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Master of Science in Electrical Engineering

The development of the model of series and parallel rectifiers and the operation of
these rectifiers at unity power factor was achieved. The method of control to achieve
unity power factor operation was presented using the dq model of the rectifier topologies.
This condition of operation is achieved by an in-depth steady state analysis of the
converter topologies.

A novel method of steady-state analysis of an induction machine as a dc power
generator is developed, where the steady-state model was obtained using the dq reference
frame equivalent circuits of the induction generator system. Also, the self-excitation
requirements of an induction generator were studied, in terms of the magnitude of the
modulation index of the rectifier. The detailed analysis studied the system under two
operating conditions, rated slip and minimum loss. The condition for minimum loss was
achieved by operation of the generator at the slip calculated to satisfy this condition. The
effect of magnetic saturation was also accounted for in the analysis.

A new control structure for the rotor-flux vector control of an induction machine
as a dc generator was developed, where the input-output linearization method was used in
separating the linear from the nonlinear terms in the system model equations. The
proposed control scheme aims at regulating the dc voltage at the output of the rectifier.
The robustness of the proposed control scheme was tested and verified by simulation and
experimental results.

Control of an induction generator using natural variables was a new method of
control put forth. The control scheme was simpler as the system model was in the
stationary reference frame. The system model used included a loss-minimization loop,
whereby the reference rotor flux in the control scheme was calculated such that the
induction generator system operates under a condition of minimum loss.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Electronic equipment has become an indispensable part of everyday life. An
important feature of the equipment used is the low power consumption, in a range of a
few watts to a few hundreds of watts. Far less familiar is the electronic equipment, which
operates at power levels of interest to the industry. Such equipment, its study, design,
manufacture, and utilization is known under the general heading of ‘power electronics.’

There are numerous reasons for the importance of power electronics, of which the
most important is controllability. Power electronic equipment is highly controllable. The
speed of operation of these devices and the comparatively low losses are the main reason
for the large range of applications of power electronics.

From the history of development of power electronics, it is evident that there are a
large number of switching converter topologies and composite switching converters are
possible.

These possibilities are expanded in terms of the realization of all the switching
functions possible with the semiconductor switching devices available at present. This
adds up to a very vast array of possible solutions in applying switching power converters
to AC drive problems.

The following section briefly discusses the classification of switching power

converters.



1.1.1 Classification of Switching Power Converters

A switching power converter is a power electronic system, which converts one
level of electrical energy into another level of electrical energy, at the load by switching

action. The conversion of electrical energy can be broadly classified as

* ac-to-ac
e ac-to-dc
* dc-to-ac
* dc-to-dc

Conversion of ac-to-ac is also called cycloconversion; this involves conversion of
ac power of one frequency to an ac output power of another frequency, and can be carried
out by a one-step or two-step process.

The two-step process would include an intermediate step involving the conversion
of ac-to-dc and then back from dc-to-ac.

Similarly, conversion of ac-to-dc, also called rectification (Figure 1.2) is the
process of conversion of ac input to dec output The conversion to dc can be carried out for
both single phase as well as three-phase ac as an input. The power semiconductor devices
that are used in a rectifier are varied. Thyristors, diodes, IGBT’s are some of the devices

that are used in rectifiers (both single phase as well as three-phase).

AC @ ac v,

ac

———e

Figure 1.1: Conversion of ac-ac



ac

dc

Figure 1.2: Conversion of ac-dc

The classification based on the field of application of switching power converters

is shown in Figure 1.3 [A.8].
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Motion control applications with DC commutator machines use either PWM
(pulse width modulated) choppers in various configurations or high-frequency link DC-
DC converters in more specialized mobile applications. Therefore, the application of DC-
DC coupled converters as well as high-frequency link transformer coupled converters are
applied in motion control.

Converters in the AC to DC conversion field are the most widespread, and are
found as input converter topologies for AC variable speed drives, whether that be as
diode rectifier inputs to voltage fed inverter drives, controlled rectifier inputs to current-

fed inverters, or PWM AC-to-DC converters for traction drives on locomotives.

1.2 Induction Generators

Induction motors are used extensively in the industry due to the low cost, and
brushless commutator. However, the application of induction generators used to be
minimal due to the lack of voltage control and stability of the generator. Therefore, the
synchronous generator had taken precedence for a large period of time.

With the advent of nonconventional sources of energy, such as wind, hydro, etc.,
the applications of induction generators has greatly increased. Apart from the low cost
and advantageous structure, the main feature of an induction generator that has led to the
increase in its application in these areas is the ability for the generator to self-excite. With
the connection of capacitors across the stator terminals of the machine, the build up of the
air-gap flux takes place which in turn causes the voltage buildup. Other machines such as

the synchronous generator require an independent source to enable excitation.



The process of self-excitation can be achieved in numerous ways, one of which is

primarily used in this thesis.

1.3 Research Goals

This thesis studies in detail an induction-generator rectifier system for dc power
generation. The system has been studied with the effect of saturation and under a
condition of minimum copper loss.

The following are the topics addressed in this thesis.

* Development of the model of a high performance induction generator-
boost rectifier system for dc power generation.

* The rectifier used in the system is studied in detail for different connection
models (series and parallel), and operation at unity power factor of these
models is proposed. The parallel rectifier scheme is studied for two
different cases, one where each rectifier has an independent sources, and
the second where the rectifiers share the same input ac source.

* Detailed analysis of the excitation requirements of the induction
generator-ac/dc rectifier system is studied at steady state.

* Development of model and steady state analysis of a voltage source
inverter assisted induction generator. The voltage source inverter is
connected to a battery on the dc side to allow for bi-directional power flow
in the system.

* Development of a rotor flux vector -control scheme for the control of the

dc voltage of the boost rectifier.



* A second control scheme for the system under consideration is proposed
using natural variables and loss minimization.

* Experimental verification of the rotor-flux vector control scheme.

1.4 Organization of Thesis

The organization of the thesis is as follows.

* Chapter 2 conducts a detailed literature survey on the previous work done
in induction generator systems; both dynamic and steady-state operation.
The chapter also includes sections on the past work done in series-parallel
connections of boost rectifiers.

* Chapter 3 details the model of the boost rectifier used in the system under
consideration. The simulation results and steady-state analysis are
presented for the single rectifier.

* Chapter 4 proposes two topologies for the connection of boost rectifiers;
each is dealt with it under unity power factor operation. The analysis
verified by the dynamic simulation results for both the proposed
connections of the rectifiers. Also a third scheme is detailed, where the
parallel rectifier scheme is studied assuming a common input source for
the two rectifiers.

* The parameter estimation and model of an induction generator is presented
in chapter 5. The tests performed and the parameters calculated for the

machine are presented using the equivalent circuit model of an induction



machine. Three models of the machine are derived; rotor flux, stator flux,
and natural variables.

Chapter 6 proposes a model of a voltage source inverter assisted induction
generator for the generation of AC voltages. The stator windings are
connected through a transformer to a three-phase boost rectifier. A battery
is connected to the dc side of the boost rectifier. This scheme is modeled,
and the steady-state analysis of the scheme studied in detail.

The self-excitation process and the different methods of self-excitation of
an induction generator with and without converters are discussed in the
Chapter 7, following which the development of the complete model of the
induction generator-rectifier system is obtained.

Exhaustive study on the steady state-excitation conditions under various
operating conditions of the system is made in Chapter 8. The effect of
saturation on the performance and self-excitation requirements of the
system has been studied. The system is studied under rated slip operation
as well as operation under minimum copper loss.

Chapter 9 proposes a rotor-flux vector control scheme for an induction
generator-rectifier system for the control of the dc voltage of the rectifier.
The model of the scheme is developed and the derivation of the controller
transfer functions and parameters are dealt with. The scheme is simulated
under various operating conditions.

Chapter 10 proposes a second control scheme for the system. The scheme

deals with step-by-step detailing of the model of the scheme and



derivation of the controller parameters. The dynamic simulation results are
presented for the scheme to illustrate the robustness of the scheme and
controller design.

Chapter 11 discusses the overall structure of the experimental setup with
each component briefly dealt with.

Chapter 12 summarizes the work done in the thesis and concludes with

suggestions for future work.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter presents a review on the various works previously done on dc
induction generators. The review includes the vast amount of work done in the area of
rectifiers and the self-excitation methods of induction generators.

The first section highlights the work done on three-phase boost rectifiers and
methods of control applied to different connection topologies of these rectifiers. The
inherent advantages of some series and parallel connections over others are illustrated
with the examples of work previously done.

The second section deals primarily with the self-excitation studies on induction
generators. The vast amount of work done is discussed and the method of study of the
process of self-excitation developed in this thesis is briefly put forth in contrast. Also, the
different methods of control used in the dc voltage regulation of induction generators are
discussed. Implementation of loss minimization in induction machines as well as
application of induction generators in wind power generation is studied. The stability of

an induction machine under different operating slips is also presented.



2.2 Series- Parallel Boost Rectifiers

The application of parallel and series connected converters has become more
predominant. The most important feature of boost rectifiers, which increases the
application areas of these rectifiers is the bi-directional current flow capability; this along
with the model of the rectifier is studied in detail in [B.3]. The model of the three-phase
boost rectifier is obtained using two methods; one is the 2-port circuit model, which is
obtained to study the steady-state analysis of the system. The second model developed is
the dq circuit model of the boost rectifier to study the transient response and open loop
dynamic stability of the system.

The steady-state analysis of the boost rectifier system is studied in terms of the
input current (or output power) and the output voltage. The output voltage is varied and
the nature of variation of the input current for a change in the output voltage is
graphically illustrated. As obtained from [B.3], a lower output voltage correspondingly
decreases the possible region of output power; an increase in the input side inductor has
the same effect on the possible region of output power (or input current). Also the open
loop dynamic stability of the system is studied using the dq model of the boost rectifier.

The ability to control the system to obtain unity power factor operation of a boost
rectifier is another important feature of the rectifier topology. Also, an increase in the
current harmonics and a decrease in the displacement power factor in AC power lines
produced by diode and thyristors are a serious problem, thereby highlighting the
importance of the boost rectifier in minimizing these problems. The unity power factor

control and the reduction in harmonics for the boost rectifier are studied in [B.4]. The
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system considered in [B.4] comprises of a vector controlled induction motor with a boost
rectifier and inverter. The emphasis is laid on the rectifier side of the scheme. The model
of the system used treats the inverter and motor jointly and represents the two by an
equivalent impedance. The controller designed uses a space vector pulse-width
modulated scheme to control the rectifier operation at unity power factor with reduced
harmonics.

The emphasis on paralleling converters has been made due to the inability to meet
requirements such as low harmonics, high dynamic performance and high power. The
method for reduction in harmonics proposed in [B.4] for a single rectifier raises issues of
instability of the system due to the linearization technique employed. Another method to
increase the overall power capability and reduce harmonics is to parallel converters.

The nature of the topology used in paralleling converters would mainly be
application oriented. A unique feature of parallel converters is the potential zero sequence
circulating current. There has been a large amount of work done in the control of this
zero sequence current [B.1, B.6, B.§].

The topology of the parallel rectifiers used in [B.6] allows the path for the zero
sequence circulating current, as the parallel rectifiers share the same input source.

As mentioned in [B.6], there are a number of methods of preventing the
circulating current:

* Separate ac or dc power supplies.
» Inter-phase reactors used to provide high zero-sequence impedance.
* Synchronized control, this method treats the two converters connected in

parallel as one converter.
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There are numerous advantages and disadvantages related to the above-mentioned
methods of eliminating the circulating current. The authors in [B.6, B.8] proposes the
same control strategy for parallel connected boost rectifiers [B.6] and parallel connected
Buck rectifiers [B.8]. The control method employed is space-vector modulation. The
method involves a control variable ‘k’ that is a function of the distribution of the time of
applying the zero vectors. Using the control variable, the average model for zero
sequence dynamic is obtained. The proposed control scheme is validated by simulation
results for both the buck and boost parallel rectifier topologies.

Another control method proposed aims at minimizing the power rating of each
rectifier in the topology of the system [B.5]. The topology comprises of two types of
rectifiers, one is a PWM rectifier and the second is a diode rectifier. Connecting two
rectifiers in parallel enables power distribution between the two. The author in [B.5]
obtains an optimized power distribution factor for the system so as to minimize the power
rating of the rectifiers in the parallel rectifier topology used. The analysis is carried out
for the system with and without an input filter.

A method of current control of series and parallel-connected rectifiers is proposed
in [B.1]. The method adopted is to treat each rectifier as an autonomous unit. The current
control is achieved by implementing a hysteresis controller.

The two connection types considered are series connection, and parallel
connection of the rectifiers. The first set of results assumes each unit to be autonomous;
the second set uses one controlled unit to determine the operation of the remaining units

in the system. This can be termed as a ‘master and slave’ method of control.
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Primarily the method of control adopted as proposed in [B.1 — B.7] are dependant
on the application area and hence the method of connection of the rectifiers in series and

parallel.

2.3 Induction Generators

The study of the operation of induction machines as generators is well known.
There has been an exhaustive amount of work done with regard to the steady-state and
dynamic response of an induction generator.

The details of the use of an induction machine operating as a self-excited
generator, both analytically and experimentally determined are illustrated in [C.22]. The
operation of the generator with resistive and reactive loads is studied at steady state,
operating at a constant terminal voltage. A given range of power ratings quantifies the
amount of power that can be extracted from low-power motors for different operating
loads.

It is well known that a three-phase induction machine can be made to work as a
self-excited induction generator. There are different modes of operation. Each mode is
discussed in [C.18]. The possible modes are:

* Polyphase AC Supply

* Voltage Source Inverter with DC Supply
* Current Source Inverter with DC Supply
* Capacitive Self-Excitation

* Voltage Source Inverter Self-Excitation

13



* Current Source Inverter Self-Excitation.

The study of the different modes as carried out in [C.18], is by the representation
of each mode of excitation using an equivalent circuit. To study the systems, per-unit
representation is used. The effect of the change in the magnetizing flux is considered. It is
shown that the effect of saturation in the system is of secondary importance in the case of
the regenerative modes of operation; however for the self-excitation modes of operation,
saturation plays a significant role in the nature of response.

The nature of response of the system to varying operating slips and stator voltage
frequency is studied. In the case of capacitive self-excitation, for a fixed load and
capacitance, the self excitation at a specific flux level can occur either at two frequencies,
one frequency, or not at all depending on the load parameters and the operating speed.
The different possible regions of operation are illustrated for varying operating
conditions.

For all three cases of self excitation, constraining equations are derived to
determine the possible operating conditions and self-excitation regions.

Similarly, a large amount of work has been done on the capacitance requirements
as well as the air gap flux linkage requirements for self-excitation [C.25, C.21, C.14,
C.5]. In the case of [C.5] detailed analysis has been carried out with regard to two
different operating conditions, loaded and no-load. Predominantly, most of the work
previously done on the steady-state analysis of induction generators involves study using
the conventional equivalent circuit. The effect of changing load, slip, and magnetizing
flux on the system performance in terms of the possible regions of operation as well as

the effect of the rotor speed on the operation of the generator is discussed. In [C.5],
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expressions for the possible regions of operating slip that the system can self-excite are
obtained. The minimum and maximum values of the operating slip are determined. Using
these expressions, the actual region of self-excitation can be determined. In all the above-
mentioned references, an equivalent resistance has represented the model of the inverter.

In [C.21] and [C.3] the effect of the operating conditions of the induction
generator on the air-gap flux requirements is studied for single as well as three-phase
induction generators. The variation of the air-gap flux with the load resistance is studied
for fixed capacitance values. Also the variation of the capacitance requirements of the
generator with the load resistance for the minimum air-gap flux required is illustrated.

Another approach to the steady-state analysis of a self-excited induction generator
involves the study of the effect of the parameters of the machine on the terminal voltage
of the generator [C.15]. In this case, the effect of the core-loss is neglected. The influence
of the stator resistance, rotor resistance, leakage reactance, and magnetizing reactance on
the terminal voltage of the generator is studied and illustrated. The method employed is a
Newton-Raphson method as the solution is complicated due to the effect of magnetic
saturation being considered. The nature of response of the system to changing rotor speed
and capacitance is also studied.

Similarly, the steady-state analysis of the self-excited induction generator by a
single capacitor is dealt with in [C.12]. The operation of the system with star and delta
connected stator windings is studied, with a single capacitor connected between any two
phases (in this case, phase b and c). The influence on the value of the capacitor used as
well as the effect of the load on the machine currents and voltages are studied for both the

star as well as delta connected stator windings.
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The effect of the load on a self-excited induction generator is of importance, as
shown in [C.23]. The self-excited induction generator is studied under free-running and
loaded conditions. The effect of variable speed on the machine and the region of variable
speed for which the induction generator can operate without loss in self-excitation is
studied.

The control of induction generators has also been studied. The operation of
induction generators driven by wind turbines is vastly important. Although the
application of an induction generator in wind power is popular due to the ability of an
induction generator to self-excite, the drawback of using an induction generator is the
inability of the generator to maintain a controlled voltage. Therefore, a large number of
control schemes have been proposed to overcome this drawback.

The specific interest in induction generators for wind power applications is due to
the fact that because the machine can self-excite, an independent source of power is not
required for excitation. Also the relative cost of an induction machine is less.

[C.2, C.10, C.8], deal with the operation of an induction generator driven by a
wind turbine. This would therefore mean the system is studied under conditions of
varying rotor speeds. Also effect of the operating slip on the generated voltage and
frequency is studied. The importance of magnetic saturation in self-excited induction
generators, discussed earlier is also included in [C.2]. An important aspect of the self-
excitation process and voltage buildup with respect to the variation of the magnetizing
inductance and phase voltage is detailed in [C.2]. The stability of the system during this

process is highlighted as in the initial buildup of flux in the generator; a small drop in the
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phase voltage would further decrease the phase voltage. This continual decrease in both
could lead to no buildup of voltage in the system.

In [C.8], the induction generator system driven by a wind turbine is controlled for
constant voltage at the stator terminals of the machine. The system uses a PWM inverter
for control of the excitation current to thereby enable control of the generated voltage.
The control methodology is verified by simulation results for operation of the system
under varying rotor speeds and loads. In [C.9], the system configuration used is similar;
however, the analysis carried out shows the effect of the dc side capacitor value on the
time of voltage buildup in the system. Also the dc voltage ripple is determined by the
capacitor value used.

Another method of control proposed utilizes a current controlled voltage source
converter [C.13]. The type of controller used is a hysterisis current controller. Just like in
the previous reference cited, the effectiveness of the control scheme is illustrated using
varying operating conditions of load and rotor speed.

A stator flux-oriented vector control of an induction generator system is proposed
in [C.4]. In this case the control scheme proposed uses stator flux as a control variable to
regulate the voltage. Similar operating conditions as [C.13] are applied. The system is
specifically studied for varying rotor speeds as the proposed scheme is aimed at a wind-
turbine driven generator.

Some other control schemes proposed are in [C.11, C.24] where the control
scheme is different from the ones described earlier; however, the operating conditions for

which the system is studied under are similar.
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Finally some work has been done in the area of stability of an induction machine.
The system transfer function is obtained and the poles and zeros of the system are studied
under pole and zero migration, where the movement of the poles under varying current
command is studied. The system is shown to be unstable for high values of rotor speed.

The vast amount of work carried out in the areas of series and parallel boost
rectifiers, as well as induction generators has been highlighted in this chapter. Only a

small portion of the work carried out in this field has been briefed.
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CHAPTER 3

MODELING OF THREE-PHASE BOOST RECTIFIER

3.1 Introduction

As explained in Chapter 1, rectifiers are power electronic systems that convert
input ac power to output dc power. Rectifiers come in many types and can be classified
variedly as:

* Single-phase vs. three-phase
* Half-wave vs. full-wave
* Phase controlled vs. pulse width modulated.

Single-phase vs. three-phase rectifiers is a classification based on the type of ac
input to the rectifier. The rectifiers shown in Figure 3.1(a) and 3.1(b) are diode rectifiers.

The third classification relates to the type of semiconductor device used in the

rectifier; uncontrolled rectifiers comprise of diodes as the switches, phase-controlled

T ?
* D1 * D2 * D1 * D2 * D3
——— ———
v, i Va
[ [
A Yy A A A
D4 D5 D4 D5 D6
- °
a b

Figure 3.1: (a) single-phase bridge rectifier (b) three-phase bridge rectifier
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rectifiers comprise of SCR (silicon controlled rectifiers); and in pulse width
modulated rectifiers; IGBT’s (insulated gate bipolar transistors) or power MOSFET’s
(metal oxide field-effect transistors) are used. The rectifier is switched using pulses that
are generated using sine-triangle or space vector pulse width modulation.

The pulse-width modulated rectifiers can be further divided on the basis of the
relationship between the ratios of the input and output voltages. Some examples of the
pulse-width modulated rectifiers are buck, ‘boost’, and ‘buck-boost’ rectifiers. In buck
rectifiers, the dc output voltage is lower in magnitude than the peak value of the ac input.
Similarly, the boost rectifier has an output dc voltage that is higher in magnitude than the
peak value of the ac input voltage. The buck-boost rectifier can have an output voltage,
either lower or higher in magnitude when compared to the ac input, with the duty ratio of

the switches determining the nature of the output.

3.2 Operation of Three-Phase Boost Rectifier

The application areas of the boost rectifier are varied and exhaustive due to the
efficient utilization of power in the rectification process, and the boosting of the output

voltage. The topology of the three-phase boost rectifier is shown in Figure 3.2.
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Figure 3.2: Topology of three-phase boost rectifier

The parameters of the rectifier are as defined in Table 3.1.

Table 3.1: Variables used for three-phase boost rectifier model.

Vas, Vbs, Vs Input AC-side voltages

L, Iy, Lc Phase currents

Ta, I, ¢ Per phase resistance

L,, Ly, L Inductance per phase

I, DC current at the output of the rectifier
I Load current

Ve Output dc voltage

Si1, S21, S3i Switching functions for top devices
Si2, S22, S32 Switching functions for bottom devices
Rp Load resistance

C DC- side capacitor
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The three-phase boost rectifier comprises of six switches that are switched using
sinusoidal pulse width modulation technique. In general, the operation of a converter can
be explained in terms of the input quantities, output quantities, and the switching pattern
used to obtain the desired output. The switching pattern of the switches in the converter is
obtained in accordance with Kirchhoff’s voltage law (KVL) and Kirchhoff’s current law
(KCL). The ON and ‘OFF’ states of a single switch are assumed to have values 0 and 1,
respectively; i.e.

If the device is ‘ON’, the switch is assigned a value = 1.

If the device is ‘OFF’, the switch is assigned a value =0.

In a three-phase rectifier, the input ac voltages are defined and the output dc
voltage is dependant on the input quantities as well as the switching pattern of the
rectifier. The switching pattern for any converter can be expressed as a function, which is

a mathematical representation of the switching pattern, called an existence function [A.1].

Figure 3.3. Modulated and unmodulated existence functions
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The repetition of the switching patterns to obtain the desired output in a converter
results in an existence function having intermittent ON and OFF periods, as the ON state
is assumed to be a value 1, the pulses of the existence function have unit magnitude.

There are two different types of existence functions, modulated and unmodulated.
Modulated existence functions have pulses of varying widths, and unmodulated functions
have pulses of uniform width. The two types of existence functions are shown in Figure
3.3.

The operating modes of the boost rectifier are the same as that of a three-phase
voltage source inverter. There are eight different switching modes for the boost rectifier.

As explained earlier the ON and OFF states are assigned the values 1 and 0, respectively.

Table 3.2: Switching modes for boost-rectifier

S.No | Su Sai Ss1
1. 0 0 0
2. 0 0 1
3. 0 1 0
4. 0 1 1
5. 1 0 0
6. 1 0 1
7. 1 1 0
8. 1 1 1
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From the above eight possible switching modes, only six modes can be used in
synthesizing a dc voltage, and are called active states. The two states (1 and 8) are called
null states as these states do not result in an output dc voltage and are thereby inactive.

This can be explained by first illustrating KVL and KCL. The first condition to
be satisfied while determining the possible switching modes for the three-phase boost
rectifier is KVL. Consider a circuit as shown in Figure 3.4 (a) and (b) to illustrate KVL.
The circuit comprises of two voltage sources. The switch ‘S’ in Figure 3.4 has two
possible states S = 0, when the switch is assumed to be open as shown in 3.4(a) and S = 1
when the switch is assumed to be closed as shown in 3.4(b).

Kirchhoff’s voltage law states that the sum of voltages in any closed path (or
mesh) in a network is zero. Therefore, when the switch is open, there is no closed loop in
the circuit and hence the conditions for the law to hold are not satisfied and therefore the
law cannot be violated. However, in the second case, when the switch is closed, the two

different sources are connected together and hence the sum of the voltages in the mesh is

AC @ e AC @ o)

(a) (b)

Figure 3.4: Schematic illustrating KVL
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S=0

Figure 3.5. Schematic illustrating KCL

not zero thereby violating KVL. The presence of an energy-storing element in the circuit
would render both states of the switch acceptable for the circuit.

Similarly Kirchhoff’s current law states that the sum of currents at any node
should be equal to zero. This can be explained schematically in Figure 3.5.

When the switch is closed, the sum of the currents at the node is equal to zero,
and KCL is satisfied; however when the switch is open, the law is violated, as the sum of

currents at the node is not equal to zero.

3.3 Possible Switching Modes of The Boost Rectifier

For the three-phase boost rectifier, the restraints on the possible modes of

operation that also satisfy KVL and KCL can be mathematically expressed as

Q) oD

Figure 3.6. Simplified schematic of boost rectifier
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S, +8, =1 (3.1)

S, +S,, =1 (3.2)

S, +S8,, =1. (3.3)

Equations (3.1) to (3.3) show that at no instant of time can the top and bottom
devices of the same leg be ON simultaneously, as the condition would violate KVL.
Assuming one switch in the top leg and one switch in the bottom leg to be ON, the boost
rectifier Figure 3.2 can be simplified as shown in Figure 3.6.

The six active states as shown in Table 3.2 can be graphically represented in
Figure 3.7. For each state illustrated, the switches ON are specified, and a red line,
indicating the switches 'ON' and thereby each active state, depicts the path of flow.
Figure 3.7(a) illustrates the mode of operation where the top switch S;; and bottom
switch S;; are ON. The switches that are ON therefore determine the path of flow of
current. The second possible mode of operation is shown in Figure 3.7(b) where the
switches S;; and Ss;, are ON. Figures 3.7(c) and (d) represent the two possible
combinations for the switch S,;. The modes that satisty KVL would be when S,; and S, ,
and Sy; and S3; are ON. The modes for the third switch are shown in Figures 3.7(e) and

(f) where the top switch S3; and bottom switches S, and S,; are ON, respectively.

26



\|
/1
EF

N

(o]
I P
w
N
Pa<l Il
(@)
P
~NL NS
it
%!
g
=
{E—CZE— I
AY|
/1
a2 Ll &
A - 4_
o +
%V S

(a)

w
8
= 1}
(@)
2
h
5
o
gl
g
E/,,li‘lf I
\
7)
(V) %2 -
+
— >

o
v
AY|
1
&

s, Sy A g
(b)
Ip
S,,=ON —
S,, = ON "
SLK S21 S31 i
I/m Ya L [—a}

L
".N kS,
".h =
At
o >
\l
71
a
WV
B
N

(c)

Figure 3.7 (a) to (c): Modes of operation of three-phase boost rectifier
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Figure 3.7 (d) to (f): Modes of operation of three-phase boost rectifier
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3.4 Modulation Techniques

There are two different types of modulation techniques that are generally applied
for pulse width modulation (PWM), namely:

Sinusoidal pulse width modulation

Space vector PWM.

Sinusoidal PWM is a technique employed where the sinusoidal waveform (also
called the modulation signal) is compared with a very high frequency triangle (carrier
signal) to obtain the switching pulses for the device. The modulation and the carrier
signals are compared such that when the sine wave is higher in magnitude the
corresponding value of the switching pulse is high (has a value = 1) and when the sine
wave is lower than the carrier, the pulse is low (has a value = 0). This is shown

graphically in Figure 3.8.

Figure 3.8: Sine-triangle PWM
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The second modulation technique is also known as Generalized Discontinuous
pulse width modulation (GDPWM). This method, also known as space vector modulation
(SVM), represents the ac side voltages of the converter as a space vector. Each active
state is represented as a vertex of a hexagon, while the null vectors are represented at the
centre of the hexagon. Depending on the sector in which the reference vector lies, the

switching times are calculated to generate the desired reference vector.

3.5 Relationship Between Switching Function and Modulation Signal

The switching function is a periodic waveform, i.e. it is repetitive. The function
can be mathematically represented using various methods such as Laplace transforms and
Z-transforms [A.1]. However if the function is represented using the above-mentioned
methods of transformation, the resulting expressions cannot be easily interpreted.
Therefore, the functions are represented using Fourier transforms.

The Fourier transform is obtained by setting the mid-point of one of the unit
pulses as the zero point of the waveform. The frequency of repetition is defined as ‘f” and
the time period is therefore T=1/f. The angular frequency wis defined as w= 27f.

Assuming the angular duration of the unit value period = 2TVA, the boundaries of
the unit-value period are: -TVA and TVA.

The function is expressed as

H,()=S[C, cos(nar)+ 5, sin(nar)). (3.4)

n=0

Using standard Fourier expansion formulae to determine the coefficients;
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2 T/2
S, == [ H sin(nax)dt (3.5)

' =T/2
= lesin(nal)da,t =0
T

1 T/2
C = [ Hat (3.6)

-T/2
1
:—deaz =1/4
27T

2 T/2
C,(n#0)=— j H cos(nax)dt

-T/2

(3.7)

1 A
=— .[cos(na,t)da,t
-1/ A

=£sin(nﬂ/a)/n.
T

Having derived the coefficients for the Fourier expansion, the expression for the
existence function can be represented as a summation:
1 2 .
H(ar) =—+=Y [sin(n1r/ A)]cos(nar). (3.8)
A ﬂnZl
The variable ‘A’ can take a range of values varying from rational, irrational,
integer, etc. However with ‘A’ as an integer, the components for which ‘n’ is an integral
multiple of ‘A’ are equal to zero. Hence the expression would reduce to a fundamental

component and a time varying term as shown in Equation (3.10).

L2 rio[sin(n 71/ A)]cos(n(ax — 2krt/ A)) (3.9)

H(CII) :Z‘*‘]—T
n=1
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s=Lin (3.10)

where M is the time varying component also called the modulation signal, the
fundamental component of which can be expressed as:
M =M, cos(wr—q).

M; is the modulation index.

3.6 Model of Three-Phase Boost Rectifier

The model of the three-phase rectifier is shown in Figure 3.9. The switching
modes and the different types of modulation schemes have been discussed in sections 3.3
and 3.4. The next step in the analysis is the derivation of the model equations of the boost
rectifier. In this section, the model equations of the boost rectifier are derived in the abc

reference frame and then transformed to the qd reference frame.
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Figure 3.9: Topology of three-phase boost rectifier
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The voltage equations for the boost rectifier in the abc reference frame are

Vas :IaZ+(S11 _SZI)%+V/10 (311)
—_ Vdc

Vi _IbZ+(S21 =Sy )7+Vn0 (3.12)
—_ Vdc

I/cs _ICZ+(S31 _S32)7+Vn0 : (313)

The phase resistances and inductances are assumed to be balanced i.e. r,= 1, =1
and L,= Ly= L.where the phase impedance is
Z=r+jLp I=ab,c (3.14)

d

dt’
The phase voltages are assumed to be balanced and have a peak value of Vi,

Hence the phase voltages can be defined as

V, =V, cos(ar+gq) (3.15)

V=, cos[arwv —27”) (.16)
21T

V.=V, cos[a,t+¢v +Tj (3.17)

@, is the voltage phase angle and wis the frequency of the voltage in rad/sec.

Vo 1s the neutral voltage.

Substituting Equations (3.1) — (3.3) in (3.11) — (3.13), the voltage equations for
the boost rectifier can be expressed in terms of the switching functions of the top devices

as
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v

Vas :IaZ+(2S11 _1)%+Vn0 (318)
—_ Vdc

Vi _IbZ+(2S21 _1) 5 +V, (3.19)
—_ Vdc

I/cs - ICZ + (2S31 - 1) 2 + Vm) : (320)

The phase impedance Z can be substituted for in Equations (3.18) to (3.20) by

substituting Equation (3.14).

Vas :rla +Lp1a +(2S11 _I)I/;C +Vn0 (321)
—_ Vdc
v, =rl, +Lpl, +(28, —1) 4 (3.22)
—_ Vdc
I/cs _rIc +Lplc +(2S31 _1) 2 +Vn0 (323)
_4
dt’

The final state equation that completes the system model for the boost rectifier is
the capacitor voltage equation. The capacitor voltage equation for the boost rectifier is
expressed in terms of the load current I, and the dc current at the output of the rectifier.

Vdc
R

CpV, =1, - (3.24)

L

where 7, the output is current defined in terms of the switching functions of the

top devices as

1, =81, +8,1,+S,1,. (3.25)
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Substituting equation (3.25) in (3.24)

CpVy =81, +Sy 1, +8,1, — ch . (3.26)

L
The next step in the analysis is the elimination of the neutral voltage in Equations
3.21 to 3.23. The neutral voltage is eliminated by adding Equations (3.21) to (3.23). As
the system voltages Vs, Vs and V are balanced,
Vis ¥V ¥V, =0

hence the neutral voltage can be expressed in terms of the switching functions as

Vo= —V;C [28,, +25, +28, -3|. (3.27)

no

Using Equation (3.27), the neutral voltage can be eliminated in the voltage

equations 3.21 to 3.23 resulting in

s =1, tLpl, +Vdc|:gSll _1S21 _1531} (3.28)
) 3 3 3
1 2 1
Vi, =rl, +Lpl, +Vdc|:__Sll +—=5, __S31} (3.29)
: 3 3 3
1 1 2
Ve =rl, +Lpl, +Vdc|:_§Sll _§S21 +§S31}- (3.30)

The switching functions for each phase can be expressed in terms of the

modulation signals as

— 1+Mﬂ
S, -[ : j (3.31)
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AT =(1+M}’j (3.32)

s, :(”Mcj. (3.33)

Substituting for the modulation signals, the voltage equations can be rewritten

m:rIa+Lp1a+Vdc|:gMa _le _lMc:l (334)
‘ 3 3 3
! 2 1 i
Vbs :l"]b +Lp1b +Vdc _EMH +§Mb _EMC (335)
! 1 2 ]
V.,=rl, +Lpl +V, _EMH —gMb +§MC . (3.36)

Similarly, the switching functions in the capacitor voltage equations are replaced
by the modulation signals using Equations (3.31) to (3.33)

For further analysis, the equations in this form can be simplified by the
transformation to another frame of reference. The equations of the rectifier are time
varying, and hence the reference frame chosen is one that rotates at the same frequency as
that of the supply voltages. This reference frame is called the synchronous reference
frame, and transformation to this reference frame is achieved as shown.

Assume the parameters to be transformed are Vg, Vs, and Vs The time-invariant

variables are Vs, Vs, and V. The transformation matrix, Ky(6;) is defined as:

cos HY) cos[é?s —277-[) cos[é?s +2T]Tj

Ks (es ) = z sin HS ) Sil’l[@s —2—]7-) Sil’l[es +2_]Tj

1 1 1
L2 2 2 iy (3.37)

The angle 0 is defined as
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o=[wi+y, (3.38)

. is the frequency of the supply voltages
W, s the initial angle of the reference frame.
The transformation to the desired reference (in this case the synchronous

reference frame) frame is obtained by Equation (3.39).

fquo = (Kv (Hv ))fabc (339)
quso = (Kv (Hv ))Vabc (340)
_ T
qusn - [Vq Vd VO] (341)
_ T
Vabc - [Va Vb VC] . (342)
The voltage equations expressed in the matrix form:
V. I, I, v 2M ,-M, - M,
Vi l=r{l, |+ Lp|l,| + ;" -M_ +2M,-M, |. (3.43)
V., I, I, -M,-M,+2M,
Multiplying the above equation by the transformation matrix K(6s)
Ve 1, I, w 0 0 1, . M,
Vo l=r |l |+ Lpll,|+|0 -w 0|x|], +;“ M,|. (3.44)
V. 1, I, 0 0 O I, M,

The voltages for the boost rectifier in the qd reference frame from Equation

(3.44),

MYV,
Vqs :rIqS+Lp1qs+a‘les+ z
2 (3.45)

M,V

d’ dc

2 (3.46)

Vds :rlds +Lplds _aLIqs +
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V =rl +Lpl, (3.47)

Vs, Vs are the q and d-axis voltages

I, Lgs are the q and d-axis currents

Mgs, Mg;s are the q and d-axis modulation signals.

As the system is balanced, the zero sequence voltage is zero. However if there
were some unbalance in the system the zero sequence voltage would reflect the
unbalance in the system. Equations (3.45) to (3.47) are the voltage equations for the boost
rectifier in the synchronous reference frame. The capacitor voltage equation (3.26) needs
to be transformed to obtain the complete model of the boost rectifier.

The voltage equations are transformed by multiplying the equations by the
transformation matrix, Equation (3.37). However, the transformation of the capacitor
voltage equation is done by replacing the currents in the abc reference frame in terms of

the qdo currents (synchronous reference frame) using the inverse transformation.

IabcT :qunT (KST) B (348)
cos(6,) sin6,) 1
k(6" =| cos 0,27 sin 0, -2
cos[é?s + 2—”) sin[@s + 2—”) 1

i 3 3 (3.49)

Similarly, the modulation signals in the abc reference frame are expressed in

terms of the qdo modulation signals using the same method as above.

M, =m," (k)" (3.50)
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The capacitor voltage equation expressed in terms of the modulation signals in the

abc reference frame (Equation (3.26)) is

Cp Vdc :(Mala +Mb1b +Mclc)_ II/:C (351)
L
cpv, =\, M) (3.52)
[abcT = [[a [b [c] (353)
Ma
Mabc = Mb . (354)
M

Substituting for the abc reference frame current and modulation signals using

equations (3.48) and (3.50)
CpV, = (quoT(KST)_l (x, )_IMQ,,C). (3.55)

Equation (3.55) is simplified by evaluating (K g )_1 (K S )_1

15 0 0
K(8)' =0 15 of. (3.56)
0 0 3

Substituting Equation (3.56) in (3.51)

v
Cdec :%(qulqs +Mds1ds +2M010)_ Rdc : (357)
L

As the system is balanced, the capacitor voltage equation consists of only the q
and d axis components, as the three phase currents add up to zero.

Vdc
R

3
Cdec :E(qulqs +Mds1ds)_ (358)

L
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The system equations for the boost rectifier in the synchronous reference frame
are given by Equations (3.45) to (3.47) and (3.58). The next section illustrates the
dynamic simulation of the system. The steady-state analysis, and unity power factor

operation of the boost rectifier are dealt with in section 3.8.

3.7 Dynamic Simulation of Three-Phase Boost Rectifier

The dynamic simulation of the three-phase boost rectifier is carried out using the

following equations (Section 3.6).

2 1 1

Ve =rl, +Lpl, +Vdc|:§S11 _§S21 _§S31} (3.59)
_ (1 2 1]

Vi =rl, +Lpl, +V, _§S11 +§S21 _§S31 (3.60)
_ 1 1 2 ]

Vo =rl, +Lpl +V, _§S11 _§S21 +§S31 (3.61)

—_ Vdc
CpVy =81, +Sy1, +S8,1, — R (3.62)

L

The switching functions for the rectifier are obtained by sine-triangle PWM. The
modulation signals are chosen to have a magnitude of 0.5 and the frequency of the
modulation signals (which is equal to the frequency of the supply voltages) is taken as
60Hz. The load resistance is assumed to be 100Q and the three-phase balanced voltages

(on the input side) are
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V. =180cos 377t—§j r =010
2
V. =180cos 377t—%[—7ﬂj C =150 uF
27
V.. =180cos 377t——+?j. L=6.4mH
RL: 50 Q

Figure 3.10 shows the output voltage Vg, load current I , and the dc output

current I,. The waveforms show the starting as well as the steady state response of the

rectifier. Figures 3.11, 3.12, and 3.13 show the phase current, phase voltage, and

modulation signals for all three phases, ‘a’, ‘b’, and ‘c’. The plots show that the voltage,

currents, and modulation signals to be balanced.
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Figure 3.10: Simulation results for the rectifier, from top : (a) output dc voltage V., (b) load

current I, (c) dc output current I,
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Figure 3.11: Simulation results for the rectifier, from top: (a) phase ‘a’ current I,, (b) phase
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Figure 3.12: Simulation results for the rectifier, from top: (a) phase ‘a’ voltage V,, (b) phase
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Figure 3.13 Simulation results for the rectifier, from top: (a) modulation signal for phase ‘a
M,, (b) modulation signal for phase ‘b’ My, (c) modulation signal for phase ‘c’ M,

3.8 Steady — State Analysis

The steady-state analysis of the system is done using the state equations of the
system in the synchronous reference frame, as the variables in the equation are time-
invariant with respect to the frame of reference. The steady-state analysis of any system
is carried out to study the nature of the system at steady state and use the analysis to

control the response of the system.

— qu Vdc
Vqs _r]qs +Lp]qs +a)eLIds + 2 (363)
M
Vo=l 4 Lpl, ~@ L, + 2180 (.64
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3

oV, = (1, +Mm,1,)- Vi

R

(3.65)

L
The steady state equations of the system are obtained by setting the differential

terms to zero.

plqs :plds :pVo :0

V,=rl, +wlLl, + MoV (3.66)
2

Vi =1l —@,LI +% (3.67)

V,=rl, (3.68)

0= %(quzqs M1, +2M,1)- I;dc (3.69)

L
As the system is balanced, the zero sequence voltage is equal to zero (3.68) and
the zero sequence component of the current in Equation (3.69) is equal to zero.

Therefore, the equations used in the steady state analysis are

_ MV,
Vqs - R‘Iqs +a‘i’1ds + 2

(3.70)
M
Vds :R‘Ids _a‘i’lqs + dV
(3.71)
0=2(m 1 +m,1,)-"Le
2 qs™— qs s ™ ds R
L, (3.72)

The boost rectifier system is studied under a condition of unity power factor. The
power factor angle is the angle between the input voltage and current, and for unity

power factor the angle is equal to zero. The importance of a system operating under unity
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power factor lies in the fact that under this condition the system outputs maximum
power.

The condition for unity power factor is for the reactive power ‘Q’ of the system to
be equal to zero. The expression for the reactive power of the system can be derived from

the apparent power equation given by

3
s== (o (3.73)
qus = Vqs + deS (374)
qus :[qs+j1ds' (375)
Therefore,

3 : .
S :E(Vqs +]Vds)x(1qs +]Ids)' (376)

Separating the real and imaginary parts, the expressions for real and reactive

power can be obtained as

P=2, 1, +Vul) (3.77)
0 =%(Vqsldq ~V,1,). (3.78)

Alignment of the voltage vector with the g-axis sets the d-axis component of the

voltage to be equal to zero; therefore the d-axis current is also equal to zero.

Vi =0,1,=0 (3.79)

S

Applying the above condition, the equations for the rectifier (3.70) to (3.72) are

expressed as

(3.80)
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0=-wLl + Md;Vd” (3.81)

%x % =(m,1.). (3.82)

Having derived the equations for the system to operate under unity power factor,
to obtain the operating condition, the range of values of My and Mg, are expressed as a
function of the output dc voltage of the system. Using the relationship between the q and
d-axis modulation signals and the dc voltage, the operating point can be determined for
the system to operate at a certain output dc voltage under a condition of unity power
factor between the input currents and voltages.

From Equation (3.81)

1, = —A;Zﬁf : (3.83)

Substituting for I in Equation (3.80)

M.V
V= Mid{d” r— = (3.84)

Rearranging Equation (3.84)

2V
M, =t rf;? . (3.85)
dc e

Also, eliminating the g-axis current (3.83) in equation (3.82)

4a, L

= . 3.86
* 3MdSRL ( )

Using Equations (3.85) and (3.86) the q and d-axis modulation signals can be

solved for as functions of the output dc voltage.
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Solving Equations (3.85) and (3.86) results in a quadratic equation in My and Mg.
The steady state plots in Figures 3.14 and 3.15 show the variation of one of the solutions
of both the q and d-axis modulation indexes as a function of the dc voltage. The load
resistance is varied and the frequency is assumed to be constant at w. = 377 rad/sec. The
load resistance is varied as Ry = 30Q, 60Q, and 150Q. The calculated values of the q and
d-axis modulation index for the dc voltage varying between 300V and 1000V are plotted
in Figures 3.14 and 3.15, respectively. As can be seen from Figure 3.14, the varying of
the load resistance does not have too much of an effect on the variation of the g-axis
modulation signal; however, the d-axis modulation signal varies significantly with

changing load resistance.
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Figure 3.14: Variation of M, with the dc voltage with varying load resistance of Ry = 30Q,
60Q, and 150Q,
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Figure 3.15: Variation of My with the dc voltage with varying load resistance of Ry = 30Q,
60Q, and 150Q.
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CHAPTER 4

SERIES AND PARALLEL BOOST RECTIFIERS

4.1 Introduction

The use of parallel power converters, parallel dc-dc converters have become more
common in the past decade. However the use of parallel three-phase converters has not
yet been explored extensively. One unique feature with parallel three-phase converters is
the potential zero-sequence circulating current [B.3]. The zero-sequence circulating
current exists when the parallel connection of the rectifiers share the same input source,
as shown in Figure 4.1. However the parallel rectifier connection considered in this
chapter assumes independent sources for the two rectifiers. The analysis in this chapter
shows a degree of freedom in the parallel connection of rectifiers that is used for power
partitioning between the rectifiers. The effect of the power-partitioning factor o is studied
under the steady state operation of the rectifiers.

The series connection of boost rectifiers considered in this chapter allows three
output voltages that can be used in various applications. However, unlike the case of the
parallel connection of the rectifiers, the series connection does not have the degree of
freedom that allows for the power partitioning.

The first section lays out the modeling of the parallel connection of the rectifiers
using the model of the boost rectifier developed in Chapter 3. The steady state analysis

and the condition for unity power factor operation for the parallel connection of the boost
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rectifiers is presented in section 4.2.2, and section 4.2.3 shows the dynamic simulation

12h 225

results
—> 1 I, —
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Figure 4.1: Topology of parallel connection of boost rectifiers with zero circulating currents

for the parallel rectifier connection with sources of same and different frequencies
operating at unity power factor. The analysis carried out for the parallel rectifiers in
sections 4.2 to 4.4 is repeated for the series connection of the rectifier in sections 4.3.

A unique feature of paralleling rectifiers, as mentioned earlier is the zero
circulating current in the circuit. The circulating current is present because at any instant
of time two devices in each converter are ‘ON’, thereby creating a path for current

through two devices in the first converter and two devices in the second converter.
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4.2 Parallel Rectifiers

4.2.1 Model of Parallel Rectifiers

The parallel connection of boost rectifiers used in this chapter is shown in Figure
4.2. The modeling of the rectifier follows the modeling of the single boost rectifier
developed in Chapter 3.

For the parallel configuration, the boost rectifiers are connected in parallel at the
output, i.e. the two rectifiers share the same output capacitor and load resistance. The
method of modeling of the parallel rectifiers is to derive the voltage equations for each
rectifier independently and then develop the equation at the output capacitor of the
system by combining the output dc currents. This is explained in detail in the ensuing
sections.

The model equations of each rectifier are exactly the same as that for the single
boost rectifier derived in Chapter 3. The switching functions for each rectifier satisfy the
same conditions as explained for the single boost rectifier, i.e. at no instant of time should
two switches be ON’ simultaneously as it would short-circuit the capacitor at the output.
The model equations for each rectifier are presented separately following which the
complete model of the parallel rectifiers will be presented. The conditions satisfied by the

switching functions for rectifier A are shown in Equations (4.1) to (4.3).

Slla +SIZa :1 (41)
S21a + S22a = 1 (42)
S31a +S32a :1 (43)
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Figure 4.2: Topology of parallel connection of boost rectifiers with independent sources

The parameters for rectifier ‘A’ are shown in Table 4.1.

Table 4.1: Parameters for rectifier ‘a’

Vast, Vist, Vest Voltages on AC-side

L1, To1, T Phase currents

Ta, Th, Tc Resistance per phase

L,, Ly, L Inductance per phase

Ip1 Dc current at the output of the rectifier
I Load current

Ve Output dc voltage

Si1a, S21a5 S31a Switching functions for top devices
S12a, S22a, S32a Switching functions for bottom devices
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The equations are presented for each rectifier separately as
Rectifier ‘A’
The phase voltages for rectifier A can be expressed in terms of the switching

functions for the rectifier as

Vasl = rIal +Lp1al + (2S11a _1) I/;C + Vm) (44)
—_ Vdc

Vg =rly, +Lpl, + (2S21a _1)7 +V, (4.5)
—_ Vdc

I/csl - rIcl +Lp]cl + (2S31a _1) 2 +Vn0 : (46)

The neutral voltage, (Equation 4.7), solved for using Equations (4.4) to (4.6) is

expressed in terms of the switching functions of the top devices for Rectifier ‘a’.

no

Ve = _V;C [2S11a +2S21a +2S31a _3] 4.7)

Substituting for the neutral voltage in Equations 4.4 to 4.6 in terms of the
switching functions, the phase voltages can be expressed in terms of the switching

functions as

[2 1 1
Vasl = rIal +Lp1al +Vdc _Slla __S21a __S31a (48)
| 3 3 3
_ B 2 1
Vg =1Ly +Lply +V, | = =81, ¥ =80, =5 S 4.9)
| 3 3 3
1 1 2
I/csl :rlcl +Lplcl +Vdc _gslla _§S21a +§S3la . (410)

The dc current at the output of the rectifier is expressed in terms of the switching
functions of the top devices and the phase currents.

Ipl = Sllalal +S21a1bl +S31alcl (411)
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Equations (4.8) to (4.11) are the state equations for rectifier ‘a’ in the parallel

rectifier. Similarly, the model equations for the second rectifier, rectifier ‘b’ can be

derived as below.

for ‘a’,

Rectifier ‘b’

The switching functions for rectifier ‘b’ satisfy the same conditions as described

Sy S, =1 (4.12)
Sy T8y, =1 (4.13)
Sy TS5, =1 . (4.14)

The parameters for this rectifier are defined in Table 4.2.

Table 4.2: Parameters for rectifier ‘b’

Vas2, Vb2, Ve Voltages on AC-side

L2, T2, 12 Phase currents

Ta, Th, Tc Resistance per phase

L,, Ly, L Inductance per phase

I;» Dc current at the output of the rectifier
I Load current

Ve Output dc voltage

Si1b, S21b, S311 Switching functions for top devices
S12b. S22b, S321 Switching functions for bottom devices
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The phase voltage equations for rectifier ‘b’ and the dc current at the output of the
rectifier are expressed in Equations (4.15) to (4.18). The equations are exactly the same
as that derived for the single boost rectifier as well as ‘rectifier ‘a’,

v

Vas2 +Vn0 = rIaZ +Lp1a2 +(2S11b _1)%+Vn0 (415)
—_ Vdc

Vi =1L, +Lpl,, +(2S21b _1)7+Vn0 (4.16)
—_ Vdc

Vo =11, +Lpl +(2S31b _1) 2 V. (4.17)

1, = Siplaz ¥ Solyy +S31105 - (4.18)

Eliminating the term for the neutral voltage in Equations (4.15) to (4.17) , the

phase voltages are

[2 1 1
Viga =1y ¥ Lpl j, V| =811, == S0 __Smi (4.19)
| 3 3 3
1 2 1 1
Viga =71y, Y Lply, +V, _§S11b +§S21b _§S31b (4.20)
1 1 2 1
Vo =1l +Lpl , ¥V, _§S11b _gszlb +§S31b (4.21)
1p2 =Sl ¥ Sopdyy +S31 - (4.22)

As the two rectifiers, ‘a’ and ‘b’ are connected in parallel at the output, the
capacitor voltage equation for the parallel rectifiers is modified from that derived for the
single three-phase boost rectifier. The capacitor voltage equation is the nodal equation,
and expresses the current flowing through the capacitor at the output of the rectifiers as
the difference of the dc current I, and the load current I;. For the rectifiers connected in

parallel the current through the capacitor is the difference of the sum of the dc currents
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and the load current of rectifier ‘a’ and ‘b. Therefore, the capacitor voltage equation for

the parallel rectifiers can be expressed as
CoVy =\, +1,,-1,], (4.23)

with the load current defined as

V

1, =—% 4.24

R (424)
— Vdc

Cp Vdc _(Sllalal +S21a1bl +S310161S11b1a2 +S21b1b2 +S31blc2)_ R . (425)

L
The switching functions are expressed in terms of the modulation signals using
the following general equation.

1+M
2

S

(4.26)

Substituting for the switching functions in terms of the modulation signals, the
capacitor voltage equation:

Vi
- 4.27
2 (4.27)

L

.CpV, :(Mallal tMy L+ M1+ M1, ML, +Mc21c2)_

M,i, My, and M., are the modulation signals for rectifier ‘a’ and M,,, My,, and
M., are the modulation signals for rectifier ‘b’.

Transformation of the state equations to the qd (synchronous) reference frame
simplifies the analysis, as the variables are then time invariant with respect to the
reference frame. Also transformation would allow the steady state analysis of the parallel
connection of the rectifiers to be studied.

The voltage equations for the system are transformed by multiplying using the

transformation matrix given in Equation (4.29).
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Srao =K (6. e

N S

Ks (Hv ) = 2 sin({@ ) Siﬂ[@ _2—”-) Sin[HS +2—]Tj

cos\8 ) cos[é?Y —277-[) cos[@x +2T]Tj

N N

1 1 1
2 2 2

(4.28)

(4.29)

Applying the above transformation (4.28), the voltage equations for the parallel

rectifier expressed in the synchronous reference frame are

MV
+a)elL]dvl + e
‘ 2

v

gsl

:rlqsl +Lp[

gsl

M,V
Vdsl = rldsl + Lp]dsl - welLIQSI + %

Vol = rIosl + Lp[

osl

q2Vdc

Vv

qs2 = rIqs2 +Lp1 + a)e2L1ds2 +

qs2

MV,

{9

Via =1l 4, ¥ Lpl 4, _we2LIqS2 +%

Vo2 = r]os2 + Lp[

0s2 *

(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

(4.35)

Vgsts Vg2, Vasi, Vi are q and d axis voltages for rectifier ‘a’ and ‘b’,

respectively.

g1, g2, Last, Lo are q and d axis currents for rectifier ‘a’ and ‘b’, respectively,

and Vg and V, are the zero sequence voltages for each rectifier.

Mgs1, Masi, Mge2, and Mgy, are the q and d axis components of the modulation

signals for rectifier ‘a’ and ‘b’, respectively.
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As the system is assumed to have balanced voltages, the zero sequence voltages
for both rectifier ‘a’ and ‘b’ are equal to zero. Therefore, the voltage equations for the
parallel rectifier system are Equations (4.30), (4.31), (4.33), and (4.34).

The capacitor voltage equation for the system (4.27) is transformed to the
synchronous reference frame by replacing the abc components of the currents and

modulation signals with the q and d-axis components using the inverse transformation

matrix K.
_ T ( T )‘1 -1
Cp Vdc - quo Kx (Kv) Mabc (436)
—_ 3 ( ) Vdc
Cp Vdc - E qsllqsl + Mdslldsl + 2M01101 + MqSZIqSl + Mds21ds2 + 2M02102 - R
L
(4.37)

Since the system is balanced, the zero sequence components of the currents are

equal to zero.

FM, I, ML ML ) - (4.38)

gsl ds1= dsl qs27 gsl ds2 R
L

1

gsl

CpV,. = é(M
2
4.2.2 Steady State Analysis
Setting the differential terms in the dynamic equation to zero results in the steady

state equations for the system. The analysis is performed to obtain the values of the q and

d-axis modulation signals for each rectifier to operate the rectifiers at unity power factor.

M lVdc
Vqsl = rIqsl + a)elLIdsl + z
2 (4.39)
M
Vdsl = rldsl _a)elLIqsl +d—lm
2 (4.40)
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q2 Vdc

Vqs2 = rIqs2 + a)e2L1ds2 +
(4.41)
MV
Vi =1l 4y —@,, LI, +
2 (4.42)
3 V.
0 ZE(qullqsl +Mds11dsl +qu21qsl +Mds21ds2)_ Rd (443)

L

As in the case of the single boost rectifier system, the parallel rectifiers are
studied under a condition of unity power factor. The need to operate any system at unity
power factor arises from the fact losses are minimum at this point of operation. This is
because the current and voltage on the input side of the rectifier are in phase. This
condition is applied when the reactive power is equal to zero.

Q =%(le = Vil,) (4.44)

s

Setting the d-axis voltage and currents to be equal to zero in Equations (4.39) to

(4.43)
MV
Vqsl = rIqsl + T
2 (4.45)
0 = _welLIqsl + MledC
2 (4.46)
MV
Vqs2 - rIqs2 + 2 &
2 (4.47)
0 = _a)e2LIqs2 + MszdC
2 (4.48)
3 v,
0 = 2 (qullqsl +qu21qsl )_ Rd . (449)
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To determine the operating point for each rectifier under unity power factor, for a
specific value of dc voltage, the q and d-axis modulation signals for each rectifier need to
be determined. From Equations (4.45) to (4.49) it can be seen that the number of
variables are greater than the number of equations, i.e. the variables to be determined are
Igst, Igs2, Mgsi, Mgs2, Masi, and Mg, (six variables ) and the number of equations are five.
To solve for the variables, an additional constraint is applied to the parallel rectifier
system. The constraint applied is power partitioning between the rectifiers. The total
power of the two rectifiers is partitioned by considering a factor a , where a denotes the
ratio in which the power total power is distributed between the two rectifiers.

Considering the power equations for each rectifier:

3
Pl = E(Vqsllqsl + Vdslldsl) (450)
3
Pz :E(Vqs21qs2 +Vds21ds2)' (4-51)
Let the total power be P,
where P=PF +P,. (4.52)

Applying the condition for unity power factor, V,, =V,, =0

i — a - Vqsllqsl ' (4 53)
PZ (1 - a) VquIqSZ
Therefore,

(a1, =av,,I,,. (4.54)

Therefore, using the additional equation describing the power partitioning of the

system, the variables can be calculated.
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Using the above equations (4.45) — (4.49) and (4.54) the steady state plots for the
parallel rectifier system are presented. The system has been studied under varying dc
voltages and power partitioning factors. The load resistance has been kept constant and
the dc voltage has been varied between 300V and 1000V. The power for each rectifier
has been calculated considering the factor a and has been plotted as a function of the q-
axis modulation index for each rectifier.

The effect of alpha on the output power of each rectifier is evident from the
steady-state plots as an increase in alpha for one rectifier decreases the power and vice
versa for the second rectifier.

The parameters used for each rectifier are the same and are shown in Table 4.3.

Table 4.3: Parameters used for parallel rectifiers

V. =180cos 377t—§j
v, =180cos| 377t =~ —2—”j
6 3

V. =180cos 377t—g+27ﬂj

r =0.1Q

L=6.4mH

C =150 pF
Rp=30Q
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Figure 4.3: Variation of the g-axis and d-axis modulation index with the output dc voltage
varying between 300V and 100V at a constant load resistance of R, = 100Q for varying values of
a for rectifier ‘a’
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Figure 4.4: Variation of the g-axis and d-axis modulation index with the output dc voltage
varying between 300V and 100V at a constant load resistance of R, = 100Q for varying values of
a for rectifier ‘b’
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Figure 4.5: Variation of the g-axis modulation index and power, with the dc voltage varying
between 300V and 100V at a constant load resistance of R = 100Q for varying values of o for
rectifier ‘a’
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Figure 4.6: Variation of the g-axis modulation index and power, with the dc voltage varying
between 300V and 100V at a constant load resistance of R, = 100Q for varying values of o for
rectifier ‘b’
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From Figures 4.3 to 4.6, for a constant load resistance and power, an

increase in the dc voltage increases the value of the g-axis modulation index, and a

decrease in the d-axis modulation index. Also for an increase in the power partitioning
factor , the value of the g-axis modulation signal decreases.

The steady state analysis enables the determination of the operating point by

selection of the dc voltage and the corresponding values of the q and d-axis modulation

signals. The dynamic simulation in the next section shows one such operating point on

the steady state curve chosen to operate the system at unity power factor.

4.2.3 Dynamic Simulation

The dynamic simulation of the parallel boost rectifiers has been carried out under
two different conditions. The first assumes both the independent sources to operate with
the same supply frequency. The second considers the sources to have different

frequencies. The parameters used in the simulation are the same as in Table 4.3.
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Figure 4.7: Simulation results for the parallel rectifier, from top : (a) output dc voltage V.,
(b) load current I
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Figure 4.8: Simulation results for the parallel rectifier, from top: (a) output dc current
rectifier ‘a’ I, (b) output dc current rectifier ‘b’ I,
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Figure 4.9: Simulation results for the parallel rectifier, phase -a input voltage and current for
rectifier ‘a’
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Figure 4.10: Simulation results for parallel rectifier, phase -a input voltage and current for
rectifier ‘b’
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Figure 4.11: Simulation results for the parallel rectifier, phase voltages from top: (a) rectifier
‘a’, (b) rectifier ‘b’
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Figure 4.12: Simulation results for the parallel rectifier, phase currents from top: (a) rectifier
‘a’, (b) rectifier ‘b’
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Figure 4.13: Simulation results for the parallel rectifier, from top : (a) output dc voltage V.,
(b) load current I
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Figure 4.14: Simulation results for the parallel rectifier, from top : (a) output dc current
rectifier ‘a’ I, (b) output dc current rectifier ‘b’ I,
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Figure 4.15: Simulation results for the parallel rectifier, phase -a input voltage and current
for rectifier
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Figure 4.16: Simulation results for the parallel rectifier, phase -a input voltage and current
for rectifier
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Figure 4.17: Simulation results for the parallel rectifier, phase voltages from top: (a) rectifier
‘a’, (b) rectifier ‘b’
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Figure 4.18: Simulation results for the parallel rectifier, phase currents from top: (a) rectifier
‘a’, (b) rectifier ‘b’.

The simulation for the parallel rectifier system has been performed and the results
are as shown in Figures 4.7 to 4.18. The first set of figures, Figures 4.7 to 4.12 show the
response of the parallel rectifier system when the sources on the input side of the rectifier
have the same supply frequency of w.; = W, = 377 rad/sec. Figure 4.7 shows the output
voltage of the parallel rectifier system and the load current. Figure 4.8 shows the dc
current at the output of both rectifier ‘a’ and ‘b’. The nature of the dc current waveform
is evident from Equations 4.18 and 4.22. Figures 4.9 and 4.10 show the input voltage and
current (phase—‘a’) for each rectifier to be in phase i.e. the operation of the rectifiers at
unity power factor. The input voltages and currents for both rectifiers are shown in

Figures 4.11 and 4.12.
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The second set of Figures 4.13 to 4.18 is obtained by taking the input sources of
the two rectifiers to be of different frequencies generates, w.; = 377 rad/sec and w., = 565
rad/sec. The output voltage and load current are shown in Figure 4.13; the dc current for
each rectifier is shown in Figure 4.14. Figures 4.15 and 4.16 show the unity power factor
operation and Figures 4.17 and 4.18 show the phase voltages and currents for each

rectifier.

4.3 Series Rectifier

Series boost rectifiers can be applied to a large range of applications based on the
specific area of application required. The series connection of the rectifiers can be use as
three independent voltage sources, assuming the accessibility of the voltages depending
on the configuration of the system.

In present day systems, due to the increased complexity of system models, the
requirements for more dc sources has increased. Therefore a scheme where for the same
system configuration, multiple supplies can be drawn is very advantageous.

The system configuration studied in this section allows the voltage across each of
the series connected rectifiers as each rectifier has a capacitor at the output as shown in
Figure 4.19.

The circuit configuration considered involves the sharing of one load resistance
for both the rectifiers; however, the system can be operated with independent load

resistances for each rectifier.
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Figure 4.19: Topology for series rectifier connection

4.3.1 Model of Series Rectifier

The method of modeling of the series connection of the boost rectifiers is exactly
the same as that adopted for the parallel rectifiers in section 4.2. Each rectifier is modeled
independently and as the rectifiers are connected in series at the output, modeling series
connection of the rectifiers is included on the output side of the rectifiers. As the model
of each rectifier is exactly the same as the model derived in Chapter 3 the model

equations for the rectifier in the abc reference frame are repeated below

Vv

asl

2 1 1
:r]al +Lp1al +Vdc|:§Slla _ESZILJ _§S3la:l (455)
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(1 2 1
Vg =7l + Lpl, +V,, _§S11a +§S210 _§S31a (4.56)
1 1 2 1
I/cvl :rlcl +Lplcl +Vdc __Slla __SZIa +_S31a (457)
‘ | 3 3 3 )
Ipl = Sllalal + SZlaIbl + S31alcl (458)
[2 1 1
Via =1Ly ¥ Lpl V| =Si =800 =585 (4.59)
| 3 3 3
1 2 1 1
Viga =7l Y Lply, vV, _§S11b +§S21b _§S31b (4.60)
1 1 2 1
Vo =1l +Lpl , ¥V, _§S11b _§S21b +§S3lb (4.61)
IpZ =Suplay T Sopdyy +S31 - (4.62)

Equations (4.55) to (4.58) are the model equations for rectifier ‘a’ and (4.59) to
(4.62) are the model equations for rectifier ‘b’.

The parameters used in the equations for each rectifier are the same as in Tables
4.1 and 4.2.

The capacitor voltage equations for each rectifier are

CpV,=1Ip, - ch (4.63)

L

CpV, =Ip, - Z . (4.64)

L
V. is the voltage across the capacitor for rectifier ‘a’.
V., is the voltage across the capacitor for rectifier ‘b’.
As the rectifiers are connected in series at the output, the output voltage is the sum

of the individual voltages of the boost rectifiers, and can be expressed as
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Vi =VatV, . (4.65)
To perform the steady state analysis, the model equations for the system are

transformed to the synchronous reference frame using the transformation matrix: The

method of transformation is as explained in the previous section.

cos(é?s) cos[é?s —277-[) cos[@s +2T]Tj

Ks (es ) = z Sil’l(es ) Sil’l[@s —2—]7-) Sil’l[es +2_]Tj

1 1 1
L 2 2 2 . (4.66)
The capacitor voltage equations for each rectifier are transformed to the
synchronous reference frame by substituting for the abc reference frame currents and
modulation signals in terms of the inverse transformation matrix and the qdo currents and
modulation signals, as explained in Chapter 3.

Hence the model equations for the series boost rectifiers in the synchronous

reference frame are

= qlVdc
Vi =1y Lpl oy + @, L1y, +
(4.67)
M
Vdsl = rIdsl + Lpldsl - a)elLICISI +d—1VdC
? (4.68)
e (4.69)
= MqZVdc
Vqsz a rlqsz +Lp1qs2 tw,Ll,,+ 2
(4.70)
M
Vo =14 + Lpl 4, — @, L1, +LVdC
? (4.71)
V,=rl,,+Lpl,,. )
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Vgst> Vg2, Vasi, Vs are q and d axis voltages for rectifier ‘a’ and ‘b’ respectively.

g1, g2, Last, Lo are q and d axis currents for rectifier ‘a’ and ‘b’, respectively,

and Vg and Vg are the zero sequence voltages for each rectifier.

Mgs1, Masi, Mge2, and Mgy, are the q and d axis components of the modulation

signals for rectifier ‘a’ and ‘b’, respectively.

The capacitor voltage equations in the synchronous reference frame are

3 V..
Cchl :E( qsllqsl +Mds11dsl +M01101)_ Rd (473)
L
3 V..
CpVCZ ZE(MqSZIqSZ +Mds21ds2 +M02102)_ Rd : (474)

L

Assuming the voltages and currents to be balanced, the zero sequence currents

and voltages are equal to zero.

4.3.2 Steady State Analysis

Setting the differential terms in the equation to be equal to zero results in the

steady state equations for the system.

qlVdc
Vqsl = rIqsl + a)elLIdsl +
(4.75)
M
Vdsl = rIdsl _a)elLIqsl +d—1%
2 (4.76)
v
Vqu = rIqu +a)eZL]ds2 + 2
(4.77)
M
Via =114, _a)eZLIqSZ +LVdC
2 (4.78)
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3 v,

0 = E( qsllqsl +Mdslldsl )_ RdL (479)
3 V

0 = E(quzlqsz + Mdszldsz )_ Rdc . (480)

L

The next step in the analysis is to determine the system equations in the
synchronous reference frame under unity power factor condition. The procedure followed
is the same as for the parallel rectifiers; therefore, setting the d-axis current and voltage to

zero, the system equations at unity power factor are

MV
Vqsl =r gsl +de
2 (4.81)
0 = _a)elLIqsl + MledC
2 (4.82)
MV
V.,=rl,+ g2 de
qs qs
2 (4.83)
0 = _a)eZLIqSZ + MdZVdC
2 (4.84)
_3 Vie
0= E(A%lqs1 )- - (4.85)
L
_3 Vie
0= E(quzlqs2 )- A (4.86)

To determine the operating point of the series rectifier for a particular value of
output voltage, the q and d axis modulation signals have to be determined. The unknown
parameters for the system are the q and d-axis modulation signals and the q axis voltages
for both rectifiers. The total number of unknowns (6) is equal to the number of equations,
hence the additional constraint applied in the case of the parallel rectifiers cannot be

applied for the series connection of the boost rectifiers.
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The steady state plots in Figures 4.20 and 4.21 show the variation of the q and d-
axis modulation signals with varying dc voltage for a constant load resistance. The
voltage across each rectifier is varied between 80 V and 550V. The parameters used for
each rectifier ‘a’ and ‘b’ in the simulation as well as the steady state analysis are in

Tables 4.4 and 4.5 respectively.

Table 4.4: Parameters for rectifier ‘a’

V.. =40cos| 377t —%Tj

2
V,. =40cos 377t—7—T——ﬂj
‘ 6 3

V.. =40cos 377t—7—T+2—ﬂj
‘ 6 3

r =0.1Q

L=6.4mH
Ci = 135pF
R =100 Q

Table 4.5: Parameters for rectifier ‘b’

V.. =40cos| 377t —%Tj

2
V,. =40cos 377t—7—T——ﬂj
‘ 6 3

V.. =40cos 377t—7—T+2—ﬂj
‘ 6 3

r =0.1Q

L=6.4mH
C =150 pF
Rp=30Q
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The plots shown below, illustrate the variation of the q and d-axis modulation
signals with the varying values of dc voltage. The load resistance and operating

frequency are assumed to be constant.
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Figure 4.20: Variation of the q and d-axis modulation signals, with the dc voltage varying
between 80V and 550V for varying load resistances R = 100Q, 150Q and 200Q, for rectifier ‘a’
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Figure 4.21: Variation of the q and d-axis modulation signals with the dc voltage varying
between 80V and 550V for varying load resistances Ry = 100Q, 150Q and 200Q, for rectifier ‘b’
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4.3.3 Dynamic Simulation

The dynamic simulation of the series rectifier has been performed for a given
operating point to achieve unity power factor operation for both the rectifiers. The

sources are assumed to have the same frequency and hence the modulation signals have

the same frequency w.; = W, = 377 rad/sec.

N
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Output Voltage
Rectifler A (V)
—

o
=

i

(a)

0.3 0.35 0.4 0.45 0.5

(b)

Output Voltage
Rectifier B (V)

03 0.35 0.4 0.45 05

(c)

Sum of
Output Voltages (V)

03 0.35 0.4 0.45 05

(d)

Load Current (A)

i i I i i I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time (seconds)

Figure 4.22: Simulation results for the series rectifier, from top: (a) output dc voltage for
rectifier ‘a’ V, (b) output dc voltage for rectifier ‘b’ Vo, (c) sum of output voltages for Vi+ Vi, |
(c)load current I,
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Figure 4.23: Simulation results for the series rectifier, from top : (a) output dc current
rectifier ‘a’ I, (b) output dc current rectifier ‘b’ I,
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Figure 4.24: Simulation results for the series rectifier, phase -a input voltage and current for
rectifier ‘a’
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Figure 4.25: Simulation results for the series rectifier, phase -a input voltage and current for
rectifier ‘b’
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Figure 4.26: Simulation results for the series rectifier, phase voltages from top: (a) rectifier
‘a’, (b) rectifier ‘b’
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Figure 4.27: Simulation results for the series rectifier, phase currents from top: (a) rectifier
‘a’, (b) rectifier ‘b’.

The results of the dynamic simulation are in Figures 4.22 to 4.27. Figure 4.22
shows the output voltage of each rectifier to reach a steady state value of 170V. The sum
of the voltages and the load current are shown as well. Figure 4.21 shows the dc current
at the output of each rectifier, and Figures 4.24 and 4.26 show the phase ‘a’ voltage and
current to be in phase, i.e. operation of each rectifier with unity power factor. Figures

4.26 and 4.27 show the phase voltages and currents for each rectifier.

4.4 Parallel Rectifiers with Common Input Source

The model of the parallel connection of the three-phase boost rectifiers considered

in section 4.2, assumes the rectifiers to have independent input sources.
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Figure 4.28: Circuit topology for parallel rectifiers with a common input source

The advantage of assuming independent sources rests in the fact that the zero
sequence circulating current (a unique feature of the parallel rectifier topologies), is
absent. As explained earlier, this is due to the absence of a path for the flow of the
current. The topology of the parallel rectifiers considered in this section assumes a
common input voltage source. In this case, as the rectifiers share the same input, a path
exists for the flow of the zero sequence circulating current. The topology considered in

this circuit is as shown in Figure 4.28.
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4.4.1 Model of Parallel Rectifiers

The model equations for the parallel rectifiers are the same as that derived in
section 4.2, however in this case, the terms for the zero sequence currents and voltages
are included in the modeling.

The model equations for each rectifier in the parallel rectifier topology are defined
as below. Equations 4.87 to 4.89 are the voltage equations in the abc reference frame for

Rectifier A, and 4.90 to 4.92 are the voltage equations for Rectifier B in the abc reference

frame.

V.,=rl, +Lpl, +(28 —I)VdC+V 4
asl — al p al 1la 2 no ( 87)
Viy =rl, +Lpl, +(28 —1)Q+V 4.88
pst — My T LPLy, 21a > no (4.88)
V. =rl, +Lpl, +(2S —I)VdC+V 4

esl cl p cl 3la 2 no ( 89)
V., =rl,+Lpl,+(2S —1)—Vd6 +V

as2 a2 p a2 116 2 no (490)
Vi =rl,, +1Lpl,, +(28 —1)@+V 4.91
ps2 — Tlpy T LPLy, 21b > no 4.

V., =rl,+Lpl, +(2S —1)Vdc +V

s2 c2 p c2 31b 2 no (492)

The parameters used in the above equations are defined in Tables 4.1 and 4.2. The
capacitor voltage equation for the parallel rectifiers is the same as Equation 4.25, as in
both cases the rectifiers are connected in parallel at the output.

Vdc
R

Cp Vdc = (Sllalal + SZlaIbl + S31a161S11b1a2 + SZlbIbZ + S31b162 ) - (493)

~
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The dc currents at the output of each rectifier can be expressed in terms of the

switching functions and the phase currents as in Equations 4.94 and 4.95.
I, =80y +Sydy +85,1, (4.94)
I, =80y + Syl 85,1, (4.95)
The analysis performed on the parallel rectifiers in this section has been carried
out in the synchronous frame of reference, with the frequency of the reference frame
being equal to the frequency of the input ac voltages. The transformation to the
synchronous reference frame has been carried out using the transformation matrix
defined in Equation 4.29.

The voltage equations for the parallel rectifiers in the synchronous reference

frame are for Rectifiers A and B are defined in Equations 4.96 to 4.98 and 4.99 to 4.101

respectively.

— SqlVdc

Vqsl - rllqsl + Llp[qsl + a‘i’lldsl +T (496)

S V.
Vdsl = rlldsl +L1p]dsl _a‘l’llqsl + o (497)
SqlVdc

Vosl = rllosl + Llp[osl +T + Vm) (498)
— Vdc

Vqu - rZIqSZ +L2p]qs2 +a‘l’2[ds2 +Sq2 2 (499)
— Vdc

Via =1y ¥ Lypl 4, =@y 1 + S 7 (4.100)
— Vdc

VosZ - rzlosz +L2p]os2 +S02 2 +Vn0 (4101)
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The switching functions for the two rectifiers in the synchronous reference frame

are defined by Equations 4.102 to 4.107.

A :2S11a cos@+2S,,, cos[é’—zTﬂj +28,,, cos[€+27ﬂ } xg (4.102)
S, = :2311[, sin6+2S, sin[é’—zTﬂj +28,, sin(m%”j: x% (4.103)
s =[2(s,, +S,, +S;,)-3] x% (4.104)
S, = :2S11b cos@+2S,, 005[8—2777) +28,,, cos[€+27ﬂ } xg (4.105)
S, = :2311,, sin6+28,, sin[é’—zTﬂj +28,, sin[6’+27ﬂj: x% (4.106)
S, =§[2(SH,, +8,, +5,,)-3] (4.107)

Sqi, Sda1, and So; are the q, d and zero components of the switching functions for
Rectifier A, and Sy, S, and Sy are the q, d, and zero components of the switching
functions for Rectifier B.

The capacitor voltage equation for the parallel rectifier topology in the
synchronous reference frame is

_ Vdc

0s2

CVa Z%[Sqllq1 + Sy Y28, 0,0 +S 010 + 801, 28,1 (4.108)

osl
L

In this case, as the zero sequence currents exist in the system, the terms are
retained in the capacitor voltage equation.
For the system under consideration, the sum of the six phase currents are equal to

Zero, 1.e.
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Lo+, +1,+1,+1,+1,=0 (4.109)

Equation 4.109 can be rewritten as
%(lal+[b1+[cl)+§([a2+[b2+152):0 (4.110)

From the definition of the zero sequence currents, equation 4.110 can be
expressed in terms of the zero sequence currents of the two rectifiers as

I +1 .=0 (4.111)

os1 0s2

=1 =-1

osl

(4.112)

0s2

Also, as the two rectifiers share the same input voltage source,

Vosl = VosZ (4 1 13)
Using Equations 4.98 and 4.101, in Equation 4.113
— —_ Vdc
Vosl - VosZ - rllosl - rzlosz + Llplosl - szlosz + (Sol - SOZ )7 (4 1 14)
Vdc —_
= (Sol _SOZ) 2 _rllosl _rzlosz +L1p]osl _sz]osz (4115)
Substituting Equation 4.113 in 4.115
Vdc —_
(Sol _SOZ) 2 - (rl +l"2 )[osl +(Ll +L2 )plosl (4116)

Therefore, using Equation 4.116, the zero sequence circulating currents for each

rectifier I,q; and I, can be determined.
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4.4.1 Steady State Analysis

The steady state analysis of the parallel rectifiers has been performed. The q and
d-axis voltage equations at steady state are the same as Equations 4.39 to 4.42. The
difference in the analysis of the parallel rectifier topology is the determination of an
expression for the zero sequence current at steady state.

The qd voltage equations for the rectifiers at steady state are

SV

Vit =1l gq +adld gy + q12 “ (4.117)

Vdsl = rlldsl - C‘Ll[qsl + SdledC (4 1 18)
— Vdc

Vo =1yl o Y adly 1y, +S > (4.119)
— Vdc

Vi =101 4 _C‘Lzlqsz +Sd27 (4.120)

The capacitor voltage equation at steady state is
3 V.

0= S0l + Sl #Sppl o+ Sialin 28, =, )] =2 (4.121)

L
The Equation for the zero sequence circulating current can be determined at
steady state using the harmonic balance technique. Harmonic balance technique for a
linear system states that, for a given system, for example the output (current) will have
the same form as the input (voltage). For example, if the voltage (input) has the form as
in Equation 4.122, then the current (output) has the same form as the input as in Equation

4.123. The current may be shifted in phase with respect to the voltage.
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V. =Vcos(ar+6,)= Relfej“J

7 =08, (4.122)

I, =Icos(ar+8)= Relfe’“]

=106 (4.123)

The zero sequence current, which is a function of the difference of the zero
sequence switching functions for each rectifier, is third harmonic, i.e. the frequency of
the zero sequence current is three times the frequency of the input voltage, and this
property of the zero sequence current is illustrated in Figure 4.29. Using Equation 4.116,

the difference of the fundamental component of the zero sequence switching signals can

be expressed as
-5, =8,cos(3wt-y)= Rel§3ejej

S,=8,0-¢ , 0=3ws (4.124)

a0 .' r : T ;' .' r
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Time (seconds)

Figure 4.29: Phase ‘a’ voltage and zero sequence current
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as

As the zero sequence current has the same formas S, —S ,, it can be expressed

o

I, =Rel|l,e’| (4.125)

Substituting Equation 4.124 and 4.125 in 4.116.
(r1 +r, )Re[ioe-/e] + (L1 +L, )p Re[foe-/e] = %Re[@e-/e] (4.126)

Applying Harmonic balance technique, the peak current in the equation 4.126 can

be expressed as [A.12].

V;C S, (4.127)

(rl +r2)io +(Ll +L2)pio ++j3a)e(Ll +L2)io =

The steady state equation for the zero sequence current can then be determined as

(r 47, + B3, (L, +L,)I, = V; S, (4.126)
Therefore
[ =Va 5, (4.127)

"2 (hn)+Baw(L L)

4.4.1 Dynamic Simulation

The dynamic simulation for the parallel rectifier topology has been carried out

under different conditions. The effect of the neutral voltage on the nature of the zero

sequence current has been illustrated, as well as the effect of the zero sequence voltage

(Vpn), on the magnitude of the dc voltage. Certain conditions that have been simulated
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illustrate the large effect of the zero sequence circulating current on the waveform of the
phase current of the rectifiers.

The method of determination of the modulation signals for the parallel rectifier
scheme implemented is the discontinuous pulse-width modulation [B.10]. In this method
of PWM, the generalized expression for the neutral voltage has been used, Equation
4.128. The modulation signals have been determined using the expression for the
generalized neutral voltage, Equation 4.129.

min max

v, =0.5V,(1-2a)=aV,, +V,.(@-1) (4.128)

M, =V, 05V, +(1-2a)-aV,

min

0.5V, +V._(a~1)/0.5V, (4.129)

The simulation results shown in Figures 4.30 and 4.31 illustrate the operation of
the parallel rectifiers assuming the neutral voltage to be equal to zero, i.e. Vp, is assumed
to be equal to zero. The dc voltage shown in Figure 4.30(a) reaches a steady state value
of 500V. The switching frequencies for the two rectifiers are taken to be equal to 10 kHz
and 5 kHz respectively. As the frequencies are different there is a zero sequence
circulating current as shown in Figure 4.30(b). The relationship between the zero
sequence currents as defined in Equation 4.112 is illustrated in Figure 4.30(b). The
parameters used in the simulation are defined in Table 4.6.

The second set of Figures for this simulation 4.30(c) and 4.30(d) illustrate the
phase ‘a’ voltage and current for each rectifier. The effect of the zero sequence current on

the phase current can be seen from the plots.

91



s

=]

o
T

(a)

Cutput Voltage (V)
w
[=]
(=]
T
1

(b)

los2 (A)

lost,
i
o
[5.]

: " los2 _ _ _ : : _
A5 I I I 1 1 1 1 1 1

1.5 1.5001 15002 15003 15004 15005 15006 15007 15008 15009 1501
Time (seconds)

300

(©)

(Rectifier A)

.
=]
S

Input Veltage and Current

200

.300 1 ] i 1 ] f ]
0.5 0.505 0.51 0.515 0.52 0.525 0.53 0.535 0.54

300
200
100

(d)

0

(Rectifier B)

-100

Input Woltage and Current

-200

0 : f. : : f. a :
0.5 0.505 0.51 0.515 0.52 0.525 0.53 0.535 0.54

Time (seconds)

Figure 4.30 Simulation results for the parallel rectifier, from top: (a) output dc voltage, (b)
zero sequence currents I and I, (¢) phase ‘a’ voltage and current (scaled by a factor 10) for
rectifier A, (d) phase ‘a’ voltage and current for rectifier B for M= 0.7, and M4 = 0.07
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Table 4.6: Parameters for rectifier ‘A’ and ‘B’

Parameter Rectifier A Rectifier B

V. 200cos(3771) 200cos(3771)

Vi 200 005[3771‘ —%’Tj 200 005[3771‘ —%’Tj
Vs 200 005[3771‘ + %’Tj 200 005[3771‘ + %’Tj
r 0.1Q 02Q

L 6.4 mH 8.0 mH

C, 1200pF 1200F

R, 50 Q 50Q

f, 10 kHz 5 kHz

The phase currents in both Figures 4.30(a) and 4.30(b) have been scaled by a
factor 10 to better illustrate the nature of the waveform, therefore the values of the phase
currents when compared to the value of the zero sequence currents are not very large,
hence the effect of Is; and I,x» on the phase currents is evident.

The second set of simulation results, Figure 4.31(a) and 4.31(b) assume o to be
equal to 0.5 for each of the rectifiers, which corresponds to the classical space vector
PWM .

For the condition of a to be equal to 0.5, the output dc voltage reaches a steady
state value of 500V, similar to the case when the neutral voltage is assumed to be equal to
zero. The zero sequence currents in this case are illustrated in Figures 4.31(b). In this
case, the peak value of the zero sequence currents is slightly smaller as compared to the
previous case. Figures 4.31(c) and 4.31(d) show the input phase voltage and current for
each rectifier. In this case as well the current has been scaled in the plot to illustrate the

effect of the zero sequence current.
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Figure 4.31: Simulation results for the parallel rectifier, from top: (a) output dc voltage, (b)
zero sequence currents I and I, (¢) phase ‘a’ voltage and current (scaled by a factor 10) for
rectifier A, (d) phase ‘a’ voltage and current for rectifier B for M= 0.7, and M4 = 0.07
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The third set of results have been obtained assuming two different values of a for
the rectifiers, a = 0.5, and a = 0.4 respectively. In this case, the output voltage is slightly
less than the previous two cases. The major difference however lays in the nature of the
zero sequence currents of the rectifiers. In this case the currents have a dc offset equal to
the dc value of the zero sequence currents. The phase currents have been scaled in
magnitude as in the previous cases in Figures 4.32(c) and 4.32(d).

The final simulation performed is performed using generalized discontinuous

pulse-width modulation. In this method, the a is determined using Equation 4.130.

a=1-. (4.130)

B=0.5[1+Sgn Cos 3(at + J)|

The value of 6 used in the simulation is —t/3 for rectifier B, and rectifier A
is assumed to have o = 0.5. As can be seen from the simulation, the zero sequence current
is almost equal in magnitude to the phase current. Therefore the effect of the zero
sequence currents on the phase currents is large. The nature of the phase current is
illustrated in Figures 4.33(c) and 4.33(d). The dc voltage is close to the values that were

obtained in the previous simulations, S00V.
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Figure 4.32: Simulation results for the parallel rectifier, from top: (a) output dc voltage, (b)
zero sequence currents I and I, (c) phase “a’ voltage and current (scaled by a factor 10) for
rectifier A, (d) phase ‘a’ voltage and current for rectifier B for M= 0.7, and My = 0.07
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Figure 4.33: Simulation results for the parallel rectifier, from top: (a) output dc voltage, (b)
zero sequence currents I and I, (¢) phase ‘a’ voltage and current (scaled by a factor 10) for
rectifier A, (d) phase ‘a’ voltage and current for rectifier B for M= 0.7, and My = 0.07
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The analysis in this section aims at illustrating the effect of the neutral voltage V,,
on the magnitude of the zero sequence currents in the circuit.

In the first set of results, the zero sequence voltage is assumed to be equal to zero.
The zero sequence current at this condition has a value slightly larger than the case where
Vo 1s calculated assuming o equal to 0.5 for both the rectifiers.

To illustrate the nature of the change in o on the zero sequence currents, the third
simulation is performed with a set equal to 0.5 for rectifier A and 0.4 for rectifier B. In
this case the zero sequence currents are dc and the effect of the currents on the waveform
of the phase currents is seen in the form of a dc offset of the phase currents equal to the
magnitude of the zero sequence currents.

The generalized discontinuous pulse width modulation is used in calculating the
neutral voltage. The zero sequence currents in this case are very large values and have a
large effect on the phase currents, thereby illustrating the drawbacks of the GDPWM
method in this scheme. Other possible cases of & have not been simulated due to the
huge effect of the zero sequence current on the system when considering generalized

discontinuous pulse-width modulation.
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CHAPTER S

MODELING OF AND PARAMETER DETERMINATION

OF THREE-PHASE INDUCTION MACHINE

5.1 Introduction

With almost universal adoption of an a.c. system of distribution of electric energy for
light and power, the field of application of a.c. motors has widened considerably during
recent years.

The three-phase induction machine is widely used in a variety of applications as a
means of converting electrical power to mechanical work.

The application of the induction machine as a generator has grown in the recent years
specifically in areas of non-conventional energy sources, e.g wind power. The increase in
the use of the induction machine as a generator is due to the inherent advantages of the
machine such as low cost, reduced maintenance, rugged and simple construction, brush-
less rotor (squirrel cage), and so on.

This chapter discusses the basic operation and the model of a three-phase induction
machine. As the model of the machine in the abc and the qd reference frame are fairly
familiar, the basic equations are defined and the equivalent circuit of the machine is
developed in the synchronous reference frame. Three different models of the induction
machine are derived based on the model equations of the system in the qd reference

frame.
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Following the derivation of the different models is the parameter determination of the

induction machine with a detailed description of the various tests performed.

5.2 Basic Operation of an Induction Machine

In a three-phase induction machine, alternating current is supplied to the stator
winding directly and to the rotor bars by induction from the stator. Balanced three-phase
stator and rotor currents create stator and rotor component mmf waves of constant
amplitude rotating in the air-gap at synchronous speed and therefore stationary with
respect to each other regardless of the mechanical speed of the rotor. The resultant of
these mmf waves creates the resultant air-gap flux density wave. Interaction of the flux
wave and the rotor mmf wave gives rise to the torque.

The operation of an induction machine as a motor or a generator is governed by the
operating slip of the machine. With a positive operating slip, the machine operates as a
motor and converts electrical to mechanical energy. With a negative slip, the machine
operates as a generator and converts mechanical to electrical energy. The model

equations for a generator and motor are the same except for the direction of current flow.

The equivalent circuit of a three-phase induction machine is given in Figure 5.1.

I/'S LIS Llr
O A AN Y YT . . O 2 0 ()
Vph }/;: Lm §I"},
O

Figure 5.1: Per-phase equivalent circuit for a three-phase induction machine
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Table 5.1 Parameters of per-phase equivalent circuit

Vpn = per phase voltage

15 = stator resistance per phase

1; = rotor resistance per phase

Lis = per phase stator leakage inductance

Li; = per phase rotor leakage inducatance

r. = core loss resistance

L = magnetizing inductance

The parameters in the equivalent circuit are defined in Table 5.1. The model of
the three-phase induction machine in the abc and qd reference are explained in detail in

the next section.

5.2 Model of Induction Machine

The model of a three-phase induction machine is developed assuming the three
phase stator windings to be identical sinusoidally distributed windings, displaced by 120°
with N equivalent turns per phase. For the modeling of the machine, the rotor windings
are also assumed to be identical and sinusoidally distributed windings 120° apart with N,
turns. For the analysis and also the transformation to the synchronous reference frame,
the positive direction of the magnetic axes coincides with the direction of the vectors
used in transformation.

The voltage equations of the machine in the abc reference frame are
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Voo Ve DA (5.1

abcs s”abcs

V. =ri

abcr r“abcr + pA (52)

aber *

Equation (5.1) is the stator voltage equation for the induction machine in terms of

the staot flux linkages A,ucs , the stator resistance rs and the stator currents izpes

h . T _ [ . . ]
where labcs - las lbs lcs

A=A A AL

abcs as

Similarly the rotor voltage equation, expressed in Equations (5.2) has parameters
referred to the rotor. Agp is the rotor flux linkage and i is the rotor current in the
complex form.

The flux linkages for the stator and the rotor can be defined in terms of the stator
and rotor currents. Equation (5.3) shows the relationship between the fluxes and currents

for the stator and rotor.

/‘abcs _ LS Lsr iabcs
Aie ]| UL L i (5.3)

The inductance matrices are defined in Equations (5.4) [A.3]

1
Ll +Lmv _les __Lms
) 2
Ls = __Lms' Ll? +Lms _les
2 ‘ ) 2
_lev _les Ll? +Lmv
L2 2 ]
— 1 1 _
Llr + Lml 5 __Lmr
2 2
Lr = _ler Llr + Lmr _ler
2 2
_%Lml _lel Llr + Lmr
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cosd. co{é’, +2;T) co{é’, -

n

Wq
3

(5.4)

co{ cos(é’, +2ﬂ)
3 3
cos(é’, +2;T) cos(é’, —2;[) cosd.

) cosd.

Lis and Ly, are the stator leakage and magnetizing inductances, respectively, L
and L, are the rotor leakage and magnetizing inductances and L is the amplitude of the
mutual inductances between the stator and rotor windings.

Equations (5.1) and (5.2) can be expressed with respect to the stator. This is
achieved by referring the rotor parameters to the stator using the turn’s ratio for the stator
and rotor.

The voltage equations for the induction machine with respect to the stator side are

|

given in Equation (5.5).

bl
e 7[5

As can be seen from the nature of the equations defined for the induction machine

1

f

.1
labcr

rL,
) r+pL

v r, + pL

p(L

abcs abcs

I

v (5.5)

abcr

N

N

N

r

I

r

r

r

o

in the abc reference frame, the inductances are time varying with respect to the rotor
speed , hence reference frame transformation is performed to render the variables time
invariant.

The transformation of the equations in the abc reference frame to the qdo
reference frame, in this case the synchronous reference frame renders the variables time
invariant. The transformation to a reference frame of arbitrary speed w is carried out

using the following transformation matrix.
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oo = (K (O e (5.6)

1 1 1
2 2 2 5.7)

where 0 is defined as
HS = Im + wlﬂ

(5.8)

W, s the initial angle of the reference frame.

The frame of reference chosen is the synchronous reference frame where w= .
i.e. the frequency of the reference frame is the same as the frequency of the stator

voltages.

The voltage equations for the induction machine after transformation to the

synchronous reference frame are

Vis =1l + pA, + WA, (5.9)

V,=rl, +pA, — a)e)lqs (5.10)
Vo =rd, A, (5.11)
V,=rl, +pd, +(@ -0, (5.12)
V, =rl, +pA, —(w-w), (5.13)
V. =rl, +pA,. . (5.14)

Vs, Vs are the stator q and d-axis voltages.

I, Las are the stator q and d-axis currents.
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Vg, Vi are the rotor q and d-axis voltages.
Iy, L4 are the rotor q and d-axis currents.
The q and d-axis stator and rotor flux linkages Ags, Ads, Aqr, and A4 can be

expressed in terms of the stator and rotor q and d-axis currents as

qr | _ r m qr
; (5.15)

qs ] m Ky L qs ]

_Adr_ _L L _|:Idr_

_/]ds_ B _Lm Ls | Ids_ (.16)
Expanding the above equations,

Ay =LA, +L,1I, (5.17)
A, =L,1,+L]I, (5.18)
A,=LI1,+L I, (5.19)
A, =L 1, +L1I,. (5.20)

As the induction machine is assumed to have balanced three-phase voltages, the
zero sequence components of the stator and rotor voltages are equal to zero. Therefore
Equations (5.11) and (5.14) are set to zero.

The torque equation for the induction machine [A.3] expressed in terms of the
stator and rotor currents is given by

T = %(iqsid,, ~ii, ). (5.21)

Using the model equations for the induction machine, the equivalent circuit for

the machine in the synchronous reference frame can be developed as shown in Figure

5.2(a) and 5.2(b).
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V‘ZS Lm Vq”
e : Q

Figure 5.2(a) g-axis equivalent circuit in an arbitrary reference frame for the three-phase
induction machine

% Lls w/]qs Llr (C‘J ~, )Aqr 7,

ds ]
Vi L “oo,
O * O

Figure 5.2(b): d-axis equivalent circuit in an arbitrary reference frame for the three-phase
induction machine

Figure 5.2(a) shows the equivalent circuit for the g-axis in an arbitrary reference
frame with a speed equal to wx Similarly the d-axis equivalent circuit is shown in Figure
5.2(b).

The model equations of the machine have been expressed in terms of the stator q
and d-axis currents, stator q and d-axis fluxes, and the rotor q and d-axis fluxes. Using
the model equations of the induction generator in terms of all six variables involves large
amounts of calculations. Therefore, the model is simplified and expressed in terms of

four out of the six variables.
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To design any control system using the model equations of an induction machine
would involve expressing the equations in terms of the desired state variables. This
reduces the steps in calculation and thereby simplifies the entire scheme.

There are three different models of the induction machine discussed in this
chapter for which the derivation for each will be detailed:

Rotor flux model

Stator flux model

Natural variables model.

5.2.1 Stator-Flux Model of Induction Machine

The stator-flux model of the induction machine is the representation of the

machine model equations in terms of the stator currents and stator fluxes of the induction

machine. The model equations of the induction machine are

Vqs = rslqs + pAqs + a)eAds (521)
Vds = rslds + pAds - a)eAqs (522)
Vqr = rr[qr +pAqr +(a)e _a)r )Adr (523)
Vdr = rr[dr + pAdr - (a)e - a)r )Aqr (524)

To obtain the stator flux model of the induction machine, the rotor fluxes and
currents are expressed in terms of the stator fluxes and currents. As Equations (5.21) and
(5.22) are already expressed in terms of the desired variables, the rotor equations are

modified as follows.
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Equations (5.17) to (5.20) express the q and d-axis stator and rotor flux linkages

in terms of the currents. Rearranging Equation (5.17)

[ =— A -7 . (5.25)

Substituting for the rotor g-axis currents in Equation (5.18)

g =L
L

AptLli 1 (5.26)

qr 1 “gs

m

L L
where L1=(Lm— 2 ’J.

Similarly, the d-axis rotor fluxes and currents can be expressed in terms of the d-
axis stator currents and fluxes as by first expressing the d-axis rotor current in terms of
the stator currents and fluxes using Equation (5.19) and then eliminating the d-axis rotor

current in Equation (5.20) resulting in Equations (5.27) and (5.28).

1 L
Idr = Zjds Zlds (527)
Adr = ll;_”A ds+L1 Ids (528)

m

Using Equations (5.25), (5.26), (5.27), and (5.28) the q and d-axis rotor fluxes and
currents can be eliminated in Equations (5.23) and (5.24).

As the induction machine has a squirrel cage rotor, the q and d-axis rotor voltages
are equal to zero. Therefore Equations (5.23) and (5.34) are

0=rl,+pA, +(@-w), (5.29)

0=rl, +pl, —(@-w),. (5.30)

Substituting for the rotor fluxes and currents in Equation (5.29)
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m m m m

1 L, L L
O = rr (L_Aqs - L [qu + p (L Aqs+L1 [qu + (a)e _wr)(L_A ds+L1 [dsj ‘ (531)

Simplifying the above equation results in the state equation for the g-axis stator

current for the stator flux model of the machine

r L w. L
Llp[qs = rIqs - L” Aqs - Lr Vqs _(a)e _a)r)Lllds +#Ads (532)

r= LL(FVLS +rL, )

Similarly to obtain the state equation for the d-axis stator current for the stator
flux model of the machine, Equations (5.26), (5.27), and (5.28) are substituted in the d-

axis rotor Equation (5.30).

L L

m m m

| L L L
Ozrr (L_Ads __‘[dsj-i-p(L_Ads-i-Ll [dsj_(we_a)r)( Aqs+L1 [qu (533)

Simplifying the above equation:

L
"0 D 5.34
7 (5.34)

qs

r L
Llp[ds :r]ds _L_rAds _L_rVds +(a)e _a)r)Lllqs -

Therefore, the stator flux model equations for the induction machine are given by

Equations (5.21), (5.22), (5.32), and (5.33).

5.2.1 Rotor-Flux Model of Induction Machine

The second model considered in this chapter is the rotor flux model of the
induction machine. This model uses the stator currents and the rotor fluxes as state

variables in the model equations for the machine.
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Using the equations for the induction machine in the synchronous reference frame
the machine equations can be modified in terms of the desired state variables.
The g-axis rotor current can be expressed in terms of the currents and the rotor

fluxes using Equation (5.18)

— 1 Lm
Iqr _L_Aqr - L qs

r r

(5.35)

The desired model requires the stator q and d-axis fluxes and currents to be
expressed in terms of the rotor fluxes and stator currents.

From Equation (5.20) the d-axis rotor current is

L
[, =2 -2 (5.36)

Eliminating the rotor currents in Equations (5.17) and (5.19) results in expressions

for the stator q and d axis fluxes in terms of the desired state variables for the system.

qr
r r

1 L,
ACIS = LSIQS +Lm |:L_A d _L_[qs :| (537)
Simplifying Equation (5.37)

Lln
Ay = Lo, !

Iz

(5.38)

qr-

2
m

where L, =L ——*

N
r

Following the same method as described for the g-axis stator flux, the d-axis

stator flux can be expressed in terms of the desired state variables as

L
Ay =L, 1, + L’ﬂ l,. (5.39)

Iz
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Substituting Equations (5.38) and (5.39) in (5.21)

L w.L
Vqs = rIqs + Lﬂplqs + weLJIds - rrLZm AQr + 2 - Adr (540)
2 2
where r =r +-"-.
LV
Similarly the d-axis voltage equation,
L w.L
Q:HWMJ%—@Q%—QJM+EjAW (5.41)

The terms for the rotor currents in equations in (5.29) and (5.30) are eliminated

using Equations (5.35) and (5.36), respectively.

T rer

0 = L Aqr - L—Iqs + pAqr + (we - wr )Adr (542)
r r.L

0 = L_rAdr - VL - Ids + pAdr - (we - wr )Aqr (543)

Rearranging Equations (5.40), (5.41), and (5.42) and (5.43), the state equations

for the induction generator can be expressed in terms of the desired state variables.

L w.L
Lopl, =V, —rl, —@L, I+ ) ~Z2n ) (5.44)
X X X s Lr Lr
L w.L
Lﬂplds = Vds _rlds +weLLTIdS + rrLzm Aql‘ + 2 - Adr (545)
_ 5 rer
pAqr - L Aqr + L Iqs _(we _a)r )Adr (546)

B rr rer
pAdr - L Adr + L Ids + (we - wr )Aqr

r r

(5.47)
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The final model discussed in this chapter is the model of the induction machine in

terms of the natural variables, discussed in the next section.

5.2.1 Natural Variables Model of Induction Machine

The natural variables of the machine are the electromagnetic torque, reactive torque,
and the rotor flux. The terms natural variables arises from the fact that these variables can
be easily related to and also these terms are reference frame independent. Therefore the
model of the machine in this form can be used in implementing various types of control

schemes. One such scheme is illustrated in [C.1].

The equations for the natural variables are as follows:

T, =k, 1, =7, 1,) (5.48)
T, =k, I, +A,1,) (5.49)
Ay =X+ A, (5.50)
where 3—Pi

4L

The first step in obtaining the model of the machine in terms of the natural

variables is differentiating Equations (5.48) to (5.50).

pTe = k(/‘drplqs + Iqsp/‘dr _/‘qrplds - Idsp/‘qr) (551)
pTr = k(/‘drplds + Idsp/‘dr +/‘qrp1qs + Iqsp/‘qr) (552)
pArr = 2AqrpAqr +2AdrpAdr (553)
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To express Equations (5.51) to (5.53) in terms of the natural variables, Equations
(5.21) to (5.24) are modified. The method followed is detailed below.

Rearranging Equations (5.44) and (5.45) results in the desired state equation for
the stator currents.

r.L, L,

1
plqs :L_Vqs _r[qs +L Lz Aqr _L L a)rAdr _a)e[ds (554)
L L
plds :LLVds_r[ds-'-ZerzAdr-i-Lz a)rAqr-'-a)elqs (555)
v, 1l
= s 4
L, L,

The equations for the rotor q and d-axis fluxes are

7 r.L,

pA, == A L (@ o ), (5.56)
— r}" rer

pAdr __L_Adr + L Ids +(a)e _a)r)Aqr' (557)

r r

Substituting Equations (5.54) to (5.57) in(5.51) to (5.53)

k , kL,
pT, :L_(AdrVqS _/]quds)_ r+L_ I,-wl, - I I errr (5.58)
k r kL r L
T.=—WAV +AV, |-l r+=— |+l +—2-wA +——2 (77 +T?
P , Lg( o as ar ds) r Lr r rte Lg ) r’rr kL’.AW ( e r )
(5.59)
-r rL
A =2l ) 4LZmp 5.60
p rr {Lr rr kLr V} ( )

Therefore the model equations for the induction machine in terms of the natural

variables are given by Equations (5.58) to (5.60).
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The natural variables model of the induction machine can also be expressed in
terms of the stator flux in place of the rotor flux. The model equations are derived as
below. The method used in the derivation is the same as that used for the model of the
natural variables in terms of the rotor flux.

The second model of the induction machine in terms of the natural variables has

the electromagnetic torque, reactive torque, and the stator flux defined as follows:

Te = k(Adx[qx _Aqs[ds) (561)
TV = _k(Aqxqu +Adx[ds) (562)
Ay = A, + A (5.63)

To obtain the desired model, Equations (5.61) to (5.63) are differentiated.

1

;Te = (Adsplqs +[qspAds _Aqsp]ds _[dprqs) (564)
-1

7pTr = (Aqsplqs + [qspAqs + Adsplds + [dspAds) (565)
pAss = Z(Aqprqs + AdspAds) (566)

Rearranging Equations (5.21) and (5.22) results in the state equation for the q and
d-axis stator fluxes.

pAqS =V, —rd, - WA, (5.67)

PAy =V —rdy ¥ WA, (5.68)

Rearranging Equations (5.32) and (5.34)

L ®L

r

1 (L w
plqsziV __(;rr-i-rsj[qs_a)slds-i-ﬁA __rAds (569)

ag ag
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1 1 (Lr , w,
p]ds =_Vd9 __( L +rsjlds +a)s[qs +ﬁAds +_A (570)

qs *
r r—a LLT

Substituting Equations (5.66) to (5.69) in Equations (5.64) to (5.66).

A —L I A, =L, L
pT‘e:k & & Vv_ - . Vds _L rv+rr : Te_a)rTr_ka)r AS‘S‘
L, ¢ L L\ L L, "

ag ag r g

(5.71)
A +L +
pre | 2t teely (Aol 1y 1L 5Ly B (o)
LJ ! LJ ‘ LaLr ) LJ ‘ Lr kAss
(5.72)
A =2 v Ay )2 (5.73)
p s qs’ gqs ds” ds k r .

Equations (5.71) to (5.73) are the model equations for the induction machine in
terms of the natural variables T.,, T, and As.

Having derived the model of the induction machine using three different state
variables, the next section illustrates the method of determination of the parameters of the

induction machine.

5.2 Parameter Determination of an Induction Machine

The determination of the parameters of an induction machine involves three different
tests, namely the blocked rotor test, no-load test, and dc test. The equivalent circuit of a

three-phase squirrel cage induction machine is shown in Figure 5.3 [A.2].
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o—AMA—N O
—_—
1 ph
I/ph I,cc Lm 7"},
O .
Figure 5.3: Equivalent circuit of three phase induction machine including the core loss
resistance

The calculation of the different parameters of the equivalent circuit involves
making the following assumptions:

The stator and rotor leakage inductances are assumed to be equal i.e.

L =L,.

The core loss resistance r is neglected.

The simplified equivalent circuit of the three-phase induction machine is shown in
Figure 5.4.

The dc test is used to determine the stator resistance. The test involves applying a

dc voltage across any of the two of the three terminals of the induction machine. The

rs Lls Llr
o—AN\—N — YN
—_—
Iph
Vph L rr

O

Figure 5.4: Simplified equivalent circuit for three-phase induction machine.
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voltage applied divided by the current flowing through the two windings gives the
sum of the resistance for each winding. Therefore on a per-phase basis,

Ve (5.74)
Id

c

ry =

N

N | =

The second test performed is the blocked rotor test, sometimes referred to as the
short circuit test. This test is performed by blocking the rotor so it cannot rotate. A three-
phase balanced voltage is applied to the stator windings and to rotor is held stationary.
The voltage applied is usually low as the input impedance of the machine is very low
thereby giving rise to very high stator currents. The voltage applied is increased until the
current through the stator windings reaches the rated current, as applying a higher current
can cause overheating of the stator windings. The test involves measuring the power,
voltage and current flowing through the induction machine when the rotor is prevented
from spinning. For this case the slip is equal to one and the equivalent circuit is as in
Figure 5.5.

As can be seen from Figure 5.5, the magnetizing inductance is neglected as the

test is performed at low voltages. At low voltages the core loss resistance and

v s Lls LZ r
—>
1 sc
I/sc ‘ r}"

Figure 5.5 Equivalent circuit for short-circuit test

117



magnetizing inductances are very small, and can therefore be neglected in the

calculations. Therefore the equivalent short-circuit impedance is

Zsc :(rs +rr)+j(X1 +X2)

(5.75)
= (rv +rr)+.j2X1
R, =(r, +r) (5.76)
X =2X,
(5.77)
=2X,.

As the stator resistance is calculated using the dc voltage test, the rotor resistance
and stator and rotor leakage inductances are calculated using the short-circuit test.

The rotor resistance is calculated as

r. =R, -, (5.78)

where R is calculated using the measured values as in Table 5.2.

The stator and rotor leakage impedances, which are assumed to be equal are
calculated by calculating the equivalent reactance of the equivalent circuit for the short

circuit test, as expressed in Equation (5.78).

Table 5.2: Measurements for short circuit test

Voltage | Current | Power

(Volts) | (Amps) | (Watts)

3.47 6.2 94.13
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The third test performed is the no-load test. This test is performed to calculate the
magnetizing inductance.

For the no load test, the symmetrical three phase induction machine is supplied by
a system of symmetrical three-phase voltages and the machine is uncoupled from its load.
Thus, the speed is close to the synchronous speed and it follows that the slip is very small

(s = 0) and it is assumed that there are no rotor currents. Readings are taken of the stator

currents and the input power at various input voltages and rated supply frequency. The
equivalent circuit for the no-load test is in Figure 5.6. The equivalent impedance for the

no load test is

Z — an
nl Inl
(5.79)
= Rnl + anl :
I/;' LZS Llr
—>
Inl

<3

nl

Figure 5.6 Equivalent circuit for no-load test
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As can be seen from the equivalent circuit, the no-load resistance is equal to the
stator resistance and the reactance is equal to the sum of the stator leakage reactance and
magnetizing reactance. As the stator leakage reactance and resistance have been

calculated from the other two tests performed, the magnetizing reactance is calculated.

R, =r (5.80)

X =X +X, (5.81)

X =X, -X, (5.82)

L, =2 (5.83)
27

f =supply frequency = 60 Hz

The results for the no-load test are in Table 5.3.

Table 5.3: Experimental readings for no-load test

Voltage Current 56.5 1.54
(Volts) (Amps) 60.9 1.66
10.36 2.31 70.32 1.917
20.03 1.06 80.99 2.19
23 0.96 90.01 2.463
27.1 0.964 100.15 2.785
30 0.979 109.65 3.11
40 1.17 119 3.5
50.04 1.39 121.96 3.66
52.7 1.46
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For a given operating frequency, the magnetizing inductance varies substantially as
the supply voltage changes. Therefore the no load test is performed for terminal voltages
ranging from small to large. The magnetizing inductance is then calculated for each value
of voltage and current measured. The variation of the magnetizing inductance with
changing input voltage is plotted in Figure 5.7, and the variation of the magnetizing

inductance with the magnetizing flux linkage is given in Figure 5.8.
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Figure 5.7: Variation of magnetizing inductance with input phase voltage
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Figure 5.8: Variation of magnetizing inductance with magnetizing flux linkage
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CHAPTER 6

STEADY-STATE ANALYSIS OF VSI-ASSISTED
INDUCTION GENERATOR

6.1 Introduction

The induction generator-rectifier system dealt with so far is used for the
generation of dc power has been illustrated in Chapter 5. The system proposed is an
induction generator connected to a boost rectifier, which uses the dc side capacitor of the
boost rectifier for self-excitation. Further analysis on the proposed model will be
discussed in the later chapters.

The scheme studied in this Chapter is a ‘voltage-source inverter assisted’
induction generator. The converter is connected to a battery to enable bi-directional flow
of power. The direction of flow would be dependant on the load condition. The type of
power generated in this scheme is ‘ac’.

This chapter proposes a model, which has three-phase capacitors, connected
across the stator windings of the machine. The capacitors are used to maintain a
consistent load voltage. Steady-state analysis of is studied for the different conditions of

the system to illustrate the bi-directional flow of power.
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6.2 System Model

The system model used in the analysis is as shown in Figure 6.1. The system
includes a boost rectifier. The main feature of the boost rectifier in the operation of this
model is the bi-directional power flow capability of the rectifier.

The operation of the system is such that the capacitors connected at the terminals
of the generator are used for marinating a constant voltage across the load, and the
generator is self-excited by the voltage-source converter connected to the stator windings
through a three-phase transformer. Depending on the load condition, the system can

either absorb power or supply power for charging of the battery.

IG
TRANSFORMER
r, L.
R, AN A N [———n1
VY | !
13 ¢
v VOLTAGE e L [ |
L C SOURCE [ AAA— YL I
CONVERTER : |
re L, I |
A A YL |
[EE— —+ c
-
SYE
LOAD

Figure 6.1: Proposed system model
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During the process of self-excitation, the voltage-source inverter provides the
required reactive power. This is provided by the capacitor on the dc-side of the converter.
However, it has been shown that the voltage stability of the induction generator is poor
when the rotor speed and load conditions vary. Therefore there have been some schemes
proposed whereby the required active power by the load, if in excess of the input rotor
mechanical power is supplied by a battery connected to the dc side of a three-phase
rectifier. One such scheme has been proposed for a dual-winding generator [C.26].

The advantage of using a boost rectifier is the bidirectional flow of power. When
the generated power is in excess, the power flow is towards the battery, thereby the
charging of the battery takes place. However, when the active power required by the load
is in excess of the mechanical power of the rotor, the difference is supplied by the battery
on the dc side of the rectifier. The inclusion of a battery allows for the bi-directional flow
of power. There are schemes proposed that do not include the battery [C.26]. However in
the case where there is no battery, an additional switch is used in the capacitor leg of the
converter for control of the dc voltage across the capacitor.

The model also includes a transformer which provides isolation between the two
parts of the system, i.e. the rectifier side and generator side. The transformer is also used
in appropriate matching of the current on the two sides. As the battery voltage determines
the value of the voltages at the output of the converter, the matching of the two sides is
essential.

The following section illustrates the model of the battery used. The proposed

model is illustrated and the model equations derived.
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6.2.1 Steady-State Model of Battery

The model of the battery used is illustrated in Figure 6.2. The voltage at the
output of the battery is the voltage input to the converter for the proposed scheme.

At steady state, the model of the battery can be represented as in Figure 6.3. This
is because at steady state the current through the capacitor is equal to zero, hence the

capacitor is an open circuit. The dynamic equations for the battery are

cpy =1, - 6.1)
n
oV, =1, -2 (6.2)
r
V,=V+V, +1,r,. (6.3)
I3
. A
M I
e A

Figure 6.2: Equivalent circuit model of battery
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Figure 6.3: Simplified model of battery

Therefore, the model equations for the battery at steady state are
Vo = Rslb + Vdc
where R =1, +r, +r,, is equal to the sum of the resistances in the circuit.

The simplified equivalent circuit is shown in Figure 6.3.

6.2.2 Overall System Model

The overall system model is obtained by using the equations of the induction
generator and boost rectifier derived in the previous chapters. The model equations of the

induction generator are

Vqs = rs[qs + pAqs + a)eAds (63)
Vds = rslds + pAds - a)eAqs (64)
0=rl, +pA, +(@-w), (6.5)
O :rr[dr +pAdr _(we _a)r)Aqr . (66)
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The parameters used in the qd model equations for the induction machine have
been derived in Chapter 5, and are therefore not repeated here.
The model equations for the boost rectifier have been derived in Chapter 3. The

equations are

quVdc
Vqs = rclqc + a)eLcIdc + 2 (67)
M,V
Vds = rc[dc _weLc[qc + d; = (68)
3 V.
0 ZE(MqSIqS +Mds1ds)_ Rd . (69)

L

The parameters used in the above model equations are defined in Table 6.1.

Table 6.1: Parameters used in model equations

I q-axis primary side current

Tac d-axis primary side current

Iy g-axis  secondary  side
current

Las d-axis  secondary  side
current

I q-axis load current

Ta d-axis load current

N Transformer turns ratio

Z, Load impedance

Z. Line impedance
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Having defined the parameters used in the model equations, the model equations
for the overall system are derived.

The first step is the determination of the state equations for the currents on the
machine side of the system. The dynamic equations expressed in the qd reference frame
are

Cqus + weCVds = _[qs _Iq/' _[qL

(6.10)
CdeS —C()L,CVqS :_Ids _[df —[qL (611)
Ve =rdy +L,ply +@L,1, (6.12)
Vi =rdy tL,ply —wL,1, (6.13)
MYV
ad - —(rclqc +ch[qc +a)eLCIdC)+I’quS

2 (6.14)
MV

dd = _(rcldc +ch1dc _weLc[qc)+anv

2 (6.15)

3

Clde = [b _E(qu[qc +Mdc[dc) (6 16)

To simplify the analysis, the system equations (6.10) to (6.16) are
expressed using the complex form. The complex form is as defined by Equation (6.17).
The complex form of the q and d-axis voltage is expressed and the same method is

applied to the remaining variables in the model equations.

qus = Vqs + des (6 17)
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Using the above definition, the complex form model equations are as expressed in

Equations (6.18) to (6.21).

C Vi —JOCY g =Ly 1 ye =1y (6.18)
qus :rolqu +Lop1qdl_ja)el‘olqu (619)
MV (o1 vLpl, - jaL1,)+ny, 6.20

2 - rc qdc cp qdc .]a)e ¢” qdc n qds ( . )
CpV, =1, Real(M’,1,,) 6.21
lpd_baea qad qac (6.21)

Using the equations in (6.18) to (6.21), the steady state analysis of the system is

performed. The analysis is carried out by setting the terms with the differential operator

to be equal to zero. Applying this condition, the model equations of the system at steady

state are as in 6.22 to 6.25.

—j,cV g ==L~ 1Ly 1,4 (6.22)
qus = Zolqu (623)
MV

L =71, +nV, (6.24)
1, =->Real(M’,1,,) 6.25)
b~ E ca qd ™ qdc ( .

The steady state analysis aims at studying the nature of variation of the dc voltage

and the battery current for varying load conditions and operating slips. Also the

magnitude of the modulation index of the rectifier and the q and d-axis modulation
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signals are calculated for specific conditions. The derivation of the expressions to
determine the parameters is detailed.
The primary side currents can be expressed in terms of the secondary side current

and the turns ration as

Ly =nl,. (6.26)

q4
The method of simplification of the model equations at steady state involves
expressing the stator voltages in terms of the current on the primary side.
The stator currents can be expressed in terms of the stator voltages and the

machine parameters. The derivation is dealt with in detail in Chapter 8, and is repeated in

Equation 6.27.
V s
Iy = ;,:_ (6.27)
where k is defined by the parameters of the induction machine.
B B 1
V. = (T - jw)-—r I,
R ] P T
D DT, +jw,)
k= ! i+—B’Lm (6.28)
. BB, [P DT +jw)
(TY _]we)_i.
(1, - jw)

The variables used in Equation 6.28 are defined in Chapter 8.
Also from Equation 6.23, the load current can be expressed in terms of the stator
voltages and load impedance as

Vgas
Iy = Zf"’" : (6.29)

o
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Substituting Equations (6.28) and (6.29) in (6.23) a relationship between the stator

voltages and Iq. can be determined.

: 11
[qﬂ.l/' = nlqdc =(]wec_;_Z_OJqus (630)
nl
= ;d =V, (6.31)
1
1= e (6.32)
IR T -

Using Equations 6.31 in 6.34, the relationship between I4qc and in terms of the q

and d-axis modulation signals is obtained.

M.V 2
% = (zc +H_J[W (6.33)

M,V
=1 (6.34)

quc nz
2z +
Y,

Therefore, the relationship between the magnitude of the modulation index and

the dc voltage can be determined by substituting Equations 6.34 in 6.25.

qu Vd

2
2z +%
( YIJ

3 .
I, = —EReal M, (6.35)
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(6.36)

2
M|V
The method of analysis assumes the variables |l—d to be equal to a constant

b

o,, where 0, is known for a fixed value of saturation in the machine.

2
MV,
L] L/ S S— (637)
I, 3
1
Real 5
z +"
"y
4 1
g, =-=x (6.38)
3
Real ! 5
z +7
<y,

Having determined the equation for the modulation index, dc voltage, and battery
current in terms of known parameters, the following analysis is performed to obtain an
expression for the dc voltage.

Dividing Equation 6.24 by 6.37

Mdlb rcl dc_jweLcI c+nV s
wls 7y ade 17 g4 (6.39)
2|M| g,
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Separating the real and imaginary terms in equation 6.24, i.e. expressing the q

and d-axis components of the modulation signals separately,

MV
—L L=l +wlLl, +nV, =k (6.40)
M

;Vd =rd, —wlLl, +nV, = k, (6.41)

Dividing Equations (6.40) by (6.41) results in an equation relating the q and d-

axis modulation signals in terms of known quantities for a fixed condition of magnetizing
flux.

c’gc

M, il 4Ll )+nV, (6.42)
M, (rcldc _weLclqc)-i-anS |

M,=zM, (6.43)

From Equation (6.40)

20l +aw,l 1, +nV,
yl - (c qgc L’O-C dc qS) ) (644)
1

Therefore, substituting 6.43 in 6.37
M, = Ll (6.45)
12 [l + sz
Substituting the expression for the g-axis modulation index in 6.40,
I—bxﬁ:kl_ (6.46)
1 2
)
z
From the model of the battery derived in section 6.2.1, the battery current can be

expressed as
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(6.47)

Using Equations 6.46 and 6.47, a quadratic equation in terms of the dc voltage Vi

is obtained which is used to calculate the dc voltage across the capacitor.

v,-v., = 2;/1k1[1+i2sz (6.48)
zZ

V:-vJV, —2;/1k1[1+i2sz =0 (6.49)
zZ

Using the above equations, the steady state analysis is performed for the system.
In this case, the main feature of the system is studied, whereby the dc current from the
battery can flow in both directions. This also illustrates the bidirectional power flow
capability of a boost converter.

The plots illustrated are obtained for varying load conditions. The effect of
saturation is considered in the induction generator. For a particular value of magnetizing
flux, the corresponding values of the stator q and d-axis voltages as well as the stator
currents are fixed. Correspondingly, from Equation 6.29 the load current is fixed.
Therefore, the current on the secondary side and hence the primary side of the
transformer are fixed. Using these conditions and values, the corresponding values of the
dc voltage as well as the battery current are determined. The variables are plotted as
functions of the magnetizing flux. Also the load is varied to show the positive and
negative values (bi-directional) flow of the battery current.

As the equation obtained to calculate the dc voltage is a quadratic equation, there

are two possible solutions for the values of the dc voltage. However, only one is possible
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Figure 6.4: Variation of V4 with magnetizing flux A, for a load resistance of R;=100Q and
L =50mH

given the operating conditions. This is illustrated graphically and explained in
detail with respect to the plots obtained. The parameters used in the analysis are in Table
6.2.

Figures 6.4 to 6.10 are obtained by calculating the dc voltage V4 under two
specified conditions of slip. The plots obtained illustrate the two extreme conditions, one
when the active power required by the load is lower than the rotor mechanical power; in
this case, the surplus power is supplied to the battery, charging the battery. This condition
is illustrated in Figure 6.4. From the model of the battery, the internal voltage is set to
24V. Therefore the charging of the battery is shown by the increasing value of V4 in
Figure 6.4. Corresponding to the charging of the battery is the direction of flow of the

battery current. The current convention used in this model is assuming a positive
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direction to be the flow of current into the battery. Therefore, Figure 6.5 illustrates the
battery current corresponding to the charging of the battery.

Figures 6.6 and 6.7 are the q and d-axis modulation signals and the magnitude of
the modulation index, respectively. As the load determines the operating condition, only
one root of the quadratic equation results in a possible point of operation. Using the
calculated values of V4 the q and d-axis modulation signals and the magnitude of the
modulation index are calculated.

In the first case, the load is assumed to be really large; therefore the load current
drawn is very small, Ry = 100Q, and L = 50mH. The plots are obtained for two different

operating slips, s =-0.04, and s = -0.08.
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Figure 6.5: Variation of Iy with magnetizing flux A, for a load resistance of R;=100Q and
L =50mH
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Figure 6.6: Variation of Mgand M, with magnetizing flux A,, for a load resistance of
R.=100Q and L = 50mH

Figures 6.8 to 6.10 illustrate the second operating condition, i.e. discharge of the
battery. For this operating condition, the load connected to the induction generator is
assumed to be very small; therefore the active power requirement is greater than the rotor
mechanical power. This corresponds to a condition of discharging of the battery. As in
the previous case, the internal battery voltage is assumed to be equal to 24V. The plots
are obtained for two operating slip conditions, s = -0.04, and s = -0.08. The load in the

case if assumed to be Ry = 10Q, and L = 5SmH.
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Figure 6.7: Variation of M with magnetizing flux A,, for a load resistance of R;=100Q and
L =50mH
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Figure 6.8: Variation of V4 with magnetizing flux A, for a load resistance of R;= 10Q and
L =5mH
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Figure 6.9: Variation of Iy with magnetizing flux A, for a load resistance of R, = 100Q and
L =50mH
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Figure 6.10: Variation of Mgand M, with magnetizing flux A,, for a load resistance of
Ry =100Q and L = 50mH
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Figures 6.11 to 6.16 are obtained assuming the machine to be operating under a
condition of minimum copper loss. The condition of minimum copper loss is derived in
Chapter 8, and is determined by the operating slip satisfying the condition, shown in
Equation 6.50. In this case as well the analysis is carried out for two extreme operating
conditions, causing both charging and discharging of the battery. Figure 6.11 illustrates
the charging of the battery from 24V to 55V. The corresponding battery currents are
plotted in Figure 6.12. The loads for both the conditions are assumed to be the same as in

Figures 6.4 to 6.10.

§== (6.50)
r 2 2 \_
\/2 (r's LV + rer ) 1
I/'S rr
80 T T T T T T
60} - 4
40+ ; 4
vd
20+ .|
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=
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| L
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Figure 6.11: Variation of V4 with magnetizing flux A,, for a load resistance of R = 100Q and
L = 50mH under minimum loss condition.
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Figure 6.12: Variation of Iy with magnetizing flux A, for a load resistance of R = 100Q and
L = 50mH under minimum loss condition.
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Figure 6.13: Variation of Mgand M, with magnetizing flux A,, for a load resistance of
R;=100Q and L = 50mH under minimum loss condition.
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Figure 6.14: Variation of V4 with magnetizing flux A,, for a load resistance of R = 10Q and
L = 5mH under minimum loss condition.
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Figure 6.15: Variation of Iy with magnetizing flux A, for a load resistance of R = 10Q and
L = 5mH under minimum loss condition.
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Figure 6.16: Variation of Mgand M, with magnetizing flux A,, for a load resistance of
Ry =10Q and L = 5mH under minimum loss condition.

Figures 6.14 to 6.16 show the discharging conditions of the battery. The dc
voltage, battery current, and corresponding values of the q and d-axis modulation signals
are plotted. The analysis performed show the two extreme operating conditions of the

proposed system.

Table 6.2: Parameters used in analysis

r, =1.54Q r.=0.2Q

r. =0.9088Q @, =300rad / sec
L, =0.004H v, =24V

L, =0.004H R =0.7Q

L, =5mH
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CHAPTER 7

MODELING OF THREE-PHASE INDUCTION

GENERATOR- RECTIFIER SYSTEM

7.1 Introduction

Induction generators are used in a large number of applications in the area of non-
conventional energy sources e.g. wind-powered electricity. The primary reason for the
increase in the use of induction generators in wind power generation is the fact that
induction machine can be made to work as a self- excited induction generator, and
thereby does not require an independent source to produce the excitation magnetic field.

The different methods of operation of an induction generator are [C.18]:

* Polyphase AC Supply

* VSI Inverter with DC Supply
* CSI Inverter with DC Supply
* Capacitive Self-Excitation

* VSI Self-Excitation

*  CSI Self-Excitation.

Each mode of operation is schematically represented in Figure 7.1.
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Figure 7.1: Generator modes of operation in an induction machine, from top: (a) poly-phase ac
supply, (b) VSI with dc supply, (c) CSI with dc supply, (d) VSI self-excitation, (e) capacitive
self-excitation, (f) CSI self-excitation
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Operation of the induction generator can be obtained by the connection of the
machine to a poly-phase supply. When the machine is driven at a speed greater than the
synchronous speed of the machine, the direction of active power is reversed. Similarly for
the connection of a voltage source inverter to a dc supply, the reversal in the direction of
the dc current indicates a change in the direction of active power flow. For the connection
of'the CSI to a dc supply, the dc voltage changes direction when the machine is operating
as a generator.

An important feature of induction machines, as mentioned earlier, is the ability for
the machine to self-excite. There are two possible methods, both illustrated in Figure 7.1
(d) and 7.1(f). In the case shown in Figure 7.1(d), the reactive power supplied by the

poly-phase source in Figure 7.1 9(a) is now supplied by the capacitor

7.2 System Model

The method of self -excitation studied in detail is the converter-driven method. In
this method, the capacitor on the dc side of the rectifier acts like a three-phase capacitor
connected across the terminals of the stator windings, the system configuration is shown
in Figure 7.2. During the startup process of the generator, the converter provides the
required excitation (with the dc capacitor), and as the generator voltage builds up the

converter operates as a rectifier, rectifying the ac power from the generator to dc power.
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Figure 7.2: Induction generator-boost rectifier system model

The first step in the development of the scheme is the generator model, following
which the model, the boost rectifier model is summarized and finally the combined model
developed.

The model of a three-phase induction generator is the same as the induction motor
detailed in Chapter 5. The model equations for the machine derived in Chapter 5 assumes
a positive direction of current for the operation of the machine as a motor; therefore, the
machine equations for the generator operation are exactly the same as the motor except
for the direction of current. The induction generator model equations are given by

Equations (7.1) to (7.4).

Ve =1l + pA, + @A (7.1)
Vi =1y + pAy — WA, (7.2)
0=r1, +pA, +(w -w), (7.3)
0=r1, +pA, —(w -w)A, (7.4)
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T = 3TP(iqSid,, ~iyi,) (7.5)

Vs, Vs are the stator q and d-axis voltages

I, Las are the stator q and d-axis currents

Vg, Vg are the rotor q and d-axis voltages

Iy, Lar are the rotor q and d-axis currents

Ags» Ads, Agr and Ay, are the stator and rotor q and d-axis flux linkages.

The model equations expressed in terms of the stator currents and rotor fluxes are
used in the control scheme formulated in Chapter 9. The system equations for the
generator are therefore expressed in terms of the desired variables. The model equations

derived in Chapter 5, Equations (5.44) to (5.47) are repeated below.

L w.L
La'p[qv = qu _rlqv _weLa’Idv + r” zm Aqr _MAdr (76)
: : : T L
L w.L
La'p[ds = Vds _rlds +weL0'1dS + r” 2’” Aql‘ +%Adr (77)
—_— B r}" rVLITl
pAqr - L Aqr + —Iqs - (we - wr )Adr (78)
—_— B r}" rVLITl
pAdr - L Adr + Ids + (we - wr )Aqr (79)
The torque equation for the generator in terms of the desired state variables is
T, =k, 1, =7, 1,) (7.10)
3PL,
4 L
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The model equations for the boost rectifier system have been derived in Chapter

3; the equations are repeated in 7.11 to 7.14.

Vdc

M
Vqs = rIqs +Lp]qs +weL1ds + ‘72

M,V
Vds :rlds +Lp]ds _weL]qs +%
Vo = rIos +Lp]0 +Vdc

Vdc
R

Cp Vdc = % (qulqs + Mdslds + 2M010 ) -

L

Vs, Vs are the q and d-axis voltages

Iy, Lgs are the q and d-axis currents

Mgs, Mg;s are the q and d-axis modulation signals
Ri= Load resistance

C = dc side capacitor

r =resistance per phase

. = frequency of input voltages

L= inductance per phase

V4. = output dc voltage.

(7.11)

(7.12)

(7.13)

(7.14)

The expression for the q and d-axis voltages in terms of the q and d-axis

components of the modulation signals has been derived in Chapter 3 and is repeated

below in Equations 7.15 and 7.16.

, MY
qs 2
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c (7.16)

Vdc

- (7.17)

CpV,. :%(qulqs +M 1, )_

L

From Figure 7.2, the q and d-axis voltages of the boost rectifier Equations (7.15)
and (7.16) are equal to the q and d-axis stator voltages for the induction generator.

Using Equations (7.6) to (7.9) and (7.15) to (7.17), the combined model of the
induction generator-boost rectifier system is derived.

As explained earlier, the model equations for the induction generator should
incorporate a reversal in the current direction. This is included in the capacitor voltage
equation for the boost rectifier.

3

CpV, = _E(qulqs +M 1, )_ Va

R

(7.18)

L
Therefore the model equations of the induction generator boost rectifier system

are summarized below:

MPse oo 1 v pl, + @ L1, - FLLZ A, + "’;fm A, (7.19)

MiVa o w1pl, —ayL,1, -y = Stn (7.20)
5 L

pA, = _t L, +F’L—er1qs ~(w, - ), (7.21)

pA, = _Lr tA, + rL Lo+ -, (7.22)
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3

CpV, = _E(qulqs +M 1, )_ Vuc .

R

(7.23)

L

The model equations derived for the generator-rectifier system is used in the

steady-state analysis as well as the derivation of the control scheme for the induction

generator-rectifier using rotor flux vector control.
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CHAPTER 8

STEADY-STATE EXCITATION OF INDUCTION
GENERATOR —-RECTIFIER SYSTEM

8.1 Introduction

The dynamic model of a three-phase induction generator-boost rectifier system
has been detailed in Chapter 7. The steady state operation of the system is studied in
detail in this chapter. The effect of saturation on the performance of an induction machine
has been studied extensively in [C.1]. The effect of saturation is incorporated in the
model of the system by using the variation of the magnetizing inductance L,, with the
magnetizing flux linkage A, which is experimentally obtained.

Various studies have been made based on the response of the induction generator
with respect to the change in magnetizing flux. The magnetizing flux, and its effect on
the self- excitation process of an induction machine is illustrated in [C.3].

This chapter studies the excitation requirements of an induction generator,
accounting for saturation in the generator. The measure of the self-excitation
requirements primarily used is the magnitude of the modulation index of the three-phase
boost rectifier.

To augment the detailed analysis, the operation of the induction machine is

studied and the effect of minimizing the copper loss in the system is shown graphically
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by numerous plots. The effect of the different parameters affecting the system is

exhaustively studied and illustrated.

8.2 Steady-State Model

The model equations of the system, derived in Chapter 7 are expressed in terms of
the rotor fluxes and stator currents; however, the steady state analysis performed
considers the equations for an induction machine in terms of the stator currents, stator
fluxes, rotor currents, and rotor fluxes in the complex form. The dynamic equations of an

induction machine are

Vqs = rs[qs + pAqs + a)eAds (81)
Vds = rslds + pAds - a)eAqs (82)
Vqr = rr[qr + pAqr + (a)e - a)r )Adr (83)
Vdr = rr[dr + pAdr - (a)e - a)r )Aqr . (84)

The variables used in Equations (8.1) to (8.4) are defined in Table 8.1, and the

system model is shown in Figure 8.1.

M
71

a

AN
=

Figure 8.1: System model
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Table 8.1:Variables used in machine equations

Vs Q-axis voltage (V)

Vs D-axis voltage (V)

Igs Q-axis current (A)

Tgs D-axis current (A)

Agss Agr Qaxis stator and rotor fluxes
(Wb)

Ads, Adr D-axis stator and rotor fluxes
(Wb)

Is Per phase stator resistance (Q)

Ir Per phase rotor resistance (Q)
Frequency of stator voltages
(rad/sec)

W Rotor speed (rad/sec)

To reduce the number of Equations to simplify the analysis, equations (8.1) to

(8.4) are expressed in the complex form. The complex form defines the variables using

the ‘j° operator that represents the variable as 90° apart in space. The variables of the

machine are defined in the complex form as below.

Viis =V ¥ 7V (8.5)
Vi =V, + iV, (8.6)
Ar = A, +jAy (8.7)
Awis = Ay ¥ J Ay (8.9)

Using the above definitions for the complex form currents, voltages, and fluxes,

the model equations for the induction machine in the complex form are

v

qds

= rs[qu + pAqu _ja)eA (89)

qds
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qur = rr[qdr +pAqdr _ja)sAqu’ (810)
where the slip frequency is defined as

W =W -0 =50, (8.11)

g% (8.12)

As the generator is a squirrel cage induction generator, the rotor voltages are
equal to zero, i.e.

V. =0. (8.13)

Therefore Equation (8.10) can be rewritten as:

0=rl, +pA

r qdr _ja)sA (814)

qdr qds *
The steady state analysis is performed by using the complex form model

equations for the induction machine and setting the differential terms in the equations to

be equal to zero. Therefore,

qus = rs[qu - ja)eAqu (8 15)
qur = rr[qdr _ja)sAqu' (816)

The model equations for the boost rectifier connected to the generator is derived
in Chapter 7. The capacitor voltage equation for the boost rectifier-induction generator

system is given by

3 V.
Cdec :_E(qulqs +Mds1ds)_ Rd . (817)
L
Equation (8.17) can also be expressed as
3 . V.
Cpl, =3 Re allm 17, )= (8.18)

L
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The parameters for Equation (8.16) are defined in Table 8.2.

Table 8.2:Variables used in capacitor voltage equation

Mg Q-axis component of modulation index
Mg D-axis component of modulation index
Igs Q-axis current (A)
Tgs D-axis current (A)
Vie Output DC voltage (V)
Rp Load resistance (Q)
C DC-side capacitor (mF)
M =M +jM,. (8.19)

The steady-state capacitor voltage equation for the boost rectifier is

e (8.20)

L

qds™ qds

0= —%Real(M r)-

Therefore the model equations for the induction generator —rectifier system in the
complex form are summarized below.

Vi =1l = j@A (8.21)

qds — v qds

0=r1,, = jwA, (8.22)

r qdr

0= —%Real(M I,)-2

qds™ qds

(8.23)

~

8.3 Variation of L,, with Magnetizing Flux

The importance of the effect of the magnetizing flux is illustrated using Figures

8.1 and 8.2, which has been experimentally obtained as described in Chapter 5.
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Figure 8.1: Variation of magnetizing inductance with peak magnetizing flux at a constant
frequency
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Figure 8.2: Variation of magnetizing inductance with peak phase voltage at a constant input
frequency.
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Figure 8.1 shows the variation of the magnetizing flux L, with the magnetizing
flux linkage and Figure 8.2 shows the variation of the magnetizing inductance with the
phase voltage.

In the self-excited induction generator, the variation of the magnetizing
inductance is the main factor in the dynamics of voltage buildup and stabilization. The
process of voltage buildup occurs due to the remnant flux in the core.

The curve in Figure 8.2 can be expressed by Equation (8.24).

L, =-0.74861 +0.4583A +0.0281 (8.24)

8.4 Analysis At Rated Slip

8.4.1 Influence of Magnetizing Flux on ‘M’

Having established the effect of the magnetizing flux linkage on the
magnetizing inductance, this section details the effect of the magnetizing flux linkage on
the magnitude of the modulation index required for excitation of the generator.

As mentioned earlier, the steady state analysis aims at determining the
value of the magnitude of the modulation index required for excitation of the generator
for a constant load resistance and rotor speed. The first part of the analysis assumes a
constant slip for the generator, and the second section studies the system under a
condition of minimum copper loss.

Using the complex form model equations of the generator-rectifier system,
(8.21) to (8.23), the stator voltage equation is expressed in terms of the stator fluxes. The

derivation is laid out in detail.
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The stator and rotor currents can be expressed in terms of the flux linkages using

Equation (8.25).

A L L} I
gds | _ s m | s qds
= (8.25)
_Aqd" :| |:Lm L’" |:]qdr :|
RS -
_qu" D|- Lm Ls Aqdr '
D = LS LV - len

From Equation (8.26), the stator and rotor currents expressed in terms of the stator

and rotor fluxes are

LV Lm
[M:DAM_DAW (8.27)
o=k —%Al. (8.28)

Substituting for I, Equation (8.27) in Equation (8.21)

Lr Lm .
qus = rv[ D Aqu - EAqdrj - ]weAqd.v . (829)

Simplifying the above equation

qus = (Tv - .]a)e )Aqu + BsAqdr (830)
TY = r'SLV , Br e _r'SLITl .
‘ D D
Similarly, for the rotor voltage Equation, (8.28) is substituted in (8.22)
LY Lﬂ‘l .
Ozrr[b Aqdr _EAqd.vj_]wqud.v (831)
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0 - rr (Tr - ]a)v )Aqdr + BrAqu (829)
’ rrLs , BY - _rer
D ‘ D

Using Equation (8.31), the rotor fluxes can be expressed in terms of the stator

fluxes:
-B
A =T <A . 8.33
qdr (Tr _j wg) qds ( )
Substituting (8.33) in (8.27) the current I,¢s can be expressed in terms of the stator
fluxes as

L L -B
I = r A —m oy r A
“w p e p (T -jw) ™

L B L
I, =|=+—F""""— |- 8.35
qds |:D D(Tr +]a)§ ):| qds ( )

(8.34)

Also, substituting Equation (8.33) in (8.30), the stator voltage equation can be

expressed in terms of the stator fluxes

B B
Vi = {(Ts —jwe)—(Tj—j’a)JAw - (8.36)

As derived in Chapter 5, the stator voltages, which are also the input voltages to
the boost rectifier, can be expressed in terms of the modulation signals and the output dc

voltage.

”
Vi =—2% (8.37)

Substituting Equation (8.37) in (8.36)

qusVdc - (

. BvBr
2 Tv _]we)_(— Aqu : (838)

T -jw)
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Rearranging Equation (8.38) the stator flux Aq¢s can be expressed in terms of the
modulation signal Mygs.

Ae = sl (8.39)
BB

The constraining equation for the excitation of the induction generator-boost
rectifier system is the capacitor voltage equation (8.23). The capacitor voltage equation at
steady state relates the load current and the dc current at the output of the rectifier.

Vdc
R

qds ™ qds

:—%Real(M r,) (8.40)

L
Substituting Equation (8.35) in (8.40), the current in Equation (8.40) can be

eliminated and the equation can be expressed in terms of the stator flux as

EQ:_RCCZI M*d X Lr ——Ber xAdv . (841)
3 RL “ D D(Tr +ja)s) “

Finally, substituting Equation (8.38) in (8.41) relates the magnitude of the

modulation index ‘M’ with the magnetizing inductance.

M
2Vae = _Reat| M, x| - Brebn ]y s i (8.42)
T - )
Equation (8.42) can be simplified as
21 uf Real x| - Bty ! (8.43)
3 RL D D(Tr +Ja)s) 2|:(T -iw )_ BsBr :|
- jw)
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where M = /M +M; (8.44)

" =- 2 ! . (8.45)
3R,

|M

L BIL, }( 1
D DT, +jw) 2{(@‘]%) BB,

Real X{

(7. - jw)

Equation (8.45) is used to calculate the modulation index required for excitation

of the generator for a fixed value of magnetizing flux, i.e. for every point on the Ly, vs.

Am curve, there is a value of ‘M’ for which the excitation of the generator would occur,

for a fixed load resistance, rotor speed and slip. The variation of the magnitude of the

modulation index ‘M” with A, is shown on Figure 8.3.

The machine parameters used for the steady state analysis in this chapter are

given in Table 8.3

As can be seen from Equation (8.45), the magnitude of the modulation index is

independent of the output dc voltage; hence the variation of the modulation index is

studied for different load resistances.

Table 8.3:Parameters of 2 hp induction machine used in steady state analysis

r, =1.54Q

r. =0.9088Q
L, =0.004H
L, =0.004H
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Figure 8.3: Variation of modulation index with the magnetizing inductance for a constant
load resistance and slip s = -0.04.

Figure 8.3 is obtained by assuming the slip to be constant, the slip chosen in this
case is the rated slip of the machine, s = -0.04. The load resistance is varied for each plot
as Rp= 45Q, 50Q, 60Q, and 70Q. For each value of load resistance the magnetizing
inductance is varied and the corresponding values of the modulation index are calculated.
As can be seen from Figure 8.3 as the load resistance increases, the range of the
modulation index decreases, i.e. for a load resistance of Ry = 45Q the modulation index
required can vary up to 1, for a higher load resistance Ry = 60Q, the modulation index

increases to a maximum value of 0.95.
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The above set of figures assumes the rotor speed to be constant; however, at
different rotor speeds, the magnitude of the modulation index required for excitation

varies. This is illustrated in Figure 8.4. Figure 8.4 graphically shows the variation of the

0.95 b

.'llII
\ ..'"I
0.75 / .

07 e

0.65 . :
150 200 250 300 350

Wr (rad/sec)

Figure 8.4: Variation of modulation index with the rotor speed for fixed magnetizing flux
and load resistance.

modulation index with the rotor speed for a fixed value of magnetizing inductance
(An=0.25WD). In this case the slip is chosen as in the previous case to be equal to the
rated slip. The rotor speed w is varied between 150 and 350 rad/sec, and the
corresponding values of ‘M’ are calculated. The plot is repeated for different load
resistances.

In the above figure, as in the previous case, with an increase in the load resistance,
the modulation index values decrease. In this case, the load resistance is varied between

45Q, 50Q, 60Q, and 70Q. The rotor speed is varied between 150 rad/sec and 300 rad/sec.
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Figures 8.3 and 8.4 are represented as three-dimensional plots as well as contour
plots to better illustrate the nature of variation.

Figure 8.5 shows the variation of the modulation index with changing load
resistance and magnetizing flux as a three-dimensional plot. The load resistance is varied
between 30 and 150Q. The magnetizing flux is varied between 0 and 0.6 Wb.

The variation of the magnitude of the modulation index with the rotor speed and
load resistance is shown in Figure 8.7. The range of load resistances plotted for are 30 to
150€2, and the rotor speed is varied between 150 and 350 rad/sec.

Another parameter used in the analysis is defined as
3.2
R, =E|M| R,. (8.46)

Assuming a constant rotor speed and load resistance, the two parameters [M|* and
R, are constant. However, as expressed in Equation 8.45, [M[* is dependant on the
magnetizing flux. Therefore, the parameter R, can also be expressed as a function of A,

The parameter can be used as a measure of the load resistance that the system can
be operated with for a fixed value of rotor speed and slip. The effect of the different
operating slips on Ro is shown in Figure 8.9 as a three-dimensional plot and in Figure
8.10 as a contour plot.

Similarly, the variation of the parameter R, with the operating slip and
magnetizing flux is shown in Figure 8.9, and in Figure 8.10 as a three-dimensional plot.
Figure 8.11 is a contour plot of the same. In the analysis, the operating slip is varied

from s =-0.02 to s =-0.08.
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The graphical representation of the variables in the analysis has been done as two-
dimensional, three-dimensional and contour plots to fully illustrate the nature of

variation.
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Figure 8.5: Variation of modulation index with the magnetizing flux and load resistance.
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8.4.2 Influence of Magnetizing Flux ‘A,,” on Output DC voltage

The previous section illustrated the effect of the magnetizing flux on the
modulation index. As can be seen from Figure 8.3, there are two different points on the
M vs. A curve that satisfy the same value of the modulation index for two different
values of magnetizing flux linkage. Therefore, theoretically at a constant load, rotor
speed, and operating slip, there are generators that can be excited at the same value of the
modulation index for two different values of magnetizing flux.

This section studies the effect of the two operating points having the same
modulation index and different values of magnetizing flux, on the output dc voltage of
the rectifier.

From the analysis in the previous section, Equation (8.45) is independent of the
output dc voltage; therefore, the capacitor voltage equation at steady state is expressed in
terms of the magnetizing flux without eliminating the term for the dc voltage. The
derivation of the equation follows expressing the stator flux Aqes in terms of the
magnetizing flux.

The magnetizing flux can be expressed in terms of the stator and rotor currents as

Am =L +1,.) (8.47)

Substituting for the stator and rotor currents using Equations (8.27) and (8.28) in

Equation (8.47),

L

Aqdm = l; [(Lv _Lm )Aqu + (Lr _Lm )Aqdr] (848)
L

Aqdm = l; [LlsAqu +Lerqdr] . (849)
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Eliminating A, using Equation (8.33), the magnetizing flux can be expressed in

terms of the stator fluxes:

L B L
A, ==L - . 8.50
gdm D |: Is (Tr +j a)s ):| qds ( )

The magnetizing flux linkage has a g-axis and a d-axis component. The reference
frame transformation angle of the voltage equations assumes the alignment of the g-axis
with the magnetizing flux linkage. Hence, the d-axis magnetizing flux is assumed to be
zero, and the d-axis magnetizing inductance is constant. However the g-axis magnetizing
inductance is a function of the magnetizing flux, which is approximated by a polynomial
given in Equation (8.24), also repeated below.

1 1
L~ —0.74861° +0.45831 +0.0281

mq

(8.51)

The function in Equation (8.51) is illustrated in Figure 8.10. In this plot the
reciprocal of the magnetizing inductance is plotted as a function of the magnetizing flux
linkage. The magnetizing flux is varied between 0 and 0.6 Wb, and the corresponding

values of (1/Lpng) are calculated.
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Figure 8.12: Variation of the g-axis component of the magnetizing inductance with the peak
magnetizing flux.

—_ _ BrLlr
Am _Aqm - D |:Lls (7-; +]C()Y):| qds

(8.52)

A
= = 8.53
" Lm L _ BrLlr ( )
D™ (1 +jw)

Substituting Equation (8.53) in (8.41) results in an expression that can be used to

calculate the range of dc voltages that the system can operate at for a fixed value of the

modulation index.

V . L B L A
“ = —Real| M, x| —==— =" |x < (8.54)
RL ‘ D D(Tr + Ja)v) Lm

W | N

Rearranging Equation (8.54),
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. L B L A
V, == xR, xReal| M., x| 2o = Brtn__ ]y m
2 “ | p DT +jw)l L,

(8.55)

The method of determining the range of dc voltages is explained below.

For a fixed value of magnetizing flux, the corresponding value of the modulation
index is calculated (as illustrated in section 8.4.1). For every value of ‘M”, the dc voltage
contour is plotted by varying the g-axis component of the modulation index M, and
calculating the corresponding value of the d-axis modulation index to satisfy the value of
M by Equation (8.56) to (8.58).

-M<M,sM (8.56)

M :1/M; +M; (8.57)
Hence M, =+,/M* +M; . (8.58)

Figures 8.11 to 8.14 illustrate the dc voltage contour for different load resistances
(R=45Q, 50 Q, 60 Q, and 70 Q). By choosing a value of M the corresponding contours
considering both the values of the magnetizing flux that satisfy the same value of ‘M’ are
plotted. As can be seen from Figure 8.13, the variation of the dc voltage with the g-axis
modulation index is in the form of an ellipse. The voltages vary between positive and
negative values as shown. The maximum value of the dc voltage that can be obtained
with a modulation index of 0.85 at a load resistance of Ry is close to 100V. However,
considering the second (larger) value of the magnetizing flux that satisfies the same value

of the modulation index, the maximum output dc voltage is almost 400V. The machine
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parameters used in the steady state analysis is for a 2 hp induction machine and hence the
second set of dc voltages is impractical. Therefore, the set of voltages considered are
corresponding to the lower value of the magnetizing fluxes. As the dc voltages vary
between positive and negative values, it would indicate the bidirectional flow of current.
When the dc voltage is positive, current is flowing into the dc capacitor at the output of
the rectifier, however when the dc voltage is negative it would indicate the reverse flow
of current in the converter. The values of the q and d-axis modulation signals chosen for
operation would determine the nature of the dc voltage, for a fixed level of saturation and

load on the system.
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Vde (V)
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Figure 8.13: Variation of output dc voltage with the g-axis component of the modulation
index for varying load resistances for first value of magnetizing flux
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Figure 8.14: Variation of output dc voltage with the g-axis component of the modulation
index for varying load resistances for second value of magnetizing flux

Figures 8.13 and 8.14 show the variation of the output voltage with the g-axis
component of the modulation index.

Therefore the system under rated slip, at a fixed load resistance and magnetizing
flux linkage, corresponds to a single operating point on the M vs. A, curve. Using the
value of the modulation index required for excitation of the generator, the range of dc
voltages that the system can operate with can be obtained.

Figures 8.15 and 8.16 illustrate the variation of the dc voltage with the d-axis
component of the modulation index. The d-axis component of the modulation index is

calculated using Equation (8.58).
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Figure 8.15: Variation of output dc voltage with the d-axis component of the modulation
index for varying load resistances for first value of magnetizing flux
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Figure 8.16: Variation of output dc voltage with the d-axis component of the modulation
index for varying load resistances for second value of magnetizing flux
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Figure 8.17: Variation of output power with the g-axis component of the modulation index
for varying load resistances for the first value of magnetizing flux

The variation of the output power with the g-axis modulation signal is shown in
Figure 8.17. The effect of changing load resistance is illustrated, and the plot obtained is
based on the dc voltages calculated using the lower of the two values of the magnetizing

fluxes for one value of the modulation index.

As can be seen from Figures 8.13 to 8.16, the nature of the variation of the dc
voltage with the g-axis modulation signal is an ellipse. To further the analysis, the
properties of an ellipse are applied to the analysis to obtain a simpler method of
determination of the main characteristics of the dc voltage plot.

The standard equation of an ellipse is a second order equation given by Equation
8.59 as

Ax*+By*+Cxy+Dx+Ey+F =0. (8.59)
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The equation can be further simplified assuming the major and minor axes of the
ellipse parallel to the x and y-axes. Under such an assumption, the standard equation of

the ellipse can be expressed as
R S (8.60)

2*p = length of major axis

2*q = length of minor axis

Expressing Equation (8.59) as (8.60) involves transformation of the x and y
coordinates, which is dependent on the nature of Equation (8.59) for the system. For
Equation 8.55, as can be seen in Figures 8.13 to 8.16, the major and minor axes of the
ellipse are inclined at an angle a with respect to the x and y axes. Therefore the first step
in expressing Equation 8.55 in the form of 8.60 is expressing the dc voltage in terms of
the g-axis modulation index. This is obtained by eliminating the d-axis modulation index
in the equation using Equation 8.58.

Simplifying Equation 8.55 results in Equation 8.61.

2 (a DD + LerLlsAmwvz )+M (aLlesa)v +LrAma)vb)
oy Ve = — — : (8.61)
3leL b LlesCUxZ

a=LAT-LAB

m-m r

b=L LT -L.B

Is=r

Equation 8.56 can be simplified as

2 2
M= 4123 V. +k—12 2+ 4k, kzM V. (8.62)
OR k] k; 3R, k;

k=(ab+1L,LA,07)

rm~Ils" 'm
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k2 :(aLmL[Sa)s +LrAma)sb)
k3 :bz _Ltaniva)xz :
Substituting Equation 8.53, the dc voltage equation in 8.50 can be expressed in

the form of a general equation for an ellipse as given in 8.54

AV, +(B+1)M P +CM Y, + M =0 (8.63)
2 2
IRk k: 3R,k

To obtain Equation 8.58 in the form of Equation 8.55, the x and y coordinates are
transformed by an angle a so as to eliminate the ‘xy’ term in the equation. To obtain this,

the angle is calculated using the following equation [A.11].

C

tang =—= 8.64
REIy I (8.64)
cosq = = b, (8.65)
sing = (8.66)

The relationship between the transformed coordinates and the x and y coordinates

are given by Equations 8.67 and 8.68.
X =x,c08 —y,sinQ (8.67)

Y =Xx,sinq +y cosqa (8.68)
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Using the above equations, 8.63 to 8.68, in Equation 8.58 where Vq. is the y
coordinate and M, is the x coordinate, the equation 8.55 can be represented in the

standard form of equation of an ellipse.

M2 (4b? + Be? +c +Chye, )+ V2, (Ac? + B2 +b2)+bie, ~M* =0 (8.69)

(8.70)

T= (Abf +Bcl +c] +Cblcl)
V= (Acl2 + Bb} +bf).
Therefore, using Equation 8.70, the nature of the ellipse can be determined.

Comparing Equations 8.60 and 8.70, the major and minor axes lengths can be determined

as
_ 2
2p=2 (17161—+Mj (8.71)
T
_ 2
2q=2 (Z’ICIT’LMJ (8.72)

The length of the major axis gives the peak value of the dc voltage that can be
obtained for a fixed saturation level in the induction generator, and a fixed load
resistance.

The eccentricity of the ellipse can be determined using Equation 8.70 as

(8.73)

Therefore, using Equation 8.70, the peak value of the dc voltage and the point of

intersection of the ellipse with the x and y axes can be determined by calculating the
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major and minor axes lengths. This method of analysis can prove useful in determining
the dc voltage for a given magnetizing flux and load resistance in the induction generator-
rectifier system.

Figures 8.18 to 8.19 illustrate the possible values of V4. that the system can
achieve assuming different values of magnetizing fluxes. The major and minor axes
lengths are determined from equations 8.71 and 8.72. The value of the magnetizing flux
is varied between 0 and 0.6 Wb, and corresponding to three values of ‘M’, for a fixed
load resistance and slip, Ry, = 40Q and s = -0.06 the major and minor axes lengths are

obtained as shown in Figures 8.18 and 8.19.
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Figure 8.18: Variation of major axis length with the magnetizing flux for different values of
‘M’, for a fixed load resistance, rotor speed and slip
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Figure 8.19: Variation of minor axis length with the magnetizing flux for different values of
‘M, for a fixed load resistance, rotor speed and slip

The next section studies the nature of response of the system at steady
state, considering the effect of saturation and also under a condition of minimum copper
loss in the machine. The condition of minimum copper loss is obtained and the analysis is

detailed for the desired condition of operation of the machine.

8.5 Analysis At Minimum Copper Loss

8.5.1 Condition of Minimum Copper Loss

The condition for minimum copper loss is obtained by minimizing the stator and
rotor currents. This is achieved by first expressing the rotor currents in terms of the stator

currents using the rotor voltage equations.
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Ozrrlqr +pAqr +(a)e _wr)Adr (874)
Ozrrldr+pAdr_(a)e_a)r)Aqr (875)
Using Equations (8.11) and (8.12),

W =50 =—w. (8.76)
‘ 1-s

Substituting (8.76) in (8.74) and (8.75),

0=rl,+pA, +tswl, (8.77)
0=rl, +pA, —swl,. (8.78)
The rotor fluxes are expressed in terms of the currents as

A, =L, +LI, (8.79)

m= gs
A, =L 1,+L]1,. (8.80)
Substituting Equations (8.79) and (8.80) in (8.77) and (8.78), and solving for the q

and d-axis rotor currents in terms of the q and d-axis stator fluxes,

SweLﬂ1
3 :W(— i, —swlLl,) (8.80)
1= %l (7 —ser1,). (8.81)

" +(swL)
The torque equation for the induction machine (from Chapter 5) expressed in

terms of the stator and rotor currents is

T = {TP(IQSIW ~1,1,). (8.82)

e

Substituting Equations (8.80) and (8.81) in (8.82),

_3P  swlLr,

4 2+ (swl,) 5 +13) (8.83)

e
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The equations for the stator and rotor copper losses are given by (8.84) and (8.85)

:%rs (12 +12) (8.84)

stator_copper loss

rotor_copper loss

0l 0. w59

The total copper loss in the machine is the sum of the stator and rotor copper loss:

Papperos =5 002 +12 )47 (12 +12). (8.86)

To minimize Equation (8.86), the expressions for the rotor currents in terms of the

stator currents, Equations (8.80) and (8.81) are substituted in Equation (8.86) resulting in
— 3 r}" (Sa)eLm )2
Pcopperloss - E(rv (quv + Ijv )+ 5 [ \2 (I;v + Iazlv )j : (887)

rP+(swlL,)

Simplifying Equation (8.87)

2
:é(rx A j(z; ) (8.58)

copper loss 2 rrz + (Sa)eLr )2
Rearranging Equation (8.88)

1
x =i 5

4 rrz + (Sa)eLr )2

Eliminating . in (8.89) and substituting Equation (8.89) in (8.87)

— 2 Te l/'SrVZ d_s

copper _loss — s 2
PrL | w s

+ ljs w2 +rwl?)|. (8.90)

The copper loss is minimized when

rr’ ﬁ =5 S 2 2
= = wl +rwl,). 8.91
a)r S l—S [@‘S r r r r ITL) ( )
Simplifying equation (8.91)
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(8.92)

{ - (quf +r,Lfn)—l}s2 +2s-1=0.
rr,

N

Solving the above quadratic equation in terms of the slip
(8.93)
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Figure 8.20: Variation of the slip with magnetizing flux linkage A,

Therefore to operate the induction generator at minimum copper loss, the

operating slip of the machine is calculated using equation (8.93).
> is a function of the

From equation (8.93), it can be seen that the slip ‘s

magnetizing inductance and therefore a function of the magnetizing flux linkage. Figure

8.20 illustrates the response of the slip to varying magnetizing flux linkage.
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As the magnetizing flux is increased from 0 to 0.6 Wb, the slip (calculated under
a condition of minimum copper loss) increases up to a point and then decreases, this is
obtained for a fixed rotor speed w,, in this case the rotor speed o, = 200 rad/sec. The
nature of response of the slip to changing magnetizing flux linkage is similar to the

response of the magnetizing inductance to varying magnetizing flux (Figure 8.1).

8.5.2 Influence of Magnetizing Flux ‘A,,” on ‘M’ under Minimum Copper

Loss

Just as in the case of the analysis in section 8.4.1, the influence of the magnetizing
flux on the magnitude of the modulation index is studied in this section. However unlike
in section 8.4.1, the generator is operated under a condition of minimum copper loss. This
is included by using the slip equation (8.76) to calculate the operating slip of the
machine, unlike the analysis in section 8.4.1 where the rated slip is used as the operating
slip of the generator.

The method of determining the variation of the modulation index with the
magnetizing flux is exactly the same as in section 8.4.1. The equation used to calculate

the values of ‘M’ for varying values of the magnetizing flux is

2 2 1
M| =- . (8.94
[M| T (8.94)
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Figure 8.21: Variation of the magnitude of the modulation index with magnetizing flux
linkage An,.

By varying the magnetizing flux, the slip as well as the modulation index needs to
be calculated, i.e. for every value of magnetizing flux, the operating slip (under minimum
copper loss) is calculated using Equation (8.93). Using the calculated operating slip, for a
fixed load resistance, the modulation index is calculated using Equation (8.94). The
parameters of the machine are the same as in Table 8.3.

Figure 8.21 is obtained for four different load resistance, Ry = 40 to 70Q. The
magnetizing flux linkage is varied between 0 and 0.6 Wb, and the corresponding values

of the magnitude of the modulation index are calculated for a constant rotor speed of,

o; = 200 rad/sec.
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Figure 8.22: Variation of the magnitude of the modulation index with magnetizing flux
linkage A.,.and load resistance Ry

The nature of the plot is different from the ‘M’ vs. A, plot obtained for the case
assuming constant rotor slip (rated slip). In this case, the modulation index calculation is
dependant on the slip calculated for minimum loss, hence the nature of variation of the
modulation index follows the same pattern as the variation of the slip for minimum loss
(Figure 8.20). The plot in Figure 8.21 is obtained as a three-dimensional plot, as shown in
Figure 8.22 and as a contour plot shown in Figure 8.23.

The contour plot clearly illustrates the nature of variation of the modulation index

with the varying magnetizing flux and load resistance.
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Figure 8.23: Variation of the magnitude of the modulation index with magnetizing flux
linkage A, and load resistance Ry
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Figure 8.24: Variation of the magnitude of the modulation index with magnetizing flux
linkage A, and load resistance Ry
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In Figure 8.23 and 8.24, the load resistance is varied between 30 and 150€Q. The
magnetizing flux A, is varied between 0 and 0.6 Wb.

The variation of the magnitude of the modulation index with the rotor speed is
important, and therefore illustrated for the operation of the generator under minimum
copper loss in Figures 8.24, 8.25 and 8.26. Figure 8.24 illustrates the variation under four
different load conditions, and Figure 8.25 illustrates the variation of ‘M’ with the rotor
speed for a larger range of load resistances (10 Q to 80Q) as a three-dimensional plot. A
contour plot of the same is shown in Figure 8.26.

In Figure 8.25 and 8.26, the load resistances used are Ry = 35Q, 45 Q, 55 Q, and

65 Q. The rotor speed is varied between 150 and 350 rad/sec.

Load Resistance (ohm)

Rotor Speed (rad/sec)

Figure 8.25: Variation of the magnitude of the modulation index with magnetizing flux
linkage A, and load resistance Ry
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Figure 8.26: Variation of the magnitude of the modulation index with magnetizing flux
linkage A, and load resistance Ry

As seen from Figure 8.24, for a fixed load resistance, an increase in rotor speed
requires a larger modulation index. Also a decrease in the load resistance decreases the
value of modulation index required, for the same rotor speed.

The parameter used as a measure of the load resistance that the system can handle
is plotted as a function of the magnetizing flux and the operating slip. The ability for the
system to be loaded is studied by varying the operating slip between a chosen range of
values. However considering the system to be operating under minimum copper loss, the
operating slip is calculated for each value of magnetizing flux, hence the nature of
response of R, is influenced by the slip calculation.

The variation of R, with the magnetizing flux, using the slip calculated by

Equation 8.76 is shown in Figure 8.27.
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Figure 8.27: Variation of the magnitude of the modulation index with magnetizing flux
linkage A, and load resistance Ry

8.5.3 Influence of A, on Output DC voltage

For a fixed value of magnetizing inductance, under minimum copper loss
operation, the magnitude of the modulation index is fixed and corresponds to one point
on the M vs A, curve. For each value of the modulation index, there is a range of values
of the dc voltage at which the system can operate. From Figure 8.15, also there are two
values of magnetizing flux that can be satisfying the same value of the modulation index
(discussed in section 8.4). The dc voltage plots are obtained for each value of the

magnetizing flux as shown in Figure 8.28. Considering four different operating
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Figure 8.28: Variation of output dc voltage with the g-axis component of the modulation
index for varying load conditions for the A,

conditions and the corresponding operating points from Figure 8.21 shows the effect of
the change in load resistance.

Ami 1s the first (smaller), and Ay is the second (larger) value of the flux linkage
that satisfies the chosen value of the modulation index.
The load resistance in Figures 8.28 to 8.31 has been varied between Ry = 40€, 50, 600,
and 70Q. The range of dc voltages obtained when A, is considered, are very high and
not possible practically as the machine parameters used are for a 2 hp induction machine.
Therefore the set of voltages considered are the dc voltages calculated using the smaller
value of the magnetizing flux Am;.

The variation of the dc voltage with the d-axis modulation signal is shown in
Figures 8.30 and 8.31. The nature of variation is the same as with the g-axis modulation

index.
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Figure 8.29: Variation of output dc voltage with the g-axis component of the modulation
index for varying load conditions for the A
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Figure 8.30: Variation of output dc voltage with the d-axis component of the modulation
index for varying load conditions for the A
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Figure 8.31: Variation of output dc voltage with the d-axis component of the modulation
index for varying load conditions for the A

The output power of the rectifier is calculated for the set of dc voltages obtained
for Ami. The nature of variation of the output power with the g-axis modulation signal is

illustrated in Figure 8.32. In this case, the y-axis divides the plot symmetrically.

250 T T T T T T T T

200+

"y

t

o
T

Output Power (\Watts)

=3
=
T

50

Figure 8.32: Variation of output power with the g-axis component of the modulation index
for varying load conditions for the Ay
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The nature of the dc voltage contour is the same as described in section 8.4.2.
Therefore applying the same analysis, the major and minor axes of the dc voltage ellipse
can be determined from Equations 8.71 and 8.72. In this case as well, the magnetizing
flux is varied between 0 and 0.6 Wb. The modulation indexes used in the calculations are
0.25, 0.5, and 0.75. The load resistance is kept constant at 40 and the slip is calculated
using the minimum loss condition.

Figure 8.33 illustrates the variation of the major axis length with magnetizing
flux, and Figure 8.34 shows the variation of the minor axis length with the magnetizing

flux.
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Figure 8.33: Variation of major axis length with the magnetizing flux for different values of
‘M’, for a fixed load resistance, rotor speed
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Figure 8.34: Variation of minor axis length with the magnetizing flux for different values of
‘M’, for a fixed load resistance, rotor speed

This chapter discusses in detail the effect of saturation on the self-excitation
requirements of the induction generator. The system is studied under two conditions:
* Rated slip.
» Slip calculated under a condition of minimum copper loss in the machine
The detailed discussion develops the range of dc voltages that the system can

operate at for a chosen magnetizing flux linkage value.
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CHAPTER 9

ROTOR FLUX VECTOR CONTROL OF THREE-PHASE

INDUCTION GENERATOR-RECTIFIER SYSTEM

9.1 Introduction

The use of induction generators has been gaining importance since the increase in
the use of unconventional energy sources, such as wind and small hydro because of the
inherent advantages of the machine such as low maintenance and brushless construction.

The control of an induction machine can be achieved broadly using two methods:

Scalar control

Vector control.

The scalar control if an induction machine is achieved by control of the
magnitude of the control variables. However, this control method assumes no coupling
effect in the machine.

Vector control of an induction machine can be carried out using either direct or
indirect vector control methods, both of which are explained later in this chapter.

This chapter lays out the vector control of an induction motor and applies the
scheme to an induction generator, as the model of the motor and the generator are the
same, except for the current directions.

The proposed control scheme for the generator-rectifier system if put forth with a
detailed derivation of the parameters of the controllers. The system is simulated under

two conditions and the simulation results presented.
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9.2 Vector Control of an Induction Machine

In general, an electric motor can be thought of as a controlled source of torque.

Independent control of the torque is achievable by control of the armature and
field currents. In a separately excited DC machine, the armature and field currents can be
controlled independently (as the currents are naturally decoupled). In the control of a dc
machine, only the magnitude of the currents needs to be controlled in order to control the
output torque and field flux independently, which is simple when compared to the control
required for ac machines.

The separately excited dc motor can be represented by block diagram, Figure 9.1

The electromagnetic interaction between the field flux and the armature MMF
results in two basic outputs:

An induced voltage proportional to the rotor speed.

An electromagnetic torque proportional to the armature current.

i,

A,

Figure 9.1: Block diagram representation of a separately excited dc motor.
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In ac induction motor drives, a coordinated control of the stator current,
magnitudes, frequencies, and phasors is required, hence the control is complex.

Also in an induction machine, there is inherent coupling between the flux and
torque. This is because the flux and torque are functions of the voltage or currents and

frequency. Therefore, the method of control of an induction machine is more complex.

9.3 Principle of Vector Control

The principle of vector control can be explained by assuming that at all instants of
time, the position of the rotor flux linkage phasor is known. The rotor flux is defined as
A, and the angle is defined as 6 (field angle). The position is defined from a stationary
reference.

The principle of vector control of an induction machine aims at developing a
model of the machine that is similar to a dc machine so as to simplify the control. As
explained in the previous section, the control of a dc machine is simple as the two
currents (armature and field) are independent, hence allowing for independent control of
the field flux and the torque (or power in the case if a generator).

To simplify the model of an induction machine, the components of the stator
current that produce the torque and field flux (rotor flux) need to be decoupled. This
achieved as explained below.

The q and d-axis currents of an induction machine, as shown in the equivalent

circuit, Figure 9.2 are obtained using Equation (9.1)
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] 5 cos(é?f) cos[é?f—z—nj cos[é?f+2—nj 1,
{ qs}zg 3 |7 o)

sin(é?f) sin[é?f—zTnj sin[@_/-+27nj I,

The stator current phasor can be expressed in terms of the q and d-axis currents.

The magnitude and phase angle of the stator current phasor are expressed in Equations

(9.2) and (9.3).

I = Iqs i +(1ds )2 (92)

1
9=tan'l( qu (9.3)

ds
The q and d-axis components of the stator currents are obtained by projecting the

stator current on the q and d-axis, respectively.

V4 Lls ;)ils L Ir (CU _fcu\r)A qr 14 »
’ Y YN Y Y Y i
o—\W - \ " % ©
ds Idr
Vds Lm Vdr
@, O
rs, Lls CMds Llr (w_ a)r )Adr rr
O— AN\ ) - —"\W\—o
Ly I,
V‘IS Lm V‘IV
O O

Figure 9.2: Equivalent circuit model of induction machine in the synchronous reference
frame. (a) d-axis (b) g-axis
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The stator current Iy produces both the rotor flux as well as the torque. The
method used in implementing field control of an induction machine is resolving the stator
current along the rotor flux vector, hence this component of the current, If would be the
field producing current. The perpendicular component of the current is the torque
producing component Ir.

The phasor representation of the stator currents (q and d-axis components) along

with the flux alignment is illustrated in Figure 9.3.

reference
frame

Stator
reference
frame

Figure 9.3:Phasor representation of the stator currents and flux alignment
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The two components of the current Ir and It are dc quantities at steady state as the
relative speed with respect to the rotor field is zero. The rotor flux linkage has a speed
equal to the sum of the rotor and slip speeds as defined in Equation 9.3, and is equal to
the synchronous speed. Therefore orientation of A, amounts to considering the
synchronous reference frames and hence the current and torque producing components of
the currents are dc quantities. Obtaining the instantaneous position of the rotor flux

phasor. The field angle can be calculated using Equation 9.4.

0, = [(w. +a, )t

o, = rotor speed

g = slip frequency

Vector control of induction machines can be subdivided into two categories as

Direct field orientation

Indirect field orientation.

In direct field orientation, the rotor flux position is electrically determined by
measuring the flux using Hall effect sensors, and in. Indirect schemes measure the rotor
position and utilize the slip relation to compute the angle of the rotor flux relative to the

rotor.

9.4 Vector Control of an Induction Generator

The control of an induction generator is implemented by applying the same

technique used in the control of induction motors, as explained in the previous section.
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Analogous to the DC motor, in the DC generator the main flux (due to the field
current) and the load current can be controlled independently. The generated voltage in a
DC generator is given by

E, =kow, 9.2)

E, = armature generated voltage

k = dependant on the armature winding

¢ = flux per pole

®, = angular speed of the armature.

In the DC generator, an increase in the load increases the armature current without
affecting the field current. The schematic for a dc generator is given in Figure 9.4. In an
induction generator, the two components of the current control the power and flux,
respectively. Field orientation control schemes in induction generators decouple the
equations so as to obtain a form of the induction generator that can be treated as a DC
generator.

There are three different types of field-oriented control schemes that can be
applied to induction generators:

Rotor flux oriented

Stator flux oriented

Magnetizing flux oriented.

%

Figure 9.4: Schematic of a separately excited dc generator.
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The control scheme implemented in this chapter employs rotor flux orientation.

The method of field orientation applied in this chapter is indirect field orientation
(rotor field orientation).

For an induction machine, indirect vector control is implemented using the model

equations of the induction machine.

Vqs = rslqs + pAqs + a)eAds (93)
Vds = rslds + pAds - a)eAqs (94)
0 :rrlqr +pAqr +(a)e _wr)Adr (95)
0 = rrldr + pAdr - (a)e - a)r )Aqr (96)

To achieve field orientation, the resultant rotor flux linkage is aligned with the d-
axis to assume field orientation. Therefore the resultant flux linkage is equal to the d-axis
rotor flux and the g-axis rotor flux is equal to zero, and the d-axis rotor flux is equal to

the resultant rotor flux A; i.e.

A, =A.. (9.7)

Substituting the above conditions in the rotor voltage Equations (9.5) and (9.6),
the equations can be expressed as

0=rl, +(@-w), (9.8)

0=rl,+pA,. 9.9)

The field orientation in the dq variables can be represented as a phasor diagram,

Figure 9.5.
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Figure 9.5: Field orientation of the Orientation of rotor flux on d-axis

The model developed for the induction generator implementing the field
orientation explained above is presented.

The g-axis rotor flux Ay can be expressed in terms of the stator and rotor g-axis
currents as

Ay, =L 1, +LI,. (9.10)

Substituting the above conditions, Equation (9.7) in (9.8), the g-axis rotor current

can be expressed in terms of the g-axis stator current as

[ =—=n] 9.11)

Similarly, the d-axis rotor current can be expressed in terms of the d-axis stator
current and the rotor flux A,.

A, =L I, +LI, (9.12)
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Ar = Lmlds + Lrldr

Therefore,
Lm
Idr :Ar _L—Ids (913)

Substituting for the q and d-axis rotor currents in Equations (9.7) and (9.8),

respectively, resulting in the following equations:

R 9.14)
L

ro=tr, (9.15)
rr

The slip can be calculated by substituting Equation (9.11) in (9.8)

Ve = Lw A
(w-w)=w = T (9.16)

Equation (9.12) has the same form as the field equation for a separately excited dc
machine.

The final step in the transformation of an induction machine to the model of a
separately excited dc machine is obtained by the torque equation.

The torque equation for an induction machine is

T

e

Ay =igA,). (9.17)

gs’ dr

Substituting equation (9.7) in (9.17)

T :%(iqu,). (9.18)

Therefore, from Equation (9.18) it is can be seen that the torque is a function of

the product of the rotor flux and torque producing current, Iy.

208



9.5 Controller Design for an Induction Generator-Rectifier System

The control of the dc voltage is achieved by modeling the system using the
technique of input-output linearization [A.4]. The model of the induction generator as
derived is non-linear.

The method of linearization used in the design of the control scheme is “Feedback
linearization,” which is a method of exact linearization of the system model using the
following method.

A nonlinear compensation, which cancels the nonlinearities included in the
system, is implemented as an inner feedback loop.

A controller, which ensures stability and some predefined performance, is

designed based in the conventional theory;

\
71

a

MN
=

—>
"“r@r: Induction >
generator/ Loy

Si S» $32

Figure 9.6: Generator system
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this linear controller is implemented as an outer feedback loop. For example,

consider the third order system

px, =sin(x, )+ (x, +1)x, (9.19)

where p is the differential operator p = i

px, =x; +x, (9.20)
px, =x; +u (9.21)
y=x (9.22)

To generate a direct relationship between the output y and the input u, Equation
(9.20) is differentiated, yielding

Dy = px,. (9.23)

Therefore, from Equations (9.19) and (9.22)

py =px, = sin(x2 ) + (x2 + l)x3 . (9.24)

As the output y is not directly related to the input ‘u’, the process of
differentiation is carried out again.

Py =(x2 +1)u +f(x1,x2,x3) (9.25)

where f(x,,x,,x,)= (xf +x, )(cos x, +xy )+ (x, +1)x7. (9.26)

There now exists an explicit relation between the input and output. If the control

input is chosen to be of the form

. 1+1 (v-71,) (9.27)
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where v is a new input to be determined, the nonlinearity in the above equation is
canceled and a simple linear double integration relationship between the input and output
and ‘v’ is obtained.

The design of an ac controller for this double-integrator relationship is simple,
because of the availability of linear control techniques.

The next step in the analysis is to apply the feedback linearization control
technique as explained above to the control of the induction generator. The induction
machine equations expressed using the state variables adopted in this control scheme are
as in Equations (9.28) to (9.31).

The model equations for an induction generator in the d-q reference frame are

Ve =rd,+ p/]qs +w A, (9.28)
Vy=rd, +pl, —@A, (9.29)
0=r1, +pA, +(@ -w), (9.30)
0=r1, +pA, —(w -w),. (9.31)

The control scheme aims at using the rotor fluxes and stator currents as state
variables to control the dc voltage at the output of the rectifier.
Equations (9.28) — (9.31) are the system equations in the dq reference frame. The

state variables in the equations include the stator currents and fluxes 7 ,/7,, A,,A, and

gs°

rotor currents and fluxes 7,1, , A,,A,, respectively. The control scheme to be

qr? qr
implemented has the stator currents and rotor fluxes as the state variables. The first step

in the analysis is to express the system equations in terms of the desired state variables.
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Aqr _ Lr Lm Iqr 932
A, {Lm leqs ©.32)

Le.
)Iqs =L1,+L,1, (9.33)
.)Iq, =L, 1,+L]I, (9.34)

Using the above set of equations, the rotor current can be expressed in terms of

the stator currents and the rotor fluxes as
L
l,=—A,——"1,. (9.35)
Similarly the d-axis fluxes and currents are expressed in Equations (9.36) and
(9.37).
Ay=LI,+L I, (9.36)
A,=L1,+L1I, (9.37)

From Equation (9.37) the d-axis rotor current is

[, = Lty (9.38)

Eliminating the rotor currents in Equations (9.33) and (9.36) results in expressions

for the stator q and d axis fluxes in terms of the desired state variables for the system.

1 L,
Aqs = leqs +Lm |:L—Aqr _L—Iqs :| (939)

Simplifying Equation (9.39)

Ay =L,0, + i—mzq, (9.40)

r
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LZ
where L, =L, —L—’" (9.41)

r

Following the same method as described for the g-axis stator flux, the d-axis

stator flux can be expressed in terms of the desired state variables as

L
Ay =L,1, +L—’"1dr. (9.42)

r

Substituting Equations (9.35), (9.38), (9.40) and (9.42), in Equations (9.28) to

(9.31) results in the desired system equations expressed in terms of the state variables for

the control scheme.

V.=, +L,pl, +wlL,I, - F’LLZ"’ A, + "JZL"' A, (9.43)
-2

where r =7, +’L—i’" (9.44)

Similarly the d-axis voltage equation

Vy=rl,+L,pl, ~wL,I, ~ F’LLZ"’ A, + w;:Lm Ay (9.45)

The q and d axis rotor voltage equations are expressed in Equations (9.44) and

(9.45), respectively:

L
0 = Zr Aq’ _rrL—mIqs + pAqr + (we _wr )Adr (946)
— rr rer
O—L—rAdr_L—rlds+pAdr_(a)e_a)r)Aqr. (947)

Rearranging Equations (9.43) and (9.45) to (9.47), the state equations for the

induction generator can be expressed in terms of the desired state variables.
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r.L w.lL,
= Vqs _rlqs - weLa'Ids + Lz Aqr - L Adr (948)

r r

L w.L
La'p[ds = Vds _rlds +weLa'Ids + r”Lz’” Aqr + 2 - Adr (949)
_ N rer
L e P C R (9.50)
_ 5 rer
pAdr - L Adr + L Ids + (we - wr )Aqr (951)

The dc voltage equation of the rectifier connected to the stator terminals of the

induction machine is

3 V
CpV e :E(qulqs +Mdslds)_R;‘lC' (9.52)
L

Equations (9.46) to (9.51) and (9.52) are the state equations of the system, and are
used in the controller design.

The control scheme used in this system assumes the rotor flux to be aligned along

the d-axis; thereby the value of the g-axis rotor flux is zero, i.e. A, =0.

The state equation for A, is used to calculate the slip speed.

rr —_— rr Lm —_—

pAqr + L Aqr - +L—1q9 _(we _a)r )Adr - O-qr (9'53)

where g, is the output of the q axis rotor flux controller.

Similarly the state equations for the system can be rewritten as
rer a)r Lm —

Lypl, +rl =V, —wL,1, + e A, = Ay =0, (9.54)
rr Lm a)er —

La'p[ds +r]ds :Vds +weLa’Ids + Lz Aqr + L Adr _O-ds (955)
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L
pAdr +Z_rAdr =+ r”L - Ids + (we - wr )Aqr = O-dr : (956)

r r

V 3
Cdec + Rdc :5 (qulqs + Mdslds): a-dc (9'57)

L

Equation (9.57) can be expressed as

V2
Cdezc + Rdc = 3(Vqs Iqs + Vds Ids ) = a-dc : (9'58)

L

The outputs of the current controller o, and 0, are used to calculate the
reference q and d axis voltages, V,; andV . The equations used to calculate the reference

values of the g-axis voltage, d-axis voltage, q-axis current, d-axis current and reference

slip are obtained from Equations 9.53 to 9.58.

g r L I

W -w )=- ar 4 r=m B qs 9.59

( e r) /]dr Lr /]dr ( )
. L

Ids = [adr - (a)e - a)r )/]qr] r - (960)
. g 1

I 2( - —deidyJEl— (9.61)
! 3 Vs
. L L

Vqs = aqs + a)eLa’Ids - r” 2’” /]qr + a)r L_mAdr (962)
. r.L, L,

Vds = a-ds _a)eLa'[qs - 2 Adr - a)r L_Aqr (963)

There are three main loops in the control scheme, as shown in Figure 9.7.
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Figure 9.7: Control Structure for machine

The first loop is used to calculate the q axis current using the output of the dc

voltage controller g, and the output of the current controller o, is used to calculate the

. *
reference q axis voltage V

In the second loop, 0, the output of the d-axis rotor flux controller is used to
calculate the d-axis stator current/, , and the output of the current controller o, is used

to calculate the d-axis reference voltage V. The third loop is used to calculate the slip as

explained earlier.

The reference voltages that are calculated using the current controllers, as
explained above are fed to the inverter and the desired modulation signals are generated

to control the dc voltage. This control scheme described above is as shown in Figure 9.8.
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Figure 9.8: Control Structure

The controllers used in this scheme are PI (proportional - integral) controller. The
output if a PI controller is a function of the input, comprising of two parts, proportional

and integral. The transfer function is given by Equation (9.64).

Gls)=k, + L7 (9.64)
N

The procedure followed in determining the parameters of the PI controllers in the
above scheme, involves determining the transfer function of each controller. The
derivation of the transfer function for the g-axis current controller is explained in detail.

The output of the g-axis current controller, as expressed in Equation (9.54):

O, =L,pl, +rl, (9.65)

L : . .
where L, =L, —L—’”. The transfer function of the g-axis current controller is

r

obtained using the output of the controller.

The output of the current controller o, is expressed as
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g, = [Kp ¥ KTJ(Iq -1,). (9.66)

qs

*

qs

The transfer function of the g-axis current controller can be expressed as 7

From Equations (9.65) and (9.66) the transfer function of the g-axis current

controller is obtained as below.

KY..
Lypl, +rl, = [Kp + TJ(IqS -1,) (9.67)

K, +K,

J, the above equation can be
p

K.
[Kp +—’j can be expressed as (
s

rewritten differential form as
LUPZ[‘IS + rp[qs = (pr + Ki )([:;9 - [qs)'

The transfer function expressed as a ratio of the output divided by the input of the

controller is then expressed as

1 prz +K, (9.68)
I, L0p2+p(r+Kp3)+Ki3' '

Similarly the transfer functions of the other controllers in the control scheme are
obtained. The method of deriving the expression for the transfer functions is exactly

above. The final expressions for the transfer functions are

A prl +K, (9.69)

r

x
qr pz +p(£’+Kp1J+K”
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& = (9.70)

— pK,, +K,
s Lap2+p(r+Kp4)+Ki4'

(9.71)

The transfer function of the dc voltage controller is obtained using Equation

(9.56). The equation for the transfer function is

Vi = PKps * Kis 9.72)
dec sz +pr5 + K ' '

Using the transfer functions derived for each controller, the parameters of the
controller can be determined by using the Butterworth Polynomial. As explained earlier,
the controllers used are PI controllers. The parameters of each controller need to be

determined, ie. K, and K,. The method of determining the parameters involves

comparing the coefficients of the transfer function of the controller with the coefficients

of the Butterworth Polynomial. The Butterworth Polynomial has the form
P2 +2w,p+af. (9.73)
The Butterworth method locates the eigen values of the transfer function
uniformly on the left half of the s-plane on a circle of radius @, with its center at the
origin, as illustrated in Figure 9.9. The transfer functions of the controllers in this control
scheme are of second order; thereby the coefficients of the denominator of the transfer

function are compared with the second order Butterworth polynomial. Therefore the

parameters of the controller are calculated using the following equations.
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k=1 k=2

Figure 9.9: Pole placement using Butterworth polynomial
The parameter ‘k’ used in Figure 9.9 is equal to the number of poles in the left-

half s-plane.

Table 9.1:Controller Parameters

Kplz\/za)o—r’ =5 K”:w(fIIOO

LV
K, =v2L,e, - r =150 K, =2 a} =8000
K,, =v2L,e, —r=150 K, =L af =8000
K, =72Cw, =0.1 K,s‘%wéﬂo
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The parameters of the controllers are calculated by choosing @, . Higher values of

w, would mean a faster controller.

9.6 Dynamic Simulation of the Induction Generator-Rectifier System

Using Rotor Flux Vector Control

The dynamic simulation has been carried out using the control scheme derived in
the previous section, for the induction generator-rectifier system using indirect rotor flux
vector control.

The parameters of the system used in the dynamic simulation are shown in Table
9.1.

As explained in section 9.3, the g-axis rotor flux is set to zero by aligning the d-
axis with the rotor flux. Therefore, the g-axis rotor flux in the simulation is equal to zero,
and the d-axis rotor flux (which is equal to the resultant rotor flux) is set to be equal to
0.45 Weber. The reference dc voltage is chosen to be equal to 200V, and the load

resistance is chosen to be equal to 100€2.

Table 9.1: Machine parameters used in dynamic simulation

r, =1.54Q

r. =0.9088Q
L, =0.004H
L, =0.004H
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Figure 9.10: Simulation results for starting process, from top: (a) electromagnetic torque T,
(b) dc voltage V., (c) phase ‘a’ voltage V,

The first set of simulation results Figures 9.11 to 9.21 show the starting and
dynamic response of the induction generator-rectifier system. Figure 9.10(a) shows the
buildup of the electromagnetic torque Te, output dc voltage and phase’a’ voltage of the
generator.

The dc voltage reaches a steady state value of 200V in 0.5 seconds and remains
constant. The electromagnetic torque is negative as the induction machine is generating,
and the g-axis current is negative. The phase voltage (phase ‘a’) is purely sinusoidal as
can be seen in Figure 9.10(c).

The starting process of the g-axis voltage, d-axis voltage and load current is
illustrated in Figure 9.11. The load and d-axis voltage reach steady state values before

the g-axis voltage.
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The response of the stator voltage frequency, slip frequency, and the rotor speed
can be seen in Figure 9.12. The rotor speed in this simulation is ramped up from 100 to
240 rad/sec, the speed reaches a steady state value at 0.45 seconds. The rotor speed is
kept constant at 240 rad/sec for this simulation. The slip frequency during the starting
process is —4rad/sec.

Figures 9.13, 9.14, and 9.15 show the dynamic response of the system to a load

change from 100€2 to 25€Q.

g
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Figure 9.11: Simulation results for starting process, from top: (a) g-axis voltage V4 (b) d-
axis voltage Vs, (c) load current I
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Figure 9.12: Simulation results for starting process, from top: (a) voltage frequency w. (b)
slip frequency w;, (¢) rotor speed o,

The load is changed at t = 1 sec and remains at 25Q for the entire time of the
simulation. As can be seen from Figure 9.13 (a), the load change (an increase in the load
on the system) causes the electromagnetic torque to increase from —2 Nm to —8.5Nm.
Also the change in the load causes the dc voltage to drop to 197.5 volts for less than 0.5
seconds, thereby illustrating the effectiveness of the control scheme. The second set of
plots, Figure 9.14, illustrate the nature of response of the g-axis voltage, d-axis voltage
and the load current. As the load resistance is decreased, and the dc voltage is controlled
at 200V, the load current increases by four times due to the proportionate decrease in the
load resistance connected to the output of the rectifier.

As mentioned earlier, the rotor speed is maintained at a constant value of
240rad/sec. For an increase in the load on the system, the operating slip of the generator

increases. The effect of the increase in the slip is seen on the stator voltage frequency ..
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Figure 9.13: Simulation results for dynamic process, from top: (a) electromagnetic torque T,
(b) dc voltage V., (c) phase ‘a’ voltage V,
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Figure 9.14: Simulation results for dynamic process, from top: (a) g-axis voltage Vq (b) d-
axis voltage Vs, (c) load current I
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Figure 9.15: Simulation results for dynamic process, from top: (a) voltage frequency w. (b)
slip frequency w;, (¢) rotor speed o,

The second simulation performed for the generator-rectifier system is to see the
response of the system to varying rotor speeds for a constant load resistance. Figures 9.16
to 9.21 show the starting process and dynamic response of the system for changing rotor
speeds. The starting process is just the same as that shown in Figures 9.11 to 9.15.

The stator voltage frequency, slip frequency, and the rotor speed are shown in
Figure 9.16. The rotor speed is ramped to 240 rad/sec, and kept constant until t = 2

seconds.
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Figure 9.16: Simulation results for starting process, from top: (a) voltage frequency w. (b)
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Figure 9.17: Simulation results for starting process, from top: (a) g-axis voltage V4 (b) d-
axis voltage Vs, (c) load current I
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Figure 9.18: Simulation results for starting process, from top: (a) electromagnetic torque T,
(b) dc voltage V., (c) phase ‘a’ voltage V,

The starting process of the q and d-axis voltage is illustrated in Figure 9.17. As in
the previous simulation, the g-axis stator voltage takes reaches a steady state value after
the d-axis voltage and load current. The electromagnetic torque, dc voltage and phase ‘a’
voltage is shown in Figure 9.18.

After the system reaches steady state, the rotor speed is changed. The rotor speed
is dropped to 200 rad/sec at t = 2 seconds and then increased to 240 rad/sec at t = 4
seconds. The change in the rotor speed causes the g-axis voltage to drop to 90V during
the period of time for which the rotor speed is 200 rad/sec and then increase to 109V
when the rotor speed is increased to 240 rad/sec at t = 4 seconds. The d-axis voltage
remains at a constant value during the change in the rotor speed, and the load current

remains constant showing the stability of the dc voltage when the rotor speed is changed.

228



%]
=
(=1

B

v

(=}
T

(a)

]

L=}

(=]
T

We (rad/sec)

35

(b)

Ws (rad/sec)

35

4.5

240

220

Wr (rad/sec)

L

Figure 9.19: Simulation results for dynamic process, from top: (a) voltage frequency w. (b)
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Figure 9.20: Simulation results for dynamic process, from top: (a) g-axis voltage V4 (b) d-
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Figure 9.21: Simulation results for dynamic process, from top: (a) electromagnetic torque T,
(b) dc voltage V., (c) phase ‘a’ voltage V,

The nature of response of the electromagnetic torque, dc voltage, and phase ‘a’
voltage to a change in rotor speed is shown in Figure 9.21. For a decrease in the rotor
speed, the electromagnetic torque increases. The dc voltage remains unchanged and is
constant at 200V.

For a decrease in the rotor speed, the phase voltage of the generator decreases,
and returns to the initial value (before the change in the rotor speed), when the rotor
speed is increased from 200 rad/sec to 240 rad/sec.

The effectiveness of the proposed control scheme in controlling the dc voltage of
the rectifier is illustrated by the dynamic simulation results. To test the robustness of the
controller design, the system is operated under varying load conditions and varying rotor

speeds.
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9.7 Experimental Results for Rotor Flux Vector Control Scheme

The experimental results for the proposed vector control scheme are presented in
this section. The nature of the experimental setup has been detailed in Chapter 11.

Figure 9.22 shows the dynamic response of the line-line voltages, Vac, and Vpc
and the phase currents I, and Iz. The experimental waveforms have been obtained by
running the machine at a constant rotor speed of 1320 rpm. The capacitor on the dc side

of the rectifier is given an initial value of 20V. The reference dc voltage used is 220V.

Tek PrevVu | r~ J
(@) [T ! ARl i
(b)ﬁ\ ...........................................................
(C) E\ . V TRt I | | |I|| II|‘| ||
4 : : | |i-|||n.. i :
o @ IR O R

Chi| 1.00V & [Ch2| 1.00V » M[400ms| A Ch1 - 0.00V
Ch3[ 2.00V & [@E 2.00V

Figure 9.22: Dynamic response of the 2 hp induction generator. Reference dc voltage =
220V , rotor speed= 1320 rpm , load resistance = 80 €. (a) line-line voltage, Vc (350 V/div); (b)
line-to-line voltage Vpc(350 V/div); (c) phase A current (7.5 A/div); (d) phase B current (7.5A
/div)

231



Ch1 2.00V |Ch2[ 2.00v M 1.00s| & Chl & 0.00V
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Figure 9.23: Dynamic response of the 2 hp induction generator. Reference dc voltage =
220V, rotor speed= 1320 rpm , load resistance = 80 €. (a) dc voltage V4. (137.5 V/div); (c) d-axis
rotor flux (1.36/div); (d) phase A modulation signal (1.36 /div)

The voltage buildup of the generator during startup is shown, illustrating the
increase in the line to line voltage from 0 to 130V. Figure 9.23 shows the increase in the
dc voltage at the output of the rectifier, the d-axis rotor flux and the modulation signal for
the phase ‘a’.

The dc voltage, from Figure 9.23 increases from 20V to 220V. The increase in the
dc voltage as well as the d-axis rotor flux is not a smooth buildup, however, the dc
voltage tracks the reference dc voltage used. The values of the reference d-axis rotor flux
used in the experiment is 0.25Wb. The modulation signal for phase ‘a’ is shown in

9.23(c).
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Figure 9.24: Steady-state response of the 2 hp induction generator. Reference dc voltage
=220V, rotor speed= 1320 rpm , load resistance = 80 €. (a) line-line voltage, Vac (350 V/div);
(b) line-to-line voltage V(350 V/div); (c) phase A current (7.5 A/div); (d) phase B current (7.5A
/div)

Figures 9.24 and 9.25 show the operation of the generator at steady-state. The line
to line voltages and phase currents are shown in Figure 9.24, and the dc voltage, d-axis
rotor flux and the modulation signal for phase ‘a’ are shown in Figure 9.25. As can be
seen from Figure 9.22, the line to line voltages have some high frequency components.
This is due to the switching transients of the boost rectifier. The phase currents are pure
ac with no noise. The steady state value of the phase current of 3 amperes, and the line to

line voltage has a steady state value of 110V.
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Figure 9.25: Dynamic response of the 2 hp induction generator. Reference dc voltage =
220V, rotor speed= 1320 rpm , load resistance = 80 €. (a) dc voltage V4.(137.5 V/div); (c) d-axis
rotor flux (1.36/div); (d) phase A modulation signal (1.36 /div)

Similarly, the steady state waveforms for the dc voltage, d-axis rotor flux and
phase ‘a’ modulation signal is shown in Figure 9.25. The dc voltage reaches a steady
state value of 220V, which is the same as the reference dc voltage. The d-axis rotor flux
is a constant dc value, illustrating the effectiveness of the flux estimation algorithm used

in the code.
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CHAPTER 10

CONTROL OF THREE-PHASE INDUCTION GENERATOR

USING NATURAL VARIABLES

10.1 Introduction

Induction generator control has been implemented using the rotor flux model of
the induction machine in Chapter 9. The control uses the synchronous reference frame to
calculate the modulation signals required in switching the rectifier connected to the
generator as shown in Figure 10.1.

The implementation of a similar scheme that would use the stationary reference
frame as the frame of transformation to obtain the desired modulation signals is proposed
in this chapter. The model of the induction generator used in the control scheme in this

chapter is the natural variables model.

M
71

o

M\
=

Figure 10.1: System Model
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The development of the model (explained in detail in Chapter 5), is briefly
discussed here, and the derivation of the control scheme and parameters of the controller
are discussed in detail. The system is operated under a condition of minimum loss [C.1,
C.9].

The proposed scheme is simulated and the robustness of the scheme is tested by
seeing the response of the system under different conditions of rotor speed as well as
load.

The method of control, i.e. indirect vector control is implemented using the
stationary reference frame; therefore, the rotor flux position does not need to be
determined in order to implement the control scheme. The details of indirect vector

control have been dealt with in detail in Chapter 9 and hence are not repeated here.

10.2 Natural Variables Model of Induction Generator

The model of the induction machine used in the control scheme proposed in this
chapter is the natural variables model.

The natural variables of the machine are the electromagnetic torque T, the
reactive torque T;, and the rotor/stator flux. The natural variables are so called because
these variables can be easily related to and also these terms are reference frame
independent.

The natural variables model (derived in Chapter 5) is summarized below

T, =k, 1, -2,1,) (10.1)

dr” gs qr* ds

T, =klA,1,+A,1) (10.2)

qr—gqs
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Ay =X+ A, (10.3)

3PL

m

where

I3

The model equations of the induction generator expressed in terms of the rotor

fluxes and stator currents as state variables (from Chapter 5) are expressed in Equations

(10.4) to (10.7).
1 r.L L
p[qs :L_Vqs _r]qs + L” L”; Aqr _L Z a)rAdr _a)elds (104)
1 L
p[ds :L_Vds _r]ds + r” ’”2 Adr + L Z a)rAqr +a)elqs (105)
— l"r rer
pA, == A (@ o ), (10.6)
— l"r rer
pAdr _L_Adr +L_1d9 +(a)e _a)r)Aqr (107)
v, 1l
r= +
L, LI

The model equations for the induction machine are obtained by differentiating
equations (10.1) to (10.3) and using the voltage equations of the induction machine,

Equations (10.4) to (10.7).

pTe = k(Adrp]qs +Iqsp/1dr _Aqrplds _IdspAqr) (108)
pTr = k(ﬁdrp]ds +Idsp/1dr +/1qrp]qs +Iqsp/1qr) (109)
p/}rr :2/]qrp/1qr +2/]drp/1dr (1010)

Substituting (10.4) to (10.7) in (10.8) to (10.10)
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k 7, kL,
pT LU (AdrVqY _Aquds)_ r+ Lr Te _a)rT;’ - LgLr errr (1011)
k r kL r.L
T = AV +AV +— T+l +—2-wA +—Lm (T2 +T;
p LU ( qr’ gs dv) r Lr r r-e LU . r?rr kLr . ( )
(10.12)
r.L
A, =2l —LA, +—=T 10.13
pA, Ly L, } (10.13)

To complete the model of the induction generator-boost rectifier system, the
capacitor voltage equation for the boost rectifier connected to the generator, as derived in
Chapter 7 needs to be expressed in terms of the natural variables. The equation is derived

as follows:

CdeC :%(qulqs +Mdslds)_ (10.14)

L
The desired equation is obtained by expressing the q and d-axis currents in terms

of the natural variables, this is done as follows.

T A=A T
HRre
r qr dr ds

Therefore,

Lok A AT (10.15)
[ds Arr _Aql’ Adr T;’

The currents can therefore be expressed as

I, = )li()l T, +A,T) (10.16)
I, = )Ii()l T -AT). (10.17)
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Substituting for the q and d-axis currents in Equation (10.14), the capacitor
voltage equation expressed in terms of the natural variables is

CVa+ 2 = —%f[M ST, )em AT -2, ) 018)

1 rr

Therefore, Equations 10.11 to 10.13 and 10.18 are the model equations of the

induction generator-rectifier system in terms of the natural variables.

10.2.1 Loss Minimization using Natural Variables Model

The system, as mentioned earlier, is operated under a condition of minimum loss.
The condition for minimum loss is obtained by expressing the total losses in the machine
in terms of the natural variables and minimizing the loss equation [C.1].

The total losses in the system expressed in terms of the natural variables is

obtained from [C.1] as

P,=—> (2 +12)+ 3GCD1 N
b2k A kL
" . (10.19)

The loss is minimized when the rotor flux A is given by Equation (10.19)

3 )
A =

3l |2 3e 3
2 L2 L L’

m r

(10.20)

The parameters used in Equation (10.20) are defined by Equations (10.21) to

(10.22).
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f— rVLITL
C — Lz
PL
k = 3 m
AL

(10.21)

Therefore, using Equation (10.20), the reference rotor flux is calculated. As can
be seen from the equation, the reference rotor flux is dependant on the values of the
electromagnetic torque and reactive torque. Therefore, for a change in the rotor speed the
electromagnetic torque varies and hence the calculated reference flux varies. This can be

seen from the dynamic simulation results shown in section 10.4.

10.3 Controller Design for Natural Variables Model

The proposed control scheme for the induction generator-rectifier system is
derived in this section.

In this control scheme, as in the control scheme proposed in Chapter 9, the dc
voltage is controlled and the modeling of the system is achieved using input-output
linearization. The implementation of input-output linearization is described in detail in
Chapter 9, and therefore not repeated here. The state equations derived in section 10.2 are
used in the design of the controllers.

There are five loops in the control scheme, each loop is used to calculate the

reference value used in the controllers. The five loops are illustrated in Figure 10.2.
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Figure 10.2: Control loops in proposed control scheme.

The first loop is the dc voltage loop, which is used to calculate the reference
electromagnetic torque. The second loop shown in Figure 10.2 is used to calculate the d-
axis voltage and correspondingly the modulation signal for the d-axis. Similarly, the g-
axis modulation signal is calculated using the reactive power control loop. The reference

reactive power is calculated using the rotor flux control loop, and the reference rotor flux
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is calculated using loss minimization, explained in the previous section. The parameters
m; and my are derived in the latter part of this section.

The equations for the control scheme are summarized below.

k r kL
T,=—W,V, =2V, +—— T, -l —wA 10.22
p L (dr qs ) r L e rtr L L rrr ( )

g r g r

pT, = Lkg()lq,Vw +A Vdg) r+£’r Tr+ere+Lkngr w,)lr,+errL”'W (T +7 )
(10.23)
— r rer
pA,. = {Lr A, i T} (10.24)
CPV;+2’; =y K, (A1 4a,1 )M, (0,7 -2 1) (10.25)

From Equations (10.22) to (10.25) the output of the controllers in the proposed

control scheme are defined.

L,L

ag ar

o =pT +| r+ 2o |r =5 — o1 -y (10.26)
e e L e L

r

rL
o, =pT+| r+ |0 =Xy v kg S (r2472)  (1027)
r r l L r

r ag LULV kLrArr ‘
2r 2r L
o =pi += ) elw 10.28
rr pA,, Lr r kLr ( )
2
0, =CV2+ Vie — —ii[(Vqs/] VAT A, VA, ) (10.29)

R~ 22

rr
where m; and m, are defined as

=V, A V) (10.30)

dr” gs

242



my=(A V.. +2,V,) (10.31)

qr’ gqs
The output of the controllers are defined as follows:

o,= output of electromagnetic torque controller
o .= output of reactive torque controller

o, = output of rotor flux controller

o, = output of dc voltage controller.

Using the above definitions for the outputs of the four controllers in the control
scheme, the equations used in calculating the reference quantities using the outputs of the
controllers are derived as follows. The proposed control scheme is shown in Figure 10.3.

As explained earlier, the reference electromagnetic torque is calculated using the

output of the dc voltage controller.

Vie T 4 o,
c e e m
—iO—» K, —»O—» K, = 1035 .
- -A V .
V2 T —|_, =1 770 > 4
¢ . 10371+ 77'0) > 5 eeeton
& | Inverter C Genexator
10.38 |4 Sine A [
Te,T; /]D. + g, Vds PWM position&
i K, K, | 10.36 speed sensor
“K n,
A,
10.1
10.2 | AoAs Vo —ri,) | VissVas | Transfor @
TSHD _[ abs “ldgas) [T mation | g
. arLas
I/;lBﬂl/C/l
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Figure 10.2: Control scheme using natural variables
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Using Equation (10.29)

2A
) 31: a1, (Vqs/]q’ VoA ) =T, (Vqs/]dr - Vdv/]dr) (10.32)
- 1 -2A
= A\ rr _ A ' 1 '
= T'e (I/qudr — VdsAdr)li 3k Udc T;’ (I/quqr + VdS dr ):l ( 0 33)

Similarly, the reference reactive torque is calculated using the output of the rotor
flux controller as

T =0, X 2“/{ : (10.34)
rr m

The reference rotor flux is calculated using Equation (10.20).

The q and d-axis voltages used in calculating the modulation signals (in the
stationary reference frame) are obtained using Equations (10.30) and (10.31).

The calculated values of m; and m, are obtained using the outputs of the
electromagnetic torque and reactive torque controller, respectively. The equations used in

calculating the variables are

L
m=tel o vor 1k 8ty (10.35)
k LD’ r
L[ rL rL
==% g -l kL") ———m \T>+T7?]|. 10.36
m2 k I r rte LULi r kLrArr ( e r )i| ( )

Therefore, the q and d-axis voltages are calculated using Equations 10.37 and

10.38
_( mA, +myA,
v, =| (10.37)
A -m)
v, =| 22l d’)l o |, (10.38)

rr
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The controllers used in this control scheme are PI (proportional integral)

controllers. The PI controller has the following structure:

G@=@+£.
N

The output of each of the four controllers can be defined as

cL=[Kp+§Q@f—Q) (10.39)
S

To design the PI controllers for the control scheme, the transfer function of each
controller is obtained, using which the constant gain parameters of the PI controllers are
calculated.

pr +Kl

K.
[Kp +—’j can be expressed as (
p

J, the above equation can be
s

rewritten differential form, where p :di .
t

The transfer function expressed as a ratio of the output divided by the input of the
controller is then expressed as
T p k Pl + ki 1

Te* 2 rr '
pt r+f+kpl ptk,

r

(10.40)

Similarly, the transfer functions of the three other controllers are obtained as

T. Pk, +k,

r p2+(l”+2+kpsz+ki2

r

(10.41)

~
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Ap o PRtk (10.42)

A 2
rr p2 +(L+kp3j+ki3

r

v, pk,, tk
-2 = (10.43)
Vie Cp™+ pkp4 tk,

Having obtained the transfer functions for each controller, the parameters of the
controller can be determined by using the Butterworth Polynomial. As explained earlier,
the controllers used are PI controllers. The parameters of each controller need to be

determined, i.e. k,and k.

The method of determining the parameters involves comparing the coefficients of
the transfer function of the controller with the coefficients of the Butterworth Polynomial

(as explained in Chapter 9). The Butterworth Polynomial has the form

P2 +2w,p+af. (10.44)

The Butterworth method locates the eigen values of the transfer function
uniformly on the left half of the s-plane on a circle of radius @, with its center at the
origin.

Therefore comparing the coefficients of the transfer function with the coefticients

of the second order Butterworth polynomial, the constant gain parameters of the

controllers for the scheme are expressed as

k, =2, —(r+£’ Jzo.m (10.45)
k, = =25000 (10.46)
k,» =\/§a)0—(r+2’ J=O.138 (10.47)
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k,=a =10 (10.48)

k, =2, —%:0.139 (10.49)
k. =ar =10000 (10.50)
k,s =+2Ca, =0.01 (10.51)
k, =Caf =40000. (10.52)

The parameters are therefore calculated using Equations (10.45) to (10.52) by
selecting values of .
The dynamic simulation for the control scheme is performed and the results are

presented in the next section.

10.4 Dynamic Simulation of Control Scheme Using Natural Variables

The simulation of the proposed control scheme has been performed under two
different operating conditions. The first set of results illustrates the operation of the
system under a constant rotor speed and varying load conditions.

The second set of plots show the operation of the of the system under varying
rotor speed and constant load conditions.

Figures 10.3 and 10.4 show the starting process for the simulation of the induction
generator (natural variables model) operating with a constant rotor speed and varying

load. The parameters of the machine are in Table 10.1.

247



Table 9.1. Machine parameters used in dynamic simulation

Per-phase stator resistance = » =1.54Q Stator leakage inductance = L, =0.004H

Per-phase rotor resistance = Rotor leakage inductance = 1, =0.0041

1 T T
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Figure 10.3: Simulation results for starting process, from top: (a) dc voltage V4. (b) Load
current voltage I, (c) rotor speed o,

The load resistance is 1002 and the reference dc voltage is 200V. The dc voltage,
load current reach steady state values at t = 0.5 seconds. The rotor speed is ramped from
100 rad/sec to 390 rad/sec, and kept constant for the entire period of the simulation.

Figure 10.4 shows the electromagnetic torque, T., reactive torque T, and rotor
flux at the start of the simulation. The electromagnetic torque oscillates for 0.2 seconds

and reaches steady state at 0.5 seconds. The electromagnetic torque is negative as the
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Figure 10.4: Simulation results for starting process, from top: (a) electromagnetic torque T,
(b) reactive torque T, , (c) rotor flux A,

machine is generating. The reactive torque T, is positive and takes almost one
second to reach a steady state value. Similarly, the rotor flux takes almost 1 second to
reach a steady value of 0.12 Wb.

The load resistance at the start of the simulation is 100€2, at t = 2 seconds, the load
resistance is decreased to 45 €, and the response of the system to the change in load with
a constant rotor speed is shown in Figures 10.5 and 10.6.

Figure 10.5 shows the response of the system to a change in the load resistance.
The dc voltage is constant, hence showing the effectiveness of the dc voltage controller.

The decrease in the load resistance is evident from the change in the load current.
The load current increases from 2A to 4.5A. As mentioned earlier, the rotor speed is kept

constant at 390 rad/sec.
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Figure 10.5: Simulation results for dynamic process, from top: (a) dc voltage V4. (b) Load
current voltage Iy, (¢) rotor speed o,
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Fig 10.6: Simulation results for dynamic process, from top: (a) electromagnetic torque T,
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The second set of results are obtained by performing the simulation under
constant load and varying rotor speeds. In this case, the load resistance is kept constant at
100 Q. The rotor speed is initially ramped to 390 rad/sec and at t = 2 seconds decreased
to 300 rad/sec, and increased to 390 rad/sec at t = 4 seconds. The nature of response of
the variables during the starting process, as illustrated in Figures 10.7 and 10.8 are similar
to those obtained for the constant rotor speed varying load simulation, Figures 10.3 and
10.4.

Just as in the previous simulation, the variables plotted are the three natural

variables, the rotor speed, dc voltage, and load current. In this simulation as well the

reference dc voltage is 200V.
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Figure 10.7: Simulation results for starting process, from top: (a) electromagnetic torque T,
(b) reactive torque T, (c¢) rotor flux A,
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Figure 10.8: Simulation results for starting process, from top: (a) dc voltage V4. (b) Load
current voltage I, (c) rotor speed o,

Figures 10.9 and 10.10 illustrate the nature of response of the system to varying
rotor speeds. As the reference rotor flux is calculated using the equation for loss
minimization, the reference flux is a function of the electromagnetic torque and reactive
torque, therefore the nature of change of the three variables, electromagnetic torque,
reactive torque, and rotor flux are similar.

The dc voltage remains constant at 200V during the rotor speed change, and the

load current also remains unchanged, as the load is constant.
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In Figure 10.10, when the rotor speed is decreased to 300 rad/sec, the
electromagnetic torque decreases, and when the speed is brought back to 390 rad/sec, the
torque returns to the initial value.

Similarly, for a decrease in rotor speed, the reactive torque and rotor flux increase,

and return to the initial value when the rotor speed is brought back to 390 rad/sec.
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CHAPTER 11

HARDWARE IMPLEMENTATION

11.1 Introduction

This chapter deals with the nature of the hardware implementation for the
experimental verification of the proposed control scheme.

The closed-loop control scheme implemented is discussed in detail in Chapter 9.
The control scheme uses rotor flux and stator currents as the state variables used to
control the dc voltage.

The implementation has been carried out on a 2 hp induction machine, using the
TMS320LF2407A floating point DSP with 40 MHz cycle frequency. The machine
parameters have been determined using three tests, no-load, blocked rotor and dc test

(discussed in detail in Chapter 5).

11.2 Experimental Setup

The block diagram representation of the experimental setup is shown in Figure
11.1. Each component of the setup will be discussed briefly and the nature of the DSP
implementation discussed. The schematic illustrates the various components used in the

system buildup.
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Figure 11.1: Schematic of experimental setup

11.2.1 Encoder

The rotor position, used in the calculation of the rotor flux position, is determined
by using an encoder. An encoder is a device that converts motion into a sequence of
digital pulses. By counting a single bit or by decoding a set of bits, the pulses can be
converted to relative ot absolute position measurements. The encoder used in to
determine the rotor position in this experiment is an absolute encoder.

The nature of representation of the rotor position can be either grayscale or
binary. The difference between the two is the number format representation of the rotor
position. A Grayscale encoder converts the position of the rotor to a grayscale number

format, and the binary encoder represents the position of the rotor in binary form.
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Figure 11.2: Schematic of experimental setup

The encoder used in the experimental setup is the 845G Absolute Encoder. The
encoder has a 19-pin connector and an open collector output. The encoder used is
illustrated in Figure 11.2.

The encoder used in the experiment is a 12- bit grayscale encoder. However, the
position of the rotor needs to be represented in binary format to be able to obtain the
actual position and speed of the rotor. This is because, in grayscale number format, for
every change in position only 1-bit changes, therefore the conversion from grayscale to
binary has been performed using the DSP. The conversion can be performed using XOR
gates, as well.

To read the rotor position, the 12 bits of the encoder are connected to the I/O ports

of the DSP.

11.2.1 Sensors

The sensors used in this experiment are for voltage as well as current

measurement. There are two sets of sensors used in voltage measurement. The sensors
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used are the LV 25-P and LV 100-1000. The sensors have been designed for operation in
the desired region by varying the measuring resistance values. A phase shifter circuit is
used to invert the sensed currents and voltage. The parameters measured are read into the
DSP using I/O ports. The DSP code takes into account the phase shifter used in the

hardware.

Figure 11.5: Current sensor used in line current measurement
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The current sensors used are the LA 55-P, illustrated in Figure 11.5.

11.2.2 Rectifier Design

The rectifier used in the experiment is a SEMIKRON teaching system. The
system is designed for different types of applications. The system has the following
components.

Base drives (SKHI 22)

Semikron IGBT’s (SKM 50 GB 123 D0

Capacitor on dc side of the rectifier (2200 750V)

The gate pulses from the DSP are connected to the base drive of the teaching
system for the switching of the devices. The gate pulses are connected to the base drives
through an opto-isolator, TLP 250. The base drive is used to drive one leg of the rectifier.
Also the base drive has in-built short-circuit protection used in protecting the devices in
case of a short circuit. This operates by the measurement of the collector to emitter
voltage for each device. Each base drive generates an error signal, which is connected to
the DSP to shut down the system in case of a fault. As there are three error signals, the
error signals are connected through AND gates to the DSP.

The IGBT used in the teaching system is a block that forms one leg i.e. two
devices of the rectifier.

The development of the DSP code used in the control of the DC voltage of the
rectifier has been formulated in assembly language. The implementation has included
flux estimation to determine the fluxes used in the control scheme to calculate the

operating slip of the generator.
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CHAPTER 12

CONCLUSION AND SCOPE FOR FUTURE WORK

This chapter aims at summarizing the contributions made by this thesis. The
different areas worked on will be dealt with in separate sections. The previous work done
in this area has been detailed in Chapter 2 to establish some background on the work
carried out in this thesis.

The scope for future work is discussed and some suggestions are made based on
the work developed in this thesis. The first section discusses the work done in the area of
boost rectifiers, summarizing the models and results obtained for the proposed connection
schemes.

The second section summarizes the work done on the steady-state excitation and
vector control of the proposed induction generator-ac/dc boost rectifier system. Also the

control scheme using natural variables is discussed.

12.1 Series-Parallel Boost Rectifiers

The work done on the series-parallel connection of boost rectifiers includes the
development of the model of a single rectifier in the abc and qd (synchronous reference
frame). The models of the series and parallel rectifier are then developed based on the
model of the single rectifier. The connection of the series and parallel rectifiers is at the
output, therefore the rectifiers are operated using independent sources. The effect of the

zero-sequence circulating current is considered for the third scheme dealt with in Chapter
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4. The first topology considered does not allow a path for the flow of the circulating
current; however the second is studied under different conditions of neutral voltage.

The operation at unity power factor is of vital importance; therefore the proposed
connection schemes are studied analytically for this operating condition at steady state.
The conditions for unity power factor being obtained, the dynamic simulation of both the
series as well as parallel connections of the rectifiers are carried out. Results for both
topologies show the unity power factor operation of the schemes corresponding to a
single point in the steady-state plots obtained. The parallel topology is operated using
independent sources of varying frequencies. The parallel rectifier topology is shown to
have an additional degree of freedom, which is used to control the power delivered by
each rectifier by considering a power-partitioning factor a. The effect of the factor a on

the q and d-axis modulation signals is illustrated by steady-state plots in Chapter 4.

12.2 Induction Generator-Boost Rectifier System

The property of an induction generator to self-excite is discussed in detail,
following which the model of the induction generator boost rectifier system is proposed.
The model of the system is obtained in the abc and qd reference frames. The model used
is studied extensively at steady state. The steady-state analysis performed studies the
system under varied operating conditions to determine the excitation requirements of the
generator. The magnitude of the modulation index is used as a measure of the self-
excitation requirements of the induction generator.

Inclusion of the effect of magnetic saturation on the performance of the system is

highlighted. Also the analysis conducted studies the system at rated slip as well as under
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a condition of minimum copper loss. The condition for minimum copper loss is derived
and correspondingly, to satisfy the desired condition, the system requires operating at a
particular value of operating slip. The in-depth analysis studies the nature of variation of
the magnitude of the modulation index with changes in magnetizing flux as well as
changing operating slip, i.e. for a given value of magnetizing flux, the slip for the
operation of the machine at minimum copper loss is calculated. Using the calculated
value of the slip, the magnitude of the modulation index required by the generator to self-
excite is calculated. The variation of the modulation index with varying rotor speed and
load conditions is illustrated.

The VSI assisted induction generator scheme for the generation of AC voltages
proposed in Chapter 6 is studied extensively at steady state, the bi-directional power flow
is illustrated under varying load conditions, and the effect of the operating slip on the
system is studied.

A rotor flux vector control scheme is proposed for the system under
consideration. The method of input-output linearization is used to decouple the model
equations of the system. The control scheme proposed aims at the regulation of the dc
voltage of the rectifier. This is achieved by a closed-loop control scheme involving
determination of the reference q and d-axis voltages to determine the modulation signals
for the rectifier. The parameters of the controller are obtained by comparison of the
coefficients of the transfer functions of the controllers with the coefficients of the second
order Butterworth Polynomial. The simulation performed studies the system under
varying conditions of load and rotor speed. The effectiveness of the control scheme is

illustrated by the dc voltage regulation at the reference value. The proposed control
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scheme is experimentally verified using a 2 hp induction machine connected to a boost
rectifier. The hardware design of the system and the different components used in the
build-up of the experimental setup in discussed in Chapter 11.

The second control scheme proposed uses the natural variables model of the
induction machine. The natural variables model of the induction machine is developed,
and used in the control scheme proposed for the induction generator-rectifier system. The
application of the natural variable model involves the stationary reference frame, thereby
simplifying the analysis as compared to the rotor flux vector control scheme proposed.
The advantage of using the natural variables model is the elimination of the synchronous
reference frame transformation. To augment the advantages, the system is chosen to
operate under conditions of minimum loss. This is achieved by calculation of the
reference rotor flux using an equation for the rotor flux derived for operation of the
system under minimum loss. The inclusion of this function is shown in the schematic of
the control scheme. The proposed scheme is tested under condition of varying load and
changing rotor speed. The dc voltage regulation is achieved, verifying the effectiveness

of the proposed control scheme.

12.3 Scope for Future Work

The scope for future work is highlighted in this section. The suggestions made are
discussed with respect to the work done in this thesis.
The study on the boost rectifier systems, the series as well as parallel

configurations are made using an open-loop system, whereby the control of the dc
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voltage at the output is obtained by selection of the modulation signals fed to each
rectifier. However under practical conditions, varying loads on the rectifiers would
require a closed-loop system whereby the unity power factor operation as well as the dc
voltage regulation of the proposed schemes can be achieved. Also the power-partitioning
factor a in the case of the parallel rectifiers can be used to minimize the loss in the
overall system.

Also the operation of the parallel system using input sources of varying
frequencies has been achieved, a similar system for the series rectifiers can be developed,
as using different frequency inputs widens possible application areas for the series and
parallel rectifiers.

The steady-state excitation conditions have been studied under a operation of the
system at minimum copper loss. However, the core loss in the system has not been
considered. The effect of the core-loss is more involved and would have an impact on the
operation of the system.

The induction generator-rectifier system can be studied using the parallel
connection of three-phase boost rectifiers studied in Chapter 4, where the rectifiers are
assumed to have the same source. Such a scheme would increase the reliability of the
system.

The VSl-assisted induction generator scheme in Chapter 6 is studied at steady
state, the open-loop simulation of the system can be performed to verify the model and
steady state analysis developed. Also the model proposed studies a voltage source

converter, a similar scheme using a current source inverter can be studied. The
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practicality and effectiveness of the current source converter replacing the voltage source
converter is yet to be determined.

The rotor flux control scheme proposed uses a reference value of d-axis rotor flux.
To operate the system under conditions of minimum loss, an additional calculation step is
required, whereby the reference flux is calculated using a loss minimization equation, as
in the case of the control scheme using the natural variable model of the system.

The natural variables model of the induction generator-rectifier system proposed
for dc power generation, has been simulated, experimental studies can be made for
verification of the control scheme for varying operating conditions. The system is
modeled using the rotor flux as a state variable; a similar scheme can be developed for

the stator flux, as stator flux reduces the calculations in the analysis.
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