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ABSTRACT

AN ON-LINE UPS WITH IMPROVED INPUT-OUTPUT CHARACTERISTICS

Yu Lin

Standard uninterruptible power supply (UPS) systems are connected in series
between the ac mains and the critical load. A phase controlled rectifier feeds a battery-
supported dc bus and an inverter supplies the load. These systems require two conversion
stages thus reducing operating efficiency. Moreover, input power factor is poor and large
harmonic currents are injected into the ac mains. The proposed topology overcomes these
drawbacks by placing the inverter-battery subsystem in shunt between the ac mains and
the load. The battery is charged through the inverter dc bus. In normal operation, the ac
mains feeds the load directly, and the inverter supplies only the amount of reactive power
required to regulate the load voltage and to maintain the power factor very close to unity.
When the ac mains fails, the solid state breakers, which connect ac mains to the load, open
automatically, and the load is supplied by the battery, through the inverter. The proposed
system has the following advantages : a near unity power factor, reduced line current
harmonics and higher efficiency. Furthermore, unlike other proposed one conversion stage
UPS systems, the proposed structure has the capability of automatic compensation for line
or load unbalance. The thesis presents a complete analysis of both the steady state
operations and the dynamic performances of the proposed system, with simulation and

experimental verifications
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Today, critical equipments, such as computers and communication equipments, are
playing more and more important role in the social economic activities Their malfunction
or shutdown could result in considerable losses. For example, one interruption of a daily
transfer of funds from a bank to the Federal Reserve (in U.S A.) because of a power
disturbance to the bank's computer can cost the bank in loss of interest more than the
uninterruptible power supply designed to prevent the problem Meanwhile, the critical
equipinents are considerably more sensitive to power quality than that of the past [1].
They require very clean and continuous power supply to guarantee their sound operation
[2]. However, the commercial power sources are often polluted by many types of power
disturbances that come from the load environment. For example, rectifier fed dc motors
inject harmonic currents into the ac mains; the start or the stop of high power machines
causes the temporary line undervoltage or line overvoltage. Moreover, ac mains
interruption could happen at any time due to some unpredictable causcs Therefore, the
critical equipments require proper designed power conditioners to protect them [3] [4]

Although there are various power conditioners available, many of them address
only certain types of power disturbances. They cannot satisfy the requirements of the
critical equipments that are very sensitive to the power waveform Fortunatcly,
uninterruptible power supplies (UPSs) have the capability of providing the load with clean
and continuous power, and are therefore widely used.

The characteristics of the UPSs depend upon their topologies and their control




systems [5]. The increasingly stringent requirements of power quality have motivated the

development of high performance UPSs.
1.2 Power quality problems and solutions

1.2.1 Power quality problems

A major study of U.S. commercial ac power by Bell Telephone laboratories has
found that over 100 disturbances occurred per year on the average. A study by General
Electricity suggests that a major disturbance occurs once per day on the average. Another
major study by the Institute of Electrical and Electronic Engineers has also discovered that
about 100 to 1000 spike/surges related disturbances are recorded each year [6).

Basically, power disturbances are classified into three types [6], Fig. 1.1.

Type I disturbances include spike and noise. Typically they come from lighting or
power network switching.

Type 1I disturbances are momentary undervoltage or overvoltage. They occur in
the events of power system failure, large load change and utility equipment malfunction.

Type III disturbances concern sustained undervoltage, brownout and blackout.
The causes of them may be overload, power system failure, extreme unacceptable load
change and severe equipment malfunction.

Depending on their severity, the disturbances may cause malfunction, shutdown, or

damage on the equipments.



Normal Spike Noise Normal
(a)
Normal Surge Sag Normal
(b)
Normal Brownout Blackout Normal
N
() A

Fig. 1.1 Types of power disturbances
(a) Type I disturbances.
(b) Type II disturbances
(c) Type III disturbances.



1.2.2 Power cenditioners

A range of power conditioning equipments has been used to overcome the
problems associated with power disturbances. Most of the conditioners, however, have
limited protection abilities. They can only protect the load from certain types of power
disturbances A brief introduction to these equipments in the following illustrates the
effectiveness of their solutions to the various potential power quality problems.

a) Transient suppressors

They are low cost, small size devices. They can absorb or clamp transient voltage
spikes Some transient suppressors, like lightning arrestors, have also the function to lower
the transient energy to an acceptable level. Most of the expensive power conditioners,
such as line voltage regulators, static switches and UPSs, have these devices built in.

b) Filiers

They are used to reduce electromagnetic interference (EMI) and/or radiofrequency
interference (RFI). Because of the small size and low cost, they are built into a lot of
electrical equipments and other expensive power conditioners .

c) Isolation transformers

They provide galvanic isolation between input circuit and output circuit. Because
of the isolation, they have spike attenuation function. In addition, they are capable of
eliminating the common-mode noise problem that is induced through the "ground loop"
[6).

d) Voltage regulators

Voltage regulators have the ability to provide the load with a constant voltage
regardless the variations of the source voltage. Several solid-state techniques have been
developed in recent years to achieve a fast load voltage regulation responding to the input
voltage variations. The abilities of voltage regulators to reduce spikes, noises and surges,

however, are limited and to a large extent depend upon their design.



e) Motor generators

Motor generators had been widely used before the static power conversion
equipments were introduced. They consist of an electric motor driving an ac generator so
that the load is electrically isolated from the power line. However, because of the low
efficiency, large weight/power ratio, and regular maintenance, they have been replaced by
other types of conditioners.
h Uniterruptible power supplies (UPSs)

Properly designed UPSs can protect the load completely from any type of power
disturbances. Today, UPSs make full use of the advantages from the properties of the fast-
speed solid-state semiconductors and modern control techniques to achieve high

performances. For critical equipments, UPSs are the best solution.

1.3  Solid state UPS systems

1.3.1 Configurations

Basically, there are three general configurations of solid state UPS systems [6],
Fig. 1.2, namely :

-- line preferred UPS,

-- inverter preferred UPS, and

-- line interactive UPS.




Power
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Fig. 1.2 Basic UPS configurations.
(a) Line preferred UPS.

(b) Inverter preerred UPS.

(c) Line interactive UPS.



a) Line preferred UPS

A line preferred UPS comprises a rectifier, an inverter, a battery and a static
transfer switch, Fig 1.2(a). In the normal operating conditions, the load is powered by the
incoming line directly through the transfer switch. The rectifier is floating - charging the
battery and energizing the inverter. In the case of ac mains failure, the static switch
transfers the ioad to the phase - synchronized static inverter, which continues powering
with the energy stored in the battery. The transfer delay is so small that the phase
distortion is avoided [7]. After ac mains resumes, the load is switched back to the line
without phase discontinuity. The main advantage of line preferred UPS is the high
operating efficiency due to the small rectifier charging current. However, a line preferred
UPS can not isolate the load completely from the line distuibances and is therefore used
mainly for the less waveform-sensitive load. Furthermore, without additional device, a line
preferred UPS can attenuate neither the harmonic current generated by a nonlinear load
nor the negative sequence current caused by an unbalanced load. For the sake of
protecting utility environment, it is suitable only for the linear and balanced load
b) Inverter preferred UPS

An inverter preferred UPS is the same as a line preferred UPS in the elecrrical
structure, Fig. 1.2(b). They differ in their operation modes. In the normal operating
conditions, the inverter preferred UPS powers the load through the inverter. The rectifier
continuously provides the sum of the real power required by the load and the battery
recharge. In the case of maintenance or component failure, the load is transferred
automatically by the static switch to the line without phase discontinuity. Since the
inverter isolates the load from the ac mains completely, no power disturbances can affect
the load. For this reason, the inverter preferred UPS is essentially the standard

configuration for the critical and waveform sensitive equipment.




c) Line interactive UPS

A line interactive UPS uses only one converter to realize the functions of both
rectification and inversion. Consequently, the size of the whole system is reduced, Fig.
1.2(c). In the normal operating conditions, the load is connected to the ac mains through
the link reactor; and the converter functions as a rectifier floating - charging the battery.
When ac mains fails, the solid state breaker cuts off the line and the converter operates as
a voltage source inverter supplying the load with the energy from the battery.

Line interactive UPS is further classified into series processing inverter system and

parallel processing inverter system depending on how the inverter is connected, Fig. 1.3.

@,___rvm__. Load

Battery Inverter
AC Mains L
@___NYY\ Load
®)
Battery Inverter

Fig. 1.3 Classification of the line interactive UPS.
(a) Series processing inverter system.

(b) Parallel processing inverter system.



1.3.2 Inverters
To a large extent, the characteristics of UPSs depend on their inverters. Four basic
types of inverters are widely used today, namely,

-- square wave inverter;

quasi square wave inverter,

stepped wave inverter; and

pulse width modulated (PWM) inverter.

A square wave inverter comprises an elementary power stage and a ferro-resonant
constant voltage transformer that accomplishes voltage regulation, current limitation and
filtering, Fig. 1.4. The output voltage waveform is square wave. This type of inverter is
the simplest one. However, because of its poor dynamic response, poor efficiency, short
magnetic life and large output harmonics, at the present, the application of square wave

inverter is generally limited to small power ratings (less than 2 kVA).

CVT PRIMARY
N gp— T [} VOLTAGE
- STAGE | L

I © . OUTPUT

4

CONTROL

Fig. 1.4 Square wave inverter.

A quasi square wave inverter is essentially a pulse width controlled square wave
(quasi) inverter, Fig. 1.5. A nonlinear control system regulates the phase width and an

output filter filters out the unwanted harmonics to obtain a sine wave. Control simplicity is
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its advantage. Its disadvantages include poor dynamic response and large magnetic

components. It is hence used mainly for the loads that can tolerate harmonics (e.g.

emergency lighting).
L Tl
+ O
— POWER _L
- STAGE I I T ~ OUTPUT
1 O
+ ! PRIMARY
; ; VOLTAGE
i |
: FEEDBACK i
CONTROL ‘— ————————————————— -t

Fig. 1.5 Quasi square wave inverter.

A stepped wave inverter is similar to a quasi square wave inverter except that two
or more power stages are combined to produce a primary waveform which approximates
sine wave in steps, Fig. 1.6. This type of inverter gives a moderate dynamic response.
However, it regulates the output voltage by means of a nonlinear control loop and its
output wave shape is determined mainly by a sophisticated output filter. Today it is

generally used for large kVA sizes (i.e. above 75 kVA).

T .
* POWER
. STAGE

-5

' - == OUTPUT
po——— T - PRIMARY
! T2 | T VOLTAGE
| POWER | = 5
I { STAGE I . | =
! T
T |
-1 i

FEEDBACK |

CONTROL [¢ ——=—=—===—=——

Fig. 1.6 Stepped wave inverter.
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A pulse width modulation (PWM) inverter contains a modulation process
performed on shaping the inverter ac voltage waveform, Fig. 1.7. It represents the most
modern development in the inverter technology. It can provide the best voltage regulation
and dynamic performance. Because of its unique capability, it has become the most

common selection for various types of UPSs.

L Tl

+ POWER
- —_— STAGE T

Fig. 1.7 PWM inverter.

Diverse PWM technologies have been developed, the most common one using the
carrier type. With the carrier PWM technique, the low order harmonics of the output
voltage are eliminated. The high frequency harmonics of the output voltage are lumped
around the multiples of the carrier frequency and can be easily filtered out by a simple low
pass filter. Moreover, such type of PWM technique allows the output wave shaping to be

carried out through linear feedback loops.
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1.4 Literature survey

1.4.1 Developments in UPS topologies

Traditional UPSs use the inverter preferred configuration. They provide full
isolation and power conditioning. However, the rectifier of the system behaves as a
nonlinear load to the ac mains It injects harmonics into ac mains, thus polluting the power
system. Moreover, the power factor of the system is usually low because of the rectifier
characteristics

One solution of reducing harmonic distortion is to use an additional ac filter. The
design of the filter was discussed in [8]. However, the additional component of the ac
filter increases not only the total price but also the weight / power ratio of the system.

With the development of high - speed semiconductor devices, diverse types of
controlled rectifiers have been used to attenuate the harmonics and correct the power
factor. A UPS system using a high - frequency switch mode rectifier was presented in [9].
Through the controlled rectifier, an ac line current with higher power factor and low
harmonic distortion was obtained. Also, a three - phase 200 kVA UPS with insulated gate
bipolar transistors (IGBT) was studied in [10]. In this system, a controlled charger is used.
The charger uses IGBTSs that operate at a switching frequency approximately ten times
higher than that of the conventional converter. The experimental results show that the ac
input current is almost distortion - free ( wave distortion factor is 2.4% ) and the power
factor is high (0.99). However, since the controlled rectifier must supply the full load real
current, the operating efficiency of the system is low. Furthermore, if there is no isolation
transformer provided in the ac input of the charger, high level switching surges will appear
between the inverter output lines and the neutral. Thus an isolation transformer is required

between the inverter output and the load to avoid the surge interference, Fig. 1.8 [11].
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Fig. 1.8 Conventional UPS configuration (with isolation transformer).

In order to improve the system efficiency, a chargerless UPS using multi-functional
inverter was proposed in [11]. An inverter is connected in shunt between the ac mains and
the load through a L - C filter, Fig. 1.9. A solid state breaker is used to break the ac mains
in the case of line failure. In the normal operating conditions, the ac mains supports the
load directly and floating - charge the battery through the inverter. Since the converter
doesn't provide the real power of the load in the normal operating conditions, the
efficiency of the system is high. Furthermore, because the dc link is floating from the
neutral, one line of the inverter output can be connected to the grounded line of the ac
mains; and a clean output containing no switching surges can be obtained without
additional isolation transformer. However, this topology could neither realize load voltage

regulation nor isolate the load from the line disturbances.

Interrupter
40
Utility Output
o 0
Inverter
[____ e Y'Y Y ¢
Bat - .:I:

Fig. 1.9 A chargerless UPS configuration.
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Another approach of improving the UPS efficiency was reported in [12], Fig. 1.10.
A link reactor is added between the ac mains and the load. The load voltage can be
regulated by means of the control of the reactive power supplied by the inverter. With a
complicated control system, the inverter output instantaneous current and voltage are
controlled, and a balanced sinusoidal line current is obtained even under the condition of

nonlinear load, unbalanced load or sudden load change.

Electronic
Utility Switch Link
LYY
==
LYY\
Battery Inverter

F kF Lo
Filter

[
. - "

Fig. 1.10 The configuration of a parallel processing inverter system.

1.4.2 Improvements on the inverters

Since the inverter is the most important component of the UPS system, a great
deal of studies has been focused on improving the inverter performance.

A paper describing optimum voltage and harmonic control PWM techniques for
three phase static UPS was presented in [13]. In this paper, several PWM techniques

suitable for three phase static UPSs are analyzed and evaluated. Optimum techniques are
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subsequently selected on the basis of the low order harmonic attenuation capability
associated with each technique.

State feedback output deadbeat control is an approach to achieve low total
harmonic distortion (THD) in the output voltages of PWM inverters [14] [15] [16]. With
the applications of microprocessor and digital control technique, the inverter output
voltage waveform is shaped. An interesting work has been done in [14] where a modified
algorithm of the PWM inverter deadbeat control suitable for UPS systems was presented
The experimental results in the paper show that the inverter output voltages contain very
small harmonic components.

Another interesting issue is the low output impedance UPS system for nonlinear
critical loads [17] [18]. Theoretically, zero output impedance inverter stages provide
balanced output voltage independent of the load condition. A qualitative classification of a
variety of nonlinear and unbalanced loads was presented in [17]. A topology of a three
phase high power inverter with low impedance output characteristic was also presented in
the paper.

The previous work was conducted in the range of developing new topology and
new control technique of the UPS system. Following the trend, this thesis proposes a

topology of line interactive UPS system to improve the input - output characteristics.

1.5 Scepe and objectives

In existing line interactive UPS system [12], Fig 1.10, the compensation of
unbalanced load and the elimination of harmonic injection can not be realized by the
inverter itself and have to be accomplished through control loops. Therefore, the control
system is complicated. Moreover, the capabilities to compensate unbalance and to reject
harmonics are limited, especially for the large power rating systems

In order to overcome the main drawbacks of the existing line interactive UPS, a

new topology, as shown in Fig. 1.11, is presented, analyzed and verified with simulation
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and experimental results in this thesis. The proposed topology itself possesses the
capabilities of unbalance compensation and harmonic absorption. The complicated control
loops applied in [12] are replaced by simpler loops. The design considerations and the
system moa-=ling are also illustrated and verified. In particular, the main objectives of this
thesis are :

I) To analyze and verify the feasibility of a parallel processing inverter topology
with the characteristics of near unity power factor, low harmonic distortion,
high efficiency, and line/load unbalance compensation.

II) To derive dynamic models, which can be used both to design regulators and to
analyze the effect of the parameter variations on the system performance.

IIT) To present the design equations for both the power component ratings and the

feedback loop parameters.

Solid Link Output
breaker reactor filter

AC I AC
mains e

_C# . o load

Battery filter

1
L

Inverter

mim

Fig. 1.11 Topology of the proposed UPS system.
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1.6  Thesis outline

The content of the thesis is organized as follows:

In Chapter 2, a topology of line interactive UPS system is presented. The
principles of the system steady state operation with the characteristics of load voltage
regulation, power factor correction, harmonic elimination, and line / load unbalance
compensation are described. Based on the predicted operating characteristics, design
equations for the circuit component ratings are derived and a design example is given.

The steady state operations of the circuit designed in Chapter 2 are simulated with
SPICE to validate the design equations. A 5 kVA, 208V prototype is set up to confirm the
simulation results.

In Chapter 3, the control scheme employed in the proposed UPS system is
introduced. An example of the control system design is carried out based on the predicted
system performance.

Chapter 4 provides simulation and experimental results to confirm the system
transient responses predicted in Chapter 3.

In Chapter 5, the summary and the conclusions of the thesis are made. The further

works related to the thesis are suggested.




CHAPTER 2

OPERATION PRINCIPLES AND POWER CIRCUIT DESIGN

2.1 Introduction

A new topology of UPS system is presented in this chapter [20]. The new
topology uses an inverter connected in shunt between the ac mains and the load, Fig. 1.11.
The battery defines the inverter dc bus. Under normal operation, the ac mains feeds the
load directly. The inverter supplies only the small amount of reactive power required to
maintain the power factor close to unity and to regulate the load voltage. When the ac
mains fails, transfer of power is automatic with the load being supplied from the battery
fed inverter. The proposed system has the advantages of a near unity power factor, smaller
line current harmonics and higher efficiency.

The proposed topology differs from the existing parallel processing inverter system
(Fig. 1.10) in the position of the load filter so that the unbalance compensation and the
harmonic absorption can be accomplished automatically by the inverter.

The single phase equivalent circuit for normal operation, the equivalent circuit for
the negative sequence components, and the equivalent circuit for harmonic components
are used in this chapter to illustrate the input - output characteristics of the proposed
system. Based on the objectives of the operating characteristics, the power circuit design

equations are derived and a design example is processed.
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2.2 Power circuit components and connection

The power circuit of the proposed UPS system can be divided into three sections -
the three-phase ac section, the three-phase voltage source inverter, and the dc section,
Fig. 2.1.

In the three-phase ac section, the following components are used for each phase

-~ two solid state breakers,

-~ alink reactor, L,, and

-~ asecond order load filter L,, C,.

In order to eliminate the triplen harmonics, the load filter capacitors are connected
inY.

The dc part consists of the following components :

-- asecond order low pass filter L., C,, and

-- a battery.

For each phase, two solid state breakers are connected back to back as a
bidirectional switch between ac mains and the other part of the system. The ac terminals of
the inverter are connected to the ac mains through the link reactors, and to the three phase
load through the load filters. The dc terminals of the inverter are connected to the battery

through a filter.
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Fig. 2.1 Power circuit of the proposed UPS topology.
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2.3 Principles of the steady state operation

Under normal conditions, the solid state line breakers are closed and the ac mains
supplies the real power to the load directly (Mode I). The single phase equivalent circuit
for the fundamental frequency is shown in Fig. 2.2. The amplitude of the inverter voltage
V; is determined by both the type of the PWM pattern used and the dc bus voltage defined
by the battery. V; can be adjusted independently of the ac mains voltage, which is assumed
to vary over a typical range of 90% to 110% (+ 10% [1]). Furthermore, the phase angle &
between the ac mains voltage V; and the inverter output voltage V; is determined by the
voltage drop across the link reactor. Thus, with the sresent of the link reactor, the inverter
can be used to perform both load voltage regulation and load power factor correction.

The vector diagrams associated with steady state operations are shown in Fig. 2.3
with an assumption that the voltage drop in the load filter L, is neglected for the sake of
simplification. The load voltage V; is then equal to the fundamental component of the
inverter output voltage V.

When ac mains fails, the solid state breakers are opened and the inverter continues

to supply the Inad for a period of time defined by the battery capacity (Mode II).

R
()
/
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Fig. 2.2 Single phase equivalent circuit for normal operation.
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Fig. 2.3 Generalized phasor diagram for inductive load compensation.
(a) Rated ac mains voltage.
(b) 90% rated ac mains voltage.
(c) 110% rated ac mains voltage.
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2.3.1 Power factor control

Since in steady state operation, the amplitude of the inverter output voltages are
fixed by the battery voltage and the PWM patterns [21], the power transmission of the
system from ac mains to the load can be represented by Fig. 2.4. The load angle 6 is

determined by the real power transferred to the load and is obtained from

p=YY gng @1
Ll

Because the link reactor X;; is usually small (0.3 pu max.), the load angle & is
small under rated load conditions (in the range of 15° or less). The ac mains is assumed to
be at the rated value and the inverter voltage is adjusted to this value (Fig 2.3(a)) The
power factor, given by cos(6/2), is therefore very close to unity (0.98 or higher). Thus,
adjusting the amplitude of the fundamental component of the inverter output voltage to
that of the ac mains results in nearly unity overall power factor, the reactive power being

supplied by the inverter.

v, v,
K= |
Sans | &
AC source inverter

Fig. 2.4 Equivalent circuit, per phase, of UPS system, for power transmission analysis.
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2.3.2 Load voltage regulation

It is assumed that the amplitude of the fundamental component of the inverter
output voltage is kept close to the rated ac mains voltage, in order to regulate the load
voltage. The consequences of variations in the ac mains voltage are illustrated in Figs.
2.3(b) and 2.3(c). The inverter supplies more reactive power {for undervoltage) or less
reactive power (for overvoltage) required to regulate the load voltage [22]. However,
power factor decreases as the ac mains variation increases.

The range of the inverter reactive current required to regulate the load voltage is
illustrated in Fig. 2.5. This gives the inverter kVA requirement in the normal operating

conditions.

Full Load (PF =0.8)

Full Load (PF =0)

No d 0.5

0.1 -0.05 0

S I S W N O N | I}IIIJIIII’V

0.5

Fig. 2.5 Required reactive power against ac mains voltage variations.
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2.3.3 Load and line harmonic absorption

For standard PWM patterns, the inverter output voltage presents a harmonic
spectrum containing the fundamental frequency component and higher order harmonics,
which are lumped around multiples of the inverter switching frequency [23]. For all other
harmonics, it presents a short-circuit (Fig. 2.6). Therefore, all load harmonics, particularly
low frequency components, are absorbed by the inverter and do not propagate into the ac

mains. The same applies to line harmonics, if they exist.

ix
L2 Y1k

Inverter X

\
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-/
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»

Fig. 2.6 Single phase equivalent circuit for load harmonic components.

Furthermore, since the PWM patterns of the three phase inverter are balanced, the
inverter output voltages are sets of balanced three-phase wvoltages (positive sequence
only). Therefore, the inverter behaves as a short circuit for all negative sequence voltage
components appearing across its terminals, Fig. 2.7. As a consequence, the load voltages
are balanced, even with an unbalanced ac mains. Conversely, an unbalanced load does not

result, on the ac mains, in unbalanced line current.
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Fig. 2.7 The equivalent circuit for the negative sequence components of ac mains and load.

However, negative sequence voltage components appear entirely across the line
reactor L in the case of ac mains unbalance. Therefore, the design considerations for the
reactor must include limiting the negative sequence currents, in addition to attenuating the
harmonic currents injected into the ac mains [24]. In case of unbalance load condition, the
capacity of bearing negative sequence currents should also be taken into consideration of
designing the load L-C filter.

Finally, in all cases, negative sequence currents will pass through the inverter, and
mainly through the dc filter capacitor. These additional second order harmonic
components increase the dc bus ripple and must be taken into account in the design of the

capacitor [24].



2.3.4 PWM pattern

Most PWM patterns for voltage source inverters are suitable for UPS applications
Some offer advantages, due to the limited range of modulation index used These can be
of the carrier or the programmed types.

The advantages of the PWM techniques include the following [25] :

a) No low order harmonic components are contained in the inverter ac voltages.

b) The inverter output voltages are balanced. The inverter appears as a short

circuit for negative sequence currents.

The carrier type PWM, offers additional advantage in that all the high order
harmonics are lumped around the multiples of the carrier frequency, which : . usually
much higher than the fundamental frequency, and can be filtered out by a small size filter

In this thesis, a standard sine PWM carrier technique is used

A standard sine PWM pattern is generated by comparing a modulation sine wave
with a triangular carrier wave, Fig. 2.8(a). The peak to peak value of the triangular carrier
wave is 2 pu. The amplitude of the modulation sine wave is defined as the modulation
index, M, which determines the amplitude of the fundamental component of the PWM
pattern, Fig. 2.8(a). The phase angle of the modulation sine wave is called the phase shift
angle, 8, which determines the phase angle of the fundamental component of the PWM

pattern, Fig. 2.8(a).
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Fig. 2.8 Standard sine PWM pattern.
(a) Trangular carrier wave (f; = 2160 Hz) and modulation sine wave (M= 0.9, § = 300),

(b) PWM pattern and its fundamental component.

(c) Frequency spectrum of the PWM pattern (f, = fundamental frequency).



2.3.5 Filtering

The inverter output voltage contains high order harmonics that are filtered out by
means of the following, Fig. 2.9

-- afirst order filter, reactor L;, on the line side,

-- asecond order filter, L, - C,, on the load side.

For a given total voltage or current harmonic distortion, the size of the reactive

components, decreases as the inverter switching frequency increases.

VXL JKX L, Ik
~ . A .
ACMain 11, Inverter ZVik =t ’;;cz Zy, Loud

Fig. 2.9 Single phase equivalent circuit for inverter harmonic components.

2.4  Power circuit design
The design of the power circuit is based on the following assumptions :
a) the three ac mains voltages are balanced,
b) the three-phase load is balanced and linear,
c) theinverter switches are ideal,
d) the filter components are purely reactive and linear;
e) the dc bus voltage is ripple-free;

f) theinverter uses a sine PWM switching pattern.
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Base values are as follows :
a) Vpase =V, , the rated value of the ac mains line-to-neutral voltage;

b) Ipase =1, , the rated value of the fundamental component of the ac mains line

current.

€) fpase =60 Hz.

The standard to evaluate the harmonics of a waveform is the total harmonic
distortion [25], which is defined as the percentage ratio of the equivalent root mean square

value ( RMS ) of all the harmonic components to the RMS value of the fundamental

component. That is,

THD= - |5 42 .100% 2.2)
A] k=2 k B

where, £ is the order of the harmonic, A, is the amplitude of the kth harmonic component,

and 4 the amplitude of the fundamental component.

2.4.1 Line reactor design

The reactor is chosen on the basis of the total harmonic distortion of the current
flowing through the ac mains : it has to be less than a value specified by documented
codes and standards [32] [26]. Since no second or triplen order harmonics exist in the

balanced sine PWM patterns, this distortion factor is given Uy,

THD, =1 | $ I2, -100% (2.3)
LigViss "

where the current harmonics /; ; are the result of the inverter harmonic voltages V; 4, as
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shown in Fig. 2.9, and are given by

I
I, =tk (2.4)
kX,
Therefore,
THD =-1— § .ii_ 2.]()0% (’) g)
TV iss\ kX )

The inverter voltage harmonics are defined by the PWM pattern and can be
obtained, by simulation, from the frequency spectrum of the inverter ac voltage.

The negative sequence current component is considered in designing the reactive
power rating of the reactor.

The reactive power rating of the reactor is given by

Oxr1= X 1)1}, (1+ THD;))? (2.6)

2.4.2 Load filter design
The purpose of the load filter is to reduce the harmonic content of the load voltage
and current resulting from the inverter operation. The effect of the sevond order filter, L -
C, (Fig. 2.9), depends upon the load impedance. The design criteria are to reduce the total
harmonic distortion of the load current, THD,; and of the voltage, 7HD,;, below
specified values (typically 1% and 5% respectively, [32]), under rated load conditions.
Assuming that the load can be represented by an equivalent (R, X ) series circuit,

the harmonic components of the current propagating the filter reactor are given by

ViiXea

= 2.7)
L.k 2 . 3 (
(XC2RL -k XL2RL) + J(kXLzXcz XX+ kXLXCJ

I
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where V, , is defined by the PWM used.

The total harmonic distortion THD,; is obtained from

e o]
THD, =—— |3 I? , -100% 2.8)
‘ 1 - ,

L, Vk=5

The harmonic components of the load voltage are given by
= 2 242
VL,k"]L,k Ri +k*X;] (2.9)
and the total harmonic distortion is obtained from

1 «©
THD,;, =5—.| VE i -100% (2.10)

L1 Yk=$5

The kV A rating of the reactor is given by an equation similar to (2.6) and the kVA

rating of the capacitor by

V2 (1+THD?)
L,1 vl (2'11)

QXC2 = XCZ

2.43 DC bus filter design
The dc bus voltage consists of high frequency harmonics. In order to protect the
battery, a second order low pass filter Cy, - Ly, (Fig. 2.10) is designed. Moreover, the

capacitor Cy4. also functions as a dc bus voltage regulator; and L;. as a limiter to the
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battery charging current.

WX ae Tpdek
IWY\ P

1 _L . A'Cdc‘

Lnverter lack  ldek| T~ Battery

Fig. 2.10 Equivalent circuit of the dc bus for harmonic components.

The design of the dc bus filter is carried out based on the consideration of reducing
the dc bus voltage ripple factor k, and the battery current ripple factor &, below specified

limits (typically 1% and 5% respectively, [32]). The ripple factors are given by

by =3 zVM -100% (212)
dc
1
bi=7- zIdek -100% (2.13)
where
kX 1 10X
Vito = e, e Cle (214)
Xede—k“ X e
2
k“X g

Trdck = ldck— (2.15)

k Xde"XCdc

with w, = system frequency
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The dc current ripples /1 4. 4 are determined by the voltage source inverter and can

be obtained, by simulation, from frequency spectrum of the dc bus current.

2.4.4 Inverter rating

The inverter is rated for the worst operating conditions. This occurs when it
supplies the load in the case of ac mains failure. Under normal conditions, the inverter only
supplies reactive current that never exceed the rated load current (see Fig. 2.6). Standard

inverter design principles therefore apply; that is, the inverter is rated for rated load [26).

2.4.5 Design example

The design equations derived above are applied to a 5 kVA, 208 V system. The
load has a typical power factor of 0.8 (lagging). The battery voltage is 384 V [33]. The
sine PWM with a carrier frequency of 2160 Hz and a modulation index of 0.9 is used in
the example. The harmonic distortion factors THD,;, THD;;, and THD,,; are chosen as
5%, 1% and 5%, [32]. The ripple factors k,, and ; are 1% and 5% respectively [32].

The harmonic components of the voltage waveform (line to line) associated with
the switching pattern are listed in Table 2.1. The table can be used to calculate the inverter

harmonic voltages V', ;.
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Table 2.1
Frequency Spectrum Of The Voltage (Line to Line)
Waveform Associated With The Switching Pattern

(Modulation Index M = 0.9, Switching Frequency = 36 pu)

Order Amplitude Order Amplitude

k (percentage) k (percentage)
1 100 110 14

34 29.7 112 14.7

38 29.7 139 12

|7 28.3 143 12

73 28.3 145 12

104 14.7 149 12

106 14

The link reactor data, which are listed in Table 2.2, are obtained from the design
equations (2.3) to (2.6). In the normal operating conditions, the voltage drop across the
reactor is 0.3 pu (equals X} 1)- From Fig. 2.3(a), it is obviously that the angle & is 0.3

radian and the system power factor 0.989.

Table. 2.2
Design Data Of The Link Reactor

X1 (pu) Qv (pu) THD,,
0.3 033 4.4%
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With equations (2.7) to (2.11), the second order load filter are designed, as the
data listed in Table 2.3. In order to avoid the filter resonance, the resonant frequency of
the filter (600 Hz) is designed much lower than that of the lowest order harmonic in Table
2.1, Fig. 2.11.

Table 2.3

Designed Data Of Load Filter
( For Rated Load Power (1 pu) And Rated Load Power Factor (0.8, lagging) )

Xpa(w) | Ovio(pu) | Xeo(puw) | Oveo(pu) | THDy; THD,;

01 0.12 10 0.11 0.2% 4%
40db
20db
0db
-20db \
-40db —

0 5 10 15 20 25 30 35 40

Frequency (pu)

Fig. 2.11 Frequency response of the load filter.
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Table 2.4 shows the harmonic amplitudes of the dc bus current associated with the

switching pattern used. The table can be used to calculate I} 4. ;.

Table 2.4

The Harmonic Amplitudes Of The DC Bus Current
Associated With The PWM Pattern Used

Harmonic Amplitude Harmonic Amplitude

Order (percentage) Order (percentage)
DC 100 150 370
33 420 210 160
39 820 222 234
105 490 243 169
111 670 261 250
138 240
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Table 2.5 lists the design data of the dc bus filter, which are calculated from the
equations (2.12) to (2.16). The resonant frequency of the filter (150 Hz) is designed far

away from the harmonic frequency range in Table 2.4 to eliminate the resonant possibility.

Table 2.5

Designed Data Of The DC Bus Filter
Associated With The PWM Pattern Used

Xege (pw) | Ovege (pu) X14c (pu) Oxr4. (pu) k; k,
1.54 0.65 0.25 0.27 4.1% 0.2%

30db
20db

10db
-0db

-10db

-20db

-30db !
0 2 4 6 8 10

Frequency (pu)

Fig. 2 12 Frequency response of the dc bus filter.
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Table 2.6 lists the inverter ratings coming from the standard design principles.

Table 2.6

Voltage Source Inverter Switch Rating (pu)

Peak RMS Peak Forward Peak Reverse
Current Current Blocking Vol. Blocking Vol.
1.5 1.0 4.5 45

2.5 Conclusions

A new UPS configuration is proposed in this chapter. The general operating
principles and the steady state input-output characteristics are discussed Also, the power
component design considerations and a design example are given.

The theoretical analyses predict that the proposed topology (as illustrated in the
design example) provides the load with a regulated load voltage containing very low
harmonic components (THD;; is less than 1% and THD,; less than 5%). Because the
inverter compensates the reactive power required by the load, the power factor of the
system is high (0.989). The inverter can also absorb the harmonics generated by a
nonlinear load so that the ac mains line current is harmonic-free (7THD,;, is less than 5%)
Moreover, the efficiency of the system is high since the inverter does not supply real
power to the load. Because of this advantage, the battery energy does not change
Consequently, the dc bus voltage and ['.e battery charging current arc ripple-free (£, and 4,

are less than 1% and 5% respectively).




CHAPTER 3
STEADY STATE OPERATION

3.1 Introduction

In order to confirm the predicted advantages of the proposed configurations, and
to verify the derived power circuit design equations, the proposed UPS system using the
data designed in Chapter 2, is simulated using SPICE [31]. The simulation results are
provided for the system under the following conditions :

1) normal operating conditions,

2) fluctuations in the ac mains voltage,

3) nonlinear load or nonlinear ac mains,

4) unbalanced load or unbalariced ac mains, and

5) ac mains sudden failure.

The selected simulation results are verified with an experimental 5kVA, 208V

prototype.

3.2  Normal operation

For the convenience of analysis, a simulation is carried out under the ac mains with
the following assumptions :

1) the ac mains line to neutral voltage V; = 1/v2 pu;

2) the ac mains line current /; = 1/¥/2 pu.

With the assumptions, the amplitude of the ac mains voltage and line current is 1
and the comparison of waveforms becomes easy.

Under the normal operating conditions, the simulation results shown in Figs. 3.1 to
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3.3 verify the main design considerations and equations; that is :

an inverter output line to line voltage with harmonics lumping around the
multiple of the carrier frequency, Fig. 3.1.

a near unity power factor (0.989, Fig. 3.2(a));

very low line current harmonic distortion (less than 5%, Fig. 3.2(b) );

very low harmonic distortion in the load voltage and the load current (less than
5% and 1% respectively, Fig. 3.3(b) and Fig. 3...(c));

very small dc bus voltage ripple factor and the battery current ripple factor
(less than 1% and 5% respectively, Fig. 3.4(c) and Fig. 3.4(d)).

high operating efficiency since the battery charging current is very small,

Fig.3.4(c).
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Fig. 3.1 Inverter output line to line voltage (simulation results).
(a) Inverter output line to line voltage (pu).

(b) Frequency spectrum of the inverter output voltage (pu).
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Fig. 3.2 AC mains line to neutral voltage and line current (simulation results, full load,
load power factor =0.8).
(a) AC mains line to neutral voltage and line current (pu).

(b) Frequency spectrum of ac mains line current (pu).
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Fig. 3.3 Load voltage and current (simulation results, full load, load power factor = 0.8).
(a) Load voltage (line to line) and current (pu).
(b) Frequency spectrum of load voltage (pu).

(¢) Frequency spectrum of load current (pu).
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Fig. 3.4 DC bus voltage and battery current (simulation results).
(a) DC bus voltage (pu).
(b) Frequency spectrum of DC bus voltage (pu).
(c) Battery current (pu).

(d) Frequency spectrum of battery current (pu).
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3.3  Fluctuations in the ac mains voltage

The ability of load voltage regulation of the system is verified by simulation with
step changes of the ac mains voltage from 100% rated voltage to 90% rated voltage, and
from 100% rated voltage to 110% rated voltage, respectively. The simulation results
verify the generalized phasor diagram (Fig. 2.3), that is :

-- The inverter provides more reactive power to regulate the load voltage when

the ac mains voltage is lower than the rated value, Fig. 3.5.
-- The inverter supplies less reactive power to regulate the load voltage when the

ac mains voltage is higher than the rated value, Fig. 3.6.
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Fig. 3.5 Simulation results of the load voltage response to a step change in the ac mains
voltage (from 100% rated voltage to 90% rated voltage at 16.67 ms)
(a) AC mains voltage (pu).
(b) Amplitude of the load voltage (line to line, pu).
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Fig 3 6 Simulation results of the load voltage response to a step change in the ac mains
voltage (from 100% rated voltage to 110% rated voltage at 16.67 ms).
(a) AC mains voltage (pu).
(b) Amplitude of the load voltage (line to line, pu).



-49.

3.4  Nonlinear load or nonlinear ac mains
Simulations are carried out to confirm the harmonic absoiption ability of the
inverter. The simulation results validate the equivalent circuits for the load harmonic
components (Fig. 2.6) and for the inverter harmonic components (Fig 2 9), specifically,
-- A nonlinear lnad, represented by a diode rectifier, does not result in low order
harmonic distortion on the ac mains, Fig 3 7.
-- The harmonic component of the polluted ac mains (containing a fifth order

harmonic with 1 pu amplitude) does not appear in the load current, Fig 3 8




(a)

®)

(©)

(d)

-50-

"34ms 36ms 38ms 40ms 42ms 44ms

46ms 48ms 50ms

1.0 :
0 "N :

0 2kH 4kH 6kH 8kH 10kH
1.2 ;

.........

.........

.........

12 : "
34ms 36ms 38ms 40ms 42ms 44ms 46ms 48ms 50ms
1.0 - ; ;
% 7kH  4kH  6kH  8kH _ 10kH

Fig. 3.7 Simulation results of the system under the conditions of a nonlinear load.

(a) Load current (pu).

(b) Frequency spectrum of the load current (pu).

(¢) AC mains line current (pu).

(d) Frequency spectrum of the ac mains line current (pu).
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Fig. 3.8 Simulation results of the system under the conditions of a nonlinear ac mains

(a) AC mains line to neutral voltage (pu).
(b) Frequency spectrum of the ac mains voltage (line to neutral, pu)

(c) Load current (pu).

(d) Frequency spectrum of the load current (pu).
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3.5 Unbalanced load or unbalanced ac mains
In order to observe the unbalance compensation ability of the inverter, two
simulations are carried out respectively under the following conditions :
1) One phase (phase A) of the three phase load is opened ( from practical point of
view, one phase fault often happens in three phase systems ), Fig. 3.9; and
2) One phase (phase A) of the ac mains voltage is opened, Fig. 3.10.
The results validate the equivalent circuit for the negative sequence components
(Fig. 2.7), specifically,
-- A negative sequence current from an unbalanced load, does not appear on the
ac mains, Fig. 3.9.
-- A negative sequence current on the ac mains does not flow through a balanced

three phase load, Fig. 3.10.
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Fig. 3.9 Simulation results of the system under the conditions of an unbalanced load.
(a) AC mains line current (pu).
(b) Positive and negative components of the ac mains line current (pu)
(c) Load current (pu, phase A is opened).

(d) Positive and negative components of the load current (pu).
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Fig. 3.10 Simulation results of the system under the conditions of an unbalanced ac mains.
(a) AC mains line current (pu, phase A is opened).

(b) Positive and negative components of the ac mains line current (pu).

(c) Load current (pu).

(d) Positive and negative components of the load current (pu).
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3.6 Sudden AC mains failure
The simulation results of the performance of the proposed system, when the ac
mains fails suddenly, is shown in Fig. 3.11. Conclusions can be derived from Fig. 3.11 as
followings :
(1) The transfer of the power supply from the ac mains to the inverter is automatic
and with zero time delay.

(2) The variation of the load voltage is very small during the transient period.
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Fig. 3.11 Simulation results of the system under the conditions of a sudden block out (at

100 ms) of the ac mains.
(a) AC mains line current (pu).

(b) Load voltage (line to line, pu).
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A 5kV A, 208V three phase UPS system using the per unit specifications designed

in Chapter 2 was set up in the laboratory.

The system data are listed as following :

ac mains line to line voitage
ac mains line current
line reactance

Load filter
Inverter Capacity
Switching Frequency

Battery Filter

Battery Voltage

LV, =208V
I =14A
:L; =T7TmH
:L; =2mH
C, =30uF

: Pysy= 5000 VA
:fs =2160 Hz
: Cge =200 uF
L. =5mH
(Vg =384V

The experimental results under the normal operating conditions are shown in Figs.

3.12t03.15. They coincide with the simulation results, Figs. 3.1 to 3.4.




-58 -

2.0t th ' LR
; ] Hey:

1 ¥
I
P b o, cone

|

-2.01

0.035 0.040 0.045 0.050

SECONDS
[ .

1.5¢
@) 1.0"

051 fs 2fg

| | [
O !"‘~ T ll“, ada l“l'l IA daad 60000
0 2000 4000 6000
HERTZ

Fig. 3.12 Inverter output line to line voltage (experimental results).
(a) Inverter output line to line voltage (pu).

(b) Frequency spectrum of the inverter output voltage (pu).
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Fig. 3.13 AC mains line to neutral voltage and line current (experimental results, full load,
load power factor = 0.8).
(a) AC mains line to neutral voltage and line current (pu).

(b) Frequency spectrum of ac mains line current (pu).
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Fig. 3.14 Load voltage and current (experimental results, full load, load power factor =
0.8).
(2) Load voltage (fine to line) and current (pu).
(b) Frequency spectrum of load voltage (pu).

(c) Frequency spectrum of load current (pu).
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Fig. 3.15 DC bus voltage and battery current (experimental results).
(a) DC bus voltage (pu).
(b) Battery current (pu).
(c) Frequency spectrum of DC bus voltage (pu).
(d) Frequency spectrum of battery current (pu).
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3.3 Conclusions

The simulation and the experimental results of the steady state operations of the

proposed UPS system are provided to validate the power circuit design equations and the

equivalent circuits. It can be concluded from the results that the proposed configuration

provides:

Nearly unity power factor, Fig. 3.2(a).

Very low harmonic distortion in the ac mains current, Fig. 3.2(b).

Very low harmonic distortion in the load voltage and load current, Fig. 3.3.
High operating efficiency, Fig. 3.4(c).

Load voltage regulation, Figs. 3.5 and 3.6.

Automatic absorption of the load or line harmonic current, Figs. 3.7 and 3.8.
Automatic compensation for load or line unbalance, Figs. 3.9 and 3.10.

Continuous power supply, Fig. 3.11.



CHAPTER 4

CONTROL SYSTEM DESIGN

4.1 Introduction

The control loops of a UPS play a crucial role in the dynamic performance of the
system. Many control principles have been practiced for different configurations [27] [28].
The two control loops employed in the proposed UPS system exploit fully the advantages
of the proposed UPS system, Fig. 4.1. A slower loop (5 loop), acting on the angle
between the ac mains voltage and the inverter voltage tundamental component, limits the
ba*er, charging current and regulates the dc bus voltage, Fig 4.2(a); and a fast loop (M
loop), acting on the modulation index M, regulates the load voltage, Fig 4.2(b),
Advantages include simplicity and reliability in implementation.

The design of the control loops of the parallel processing inverter systems is more
complicated than that of the standard UPS systems. In order to design the regulators of
the control loops, dynamic models for transient analyses are built, which also allow the
influence of the system parameter variations on the system dynamic response to be
analyzed.

Based on the system performance requirements, a design example is demonstrated,

using the power circuit parameters designed in Chapter 2.

4.2  Requirements of the control loops
The voltage of the commercial power supply often fluctuates around its rated level
The load supplied by the UPS system also changes with random characteristics These two

external variations alter the amount of energy supplied to the battery and consequently
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cause the fluctuations of the battery charging current. A control loop (5 loop) is therefore
required to stabilize the dc bus voltage. This loop also ensures that under steady state
conditions the inverter supplies no real power to the load. Moreover, this loop also has
functions of (a) synchronizing the voltages between ac mains and the inverter, and (b)
limiting the battery charging current.

The external variations also cause the fluctuations on the load voltage. In order to
perform load voltage regulation, another loop (M loop) is required.

Under normal operating conditions, the regulation performed by the two control

loops also guarantees nearly unity power factor, as illustrated in Fig. 2.3(a).

Solid
State Link Output
Switch Reactor Filter

— o

L ;rlz — AC
Mains Load
Battery
Batiery Filter ? PT
% 2 Inverter —
DCPT
r_
& Loop — M Loop

Fig 4.1 Control loops employed in the proposed UPS system.
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Fig. 42  Control loops of the proposed UPS system.
(a) DC bus voltage control loop (6 loop).
(b) Load voltage contro! loop (M loop)
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4.3  Operating principles of the control loops

4.3.1 DC bus voltage regulation

In the normal operating conditions, the amount of real power delivered to the
inverter alters the amount of energy stored in the battery, thus changing the battery
charging current and varying the dc bus voltage. The real power, provided by the ac
source, is proportional to the sine value of the angle 8 between the ac mains voltage and
the fundamental component of the inverter ac voltage. The angle § is determined by the
way the PWM pattern is generated. Since a standard sine PWM technique is applied in this
thesis, the angle & can be varied by phase shifting the sine modulation waveform [25].
Therefore, through a & control loop, Fig. 4.2(a), the dc bus power is regulated, resulting in
battery charging current limiting and dc bus voltage regulating. For a precise current

limiting, an interventionist current loop or a cascaded inner current loop should be added.

4.3.2 Load voltage regulation

The amplitude of the fundamental component of the inverter ac voltage, V,, is
determined by the battery voltage and the amplitude of the fundamental component of the
PWM pattern. With the sine PWM pattern, V, is proportional to the amplitude of the sine
modulation waveform that is defined by the modulation index M. Therefore, the load
voltage can be modulated by the second loop, the M loop, Fig. 4.2(b). This loop is
designed to be much faster than the & loop in order that the two loops do not interfere.
This is describable and realizable since (a) instantaneous load voltage regulation is the
priority, (b) the transient response of the battery voltage and current is not critical, and (¢)

the dynamics associated with & control are slower than those of the M control.
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4.4  Modeling of control loops

The single phase equivalent circuit for transient analysis, Fig 4.3, is used to build

the dynamic models for the control loops.

: Vi L, R 1, V.1, L, R
v /
' —
Rdc Lje

j
&
i}

Fig. 4.3 Single phase equivalent circuit for modeling

The parameters and the variables shown in Fig. 4.3 are the same as Fig 2.1

Besides, R, represents the equivalent loss of the link reactor, R, is the equivalent

resistance for the load filter, and R, for the sum of losses associated with the dc filter and

the battery charging.

4.4.1 Modeling of the & loop

The frequency response analysis of the 6 loop is based on the dynamic modecl
shown in Fig. 4.4. The dynamic model is obtained from a d-q transformation and is based
on the following assumptions :

1) The three ac mains voltages are balanced and contain no harmonics

2) The dynamic r .el shown in Fig. 4 4 only takes into account the fundamental
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components of currents and voltages. This is valid since the harmonic
components do not affect the transient characteristics of the fundamental
components because a) the amplitude of the harmonic currents are very small,
and b) the frequency of the harmonic components are much higher than that of
the fundamental components.

3) The system is linearized. This is valid since in practice, the variations of the
phase shift angle  are small [29].

4) The effect of the load current is neglected. This assumption is valid since the
load current does not affect the dynamic characteristics of the system in the

frequency range of interest (below 60 Hz) [22].

M A
ol i V.5
1'g 2]7" dc
g L1 R, Y Lic
* U YL

S

gs
g
O
T

[3)

ERPRS . ’
d) 7M lq = Cac | Vac %Rdc

Fig. 4 4 Dynamic model for the transient analysis of the & loop.
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From Fig. 4.4, the derived transfer function of the open § loop without

compensation depends mainly on the values of the system damping, the link reactor L,

and the dc bus filter,

where

Aa Q4S4+q353+q252+q15+q0

2
_3M
kg = =3— 9LV 4

4

P =Ly

p0=Rdc
=L,C, L%
94 = Lactdets

_ 2
93 = 2deCa’ch LI + Rdccchl

_ 2.2 2 32
9y = LyCa®g Li" +2RyCuRyLy + L) + 341, 1,

—RCw2L2+2RL+~3—M3(LR+R L)
9 = Ractac®o * ot T L P BRIy

2,2 3M?
9 = @9 Ly + =4 Racky
@y = 2 z-fundamental frequency

M =the modulation index of the sine PWM pattern.

The magnitude response of the open & loop without compensation begins declining

at wy, with a speed of -60 db/dec.

A typical regulator is chosen comprising (a) a PI element to reduce the steady state

error and improve transient response and tracking, and (b) a lag/lead network to adjust the

transient response (phase/gain margin).
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The transfer function of the PI element is equal to,

= Dpr “4.2)

with wp; = ky/kp. For the sake of simplicity and straight perception, the break frequency of
the PI element wp; is made equal to the open loop frequency @y, and the proportional

factor kp is chosen to satisfy the phase margin requirement.
The analog circuit of the PI element consists of an operational amplifier, two

resistors R; and R, and a capacitor C, Fig. 4.5. The values of R;, R, and C are chosen to

meet Eq. (4.2),

ky = (4.3)

Fig. 4 5 Analog circuit of PI element.
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The frequency response of the PI element is shown in Fig. 4.6. The magnitude
response has an initial slope of -20 db/dec and an eventual value of 20-logkp, Fig. 4.6(a).

The phase response rises from -90° (phase lag) to 00, Fig. 4.6(b).

20 dB/dec

. e -
(b)degree /

o
-90

O p

Frequency
Fig. 4.6 Frequency response of the PI element.
(a) Magnitude response.
(b) Phase response.

The transfer function of the lag/lead network is,

1+ s
G.(s)= (44
C() 1+ ars )

The network contributes an additional gain to increase the response speed of the
loop. The characteristics of the frequency response of the lag/lead network depends on the

parameters a and 1, Fig. 4.7
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Fig. 4.7 Frequency response of the lag/lead network.
(a) Magnitude response.
(b) Phase response.

4.4.2 Modeling of the M loop

The design principles of the 8 control loop can also be applied to the M loop
design. The dynamic model for the M loop analysis is given in Fig. 4.8, based on the
following assumptions :

(1) The three ac mains voltages are balanced and harmonic free.

(2) The dynamic model shown in Fig. 4.8 only takes into account the fundamental

components of currents and voltages.

(3) The system is linearized.

(4) The effect of the load current and the ac mains line current are neglected.

(5) The load angle § is constant.

(6) The dc bus voltage is ripple free.

The assumptions are valid due to the same reasons explained for modeling & loop

(for assumptions (1), (2), (3) and (4)) and the fact that the M loop is much faster than the
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d loop (for assumptions (5) and (6)).

=
b L R, 2z
<+ P2t —AAA O

Fig. 4.8 Dynamic model for transient analysis of the M loop.

From Fig. 4.8, the derived transfer function of the open M loop without

compensation depends mainly on the load filter values,

avy _ Vie 1
Am 2\/5 L2C3$2+R2C25+1

(4.5)

The same type of regulator is used and designed in the similar way as that for the 6

loop.

4.5  Design example of control loops

The power circuit parameters of the proposed system are designed in Chapter 2 to
satisfy the criteria pertaining to the load voltage ripple and the harmonic injection into the
ac mains [20], specifically,

L;=03pu. R;=0.06 pu.
L>=0.1 pu. R,=0.02 pu. C>,=0.1pu
Lge=025pu. Ry =015pu.  Cy =065 pu
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and the per unit values are defined with respect to the following bases :
Vbase = ac mains line to neutral voltage = 120 V
Ipgse = ac mains line current = 14 A

JSbase = 60 Hz

4.5.1 Design example of 6 loop
The predicted system frequency response of the open & loop obtained from the
transfer function given in Eq.(4.1) is plotted in Fig. 4.9.

The regulator is designed based on the following objectives [29] :

(1) The bandwidth of the closed & loop is 10 Hz. This is based on the open loop
characteristics (Fig. 4.9) and practical considerations, since he loop should be
designed slower than the M loop.

(2) The percentage overshoot for an unit step reference is less than 5% (a standard
specification {6]).

To satisfy the objectives, the regulator parameters are chosen from Eq.(4.2) and

Eq.(4.4) as,
kp=0.111 k=124 7= 0.0059 a=8.
The open loop frequency response of the § control with compensation has 15 db
gain margin and 459 phase margin, Fig. 4.10. The corresponding closed loop frequency
response has a bandwidth of 10 Hz, Fig. 4.11. Correspondingly, the predicted settling

time is 100 ms, and the percentage overshoot 5% [30].
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Fig. 4.9 Open loop frequency response of the uncompensated & loop for no load
operating conditions
(a) Magnitude response

(b) Phase response.
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Fig. 4.10 Open loop frequency response of the compensated 6 loop for no load operating
conditions.
(a) Magnitude response.
(b) Phase response.
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Fig.4.11Closed loop frequency response of the & loop under no load operating

conditions.

(a) Magnitude response.

(b) Phase response.
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The influence of the important parameters on the system closed loop response is
illustrated by means of the root loci, Fig. 4.12. Following conclusions can be drawn .
(1) The smaller the equivalent resistance for system losses, R;, the slower the
system responds, Fig. 4.12 (a).
(2) Decreasing the size of the line inductor, L, increases the speed of response,
Fig. 4.12(b).
(3) A larger size of the dc bus capacitor, Cjy. causes a slower system response,

Fig. 4.12(c).
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4.5.2 Design example of the M loop

The predicted open loop frequency response of the M control without
compensation obtained from the transfer function given in Eq. (4 5) is plotted in Fig 4.13.

The design of the regulator is based on the following objectives [30] :

(1) The bandwidth of the closed loop is 100 Hz This is based on the open loop
characteristics (Fig. 4.13) and practical considerations, since the M loop should
be designed faster than the & loop.

(2) The percentage overshoot for an unit step reference is less than 5% (a standard
specification).

To satisfy the objectives, the regulator parameters are chosen from Eq.(4.2) and

Eq.(4.4) as following :
kp=10.07 ky= 457 7=10.000258 a-=12.

The open loop frequency response of the M control with regulator has 15 dB gain
margin and 60° phase margin, Fig. 4.14. The closed M loop frequency response has a
much wider bandwidth (100 Hz) than that of the & loop (10 Hz), Fig. 4.15.
Correspondingly, the M loop is much faster than the § loop. Moreover, from Fig 4.15, the
predicted settling time is 10 ms, and percentage overshoot 5% [30].

The influence of the important parameters on the system closed loop response is
illustrated in Fig. 4.16. Following conclusions can be drawn :

(1) Increasing the value of the equivalent resistance of the load filter, R,, increases

the system response, Fig. 4.16(a).

(2) Increasing the size of the inductor L, reduces the system response,
Fig.4.16(b).

(3) Increasing the size of the capacitor C,, reduces the system response,

Fig.4.16(c).
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4.6 Implementation of the control system

The block diagram of the control circuit is shown in Fig. 4.17.

A range of sine PWM patterns with a series of modulation index M is stored in an
EPROM. The address of the EPROM consists of the most significant bits (MSBs) and the
least significant bits (LSBs). The MSBs are used to select a pattern with a specific
modulation index M, and the LSBs are used to sddress the waveform of the pattern.

A counter addresses the LSBs and a pattern is read at a fixed frequency that equals
the ac supply frequency. A synchronization circuit resets the counter every cycle to
synchronize the phase angle d between the ac mains voltage and the inverter output
voltage. The delay of the counter reset time determines the 8. Therefore, the
implementation of the & loop is acted on controlling the reset time of the counter.

An A/D converter converts the demanded modulation index M into a digital
number which is used to address the MSBs of the EPROM. Hence, the M loop is realized
by means of controlling the MSBs of the EPROM.

The design equations of the control loops are valid for Fig. 4.17 with the following
assumptions :

a) The correction of the phase angle 8 can only be carried out once the delay

circuit resets the counter. The average time delay due to this fact is half cycle.
However, this delay time is negligible compared to the system response (on
average 6 cycles, [22]) and does not affect the validity of the design equations.

b) As long as the reso'ution of the modulation index of the pattems stored in the

EPROM is high enough (12 patterns from M = 0.8 to 1.2 in the experimental
set up), the effect of the quantization of the modulation index on the transient

response of the system can also be neglected.
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4.7  Conclusions

In this chapter, a dc bus voltage control loop (6 loop) and a load voltage control
loop (M loop) are designed to fully exploit the advantages of the proposed UPS system.
Dynamic models are derived. A design example is presented based on the power circuit
parameters designed in Chapter 2. Conclusions can be made from the given example as
following :

(1) The dynamic models can be used to design the regulators of the loops and to
analyze the effect of the system transient response caused by the variations of
the important system parameters.

(2) Through the & loop control, the system transient response to a step change in
the dc bus voltage reference is predicted to have a settling time less than 100
ms and an overshoot less than 5%.

(3) Through the M loop control, the system transient response to a step change in
the load voltage reference is predicted to have a settling time less than 10 ms
and an overshoot less than 5%.

Conclusions can also be made from the root loci (Fig. 4.12 and Fig. 4.16) of the
closed control loops for the variations of the principal system parameters. Bigger values of
Rjor R, or smaller values of L;, L5, or C,,, increase the sysiem transient response speed.
Since a larger kVA of the UPS system results in the bigger values of R; and R,, and a
higher switching frequency results in the smaller L;, L,, and Cy,, in order to design a fast
control system, a reasonable system damping ratio and a possible high switching frequency

should be considered in designing the power circuit.



CHAPTER S

DYNAMIC RESPONSES

5.1  Imtroduction
The simulation and the experiment are carried out to confirm the performance of
the system predicted by the objectives of the control loops designed in chapter 4.
The dynamic responses of the system are obtained under the following conditions :
1) a step change in the dc bus voltage reference; and

2) astep change in the Joad voltage reference.

5.2 Response to a step change in the dc bus voltage reference

In order to verify the performance of the 6 loop, a simulation is done with the
system operating under the following conditions :

1) a step change in the dc bus voltage reference, and

2) arated road.

The simulation results, as shown in Fig. 5.1, confirms the validity of the & loop
design based on the predicted closed loop response to a step change in the dc bus voltage
reference, giving respectively,

-- arise time that is 100 ms, and

-- a percentage overshoot that is less than 5%.

The simulation results are verified with the experimental prototype (introduced in
Chapter 3) under the same conditions as that for the simulation. The experimental results,

as shown in Fig. 5.2, coincide with the simulation results
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53  Response to a step change in the load voltage reference

The performance of the M loop is simulated under the conditions of a step change
in the load voltage reference from 0.9 pu to 1.1 pu (typical £10% variation) and a rated
load. The simulation results, Fig. 5.3, verify the predicted response of the closed M loop
specified by the design objectives, giving respectively,

-- arise time that is 10 ms, and

- a percentage overshoot that is less than 5%.

Experimental results, as shown in Fig. 5.4, are obtained on the prototype under the

same conditions as that for the simulation to confirm the simulation results.
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Fig. 5.3 Simulation results of the response of the load voltage to a step change in the

reference (pu).
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5.4 Conclusions

The simulation and the experimental results validate the control loops design,

which is based on the predicted closed loop responses to step changes in the references.

The results also confirm the following assumptions used for modeling, :

The response of the M loop (100ms) is much faster than that of the § loop
(10ms). Therefore, the mutual effect between the two loops is negligible and
the two loops can be designed separately.

Although the performance of the 6 loop is carried out under the conditions of
rated load, the results confirm the predicted response that is considered with
neglect of the load current. Therefore, the load current does not affect the
performance of the 6 loop.

Similarly, the influence of the line current and the load current on the dynamic

response of the M loop is confirmed negligible.

Moreover, the experimental results also confirm the following assumptions :

The delay time due to the reset cycle of the counter does not affect the validity
of the design equations.

The effect of the quantization of the modulation index on the transient
response of the system can be neglected as long as the resolution of the

modulation index is high enough within the frequency range of interesting.




CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1 Summary of this thesis

The problems of the existing UPS systems and a proposed solution are addressed
in this thesis.

In Chapter 1, potential power problems in the commercial ac supplies and the
power quality requirements of the critical equipments are discussed. Various power
conditioners and the general information on the solid state UPS systems are briefly
introduced. The developing process of the UPS systems are reviewed. The problems
associated with the input-output characteristics of the existing UPS systems are discussed.

A new UPS topology that overcomes the main drawbacks of existing UPS systems
is proposed in Chapter 2. Its operating principles are illustrated in detail using equivalent
circuits. A design procedure for the power circuit ratings is presented and a design
example given,

Chapter 3 covers the steady state operation of the proposed UPS system. In order
to validate the design procedure that is based on the predicted input-output characteristics
of the system, the proposed UPS configuration using the data designed in Chapter 2, is
simulated with SPICE. The simulation results are provided under the operating conditions
that have been considered in the design. A SkVA, 208V prototype is set up in the lab to
confirm the simulation results.

Chapter 4 details the design of two control loops employed in the proposed UPS
system. Dynamic models are constructed in order to design proper regulators. The control

loops are designed in the frequency domain based on the predicted system response to
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step changes in the references. The influence of the important system parameters on the
performance of the control system is also studied.

The simulation and experimental results of the systemi dynamic responses are
provided in Chapter 5 to verify the predicted performances of the two control loops

designed in Chapter 4.

6.2 Conclusions of this thesis

The proposed UPS topology overcomes the two main drawbacks of the existing
UPS systems : it has nearly unity power factor with very low harmonic distortion in the ac
mains current, and it has high efficiency, since it uses a shunt topology. It has the other
features of standard UPS systems, that is, load voltage regulation and battery charging
capabilities. Further, unlike other proposed line interactive systems [12], it can
compensate automatically for line or load unbalance.

The sine PWM technology eliminates all the low order voltage harmonics at the
inverter ac terminals. Therefore, with a small size second order filter, a clean and
continuous load current is obtained. Furthermore, a small size ac link reactor, not only
contributes to correct the input power factor, but also reduces the line current harmonics
below a sperific value (specified by documented codes and standards [32]).

The two control loops employed in the proposed UPS system satisfy the system
performance requirements. A slow loop, acting on the angle § between line and inverter
voltages, regulates the dc bus voltage to within the battery voltage variation specified by
the manufacturer, thus guaranteeing that the inverter supplies no real power to the load
under normal operating conditions. Furthermore, a current limit circuit ensures that the
maximum battery charging current under discharged conditions does not exceed the
manufacturer specified level. Another fast loop, acting on the modulation index M,
regulates the load voltage. Compared with the control system employed in [12], the

proposed control system is simpler.




-97-

Both the simulation and the experimental results confirm the predicted input-
output characteristics and the dynamic performances of the proposed system designed in

Chapter 2 and Chapter 4, thus validating the design equations.

6.3  Suggestions for future work

The implementation of the control system in this thesis uses an EPROM to stosg
the PWM pattemns. The correction of the d error is done by resetting the counter every
cycle. The time delay caused by this fact limits the response s.speed of the whole control
system. In order to achieve faster transient response of the system, a microprocessor
embedded control system could be a better alternative. With the application of the
microprocessor, the PWM patterns can be generated in real time. The modulation index M
and the phase angle & associated with the patterns can be varied instantaneously, thus
eliminating the time delay of the § correction.

The synchronization of the ac mains and the inverter after ac mains' recovery has
not studied yet in this thesis. The design of the synchronization circuit is comelicated since
the requirement of the load voltage overshoot is critical (typically less than 5% [32]). The
performance of the system during the synchronization period could be an interesting topic.

The load voltage waveform is very important to critical equipments. In order to
guarantee a clean and continuous load voltage under any operating conditions, the load

current waveshaping control system could deserve being developed.
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APPENDIX A

SYSTEM TRANSFER FUNCTION FOR THE § LOOP ANALYSIS

A.1 Introduction

The proposed UPS system transfer function for the performance analysis of the 6
loop introduced in Chapter 4 is derived in detail in this appendix. First of all, d-g-o
transformation is introduced, which is used to simplify the transient analysis of the three
phase system. Secondly, system differential equations for the performance analysis of the &
loop are described. With the applications of the small signal analysis method and the
Laplace transformation, the transfer function is derived from the differential equations

The procedure can also be applied for the system transfer function for the M loop anaiysis.

A.2 D-q-o transformation

D-q-o transformation is widely used in the transient analysis of three phase system
due to its unique property of converting three phase time-varying variables into time-
invariant variables [33].

Three are several types of transformation matrixes available, depending on their

mathematical expression forms. The matrix used in this appendix is given by,

2n 27
cosw -t cos(w-t——3—) cos(w-1+—3——)
2. sinw- : -2 ; . 2n
T=35-|sinw-t sm(w t 3) sm(a) t+ 3) (A1)
1 1 1
2 2 2

where @ is the fundamental frequency and ¢ the time variable.
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The inversion of T equals to,

cosm -1 sinw -1 1
T | cof{@-1-28) sin(0-1-22) 1 (A2)
cos(w t+—23l) sm(w-t+-2§"-) 1

Fer vectors of a three phase system,

v, = sin(w -1 + 6)

v, = sin(@- 1 + - 22) (A3)

vc=sin(a)-t+0+-‘33£)

where& is the phase angle, the corresponding d-g-o components are obtained through the

transformation,

vy v, sin 6
Vs =T-{v, |=]|cosb (A4)
v, v, 0

It is obviously that for a balanced three phase system, the zero axis component is

Zero.

A.3  System transfer function for the & loop analysis
As mentioned in Chapter 4, the load current does not affect the system transient
response within the interested frequency range. This assumption is verified by the

simulation and the experimental results conducted in Chapter 5. Based on this fact and the
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other assumptions made in Chapter 4 (assumptions for modeling), the system equivalent
circuit for analyzing & loop performance can be simplified, as shown in Fig. A.1 (only
fundamental components are taken into account). In Fig. A.1, L; and R; represent the link
reactor; Ly, and C, represent the dc bus filter; Ry is the equivalent resistance for the
losses associate with the filter and the battery charging; E is the battery voltage; v;,. vy,
and v, are ac mains voltages; i;,, i;p, and i;. are ac mains line currents, d,,, dp, and 4 are

the switching functions for sine PWM voltage source inverter; and v, the dc bus voltage.

Via i1a L1 Ry —da¥e
___G——.—M‘ A /-\—
| U

vip I L R 5-dbVae

%
= O

)

~ . . , A
>da'la¢dbllb C#dchc == Cgc = E

Fig. A.1 System equivalent circuit for 4 loop transient analysis.
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The switching functions for sine PWM patterns depend on the modulation index M

and the phase angle &,

d Msin(o- 1 + 6)

a

dy | = Msm(a) t+5——) (A.5)
d, Msm(a)'t+é‘+—§—)

Based on Fig. A.1, the system performance is described by,

=L

ldr +IlaR + = dVdc

Via
vy = L% d, ’zb +i Ry + 5 dyvy,

=LZ gle YR+ d cVde (A.6)
da'la + db’lb + dc'lc = Cdc?i}'vdc + iE

_ d; .
Vac = de dt g+ 'ERdc +E

Performing d-q-o transformation on Eq. (A.6) yields,

v i, ] i 0 al]i d
lg 'lq_ lq Blaend] ’Iq q

d
31 . _ d .

_ d : ,

where v;4, v;, are the d axis and q axis components of ac mains voltages obtained by
applying Eq. (A.4); similarly, 7, and i}, are d axis and q axis components of ac mains line

currents; and d; and dq are d axis and q axis components of the switching functions.
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When the 8 loop is regulating the dc bus voltage, the system state variables and the

control variables are fluctuating around their steady state values; that is,

1T >
1d | _ Ild]+[’ld]

b

d,] [D d
d d d
= +] - (A8)
-dq A LD q ] [dq :l

Vae = Vie + Vg

where 114,114, Dg, Dy, Vg, and I are the steady state values.
Substitute Eq. (A.5) and Eq. (A.8) into Eq. (A.7), and take the following

assumptions into account,
a) sind= 0, since s small,
b) cosd=1,
c) the load voltage is constant because of the much faster M loop regulation; that
is, g;(mvdc) =0;

the Eq. (A.7) becomes,

0 i1a 4| f1a [ 0 d}} i1a |, Va [M] [°]~
=R} A% |+ L, 5| ~% |+ 0+ 5E o+ v
[O] I[Uq} L di [’Jq —al, 0 i, 20 3l
3 5307 0 ds L3

-~ _ _d_? Il
Vie = Lae 47e + Radg
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Conducting Laplace transformation of Eq. (A.9) yields

0 —al,  Ls+R |, [ 2]0 2{Mm |

3 . 3 & .5 ~

(A.10)

Vde = (des + Rdc) g

where s is the Laplace operator.

Rearranging Eq. (A.10), the system transfer function for the 8 loop performance

analysis is given by,

;-;lﬁ ) ky(pss +pp) (A11)
é q4s4 +q3s3+q252+qls+qo
where
ko = }‘%ia’oLszc
Py = Lg
Po = Ry,

_ 2
94 = decdc Ll

_ 2
93 = 2L CaeRyLy + Ry Cooly

_ 2,2 2 3m2
9, = Ly Caewg Ly + 2R CyRyLy + Ly" + =7— L, L,

_ 2,2
9 =R Ca?0 L 1

+2R.L +3M2(L R +R, L)

174 e T Raet
2.2 32

G = @y L;” +=4— Ry R,

@, = 2 x-fundamental frequency

M =the modulation index of the sine PWM pattern.



APPENDIX B

POWER AND CONTROL CIRCUIT DIAGRAM

The power and control circuit diagram for the experimental prototype is provided
in this appendix. The prototype was set up using the power circuit parameters designed in
Chapter 2 and the control loops designed in Chapter 4.

The overall diagram is divided into several parts. In Fig. B.1, the structure of the
power circuit is provided. Figs. B.2 and B.3 present the implementations of the feedback
for the & loop and the M loop respectively. Gating signal generation is described in
Fig.B.4. A base drive circuit for bipolar junction transistor (BJT) is shown in Fig. B.5. The
six base drives (for six switches) used in the prototype are identical in circuit. Finally, the

data of BJTs used in this thesis are provided in Fig. B.6.
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Type : POWEREX KT224512

Ratings : VCEQ(SUS) =450V
Vcgy =600V

Current=120 A

Equivalent Circuit :
C E

B

Fig. B6 Data of the BJT switch used in the prototype.






