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ABSTRACT

HIGH PERFORMANCE ON-LINE CONTROL OF THREE-PHASE
PWM CURRENT-SOURCE CONVERTERS

José R. Espinoza, Ph.D.
Concordia University, 1996.

In medium and high power applications, two topologies have evolved for three-
phase six-switch static power converters with an intermediate dc link, the voltage-source
and the current-source. Despite the advantages of the current-source topology such as
current limiting, higher reliability, and low ac-voltage harmonic distortion, voltage-
source topologies are more widely used. This is in part due to the fact that current-source
topologies present the following difficulties: (a) a lack of on-line modulating techniques
that satisfy all the constraints of their gating signals and (b) the complexity of the control
schemes for medium and high power applications. This thesis provides solutions to these
problems. It proposes two enhanced on-line modulating techniques and three control
schemes for three-phase six-switch current-source topologies, namely: (a) an on-line
carrier-based PWM modulating technique, (b) an on-line PWM space-vector based
modulating technique with reduced switching frequency, (c) an inner voltage control loop
and an outer modulation index control loop for inverter topologies, and (d) a non-linear
control scheme for rectifier topologies. The resulting power conversion schemes
demonstrate the intrinsic advantages of the current-source topology and none of the
disadvantages of the voltage-source topology. Moreover, they can be operated at reduced
switching frequency, unity displacement power factor in the rectifier mode, minimum and
constant load harmonic distortion, and allow the topology to provide high quality load
waveforms and fast dynamic response. Simulated and experimental tests validate the

theoretical considerations.
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CHAPTER 1

INTRODUCTION

1.1  GENERAL INTRODUCTION

Electrical energy is primarily distributed as ac voltage at constant amplitude and
frequency. However, the electrical requirements of most of the loads can assume different
forms. For instance, in a modern adjustable speed drive (ASD), induction machines
require a variable ac voltage and frequency supply as the speed requirements vary.
Therefore, to interface a load to the ac mains, a power conversion system is required (Fig.
1.1(a)).

Electrical power conversion today is achieved by means of static power
converters. This is mainly the result of their higher efficiency and their enhanced
controllability, leading to an improvement in the overall efficiency of the system.
However, practical power conversion systems based on static power converters do not
behave in an ideal manner (Fig. 1.1(b)). Near unity input power factor operation is
difficult to achieve and the static and dynamic requirements of the load are hard to meet.
For example, ASDs, based on a voltage dc link, generate load voltages of the Pulse Width
Modulated (PWM) type instead of the sinusoidal type, and inject pulsating line currents
into the distribution system instead of sinusoidal shaped waveforms (Fig. 1.1(c)).

In general, the performance of a static power conversion scheme is dictated by the
limitations inherent in the available power semiconductor switches, the power circuit

topology, the modulating technique, and the control schemes. These general
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Fig. 1.1 A typical ASD scheme and associated waveforms.

a) The electrical power conversion topology. b) The ideal input (ac mains) and output (load) waveforms.
¢) The actual input (ac mains) and output (load) waveforms.

considerations are discussed in the next section.

1.1.1 Basic Three-Phase Power Conversion Structures

Static power converters are basically a network of power switches that are gated
in a way to achieve the required power control objectives. The gating is generated by a
modulation technique that is usually of the PWM type and the control objectives depend
upon the load and supply requirements. These conversion schemes interface the ac mains
with a specific load. The power circuit topology, modulating technique and control
strategy used in these schemes define the overall advantages, drawbacks and limitations

[1-3].

A. The Static Power Converter - Load Interaction

Voltage-source topologies are the preferred topologies on the load side, Fig.



1.2(b) and Fig. 1.2(c). This is mainly a result of the following: (a) they can operate under
all output voltage/frequency ranges without any major restriction, (b) they can provide
fast and accurate line current control, and (c) they are simple to modulate and control [4-
6].

Current-source (CS) inverters are the dual topology of voltage-source inverters
with voltage waveforms becoming current waveforms and vice versa {7-9] (Fig. 1.2(d)).
Duality however implies three differences in favor of CS topologies: (a) the converter is
more reliable due to the inherent load and converter short-circuit protection, (b) there is a
very low load voltage dv/dt resulting from the filtering effect of the output capacitor, and

(c) the system has instantaneous and continuous regenerative capabilities (Table 1.1).

ac input voltage source dc load ac input current source dc load
mains filter rectifier filter mains filter rectifier filter
. i . .
SEA :K} ;B} nG BRE ] [l 1 [i,]
) m 1] T v ) m
) m Ca A Mo,
L ] 6 2 L
{]} ' | |c
a) b)
dc voltage source output/load load dc current source output/load load
source inverter filter source inverter filter

A {’&{’};ﬂ} b 6 . -liiéili 61 bl G
oF J} _ _ _
wpap «[[] %% Ll

) TIT

c) d)

Fig. 1.2 Generalized three-phase six-switch voltage and current-source converters.

o &333

a) A voltage-source rectifier (VSR). b) A current-source rectifier (CSR). ¢) A voltage-source
inverter (VSI). d) A current-source inverter (CSI).
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These features make the structure attractive for medium and high power applications,
where reliability is of main concern.

However, the implementation of PWM-CS topologies on the load side is
complicated by a number of factors, among which, (a) lack of on-line modulation
techniques due to the complexity of the gating requirements; this has resulted in the
widespread use of selective harmonic elimination stored patterns, usually at a fixed
modulation index, leading to slow dynamic response; (b) in those control schemes that
use stored patterns and variable dc link current control, it is possible to have potential
resonances between the output filter and load inductance; and (c) in those control
schemes that use fixed nominal dc current and a variable inverter modulation index, there
are additional losses in the dc link inductor and switches, the switches operating at rated

current conditions at all times.

Table 1.1 Three-Phase Six-Switch Converter Comparison.

Converter Converter
Parameter VS Rectifier CS Rectifier VS Inverter CS Inverter
load filter capacitive inductive inductive capacitive
input filter order first second unnecessary * unnecessary *
output filter order first first second * first
possible resonance no yes (supply side)  yes (load side) * yes (load side)

protected against load open circuit  load short circuit  load open circuit  load short circuit

control modes closed closed/open closed/open closed/open
power flow control dc current dc voltage dc current dc voltage
dc volt. range (V) Vae> Vrmin Vemax> Vae™ Vemax Vac> 0 Vimax > Ve > =V imax
dccurr. range (I4) Lo > 1y > ~Lpax L3> 1 in Limax > Lae > 1 max 1,>0

« The second-order output filter (load side) is optional.
& An ideal dc supply is assumed.



B. The AC Mains - Static Power Converter Interaction

An important number of power conversion schemes use uncontrolled (diode-
based) or controlled (thyristor-based) rectifiers as front-end converters to interface with
the ac mains. These topologies feature reactive power (var) consumption and harmonic
current injection into the distribution system. This results in low input power factor that
increases the cost of operation and the losses in the line. Also, the current harmonics will
distort the supply line current and through the line impedances, distorted voltages will
appear on the ac system (Fig. 1.1(c)). These can interfere with other loads and converters
resulting in resonances, malfunction of protections and control circuits, and interference
with communication circuits [10-11].

An alternative to minimize harmonic pollution is to replace the thyristor and diode
based front-end ac-dc rectifiers with PWM current-source (CS) rectifiers (Fig. 1.2(d)).
These are fundamentally inverters synchronized to the ac mains. Appropriate control of
these converters can provide unity displacement power factor and reduced input current
harmonic distortion regardless of the load demand. However, the configuration has two
significant drawbacks, which are not overcome with off-line pattern generators: (a) the
input LC filter can easily resonate, and (b) the ac side of the topology behaves as a second-
order non-linear system. Therefore, the topology requires an appropriate on-line gating
scheme and a suitable control scheme typically based on either a stationary (abc or afy) or

a rotating frame (dq0 frame).

1.1.2 Current Source Converter Implementation Issues

From the previous discussion, it can be concluded that existing current-source



inverters and rectifiers present Intrinsic advantages such as high reliability and low ac
voltage harmonic distortion. These advantages make attractive the CS topology in
medium and high power applications. However, they have received less attention because
of the difficulty of on-line PWM switching pattern generation and control.

Therefore, the main objectives is to provide high performance on-line PWM
techniques and enhanced control schemes for both current-source inverters and rectifiers.
The resulting power conversion schemes should feature, (a) unity input displacement
power factor for rectifier applications, (b) high conversion efficiency, (c) high reliability,
and (d) high quality load waveforms for inverter applications. These features should hold

for steady state and during transient conditions of the load. This is the focus of the thesis.

1.2 PREVIOUS WORK
The review of previous work in this area is divided into three categories: (a) on-
line PWM techniques, (b) control schemes on the inverter-load side, and (c) control

schemes on the ac mains-rectifier side.

1.2.1 On-Line PWM Techniques

The CS converter have been the subject of a number of publications where the
modulation is based on off-line pattern generation [12-17]. This has allowed the
optimization of the pattern and simplified the compliance of the special requirements of
the gating signals. Non-standard topologies on-line modulated have also been proposed;
however, they require additional power switches beyond the requirements of the standard

six-switch configuration [18-23)]. This increases the cost and reduces the overall system



reliability, an important consideration in high power applications. Ooi, et al [24]
developed an on-line carrier-based modulator for the six-switch topology. However, it
must be modified as the carrier frequency is modified. Some studies in the VS converter
have demonstrated that non-standard modulating signals can further improve the
performance of the modulating technique by increasing the voltage/current utilization and
reducing the switching frequency [25-27].

The availability of fast and inexpensive digital signal processors has lead to an
increasing number of digital control schemes that require an on-line digital modulating
technique [28-30]. A useful digital modulator is based on the Space Vector (SV)
transformation which allows direct implementation of enhanced control schemes in the
dg0 and ofy frames [31-35]. In order to optimize the SV technique, recent work has
investigated the optimum switching sequence [36-39], operation under overmodulation
[40-42], operation under unbalanced conditions [43], and minimization of
uncharacteristic harmonics [44]. Although this modulating technique was initially
developed for the VS converter, its application to the CS converter has also been
successful [45]. However, in the case of the CS topology, studies related to switching
sequence, harmonic distortion, and uncharacteristic harmonics have seldom been

attempted [46].

1.2.2 Control Schemes for the Load Side Inverter
A refined three-phase variable voltage and frequency power supply is presented in
[47]. Transient optimization issues of the topology are addressed in [48]. The topology is

based on symmetrical VS converters and features (a) unity input power factor, (b)



regeneration capabilities, (c) acceptable input/output performance, and (d) fast and
accurate line current control [29-30, 49]. Novel front-end rectifiers based on voltage
source rectifiers are also introduced in [50-52]. However, these configurations only
operate with a minimum dc link voltage which must be higher than the supply line peak
voltage for unity power factor operation, even for light loads. Therefore, at low load
voltages, the converter generates high harmonic distortion, which is load voltage
dependent. Moreover, for fast fluctuating loads, refined control strategies are required
[53-55].

The dual topology based on CS inverters presents low load voltage harmonic
distortion due to the load filter [56]. Traditionally, the control scheme has been
controlling the dc link current [57]. However, this scheme has a poor dynamic response.
Moreover, if a thyristor front-end rectifier is used, the input power factor is low and load
dependent [58]. Still, the intrinsic advantages of CS converters, such as low 4v/dr, high
reliability, and inherent current limiting capabilities make the topology attractive and
hence recent work has been proposed to improve the standard configuration. This work
includes, new topologies [22], PWM techniques applied to the CS inverter (CSI) [13, 23,
59], and PWM techniques applied to both the CS rectifier (CSR) and the CS inverter
(CSI) [56, 60]. Moreover, to improve waveform quality and speed of response, new
control schemes through dc link current control [61-62] and through modulation index
control of the CSI [63-64] have been reported. Finally, integration of the dc link current
and CSI modulation index control has also been reported [65]; however, this last work

assumes a known load variation, this is not true in the general case.



AC adjustable-speed induction-motor drives based on either scalar or vector
control employ mostly a VS inverter (VSI) to control the motor armature [67-69]. On the
other hand, the implementation of a CSI based drive system [70-72] is complicated by a
number of factors. First, the complexity of the CSI gating signals compared to the VSI
gating signals, this has resulted in the widespread use of Selective Harmonic Elimination
(SHE) stored patterns [15][64][73]. Second, in those control schemes that use stored
patterns, such as SHE, and variable dc link current to control the output current, it is
possible to have potential resonances between the output filter capacitor and the motor
leakage inductance [62][74]. Finally, in those control schemes that use fixed dc current
and a variable modulation index PWM generator at the CSI stage to control the output
current, it is found that there are important losses in the switches and dc inductor, and
stress to the power switches (they commutate at maximum current), and the harmonic

distortion of the motor voltage varies with the CSI modulation index [23][75-76].

1.2.3 Control Schemes for the AC Mains Rectifier

PWM-CS rectifiers are gradually replacing line commutated thyristor rectifiers as
front-end ac/dc converters since they can provide unity power factor. In conventional
schemes, the PWM-CSR has operated with off-line patterns which result in a slow
transient response. On the other hand, the presence of the LC input filter causes a load
dependent input displacement power factor and may produce transient oscillations.
Although oscillations can be attenuated by adding damping resistors, they reduce the
overall conversion efficiency. Recently, attempts have been made to operate the rectifier

by means of on-line current control [77-81]. The main goals have been to keep unity



displacement power factor, to eliminate the damping resistors, and to regulate either the
dc voltage or the dc current. Solutions that meet the main requirements by using state
variable feedback compensation have been proposed [77-78]. However, only unity power
factor operation is allowed [77]. On the other hand, the use of a small signal model
reduces the generality of the approach [78]. The input displacement power factor is
compensated by using a linear approximation that is not accurate at light loads [79].
Finally, [80] achieves near unity power factor; however, drawbacks include low voltage
utilization and low switch utilization; and [81] provides active damping; however, it is an
approximated method.

The independent control of the supply reactive and active power components has
also been proposed [82]. However, due to the non-linear and coupled behavior of the
converter, both quantities are not independently controlled. Non-linear control based on
state variable feedback linearization has already been introduced as a control alternative
in power electronic systems [83-85]. This approach can be readily implemented in dg0
coordinates [86]. Among its advantages are the system state variable linearization, and
decoupling and dynamic specification.

Several publications have analyzed the non-linear and coupled model of the
PWM-CSR feeding a passive load. Control schemes based on a state variable feedback
strategy and a cascade structure have been proposed [45, 87]. However, both analyses are
based on a small signal model and as the actual operating point moves away from the
nominal one, the performance deteriorates, specially in terms of dynamic response. The

analysis of the power configuration for a connection to an active load [88], and design
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guidelines when a proportional controller is used are also provided [89]. However, since
the dc side behaves as a first order system, this controller does not provide the fastest
response. Thus, a higher order controller would be desirable; however, the method
presented to identify the stable regions becomes involved. New control strategies which
include the use of the instantaneous dc power demand as a feedforward variable have
proved their superiority {90-91]. They can further minimize the size of passive
components and allow the regenerative operation mode within safe stability margins.

This control approach has not been used in CSR applications.

1.3  SCOPE OF THE THESIS

The objective of this thesis is to propose enhanced on-line PWM techniques and
control schemes for three-phase six-switch CS topologies. The purpose is to make CS
converters to achieve the same dynamic and static performance as VS converters.

The modulating techniques are developed in such a way that the CS converter
becomes an ideal current amplifier with minimum switching frequency and thereby,
enhanced control schemes can be applied. The proposed control schemes are analyzed
and implemented to allow high performance operation of the power conversion system,
including input displacement power factor control and high quality load waveforms. This
thesis makes six specific and related contributions to the control of current source
converters.

Modulating Techniques:

i) An on-line carrier-based PWM pattern generator is proposed [92].

i) A dead-band carrier-based modulating technique is developed [93].

- 11 -



iii)  The space vector modulation applied to CS converters is investigated [94-96].

Control Schemes:
iv) A variable voltage/frequency power supply based on a CSI is proposed [97].
v) A modulation index control loop for CS inverters is proposed [98-101].

vi) A non-linear control scheme for CS rectifiers is investigated [102-104].

1.3.1 Contributions to On-Line PWM Techniques

An analog on-line PWM carrier-based gating pattern generator for three-phase
six-switch CS topologies is proposed. The circuit realization requires only three
modulating signals and a carrier signal. It features, (a) reduced switching frequency, (b)
smooth transition in and out of the overmodulation region, and (c) safe operation by
integrating all the special requirements of the CS topology (such as shorting paths to
generate zero line currents and over-laps to avoid interruptions of the dc link current).

An on-line modulating technique for CS converters, that uses three dead-band
modulating signals, is proposed. However, instead of a triangular carrier, it uses a saw-
tooth carrier signal. Thus, the switching frequency is further reduced to about 1/2 of the
carrier without penalty on the harmonic distortion.

The digital on-line modulating technique based on space vector applied to CS
converters is investigated. Three sequences of space vectors are further optimized to
achieve minimum harmonic distortion and minimum switching frequency. Thus,
switching frequencies at most 1/2 of the cycle frequency are obtained. Additional studies

include minimization of uncharacteristic harmonics and delay compensation.
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1.3.2 Contributions to Control Schemes

A three-phase variable ac voltage/frequency power supply based on a CSI is
proposed. The converter is controlled by a load voltage feedback scheme. It features low
dv/dt across the load and time responses of the order of either the carrier (for analog
implementations) or cycle period (for digital implementations).

A modulation index control loop for CS inverters is proposed. It ensures near
unity modulation index of the converter regardless of the load demand. The scheme leads
to high switch utilization, minimum conduction losses, and fixed load harmonic
distortion.

A non-linear control scheme for CS rectifiers is investigated. The approach allows
independent control of the active (real) and reactive (imaginary) power components of the
ac mains. The scheme features (a) a linearized state variable model, (b) decoupling of the
real and imaginary line current components, (c) elimination of damping resistors, and (d)
reduced current harmonic distortion.

The above modulating and control schemes are applied to standard and new
applications of CS converters to probe their feasibility and improved performance. These
are: (a) a fully functional variable voltage/frequency power supply based on symmetrical
CS topologies for both front-end and load converters, (b) a CSI based induction motor

drive and (c) a variable dc current-source based on a CS rectifier.

1.4 OUTLINE AND METHODOLOGY
The thesis is organized as follows.

Chapter 2 investigates an on-line carrier-based pattern generator and an improved
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modulating technique. The pattern generator is best suited for analog control scheme
implementations. A practical circuit realization of the proposed pattern generator is also
included. The pattern generator extends the duality between VS converters and CS
converters beyond the power circuit topology. In particular, all the carrier-based PWM
techniques, such as Sinusoidal PWM (SPWM), can now be applied to CS converters. An
improved modulating technique is obtained by replacing the standard sinusoidal signals
by dead-band type of waveforms, and by replacing the standard triangular carrier signal
by a saw-tooth type of signal. Simulation and experimental results on a 5 kVA prototype
are included to verify the feasibility of the proposed circuit and modulating technique
[92-93].

The space vector modulating technique applied to CS converters is investigated in
Chapter 3. Specifically, three space vector sequences are analyzed. In order to ensure
minimum switching frequency, an algorithm to choose the optimum zero space vector is
proposed. The sequences are evaluated in terms of switching frequency, harmonic
distortion, and current utilization. Simulated and experimental results on a 5 kVA CS
inverter are presented. Additional studies include selection of the cycle period,
minimization of uncharacteristic harmonics, and delay compensation [94-96].

Chapter 4 proposes a three-phase variable voltage and frequency voltage supply
based on a CSI. A control strategy based on two loops is proposed. The inner loop makes
the load voltage to track a given set of references with dynamic responses of the order of
either the carrier or cycle period. The outer loop forces the CS inverter to operate at

constant modulation index in steady state. This chapter also provides with the design
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guidelines of all the filtering components and controller parameters. Simulated and
experimental tests show the feasibility of the proposed strategy [97].

An improved CSI based ac induction machine drive is presented in Chapter 5. The
scheme is based on a fully functional variable voltage/frequency power supply based on
symmetrical CS topologies for both front-end and load converters. The control strategy is
based on two control loops, the motor voltage and the CSI modulation index loops. The
purpose is to preserve the inherent advantages of the CS topology (reliability,
regeneration, and low dv/dr), as well as improve the overall efficiency through the
internal dc link current control unlike standard CSI based drives. Experimental results on
a 3 kVA laboratory unit are used to validate the proposed scheme [98-101].

Chapter 6 investigates a non-linear control technique based on state variable
feedback linearization. The strategy is applied to a PWM-CS rectifier to obtain global
linearization of the model, effective decoupling of the active (real) and reactive
(imaginary) instantaneous powers, and elimination of the damping resistors. A systematic
procedure to find the maximum and minimum setting points of the active and reactive
powers is also included. Experimental results on a 2 kVA laboratory prototype are
obtained. DSP hardware and software are used to simplify the realization of the proposed
control strategy {102-103].

A dynamic analysis of a PWM-CS rectifier operating in regenerative mode is
presented in Chapter 7. To avoid potential instability during the regeneration mode, a
non-linear control strategy based on instantaneous load power feedforward is proposed. A

systematic approach to controller design is also included. Simulated results on a 5 kVA
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PWM rectifier are given [104].

APPENDIX A presents the set-ups used in the simulation and experimental
verifications of the proposed modulating techniques and control schemes. APPENDIX B
introduces a digital algorithm to reconstruct the ac line voltages in current source
converters. The algorithm uses the dc link voltage and the gating signal information in
order to reconstruct the ac voltages. This approach leads to a reduced number of voltage
sensors. APPENDIX C provides with design guidelines for the passive components and
controller parameters used in the simulation and experimental set-ups. Finally, APPENDIX
D shows the induction machine small signal model in the abc frame used for dynamic

analysis.
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CHAPTER 2

ANALOG ON-LINE GATING PATTERN
GENERATOR

2.1  INTRODUCTION

Current source converters are usually modulated using off-line pattern generators
[12-17]. These generators obtain the gating signal, for instance, from EPROM memories.
Storing units that have pre-loaded with all the possible sequences of the states of the
switches and duration of them for one period of the line currents. This approach allows
the optimization of the switching patterns to achieve high ac gain (G, = 1), low switching
frequencies (f,, = 1/2-f. of the equivalent carrier waveform), and low harmonic distortion.
The ac (G,.) and dc (G,,) gains are defined by (2.1) and (2.2), respectively [4]. Also, it
simplifies the compliance of the gating signals with the special requirements of forced
commutated switches in CS converters (such as the shorting pulses to generate zero line
currents).

As an alternative, and to overcome the gating difficulties, novel current-source
power circuit topologies have been proposed for variable modulation index control,
which consist in adding power switches to standard six-switch configuration [18-23]. In
these modified configurations, it is possible to produce on-line the gating pulses for
instantaneous line current control of CS converters. However, the addition of power
switches reduces the overall system reliability, an important consideration in high power

applications. In the on-line case, the gating signals are generated on a continuous basis as
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function of the instantaneous value of a set of modulating signals and a carrier waveform.

where,

where,

max{iy} . e
Gac = ldc? 2.1
maxly) g @1
idc

: peak of the fundamental component of the ac current in a CSR

: peak of the fundamental component of the ac current in a CSI

: dc bus current

maxto} ihacsr
G, =4 'r 2.2
o max{vel oo oSt @2
3

4

: dc component of the dc voltage in a CSR
: maximum amplitude of the dc voltage in a CSR
: dc component of the dc voltage in a CSI

: maximum amplitude of the dc voltage in a CSI

On-line PWM pattern generators nevertheless offer a number of control

advantages over off-line optimized patterns: (a) faster dynamic response; (b) elimination

of dc offsets under transient conditions; (c) continuous and precise control of the ac line

current amplitude and phase. However, it has seldom been attempted for the six-switch

CS configuration [24]. This chapter proposes a systematic analog approach to the on-line

generation of gating patterns for such configurations. With such an approach, it is

possible to extend the duality between VS and CS converters beyond the power circuit

topology. In particular, all the carrier PWM techniques (such as sinusoidal, trapezoidal,
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etc., ...) characterized by the possibility of on-line implementation and developed for VS
converters can now be extended to CS rectifiers and inverters [4, 7-9]. Moreover, it is
found that optimized gating patterns can also be obtained when non-standard modulating
waveforms are used [25-27]. In fact, a gain equal to 1 and a switching frequency equal to

1/2 of the carrier waveform can easily be obtained.

2.2  PROPOSED ANALOG ON-LINE GATING PATTERN GENERATOR

The main purpose of a pattern generator is to produce gating signals, which
applied to a CSC, generate line currents ([7],.) that track a given set of normalized
references ([i,],,., Fig. 2.1 (2)). The references are normally generated by an outer control
loop (closed or open) according to a given static or dynamic objective. If the purpose of
the pattern generator is attained, the converter becomes a current amplifier characterized

by the following equation,

[i]abc = G [ln ]abc idc A (2‘3 )
where, G : gain that depends upon the modulating and carrier waveforms
{7} : normalized current references
i, : dc bus current
Note that the line currents are PWM waveforms; however, the fundamental tracks

the reference up to frequencies of about 1/2 the carrier waveform frequency. Also, the

neutral is usually not connected; therefore, the line currents ([/]_,.) always add up to zero;

abc

therefore, the normalized line current references ([i,],,.) must also add up to zero.
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2.2.1 CSC Gating Signals Constraints

In order to properly gate the power switches of a CSC, two main constraints must
be meet at any time: (a) to properly define the load voltages at most one top (1, 3, or 5,)
and one bottom switch (4, 6, or 2) should be closed at any time, and (b) the dc bus is of
the current source type and thereby, it can not be opened; therefore, there must be at least
one top (1, 3, or 5) and one bottom switch (4, 6, or 2) closed at all times (Fig. 1.2). Note
that both constraints can be summarized by stating that at any time, only one top and one

bottom switch must be closed.

{

(inase Gating [s1 Current i ]“l’f
=> Patrern N Source :>
Generator Ul Converter
a)
Ve= Ve (f;' ’ K ) l
[ Decoupling (2] ase Modulating [7)ase Gating (S
N Waveform A Signal :>
=1 Block " Generator 7| Generator
b)

Fig. 2.1 Analog carrier-based on-line gating pattern generator scheme.
a) Generalized CSC and analog gating pattern generator schemes. b) Gating pattern generator stages.
2.2.2 Proposed Pattern Generator Circuit Realization
The proposed analog technique that permits on-line generation of gating patterns
for a three-phase six-switch current-source configuration is implemented in the mixed
analog/digital circuit given in Fig. 2.2. The circuit, as depicted in Fig. 2.1(b), is
implemented in three stages: the gating signal generator, the modulating waveform

generator, and the decoupling block.
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A. The gating signal generator stage

This stage produces the gating signals ([S] = [S,... S;]7) according to a carrier (v, =
v.(f., V.)) and three line-to-neutral modulating waveforms ([m],. = [m, m, m,]7).
Therefore, any set of signals which, when combined, result in a sinusoidal line-to-line set
of signals, will satisfy the requirement for a sinusoidal line current pattern. Examples of
such modulating signals are the sinusoidal, sinusoidal with third harmonic injection [4],
and dead-band [25] type of waveforms. Dead-band waveforms feature a band where no
intersection between the carrier and the modulating signal is allowed, (i.e., m, in Fig. 2.2).

The first component of this stage (Fig. 2.2) is the switching pulse generator,

where the signals S, (i = 1, 2, 3) are generated according to:

; i=1,2,3 (24)

_{HIGH=I if m>v,
LOW =0 otherwise
The outputs of the switching pulse generator are the signals S, (i = 1,..., 6) which
are basically the gating signals of the CSC without the shorting pulses. Table 2.1 shows
the truth table of S,; for all combinations of their inputs (S,, i = 1, 2, 3). It can be clearly
seen that at most, one top and one bottom switch is ON. This satisfies the first constraint
of CSC gating signals as stated before (Section 2.2.1). In order to satisfy the second
constraint, the shorting pulse (S,=1) is generated (shorting pulse generator, Fig. 2.2)
when none of the top switches (S, =S;=S,=0) or none of the bottom switches
(S,=S4=3S,=0) are gated. Then, this pulse is added (using OR gates) to only one leg
of the CSC (either to the switches 1 and 4, 3 and 6, or 5 and 2) by means of the switching

and shorting pulse combinator (Fig. 2.2). The signals S, (i = 1, 2, 3) ensure that (a) only
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one leg of the CSC is shorted, since only one of the signals is HIGH at any time, and (b)
an even distribution of the shorting pulse, since S,, (i = 1, 2, 3) is high for 120° in each
period (under balanced conditions). This ensures that the rms currents are equal in all the
legs of the converter.

Finally, overlaps (< 5 us for BITs) are added as a final stage (falling edge units)
to ensure proper commutation of the dc bus current among the top and bottom power

switches. This overlap also provides 2 minimum on-time for the switches.

Table 2.1 Truth table for the Switching Pulse Generator stage.

Top Switches Bottom Switches

S S Sa Sa Ss S S S Se
0 0 0 0 0 0 0 0 0
0 0 1 0 0 1 0 1 0
0 1 0 0 1 0 1 0 0
0 ] 1 0 0 1 1 0 0
1 0 0 I 0 0 0 0 |
1 0 I 1 0 0 0 1 0
! 1 0 0 1 0 0 0 1
1 1 1 0 0 0 0 0 0

B. The modulating waveform generator stage

This stage generates the modulating signals ([m],) out of the voltage signals
([u].)- In this thesis, a modified dead-band PWM technique is proposed, which unlike
the regular dead-band technique proposed for VS inverters [25], uses a saw-tooth carrier
instead of the standard triangular carrier. Fig. 2.2 shows one alternative to the generation

of the dead-band modulating signals. Note that only this stage should be modified
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according to the alternative modulating waveforms. For instance, for sinusoidal
modulating waveforms, this stage could be replaced by voltage followers.
It has been shown that the line currents ([7],,.) generated by the CSC and the phase

waveforms ([1],,.) are related by the following expression [24],

abc

[1lese = J—V = (THulapelae A (2.5)

: ac gain of the PWM technique (e.g. G,. = 0.866 for SPWM [4])
V. : amplitude of the carrier waveform (Fig. 2.2)

C

where, G

ac

1 -1 0
[TT=1f0 1 <
-1 0 1

Since [7] in (2.5) is not diagonal, the line currents are coupled with respect to
[4] .., this comes from the fact that each line current is generated from line-to-neutral
signals. This feature is particularly undesirable when it comes to designing an external
loop to generate the line current references. Therefore, a decoupling block is used to

overcome this drawback.

C. The decoupling block stage
The decoupling block can be modeled as a linear transformation given by, [u],. =

[D]-[i,] s (Where, [D] is the decoupling matrix to be found, Fig. 2.1 (b)). Therefore,

n ]abc Idc A (26)

[l ]ahc J‘ V

If [D] is chosen to be equal to [7]7 and noting that i, + i,, + i,. = 0, (2.6) yields,

. G, .. .
[I]abc = ?'c [lrzf ]abc ldc A (2°7)

[+
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Eqn. (2.7) shows that the line currents can track the normalized references in a
linear and decoupled fashion. An alternative to implement the decoupling block is given
in Fig. 2.2. Additional features of the overall circuit over previous realizations are: (a) the
decoupling and gating signal generator stages are general approaches and thereby, they
can be used with any on-line carrier-based PWM technique, (b) the carrier waveform can
be free-running, and (c) the circuit uses only binary logic to operate, which simplifies its
design. Also, the proposed circuit realization (Fig. 2.2) can be used equally in CS
Rectifiers and CS Inverters. In rectifiers, the current references must be synchronized

with the ac mains.

2.3  SIMULATED AND EXPERIMENTAL RESULTS

To test the proposed circuit, a variety of standard modulating and carrier
waveforms are used to generate the gating signals (such as sinusoidal modulating and
triangular carrier waveforms). Since the proposed circuit is valid for any carrier-based
PWM technique, some improved modulating and carrier waveforms which were initially
developed for VS topologies are extended to CS topologies (such as dead-band
modulating and triangular carrier waveforms). The simulated patterns are evaluated
according to their switching frequency, ac and dc gain, harmonic spectrum, and harmonic

distortion.

2.3.1 Modulating Techniques Performance Evaluation
Fig. 2.3 shows the simulated ac/dc waveforms of a CSC modulated by the

modified dead-band technique. Table 2.2 summarizes a comparison of various analog
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carrier-based PWM techniques implemented by using the proposed circuit. It is found
that the proposed modified dead-band technique presents the lowest switching frequency

and high ac gain.

N TiTiiiT
. TN

0 2 4 6 8 10 12 time (ms)
20
Dc voltage.
b) Vg (V pu) 1.0
0
0 2 4 6 8 10 12 time (ms)
L0, =60h2
Ac line current
frequency 4
©) spectrum, o= 1260 Hz
i, (Apu) 2/ =2520Hz 31 =3780Hz o = 5040 Hz

0 1.0 20 30 4.0 frequency (kHz)

de

Dc voltage 1.01

=1
frequency Je= 1260 Hz
d) spectrum. vz (V 05 2/, =2520Hz
u ’ of =
pu) l W=3T80Hz (L conz
o b N ad a4 Aeead A A hdad

0 1.0 20 30 4.0 frequency (kHz)

Fig. 2.3 Simulated CS converter ac/dc waveforms.

Modified dead-band technique, modulation index (m) = 0.8 pu; carrier frequency, £, = 1260 Hz =21 pu.
a) Ac line current (i,). b) Dc voltage (v,,.). ¢) Ac line current spectrum (i.). d) Dc voltage spectrum (v,,).

The ac and dc waveform harmonic spectra are evaluated using several harmonic

distortion indexes. These are the distortion factors DF, (ac distortion factor for second-
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order filtering), DF, (ac distortion factor for first-order filtering), and DF, (dc distortion

factor for first-order filtering), that are defined by,

Table 2.2 Comparison of Analog Gating Patterns for CS Converters.

PWM Technique switching freq. (f,) ac gain (G,,.) [4] dc gain (G,) [4]
Sinusoidal PWM I 0.866 0.750
Third Harmonic Injection A 1.000 0.866
Trapezoidal PWM A 1.053 0.911
Dead-Band PWM 23+f.-1 1.000 0.866
Modified Dead Band (Fig. 2.2) 12« (f.+1) 1.000 0.866
[~} 2
pF, =% Z(’L;’Z) % 2.8)
Yo\ n
© 2
prF, =100 Z(M) % 2.9)
D\ n
© 2
pF, =10 Z(ﬁ(ﬂ) % (2.10)
hQQ)\ o\ n

where, h(n) is the rms value of the nt* harmonic.

Fig. 2.4 shows the variation of the distortion factors as a function of the
modulation index (m) for some typical and the proposed PWM technique. Although it is
given for one constant switching frequency (f,, = 21 pu), their shape and relative position
are independent of switching frequency [4]. In general, it is found that the proposed

modified dead-band technique offers the lowest harmonic distortion.
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Fig. 2.4 Harmonic distortion factors for different carrier-based techniques.
Switching frequency, f,, = 1260 Hz = 21 pu. a) DF, %. b) DF, %. ¢) DF; %.
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2.3.2 Experimental Evaluation

The proposed gating pattern generator circuit (Fig. 2.2) is used to modulate a
current source rectifier (APPENDIX A.1). In this case the line currents are synchronized
with the ac mains by using the ac capacitor waveforms as normalized line current
references. Fig. 2.5 shows the experimental waveforms for the proposed modified dead-

band modulating technique. APPENDIX A.1 presents the set-up and test conditions.

2.3.3 Proposed Pattern Generator Under Overmodulation

Overmodulation in PWM current source converters is a transient condition that is
mainly caused by the outer control loop. Under overmodulation, the modulating
waveforms are higher than the carrier waveform (m, > V_, k=1, 2, or 3 in Fig. 2.2). Fig.
2.6 shows the modulating waveforms and gating signals from m = 0.8 to overmodulation,
m = 2. It is found that under overmodulation the proposed circuit satisfies naturally the
gating signal requirements (Section 2.2.1). Moreover, under complete overmodulation,
the circuit provides gating signals equivalent to six-step operation, which provides

maximum voltage converter utilization.
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Fig. 2.5 Experimental results for the modified dead-band PWM scheme.

m=0.8, f...=23 pu= 1380 Hz, f, =45 pu = 2.7 kHz). (a) Modulating signal (m,) and carrier waveform
(v.). (b) Gating signal for switch 1 (S,). (c) Rectifier input current (i,,). (d) Rectifier dc bus voltage (v,).
(e) Rectifier input current spectrum (i,;). (f) Rectifier dc bus voltage spectrum (v,).
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Fig. 2.6 Gating signals under overmodulation for the proposed circuit.

SPWM technique, m = 0.8 to m = 2.0, f. =21 pu = 1.26 kHz). a) Modulating signal (m,) and carrier signal
(v.). b) Ac line current (i,). ¢) Dc bus voltage (v,). d) Gating signal for switch 1 (S,). e) Gating signal for
switch 3 (S;). f) Gating signal for switch 5 (S;).
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2.4  DiscussION AND CONCLUSIONS

A fully functional circuit implementation of an analog on-line gating pattern
generator for three-phase six-switch current-source converter topologies has been
proposed. Results show that: (a) the generation of appropriate gating patterns can be
carried out on-line, (b) standard PWM techniques (sinusoidal, harmonic injection,
trapezoidal, etc.) can be implemented and there is no penalty with respect to the ac/dc
gains and harmonic quality, (c) enhanced modulating techniques, initially developed for
VS topologies, can be extended to CS topologies, and (d) a proposed dead-band PWM
technique has shown that the effective switching frequency can be reduced to one half of
the carrier frequency, while keeping the high ac gain and lowest harmonic distortion.

The circuit also features over previous realizations the following improvements:
(a) application, without major modifications, in any PWM carrier-based scheme, (b)
operation with a free-running carrier waveform; however, optimum results are obtained if
its frequency is an odd integer number multiple of 3 and it is synchronized with the line
current reference, (c) only binary logic is required; thereby, its implementation is very
simple, and (d) proper operation under transient and/or sustained overmodulation.

Thus, the proposed analog on-line pattern generator extends the duality between
VS and CS converters beyond the power circuit topology. Enhanced control strategies
can therefore be implemented. Specifically, Chapter 4 of this proposal shows a general
purpose three-phase voltage supply based on a voltage-controlled CSI and Chapter 5 a

high performance ac induction motor drive.
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CHAPTER 3

DIGITAL ON-LINE GATING PATTERN
REALIZATION

3.1 INTRODUCTION

Analog control of PWM converters can be readily implemented using analog on-
line gating pattern generators (Chapter 2). Carrier based modulation techniques are the
straight forward application for such strategies. However, there is an increasing number
of digital control strategies that require a digital on-line gating pattern generator [29-30].
These emerging techniques are gaining popularity due to the development of more
complex power topologies, such as three-phase converters, power factor correction units,
active filters, etc., and the availability of fast and inexpensive digital signal processors
(DSP), A/D and D/A converters, and other digital components.

Since its introduction [31-32], digital control methods based on Space Vectors
(SV) are widely used [33-35]. Its main advantages include: (a) direct implementation of
enhanced control strategies (in the rotating dg and stationary aff frames) and (b) straight
forward implementation in digital systems (DSPs). Some studies have addressed crucial
issues such as optimum switching sequence [36-39], operation under overmodulation [40-
41], operation under unbalanced conditions [43], and minimization of uncharacteristic
harmonics [44]. Although most of these techniques were initially developed for VS
topologies, the introduction of space vector to CS converters has also been successful

[45]. However, in the case of CS circuits, studies related to switching sequence, minimum
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switching frequency, and uncharacteristic harmonics have seldom been attempted [46].

In this chapter, digital pattern generators for CS converters that are based on the
space vector technique are investigated. Specifically, three sequences are analyzed and an
algorithm to select the zero space vector is proposed. The resulting patterns feature
reduced switching frequency (f,,) while keeping a low harmonic distortion. Thus,

minimum switching losses is assured.

3.2  PROPOSED DIGITAL GATING PATTERN REALIZATION

The instantaneous selection of the gating pattern, for a given line current
reference, is done by a digital algorithm. The CS converter line current reference and
gating pattern options are represented by Space Vectors. Thus, specific requirements of
CS topology are readily incorporated in the pattern generation algorithm.

The overall performance of the SV-based techniques depend upon the use of the
three degrees of freedoms available when implementing the SVM. These are: (a)
sequence applied to the selected SV’s, (b) selection of the zero SV, and (c) normalized
cycle frequency (f,.: space vector sample frequency). In this chapter, three different
sequences are studied, the selection of the zero SV is analyzed, and the influence of the

normalized cycle frequency is established.

3.2.1 The Space Vector Transformation

The space vector is a complex number that can be associated to any three
quantities of time (not necessarily sinusoidal) which add up to zero. For instance, the

space vector associated with the ac line currents of a three-phase CS converter is given

-34-



2 : : :
I=—5(ia+ib~e’¢ +i-e)=Ig+jl; A G.1)

where, ¢ = 2n/3; and i, i,, and i, are the line current components.

A. Space Vectors of a CS Converter

Unlike a three-phase VS, a three-phase CS converter has nine valid switch
combinations that are named states. Each state produces a specific set of ac line currents
and thereby, a specific space vector can be associated to each one by using (3.1). Table
3.1 shows the different space vectors (I,) associated with the nine states of a CS circuit.

These are calculated using (3.1) and the states defined in Fig. 1.2.

B. Space Vector of the Line Current Reference
Like the nine states of a CS topology, the instantaneous ac line current reference
([i,}ore = [im £s 1,]7) can be represented by an equivalent space vector (I,). Noting that this

vector has a length proportional to the converter (rectifier or inverter) modulation index

litlc

[ dasc Gating (8] Current [ Jase
[:3 Patiern A Source :>
Generator "I Converier
a)

Sopet —— q- (3.3-5)
l LG |l:

4

lin1asc |abe /] 1, Ly, jl5 setect | 1S]
:o g' —/o- » SV =>

A3

b)
Fig. 3.1 Digital space vector-based on-line gating pattern generator scheme.

a) Generalized CSC and digital gating pattern generator schemes. b) Gating pattern generator stages.
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(m) and a constant rotating angular frequency equal to ® for sinusoidal references. The
CS converter space vectors (I,, £ =1,..., 9) and the line current reference (I,) space vector

are represented in a complex plane (Fig. 3.2).

Table 3.1 Space vectors of a three-phase six-switch CS topology.

State (k) on Switches ifi, ifi, ifi, I/i,
1 1,2 1 0 -1 1+j0.577
2 2,3 0 1 -1 j1.545
3 3,4 -1 1 0 -1 +j0.577
4 4,5 -1 0 1 -1-j0.577
5 5,6 0 -1 1 -j1.545
6 6, 1 1 -1 0 1-j0.577
7 1,4 0 0 0 0
8 3,6 0 0 0 0
9 5,2 0 0 0 0
3
sector number A
Ai E , reference
state = space vector
1, I=1,
3 i~ %

Fig. 3.2 CS converter and reference space vectors.
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3.2.2 Space Vector Modulation (SVM)

The objective of the SVM technique is to approximate the current reference space
vector (I,) with the nine CS converter space vectors (I,, k£ =1,..., 9). However, it has been
reported that by approximating the reference space vector by only the nearest two non-
zero (I, and I,,) and only one of the three zero space vectors (I, = I,, I, or L, Fig. 3.2), the
gain of the technique is maximized [36] and the switching frequency minimized. Thus, if
the reference (I,) is laying between the arbitrary vectors I, and I, ; (Fig. 3.2) the following
expression can be derived,

I =I,-¢,+1,, -t , +1.-t. A (3.2)

n’ [C_\'tlt

where, 1, t,,,, t. for m < 1 are given by,

l; =l -m-sin(m/3-86) s (3.3)
Liv) =l -m-sin(8) s (3.4)
L=ty +lg+lg =ty —1; =l S 3.5)

where, ¢__,_is the space vector interval, and m=||1 || /i, .

cyele

A. SV Sequences

The SVM technique selects the vectors to be used and their respective on-times.
However, the sequence in which they are used to gate the converter remains
undetermined. In this Section, three sequences are studied (Seq,, Seq,, and Seg ., Fig. 3.3)
and their performance evaluated (Section 3.3) using three harmonic distortion factors
(Section 2.3.1). Note that the evaluation can be done regardless of the selection of the

zero SV due to the fact that the line current waveshape does not depend upon the selected
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zero vector (I,, I, or I, Table 3.1).

B. The Zero SV Selection

For a given SV sequence the selection of the zero SV defines the switching
frequency [37]. In steady state, the normalized line current references are usually
sinusoidal signals. Therefore, the line current SV reference (1) should describe a circular
trajectory with constant angular speed (w, Fig. 3.2). Thus, transitions only between

adjacent SV’s are expected.

a) Seq, I; Lisy I
— ; ——be——— 1 —re [ "
’cycle
b) Segqp L Lt L L I; L
e——— [ —de——— 1 —e L ve L Me—— li1 >
tr.yc[e

¢ Seqc| I Liey L Lig I;

v

 1/2 vl /20 L ","’&1/2—'* 12

Leycle time (pu

Fig. 3.3 CS converter SVM outstanding sequences.
a) Seq ,. b) Seqp. ¢) Seq.

To illustrate the effect of the zero SV selection, Fig. 3.4 shows all possible
transitions in Sector @ including the number of switch commutations from one state to
another (the number on the branches). Specifically, Fig. 3.4(a) shows the transition from

I, to I, or I, to I, (which is possible in all sequences), Fig. 3.4(b) from I, to I, (which is
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possible in Seq.), and Fig. 3.4(c) from I, to I, (which is possible in Seq_.). For instance,
let’s assume that the initial state is I, the final is I,, and a zero SV is required in between.
Fig. 3.4(a) shows that: if either I, or I; is used, a total of 3 commutations are required;

however, if I, is used, only 2 commutations are required.

Fig. 3.4 shows that, for the proposed sequences, I, is the zero SV in Sector ®
which provides the lowest switching frequency regardless of the initial and final state. As
a generalization, Table 3.2 shows the zero vector (I.) to be used in each sector in order to

minimize the switching frequency.

.. Possible
Initial state Final state
Zero Vector

l/l7={]14}\2
(@) l.={1,z}{z»Is={3,6}<—l}lz={z,3}

i 1 &
JONGEEDS e

————e——————

minimum number

(®) l,={l,2}€z—>lg={3,6}<—2;l,={1,2}

(© 12={z,3}gn-.{r;!tiiis'}’;«u}12={2,3}

4

Fig. 3.4 Possible state transitions in Sector @ involving a zero SV.

a) Transition: I, ® L. ® I or [, ® I, ® I, b) Transition: [; ©® I & I}, ¢) Transition: I, & [. & I,.
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Table 3.2 Zero SV for Minimum Switching Freq.

Sector I, . | I
© I'e I, I,
o) [, I, I,
@ I, [y I
@ [3 [4 l7
@® I, I Iy
® I Ig g

C. Normalized cycle frequency selection

The normalized carrier frequency in three-phase carrier-based PWM techniques is
chosen to be an odd integer number multiple of 3 (f, = 3-k, k = 1, 3, 5,...). Thus, it is
possible to minimize parasitic or non-intrinsic harmonics in the PWM waveforms. A
similar approach can be used in the SVM technique to minimize uncharacteristic
harmonics. Hence, it is found that for the sequences Seq, and Seq., the normalized cycle

frequency (f,,,.) should be an integer multiple of 6, and 12 for the sequence Seg,. This is

cle.
due to the fact that in order to produce symmetrical line currents, all the sectors, a total of
6, should be equally used in one period. As an example, Fig. 3.5 shows the line current
spectra for two values of £, when employing the sequence Seq,. It can be clearly seen

that for £, = 45 pu (Fig. 3.5(a)) additional harmonics are present (the dark areas on the

plot), which are not present when £, = 42 pu (multiple of 6, Fig. 3.5(b)).
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Fig. 3.5 Ac line current spectra for two normalized cycle frequencies.
m= 0.8, fy,, = 60 Hz. ) £, = 45 pu, b) £, = 42 pu (multiple of 6).

3.3  SIMULATED AND EXPERIMENTAL RESULTS

The sequences Seq,, Seq,, and Seq. are implemented on a TMS320C30
microprocessor based DSP board and used to modulate a CS inverter (APPENDIX A.2).
The algorithm employs the zero SV for minimum switching frequency given in Table 3.2.
Key experimental waveforms are depicted in Fig. 3.6 for Seq,. APPENDIX A.2 shows the
set-up and parameter values used in the implementation.

Table 3.3 summarizes a comparison of the SV-based modulating technique for the
different sequences presented earlier in Section 3.2.2.A. The algorithms use the zero
space vector given in Table 3.2. It can be observed that all the techniques present (a) high
ac-dc gains (G,.,=1, G,=0.866) for unity modulation index and (b) switching
frequencies at most one half of the cycle frequency (f,, < f,.,. / 2) for modulation indexes

lower than unity.
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Their harmonic spectra are also evaluated using the distortion factor defined in
Section 2.3.1 (DF,, DF,, and DF}). Fig. 3.7 shows the distortion factors as a function of
the modulation index for m < 1 and a fixed cycle frequency (£, = 2520 Hz = 42 pu).
From Fig. 3.7, it is noticed that the techniques based on sequences 4 and B present the

lowest distortion for modulation indexes higher than 0.7.

Table 3.3 Comparison of Digital Gating Patterns for CS Converters.

Sequence (Fig. 3.3)  switching freq, f,,. ac gain (G,.) [4] dc gain (G ) [4]

Seq, 3+ oyt ! 6) 1.000 0.866
Seqy 3¢ (fyere/ 6)- 1 1.000 0.866
Seq,- 5 fopere/ 12) - 1 1.000 0.866
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Fig. 3.6 Experimental results for the SV-based PWM based scheme.

m=0.8, f,, =21 pu= 1260 Hz, /., = 2520 Hz, Seq , - Fig. 3.3. a) Gating signal for switch 1 (S;). (b) CSI
line current (15+i,,) and line load voltage (v,,). (c) Dc bus voltage (v;) and current (15-,). (d) Load phase
current (15-i,)) and phase voltage (v,,). () CSI line current frequency spectrum (i;,). (f) Dc bus voltage
frequency spectrum (v,).
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3.4  DiscussION AND CONCLUSIONS

The space vector PWM technique, which has been already implemented in VS
topologies, has been used to modulate three-phase current-source converters. The space
vector modulation technique is a digital approach that can be implemented on-line in DSP
systems to assemble modern control strategies. The technique requires the selection of the
sequence of non-zero space vectors, the zero space vector, and the appropriate normalized
cycle frequency.

Results show that: (a) the sequence of non-zero space vectors defines the
harmonic distortion of the PWM waveforms, (b) the selection of the zero space vectors
defines the resulting switching frequency, and (c) the appropriate selection of the
normalized cycle frequency minimizes the uncharacteristic harmonics in the PWM
waveforms.

In this chapter, three sequences, the optimum selection of the zero space vector
and normalized cycle frequency are presented. The resulting algorithms offer the
following improved advantages: (a) low harmonic distortion (< 0.2%) for modulation
indexes lower than unity, (b) high ac-dc gains (G,. = 1, G,. = 0.866) for unity modulation
index, and (c) switching frequencies at most one half of the cycle frequency (f,, < /.. / 2)
for modulation indexes lower than unity.

The algorithms are used to accomplish refined control schemes. Specifically,
Chapter 6 shows a CSR operating under state variable decoupling and independent power

flow control, and Chapter 7 a CSR operating in regenerative mode.
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CHAPTER 4

AN INTEGRATED THREE-PHASE VC-CSI
VOLTAGE SUPPLY

4.1  INTRODUCTION

The most commercial general purpose voltage-source power supply is based on a
three-phase diode-rectifier - dc capacitor link - six-switch VSI configuration. This
structure has been used because (a) it can operate in all the output frequency/voltage
range without any major restriction, (b) it can produce acceptable input/output
performance, and (c) it can provide fast and accurate on-line line current control [29-30,
34-35,47-49].

The dual topology based on a CSI has been largely neglected due to the
difficulties in controlling on-line the power switches. CS inverters are usually operated
with a fixed pattern. Although the output current pattern is optimized, transient response
of this current is slow, since it relies on changing the dc link current [57]. Moreover, if a
thyristor front-end rectifier is used, the input power factor is low and load dependent [58].
However, CSI based topologies have intrinsic advantages, including: (a) the load voltages
(and consequently the load currents for linear loads) are now sinusoidal. (b) inherent load
short-circuit protection, the output current being limited by the dc bus current; (c) high
converter reliability, due to unidirectional nature of the switches and the inherent short-
circuit protection, and (d) instantaneous and sustained regeneration capabilities.

Due to these advantages, recent work has appeared in the literature, proposing
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improvements to the standard structure; these include new structures [22], PWM
techniques to applied at the CSI [13, 23, 59], and PWM techniques applied both rectifier
and CSI [56, 60]. Moreover, new control strategies to improve waveform quality and
speed of response have been reported, specifically through dc link current control [61-62]
and through modulation index control of the CSI [22, 63-64]. Finally, integration of the
dc link current and modulation index control has also been reported [65]. However, in
this reported work, the dc link current control is based on the advance knowledge of the
load variation. This assumption is not valid in the general case.

In this chapter a high performance three-phase voltage supply for fast fluctuating
loads based on a PWM CSR - dc Link - PWM CSI topology is presented. The power
circuit topology is symmetrical using identical input and output converters. Two control
loops, to regulate the load voltage and the dc link current, are proposed. Thus, the fast
load requirements are provided by the CSI, thus improving the transient performance, and
the slower dc link current loop ensures high performance in steady state in terms of load

harmonics and overall efficiency.

4.2 DESCRIPTION AND OPERATION
4.2.1 Power Circuit

The complete power circuit is shown in Fig. 4.1. The total configuration is
composed of a three phase PWM CSR, a dc link reactor and a three phase PWM CSI. The
main function of the PWM rectifier is to regulate the level of the dc link current (i ). by
adjusting the dc PWM rectifier voltage (v,). The implementation of PWM techniques

requires gate turn-off switches devices such as BJTs, GTOs, or IGBTs, to be used as

-47 -



unilateral rectifier switches.

ac Input PWM DC PWM Qutput Load

Mains Filter CSR Link csl Filter a

YN
. de
[v] .1 1 [ [, v A

> > > » L
~ N o
4
D

N | ;Jﬁﬁ 1]

TTT TITT

Fig. 4.1 Three-phase load voltage-regulated power supply topology.

The harmonics injected into the ac mains by the PWM rectifier operation are
absorbed by the input filter (L,, C); therefore, the input power factor is close to unity in
its total operation range. The second system component is the dc link reactor (L,). Its
function is to smooth the dc link current (i,.) and therefore act as a current-source to the
PWM-CSI. The magnitude of L, depends of the permissible dc link current ripple and the
switching frequencies of the PWM CSR and PWM CSI. Finally, the main component is
the CSI that produces three-phase PWM line currents ([i]) with minimum possible
harmonic distortion. The output capacitive filter (C,) absorbs the current harmonics
generated by the CSI PWM action and defines the load voltage.

The proposed control diagram of the three phase voltage supply is shown in Fig.
4.2. The total control strategy is composed of two main control loops: the load voltage
and the slower CSI modulation index loops. This last loop is actually a cascade structure

where the inner loop is the dc link current loop.
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Fig. 4.2 Proposed control diagram of the voltage supply.

4.2.2 Load Voltage Control Loop

In order to provide a fast load voltage control, on-line modulation of the CSI is
proposed. The loop is basically a feedback strategy, where the voitage controller block
produces the modulating signals (m,, k= a, b, ¢) based on the difference between the load
phase voltage reference vector ([v,,.]) and the actual load phase voltage vector ({v/]). The
modulating signals are used by the gating generator block to produce the gating signals
(Si k= 1,..., 6). This last block can be implemented using the analog or digital versions
proposed in Chapters 2 and 3, respectively. Consequently, the volrage controller block
can be implemented in an analog or digital version. This thesis reviews the modified ramp

comparison (analog) and the space vector (digital) approaches.
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A. Modified Ramp Comparison Controller

The voltage controller block can be implemented using a gain (P controller), or a
gain and integrator (PI controller) in an analog fashion. The gating generator is the
analog on-line pattern generator presented in Chapter 2, where the carrier (v,) is a saw-
tooth waveform. The maximum gain of the controller is adjusted such that the slope of
the modulating signal never exceeds the triangular carrier slope. The CSI switching
frequency is one half of the frequency of the carrier (f,, = 1/2-(f, + 1)) and the ac gain is
equal to G,. = 1.0. This approach produces well-defined harmonics in terms of magnitude
and frequency, which simplifies the design of the filters. However, some disadvantages
still remain: (a) there must be a steady state error between the reference and actual
voltage for the system to operate properly and (b) the minimum error is limited by the

maximum gain.

B. Space Vector Based Controller

This approach is entirely implemented on a microprocessor (DSP) and presents all
the advantages of the above technique. In addition, since the voltage controller can be
implemented in the dg0 frame, zero steady state error can also be achieved. The gating
generator is the digital on-line pattern generator presented in Chapter 3.

A reduction in the number of sensors can also be achieved in digital
implementations. The load voltages are digitally reconstructed instead of measured. An
additional algorithm uses the dc voltage and gating signal information to reconstruct the
line load voltages. Experimental tests have shown that the totality of routines require a

minimum sample time of approximately 120 ps on a TMS320C30 DSP chip and a
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maximum sampling frequency of 8.33 kHz can therefore be achieved. APPENDIX B shows
the algorithm used in experimental tests to on-line reconstruct the load voltages.

Table 4.1 presents a summary of the characteristics of the above strategies. The
hysteresis (delta-modulated [66]) and SPWM ramp comparison approaches are also
included as a base of comparison. Table 4.1 also shows that the modified ramp

comparison and space vector based controllers exhibit excellent overall performance.

Table 4.1 Comparison of modulating techniques applied to VC-CSI.

Control Technique switching frequency acgain  steady state error spectrum
hysteresis undefined 1.000 there may be undefined
SPWM ramp comparison A 0.866 there must be well-defined
mod. ramp comp. 12:(f.+1) 1.000 there must be well-defined
space vector (Seq ) 172 foyere 1.000 . zero defined

4.2.3 CSI Modulation Index Control Loop

The second control loop is the PWM CSI modulation index control (m;). The
main function of this loop is to modify on-line the dc link current (i,) to the minimum
possible to keep the steady state PWM CSI modulation index (m) equal to the reference
(m, ). The resulting modulation index strategy features: (a) minimum steady state stress
in all the power switches due to the minimum dc link current operation, (b) constant
harmonic load voltage distortion due to the fixed modulation operation, and (c) the
potential to meet any load demand. Chapter 5 presents an application of the proposed

voltage-regulated CSI based voltage supply, where the above features are quantified.
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43  DESIGN CONSIDERATIONS
4.3.1 Filters Design

The design of the filtering components consists primarily in the choice of the C,,
L,., L, and C, values (Fig. 4.1). The main criteria used to calculate them are (a) maximum
peak-to-peak ripple and (b) a given resonance frequency. APPENDIX C.1 shows the

derivation of the filter design guidelines.

A. Output Filter Design

The worst case corresponds when all the current harmonics generated by the
PWM operation of CSI are absorbed by the output filter (C;). This condition is the case of
inductive loads and no load operation. Since the CSI ac currents [i;] are PWM type, it is

found that the capacitor reactance is given by,

XCi=XI+ (Gac Mi-f;Avl)2+XI2-1 qu (41)

where, Av, : maximum peak-to-peak voltage ripple in pu (usually 0.15 = 15 %)
M. : nominal CSI modulation index (usually M, =0.8)

1

X, : load reactance (X = 0.6 for a load with power factor = 0.8)
[, : carrier frequency in pu
B. dc Link Filter Design
Both dc bus voltages (v, and v, in Fig. 4.1) are PWM type; therefore, the dc link
inductor (L,) absorbs the instantaneous voltage differences and defines a dc current with
minimum harmonic distortion. Considering that the worst condition is when both

voltages are overlapped, the dc link reactance is given by,

Lde = —.ZJE Q pu 4.2)
A’dc f; Idc
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where, Ai, : maximum peak-to-peak dc current ripple (usually 0.1 pu =10 %)
I,. : nominal dc link current (pu)
C Input Filter Design
The ac supply is naturally inductive (L,) and therefore a capacitive component (C,)
must be inserted between the supply and the PWM CSR. Thus, C, absorbs the current
harmonics ([i]) injected by the PWM operation of the CSR and defines its input ac
voltage ([v,]). Since the CSR ac currents [i,] are PWM type, it is found that the capacitor

reactance is given by,

X = A‘;’f‘ Q pu 4.3)
de

where, Av, : maximum peak-to-peak voltage ripple (usually 0.10 pu = 10 %)

Usually, the ac supply inductance is adjusted to avoid any resonance phenomena
by adding extra line reactance. Thus, if the normalized resonance frequency of the
rectifier side filter is defined as £, its value is chosen lower than half of the normalized
carrier frequency (f)) and higher than low frequency harmonics (5%, 7%,... due to transient
overmodulation of the CSR). Thus, the reactance is,

X, =Xc/fr Qpu 4.4)
4.3.2 Controllers Design

The design guidelines are given for the load voltage, dc link current, and CSI
modulation index controllers. The modified ramp comparison controller is used as the
load voltage controller. APPENDIX C.2 shows the derivation of the following controller

parameter design guidelines.
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A. Load Voltage Controller

The modified ramp comparison controller is used. The voltage controller block in
Fig. 4.2 is implemented using a PI analog controller to provide a satisfactory steady state
performance. The gain is maximized to minimize the steady state error. However, in
order to always ensure intersection between the modulating and the carrier waveform,
there is a maximum possible proportional gain (K, for a given integral gain (7,). A

simplified expression of the maximum gain is given by,

2fely Y. gy (4.5)

Krl = 2
J1+Q2nf.T,)? Av,

where, T, : normalized integral gain
V_ : normalized carrier amplitude

Fig. 4.3 shows the transfer function of the voltage close loop for various integral
gains of the PI. The best transfer function is the one that is closer to unity and thereby, it
presents minimum steady state error in a given operating region (10 to 180 Hz in this

case). Thus, it is found that a suitable frequency response corresponds to 7,,= 1.5 ¢..

B. dc Link Current Controller

The small signal model of the PWM rectifier is a first order type of system, where
the dc link current (i,) versus the rectifier modulation index (m,) transfer function is a
pure integrator. A PI type controller is used to ensure zero steady state error and to obtain
a desired overshoot (or damping ratio, &) and settling time (t,,). The expressions for the

proportional gain (K,,) and integral gain (T, of the PI are given by,
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Fig. 4.3 VC-CSI voltage closed loop transfer function magnitude.
/=33 pu, Av;=0.15pu, and M;=0.8

k. = VeXiae S 00/bie) /0 4.6)
e 3n Gac tidc

where, ¢, : desired settling time in number of carrier periods (i.e. = f,, pu)
b, : settling time band (i.e. = 0.02 pu =2 %)
282, 1.
e = Qldc ide s ( 4.7)
In(1/b,4.)

where, &, : desired damping ratio (i.e. = 0.57 for 10 % overshoot)

Like the load voltage controller, the gains X, and T, of the PI controller should
be limited in order to ensure intersection between the carrier and modulating waveforms.
However, since the desired settling time is several times the carrier period, (4.6) and (4.7)

are always within the safe range.
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C. CSI Modulation Index Controller

The modulation index of the CSI (m,) is adjusted by manipulating the dc link
current (i,). The small signal model is a pure negative gain and thereby, a modified PI
controller is used to ensure zero steady state error and to obtain a given overshoot (or
damping ratio, ) and settling time (z,,). The proportional (X,,) and integral (7,,) gains

are given by,

L
= lc A 4.8
™4k M, @5

l .
T =—'m 49
™ () 4.9)

where, [, :normalized dc link current (pu)
¢, : desired damping ratio (i.e. = 0.57 for 10 % overshoot)
M. : nominal CSI modulation index (i.e. = 0.8)

t_. : desired settling time in pu (i.e. = 3 pu)
b_. : settling time band (i.e. = 0.02 pu =2 %)

4.4  SIMULATED AND EXPERIMENTAL RESULTS

Simulated results, on a pu basis and for a 50% step-down in the load current at
t, =12 ms, are illustrated in Fig. 4.4 and Fig. 4.5. Specifically, Fig. 4.4 shows the power
circuit relevant waveforms and Fig. 4.5 shows the control circuit relevant waveforms.
The selection of the power circuit components and control parameters is done by
following the design guidelines provided in Section 4.3. The integrated three-phase
voltage-regulated CSI topology is implemented on an experimental 2 kVA set-up. The
simulation and experimental conditions are given in APPENDIX A.3. From the simulated

and experimental results (Fig. 4.6) it is possible to conclude that:
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The input current is PWM type, Fig. 4.4(a). This feature ensures minimum
distortion factor and thereby, near unity input power factor. In the experimental
set-up a power factor greater than 0.9 was always obtained.

The step-down load current does not affect the output voltage, moreover, the load
voltage tracks the reference in amplitude and phase, before, while and after the
transient, Fig. 4.4(e).

Both dc PWM rectifier (v,) and dc PWM inverter voltages (v) have PWM
waveshapes, Fig. 4.4(b), Fig. 4.4(c), and Fig. 4.6(d). These features reduce the
magnitude of the dc link reactor (L,.) and therefore improve the dynamic response
of the dc current.

The step-down load current is instantaneously absorbed by the modulation
indexes ([m],. Fig. 4.5(e)) on the voltage control loop, Fig. 4.2. The
approximated delay time is 1/carrier frequency (= 1/f).

The steady state CSI modulation index (m,, Fig. 4.5(a)) is achieved by modifying
the dc link current(i,, Fig. 4.5(b)) through the modulation index and dc link
current controllers, Fig. 4.2.

The dc link current is modified by controlling the PWM rectifier modulation
index (m,, Fig. 4.5(c), [m,] .. Fig. 4.5(d)).

The variable dc link current operation mode (or fixed CSI modulation index)

permits operation with constant load voltage harmonic distortion (<5 %).
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Fig. 4.4 VC-CSI power circuit simulated waveforms.

a) Ac supply volt. (v,;) and current (i;). b) Rect. dc volt. (v,) and dc current (iz)- ¢) CSIdc volt. (v,) and
dc current (i ). d) Load line voit. (v,,) and CSI ac current (i,,). €) Load volt. (v,,), load ref. volt. (Vig,rep) and
load current (iy,).
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Fig. 4.5 VC-CSI control circuit simulated waveforms.
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Fig. 4.6 VC-CSI experimental waveforms using ramp comparison.

Modulation index, m = 0.8, carrier frequency, f, = 1620 Hz. a) Carrier and modulating signal ().
b) Gating pattern, switch 1 (S;,). ¢) Load line volitage (v,,) and CSI output current (10-i,). d) CSI dc bus
voltage (v,). e) Load phase voltage (v,,), and load line current (10:4,).
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Since the carrier frequency is constant, the switching frequency is therefore

constant and independent of the load frequency operation.

4.5 Di1SCUSSION AND CONCLUSIONS

This chapter has demonstrated the feasibility of a variable voltage/frequency
power supply based on an integrated current-source rectifier/inverter topology. The main
features of the system include: (a) symmetrical current-source topologies for both front-
end and load converters, (b) on-line analog generation of the gating signals for both
PWM rectifier and inverter, (c) fast inner load voltage control loop, and (d) self-regulated
dc link current loop that provides minimum dc link current operation and fixed CSI
modulation index operation mode. Therefore, in addition to the inherent advantages of the
CSI topology (short-circuit protection and regeneration capabilities), the above features
lead to the following improved characteristics: (a) PWM waveforms with constant
harmonic frequencies (which allows accurate design of filtering components), (b) near
unity input power factor operation, (c) sinusoidal load voltages with fixed harmonic
distortion regardless of the load magnitude and frequency operation, and (d) minimization

of the power converter conduction losses and dc link inductor conduction losses.
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CHAPTER 5

HIGH PERFORMANCE AC INDUCTION MOTOR
DRIVE

5.1  INTRODUCTION

AC adjustable speed induction motor drives employ mostly a VSI topology to
control the motor armature voltage [67-68]. Both scalar and vector control of induction
motors are implemented using this approach, the latter requiring current control of the
VSI [69]. On the other hand, the CSI topology offers inherent advantages (Chapter V),
which make the structure best suitable for medium and high power applications [70].
Despite the advantages, the configuration when based on a thyristor front-end rectifier,
still presents a poor input power factor. This due to the facts that the input line current is a
six-step type of waveform and the control is based on phase control. To overcome these
drawbacks, it has been proposed to replace the front-end thyristor rectifier by a PWM-
CSR [71-72], allowing the operation with a near unity power factor.

However, the implementation of PWM-CS drive systems is complicated and may
generate additional drawbacks. The difficulties are due to the complexity of the CSI
gating signals compared to the VSI gating signals, this has resulted in the widespread use
of Selective Harmonic Elimination (SHE) stored patterns {15][64][73]. In those control
schemes that use stored patterns (such as SHE), and variable dc link current, it is possible
to have a potential resonance between the output filter capacitor and the motor leakage

inductance [62][74]. Finally, in those control schemes that use fixed dc current and a



variable modulation index PWM generator at the CSI stage, it is found that [23][75-76]:
(a) there are important losses in the switches and dc inductor, (b) the power switches are
under constant current stress (they commutate at maximum current), and (c) the harmonic
distortion of the motor voltage varies with the CSI modulation index.

This chapter describes a CSI based ac induction machine drive with the following
features: (a) the entire control strategy is implemented in a DSP system, based on the
TMS320C30 chip. (b) the speed control strategy is based on a constant V/f scalar control
technique, (c) both the rectifier and inverter topologies are Space Vector modulated.
Furthermore: (a) the motor voltage is regulated on-line by using a feedback control
technique and (b) the dc link current is regulated to the minimum value required to keep
the inverter modulation index constant and independent of the speed reference and load
torque. The above features lead to the following advantages over conventional CSI motor
drive implementations: (a) the gating signals are directly generated by the Space Vector
digital modulators (extra circuitry is only necessary to ensurc; overlaps), (b) the supply
current harmonic distortion is constant and approximately equal to 3.5 % which leads to a
input power factor always greater than 0.95, (c) the potential resonance is eliminated due
to the feedback based voltage controller, (d) the stresses on power switches and the
overall losses are always minimum due to the minimum dc link current operation, and (e)
due to the constant inverter modulation index operation, the motor voltage harmonic
distortion is constant, which minimizes the induction motor losses and allows an accurate
output filter design. These features make the CSI drive an interesting alternative to the

VSI based drives.
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A complete comparison with conventional ac drives CSI based is also presented.
Key performance indices such as harmonic distortion (THD), power factor (pf) and time
response are evaluated and tabulated for both the conventional and the proposed schemes.

Simulated and experimental results are given for a 3 kVA induction motor drive.

5.2  CONVENTIONAL CSI BASED AC DRIVES
In this chapter, drive classification is based upon the front end power converter

type, which could be either a phase controlled or a PWM rectifier.

5.2.1 Phase controlled front end rectifiers
These drives use a thyristor front end rectifier (Fig. 5.1) and are operated at either

variable or fixed dc current. The overall performance depends upon this feature.

ac Input Phase-Controlled DC PWM Qutput Load
Mains Filter Rectifier Link CSli Filter

YYn

LL‘
SERAREA % £ ‘5‘, 1 b1 G

fem— | ¥ - o — O
- *Tf34§§ 11le

)

Fig. 5.1 Ac drive based on a phase controlled front end rectifier converter.

A. Variable dc Link Current Scheme.
The CSI is operated with a fixed pattern which is usually optimized in terms of

harmonic spectrum and switching frequency. Thus, the load voltage harmonic distortion



(THD,)) is minimum and constant (Table 5.1). In order to control the speed of the
machine, the dc link current is continuously adjusted in such a way that the requirements
of the load (speed and torque) are always meet. At a given speed, the dc current is
continuously adjusted to meet the load torque requirements; therefore, independent of the
load torque. Thus the input current displacement factor (or input power factor) is only
speed dependent (Table 5.1). Also, since the dc link current is kept to a minimum value,
the dc bus and switch conduction losses are also minimized. Usually, the dc link inductor
is designed to have an acceptable dc link current ripple (5%). In order to achieve this
value and due to the low order harmonics injected by the thyristor rectifier (6, 12, ...), the
size of the dc inductor becomes quite bulky and thereby, the time response of the system
is poor. Also, the supply current presents a high distortion factor (THD,, = 142%) due to
the low order harmonics (5, 7, ...) injected by the thyristor rectifier (Fig. 5.2, APPENDIX

A4).

B. Fixed dc Link Current Scheme.

Unlike the above control scheme, the CSI is operated with a variable PWM
pattern. Therefore, the load voltage harmonic distortion (THD,) is variable and depends
upon the speed and load torque (Table 5.1). Since the dc link current is fixed, the
different load power requirements are supplied by varying the dc link voltage. To achieve
this, the input current displacement factor is continuously adjusted and, thereby, the input

power factor becomes variable and close to zero for light loads (Fig. 5.3, APPENDIX A .4).
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Fig. 5.2 Ac drive based on a phase controlled rectifier and variable dc current mode.

Simulated waveforms for 50% nominal load and 60 Hz output. a) Supply phase voltage (v_;) and supply
line current (15-i,,). b) dc rectifier voltage (v,) and dc link current (15-i,.). ¢) Load phase voltage (v,,) and
load line current (15-i,).
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Fig. 5.3 Ac drive based on a phase controlled rectifier and fixed dc current mode.

Simulated waveforms for 50% nominal load and 60 Hz output. a) Supply phase voltage (v,,) and supply
line current (15-7.,). b) dc rectifier voltage (v,) and dc link current (15-i,). ¢) Load phase voltage (v,,) and
load line current (15-i;,).
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Contrary to the variable dc link current scheme, the dc bus and switch conduction
losses are always high due to the fact that the dc link current is always high (Table 5.1).
Although the dc link inductor size is as big as the one used in the above scheme. the
dynamic response is improved due to the variable PWM pattern approach and time
responses are of the order of 1/60 s. This scheme also presents a high supply current

harmonic distortion due to the thyristor rectifier operation (Table 5.1).

5.2.2 PWM front end rectifiers

Unlike phase controlled rectifier topologies, this topology uses a PWM rectifier
(Fig. 5.4) and is operated with fixed dc link current. Therefore, in contrast to topologies
based on thyristor front end rectifiers, the supply sees a overall system with enhanced
performance indices. In fact, the overall drive input power factor is always greater than
0.95 and the total current harmonic distortion is always lower than 10% (Table 5.1). Also,
since the CSI is PWM modulated, the system has time responses close to the switching
period. However, the dc bus losses and switch conduction losses are very high due to the

fixed dc link current operation mode (Fig. 5.5, APPENDIX A.4).

ac Input PWM DC PWM Output Load
Mains Filter CSR Link CSl Filter

1YY
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[x.] [ ) [i,l.EE g é"i‘é [l ][]
A My > > »-
S N
A m

st Al

TITT

Fig. 5.4 Ac drive based on symmetrical PWM current-source converters.
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Fig. 5.5 Ac drive based on a PWM rectifier and fixed dc current mode.

Simulated waveforms for 50% nominal load and 60 Hz output. a) Supply phase voltage (v_,) and supply
line current (15-i,,). b) dc rectifier voltage (v,) and dc link current (15-i,). ¢) Load phase voltage (v,,) and
load line current (15-i,.).

53 PROPOSED AC INDUCTION MOTOR DRIVE
5.3.1 Power Circuit

The complete power circuit is shown in Fig. 5.4. It is composed of a three phase
PWM-CS rectifier, a dc link reactor and a three phase PWM-CSI. The main function of
the rectifier is to regulate the dc link current (i,), by adjusting the rectifier dc voltage (v,).
The high frequency harmonics injected into the ac mains by the PWM rectifier operation
are absorbed by the input filter (L, C,). Therefore, the input distortion power factor and

thereby, the overall input power factor is close to unity over the whole operating range.
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The second system component is the dc link reactor (Z,.). Its function is to smooth
the dc link current (i) and therefore act as a current-source to the PWM-CSI. The
magnitude of L, depends on the permissible dc link current ripple and the switching
frequencies of the PWM-CSR and PWM-CSI (practical switching frequencies are of the
order of kHz; therefore, the size of the dc link inductor is substantially smaller than for the
thyristor rectifier case). Finally, the CSI produces three phase PWM line currents ([7]).
The output capacitive filter (C,) absorbs the high frequency current harmonics generated

by the CSI PWM action and thereby, defines the sinusoidal output voltage.

5.3.2 Speed and CSI Modulation Index Loops

The proposed control diagram of the CSI based ac drive is shown in Fig. 5.6. The
entire control scheme is digitally implemented on a DSP system based on the
TMS320C30 chip. The control strategy is composed of two main control loops.

The first control loop is the motor speed control (®,) based on a slip speed
regulator, which sets the slip speed reference (o) [68]. The synchronous speed (®,,)-
obtained by adding actual speed and slip speed, determines the inverter frequency (7).
The motor voltage reference signal (V),.) is generated from the frequency using a
function generator, which ensures a nearly constant flux operation. Finally, the Voltage
Controller and the Space Vector Modulator produce the switching pattern ([S,]) based on
the difference between the sine voltage reference waveforms (v,,.) and the sampled load
voltage waveforms (v)). This feedback scheme ensures that the CSI gating pattern ([S]), is
modified on-line so as to force the load voltage v, to track the reference v, thereby

resulting in a fast dynamic response (rise times in the range of the cycle period, ¢__,).
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Fig. 5.6 Proposed control scheme for the ac drive based on CS converters.

The second control loop is the PWM-CSI modulation index control (m;) based on
Space Vector control of the front-end converter. The main function of this slower loop is
to regulate on-line the dc link current (i,.) to the minimum possible value required to keep
the steady state PWM-CSI modulation index (m,) equal to the reference (m,,,). The load
voltage, modulation index, and dc link current controllers have been introduced and

described in Chapter 4.

5.4  CONVERTER AND DRIVE PERFORMANCE
5.4.1 Voltage and Current Waveforms
The simulated voltage and current waveforms for the proposed control scheme are

given in Fig. 5.7 for the nominal operating speed, and a half load operation. As expected.
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the output (motor) voltage (Fig. 5.7(c)), presents a low ripple content (approximately
3.5%) (Fig. 5.8). Also, the input line current (Fig. 5.7(a)), has a minimum ripple content
and is in phase with the phase voltage (these features ensure a nearly unity input power
factor). The dc link current (Fig. 5.7(b)) is smaller than the value required to supply full
load. Thus, it is guaranteed that the dc bus losses (Fig. 5.9) and switch conduction losses
(Fig. 5.10) are also reduced as the required load power decreases. The simulated drive

system and parameters values are given in APPENDIX A.4.
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Fig. 5.7 Simulated waveforms for steady state operation.

50% nominal load and 60 Hz output. a) Supply phase voltage (v,,) and supply line current (15-i ). b) Dc
rectifier voltage (v,) and dc link current (15-i,). ¢) Load phase voltage (v,,) and load line current (15-§;,).
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Fig. 5.9 dc bus conduction losses. Fig. 5.10 CSI switch conduction losses.
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5.4.2 Effect of Resonances on Drive Operation
The transfer function of inverter (motor) output voltage (v,) to inverter modulating
waveform (m,) for the open loop case is given in Fig. 5.11(a). There is a resonance

associated with the motor leakage reactances. Fig. 5.11(b), which plots the transfer
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function of inverter (motor) output voltage (v,) to motor voltage reference (V1> sShows
that the resonance is effectively attenuated through the action of the feedback voltage
control loop. The implementation of this loop is possible due to the on-line gating of the

CSI. ApPENDIX D shows the transfer functions derivation.

1000 , , , 10 ,

I [
: vy (Jo)
Vi (/9) —” o)
m, (jo) *

100 — 1 —

0.1 | | i
10 100 1000 f [Hz] 10 100 1000 f [Hz]

a) b)

Fig. 5.11 Motor voltage transfer functions.

a) Motor voltage (v) to modulating waveform (m,), open loop case. b) Motor voltage (v,) to motor
voltage reference Vikrep close loop case. (k=a, b, ¢).

5.4.3 Efficient Improvement

Since in steady state the CSI modulation index control loop keeps the dc link
current level to its minimum value (which depends upon the speed and load), it is
possible to conclude that: (a) the input converter losses are reduced, (b) the losses in the
dc link inductor (Fig. 5.9) and switches (Fig. 5.10) are minimized, (c) there is minimum
steady state stress current in all the power switches, and (d) the CSI is operated under
maximum current utilization. Also, since this loop keeps the CSI modulation index equal
to the reference value as well, it is possible to conclude that: (a) the harmonic distortion
of the motor voltage is kept constant and low (THD,, = 3.5%) for any motor speed

operation (Fig. 5.8) and (b) it has the potential to meet any load demand.
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Fig. 5.12 Simulated transient response.

For 50% step-decrease in load torque (at ¢, = 250 ms) and 60 Hz output. a) Supply phase voltage (v,,) and
supply line current (15-7.,). b) Actual (i) and reference (i, ) dc link current. ) CSI actual (m,) and
reference (m, ref) modulation index. d) Load phase voltage (v,,) and load line current (15-i,,).

5.4.4 Transient Response
To illustrate the dynamic response of the inner loops, a 50% step-decrease in the
load torque is initiated at ¢, = 250 ms. The simulated results are given in Fig. 5.12.

Specifically, Fig. 5.12(d) shows how the motor voltage loop keeps the load voltage equal
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to the reference before, during and after the load transient. Fig. 5.12(c) shows that the
inverter modulation index (m;) follows the reference under steady state conditions. Fig.
5.12(b) shows that the dc link current (i,) is minimized according to the load power

requirements. Finally, Fig. 5.12(a) confirms the operation at near unity power factor.

5.4.5 Design Considerations

The design requires the choice of the input (L,, C,) and output (C)) filters, the dc
link inductor (L), and the parameters of the controllers for the following loops: (2) speed
(®,), (b) motor voltage ([v]), (c) inverter modulation index (m;) and (d) dc link current
(i) The power topology and control strategy (except for the speed control loop) are
similar to that presented in Chapter 4; therefore, their design is as presented in there.
Finally, the speed controller is designed to be slower than the motor voltage controller

(usually by a factor of 10) and according to the load requirements.

5.5 EXPERIMENTAL RESULTS

The proposed control scheme was tested on a 3 kVA induction motor drive, with a
phase controlled rectifier as a front end. Key waveforms are shown in Fig. 5.13 and Fig.
5.14 for two operating frequencies (30 and 60 Hz). Specifically, Fig. 5.13(a) & Fig.
5.14(a) show the motor line voltage (v,,) and CSI line current (i), Fig. 5.13(b) & Fig.
5.14(b) show the motor phase voltage (v,,) and motor line current (i,,), Fig. 5.13(c) & Fig.
5.14(c) show the dc CSI voltage (v) and dc link current (i,), and Fig. 5.13(d) & Fig.
5.14(d) show the CSI line current spectrum (i,). Fig. 5.13(a) & Fig. 5.14 (a) show that the

CSI line currents are PWM type and Fig. 5.13(d) & Fig. 5.14 (d) show that they have low
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order harmonics at high frequencies (= 2.8 kHz). Therefore, the load voltages become
almost sinusoidal waveforms (Fig. 5.13(a) & Fig. 5.14(a)) with the filtering action of the
output capacitors. Fig. 5.13(d) & Fig. 5.14 (d) show that the SV technique produces the
unwanted harmonics at fixed frequencies, which are independent of the motor frequency.
Thus, there is no risk of resonances due to low frequency harmonics. Finally, Fig. 5.13(c)
& Fig. 5.14(c) show that the dc current is minimized according to the load power (Fig.
5.13(c) shows a lower dc current level). The set-up and parameters values are given in

APPENDIX A 4.

5.6  DISCUSSION AND CONCLUSIONS

The proposed CSI based ac induction motor drive topology exhibits the same high
performance features as the corresponding VSI topology, both in terms of waveform
quality and dynamic performance. In addition to the inherent advantages of the CSI
topology (short-circuit protection, low output d4v/dt, regeneration capabilities), the
proposed supplemental CSI modulation index control highly improves the overall
efficiency through the internal dc link current control, which minimizes the overall losses
of the drive. The approach also achieves constant harmonic distortion of the motor
voltage (5%); therefore, the motor efficiency is also improved. Moreover, the motor
voltage loop provides an effective alternative to attenuate the load filter/motor resonances
and the PWM-CSR ensures a high overall input power factor regardless of the load speed

and torque.
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Fig. 5.13 Proposed CSI based ac drive, experimental waveforms at 30 Hz.

a) Motor line voltage (v,,) and CSI current (20-i,,). b) Motor phase voltage (v,,) and motor current (20-/,).

¢) CSI dc voltage (v;) and dc current (20-i,). d) Motor current spectrum (iy,).
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Fig. 5.14 Proposed CSI based ac drive, experimental waveforms at 60 Hz.

a) Motor line voltage (v,,) and CSI current (20-i,,). b) Motor phase voltage (v;,) and motor current (20-i,,).

¢) CSI dc voltage (v)) and dc current (20-i ). d) Motor current spectrum (i,,).
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CHAPTER 6

STATE VARIABLE DECOUPLING AND POWER
FLOW CONTROL IN PWM-CSR

6.1 INTRODUCTION

PWM Current-Source Rectifiers (PWM-CSR) are gradually replacing the line
commutated thyristor rectifiers as front-end ac/dc converter. In such rectifiers, a
smoothing reactor is placed on the dc side and a LC filter has to be inserted on the ac side
to provide a voltage bus and to reduce current harmonic injection into the distribution
system resulting from the PWM operation. Direct interfacing with the ac mains often
requires stringent specifications such as high input displacement factor (ideally ~ 1) and
low input current harmonic distortion (ideally = 0).

In conventional schemes, the PWM-CSR has been operated with off-line patterns
which result in a slow transient response, since the control strategies relies on changing
the dc link current. On the other hand, the presence of the LC input filter causes a load
dependent input displacement factor and may produce transient oscillations. Although
oscillations can be attenuated by adding damping resistors, they reduce the overall
conversion efficiency.

Recently, attempts have been made to operate the rectifier by means of on-line
current control [77-81]. The main goals have been to keep a unity displacement factor,
eliminate the damping resistors, regulate either the dc voltage or the dc current, and

control independently the active and reactive power components. References [77-78]
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propose solutions that meet the main requirements by using state variable feedback
compensation in a static frame. However, [77] allows only unity power factor operation.
On the other hand, [78] uses a small signal model that reduces the generality of the
approach. Ref. [79] compensates the input displacement factor by using a linear
approximation that is not accurate at light loads. Ref. [80] achieves near unity power
factor; however, it presents low voltage utilization. Finally, [81] provides active damping;
however, it is based on an approximation. The independent control on a continuous basis
of the supply reactive and active powers has also been proposed [82]. However, due to
the non-linear and coupled behavior of the converter, both quantities are not
independently controlled.

A non-linear control strategy, based on state variable feedback linearization [83-
85] is used in this chapter to introduce more flexibility in the control of the PWM-CSR
and a more straight-forward approach to controller design. Specifically, it consists in
linearizing the dg state variable model of the system, decoupling and controlling
independently the direct (active power) and the quadrature (reactive power) line current
components, and rejecting the effect of the supply voltage variations.

The strateggy is entirely implemented on a digital system, hence, the SVM
technique is used to generate the switching pattern. This results in the following
improved features: (a) independent control of the active and reactive power, (b) inherent
damping provided by the state variable feedback loop, (c) fast transient response (limited
only by the sampling time), and (d) maximum supply voltage utilization of the rectifier.

The chapter includes the complete analysis and a design procedure of the
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proposed control strategy. Experimental results on a 2 kVA DSP based laboratory

prototype are also included to confirm the feasibility of the proposed control scheme.

6.2  DESCRIPTION OF THE POWER TOPOLOGY

The complete power circuit, shown in Fig. 6.1, is composed of a three phase
PWM-CSR, a dc link reactor (L), and a three phase second order input filter (L,, C,). The
main function of the PWM-CSR is to regulate the level of the dc link current (i), by
adjusting the PWM-CSR dc link bus voltage (v,). The harmonics injected into the ac
mains by the PWM-CSR operation are absorbed by the LC input filter. The last
component is the dc link reactor (L,), which smoothes the dc link current (i,) and
therefore act as a current-source to the PWM-CSR. Fig. 6.1 also shows the set-up used to

implement the control strategy.

ac Input PWM DC Load
Supply Filter Rectifier Filter
nnn
. ) L
[v:]& [':]dc Lr [Vr]* [lr]nk 'é l 'é 3 5 de
n, > S — +
| n - LYY\ v, ]
n, ™ . -
C, =R =F =< _&;4 ‘6%2 ige
~7 =7 = Lt

serial to parallel
Vel <

=

24 |: v ngé'olc)’so |o

‘ (o}
b (o) =[]« B

L (8g) =E 5

Fig. 6.1 PWM current-source rectifier power topology.
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6.3  PROPOSED CONTROL STRATEGY

The gating signals are digitally generated using the Space Vector Modulating
(SVM), technique presented in Chapter 3. This technique is preferred due to its high ac
gain (equal to 1), reduced switching frequency (equal to one half of the cycle frequency)
and straight-forward implementation in digital systems. Since the main objective is to
control on a continuous basis the direct and quadrature line current for any load demand,
it is necessary to on-line generate the modulating waveforms (m,, m,,), required by the

SVM technique. To achieve this goal, the following control strategy is proposed.

6.3.1 Equivalent Model in the abc Frame
An equivalent single phase circuit for the ac supply, input filter and PWM-CSR,
and the dc equivalent circuit are shown in Fig. 6.2. The dc voltage (v,) and ac PWM-CSR

line currents (i,,, k = a, b, and phase c) are given by,
v, =G,y my v, V (6.1)
k=a

i, =G, -my-i, A (6.2)

where, G,_is ac gain of the PWM technique (G, = 1, for the SVM), and

m,, are the modulating waveforms (-1 < m,, <1 to avoid overmodulation).

Each phase of the circuit is modeled by using the state variable approach and
thereby, by using (6.1) and (6.2), the model of the system (Fig. 6.2) in the abc frame

becomes.

d .. 1 1
Z[Is ]abc = -'L—r[vr]abc + L—r[vs]abc A/S (6'3)
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d 1 .. 1 .
E[vr]abc = _CT[IJ ]abc —_C—v_Gac [mr]abc Ly Vi/s (6'4)
d 1 R
—ige =G [m 1 [V, ) =% ise  Als (6.5)
are =T, ate (Ve labe =7 "l

where, [i),,. = [i i L7 [Voose = Ve Vi V,c)7> and i are the state variables,
v = [V, v V. J7 is the supply voltage vector (perturbation variables), and

(m],. = [m,, m, m]7is the modulating vector (input variables).

The dq transformation is valid during dynamic and steady state conditions [79]. In
this work, the dg frame is preferred because all states variables become dc quantities in
steady state. This feature will allow the use of standard controllers (such as PI and I type),
to meet dynamic and steady state requirements (for instance, a given maximum overshoot
and zero steady state error). It also facilitates the interface between the control outputs (dg

rotating frame) and the SVM technique (ct, B stationary frame).

i.rlc L r idc L dc
- 7YY\ > /YN
+ +
O ok Gn O . 3
a) b)

Fig. 6.2 PWM current-source rectifier model in the abc frame.

a) ac side (k: phase a, b, or ¢). b) dc side.

6.3.2 dq Frame Converter Model

In order to simplify the analysis, a balanced ac voltage supply is assumed;



therefore, the state variables have no zero sequence components. Thus,

transformation of the model in abc coordinates (6.3) to (6.5) yields,

d.. ) 1 1
E{ls]d, +W[i], = -L—[Vr]dq +L_[V:]dq Als

d | 1 .
z[vr ]dq + W[V’ ]d] = F[ls ]dq - FGat [mr]dq ldc V/S

d - 3 1 T Rd .
—_— _ ___G - lc A/
dt ldc 2 de ac [mr ]dq [vr ]dq de ldc S

where. [v,], = [v,, v, ]" (supply dg voltage vector)
[i]4 = [i,41,,]7 (supply dq line current vector),
[v]4 = [V v,,]7 (capacitor dg voltage vector)
[m,),, = [m,;m, ]7 (input dg vector),

0 -
W= [ ;”] , and @, : supply angular frequency (o, = 2xf)).
(O]

5

By expanding the dg model (6.6) to (6.8) into its components yields,

Zl—i‘d =0, ——z—r-v,d +—I:-v5d AJls
;itisq Oslsy L Vrg '*'_rvsq Als
%vm’ =0V, +CLrisd "éTrGac lge My Vs
_tv"' -0V, +—C17r—isq _CL,G“ igemy Vis
57 lge = %Z-I‘;C-Gac(mrdvrd +M, Yy, —ﬁ_::idc Als
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The resulting model (6.9) to (6.13) represents a multiple-input multiple-output
(MIMO) type of system. The inputs are the modulating variables (m,, m, ), and the
outputs are the quadrature (i, reactive power) and the direct (i, active power)
component of the supply current. Noting that unity displacement factor is a special case
(when i, = 0, for a rotating frame synchronized with the ac supply voltage) and that the
rectifier performs as a current-source with a value equal to i,

Also, the dg model of the PWM-CSR (6.9) to (6.13) shows a non-linear system
((6.11)-(6.13) contain multiplications of the input variables and the state variables), and a
coupled system (for instance, (6.13) shows that the dc current depends upon both input
variables). Therefore, to achieve full linearization and decoupling, it is proposed to use an

input-output linearization method [83].

6.3.3 Linearization and Decoupling of the dg Model

The method [83] establishes to differentiate the outputs variables as many times
as necessary until one or more input variables appear explicitly. If i, is differentiated
once, (6.9) is obtained, which does not contain any input, therefore, it is differentiated

again, and by using (6.10) and (6.11) yields,

-

d- . . 20, 1 d
E;flw:—’sd(m:*'wir)‘ Lr' . Lr My + I TV A/s? (6.14)

where, o, = l/ 1/C,L, is the resonant angular frequency of the input filter.

Eq. (6.14) contains the input m,, therefore the differentiation process applied to i,

stops here. The same procedure is applied to i, which yields,
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d2

. . 20, O, . 1 d
?Isq =—I_‘q((x)§ +(Dir)+ Lr Va —-ITVM +0),27Ga‘.ldcm,q +Z-d7vsq A/s? (6.15)
Eq. (6.14) and (6.15) can be written in a matrix format as:
X=A-[m],+B (6.16)

) 2 T
where, X = d d ]

it gl

2.
A=G, 0.,

20 ®
—i (@ +0d)-—v_+—Lv_+——v
B w(@s + ) L " L Y Ld "™
) -1 (0)2+0)2)+2m‘v 2, +—1 —dv
s A R R A S

L

The input-output linearization method proposes to restrict X to be of the linear

and decoupled form:
X=D-[u], +F 6.17)

where, D and F are conveniently defined as:

.k k .
—k,-iisd—-kz iy _klmslsq+L_lvrd —fl'vsd‘kz by
D=k, F= {4 = r -
2 i d . k. i ko i k, L :
- ’El“’_ o1 ,coszsd+—L—v,q—L—v,q-kzz,q
also,

{w],, : new dg set of input variables, and

k,, k,: arbitrary positive gains used for pole placement.

The existence of the linear and decoupled form (6.17) is conditioned to the
existence of the input transformation ([m], as function of [u],, (6.18)). Thus, by

replacing (6.16) in (6.17), the expression of the input transformation becomes,
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[m,]y =A" -(D[%,], +F-B)

d
kL ki
kz{urd]_*_ v e TRt |

u d . .
g —_—p — —
k, = i, k, Ig
1 L damping i (6.18)
=—T< r—~ -

Gacm rrldc 2

—_— . ) o

e || i (02 +0l)- 2y 4Ly L2y

r r Lr dt

20

5

L

. 2 2 [
—-i (0, +0. )+ vV, ——V, +——V

sq s rr rd sd sq

. L L dt -

L deco;pling voltage rejection ]

The expression for the modulating vector (6.18) shows one possible singularity
(i, = 0), where the input transformation is not defined and thereby, the method cannot be
applied. However, although i, = 0 could be achieved during transient conditions, it is not
a normal operation mode. In practical applications, when the sampled variable i, is lower
than a given value, it is restricted to a minimum. Equation (6.18) also shows the different
terms that contribute to the linearization, damping, decoupling, and rejection of supply
voltage variations.

On the other hand, the actual implementation of (6.18) requires the differential of
the d and g component of the supply voltages. In practice, the supply voltages are noisy,
therefore, they are filtered by means of analog filters (cut-off frequency of about 10 kHz),
then sampled, and finally numerically differentiated in the DSP. Note that F in (6.18) can
be implemented using the sampled state variables (6.17) and thereby, the differential of
the supply line currents are not required.

Thus, the direct and quadrature line current can be controlled independently by
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means of u,, and u, respectively and at fixed dynamic in the PWM-CSR operating

region.

6.3.4 Dynamic Response Enhancement
Since (6.17) is linear, the Laplace Transform is used to continue the analysis and

design. Thus, the model (6.17) can be expanded and written as follows,

i(s) _ i,(s) k,
uy(s)  u,(s) T S +sk +k,

A (6.19)

where, i (5), i,(S), i.y.AS), and i_ .(s) are the Laplace Transforms of i, i, iy, and i .»

respectively.

The Laplace Transform of the model (6.19) shows that zero steady state error in
both current loops should be expected. This is valid as long as the input transformation
(6.18), is computed accurately. However, since it assumes knowing the exact value L, and
C., which are usually only available as approximations, zero steady state error is not
totally ensured. In order to achieve it, it is proposed to add two external integrators to
force zero steady state error, even under inaccurate values of C,and L,.

Therefore, by adding a feedback loop with an integrator (1/s7,.), the direct and

quadrature line current closed loop transfer functions become (Fig. 6.3):

iy(s) _ i (5) _ ky/t,.

. = =3, 2
zsd”f(s) zsq,ef(s) ST+ ki +sky+ky /1,

A/A (6.20)

If (6.20) is restricted to be of the optimum third order transfer form, based on the

ITAE criterion, the coefficients k,, k,, and ¢,. can be found for a given settling time (¢,,.)-
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Thus, for a 2% band,

2
754 754 t
k=175 , k= 2.15( s 1 =2152% 6.21)
s.ac s.ac 7'5 4
i - .
sd.ref 1 u, d. m, lsd
S L Input — 4y >
Transformation SW 1:[> PWM
1 eqn. (6.18) [— A3 Technique CSR >
. Slac | o m., T T m,y .
1 - rq 1
sq.ref state vanables and cos sin d
supply voltage

Fig. 6.3 Proposed control strategy scheme (linearization and decoupling).

6.4 PWM-CSR OPERATING REGION

The power topology and control strategy restrict the maximum and minimum

steady state values of the state variables and thereby, the limits for the set-point

references. For instance, due to the nature of the power circuit topology, the dc current

(i) is always positive; also, it will be shown that the quadrature line current (i) range

depends upon the actual dc current. Thus, to avoid setting the converter on an

unachievable operating point, the operating region of the PWM-CSR is derived.

In order to find the operating region, the dg model of the converter (6.9) to (6.13)

is set equal to zero and then solved systematically. The resulting set of variables are dc

quantities and they are designated by capital letters. Assuming the dg transformation is

synchronized with the supply voltage, the resulting normalized expressions as a function
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of the inputs (M,,, M, ) are as follows,

2
I.=G.M, fz’:l Apu (6.22)

_ (GCuMuM X 2+ f2- D12

T X Fa D P ©2)

2 .f4 2
I,=G, 0 —1)22"./;11 TS (M,) Apu (6.24)

2 fn 2

Ve=-G, X T2 _1)2'(’}"’ Y (M) Vpu (6.25)

G M M _X.+f2-1)f2
. Kol I;(ﬁﬁ 1)2)fm (©26)
where, £, = 0, /0, Vi, = Vip Lyuse = 3V0/ (2R,,), and X, is the pu capacitor reactance of

the input filter

The inputs M,, and M, are bounded. This comes from the fact that in order to

inject line currents ([i,] ., Fig. 6.1) without distortion, the modulating vector (m, ;. m,,

abc?
Fig. 6.3) must have a magnitude lower than or equal to one. On the other hand, since the

power topology can only provide positive dc currents, the operating region is defined by

the following boundary conditions,

0<M,<l, -1 M, <1 (6.27)
A graphical interpretation for the operating region is given in Fig. 6.4. From Fig.

6.4, and (6.22) to (6.26) it can be concluded that,

- The range of the quadrature line current is restricted by the actual value of the dc

current (Fig. 6.4).

9.



The maximum dc current (6.22) is proportional to the ac gain of the modulating
technique (G,.) and a function of the resonant frequency of the input filter (£,,).
The maximum range for the quadrature line current (Fig. 6.4) is given when M, =
0.707 (6.22).

The maximum quadrature line current (6.23) is given when M, = M, = 0.707

(Fig. 6.4).

leading p.f.

-~ unity p.f.

Isq (Apu) 0

lagging p.f.

(M + (M )= 1
-05p -
I i 1 1 1
020 040 060  0.80 1.0 Ige (Apw
004 016 036 064 1.0 Isg (Apuw)

Fig. 6.4 Graphical representation of the operating region of the PWM-CSR.
C,=50uF,L,=3mH, R, =209, and G, =1, dc (/) versus quadrature line current (/).

EXPERIMENTAL RESULTS

6.5.1 Power Topology and Control Scheme Description

The power topology and proposed control strategy have been implemented on a 2

kVA laboratory prototype unit to verify feasibility (Fig. 6.1). A digital system based on

the TMS320C30 DSP microprocessor has been used to implement the control strategy.

The digital system uses a 32 A/D board to sample the required state variables. The main

-93.



board executes the control algorithm and also perfcrms other tasks such as an on-line
communication with an user interface, which runs on a PC platform. Thus, the references
and controller parameters can be externally on-line entered and/or modified to perform
transient and/or static tests. The gating signals are sent to the drivers through the serial
port of the DSP microprocessor. Although the shorting paths of the gating signals are

ensured by the SVM algorithm, overlaps (= S us) are added at the serial to parallel stage.

6.5.2 Filter Components and Controller Parameters Design
The minimum sample time in this set-up is 185 ps. Therefore, a cycle frequency
of 5040 Hz (cycle period of 198 pus) is chosen. Both d and g line current controllers are

designed to achieve a 5 ms settling time (¢

s.ac

= 5 ms). Thus, by using (6.21), k£, =2.639 k,
k,=4.892M,and T,. = 1.425 ms.

The selection of L,, C,, and L, is done by following the design guidelines
provided in APPENDIX C.3. APPENDIX A.S5 shows the experimental set-up and parameter

values, which are calculated following the design guidelines provided in APPENDIX C.3.

6.5.3 Experimental Waveforms

Unity displacement power factor is achieved by setting i, ,,= 0 and i, =4 A
(Fig. 6.5). The supply line current (i) is in phase with the phase voltage (Fig. 6.5(a)).
However, a small distortion is observed in the line current (< 3%) which results in a input
power factor equal to 0.972. The dc voltage (v,) is of the PWM type (Fig. 6.5(b)) based

on the SVM. Thus, the distortion introduced on the load and supply system is minimized.

Both actual 4 and g current components are equal to the references; therefore, steady state
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error is zero and unity displacement factor is achieved (Fig. 6.5(c)).
Leading displacement power factor is obtained by setting i,,,=3 A and i, =4
A (Fig. 6.6). The input line current (i) is leading the supply phase voltage by

approximately 36° (Fig. 6.6 (a)). The overall input power factor was 0.795 capacitive.

200

Supply phase
voltage. v_, (V)

a)
Supply line

current. i, (A)

Rectifier dc bus 250
voltage, v, (V)

b) 1)’

Dc link current, 125
i (A)

il mmliHmmmlll\\iiumﬂllnwu

1 T Y IIIIIIIIIIIIIlllllIIIlIIIIIIllllIIIlllIIllIJIlIIIIIiIllHllIIIIIIllIlIJI AT

0 5 10 15 20 time (ms)

Actual and ref. d ixd.rrf isd i:q i sq.ref
current comp.,
i isd. ref(A)

<)

Actual and ref. ¢
current comp.,

fsq Isq.ref ()

0 5 10 15 20 25 time (ms)

Fig. 6.5 Unity displacement power factor operating mode.

Experimental waveforms. (a) Supply voltage (v,,) and current (10-i_;). (b) CSR dc bus voltage (v,) and dc link
bus current (10-#,). (¢) g and d line current references (i, p i) and g and @ actual currents (i, i.,)-
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Fig. 6.6 Leading displacement power factor operating mode.

Experimental waveforms. (a) Supply phase voltage (v,,) and supply current (10-i_). (b) CSR dc bus voltage
(v,) and dc link bus current (10-i,).

10
i:d.nf isd
Actual and ref. 4
a) current comp.. | gt
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b) current comp.,
'sq' 'Sq.l't/(A)
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Fig. 6.7 Transient response, unity to leading displacement power factor.

Experimental waveforms. (a) 4 reference (i, ,,f) and d actual line current (i, ). (b) g reference (isq_,,f) and g
actual line current (i,q).
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Finally, a step increase in i, at £ = 13 ms (from 0 to 3 A), while lansissetatd A,
illustrates key dynamic features. Fig. 6.7 shows the d and ¢ line current references and
actual values. It can be seen that the d component is not modified during the transient (Fig.
6.7(a)). This confirms the decoupling and independent control of the active and reactive
power. The settling time is found to be approximately 5 ms (Fig. 6.7(b)), which confirms
the validity of the design guidelines of the line current component controllers. The results
all indicate that the damping resistors on the input filter are no longer necessary. The
required damping is supplied by the state variable feedback compensation. Similar tests
were done for different operations point and all showed similar transient responses, which

confirms fully linearization.

6.6  DISCUSSION AND CONCLUSIONS

The more straight-forward on-line control of a CSR is to regulate the ac line
currents directly in the stationary abc frame. This chapter demonstrates the superiority of
the proposed control technique which features: (a) control in a rotating dg frame; (b) a
decoupling between 4 and ¢ components, and (c) the use of a transformation to linearize
the model. Furthermore, the use of DSP hardware and software greatly simplifies the
realization of the proposed control technique. It also allows integration of control and
PWM pattern generation. Results on a 2 kVA prototype indicate: (a) complete and
accurate displacement power factor control; (b) fast, accurate and independent control of

the d and g components; and (c) low input current harmonic distortion.
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CHAPTER 7

CONTROL OF PWM-CSR IN THE
REGENERATION MODE

7.1  INTRODUCTION

Several publications have analyzed the non-linear and coupled model of the PWM
current-source rectifier (PWM-CSR) feeding a passive load. Ref. [45] applies a state
variable feedback strategy to control independently the quadrature supply current
component and the dc current. Ref. [87] proposes a scheme using a cascade structure
where the inner loop is the d and ¢ supply current components. However, both analysis
and controller design are based on a small signal model and as the actual operating point
moves away from the nominal one, the performance deteriorates, specially in terms of
dynamic response.

Ref. [89] analyses the power configuration for a connection to an active load. It
provides design guidelines when a P-type controller is used. The experimental results
confirm the validity of the analysis; however, since the dc side behaves as a first order
system, a P-type controller does not provide the fastest response. Thus, a higher order
controller would be desirable; however, the method presented to identify the stable
regions becomes involved.

Conversely, non-linear control techniques and specifically, input-output
linearization based on state variable feedback linearization, have been successfully

applied in power electronics topologies [84-85]. This technique has demonstrated the
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main advantages of linearization and decoupling, characteristics highly desirable in
systems including most of the power topologies. Ref. [84] applies this technique to a dc-
dc buck-boost converter and clearly shows the importance of the appropriate selection of
the controllable variables in order to ensure acceptable internal dynamics. Ref. [85]
applies this technique to a three phase PWM voltage-source rectifier (PWM-VSR).
Superiority over linear control is clearly demonstrated; however, the total dynamic
response remains load dependent. Chapter 6 of this thesis applies the non-linear control
technique to the three phase PWM current-source rectifier (PWM-CSR). Experimental
results show that it is possible to control independently the d and g supply current
components (decoupling feature), which allows operation with either unity, leading, or
lagging displacement power factor without affecting the load power demand. Also, due to
full linearization, it is possible to obtain an enhanced dynamic response and independence
of the operating point.

A non-linear control strategy, based on the instantaneous load power demand
feedforward, is used in this chapter to obtain a stable dc current link controller. This
results in the following improved features: (a) a fast and stable dc current dynamic
response independent of the operating point and operating mode (rectification or
regeneration) and (b) a stable operating mode independent of the type of load (active or
passive). The complete analysis and design procedure of the proposed control strategy are
presented. Simulated results are also included to confirm the feasibility of the proposed

control scheme.
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7.2  POWER TOPOLOGY AND LOAD MODELING
The complete power circuit topology is shown in Fig. 7.1. A complete description
of the function of each component is given in the previous chapter. The design guidelines

of the dc link inductor (L,) and second order input filter (L,, C,), are included in the

APPENDIX C.3.
ac Input PWM DC Load
Supply Filter Rectifier Filter a
frm
. . L
sl [isla L, Vel [irlose 'é ] 'é 3 5 e
1\ AAAA > + +

£ i

n, . Y m _ _
T Fded:

[i sl [V o {} (5} \;

l l lTen’al to parallel I
(vslae 1 T
324D DSP

TMS320C30

o o000

b grey (Proy) —

Lgrer (4oer)

Fig. 7.1 PWM current-source rectifier power topology.

Two different load models are studied (Fig. 7.2): (a) a pure resistor (R,) to model
passive loads and (b) a small resistor (R,) in series with a dc voltage supply (v,) to
model active loads (i.e., a CSI fed induction motor drive [88] or a dc motor drive). Note

that the regeneration mode can be modeled by reversing the polarity of the dc voltage

supply, Fig. 7.2(b).
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7.3  ANALYSIS OF STABILITY AS A FUNCTION OF THE LOAD TYPE

The stability of the dc link current loop is investigated by analyzing the small
signal model of the converter. In order to get an expression that relates the output variable
(dc link current, i,,) with the input variables (supply line currents, [i],,.), an instantaneous
power balance is applied. The PWM rectifier (Fig. 7.1) is assumed lossless for analysis

purposes; therefore, the instantaneous ac power equals the instantaneous dc power. Thus,

[vr ]Zbc {[i: ]abc - Cr —dcj?[vr ]abc }= vridc W (7 1 )

where, [v],. : input capacitor voltages (abc frame)

abc
[i] .. : supply line currents (abc frame)
v_ : dc bus rectifier voltage

i, :dc link current

Rd,g

a) b)

Ve

i

Fig. 7.2 PWM-CSR load models.

a) Passive load. b) Active load.

Simulated and experimental tests have shown that the variation of voltage across
the input filter capacitor is negligible and therefore, the instantaneous power expression

(7.1) in a dq frame [86] yields for a passive load (Fig. 7.2(a)),
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3. . . . d . .
E(V"'I’d Vi )= Ly szc +R 2 W (7.2)
and for an active load Fig. 7.2(b),
3, . . i 2 .
E(V,dlsd +V i )= L, i, szc +R i, +vyi, W (7.3)

where, [v,], =[v,v,] : input capacitor voltages (dg frame)
[i)4 =[i4i,] :supply line currents (dg frame)

The internal ac line current controllers introduced in Chapter 6 are used as the
inner loops of the dc link current loop. Thus, both 4 and g components of the line current
(i,and i) follow their respective references with zero steady state error and fast dynamic
response. In practice the dc current loop is slower than the ac line current loops; therefore,
they can be considered equal to their respective references (i, and i) for analysis

purposes. Thus, the instantaneous power expressions (7.2) and (7.3) can be written as,

3 . . . d . .
-i-(v,dzsdnf +Vlans )= Lais thc + Rdczjc A\ (7.4)
and,
. . . d. . .
_2-(vrdlsd.rcf + vrqlsq.nf ) = deldc Zldc + Rdcljc +Vila W (7‘5)

The above expressions clearly show that the dc link current can be controlled by

manipulating i ;... and/or i, .. However, since unity displacement power factor (i,,,.,= 0)

St

is desirable for any load demand, the ¢ component of the line currents cannot be used to

control the dc current. Instead, i, becomes the input to control i,.
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7.3.1 Small Signal Model for a Passive Load
The model for a passive load (7.4) is linearized around an operating point and i,, .,
=0 is assumed. The resulting transfer function for I, # 0 is given by,

i,(s) 3V, 1
Lares(5) 4 1Ry _ll_s.,.]

dc

A/A (7.6)

where, V,, : input capacitor voltage at a given operating point, d component

I, :dc link current at a given operating point

The open loop transfer function for a passive load (7.6) shows one pole located at
-L,/(2R,) which is always in the left hand side of the s plane. Therefore, a standard P or
- PI controller in a feedback scheme will provide a stable closed loop operation. However,
since the transfer function depends upon the dc link current, a variable dynamic

performance can also be expected.

7.3.2 Small Signal Model for an Active Load
The model for an active load (7.5) is linearized around an operating point and i, .,

=0 is assumed. The resulting transfer function is given by,

i(s) 3 v, 1
lg s (8) 220, R, +Vy  Lada
2Rdc1 dc + Vdc

A/A 7.7

s+1

where, V. :load dc voltage at a given operating point

c

The open loop transfer function for an active load (7.7) shows a first order system

with the pole located at -I, L, /(2R [, + V,). In most applications R, is negligible (for
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instance, R, is the armature resistance in a dc drive). Thus, when ¥V, is negative
(regenerative power load mode) the open loop pole is located in the right hand side of the
s plane. Therefore, if a standard P or PI controller is used to control the dc link, an
unstable closed loop operation can be achieved. Moreover, and regardless of the stability
issue, the overall dynamic performance becomes load dependent. The control scheme that
uses the above approach (PI controller) is presented in Fig. 7.3 and simulation waveforms

are depicted in Fig. 7.4.

. - Chapter 6 -
t sq.ref
i — % inner iL
de.ref current >
1 14T, s >
— ko, dc loops
14Ty s T S

- | N ﬁ
state variables

Fig. 7.3 dc link current control scheme using a standard PI controller.

Specifically, Fig. 7.4 shows the relevant waveforms for a step change in the dc
link current reference at t = 30 ms and for a step change in the operating mode (from
generation to regeneration) at t = 50 ms. It can be seen that the PI parameters can be
designed to achieve an optimum dynamic response (overshoot, £,,; and settling time, ¢, ,,
for a given settling band, b,), for step changes in the dc link current reference (Fig.
7.4(c), t = 30 ms). However, the same parameters yield a highly oscillatory response for a
load operating mode change (Fig. 7.4(c), t = 50 ms). This can also be noticed in the

supply line current transient response (Fig. 7.4(a), t = 50 ms). The set-up is depicted in

- 104 -



Fig. 7.1 and the dc link current loop is shown in Fig. 7.3. The simulation conditions are
given in APPENDIX A.6.
To overcome the non-linearities between i, and ,,,, minimize the coupling effect

of i, and design a stable controller, the following control strategy is proposed.

250

25’::0
Supply phase
voltage. v, (V) 0
a)
Supply line
current, ic, (A)

-250 v . v - v -
30 40 50 60 70 80 time (ms)
10 - ;
Intres )
\ v iy
Actual and ref. 4 b =
current comp., _ / l
i igrep® O
b)
Actual and ref. ¢
current comp., -10]
i fsqref(A)
3b 40 50 60 70 80 time (ms)
200 T
A
i < /\ N~
Load dc bus j 12-0, \/ N
voltage. v . (V) <
c) 0 Y%
Actual and ref. dc dc
link current, l
e e ref )
-200 v v — - v .
30 40 50 60 70 80 time (ms)

Fig. 7.4 Regenerative load mode simulation for a standard PI controller.

Simulated results. a) Supply voltage (v,,) and current (i.,). b) Actual supply current (i, i;,) and references
(i5grep isq.rep)- €) Actual dc current (i,.), dc current reference (i ), and load dc voltage (v,,).
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7.4  PROPOSED DC CURRENT LOOP STRATEGY

The internal loops (i,,and i,) are designed to achieve fast settling times (less than
5 ms, Chapter 6). On the other hand, the dc current loop (outer loop) is designed to be
slower than the line current loops; however, it should ensure optimum regulation and
maintain the natural current-source operation. Therefore, the actual line current
components can be considered equal to their references when designing the dc current
loop. Although fast dynamic response is not required, stability is an important goal

particularly under regenerative operation mode.

7.4.1 Generalized Load Model

Eq. (7.2) and (7.3) model the load as R,i 2 for passive loads and R-i,2 + v, i,
for active loads, respectively. By identifying terms, both expressions represent the
instantaneous load power demand (p,) and thereby, both expressions can be written in a
generalized form as,

N
Lyi—1,

3. .
7 =5(v,dt“,'"f + Vol )+ Pa w (7.8)
The load dc voltage (v,.), combined with the dc link current information, is used

to derive digitally the instantaneous load power demand and then used as a feedforward

variable by the control strategy [90, 91].

7.4.2 dc Link Current Loop
If the right hand side of the generalized model (7.8) is chosen as an additional

input u, the following control law is found,
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2/3-(u—- -v_i
g = pv"c) LA (79)
rd

and the generalized model (7.8) becomes,
Lyi,—i,=u W (7.10)
detde It de -

The resulting model (7.10) is independent of the load type (passive or active) and
operation mode (generation or regeneration). Thus, a stable overall control strategy is
expected. The resulting model (7.10) is a separable differential equation and if i = i,2, it
is found that,

3

j'udr A (7.11)

dc

ifb=

Eq. (7.11) represents a first order integrator; therefore, a first order filter in
combination with a PI type controller (&, (1+1/T,, s) in a closed loop structure are used

(Fig. 7.5). The total transfer function becomes,

i5(s) _ 2k, 1

iﬂ?.Rf(S) T:chdc S + k'd"s.*. 2
L, T,

T A/A (7.12)

de
e Lae

The gains k,,_and T, are designed to obtain a desired overshoot (i.e., 20%) and

settling time (i.e., 10 ms). The total proposed control strategy is presented in Fig. 7.5.

7.4.3 Controller Design
Eq. (7.12) represents a standard second order transfer function; therefore, the
controller parameters, are calculated to achieve a desired damping ratio (£,,) and settling

time (7,

) for a given settling band (b,,). Thus, by equalizing (7.12) with the standard
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second order transfer function, the proportional and integral gains of the controllers are,

L. In(l/b,
k. =_Mc_§ﬁfsl /A (7.13)
28 .t..
I;dc = éldc s.ide (7.1 4)
In(1/b,.)
Vac
 fo.ref Isq.ref Isq
supply :
s 1 k. 14T s I c:i:'nrézrl;t l?slg’ ld;
-0 T +7,s ide T.s ] transf. ,- loops ,-
. - sd,re; L
'dc‘rcf . / ﬁ “
’jb state variables  state variables

Fig. 7.5 Proposed dc link current control strategy.

Linearization, decoupling and dynamic optimization

7.5  SIMULATED RESULTS

The PWM-CSR (Fig. 7.1) supplying an active load was simulated using the
proposed control strategy (Fig. 7.5). The set-up is depicted in Fig. 7.1 and the dc link
current loop is shown in Fig. 7.5. The simulation conditions are given in APPENDIX A.6.
Two different responses were studied. The dynamic response to step changes in the dc
current reference (Fig. 7.6) and to a change from generation to regeneration mode (Fig.
7.7). From the results it is possible to conclude, (a) the reactive supply current component
stays constant during the dc current transient (Fig. 7.6(b)), (b) the actual dc current loop

follows the design parameters regardless of the operating point (Fig. 7.6(c)), (c) as the
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load goes from generation to regeneration mode, the dc current stays practically constant,
(Fig. 7.7(c)), and (d) the reactive supply current component stays constant before, while

and after the load transient (Fig. 7.7(b)).

Vea 251 a
Supply phase A A /\
voltage. v, (V) 0
a)
Supply line
current, i, (A)
-250 v v v r —
40 50 60 70 80 time (ms)
10
Actual and ref. 4
current comp..
iat iadrefA)
b)
Actual and ref. ¢
current comp., 0
isq‘ '.sq.re/ GV
4‘0 SIO 60 ';0 ;) time (ms)
200
12-§
Ve ‘dc.ref
P e
Load dc bus / /
voltage. v, (V) 100+
c) T\ - .
Actual and ref. dc 12°0 g0
link current,
Idc de.ref (A) 0 ] i . _
40 50 60 70 80 time (ms)

Fig. 7.6 PWM-CSR dynamic response under dc current reference step changes.

Simulated results. a) Supply voltage (v.,) and current (i;). b) Actual supply current (i , isq) and references
(isd rep sq.rep- ©) Actual de current (i), de current reference (i ), and load dc voltage (v,,)-
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-250 v x v . v
40 50 60 70 80 time (ms)
8.0

Actual and ref. d Lsdref . .
current comp., leg Lsqref
b) isd‘ 'tdn!/ (A) 0 j é
Actual and ref. ¢
current comp.. iy J—

i_“r i~w. rrf(A)
-8.0 . x " " -
40 50 60 70 80 time {ms)
200 - -
12 4c. ref Ii"dc
I
Load dc bus
voltage, v,. (V) 0
) Y
Actual and ref. dc \ de
link current, J
{ger idc.rej (A)
-200 . x v v v
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Fig. 7.7 PWM-CSR dynamic response from generation to regeneration mode.

Simulated resuits. a) Supply voltage (v_;) and current (i_). b) Actual supply current (i, isq) and references
(g rep Isq. mf). ¢) Actual dc current (i ), dc current reference (i, ,,j), and load dc voltage (v,).

7.6  DISCUSSION AND CONCLUSIONS

This chapter has introduced a dc current supply based on on-line control of the
supply d and g current components of a PWM current source rectifier. The control
strategy is based upon a cascade structure, where the inner loops are the supply 4 and g
current component loops introduced in Chapter 6 of this thesis. Therefore, the control

strategy features, (a) control in the dg frame, (b) independent control of the active and
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reactive instantaneous supply power, (c¢) inherent supply current limiting capability. and
(d) operation at unity, lagging or leading displacement factor.

In this chapter an outer dc link current loop based on instantaneous load power
demand has been proposed. Thus, the overall control strategy is stable before, while, and

after load transients (rectification to regeneration).
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CHAPTER 8

SUMMARY AND CONCLUSIONS

8.1 SUMMARY

High performance on-line modulating techniques and control schemes for three-
phase six-switch current-source topologies are investigated in this thesis. Specifically, the
following aspects are studied:

1.- An on-line carrier-based PWM pattern generator is implemented. The circuit
allows the direct implementation of any standard PWM carrier-based technique and
thereby, the topology behaves as a current amplifier. An improved modulating technique
is then derived that employs dead-band modulating signals and a saw-tooth carrier signal
(Chapter 2). The pattern generator is implemented and the dead-band technique used to
modulate a 5 kVA PWM current source rectifier prototype.

2.- Digital on-line PWM space-vector based modulating techniques minimizing
the switching frequency are developed (Chapter 3). Unlike carrier-based techniques, these
ones are readily implemented in digital systems. A generalized algorithm to select the
zero space vector is derived. The sequences are tested by simulation and implemented on
a TMS320C30 Real-Time System to modulate a 5 kVA current source inverter. The
programming of the Real-Time System is done in real-time ANSI C.

3.- An inner load voltage and an outer modulation index control loop for current-
source inverter topologies are investigated (Chapters 4 and 5). The inner loop ensures the

operation of the topology as a variable voltage and frequency voltage supply. The outer
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loop allows the operation at constant modulation index; therefore, at minimum dc link
current. The loops are simulated and experimentally tested by means of a 5 kVA
laboratory prototype.

4.- A non-linear control scheme for current-source rectifier topologies is proposed
(Chapters 6 and 7). The approach allows the independent control of the active and
reactive power drawn from the ac mains. Unity power factor operation becomes a special
case. The rectifier mode is simulated and tested on a 5 kVA PWM current source
converter. The regenerating mode is tested by means of simulation.

5.- To exploit the additional features available with digital control, an algorithm to
reconstruct the ac voltages of a current source converter is developed and implemented
(APPENDIX B). The technique allows the reduction of the number of voltage sensors. The
algorithm is implemented on a TMS320C30 Real-Time System and used to reconstruct
and control the output voltage of a S kVA current source inverter laboratory prototype.

For simulation purposes, two software programs are used: (a) the MicroSim
PSPICE simulator versions 5.0 for DOS and 6.0 and 6.3 for WINDOWS, and (b) the
PSIM (Power Electronic Circuit Simulation) simulator version 2.0 for DOS. For
experimental purposes, three set-ups are employed (a) a forced commutated three-phase
CS rectifier, (b) a forced commutated three-phase CS inverter, and (c) a phase-controlled
three-phase thyristor rectifier. The design procedures are carried out by means of the

MATHCAD software versions 5.0 and 5.0 Plus for WINDOWS.

8.2 CONCLUSIONS

The feasibility of the proposed on-line PWM techniques and control schemes for
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three-phase six-switch current source converters is experimentally demonstrated.
Laboratory prototypes in the 5 kVA range are used for experimental implementations. In
addition, the experimental results validate the theoretical considerations, including the
design guidelines for the passive components and the controller parameters. The
following conclusions are reached regarding the proposed solutions to on-line modulation
and control schemes:

1.- Current source converters can be on-line modulated using standard carrier-
based (SPWM, trapezoidal,...) and space vector based techniques. Carrier-based
techniques can be implemented using simple analog/digital electronics components. In
this thesis, the proposed circuit realization also features: (2) operation with a free-running
carrier waveform and (b) symmetric distribution of shorting and overlap pulses. Space
vector techniques are directly implemented in digital systems, such as DSP based
systems.

2.- The on-line modulation of current source topologies can be achieved at
reduced switching frequency and maximum ac gain. For example, if three dead-band
modulating waveforms and a saw-tooth carrier signal are used, the switching frequency is
reduced to 1/2 of the carrier frequency and the ac gain is the maximum achievable. Both
improvements are obtained without increasing the harmonic distortion.

3.- The analysis of digital pattern modulators based on the space vector technique
shows that: (a) the sequence of non-zero space vectors defines the harmonic distortion of
the PWM waveforms, (b) the selection of the zero space vector defines the resulting

switching frequency, and (c) the appropriate selection of the normalized cycle frequency
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minimizes the uncharacteristic harmonics in the PWM waveforms. It is found that
regardless of the non-zero space vector sequence, there is only one zero space vector that
provides minimum switching frequency in each cycle period. A switching frequency of at
most 1/2 of the cycle frequency and the maximum achievable ac gain are achieved.

4.- Current source inverters can be operated as variable voltage power supplies.
This is realized by using a closed loop with load voltage sensing that provides dynamic
responses of the order of the carrier or cycle period. If an additional modulation index
loop is used, the operation results in minimum dc link current operation. The integration
of both loops feature: (a) very low and fixed dv/dt at the load side, (b) high efficiency due
to minimum dc current operation, (c) attenuation of potential resonances due to the fast
dynamic response of the inner voltage loop.

5.- Current source rectifiers can be operated at either leading, lagging, or unity
displacement power factor. A non-linear control scheme allows the independent control
of the reactive and active power components. The decoupling feature is achieved for both
steady state and dynamic conditions. The technique also provides the necessary damping

to ensure a stable operation in the rectification and regeneration modes.

8.3  SUGGESTIONS FOR FUTURE WORK

As an extension to this study of on-line modulating techniques and control
schemes of three-phase six-switches current source converters, the following topics are
suggested:

1.- Investigate and develop digital modulators based on the space vector technique

to cover the overmodulation region.
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2.- Optimize the sequence of non-zero space vectors and the selection of the zero
space vector for minimum harmonic distortion at low cycle frequencies.

3.- Analyze and identify the effects of the overlaps required by the gating signal
of current source converters.

4.- Extend and develop the proposed on-line modulating techniques to multi-level
current source converters.

5.- Investigate the proposed non-linear control scheme for PWM current source

rectifiers operated under unbalanced supply voltages.
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APPENDIX A

PARAMETER VALUES FOR THE VARIOUS
EXPERIMENTAL SET-UPS

Al

CS RECTIFIER MODULATED BY THE MOD. DEAD-BAND TECH. (SECTION 2.3)

ac supply

vLla [l

ac filter

PWM

CS Rectifier
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Fig. A.1 Experimental set-up, Section 2.3.

Table A.1 Components Values (set-up, Section 2.3)

Parameter Value
m : nominal CSR modulation index 0.8 pu
/. : carrier frequency 2.7 kHz
V. : carrier amplitude 10V
V. : supply phase voltage 110 V
/, : supply frequency 60 Hz
C, : input filter capacitor 50 pF
L, : input filter inductor 3 mH
L, : dc link inductor 30 mH
R, : load resistance 20 Q
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A.2  CS INVERTER MODULATED BY THE SPACE VECTOR TECH. SEQ, (SECTION 3.3)
ac Phase Controlled DC PWM Output Load
Supply Thyristor Rectifier Link CS Inverter Filter
SYYY\
Ml  [ila £ # e Hihsds bl bl e
v, Vi ha
L f * i g 4 -I’? 6 {* 2 J_ c RL
1 ¢ o
Phase Delay overlaps
Controller [ <‘5} s
i serial to
de.ref o parallel
m = i
> — [||& |E= DSP <« SV-based PWM
' > L= g ~ | —Mﬁf_m_,—l algorithm
E=Z)

Fig. A.2 Experimental set-up, Section 3.3

Table A.2 Components Values (set-up, Section 3.3)

Parameter Value
m : nominal CSI modulation index 0.8 pu
V, : load phase voltage 110V
J; ¢ load frequency 60 Hz
JSeyete * Cycle frequency * 2.52 kHz
R : load resistance 17 Q
L : load inductance 35 mH
ige s+ dc link current reference 9A
L, : dc link inductor 30 mH
C, : load filter capacitor 35 puF

& : Experimental tests show that with 2 minimum sample period of 60 us there is enough time to
run the algorithm by the DSP system. Thus, the maximum cycle frequency is around 16.7 kHz.
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Table A.3 Components Values (set-up, Section 4.4)

Parameter Value
m, : nominal CSI modulation index 0.8 pu
V. : supply phase voltage 1ov
/. : supply frequency 60 Hz
V, : load line voltage 110 Vv
J/; - load frequency 60 Hz
[, : carrier frequency 1.98 kHz
V. : carrier amplitude (Y
R : load resistance 19.36 Q
L : load inductance 38.51 mH
iy : dc link current 525 A
4v, : load voltage peak-to-peak ripple 0.05 pu
4i,, : dc current peak-to-peak ripple 0.20 pu
4v, : input capacitor voltage ripple 0.10 pu
L, : dc link inductor 50 mH
C,; : load filter capacitor 66 uF
C, : input filter capacitor 50 uF
L, : input filter inductance 3 mH
K., : load voltage gain 0.49 pu
T,, : load voltage integral gain 757 us
K4 : dc link current gain 1/230 pu
T4 : dc link current integral gain 3.16 ms

&, : damping factor, dc link current loop 0.59 pu

1., - settling time, dc link current loop 16 ms
b4 : settling band, dc link current loop 25 m
K,,;: CSI mod. index gain -4.7 pu
T,,; - CSI mod. index integral gain 8.35 ms
£, - damping factor, mod. index loop 0.59 pu
t,; - settling time, mod. index loop 50 ms
b, : settling band, mod. index. loop 50m
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A.4  CSI BASED AC DRIVE SET-UPS (SECTION §)

A.4.1 ac Drive Based on a Thyristor Rectifier (Section 5.2.1)

ac Phase Controlled DC
Supply Thyristor Rectifier Link

PWM
CS Inverter

Do [l & & La 4-;

L

4

Output
Filter

3 -E“ 5 [ii]abc [vl ]abc [il] abc

Load

P

>

4"1{6{*2 J__

b)

Fig. A.4 Simulated set-up, Section 5.2.1

a) Power topology, b) Induction machine per phase model.

Table A.4 Components Value (set-up, Section 5.2.1)

Parameter Value

V, . supply phase voltage 1oV
/. : supply frequency 60 Hz
J/; : load frequency 60 Hz
L, : supply inductance 1 mH
L, : dc link inductance 100 mH
C, : load filter capacitor 30 uF

R, R, : armature/rotor resistance 0.6 Q
L, L,: armature/rotor inductance 2.12 mH
L,,: magnetizing inductance 53 mH

V ems : back emf voltage 1o v
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A.4.2 ac Drive Based on a PWM Front End Rectifier (Section 5.2.2)

ac Input
Mains Filter

[y, AN [i,].EE _EL

PWM DC
CSR Link

Qutput
Filter

CTIe

YY"\
L,
“'{"{‘E‘, DI S I

Load

>

Rl

.
o

L

b)

Fig. A.S Simulated set-up, Section 5.2.2

a) Power topology, b) Induction machine per phase model.

Table A.5 Components Value (set-up, Section 5.2.2)

% 11

Parameter Value

V_ : supply phase voltage 110 v
/,  supply frequency 60 Hz
J; : load frequency 60 Hz
L, : supply filter inductance 3mH
C, : supply filter capacitance 50 uF
L4 : dc link inductance 30 mH
C, : load filter capacitor 30 pF

R, R, : armature/rotor resistance 0.6 Q
L,, L, armature/rotor inductance 2.12 mH
L,,: magnetizing inductance 53 mH

110 V

V emy - back emf voltage
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POWER FLOW CONTROL IN PWM-CSR (SECTION 6.5)
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Fig. A.7 Experimental set-up, Section 6.5

Table A.6 Components Values (set-up, Section 6.5)

Parameter Value
V. : supply phase voltage 110 V
/. : supply frequency 60 Hz
Jorete * cycle frequency 5.04 kHz
/,, - filter resonant frequency 9 pu
Av, : capacitor voltage peak-to-peak ripple  0.20 pu
4i,, : dc current peak-to-peak ripple 0.20 pu
L, : input filter inductor 2 mH
C, : input filter capacitor 40 pF
L, : dc link inductor 18 mH
R, : load resistance 20 Q
. oc - line current loop settling time Sms
k, : pole placement gain 264 k
k, : pole placement gain 489 M
t,. - integral gain 1.43 ms
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A6

DC LINK CURRENT CONTROL IN PWM-CSR (SECTION 7)

Table A.7 Components Values (set-up, Section 7.3)

Parameter Value
V, : supply phase voltage 1oV
f, : supply frequency 60 Hz
Joere © cycle frequency 5.04 kHz
/., « filter resonant frequency 9 pu
A4v, : capacitor voltage peak-to-peak ripple  0.20 pu
4i,, : dc current peak-to-peak ripple 0.20 pu
L, : input filter inductor 2 mH
C, : input filter capacitor 40 pF
L, : dc link inductor 18 mH
V4 : load voltage 120 vV
f; ;g - de link current loop settling time 10 ms
&4 : dc link current loop damping ratio 0.71 pu
k., - Pl proportional gain 100 m
T,y : Plintegral gain 1.0 ms

Table A.8 Components Values (set-up, Section 7.4)

Parameter Value
V. : supply phase voltage 110V
/. : supply frequency 60 Hz
Joyete * Cycle frequency 5.04 kHz
/., : filter resonant frequency 9 pu
L, : input filter inductor 2 mH
C, : input filter capacitor 40 puF
L, : dc link inductor 18 mH
V, : load dc voltage 120V
I, ;4 * dc link current loop settling time 10 ms
&4« dec current damping factor 0.71 pu
k., - PI proportional gain 7.04 pu
T4 - Pl integral gain 2.56 ms
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APPENDIX B

LOAD VOLTAGE RECONSTRUCTION
ALGORITHM

B.1 GENERAL FORMULATION

The following algorithm reconstructs the ac voltages of a three-phase six-switch
current source converter. Although it is actually developed and implemented on a CS
Inverter, it can also be implemented on a CS Rectifier. Since the algorithm is
implemented on a digital system, the converter is consequently modulated by a digital
approach. In the following, the space vector technique (Chapter 3) is used to modulate the
converter. The algorithm manipulates the sampled voltage in the dc link CSI side (v,), the
already available switching pattern information (S,, £ = 1...., 6), and the space vector

sinusoidal templates (Fig. B.1).

f[  e— sin()

_——
1 cosQ
Y ‘ y A
m i Space Vector v, Instantaneous V’. Line Voltage 9,_
—  Modulation CSI }—{ Linc Voltage }— Reconstruction —»

Algorithm Algorithm Algorithm
S
s 5

Fig. B.1 Load Voltage Reconstruction Scheme, Appendix A.2

Thus, the actual load voltages are assumed to be of the form:
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YW@ )=v,,(t)=a,cos(2rn f,t,)+b sin(2n f,1,) (B.1)

Y.(8)=V,.(t,)=a,cos(2n f 1, )+ b,sin(2n f 1, ) (B.2)
P(t)=7V,,(t,)=ascos(2r f t, )+ b, sin(2n f,1,) (B.3)
where, ¥;(t,) : reconstructed load voltages (i = 1, 2, 3)

8,=[a, b] : coefficients to identify (i=1, 2, 3)
sin(2n f,1, ), cos(2m f,¢, ) : sinusoidal templates (f; : load frequency)
In order to find the best coefficients 8, =[a, b,]" a LSE algorithm is used. Thus,

if the sampled dc bus voltage at the time ¢, is v(t,), the actual pieces of the load voltage

are given by the following algorithm (instantaneous line voltage algorithm in Fig. B.1):

V(t) =05
v, () =0;
v, (t)=0;

if ((§,==on) && (S;==on)) v,,(1) = -v(1,);
if (S,=on) && (S;==0n)) v,.(t) = v(1);
if (S;=on) && (S,==0on)) v,,(t,) =-v(1);
if ((S,,=on) && (S,;==on)) v_(t) = v(2);
if ((S5==0n) && (S==0n)) (£ = v,(t,);
if ((Sg==0n) && (S,==on)) v,,(t) = v(1);
The voltages v, (t,), v,(t), and v_(z,) are the actual pieces of the load voltages,

and they are conveniently represented by the vector V (z,) = [v,,(1) v,.(t) v..(t)]".

The reconstructed load voltages (B.1) to (B.3) can be rewritten as,
$.(t)=N"(2,)-, i=1,2,3 (B4)

where, N7(z, ) =[cos(2nf,1,) sin(2nft,)]
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Since v,(t), v,(t) and v_(¢) are the actual pieces of the line load voltages, the

actual load voltage vector can be written as,
V,0) =) y, ) »(, )]T =[Vats) v (ty) v, (1, N (B.5)
After N samples, the reconstructed load voltages (B.4) can be written as,
Y, (tx) =M(1y) -6, (B.6)

where, Y,(t,)=[5,(t,) - §.(t),i=1,2,3
M(1,) = [N(t) ~ NI

B.2 FORMULATION OF THE LSE ALGORITHM
The general LSE solution of (B.6) that includes a weighing matrix (Wz,)) is:
8, =(M7(1, )W, (1, M(1,)) M7 (1, )W, (1, )Y, (1)) (B.7)
where, Y,(t,) = [v(t)) ~ y(t]7, is the actual load voltage vector, i =1, 2, 3.
The matrix W(t,) should ensure fast dynamic response of the identification

algorithm. Thus, it is chosen of the form,

a Mt 0 0
Wilty) = (') x.‘ 0 (B.8)
0 0 1

where, 4, : forgetting factor (0 < A4,=A<1,i=1,2,3)

In real-time applications, the expression for the coefficients (B.7) can be further

simplified if M(z,) and Wt,) are fixed. This is the case when the number of samples (V),

the forgetting factor (1) and the load frequency (f) are not time dependent. Under these
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conditions, the factor (M7(z,)W (¢,)M(¢,))'M7(z,)W (z,) becomes constant and therefore
could be pre-calculated and stored off-line. Thus, (B.7) could be solved on-line with a
minimum number of operations. However, the above conditions are not present in the
proposed applications (i.e., when the number of samples (V) or the load frequency (f)
need to be modified on-line). Therefore, a Recursive LSE (RLSE) algorithm is preferred
that can solve (B.7) on-line with a minimum number of operations and without requiring

pre-calculated and stored data.

B.3 FORMULATION OF THE RECURSIVE LSE ALGORITHM

The sequential RLSE algorithm derived from (B.6) and (B.7) is as follows,

e,(t)=,(t,)-N"(,)-6,(t,)) i=1,2,3 (B.9)
¥(t,)=A+N7(,)-P(,,)-N(1,) (B.10)
K(tk) = P(tk-l) : N(tk) (B.11)

K(t,)- (1)

i=1,2,3 (B.12)
y(t)

éi(tk) =é,—(tk_])+

_ K@) K@) 1
P(u)—{P(rk-,) S } N (B.13)

where, e(t,) : instantaneous error

A1,) . correction factor
K(z,) : correction vector
P(t,) : propagation matrix
A : forgetting factor (0 <A < 1)

The value of A defines the stability and the speed of the identification algorithm.
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In fact, a high value (A ~ 1) provides good stability; however, the algorithm presents an
overall poor tracking capability. Experimental tests have shown that A = 0.8 provides a

good compromise between stability and tracking.

B.4 EXPERIMENTAL VERIFICATION

The above algorithm was experimentally tested on the set-up depicted in Fig. A.2
under the conditions presented in Table. A.2. Experimental waveforms are given in Fig.
B.2 and confirm the feasibility of the proposed algorithm. The totality of routines needed
to modulate the CSI and to reconstruct the load voltages require a minimum sample time
of 120 ps, when a TMS320C30 DSP microprocessor is used. This allows a maximum

switching frequency of 8.33 kHz.

cstacbus o AR P Y ;
a) sampled voltage. =2 T8 |B ; i i ‘ i
vi(Vpu) i

1.0

v
Reconstructed
load voltage "/ /
by picces, v, (V pu) 0 | ", . "
Reconstructed F
load voltage,

V o (V pu)

0 5 10 15 20 25 time (ms)

Fig. B.2 Experimental waveforms, Load Voltage Reconstruction, Appendix A.4

a) CSI input dc bus sampled voltage (v,). b) Actual pieces of the reconstructed load voltage (v,,) and
reconstructed load voltage (v ).

- 140 -



APPENDIX C

DESIGN GUIDELINES DERIVATION

C.1  PASSIVE COMPONENTS OF THE INTEGRATED VC-CSI (SECTION 4.3)
C.1.1 Load Capacitive Filter

The single phase equivalent circuit of the ac CSI line current (i, k = 1,2, 3), RL
load, and load filter (C)) is depicted in Fig. C.1(b). Fig. C.2(b) shows the approximated ac

CSI line current waveform. A wye connection of the load is assumed.

g L L i
> YY"\ LYY\ P
+
<'f> v, v, <‘i> L <f> Ve ==C, R %
a) b)

Fig. C.1 dc link and load equivalent circuits, Section 4.3

a) dc link equivalent circuit. b) per phase load equivalent circuit.

From Fig. C.2(b) can be concluded that the highest ac line current harmonic (d(f)
= 0.5) is around the cycle frequency and with an equivalent amplitude given by i, = 1,/
2. At the carrier frequency the RL load can be considered as an open loop (worst case).
Therefore, the voltage harmonic at the carrier frequency across C, is given by,

v — Idc XCi
Ik fe —
2 f

\% (C.1)

If the peak-to-peak load voltage harmonic at the carrier frequency is limited to be
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Av, V,, (C.1) yields,

XCi = AV,fc
1,

4

Q pu (C.2)

On the other hand, it can be seen from Fig. C.1(b) the fundamental load voltage is
given by,

XCi
VXE -2X X, +1

Vi, =G, M1, \Y% (C.3)

By combining (C.2) and (C.3), the expression for the load filter capacitance is,

Xo=X,+(G M, f.Av) + X} -1 Qpy (C.4)

C.1.2 dc Link Filter

The equivalent circuit of the dc link is depicted in Fig. C.1(a). Fig. C.2(a) shows
the approximated CSI dc bus voltage waveform. The peak value is at most the peak line
load voltage. Note that the approximated CSR dc bus voltage waveform looks as the CSI

dc bus voltage waveform.

dc bus voltage. (V pu) =245 v

AN S

line current. (A pu)
Fig. C.2 Approximated dc link voltage and ac CSI line current, Section 4.3

Y T T
time (ms) 1 2 3 time (ms)

b)

a) dc link voltage (v, or v). b) ac CSI line current.

The worst case condition is when both the CSR and CSI dc bus voltages overlap
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each other and therefore, the resulting voltage amplitude at the carrier frequency across

the dc link inductor is +/6 V. Therefore, the dc link current harmonic amplitude at the

carrier frequency is given by,

6 V,

bee = Jon (C:3)
X Je

If the peak-to-peak dc link current harmonic at the carrier frequency is limited to

be Ai, I, , (C.5) yields,

26

= Q C.6
Aidcldcf;‘ pu ( )

Xde

C.1.3 Input Filter
Due to the symmetry of the front-end and load power topologies. The input
capacitor can be designed to meet the same requirements as the load capacitive filter.

From, (C.2) one can write,

X = I Q pu (C.7

Since the input filter resonance (f,,) must be within a given range, the input filter

inductance is therefore calculated as,

XIJ=X(‘r/fri qu (C8)

C.2 CONTROLLER PARAMETERS OF THE INTEGRATED VC-CSI (SECTION 4.3)
C.2.1 Load Voltage Controller
The load voltages are controlled by on-line adjusting the modulating waveforms

of the PWM inverter. The controllers are three identical PI type structure, where the gain
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is maximized to enhance the dynamic response of the load voltage loop, Fig. A.3. In
order to ensure intersections between the modulating signal ([m]) and the carrier
waveform (v,), the slope criterion is used to find the maximum gain. The PI controller
transfer function is given by,

1+T,s
T,s

K, 1V (C.9)

The slope of the modulating signal is mainly produced by the load voltage
component at the carrier frequency. This component is superimpose on the feedback
variable, which is amplified by the PI controller. Therefore, the modulating signal slope

:.tlape) 1S,

,/1+(21tch,, 27thv, s (C.10)

m .
ulope |I 27'C f-c ]-‘ }
The maximum permissible slope of the modulating signal is the carrier slope, that
is given by V_f. for a saw tooth type of signal. Therefore, the maximum PI gain (X)) for a

given integral gain (T,)) is,

2/ T Ve v (C.11)

K, =
"I+ @rT,) MY

C.2.2 dc Link Current Controller
The dc current is controlled by adjusting the modulation index of the front-end
PWM rectifier (m,). From Fig. A.3 and Fig. C.1(a) the model of the PWM CSR can be

written as,

—mr[vr ]2 Gac = de %idc +V; v (Clz)

c
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If the ac side rectifier voltage is considered constant and equal to the supply
voltage ([v,] = [v,]), the Laplace transform of the small signal model representation of

(C.12) becomes,

idc(s) - 3Gac’732 1
m,,(S) I/chc s

(C.13)

In order to obtain a standard second order transfer function, a PI controller and a

low pass filter are used, Fig. A.3. The resulting closed loop transfer function is,

idc (S) — 3GachzKidc 1
idt.rrf (S) VchcI;'dc SZ + 3Gach2 S+ 3Gacl/szKidc
I/chc Vchchdc

A/A (C.14)

If the damping factor is £, the settling time is ¢,,, and the band for the settling

time is b,,, the gains are,

V )
Kidc = cXde fcn hl(l/bldc) 1/A (CIS)
3n Gac tidc
_ zgi!c tidc s (Cl6)

T, =
“ " In(/byg)

C.2.3 CSI Modulation Index Controller

The CSI modulation index is controlled by regulating the dc link current.
Thereby, this control loop generates the dc link current reference in a cascade structure,
Fig. A.3. This loop is designed to be slower than the load voltage controller; therefore,
the load voltages can be considered fixed an equal to the reference. Thus, the model can

be expressed as,
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LG d ) RG, .
= V“E(mildc)'{'—l—/—.mi’dc v (C.17)

c [

Eq. (C.17) is non-linear; however, if the dynamic of the modulation index is
forced to be slower than the dc link current dynamic, an analysis based on small signal
model is found to provide good results. Thus, the small signal model obtained from

(C.17)is,

= /A (C.18)

In order to obtain a standard second order transfer function, a modified PI

controller is used, Fig. A.3. The resulting closed loop transfer function is,

m,(S) = MiKmi 1 pu (C 19)
m,(s) T, 2,1 MK, '
1ref nn* dc S +—s5+ 2
Tmi Tn:lldc

the settling time is ¢_, and the band for the settling

mi?

If the damping factor is

i

time is b,, the gains are,

mi*

Ly A (C.20)

Kmi 2
4§mi Mi

!
T = Y | SN [ C.?_l
™ 2In(l/b,,) ( )

C.3  PAsSIVE COMPONENTS OF THE PWM-CSR (SECTION 6.5 AND 7.2)
In order to simplify the design of L, and C,, a maximum peak-to peak ripple
criterion is used. On the other hand, L, is designed to obtain a desired resonant frequency

of the input ac filter. Thus, it is possible to avoid any resonance due to the PWM
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operation of the CSR (harmonics around f,

e?

2 reier- With £, = normalized cycle
frequency), and non-characteristic harmonics (5™, 7‘",...) due to instantaneous saturation

of the controllers, which yields overmodulation.

idc L i.tk L,
> Paa s e —— YT
+ +
+S v R p: ny) v =tV i
- r de sk Cr T rk * rk

a) b)
Fig. C.3 Equivalent circuits for the PWM-CSR, Section 6.5 and 7.2
a) dc link equivalent circuit. b) per phase load equivalent circuit (k = a, b, and phase ¢).
C.3.1 dcLink Inductor
The equivalent circuits for the PWM-CSR is shown in Fig. C.3. The
approximated PWM-CSR dc bus voltage (v,) is depicted in Fig. C.4(a). If the voltage
harmonics injected from the load side are neglected, it can be shown that the peak-to-peak

dc current (Ai,) is given by,

, :
Aiy = V3V G.M,t,. Apu (C.22)

lc cyele
dec * dc

where, G, : dc gain of the mod. tech. (G, = 0.866, for the SVM),
: cycle period of the SV (= 1/(f_ ),

tqv:l:

By using (6.22), (C.22), and assuming f,> >> 1, the normalized dc inductor reactance

is given by,

213 &

Ldc =
Aldcf cycle Gac

Qpu (C.23)
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C.3.2 Input Filter Capacitor
The ac input capacitor (C,) is designed to allow a given peak-to-peak voltage
ripple across the input capacitor (Av,). If all current harmonics ([ ] ,.) are absorbed by the

ac capacitor (Fig. C.1(b)), the voltage ripple is given by,

Ly
Av, = c ‘II/ d(t)t,, Vpu (C.24)

rosd
Although d(r) is a function of time (Fig. C.1(b)), the worst case corresponds to d() =
0.5. Thus, by using (6.22) and (C.24), and assuming f,,,2 >> 1, and maximum dc current

(worst case), the normalized ac capacitor reactance is given by,

Qpu (C.25)

C.3.3 Input Filter Inductance
Finally, the ac inductor (L,) is calculated using a desired normalized resonant
frequency for the input filter (f,). £, is usually chosen lower than a half of the normalized

sample frequency (f. ) and higher than low frequencies due to transient overmodulation

cacle

(5"', 7“'). Thus, the reactance is given by,

2
XLr = XCr/frr Q pu (C'26)
. dc bus voltage. (V pu) G Myt e =173 Vy 1 Ira
‘ lq"‘ . { ) W &H H/ I_l I——
14 0 )
vr _4 lqwb L__ — —
i / 14 d() Lycte
line current, (A pu)
0 - L] T L] L LS o k) L] L 4 ¥ T
1 2 3 time (ms) 1 2 3 tme (ms)
a) b)

Fig. C.4 Approximated dc link voltage and ac CSR line current, Section 6.4 and 7.2

a) dc link voltage (v, or v,). b) ac CSI line current.
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APPENDIX D

CSI BASED AC DRIVE TRANSFER FUNCTIONS

D.1  MOTOR VOLTAGE CONTROL DIAGRAM (SECTION 5)

The motor voltage control loop is shown in Fig. D.1. The voltage controller is a
PI type controller, Chapter 4. The gating signal generator can be analog (Chapter 2) or
digitally (Chapter 3) implemented. in an analog or digital Fig. D.1(b) shows the

approximated ac CSI line current waveform. A wye connection of the load is assumed.

[Virer ] [m,]

voltage gating
controller =1 generator

[v,]

induction
machine

filter
I[[v,1

Fig. D.1 ac drive motor voltage control diagram, Section 5

D.2  EQUIVALENT CIRCUITS AND MODELS
An equivalent per phase circuit of the machine for small signal analysis is

depicted in Fig. A.5(b). Therefore, the simplified transfer function becomes,

v (s) RR +s[RL,+R(L+L,)+RLI+s[LL, +L(L +L,)]
i (s) R +s(L.+L,,)

V/A (D.1)

The capacitive filter behaves as an integrator (1/C,s) and the current source
inverter in combination with the gating generator acts as a current amplifier. Therefore, if

the dc link current is considered constant (/,), L,, >> L,, and L,, >> L, the open loop
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transfer function becomes,

D.3

Vi (S) =] RaRr +SLLI(RP + Ra)+S2LM(Lr + La)
m, (s) “R +s(L,, +C,R.R)+5°C.L,, (R, + R)+sC,L,(L,+L,)

V (D.2)

The above expression contains one resonance, which is given approximately by,

1
ir = .3
£ 2n[C,(L, +L,) ®-3)
Finally, the PI controller can be represented by,
mik(s) =k 1+ST;-I IN (D4)

Y
e;(s) s T,

The total open loop transfer function is given by the product of (D.2) and (D.4).

TRANSFER FUNCTION PLOTS

The different transfer functions are depicted in Fig. D.2. Specifically, Fig. D.2(a)

shows the total open loop case and Fig. D.2(b) the closed loop case. It can be seen that

the resonances are effectively attenuated by the feedback action.

open loop case, gain pu closed loop case, gain pu
1000 10 TR

bt L

|
100
7
1 ==
e
10 =
01l
10 100 1000 1 10 100 1000
frequency, Hz frequency. Hz
1) b)

Fig. D.2 ac drive transfer functions, Section S.

a) open loop case. b) closed loop case. R, = 0.6 Q, R, = 06Q,L,=2.12mH, L,=2.12 mH, L,,= 53 mH,

C,= 100 pF, I, =10 A, k,=0.5,T, = L ms.
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