟
⎝ Rff
⎠

(4.29)

The cut-off frequency of the supply filter is determined by the time constant Lff / Rff. The larger the
time constant, the better the attenuation of the high-frequency current components, but also the
narrower the control bandwidth of the active power filter. Thus the inductance of the supply filter
must be selected so that a sufficient attenuation of the current ripple at the modulation frequency
and its multiples is achieved without excessively impairing the filtering performance of the active
power filter.
Fig. 4.11 shows the block diagrams of two typical current controllers used with four-wire voltage

(a)

(b)
Fig. 4.11. Current controller for four-wire voltage source active power filters implemented (a) in the stationary
reference frame and (b) in the synchronous reference frame.
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source active power filters. The controller in Fig. 4.11(a) is implemented in the stationary reference
frame and that in Fig. 4.11(b) in the synchronous reference frame. Both controllers have the same
operating principle: the measured converter currents are subtracted from the current references and
the resulting error values are fed into PID type controllers. The reference values for the PWM
converter voltage vector components in the stationary reference frame are calculated as
*
*
ufα,β
= usα,β − uLα,β

(4.30)

where u*Lα and u*Lβ are respectively the reference values for the real and imaginary components of
the voltage across the supply filter given by the PID controllers.
Similarly, the reference values for the PWM converter voltage vector components in the
synchronous reference frame are calculated as
*
ufd* = usd − uLd'
+ ωs Lff ifq*

(4.31)

*
ufq* = usq − uLq'
− ωs Lff ifd*

(4.32)

and
where u*Ld' and u*Lq' are respectively the reference values for the direct and quadrature components
of the voltage vector across the supply filter given by the PID controllers. As shown by (4.26) and
(4.27), in the synchronous reference frame the quadrature component of the converter current vector
affects the direct component of the converter voltage vector and vice versa. This cross coupling is
compensated with the last terms in (4.31) and (4.32).
It should be noted that even though the current controllers in Fig. 4.11 are presented as PID type
controllers, their type may vary depending on the implementation of the control system. The
integrating part (I) in the controller is used for improving the tracking of a constant reference by
limiting the bandwidth of the controller. Since the active power filter current controller is tracking a
constantly changing reference, its control bandwidth does not usually require limiting. However, if
the control loop is continuous or the sampling interval of the control loop very small, it might be
necessary to limit the control bandwidth so that the current controller does not react on highfrequency noise. Moreover, the use of the derivative part (D) is normally avoided in the control
loops because it amplifies noise in the measured signals. However, by including the derivative part
in the current controller of the active power filter, the tracking of the high-frequency current
components can be improved, which improves the filtering performance of the system. Especially
in the digital control systems in which the sampling interval and the control delay already limits the
control bandwidth, it is beneficial to use a PD type current controller.
Finally, since the zero-sequence components are independent of the reference frame used, the
reference value for the zero-sequence voltage produced by the PWM converter is in both
implementations
*
*
ufz* = usz − uLz
+ ubal

(4.33)
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where u*Lz is the reference value for the zero-sequence component of the voltage across the supply
filter. The reference voltage component u*bal is used for controlling the dc-link voltage balance of
the three-leg topology [Fig. 3.3(a)], as discussed in Section 4.3.2.
In practice, there is no significant difference in the performances of the controllers in Fig. 4.11,
since in both cases the PID controllers have to track alternating variables when the harmonics and
the negative sequence component of the load currents are being compensated. More accurate
tracking could be achieved by using multiple synchronous reference frames and controlling each
major harmonic component in its own reference frame [97]. However, this would make the control
system much more complicated and its implementation would require a great deal of computing
power. In addition to the PID controllers, there are several other controller implementations
proposed in literature. The hysteresis band based controller [23] has been popular in active power
filters because it is fast, simple and requires no controller tuning. However, its drawback is the
variable modulation frequency, which may cause resonance problems and make the filtering of the
current ripple generated by the PWM more difficult compared to systems using a fixed modulation
frequency. Moreover, more advanced technology used in the current control of the active power
filters is represented by artificial neural network based controllers [98] and sliding mode controllers
[99],[100], which can be used for replacing the linear regulators.
4.4.2

Current Control with LCL type Supply Filter

As mentioned earlier, the first-order L type supply filter does not always provide sufficient
attenuation for the current ripple caused by the PWM voltage. Large current ripple at the
modulation frequency may distort the voltage at the PCC and cause additional power losses in the
network components. This problem may be solved by using a higher order supply filter structure.
An LCL type supply filter is a third-order low-pass filter commonly used in voltage source PWM
converters. When properly designed, the LCL filter provides a much better suppression for the
modulation frequency current ripple compared to the L type supply filter. However, there are a few
matters related to the LCL filter that need to be taken into account when applying an LCL filter to
active power filter, for example the resonance phenomenon [101].
Fig. 4.12 presents an LCL filter structure for four-wire voltage source converters. The structure
presented is based on the L filter structure shown in Fig. 4.10, which is extended to LCL filter by
adding an LC front-end on the supply side. The task of the filter capacitors Cf is to provide a lowimpedance path for the modulation frequency current ripple. Since the modulation frequency
current ripple is to circulate only on the PWM converter side, the inductors Lff and Lffn play an
important role in the power dissipation of the filter by determining the amplitude of the current
ripple. And since the resistance of an inductor typically increases with the frequency, large current
at the modulation frequency would cause high power dissipation in the filter. The neutral wire filter
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Fig. 4.12. Passively damped LCL type supply filter structure for four-wire voltage source PWM converters.

inductor Lffn is optional but significantly improves the attenuation of the common-mode current
ripple [P2]. The resonance of the filter is damped with the damping resistors Rd.
When designing an LCL filter for an active power filter, it should be noted that an active power
filter has a wide operating bandwidth compared to a typical PWM rectifier [102]. To maintain good
filtering performance, the resonance frequency of the LCL filter should be placed outside the
operating bandwidth of the active power filter because after the resonance frequency the attenuation
of a third-order low-pass filter increases by 60 decibels per decade. Below the resonance frequency,
the LCL filter acts as an L filter formed by the series connection of the supply side inductors Lsf and
the PWM converter side inductors Lff. This total inductance (Lsf + Lff) determines mainly the
impedance in the compensating current path, but when the frequency closes to the resonance
frequency of the LCL filter, the filter capacitors start affecting the frequency response of the filter
by causing a phase lag to the compensating currents flowing through the filter. The design
procedure of the LCL filter is discussed in more detail in [103], [104], [105] and [P3].
The resonance of the LCL filter can be attenuated with either passive or active methods. The
passive method is the simplest method that may be realized by placing additional damping resistors
in the LCL filter circuit [103], usually in parallel with the supply side inductors [Fig. 4.12] or in
series with the filter capacitors. Instead, the active methods take the resonance into account in the
control system. There are lots of different methods for active resonance damping proposed in
literature. These include methods that e.g. utilize multiloop control strategies [106], state observers
[107], and deadbeat controllers [108],[109]. The drawback of the active methods is that they usually
require additional sensors or complicated control strategies to maintain system stability whereas the
passive method has been suggested to produce high power losses [110],[111]. However, the test
results in [101] show that the power losses caused by the additional damping resistors are negligible
in practice.
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From the current controller point of view, a passively damped LCL filter that is properly designed
may be treated as an L filter with an inductance value of Lsf + Lff. Therefore a system equipped with
an LCL type supply filter can be controlled in the same manner as a system with an L type supply
filter. Fig. 4.13 shows the block diagram of the current controller implemented in the synchronous
reference frame for the four-wire voltage source active power filter equipped with passively
damped LCL type supply filter. When compared to the controller in Fig. 4.11(b), the only change is
the cross coupling compensation term which now also includes the inductance of the supply side
filter inductor Lsf. Thus, the advantage of the passively damped LCL filter is that the simple current
controller originally designed for a system with an L filter may be used without major changes,
even though the filtering performance of the active power filter may be slightly worse than with the
active damping methods [101].
A simple method for analyzing the frequency response of an LCL filter is to form single-phase
equivalent circuits for space vector quantities and zero-sequence components. Fig. 4.14(a) presents
an equivalent circuit of the LCL filter structure shown in Fig. 4.12 for space vector quantities and
Fig. 4.14(b) for zero-sequence components. The variables Zsf(s), Zff(s), Zffn(s), Zcf(s) refer
respectively to the impedances of the supply side filter inductor, the PWM converter side filter

Fig. 4.13. Current controller implemented in the synchronous reference frame for four-wire voltage source active power
filter equipped with passively damped LCL type supply filter.

(a)

(b)
Fig. 4.14. Single-phase equivalent circuits of LCL filter (a) for space vector quantities and (b) for zero-sequence
components.
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inductor, the neutral wire filter inductor and the filter capacitor. On the basis of Fig. 4.14(a) the
following admittance matrix for space vector quantities may be defined [112]:
⎡ L {i sf }⎤ ⎡ I sf ( s ) ⎤ ⎡Y11 ( s ) Y12 ( s ) ⎤ ⎡ L {u s } ⎤ ⎡Y11 ( s ) Y12 ( s ) ⎤ ⎡U s ( s ) ⎤
⎢
⎥=⎢
⎥=⎢
⎥⎢
⎥=⎢
⎥⎢
⎥
⎣ L {i f } ⎦ ⎣ I f ( s ) ⎦ ⎣Y21 ( s ) Y22 ( s ) ⎦ ⎣L {u f }⎦ ⎣Y21 ( s ) Y22 ( s ) ⎦ ⎣U f ( s ) ⎦

(4.34)

where
Y11 ( s ) =
Y12 ( s ) =
Y21 ( s ) =

Z ff ( s ) + Z cf ( s )

Z sf ( s ) Z ff ( s ) + Z sf ( s ) Z cf ( s ) + Z ff ( s ) Z cf ( s )
− Z cf ( s )

Z sf ( s ) Z ff ( s ) + Z sf ( s ) Z cf ( s ) + Z ff ( s ) Z cf ( s )

,
,

Z cf ( s )

Z sf ( s ) Z ff ( s ) + Z sf ( s ) Z cf ( s ) + Z ff ( s ) Z cf ( s )

and
Y22 ( s ) =

− ( Z sf ( s ) + Z cf ( s ) )

Z sf ( s ) Z ff ( s ) + Z sf ( s ) Z cf ( s ) + Z ff ( s ) Z cf ( s )

.

Similarly, on the basis of 4.14(b) the admittance matrix for zero-sequence components is
⎡ L {isfz }⎤ ⎡ I sfz ( s ) ⎤ ⎡Y11z ( s ) Y12z ( s ) ⎤ ⎡ L {usz }⎤ ⎡Y11z ( s ) Y12z ( s ) ⎤ ⎡U sz ( s ) ⎤
⎢
⎥=⎢
⎥=⎢
⎥⎢
⎥=⎢
⎥⎢
⎥
⎣ L {ifz } ⎦ ⎣ I fz ( s ) ⎦ ⎣Y21z ( s ) Y22z ( s ) ⎦ ⎣ L {ufz }⎦ ⎣Y21z ( s ) Y22z ( s ) ⎦ ⎣U fz ( s ) ⎦

(4.35)

where
Y11z ( s ) =
Y12z ( s ) =
Y21z ( s ) =

Z ff ( s ) + Z cf ( s ) + 3Z ffn ( s )

Z sf ( s ) Z ff ( s ) + Z sf ( s ) Z cf ( s ) + Z ff ( s ) Z cf ( s ) + 3Z sf ( s ) Z ffn ( s ) + 3Z cf ( s ) Z ffn ( s )
− Z cf ( s )

Z sf ( s ) Z ff ( s ) + Z sf ( s ) Z cf ( s ) + Z ff ( s ) Z cf ( s ) + 3Z sf ( s ) Z ffn ( s ) + 3Z cf ( s ) Z ffn ( s )

,
,

Z cf ( s )

Z sf ( s ) Z ff ( s ) + Z sf ( s ) Z cf ( s ) + Z ff ( s ) Z cf ( s ) + 3Z sf ( s ) Z ffn ( s ) + 3Z cf ( s ) Z ffn ( s )

and
Y22z ( s ) =

− ( Z sf ( s ) + Z cf ( s ) )

Z sf ( s ) Z ff ( s ) + Z sf ( s ) Z cf ( s ) + Z ff ( s ) Z cf ( s ) + 3Z sf ( s ) Z ffn ( s ) + 3Z cf ( s ) Z ffn ( s )

.

Since the principle of the active power filter current control is to control the supply side current isf
with the PWM converter voltage uf, the transfer admittances Y12(s) and Y12z(s) are the most
interesting quantities when designing an LCL filter. To determine the series resonance frequency of
the LCL filter the resistances of the inductors and the capacitor are set to zero, i.e. Zsf(s) = sLsf,
Zff(s) = sLff, Zffn(s) = sLffn and Zcf(s) = 1/(sCf). Thus, the resulting transfer admittances are
Y12 ( s ) =

−1
⎛
L + Lff ⎞
sLsf Lff Cf ⎜ s 2 + sf
⎟
Lsf Lff Cf ⎠
⎝

=

−1
sLsf Lff Cf ( s 2 + ωres,αβ 2 )

(4.36)
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and
−1
⎛
Lsf + Lff + 3Lffn ⎞
s ( Lsf Lff Cf + 3Lsf Lffn Cf ) ⎜ s 2 +
⎟
Lsf Lff Cf + 3Lsf Lffn Cf ⎠
⎝
−1
=
s ( Lsf Lff Cf + 3Lsf Lffn Cf ) ( s 2 + ωres,z 2 )

Y12z ( s ) =

(4.37)

where ωres,αβ and ωres,z are respectively the angular series resonance frequencies for space vector
quantities and zero-sequence components. The series resonance frequency of the LCL filter for
space vector quantities can be derived on the basis of (4.36) as follows:
f res,αβ =

ωres,αβ
2π

=

1
2π

Lsf + Lff
.
Lsf Lff Cf

(4.38)

Similarly, the series resonance frequency of the LCL filter for zero-sequence components can be
derived from (4.37):
f res,z =

ωres,z
2π

=

1
2π

Lsf + Lff + 3Lffn
.
Lsf Lff Cf + 3Lsf Lffn Cf

(4.39)

In [P3], the design of the LCL filter is based on the admittances Y12(s) and Y12z(s).
4.4.3

Open-Loop Current Control for Current Source Active Power Filter

Because the current source active power filter is normally equipped with an LC type supply filter
[Fig. 3.5(a)], rapid changes in the compensating currents may cause oscillations due to the
resonance phenomenon. The resonance of the LC filter may be damped using either damping
resistors or some kind of active damping algorithm in the control system. The passive damping
method implemented with the damping resistors is the simplest method as it does not require any
modifications in the control system. The drawback is that the damping resistors slightly increase the
supply filter power losses. As an alternative, many different active damping methods have been
proposed in literature. Most of these methods are based on the closed-loop control, e.g. in [18], [20],
[60], [113], [114], [115], [116], and [117]. The advantages of the closed-loop based control include
good reference tracking and insensitivity against external disturbances, whereas the drawback is the
need for additional voltage and/or current measurements.
One advantage of the current source active power filters is the accurate ac current control because
of which the compensating currents can be controlled in an open-loop manner without any feedback
loops or need for controller tuning. This makes the control system simpler and reduces the number
of current transducers required. Moreover, an open-loop based controller is always stable. Since the
aim of the open-loop current control is to minimize the number of measurements and sensors, the
active damping methods listed above are not suitable for this purpose. However, in [118] the active
damping of the supply filter is realized without any feedback loops by altering the switching pulse
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pattern of the PWM, which could be applied to a system with open-loop based current controller.
The drawback of this method is that it is only able to damp oscillations caused by the PWM
converter bridge but not those stimulated by an external source.
A model based damping algorithm is one solution for damping the resonance of the LC type supply
filter in an open-loop manner. An algorithm based on the dynamic equations of the LC filter was
first proposed for a three-phase current source rectifier in [92] and later for a three-phase three-wire
shunt current source active power filter in [82]. In this section, the same method is applied to a fourwire shunt current source active power filter. The method is discussed in detail and its performance
tested and analyzed in [P5].
The LC type supply filter can be modeled on the basis of Fig. 3.5(a) as
u s = Rsf i sf + Lsf

d
1
i sf +
dt
Cf

∫ (i

sf

− i f )dt

(4.40)

which equals
d2
d
d
i + Rsf Cf i sf − Cf u s + i sf = i f .
2 sf
dt
dt
dt
Eq. (4.41) may be expressed in the synchronous reference frame as follows:
Lsf Cf

Lsf Cf

d2 s
d s
d s
d s
s
i + Rsf Cf i sf − Cf u s + j2ωs Lsf Cf i sf − ωs 2 Lsf Cf i sf
2 sf
dt
dt
dt
dt
s
s
s
s
− jωsCf u s + jωs Rsf Cf i sf + i sf = i f

(4.41)

(4.42)

The vector form of (4.42) may be divided into the direct and quadrature components. The direct
component of (4.42) is
Lsf Cf

d2
d
d
d
i + Rsf Cf isfd − Cf usd − 2ωs Lsf Cf isfq − ωs 2 Lsf Cf isfd
2 sfd
dt
dt
dt
dt
+ ωsCf usq − ωs Rsf Cf isfq + isfd = ifd

(4.43)

and the quadrature component
Lsf Cf

d2
d
d
d
i + Rsf Cf isfq − Cf usq + 2ωs Lsf Cf isfd − ωs 2 Lsf Cf isfq
2 sfq
.
dt
dt
dt
dt
−ωsCf usd + ωs Rsf Cf isfd + isfq = ifq

(4.44)

Since the zero-sequence component is independent of the reference frame, it may be simply written
that
d2
d
d
i + Rsf Cf isfz − Cf usz + isfz = ifz .
2 sfz
dt
dt
dt
In (4.45) it is assumed that the impedance of the neutral wire is zero.
Lsf Cf

(4.45)

A block diagram of the damping method is shown in Fig. 4.15. The damping algorithm is based on
the dynamic terms, i.e. the derivative terms of the LC filter, which are used for calculating the
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Fig. 4.15. Resonance damping of the LC filter.

oscillation compensation terms i*dmpd,q,z for the PWM converter current references i*fd,q,z in order
that the compensating currents produced by the active power filter isfd,q,z would behave as desired on
the supply side. Thus the expressions needed to damp the oscillations are
*
idmpd
= Lsf Cf

*
dmpq

i

d 2 *
d *
d *
i + Rsf Cf i sfd − 2ωs Lsf Cf i sfq ,
2 sfd
dt
dt
dt

(4.46)

d 2 *
d *
d *
= Lsf Cf 2 i sfq + Rsf Cf i sfq + 2ωs Lsf Cf i sfd
dt
dt
dt

(4.47)

and
d 2 *
d *
(4.48)
i + Rsf Cf i sfz .
2 sfz
dt
dt
Because in practice real compensating currents cannot follow step responses of the current
references, filtered current references denoted by tilde (~) are used in (4.46) – (4.48). In addition,
the effect of the supply voltage is omitted. With typical filter parameters, the effect of the first-order
terms in (4.46) – (4.48) in damping control are negligibly small and the following approximation
can be made:
*
idmpz
= Lsf Cf

d 2 *
(4.49)
i sfd,q,z .
dt 2
To form a difference equation for digital implementation with a sampling interval of Ts the
derivatives are approximated with a backward difference method by replacing the derivatives as
follows [119]:
*
idmpd,q,z
≈ Lsf Cf

d Λ −1
≈
dt ΛTs

(4.50)

where Λ is a forward-shift operator [119]. By applying (4.50) to (4.49) the following equation for
the damping current reference may be written:
2

*
dmpd,q,z

i

)

(

⎛ Λ − 1 ⎞ *
*
*
Lsf Cf *
i sfd,q,z − 2i sfd,q,z Λ −1 + i sfd,q,z Λ −2
= Lsf Cf ⎜
⎟ i sfd,q,z =
2
Ts
⎝ ΛTs ⎠
.
*
*
*
= c i sfd,q,z − 2i sfd,q,z Λ −1 + i sfd,q,z Λ −2

(

)

(4.51)

Note that an inaccurate inductance value may impair the performance of the damping algorithm.
Therefore if the supply inductance is noticeable, it should be added to the filter inductance Lsf and
use the total value in (4.51). Also, possible saturation of the filter inductors affects their inductance
values.
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The filtering of the compensating current reference is carried out as shown in Fig. 4.16. The unit
step change of the current reference is plotted with broken line and the filtered current reference
with solid line. The filtering is realized with two slopes during two sampling intervals. During the
first time interval, 80 % of the original current reference is completed, and the remaining 20 % is
completed during the second time interval. Thus the filtered compensating current reference may be
written as
i*sfd,q,z = i*sfd,q,z Λ −1 + 0.8 ( i* − i* Λ −1 ) + 0.2 ( i* Λ −1 − i* Λ −2 ) .
sfd,q,z
sfd,q,z
sfd,q,z
sfd,q,z

(4.52)

The accuracy of the discrete realization can be improved by averaging (AV) the filtered
compensating current reference:
−1
*
*
i*sfd,q,z(av) = i sfd,q,z + i sfd,q,z Λ .
(4.53)
2
Finally, by combining (4.51) – (4.53) the complete oscillation compensation algorithm may be
written as
*
*
*
*
*
ifd,q,z
= ( 0.4 + 0.8c ) isfd,q,z
+ ( 0.5 − 1.4c ) isfd,q,z
Λ −1 + ( 0.1 − 0.4c ) isfd,q,z
Λ −2 + 0.2cisfd,q,z
Λ −3 .

(4.54)

Since this damping algorithm operates in an open-loop manner it is always stable. The algorithm is
also very suitable for microcontroller implementation because it only requires four multiplication
and four addition operations per current component. However, it is unable to damp oscillations
stimulated outside of the control system, e.g. by the changes in the supply voltage.

Fig. 4.16. Filtering of the compensating current reference.

4.5

Space Vector Modulation

In the mid-1980s, a form of PWM called space vector modulation (SVM) was proposed and
claimed to offer significant advantages over natural and regular sampled PWM in terms of
performance, ease of implementation, and maximum transfer ratio [55]. Later, SVM has been
identified simply as an alternative method for determining switched pulse widths and its main
benefit has been recognized to be the explicit identification of pulse placement as an additional
degree of freedom that may be utilized to achieve harmonic performance gain [55]. SVM
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techniques have been used increasingly in the last decade [120] because some functions are easy to
realize in SVM, e.g. modulation of current source converters, discontinuous modulation schemes
[55], and dc-link capacitor voltage balancing in multilevel voltage source converters [121]. In
addition, SVM techniques can easily be implemented with digital processors [120]. All topologies
studied in this thesis are modulated using SVM algorithms implemented with a microcontroller.
4.5.1

Three-Leg Four-Wire Voltage Source Converter

The SVM method for the three-leg four-wire voltage source converter [Fig. 3.3(a)] is very similar to
the conventional SVM method for two-level three-phase three-wire voltage source converter
presented e.g. in [55]. The only difference is that the zero-sequence voltage produced by the
converter is controlled by altering the ratio of the two zero switching vectors applied at the
beginning and at the end of the modulation half period. The method presented here is described in
detail in [P1].
There are eight permitted switching states that can be produced with six controllable switches. The
switching vectors corresponding to these switching states are presented in Fig. 4.17 where the
following notations are used: “+” refers to the on-state of the upper switch and “-” to the on-state of
the lower switch in a converter leg. Six of the switching vectors sw1 – sw6 are active switching
vectors that produce nonzero line-to-line voltages at the converter terminals, i.e. they contribute to
the α and β components of the converter voltage vector as well as to the zero-sequence voltage.

Fig. 4.17. Switching vectors and the applied modulation sequence for the four-wire three-leg voltage source converter
when the reference vector resides in sector I.
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These active switching vectors form six 60° sectors labeled with Roman numerals in Fig. 4.17. The
remaining two switching vectors sw7 and sw8 are zero switching vectors that contribute only to the
zero-sequence voltage. The voltage reference vector is realized on average during the modulation
half period using two active switching vectors that are the closest to the reference vector and both
zero switching vectors. Every modulation period is begun with the zero switching vector sw7 and
this is followed by the first active switching vector. The first active switching vector is selected so
that only the state of switches in one leg needs to be changed at a time. After that, the other active
switching vector is applied, and finally the zero switching vector sw8. At the midpoint of the
modulation period, the new switching times are calculated and in the latter part of the modulation
period, the switching vectors are applied in reverse order. The applied modulation sequence when
the reference vector resides in the first sector is illustrated in Fig. 4.17. [P1],[21]
The switching times of the active switching vectors in the modulation half period can be calculated
as follows [55]:
*

T u
T1 = 3 m
sin ( θ 2 − θ* )
2 udc

(4.55)

and
*

T u
T2 = 3 m
sin ( θ* − θ1 )
2 udc

(4.56)

where Tm is the duration of the modulation period, |u*| the length of the voltage reference vector, θ*
the angle of the voltage reference vector, and θ1 and θ2 the angles of the active switching vectors
forming the sector. All angles are defined in relation to the real axis of the stationary reference
frame. Note that (4.55) and (4.56) are only valid if the following condition is met:
θ1 < θ 2 .

(4.57)

The remaining part of the modulation half period is filled with the two zero switching vectors
whose combined switching time is
Tm
− (T1 + T2 ) .
(4.58)
2
To control the zero-sequence voltage produced by the converter, a weighting coefficient k is
defined. The weighting coefficient is used to set the correct ratio for the zero switching vectors so
that the zero-sequence voltage reference is realized. It can be calculated as follows [P1]:
Tz =

k=

1 ⎛ T1 T2 Tz Tm uz* ⎞
⎜± ± + −
⎟
Tz ⎝ 6 6 2 2 udc ⎠

(4.59)

where u*z is the zero-sequence voltage reference. The dc-link capacitor voltages are assumed to be
equal in (4.59), i.e. uc1 = uc2. The sign of the first two terms inside the parentheses in (4.59) depends
on the active switching vectors used. For vectors sw2, sw3 and sw5 the sign is minus and for vectors
sw4, sw6 and sw7 plus [P1]. Finally, the switching time of vector sw7 is
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Tz1 = kTz

(4.60)

Tz2 = (1 − k ) Tz .

(4.61)

and that of vector sw8

4.5.2

Four-Leg Four-Wire Voltage Source Converter

When applying SVM to the four-leg four-wire voltage source shunt active power filter [Fig. 3.3(b)],
the dimension of SVM has to be extended from two to three. In literature, several three-dimensional
SVM methods for four-leg voltage source converters have been presented. The methods proposed in
[122] and [123] are realized in the α-β-z coordinates and the one presented in [124] in the a-b-c
coordinates. Because the method realized in the a-b-c coordinates is slightly simpler and requires
less computing power from the microcontroller than the others, it is used in this thesis.
Even though the method presented in [124] is called space vector modulation in the publication, it
has nothing to do with actual space vectors. In this method, the voltage vectors are formed using
phase quantities and therefore contain both the positive and negative sequence components as well
as the zero-sequence component, whereas a space vector does not contain the zero-sequence
component. The voltage reference vector in the a-b-c coordinates is defined as
*
*
⎡ ufafn
⎤ ⎡ufafn,nor
⎤
1
⎢
⎥
⎢
⎥
*
*
= ⎢ufbfn,nor
ufbfn
V* =
⎢
⎥
⎥
udc *
*
⎢ ufcfn ⎥ ⎢ufcfn,nor
⎥
⎣
⎦ ⎣
⎦

(4.62)

where u*fifn (i = a, b, c) is the instantaneous line-to-neutral voltage reference of the converter bridge
in relation to the neutral terminal fn [Fig. 3.3(b)]. To simplify the notation, the voltage reference
vector is normalized by dividing it with the dc-link voltage udc. The normalized quantities are
denoted with subscript nor. To avoid overmodulation, the following condition must always apply:
uf*ifn,nor ≤

1
, i = a,b,c .
3

(4.63)

There are 16 permitted switching states that can be realized with eight controllable switches: 14
active switching states and two zero switching states. The switching vectors are derived on the basis
of (3.17) as follows:
⎡ swa − swn ⎤ ⎡ufafn,nor ⎤
1⎢
⎢
⎥
Vi = ⎢ swb − swn ⎥⎥ = ⎢ufbfn,nor ⎥ , i = 1...16
2
⎢⎣ swc − swn ⎥⎦ ⎢⎣ufcfn,nor ⎥⎦

(4.64)

where ufafn,nor, ufbfn,nor and ufcfn,nor are the normalized instantaneous line-to-neutral voltage
components of the switching vectors. All switching states and the corresponding switching vectors
can be found in the Appendix A.
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Fig. 4.18. Active switching vectors of the three-dimensional vector modulation realized in the a-b-c coordinates.

The 14 active switching vectors V2 – V15 shown in Fig. 4.18 divide the vector space into 24
tetrahedrons that are equal in size and each formed by three active switching vectors. In the
continuous modulation scheme, the modulation sequence of the modulation half period consists of
three active switching vectors as well as both zero switching vectors V1 and V16. The three
appropriate active switching vectors applied in the modulation half period are determined by the
tetrahedron in which the voltage reference vector V* lies at the moment. To determine the correct
tetrahedron, the following conditional expressions are defined:

and

*
⎧1 when ufafn
>0
,
E1 = ⎨
⎩0 otherwise

(4.65)

*
⎧ 2 when ufbfn
>0
,
E2 = ⎨
0
otherwise
⎩

(4.66)

*
⎧ 4 when ufcfn
>0
,
E3 = ⎨
⎩ 0 otherwise

(4.67)

*
*
⎪⎧8 when ( ufafn − ufbfn ) > 0
E4 = ⎨
,
⎪⎩0 otherwise

(4.68)

*
*
⎪⎧16 when ( ufbfn − ufcfn ) > 0
E5 = ⎨
⎪⎩ 0 otherwise

(4.69)
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*
*
⎪⎧32 when ( ufafn − ufcfn ) > 0
E6 = ⎨
.
⎪⎩0 otherwise

(4.70)

The region pointer RP pointing to the correct tetrahedron is determined as
RP = 1 + E1 + E2 + E3 + E4 + E5 + E6 .

(4.71)

The region pointer RP, ranged from 1 to 64, adopts only one of the 24 different possible values that
correspond to the 24 tetrahedrons. The active switching vectors applied in each tetrahedron are
listed in the Appendix A. For example if RP is 23, the three active switching vectors applied are V3,
V4 and V12.
The voltage reference vector V* is realized on average during the modulation half period using the
three active switching vectors:
*
⎡ ufafn,nor
⎤ ⎡ ufafn1,nor
⎢ *
⎥ ⎢
⎢ufbfn,nor ⎥ = ⎢ufbfn1,nor
*
⎢ ufcfn,nor
⎥ ⎢ ufcfn1,nor
⎣
⎦ ⎣

ufafn2,nor
ufbfn2,nor
ufcfn2,nor

ufafn3,nor ⎤ ⎡ d1 ⎤
⎥
ufafn3,nor ⎥ ⎢⎢ d 2 ⎥⎥
ufafn3,nor ⎥⎦ ⎢⎣ d3 ⎥⎦

(4.72)

where subscripts 1, 2 and 3 denote the three active switching vectors applied during the modulation
half period and d is the duty ratio. Thus, on the basis of (4.72) the duty ratios for the three active
switching vectors may be calculated as
⎡ d1 ⎤ ⎡ufafn1,nor
⎢ d ⎥ = ⎢u
⎢ 2 ⎥ ⎢ fbfn1,nor
⎣⎢ d3 ⎦⎥ ⎣⎢ufcfn1,nor

ufafn2,nor
ufbfn2,nor
ufcfn2,nor

ufafn3,nor ⎤
⎥
ufafn3,nor ⎥
ufafn3,nor ⎥⎦

−1

*
⎡ufafn,nor
⎤
⎢ *
⎥
⎢ufbfn,nor ⎥
*
⎢ ufcfn,nor
⎥
⎣
⎦

(4.73)

and the switching times for the active switching vectors as
⎡ T1 ⎤
⎢T ⎥ = Tm
⎢ 2⎥ 2
⎢⎣T3 ⎥⎦

⎡ d1 ⎤
⎢d ⎥ .
⎢ 2⎥
⎢⎣ d3 ⎥⎦

(4.74)

The duty ratios for each active switching vector in different tetrahedrons are tabulated in the
Appendix A.
The remaining part of the modulation half period is filled with the two zero switching vectors V1
and V16. Thus, the combined switching time for the zero switching vectors is
Tm
− (T1 + T2 + T3 ) ,
(4.75)
2
which is evenly distributed between the two zero switching vectors applied at the beginning and at
the end of the modulation half period. Every modulation period is begun with the zero switching
vector V1. This zero switching vector is then followed by the first active switching vector that can
be realized by changing the state of switches only in one converter leg. The same condition goes for
the two following active switching vectors applied next. The modulation half period is concluded
with the zero switching vector V16. At this point, the new switching times are calculated and in the
Tz =
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latter part of the modulation period, the switching vectors are applied in reverse order. The applied
modulation sequence when RP is 23 is illustrated in Fig. 4.19.

Fig. 4.19. Applied modulation sequence for four-leg four-wire voltage source shunt active power filter when RP = 23.

4.5.3

Four-Wire Current Source Converter

There are quite a few SVM methods for four-wire current source converters presented in literature.
Most of them are designed for four-leg current source rectifiers and the sole purpose of the neutral
leg in the converter bridge is to reduce the modulation frequency current ripple in the dc current
[125]–[126]. These methods are not suitable for applications in which the purpose is to produce
large neutral currents, such as four-wire active power filters.
An SVM method suitable for four-wire shunt current source active power filters [Fig. 3.5] is
presented in [P5]. The four-leg current source converter has 16 permitted switching states. These
switching states include 12 active switching states and four zero switching states. The switching
vectors corresponding to the switching states are defined as follows [P5]:
2⎛
1
1
1
⎞
swi = swα + jswβ = ⎜ swa − swb − swc ⎟ + j
( swb − swc )
3⎝
2
2
3
⎠

(4.76)

where swa,b,c is assigned with a value of 1 if the upper switch in the phase leg is conducting, -1 if the
lower switch in the phase leg is conducting, and 0 if both or neither of the switches in the phase leg
are conducting. The switching vectors are presented in Fig. 4.20 where a notation of ± is used
instead of 0 when both switches in the same leg are conducting. This is done to distinguish the
switching states forming the zero switching vectors sw7 – sw10 from each other. The neutral leg is
only used for creating a current path for the dc-link current to the neutral wire when neutral current
is produced with the PWM converter.
As shown in Fig. 4.20, there are two sets of active switching vectors. Vectors sw1 – sw6 have greater
magnitude because when they are applied the current flows between two phase lines, whereas in the
case of vectors sw11 – sw16 the current flows between a phase line and the neutral wire. Thus,
vectors sw1 – sw6 do not produce any zero-sequence current unlike vectors sw11 – sw16, which
contribute to the zero-sequence current as well as to the positive and negative sequence currents.
The α and β components of the current reference vector are realized using the two nearest active
switching vectors among sw1 – sw6. The switching times for these two active switching vectors can
be calculated as follows [92]:
*

T i
⎛π
⎞
Tlag = m
sin ⎜ − γ ⎟
2 idc
⎝3
⎠

(4.77)
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Fig. 4.20. Switching vectors and the applied modulation sequence when the current reference vector lies in the grey
zone and the zero-sequence current reference is positive.

and
*

Tlead

T i
= m
sin ( γ )
2 idc

(4.78)

where Tlag and Tlead are respectively the switching times of the lagging and leading switching
vectors, |i*| the magnitude of the current reference vector, and γ the angle between the current
reference vector and the lagging active switching vector.
The zero-sequence current reference is realized using either vectors sw11, sw13 and sw15 if the
reference is positive or vectors sw12, sw14 and sw16 if the reference is negative. The switching time
for a single vector is [P5]
*
Tm iz
Tn =
2 idc

(4.79)

where |i*z| is the absolute value of the zero-sequence current reference. By applying the same
switching time Tn for all three vectors, the α and β components produced by these vectors are
neutralized and only the desired zero-sequence current component remains. The remaining part of
the modulation half period is filled with one of the zero switching vectors sw7 – sw10 whose
switching time is calculated as follows [P5]:
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Tm
(4.80)
− (Tlead + Tlag + 3Tn ) .
2
The modulation period is begun with the zero switching vector that is then followed by the three
short active switching vectors. After that, the two long active switching vectors are applied. At the
midpoint of the modulation period, the new switching times are calculated and in the latter part of
the modulation period, the switching vectors are applied in reverse order. The applied modulation
sequence is illustrated in Fig. 4.20.
Tz =

5

Simulation Environment and Experimental Setup

This chapter presents an overview of the simulation environment and the experimental setup used in
the laboratory tests. Since the simulations have only been used for testing the functioning of the
control and modulation methods before the experimental tests and the actual comparative study is
based on the experimental results, no simulation results are presented in this thesis. However, some
simulation results have been included in [P1]–[P3], and [127] is based solely on simulation results.
The experimental results related to this thesis can be found in [P1]–[P7] and in Chapter 6.

5.1

Simulation Environment

Before implementing and testing the four-wire active power filter topologies and their control
systems in practice, the functioning and the performance of the systems are verified with computer
simulations. The block diagram of the simulation environment used is shown in Fig. 5.1. The
environment consists of SIMPLORER® and Simulink® simulation software which are linked
together. SIMPLORER® is multi-domain, system simulation software for the design of highperformance electromechanical systems commonly found in the automotive, aerospace/defense, and
industrial automation industries [128], and Simulink® an environment for multi-domain simulation
and model based design for dynamic and embedded systems [129]. The simulation models are built
so that they match the experimental systems as accurately as possible. The main circuit models are
run in SIMPLORER® and the “measured” currents and voltages are transferred to Simulink® where
the signal processing is carried out. The signals from SIMPLORER® are first filtered with firstorder analog low-pass filters and then fed into the analog-to-digital (A/D) converters. The A/D
conversion is modeled using zero-order hold and quantizer blocks so that the signals have the same
sampling interval and resolution as the signals converted with 10-bit A/D converters in practice.

Fig. 5.1. Block diagram of the simulation environment.
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The compensating current reference generation and all control algorithms are implemented
discretely-timed to match the microcontroller implementation of the experimental setup. The block
diagrams of the discrete-time PI type and PD type controllers used in the control systems are shown
in Fig. 5.2, where Kp is the proportional gain, Ti the integration time constant, Td the derivation time
constant, Ts the sampling interval of the controller, and z-1 a unit delay. The saturation block limits
the output of the controller between the desired maximum and minimum values and also provides
the anti-windup function for the integrating part of the PI type controller. Both controllers in
Fig. 5.2 can be derived from the continuous-time PI type and PD type controller algorithms
presented in [130] by using the backward approximation method [119]. The control delay that exists
in real life digital control systems is modeled as a unit delay between the control system and the
space vector modulator blocks. The space vector modulator generates the gate control signals which
are transferred to the SIMPLORER® model and fed to the gate terminals of the IGBT models.

(a)

5.2

(b)
Fig. 5.2. Discrete-time controllers: (a) PI type controller and (b) PD type controller.

Experimental Setup

For experimental tests and comparative studies, two prototypes rated for a 5-kVA load were
constructed. The first prototype, which was built in 2003 and updated in 2006, consists of the threeleg and the four-leg four-wire voltage source active power filter topologies [Fig. 3.3]. The second
prototype was built in 2006 and consists of the four-wire current source active power filter topology
with basic main circuit structure [Fig. 3.5(a)]. Moreover, the hybrid energy storage [Fig. 3.6] has
also been included in the second prototype as an alternative for the conventional dc-link structure.
Both prototypes are designed to be connected to a three-phase four-wire power supply with a lineto-neutral voltage of 230 V and a frequency of 50 Hz. The control systems are implemented with a
Freescale MPC563 single-chip microcontroller operating at 64 MHz clock frequency. The sampling
interval of the control systems is 50 µs and the modulation frequency of all topologies 10 kHz. All
currents are measured with LEM LA 55-P current transducers and the analog-to-digital conversions
carried out with two on-chip 10-bit A/D converter units. The average conversion time of the A/D
converter units is less than 5 µs. All auxiliary devices such as microcontroller board, measurement
and logic boards, and gate drivers are supplied by an auxiliary power supply so that their power
consumption does not affect the efficiency of the main system.
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Prototype of Four-Wire Voltage Source Shunt Active Power Filter

A photograph of the four-wire voltage source shunt active power filter prototype is shown in
Fig. 5.3. The converter bridge is built using a Semikron SKM 40GD123D IGBT six-pack power
module and a Semikron SKM 50GB123D IGBT power module. The IGBTs are driven by Concept
6SD106EI and 2SD106AI SCALE driver cores. The dc-link consists of two 2200-µF and 500-V
electrolytic capacitors connected in series, which results in a total dc-link capacitance of 1.1 mF
(11 p.u.) with 1000-V maximum voltage stress. The supply filter is a passively damped LCL filter
whose structure corresponds to that shown in Fig. 4.12. There are 5-mH (4.9 % p.u.) inductors in
the converter side including the neutral wire and 0.6-mH (0.6 % p.u.) inductors in the supply side.
Moreover, the capacitance of the filter capacitors is 5 µF (5 % p.u.) and the resistance of the
damping resistors 33 Ω (~ 1 p.u.). The supply filter and its design is discussed in more detail in
[P3].

Fig. 5.3. Prototype of four-wire voltage source shunt active power filter: 1. auxiliary power supply, 2. MPC563
microcontroller board, 3. current measurement board, 4. dc-link voltage measurement board, 5. gate driver, 6. dc-link
capacitors, and 7. heat sink and IGBT power modules.

5.2.2

Prototype of Four-Wire Current Source Shunt Active Power Filter

The prototype of the four-wire current source shunt active power filter is shown in Fig. 5.4. The
main converter bridge consists of four Semikron SKM 50GB123D IGBT power modules and four
STMicroelectronics STTA9012TV2 ultra-fast high voltage diode modules. In addition, the
converter bridge of the hybrid energy storage is built using two SKM 50GB123D IGBT power
modules and one STTA9012TV2 diode module. The semiconductor devices are protected against
overvoltage spikes by the overvoltage clamp circuit shown in Fig. 5.5 [131]. The LC type supply
filter consists of 0.6-mH (0.6 % p.u.) inductors and 10-µF (10 % p.u.) capacitors. [P5]–[P7]
The dc-link inductors used in the current source active power filter are shown in Fig. 5.6. The
inductor for the conventional dc-link structure on the left has a inductance value of 200 mH and is
rated for a 20-A dc current. Moreover, it weighs about 65 kg and has a dc resistance of 670 mΩ.
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The inductor for the hybrid energy storage on the right is a 5-mH and 20-Adc inductor which weighs
about 3.5 kg and has a dc resistance of 90 mΩ. In addition to the dc inductor, the hybrid energy
storage consists of four 680-µF and 400-V electrolytic capacitors resulting in a total dc-link
capacitance of 680 µF (6.8 p.u.) with 800-V maximum voltage stress.

Fig. 5.4. Prototype of four-wire current source shunt active power filter: 1. MPC563 microcontroller board, 2. supply
filter inductors, 3. current measurement board, 4. auxiliary power supply and gate drivers, 5. overvoltage protector
circuit, 6. IGBTs and series diodes, 7. hybrid energy storage, and 8. supply filter capacitors.

Fig. 5.5. Overvoltage protector used in the four-wire current source shunt active power filter prototype.

Fig. 5.6. Inductor for conventional dc-link structure (left) and for hybrid energy storage (right).

5.2.3

Microcontroller Implementation

The Freescale (formerly Motorola) MPC500 family of microcontrollers is based on the PowerPC
Architecture™ [132]. The type of the microcontroller mainly used in this thesis is MPC563.
However, the older microcontroller board with MPC555 is used in [P1]–[P4].
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The central processing unit (CPU) of MPC563 provides 32-bit effective addressing, integer data
types of 8, 16 and 32 bits, and floating-point data types of 32 and 64 bits. MPC563 contains 512 kB
of Flash EEPROM memory and 32 kB static RAM. The integrated input/output (I/O) system of the
microcontroller includes two independent time processing units (TPU) with 16 channels each, a 22channel modular I/O system (MIOS), two enhanced queued analog-to-digital converter modules
with a total of 32 analog channels, and one queued serial multichannel module providing e.g. a
standard RS-232 serial interface for communication with external devices. [133]
The software is written using C and assembly languages. To ensure minimum calculation time and
memory use, an integer data type of 16 bits is used for most variables. However, when higher
precision is needed an integer data type of 32 bits is used. Floating-point variables are never used
because the arithmetic operations of those are many times slower to execute than integers. The
software is based on the interrupts requested by the TPU once in every sampling period. The main
program itself performs only non-time critical tasks such as the interpretation and execution of the
commands sent via the RS-232 serial bus, and the monitoring of synchronization. The time critical
tasks are performed during the interrupts. These include overcurrent/voltage detection, starting of
the A/D converter units, execution of the active power filter control algorithm, and the modulator
updating. Since the instruction set of the microcontroller does not include trigonometric functions
needed for the reference frame transformations and the calculation of the switching times, the
values for sine, cosine and arctangent are calculated using Taylor series and tabulated before
starting the time scheduling service [134].
The synchronization and the calculation of the synchronous reference frame angle is based on the
zero crossing detection of the supply phase-a voltage. The fundamental component of the supply
voltage is attained with a low-pass filter. The zero crossings are detected with a comparator whose
output is connected to the input capture channel of the MIOS. The synchronization is attained and
maintained using a phase locked loop. The phase lag caused by the low-pass filtering is
compensated by adding a constant value to the detected angle. The synchronization method is
discussed in more detail in [135].
The gate control signals for the IGBTs are generated using the output compare (OC) function of the
TPUs and external generic array logic (GAL) circuits. With the OC function, the state of the
external pins of the microcontroller can be changed at a predetermined time instant [134]. To
minimize the CPU time required for the modulator update, the actual gate control signals are
generated on the basis of the TPU signals in the GAL circuits using AND/OR logic. Before the gate
control signals are fed into the gate drivers, the dead time or the overlapping is generated with
external circuits. In this thesis, the dead time applied is about 1 µs for the voltage source topologies,
except for the dc-link converter of the hybrid energy storage that need no dead time. Similarly, an
overlapping time of about 1 µs is applied to the gate control signals in the current source topology.
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In the case of the voltage source topologies, each converter leg is controlled with two TPU
channels. This is done to ensure a proper generation of narrow control pulses. In addition, TPU
channels 7 and 8 are used for activation of the converter bridge, which is carried out by setting
channel 7 to the high state and channel 8 to the low state. The gate control signals are generated in
the GAL circuit as follows:

) (
))
((
T = ( ( CH1 ∪ CH2 ) ∩ ( CH1 ∪ CH2 ) ) ∩ CH7 ∩ CH8 ∩ FAULT
T = ( ( CH3 ∪ CH4 ) ∩ ( CH3 ∪ CH4 ) ) ∩ CH7 ∩ CH8 ∩ FAULT
T = ( ( CH3 ∪ CH4 ) ∩ ( CH3 ∪ CH4 ) ) ∩ CH7 ∩ CH8 ∩ FAULT
T = ( ( CH5 ∪ CH6 ) ∩ ( CH5 ∪ CH6 ) ) ∩ CH7 ∩ CH8 ∩ FAULT
T = ( ( CH5 ∪ CH6 ) ∩ ( CH5 ∪ CH6 ) ) ∩ CH7 ∩ CH8 ∩ FAULT
T = ( ( CH9 ∪ CH10 ) ∩ ( CH9 ∪ CH10 ) ) ∩ CH7 ∩ CH8 ∩ FAULT
T = ( ( CH9 ∪ CH10 ) ∩ ( CH9 ∪ CH10 ) ) ∩ CH7 ∩ CH8 ∩ FAULT
T1 = CH1 ∪ CH2 ∩ CH1 ∪ CH2 ∩ CH7 ∩ CH8 ∩ FAULT
2

3

4

5

6

7

8

where CHi is the ith channel of the TPU and FAULT the fault signal activated by the protection
circuit in case of overvoltage or overcurrent. Signals T1–T8 correspond to the gate control signals of
the switching devices in Fig. 3.3. In the case of the three-leg topology, signals T7 and T8 are not
needed. An example of the modulation sequence is presented in Fig. 5.7.
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Fig. 5.7. Example of the modulation sequence during two modulations periods in the case of the four-wire four-leg
voltage source PWM converter.
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The applied modulation sequence of the four-wire current source converter contains 12 switching
states in the modulation period, which makes the microcontroller implementation of the modulator
much more complicated than that of the four-wire voltage source topologies. In addition to pointing
out the time instants when the states are to be changed, the TPU channels are also used for
indicating the sector where the current reference vector lies at the moment as well as the direction
of the neutral current reference. The external logic used for the gate control signal generation has so
many logic operations that it has to be divided into two GAL circuits. The first GAL circuit
provides six auxiliary variables for the second GAL circuit. These are defined as follows [136]:

(

LAG = CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5 ∩ CH6 ∩ CH7 ∩ CH8 ∩ CH9 ∩ CH10

)

(
)
∪ ( CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5 ∩ CH6 ∩ CH7 ∩ CH8 ∩ CH9 ∩ CH10 )
∪ ( CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5 ∩ CH6 ∩ CH7 ∩ CH8 ∩ CH9 ∩ CH10 )
LEAD = ( CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5 ∩ CH6 ∩ CH7 ∩ CH8 ∩ CH9 ∩ CH10 )
∪ ( CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5 ∩ CH6 ∩ CH7 ∩ CH8 ∩ CH9 ∩ CH10 )
∪ CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5 ∩ CH6 ∩ CH7 ∩ CH8 ∩ CH9 ∩ CH10

ZERO = ( CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5 ∩ CH6 ∩ CH7 ∩ CH8 ∩ CH9 ∩ CH10 )

(

∪ CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5 ∩ CH6 ∩ CH7 ∩ CH8 ∩ CH9 ∩ CH10

(

)

Na = CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5 ∩ CH6 ∩ CH7 ∩ CH8 ∩ CH9 ∩ CH10

)

(
)
∪ ( CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5 ∩ CH6 ∩ CH7 ∩ CH8 ∩ CH9 ∩ CH10 )
∪ ( CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5 ∩ CH6 ∩ CH7 ∩ CH8 ∩ CH9 ∩ CH10 )
Nb = ( CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5 ∩ CH6 ∩ CH7 ∩ CH8 ∩ CH9 ∩ CH10 )
∪ ( CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5 ∩ CH6 ∩ CH7 ∩ CH8 ∩ CH9 ∩ CH10 )
∪ ( CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5 ∩ CH6 ∩ CH7 ∩ CH8 ∩ CH9 ∩ CH10 )
∪ ( CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5 ∩ CH6 ∩ CH7 ∩ CH8 ∩ CH9 ∩ CH10 )
Nc = ( CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5 ∩ CH6 ∩ CH7 ∩ CH8 ∩ CH9 ∩ CH10 )
∪ ( CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5 ∩ CH6 ∩ CH7 ∩ CH8 ∩ CH9 ∩ CH10 )
.
∪ ( CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5 ∩ CH6 ∩ CH7 ∩ CH8 ∩ CH9 ∩ CH10 )
∪ ( CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5 ∩ CH6 ∩ CH7 ∩ CH8 ∩ CH9 ∩ CH10 )
∪ CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5 ∩ CH6 ∩ CH7 ∩ CH8 ∩ CH9 ∩ CH10

The logic variable LAG indicates the time instant when the lagging long active switching vector is
applied, LEAD the time instant when the leading long active switching vector is applied, and ZERO
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the time instant when the zero switching vector is applied. Furthermore, Na, Nb, and Nc are used
for indicating the time instants for the short active switching vectors. The sector where the current
reference vector lies at the moment is set with TPU channels 11, 12 and 13 as follows [136]:
SEC1 = CH11 ∩ CH12 ∩ CH13
SEC2 = CH11 ∩ CH12 ∩ CH13
SEC3 = CH11 ∩ CH12 ∩ CH13
SEC4 = CH11 ∩ CH12 ∩ CH13

.

SEC5 = CH11 ∩ CH12 ∩ CH13
SEC6 = CH11 ∩ CH12 ∩ CH13
Finally, the second GAL circuit generates the gate control signals as follows [136]:

⎛ ( SEC1 ∩ LAG ) ∪ ( SEC3 ∩ ZERO ) ∪ ( SEC5 ∩ LEAD ) ⎞
⎟ ∩ FAULT
T1 = ⎜
⎜ ∪ SEC6 ∩ Na ∩ Nb ∩ Nc ∪ ( Na ∩ CH14 )
⎟
⎝
⎠

(

)

⎛ ( SEC4 ∩ LAG ) ∪ ( SEC6 ∩ ZERO ) ∪ ( SEC2 ∩ LEAD ) ⎞
⎟ ∩ FAULT
T2 = ⎜
⎜ ∪ SEC3 ∩ Na ∩ Nb ∩ Nc ∪ Na ∩ CH14
⎟
⎝
⎠

(

) (

)

⎛ ( SEC3 ∩ LAG ) ∪ ( SEC5 ∩ ZERO ) ∪ (SEC1 ∩ LEAD ) ⎞
⎟ ∩ FAULT
T3 = ⎜
⎜ ∪ SEC2 ∩ Na ∩ Nb ∩ Nc ∪ ( Nb ∩ CH14 )
⎟
⎝
⎠

(

)

⎛ ( SEC6 ∩ LAG ) ∪ ( SEC2 ∩ ZERO ) ∪ ( SEC4 ∩ LEAD ) ⎞
⎟ ∩ FAULT
T4 = ⎜
⎜ ∪ SEC5 ∩ Na ∩ Nb ∩ Nc ∪ Nb ∩ CH14
⎟
⎝
⎠

(

) (

)

⎛ ( SEC5 ∩ LAG ) ∪ ( SEC1 ∩ ZERO ) ∪ ( SEC3 ∩ LEAD ) ⎞
⎟ ∩ FAULT
T5 = ⎜
⎜ ∪ SEC4 ∩ Na ∩ Nb ∩ Nc ∪ ( Nc ∩ CH14 )
⎟
⎝
⎠

(

)

⎛ ( SEC2 ∩ LAG ) ∪ ( SEC4 ∩ ZERO ) ∪ (SEC6 ∩ LEAD ) ⎞
⎟ ∩ FAULT
T6 = ⎜
⎜ ∪ SEC1 ∩ Na ∩ Nb ∩ Nc ∪ Nc ∩ CH14
⎟
⎝
⎠

(

) (

T7 =

)

(( Na ∪ Nb ∪ Nc ) ∩ CH14 ) ∩ FAULT

T8 = ( ( Na ∪ Nb ∪ Nc ) ∩ CH14 ) ∩ FAULT
where signals T1–T8 correspond to the gate control signals of the switching devices in Fig. 3.5. TPU
channel 14 determines the direction of the neutral current: high state for positive and low state for
negative. The positive direction is defined according to Fig. 3.5.
When the conventional dc-link structure of the current source active power filter is replaced with
hybrid energy storage [Fig. 3.6], the two IGBTs in the dc-link converter bridge are controlled with
the time processing unit B. Channels 1, 2, and 3 are used for controlling the switching devices and
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channels 4 and 5 for enabling and disabling the dc-link converter bridge. The logic operations for
the GAL circuit are the following:

) (
) (
))
((
= ( ( CH1 ∩ CH2 ) ∪ ( CH1 ∩ CH2 ∩ CH3) ∪ ( CH1 ∩ CH2 ∩ CH3) ) ∩ CH4 ∩ CH5

T9 = CH1 ∩ CH2 ∪ CH1 ∩ CH2 ∩ CH3 ∪ CH1 ∩ CH2 ∩ CH3 ∩ CH4 ∩ CH5
T10

where signals T9 and T10 correspond to the gate control signals of the switching devices in Fig. 3.6.
The converter bridge is enabled by setting channel 4 to the high state and channel 5 to the low state.
5.2.4

Test Setup

The test setup used in the experimental tests is shown in Fig. 5.8. The current measurement
equipment includes Tektronix AM503B current amplifiers with A6312 current probes and
TCPA300 current amplifiers with TCP312 and TCP303 current probes, and all voltages are
measured with Tektronix P5200 high voltage differential probes. The measured current and voltage
waveforms are sampled and stored with a LeCroy LC334AM 500-MHz digital oscilloscope. The
measured data is filtered using a seventh-order Butterworth digital filter with a cutoff frequency of
25 kHz.
The efficiencies of the active power filter topologies are determined with two power analyzers. The
active power drawn from the supply Ps is measured with a Yokogawa WT1030 digital power meter
and the active power fed to the load Pl with a LEM Norma D 6100 wideband power analyzer. The
efficiency of the active power filter is defined as
η=

Pl
.
Ps

(5.1)

The total power loss of the active power filter is calculated as a difference of these powers.

Fig. 5.8. Test setup: 1. calorimeter, 2. Yokogawa WT1030 digital power meter, 3. LEM Norma D 6100 wideband
power analyzer, 4. prototype of four-wire voltage source shunt active power filter, and 5. prototype of four-wire current
source shunt active power filter.
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The power loss distribution between the components in the main circuit is approximated with a
calorimetric measurement setup. The configuration of the calorimeter is shown in Fig. 5.9. First, the
element whose power losses are to be approximated is enclosed in the calorimeter. Next, the system
is run with air flowing through the calorimeter at constant mass flow rate until the temperature
inside the calorimeter has stabilized. The power loss of the element being measured Pe can be
calculated on the basis of the air mass flow mair, the input air temperature Tin and the output air
temperature Tout as follows [137]:
Pe = mair (Tout − Tin ) ρ air − Pcase

(5.2)

where ρair is the thermal capacity of air and Pcase the conductive power leak, which is determined
with calibration measurements by heating a resistor inside the calorimeter with known power. The
measurements are carried out so that each topology is operated between three and six hours and the
desired quantities are measured at a sampling rate of 60 seconds. The final results are obtained by
averaging the data collected during the last 30 minutes of the operating period. Even though the
calorimetric measurements may not provide the most accurate absolute values of the power losses,
the obtained results are comparable with each other.

Fig. 5.9. Configuration of the calorimeter.

6

Comparative Study of Four-Wire Shunt Active Power
Filter Topologies

To find the most viable four-wire shunt active power filter topology in terms of filtering properties,
filtering performance and efficiency, a comparative study based on experimental tests is conducted.
The topologies selected for the study include the two most common voltage source topologies: the
three-leg topology (VSAPF(3L)) [Fig. 3.3(a)] and the four-leg topology (VSAPF(4L)) [Fig. 3.3(b)],
and the current source four-wire active power filter topology with basic main circuit structure
(CSAPF(B)) [Fig. 3.5(a)]. In addition, the current source active power filter is tested with both
conventional dc-link structure and hybrid energy storage (HES) [Fig. 3.6]. The control system of
the voltage source topologies is presented in Fig. 6.1, and the control systems of the current source
active power filter in Figs. 6.2 and 6.3. Every control system is implemented in the synchronous
reference frame and the current reference generation is based on the prediction based current
reference method described in Section 4.1.3. The current control of the voltage source topologies is
described in Sections 4.4.1 and 4.4.2, and that of the current source topology in Section 4.4.3. The
space vector modulation schemes are applied according to Section 4.5. The four-wire active power
filter prototypes and the test setup are presented in Chapter 5, and the test setup parameters in the
Appendix B. The first section of the chapter presents the results of the filtering performance tests,
and the second the results of the power loss distribution and efficiency measurements. Finally, some
additional test results and special considerations are presented and discussed at the end of the
chapter. The material presented in this chapter is mostly based on [P7].

6.1

Filtering Performance

The filtering performance of the topologies are tested by compensating current harmonics, phase
imbalance and neutral current produced by an unbalanced and nonlinear load. The system is
connected to a low-impedance three-phase power supply. The supply voltages are balanced and
lowly distorted (THD < 2 %). The load consists of several diode rectifier bridges connected
between the phases and the neutral with either an inductive load or a capacitive load connected to

Fig. 6.1. Control system of the four-wire voltage source shunt active power filter topologies.
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Fig. 6.2. Control system of the four-wire shunt current source active power filter with conventional dc-link structure.

Fig. 6.3. Control system of the four-wire shunt current source active power filter with hybrid energy storage.

the dc side. In addition, there are 2.3-mH (2.3 % p.u.) commutation phase inductors connected to
the ac side of the load. The total apparent power of the load is about 4.5 kVA and the active power
about 4.2 kW. The measured load current waveforms are shown in Fig. 6.4. The total harmonic
distortion of the load current calculated up to 2 kHz for phases a, b and c is respectively 23.4 %,
14.4 % and 13.5 %.

(a)
(b)
(c)
Fig. 6.4. Measured load current waveforms: (a) load phase-a current, (b) load phase currents, and (c) load neutral
current.

The voltage source topologies are tested with both the L type and the LCL type supply filters. The
dc-link voltage reference of the four-leg topology is set at 680 V and that of the three-leg topology
about 15 % higher at 785 V. This is done to ensure similar dynamic performances for both
topologies. The measured supply current waveforms compensated with the three-leg topology are
presented in Fig. 6.5 and with the four-leg topology in Fig. 6.6. In addition, Fig. 6.7 shows the
measured dc-link voltages. The results show that both topologies are able to produce sinusoidal,
symmetrical and balanced supply phase currents and to efficiently compensate the neutral current
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produced by the load. Also, the effect of the LCL filter can be seen clearly: the current ripple at the
modulation frequency is much smaller compared to the results with the L filter.

(a)

(b)

(c)

(e)
(f)
(d)
Fig. 6.5. Experimental results of the four-wire three-leg voltage source active power filter: (a) supply phase-a current
(L filter), (b) supply phase currents (L filter), (c) supply neutral current (L filter), (d) supply phase-a current
(LCL filter), (e) supply phase currents (LCL filter), and (f) supply neutral current (LCL filter).

(a)

(b)

(c)

(e)
(f)
(d)
Fig. 6.6. Experimental results of the four-wire four-leg voltage source active power filter: (a) supply phase-a current
(L filter), (b) supply phase currents (L filter), (c) supply neutral current (L filter), (d) supply phase-a current
(LCL filter), (e) supply phase currents (LCL filter), and (f) supply neutral current (LCL filter).

(b)
(a)
Fig. 6.7. Measured dc-link voltage of (a) three-leg topology and (b) four-leg topology.

The experimental results of the current source topologies are shown in Figs. 6.8–6.10. Fig. 6.8
shows the measured supply currents when the current source active power filter is equipped with
the conventional dc-link structure and Fig. 6.9 those with hybrid energy storage. By comparing the
results of the current source active power filter with the results of the voltage source topologies, it
can be seen that the filtering performance of the current source active power filter is close to that of
the voltage source topologies. However, the supply phase currents are not completely balanced
when the hybrid energy storage is used [Fig. 6.9(b)].
The measured dc-link quantities of the current source active power filter are shown in Fig. 6.10.
The dc-link current reference for the conventional dc-link structure is generated on the basis of
(4.22) with a 10-% margin (c2 = 1.1). However, fast changes are prevented with a low-pass filter so
that the dc-link current reference stays nearly constant during the steady state operation but is able
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(a)
(b)
(c)
Fig. 6.8. Experimental results of the four-wire current source active power filter with conventional dc-link structure:
(a) supply phase-a current, (b) supply phase currents, and (c) supply neutral current.

(b)
(c)
(a)
Fig. 6.9. Experimental results of the four-wire current source active power filter with hybrid energy storage: (a) supply
phase-a current, (b) supply phase currents, and (c) supply neutral current.

(b)
(c)
(a)
Fig. 6.10. Measured dc-link quantities of the four-wire current source active power filter: (a) dc-link current of the
conventional dc-link structure, (b) dc-link current of the hybrid energy storage, and (c) dc-link voltage of the hybrid
energy storage.

to change according to the operating point. In the case of the hybrid energy storage, the dc-link
current reference follows the instantaneous current requirement with a 10-% margin.
As can be seen in Fig. 6.10(a), the average dc current in the conventional dc-link structure is
approximately 15.5 A, which is a very large value compared to the peak of the supply phase
currents. The reason for this is that the neutral current compensation momentarily requires very
large current in the dc-link. By replacing the conventional dc-link structure with the hybrid energy
storage, the average value of the dc-link current can be reduced considerably [Fig. 6.10(b)]. The
average dc-link current of the hybrid energy storage in Fig. 6.10(b) is about 10.3 A, which is
approximately 34 % smaller than that of the conventional dc-link structure in Fig. 6.10(a).
However, the peak value of the dc-link current is still momentarily over 15 A in Fig. 6.10(b). The
average dc-link voltage of the hybrid energy storage stays at the reference value of 350 V, as shown
in Fig. 6.10(c).
An efficient way to evaluate the harmonic filtering performance of different topologies is to
compare the total harmonic distortion (THD) values of the supply phase currents. The calculated
THD values of the measured supply phase-a current in the case of different topologies are presented
in Fig. 6.11, where the black bars represent the THD values calculated up to 2 kHz (THD2kHz) and
the gray bars up to 20 kHz (THD20kHz). The results show that every topology is able to reduce the
THD2kHz of the supply current below 5 % and thus e.g. the limit defined by [6] is satisfied.
However, the voltage source topologies using closed-loop based control perform slightly better by
producing about one percentage unit lower THD2kHz than the current source active power filter
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Fig. 6.11. Total harmonic distortion of the measured supply phase-a current compensated with different active power
filter topologies. The black bars represent the values calculated up to 2 kHz and the gray bars up to 20 kHz.

using open-loop based control. By examining the THD20kHz values, the problem of the L type
supply filter can be seen clearly: the systems equipped with L type supply filters produce high
THD20kHz since the modulation frequency current ripple flows directly to the supply. In practice, the
voltage source active power filters should be equipped with LCL type supply filters, because large
modulation frequency current ripple may distort the voltage at the PCC.
Since the task of the four-wire active power filter is to produce zero neutral current, the evaluation
of the neutral current compensation performance is carried out by comparing the rms values of the
supply neutral current. The calculated rms values of the measured load and supply neutral currents
are shown in Fig. 6.12. As the results show, all topologies are able to efficiently compensate the
load neutral current. The rms value of the load neutral current is reduced to below 1 A with every
topology.
7
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Fig. 6.12. RMS values of the measured load neutral current and the measured supply neutral current compensated with
different active power filter topologies.

6.1.1

Transient State Operation

Fig. 6.13 shows the performance of the current reference generation algorithm when the active
power of the load is changed stepwise from 1.5 kW to 4.2 kW. The maximum allowed error for the
error values in (4.16) is set at 1.5 A. If the error of any current component exceeds the limit, the
current reference generation algorithm is changed from the prediction based current reference
generation algorithm to the computational control delay compensation algorithm.
Fig. 6.13(a) presents the supply phase currents compensated by the three-leg voltage source
topology and Fig. 6.13(b) those compensated by the current source active power filter with
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(b)

(a)

(c)
(d)
Fig. 6.13. Experimental results of the transient state operation: (a) supply phase currents (VSAPF(3L)), (b) supply
phase currents (CSAPF(B)), (c) dc-link voltage (VSAPF(3L)), and (d) dc-link current (CSAPF(B)).

conventional dc-link structure. As can be seen, the current reference generation algorithm performs
well in both voltage source and current source active power filter by keeping the supply phase
currents sinusoidal during the transient. The change of algorithm generates small glitches in the
supply currents, as shown in Figs. 6.13(a) and 6.13(b).
The dc-link voltage and current behavior during the transient state are respectively shown in
Figs. 6.13(c) and 6.13(d). The load change causes a slight dip in the dc-link voltage of the voltage
source topology but the voltage eventually returns back to the reference value [Figs. 6.13(c)]. In the
case of the current source topology, the compensation of the small load requires higher dc-link
current even though the active power of the load is smaller at the time [Fig. 6.13(d)]. The magnitude
of the dc-link current changes according to the operating point.

6.2

Power Loss Distribution and Efficiency

The power loss distribution of the topologies is presented in Fig. 6.14. The gray bars in Fig. 6.14
indicate supply filter losses, black bars semiconductor losses, and white bars dc-link inductor losses.
It should be noted that the semiconductor losses presented in Fig. 6.14 also include the dc-link
capacitor losses in the case of the voltage source topologies and the supply filter losses in the case
of the current source active power filter. However, in practice the power losses of these elements
are negligible and therefore the results may be considered good estimates for the semiconductor
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Fig. 6.14. Power loss distribution of different active power filter topologies. The gray bars indicate supply filter losses,
black bars semiconductor losses, and white bars dc-link inductor losses.
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losses.
By examining Fig. 6.14, it can be seen that the supply filter losses of the voltage source topologies
are between 60 % and 70 % of the total losses. The majority of these losses are caused by the
modulation frequency current ripple in the PWM converter side inductor because the resistance of
an inductor typically increases with the frequency. The supply filter losses of the three-leg topology
are higher due to the higher dc-link voltage. Moreover, the results show that when the L type supply
filter is replaced with the passively damped LCL type supply filter, the increase of supply filter
losses is only minimal. The supply filter losses of the current source active power filter are
negligible and cannot be accurately measured with the calorimeter.
The power losses of the current source active power filter are mostly semiconductor losses, but the
power losses caused by the large 200-mH dc-link inductor used in the conventional dc-link structure
are also very large, about 44 % of the total losses. The reason for this is the large dc resistance of
the inductor and the large average value of the dc-link current. However, the hybrid energy storage
provides the solution to this problem. By replacing the conventional dc-link structure with the
hybrid energy storage, the dc-link inductor losses are reduced down to 1/6, mainly due to the
smaller dc resistance of the inductor and the smaller average value of the dc-link current. In this
case, the dc-link inductor losses are only about 12 % of the total losses. The results of the power
loss distribution measurements are analyzed and discussed in more detail in [P7].

Efficiency (%)

The measured efficiencies of the active power filter topologies are shown in Fig. 6.15. The highest
efficiency is achieved with the VSAPF(4L), although its efficiency is only slightly better than that
of the VSAPF(3L). The current source active power filter with conventional dc-link structure has
very poor efficiency due to the large dc-link inductor power losses. However, by replacing the
conventional dc-link structure with the hybrid energy storage, the efficiency of the four-wire current
source active power filter can be improved to be close to that of the voltage source topologies.
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Fig. 6.15. Efficiencies of the four-wire shunt active power filter topologies.
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6.3

Special Considerations

6.3.1

Effect of Neutral Wire Inductor

The neutral wire introduces a unique problem for four-wire PWM converters that does not exist in
three-wire PWM converters. The problem is the common-mode modulation frequency current
ripple generated by the PWM. As in the case of three-wire PWM converters, the four-wire PWM
converter generates positive and negative sequence current ripple at the modulation frequency and
its multiples that circulate between the phases. However, in addition to this, the four-wire PWM
converter also generates the common-mode current ripple that circulates between the phases and the
neutral wire. As a result, the total modulation frequency current ripple generated by the four-wire
PWM converter is much larger compared to the three-wire PWM converter, which imposes greater
demands for the design of the supply filter. For four-wire current source PWM converters, the
problem is not very significant and it can typically be solved by slightly increasing the capacitance
of the filter capacitors in the LC type supply filter. However, in the case of four-wire voltage source
PWM converters, the solution is not that simple. If the modulation frequency and the dc-link
voltage level of the four-wire PWM converter are fixed, the amplitude of the modulation frequency
current ripple is determined by the PWM converter side filter inductors. As discussed in the
previous section, the power losses caused by the modulation frequency current ripple in the supply
filter are the majority of the total power losses generated in the voltage source PWM converters.
Thus, if the attenuation of the modulation frequency current ripple is inadequate, the supply filter
power losses increase and the system efficiency is impaired. Moreover, the excessive heat may
damage the supply filter inductors by melting the insulating varnish in the windings.
Eq. (4.28) shows that both the phase inductors and the neutral wire inductor of an L type supply
filter affect the common-mode current. However, the effect of the phase inductors is only 1/3 that of
the neutral inductor. Moreover, the inductance of the phase inductors also affects the positive and
negative sequence current components, and therefore too large inductance impairs the filtering
performance of the active power filter. For this reason, the most efficient and viable method for
increasing the attenuation of the common-mode current ripple is to use an additional filter inductor
in the neutral wire. The four-leg four-wire voltage source shunt active power filter [Fig. 3.3(b)] is
typically equipped with a neutral wire inductor since the neutral leg is similar to the phase legs and
the potential of the neutral terminal therefore dependent on the state of the switching devices.
However, in the three-leg topology [Fig. 3.3(a)], the midpoint of the dc-link is typically fixed at the
ground potential so that the line-to-neutral voltage produced by a single leg of the PWM converter
bridge is independent of the other converter legs. In any case, to achieve similar dynamic
performance, the three-leg topology requires approximately 15 % higher dc-link voltage than the
four-leg topology, which also increases the amplitude of the switching frequency current ripple by
about 15 % if both topologies are equipped with similar supply filters. Thus, the supply filter used
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in the three-leg topology should provide at least equal or preferably better attenuation for the
common-mode current ripple than the filter structure used in the four-leg topology. This cannot be
accomplished by simply increasing the inductance of the phase inductors in the supply filter without
impairing the filtering performance of the active power filter, and therefore a neutral wire filter
inductor is a viable solution.
As the experimental results show in Sections 6.1 and 6.2, both four-wire voltage source topologies
perform well with the neutral wire filter inductor. However, to demonstrate the effect of the neutral
wire inductor on the performance and efficiency of the active power filter, the three-leg topology
equipped with an L type supply filter is tested with a 1-mH (1 % p.u.) neutral wire filter inductor
and the results are compared with the results obtained using the original 5-mH neutral wire filter
inductor. The measured supply current waveforms with 1-mH neutral wire filter inductor are
presented in Fig. 6.16. By comparing the current waveforms in Fig. 6.16 with those in Figs. 6.5(a)–
(c) it can be seen that the amplitude of the modulation frequency current ripple has increased,
especially in the neutral current that consists only of common-mode current components.
Fig. 6.17(a) shows the rms values of the measured supply neutral currents. According to the results,
the reduction of the neutral wire filter inductance increased the rms value of the neutral current from
0.7 A to 1.8 A. As a result, the total power losses of the active power filter increased by 60 W
[Fig. 6.17(b)] and the efficiency decreased from 94.6 % to 93.4 %. The only advantage is that the
THD2kHz of the supply phase-a current reduced from 3.3 % to 2.8 % but, on the other hand, the
THD20kHz increased from 12.1 % to 16.6 %. Thus, it may be concluded that the neutral wire
inductor has a significant effect on the efficiency of the four-wire voltage source active power filter,
but only a minimal effect on the filtering performance. The matter is further discussed in [P2].
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Fig. 6.16. Measured supply currents compensated using three-leg four-wire voltage source shunt active power filter
equipped with L type supply filter consisting of 5-mH phase inductors and 1-mH neutral wire inductor: (a) supply
phase-a current, (b) supply phase currents, and (c) supply neutral current.
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Fig. 6.17. Measured supply neutral current rms values and total power loss of three-leg four-wire voltage source shunt
active power filter with two different neutral wire filter inductors: (a) supply neutral current rms values and (b) total
power loss.
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6.3.2

Current Stress on DC-Link Capacitors

Both voltage source topologies as well as the hybrid energy storage of the current source active
power filter contain a capacitive energy storage element. Due to the large capacitance and voltage
rating required, the capacitive energy storage of an active power filter is typically implemented with
electrolytic capacitors connected in series and/or in parallel so that the desired capacitance and
voltage rating are achieved. The electrolytic capacitors suffer from aging and need to be replaced at
some point. There are two important factors that affect the life time of an electrolytic capacitor: the
operating temperature and the magnitude of the current flowing through the capacitor. However, the
current also affects the operating temperature because it generates power losses in the equivalent
series resistance of the capacitor and therefore causes the capacitor temperature to rise [138].
To compare the current stress on the dc-link capacitors, the currents flowing through the capacitors
in different active power filter topologies are measured. The rms values of the measured currents
are presented in Fig. 6.18. The results show that the current stress on the dc-link capacitor of the
four-leg voltage source topology is the smallest, i.e. about 3 A with the load used. The second
smallest current stress is suffered by the dc-link capacitors of the three-leg topology, which is about
25 % larger compared to the four-leg topology, i.e. about 4 A. This is expected as the neutral
current produced by the three-leg topology flows constantly through the dc-link capacitors [3].
However, the dc-link capacitor in the hybrid energy storage has the largest current stress of all three
topologies, i.e. about 5.2 A. This is also expected because the dc-link capacitor is bypassed only for
a short while during the zero switching states and the main idea of the optimal dc-link current
control is to control the current according to instantaneous current requirement, which generates
large oscillations in the dc-link current as shown in Fig. 6.10(b).
Current (Arms )

6
5
4
3
2

5.2

4.0

3.0

1
0
VSAPF(3L) +
LCL-filter

VSAPF(4L) +
LCL-filter

CSAPF(B) +
HES

Fig. 6.18. Current stress on dc-link capacitors in different active power filter topologies.

6.3.3

Considerations on Physical Properties

When selecting a viable four-wire active power filter topology for a commercial product, the
physical properties of the topologies, such as the physical size, weight and the number of passive
components and semiconductor devices required, play an important role. Especially large inductors
increase the physical size and weight of the device as well as the production costs, since the world
market price of copper and iron has been steadily rising during the last decade, until very recently.
In addition, the heavy weight increases the logistics costs and the installation of a physically large
device requires more space than a compact one. At the moment, multilevel converters are getting a
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lot of attention and the power electronics industry seems to be striving to improve the power density
and efficiency of power electronics devices by increasing the number of voltage levels, which on
the other hand requires more controllable semiconductor devices but also enables the size reduction
of the passive components. Moreover, the progression of fast controllable switching devices makes
it possible to use more and more higher switching frequencies with reasonable switching losses,
which also reduces the size of the filter inductors in the PWM converters.
To compare the physical properties of the selected four-wire active power filter topologies, the main
circuit configurations of the topologies are summarized in Table 6.1. Considering the supply filters,
the current source active power filter has a very compact supply filter since there are no inductors in
the converter side as in the voltage source topologies and only three small inductors in the supply
side. The converter side filter inductors are the main problem in the voltage source topologies
because they must be large enough to keep the switching frequency current ripple at a reasonable
level. Otherwise the supply filter power losses would be excessively high, which would impair the
system efficiency. In addition, as demonstrated in Section 6.3.1, the four-wire voltage source
topologies should also have a filter inductor in the neutral wire, which makes the total number of
inductors seven in the supply filter of the voltage source topologies. However, the capacitance of
the filter capacitors in the supply filter of the four-wire current source active power filter is double
compared to that of the voltage source topologies to provide an adequate attenuation for the
switching frequency current ripple. This is necessary since the LC type filter structure is only a
second-order low-pass filter whereas the LCL type filter is third-order.
Table 6.1. Main circuit configurations of the four-wire shunt active power filter topologies.
VSAPF(3L) +
VSAPF(4L) +
CSAPF(B)
CSAPF(B) + HES
LCL
LCL
Power rating
5 kVA
5 kVA
5 kVA
5 kVA
Voltage base value
230 V
230 V
230 V
230 V
Current base value
7.25 A
7.25 A
7.25 A
7.25 A
Supply side filter
3 × 0.6 % p.u.
3 × 0.6 % p.u.
3 × 0.6 % p.u.
3 × 0.6 % p.u.
inductors
Filter capacitors
3 × 5 % p.u.
3 × 5 % p.u.
3 × 10 % p.u.
3 × 10 % p.u.
Converter side filter
4 × 4.9 % p.u.
4 × 4.9 % p.u.
inductors
Dc-link capacitors
2 × 22 p.u.
2 × 22 p.u.
4 × 6.8 p.u.
Total dc-link capacitance
11 p.u.
11 p.u.
6.8 p.u.
Dc-link inductor
2 p.u.
4.9 % p.u.
Number of controllable
6
8
8
10
switching devices
Number of diodes
6
8
8
10

Despite the topology, all active power filters require an adequate energy storage capacity in the dclink to be able to compensate all current harmonics. In the voltage source topologies, due to the
high dc-link voltage requirement, two large electrolytic capacitors have to be connected in series in
order that a sufficient voltage rating and energy storage capacity is attained in the dc-link. In the
current source active power filters, the conventional dc-link structure contains a large dc-link
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inductor which is much larger in size than the size of the dc-link capacitors combined in the voltage
source topologies. This is because the energy storage density of an inductor is significantly smaller
than a typical capacitor. Thus in regard to the size of the dc-link, the voltage source topologies have
a major advantage over the current source active power filter with conventional dc-link structure.
However, by replacing the conventional dc-link structure of the current source active power filter
with hybrid energy storage, the size of the dc-link inductor can be significantly reduced. As a result,
this topology has only four small inductors in total, and since the dc-link voltage is much lower than
in the voltage source topologies, a series connection of dc capacitors could be avoided. Thus, the
hybrid energy storage enables construction of an active power filter with extremely compact passive
components in both ac and dc side. The drawback is that the number of controllable switching
devices increases by two, but for the sake of the smaller number and size of the inductors, it is very
likely worthwhile.
The three-leg voltage source topology is the cost-effective topology in terms of semiconductor
devices, requiring only six IGBTs with antiparallel diodes. Thus, its main circuit may be
constructed using a standard six-pack IGBT power module. In addition to the six-pack IGBT power
module, the main circuit of the four-leg voltage source topology requires the additional switch leg
which may be implemented with a double-pack IGBT power module. The current rating of the
additional leg has to be at least double the current rating of the six-pack module, however. Overall,
since the voltage source technology is the dominate technology in power converters, it is much
easier to find compact, integrated IGBT power modules for voltage source active power filters at
reasonable price.
The main PWM converter bridge of the current source topologies requires eight regular IGBTs and
eight series diodes to provide the reverse voltage blocking capability for the IGBTs. To the best of
the author’s knowledge, there are no commercial ready-made power modules for this kind of main
circuit structure available and therefore the main circuit of the current source active power filter has
to be built using discrete IGBT and diode modules. However, when the RB-IGBTs with reverse
voltage blocking capability become mature technology, the series diodes will be rendered
unnecessary, which considerably simplifies the main circuit structure of the current source PWM
converters and reduces the on-state power losses of the converter bridge.
6.3.4

Four-Wire Current Source Active Power Filter with Hybrid Energy Storage
Compensating a Balanced Three-Wire Load

As shown in the previous sections, the four-wire current source active power filter with hybrid
energy storage performs well in the case of an unbalanced four-wire load, but in order to
demonstrate its full potential, the performance and efficiency of the system is also tested with a
balanced three-wire load. The load used in the tests consists of a three-phase diode rectifier bridge
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with an inductive load connected to its dc side and 2.3-mH (2.3 % p.u.) commutation inductors to
its ac side. The apparent power of the load is about 4.6 kVA and the active power about 4.4 kW.
The load current waveforms are presented in Figs. 6.19(a) and 6.19(b). The THD2kHz of the load
current is about 27.9 %.
Figs. 6.19(d) and 6.19(e) show the measured supply currents compensated with the current source
shunt active power filter with hybrid energy storage. During the operation of the active power filter,
the THD2kHz of the supply current is reduced from 27.9 % to about 4.2 %. The dc-link capacitor
voltage reference value used in this case is 400 V, which is attained as shown in Fig. 6.19(f). In
addition, Fig. 6.19(c) shows the measured dc current of the hybrid energy storage.
Because there is no neutral wire connected to the load and the load is balanced, the current
reference of the active power filter lacks both the fundamental negative sequence component and
the zero-sequence component, which results in a considerably smaller need for dc-link current than
in the case of the unbalanced four-wire load [Fig. 6.10(b)]. In this case the average dc-link current is
only about 3.6 A, whereas in the case of the four-wire load it was 15.5 A. In addition, because the
neutral leg of the main PWM converter bridge is not used, the total number of switchings in the
modulation period is only four instead of ten. As a result, the total power losses of the system are
about 105 W, consisting of 25-W dc-link inductor losses and 80-W semiconductor losses. The
efficiency of the system is therefore about 97.6 %.
It should be noted that nothing in the prototype used in the tests is optimized and therefore an even
higher efficiency can be quite easily achieved by optimizing the dc-link inductor, semiconductor
devices, and the dc-link current reference generation algorithm. Especially if the series connections
of the IGBTs and the diodes in the main PWM converter bridge could be replaced with the RBIGBTs in the future, the semiconductor losses would significantly reduce. In any case, it is a tough
challenge to exceed or even to reach this high efficiency with any kind of voltage source active
power filter topology without impairing the filtering performance of the system.

(a)

(b)

(c)

(d)
(e)
(f)
Fig. 6.19. Experimental results of the three-wire current source active power filter with basic main circuit structure and
hybrid energy storage: (a) load phase-a current, (b) load phase currents, (c) dc-link current, (d) supply phase-a current,
(b) supply phase currents, and (f) dc-link voltage.
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Summaries of the Publications and Contribution of the
Thesis

This chapter presents the summaries of the publications and the main contribution of this thesis.
Publications [P1]–[P3] are related to the four-wire voltage source shunt active power filter
topologies, [P4] to the prediction based current reference generation method, [P5] to the four-wire
current source shunt active power filter topology with conventional dc-link structure, and [P6] to
the hybrid energy storage. In the last publication [P7], the four-wire voltage source and current
source shunt active power filter topologies studied in publications [P1]–[P6] are compared on the
basis of their filtering properties, filtering performance and efficiency.

7.1

Summaries of the Publications

Publication [P1]

This paper presents a performance comparison between two common voltage source shunt fourwire active power filter topologies: a three-leg topology and a four-leg topology. The comparison is
based on computer simulations and experimental results. The experiments were conducted in a
laboratory with a four-wire voltage source shunt active power filter prototype designed to
compensate harmonics caused by a nonlinear and unbalanced load of 5 kVA nominal power. Both
the topologies were built into the same prototype. The control system is based on the load current
feedforward connection and is implemented digitally with a single-chip microcontroller. The results
presented in this paper include simulated and measured current waveforms, their harmonic content
and total harmonic distortion as well as the results of efficiency measurements.
Publication [P2]

Three-leg active power filter topology is the cost effective solution implementing a four-wire
voltage source shunt active power filter, but it has some disadvantages compared to four-leg
topology. The lack of a neutral wire filter inductor results in larger filter losses and therefore the
efficiency of the topology is impaired. The neutral wire filter inductor is typically used with the
four-leg four-wire voltage source active power filter topology and significantly reduces switching
frequency current ripple. In this paper, the suitability of a neutral wire filter inductor for the threeleg topology is studied. The performance of three-leg topology with a neutral wire filter inductor is
studied through computer simulations and laboratory tests. The results indicate that the use of the
neutral wire filter inductor clearly improves the performance of the three-leg topology.
Publication [P3]

Especially in the case of voltage source shunt four-wire active power filters, the switching
frequency current ripple is a significant problem and cannot be completely suppressed with an L
filter without impairing the harmonic filtering performance of the system. An LCL filter is a third-
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order low-pass filter, which is commonly used with PWM rectifiers and inverters. When properly
designed, an LCL filter offers a much better suppression of the switching frequency current ripple
than a simple inductor. However, there are many matters to consider when designing an LCL filter.
The wide control bandwidth of active power filters makes the design of an LCL filter even more
challenging. This paper studies the suitability of an LCL filter for four-wire active power filter
topologies, presents an example LCL filter structure and discusses matters related to design and
accurate modeling of an LCL filter. Finally, the proposed LCL filter structure is applied to two
common voltage source shunt four-wire active power filter topologies and the performance of the
systems is verified with computer simulations and experimental tests.
Publication [P4]

This paper presents a simple prediction based current reference generation method for a four-wire
active power filter. In the steady state, the current reference is generated according to data collected
during the previous fundamental period. However, during the transient state of the load, the
prediction is no longer valid. Thus, in order to maintain the effective harmonic filtering
performance, a computational control delay compensation method is used instead. The proposed
method is verified with experimental tests carried out in a laboratory with a microcontroller
controlled four-wire voltage source shunt active power filter prototype.
Publication [P5]

Although three-phase three-wire shunt active power filters have been implemented using both
voltage and current source technology, four-wire shunt active power filters are mainly voltage
source active power filters. In fact, only minimum research on four-wire current source active
power filters has been accomplished over the years. This paper studies the performance of a fourwire shunt current source active power filter topology. The main circuit of the proposed topology
consists of a four-leg current source PWM converter bridge with an LC-type supply filter. The ac
current control of the active power filter is implemented in an open-loop manner using only the
feedforward connection of the load currents. In addition, the control system includes prediction
based current reference generation, computational control delay compensation and current
oscillation compensation. The performance of the proposed system is tested experimentally using a
microcontroller controlled four-wire current source active power filter prototype.
Publication [P6]

This paper proposes an optimal dc-link current control method for a four-wire current source active
power filter. The proposed control method utilizes a hybrid energy storage in the dc-link. With the
control method proposed, the size of the dc-link inductor can be considerably reduced. A small dclink inductance enables fast dc-link current control according to instantaneous current requirement,
and the average value of the dc-link current can be therefore minimized. The performance and
efficiency of the proposed system are studied with experimental tests using a microcontroller
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controlled four-wire current source active power filter prototype rated for a 5-kVA load. The results
are compared to the experimental results of the four-wire current source active power filter with
conventional dc-link structure. The experimental results show that with the proposed control
method, the efficiency of the four-wire current source active power filter can be considerably
improved.
Publication [P7]

Four-wire shunt active power filters have been intensively studied since the early 90’s. Even though
four-wire active power filter topologies are typically based on voltage source technology, some
attention has also been paid to current source topologies. This paper presents a filtering
performance and efficiency study of four-wire shunt active power filters. The study includes two
common voltage source topologies and a current source topology with two different dc-link
structures. The filtering performance, power loss distribution and efficiencies of the topologies are
examined and compared on the basis of experimental tests. The results show that the best filtering
performance and efficiency can be achieved with the four-wire voltage source topologies.

7.2

Contribution of the Thesis

The two main contributions of this thesis are
•

The comparison of voltage source and current source four-wire shunt active power filter
topologies on the basis of filtering performance, power loss distribution and efficiency.
The results clearly show the properties of each topology and point out the most viable
four-wire active power filter topology in terms of filtering properties, filtering
performance and efficiency.

•

The optimal dc current control method proposed for the hybrid energy storage, which
makes it possible to significantly reduce the size of the dc-link inductor in current source
active power filters. The small inductor enables fast dc current control according to
instantaneous current requirement and the average dc current as well as the dc-link
inductor power loss can be therefore minimized. As a result, by using the hybrid energy
storage with the control method proposed it is possible to construct a very compact active
power filter that requires no large passive components.

8

Conclusion

During the past two decades, active power filters have increasingly grown their popularity as a
viable method for improving the quality of supply in power distribution systems. In recent years the
research of active power filters has been very intense, mainly focusing on three-phase active power
filters. As a result, many different main circuit structures and control methods for active power
filters have been proposed over the years. A three-phase four-wire shunt active power filter may be
considered an extension of a three-phase three-wire shunt active power filter because it has the
same compensation features and the same control methods also apply to both the three-wire and the
four-wire shunt active power filters in regard to the compensation of positive and negative sequence
current components.
The main difference between three-wire and four-wire shunt active power filters is that four-wire
shunt active power filters also provide a possibility to compensate zero-sequence current
components. This additional feature, however, presents a few additional problems and other matters
that need to be taken into account in the control system and in the design of the main circuit. The
active power filters based on voltage source converters have clearly been the main research interest
but three-phase three-wire current source active power filters have also been studied to some extent.
Instead, the research of four-wire current source active power filters have been very scarce since
only a few topologies have been presented and studied in literature.
The main objectives of this thesis were to study and compare properties and performance of several
different four-wire shunt active power filter topologies, to determine whether the current source
technology is suitable for four-wire active power filtering, and to find the most viable topology in
terms of filtering properties, filtering performance and efficiency. To accomplish this, an extensive
comparative study based on experimental tests using the four-wire shunt active power filter
prototypes was carried out. The idea was to test the filtering performance and efficiency of a fourwire current source shunt active power filter and to compare the results obtained with those of the
two most common four-wire voltage source topologies used in commercial applications.
The control systems of all topologies included in the study were implemented with a
microcontroller, which imposed several requirements for the control algorithms. In order that the
microcontroller is able to execute the control algorithms within a 50-µs sampling period, the control
algorithms were to be simple and suitable for fixed-point arithmetic implementation. In the end this
was not a problem since there are several simple but efficient current reference generation and
current control algorithms presented in literature. Even though most of these algorithms have been
originally designed for three-wire active power filters, the modification of them suitable for fourwire active power filters is very straightforward.
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Considering the filtering performance, the experimental results showed that all topologies included
in the study were capable of providing good filtering performance so that the resulting supply phase
currents satisfy the requirements defined by many standards. The voltage source topologies using
closed-loop based control provided slightly better filtering performance than the current source
active power filter with the open-loop based control, which was expected. However, the neutral
current compensation performance of every topology was approximately the same. One special
issue that was focused on in the experimental tests was the filtering of the modulation frequency
current ripple caused by the PWM because large current ripple causes additional power losses in the
network components and may distort the voltage at the point of common coupling.
For the voltage source topologies, two different supply filter structures were tested: the first-order L
type supply filter and the third-order LCL type supply filter. The test results showed that the L type
supply filter is inadequate for filtering out the current ripple due to the low attenuation of the firstorder filter structure. However, the third-order LCL type supply filter filtered out the modulation
frequency current ripple very efficiently and therefore it should be used in the voltage source active
power filters rather than the L type filter. Moreover, in the four-wire voltage source active power
filters, the common-mode modulation frequency current ripple imposes an additional challenge for
the supply filter design. One solution to enhance the attenuation of the common-mode current ripple
without impairing the filtering performance of the active power filter is to use an additional filter
inductor in the neutral wire, which was proven to be a very efficient and viable solution. For the
current source topology, the normal second-order LC type supply filter is adequate and the
common-mode current ripple does not require any additional measures.
In addition to filtering performance, efficiency is an important property in an active power filter. As
shown by the results of the power loss distribution measurements, the majority of power losses in
the voltage source active power filters are generated in the supply filter, particularly in the PWM
converter side filter inductors. With a properly designed supply filter structure, the supply filter
losses can be kept at a reasonable level and since the semiconductor losses of the voltage source
PWM converter are quite small, good efficiency can be achieved. The efficiencies of both voltage
source topologies were very close to each other, about 95 %. However, by using a discontinuous
modulation scheme in the four-leg topology, the number of switchings during the modulation
period may be decreased by two, which results in smaller semiconductor losses and therefore
improves the efficiency of the four-leg topology to some extent. This was not tested in this thesis
though.
If the four-wire current source shunt active power filter matched the voltage source topologies in
filtering performance, its efficiency is far from that of the voltage source topologies. The large dclink inductor with high dc resistance, large average dc-link current, and ten switchings during the
modulation period are the obvious reasons why the efficiency of the four-wire current source shunt
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active power filter is as low as 89.7 %. In the tests the dc-link inductor dissipated about 44 % of the
total power losses and the semiconductors the remaining 56 %.
To improve the efficiency of the current source active power filter, the current source topology was
also tested with the hybrid energy storage introduced in the late 80’s. The hybrid energy storage
was designed to replace the conventional, bulky, heavy and expensive dc-link inductor and thus to
improve the competiveness of the current source active power filters. However, the existing dc
current control method proposed for the hybrid energy storage could not provide adequate size
reduction for the dc-link inductor and therefore a new method was developed. The new enhanced dc
current control method minimizes the instantaneous voltage difference across the dc-link inductor
by synchronizing the zero and active switching states of both PWM converters when possible. As a
result, the modulation frequency current ripple caused by the PWM is also minimized and therefore
the inductance of the dc-link inductor can be significantly reduced. The small inductance enables
fast dc current control according to instantaneous current requirement and the average dc current as
well as the dc-link inductor power loss can therefore be minimized.
By applying the hybrid energy storage to the four-wire current source shunt active power filter, it
was possible to replace the original 65-kg and 200-mH dc-link inductor with a 3.5-kg and 5-mH
inductor which has approximately 87 % smaller dc resistance than the original dc-link inductor.
Also, the acquisition price of the dc-link inductor reduced by 90 %. Together with the new dc
current control method, the hybrid energy storage made it possible to decrease the average value of
the dc-link current by about 34 %. As a result, the dc-link inductor power losses decreased by 83 %
and the semiconductor losses by 7 %, even though there are two additional semiconductor devices
in the dc-link current path and two more switchings in the modulation period than in the original
system. Overall, due to the hybrid energy storage, the total power losses of the four-wire current
source shunt active power filter decreased by 41 % and the efficiency improved from 89.7 % up to
93.5 %. This kind of efficiency boost is clearly significant but even with the hybrid energy storage
the four-wire current source active power filter cannot reach the efficiency of the four-wire voltage
source topologies.
In regard to the physical properties of the topologies, the four-wire current source shunt active
power filter with hybrid energy storage is the smallest active power filter topology in physical size.
It contains many semiconductor devices, i.e. ten controllable switching devices and ten diodes, but
the number and size of the passive components is very small. Instead, the voltage source topologies
represent a medium size active power filter. The PWM converter bridge of both topologies is
compact but the LCL type supply filter with a neutral wire inductor contains a total of seven
inductors and the dc-link in any case at least two large electrolytic capacitors connected in series to
provide a sufficient voltage rating and energy storage capacity in the dc-link. The largest of all
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topologies is the four-wire shunt current source active power filter with conventional dc-link
structure since the massive dc-link inductor reserves a lot of space.
Based on the experimental tests, the suitability of the current source technology as a universal
solution to four-wire active power filtering is poor. There are two main reasons for this. The first is
the great number of switchings i.e. ten when the neutral leg of the PWM converter is used.
Compared to a typical three-wire current source active power filter which only has four switchings
during the modulation period, ten is a lot. Since small switching losses have always been considered
one of the major advantages of current source converters, this advantage is lost in the four-wire
current source active power filter. The second reason is that even though the dc-link current can be
controlled according to instantaneous current requirement and its average value minimized, the
neutral current compensation may momentarily require very large current in the dc-link, which may
be several times the rated current of the active power filter. This makes the design of the dc-link
inductor very difficult. However, some situations may require a very compact, application-specific
four-wire active power filter in which case the four-wire current source shunt active power filter
with hybrid energy storage might be the most suitable solution.
All in all, in terms of filtering properties, filtering performance and efficiency the four-leg voltage
source topology seems to be the most viable four-wire shunt active power filter topology among the
topologies tested. Compared to the three-leg topology, the four-leg topology requires less voltage in
the dc-link, has no dc-link voltage balancing problems, is capable of compensating dc currents, and
has slightly better efficiency and filtering performance. These facts might tip the scales toward the
four-leg topology when selecting a topology e.g. for a commercial product.
Even though the hybrid energy storage significantly improved the efficiency of the four-wire
current source shunt active power filter, its full potential was hidden by the problems related to the
four-leg current source converter. Thus, to demonstrate the true potential of the hybrid energy
storage it was also tested with a balanced three-wire load. The test results proved the excellent
performance that may be achieved with the hybrid energy storage. Because in this case there is
neither neutral current nor negative sequence fundamental current to compensate, the current source
converter has only four switchings in the modulation period and the average dc-link current is much
smaller than in the case of the unbalanced four-wire load. The system efficiency was as high as
97.6 %, which is very hard to exceed or even to reach with any kind of voltage source active power
filter topology without impairing the filtering performance of the system.

8.1

Future Prospects

Nowadays, multilevel converters are little by little becoming ready to replace the conventional twolevel converters, especially in medium-voltage, high-power applications. The advantages of

Conclusion

89

multilevel converters include lower voltage stress on the switching devices, reduced harmonics
content of the output voltage waveform due to the multiple dc levels, and smaller switching losses
compared to a two-level converter using the same modulation carrier frequency and dc-link voltage.
From the four-wire active power filter point of view, the multilevel converters would provide the
possibility to reduce the size of the supply filter inductors due to the improved quality of the output
voltage and to use IGBTs with lower voltage rating, which would reduce both the on-state losses
and the switching losses. However, compared to two-level converters, multilevel converters require
a larger number of semiconductor switching devices and gate drivers, and the multilevel structure
adds further complexity to the converter mechanical layout. In any case, for future research it would
be interesting to examine whether it is worthwhile and cost-effective to apply multilevel converters
to four-wire active power filters. There are already a few publications in which a three-level neutral
point clamped converter has been used as a four-wire shunt active power filter, but no
comprehensive comparison between two-level and three-level topologies has been carried out yet.
Even though the current source technology is less than optimal for four-wire active power filtering,
the hybrid energy storage with optimal dc current control method is very suitable for three-wire
current source active power filters and provides a solution to one of the two major problems that
have prevented current source active power filter from becoming a true challenger for voltage
source active power filters. By replacing the conventional dc-link structure of the current source
active power filter with hybrid energy storage, the dc-link inductor can also be made very compact,
in addition to the supply filter. Even though a dc capacitor is required in the dc-link, the voltage
rating needed for this capacitor is much lower than in the case of the typical voltage source active
power filters. Thus a series connection of dc capacitors may be avoided in many cases. As a result,
the use of the hybrid energy storage enables construction of an active power filter with extremely
compact passive components in both ac and dc sides, which is certainly a significant advantage
even though the number of semiconductor devices increases in the main circuit.
Even at the present moment, a three-wire current source active power filter equipped with hybrid
energy storage and optimal dc current control method can challenge a pure three-wire voltage
source active power filter in every sector and, in fact, probably has somewhat better efficiency and
is physically smaller in size. Although the efficiency is already good with the present technology, it
can be improved even further in the future when the reverse voltage blocking RB-IGBTs become
mature technology and may be used for replacing the series connections of the regular IGBTs and
the series diodes. For future research, to maximize the efficiency of the current source active power
filter with hybrid energy storage, further studies should be focused on optimizing the dc-link current
reference generation algorithm so that the average current can be forced as low as possible.
Moreover, some additional improvement in efficiency may be probably attained with better dc-link
inductor design. Overall, with a little time and effort the three-wire current source active power
filter with hybrid energy storage could become a commercially viable topology.
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Appendix A
Tables related to the three-dimensional vector modulation method realized in the a-b-c coordinates:
i
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Table A.1. Switching states and the corresponding switching vectors.
swn
swa
swb
swc
ufafni,nor
ufbfni,nor
ufcfni,nor
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-1
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0
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0
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RP
1
5
7
8
9
13
14
16
17
19
23
24

RP
1
5
7
8
9
13
14
16
17
19
23
24

vector
V1
V2
V3
V4
V5
V6
V7
V8
V9
V10
V11
V12
V13
V14
V15
V16

Table A.2. Active switching vectors applied in each tetrahedron.
1
2
3
RP
1
2
3
V9
V10
V12
41
V9
V13
V14
V2
V10
V12
42
V5
V13
V14
V2
V4
V12
46
V5
V6
V14
V2
V4
V8
48
V5
V6
V8
V9
V10
V14
49
V9
V11
V15
V2
V10
V14
51
V3
V11
V15
V2
V6
V14
52
V3
V7
V15
V2
V6
V8
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V3
V7
V8
V9
V11
V12
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V9
V13
V15
V3
V11
V12
58
V5
V13
V15
V3
V4
V12
60
V5
V7
V15
V3
V4
V8
64
V5
V7
V8

Table A.3. Duty ratios for the active switching vectors applied in each tetrahedron.
d2
d3
RP
d1
d2
d1
–C
–B + C
–A + B
41
–A
A–C
C
–B
–A + B
42
A
–C
–B + C
B
–A
46
A–C
C
–B + C
–A + B
A
48
A–C
–B + C
–C
–A + C
A–B
49
–B
–A + B
C
–A
A–B
51
B
–A
–A + C
A
–B
52
–A + B
A
–A + C
A–B
B
56
–A + B
A–C
–B
B–C
–A + C
57
–A
A–B
B
–C
–A + C
58
A
–B
B–C
C
–A
60
A–B
B
B–C
–A + C
A
64
A–B
B–C

d3
–B + C
–B + C
–B
B
A–C
A–C
–C
C
B–C
B–C
–C
C

A = u*fafn,nor, B = u*fbfn,nor and C = u*fcfn,nor
The duty ratios presented in Table A.3 correspond to the order of the active switching vectors presented in Table A.2.

Appendix B
A summary of the parameters used in the experimental tests:
Table B.1. General parameters of the experimental setup.
Supply line-to-neutral voltage
Supply frequency
Sampling interval of control systems
Modulation frequency

230 V
50 Hz
50 µs
10 kHz

Table B.2. Parameters of the voltage source active power filter prototype.
Power rating
Converter side filter inductors Lff
Neutral wire filter inductor Lffn
Supply side filter inductors Lsf
Supply filter capacitors Cf
Damping resistors Rd
Dc-link capacitors C1 and C2
Dead time in gate control signals

5 kVA
5 mH (4.9 % p.u.)
5 mH (4.9 % p.u.)
0.6 mH (0.6 % p.u.)
5 µF (5 % p.u.)
33 Ω (1 p.u.)
2.2 mF (22 p.u.)
~ 1 µs

Table B.3. Control system parameters of the voltage source topologies.
Current controller:

Dc-link voltage controller:
Current reference generator:

Kp (d & q comp.)
Td (d & q comp.)
Kp (z comp.)
Td (z comp.)
Kp
Number of samples stored m
Compensation time constant τc

55
21 µs
170
2.5 µs
0.05
400
75 µs

Table B.4. Parameters of the current source active power filter prototype.
Power rating
Supply filter inductors Lsf
Supply filter capacitors Cf
Dc-link inductor Ldc
Dc-link capacitor Cdc
Overlapping time in gate control signals

CSAPF(B)
5 kVA
0.6 mH (0.6 % p.u.)
10 µF (10 % p.u.)
200 mH (2 p.u.)
~ 1 µs

CSAPF(B) + HES
5 kVA
0.6 mH (0.6 % p.u.)
10 µF (10 % p.u.)
5 mH (4.9 % p.u.)
680 µF (6.8 p.u.)
~ 1 µs (excl. HES)

Table B.5. Control system parameters of the current source topologies.
CSAPF(B)
Dc-link current controller:
Dc-link voltage controller:
Oscillation compensator:
Current reference generator:
Dc-link current ref. generator:

Kp
Ti
Kp
Ti
Compensation constant c
Number of samples stored m
Compensation time constant τc
Coefficient c2

0.003
16.7 ms
2.8
400
75 µs
1.1

CSAPF(B)
+
HES
0.6
∞
0.03
55 ms
2.8
400
75 µs
1.1
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