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Preface

In recent years, with the increase of nonlinear loads drawing nonsinusoidal
currents, power quality distortion has become a serious problem in electrical
power systems. Active filters have been known as an effective tool for har-
monic mitigation as well as reactive power compensation, load balancing,
voltage regulation, and voltage flicker compensation. On the other hand,
uninterruptible power supply (UPS) systems provide uninterrupted, reli-
able, and high-quality power for vital loads. They, in fact, protect sensitive
loads against power outages as well as overvoltage and undervoltage
conditions. UPS systems also suppress line transients and harmonic
disturbances. Applications of UPS systems include medical facilities, life-
supporting systems, data storage and computer systems, emergency equip-
ment, telecommunications, industrial processing, and on-line management
systems. Generally, an ideal UPS should be able to deliver uninterrupted
power and, simultaneously, provide the necessary power conditioning for
the particular power application.

This book describes harmonic-producing loads, effects of harmonics, and
harmonic mitigation methods using active filters. Different topologies of
active filters and UPS systems, their applications, configurations, control
methods, modeling and analysis, and stability issues are also comprehen-
sively discussed.

Recent advancements in the area of power electronics have resulted in a
great variety of new topologies and control strategies for active filters and
UPS systems. The research has been focused mainly on improving the
performance and expanding application areas of these systems. The issue of
cost reduction has been attracting the attention of researchers. Reducing the
number of switches allows one of the most significant cost reductions. A dif-
ferent technique is replacing controlled switches such as IGBTs, MOSFETs,
and thyristors with diodes. Another approach for reducing cost is to develop
topologies that employ switches with lower reverse voltage stresses and
lower current ratings. This book addresses these new trends in detail.

Ali Emadi
Abdolhosein Nasiri
Stoyan B. Bekiarov
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Uninterruptible power supply (UPS) systems provide uninterrupted,
reliable, and high-quality power for vital loads. They, in fact, protect sensi-
tive loads against power outages as well as overvoltage and undervoltage
conditions. UPS systems also suppress line transients and harmonic
disturbances. Applications of UPS systems include medical facilities, life-
support systems, data storage and computer systems, emergency equip-
ment, telecommunications, industrial processing, and on-line management
systems.

Generally, an ideal UPS should be able to deliver uninterrupted power
while simultaneously providing the necessary power conditioning for the
particular power application. Therefore, an ideal UPS should have the
following features [1]:
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e Regulated sinusoidal output voltage with low total harmonic dis-
tortion (THD) independent of the changes in the input voltage or
in the load, linear or nonlinear, balanced or unbalanced.

e On-line operation, which means zero switching time from normal
to backup mode and vice versa.

e Low THD sinusoidal input current and unity power factor.

e High reliability.

Bypass as a redundant source of power in the case of internal

failure.

High efficiency.

Low electromagnetic interference (EMI) and acoustic noise.

Electric isolation of the battery, output, and input.

Low maintenance.

Low cost, weight, and size.

The advances in power electronics during the past three decades have
resulted in a great variety of new topologies and control strategies for UPS sys-
tems. The research has been focused mainly on improving performance and
expanding application areas of UPS systems. The issue of reducing the cost of
converters has recently attracted the attention of researchers [2-15]. Reducing
the number of switches provides the most significant cost reduction. Another
form of cost reduction is to replace active switches such as IGBTs, MOSFETs,
and thyristors with diodes. Not only are diodes more reasonable than the con-
trolled switches, but there is also a cost reduction from eliminating gate driv-
ers for active switches and power supplies for gate drivers.

Another way of reducing cost is to develop topologies that employ
switches with lower reverse voltage stresses and lower current ratings,
which means less silicon and smaller switching losses resulting in lower cost
and higher efficiency.

1.1 Classification

UPS systems are classified into three general types: static, rotary, and hybrid
static/rotary. In this section, we explain these three categories of the UPS
systems.

1.1.1  Static UPS

Static UPS systems are the most commonly used UPS systems. They have a
broad variety of applications from low-power personal computers and
telecommunication systems, to medium-power medical systems, and to
high-power utility systems. Their main advantages are high efficiency, high
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reliability, and low THD. The inherent problems related to static UPS sys-
tems are poor performance with nonlinear and unbalanced loads and high
cost for achieving very high reliability. On-line, off-line, and line-interactive
configurations are the main types of the static UPS systems [2, 14, 15].

1.1.1.1  On-Line UPS

On-line UPS systems appeared during the 1970s [14]. They consist of a recti-
fier/charger, a battery set, an inverter, and a static switch (bypass). Other
names for this configuration are inverter-preferred UPS and double-conver-
sion UPS [14, 15]. Figure 1.1 shows the block diagram of a typical on-line UPS.
The rectifier/charger continuously supplies the DC bus with power. Its power
rating is required to meet 100% of the power demanded by the load as well
as the power demanded for charging the battery bank. The batteries are usu-
ally sealed lead-acid type. They are rated in order to supply power during
the backup time, when the AC line is not available. The duration of this time
varies in different applications. The inverter is rated at 100% of the load
power since it must supply the load during the normal mode of operation as
well as during the backup time. It is always on; hence, there is no transfer
time associated with the transition from normal mode to stored energy mode.
This is the main advantage of the on-line UPS systems. The static switch
provides redundancy of the power source in the case of UPS malfunction or
overloading. The AC line and load voltage must be in phase in order to use
the static switch. This can be achieved easily by locked-phase control loop.

There are three operating modes related to this topology: normal mode,
stored energy mode, and bypass mode.

1.1.1.1.1  Normal Mode of Operation

During this mode of operation, the power to the load is continuously sup-
plied via the rectifier/charger and inverter. In fact, a double conversion, that
is, AC/DC and DC/AC, takes place. It allows very good line conditioning.
The AC/DC converter charges the battery set and supplies power to the load
via the inverter. Therefore, it has the highest power rating in this topology,
increasing the cost.

Static
switch
(bypass)
AC AC/DC DC/AC Load
Line Rectifier Inverter

ks
T
Battery bank

FIGURE 1.1
Block diagram of a typical on-line UPS system.
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1.1.1.1.2  Stored-Energy Mode of Operation

When the AC input voltage is outside the preset tolerance, the inverter and
battery maintain continuity of power to the load. The duration of this mode
is the duration of the preset UPS backup time or until the AC line returns
within the preset tolerance. When the AC line returns, a phase-locked loop
(PLL) makes the load voltage in phase with the input voltage and after that
the UPS system returns to the normal operating mode.

1.1.1.1.3  Bypass Mode of Operation

The UPS operates in this mode in case of an internal malfunction such as
overcurrent. This mode is also used for fault clearing. It should be men-
tioned that the output frequency should be the same as the AC line fre-
quency in order to ensure the transfer of power. In some cases, there can be
a maintenance bypass as well. A manual switch usually operates it.

The main advantages of on-line UPS are very wide tolerance to the input
voltage variation and very precise regulation of output voltage. In addition,
there is no transfer time during the transition from normal to stored energy
mode. It is also possible to regulate or change the output frequency [14].

The main disadvantages of this topology are low-power factor, high THD
at the input, and low efficiency. The input current is distorted by the rectifier
unless an extra power factor correction (PFC) circuit is added; but, this adds
to the cost of the UPS system [2]. Because of this inherently low input power
factor, the on-line UPS cannot efficiently utilize the utility network and local
installation. The low efficiency is inherent to this topology because of the
double-conversion nature of this UPS. Power flow through the rectifier and
inverter during the normal operation means higher power losses and lower
efficiency compared to off-line and line-interactive UPS systems.

Despite the disadvantages, double-conversion UPS is the most preferred
topology in performance, power conditioning, and load protection. This is
the reason why they have a very broad range of applications from a few kVA
to several MVA. This broad range of applications brings a large diversity of
topologies in on-line UPS systems [3]. Each topology tries to solve different
specific problems and the particular choice depends upon the particular appli-
cation. However, generally, there are two major types of double-conversion
topologies: with a low-frequency transformer isolation and with a high-
frequency transformer isolation. Figure 1.2 shows the block diagram of an on-
line UPS with a low-frequency transformer isolation at the output.

In this configuration, there is an isolating transformer at the output, which
operates at low frequency. This, of course, means a larger transformer.
Therefore, this topology is used only in high-power ratings (>20 kVA),
where the switching frequency is limited to less than 2 kHz. Apart from the
large size of the isolating transformer, the drawback of this topology is high
acoustic noise from the transformer as well as the reactor of the output filter
[3]. This topology also has a poor transient response to the changes in the
load and input voltage.
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AC/DC
AC o DC/AC
Line Rectifier/ Inverter ;] q Load
charger
_ Low-frequency
Battery isolating transformer
charge/discharge
unit
=

Battery bank

FIGURE 1.2
Block diagram of an on-line UPS with a low-frequency transformer isolation at the output.

By increasing the switching frequency of the inverter above 20 kHz, these
problems are solved, except for the size of the isolating transformer, since it
is independent of the switching frequency. A topology employing a high-
frequency transformer link can significantly reduce the weight and the size
of the transformer [3, 16]. The use of high-frequency pulse width modulation
(PWM) techniques can additionally reduce the size of the output filter.
Figure 1.3 shows the block diagram of an on-line UPS with a high-frequency
transformer isolation between the input and the output.

In contrast with the on-line UPS, which drives the load in the normal oper-
ating mode, off-line UPS provides power for the load in case of power out-
age, overvoltage, and undervoltage situations in the AC line.

1.1.1.2  Off-Line UPS

This configuration is also known as the standby UPS or line-preferred UPS [14,
15]. As shown in Figure 1.4, it consists of an AC/DC converter, a battery bank,
a DC/AC inverter, and a static switch. A filter may be used at the output of the
UPS or inverter to improve the quality of the output voltage. The static switch
is on during the normal mode of operation when the AC line is alive. Therefore,

~ “| AC/DC ]
AC AC/DC DC/AG Reciir|  |PCAC| || s
Line Rectifier] Inverter &
] 1 - o—|DC-Link|—| L
High-frequency
isolating
Battery transformer
charge/discharge
unit
e
Battery bank
FIGURE 1.3

Block diagram of an on-line UPS with high-frequency transformer isolation.
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AC Static switch Load
Line (normally on)
AC/DC
Rectifier/ |E\%ft‘gr
charger
it
i
Battery bank

FIGURE 1.4
Block diagram of a typical off-line UPS system.

the load is supplied with power from the AC line directly without any power
conditioning. The AC/DC converter charges the battery set. It is rated at a
much lower power rating than the rectifier/charger in an on-line UPS since it is
not required to meet the power demand of the load. This, in turn, makes
the off-line UPS systems more reasonable than the on-line UPS systems. The
inverter is rated at 100% of the load’s demand. It is connected in parallel to the
load and stays standby during the normal mode of operation. It is turned on
only when the primary power is out of a given preset tolerance or is not avail-
able at all. During this mode of operation, the power to the load is supplied by
the battery set via the inverter for the duration of the preset backup time or
until the AC line is back again. The duration of the switching time depends on
the starting time of the inverter. The transfer time is usually about % line cycle,
which is enough for most of the applications such as personal computers.

The DC/AC inverter is conventionally off in this mode. Therefore, an off-
line UPS is not usually correcting the power factor. However, in the normal
mode of operation, the DC/AC inverter may be used as an active filter to
reduce the harmonic content of the line current or improve the power factor
of the load. Further modification can also be made to reduce the harmonic
content of the sinking current by the AC/DC converter when charging the
battery. Yet, these increase the complexity of the system.

There are two operating modes for an off-line UPS system: normal mode
and stored-energy mode.

1.1.1.2.1  Normal Mode of Operation

In this mode, the AC line supplies the load via filter/conditioner, which, in
fact, is not always required, but often exists. The filter/conditioner depends
on the requirements of the particular load and the quality of the AC line
power supply. The AC/DC converter charges the battery in this mode in
order to provide backup power for the stored-energy mode of operation.

1.1.1.2.2  Stored-Energy Mode of Operation

When the AC line is beyond the preset tolerance or is not available, the load
is supplied by the battery set through the inverter for the backup time or until
the AC line is available again. The rating of the AC/DC converter has to
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meet only the charging requirements of the battery, which contributes to the
lower cost of this UPS.

The main advantages of this topology are a simple design, low cost, and
small size. The line conditioning, when there is such a feature, is passive and
the technique is very robust. On the other hand, lack of real isolation of the
load from the AC line, no output voltage regulation, long switching time,
and poor performance with nonlinear loads are the main disadvantages.

The use of a three-winding transformer, as shown in Figure 1.5, can provide
electric isolation for the off-line UPS. This technique has a high reliability at a
moderate cost. The transformer allows limited power conditioning for the
output voltage as well. The use of a Ferro-resonant transformer leads to a
heavier UPS with a lower efficiency [15]. The disadvantages of off-line UPS
systems limit their application to less than 2 kVA [3, 14, 15].

1.1.1.3  Line-Interactive UPS

In the 1990s, line-interactive UPS systems were presented [14]. As shown in
Figure 1.6, a line-interactive UPS system consists of a static switch, a series
inductor, a bidirectional converter, and a battery set.

A line-interactive UPS system can operate either as an on-line UPS or as
an off-line UPS. For an off-line line-interactive UPS, the series inductor is not
required. However, most of the line-interactive UPS systems operate on-line
in order to either improve the power factor of the load or regulate the out-
put voltage for the load.

AC Static Three-winding L oad
Line switch transformer
I

Bidirectional
AC/DC

converter

it

22
Battery bank

FIGURE 1.5
Block diagram of a typical off-line UPS using a three-winding transformer for electric isolation.

Series inductor

AC Static M
Line switch Load
Bidirectional
AC/DC
converter
ks
i
Battery bank

FIGURE 1.6
Block diagram of a typical line-interactive UPS system.
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When the AC line is within the preset tolerance, it feeds the load directly.
The inverter is connected in parallel with the load and charges the battery. It
may also supply the reactive power required to keep the power factor close
to unity or to regulate the output voltage [15, 17-20]. As mentioned, this
power-conditioning function of the inverter is used only in on-line line-inter-
active UPS systems. We use the equivalent circuit for the fundamental fre-
quency of a line-interactive UPS system, as shown in Figure 1.7, to explain
the power-conditioning function of the inverter.

The amplitude of V; is determined by the battery voltage and the modula-
tion index m of the PWM converter. Hence, it can be adjusted independent of
the AC line voltage. The shift angle 6, between V; and V,, can be varied as well.

We assume that the AC line voltage V; is 100% of its nominal, and the out-
put voltage V;is 100% of its nominal as well. The shift angle dis determined
by the real power demanded by the load.

P = {(V, V,) sin 8}/jol 1.1)

The series inductor voltage drop is designed to be small under normal
rated conditions — usually é = 15°. Hence, the power factor is very close to
unity under these conditions: cos¢ = cos (&/2). The phasor diagram for this
case is shown in Figure 1.8.

By assuming a pure resistive load, the inverter supplies only the reactive
power necessary to compensate the reactive voltage drop across the series
inductor. When the load has a reactive part, the inverter will compensate it

L Iy I
000 I — I

Series inductor ll"

FIGURE 1.7
Equivalent circuit for the fundamental frequency of a line-interactive UPS.

FIGURE 1.8
Phasor diagram for the equiva-
lent circuit of Figure 1.7.
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as well. In fact, current drown from the AC line is always sinusoidal and
kept in phase with the AC line voltage.

The principle of the output voltage regulation can be easily understood
with the help of the phasor diagrams in Figure 1.9. The inverter supplies
reactive power for undervoltage and consumes reactive power for overvolt-
age situations. Since it is desirable to draw only reactive power from the
inverter, it is obvious that the power factor deteriorates when a voltage reg-
ulation is implemented. When the AC line is not available or is beyond the
preset tolerance, the inverter supplies the load with energy from the battery
set. As a result, it is rated to meet 100% of the power demanded by the load
and the power demanded for charging the battery set. The static switch is
turned off to prevent back feed to the AC line.

There are two operating modes for a line-interactive UPS: normal and
stored-energy.

1.1.1.3.1 Normal Mode of Operation

The power flow during this mode is from the AC line to the load. The bidi-
rectional converter plays the role of a charger for the battery set. It can also
keep the output voltage relatively stabilized and sinusoidal or improve
the power factor of the load with a proper PWM control. The current
taken from the AC line is mainly the current for the load. In fact, no addi-
tional harmonics are injected from the UPS into the AC line. This is an
important advantage compared to the conventional on-line double-
conversion UPS.

In order to enable better regulation for the output voltage during this
mode, a bulk constant voltage transformer can be added to the output; how-
ever, it is heavy, large, and expensive [19].

100%

110%

O 90%

FIGURE 1.9
Phasor diagram for (a) undervoltage and (b) overvoltage situations.
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1.1.1.3.2  Stored-Energy Mode of Operation

In this mode, the bidirectional converter operates as an inverter and supplies
the load with power from the battery set. The static switch disconnects the
AC line in order to prevent back feed from the inverter. The duration of this
mode is the duration of the preset backup time or until the AC line returns
within the tolerance.

The main advantages of the line-interactive UPS systems are a simple
design and, as a result, high reliability and lower cost compared to the on-
line UPS systems. They also have good harmonic suppression for the input
current. Since this is, in fact, a single-stage conversion topology, the effi-
ciency is higher than that of the double-conversion UPS.

Its main disadvantage is the lack of effective isolation of the load from the
AC line. The use of a transformer in the output can eliminate this; but, it will
add to the cost, size, and weight of the UPS system. Furthermore, the output
voltage conditioning is not good because the inverter is not connected in
series with the load. In addition, since the AC line supplies the load directly
during the normal mode of operation, there is no possibility for regulation
of the output frequency.

The new series—parallel line-interactive topology, called delta-conversion
UPS, can simultaneously achieve both unity power factor and precise regu-
lation of the output voltage, which is not possible with a conventional line-
interactive UPS. Its configuration is shown in Figure 1.10. It consists of two
bidirectional converters connected to a common battery set, static switch,
and a series transformer. The series bidirectional converter is rated at 20% of
the output power of the UPS and it is connected via a transformer in series
with the AC line. The second bidirectional converter is the usual inverter for
a line-interactive UPS connected in parallel to the load and rated at 100% of
the output power. The parallel converter keeps output voltage stable and
precisely regulated by PWM control. The series converter compensates any
differences between output and input voltages. It also controls the input
power factor to unity and, at the same time, controls the charging of the bat-
tery. When the AC line is within the preset tolerance, most of the power is

AC | |static Series transformer

Line switch

Load

DC-Link

Series Parallel
bidirectional bidirectional
converter converter

i
Battery bank
FIGURE 1.10

Block diagram of a typical series—parallel line-interactive (delta-conversion) UPS.
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supplied directly from the AC line to the load. Only a small part of the total
power, usually up to 15%, flows through the series and parallel converters.
This power is needed to compensate for any differences between the input
and the output voltages and to make the input power factor unity. Since an
important portion of the power (about 85%) flows without any conversion
from the AC line to the load, the efficiency of this UPS is relatively high.
Therefore, the delta-conversion UPS is used in high-power rating
applications, where the efficiency is a key factor. However, the complicated
control of this topology limits its applications. Another disadvantage is the
lack of electrical isolation of the load from the AC line.

1.1.2 Rotary UPS

A typical rotary UPS is shown in Figure 1.11. It consists of an AC motor, a DC
machine, an AC generator, and a battery bank. Electric machines are
mechanically coupled. There are two operating modes: normal and stored
energy. During the normal mode of operation, the AC line supplies the AC
motor, which drives the DC machine. The DC machine drives the AC gener-
ator, which supplies the load. During the stored energy mode of operation,
the battery bank supplies the DC machine, which in turn drives the AC gen-
erator. The AC generator supplies the load.

The rotary UPS systems are more reliable than the static UPS systems.
However, they require more maintenance and have a much larger size and
weight. But, they have many advantages making them desirable in high-
power applications. One of the advantages of the rotary UPS systems is that
the transient overload capability is 300 to 600% of the full load for rapid fault
clearing. The transient overload capability for the static UPS systems is typ-
ically 150% for a short term. The performance of the rotary UPS systems with
nonlinear loads is good because of the low output impedance. The input cur-
rent THD is very low, typically 3% or less. The electromagnetic interference
(EMI) is also low. The efficiency is usually 85% or higher [21, 22].

Static switch

(bypass)
AC Motor DC Machine AC Generator

AC M G Load
Line

1+
-
Battery bank

FIGURE 1.11
Block diagram of a typical rotary UPS system.
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1.1.3  Hybrid Static/Rotary UPS

Hybrid static/rotary UPS systems combine the main features of both static
and rotary UPS systems. They have low output impedance, high reliability,
excellent frequency stability, and low maintenance cost. These are because of
the missing mechanical commutator [21, 22]. In Figure 1.12, a typical hybrid
static/rotary UPS is depicted. It consists of a bidirectional AC/DC converter,
an AC motor, an AC generator, a battery bank, and a static switch.

During the normal mode of operation, the AC motor is fed from the AC
line and drives the generator. The AC generator supplies the load. The bidi-
rectional converter, which behaves as a rectifier, charges the battery.

During the stored-energy mode of operation, the inverter supplies the AC
generator from the battery set through the AC motor. In fact, the bidirec-
tional converter, which behaves as an inverter, drives the AC motor. The AC
motor drives the generator supplying the load. When an internal malfunc-
tion in the UPS system occurs, the static switch (bypass) is turned on and the
load is supplied directly from the AC line. However, since the AC line and
output voltage are not synchronized, the transition is not transient-free.

The AC generator is started on utility power to avoid starting current over-
loads allowing the inverter to be rated for the normal operation. After the AC
generator is on, the AC line is disconnected and the supply to the AC genera-
tor is given by the inverter. It is relatively easy because of the large inertia of
the AC generator. This configuration has the advantage that the transfer from
the AC line to the inverter takes place under controlled conditions instead of
under fault conditions when different undesired conditions can influence the
transfer. Another good point is that the inverter is always on, allowing no
transfer time for switching to the stored-energy mode of operation [21].

The main advantages of this UPS over the static UPS include low output
impedance, low THD with nonlinear loads, higher reliability, and better iso-
lation. Hybrid UPS systems are usually used in very high-power applica-
tions, that is, several hundreds kVA.

Static switch
(bypass)

AC Motor AC Generator
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Switch M G Load
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FIGURE 1.12
Block diagram of a typical hybrid static/rotary UPS.



