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Abstract

This thesis presents a cost-effective control strategy for fixed-switching frequency
variable duty-cycle control of static voltage-source inverters with output filter for
uninterruptible power supplies (UPS) and utility interactive systems (UIS). The pro-
posed control scheme is based on sensing the current in the capacitor of the load filter
and using it in an inner feedback loop. An outer capacitor voltage feedback loop is
also incorporated to ensure well-regulated sinusoidal load voltage in UPS applications,
and indirect regulation of the utility line current in UIS applications.

The performance of the proposed control scheme is examined for voltage-source
inverters with output filter. A general model of the power circuit which includes the
inverter and a second-order load filter, and the load is established for each application.
These models are discontinuous because of the switching nature of the power inverter,
but they are employed to obtain computer simulation results of various waveforms in
the inverter system.

In order to examine the steady-state and dynamic behaviour of each system, ana-
lytical models are derived from the general model. Employing Fourier series analysis,
a time-continuous model is derived from the sys‘tem discontinuous model. For the
three-phase systems, time-invariant models are obtained by transforming the time-
continuous models to the rotating frame of reference using the forward-backward
transformation for UPS and 0-¢-d transformation for the UIS. Perturbation and small-
signal approximations are applied to the time-invariant models to obtain steady-state
and linearized small-signal models which are used to examine the steady-state and

dynamic performance of the systems.



Using the root-locus analysis technique and pole-zero maps, the incremental dy-
namics of the power circuit state variables are investigated. In particular, the transfer
functions of the incremental dynamics of the power circuit state variables due to in-
cremental changes in the control signal are examined. The results of the investigation
are used to select appropriate feedback variables in the control circuit such that a
stable and successful operation of the feedback control scheme is achieved.

It is shown that choosing either the inverter output or capacitor current as the
feedback variable in the system produces stable operation. Selection of the inverter
output current as the feedback variable is overruled due to possible harmonic insta-
bility in the load circuit or the need for an extra load current sensor. Consequently,
the capacitor current is chosen as the feedback variable. To ensure sinusoidal load
voltage which faithfully tracks its reference signal, an outer feedback voltage loop
is incorporated. The resultant control strategy applicable to the UPS and UIS is a
current-regulated voltage-controlled scheme involving an inner feedback loop with the
capacitor current and an outer loop with the capacitor voltage.

Selection of the controllers of the feedback loops is carried out using Bode diagram
and time-domain error analysis. It is shown that proportional controllers in the feed-
forward path of both the inner and outer feedback loops are sufficient to produce a
system with excellent dynamic performance, and well-regulated and nearly perfect
sinusoidal load voltage or utility line current. As a result, the proposed control
scheme is simple to implement. Experimental verification of the proposed scheme for
single-phase and three-phase UPS, and single-phase UIS is presented in the thesis to
demonstrate the feasibility of the proposed control strategy, and the validity of the

analytical models.
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Chapter 1
INTRODUCTION

Optimum performance obtained by Pulse-Width Modulation (PWM) techniques has
revolutionized the field of static DC to AC conversion. Implementation of these tech-
niques has been facilitated by the advent of high-power transistors such as Insulated
Gate Bipolar Transistors (IGBT) and power Metal Oxide Field Effect Transistors
(MOSFET). These devices offer outstanding characteristics of high-power handling
capabilities and very fast switching frequency.

This chapter presents a review of different circuit topologies and various control
strategies employed in two widely used DC to AC conversion applications; namely
the Uninterruptible Power Supplies (UPS) and the Utility Interactive Systems (UIS).
The review will highlight the main advantages and disadvantages of each scheme.

Finally, the thesis objectives and outline are presented.

1.1 The Uninterruptible Power Supply

Critical loads, such as medical instrumentation, process controllers, monitoring cir-
cuits and data processing systems (e.g. computers, communication systems, pro-

tection systems, financial transaction handlers, etc..), require continuity of energy



o

power supply, high-quality load voltage, and high rate of availability and reliability.
These requirements dictate that a disturbance-free source of supply, other than from
the local electric utility, is mandatory. This demand has been met recently by the
Uninterruptible Power Supply (UPS).

In general, the UPS provides continuous energy power supply, and the total loss
of power of the utility and the UPS system is usually kept within one complete cycle
based oa the utility frequency. Typically, the requirement of the high-quality load
voltage for UPS systems is achieved by employing various control schemes which

provide a load voltage with low distortion.
1.1.1 UPS System Specifications

The solid-state converter offers many features that makes it attractive for UPS ap-
plications. It is compact, reliable, and, depending on the control scheme employed, it
generates very low or no audible noise. Thus, it becomes ideally suited for medical,
communication and computer environments.

The performance characteristics that distinguish solid-state UPS systems from
other static AC power supplies used in, for example, variable speed AC drives, are
the “clean” and well-regulated AC output power. To achieve these performance char-

acteristics, the UPS system should meet the following specifications [1, 2] :

1. The amplitude of the load voltage should be kept constant irrespective of the
)

variations in the DC supply voltage level (typically specified as +10% variation),

or changes in the magnitude or power factor of the load. Fluctuation of the

critical load voltage could result in permanent damage to the critical load.

2. The load voltage should be of high quality. The total harmonic distortion



(THD) of the load voltage should be less than 5 %. The concept of kigh-quality
load voltage expresses the relative harmonic content in the load voltage and a

stable output voltage independent of the pollution on the utility network.

)

. The frequency of the load voltage should be kept constant. This condition is
essential for critical loads with an AC-DC adaptor. The load adaptor is usuaily
provided with a DC filter whosc components are optimally chosen to minimize
its size for nominal supply frequency and amplitude. When the supply frequency
deviates from its nominal value, the load filter components become ineffective

in producing a well-regulated and “clean” DC output voltage.

N

. The system should provide continuous energy supply. Typically, the maximum
permissible duration of total loss of load voltage for computer applications is
16 milli seconds, after which loss of memory of data takes place. The system
batteries should have sufficient ampere-hour rating to maintain the UPS output
for a specified time (usually 30 min.) to allow for data saving and proper shut-

down procedures of the computer system.

o

. The UPS system should have fast transient response. Systems with sluggish
response to either load changes or supply variations could lead to malfunction
of the critical load. In some UPS systems (e.g. the stand-by UPS), the system

response to the local utility disturbances should be fast with small transfer time.

The above specifications have been met in the solid-state UPS system through im-

provements in system topology and control strategies.



1.1.2 UPS System Configurations

Since its introduction in 1965, the solid-state UPS system has undergone several
topological evolutions. In broad terms, UPS systems may be classified as on-line and
stand-by systems. In on-line systems, the load is constantly supplied by the utility
through the UPS system. Thus, on-line systems provide “clean” and well-regulated
AC power to the critical load and protect the load from utility disturbances such as
transients or brown outs. On the other hand, in stand-by systems, the load is supplied
by the raw AC line while the UPS inverter may be in an idle or OFF condition. When
the loss of the utility line voltage is detected, the inverter is brought on-line via a
transfer switch. The stand-by system is a redundant system, and hence, provides
higher reliability and efficiency. However, it requires a finite transfer time for the
stand-by equipment to be brought on-line to supply the critical load with regulated
power. A methodology for rating the output response quality of a backup power
supply based upon the units ability to maintain acceptable output voltage before,
during, and after the transfer to battery power has been reported in (3].

Both the on-line and the stand-by UPS systems may employ the same type of
converter-inverter configuration. Consequently, they are further classified according
to the power conversion stage. Presently, unintén'uptible power supplies can be cat-

egorized into four main configurations as follows:

® voltage-fed UPS,
o current-fed UPS,
e high-frequency link UPS, and

o DC resonant link UPS.



The Voltage-Fed UPS Configuration

The voltage-fed UPS system is the most widely used UPS system configuration [4]-[8].
Figure 1.1 shows the block diagram of the on-line voltage-fed, or the conventional,
UPS system. It consists of an input stage (usually controlled bridge rectifier), a low-
pass input filter, a battery bank, a switching inverter, a low-pass output filter, an

isolation transformer, and a static bypass switch.

Static bypass switch

Load

Static Isolation
. transformer
interrupt

—T— switch

Figure 1.1: Block diagram of the voltage-fed UPS system

The function of the input stage is to convert the AC supply voltage into DC

voltage at different levels. The level of the DC voltage of the input stage is regulated



using conventional control schemes such as phase angle control [9). Alternatively,
regulation of the DC bus can be achieved using more sophisticated schemes such as
the switched mode rectifier [10], or the high-frequency link DC to DC converter [11]-
[14). The DC voltage at the output of the input filter charges a bank of batteries as
well as provides the voltage source for the switching inverter. The battery bank is kept
floating, and in case of an AC line power failure, the battery bank supplies the load
through the switching inverter. When the utility line recovers, the controlled bridge
rectifier recharges the batteries and supplies the load through the switching inverter.
The switching inverter converts the DC voltage into AC using a conventional pulse-
width modulation scheme (PWM). The output filter provides further attenuation of
the output harmonics so as to provide a load voltage with low harmonic content.

In the event of failure in the converter-inverter system, the load is supplied directly
from the utility line through the static bypass switch. This emergency situation is
not recommended for long duration of load operation.

As discussed above, in the normal operation of the voltage-fed UPS, the criti-
cal load is continuously supplied with the electrical energy from the utility via the
converter-inverter system. This feature has the adyantage of protecting the load from
momentary disturbances, such as voltage and frequency fluctuation, brown outs, tran-
sients, etc .., on the utility network. In other words, this system provides an uninter-
ruptible and disturbance-free supply to the critical load.

One of the drawbacks of the voltage-fed UPS system is that the system output
voltage is prone to have a DC component due to the ripple on the DC link voltage
[15). A significant level of the DC component at the inverter output could result

in saturating the isolation transformer. This drawback can be overcome by using a
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relatively large DC filter at the inverter input.
A stand-by version of the voltage-fed UPS system, the triport UPS system, which
incorporates additional elements to regulate the utility voltage is shown in Fig. 1.2

[16]. In normal operation, the load is constantly supplied from the utility source

Static bypass switch

Static imerrupt switch|

Output
L. >}{ e .y
i B i Isolati
utility on
network] transformer
Three-phase
bridge rectifier

DCfilter Output filter

Figure 1.2: The triport UPS system

through an automatic voltage regulator (AVR). The AVR is normally a transformer
with two primary windings; one winding is fed by the AC line while the other is

supplied by the inverter. The transformer output voltage is regulated by tuned filters

and thyrist, trolled reactor arrang t. The UPS inverter is maintained in a



“hot” stand-by condition, and when the AC line fails, it provides the critical load
with the required power. Such power flow arrangement is justified because it ensures
that the static inverter path remains operational and ready to deliver full power
instantaneously whenever needed.

If the utility supply deviates from its specified limits for a certain duration of time
(typically 20 ms), the static interrupt switch is switched OFF, and full-load power
is supplied by the DC batteries through the static inverter. In the event of failure
in the static inverter or the AVR, the critical load is supplied directly by the utility
line through the bypass switch. In some cases, the system bypass switch is chosen to
be a non-static switch. This prevents the critical load from being subjected to high
voltage transients that can pass through a static switch.

The triport configuration has the advantage of lower cost: the rating of the bridge
rectificr is low because it is used cnly to trickle charge the battery bank. On the other
hiand, the scheme does not provide adequate protection of the load from the utility
network transients. The output transformer is also large because of the multiple
primary windings. Furthermore, the system suffers from instability phenomena at
light loads. A conventional approach to solving this problem is to apply dummy
loads at the transformer output. This approach has an adverse impact on the system
efficiency. Alternatively, an active filter circuit may be used to provide stable control
of the AVR [17].

In order to overcome the instability problems associated with the triport systems,
the AVR is replaced by a synchrorous motor-generator set. The result is the stand-
by hybrid configuration shown in Fig. 1.3 [18]. Under normal operating conditions,

the utility supply provides about 95 % of the power required by the critical load via



Static bypass switch [

Static interrupt switc] Synchro-

nous

motor
4 _M/_ Loud
AC generator
utility
network set

Three-phase ] i | switch

Figure 1.3: The hybrid UPS system

the static interrupt switch and the motor-generator set, with the conventional UPS
system providing the rest of the load power.

The hybrid configuration offers high reliability and efficiency. However, the system
requires complex control circuitry. For example, to adjust the level of power flow in
the system buses, a special synchronization circuit is required. Overall, the system
size is large and its noise level is higher than the conventional static UPS system.

Moreover, it is very expensive and can only be economically considered for large

loads.
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Control and operation of distributed UPS systems, which employ the basic voltage-
source UPS configuration for large/flexible loads, have been investigated in [19]-[21].
Distributed UPS systems have high reliability and permit critical loads to be fed from

various UPS units along various paths.

The Current-Fed UPS Configuration

The conventional current-fed UPS system is shown in Fig. 1.4. It consists of an

static bypass switch

Three-phase
bridge rectifier
Load
AC [ i A
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interrupt  transformer
| switch

e Curent- ' = =
J- source | 1
i inverter

DC | Battery Output
i filter :bank | filter

network

Figure 1.4: Block diagram of the current-fed UPS system

uncontrolled bridge rectifier, a low-pass input filter, a battery bank, a DC chopper,



I

a smoothing reactor, a PWM current-source inverter, an output filter, an isolation
transformer and a static bypass switch.

The unregulated DC voltage at the output of the DC filter is converted to a current
source by the large current-source reactor. The DC chopper is used to control the
level of the current source to ensure constant output voltage irrespective of load or
supply changes. Alternately, the control of the DC current level can be achieved by
replacing the uncontrolled bridge rectifier and the DC chopper by a controlled bridge
rectifier.

The function of the current-source inverter is to convert the input DC current into
an AC current. The output filter arrangement provides attenuation of the output
current harmonics and also reduces the voltage spikes associated with the current-
source inverter switching, and hence the stresses on the switching devices [15]. In order
to improve the power factor of the input stage and obtain higher overall efficiency
of the system, a bilateral current-fed system with variable output frequency was
proposed in [22]. Recently, a digitally controlled current-source inverter-based UPS
system, which constructs the sinusoidal load voltage from information available from
the system DC bus, has been proposed in [23].

Since the current-source reactor converts the DC-link voltage into a current source,
the current-fed UPS system is immune to DC components in its output voltage.
However, it requires an extra power conversion stage (i.e., the DC chopper and the
current-source reactor) to create the controllable current source. The large current-

source reactor results in a system with slower dynamic response.



The High-Frequency Link UPS Configuration

Figure 1.5 shows the block diagram of the high-frequency link UPS system [24]. It

Static bypass switch

{Cyclo-

consists of a controlled-bridge rectifier, a low-pass input filter, a DC battery bank,
a high-frequency voltage-source inverter, a high-frequency isolation transformer, a
cycloconverter, a low-pass output filter, and a static bypass switch. The functions of
the bridge rectifier, the low-pass input filter and the battery bank are the same as
those described for the previous UPS systems.

The output of the high-frequency inverter is a pulse-width modulated AC voltage
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switched at very high frequency (typically 20 kHz). A sinusoidal output voltage of the
UPS system, whose frequency is the same as the supply frequency, is then synthesized
from the inverter output voltage using a cycloconverter. The undesired harmonics at
the cycloconverter output are suppressed by the low-pass filter at the load terminals.

The high-frequency UPS scheme offers several improved performance features
over the conventional voltage-fed and current-fed UPS systems. Since the inverter
is switched at very high frequency, the size of the isolation transformer is significantly
reduced. Moreover, the level of audible noise produced by the isolation transformer
is also reduced. However, these desirable features are achieved at the expense of in-
creased number of switching devices, complex control circuitry, and hence, a reduction
in the system reliability. A major problem with the system is the commutation of the
cycloconverter which is load dependent and ineffective under certain load conditions.
Ii*r:-eover, using two power conversion stages (high-frequency inversion and cyclcon-
version) adversely affects the system efficiency. Furthermore, when the inverter fails,
the critical load is supplied from the raw utility voltage via the bypass switch without
isolation.

A stand-by version of the high-frequency link UPS is shown in Fig. 1.6 [25]. In
normal operation, the critical load is supplied from the power grid through an isolation
transformer. Meanwhile, the battery bank is charged through the cycloconverter, the
high-frequency isolation transformer, and the high-frequency PWM inverter. In case
of power grid failure, the power delivered to the critical load is drawn from the battery
bank by reversing the direction of power flow in the high-frequency link system.

This system has higher efficiency because of the elimination of the input AC-to-

DC conversion stage. However, it has the disadvantage of imposing finite transfer
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Figure 1.6: The bilateral high-frequency link UPS configuration

time to change from rectification mode to inversion mode and provide well-regulated
power when needed by the critical load. To achieve successful operation, the system

control scheme has to be carefully designed to avoid long transfer times.

The DC Resonant Link UPS System

DC resonant link converters were first proposed for AC motor drive applications [26]-
[28]. In this scheme, the DC bus voltage is made to oscillate at very high frequency by

incorporating a resonant circuit in the input DC voltage stage. The inverter switching



devices are turned ON/OFF at the zero-voltage points of the DC bus, hence achieving

zero-switching losses.

A single-phase version of the DC resonant link UPS system is shown in Fig. 1.7

{29]. The switches of the full-bridge inverter are controlled to produce a three-level
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Figure 1.7: The DC r link UPS confi

waveform at the inverter output; i.e, negative, zero, or positive voltage. The zero-
voltage state can be achieved by either turning ON S; and S; or S3 and S4. By
employing this extra degree of freedom, the AC supply current can be actively shaped

to follow a reference waveform. For example, switching $) and S; ON to realize a
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zero voltage at the load terminal results in v,= 0, while switching S35 and Sy ON
produces the DC bus voltage across v,. For a positive AC supply voltage, v, causes
the source current, i,, to increase or decrease and vice versa when the AC supply
voltage is negative.

This system is capable of simultaneously shaping the load voltage and the AC
supply source current to follow their respective reference waveforms, thus eliminating
the need for the input AC to DC conversion stage. Hence, the system has high
efficiency. In addition, the system is capable of producing a load voltage that is higher
than the DC bus voltage. However, the scheme has drawbacks that are common to this
class of resonant converters: the regulation of the DC bus voltage requires complex
control circuitry [30], and, the oscillation of the DC bus voltage is significantly high

resulting in higher-order voltage harmonics superimposed on the AC supply voltage.
1.1.3 Control Schemes for Uninterruptible Power Supplies

The evolution in UPS system configurations has resulted in improved system efficiency
and reliability. However, improvements in the system performance in terms of the
system providing constant load voltage and frequency, high-quality load voltage, fast
transient response, and reduced component size have been achieved through various
modulation and control schemes employed in the inverter of the UPS system. In
this section, a review of the different pulse-width modulation and control techniques
currently employed in inverters is provided.

Pulse-width modulation (PWM) is a process through which a sinusoidal waveform
can be synthesized from a train of positive and negative pulses with their widths vary-

ing according to certain modulation criteria. The purpose of using modulation tech-
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niques for UPS systems is to control the amplitude of the load voltage and minimize
the low-order harmonic contents of the output voltage.

The earliest PWM technique applied to UPS systems is the single pulse-width
modulation scheme. This scheme is capable of load-voltage regulation and minimiza-
tion of few selected harmonics in the inverter output. However, it requires large filter
size and, as a result, there is an appreciable voltage drop across the filter scries in-
ductor. This voltage drop could reach as high as 40 % of the fundamental component
of the inverter output voltage during switching in/out of the load [1]. Several years
of research in this area have resulted in the development of modulation schemes that
provide outstanding improvement in UPS system performance. The most widely used

schemes can be listed as:
o sinusoidal pulse-width modulation,
o programmed optimum pulse-width modulation scheme,
¢ delta pulse-width modulation scheme, and

o real-time feedback control.

Sinusoidal Pulse-Width Modulation

Sinusoidal pulse-width modulation (SPWM) is a very popular scheme for both ad-
justable speed AC drives [31, 32] and UPS systems [2, 8, 15]. The manner of generat-
ing the switching points depends on the method of implementation of the modulation
technique, and may thus be classified as natural and uniform sampling techniques.
In the naturally sampled SPWM, a triangular carrier wave is compared with

a modulating reference signal and the natural points of intersection determine the
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switching points for the inverter switching devices {33]. The distribution of the unde-
sired harmonics depends on the frequency ratio of the carrier signal to the modulating
signal. The higher the frequency ratio, the greater the “gap” between the fundamen-
tal component and the dominant harmonics. The SPWM scheme has the advantage
of generating well-defined frequency spectrum of the inverter switching pattern, thus
making it easier to design an optimum load filter to remove the undesired harmonics.

The uniform sampling method is based on the sample and hold principle. In
this scheme, the sine modulating signal is replaced by an equivalent stepped signal.
This technique is popular in microcomputer implementation [34]-[36]. The uniform
sampling technique has the advantage of producing symmetrical pulses about the
trough of the carrier wave. Thus, no sub-harmonics exist in the frequency spectrum

of the inverter output voitage.

The Programmed Optimum Pulse-Width Modulation Scheme

The programmed optimum pulse-width modulation scheme, [14], is the most widely
used scheme in the group of selected harmonic elimination techniques [37)-(39]. The
switching instances of the inverte: output pulses,v which result in the elimination of
selected order of harmonics or maximizing a performance criteria (such as voltage
utilization), are determined a priori by solving a set of non-linear equations which
describe the inverter output voltage waveform. The scheme, therefore, has the disad-
vantage of being computationally intensive and requires off-line calculations.

In UPS applications, the programmed inverter switching pattern is fixed [14]. The
control of the magnitude of the load voltage is therefore achieved via the control of

the front end AC-to-DC rectifier in both voltage-fed and current-fed configurations.
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Although this technique attenuates the low-order narmonics and results in small filter
size, it is characterized by slow dynamic response. Moreover, because the programmed
inverter switching pattern is determined on the basis of the steady-state operation of
the system, the performance of the UPS during transient stages and abnormalities is

adversely affected.

The Delta-Modulation Scheme

Delta-modulation scheme was first introduced for digital communication networks,
(40, 41], and later on for AC drives applications 112}-[45]. Among various delta-
modulation strategies, the rectangular-wave delta-modulation (RWDM) scheme has
gained increasing popularity for static PWM inverters [42]-[44, 46].

The RWDM is one of the simplest known methods of converting an analog sig-
nal into a digital format, and has been successfully implemented for UPS systems
[46]. It has the advantage of very simple circuit implementation and the ability to
produce sinusoidal lcad voltage with small filter parameters and moderate switch-
ing frequency. However, it suffers from the same drawbacks common to the class of
hysteresis controllers, such as variable switching frequency [47). The problem with
variable switching frequency is that it generates a random and uneven switching pat-
tern which stresses the power switching devices. Moreover, the {requency spectrum
of the inverter output voltage contains frequency modulated components which inter-
fere with communication equipment external to the power circuit. A synchronization
technique to produce a fixed switching pattern at the output of the delta modulator
using phase-locked loop circuit as a frequency multiplier has been proposed in [48].

However, the resulting control circuitry is complex and the main advantage of delta



modulators, namely, simple circuit implementation, is lost.

The Real-Time Feedback Control

In recent years much effort has been concentrated on the development of various real-
time feedback control strategies for UPS applications. The widely used strategies for

UPS can be listed as:
e dead-beat control,
® variable-structure control with sliding mode,
o state-variable feedback control, and

o current-regulated control.

The Dead-Beat Control

The principle of the dead-beat control scheme is illustrated with the aid of a voltage-
source UPS inverter with a resistive load in Fig. 1.8 [61]. A feedback signal of the
load voltage is employed in a dead-beat control algorithm to calculate the duration of
the ON/OFF states of the inverter switching devices. Based on the measured signals
at the instant k-1, the power circuit state variables are estimated at the next instant k
using a state estimator. The state variables are then employed in a control algorithm
which insures thiat the capacitor voltage is exactly equal to the reference voltage at
the next sa:upling instant.

The dead-beat control scheme has been implemented successfully in single-phase

and three-phase UPS systems in which the control algorithm relies on the value of the
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Figure 1.8: Dead-beat control: a) Schematic of the power circuit, b) Timing diagram
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load resistance to estimate the circuit state variables [62]. This renders the system
sensitive to parameter variations.

To overcome this problem, the disturbance observer-based dead-beat control was
proposed in [63]. In this scheme, the inverter switching frequency is assumed to be
sufficiently high so that the load current is modeled as a constant current over a
switching interval. The load current is employed as a feedback variable in the state
estimation algorithm to determine the state variables of the power circuit.

Although the disturbance observer-based dead-beat control has been shown to be
compatible for both linear and non-linear loads, it is complex to implement. The
scheme is even more difficult to implement at high-switching frequencies because of

the need for a powerful microprocessor [64].

The State-Variable Feedback Control

The state-variable feedback technique is a well-established scheme in control systems
literature [65). Figure 1.9 shows the basic block diagram of the scheme. The system
state variables, X(s), are sensed and multiplied by a gain matrix K. Depending on the
design of the gain matrix, closed-loop poles of the resultant system can be arbitrarily
pluced anywhere in the s-plane, thus, tailoring the complete system transient response.
It is assumed that 21l the state variables are accessible for measurements. If any of
the state variables is not accessible, such as in the case of AC drives, the state variable
can be constructed using state-estimation algorithms [66].

In UPS applications, where ail the system state-variables are available for measure-
ment, it has been demonstrated recently that the scheme has good dynamic response

and is capable of shaping the complete system transi [67). However, the placement




Figure 1.9: Block diagram of the state-variable feedback scheme

of the system poles at predetermined locativns in the s-plane is costly; a dedicated
digital signal-processing board to calculate optimum elements of the gain matrix is
needed, and the number of sensors required is equal to the number of state variables
to be controlled. For example, in a three-phase UPS system with a second-order filter
and R-L load, six current sensors and three voltage sensors are required. Besides, the
scheme is highly sensitive to load variations, making the computed elements of the

gain matrix less than optimal.

The Variable-Structure Control with Sliding Mode

Variable structure control is a special type of control technique that is capabie of
making a control system very robust and insensitive to parameter variation and ex-
ternal disturbances. The control scheme was pioneered in the Soviet Union in the
early 1950’s (68]. The scheme was introduced for the control of systems where the

right-hand side of the differential equation governing the system is not analytical,



such as in ON/OFF regulators [69, 70].

Variable structure control with sliding mode has gained attention recently in power
switching converters where it is referred to as sliding mode control because the system
state trajectory is forced to slide along a switching surface for any load conditions or
external disturbances. Sliding mode control has been successfully implemented in a
variety of motor drives [71]-{76].

Although the scheme has been shown to give fast dynamic response in voltage-
source UPS inverters, it requires very high-switching frequency to avoid chattering
problems [77]. Consequently, the overall system efficiency is reduced. Moreover,
similar to the state-variable feedback control scheme, the sliding mode control requires
high count of state-variable sensors.

Discrete versions of the sliding mode control for UPS applications with resistive
loads have been shown to have fast transient and dynamic responses [78, 79]. However,

the sampling process involved elevates the chattering problem.

The Current-Regulated Control

Current-regulated voltage-source PWM inverters have gained considerable attention
over the past two decades. Various types of current-regulated controllers have been
proposed in the literature for AC drives applications and static power supplies [49]-
[60].

The control scheme configuration of current-regulated inverters has the general
structure of inner-current and outer-voltage feedback loops. As a result, the scheme
has fast dynamic response. In UPS applications, the filter capacitor current [56, 57; ur

the inverter output current [58, 59] is used as the feedback variable in the inner current
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loop. The control algorithm either employs hysteresis controller or PWM schemes to
generate the inverter switching pattern. Hysteresis controllers have the advantages
of simplicity, fast dynamic response and robustness. However, they suffer from the
same disadvantages mentioned earlier for delta modulators. These disadvantages can
be overcome by using fixed-switching frequency, variable-duty cycle schemes.

Ia current-regulated schemes which use the inverter output current as the feedback
signal, the reference current signal is obtained from the sum of the reference signal
of the capacitor current and the actual load current. Simulation results have shown
that this scheme is capable of producing load voltage with extra low total harmonic
distortion [58]. Major drawbacks of the scheme are the high seuscr count and the use

of high-switching frequency (in the order of 20.0 kHz).
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1.2 The Utility Interactive System

Renewable energy sources (RES) have gained increasing interest as an alternative

|

source of electrical energy. They are t, free, inexhaustible, and environmen-

tally friendly.

Renewable energy sources such as wind mills and photo-voltaic systems require
load leveling to extend the period of operation throughout the user’s daily demand.
One way to achieving this load leveling is to use DC battery bank or flywheels as
local energy storage. In general, the output current/voltage of the renewable energy
source is uncontrolled, and a power conditioning unit is usually employed to interface
the RES to the load. The power conditioning unit may operate in the stand-alone
mode. This approach is widely used at remote sites which are not served by the public
power grid. When the renewable energy source is connected to the utility network,
through the power conditioning unit, the electric distribution system can be used
to absorb the excess power generated by the renewable energy source. During RES
down times, the utility network supplies the user’s demand. In this configuration,
the power conditioning unit is referred to in the literature as the utility interactive
system (UIS).

Figure 1.10 shows a block diagram representation of a UIS. The utility interactive
system typically consists of an uncontrolled rectifier, AC-to-DC inverter and an output
filter. The uncontrolled bridge rectifier is used when the output of the renewable
energy source is AC, as in the case of induction generators [80]. The power inverter
employed is typically a line-commutated inverter with harmonic filter at the output
to improve the quality of the utility line current, The line-commutated inverter has

the disadvantage of requiring a large DC choke, expensive and bulky harmonic filters,
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Figure 1.10: Schematic diagram of the utility interactive system

and modest total harmonic distortion of the line current. Present standards require
that the total harmonic distortion of the current fed into the utility network should
be less than 5%, with individual harmonics not exceeding 3% [81]. During the past
fifteen years, much effort has been concentrated on the development of switch mode
power conditioning topologies and switching strategies to meet the requirements of
high-quality utility line current, and stable operation over a wide range of system
conditions.

Utility interactive systeins may be classified according to how the power condi-
tioning unit is connected or linked to thz utility network. The widely used connection

schemes can be listed as:
o line-frequency link UIS, and
o higb frequency link UIS.

The inverter used in the line-frequency link scheme may be of the voltage-source or
current-source type, while only voltage-source inverters are used in the high-frequency

link. The voltage-source configuration requires closed-loop control operation to make
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the output current of the UIS follow a reference sinusoidal waveform. In the current-

source configuration, the output current of the UIS is shaped to follow a reference

sinusoidal waveform using <pen-loop control scheme.

1.2.1 The Line-Frequency Link UIS

A single-phase voltage-source line-frequency link utility interactive system is shown

in Figure 1.11 [81, 82]. It consists of an input capacitor filter, Cy, a single-phase

voltage-source full-bridge inverter, and an output line inductor filter, L;. Isolation
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Figure 1.11: Circuit diagram of the line-frequency link voltage-source utility interac-

tive system



from the utility iine network is provided by a line-frequency transformer.

To meet the harmonic distortion requirements, the line current is made to faith-
fully follow a reference sinusoidal waveform. This is achieved by sensing the line
current and comparing it with a reference sinusoidal waveform to generate a PWM
pattern according to a certain control strategy, such as the hysteresis controller [82].
Alternatively, the PWM pattern can be generated without the need for a current
sensor by employing a model-reference-adaptive based delta-modulation scheme [83].
The PWM waveform controls the appropriate switching devices in the power inverter
such that the utility line current follows the reference sinusoidal waveform within a
predetermined hysteresis window.

The system is capable of generating sinusoidal line current at any power factor
with revpect to the utility voltage. It has fast dynamic response and simple power
and control circuit implementation. However, the control scheme generates an uneven
and random PWM switching pattern which causes variations in the inverter switching
frequency as the line current waveform changes. Consequently, the inverter output
switching pattern is not only pulse-width modulated but also frequency modulated
[47, 52]. The frequency-modulated nature of the_ inverter output switching pattern
causes difficulties in synchronizing the inverter output curreit with the utility voltage.
To overcome this difficulty, the current in the power circuit has to be reset to zero
at every half cycle of the utility voltage. This is achieved by turning all switching
devices in the power inverter OFF well before the zero-crossing of the utility voltage
to allow the line current to decay to zero. The effect of the resetting process is an
increase in the harmonic content of the utility line current.

The frequency modulation component in the inverter output voltage can be re-
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duced by using a current-hysteresis controller with variable window width [34]-[86],
or using a phase-locked loop delta-modulation controller {48]. The main drawback of
these techniques is the resulting complex control circuit implementation.

Figure 1.11 shows that this control technique relies solely on the feedback signal
of the inverter output current to control the wave shape of the utility line current.
Consequently, the presence of filter elements on the AC side can cause disturbances
which may lead to uncontrolled oscillations [87]. These uncontrolled oscillations cause
fluctuations in the load voltage, and, if significant amplitude of oscillations occur, an
overall system malfunction may take place. Passive damping techniques may be used
to suppress such oscillations.

The line-frequency link is basically a step-down DC-to-AC converter. In other
words, the maximum value of the fundamental component of the inverter output
voltage is equal to the level of the DC input voltage. Thus, the system can operate
properly only if the output voltage of the RES is greater than or equal to the utility
voltage. For a utility voltage higher than that of the RES, the utility current becomes
distorted. This problem is overcome by using a flyback converter configuration with
fixed switching frequency and variable duty cycle control scheme [88].

Not only does this system overcome the problem of low voltage level at the output
of the RES, it also circumvents the problems associated with the variable switching
frequency of the hysteresis/delta controllers. The scheme employs the state-feedback
control technique to stabilize the utility interactive system and shape the utility line
current [89]. In addition, the scheme can only feed current at unity power factor with
respect to the utility voltage. A major limitation of the flyback converter system is

the complexity of the control circuit implementation.



31

Q Io
)
6 5 O
+ Lo
- Vae
Yo
— 0

Figure 1.12: Circuit diagram of the flyback utility interactive system

The current-source version of the line-frequency link UIS is shown in Fig. 1.13.
The output voltage of the RES is first converted to a current source using a large
current-source reactor (CSR). The output capacitor, Cy, performs the double func-
tion of providing the output filtering with L, and reducing the switching stresses
of the switches S; ... S;. Ss and Sg are commutation switches which are used to
provide an alternate path for the current flow during commutation and to avoid open
circuit conditions at the output of the current-source reactor. The utility line current
is shaped to follow a sinusoidal waveform by using an appropriate pulse-width mod-

ulation strategy. Thus, the UIS virtually operates in an open-loop control fashion
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Figure 1.13: Circuit diagram of the current-source UIS

and feedback signals are only needed to adjust the output power level and synchro-
nize the inverter output current with the utility voltage. The sinusoidal pulse-width
modulation schemes have been used to implement the single-phase and three-phase
current-source inverter-based UIS {90, 91].

In contrast to the voltage-source inverter, the current-source inverter is immune to
short circuit faults that may take place at the output of the inverter circuit. However,
the relatively large reactor results in a bulky system with slow dynamic response. In
addition, the system requires extra power switching devices to circumvent open circuit

conditions in the power circuit.
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1.2.2 The High-Frequency Link UIS

The high-frequency link UIS was proposed primarily to overcome the problems of
size, cost, and weight of the line-frequency link UIS [92]. The basic schematic of the

high-frequency link concept is shown in Fig. 1.14. The most popular configuration
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Figure 1.14: Schematic diagram of the high-frequency link UIS

and control scheme of the single-phase high-frequency (HF) link voltage-source utility
interactive system is shown in Fig. 1.15 (93, 94]. The system employs a high-frequency
bridge inverter, operating at approximately 10-16 kHz to invert the DC voltage at
the output of the renewable energy source into a PWM high-frequency AC voltage.
The AC voltage at the output of the HF bridge inverter is rectified via the HF isola-
tion transformer and the HF bridge rectifier. A line-commutated, polarity-reversing
inverter unfolds the rectified current waveform in the DC link inductor, Lq, and feeds
it into the utility network.

The control of the utility line current relies on sensing the current in the DC link
inductor, 74 and comparing it with a fraction of the rectified waveform of the utility

voltage in a hysteresis comparator. The appropriate devices of the high-frequency in-
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Figure 1.15: Circuit diagram of the high-frequency link voltage-source utility inter-
active system
verter are turned ON/OFF to force the link current, i4, to follow a rectified sinusoidal
waveform within the hysteresis window of the current-hysteresis coutroller. Due to
the high switching frequency operation of the front-end inverter, the resulting utility
line current is sinusoidal with very low harmonic content thus eliminating the need
for a filter at the utility side.

The main advantage of the system is the reduction in the size and weight of the
isolation transformer and of the system audible noise. This advantage is achieved
at the expense of significant increase in the number of power semiconductor devices,

and hence system cost, high switching losses, complex control circuitry, and lack of
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capability of feeding or absorbing reactive power into/from the network.

A variation of the high-frequency link scheme employs a push-pull inverter and
a high-frequency center-tapped transformer [95]. The utility line current is used in
a fixed-switching frequency, variable-duty cycle scheme to control the shape of the
utility line current. This system has the advantage of reducing the number of HF
switching devices and eliminating all the disadvantages associated with hysteresis
controller. To accommodate large variations in the output voltage of the renewablc
energy source, a DC-to-DC boost converter is employed at the front-end to interface
the RES to the utility interactive system [96].

Recently, the DC-to-DC resonant conversion concept has been proposed for the in-
verter switching to reduce the high switching losses associated with the high-frequency
inverter discussed above. Figure 1.16 shows one of the circuit configurations of the
high-frequency link UIS in which the PWM inverter is replaced by a high-frequency
resonant inverter [97]-[99). The switches of the high-frequency resonant inverter are
turned ON/OFF at a switching frequency slightly higher than the resonant frequency
such that the DC link current is made to follow a rectified sinusoidal waveform.

The high-frequency resonant link concept alloyvs high switching frequencies to be
used resulting in low audible noise. However, in addition to the drawbacks previously
mentioned for the HF link UIS, there is a significant increase in the losses and VA
ratings of the resonant circuit. Also, the switching devices of the high-frequency
inverter experience significant voltage stresses because of the high voltages developed
across the elements of the resonant circuit.

A close examination of the current technology for UIS applications shows that

although all the above schemes result in a sinusoidal utility line current, they are
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Figure 1.16: The High-frequency resonant link UIS.

not compatible with weak AC systems. Weak AC systems pose challenging problem
from the point of view of maintaining stability and providing high-quality utility line
current under varying conditions.

The current status of inverter control points to a wide variation in control strate-
gies. Although the same inverter configuration may be used in UPS and UIS applica-
tions, the control strategies are very different. The variation is due to the fact that in
the UPS, the load voltage is controlled so as to produce a sinusoidal voltage, whereas

in the UIS the utility line current is the variable that is required to be sinusoidal.
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The challenge is to find a control scheme that is applicable to both applications.

1.3 Thesis Objectives and Outline

The major objective of this study is to develop a cost-effective and practical control
strategy for the voltage-source PWM inverter with output filter for both UPS and
UIS applications. Efforts are directed at developing a unified control scheme to meet
the performance objectives (such as high-quality load voltage and utility line current,
and stability over a wide variation in system parameters) in both applications while
providing improvement in the overall size, weight, and cost of the systems. To this
end, a current-regulated, voltage-controlled scheme for voltage-source inverters with
a second-order filter is proposed. The proposed scheme is capable of providing nearly
prefect sinusoidal load voltage for UPS and sinusoidal line current for UIS. In addition
to the inherent advantages of the inner-current, outer-voltage feedback control con-
cept, the proposed scheme is compatible with non-linear loads. In UIS applications,
the scheme is capable of injecting the utility line current into the power grid at any
desired power factor. It is also compatible with both weak and large AC network
applications.

The approach taken to characterize the proposed scheme for the two applications
will involve four stages. First, the single-phase UPS system will be used as a vehicle
to develop the control strategy. Second, the feasibility of the scheme will be demon-
strated for the three-phase UPS. Third,  single-phase UIS will be investigated, and
finally, the scheme will be applied to the three-phase UIS. A linearized model based on
small-signal perturbation technique will be derived for each system. Low-frequency

models will be developed and used to describe the steady-state operating charac-
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teristics of the systems. Transfer functions describing the relationships between the
power circuit variables and the control signal will be developed and used to examine
the incremental dynamics of each system. In addition to these theoretical studies,
laboratory proto-types of the UPS and the single-phase UIS will be developed to
verify the theoretical results and demonstrate the feasibility of the proposed scheme.
The remaining chapters of the thesis are organized as follows.

In chapter Two, a general model of the single-phase UPS system is developed
in terms of the input DC voltage, power circuit parameters and inverter switching
functions. The resulting general model of the system is discontinuous. Through
the use of Fourier series analysis, the discontinuous model is replaced by two time-
continuous models; the low-frequency and high-frequency models. These models are
used to design the filter parameters. A small-signal linear dynamic model is then
derived from the low-frequency model using the perturbation technique and small-
signal approximation. The small-signal model of the system is used to study the

Alse
q

power circuit incremental dynamics. Using root-locus t dback

appropriate fe
variables that result in stable closed-loop operation of the system are selected. Using
Bode diagrams and time-domain error analysis, fgédback loop regulators of the inner
current and the outer voltage loops are selected. Computer simulation results of the
proposed UPS along with experimental verification for both linear and non-linear
loads are presented.

Chapter Three extends the proposed control scheme to the three-phase UPS sys-
tem taking into account the DC input filter dynamics. In order to cope with the
time-varying system matrix of the general model, the forward-backward transforma-

tion is employed to transform the system state variables to the rotating frame of
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reference where AC variables appear as DC quantities. The incremental dynamics of
the power circuit state variables are then investigated to determine the stability of
the system. It is shown that the proposed control scheme results in stable operation
of the three-phase system over a wide range of parameter variation. Experimental
results of the three-phase laboratory prototype of the system are provided to verify
the computer simulation results and theoretical results obtained from the developed
model.

The single-phase UIS with the proposed scheme is described in Chapter Four.
Following tiie analytical techniques and procedures outlined in chapter two, the {ca-
sibility of the proposed scheme for UIS applications is investigated. The incremental
dynamics of the power circuit variables are studied using the root-locus method. The
results clearly shows that directly using the utility line current as the only feedback
variable leads to unstable operation of the UIS. On the other hand, the proposed
scheme provides an indirect but stable control of the UIS. Experimental verification
and computer simulation of the single-phase UIS model is presented along with its
computer simulation.

Chapter Five deals with modeling, analysis, and design of the three-phase UIS
system with input filter dynamics taken into account. The effect of various modes of
operation of the UIS (e.g., unity power factor and zero-leading power factor operation)
on the system dynamics is also investigated in the chapter. Computer simulation
results of various waveforms of the three-phase UIS are presented.

Finally, in Chapter Six, a summary of the thesis highlighting the contribution of

the research and suggestions for further work are outlined.



Chapter 2

The Single-Phase Voltage-Source
Uninterruptible Power Supply
System

‘This chapter deals with a novel real-time multiple feedback loop control strategy for
single-phase voltage-source UPS systems. At the outset, a general analytical model
is developed. Due to the switching nature of the power inverter, the system general
model is discontinuous. Using Fourier series analysis, the discontinuous model is
replaced by two time-continuous models; the low-frequency and the high-frequency
models. These models are then employed to select optimum filter parameters.

A linearized small-signal model is derived, using perturbation and small-signal
approximation, to describe the dynamic behavior of the system. This model is used
to examine the incremental dynamics of the power circuit in order to select appropri-
ate feedback variables which would result in stable operation of the closed-loop UPS
system. To ensure both stable and high-quality load voltage, a real-time feedback
control system configuration with an inner current and an outer voltage feedback
loops is proposed for the operation of the single-phase voltage-source UPS system.

Frequency-domain analysis of the proposed UPS system is carried out using Bode dia-
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grams in order to select the appropriate control-loop regulators in both the inner and
outer loops. Computer simulation results of a single-phase voltage-source half-bridge
UPS inverter with a second-order filter and R-L load are presented to demonstrate
the performance of the proposed control scheme. Experimental verification of a lab-
oratory model of the UPS system is presented for both linear and non-linear loads so

as to verify the predicted performance of the system.

2.1 General Model of the Single-Phase UPS In-
verter

Figure 2.1 shows the power circuit of the single-phase voltage-source UPS system with
R-L load. It consists of a half-bridge voltage-source inverter, an isolation transformer,
a second-order Ly — Cy filter and an r; —{; load. The differential equations describing

the behavior of the system variables are given by:

di; :
Ly— T vi — Rpdi — v, (2.1)
di :
WG = v =i (2.2)
dv, y . o
Cy dz: = g =i — 1. (2.3)

The voltage v; in Eq. 2.1 is a function of the states of the power switches Sy and .
For example, when switch S is ON (i.e. S} is OFF), v; = vg.. On the other hand,
when S; is OFF (i.e. Sy is ON), v; = —vg.. Thus, expressing the voltage v; in terms
of the states of the power switches, Eq. (2.1) can be rewritten as,

L! dz = (S = S7)vae = Ryis — ve (2.4)

where, S; =1 (S;' = 0) when S; is ON (S; is OFF), S; =0 (S;" = 1) when Sy is

OFF (S; is ON). Since either S; or S; can be ON at any instant in time, the states
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Figure 2.1: Single-phase voltage-source UPS inverter with R-L loads
of the power switches are governed by the identity
Si+8' =1 (2.5)

Substituting Eq. (2.5) into Eq. (2.4), the system equations can be written in state-

space representation as

di;
E
dt

1
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]mx-nm, (26)

or

%X=Ax + Be". (@7
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Equation (2.6) was obtained without placing any restrictions on the inverter switching
functions. Thus, the name “general” model is adopted.

Although Eq. (2.6) fully describes the system behavior during any ON/OFF pe-
riod, it is time-discontinuous due to the presence of the discrete function §7. Numer-
ical analysis and computer simulation can be used to obtain the exact waveshapes of
the system state variables, and to study the steady-state and dynamic performance of
the system. However, this approach leads to trial-and-error procedures for designing
the system. On the other hand, analytical models of the system can be obtained once

the discrete function Sj is replaced with its time-continuous counterpart.

2.2 Time-Continuous Models of the UPS System

Two time-continuous analytical models of the UPS system are developed in this
section. First, a low-frequency model is derived and used to study the system behavior
at frequencies which are lower than the inverter switching frequency. A small-signal
dynamic model is derived from the low-frequency model and used to examine the
dynamic behaviour and design feedback regulators for closed loop operation of the
system.

The high-frequency model, on the other hand, provides information about the sys-
tem behavior at frequencies equal to or higher than the inverter switching frequency.
This model, along with the low-frequency model, is used to determine the peak values
of the inverter output current and capacitor current and voltage, and to select the
appropriate filter parameters.

The sine pulse-width modulation scheme employed to generate the inverter switch-

ing pattern is periodic. Hence, assuming ideal inverter switching devices and neglect-
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ing the dwell time when commuting from the upper to lower switching devices, the
inverter output frequency spectrum can be determined using Fourier series analysis
[101]. The switching function S; can be represented *y its Fourier series components
as
n=oo n=oo
Si(t) =ao + Y, ansin(nw,t) + 3 bucos(nw,t), (2.8)
n=1 n=13,5,...

where wy is the angular frequency of the inverter switching frequency. The Fourier

series coefficients ao, an, and b, are given by [102],

a@ = d, (2.9)

a = 0, (2.10)
2 .

b, = (—1)"H sin(nmwd ). (2.11)

where d; is the time average or the duty cycle of the switching function S7. Replacing
St in Eq. (2.6) by its Fourier components, Eq. (2.8), the system state-space equations

can be rewritten as

. R .

1 _ [ B om0

?“L = o -3 & i f+| 0 [(2d -1
L & -4 o0 [l 0

1 i
S, 4
+(=1)" — sin(nx dl; l) cos(nwst))vge.  (2.12)
n=13;,...

Upon examination of Eq. (2.12), it caa be seen that the system forcing function is
composed of the low-frequency driving function, (2d; — 1) va., and the sum of high-
frequency sinusoidal forcing functions, (— 1) £i2, 45 =& sin (n 7 2L) cos(nw, t)) vge.
Consequently, Eq. (2.12) can be decomposed into low-frequency and high-frequency
components. The system state-space equation can be rewritten in terms of low-

f y and high-f

q

'y variables as

q

X1 + Xp = A(x] + xp) +B(w + u), (2.13)
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where the subscript /and h denote the low-frequency and high-frequency components,

and

(2d = 1)vae
di+1

) 4
u, = (=1)" ﬁsin(nw

) cos(nws t)) vge.
n=135,... )

2.2.1 The Low-Frequency Model

The low-frequency state-space equations are obtained from Eq. (2.12) as

; R ; =
g‘. ‘I,L 0 —ILL, i z_dblu
= 0 —f{* T u |+ 0 Vde.
& % g 0 Ve 0

For a modulating signal of the form,
VU (t) = Vi cos(wm t),

the duty cycle, d, is given by [102]

o= (mo)+1),
m(t) = %cos(wmt)=Mcos(wmt),
t

m(t) is the normalized modulating signal,

M is the modulation index (= Zl}f‘),
Vi is the amplitude of the carrier signal, and
[ is the angular frequency of the modulating signal.

(2.16)

Substituting Eq. (2.18) into Eq (2. 16) the system equations can be rewritten as

a8

3

diy ST B n()

| [ i,

ol 0 ?‘ : ul+| 0 | v
due a1 3 0

dt c;

(2.20)
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Equation (2.20) shows that the forcing function of the UPS system at low frequencies

is a function of the modulating signal and the input DC voltage.

2.2.2 Steady-State Analysis of “he Low-Frequency Model

The steady-state model of the UPS circuit at frequencies lower than the inverter

switching frequency is derived from Eq. (2.20) assuming that the resistance associated

with the filter inductor is negligibly small, and all disturbances to the UPS system

are absent. Figure 2.2 shows the steady-state equivalent circuit.

gy

lef,,,

Figure 2.2: Circuit diagram of the steady-state low-frequency model

J le

The steady-state variables ﬂm, Vm, I;,., and f,-m are obtained from Fig. 2.2 using

phasor analysis as

M Ve (cos 8 + j sin 0)

Vim

(1 = Hem) cos 8 + j (Xigm + (1 — Hem) sin 6)’

(2.21)

(2:22)



7 Ve

Im = Xc/:’ (2.23)
|2 V.
L P (. . B 29
: Zim R+ j Xim (224
G = Xem(Ri(l = Hen) +§(Xigm + (1= Hon) Xin)) (2.25)

Xepm — Xim + J R

where

Hem =w? Ly Cy, (2.26)

and Zim, Zim, and @ are the load impedance, input impedance of the loaded filter,
and the load angle respectively calculated at the angular frequency of the modulatiag
signal. The subscript m indicates variables and parameters calculated at the frequency

of the modulating signal.
2.2.3 The High-Frequency Model

The high-frequency state-space model of tue UPS system is obtained from Eq. (2.12)

as
di; ~Ee =
g1 _[F o P
£ 1 11 Iy
e L - 0
dt 7 7
I 4V 1
2
+ { 0 ] Z sin(n %) cos(nwyt) (2.27)
0 n=1

Equation (2.27) shows that at frequencies equal t7 or higher than the switching fre-
quency, the system forcing function is the sum of infinite number of *inusoidal volt-
ages whose magnitude is dependent on the modulating signal, the input DC voltage
and the order of the dominant harmonic. Substituting the value of m(t) given by

Eq. (2.19) into Eq. (2.27), the n** harmonic component of the inverter output voltage



is given by

oo
1
Vi = (= 1) Z, 4nV7,i¢ sin(nx M cas(u;ml) +

n=1

) cos{nws t) (2.28)

Equation 2.28 shows that the high-frequency components in the inverter output
voltage are amplitude modulated and have maximum values of ‘%’:ﬂ at wt=3. Fig-
ure 2.3 shows the waveshape of the dominant harmonic component. It is worth men-
tioning that as opposed to the hysteresis-band controllers [85, 86] or the Delta modu-
lators [44, 48], where the frequency spectrum of the inverter switching pattern is both
frequency and amplitude modulated, the frequency spectrum of the fixed-frequency
sine pulse-width modulated inverter output is amplitude modulated. Thus, the de-
sign of an EMI filter that effectively prevents interference with equipments external

to the power circuit can be easily carried out.

2.3 Selection of Filter Parameters

The goal of this section is to provide a graphical approach based on the low-frequency
and high-frequency models to determine the values of L; and C; of the system fil-
ter that would result in small filter size, low cost, and load voltage total harmonic
distortion less than 5%.

The selection of the filter parameters is carried out by first normalizing the circuit

parameters. The following normalization of the circuit parameters is used:

1. the load impedance at the frequency of the modulating signal is assumed to be

one per unit (pu),

2. all impedances and reactances are expressed as per unit of the load,
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Figure 2.3: Waveshape of the dominant harmonic component in the inverter output
voltage
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3. the steady-state value of the input DC voltage, Vj, is chosen as the base voltage

and is equal to one pu,
4. all voltages are expressed as pu of V.

[t is assumed that the inverter output switching pattern is ideal, and the load power

factor varies from 0.7 lagging to unity. The normalized n** harmonic component of

the inverter ouiput voltage, vinp, is obtained from Eq. (2.28) by substituuiug Vie=1,
and is given by

S 4

Vinp = Z:l o sm( 3 ) cos(nwst), (2.29)

The size and cost of the filter are commensurate with its ratings. The filter

ratings are determined for the worst-case condition of lagging power factor loads (0.7

pf lagging) [46]. Expressing the filter input impedance given by Eq. (2.25) in terms

of the load impedance and load angle yields
P | Zim | Xegm (1 — HmJ cos 0+ j (FF + (1 - .1) sin §))

im =

. (2.30)
| Zum | (Tt 77 — sin 0 + j cos 0)

The normalized input impedance of the loaded filter is obtained from Egq. (2.30) as

7 Xemp (1 = Hem) €05 8 + 7 (Xigmp + (1 = Hem) sin 8))
R Xefmp — sin @ + j cos 8 ?

(2.31)

where the subscript p denotes per unit values.
The normalized fundamental component of the inverter output current is given

by
AR

Iimp =

=, (2.32)
Zimyp

and the normalized fundamental component of the capacitor (load) voltage is obtained
from Eq. (2.22) as

7o M (cos 0 + j sin 6)
e = (1= Hem) cos 0 + 7 (Xigmp + (1 = Hem) sin 6)°

(2.33)



The n" harmonic component of the state variable of the loaded filter is determined
for the worst-case scenario; i.e., when the dominant harmonic of the inverter output
voltage is maximum.

The inverter input impedance at the n'* harmonic component is obtained as

7 Xerop((1 = n? Hoy) cos0+jn{ Xipop + (1 = 0 Hey) sinf)
inp =

2.3
Xesp — n?sinf+ jn cosf (2:34)
where
¢ wm Xes iy
Xepep = — w: =2, (2.35)
X
Xip = “=llme, (2.36)
Wm
2
we Ly Gy 5
He, TR (2.37)
The corresponding filter input current is given by
& Vi,
Tnp = 2. 2.38
=z (2.38)
The n!* harmonic component of the load voltage is obtained as
Tomp = Vinp (c0s 8 + 7 n sinf) (2.39)

(U= Hao) cosd + jn(Xgps + (1 = w) o)’
The normalized volt-ampere reactive (VAR) rating of the filter series inductor is given

by

ixmy 2 - ii'nr 2
= (ZZ2Y2 Xy 02 0 X e 2.40
Qu (\/i) u»+“§(ﬁ)n s (2.40)
The VAR rating of the filter shunt capacitor is given by
=) 3 (Yeme i (2.41)
\/_ Xclmp E Xc!ap

Another criteria that must be met is the total harmonic distortion (THD) of the

load voltage. The lower the value of the THD of the load voltage the closer the load
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voltage waveform is to a sinusoidal waveform and vice versa. The THD of the load

voltage is defined by

THD% = 10 > VR, (2.42)
Vimp \ 222

One more consideration for selecting the filter parameters is the attenuation of
the fundamental component of the inverter output voltage. Better utilization of the
input DC voltage is achieved if the voltage drop across the filter series inductor is
kept at low values. The voltage attenuation is given by

I‘mel__ |‘7lmp‘ x 1
[Vims|

% Atten = 00. (2.43)

In most UPS applications, systems of compact size are desirable. Since the load
filter size contributes to the overall size of the system, a load filter with small size,
and hence low ratings are desirable. Figure 2.4 shows the relationships between the
filter parameters and the ncrmalized filter ratings (NFR), attenuation of the funda-
mental component of the inverter output voltage, and the total harmonic distortion
of the load voltage. Figure 2.4.a shows that the NFR of the filter inductor exhibits
a minimum in the vicinity of X;;»=0.25 pu for X.m, less than or equal to 2.5 pu.
Figure 2.4.b shows that the NFR of the filter capacitor monotonically decreases with
increasing values of X.sm and/or Xism. Figure 2.4.c shows that increasing the value

of filter series inductor results in appreciable ion of the fund tal cumpo-

nent of the inverter output voltage. Effective utilization of the input DC voltage is
achieved if the attenuation is kept in the vicinity of 5%.
From Fig. 2.4.a, 2.4.b, and 2.4.c, the following filter parameters were chosen

and considered optimum: Xjsm,=0.18 pu and Xcfmp=2.5 pu. These filter parameters

result in 5.9% att tion in the fund | component of the inverter output volt-
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Figure 2.4: Effect of filter parameters on the normalized filter ratings, attenuation,
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age, an NFR of the filter inductor and capacitor of 0.1 pu and 0.14 pu. respectively,
and load voltage THD of 0.5 %.

2.4 Small-Signal Dynamic Model

In order to ensure that the UPS will produce the nominal load voltage irrespective
of disturbances such as variations and uncertainties in the input supply voltage, per-
turbations in the switching times, and disturbances in the load, a current-regulated
feedback control scheme is proposed. In general, feedback control schemes are well-
suited for UPS applications because of their high accuracy, fast dynamic response,
and effectiveness in reducing the sensitivity of the output to parameter changes (103].

The objective of this section is to develop a small-signal model which describes the
dynamic behavior of the system when perturbed from its nominal operating point.
This model will be used to examine the stability of the UPS system under closed-loop
control operation. The outcome of the stability study will determine the appropriate
feedback variables which would result in successful operation of the feedback control
of the UPS system. Also, the model will be used to conduct frequency-response
analysis of the UPS system using Bode plots, the results of which will lead to the
design of the control-loop regulators.

Although the system equations given by Eq. (2.20) are time-continuous, they are
non-linear. The non-linearity arises from the variation in the load parameters, the DC
voltage, and the modulating signal which are reflected in the cross product 74 (t),
";“U)‘ and m (t) v4c (t). In order to develop a dynamic model of the UPS system, the
system equations are first linearized around a nominal steady-state operating point.

This is carried out using the perturbation technique and small-signal approximation.
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Using upper case letters to denote the steady-state variables, and assuming small

deviations from the nominal values, the state variables of the system can be expressed

as

x(t) = X(t) + %(t);

L(t) + i (t),
a(t) = L(t) + i),

ve(t) = Ve(t) + e (t).

For the load,

no= R+,
L= Lo+l
For the control signal,
m(t) = M(t) + @ (t);
and for the input voltage, }
Vae () = Vie + 0ge (2).
Substituting Eqgs. (2.45) to (2.51) into (2.20), results in

Li(t) + 4 - 0 “Zl',' ] [ I + 1 (8)
0 —fun 1
H |1

[

Lot L+l
—at Ty
i Gy
(1) 7 ())(Vige + e (8))
Ly
+ 0
0

(2.14)

(2.48)

(2.49)

(2.50)

(2.51)
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Ilquation (2.52)can be reduced by assuming that the perturbations are sufficiently
small such that higher-order terms and cross terms become negligibly small. For
example, the element (2,2) of the system matrix in Eq. (2.52) can be written as

_REAWD R )

(1 4 0 (2:53)

“ETLvio T L TR I
which can be approximated by
Y PR U0 ,
an = -7 1+ B L )- (2.54)
Similarly, element (2,3) can be a“proximated by
1 it
azp = L_(l = %l)) (2.55)

Substituting Eq. (2.54) and Eq. (2.55) into Eq. (2.52), and once more neglecting cross

terms and higher-order terms, Eq. (2.52) can be approximated by

Ii(t) ORI e A 0
S
2= 0

] v @ age) & -4 Vilt)
0 _0 . 0 I(t)
+ |0 -2E -1 ~& || 1
0 0 0 Ve(t)
R 4
7 7R RO
+ i u(t)
g 5 0 [l
m(t) Ve M(t)vgc VacM )
2, + !LvI t + th
+ 0 ] (2.56)
0

Since the nominal solution itself satisfies the system state equations, the system lin-

I (t)
I(t) ] i
Ve(t)

earized model is obtained from Eq. (2.56) as

P [E;(t)} 0 0 0
—la@w | = |0 -0
o [o 0 o}




z; _CL, 0 e (t)
BOVe | M) St
L; 13
+ 0 . (2.57)
0

Equation (2.57) is the linearized small-signal model of the single-phase UPS sys-
tem. Various transfer functions of the system can be derived from the equation.
For example, the transfer function of the incremental changes in the control signal,
m(s), to the incremental changes in any of the state variables can be obtained from
Eq. (2.57) by setting the other small-signal variables (i.e, the load disturbance 7/, I,
and input DC voltage variations 9) to zero and taking the Laplace transform" of the
resulting equation. Similarly, the transfer function that relates the variations in the
input or output disturbances (e.g. the input DC voltage or load disturbances, 7, I;)
to the system state variables can be obtained by setting the other disturbances to
zero and taking Laplace transform of the resulting equation.

Although it is possible to obtain the transfer fu.%cf,ion for load variations, Eq. (2.57)
shows that the process will involve obtaining the Laplace transform of the multipli-
cation of two time-dependent variables, namely, 7 I; (t), i I;(t), and i;V,(l), which
translates into a convolution integral in the frequency domain. Since the perturba-
tion can be any time-varying function, the resultant analytical expression becomes
too complicated and intractable. Therefore, it is easier to investigate the effect of

load variations on the system dynamics using numerical simulations.
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The transfer function of the control to the state variables is obtained from Eq. (2.57)

by substituting duc (t)= 7 I, = 0. The result is

3 R N
R0 o O ][R0 '
T f,(t) =l 0 -F & u(t) |+ 0 | m(t). (2.58)
e (t) & -z O e (1) 0
Equation (2.58) can be expressed in the form
% = Ax + Bm(t). (2.59)

Taking the Laplace t:ansform of Eq. (2.59), the transfer function of the incremental

changes in the control signal for incremental changes in the system state variables is

obtained as
Vae
X L,
2 _or-ayt| ¢ |, (2:60)
() :

where s is the Laplace operator, and I is the identity matrix.

Equation (2.60) can be rewritten as

(o) L[St Rty
[z,m} gy 27
0! glo &)
m(s) (st E)(s(s + B) + o) + i (s + ) e
Iy 2 L Ci Ll CiLy L

Equation (2.61) gives the transfer function of the system state variables due to incre-

mental changes in the modulating signal.

2.5 Selection of Feedback Control Scheme

The objective of the control system of the UPS system is to produce a sinusoidal load
voltage that closely follows a reference sinusoidal waveform with very low harmonic

content. To do so, three possible variables, namely, the capacitor voltage, capacitor
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current, and the inverter output current, can be employed to establish a fecdback
control algorithm. In order to select the appropriate feedback variable which results
in stable operation of the UPS system under adverse operating conditions, the in-
cremental dynamics of these variables due to incremental changes in the modulating
signal are examined using the root-locus method. It is assumed that the incremental
variation in the control signal is much slower than the bandwidth of the control loop.

Hence, a quasi-static approach is used to carry out the investigation (87, 89, 104, 105].
2.5.1 Capacitor (Load) Voltage as Feedback Variable

The transfer function of the incremental changes in the capacitor (load) voltage due
to incremental changes in the modulating (control) signal is obtained from the third
row of Eq. (2.61) as

At —‘?/‘ (s + %

= R 3 1 R/ R Ry + R
() L@+ (B + )+ (50 + oo+ 55)s T o)

<

. (262)

3

Figure 2.5 shows the root locus of the incremental dependence of the capacitor
voltage due to incremental changes in the modulating signal for various loading con-

ditions and the following system parameters:
Z;=109Q, Viae=100.0 Volts, Ly=5.0 mH, and Cy=100.0 puF

The Figure shows that a simple closed-loop control involving the capacitor voltage as
the only feedback variable would make two of the system poles move along the imag-
inary axis of the s-plane. This has the effect of producing high-frequency oscillations
in the load voltage for wide variation in the load conditions. For the chosen cir-
cuit parameters, the figure shows that the frequency of oscillation could reach 4430.0

rad./sec for a 10% change in the modulating signal. However, in the case of unity
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power factor loads, the system oscillations have higher damping ratio since the system
poles are shifted farther into the left-hand side of the s-plane. Figures 2.6 to 2.9 show
simulation results of various waveforms in the single-phase voitage-source UPS with

the capacitor voltage as the only feecback control variable for the following system

parameters:
switching frequency, Fy=4.0 kHz, modulating signal, M=0.9,
V4.=100.0 Volts, L;=5.0 mH, Cy= 100.0 puF.

Tigures 2.6 and 2.7 show the inverter output switching pattern, inverter output
current, load (capacitor) voltage, and load cusrent for 0.7 pf lagging load. Figure 2.7.a
confirms that the capacitor voltage has a high-frequency oscillation superimposed on
it. The maximum value of the frequency of oscillation as obtained from Fig. 2.7 is
4189.0 rad/sec.

Figures 2.8 and 2.9 show simulation results of the inverter output voltage, output
current, load (capacitor) voltage, and load current for unity power factor loads.
Figure 2.9.a shows that the load voltage has high-frequency oscillation but with a

much faster rate of decay.

2.5.2 Inverter Output Current as Feedback Variable

The open-loop transfer function of the incremental changes of the modulating signal

to the incremental changes in the inverter output current is obtained from Eq. 2.61

as
- R
n(s) _ Vao (s + s + 15;) (2.63)
7 - R R Ry R Ry+Riy’ :
m(s) LS+ (R + )8+ (g + oo T 55)8 t o)

Figure 2.10 shows the root locus of Eq. (2.63). The figure shows that simply

closing the loop around the inverter output current makes the system poles move
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Figure 2.6: Computer simulation results of the inverter output voltage and current
of the single-phase UPS system with 0.7 pf lagging load and the capacitor voltage
employed as the feedback variable
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Figure 2.7: Computer simulation results of the load (capacitor) voltage and load
current of the single-phase UPS system with 0.7 pf lagging load and the capacitor
voltage employed as the feedback variable
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Figure 2.8: Computer simulation results of the inverter output voltage and current of
the single-phase UPS system with unity power factor load and the capacitor voltage
employed as the feedback variable
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Figure 2.9: Computer simulation results of the load (capacitor) voltage and load
current the of single-phase UPS system with unity power factor load and the capacitor
voltage employed as the feedback variable
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farther to the left of the left-hand side of the s-plane, resulting in stable closed-loop
operation of the UPS system.

However, selecting the inverter output current as the feedback variable creates a
current source out of the power inverter. The single-phase UPS system can, therefore,
be modeled as a current source feeding current into the parallel circuit comprising

the filter shunt capacitor, Cy, and the R; — L; load as shown in Fig 2.11. The model

Figure 2.11: Circuit model of the single-phase UPS system with the inverter output
current employed as the feedback variable: a) at the fundamental frequency of the
modulating signal, b) at higher-order harmonics of the inverter output current

shows that the filter shunt capacitor along with the load circuit constitute a parallel
resonance circuit which, depending on the value of L;, could resonate at one of the
frequency components of the inverter output current. This case is likely to occur
when the load power factor is closer to unity. This is due to the fact that the resonant
frequency of the tank circuit becomes closer to the inverter switching frequency.

In order to prevent resonance in the load circuit, an outer load (capacitor) voltage

feedback loop can be incorporated to provide damping of any oscillations that may
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occur in the load circuit. However, in order to generate the reference waveform of
the inverter output current, the load current must be sensed [58]. Therefore, to
successfully operate the UPS with inverter output current as the feedback variable,
an extra current sensor is required, making the system costly. Consequently, selecting

the inverter output current as the feedback variable is overruled.
2.5.3 Capacitor Current as the Feedback Variable
The incremental changes in the capacitor current is given by
ie(s) =1di(s) = ui(s). (2.64)

The open-loop transfer function relating the incremental changes in the capacitor

voltage to incremental changes in the modulating signal is given by

ie(s) Vies(s+ &)
Giels) = =5 = R, K RiR rR (265)
() Ly(s*+(f+ s+ (ch. S c'_,ll,, )s+ 52,20

The root locus of Eq. (2.65) is depicted in Fig. 2.12. The figure shows that closing
the loop around the capacitor current moves the system poles farther to the left
of the left-hand side of the s-plane. Thus, employing the capacitor current as the
feedback variable of the single-phase voltage-sc»lvarce UPS inverter would result in
stable operation of the overall closed-loop system.

Figure 2.13 shows the circuit diagram of the single-phase voltage-source UPS
inverter employing the capucitor current as the only feedback variable in the control
circuit. Although this control scheme would result in a sinusoidal capacitor current,
it does not guarantee a sinusoidal capaciior voltage. Non-sinusoidal load voltages are

likely to occur in PWM power supplies where the inverter output voltage is a chopped
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Figure 2.12: Root locus of the incremental dependence of the capacitor current due
to incremental changes in the modulating signal



1,sin(w, 1)

Figure 2.13: Control of the single-phase UPS system employing the capacitor current
as the only feedback variable
DC voltage. Therefore, to ensure both sinusoidal capacitor voltage and current, an

outer capacitor voltage feedback loop is incorporated.
2.5.4 The Proposed Control Scheme

For successful operation of the single-phase voltage-source UPS system, a control
scheme which consists of an inner capacitor current loop and an outer capacitor
voltage feedback loop is proposed. Figure 2.14 shows the proposed UPS system.

The principle of operation is as follows. The actual capacitor voltage is sensed and
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compared with its reference waveform, — V; cos (w, t), to produce the error voltage
€ye. €y is then passed through a proportional controller to produce the error signal
¢,. The latter is summed with the difference between the actual capacitor current
and its reference waveform, I, sin (w, ¢ ), to produce the error signal e.. e is then
conditioned via a proportional controller in the current loop to produce the error
signal e. The latter is compared with a fixed-frequency triangular waveform in a I;ard
limiter. The resulting switching pattern at the output of the hard limiter is used to
control the inverter switching devices such that the error between the actual capacitor
voltage and current waveforms and their respective reference waveforms is reduced.

The resultant control system configuraticu offers many advantages for UPS oper-
ation. The inner capacitor current loop provides an inherent peak current limit i:: the
capacitor, which in effect acts to limit the high current surges at Ithe inverter output
especially during “cold” start of the system. In addition, since the capacitor current
represents the rate of change of the load voltage, the control scheme is capable of
predicting and correcting near future variations in the load voltage and thus provid-
ing fast dynamic response of the overall system. Furthermore, th outer voltage loop
regulates the load voltage and ensures that the load voltage closely follows its refer-
ence sinusoidal waveform with minimum steady-state error and low total harmonic
distortion. ’

The single-phase voltage-source UPS system shown in Fig. 2.14 is simulated to
obtain various waveforms of the power circuit variables. Closed form solution of the
power circuit state variables within a switching interval (ON/OFF) were obtained
using symbolic computation package, MAPLE [106, 107]. The closed form solution

and the control algorithm were employed to obtain the switching instants of the power
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switching devices.

The fo'l»ving system parameters were used to obtain the waveforms of the various
state variables of the UPS system shown in Fig. 2.14:

Fpe=1,  kp=1,  Vie=100.0 Volts,  L;=50mH,  C;=100.04F,

2=10.0 Q, at 0.7 pf lagging, M=0.9, Fy=4.0 kilz.

Figure 2.15 shows the inverter output voltage and current waveforms. The inverter
output voltage waveform (Fig. 2.15.a) shows that the control scheme produces a pulse-
width modulated switching pattern with constant switching frequency and variable
duty cycle. The figure shows that the inverter output current (Fig. 2.15.b) is sinusoidal
with superimposed high-frequency switching harmonics.

The capacitor voltage waveform (Fig. 2.16.a) exhibits a nearly perfect sinusoid.
The steady-state error in the capacitor voltage and its reference waveform can be
significantly reduced by properly adjusting the controller gain (as will be shown in
Section 2.6).

The shunt capacitor current waveform (Fig. 2.16.b) shows that the instantancous
capacitor current is constrained to follow a reference sinusoidal waveshape. The
constant frequency nature of the control scheme, however, results in a wider instanta-
neous current variation around the peak values of the reference waveform. The range
of current excursions is determined by the controller gains, switching frequency, and

the amplitude of the high-frequency carrier waveform.
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2.6 Frequency Domain Analysis and Design of
‘the Proposed Scheme

In Section 2.5.4, it was shown that the proposed real-time feedback control scheme
comprising the inner capacitor current and the outer load voltage feedback loops
resulted in successful operation of the single-phase UPS system. However, in order
to obtain a contro! scheme that has fast dynamic response and small steady-state
error, both feedback loops (the inner and outer loops) should be carefully designed.
The design of the feedback loops will be carried vut in this section. The following
approach is followed, with the outer voltage loop open, the frequency respouse of
the inner current loop is first examined and a proper compensator is selected. Then,
with the inner current loop closed, the frequency response of the outer voltage Joop

is examined and an appropriate compensator is selected.

2.6.1 Frequency Domain Analysis of the Inner Current Loop

The open-loop transfer function of the incremental variation in the modulating signal
to incremental changes in the capacitor current is given by Eq. (2.65). Substituting

the following system variables:
Ly=50mH, C;=100.0uF, R=6.65%9, L=15mH, V=715, Volts,

in Eq. (2.65) results in

s (s + 406.25)

(3) = 1.5 x 10* - .
Giels) = 15 X 10° G e 5o & 2604 x 1075 ¥ B42.00 X 10°

(2.66)

The denominator of Eq. (2.66) is the characteristic polynomial of Gi.(s), and its roots

yield the open-loop poles of the system. The system has a real negative pole at

P = —323.56, (2.67)
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and a complex conjugate pole pair at

P =0 +jw= —64.91 £ j1611.80. (2.68)

The roots of the numerator of Equation (2.66) yield the system zeros and they are

located at

n = 00, 2.69)
(

n = —406.25. . (2.70)

It can be seen from Eqvations (2.67) and (2.70) that the real negative pole of Gic(s),
P1, is located in close proximity to the real negative z,. Hence, this pole-zero arrange-
ment cancel the effect of one another and the system order can be reduced by one.
The reduced-order transfer function is given by

s

ier(8) = 1. 10—
Gier(s) = 188 X 10 e T Toi1807

(2.71)

where the subscript r denotes a reduced-order transfer function. The resulting second-
order system has lightly-damped poles with damping ratio (=0.04.

Figure 2.17 shows the Bode plot of the transfer function of the inner current loop
at various loading conditions. The figure shows that the inner current loop exhibits
a band-pass filter-like characteristics. It can be seen that, irrespective of the load
conditions, the magnitude of the capacitor current at very low frequencies is severely
attenuated. This is due to the fact that the impedance of the capacitor is very
high at low frequencies. Also, the magnitude of the current in the filter capacitor is
attenuated at high frequencies. This is a result of the high impedance of filter series
inductor at high frequencies, and hence the appreciable voltage drop across the filter

series inductor. The figure also shows that the bandwidth of the inner current is not
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affected by the load variations. However, for unity power factor loads, the system
exhibits lower resonant peak (23.68 dB) due to the higher damping ratio introduced

by the load resistance.

2.6.2 Frequency Domain Design of the Inner Current Loop

Figure 2.17 shows that the open-loop transfer function of the inner current loop -
irrespective of the system loading condition - crosses the zero dB line (unity gain) at
a phase angle of £ 90.0°. This translates into a theoretical gain margin of infinity and
phase margin of 270.0° and 90.0°. Thus, the inner capacitor current loop possesses
good stability measures.

The closed-loop transfer function of the inner capacitor current loop for various
loading conditions is shown in Figs. 2.18 to 2.20. The figures show that the inner
current loop exhibits a near-unity gain over the range of 200.0 rad./sec (= 32.0 Hz)
to 10,000 rad./sec. (= 1600.0 Hz) with the introduction of some phase error in the
output signal. However, Fig. 2.19 shows that the loop gain is highest for 0.75 power
factor lagging loads.

In order to avoid excessive gain of the inner current loop and produce a system
that is immune to switching noise, the bandwidth of the the inner current loop should
not be too wide. Hence, the design of the inner current loop will be carried out for
worst-case condition of 0.75 power factor lagging loads.

The gain of the closed-loop transfer function of the inner current loop is designed
to be nearly unity over the range of frequency of interest (w = 200 rad/sec up to
approxiraately half the inverter switching frequency). The gain can be increased by

using a proportional controller (kyc) in the feed-forward path of the inner current
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loop. The higher the value of ky. the closer the closed-loop gain will be to unity.
On the other hand, very high values of k,. would make the loop bandwidth too wide
and causes the system to become susceptible to high-frequency switching noise. A
proportional controller of value k,.=2.0 is chosen. Figure 2.21 shows the closed-loop
transfer function of the inner current with k,.=2.0. The closed-loop gain at half the

inverter switching frequency is 0.94.
2.6.3 Frequency Domain Analysis of the Outer Voltage Loop

The open-loop transfer function of the outer voltage loop is obtained in terms of the

closed-loop transfer function of the inner current loop as

1 kpe Gicr

Cuer() = S T ke G ()"

(2.72)

Substituting the value of Gic, and Cy into Eq. (2.72), it can be shown that the
open-loop transfer function of the outer voltage loop has three negative real poles at
—3.20 x 10, —3.87 x 107, -61.75, and a negative real zero at —3.70 x 102,

Figure 2.22 shows the Bode plot of the open loop transfer function of the outer
voltage loop. The figure shows that the loop has a phase margin of 74.0° and a gain
margin of 87.1 dB. ‘

2.6.4 Frequency-Domain Design of the Outer Voltage Loop

The steady-state error between the capacitor voltage and its reference waveform
should be kept very small. One way of achieving this is, once again, to use a propor-
tional controller ky,, whose value is greater than unity. Figure 2.22 shows that a high
value of the ky, shifts the system crossover frequency to higher values, thus reducing

the available gain and phase margin in the outer voltage loop.
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Figure 2.23 shows the effect of &, on the steady state error between the capacitor
voltage and its reference sinusoidal waveform. The error was computed by carrying
out several computer runs for various values of &y, with k,.=2.0. The ligure shows
that the error decreases for increasing values of k,,, and for k,, > 2.75, the crror is

less than 2.0 %. Thus ky, is chosen as 2.75.
2.7 Computer Simulation

The closed-loop operation of thie proposed control strategy shown in Fig. 2.14 was
simulated to obtain various waveforms in the UPS system. The following system

parameters were used:
Ly=50mH, C;=100.0 pF, R=6.5Q, L=15.0mH, Vg=75.0Volts.

Figures 2.24 to 2.26 show the simulation results of various waveforms of the pro-
posed UPS system with the selected values of the controller gains. Figure 2.25 show
that the system requires only a quarter cycle (based on 60 Hz frequency) to bring the
system from “cold” start to steady-state full-load operation. The figure also shows
that the load voltage is a nearly perfect sinusoid with total harmonic distortion of

0.85 %.

2.8 Experimental Results of the Proposed Sys-
tem with Linear Loads

A prototype experimental module of the proposed UPS system was constructed in
the laboratory to verify the operation of the control strategy. Toshiba giant insulated
gate bipolar transistors (IGBT) modules (MG50H2YS1) were employed as the power

switching devices.
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(a) Inverter output voltage
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Figure 2.24: Time-domain simulation of the inverter output voltage and current of
the proposed control scheme with ky.=2.0 and k,,=2.75
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Figure 2.25: Time-domain simulation of the capacitor voltage and current of the
proposed control scheme with k,.=2.0 and k;,=2.75
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Figure 2.26: Time-domain simulation of the load current of the proposed control
scheme with k,.=2.0 and k,,=2.75
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Figure 2.27 shows the experimental waveforms of the inverter output voltage and
current. The inverter output current (lower trace) was recorded by observing the
voltage drop across a non-inductive current shunt of 10 mQ resistance. The upper
trace shows that the inverter output voltage is a pulse-width modulated waveform
with variable width and superimposed high-frequency harmonics. Figure 2.27 shows
close agreement with the simulated waveforms of Fig. 2.24.

Figure 2.28 shows the steady-state waveforms of the load (capacitor) voltage and
load current. The figure shows that both the load voltage and current are nearly
perfect sinusoids. The measured THD of the load voltage is 2.1 %. Figure 2.29 shows
the inverter output voltage and load voltage. The figure shows that the voltage gain
is 80 % of the input DC voltage. This value is lower than the predicied value of 87 %.
The discrepancy arises from the adverse effect of dead- or blanking-time intervals in
the inverter output voltage. Higher voltage gains can be achieved by compensating
for the effect of dead-time intervals [108]-{110]. Figure 2.30 shows the steady-state
capacitor voltage and current waveforms. The figure shows that the capacitor acts as
a trap for higher-order harmonics.

The transieni response of the capacitor voltage and current from “cold” start
to full load is depicted in Fig. 2.31. The upper trace shows the capacitor voltage
and the lower trace shows the capacitor current. The figure shows that the capacitor
voltage takes abeut half cycle to reach steady state, indicating fast transient response.
Figure 2.32 shows the system dynamic response for 100 % step change in the load from
no-load to full-load and vice-versa. The figure shows that the system exhibits very
fast dynamic response with excellent load-voltage regulation and very little change in

the load voltage at the point of applying or removing the full load. Thus, the control
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Figure 2.27: Experimental waveforms of the steady-state inverter output voltage
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scheme ensures a “siiff” load voltage.

2.9 Experimental Results of the Proposed Sys-
tem with Non-Linear Loads

The performance of the proposed UPS was examined for non-linear loads. The non-
linear load was chosen as a full-bridge rectifier with R-C load at the DC side of the

bridge rectifier as shown in Fig. 2.33. The load parameters were chosen as Ry =

e,

+
DC -
suppl. —
supply | —_ § "
; _ c dc
inverter v dc

dc

To inverter switches

Proposed Controller

Figure 2.33: Schematic diagram of the proposed scheme with non-linear load

10 ©, Cq = 2500 uF.
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Figures 2.34 to Fig. 2.36 show the waveforms of the output voltage of the UPS
system, the output voltage of the bridge rectifier, the current drawn by the non-linear
load from the UPS system, and the current drawn by the load at the output of the
bridge rectifier for three values of the filter capacitor. The figures show that the
input voltage to the bridge rectifier is somewhat distorted. However, the voltage

waveshape improves with increasing values of Cy.

2.10 Summary

A current-regulated voltage-controlled scheme for single-phase voltage-source UPS
system was developed in this chapter. A general model of the single-phase UPS
system was first established using state-space representation.

Using Fourier series approach, the discontinuous forcing function in the system
state-space representation was replaced by its Fourier series components. Two time-
continuous models (the low-frequency and high-frequency models) were derived and
used to select optimum filter parameters for the power circuit. Based on the normal-

ized rating of the filter inductor and capacitor, the att tion in the fund tal

component in the inverter output voltage, and the total harmonic distortion of the
load voltage, optimum filter parameters of Xism= 0.18 pu, and X;m = 2.5 pu were
selected.

In order to examine the dynamic behaviour of the system, a linear small-signal
dynamic model was derived from the low-frequency model using perturbation and
small-signal approximation. The small-signal dynamic model was then used to as-
sess the incremental dynamics of the power circuit and examine the stability of the

feedback system using the root-locus technique. It was shown that choosing the load
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Figure 2.34: Experimental waveforms of the proposed scheme for non-linear loads
with Cy=100.0 uF: a) upper trace: v, lowei trace: i4, b) upper trace: v, lower
trace: i;
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(capacitor) voltage as the feedback variable in the control circuit results in an oscilla-
tory behaviour of the UPS system. However, choosing either the capacitor or inverter
output current as the feedback variable in the UPS system produces stable opera-
tion. Selection of the inverter output current as the feedback variable was overruled
because of possible harmonic instability in the load circuit or the need for an extra
load current sensor. Hence, the capacitor current was chosen as the feedback variable
for stable operation of the single-phase UPS. An outer voltage feedback loop was
incorporated to ensure successful operation of the UPS system and obtain sinusoidal
load voltage which faithfully tracks its reference signal. It was shown that propor-
tional controllers in the feed-forward path of both the inner and outer feedback loops
were sufficient to produce well-regulated, nearly-perfect sinusoidal load voltage, and
excellent dynamic performance of the UPS system.

Experimental results from a laboratory prototype module for both linear and
non-linear loads were presented. The results for the linear loads agreed well with the
simulation results and the theoretical results obtained from the derived models, thus
validating the analytical procedures. The results with non-linear loads show that the
proposed scheme is compatible with non-linear loads. However, higher values of the

filter capacitor are required to provide low THD.



Chapter 3

The Three-Phase Voltage-Source
Uninterruptible Power Supply
System

This chapter deals with the modeling and analysis of the three-phase voltage-source
UPS system with the proposed control strategy presented for the single-phase UPS
system. At the onset, a general model of the three-phase UPS power circuit with
the input DC filter dynamics taken into account is developed. Employing the Fourier
series technique, an averaged low-frequency time-continuous model is derived from
the general model. In order to cope with the time-varying nature of the system
matrix, the system variables are transformed to a rotating frume of reference using
the forward-backward transformation. The result is a time-invariant, but non-linear
model of the three-phase UPS power circuit.

Perturbation and small-signal analysis technique are used to develop steady-state
and dynamic models of the power circuit in the rotating frame of reference. The
steady-state equations represent the nominal operating condition around which the
small-signal model is derived. The small-signal model is employed to obtain transfer

functions relating the incremental variation of the power circuit state variables to

104
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incremental changes in the control signal. It is showr, through pole-zero maps and
root-locus analysis, that the control scheme proposed for the single-phase UPS system
results in stable operation of the three-phase UPS system. Computer simulation of
the three-phase UPS system along with experimental verification of the proposed

three-phase UPS system are presented in the chapter.

3.1 General Model of the Three-phase UPS Cir-
cuit

Figure 3.1 shows the power circuit of the three-phase voltage-source UPS. It consists
of a second-order DC input filter (L,-Ca), a three-phase full-bridge voltage-source
inverter, a second-order AC filter (L;-Cy), and a balanced three-phase r; — I; load.
The input filter is employed to ensure a smooth DC voltage at the input of the power
inverter. From Fig. 3.1, the current drawn from the input DC source is given by

iy =i i (3.1)
14 is obtained in terms of the switching functions as

ig = Sy 40 + Sy in + S¢ i, (3.2)
where, for example in inverter leg of phase a, S; = 1 when S, is ON (i.e., S, is OFF)
and S; = 0 when S, is OFF (i.e., S, is ON). Similar conditions apply for inverter
legs of phases b and c.
The current 7.4 is given by

' dvg

ig = Cq e (3.3)
Substituting Egs. (3.2) and (3.3) into (3.1), yields

d g ; 5 )
Cd% =45 — (S;tia + Spin + S} iic)- (3.4)



Figure 3.1: Three-phase UPS circuit

One more differential equation can be written for the DC side as
di,

L'W = vge ~ (Ryis + vd), (3.5)

where R, is the resistance associated with the DC inductor.
The following differential equations can be written for phase a on the AC side of
the inverter:

diis

L Ty + iRy = S;vi = Vean — Ung, (3.6)
L Vean, (3.7)

dt



dvg . 5 3
CrEE = i = i - e (33)

Similarly, the governing differential equations for phase b can be written as

diy 3 "
LTt +inRy = Sive = van = vng, (3.9)
di .
Ilﬁ + T = Vchn, (3.10)
dug . . .
Cf%l = i = ijp — ip. (3.11)
And, for phase ¢
die | . -
L=y +ich = Sivd = veen = vng, (3.12)
di :
WGE +ier = Ve, (3.13)
Cr e o i =i (3.14)

Summing Egs. (3.6), (3.9), and (3.12), the voltage v, is obtained in terms of the

staies of the power switches as
Vd [/ an - -
Upg = ?(Sn + 5+ S7). (3.15)
Equation (3.15) was obtained assuming a balanced three-phase load; i.e.,
Vean + Vebn + Veen = 0, (3.16)
o + i+ i = 0. (3.17)

Substituting Eq. (3.15) into Egs. {3.6), (3.9), and (3.12), results in the following

equations:
dii . S D
Ligp + Bri = va(S - (S0 + & + 5) = veanr (318)
diy . 1
LiGh+ Ryio = va(S = 5(S1+ S5+ S0) —vwmy (319)
dis 1, - 1o - -
LyGe + Ryiie = va(S2 = 3(S: + 8§ + §1) = vem. (3.20)



The system equations can be written in a state-spac: representation as

X = A"x + Be; (3.21)
ie.,
i - 0 -% 0 0 0 o0 0 0
P 0 -x F 0 0 0 0 0 0
la
o & -4 0 (:z 9 0 0 0 0
N 0 0 0 -z 0 -£ 0 0 0
i 0 0 0o o -z L 90 0o o0
bon | = 0 0 0 & -& 0 0o o o0
e o 0 0 0 0 0 - 0o -4
e 0 0 0 0 0 0 0 -
b 00 o o 0 0o & -& 0
: i s
by 0 0 o0 0 ©0 0 0 0 0
L -~ Sp Sz
-& 0 o0 -E& 0 o -Z 0o o
0 Se-hsrsi+sy
Ly iia 01
g 0 ita 0
Sp—L(Sa+S;+52) Vean B
0 _n_a_l;_n_ i 0
0 0 iy 0
0 Van [+ | 0 |va (3.22)
0 S2-1(Sa+S3+52) T 0
&y i 0
0 0 N 0
0 0 i 1
- =t ol L%
. . L va
o 0

For simplicity, the product term Be is evaluated and denoted by the vector u.
Equation (3.22) can be solved to obtain the exact solution for the system state

variables at any instant in time provided the switching functions S}, 53, S; are de-

fined. It, therefore, represents the general state-space model of the three-phase UPS

and can be solved nuinerically to obtain various waveforms in the power circuit. In
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this thesis, however, an analytical approach is preferred since it leads to models which
can be used to investigate the performance of the three-phase UPS system using well-
established techniques. The details of developing these models are presented in the

next section.

3.2 Low-Frequency Model in the Stationary Frame
of Reference

For an inverter switching frequency much higher than that of the modulating signal,
the discrete switching functions S, Sj, and S} can be approximated by their corre-
sponding time-average functions (i.e. duty cycle), d,, d;, and d., which are described
as (Eq. (2.18))

m cos(wt)+ 1
—

dy 5 (3.23)
t— 2

4 = %ﬂ_ﬂ 3.29)
2r

d. = ﬂf‘."s(“’%am. (3.25)

Replacing the discrete switching functions by their corresponding average values,
Eq. (3.22) can be written as )
X =Ax+u, (3.26)
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Equation (3.27) describes the general state-space averaged model of the three-phase

UPS system. The following can be deduced from the equation:
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if the inverter input filter is neglected, Eq. (3.27) reduces to [111]

. -2 0o -2 0o o o 0 o0 0
Tia Ly Ly
; 0 - £ 0 0o 0o 0o 0 0
a 1 L
o & -4 0 21 0 o1 0 0 0
i 0o 0 0o - 0o -£ 0 0 0
w | = 0 0 0 0 - L 9 0o o0
o
Debn 0 0 0 & -& 0 0 0 0
tic o 0 0 0 o0 0o - 0o -%
o o 0 o0 o 0 0 o0 -p ¢
ecn, Lo o 0o o o 0o & -& ]
l‘ muyge cos wi

tia W

ila

U’ 0

- )

b 2Ly

i | + 0 . (3.28)

Vcbn 0

tic m vge cos(wt - 2F)

e 28’

Veen 0

Equation (3.28) shows that the system has controlled sinusoidal forcing func-
tions whose amplitudes are given by the product of the modulation index m
and the input DC voltage vs.. For a maximum modulation index of unity, the

inverter output has a maximum line-to-line voltage of @ Vde.
the A matrix in Eq. (3.28) is time-invariant.

Equaticn (3.27) shows that phase interactions exist if the input filter is taken
into account. Equation (3.28), on the other hand, shows that the state variables
of the three phases are completely decoupled if the input filter is neglected and

bal d three-phase load is d. For this case, the three-phase system can
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be analyzed on a per-phase basis, similar to the analysis presented in Chapter

Two.

3.3 Low-Frequency Model in the Rotating Frame
of Reference

Upon examining Eq. (3.27), it can be seen that the system matrix is time-varying.
The time-varying nature of the system model makes it difficult to obtain a closed-
form solution for the system state variables. However, this difficulty can be overcome
by transforming the system variables to a rotating frame of reference which is syn-
chronized and in-phase with the modulating signals.

The transformation to the rotating frame of reference is achieved by using the
forward-backward transformation [112]. The state vector in the rotating frame of
reference, X;, is related to its counterpart in the stationary frame of reference by the

transformation matrix T such that

xr = Tx. (3.29)
Similarly, the input vector in the rotating and stationary frame of reference is related
by

ur = Tu. (3.30)
The state and input vectors in the stationary frame of reference can be obtained from
Eq. (3.29) and (3.30) by post-multiplying the corresponding equation by the inverse
of the transformation matrix T~1; i.e.,

x = T ', (3.31)

u = T lu,. (3.32)
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The forward-backward transformation matrix T and its inverse T~ are given by:

S

1 0 0
0 1 0
0 0 1
evt 0 0
0 e 0
0 0 eut
e vt 0 0
0 et 0
0 0 et
1 0 0
1 0 0
1 0
0 1
0 0
oI (wt+5F) 0
0 eI (wt+E)
0 0
emi(wt+ ) 0
0 e-(wt+%)
0 0
1 0
1 0
rtr oo £
010 0
001
100 ¢miwt-iz0)
010 0
001
10 0 e-dwt+i20)
010 0
001 0
000 0
600 0

1 0
0 1
0 0
eI (wt-3) 0
0 e (wt=%)
0 0
e=1(wi=%) 0
0 e (t-%)
0 0
1 0
1 0
0 0 0
0 0 0
1 0 0
0 0 0
0 0 0
ewttd) g g
0 0 0
0 0 0
eI g
0 V3 0
0 0 V3
0 0
et 0
0 e~ Mt
0
e—i(wt=120)
0
0
e-i(wt+120) 0
0 e=i(wt+120)
0 0
0 0

co~oo

- 2

0

0
em1(wt-3F

0

0

el (W

» (3.33)

et

0
0
0

0
e-i(Wt=120)  a(wt+120)

0

0
0
0
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0 0 0 0
et 0 0 0
et 0 0
i(wt-120) 0 0 0
0 elwt-120) 0

0 0 0 0 (3.34)
e;(m+uo] 0 0 0
0 e](wl-{-llo) 0 0
0 0 V3 oo

0 0 0 V3

The system state variables in the rotating frame of reference are obtained by

substituting Eq. (3.33) into (3.29), giving

[0 ] tia + b + dic

il Ua + 2 + Uc
i Vaan + Vabn + Veom

. ; oy, =
i tia €9t 4 W= F) 4o et T
iF 1 e+ ipel @ F) 4 g et 5

_ 2z p

ver | = 7 Vean €Y + Vepn € W= F) 4, @+ s (3.35)
i 3 Gia e 4 ipe W= F) 4 g emalwtt B
: 4 . 2wy .
uB eI+ i et W=F) gy emrlwt+ B

- b= 22 . 2
VeR Vean €79 Ve €U F) 4y eI+ )
R Vi,
va J V3uy ]

where the subscripts F' and B represent the forward and backward components re-
spectively.

It can be seen from the 10" and 11** rows of Eq. (3.35) that the DC state variables
1, and vy are not affected by the transformation.

Similarly, the input vector in the rotating frame of reference is given by

u=[000000000 % o], (3.36)

The system state-space equations in the rotating frame of reference are obtained
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by substituting Eqs. (3.31) and (3.32) into (3.26) to give

dit(’l"I %) = AT !'x + T 'u, (3.37)
()%, + T'% = AT 'x + T 'u, (3.38)
T'% = (AT — (T) )% + T u,. (3.39)

Post multiplying Eq. (3.39) by T, the system state-space equations in the rotating

frame of reference can be written as
Xr = ArXr + ur, (3.40)

where
Ar = TAT™ - T(T)™. (3.41)
The system matrix in Eq. (3.40), Ay, is obtained by substituting the A matrix from
Eq. (3.27) and the transformation matrices T and T~ from Egs. (3.33) and (3.34)
respectively into Eq. (3.41).
The system state-space equation in the rotating frame of reference is obtained

from Eq. (3.40) as

r R

i | o 0o 0 a8
i 0 _? 71; 0 0 0
b0 & -5 0 0 0 0
tir 0 0 0 -F4gw 0 -%
ur 0 0 0 0 —ﬂ- + Jw ﬁ
Bel= 000 & SE e
7 { 4

3 0 0 0 0 0 0
us 0 0 0 0 0 0
veB 0 0 0 0 0 0
\. ts 0 0o 0 0 0 0
1l -2 0o 0o - o0




0 0
0 0
0 0
0 0
0 0
0 0

R

‘Zf —Jw ) 0

0 _T,L - Jw
L ok
c; 7]
0 0

_Bm 0
4Cq

116

IR P
0 0 o B
Ve 0
V3m
O T | i 0
s T llE L
vr [+ 0
0 B g 0
0 0 iB 0
0 0 Ve 0
_R 1 iy b
lL-‘ 0": Va \.0
T
(3.42)

Fruation (3.42) was computed using the symbolic computation package MAPLE

[106, 107]. The Equation shows that the system model in the rotating frame of

reference is time-invarian’.

For a balanced three-phase load, the zero-sequence component of the state vari-

ables are zero, and the system equations can be represented by the equation

Xrr = ArrXer + Urr,

(3.43)

where the subscript rr denotes the reduced order in the rotating frame of reference.

Equation (3.43) can be rewritten as

R,
ie gkt )
%u-' ? -
Ve 7
B _ 0
ug 0
I;'.cg 0
5 )
B4 _\Am
4Cy
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€
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0 0 0
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0 0 0
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=L — v 0 —‘5'7
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g —5
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0 ALy i 0
0 0 ir 0
0 0 VR 0
0 Ln i 0
i 3.44
o o ||| T|o0 L
0 0 ves 0
e i i;
& O v

Upon exanining Eqs. (3.22) and (3.44), it can be seen that through the averaging
of the switching functions and the transformation of the state variables to the ro-
tating frame of reference, the discontinuous model of the system (Eq. (3.22)) has
been approximated by a state-space averaged model that is continuous and time-
invariant (Eq. (3.44)). However, the resulting system state-space averaged model is
non-linear. This is evident from the presence of the terms %ﬂ, %ﬂ-, and %‘;“4
in Eq. (3.44). Thus, to solve for the system steady-state variables and obtain an an-
alytical model which describes the system dynamic behaviour, the system model has

to be linearized.

3.4 Linearized Model in the Rotatmg Frame of
Reference

The system model given by Eq. (3.44) is linearized by using the perturbation tech-
nique and small-signal approximation. The state variables are perturbed around their

neminal operating point, and are represented by

Xrr = Xor + e (3.45)



LiF Lr 3
ur Iip ur
Ve Ver Der
i I 1
El=t B, (3.46)
uB 1B UB
VB Vis Big
s I, tis
vg \A Bq |
where the upper case letters denote nominal values and %, 31, ... denote small

excursions from the nominal operating point.
Similarly, the perturbed model for the modulating signal, the input DC source,

and the load circuit, r; — I; are given respectively by:

m o= M+, (3.47)
vae = Vie + ac, (3.48)
no o= R+, (3.49)
o= L+l (3.50)

Substituting Egs. (3.46) to (3.50) into Eq. (3.44) gives

, —Htw 0 - 0 0
L+ b Rut il
Ilj"';ll (,J —ﬁﬁ]w Ll 0 0
Vey + Bey L7 e I 0 0
d| L+in | _| 0 0 0 —f-ge 0
dt | Ip+us 0 0 0 0 )
Voo + Dep 0 0 0 & '_'cl_
H i ]
L +1, 0 0 0 0 0
Vat by _ YA 0 0 VAR 0
4Cy 404
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0 0 ﬂﬁ,ﬁl Lip +1ig 0

0 0 0 Iy + iy 0

0 0 % [3 Ver + s 0

B(M 4 1) H

0 0 g Lotus | | g . (351)
o 0 0 l!b+l.lb
Zjw 0 0 Veo + Tes v 0,7

0 - _L Io+1, | L,

0 cﬁ 0 Va+ 0a 0

An approximate representation of Eq. (3.51) can be obtained by assuming that the
perturbation is sufficiently small so that higher-order and cross-product (non-linear)
terms of the small-signal variables can be neglected. For example, the element (2,2)

of the system matrix in Eq. (3.51) can be approximated as,

R+ 7 i b

Ry
- = = ——(1+ 14 =) s 3.52
Y + 9w L:( R:)( + L‘) +jw (3.52)
R Ll I
> M 2y = 3k 1 I
L,(l + El)( L[)+]w (3.53)
~ _B Ao i_’
= I (1+ 7 L,) + jw. (3.54)

Also, the first term of the right-hand side of the last row of Eq. (3.51) can be approx-
imated as

(M + m) (I + 1) & MIy + Iy + Mig. (3.55)
Applying this linearization approach to all the elements of Eq. (3.51) and noting
that the derivative of the nominal quantities (df:"f-, d—:’{- ...) are zero, the resulting

approximate equation can be represented in general form as

0+ Xrr = ApsXor + Upr + Augrr + AmXrotit + AuXorli 4 A Xorft + Adee, (3.56)
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and,
Aw=[000000 £ 0] 3.61
de = | 1, . (3.61)
Equation (3.56) is the general linearized model of the system in the rotating frame of
reference. It is used to obtain the low-frequency analytical models for the steady-state

and dynamic analysis of the three-phase UPS system.

3.5 Steady-State Model and Analysis

The low-frequency steady-state model of the three-phase UPS system is obtained
by setting all the perturbations in Eq. (3.56) (i.e. , i, i, [ );(,,.) to zero.

Equation (3.56) reduces to

AuX. + U, =0, (3.62)
or,
4w 0 -5 0 0 0 o0 fu
0 —B4ge f 0 0 0 0 0
E‘L —cl— Jw 0 0 0 0 0
1 1 N . e
0 0 0 -f-ju 0 -% 0 g
0 0 0 0 P £ 0 0
0 0 0 C‘—I -z —Jw 0 0
0 0 0 0 0 0 0 pM
s 0 0 —fu 0 0 & 0
I 0
Ip 0
Ver 0
I 0
1': +| g |=0 (3.63)
Vis 0
I, %‘,‘
Va 0
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The steady-state variables in the rotating frame of reference are obtained from Eq. (3.63)
as

Xrr = = (Ayu)"' Uy (3.64)
Assuming that the resistances associated with the filter inductors are sufficiently small
such that they have a negligible effect on the steady-state variables of the system,
the steady-state variables can be approximated by setting R,, and Ry to zero in

Eq. (3.64). The approximate steady-state variables are given by

P K(Ri+a(BHEE — 7)) + X1+ 5e - o — ) 4+ X))
iF = )
8((& BELLy 4 (X P X2 Zetty)
(3.65)
» 2( X1, XXy
oo K20~ 3(RUEE - 3b7) + XL+ e~ R - ) + Xip)
iB = i
8((Ri — BZLLy + (Xpy + X, Sty)
(3.66)
o e KRB+ X - ) -~
IF = ] !
8((R — Bty 4 (Xpp + X, — Ty
" K(Ry— B — (0, + X, - 22y)
Ip = R.X X L‘Jl{. ) (3.68)
8((Ri - m BELY 4 (X + X - Z320)7)
7 o K ,+x,2+x,xu—ﬂ1(m+x)+JR,xL,) -
< = (3 -
8((Ri - By + (Xog + X, - e
P KR} + X? + X1 X1y — %/L(B,’ + XP) = JR Xry) @.710)
B = ) o
8((R — BELy + (xyy + X, - Xghiy)
SM? V. Ry
I = o8 Ve ; (3.71)
(B = R}—i’;’-)’ + (Xos + Xi - ikaﬁ)z
Vi ® Vi (3.72)
where

K =2V3MVy, (3.73)
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and the X’s represent the reactances at the angular frequency of the modulating
signal.

In contrast to the numerical solution approach, Egs. (3.65) to (3.72) give the
closed-form solution of the low-frequency components of the circuit variables in terms
of the circuit parameters, the input DC voltage, and the modulation index. Equa-
tion (3.71) can be used to design the input DC filter inductor since most of the high
frequency ripples reflected by the inverter switching on the DC side will pass through
the capacitor on the DC side of the inverter.

The system steady-state variables are not only used to determine the ratings of
the power filter and the switching devices, they represent the nominal operating point

for determining the dynamic response of the system.

3.6 Small-Signal Dynamic Model and Analysis

The small-signal dynamic model of the system is obtained from the general linearized
model of Eq. (3.56) by setting all the terms with steady-state variables to zero. The

resulting equation is obtained as
ke = AgFer + AnXee it + AuXor il + AnXeo 7t + Ade B (3.74)

The second term of Eq. (3.74) accounts for the effects of the small-signal variations
in the control signal. Similarly, the third and fourth terms represent the effect of
the variation in the load, while the fifth term accounts for the small variation in the

DC input voltage. Thus, Eq. (3.74) gives the relationship bet the i tal

changes in the system state variables (Xrr) due to incremental changes in the control

signal, the load, and the input DC voltage.
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Since Eq. (3.74) is linear, the superpozition theorem can be applied to examine

the dynamic response of the system to any of the above-mentioned disturbances. Fe:

example, the small-signal dynamic model of the system due to small variation in the

control signal can be obtained from Eq. (3.74) by substituting Iy =# = dge = 0. The

resultant small-signal AC model is given by

% = AssFor + Am Xrr 1, (3.75)

which on substituting for Ass, Am, and Xy from Egs. (3.57), (3.58), and (3.64) can

be rewritten as

I
N

ccocooco o

]

=)

.

Ca

+ jw 0 -% 0 0 0
0 “Bige & 0 0 0
% % hw . 0 0 0
0 0 0 _E',L - Jw 0 -1‘7
0 0 0 0 e I
0 0 0 % -& -
0 0 0 0 0
e 0 0 -gu 0 0
4Ly LF 4Ly

0 H 0

0 Ber 0

V3M % Vavy

4L, B | 4 aL, . (3.76)

0 us 0

0 '359 0

-+ i 0

0 b &L + Lin)

The transfer function of the incremental variation in the control to the incremental

change in the state variables is obtained by taking the Laplace transform of Eq. (3.75)

and rearranging the resulting expression to give

Xrr ()
m(s)

= (sI - Aw) ' AnXer, (3.77)
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where I is the identity matrix and s is the Laplace operator.

Equation (3.77) shows that the location of the system poles and zeros in the s-
plane are dependent on the steady-state operating point of the system state variables,
the system parameters and the nominal value of the modulation index, M.

The magnitude of a generic state variable, y, in the rotating frame of reference
is obtained from its forward and backward component using the general relationship
[112)

2

‘/ix/w—r.T/E- (3.78)

The amplitude of the capacitor voltage, v, is obtained in terms of its forward and

lvl =

backward components by replacing the forward and backward components of the
generic variable y in Eq. (3.78) by the corresponding component of the capacitor
voltage v, as
2
v= VVeF VeB, (3.79)
where the variables v, ver, and vcp are represented by their small-signal variations

around their nominal operating point as

v = Viti, (3.80)
ver = Ver + e, (3.81)
vep = Ve + UeB. (3.82)

Substituting Eqs. (3.80) to (3.82) into Eq. (3.79), and obtaining the first-order ap-

proximation of Eq. (3.79) using Taylor’s expansion gives

. 2 . Ov, . Ov.
Vet e = 7 (yVer Vep + vcrav—; [vep=Ver, veg=Ves +v;55i; byt mamig =
(3.83)



126

The incremental variation in the amplitude of the capacitor voltage in terms of the in-

cremental change of its forward and backward components is obtained from Eq. (3.83)

1 [Vis . Vir .
= 75("%‘;”“’ + ,/VL:vca). (3.84)
2 2

The transfer function of the incremental changes in the control to the amplitude of

as

the capacitor voltage is obtained as

_ De(s) _ Vep Ocr(s eF vcs o
Gue(s) = e \/ch m(s ,/ Vis 705) (3.85)

Equation (3.85) shows that the transfer function of the incremental changes of control

to the amplitude of the capacitor voltage is composed of the transfer function of
incremental changes of control to both the forward and backward components of the
capacitor voltage. The values for V;r and V.p are obtained from Eq. (3.69) and

Eq. (3.70) respectively, and are expressed as:
Vi = | Vi | e, (3.86)
Vie = | Veg | e, (3.87)

where the phase angle ¢, is defined by
R Xy

fuc = tan™" , 3.88
v RE+ XP + XiX0s - XEL(RE + XP) i
Substituting Eqs. (3.86) and (3.87) into (3.85) gives
= ~Jbue ')CF( s) Ibue e (s)
Gue(s) \/.(e Tis) + e ) ). (3.89)
The transfer functions -jf(-E,J and —,‘"L(‘,-)l are obtairied from the third and sixth rows of

Eq. (3.77). Due to the complexity of the analytical expression of Eq. (3.89), numerical

values of the system parameters are used to obtain the transfer function %



¥
=

The open-loop transfer function is expressed in the form

_ Goerum) (3)
Gcdeny ()’

(3.90)
where Gue(num)(8) and Gue(zn)(s) can be written in the form

Guerum)(s) = ki ((s + @a)’ + wh) ((s + @:)® + wh) x
((s + ass)? + W), (3.91)
Guctaen)(8) = ((s + ap1)? + wh) (s + o4a)? + wh) x

(5 + aps)? + wi) (5 + apr)? + why). (8.92)

Equation (3.92) shows that the incremental dynamics of the capacitor voltage due
to .acremental changes in the modulstion index in the three-phase UPS system is
described by an eighth-order transfer function. Matlab, [113], was used to determine

the location of the system poles and zeros for the system parameters:

Ly =5.0mH, Cy =100 pF, Viae = 160 volts,

L, =10 mH, Cq = 5000 pF, M =09

Figure 3.2 shows the pole-zero map of the transfer function of Eq. (3.90) for a
load of z; = 10 @ at 0.7 power factor lagging. 'The figure shows that one of the
system complex pole pairs (p; — p;) is located in very close proximity to a complex
zero pair (z; — z3). The effects of these complex pole-zero pairs cancel and result in
negligible contribution to the overall transfer function of the incremental changes in
the capacitor voltage. Also, the complex pole-pairs p; — ps and pr — ps are placed

relatively close to the complex zero pairs 23 ~ z4 and z5 — zg respectively. The effect of

this plex pol 0 arr t on the overall dynamic behaviour of the system

cancel out. As a result, the transfer function can be reduced to a second-order system
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Figure 3.2: Pole-zero map of the open-loop transfer function of the capacitor voltage
for z; = 10.0Q at 0.7 power factor lagging load
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where the subscript r denotes the reduced-order transfer function.

Guer(s) (3.93)

The gain k; in Eq. (3.93) is determined such that the final value of the system
response to a step input is the same for the full-order transfer function (Eq. (3.90)) and
the reduced-order transfer function. Using the final-value theorem, k; is determined
as

by = by Sin o (3.94)
Woin Wp3n Wprn
where wzyn ,Waan s Wesn » Wpin » Wyan, and wyz, are the natural frequencies of the complex
zeros z to zg, and poles py to ps and pg — pr respectively. Equation (3.93) shows that
the behaviour of the incremental change in the capacitor voltage due to incremental
changes in the control signal is governed mainly by the lightly damped dominant
poles, ps and pg.

Figure 3.3 shows the pole-zero map of the transfer function for a load of z; = 10 Q
at unity power factor. The figure shows that all the system poles and zeros have been
shifted farther into the left-hand side of the s-plane indicating higher damping ratio.
This has the effect of faster damping of the system oscillations. The figure shows
pole-zero cancelation carried out for the 0.7 power factor lagging load is valid under
various load variation.

Figure 3.4 shows the Bode diagram of the open-loop transfer function of the
capacitor voltage zlong with its experimental verification. The figure was obtained

for the following system parameters:

Vi = 140 volts, L, =10 mH, Ca = 5000 4F, Ly =5.0mH,
C;=100pF, M=09, 2 =1700at0.75 pf lagging,  F,=4.0 kHz.
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The figure shows close agreement between the predicted and experimental results
especially at low frequencies, and validates the analysis procedures presented. The
discrepancy between the predicted and experimental results at high frequency is ex-
pected since the small-signal model becomes inaccurate at frequencies higher than

half the switching frequency.

3.7 Incremental Dynamics in the Three-Phase UPS
System

In Chapter Two it was shown that using the capacitor current and voltage in an inner
and outer control loops results in stable and improved performance of the single-phase
UPS system. In this section, the incremental dynamics of the capacitor voltage and
current based on the forward-backward transformation are developed and used to

examine the dynamic behaviour of the three-phase UPS system.

3.7.1 Incremental Dynamics of the Capacitor Voltage

The root-locus method is employed to examine the stability of the closed-loop opera-
tion of the system. The root-locus plots of the incremental dependence of the capaci-
tor voltage on the incremental variation in the mo&ulating signal for 10% perturbation
in the control signal (rn) around the nominal value, M, are shown in Figs. 3.5 and
3.6 for two sets of load parameters. The figures show that by simply closing the
loop around the capacitor voltage, the dominant complex pole-pairs move parallel to
the imaginary axis of the s-plane as the modulation index changes. However, this
excursion is periodic, and depends on the system parameters and the nominal value

of the modulation index. This results in a lightly damped (scillating load voltage.
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Figure 3.5: Root locus of the incremental change of the capacitor voltage due to
incremental variation in the modulating signal for Z; = 10.02 at 0.7 power factor
lagging load
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The excursion in the system frequency is 2500 rad/sec.

In the case of unity power factor loads, Fig. 3.6, shows that the system poles have
been shifted farther into the left-half of the s-plane. This has the effect of faster
damping o the load voltage oscillations.

It is worth mentioning that the system complex conjugate poles periodically move
parallel to the imaginary axis of the s-plane. In other words, the locations of the poles

d

in the s-plane of the system under investigation are not only dep t on the system

parameters and the nominal operating point of the modulation index, but they are

also time-varying.
3.7.2 Incremental Dynamics of the Capacitor Current

The transfer function of the incremental changes in the amplitude of the capacitor
current due to incremental variation in the modulation can be derived from Eq. (3.93)

- -
ter (8)

(s)

= Gicr(s) = Cs8Guer (8). (3.95)

The pole-zero map of Eq. (3.95) for Z; = 10.0Q at 0.7 power factor lagging loads
is shown in Fig. 3.7. The figure shows that the pole-zero map of the incremental
changes in the capacitor current is the same as that of the capacitor voltage with the
addition of a zero at the origin.

Figures 3.8 and 3.8 show the root locus of the incremental changes in the capacitor
current for 10% perturbation in the control signal. The figures show that using the
capacitor current as the feedback variable in the three-phase UPS system guarantees
stable operation of the system for a wide range of system parameters. The incremental

dynamics in the three-phase UPS system exhibit the same characteristics as the single-
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incremental variation in the modulating signal at Z; = 10.0Q at 0.7 power factor
lagging load
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phase UPS. Hence, the same pi . zedures can be used to select the appropriate values

of the proportional controllers.

3.8 Computer Simulation of the Three-Phase UPS
System

The three-phase UPS system employing the proposed control strategy is shown in
Fig. 3.10. Computer simulation of ihe operation of this system was carried out to

obtain various wavefcrms in the system for the following parameters:

L, =10mH, Cy=5000 «F, Ly=5.0mH, Cy =100 pF,
Ve = 140.0 Volts, Z;=171.0Q at 0.75 pf lagging, F,=4.0kHz,
kpe=2.0, w=2.0.

To reduce the in-rush current at the inverter output during the “cold” start of the
UPS system, a time-varying gain in the outer voltage loop is used. The value of &,
is set to ramp up from zero at start to its full value (k,,=2.0) during the first cycle.
Details of the electronic circuit to obtain this soft-start mechanism are provided in
Appendix A.

Figure 3.11 shows the voltage of the input DC capacitor and the DC-source cur-
rent. The simulation results give a DC capacitor voltage of 139.2 volts for a DC source
voltage of 140.0 volts. The corresponding DC source current, iy, (Fig. 3.11.ii) has a
steady-state value of 1.68 Amperes. Substituting the values of the system parameters
given above in Eq. (3.71), the steady-state model predicts a steady-state value of 1.60
Amperes. This confirms the validity of the theoretical model. Fig. 3.12 shows the
three-level waveform of the inverter line-to-neutral voltage. Figure 3.13 shows the
three-phase inverter output currents. The currents are balanced and sinusoidal with

superimposed high-frequency switching ripples.
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Figure 3.11: Simulation waveforms of the DC side quantities of the power inverter
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Figure 3.12: Simulation waveforms of the three-phase inverter output line-to-neutral
voltage
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Figure 3.13: Simulation waveforms of the three-phase inverter output current
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The three-phase line-to-neutral load (capacitor) voltage is depicted in Fig 3.1,
The capacitor voltag= has no DC offset and is nearly perfect sinusoid with a small
steady-state error. The figure also shows that the system takes about one cycle (based
on the reference signal frequency) to reach steady-state from “cold” start with the

system fully loaded. Figure 3.15 shows the corresponding capacitor current.
3.9 Experimental Verification

An experimental module of the proposed three-phase UPS system shown in Fig. 3.10
was constructed in the laboratory. The input DC source was obtained from a read-
ily available power supply which employed a three-phase half-bridge rectifier with a
second-order filter at its output. An external DC capacitor was employed at the out-
put of the DC power supply to ensure a stable DC voltage at the input of the inverter.
To prevent shoot-through faults, a dead-time interval of 10 usec was introduced when
switching from an upper to lower device or vice verse in the same inverter leg. The
details of the control circuit used to generate the dead-time interval are provided in
Appendix A.

Figure 3.16 shows the experimental waveforms of the three-phase line-to-neutral
load voltage. The load voltage is nearly perfect sinusoid with a THD of 1.9%.
Figure 3.17 shows the three-phase capacitor current waveforms. The current wave-
forms were measured using a clamp-on meter with a scaling factor of one milli-volt
per one ampere output.

Figure 3.18 shows the transient response of the load voltage from “cold” start
to full load with the system fully loaded. The figure shows that the system takes

approximately one-cycle to reach steady state. The dynamic response of the system
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Figure 3.15: Simulation waveforms of the three-phase capacitor currents
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Figure 3.16: Experimental waveforms of the load voltage (line-to-neutral): (i) upper
trace: phase a, lower trace: phase b, (ii) upper trace: phase a, lower trace: phase c.
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Figure 3.17: Experimental waveforms of the capacitor currents: (i) upper trace: phase
a, lower trace: phase b, (ii) upper trace: phase a, lower trace: phase ¢
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Figure 3.18: Experimental waveforms of transient response of the load voltage: (i)
upper trace: phase a, lower trace: phase b, (ii) upper trace: phase a, lower trace:
phase ¢
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for 100% step change in the load is depicted in Fig. 3.19. The step change in load
was carried out by connecting a three-phase bidirectional static switches between the
load and the UPS system. Figure 3.19 shows that the sudden application of the load

results in little effect on the capacitor voltage.
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Figure 3.19: Experimental waveforms of transient response of the load voltage: upper
trace: load voltage of phase a, lower trace: load current of phase a

Table 3.1 preseats the peak values of the 60 Hz p ts of the AC quantities of

the UPS system as measur-:d from the practical circuit along with their predicted val-
ues obtained from Eqs. (3.65) to (3.70). The table shows that both the experimental

and predicted values of the low-frequency model are in close agreement.



Table 3.1: Experimental verification of the steady-state values of the low-frequency
model

Z;=17.0 Q at 0.75 pf lagging | Z;=12.0 Q at unity pf lagging
Experimental | Predicted | Experimental Predicted
I; (Amps.) 2.38 2.46 5.32 5.45
V. (volts) 57.78 59.80 57.39 59.69
I. (Amps.) 2.07 2.24 2.16 2.25
I; (Amps.) 3.38 3.51 4.82 4.97

3.10 Summary

The performance of the three-phase U”S system using the proposed control scheme
was investigated. First, a general model of the three-phase UPS power circui<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>