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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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● 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.

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

● Low THD sinusoidal input current and unity power factor.
● 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.
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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.

Uninterruptible Power Supplies 5

RT3035_C01.qxd  8/24/2004  5:04 PM  Page 5

© 2005 by CRC Press LLC



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,
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Block diagram of an on-line UPS with a low-frequency transformer isolation at the output.
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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 ¼ 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.
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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 Vi 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 δ, between V1 and Vi, can be varied as well.

We assume that the AC line voltage V1 is 100% of its nominal, and the out-
put voltage Vi is 100% of its nominal as well. The shift angle δ is determined
by the real power demanded by the load.

P � {(Vi V1) sin δ }/jωL (1.1)

The series inductor voltage drop is designed to be small under normal
rated conditions — usually δ ≅ 15°. Hence, the power factor is very close to
unity under these conditions: cosϕ � cos (δ/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
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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].
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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
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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].
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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.
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1.2 Batteries for UPS Applications

The most important features of the UPS systems are their reliability and avail-
ability. The component that influences this characteristic most considerably is
the battery. Batteries must carry the power supply to the load when the AC
line fails. If they are not capable of doing this, the whole UPS system fails,
regardless of how well designed the power electronic circuit is. In addition,
batteries usually determine where the UPS systems will be placed because
they require more space and have a weight greater than all the other compo-
nents of UPS systems. In many cases, batteries constitute considerable parts
of the cost of the whole systems.

1.2.1 History

The first UPS systems were employed in large centralized installations to
backup critical loads in hospitals and telecommunication offices. Batteries in
these large installations were placed in separate, special buildings, which
provided ventilation and allowed continuous maintenance. The type of bat-
teries used was flooded lead–acid, which has a long life and excellent long-
duration discharge rates, usually 5 to 20 h.

Nowadays, there is another approach for providing backup for critical
loads — the distributed approach [23]. Here, smaller UPS systems are used
to supply particular small loads. This tendency forced the UPS systems to
move from special buildings to offices and hospital rooms. This has led to
the requirement for compatibility with the office environmental and no-
maintenance requirements. As a result, valve-regulated lead–acid (VRLA) or
so-called sealed lead–acid batteries appeared on the market.

1.2.2 Valve-Regulated Lead–Acid Batteries

The basic lead–acid battery is a set of positive and negative electrodes con-
sisting of lead or lead–alloy grids coated with a paste of active material com-
posed of different lead compounds. The positive electrodes are separated
from the negative ones by a fiberglass-retaining mat, which usually surrounds
the positive plate. The battery is made wet by a sulfuric acid electrolyte solu-
tion. The discharge reaction is as follows:

PbO2 � Pb � 2H2SO4 → 2PbSO4 � 2H2O (1.2)

Also, the recharge reaction is the reverse of Equation 1.2:

2PbSO4 � 2H2O → PbO2 � Pb � 2H2SO4 (1.3)

As a result of recharge, the lead sulfate returns to lead dioxide on the posi-
tive plate and sponge lead on the negative plate. The efficiency of the
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recharge reaction can be 100%; but it depends on the state of charge (SOC) of
the battery. When the efficiency of the reaction is less than 100%, the elec-
trolysis of water occurs. As a result, evolution of hydrogen on the negative
plate and oxygen on the positive plate take place.

2H2O → 2H2 � O2 (1.4)

Charging of batteries above the manufacturer’s recommended ratings or
charging at these ratings but at higher temperatures causes additional evo-
lution of hydrogen and oxygen. In a flooded electrolyte system, the evolved
hydrogen and oxygen are vented out of the cell and the loss of water must
be compensated. In VRLA batteries, the compensation of water is impossi-
ble. The batteries work on oxygen recombination. The hydrogen evolution is
suppressed, and the evolved oxygen is recombined under pressure.

There are two basic types of VRLA batteries: absorbed electrolyte and
gelled electrolyte. In the absorbed electrolyte design, the liquid electrolyte is
contained in a highly absorbent separator, which isolates the positive plates
from the negative plates. This type of battery is designed specifically for UPS
applications and is capable of providing a very high short-duration current.
The gelled electrolyte VRLA batteries are similar to the flooded design; but
the electrolyte is in the form of a jelled mass. In addition, internal pressure is
regulated in order to allow oxygen recombination. They can provide a high
rate of short-duration currents; but generally, they are more suitable for long
discharge applications such as telecommunications [24].

1.2.3 UPS Battery Features

The main requirement for the VRLA batteries designed for UPS applications
is to provide a high short-duration current because the duration of the backup
time for the UPS systems is usually short — from a few seconds to an hour —
usually about 15 min [25]. There are two main differences between the typical
VRLA batteries and UPS-designed VRLA batteries. First, in order to provide a
higher current for a short time, the UPS-designed batteries need a more active
surface area, which is why these batteries have a higher number of thinner
plates. The second difference is that the UPS-designed batteries must have a
lower internal resistance in order to carry higher currents at lower losses. To
achieve this, battery manufacturers remove the fiberglass mat surrounding the
positive plate. Instead, they mix active material with integrated fibers. This
reduces the battery impedance. Apart from this, designers make the batteries
with larger and heavier current conductors in order to carry higher currents.

1.2.4 Problems

Reducing the internal resistance of the batteries also has negative effects.
Particularly, two separate problems occur by removing the fiberglass mat.
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First, the PbO2 sedimentation is much higher. Second, the low internal resist-
ance causes problems with the DC and AC ripples of the voltage across the
batteries [26]. The DC ripples are the fluctuations in the unsmoothed recti-
fier output voltage. They increase the internal temperature of the batteries.
Although this increment is usually a few degrees Centigrade, it is very
harmful for the battery life because each degree Centigrade rise in tempera-
ture reduces the battery life by about 10%.

AC ripples are sinusoidal and are superimposed over the DC component.
They are also classified as discharge and nondischarge type. When their
amplitude is less than the DC component amplitude, as shown in
Figure 1.13, the AC ripples are classified as nondischarged. When their
amplitude is larger than the DC component amplitude, as shown in
Figure 1.14, the AC ripple current becomes both positive and negative, and
these AC ripples are classified as discharge AC ripples.

The nondischarge AC ripples have the same effect over the battery as the
DC ripples. They increase the internal temperature of the battery. The dis-
charge AC ripples lead to capacity walk-down caused by high-frequency
shallow cycling (HFSC). Because the AC ripples are much larger in amplitude
than the DC component, they drive the battery into charging and discharging
cycles at a rate determined by the frequency of the AC signal. The low-fre-
quency AC ripples are especially harmful for the battery SOC. Assume that
we have a fully charged battery installed on a float charging system that has
significant AC ripples. The DC float current is set at such a level as to com-
pensate for any self-discharge and to provide some overcharge to keep both
plates properly polarized. The superimposed AC discharge ripples drive the
battery into charge–discharge cycles. The negative current will discharge the
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battery with 100% efficiency. The positive current will charge the battery with
an efficiency of about 10%. The remaining 90% of the power will go toward
overcharging the battery, resulting in electrolysis of the water and evolution
of hydrogen and oxygen. Because of the inequality of the power charged and
discharged to the battery over one cycle, after a number of cycles, the battery
will experience the so-called capacity walk-down. This process will continue
until the battery reaches about 80% of its capacity, where the efficiency of both
the charge and discharge processes is 100%. This HFSC causes premature
failure of batteries, where the power quality supplied to the battery is poor.

1.2.5 Charging Strategies

Charging strategy for the VRLA UPS-designed batteries is a floating charge,
where the battery is continuously connected to a constant current (CC) or a
constant voltage (CV). Often, a combination of both is used, as shown in
Figure 1.15. During the initial stage of the charging process, when the open-
circuit voltage of the battery is low, it is charged at the CC mode. The battery
voltage rises slowly in this period. After a certain level of power is absorbed
by the battery, its voltage starts to rise quickly and, if not limited, goes into the
gassing stage. To avoid this, the battery is switched to the CV charge mode.

However, this float charge method is difficult to perform for two reasons.
First, the overvoltage, which is usually about 100 mV above the open-circuit
voltage of the battery, is unevenly distributed among the cells in a series string
of battery cells. Second, the overvoltage applied has different effects on the
positive and negative plates in a single cell. Generally, the applied floating
voltage is intended to be high enough to ensure that both the positive and neg-
ative plates are significantly polarized and, at the same time, the positive plate
is in a region of minimal grid corrosion. Because of the oxygen recombination,
the potential of the negative plate decreases and if this oxygen recombination
is of a significant amount and the applied float voltage is not large enough, the
potential of the negative plate can drop below the open-circuit potential, that
is, it goes to the discharge mode. At the same time, because the floating volt-
age applied to the positive and the negative plates is constant, the potential of
the positive plate will increase and eventually can enter the high-corrosion
region. We can summarize that, for the common case, when the open-circuit
voltage of a cell is 2.17 V at 100% SOC and the overvoltage is 100 mV, the
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applied floating voltage of 2.27 V cannot guarantee that all cells will maintain
100% SOC. If we apply a higher float voltage to ensure that both plates are
properly polarized, the positive plate proceeds to the high-corrosion region,
and substantial overcharge takes place. The solution is the so-called intermit-
tent charging (IC) method, which was proposed for the first time by Don Reid
in 1984. The concept is that the battery is charged with higher than 100 mV
overvoltage for a short period of time and, after that, it is off-line for a longer
period of time. The gain is that the higher floating voltage ensures that both
plates are favorably polarized and, at the same time, the overvoltage is not of
a short duration. There are two types of IC methods: time charge, where the
battery is charged periodically, for example, 5 min every hour; and trigger
voltage charge, where a threshold voltage level triggers the charge process on,
and, when 100% SOC is achieved, the process is turned off [27].

1.2.6 Failure Category

Failures in batteries can be categorized into three types resulting in high
impedance, low impedance, and deterioration of capacity. Failures resulting
in high impedance are caused by the corrosion of plates, loose contact
between the active material on plates, or low specific gravity of acid. Failures
resulting in low impedance are caused by the short circuit between the
plates. Failures resulting in the deterioration of capacity are caused by deep
discharge, cycling usage, high temperature, or dryout [28].

1.2.7 Monitoring

Monitoring of flooded batteries is easy to implement. It is based on the cell
voltage and level of specific acid gravity and water. Because of the physical
constraints, we cannot rely on these parameters for monitoring VRLA batter-
ies. We do not have access to the separate cells in monoblocks of the VRLA
battery and to the acid solution inside the battery, which is why the monitor-
ing of VRLA batteries is very difficult to perform, and the results are not very
reliable. There are three basic methods for monitoring VRLA batteries: volt-
age-based, current-based, and impedance-based [28]. In voltage-based meth-
ods, lookup tables are used to detect any abnormalities in the discharge
mode. In these tables, information about voltage level, as functions of dis-
charge current and time of discharge is stored in computer memory. This
information is continuously monitored. There are two problems associated
with this method. First, monitoring is possible only during the discharge
mode; hence, no information about SOC is available during the float charge.
Second, high and low impedance failures can be detected surely by this
method, but deterioration of capacity failures cannot be detected, which is
why the results from this method may be misinterpreted.

The current-based monitoring method uses a discharge current or a float
charging current as an information source. Hence, it is available both in flat
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charging and discharging modes. However, the charging current tends to
change with aging of the battery. It is also a function of the temperature and
applied cell voltage. Therefore, the danger of misinterpretation of the results
exists. The third method is the impedance-based method. This approach is
based on measurement of the relation between the voltage and current when
injecting small AC currents or voltages into the battery. This is the so-called
small signal method. Another method is to use large load current step-changes
and to measure the relation of the voltage and current. Results from both small
and large signal methods are subject to large misinterpretation and, generally,
these methods are not reliable. In summary, it can be concluded that, presently,
there is no highly reliable method available for monitoring VRLA batteries.
This is a large, open field for research since the importance of monitoring is
essential to ensuring the reliability and availability of the whole UPS system.

1.3 Flywheels for UPS Applications

Until recently, the only energy-storage technology available was the electro-
chemical battery, mostly lead–acid batteries. Even though the sales of batter-
ies count at billions of dollars annually, there is still room for alternative
technologies. Since the research and development in electrochemical tech-
nology have been conducted for a long time, the technology is quite mature
and no major breakthrough is expected in this field in the near future. The
alternative energy-storage technologies are super-capacitors, super-conduct-
ing magnetic energy systems (SMES), and flywheels. Among them, the fly-
wheel system is the most promising technology for replacing the traditional
electrochemical batteries as an energy-storage solution for a variety of appli-
cations, including power quality, UPS systems, telecommunications, land
vehicles, and aircraft.

The concept of storing energy in flywheels mechanically as kinetic energy
is quite old; but recent advancements in new materials science, magnetic
bearing control, adjustable speed drives, and power electronics have revived
interest in this old concept. Traditionally, flywheels were used only as high-
power energy-storage devices for ride-through applications with a duration
of several seconds. However, nowadays, there are flywheels on the market
that can provide energy in the kWh range [29, 30].

1.3.1 Fundamentals

Flywheels are one of the oldest, simplest, and most common mechanical
devices. Although when we talk about the flywheel battery, we think about
a rotating mechanical device. It actually includes a motor/generator (M/G),
a flywheel, a bidirectional converter, and control and communication cir-
cuitry. The concept of a typical flywheel battery is shown in Figure 1.16.
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The motor spins the flywheel, which stores kinetic energy. When it speeds
up, it accumulates energy; when it slows down, it delivers energy. In the
past, flywheels were used in a system where a large-mass flywheel was cou-
pled with a rotating motor-generator unit, as shown in Figure 1.17.

Because of the fact that the flywheel and generator rotate at a system-
dependent speed and the permissible frequency tolerance of the generator volt-
age is very narrow, the system could only deliver about 5% of its stored energy
[31–33]. Recent advancements in power electronics and adjustable speed drives
have allowed the development of highly efficient flywheel storage systems that
are not system-dependable. A typical choice of a motor-generator is a perma-
nent magnet, brush-less machine due to its high efficiency, low rotor loss, high-
power weight ratio, and low noise [34]. Magnets with high-energy products
such as neodymium–iron–boron are usually used. However, permanent mag-
net materials with high-energy products are prohibitively expensive.
Synchronous reluctance and switched reluctance machines can compete with
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permanent magnet machines in flywheels applications since they can achieve
a high efficiency and do not require expensive materials [35].

One of the main components of the flywheel battery is the flywheel rotor,
which we will henceforth call flywheel for simplicity. The flywheel is a rotat-
ing mass that stores energy mechanically in the form of kinetic energy.
Kinetic energy stored in a rotating object is proportional to its moment of
inertia and to the square of its rotational speed:

Kinetic Energy � 1�2 � I � w2 (1.5)

I � k � M � R2 (1.6)

where I is the moment of inertia, ω the rotational speed, M the mass, R the
radius, and k the inertial constant, which depends on the shape of the object
(k � 1 for rim and k � ½ for a solid disk of uniform thickness).

From Equation 1.5, it is obvious that for a given rotational speed, the
amount of kinetic energy stored is larger for a larger mass. As a result, in the
early years of development of flywheel technology, high-density materials,
namely metals, were the natural choice for the flywheel rotors.

In order to optimize the energy-to-mass ratio, it is better that the object
rotate at the maximum allowable speed. However, the centrifugal force for a
rotating object is proportional to the mass of the object and to the square of
its rotational speed as follows:

F_centrifugal � M � R � ω 2 (1.7)

This centrifugal force can rip a rotating object apart. Hence, while dense
materials can store more energy, they are also exposed to greater centrifugal
force. As a result, they fail at lower rotational speeds than the low-density
materials with higher tensile strength.

Recent advancements in the development of different composite materials
give the flywheel designers a new choice of material for the flywheel rotor,
which allows much higher rotational speed. Different high-strength fiber
composites are used depending on whether the designer wants maximum
energy storage-per-unit-volume, as in aircraft or vehicular applications, or
requires maximum energy storage-per-unit-cost, as in stationary applica-
tions. The cost for different composite materials can range between $12 per
pound and $60 per pound [34] with quite different specific strengths [32].

The use of modern high-strength composite materials allows the design of
an ultra-high speed flywheel system. However, the high speed brings new
challenges. First, the use of conventional mechanical bearings makes no
sense at such high speeds. Instead, advanced magnetic bearings are used.
Active magnetic bearings are inherently unstable and require complicated
control. In addition, the high level of aerodynamic losses at high speeds
requires most high-speed flywheels to spin in a partial vacuum.

Safety requirements require containment of the whole system, which can
assure that all the disintegration products at burst failure are kept within the
containment.
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1.3.2 Classification

Flywheels can be classified into two groups based on the rotor speed: low-
speed and high-speed flywheels.

1.3.2.1 Low-Speed Flywheel Systems
Low-speed flywheels rotate at up to 6000 rpm. The flywheel is usually made
of high-strength engineering steel. Since the speed is not very high, the aero-
dynamic drag losses are not considerable; therefore, it is not necessary to oper-
ate the flywheel in a vacuum. A partial vacuum or lighter gas can be used to
reduce the aerodynamic losses. Since the stored kinetic energy is proportional
to the square of the speed and the speed is limited to not very high levels, a
considerably larger inertia is necessary for low-speed flywheels, which results
in a larger weight. Consequently, magnetic support for the conventional bear-
ings is advisable to increase the bearings’ life. Sometimes, even magnetic bear-
ings can be employed. Low-speed flywheels are usually designed for short
discharge times and are also referred to as power wheels. The rate at which
energy can be recharged into or drawn out of the system is limited only by the
motor-generator design; therefore, most of the cost goes toward the motor-
generator unit. Since the motor-generator design is quite mature, the cost of
the whole system is lower than that of the high-speed flywheels. The output
frequency of the generator is between 100 and 200 Hz. For a motor-generator
unit, both permanent magnet and conventional excitation can be considered.
The principle design of the low-speed flywheel is shown in Figure 1.18.

Compared to the high-speed flywheels, weight and space requirements of
the low-speed storage systems are doubled; but, the simpler construction
results in lower cost, approximately five times lower. Low-speed systems are
used only in stationary applications where cost considerations are of pri-
mary concern.

1.3.2.2 High-Speed Flywheel Systems
High-speed flywheels rotate at speeds above 10,000 rpm up to 100,000 rpm.
Such high speeds are possible because of the relatively small mass moment of
inertia of the rotor. It is wound from high-tech compound materials with a spe-
cific strength, five times higher than the steel. The high speed of the rotor
allows for a much higher amount of energy to be stored, so the high-speed stor-
age systems can also work as energy wheels. Most of the cost goes toward the
energy-storage component. Since the production of the high-tech composite
materials is still quite expensive, the overall cost of the high-speed storage sys-
tems is high. It is expected that, in the near future, with the advancement of
material science, this cost will go down considerably. In addition, conventional
bearings at high speed are of no use; therefore, magnetic bearings have to be
employed. Furthermore, at such high speeds, aerodynamic losses are consider-
able. As a result, the rotor has to run in a vacuum. Consequently, no effective
cooling can be provided. The rotor cannot have windings and is excited by
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permanent magnets. During the standby mode, hysteresis losses are produced
in the stator core. To limit them, an ironless gas ceramic stator is used. A prin-
cipal design of a high-speed flywheel system is shown in Figure 1.19.

For safety reasons, the whole system is placed in a containment that is
capable of containing a loose rotor reaction or any other event, which can
occur at the maximum operating speed. The output-generated voltage is
unregulated in the range of a few kHz. The bidirectional converter has to be
designed for both maximum voltage at high speed and maximum current at
low speed. The high-speed flywheels have a low weight, small size, and high
energy density, which make them suitable for vehicular applications.
However, the technology is relatively new and not widely proven in the field.

1.3.3 UPS Applications of Flywheels

In some UPS applications, flywheels are a better solution than the traditional
VRLA batteries. Some of the features of such UPS applications are as follows:

• A power rating of more than 200 kVA.
• Disturbances in the system are often and short, less than 1 min in

duration.
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• The system requires a diesel generator.
• Space is a critical design parameter.
• The customer is willing to consider life cycle cost over the up-front cost.

In such UPS applications, flywheels are much more effective than the VRLA
batteries. A basic circuit diagram of such a configuration is shown in Figure
1.20. It consists of a rectifier/charger, a flywheel system, and an inverter [36].
The rectifier/charger continuously supplies the DC bus with power. Its power
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rating is required to meet 100% of the power demanded by the load as well as
the power demanded for charging and speeding up the flywheel. The fly-
wheel is rated to supply power to the load during the backup time when the
AC line is not available. The duration of this time depends on the start-up
characteristics of the diesel generator and varies with different generators. The
inverter is rated at 100% of the load power since it must supply the load dur-
ing the normal mode of operation as well as during the backup time.

In other applications, flywheels are used along with the VRLA batteries in
a hybrid UPS system [32]. A principal circuit of such a UPS is shown in
Figure 1.21.

The flywheel system operates at voltages higher than the battery set. In this
way, all short outages (more than 97%) are handled by the flywheel and only
long outages are backed up by the battery set. This allows optimal design of
both energy-storage systems — the flywheel system for the high-power
application and the battery system for the high-energy application. The
battery life is highly extended because most of the time the batteries remain
in the standby mode and do not go into frequent discharge. Discarding in this
way the weakest point of UPS systems, the unreliability of the VRLA battery,
the overall system design results in a highly reliable UPS system.

Other applications of flywheel energy storage systems include vehicular,
aerospace, distributed generation, and power quality applications.

In hybrid electric vehicles (HEV), some type of energy storage device is nec-
essary to store the excess of energy from the internal combustion engine (ICE)
and to drive the vehicle when the energy from the ICE is not enough. This is
a typical high-power, high-cycle application. Flywheels have clear advantages
over the electrochemical batteries here. If we consider regenerative braking,
for example, when the vehicle is slowed down, a huge amount of energy is
released for a very short time. Electrochemical batteries have an inherently
slower rate of absorbing high power than the flywheels. Some advantages that
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make flywheels more attractive than the electrochemical batteries for vehicu-
lar applications include a high-power capability, longer life, compactness, and
lower weight. The compactness and lower weight come from the fact that fly-
wheels can be deeply discharged and, as a result, do not need oversizing of the
system, as is the case with the electrochemical batteries.

In the international space station (ISS), the energy storage system is a vital
issue. The reliability is of the highest concern. In this sense, the superiority of
flywheels over the electrochemical batteries is obvious. Monitoring of the
state of charge and state of health of batteries is difficult and not highly reli-
able, while monitoring of flywheels is very reliable. A flywheel energy stor-
age system is under development by the National Aeronautics and Space
Administration (NASA). The initial results show that its life is three times
longer and it can power the load for twice as long as a chemical battery, while
the space and weight for both systems are the same [31].

Most of the distributed generation systems rely on stored-energy systems
for proper operation. While electrochemical batteries are a good solution for
load leveling, they are expensive and highly inefficient for load following
applications. Flywheels with their high-power capabilities are perfect for
such applications. In this sense, flywheels can increase the reliability and
quality of the distributed generation systems based on fuel cells, photo-
voltaic arrays, wind turbines, and cogeneration gas turbines.

Nowadays, consumers require not only power with high reliability but
also with high quality. About 97% of all power line disturbances last no
longer than 3 sec [33] and more than 80% of them last less than 1 sec [31].
Chemical batteries are highly inefficient if a backup time of less than 1 min
is required. This is an area of application preserved exclusively for flywheel
systems. In fact, this is the most well-known commercial use of flywheels.

1.4 Comparative Analysis of Flywheels and Electrochemical
Batteries

Flywheels are unique among the energy-storage devices with their ability to
supply very high power. In fact, the rate at which energy can be recharged
into or drawn out of the flywheels is limited only by the motor-generator
design and can be very high. It is quite a different situation with lead–acid
batteries. The rate of discharge in lead–acid batteries is proportional to the
surface area of the plates and the internal resistance of the battery. The larger
the area, the higher the rate of discharge, and the lower the internal resist-
ance, the higher the current capability of the system. In order to increase the
surface area of lead–acid batteries, designers have two options. The first is to
make plates thinner and the other is to use more plates. The inherent prob-
lem with the first approach is that battery life is proportional to the thickness
of plates: the thinner the plates, the shorter the life. The problem with the
second approach is that, while the surface areas increase with an increase in
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the number of plates, the capacity also increases. Therefore, eventually the
designer oversizes the capacity, which results in a higher cost, weight, and
volume of high-power VRLA batteries.

Decreasing the internal resistance of the batteries leads to other problems.
In order to decrease the internal resistance, battery designers remove the
fiberglass mat surrounding the positive plate. Instead, they mix the active
materials with the integrated fibers. This reduces the battery impedance, but
leads to two problems that reduce the battery life. First, the PbO2 sedimen-
tation is much higher. Second, the low internal resistance causes problems
with DC and AC ripples of the voltage across batteries [26].

Battery designers try to find the optimal compromise between all these
issues in order to design batteries with a high rate of discharge. These efforts
have led to the development of modern UPS batteries, which are capable of
supplying high currents for a short period of time, that is, 10 to 60 min, in
contrast with the traditional lead–acid batteries with a rate of discharge of
5 to 20 h. However, there are still many problems regarding the lead–acid
batteries for high-power applications, such as

• a slow recharge rate,
• a narrow temperature operation range,
• no reliable method for monitoring the state of charge and state of

health, and
• environmental issues.

Flywheel energy-storage systems provide a complete solution for all of the
above problems. They have a very fast recharge rate and low temperature
sensitivity. They are environmentally friendly. Monitoring is very reliable.
By observing the speed, one can always see how much the stored energy is.
Flywheels require very low or no maintenance. Furthermore, the rate of con-
version of kinetic energy into electrical energy is limited only by the genera-
tor design, which makes flywheels extremely well suited for high-power
applications. Flywheel energy-storage systems, however, should not be con-
sidered as a replacement for the electrochemical lead–acid batteries. Rather,
they should be considered as a competitive alternative in high cyclic appli-
cations, where issues like duration of life, volume, weight, maintenance,
temperature sensitivity, environment, and reliability are critical. Some exam-
ples of such applications are vehicular and aerospace applications, power
quality applications, distributed generation, and UPS systems.

1.5 Applications of UPS Systems

In the past, UPS systems have been used as large installations in hospitals,
telecommunication facilities, and data centers. Their main purpose was to
supply the load during blackouts and the only available topology was the
so-called on-line UPS. Later, the off-line UPS systems appeared on the
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market in response to the demand for small and inexpensive UPS systems
designed to supply a particular small load. The main applications are
personal computers. Then, line-interactive UPS systems came as a compro-
mise between high-performance, but expensive on-line topology, and the
less expensive, but poorer performance off-line topology [14]. At the begin-
ning, their range of applications was in the low- and medium-power range;
but now, the new delta-conversion line-interactive UPS systems have appli-
cations in installations of a few MW [15, 17, 37–39].

UPS systems not only supply energy during blackouts but also in most cases,
provide some kind of power conditioning. This additional function of the UPS
systems stems from two facts. First, loads are now much more sensitive to the
quality of power than in the past. Second, nowadays, the power quality deteri-
orates as a result of the fact that utilities try to operate the systems as close to
their limits as possible in order to be more competitive on the market. Today,
UPS systems have much more diverse applications than in the past. They are
now not only highly desirable but also a required standard in many cases.

There are presently two tendencies in UPS system development: distrib-
uted and centralized.

1.5.1 Distributed Approach

In a distributed approach, many separate UPS units operate in parallel to sup-
ply critical loads. UPS units are placed flexibly in the system to form a critical
load network. A typical distributed UPS system is shown in Figure 1.22.

Distributed UPS systems have many advantages. They are highly reliable
because of the redundancy. In fact, it is easy and inexpensive to achieve the so-
called N�1 redundancy in distributed UPS systems, where N UPS units sup-
ply the load and one additional unit remains in reserve. The second advantage
of the distributed UPS systems is their high flexibility. It is easy to increase the
capacity of the system, when the load grows, by simply adding additional
units. Another advantage is that the system is user-friendly with regard to
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maintenance because of the N�1 redundancy. We can simply turn off the defec-
tive unit for maintenance, while the system continues to operate using the
remaining units. There are problems associated with distributed UPS systems.
First, the load sharing between separate units has to be very fast and precise
because of the fast dynamic response of each module and the low overload
limit of a typical static UPS. In practice, this load sharing is difficult to achieve
and requires very fast and complicated digital controllers. Second, monitoring
the whole system is difficult and requires specially trained staff. Instead, the
monitoring is separated between many people and as a result the reliability of
the system as a whole decreases [23].

The distributed approach is expected to be more attractive for highly
proliferated loads such as medical equipment, data processing, and telecom-
munications.

One interesting application in telecommunications is the combination of
UPS systems and fuel cells, which replace the usual diesel generator [40].
Generally, the use of any kind of renewable energy source, such as photo-
voltaic arrays, wind turbines, or hydroturbines, in combination with UPS
systems, seems attractive from an environmental point of view [41].

1.5.2 Centralized Approach

In the centralized approach, one large UPS unit supplies all the critical loads
and the main aim is to ensure the continuous operation of the whole process
rather than the operation of specific critical loads. This approach is more
desirable for industrial and utility applications. The problems here are asso-
ciated with the high relative cost for achieving redundancy and increasing
the capacity with expansion of the load.

The centralized approach offers a clear advantage with respect to the
maintenance and service of the UPS systems. A specially trained group of
staff will be in charge of maintenance and service, reducing the risk of mis-
use of the system and increasing its reliability. The use of line-interactive
topology in centralized UPS systems can provide some additional useful
functions apart from ensuring the continuity of the power supply. By using
a parallel-connected UPS to control the real and reactive power drawn from
the AC line, one can use it for load leveling, voltage regulation, harmonic
suppression, or reactive compensation.

Load leveling function is achieved by controlling the real power drawn
from the AC line. It can be done by controlling the phase angle between the
AC line voltage and the inverter’s output voltage. In this way, the real power
drawn from the AC line during the high price time zone of the day can be
fixed to a particular level and the rest of the real power demanded by the
load is supplied by the UPS. During the low price time zone, only the AC
line supplies the load and the UPS draws additional real power to recharge
the batteries. Of course, in order to implement this function, the capacity of
the batteries must be higher than the usual capacity required for supplying
the load during blackouts.
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The voltage regulation is easily achieved by controlling the reactive power
supplied by the inverter. This control is done by alerting the amplitude
modulation index of the inverter and from here the magnitude of the output
voltage. This action is independent of the AC line voltage; hence, the voltage
regulation is very robust. It is also easy to drive the inverter to compensate
the reactive power demanded or produced by the load and, at the same time,
to absorb any harmonics caused by the nonlinearity of the load. In this way,
a high power factor can be achieved, which helps to better utilize the whole
system and additionally to save on the energy bill.

This additional capability of the line-interactive UPS systems to control
the real and reactive power flow from the AC line is valuable from the power
system operation and control standpoint [42, 43]. Utilities use parallel UPS
systems. They call them battery energy-stored systems (BESS) for load level-
ing, voltage stabilizing, frequency control, and active filtering. As a load-lev-
eling device, BESS helps to cover the peak power demanded by the loads. It
is well known how useful, from a power system operation point of view, a
unity load power factor is.

BESS can also work as a frequency control device if its capacity is large
enough compared to the overall power of the system. It can supply addi-
tional real power to the system in the case of generator outage in order to sta-
bilize the frequency. The BESS working as a voltage stabilizer or as an active
filter has already been explained.

By rapidly controlling both real and reactive power flow from a BESS, the
power system operator is provided with a powerful control device against
any oscillations in the system. In many features, a BESS resembles flexible
AC transmission systems (FACTS) by controlling the voltage and phase
angle out of the three parameters necessary to control the power flow in a
power system: voltage magnitude, phase angle, and impedance. Full control
over these three parameters can be achieved by the integration of series and
parallel converters connected by a common DC-link. This system can be uti-
lized as a power flow controller device for real-time-controlled FACTS [44].
The same approach can be used to improve the power quality at the point of
installation on power distribution systems or industrial consumers. The
so-called unified power quality conditioner (UPQC) can stabilize the voltage
and compensate for reactive power, negative-sequence currents, and
harmonics [45]. The same configuration is used to develop the latest line-
interactive delta-conversion UPS systems. It overcomes the main drawback
of the conventional line-interactive topology, that is, the inability to control,
simultaneously, both the output voltage and the input current.

1.6 Parallel Operation

With the present rapid growth of loads especially sensitive to the quality of
supplied power, UPS systems are becoming a necessity in many applications
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such as medical facilities, life-support systems, data storage and computer
systems, emergency equipment, telecommunications, industrial processing,
and on-line management systems.

There are two independent approaches in UPS systems: centralized, in
which one large UPS unit supplies all the power demanded by the load; and
distributed, in which a multiunit system operated in parallel supplies the
power [23]. Both approaches have advantages and disadvantages, which
have been discussed in previous sections. The centralized approach is
impractical for some applications because of its high initial cost, site instal-
lation difficulties (large size and weight), and reduced reliability (single
point of failure). The advantage of parallel multiunit UPS systems is espe-
cially apparent in high-power applications. Here, because of the limited bat-
tery voltage, high battery currents, sometimes up to kA, have to be drawn if
a single unit is used. When several units are used, this high current is split
between them, substantially reducing the overall price of the system [46].
Another advantage of the parallel multiunit UPS systems is that the reliabil-
ity of the system can be improved by using the so-called N�1 redundancy.
Here, N separate units continuously supply the load, and one additional unit
remains in reserve. If one of the N operating units fails, it is turned off and
the reserved unit starts operating instead. The failed unit can be repaired or
replaced while the whole system continues to work.

The parallel UPS systems are also very flexible toward an expansion of the
load. The capacity of the UPS can easily improve by simply adding addi-
tional modules.

1.6.1 Configurations

A typical on-line UPS consists of an AC/DC rectifier, a battery bank, and a
DC/AC inverter. The concept of parallel operation can be applied to recti-
fiers alone, to inverters alone, or to the whole UPS. As shown in Figure 1.23,
two or more AC/DC rectifiers can operate in parallel to supply the DC-link
with rectified voltage/current. On the other side of the DC-link, one or more
inverters supply the critical loads.
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The reliability of the system can be improved if two dedicated AC lines
supply two separate rectifiers or two separate groups of rectifiers, as shown
in Figure 1.24. The dedicated lines help to isolate the DC-link from the effect
of the other loads on the AC line side. Each of the two rectifiers or each of the
two separate groups of rectifiers is capable of supplying the full rated system
load. This ensures redundancy of the power sources.

The concept of parallel operation can be taken further, as shown in Figure
1.25, where two separate rectifiers fed from separate AC lines formed a DC ring
bus [47]. The rectifiers can be placed far from each other and do not require
communication with each other. The load sharing is achieved by a built-in volt-
age drop. In fact, changes in DC voltage are used as the communication signals.

The principle of operation of the UPS systems in Figure 1.25 can be
explained with the aid of Figure 1.26. A change in load causes a corresponding
change in DC voltage. For example, a load increase causes a decrease in DC
voltage. Rectifiers work in voltage control mode to increase their currents in
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order to restore the proper voltage level. The overall increase in current
(∆I�∆I1�∆I2) is distributed between the separate rectifiers by the built-in
voltage drops that the steeper the voltage drop, the less the load taken from
the rectifier as shown in Figure 1.26. The configuration shown in Figure 1.25
is used mostly in industrial applications, where many different critical loads
have to be supplied.

One additional advantage of such a system is that critical loads can be cat-
egorized by importance. The lower-priority loads may be switched off at a
higher DC-link voltage. Therefore, the duration of the backup time for the
most important loads can be extended.

The concept of parallel operation can also be applied to inverters [46]. Two
or more inverters fed from a common DC-link supply loads connected to a
critical bus, as shown in Figure 1.27.
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In Figure 1.28, several UPS units operate in parallel [48–51]. The modules
are close to each other and parallel operation is achieved by communication
between separate units.

A real distributed UPS system requires UPS units to be placed flexibly in
the system building or industrial plant, forming the so-called secure network
from which different critical loads are supplied [14, 48]. Such a distributed
UPS system is shown in Figure 1.29.

Because a real distributed UPS system requires separate UPS units to be
placed arbitrarily in the system, often far from each other, communication
between them is impractical. Hence, the communication between separate
units need not be decisive for proper parallel operation of the units. It can only
enhance the performance of the system. The parallel operation of the separate
units has to rely only on locally available parameters — voltage, current, and
frequency. Similar to the control of the two rectifiers in Figure 1.25, inverters
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in Figure 1.26 use the phase angle between the output voltages to control the
real power flow and the magnitude of the output voltages to control the
reactive power flow [14, 48, 51]. This is done by introducing built-in frequency
and voltage drop characteristics in each inverter. The regulation of real and
reactive power flow between separate units is explained in detail later in the
discussions of the wireless independent control.

1.6.2 Fundamental Principles of Parallel Operation

The stable operation of a power system needs an exact balance between the
generated and consumed real and reactive power. In this sense, implement-
ing a good control over both P and Q is essential from operational and con-
trol points of view. The real power and the reactive power transferred
between an inverter with output voltage Vin and a critical bus with voltage
Vc are described by

P � (Vin Vc sin δ)/Z (1.8)

Q � (V2in /Z) � (Vin Vc cos δ)/Z (1.9)

When Vin and Vc have the same phase, but different amplitudes, there is reac-
tive power circulating. When Vin and Vc have the same amplitude, but different
phases, there is active power circulating. When Vin and Vc differ in both phase
and amplitude, there is active and reactive power circulating. When the power
angle δ is small, which is usually the case, the real power flow depends prima-
rily on δ, and the reactive power flow depends primarily on the voltage mag-
nitude Vin. Control of frequency dynamically controls the power angle and, as
a result, the real power flow. Because of the very low output impedance Z of
the typical UPS inverter, even a very small value of δ results in a very large
imbalance in the active power flow. Typically, a one-degree difference in phase
leads to about 50% power disturbance. Under light loads, some inverters may
be operating as rectifiers. Therefore, the output voltage of all inverters working
in parallel must be kept strictly in phase by a PLL in order to guarantee equal-
ity of the output active power for the corresponding inverters. Even after all
output voltages are locked in phase, reactive currents can still circulate between
some inverters if their output voltage magnitudes differ from each other. This
overloads the inverters unnecessarily. Since the overload capability of a typical
static UPS is relatively low, usually 150 to 200%, it is obvious that good control
over the output voltage magnitude of each inverter in parallel is essential.
Basically, the control over frequency and voltage magnitude should not be too
difficult to implement. The problem stems from the fact that UPS designers try
to build UPS systems with very fast dynamic response characteristics in order
to achieve good performance under nonlinear and step-changing loads. As a
result, inverter output currents change quite rapidly. This, combined with the
limited overload capability of the UPS, causes difficulties in the control of par-
allel operating inverters in UPS systems.
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1.6.3 Control Strategies in UPS Parallel Operation

1.6.3.1 Concentrated Control
In this control method, as shown in Figure 1.30, a PLL in each inverter is
used to synchronize its output voltage in frequency and phase with the volt-
age of the critical bus, ensuring proper real power load sharing between sep-
arate inverters. A parallel control unit detects the total load current I, divides
it by the number of inverters n in the system, and passes the signal I/n to
each inverter. This signal is used as a reference for the minor current control
loop, which takes the current through the output filter inductor as a feed-
back signal. Both signals are compared and an error is obtained, which is
used to compensate any inequality in the voltage amplitude of different
inverters. Therefore, a proper reactive power load sharing is achieved [51].

1.6.3.2. Master–Slave Control
Basically, the master–slave control is the same as the concentrated control.
The difference is that only the master unit has enabled the PLL, which is in
charge of providing a constant sinusoidal output voltage synchronized in
frequency and phase with the critical bus voltage. The other inverters work
as slaves, which are controlled to track the reference current provided by the
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parallel control unit. The parallel control unit has the same function as in a
concentrated control method. Hence, the reference current derives from the
load current; therefore, it can serve as a frequency and phase reference as
well. As a result, the slave units do not need to have separate PLL circuits
enabled. If the master unit fails, one of the slave units replaces it by simply
enabling its PLL circuit [46, 49–51].

1.6.3.3 Distributed Control
In the two methods described above, a failure in parallel control circuit can
lead to the failure of the whole system. This is prevented in the distributed
control method. Each inverter sends signals to the others. Compensating
voltage and frequency signals are sent to each inverter [51].

1.6.3.4 Wireless Independent Control
In this method, there is no inner-connective load sharing wires between
inverters. Control is based on information available locally at the inverter
terminals: voltage, current, and frequency. Each inverter has a buildup fre-
quency drop characteristic for real power load sharing and a buildup volt-
age drop characteristic for reactive power load sharing [14, 48, 51]. It is well
known that when there is an imbalance in the generated and consumed real
power in the system, there is a change in the system frequency. Hence, the
frequency can be used as a communication signal between two inverters
connected in parallel. For example, if the real power demanded by the two
inverters in parallel is increased by ∆P�∆P1�∆P2, the frequency will ini-
tially decline by ∆f, as shown in Figure 1.31.

The increase of power ∆P will be taken by the separate inverters accord-
ing to the slope of their buildup frequency drop. New steady-state equilib-
rium point will be achieved at a lower frequency. In order to restore the
initial frequency, the whole drop characteristic has to be shifted up vertically.
A proper active power load sharing control is then implemented without
communication needs between inverters. The same strategy is used for reac-
tive power load sharing control; but a voltage drop is used as a communica-
tion signal. This control method increases the reliability and flexibility of the
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whole system. It also eliminates any noise disturbances existing in the
previously-discussed methods. The essential requirements are high-preci-
sion sensors and an extremely high speed in calculation.

1.7 Performance Evaluation of UPS Systems

The performance of a UPS system is evaluated in terms of several factors. The
first and the most important factor is the quality of the output voltage. The
output voltage should be sinusoidal with a low THD, usually less than 5%,
even when feeding nonlinear or imbalanced loads. In addition, UPS systems
should have a good transient response toward sudden changes in the load.
They should also be capable of maintaining a good output voltage regulation.
The circuit configuration and control strategy used are the most significant
factors affecting the above mentioned performance features of a UPS.

With respect to the UPS topology, the on-line UPS configuration gives a
superior performance followed by line-interactive UPS systems and finally
by off-line UPS systems [14]. In on-line UPS systems, the inverter is con-
nected in series with the load in both normal and stored-energy operating
modes, and continuously provides power conditioning to the load.

In line-interactive UPS systems, the inverter is connected in parallel with the
load and, during the normal mode of operation, provides only limited power
conditioning to the load. Only during the stored-energy mode of operation can
the performance of a line-interactive UPS be the same as that of the on-line UPS.

The inverter in off-line UPS systems is off during the normal operating
mode. Hence, this topology does not provide any power conditioning via its
inverter during this mode. Only if it has additional power conditioning cir-
cuits can it provide some power conditioning during the normal mode of
operation. During the stored-energy operating mode, the performance of an
off-line UPS can be the same as an on-line or a line-interactive UPS.

The second important factor in terms of how the performance of UPS sys-
tems is evaluated is the power factor of the input current. It is highly desirable
if the power factor is unity or close to unity in order to meet the corresponding
standards and to utilize the whole system better. The high-power factor means
high displacement factor (DF) and low THD of the input current.

There are two techniques for improving the performance of UPS systems:
passive and active. The passive technique uses filters for the harmonics in
order to prevent them from flowing into the AC line. This is a good tech-
nique for low-power cost-sensitive applications.

For higher-power applications, active PFC techniques are used. In these
techniques, either a PWM rectifier is utilized [52, 53] or an additional DC/DC
PFC circuit is used [54, 55]. Basically, this is a DC/DC circuit that is controlled
in such a way that it forces the rectifier to draw a sinusoidal current from the
AC line, which is in phase with the input voltage. These active techniques are
applicable only for on-line and off-line UPS topologies. For the line-interactive

38 Uninterruptible Power Supplies and Active Filters 

RT3035_C01.qxd  8/24/2004  5:04 PM  Page 38

© 2005 by CRC Press LLC



UPS systems, the PFC is achieved by controlling the power angle between the
input and output voltages [15]. It is worth noting that when the inverter has
to compensate for a disturbance in the input voltage, such as under- or over-
voltage, the PFC function of the inverter has to be sacrificed.

The third important factor for evaluating the performance of UPS systems
is the transfer time. In terms of this aspect, the on-line UPS topology is supe-
rior. Its configuration naturally ensures that the load is continuously sup-
plied with power without any transfer time [14].

The transfer time in line-interactive UPS systems depends on the time
necessary for converting the power flow from the battery bank through the
inverter to the load. Improved performance in this sense is achieved by
choosing the DC bus capacitor voltage at the battery side to be slightly
higher than the floating voltage of the batteries. In this way, when the AC
line fails, it is not necessary to sense the failure because the DC bus voltage
will immediately decline under the floating voltage of the batteries and the
power flow will naturally turn to the load.

Transfer time is the longest for off-line UPS systems, which depends upon
the speed of sensing the failure of the AC line and starting the inverter.

The next performance factor of UPS systems is efficiency. In this sense, the
UPS systems can be separated into a single conversion topology consisting
of off-line UPS systems and line-interactive UPS systems; and double-
conversion topology consisting of on-line UPS systems. Single-conversion
topology has better efficiency, which should be taken into consideration in
some special applications [17, 15].

The last, but not the least important performance feature of UPS systems is
reliability. A simple power circuit implies better reliability. Furthermore, the
simpler the control technique used, the higher the reliability of the system.
The use of a bypass essentially improves the reliability of the UPS systems.
This, of course, leads to the requirement of synchronization of the input and
the output voltage in order to achieve seamless transition to the bypass mode
of operation. As a result, the control circuit may be more complicated.

Another method for improving the reliability of the UPS systems is the
employment of the so-called N�1 redundancy [23]. Here, N separate mod-
ules supply the load with power working in parallel, and one additional
module stays in reserve. If any one of the operating N modules fails, it can
be switched off and repaired or replaced while the additional module takes
its place. The next step in achieving a high reliability is the so-called dis-
tributed UPS systems where several UPS systems are placed arbitrarily,
making a secure bus from which several different loads are supplied.

1.8 Power Factor Correction in UPS Systems

UPS systems are ubiquitous solutions for power conditioning of critical
loads. However, because of the inherent low-input power factor of the
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front-end rectifier, the UPS itself is considered as a harmonic pollution
source for the utility and near loads. A typical uncontrolled rectifier draws a
highly distorted nonsinusoidal current from the AC line. Its distortion factor
shown in Equation 1.10 is low and, therefore, its power factor shown in
Equation 1.11 is low even when feeding purely resistive loads with a dis-
placement factor cos ϕ � 1. Usually, the power factor is less than 0.65.

DF � I1, rms / Irms (1.10)

PF � P/S � P/(Vrms* Irms) � (I1, rms / Irms) cos ϕ � DF cos ϕ (1.11)

The benefits from a high power factor are well known: better utilization of
the whole system and a low EMI. As a result, the International Standard
Committee imposed the IEC-1000-3-2 standard, which requires the UPS sys-
tems to meet the limits of the input current harmonics. Accordingly, many
passive and active power factor correction solutions have been proposed
and widely discussed [54, 55]. Generally, the PFC techniques can be classi-
fied as passive or active.

1.8.1 Passive PFC Techniques

In passive PFC techniques, passive LC filters are connected at the input of a
rectifier. The filter prevents injection of harmonics from the rectifier to the
AC line. Passive filters have high efficiency and low cost. Passive techniques
are simple and robust; hence, they are very reliable. Yet, the inductor and
capacitor are bulky and heavy, which limits their applications as a single
solution only in low-power ratings. These techniques are usually used along
with different active PFC techniques, which reduce the harmonic and reac-
tive content of the input current, allowing the input filter to be smaller.

1.8.2 Active PFC Techniques

Active PFC techniques can be classified into two types. The first one consists of
PWM rectifiers controlled in continuous conduction mode (CCM) to achieve
good output voltage regulation and high input power factor. The second
one consists of a PFC circuit, which operates in discontinuous conduction
mode (DCM) to force the rectifiers to draw sinusoidal currents from the utility.
PWM rectifiers controlled in PFC techniques are usually used in high-power
applications, especially when high performance is required. The rectifier is con-
trolled by an outer voltage loop for output regulation and inner current control
loops for shaping the input current according to their sinusoidal reference. The
main problem here is that when driving the rectifier to obtain a high input
power factor, substantial low-frequency voltage ripples appear on the DC side.
It is essential in UPS applications that these low-frequency DC ripples are
reduced as low as possible because the battery impedance is very low and all
DC ripple currents generated by the DC voltage ripples flow into the battery.
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This results in heating of the battery, which is very detrimental to the battery’s
state of health as described in previous sections.

It is usually necessary to connect a very large electrolytic capacitor or a
passive LC filter to the DC side in order to reduce the low-frequency voltage
ripples, as shown in Figure 1.32. However, such a large capacitor or LC out-
put filter is not desirable because of the short lifetime of the capacitor, the
inherent parameter variation of the circuit with time, and the impracticality
of downsizing the whole system.

Another way of reducing the DC output voltage ripples is to increase the
switching frequency. In Nishida et al. [52], a single-phase PWM bridge recti-
fier, which takes into account the DC-side voltage ripples, is controlled by a
predictive instantaneous current control scheme in order to achieve unity
power factor. It can be seen that when the switching frequency is increased
from 7.2 to 18 kHz, the power factor becomes substantially higher and the
DC output voltage ripples become smaller. Increasing switching frequency
implies higher losses. Soft-switching techniques, as described in Mao et al.
[55], can significantly increase the efficiency of the rectifier.

An essential requirement for all CCM PFC-controlled PWM rectifiers is a pre-
cise detection and processing of the input AC line current and precise processing
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of the feedback signals, which makes the control circuit more complicated and
eventually more expensive. In DCM-controlled PFC circuits, the control strat-
egy is simpler and less expensive. There are two separate approaches in DCM-
controlled PFC circuits: double- and single-stage conversion.

In the double-stage conversion PFC approach, as shown in Figure 1.33, the
rectifier is followed by an input current shaper stage, which provides power
factor correction by forcing the rectifier to draw sinusoidal current, which is
in phase with the input AC voltage and with low THD.

It has a loosely regulated output voltage at the intermediate DC bus, which
serves as an input to the second stage of a DC/DC converter, which is in
charge of providing tightly regulated output voltage to the inverter and to the
battery. The efficiency of this approach is not good because of the two power
conversion stages. It also requires at least two power switches; but the control
is simple and hence the whole system is very reliable. The switch in the input
current shaper (ICS) stage is controlled in DCM at a constant frequency. In this
method, the peak input current naturally follows the input AC voltage.

A single-stage PFC, as shown in Figure 1.34, integrates the input current
shaper and the following DC/DC converter into one single stage. It has one
shared switch and one controller. The energy-stored element, usually a
capacitor, is placed in series with the load. The single-stage PFC approach
usually has a better efficiency; but the control complexity is increased. In
addition, the power semiconductor devices may have a higher voltage and
current stress than with the two-stage PFC approach. As a result, the single-
stage approach is not always better than the two-stage approach in terms of
cost and reliability [56]. A combined approach is proposed as a compromise,
where a portion of the energy is supplied directly to the load and the rest of
the energy is double-converted.

The above mentioned discussions are related to the on-line and off-line
UPS systems. For line-interactive UPS systems, the PFC technique is different.
Here, the inverter is connected in parallel with the load. It is capable of
supplying all reactive and harmonics currents required to keep the power fac-
tor close to unity [15, 17–20].
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1.9 Control of UPS Systems

THD of the output voltage and dynamic responses of a UPS system are
among the most important performance features of the UPS. They depend
mostly on the control strategy applied to the UPS inverter. In this sense, the
inverter’s control strategy immediately follows the UPS topology as the sec-
ond most important factor, which determines the overall performance of the
UPS. The simplest method to deal with a high output voltage THD is to
increase the switching frequency and to use appropriate LC output filters.
For a given THD, by increasing the switching frequency, the LC filter will be
smaller. However, with increasing switching frequency, losses increase
accordingly, which is why for high-power rating applications, the switching
frequency is limited usually up to 2 kHz.

The aim in the design of the inverter LC output filter system is to achieve
zero output impedance, hence zero THD even with nonlinear loads [57]. The
problem is that the output filter inductance has some nonzero impedance,
which causes distortion in the output voltage when feeding nonlinear loads.
Different PWM techniques have been proposed to compensate for filter out-
put impedance and reduce the output voltage distortion. The simplest one
compensates only the harmonics caused by the nonlinearities of the inverter,
such as blanking time, switching delays, component voltage drops, DC-link
voltage fluctuations, and rise and fall times of the devices. However, a sinu-
soidal voltage at the output of the inverter does not guarantee a sinusoidal
voltage at the load terminals. This technique still has a good steady-state per-
formance with linear loads. It is implemented as a single-voltage loop strategy.

1.9.1 Single-Voltage Control Loop Strategy

This strategy, as shown in Figure 1.35, uses a single feedback loop to provide
a well-regulated output voltage with low THD. The feedback control can
be continuous [58] or discontinuous [59–61]. Analog techniques are used in
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the continuous approach. The most usual continuous feedback control is
SPWM, which can be of natural sampling type, average type [62], or instan-
taneous type [63].

In the natural sampling type, the peak value of the output voltage is
detected and compared with a reference voltage in order to obtain the error,
which is used to control the reference to the modulator.

The average approach is basically the same; but the sensed voltage is con-
verted to an average value and is then compared with a reference signal.
These approaches control only the amplitude of the output voltage and are
good only at high frequencies. They are easy to implement; but they have
very slow dynamic responses with step-changing and nonlinear loads.

In instantiations voltage feedback SPWM control, the output voltage is
continuously compared with the reference signal-improving dynamic per-
formances of the UPS inverter [63]. The speed of the dynamic responses
depends only on the switching frequency, which cannot be made very high
in higher power rating applications. Another disadvantage of this approach
is that harmonics are generated in the output voltage around the switching
frequency. In addition, the dynamic response is still not fast enough. Another
approach is based on digital control techniques. Discrete-time control strate-
gies are generally of two types: optimum PWM techniques [64] and dead-
beat techniques [58–61]. In digital optimum PWM techniques, the switching
angles are calculated in order to minimize specific harmonics in the output.
These techniques have a very good steady-state performance with linear
loads; but with nonlinear and step-changing loads, their performance is
unsatisfactory [65]. The deadbeat control technique shows better perform-
ance with nonlinear loads. In this technique, based on predicted and sensed
output voltage, the exact length of the switching interval can be computed
in real time so that the exact value of the desired output voltage can be
obtained. The disadvantages of the deadbeat control technique are that it is
computationally intensive and, for this reason, it is feasible only at relatively
low frequencies. It also shows poor performance with step-changing loads.

1.9.2 Multiple Control Loops

Better performance even with nonlinear and step-changing loads can be
achieved by multiple control loop strategies [65]. As shown in Figure 1.36,
there are two control loops: an outer and an inner loop. The outer control
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loop uses the output voltage as a feedback signal, which is compared with a
reference signal. The error is compensated by a PI integrator to achieve a sta-
ble output voltage under steady-state operation. This error is also used as a
reference signal for the inner current regulator loop, which uses the inductor
[65] or the capacitor [66] output filter current as a feedback signal. The minor
current loop ensures fast dynamic responses, enabling very good perform-
ances with nonlinear or step-changing loads.

The basic current regulators used as minor current loops are hysteresis
regulators, sinusoidal PWM regulators, and predictive regulators.

1.9.2.1 Hysteresis Current Control
In a typical hysteresis regulator, the reference signal is compared with the
feedback signal. The sign and predetermined amplitude of the error deter-
mine the output of the modulator, which has two possible levels �Vout. The
duration between the two successive levels of Vout is determined by the slope
of the reference signal. The output voltage tracks the reference signal within
the upper and lower boundary levels �∆V [67–69]. This hysteresis control
has fast transient responses; but the switching frequency varies widely,
which is undesirable because it generates additional harmonics. To eliminate
this drawback, an improved constant-frequency hysteresis current control
regulator can be implemented, as presented in Sae-Sue et al. [68]. In Sae-Sue
et al. [68], in order to keep the switching frequency constant, the hysteresis
band varies with a function of Cos(2ω); but the implementation of the this
technique is complicated.

Hysteresis current controllers have fast transient responses. They are pre-
ferred for operation at high switching frequencies. The switching losses
restrict their applications to lower power levels.

1.9.2.2 SPWM Current Control
In the SPWM control technique, the output voltage feedback is compared
with a sine reference signal and the error voltage is compensated by a PI reg-
ulator to produce the current reference. The current through the inductor or
the capacitor is sensed and compared with the reference signal. After being
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compensated by a P regulator, the error signal is compared with a triangular
waveform to generate an SPWM signal for switching control. The SPWM
current control has a constant switching frequency and also provides fast
dynamic responses [66, 67].

1.9.2.3 Predictive Current Control
In this method, the switching instants are determined by suitable error
boundaries. When the current vector touches the boundary line, the next
switching state vector is determined by prediction and optimization in order
to minimize the error [70]. Predictive current control requires a good knowl-
edge of the load parameters.

All these current regulators are typically used as an inner loop to regulate
the current in the filter inductor. The current reference for the current regu-
lator is obtained by summing together the error in an outer voltage loop with
the actual load current to yield the rated output voltage.

Control for three-phase UPS systems is basically the same. Additional
problems are that one must take care of the coupling interference between
different phases and unbalanced loads. Generally, for UPS systems operat-
ing with fixed-frequency three-phase outputs, control is implemented in sta-
tionary (a, b, c) coordinates with correction for phase-lag produced by the
control loop [69]. When UPS systems supply a variable frequency applica-
tion such as AC-adjustable speed drives, the phase error changes with fre-
quency and is difficult to compensate. For such applications, a rotating (d, q)
reference frame is preferred, resulting in DC control loops.

1.10 Converters for UPS Systems

A block diagram of a typical single-phase on-line UPS system is shown again
in Figure 1.37. It consists of a rectifier, an inverter, a bidirectional DC/DC con-
verter, and a battery bank. In the following sections, a comprehensive review of
different converter topologies employed in on-line UPS systems is presented.

46 Uninterruptible Power Supplies and Active Filters 

DC/AC
Inverter

Battery bank

−
+

Static
switch

(bypass)

AC/DC
Rectifier

AC
Line

Load

FIGURE 1.37
A block diagram of a typical single-phase on-line UPS.

RT3035_C01.qxd  8/24/2004  5:04 PM  Page 46

© 2005 by CRC Press LLC



1.10.1 Rectifiers

The purpose of an AC/DC rectifier in a UPS system is to produce DC volt-
age with quality sufficient for proper operation of the DC/AC inverter at the
back end of the UPS system. Rectifiers are classified into two main
categories, uncontrolled and controlled rectifiers, depending on the type of
silicon switches used.

1.10.1.1 Uncontrolled Rectifiers
Uncontrolled rectifiers use diodes as switches. A full-bridge uncontrolled
rectifier is shown in Figure 1.38.

Diodes D1 and D2 conduct during the positive half cycle of input voltage
Vs. Diodes D3 and D4 conduct during the negative half cycle. Capacitor C is
chosen large enough to limit the ripples of the DC voltage to a preset value.
Since capacitor C is quite large, the current drown from the source is highly
distorted, as shown in Figure 1.39.

This results in a poor power factor, which is the main drawback of uncon-
trolled rectifiers. Another drawback of uncontrolled rectifiers is that Vdc is
equal to the peak input AC voltage. When a higher DC voltage is desired, a
voltage doubler uncontrolled rectifier can be employed. Its topology is
shown in Figure 1.40.

In this topology, D1 charges capacitor C1 to the maximum value of the
input voltage during the positive half cycle of Vs. Accordingly, D2 charges C2
to the maximum value of the input voltage during the negative half cycle of
Vs. The output DC voltage is twice the maximum value of the input AC
voltage. Besides the advantage of a higher output DC voltage, this topology
also has less number of diodes compared to the full-bridge rectifier. It should
be mentioned that the voltage stresses across the diodes for voltage-doubler
topology are twice as large as those for the full-bridge rectifier. Another dis-
advantage of the voltage-doubler topology is that it uses two electrolytic DC
capacitors, which are bulky.
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The clear advantages of uncontrolled rectifiers are their simplicity, relia-
bility, and low cost. Their main drawback is the poor power factor, which
limits the use of uncontrolled rectifiers and opens the market for controlled
AC/DC rectifiers.

1.10.1.2 Controlled Rectifiers
Controlled rectifiers use thyristors, MOSFETs, or IGBTs as the switching
devices. A full-bridge controlled rectifier with four active switches (IGBTs) is
shown in Figure 1.41.

The rectifier consists of switches S1, S2, S3, and S4, electrolytic DC capaci-
tor C, and input current shaping inductor Ls. The topology has four different
switching vectors: S1/S2, S1/S3, S2/S4, and S3/S4. By switching S1, S2, S3, and
S4, the input current can be shaped to be sinusoidal and in phase with the
input voltage, as shown in Figure 1.42.

48 Uninterruptible Power Supplies and Active Filters 

200.00
Vs Is

100.00

0.00

−100.00

−200.00
10.00 20.00 30.00

Time (ms)
40.00 50.00

FIGURE 1.39
Input source current and voltage for the uncontrolled rectifier of Figure 1.38.

D1

D2

Vs

Is Ls

C1

C2

Load

FIGURE 1.40
A voltage doubler uncontrolled rectifier.

RT3035_C01.qxd  8/24/2004  5:04 PM  Page 48

© 2005 by CRC Press LLC



At the same time, the output DC voltage can be tightly regulated at a pre-
set value Vdc, which is always larger than the peak value of the input AC volt-
age. The simulation result for the DC output voltage is shown in Figure 1.43.

In this way, the tolerance of the on-line UPS system to variations in the
input voltage is increased. As a result, the backup batteries do not go into fre-
quent charge/discharge cycling when the input voltage drops a little below
its nominal value. This increases the battery life considerably.

The desire to drive the cost down results in different topologies of full-
bridge controlled rectifiers with reduced number of switches. In Figure 1.44,
a controlled rectifier with two active switches and two diodes is shown.

Switch S1 shapes the input current during the positive half cycle and
switch S2 shapes it during the negative half cycle. The overall cost of this
topology is lower than that of Figure 1.41, with four controlled switches. The
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cost is lower because diodes are cheaper than IGBTs and because there is a
cost related to the control of the IGBTs, that is, gate drivers and power sup-
plies for the gate drivers. Although the control flexibility of this topology is
more limited, the power factor can still be unity as shown in Figure 1.45.
However, the input inductor Ls is larger than that of Figure 1.41.

The concept of reducing the number of active switches can be expanded
further as shown in Figure 1.46, where a full-bridge uncontrolled rectifier is
connected in series with a boost converter. The boost converter consists of
switch S1, inductor Ldc, and diode D5.

When the switch S1 is closed, the current through the inductor Ldc
increases. When it is open, the inductor current decreases. In this way, the
input current is kept sinusoidal and in phase with the input voltage, as
shown in Figure 1.47.

It should be mentioned here that the core of the current shaping inductor
in this topology is larger in order to avoid saturation due to the fact that the
inductor current is pure DC.
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The controlled voltage-doubler is shown in Figure 1.48.
During the positive half cycle, when the switch S2 is on, the inductor cur-

rent increases, and, when S2 is off, the current decreases. In this way, S2
shapes the input current during the positive half cycle. Accordingly, S1
shapes the input current during the negative half cycle of Vs.
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1.10.2 Inverters

1.10.2.1 Basic Principles of Operation
There are two types of single-phase inverters: half-bridge inverter and
full-bridge inverter [16]. A typical half-bridge inverter topology is shown in
Figure 1.49. The split DC bus consists of two equal DC capacitors, C1 and C2 ,
connected in series and two switches (IGBTs), S1 and S2, connected in series.
The input DC voltage (Vdc) is equally divided between the two capacitors. By
turning on and off switches S1 and S2, the voltage applied across the load can
be �Vdc/2 or �Vdc/2. When switch S1 is on, switch S2 is off and the load
voltage is �Vdc/2. Also, when switch S2 is on, switch S1 is off and the load
voltage is �Vdc/2. To avoid shoot-through faults, there is always a dead
band between the time when one of the switches is turned off and the other
is turned on. The duration of the dead band should be large enough to allow
the switch that is turned off to close before the other switch, to start con-
ducting. The advantages of the half-bridge inverter topology are a lower
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number of switches and simple control. However, it suffers from two main
inherent disadvantages. The first one is poor utilization of the input DC volt-
age. The second one is that only bipolar PWM switching schemes can be
applied with this topology. This inherently requires a larger output filter and
generally leads to lower efficiency.

Because of the above mentioned disadvantages, the use of the half-bridge
inverter topology is limited to the low-power applications. For medium- and
high-power applications, the full-bridge inverter topology is usually used
[71]. A typical full-bridge inverter topology is shown in Figure 1.50.

The full-bridge inverter consists of DC capacitor C and four switches
(IGBTs), S1, S2, S3, and S4, connected in series two-by-two in two inverter
legs. By turning on and off the switches, the voltage applied across the load
can be �Vdc, �Vdc, or 0. When switches S1 and S2 are on, switches S3 and S4
are off and the load voltage is �Vdc. When switches S3 and S4 are on, switches
S1 and S2 are off and the load voltage is �Vdc. In addition, when switches S1
and S3 are on, switches S2 and S4 are off and the load voltage is 0. Similarly,
when switches S2 and S4 are on, switches S1 and S3 are off and, accordingly,
the load voltage is 0. Again, to avoid shoot-through faults, there is always a
dead band between the time when one of the switches in an inverter leg is
turned off and the other is turned on.

1.10.2.2 Pulse Width-Modulated Switching Scheme
In PWM switching schemes, the output voltage is directly proportional to
the duty cycle of the switches and the amplitude of the DC bus voltage Vdc.
The output voltage can range from �Vdc to �Vdc. Since the amplitude of the
input DC voltage is usually fixed, the only way to shape the output voltage
is to control the duty cycle of the switches. In order to do so, in the case of a
PWM technique, a sinusoidal reference signal oscillating at the desired fre-
quency is compared with a high-frequency triangular carrier waveform, as
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shown in Figure 1.51. This PWM technique is basically known as the bipolar
switching scheme. The frequency of the triangular carrier waveform
determines the inverter switching frequency and is generally kept constant
at an amplitude of Vtri [71].

It is necessary to introduce a few terms before the discussion on the
PWM technique. The triangular waveform, Vtri, in Figure 1.51, basically
oscillates at the switching frequency fs. It is this frequency that decides the
frequency at which the inverter switches are turned on and off. On the
other hand, the control signal, Vcontrol, is used to modulate the switch duty
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Diagrammatic representation of the bipolar PWM switching technique.

RT3035_C01.qxd  8/24/2004  5:04 PM  Page 54

© 2005 by CRC Press LLC



ratio and oscillates at the frequency of f1. This is basically the desired fre-
quency at which the fundamental component of the output voltage oscil-
lates. Furthermore, the output voltage as mentioned earlier is not a pure
sinusoidal waveform and consists of voltage components oscillating at
harmonic frequencies of f1 [71].

From Figure 1.51, the important terms of amplitude and frequency modu-
lation ratios can be defined. The amplitude modulation ratio, ma, is defined
as follows:

ma��
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tr

t

i
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Here, Vcontrol is the peak amplitude of the control signal, whereas Vtri is the
peak amplitude of the triangular carrier signal and is generally maintained
constant. The value of the ratio ma is generally less than 1. Therefore, the
amplitude of the fundamental frequency component is linearly dependent
on the amplitude of the modulation index.

Referring back to Figure 1.51, the frequency modulation ratio mf can be
defined as follows:
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In the full-bridge DC/AC inverter of Figure 1.50, the switches S1, S2, S3,
and S4 are controlled by comparing the magnitudes of Vcontrol and Vtri. The
output voltage across the load may vary accordingly and is as follows:

νcontrol�νtri, S1, S2 : ON & S3, S4 : OFF, νAo�Vd/2 (1.14)

νcontrol	νtri, S3, S4 : ON & S1, S2 : OFF, νAo��Vd/2 (1.15)

Thus, since the two switches are never off simultaneously, the output volt-
age VA fluctuates between Vd/2 and �Vd/2 [17]. Another popular variation
of the PWM technique as mentioned before is the unipolar switching
scheme. The typical waveforms for this scheme are shown in Figure 1.52.
They are generated from simulations [72].

The sine curve in Figure 1.52 is the control signal for switches S1 and S3
and has a phase angle of 0º. We name it Vcontrol_1. The negative sine curve is
the control signal for switches S2 and S4 and it is 180º phase-shifted from the
first control signal. We name it Vcontrol_2. As is clear from Figure 1.52, in the
case of unipolar switching scheme for PWM, the output voltage is either
switched from high to zero or from low to zero unlike in the bipolar switch-
ing scheme where the switching takes place directly between high and low
[71]. As a result, the content of high-order harmonics in the output voltage is
much lower compared to the corresponding one from the bipolar switching
scheme. Consequently, the required output filter can be considerably smaller
and the overall efficiency of the system is higher. Referring back to
Figure 1.50, the full-bridge DC/AC inverter can have the following switch
controls under unipolar PWM switching scheme:
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Vcontrol_1 � Vtri S1 is on; S4 is off (1.16)

Vcontrol_1 	 Vtri S4 is on; S1 is off (1.17)

Vcontrol_2 � Vtri S3 is on; S2 is off (1.18)

Vcontrol_2 	 Vtri S2 is on; S3 is off (1.19)

The switch pairs S1/S4 and S2/S3 are complementary to each other. When
one of the switch pairs is on, the other switch pair must be off.

1.11 Battery Charger/Discharger

Batteries are among the most important components in the UPS systems. No
matter how good the design of the power electronic circuits is, if batteries fail
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to operate properly, the whole UPS system fails to fulfill its purpose. In fact,
batteries are the weakest component in the UPS systems. They are extremely
sensitive to nonoptimal operating conditions such as high or low tempera-
ture, deep discharge, and overcharge.

While ambient temperature is not in the control of the UPS designer and
very little can be done with regard to this, in the sense of temperature com-
pensation, control of charging and discharging of batteries are of main con-
cern in the UPS system design process.

There are two options for connecting batteries in the UPS systems. The
first one is to connect them directly in parallel with the DC bus capacitors as
shown in Figure 1.53.

This configuration results in a very simple system. The controlled rectifier
itself serves as a charger for the batteries by maintaining an appropriate DC
bus voltage. However, many battery cells need to be connected in series to
maintain a high DC bus voltage. This requirement leads to several problems
such as space, cost, reliability, and safety. Space limitations and cost consid-
erations are critical design parameters in the low-power UPS applications
such as personal computers. The safety problem with regard to maintaining
high voltage at the battery terminals leads to a higher maintenance cost.
High voltage requires a trained staff for monitoring and replacement of bat-
teries while low voltage allows nontrained staff to do the same job.
Reliability is also an issue in a high-voltage battery bank. For a certain stor-
age capacitance, the reliability decreases as the number of battery cells con-
nected in series increases.

Among the different solutions that have been proposed to overcome the
high-voltage battery problems, the most popular one is to add a bidirectional
DC/DC converter. It steps down the high DC bus voltage to the low battery
voltage during the charging mode of operation and steps up the low battery
voltage to the high DC bus voltage during the backup mode of operation. A
typical bidirectional DC/DC converter employed in an on-line UPS system is
shown in Figure 1.54. Figure 1.55 shows the bidirectional DC/DC converter
itself.

The buck converter consists of switch S2, diode D1, and inductor Ldc. Switch
S2 chops the high voltage Vdc and steps it down to Vbat � DVdc, where D is the
duty ratio of switch S2. The boost converter consists of switch S1, diode D2,
and inductor Ldc. When S1 is closed, inductor Ldc is energized. When S1 is
opened, the energy stored in Ldc is transferred to the output stepping up the
low battery voltage Vbat to the high DC bus voltage Vdc� Vbat/(1�D) where D
is the duty ratio of switch S1.
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