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1. Introduction

The explosive growth in consumer electronics and domestic appliances has generated a
major concern in the electricity supply industry, (Bollen, 1999). Due to its interface circuit (a
diode bridge, followed by a large DC capacitor), these appliances draw current only near the
peak of the mains voltage. Like this circuit other power electronics based applications draw
non-sinusoidal currents, despite the applied voltage being sinusoidal. Due to the non-ideal
characteristics of the voltage source, harmonic currents create voltage distortion.
Non-linear loads such as rectifiers, cycloconverters, variable speed drives and arc furnaces,
large decaying DC components, asymmetrical loads and other electrical equipment can
cause high disturbances in the power supply system, (Bollen, 1999).
The harmonics generated by the most common non-linear loads have the following properties:
e lower order harmonics tend to dominate in amplitude;
o if the waveform has half-wave symmetry there are no even harmonics;
e  harmonic emissions from a large number of non-linear loads of the same type will be
added.
The major problems caused by the mains harmonic currents are those associated with the
harmonic currents themselves, and those caused by the voltage waveform distortion
resulting from the harmonic currents flowing in the supply source impedance. This
distortion of the voltage waveform can cause, e.g. serious effects in direct on-line induction
motors, ranging from a minor increase in internal temperature through excessive noise and
vibration to actual damage; electronic power supplies may fail to operate adequately;
increased earth leakage current through EMI filter capacitors due to their lower reactance at
the harmonic frequencies.
To minimize these effects in electricity distribution systems (non-sinusoidal voltages,
harmonic currents, unbalanced conditions, power de-rating, etc) different types of
compensators have been proposed to increase the electric system quality, (Bollen, 1999,
Hingorani & Gyugyi, 1999). One of those compensators is the active power filter (APF),
(Akagi et al., 1984).
This Chapter is organized as follows: in Section 2, it is presented a brief review of power
quality and harmonic emission standards, while Section 3 addresses main active filter
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topologies, control methods and performance indexes. In Section 4 it is developed a
prototype of an APF for demonstration purposes, including the operating principle of the
current controlled filter, and Section 5 includes the design of the filter’s passive elements.
Simulation and experimental results in different operating conditions are presented in
Section 6, including performance evaluation. Finally, Section 7 discusses conclusions related
to the presented work and indicates some future research needed in this area.

2. Power quality and harmonic emissions standards

With the increased use of electrical and electronic equipment, and telecommunication and
broadcasting transmissions the electromagnetic spectrum is becoming saturated. The
equipment within residential, commercial or industrial installations has become increasingly
sensitive to some type of electromagnetic interference (EMI) both from internal or external
sources, primarily because of the use of digital technology. So there is a need for control of
electromagnetic environment, namely by limiting of the harmonic emissions caused by any
type of electrical or electronic equipment. In the European Union, this problem has been
addressed by the Directive 2004/108/EC - the Electromagnetic Compatibility Directive; in
the United States the main guideline comes from the IEEE Standard 519.

The EMC Directive incorporates standards mainly from the CISPR, the CENELEC, and the
IEC organizations. The standards assist in achieving adequate power quality and in
controlling it. They provide a framework within which the electricity distribution network
environments, the susceptibility of equipment to low voltage quality, and the emissions
from different types of equipment are all defined. Examples of standards relating to power
quality characteristics and measurements are the EN 50160, the IEC 61000-4-30 and the IEEE
Standard 1159.

The purpose of the EN 50160 standard is to specify the characteristics of the supply voltage
with regard to the course of the curve, the voltage level, the frequency and symmetry of the
three-phase network at the interconnecting point to the customer. The goal is to determine
limiting values for regular operating conditions. However, facility defects may lead to major
disturbances in the electricity distribution supply network. The complete breakdown of the
network can no longer be described efficiently by limiting values. Thus there is no point in
indicating actual limiting values. Accordingly, the standard establishes just these values as
limiting values, which are not allowed to be exceeded or remained under during 95% of the
controlled period. Rather than being an EMC standard the EN 50160 is a product standard
giving the voltage characteristics which can be expected at the supply terminals. The EN
50160 standard is becoming a kind of reference for what should be seen as good power
quality.

Like the EN 50160, the IEC 61000-4-30 and the IEEE 1159 are the first standards that define
the characteristics of voltage waveform as obtained from measurements. The power quality
parameters considered are grid frequency, magnitude of the supply voltage, flicker, supply
voltage dips and swells, voltage interruptions, transients over voltages, supply voltage
unbalance, voltage and current harmonics, voltage inter-harmonics and mains signalling on
the supply voltage and rapid voltage changes. Depending on the purpose of the
measurement, all of the phenomena on this list may be measured, or a subset of the
phenomena on this list may be measured.

It is in this scenario of voltage/power quality issues related to the grid connection of
electric/electronic loads or sources that the APF is an important player.
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3. APF control methods and performance

3.1 APF topologies

In some industrial and commercial applications, electric power is distributed through three-
phase four-wire systems. With incorrectly distributed or uncompensated loads such systems
may suffer from excessive neutral currents caused by non-linear or unbalanced loads. In
such conditions, a three-phase four-wire active filter can provide harmonic neutralisation,
(Aredes et al., 1997, Montero et al., 2007). The main converter topologies for three-phase
four-wire active power filters are the conventional three-leg converter with neutral point
connection in the DC bus and the four-leg converter; the fundamental difference between
them is the number of power semiconductor devices. In some conditions, even in three-
phase installations, single-phase compensation can be advantageous. In such cases, the
single-phase shunt active filter is often used, (Komurcugil & Kruker, 2006).

However, three-phase systems without neutral conductor are more general and will be the
object of the present work.

3.2 Control methods and strategies

Different approaches such as notch filter, (Newman et al., 2002), scalar control, (Chandra et
al., 2000), instantaneous reactive power theory, (Furuhashi et al., 1990, Akagi et al., 2007),
synchronous detection method, (Chen et al., 1993), synchronous d-q frame method,
(Mendalek et al., 2003), flux-based control, (Bhattacharya et al., 1996), and closed loop PI,
(Bhattacharya et al., 1996), internal model control, (Marconi et al., 2007), and sliding mode
control, (Saetieo et al., 1995), can be used to improve the active filter performance. Also, the
direct power control method has found application in active filters, (Chen & Jo6s, 2008).
Specific harmonics can be cancelled out in the grid using the selective harmonic elimination
method (Lascu et al., 2007). In all cases, the goal is to design a simple but robust control
system for the filter.

Usually, the voltage-source is preferred over the current-source to implement the parallel
active power filter since it has some advantages, (Routimo et al.,, 2007). Using higher
voltages in the DC bus is desirable and can be achieved with a multilevel inverter (Lin &
Yang, 2004). In this Chapter it is used the voltage-source parallel topology, schematically
shown in Fig. 1.

Vg . . ;)
Ls i, i Low PF,
@W unbalanced
g ” |lor nonlinear
3 load
C
R, 1dc
L. >
Vde
<| C—=
Ve
Inverter

Fig. 1. Connection diagram of a voltage source active power filter.
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The filter generates currents in the connection point in order to: 1- cancel/minimize the
harmonic content in the AC system, 2- correct the power factor at fundamental frequency, 3-
regulate the voltage magnitude, and 4- balance loads. So, the AC distribution system only
carries the active fundamental component of the load current.

Very different current control algorithms can be applied to the active filter, (Akagi, 2005).
The current reference for the active filter connection node usually satisfies one of the two
following strategies: 1- power factor correction, harmonic elimination, and load unbalance
compensation or, 2- voltage regulation, harmonic elimination, and load unbalance
compensation.

The voltage regulation strategy is a concurrent objective faced to the power factor
compensation because the two depend on the reactive current. However, any control
algorithm has enough flexibility to be configured, in real-time, to either objectives or for the
two, in a weighted form.

Even under the same compensation strategy, the filter can be controlled with different
control algorithms. Two main approaches are common: voltage control, and current control.
Both methods have advantages and weaknesses. In Fig. 2 it is represented a block diagram,
with the variables shown in Fig. 1, of a voltage-based control algorithm of an active power
filter implementing vector control.
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Fig. 2. Voltage control of the active power filter.

In the presence of the power quality concern the mains current is the most important
variable to be controlled. This method indirectly controls the mains current through the
filter output voltage.

In Fig. 3 it is shown a block diagram of a current-based control algorithm of an active power
filter also capable of implementing different compensation strategies. This control method
directly controls the mains current through the igrer signals. However, it has slower
dynamics than the voltage-based method (Chandra et al., 2000).
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A static power converter, like the one shown in Fig. 1, capable of doing (almost) all the

above referred functions is necessarily very complex. This complexity arises from the

following considerations:

e the converter dynamic behaviour must be very fast in order to be capable of
compensate currents in a large spectra,

e the control algorithm must deal with a large number of variables such as mains
voltages and currents, load currents, DC voltage and current, and

e high dynamic performance and better active and reactive power decoupling can
demand direct and inverse coordinate transformation and a large amount of signal
processing,.

So, fast power electronics semiconductors, with high switching frequencies, and powerful

control platforms are needed to build this type of power electronics systems.
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Fig. 3. Current control of the active power filter.

3.3 Performance evaluation of APFs

In order to analyze and evaluate the performance of an active power filter, different aspects
must be considered. Two different performance types can be considered: the qualitative
ones and the quantitative measures.

Qualitative evaluation

The qualitative value of an active power filter is a consequence of different technical merits.

The most important ones are briefly described:

e power semiconductor characteristics, namely of diodes, GTOs and IGBTs, and
converter topology,

e type of control system, scalar or vector control, and operating modes,

e converter supervision, diagnostics and remote control.

The active filter must accomplish one, or more than one, specific objective. So, its working

conditions must be in agreement with the established purposes: reactive power
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compensation; voltage regulation; load balancing or harmonic compensation. These
operating modes should be programmable, remotely or on a local basis.

The filter is connected to the mains in a specified point of connection, thus guaranteeing a
maximum level in the mains reactive current and/or in the total harmonic distortion
flowing through the network.

Quantitative performance measures

The filter performance should be evaluated in a typical distribution system with different
loads, linear and non-linear. The relevant performance indexes will be characterized by the
total harmonic distortion (THD) of the mains current, with and without filter, in the
following two indexes basis: filter effectiveness index and filter capacity index.

The Filtering Effectiveness index (FE) is the relation between the total harmonic distortion of
the current supplied by the mains with and without filter in a pre-defined frequency range,
according to some standard, e.g. EN 61000-3-2 or IEEE 519, (total harmonic cancellation
results in a null factor):

_ THD 4pr
THD

FE 1)
The Filtering Capacity index (FC) is the relation between the total apparent power supplied
by the filter and the total mains or load apparent power:

FC = Sapr (2)
SLoad

These two indexes are the basis for evaluating the filter performance in static operation. In
transient operation, only special conditions can be evaluated and they usually are not under
the restrictions of power quality measurements, like those referred by the EN 50160 and the
IEC 61000-4-30.

4. An APF example

Among the different alternatives, the direct current control strategy that generates the
reference waveform for the AC source current was chosen for demonstration purposes
(Chandra et al., 2000). It does not need to measure the load current or power, requires a low
processing time and allows a fast calculation of the reference currents. The current-
controlled pulse width modulation (PWM) with a medium frequency fixed carrier ensures
enough bandwidth to implement the different active filtering goals.

To demonstrate these advantages, a three-phase 5 kVA prototype of an active filter is
designed, and tested in dynamic and stationary operation with different load types.

The main block diagram of the system operation is shown in Fig. 3. It handles the two
referred control strategies (Section 3.2) being capable of dealing with load harmonics
elimination, power factor correction, load unbalancing compensation, and/or voltage
regulation. The lower side generates the active current reference and the upper side the
reactive component.

In this Chapter, it is implemented the first operating mode: power factor correction,
harmonic elimination, and load unbalance compensation. So, the AC source power factor
will be approximately one, and there is no need to control the voltage at the connection
point.
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The control algorithm needs the measurement of several variables like the three-phase AC
source voltages and currents and the DC-link voltage. In a voltage distorted grid one of two
compensating strategies can be chosen: 1- imposing sinusoidal currents in the grid or, 2-
imposing unity power factor, (Cavallini & Montanari, 1994). However, the last strategy
implies the circulation of harmonic currents in the grid; since medium voltage grids are
usually very little distorted, it is not very used.

In a distorted grid and in order to impose sinusoidal currents in the source it is needed to
low-pass filter the AC voltage, so obtaining the fundamental component. In an unbalanced
grid it is needed to estimate the symmetrical components from the measured voltage
signals. In this condition, the instantaneous positive sequence components can be obtained
in the time domain with simple algebraic manipulation, (Hsu, 1998).

In steady-state, and neglecting losses in the active power filter, the active power supplied
from the AC source should be equal to the demanded load active power, since no active
power flows into the DC capacitor.

However, once the source voltage varies or the load power changes, the active power
balance between the AC source and the load will not be maintained. This transient drives
the average voltage of DC capacitor away from the reference voltage. So, in order to keep
the active power filter operation, the amplitude of the grid current must be adjusted. The
active power supplied from the source is then changed proportionally in order to
compensate the active power supplied/received by the DC capacitor and match the active
power consumed by the load. So, the AC source current amplitude can be obtained by
regulating the DC capacitor voltage.

The active power balance in the DC-link determines the reference current of the AC source
and the use of a PI controller allows a smooth control of the filter current and improves the
system dynamic response. In this case, the schematic in Fig. 3 represents the essential block
diagram of the current reference. The error in the DC voltage is transformed in active power
to be controlled in the AC source.

4.1 Grid synchronization

With a three-phase balanced system or with the positive sequence component, the RMS
voltage source amplitude, Vs, is calculated at the sampling frequency, f;, from the source
phase voltages, v,,, vy, v, . At each sampling instant, it is expressed as in (3).

2
V= 20+ o) ®

The direct (or in-phase) unit current vectors are obtained from the AC source phase voltages
and the RMS amplitude of the source voltage, V; .

u;=v,/V,;, i=a,b,c 4)

The unit current vectors implement one important function in the grid connection of a
power electronics converter, the synchronization. This method is simple and robust and
compares favourably with other methods like the decomposition of single-phase into
orthogonal components method or the linear estimation of phase method, (Thomas &
Woolfson, 2001).
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4.2 Voltage controller

The AC source current has two active components: 1- the filter current, which maintains the
DC bus voltage at a constant value and 2- the load current. So, all the filter losses, AC, DC
and switching, are automatically compensated.

The reference stored energy on the DC-link capacitor is given by

Edcn = %Cvdzcn ’ (5)

where V4, is the reference/nominal voltage across the capacitor, C.
When the capacitor is charged with a V4. voltage the energy unbalance in the DC-link
capacitor is

AE; =3V, - V2). ©)

This energy unbalance must be supplied by the three-phase AC grid. Imposing a sinusoidal
input current, the change in the capacitor energy must satisfy (7),

r 2
2r 27
AE, = V,sin(@,t ———i)l,,, sin(w,t ———i)dt |, 7
dcﬂiz;,mu = sin(o 3>} )
where Iy is the active current supplied to the DC-link capacitor and g is the grid angular
frequency. So, the reference current to maintain the DC voltage is given by

ml — - ’
3TV, 3TV,

where T is the time interval where the averaging is calculated.
The total active component of the AC source current, I, is the sum of the filter current and
the load current, I,

Is :Iml +Il (9)

However, the inclusion of the load current in the control algorithm implies additional
current sensors and more signal processing to estimate the load active power, thus
increasing the cost and decreasing the dynamic response, (Newman et al., 2002). A direct
controller is then used; the voltage controller must directly provide the total active
component of the AC source current.

The active component amplitude of the reference currents in the AC source, i.,,, iy, fog, i
calculated through a PI controller with anti-windup as shown in Fig. 4. The proportional
and integral gains determine the controller behaviour in dynamic and static operation,
(Newman et al., 2002, Marconi et al., 2007, Saetieo et al., 1995, Buso et al., 1998). As stated
before, the correct active component, I;, of the AC source current is determined from the
power balance in the DC-link. The current reference is then scaled with the unit current
vectors in phase with the source voltage:

iy =l -ug; i=abc (10)
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4.3 Current controller

Hysteresis is the easiest control method to implement current control. One disadvantage is
that it is difficult to limit the minimum and maximum switching frequencies in order to
have a good tracking of the reference current.

Several solutions are known to overcome this limitation but they increase the controller
complexity, (Zeng et al., 2004). Additionally, other features should be referred: 1- there is a
lack of intercommunication between the individual hysteresis controllers and therefore no
strategy to generate zero voltage vectors; 2- it has a tendency to lock into limit cycles of high
frequency switching; and 3- it causes the generation of sub-harmonic current components,
(Holmes & Lipo, 2003).

The direct current control method, in combination with a carrier-based pulse width
modulation, gives a good performance at medium switching frequencies (in the range of 5
to 7 kHz). Its performance can only be degraded if used at low switching frequencies; this
degradation is caused by the response time of the current controlled inverter, which leads to
a phase shift between the reference currents and the output currents. So, the PWM-based
current controller was selected for implementation.

In the modulation stage, shown in Fig. 5, the total reference currents are subtracted from the
source current, thus obtaining a current error adapted according to the amplitude of the
triangular carrier. Since the current error signal is always kept within the negative and
positive peaks of the triangular waveform, the system has an inherent over current
protection. The PWM output is completed with the introduction of an appropriate dead
time in the control signals of the inverter transistors.

The filter output current is defined by the AC source voltage, the filter output voltage and
the AC-link inductance.

-

Current
controller

Vdc. +
—»(—» I: —>

Voltage
Ve controller i

Fig. 4. Voltage and current controllers operation.
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Fig. 5. Current control and PWM stage.
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The current controller is designed according to the diagram in Fig. 6, where K;, and T; are
the PI controller gains, Kiny is the inverter gain and Ti,y is the inverter time delay, equal to
half of the switching period. Additionally, Tr=L./R. and Ki=1/R. and the measured current
is filtered with a time constant Tr.

l Vs i
i-s’ + 1 an\' Ve + KL i{ * iS
1+ — 14+eTe o
_’:O_> KE {1 STi) Bl 1+sTiny | - 1+&Tr, T =
PI Inverter
isf
1 l
1+sTs
Filter

Fig. 6. Detailed model of the current control loop.

It is worthwhile to note that the closed loop transfer function is the same that is obtained
with vector control; the only difference in the diagram of Fig. 6 is the absence of the cross
term oL in the voltage adding node, which is considered a disturbance.

The current controller open loop transfer function is

K KianL (1 + STl)
Goy(s) = ’ . (11)
STy(1+ 8T, )(1+ 5Ty ) (1 +5T)

mo

Assuming that Ti=Tp =L./R., and that the two time constants, T,y and T; can be
approximated by one because they are quite small, the closed loop transfer function can be
expressed as:

2
L o (12)
I, s*+2%w;s5+0}

with

1)1 K
=== O,= |—/— (13)
2 \f KT \/ Ty

In (13) the two constants are given by:

K K. K
Tsf :Tinv +Tf} K :%ﬂ-

1

(14)

According to the assumption made, Ti=Ti, the parameter K, determines the damping factor
of the control loop and, simultaneously, the speed response. Thus, knowing the filter
parameters and imposing the dynamic behaviour the current controller gains can be
obtained.
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5. Inductive and capacitive components

The selection of the AC-link inductance and the DC-link capacitor values affects directly the
performance of the active power filter. Static VAR compensators and active filters
implemented with voltage-source inverters present the same power topology, but the
criteria used to select the values of L and C are different. The active filter can implement the
two compensation modes simultaneously, so it is presented the two main design criteria to
accomplish these objectives: fundamental component reactive power compensation and
harmonics compensation.

5.1 Inductive filter design
One possibility to design the inductance is to consider the maximum current, L.y, that the
filter must supply in order to compensate a totally inductive load. In this condition the
inductance and the inverter must be dimensioned taking into consideration the apparent
power to be compensated. A simple phasor diagram analysis, shown in Fig. 7, gives the
inductance value as in (15):

AV_.
Loy =2 (15)
a)g max
I. IUNUIL
J” k‘\
/ A
SRS i o TERIES
\
IS \\\ Vc

-

Fig. 7. Maximum output filter voltage with reactive power compensation.

AVmin is the difference between the RMS source voltage and the fundamental component
RMS inverter voltage, which depends on the values of the DC-link voltage and the
modulation index, and g is the value of the grid frequency. If the inductive voltage drop,
AV, is made small the inductance will be small and there is a better utilization of the DC
voltage. However, a very small inductance implies a high voltage gain and introduces a
higher complexity in the controller design. Additionally, the ripple current will increase. In
order to keep the ripple current at a reduced level, the inductive voltage drop should be
kept at a minimum value.

As an active filter, the inductance value should be decreased to be capable of higher surge
currents and harmonic currents. In this condition, another criterion can be evaluated, like
the one referred in Moran et al. (1995). Imposing a fixed switching frequency, f;, and the
maximum di/dt of the current to be compensated, the inductance value is now given by:

AV,
max (16)

L =
m U 4(difd) -,

www.intechopen.com



172 Power Quality

AVmax is the maximum difference between the instantaneous AC source voltage and the
instantaneous inverter voltage. From this point of view a higher DC-link voltage allows a
higher di/dt, so increasing the active filter frequency response.

If the ripple current can be reduced through an increasing in the switching frequency or an
increasing in the controller dynamics the inductance value would not be so influent in the
global filter performance. The connecting inductances also decouple the output inverter
voltage from the AC source voltage.

Considering, designing, and ranking all the referred factors, including the filter
compensation modes, an indicative value for the inductance can be obtained.

5.2 DC-link capacitor design

The DC-link capacitor can be designed according to distinct objectives, the most important
one being keeping the DC-link voltage fluctuation limited. The reactive power supplied by
the filter corresponds to a stored energy in the AC inductors. When a reactive power
compensation change is demanded, there occurs a variation in the stored energy associated
with the final and initial values of the filter reactive current, I; and Io, respectively:

AE = %L(IS ~13). (17)

In the worst case of a totally inductive to totally capacitive compensation change, it can be
assumed that the energy change in the inductors has to be supplied by the DC-link
capacitor. So, the DC voltage fluctuates in transient operation, according to supplying or
absorbing the energy; the DC-link capacitor has to be designed to moderate the DC voltage
fluctuation.

When the DC voltage changes from Vg to Vgci, the energy released from the DC-link
capacitor, is given by (18) if it is assumed a small change in V..

1
AE; = EC(Vcho ~Vit1) 2 CVao(Vieo = Vaer) (18)
Introducing the ratio of the DC voltage change, ¢, defined by

c= Vch — Vdcl - AVdc
Vch Vch

(19)
the required DC capacitor is given by

o 3L

20
28VdZCo (20)

Analysis of (20) shows that the required capacitance of the DC capacitor is proportional to
the line inductance and inversely proportional to the specified DC voltage fluctuation. The
value of the DC-link capacitor can also be designed in order to supply active power to the
load during a pre-defined time interval in case of AC source absence.

Thus, knowing the AC connecting inductance, the nominal DC voltage and the allowed
voltage fluctuation, the DC capacitor value can be obtained.
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6. Simulation and experimental results

The Saber Designer software package was used to design, simulate, and test the active filter
control algorithm. In order to implement the algorithm in digital hardware platform it was
built a simulation model of a microcontroller. So, the C code written and validated in the
Saber environment can be easily transferred to any hardware target.

6.1 Simulation results

Different active filtering conditions, power factor compensation, and load balancing tests
have been done, in transient and static operation and for linear and non-linear loads. The
transient operation tests were made putting the active filter into operation when the load
was already connected to the AC source voltage and also with simultaneous connection of
both, load and filter.

In Fig. 8 the non-linear load is a three-phase diode rectifier, with a DC current of 7 A and a
DC voltage of 250 V. [The other filter parameters are given in Table 1.] The transient
operation test was made first connecting the filter and then connecting the load under test.

Nominal power 5 kVA

Supply voltage 110/190 V, 50 Hz

DC voltage 350V, DC capacitor: 1.6 mF
Switching frequency 5 kHz, dead time: 4 ps
Filter inductance Lo, R::2mH, 0.2 QO

DC voltage controller Kpv, Tiv: 0.01, 100 ms
Current controller Kip, Tii: 0.007, 10 ms

Table 1. System parameters (simulation and experimental).

ila

0345 035 0355 036 0365 037 0375 038 0385 039 0385
t(s)

Fig. 8. Steady-state compensation of a three-phase diode rectifier. Traces from top to bottom
(phase a): source voltage, vs,, (100 V/div); source current, is,, (10 A/div); load current, i, (10
A/div); filter current, ic,, (10 A/div).
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As can be seen, except for the high di/dt intervals, the active filter completely compensates
the rectifier harmonic currents. A smaller inductance would produce a better low-frequency
compensation but with high ripple current. The APF performance is demonstrated in Fig. 9,
showing the harmonic distortion of the source current with and without filter.

() :1(Hz)
Mag(fft(ila))

0.1

10.0m 14| Il || .| .||.|

il |
om O+ 1¢42)

Mag(fft(isa))
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0.0 200.0400.0 600.0 800.0 1.0k 1.2k 14k 1.6k 1.8k 20k 22k 24k 26k 28k 3.0k
1(Hz)

Fig. 9. Harmonic spectrum of phase a non-linear load current (top) and AC source current
(bottom), with the APF connected, corresponding to Fig. 8.

Transient operation with the same load is shown in Fig. 10. It can be noticed a short interval
where the AC source current is out of phase with the voltage but it quickly gets in phase.

T wsa |

0,29 0.3 0,31 032 0.33 0,34 0,35 0.36 0.37 0.38 0,38
Hs)
Fig. 10. Transient compensation of a three-phase diode rectifier; filter connected before the
load. Traces from top to bottom (phase a): source voltage, vs,, (100 V/div); source current,
isa, (10 A/div); load current, i, (10 A/div); filter current, ic,, (10 A/div).

The same non-linear load type, but now a three-phase thyristor bridge was used to perform
the test shown in Fig. 11. The bridge firing angle is 30° thus generating not only low-
frequency harmonics but also a reactive current component at fundamental frequency. Fig.
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11 shows the same waveforms already presented in Fig. 8, and Fig. 12 shows the source
current spectrum without and with compensation. Differently from Fig. 10, Fig. 13 shows
the transient response when the filter is connected to the system with the non-linear load
already supplied by the source voltage.

ica

0345 035 0355 036 0365 037 0375 038 02385 039 0395
1s)
Fig. 11. Steady-state compensation of a three-phase thyristor rectifier, with a firing angle of
30°. Traces from top to bottom (phase a): source voltage, vs,, (100 V/div); source current, is,,
(10 A/div); load current, i, (10 A/div); filter current, ic,, (10 A/div).
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0.0 200.0400.0 600.0800.0 1.0k 1.2k 14k 1.6k 18k 20k 22k 24k 26k 28k 3.0k
1(Hz)
Fig. 12. Harmonic spectrum of phase a non-linear load current (top) and AC source current
(bottom), with the APF connected, corresponding to Fig. 11.

The simulation of the filter operation in load unbalance compensation is shown in two
conditions, with linear (Fig. 14) and non-linear load (Fig. 15). In Fig. 14, a linear load is
connected between phases a and b, leaving phase c in open circuit.
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0.48  0.49 0.5 B;I51 052  0.53 0.:5-1 0.55 l]_'..iS 0.57 S:B
1s)
Fig. 13. Transient compensation of a three-phase thyristor rectifier, with a firing angle of 30%
filter connected after the load. Traces from top to bottom (phase a): source voltage, vs,, (100
V/div); source current, is,, (10 A/div); load current, i, (10 A/div); filter current, ic, (10/div).

n.:;ds 1'.!.;35 D.:!.\SS D.,;!»ﬁ D.GIES 0.I3? 0.3i?5 ﬂ.:ll-B 0.385 0.39 D.:l.-95
ts)
Fig. 14. Load unbalance compensation with linear load. Traces from top to bottom: source
voltage (phase a), vs,, (100 V/div); source currents, is,, isb, ise, (10 A/div); load currents, iia, i,
(10 A/div); filter current, ic,, (10 A/div).

In Fig. 15, the load is a single-phase diode rectifier bridge, connected between two phases (a
and b); the third phase is opened. In either condition the unbalance compensation is not
perfect, as can be also concluded from Fig. 16, which shows the spectrum of phase a source
current. It should be referred the effect of the small DC voltage fluctuation and the effect of
the relatively high value of the AC inductance.

If the unbalanced load is the condition that would be the most important in the filter
operation then the DC-link capacitor value could be increased. Also, the AC inductance
value can be decreased but the switching frequency must rise to keep the high order
harmonics at low levels. Alternatively, small passive filters can be used at the point of
common coupling.
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0345 035 0355 036 0365 037 0375 038 0385 039 0355
t{s)

Fig. 15. Load unbalance compensation (non-linear load). Traces from top to bottom: phase a
source voltage, Vs, (100 V/div); source currents, is,, ish, ise, (10 A/div); load current, ij,, (10
A/div); filter current, ic,, (10 A/div).
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f(Hz)

Fig. 16. Harmonic spectrum of the balanced AC source current (Fig. 15) originated from a
non-linear and unbalanced load current.

| Iig,
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Fig. 17. No-load induction motor magnetization. Traces from top to bottom (phase a): source
voltage, vs,, (100 V/div); source current, is,, (20 A/div); load current, i, (10 A/div); filter
current, ic,, (10 A/div).
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Finally, Fig. 17 shows the simulation of the filter operation when an induction motor is
directly connected to the source in free acceleration mode and no mechanical load. In this
case, it can be observed a DC transient in the motor current, quickly compensated by the
filter as can be verified in the source current.

The conclusion from the presented simulation results is that the control algorithm succeeded
in the most important functions of the active power filter, harmonics mitigation, reactive
power compensation and load unbalance compensation.

6.2 Experimental results

An experimental three-phase active filter prototype has been designed for a nominal power
of 5 kVA. It is based on a voltage source inverter with MOSFET transistors and a switching
frequency of 5 kHz. The control platform is build over a TERN 586-Engine, a module with a
C++ programmable microprocessor, with a 32-bit CPU operating at 100 MHz that includes a
math coprocessor for floating point operations. Several I/O interfaces are available,
including 8 channel, 12-bit A/D converter; series D/A converter; 32 I/O lines; 15 external
interrupts, and seven 16-bit timers.

Similar experimental tests have been conducted and the results can be viewed in two
perspectives: validation of the global simulation model, and measure of the active filter
performance. The experimental tests were conducted in a laboratory with an important
distortion in the mains voltage, due to the proximity of a large number of non-linear loads.
However, the mains current waveform after compensation is almost a sine wave due to the
extraction of the fundamental component of the mains voltage through low-pass filters. This
filter action allows the imposition of sine wave references for the source current; it could be
possible to impose non-sine wave references “in phase” with the mains voltage, (Cavallini &
Montanari, 1994).

The non-linear load present in Fig. 18 and Fig. 19 is a three-phase diode rectifier. In Fig. 18 it
can be seen the steady-state compensation, where the AC source current gets a sine wave
form, being only slightly distorted in the instants of the diode switching. This is due to the
high di/dt occurring in these points, which is impossible to compensate unless with a very
high DC voltage or a very low AC inductance. There should be a compromise between the
active filter dimensioning and the characteristics of the load current to be compensated. Fig.
19 shows the filter transient operation with the same load condition.

CH =100y CHZ=A00mY CHE= 100mY CHe=100mY Sinres i
130y :

ca i

NN

&

Fig. 18. Steady-state compensation of a three-phase diode rectifier. Traces from top to
bottom (phase a): source voltage, vs,, (100 V/div); source current, is,, (20 A/div); load
current, i, (10 A/div); filter current, ica, (10 A/div).
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Stoppdi
CHi=100V CHZ=200mV CHE3=200mV CHe=200mV  10ms /div

Fig. 19. Transient compensation of a three-phase diode rectifier. Traces from top to bottom
(phase a): source voltage, vs,, (100 V/div); source current, is,, (20 A/div); load current, i, (20
A/div); filter current, ic,, (20 A/div).

In Fig. 20 it is presented the balancing action of the active filter compensating an unbalanced
load (a single-phase diode rectifier bridge, connected between two phases; the third phase is
an open circuit).

CHI=10V
DC1m

ciz=i
0C 1

00mV ., CH3=
W | (1104

T00my CHA=100MY.  Sms/fdiv
1 1

Fig. 20. Load unbalance compensation. Traces from top to bottom: source voltage (phase a),
Vsa, (100 V/div); source currents, is,, isb, ise, (10 A/div); load current, i, (10 A/ div); filter
current, ica, (10 A/div).

In Fig. 21 it can be seen the active filter behaviour in a no-load induction motor
magnetization. The filter quickly compensates the load power factor and the decaying DC
component. In this case, the transient response is also dependent on the time interval where
the load current has a non-zero DC value.

As expected, the experimental results are in close agreement with the simulation ones thus
validating the control algorithm as in its operating principle as in its digital implementation.
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6.3 Discussion

Four simulated results can be compared with the experimental ones. Figures 8 and 18 show
the steady-state operation with the filter compensating a typical non-linear load, and close
agreement between the two can be noticed even with a distorted grid in the lab.

CHI=100V CHZ=200mV" CH3=200mW CHA=Z0Dm\ 10ms /div

Fig. 21. No-load induction motor magnetization. Traces from top to bottom (phase a): source
voltage, vs,, (100 V/div); source current, iss, (20 A/div); load current, i, (10 A/div); filter
current, ic,, (10 A/div).

Figures 10 and 19, related to the transient operation with the same non-linear load, show
very similar results; the filter operating principle, based on energy balance between AC
inductance and DC capacitor, is validated.

Load balancing, analyzed in Figures 15 and 20, is an easy task with this control method. It is
automatically achieved; it does not need decomposition of the load current into symmetrical
components.

Figures 17 and 21 demonstrate an additional benefit of the active power filter: minimization
of DC transients. This is an important feature especially in weak grids where long DC
current transients cause also DC transients in the AC voltage, particularly harmful for
transformers and electric machines.

7. Conclusions and further research

7.1 Conclusions

An active power filter is a high performance power electronics converter and can operate in
different modes: harmonics elimination, power factor correction, voltage regulation and
load unbalance compensation. Different control approaches are possible but they all share a
common objective: imposing sinusoidal currents in the grid, eventually with unity power
factor, even in the case of highly distorted mains voltage. This Chapter analyzes and
compares different approaches to be used in the control of the APF.

As a demonstration of the capabilities of the APF, one control approach has been selected. It
uses a simple and robust power circuit interface without load current sensors and an
efficient signal processing without heavy or complex computations. Simulation results
under different operating conditions demonstrate the overall possibilities of the control
method and of the active power filter globally.
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Also, the presented experimental implementation has been validated and can be applied in
different operating modes: harmonics active filtering, power factor correction, and balancing
of linear or non-linear loads, single or grouped, which cause great perturbation and
performance degradation in the power quality of an electrical distribution system.

7.2 Further research

Active power filters are now well established in the market. However, some issues still need
further research. The filter dynamics depends on the switching frequency; higher
frequencies given better results but also higher losses. Specific modulation strategies and
control algorithms must be improved. In particular selective harmonic elimination methods
can bring additional performance. Also, multilevel based topologies allow the APF to reach
higher voltages and power and so give the filter the possibility of being applied in the
power systems domain.
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