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Chapter 1 Introduction

Due to the growing usage of nonlinear loads over the last two decades, harmonic
contamination in power systems has become an important i ssue. Two types of rectifiers, the
diode rectifier and the thyristor rectifier, are basic and common approaches to convert the power
flow from the ac to the dc side. The power diode rectifier is simple and inexpensive, but lacks
control on its dc link output voltage. The thyristor rectifier has the feature of allowing control of
its output dc link voltage, but suffers from severe performance degradation of its input power
quality in comparison with the diode rectifier. A clean and economically feasible solution for
power conversion is more desirable than ever before under the request of the global concern of
environment pollutions and the evolution of semiconductor technologies.

The Pulse-Width-Modulated rectifier bridge, namely the PWM rectifier in short, is
composed of power diodes and power semiconductor switches. Two basic PWM voltage
waveforms describe the main operational modes of PWM rectifiers, unipolar PWM voltage
switching and bipolar PWM voltage switching. The nature of these PWM waveforms are
described in this chapter to provide an introduction to the PWM control techniques examined in
this thesis. The inclusion of power semiconductor switches in the PWM rectifier bridge
provides full control over both the dc link voltage and the ac supply current. Consequently, the
PWM rectifier can be implemented with suitable current control techniques that provide a
resistor-like interface between the rectifier and the power utility.

Many research investigations have been undertaken on suitable current control schemes for
PWM rectifiers; typical ones are ramp comparison current control [1-4,19], predictive current
control [ 9-14], fixed band hysteresis c urrent ¢ ontrol [ 1-3,19,20] and variable band hysteresis
current control [23-26]. Theses current control schemes are discussed in detail as background
knowledge of current control techniques.

The basic concept of the ac to dc power conversion is introduced first in this chapter. Two

common methods to convert the power flow from the ac to the dc side, diode and thyristor
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rectifiers, are described. The circuit topology of single-phase PWM rectifier associated with a
corresponding simplified functional model is illustrated. Several typical current control
techniques are briefly described. Merits of the proposed control scheme are discussed. The

contributions and organization of the thesis are also presented in this chapter.

1.1 Background

The widespread application of power electronics [34] reveals that about 60% of the electric
energy consumed in North America in recent years is processed by power electronic systems.
From c onsumer electronics to high power industrial variable speed drives, and even in more
exotic areas such as space programs, power electronic technology provides many benefits to our
society. There are several factors attributed to the growth of power electronics over the years,
one of significant factor is the advent of more advanced power semiconductor components and
associated control electronics.

The evolution of power electronics technology dates back from the first appearance of
mercury arc rectifier as “static” power conversion in the early years of 20" century. However,
the performance of this rectifier is now considered poor by today’s standards in many practical
industrial applications. The discovery of semiconductor led to the inventions of power diodes,
thyristors, and ultimately other advanced power transistors, such as the IGBT, power MOSFET,
GTO, etc. Advances in power semiconductor fabrication technologies have brought
improvements in the characteristics of power s emiconductor with higher voltage and current
ratings, faster switching speeds, improved reliability and more feasible prices for practical
industrial applications. In general, power electronic technology concerns the control of raw
electrical power to meet the requirements of various loads such as motors and
electrical/electronic devices.

Due to the different characteristics of drawing power from the utility and delivering power
to a load, power electronic converters may be considered as an electrical power interface, or

buffer, between the utility and the load. Power conversion from the electrical utility is the
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principle application discussed in this thesis, focusing mainly on applications using the
single-phase rectifier to control the power flow from the ac utility to a capacitor smoothed de
link. The switching converters, namely forced-commutated converters, often referred to as
Pulse-Width-Modulated (PWM) controlled rectifiers, are fully controllable. The naturally
commutated converters, namely line-frequency converters, often referred to as SCR rectifiers or
diode rectifiers, are the counterparts of the forced-commutated converters and are introduced as

background knowledge.

1.2 Single-Phase Rectifiers with Diodes or Thyristors

The simple and inexpensive line-frequency diode rectifier [2,3] is widely used as a direct
interface between the utility ac voltage source and the dc voltage output. The diode rectifier is
an uncontrolled rectifier because the diodes switch on and off at the line frequency and are
phase locked to the line-voltage waveform. In most applications, a large dc link filter capacitor
is desirable to lower the natural ripple in the dc link output. However, the desired ripple free dc
link voltage performance, inevitably introduces discontinuous dc and ac currents to the
converter circuit. This discontinuous ac current of the diode rectifier contains a large amount of
harmonics and deteriorates the performance of the circuit as seen from the power system. In
addition, the high current peaks associated with these currents, increase the volt-ampere ratings
of the power electronic devices and utility equipment, such as transformers, transmission lines,
and generators, provide more electrical stress on the power semiconductor, and distort the
waveshape of the supply voltage, hence introduces interference with other loads.

The thyristor rectifier [ 2,3] is a line-frequency phase-controlled rectifier that produces a

- controllable dc link voltage by varying the firing angle based on the requirements of the
application. Although the switches in the thyristor rectifier switch at the supply frequency, just
as the diode rectifier, the devices can be used to control the dc output voltage by controlling the
phase position in the ac cycle associated with the on and off periods of the devices. However,

this “phase-control” of the thyristor devices, based upon the magnitude of the dc output,
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introduces not only a larger amount of harmonics, but also a reactive power component. In other
words, the voltage control feature of the thyristor rectifier, in comparison with the diode rectifier,
brings a poorer performance of the rectifier as viewed from the power utility.

The increased use and wider a pplication of utility rectifiers have presented a significant
negative impact on the power system, essentially due to the injection of a large amount of low
frequency current harmonics into the utility supply grid. The negative effects of these low order
harmonics include: a reduction in power factor, unnecessary extra heating and losses, and
decreasing power equipment lifespan, etc [2,3]. Thus much effort and many investigations have
been conducted to lower cost, to increase reliability, and to improve the effectiveness ofthe
rectifier for power conversion [32,34]. One approach to minimize the impact is to filter the low
order harmonics produced by the rectifier with either passive harmonic filters or active power
filters [2]. However, these filter schemes are not capable of eliminating the low order harmonics
from being generated in the first place and often introduce other problems such as parasitic

oscillations with the utility and other loads [2,3]

1.3 Single-Phase PWM Rectifier Topology

The single-phase PWM rectifier topology, see Fig. 1.1, is basically the single-phase
switch-mode inverter topology with an operation mode as a rectifier, which converts the power
flow from the ac to the dc side. There are a number of rectifier topologies based on different
application requirements, such as the voltage source rectifier topology or the current source
rectifier topology, single-phase rectifier topology or three-phase rectifier topology, half-bridge
topology or full-bridge topology [2]. The work presented in this thesis concerns the single-phase
full-wave voltage source PWM rectifier topology, as shown Fig. 1.1. Each functional switching
element of the rectifier bridge consists of a switchable power transistor, such as IGBT, GTO or
power MOSFET [2], and a freewheeling power diode connected in parallel. The body of a
rectifier as a single-phase full-wave bridge in this case is composed of four such switching

elements.
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This rectifier bridge is used as an interface between the utility source and the load. The
power transistor has the capability of being fully controlled to turn on or off whenever required
and at a frequency much higher than the supply frequency. Due to this nature, the rectifier is
also referred to as a “forced-commutated rectifier”. This control feature of the rectifier bridge
allows it to be controlled on both its capacitor smoothed dc link output voltage and its ac supply

input current waveshape using Pulse-Width-Modulated switching patterns.

Vs E c LOAD]

Vip

J J

Figure 1.1 Single-phase full-wave voltage source PWM rectifier bridge topology

The basic control of a voltage source rectifier uses a pre-established sinusoidal current
template as a reference to waveshape the supply current. Based upon this current template and
the dc link voltage required by the load operation, numerous PWM controllers can be used to
control the rectifier switching pattern depending upon the terms of the different control
strategies. A common issue for many of these controllersis not only to regulate the dc link
voltage as required, but also to control accurately the ac line current waveshape to minimize the
harmonic contamination to the utility source. In other words, the PWM rectifier could have its
dc link voltage fully controlled while shaping the ac line current to reach or at least close to a
unity power factor operational performance. Unity power factor operation represents the ideal
performance.

Although this topology produces a lower harmonic pollution and better power factor

performance, it also has its own disadvantages. The complexity of the control schemes and the
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economic feasibility of the switching elements are two other considerations amongst many
when c onsidering the application. In addition, the side e ffect of the fast s witching capability
introduces the electromagnetic interference pollution. Nevertheless, the increasing global
concerns about the effects of environmental pollutions lead to a strict enforcement of harmonic
standards. On the other hand, advances in semiconductor fabrication and the integration of
technologies, show a way of bringing forward more cost-effective power semiconductor. Many
researches and investigations are focused on the ¢ ontrol s chemes on the PWM rectifier. The
details are discussed in Chapter 2.

A point worth noting here is that the dc link output voltage of a PWM controlled rectifier
has to be kept higher than the voltage of a simple diode rectifier bridge. Otherwise, the four
diodes shown in Fig. 1.1 can conduct, leading to the PWM rectifier to behave like a common
diode rectifier bridge and thus losing its feature of being switched and controlled. A simplified
model of the single-phase full-wave voltage source PWM rectifier bridge, used for analysis and

simulation purpose in this thesis, is illustrated in figure 1.2.

i) L
e 11111

G

Figure 1.2 Simplified model of the single-phase full-wave voltage source PWM rectifier bridge

Generally, the resistance of the inductor is considered relatively small and less functional
with respect to the inductance. The resistance c omponent is considered negligible during the
analysis and simulation procedures. Based on the ordinary operation condition of the PWM
rectifier, an assumption ofa relative stable d ¢ link output voltage is also considered tobe a
reasonable situation. To simplify the relevant formulas, a constant dc link voltage E is assumed

and employed during the analysis procedures. However, the natural ripple, mainly the second
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harmonic of the dc link output voltage, can be relatively significant hence cannot be ignored
during the simulation process.

The ac voltage source ¥, represents the power source, as shown in figure 1.2. The voltage
source V; in the model represents the PWM voltage signal at the input terminals to the rectifier
bridge. The current through this loop is actually the ac supply current, whose control of its
waveshape is the main concern of the work presented in this thesis.

There are two basic PWM operational modes for the simple four-switch PWM rectifier
bridge: bipolar PWM voltage switching scheme and unipolar PWM voltage switching scheme.
In bipolar PWM, the pulse voltage source V; switches between —E/2 and +E/2 voltage levels
during a line cycle, as shown in Fig. 1.3, resulting in high s witching v oltage stresses on the

electronic components and loads.

7 R p——

il

> 0

N /
M Y

LW L W UL T L e

Figure 1.3 Bipolar PWM voltage switching in a line cycle

y =15 (L.1)
i —E; .

As opposed to bipolar PWM voltage waveform, in unipolar PWM the output of the pulse
voltage source V; jumps between zero and +E during the positive half cycle of the ac voltage
signal, as shown in Fig. 1.4, or between zero and -E during the negative half cycle of the ac
voltage signal, as shown in Fig. 1.5. Compared with bipolar PWM , unipolar PWM in Fig. 1.6
generates lower harmonics than those of bipolar switching scheme. This is because it effectively
doubles the harmonic frequency of the PWM voltage waveform that pushes the harmonics to

higher values. Due to these advantages, the work in this thesis is focused mainly on unipolar
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PWM.

g
Figure 1.4 Unipolar PWM voltage switching in positive half line cycle

0;
V.= 1.2
: { E; 1.2)
o
e
Figure 1.5 Unipolar PWM voltage switching in negative half line cycle
V. = 0 (1.3)
P E; .
Hence, the two expressions for ¥; could be combined for whole ac voltage cycle as follows:
0;
Vi=s | (1.4)
sign(V.)E;
E -
] g
— =

Figure 1.6 Unipolar PWM voltage switching in a line cycle

The sinusoidal voltage source ¥ in figure 1.2 represents the utility voltage source and is
described by the following equation, in which V), represents the peak magnitude of the phase

voltage, w designates the line frequency, and ¢ represents time.
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V.=V, sinot (1.5)

A differential equation is derived based on the combined expression of the pulse voltage
source V; and the simplified mode of rectifier bridge depicted in Fig. 1.2. The inductance L is
very important in the control process, the voltage impressed across this component is controlled
to get an instantaneous balance between the phase voltage source V; and the modulated voltage
source ¥, as shown in Eq. (1.6). The basic equations for unipolar PWM and bipolar PWM
operations are shown in Eq. (1.6) and Eq. (1.7) respectively. The detailed derivation and

implication of the basic equation shown in Eq. (1.6) is presented in Chapter 3.

di v
L=y -y = _ (1.6)
dt V, —sign(V,)-E
j V.+E/2
Lﬁli=rf;—14 B (1.7)
dt V.—-E[2

1.4 Current Control Techniques for PWM Rectifier

The switchable and controllable PWM rectifier has drawn many research interests in recent
years. Two basic control schemes, ramp comparison current control [1-3,19] and fixed band
hysteresis current control [1-3,19,20], are the foundations of the two significant categories of
current control technology based upon analogue techniques.

Ramp comparison current control [1] is a constant switching frequency modulation
technique that generates the switching instant by comparing a voltage control signal with a
triangular carrier reference, as shown in Fig. 1.7. The constant switching frequency produces
more defined high order frequency harmonics that are relatively easy to filter. However, due to
the inherent nonlinear characteristics of the rectifier bridge, ramp comparison current control
cannot force the current to follow the current template with sufficient accuracy. The low order
harmonic distortion of the controlled ac supply current still presents with this control scheme
[4,21]. A simple solution for this problem is a higher switching frequency that has with

increased switching losses as a side effect.
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Figure 1.7 Ramp comparison current control

Fixed band hysteresis current control has the merits of being simple and stable regardless
of the circuit parameters variations [1,19,20]. This approach attempts to place limits on the
variation of the current error signal using a pre-defined current error hysteresis band so that an
even current error signal is developed, see Fig. 1.8. Nevertheless, the variation of the switching
frequency brings forward severe low order harmonic distortion of the ac supply current. Other
negative effects brought along with the variable switching frequency are the extra switching
losses and the higher stresses on the switching components. Many research investigations based

upon controlling the hysteresis band for the current error signal have been proposed in recent

years [23-26].

VARVAR W

W

Figure 1.8 Fixed band hysteresis current control

The advances of digital technology bring not only the evolution of the original analogue
version of control schemes, but also new concepts that take the full advantage of digital
technology. Variable band hysteresis current control [23-26] and predictive current control

[9-14] are two categories of many control schemes that are based on digital technology and that

10
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have been the attention of recent research investigations.

Variable band hysteresis current control attempts to maintain the constant switching
frequency by regulating the current error signal within a desired variable hysteresis band. For
this control scheme, the performance of PWM rectifier operation is much improved with respect
to the analogue-based fixed band hysteresis current control scheme. However, the variations of
the switching frequency cannot be completely eliminated, and are potentially severe in real
applications [25-26].

Predictive current control primarily concentrates on obtaining constant switching frequency,
while generating the desired switching instant to minimize the average current error. This
control method attempts to predict the intended switching instant based upon an established
model of rectifier bridge and is combined with various control laws. Satisfactory bridge
performance can be achieved provided the model parameters match the actual circuits
parameters. H owever, this scheme is generally considered as being sensitive to variations in
circuit parameters [9-14].

To overcome the above deficiencies, a novel digital-based ¢ onstant switching frequency
unipolar PWM current control scheme, slope detective current control, is proposed in this thesis.
As implied by its name, the generation of the intended switching instant is based upon the
current error signal slope of the previous two successive switching cycles. This minimizes the
low order harmonics during steady state operation without requiring knowledge of the circuit
parameters, e.g. the supply voltage and ac side circuit parameters. In addition, accurate control
of the ac current can be achieved so that unity power factor is obtained.

The proposed control scheme is stable and independent of changes in circuit parameters, ac
supply voltage distortions, or dc link voltage variations. The high order harmonic currents
produced by this control are very easy to filter, avoiding the use and cost of an extra low order
harmonic filter. It does not require very high switching frequency to obtain satisfactory
performance. The combination of low switching losses and high performance make this scheme

an attractive alternative compared to other relevant schemes. It is suitable for accurate current
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control and high power applications.

The proposed control scheme is based upon digital technology that involves real-time
calculations for predictive and accurate control purpose. In addition, the constant switching
frequency is ensured by the precise digital clock rate. Time delay is a common issue of digital
implementations, due to the DAC or ADC conversion time, the propagation time, and the
computational time [7,33]. Two samplings of the ac supply current per cycle are required by this

scheme, resulting the reduction in time delay.

1.5 Contributions of This Thesis

The first contribution of this thesis is to examine a specific technique for controlling the
input current waveshape to a single-phase PWM rectifier that achieves a unity input power
factor, where the current error relative to a demand current template is minimized over a
switching cycle. Mathematic equations are used to give theoretical proof of the proposed control
algorithm. Simulations emulating real experimental environment are performed to verify the
effectiveness of the control scheme.

The second contribution of this thesis is to analyse and compare the simulated
characteristics with those of other current control schemes. Merits of the proposed scheme, such
as fixed switching frequency, low switching losses, zero-centered current error, unity power
factor, low inductor current ripple, independent of changes in circuit parameters, stable and
fairly fast transient response, are clarified by the comparison. In addition, a model-based

predictive current control is proposed as foundation for a slope detective current control.
1.6 Organization of This Thesis
Background knowledge of current control and PWM rectifier are introduced in Chapter 1.

Current control techniques are reviewed in Chapter 2. Detailed descriptions and simulated

characteristics of this scheme, from the original model-based predictive control to the enhanced
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form, slope detective current control, are presented in Chapter 3 and Chapter 4, respectively.
Comparison between this scheme and other current control schemes, such as ramp comparison
control, fixed band hysteresis control, and variable band hysteresis control are exhibited in

Chapter 4. Conclusion and future work of this thesis are presented in Chapter 5.
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Chapter 2 Current Control Techniques

Introducing the power semiconductor switches to the ac to dc power conversion provides
two benefits, control over the ac inductor current and the bridge output dc link voltage.
Generally, the output voltage and the inductor current are separately controlled by an outer
control loop and an inner control loop respectively. This thesis concentrates on the current
control techniques associated with the inner current control loop applied on the single-phase ac
to dc PWM rectifier topology, shown in Fig. 1.1. Both bipolar PWM control and unipolar PWM
control are discussed in this chapter [2,3].

Current control techniques are reviewed and classified into two main groups, fixed
switching frequency current control and hysteresis current control. Examples of fixed switching
frequency current control schemes include: proportional control; proportional-integral control;
average current mode control; predictive current control; model-based constant switching
frequency control. Examples of hysteresis current control schemes include: fixed band
hysteresis control; sinusoidal band hysteresis control; delta modulation control; variable band

hysteresis control; zero average current error control.

2.1 Background

In an attempt to maintain the control over the supply current in one PWM switching cycle,
a modulated voltage pulse train is generated. This pulse train must have two possible voltage
states, high or low relative to each other. To achieve the desired control goal, one voltage state
must always result in the current ramping in one direction, while the other voltage state must
always result in the current ramping in the opposite direction [35], as shown in Fig. 2.1. The
main control goal can be summarized as being to choose a desired switching instant so that the

current follows the intended trajectory.

The pulse width in a pulse train is varied continuously and is controlled to minimize the
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low order harmonics in the ac supply current. The accurate tracking of the current along with
the desired current reference is associated with benefits such as: low harmonic distortion; high
power factor; low voltage-ampere ratings of the power electronic equipment. On the other hand,
pulse voltage source produces high order harmonics, centered around the switching frequency
or double switching frequency, depending upon which PWM switching scheme is chosen, e.g.
bipolar PWM scheme or unipolar PWM scheme. If the switching frequency is high enough, the
two groups of harmonics, fundamental and high order harmonics, are widely separated from

each other and the latter are easily filtered [32].

Figure 2.1 Inductor current signal and modulated voltage pulse signal

Pulse width modulation technique also produces continuously varying current ripple
oscillating around its reference. The inductor current ripple depends not only on the PWM
voltage waveform type, but also on the line voltage V;, the supply inductance L, the intended
switching frequency f or modulation period 7, and the dc link voltage E, referring to Eq. (2.9)
and Eq. (2.26). In the case of the ac to dc power conversion, the dc link voltage and the other
circuit parameters are normally considered relatively constant, but the line voltage ¥, varies
sinusoidally over a line cycle. This latter feature normally determines that the inductor current
ripple and the switching frequency cannot be maintained constant at the same time.

If the switching frequency is defined to be fixed, the inductor current ripple must vary with
the supply voltage to maintain the control over the supply current. For the same reason, if the

inductor current ripple is regulated to be constant, the switching frequency must vary with the
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supply voltage. Due to this, current control schemes are generally categorized into two groups,
fixed switching frequency current control and hysteresis current control [32].

Fixed switching frequency current control [1-19] basically keeps the switching frequency
constant while allowing the current ripple to vary. Significant performance to judge the control
scheme would be harmonic distortions and current ripple variations. Another distinct feature for
this type of control scheme is that the average output of PWM cycle can be made to be linearly
related to control variables. A linear transfer function can always be found between the voltage
control signals and the switching frequency together with the circuit parameters, either
estimated or sampled. Due to the fixed switching frequency, the switching losses are relatively
low, making it suitable for high power applications.

Hysteresis current control [1-3,19-31] generally concentrates on the regulation about the
magnitude of the current ripple. Either fixed band hysteresis [1-3,19,20,28-31] or variable band
hysteresis control scheme [23-26] is widely investigated. For the former, it is basically
analogue-based, s imple and extensively used, while the constant s witching frequency is Lost.
For the latter, it is generally digital-based algorithm to obtain the variable hysteresis band that
maintains the constant switching frequency. The determination of the variable hysteresis band is
based upon circuit parameters, recent previous hysteresis band, intended switching frequency, or
current error zero crossing. Significant performance to evaluate the control algorithm would be

the switching band variations and harmonic distortions.

2.2 Fixed Switching Frequency Current Control

Fixed switching frequency current control [1-19] is basically constant switching frequency
scheme whose voltage reference signal or the other control signals, such as the inductor current,
the inductor voltage, the average inverter output voltage, or the duty cycle, can generally be
defined by circuit parameters, control variables, and a intended switching frequency in the form
of linear transfer functions. The basic analogue fixed switching frequency control schemes are

proportional control, proportional-integral control and average c urrent mode control [1-7,19].
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Many digital control schemes have also been developed with the improvements and availability
of suitable digital technology [8-10,12-15,17-18]. Predictive control s chemes based upon the
linear transfer function or the linear circuit model in conjunction with the constant switching

frequency are introduced in this section [9-14].

2.2.1 Proportional Control

A proportional current controller [1-4,19], or P controller in short, is shown in a block
diagram form in Fig. 2.2. The scheme is also known as ramp comparison control [1], and
triangular carrier current control, or TC in short [19]. The current error between the actual
current and its reference is amplified or fed through a proportional current controller. To
generate the required PWM pattern, the output signal of the current controller V. is
compared with the fixed frequency triangular carrier through PWM modulator, as shown in Fig.
1.7. The PWM modulator includes either one or two analogue comparators per phase,

depending on whether bipolar PWM scheme or unipolar PWM scheme is employed [2,3].

fref

Current Controller
1) - PWM Modulator
err Kp Veoutros

A

Figure 2.2 Block diagram of proportional control

JL

In addition to the various benefits of analogue-based scheme, this control scheme limits the
maximum switching frequency to the constant triangular carrier frequency. As a result, more
defined and easier to be filtered harmonics are produced with respect to fixed band hysteresis
control, making it more suitable for high power applications. However, this scheme produces
both magnitude and phase errors of the inductor current in steady state operation [4,21]. Besides,

the voltage control signal being compared with the triangular carrier signal can cause multiple
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switching edges. This problem could be avoided either to add some hysteresis band to the
analogue comparator or to limit the magnitude of the triangular carrier [4,22], see section 2.2.2.
The simulated characteristics of this control s cheme are compared with the proposed control
scheme in Chapter 4.

The linear transfer function between the average current error signal ierr,,, and the average
voltage signal V,,. is also a simple proportional part for this control s cheme. In every PWM
switching cycle, the average voltage signal V. is compared with the triangular carrier, as
shown in Fig. 2.3. The switching of the PWM rectifier occurs when the two signals intersect
each other. H designates the peak-to-peak magnitude of the triangular carrier waveform, and D
represents the duty cycle in a switching period, see Fig. 2.3. Assuming K, equal to 1, the

tracking ability of the supply current of proportional control scheme is derived as follows:

Ve =K, ierr,,, =ierr, 2.1

ave ave
For the two analogical triangles in Fig. 2.3, it has:

V. iterr,, 1/4-D/2
H2 H2 V4

=1-2D 2.2)

Rearranging the above equation, gives:

ierr,, = H/2-(1-2D) = H -(1/2 - D) (2.3)
+HiP
Vave
0

D

472
~Hrz

1 (Teud

Figure 2.3 Triangular carrier and analogue control signal in one switching cycle

The actual supply current of this scheme experiences distortion whereby the current error
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reaches the peak of the supply voltage [4]. This is explained by the above equation. For this
control method, the average current error in one PWM switching cycle is equal to zero unless
the duty cycle is equal to 1/2. For PWM rectifiers with the ac to dc power conversion purpose,
the sinusoidal ac supply voltage source determines that the suitable duty cycle cannot be kept
fixed to 1/2 in a line cycle. It varies along with the ac supply voltage, referring to Eq. (2.10) for

unipolar PWM scheme and Eq. (2.27) for bipolar PWM scheme.

+B/2
ierr
L
Tr (D) T2 -Bi2
l
T {1}
= E
Ve
Vi s )

Figure 2.4 Current error signal ierr, supply voltage ¥, and pulse voltage V;

For the single-phase PWM rectifier with unipolar PWM control scheme, assume the supply
voltage is invariable in every PWM switching cycle and the supply current error is well
regulated within the +5/2 to —B/2 current band, as shown in Fig, 2.4. According to Eq. (1.6), the

switch on-time T is expressed as:
Lﬁ/.ziﬁ/_z =V, (2.4)
1
Rearranging the above equation yields:

LB
T =7 2.5

5

Similarly, for the switch off-time 75, it has:
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[ oB2-B2_, .

2.6
I s (2.6)
Rewriting the above equation, gives:
~-L'B
I = 2.7
=y F @7)

The switching period is the sum of the switch on-time T; and the switch off-time 75,

LB -LB__LBE

TR TR Y

Rearranging the above equation gives:

Bzﬂzﬂ.(l_ﬂ_) 2.9)
L L E

Hence, duty cycle is expressed as follows:

p=bi E Ve % (2.10)

T E E
It is apparently shown in Eq. (2.9) that in unipolar PWM scheme either the inductor current

error B or the modulation period T, or say the intended switching frequency f, varies with the
line voltage ¥, if any of the two parameters mentioned above is kept constant. Similarly, the
duty cycle D also varies with the line voltage ¥, and cannot be kept as constant in a line cycle to

maintain the control over the supply current, see Eq. (2.10).

2.2.2 Proportional-Integral Control

The proportional-integral control scheme[4,19], or PI control, is very similar to
proportional ¢ ontrol scheme except that the transfer function of the current controller for P1
control has a proportional part plus an integral part, see Fig. 2.5. In addition to all the
advantages of proportional control, the non-zero steady state current error of proportional
control can be eliminated since any difference between the actual current signal and the current
reference can be brought to zero by the integral part.

The proportional gain K, and the integral gain K; for PI control have to be appropriately
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related to prevent the probable instability and to gain the best performance. The determination
of the proportional and integral gains requires accurate tuning to suit load parameters [12,19].
Generally, the proportional part determines the speed response and integral part defines the
damping factor of the control loop. A fast dynamic response of this control scheme demands a
big proportional gain and a small integral gain. If the integral gain is too small, the effectiveness
of the integral part decreases, which lowers the feature of the zero steady state current error
associated with the integral part. If the proportional gain is too big, the error signal can exceed

the amplitude of the triangular waveform, which leads to the subharmonic oscillation problem.

-‘ref
Current Controller
i) - PWM Modulator
ey Kpt+ K,fs Veantror M
FAVAVAN —-]

Figure 2. 5 Block diagram of proportional-integral control

For all the current control schemes using a triangular carrier reference, the harmonic
distortion of the line current is affected by the amplitude of the triangular waveform [4). These
control strategies are intended to force the current error signal to vary between the maximum
and minimum amplitude of the triangular waveform, otherwise the control over the supply
current loses. The larger the amplitude of the triangular waveform is, the wider the range of the
average current error signal varies, resulting higher harmonic distortion. Accordingly, the
amplitude of the triangular carrier should be kept as low as possible.

The lower limit of the amplitude of the triangular carrier is determined by the current error
signal. To avoid the multi-switching and consequent disturbances of switch operations, the
amplitude of the triangular waveform has to be set so that the slope of the triangular carrier is
equal to or greater than the maximum slope of the current error signal.

By observation of Eq. (2.4), Eq. (2.6) and Eq. (2.10), the maximum di/d¢ occurs at the
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extreme duty cycle 1 for unipolar PWM, assuming that the peak of the supply voltage is lower
than the magnitude of the dc link voltage. Hence:

_“i
dt

E
= 2.11)

max

The maximum slope of the triangular carrier waveform could be expressed as follows,

referring to Fig. 2.3,

Equating Eq. (2.11) and Eq. (2.12), gives:
E-T
it A 2.13
min =7 (2.13)

Similarly, the minimum amplitude of the triangular carrier for bipolar PWM scheme is

expressed as follows, assuming the dc link voltage for bipolar PWM is E:
_ET,
min L

The maximum current ripple is intended to be less or equal to the half of the minimum

(2.14)

amplitude of the triangular waveform. Hence for unipolar PWM, the maximum current ripple is:

E-T
= S 2.15
mx =7 215
For bipolar PWM scheme, the maximum current ripple is:
B = £l (2.16)
2L

2.2.3 Average Current Mode Control

The average current mode control, or ACMC in short, is originally proposed as an analogue
control scheme [5]. The current error is averaged and amplified by the current error amplifier A,
as shown in Fig. 2.6. ACMC is of very similar circuit topology with PI control, except the
additional capacitor C,. The controlled current is precisely regulated due to the high gain
generated by the current error amplifier [7].

The ramping up slope of the controlled current must not exceed that of the carrier,
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otherwise instability occurs {6,7], see Fig. 2.7. This limitation determines the maximum gain of
the current amplifier at the switching frequency. The noise immunity of this control scheme is
strong [6,7]. This is attributed to the additional pole introduced by capacitor C,, which is set at
the switching frequency to attenuate the effect of noise spikes of the sampled current. No extra
slope compensation is required, for the resistor and capacitor networks are specially designed to

avoid the occurrence of subharmonic oscillations.

Cp

Ry
HE) ==

‘mf

Figure 2. 6 Average current mode control circuit topology

Veowtror

v L LT LT LT

Figure 2.7 Average current mode control waveform

ACMC can be implemented digitally [8,9]. The analogue inductor current signal is sampled
and converted to its digital counterpart by a fast ADC at a relatively high frequency so as to
ensure the accuracy. The average current 1,,, is determined by the duty cycle, the maximum and
the minimum values of the converted digital current, as shown in Eq. (2.17), rather than being

processed by the analogue resistor and capacitor networks.

Iave = ((Imink + Imaxk). D+ (Imaxk + Iminkl)' (1 - D))/2 (217)
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The major benefit of the digital ACMC is that it eliminates the restriction on the maximum
gain at the switching frequency of the current ervor amplifier for the analogue ACMC. This is
because the determination of the duty cycle D does not depend on the cross points of the ramp
current signal and the sawtooth waveform. However, the digital scheme introduces the time
delay due to the ADC time and the computational time. Cost and c omplexity are c oncerned

issues for digital ACMC scheme with respect to its analogue version.

2.2.4 Predictive Current Control

Predictive current control [9-14], as implied by its name, is generally a digital control
scheme that predicts the voltage control signal [10], the duty cycle [9,11], the inductor voltage
[12], the inductor current [13], or the average inverter output voltage [14], at the beginning of
every PWM switching period so as to force the supply current to follow its reference precisely
at the end of the switching period. The prediction is made on the basis of the intended switching
frequency [9-14], the circuit parameter L [9-14], the sampled control variables E, V;, I,[9-11], or
the estimated line voltage ¥V, [12-14], according to the bridge operation in previous PWM
switching cycles. It is a linear control technique since all the prediction and estimation rely on
the linear expression comprised of the intended switching frequency and the sampled or
estimated circuit parameters L, E, V, I..

Generally speaking, the on-line prediction of the desired control variables requires the
knowledge of circuit parameters [9-14], which could be either estimated on the basis of a circuit
model or sampled through a feedback loop. This makes the prediction either depend more on
the circuit model or become more complex due to the increased number of the feedback loop.
The prediction, however, provides very accurate control of the inductor current according to its
reference, provided the circuit model is accurate enough and does not vary during the work
process [14]. The time delay caused by the calculation and ADC or DAC conversion is a
common issue of digital control schemes [7,33]. This probably incurs poor dynamic

performance in terms of overshoot of the controlled current [12] and relatively slow response
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with respect to the analogue scheme [7]. This type of control is mainly categorized into two
groups, fixed switching frequency predictive control and deadbeat control [32].

Fixed switching frequency predictive control [9-11] samples and predicts the required
control variables only once in a switching period. It samples all the required control variables,
estimates the circuit model parameters, and often combines with various control algorithms to
accomplish the prediction. For instance, digital ACMC is applied to generate the desired duty
cycle at the beginning of the switching period [9]. A sinusoidal modulator is employed, for a
voltage control signal is predicted to compare with the triangular carrier to generate the desired
duty cycle [10]. Though it is generally a digital control scheme, it could be implemented with an
analogue circuitry [11].

Deadbeat control [12-14] detects and updates the control variables twice in one switching
cycle. This allows the control routines to be executed twice in one PWM switching period so
that the time delay caused by calculation, data conversion, and data propagation could be
reduced. It provides relatively faster transient response compared with other digital control
scheme, for the time delay in current reference tracking process could be reduced within one

PWM switching period [14,33].

2.2.5 Other Reviewed Fixed Switching Frequency Current Control

In addition to P, PI, and ACMC control, current control scheme to realize zero steady state
current ervor of the supply current has been proposed [15]. The transfer function of this current
controller is a proportional part plus a second order control part, or say a loss-less digital
resonant element by the author. The control goal is achieved by setting the resonant frequency at
the line frequency. Consequently the maximum gain for the current error signal is obtained and
the minimum average current error is accomplished. By analyzing on its transfer function, it is
concluded that no accurate knowledge of the supply voltage and ac side circuit parameters are
required for this control scheme. However, the proportional gain and the resonant gain have to

be carefully determined to avoid the probable instability [15].

25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Other research investigations on fixed switching frequency current control concentrate on
different modeling techniques using linear or nonlinear control theory [16-19]. Generally,
nonlinear PWM rectifiers are modelled and then simplified on the basis of the concept about
power balance between the input and the output of rectifier bridges. One approach to handle the
nonlinearity is to linearize the model around the operating point based upon the small signal
analysis. The controller, consequently, is valid only around the specific operating point, not in
the whole operating range [16,19]. Another approach is to develop different modeling technique
so as to derive the linear bridge model according to d efinitions of linear c ontrol theory. The

controller then is designed by applying the linear control techniques and hence is independent of

the operating point [17,18].

2.3 Hysteresis Current Control

Hysteresis current control {1-3,19-31] generates the switching instants directly from the
current or voltage error signal by utilizing the hysteresis element. Hysteresis current control
basically does not generate immediate voltage control signals to determine switching instants.
Consequently, the linearity, which could be described in the form of linear transfer functions,
between the control signals and the circuit parameters is lost.

Similarly with fixed switching frequency current control, hysteresis current control has
analogue and digital version. For the analogue schemes [1-3,19-21,28-31], the hysteresis band is
normally fixed or sinusoidally varied and hysteresis comparators are directly used. For the
digital schemes [23-26], the hysteresis band is variable so as to maintain the fixed switching

frequency. In this case, the hysteresis comparators are not directly used while similar concept is

still adopted.

2.3.1 Fixed Band Hysteresis Current Control
The control concept of fixed band hysteresis control [1,19,20], or tolerance band control [2],

is depicted in a block diagram form in Fig. 2.8. It attempts to maintain the current error within
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the pre-defined zero-centered fixed hysteresis band through hysteresis comparators, otherwise
switching occurs to push the current error back in the opposite direction [1-3,19,20,32,33], see
Fig. 2.9. Similar as fixed switching frequency analogue control schemes, either one or two

analogue comparators per phase is employed, depending on whether bipolar hysteresis or

unipolar hysteresis scheme is adopted [20].

',ref

i . =
jerr T

Figure 2.8 Block diagram of fixed band hysteresis control

(a) Current error and fixed hysteresis band

(b) Inductor current and fixed hysteresis band

Figure 2.9 Fixed band hysteresis current control waveforms

Fixed band hysteresis control is a simple and robust control scheme that operates

independently from circuit parameter variations [32,33]. The fact that inductor current oscillates
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at equidistant away from a centre current reference indicates the lack of tracking errors of this
scheme. As a result, an inherent peak current protection is provided [20,21,23]. It also has very
good transient response, limited only by switching speed and the line inductance {32]. The
simulated characteristics of this control scheme are compared with the proposed control scheme
in Chapter 4.

However, the major problem of this control is the variable switching frequency
[2,3,19,21,32,33]. It brings in a large amount of low order harmonics and a broad range of
switching frequency, resulting in high stress on the electronic equipment, high switching losses,
overheating problem, and increased difficulties on the design of low order harmonic filters
{2,21,33). The switching frequency depends largely on the line inductance and varies with the
ac supply voltage [ 19,23,32]. Referring to Eq. (2.25), the maximum switching frequency for

bipolar hysteresis control occurs around the zero crossing of the supply voltage and is estimated

in Eq. (2.18).

E
fmax::

4-L-B

The minimum switching frequency for bipolar hysteresis control occurs at the crest of the

(2.18)

ac supply voltage and is approximately given in Eq. (2.19), assuming V; equal to 0.9-E/2. In this
case, the maximum switching frequency is more than five times the minimum switching

frequency.
0.19-E

f min 4-L-B
For the single-phase PWM rectifier with bipolar PWM control scheme, assume the supply

(2.19)

voltage is invariable in every switching cycle and the supply current error is well regulated
within the +B/2 to —B/2 current band, as shown in Fig. 2.4. According to Eq. (1.7), the switch
on-time T is expressed as:

LB/2+B/2

1

=V.+E/2 (2.20)

Rearranging the above equation yields:
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=18 2.21)
V.+E/2
Similarly, for the switch off-time T, it has:

| =B/2-B/2

2

=V, ~E/2 (2.22)

Rewriting the above equation, gives:

~L-B

= 223
2 K—E/Z ( )

The switching period is the sum of the switch on-time 7; and the switch off-time 7,

T=T+T,= LB LB _ I;'B'EZ (2.24)
V.+Ef2 V,~E/2 E/4-V,

Rewriting the above equation gives the switching frequency:

E/4-V}
=17 s 2.25
f == 3% (2.25)
Rewriting Eq. (2.22) again gives:
2 2},
B=E/4 s (2.26)
L-E

Hence, duty cycle is expressed as follows:
p=L_E2-V (227)

T E

It is apparently shown in Eq. (2.26) that in bipolar PWM scheme either the inductor current
error B or the modulation period 7, or say the intended switching frequency f, varies with the
line voltage ¥, if any of the two parameters mentioned above is kept constant. Similarly, the
duty cycle D also varies with the line voltage ¥, and cannot be kept as constant in a line cycle to

maintain the control over the supply current, see Eq. (2.27).

2.3.2 Sinusoidal Band Hysteresis Current Control

Sinusoidal band hysteresis current control [20-22] is intended to reduce the high amount of
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harmonics produced by fixed band hysteresis control while maintaining all its benefits without
increasing the implementation complexity. The block diagram of this control is depicted in Fig.

2.10.

LL

NV

e

(a) Inductor current and sinusoidal hysteresis band

Figure 2.11 Sinusoidal band hysteresis current control waveforms

As implied by its name, instead of the fixed hysteresis band, the current error is regulated
to vary within a sinusoidal-shaped zero-centered hysteresis band during a line cycle, see Fig.

2.11. This contributes to less harmonic distortion compared with fixed band hysteresis control
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scheme [21,22]. However, the pretty small magnitude of the sinusoidal hysteresis band around
Zero crossing points results in even higher average and maximum switching frequency of this
control scheme compared to fixed band hysteresis control [21,22]. This scheme could be
implemented in either unipolar hysteresis or bipolar hysteresis scheme [20].

To obtain a trade-off between the switching frequency variations and the harmonic
distortions, mixed band hysteresis control [22] has been proposed. The block diagram of this
control scheme is shown in Fig. 2.12. This control scheme simply mixes the sinusoidal
hysteresis band and the fixed hysteresis band together so that the high switching frequency
around zero crossing is limited by the fixed amplitude of the current error band. On the other
hand, the large amount of harmonics is reduced due to the sinusoidal-shaped current error band.
Design is required based upon the specification of the controller to determine the magnitudes of

the fixed and sinusoidal hysteresis bands.

Figure 2.12 Block diagram of mixed band hysteresis control

2.3.3 Delta Modulation Control

Delta modulation control [28-31], or DM in short, is a generic modulation technique that
converts analogue signal into PWM digital signal using hysteresis comparators. It is also known
as model reference adaptive control, or MRA [31].

To produce the digital output pulses for DM control, the reference signal V; is compared
with the integral of the output pulses ¥ by means of a hysteresis element, as shown in Fig. 2.13.
The function of the integrator is to generate the analogue signal ¥ with the digital pulses as an
input. The close loop structure of the DM controller ensures that the polarity of the output

pulses is adjusted by the sign of the error signal. The analogue signal ¥ is allowed to oscillate
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within a pre-defined hysteresis band that is centered on the reference signal V. The switching

occurs whenever the Vj intersects with the reference Vi, forcing ¥V to oscillate around Vj

[28,29].

VR verr >
v L

K;is

Figure 2.13 Block diagram of delta modulation control

The above description of DM controller reveals that this is a hysteresis control scheme. It is
similar as fixed band hysteresis control, for the oscillation of the analogue signal is restricted
within a hysteresis band. In this sense, the switching instant of the free running bridge is
possible to occur at any time instant [31]. It is inherently stable, since the subharmonic issue of
the carrier-based control scheme is successfully avoided by this scheme. On the other hand, the
excursion of the switching frequency of this scheme could be limited within a relatively narrow
range with respect to fixed band hysteresis control. This is accomplished by a careful design on
the gain of the integrator associated with a suitable hysteresis band value.

However, in addition to the variable switching frequency problem, phase jitter of the output
signal is another issue of this scheme. Phase jitter occurs when the fundamental harmonic of the
PWM output waveform experiences cycle-to-cycle phase shifis. Tﬁis is caused by switching
edges of the PWM waveform occurring at different position in the fundamental cycle. Phase
jitter could be eliminated provided the ratio between the expected switching frequency and the
line frequency is high enough [31].

Control schemes based upon DM with improved performance are reported [ 30,31]. The
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atternpts are made to gain the constant switching frequency and to eliminate the occurrence of
the possible phase jitter. One method is to introduce a fixed frequency synchronizing pulses so
as to determine the corresponding hysteresis band that could eliminate the phase jitter [30].
Another approach [31] is to develop a mixed signal by imposing a small magnitude constant
frequency triangular carrier on the sinusoidal reference signal V. The mixed signal then is
compared with the analogue signal Vr to generate the output pulses, as shown in Fig. 2.14.
Instead of the original scheme, the analogue signal ¥ oscillates within the band determined by
the imposed triangular carrier. The constant switching frequency is achieved since the switching

is determined by the intersection of the mixed signal and analogue signal V.

Figure 2.14 Block diagram of improved delta modulation control

2.3.4 Variable Band Hysteresis Current Control

In an attempt to obtain the constant switching frequency on the basis of the hysteresis
algorithm, variable band hysteresis control scheme is proposed [23-25]. This scheme attempts to
generate the desired variable hysteresis band, see Fig. 2.15, which could provide fixed
switching frequency on the basis of either measured circuit parameters [23,24] or detected zero
crossing points of the current error signal [25]. For the former, it shares the similar problem with
predictive current control introduced in section 2.2.4, for both schemes employs the on-line
prediction that requires the knowledge of circuit parameters.

An adapted hysteresis current control [25] is studied in detail in this section, whose
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hysteresis band is chosen based upon the detected current error zero crossing, the intended
switching frequency, and the previous hysteresis band values. The fixed switching period 27 has
a corresponding constant hysteresis band B, as shown in Fig. 2.16. The control goal is to
generate a desired variable hysteresis band that could push the current error zero crossing to the

desired fixed points to maintain the constant switching frequency.

(a) Inductor current and variable hysteresis band

Figure 2.15 Variable band hysteresis current control waveforms

If the upper hysteresis band B,, in switching cycle kO goes beyond the desired band value,
as shown in Fig. 2.16, the current error zero crossing deviates from the intended fixed point and
time etror ¢, is detected. For the same reason, time error #,,, occurs due to the lower hysteresis
band B,, beyond the desired band B. The upper hysteresis band B,; in switching cycle k1 is
determined so as to force the current error reaches the desired zero crossing. The lower
hysteresis band B,, in the same switching cycle k1 is generated separately, allowing two updates
of the control routine so as to guarantee the fast deadbeat response.

This digital-based control scheme has very good performance in terms of successfully
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achieved fixed switching frequency, accurate control in inductor current, low harmonic
distortions, fast deadbeat response, and high immunity of circuit parameters variations. Due to
the analogy, it is selected to compare with the proposed slope detective current control in
Chapter 4. The detailed formula derivation of this scheme is introduced in this section and the
simulation characteristics are presented in Chapter 4. Only the determination of upper hysteresis
band B,, is derived to clarify the control concept. A totally symmetrical expression for the lower

hysteresis band B,; could be derived in the similar way and is omitted here.

i -8B
—B"m tepn tenn "
topg Lo
ekt » t F t 1
ko ki1 k2

Figure 2.16 Principle of variable band hysteresis control

By observation of Fig. 2.16, time error #,, and ¢,,, are described in Eq. (2.28) and (2.29),
Yoo =tpo = T (2.28)
tenO = tsnO + tep() - T (229)

Also, Eq. (2.30), Eq. (2.31), and Eq. (2.32) are written assuming that the switching

frequency is high enough so that the inductor current error is ramping linearly in every

switching period,
tsnO — BnO (2.30)
tspO BpO
B
B_Zw (2.31)
T Lo
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B
B_ _Lu (2.32)
T T-t,

Equating Eq. (2.31) and (2.32) gives,

B - BpO .(T_tenO)

o ; (2.33)
sp0
Substituting Eq. (2.29) and Eq. (2.30) into Eq. (2.33) yields,
B, B,
B, = ?P—(zr ~tygp =2 tJ @2.34)
sp0 po

In the above equation, time error £,,, and time value /£, between the two zero crossing time
instants can be measured. The positive and negative hysteresis bands B,; and B, in the previous
switching cycle kO are known with respect to switching cycle ki. In this sense, the desired

positive hysteresis band B, can be determined according to Eq. (2.34).

2.3.5 Zero Average Current Error Control

Zero average current error control [26,27], or ZACE in short, is a digital current control
scheme that attempts to force the average current error to be zero in every switching cycle. To
achieve this, the negative excursion area A— is forced to match the most recent positive
excursion area A+ in the same switching period, as shown in Fig. 2.17. As a result, the supply
current is precisely controlled to follow the current reference so that low order harmonics are

eliminated by the control scheme during the line cycle.

AN
AR

Figure 2.17 Current error signal under ZACE control

Based upon this control concept, two control algorithms are proposed to accomplish the
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control goal. The block diagram of slope generated hysteresis current control [26], or SGH, is
shown in Fig. 2.18. The control algorithm attempts to generate the desired variable hysteresis
band on the basis of the current error slope together with the intended switching frequency so as
to maintain the constant switching frequency. The positive and negative hysteresis bands are set

at half of the calculated band value in order to achieve ZACE in each switching period.

"ref

ierr _
] g

fdeasue Generate variable
slope hysteresis band

Figure 2.18 Block diagram of slope generated hysteresis control

Ramptime current control [27] accomplishes Z ACE relying only on the detection ofthe
zero crossing instants of the current error signal, without producing the expected variable
hysteresis band or requiring the magnitude of the current error signal. The scheme is explained

by reference to the current error waveform in Fig. 2.19.

i

tor tsr

tar

tar

ts
Figure 2.19 Principle of ramptime control

The bridge is free running during period #, until it reaches the zero crossing point. The

successive following period #, is generated based upon #,, #,, and the intended switching
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frequency together in a digital logic, which is intended to obtain equal period ¢, and #,. Once
period f,is chosen, the corresponding switching instant is also determined. In the samilar way,
period ¢, and the corresponding switching instant are determined. In this manner, the switching
instants are continuously generated. ZACE is accomplished by forcing the current error signal
to have equal periods in its positive and negative half cycle, see ¢, and ¢, in Fig. 2.19, provided
the switching frequency is high enough so that the inductor current error is assumed ramping
linearly in every switching cycle.

ZACE control produces fairly accurate control and negligible low order harmonic
distortions with respect to other control schemes [26,27]. The regulation over the supply current
of this control is independent of changes in circuit parameters. It also has relatively fast
transient response. However, it shares the time delay problem with other digital control schemes.
The control accuracy of both schemes is degraded by the time delay issue [26,27].

For ramptime control, the requirement for the precise measurement on the time duration
between the switching instant and the zero crossing point is pretty strict [27]. For SGH control,
the supply current overshoots its reference during the transient response. In addition, it is prone
to the noise problem caused by the differentiators used to determine the ramp rates [26].
Moreover, inaccuracy of this control is introduced by the filtration required to remove the noise

from the current error slope measurement [27].

2.4 Summary

Current control techniques are primary catalogued into two groups, fixed switching
frequency current control and hysteresis current control. Current control techniques reviewed
and discussed in this chapter have been introduced as background knowledge to the work
presented in this thesis.

Fixed frequency current control has the merits of a constant switching frequency and
consequently low switching losses and low harmonic distortions. However, for the

analogue-based fixed switching frequency control schemes, the control accuracy is less
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satisfying. For the digital-based fixed switching frequency control schemes, precise control
could be achieved. However, most predictive current control algorithms require the knowledge
of circuit parameters to predict the desired switching instant, resulting in poor performance in
case of circuit parameters variations.

Hysteresis current control schemes are inherently stable and robust [32,33]. Zero-centered
current error, fast transient response and peak current protection are merits of these control
schemes. However, for the analogue-based hysteresis control schemes, large variations of the
switching frequency exist, producing a large amount of harmonic distortion and high switching
losses. For the digital-based hysteresis control schemes, efforts are put into maintaining a
constant switching frequency while variations of the switching frequency cannot be totally
eliminated, especially in practical applications.

Due to the various limitations of all existing current control schemes, new efforts are
continuously being put into seeking new current control schemes. Sloped detective current
control is proposed in this thesis. This control scheme is a digital-based fixed switching
frequency unipolar PWM current control scheme that achieves a symmetrical zero-centered
current error in the inductor current. The desired switching instant is predicted based upon the
sampled slopes of the current error signal in the previous two successive switching cycles. No
circuit parameters are required to determine the intended switching instant, excluding the
current feedback loop. In addition to all the merits of the digital-based fixed switching
frequency current control schemes, the proposed scheme has high immunity to circuit
parameters mismatches, ac supply voltage distortions and dc link voltage variations. Accurate,

and stable regulation of the inductor current can be achieved by the proposed scheme.
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Chapter 3 Model-Based Predictive Current Control

Model-based predictive current control scheme proposed in this chapter is a constant
frequency unipolar PWM control algorithm that achieves a symmetrical zero-centered current
error in every switching cycle. Based upon the pre-determined circuit model of the single-phase
PWM rectifier bridge, the desired switching instants are continuously generated so that the
supply current is regulated to follow its current reference precisely. Since all the information
required for the prediction of the switching instants is generated by using the circuit model, no
feedback is necessary for this control scheme.

The intuitive descriptions and the basic concepts of the proposed control scheme are
introduced first. The advantages and disadvantages of the proposed control scheme are
qualitatively discussed, and illustrated using simulated results from a single-phase PWM
rectifier topology. In addition, relevant formulas that lead to the quantitative analysis are also

presented in this chapter.

3.1 General Description

The basic control concept of model-based predictive current control scheme is depicted in
Fig. 3.1. As described by its name, this control scheme is intended to choose the suitable
switching instants based upon assumed values for the circuit model parameters rather than the
real-time measurement of the actual parameters. Consequently, no feedback loop is necessary to
accomplish the control goal.

The proposed control scheme is a constant frequency control scheme without using a
triangular carrier reference to generate the PWM output pulses. The switching frequency of the
scheme is determined by the fixed clock rate provided by digital equipment or any integrated
circuit chip. In this scheme, the start time instant #, and the end time instant ¢, are two

significant time instants in a PWM switching cycle as shown in Fig. 3.2. These two time
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instants are determined by the intended switching frequency and represent the start and end

points of a PWM switching cycle.

i) L

Vs% .rL VJ'

163]
,_J__j to switches
i".ﬂ current

controllerl MLIJ'IJ

Figure 3.1 Block diagram of model-based predictive current control

k

A key issue of precise current waveshaping PWM controllers is how to force the actual
current to follow the pre-established current reference trajectory with a constant switching
period and a minimum current error being generated. The desired PWM pattern is developed by
turning on and turning off the power transistors of the rectifier bridge at the switching frequency.
Both bipolar PWM and unipolar PWM produce two voltage states, high or low relative to each
other in each switching cycle The PWM pattern with its two voltage states in each switching
cycle is modelled as a modulated voltage source. This modulated voltage source ¥}, together
with the supply voltage source ¥; and the induced voltage across the inductor V7, establishes an
instantaneous dynamic balance in the voltage loop, as shown in Fig. 3.1.

The induced voltage across the inductor ¥, balances the difference between the supply
voltage V;, and the modulated voltage 7. The current through the inductor, namely the supply
current, varies according to this difference. Due to the two voltage states of the modulated
voltage source V;, the induced voltage across the inductor V; jumps dramatically one time in
every switching cycle. Accordingly, the supply current ramps upward as long as the supply

voltage is higher than one state of the modulated voltage, while ramping downward when the
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supply voltage is lower than the other state of the modulated voltage in the same switching
period.

The current error is the difference between the actual current signal and the current
reference. The function of the current error signal is designated as ierr (i) and iern(¥)
respectively in Fig. 3.2. For a successful control, the current error must have positive values and
negative values. Moreover, it must have positive ramping rate and negative ramping rate
respectively in one PWM switching cycle to keep the control over the supply current, though
the ramping rate values are not necessary to be the same. The two distinct segments of the
current error in Fig. 3.2 are expected to occur in every switching cycle as the result of all control
algorithms and could be expressed in the manner of formulas associated with the circuit model
parameters. Since the start time instant and the end time instant of every switching cycle are
always fixed and known for this scheme, the control targets its goal at choosing the intended
switching instant ¢, between ¢, and #,.

The intention of the control algorithm is to accomplish the symmetrical zero-centered
current error in every switching cycle. In other words, the basic control law can be said to be
forcing ierr,(t;) to be the same as ierr(t;) , as shown in Fig. 3.2. The switching instant ¢, is
determined according to the circuit model in conjunction with this current control law, for all

the circuit parameters are known at the time when the rectifier bridge is modelled.

jerra{t)
0 fo iy &2
N o
ierrift) ferra{t)
jerra{ta)

jerra (¢2)

Figare 3.2 Current error waveform under model-based predictive control

The proposed model-based predictive current control scheme achieves the symmetrical
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zero-centered cuwrrent ripple provided the circuit running environment matches the
pre-established circuit model. It works independently from the r eal-time measurement of the
actual parameters so that no feedback loop is essential for this scheme. It presents unity PF
performance combined with unipolar PWM scheme at a relatively low switching frequency,
which indicates lower switching losses and higher efficiency.

The proposed control scheme loses the precise control over the supply current when the
actual circuit does not function under the same working conditions assumed for modelling the
circuit. The apparent excursions of the average current error occur under circuit parameters
variations since the determination of the switching instant relies on the circuit parameters. This
weakness applies to all predictive control schemes that generate the PWM output pulses with
the knowledge of circuit parameters. Besides, since no feedback loop is required for this scheme,
the control over the supply current is lost if noise or supply voltage fluctuations is severe. The
zero crossing o f the supply voltage can introduce apparent deviations in the average current
error, an effect very commonly associated with unipolar PWM scheme [4,20]. Further detailed
discussion about this issue is provided in section 3.4.

This control scheme has a potential to be implemented in the specially designed analogue
circuits, provided the improvement of the scheme is developed and the current feedback loop is
included. This issue is discussed in section 3.3. In this thesis, this control scheme is introduced

and examined as the origination and foundation of a more refined control scheme described in

Chapter 4.

3.2 Formula Derivation

The proposed control algorithm is developed upon the most basic formulain Eq. (1.6),
which reveals the operation of the single-phase P WM rectifier. In this section, the deductive
procedure from this basic equation to the final formulas for the proposed scheme is introduced.
In addition to the detailed formula derivations, several significant concepts and relevant

interpretations are stated.
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3.2.1 Basic Formulas

As mentioned in Chapter 1, the proposed current control scheme in this thesis has its
operation based upon unipolar PWM scheme with the simplified model. Rewriting the
expressions given in Chapter 1 for the supply voltage source ¥V, and the modulated voltage

source V,, respectively, gives:

V.= Vo sin @t 3.1

K={q } (3.2)
sign(V,)-E

The differences between the supply voltage source V¥, and the modulated voltage source V;

is instantaneously balanced by the induced voltage across the inductor L. Therefore,
v,=V,-¥, (33)

Substituting Eq. (3.2) into Eq. (3.3) gives:

di Vs
Loy v =l G4
dt V., —sign(V.) E

Rearranging and substituting Eq. (3.1) into the above equation, yields:

di="Trgr=L =1, L .
L Vs——szgz(Vs) Edt o Sine ¢ —sign(V) Edt 3.6)

3.2.2 Expressions of the Supply Current

The modulated voltage source V; produces a PWM pattern with three possible states, +Z, 0,
-E. During every switching cycle, only two states, either 0 and +E, or 0 and —E, are produced to
make the supply current ramping up and down around the current reference, /... The ramping up
process starts from time instant £, with the initial current value of ,, as illustrated in Fig. 3.3.
The ramping up process reaches its peak current value J; in this switching cycle at switching

instant #,. The current ramps in the opposite direction and goes to the end time instant ¢, of this
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switching cycle with its value 1. The time instants #, and ¢, are fixed points so as to ensure the
constant switching frequency as a feature. The control effort is to predict a suitable switching
instant, namely time instant #, such that the combination of the two current ramping activities

delivers the minimum harmonics in the controlled supply current.

f2

t2

Figure 3.3 Supply current waveform in one PWM switching cycle

The expression of the inductor current in the “zero-voltage” state of the modulated pulse

voltage is derived by integrating both sides of Eq. (3.5).
Vo
I({#t)=--—+(coswt~coswt,)+], 3.7
wL
Hence, the peak current value 7; is expressed as follows:
Vo
I =1()= —-——E(cosa)tl-coscoto)+10 (3.8)
w

Similarly, the expression of the inductor current in the “high-voltage” state of the
modulated pulse voltage in the same switching cycle can be derived by integrating both sides of

Eq. (3.6), which further gives the current value [, of the end time instant ¢, of the switching

period:

ign\V, ) E-{t -t
)- sl En)

Vpk
L(t)=-—2(coswt—cosm ¢ (3.9)
@l

sl ) E-l-n)
L

v
1, =12(tz)-—-——C;’@—Z—(cosa)t2 —Ccos i, (3.10)
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3.2.3 Concepts and Formulas of the Current Error

The current error, a difference between the actual current and the current reference, is a
control variable that deserves the most concern of all control schemes. The zero current error
indicates that the actual controlled current exactly follows the current reference at any time
instants. Although an instantaneous zero current error is impossible to achieve in reality, it is the
goal for all the current control schemes to minimize the average current error as much as

possible.
The current reference, namely the current template, should be with the same shape and in

phase with the supply voltage to produce a unity PF of the supply current. An expression for the

current reference is as follows:
I, =1,snot (3.11)

For this control scheme, the two current error expressions for the first ramping process and
the second ramping process in each switching cycle are given by subtracting the actual current

expressions from its reference. Hence the current error in the first ramping process is described

as follows,
ierr (1) = 1,(1)- 1, (3.12)

Substituting 7;(t) in Eq. (3.7), and L in Eq. (3.11) in Eq. (3.12) respectively, gives,

\ Vpk :
zerrl(t)=——Z(cosmt—coswto)+lo—ka sinwt (3.13)

w

Therefore, the current error value at the switching instant #,, see Fig. 3.2, is,

. Vpk .

ierr(t,) = ——Z(cos ot —coswiy)+1, -1, sinwt, (3.19)

@

Likewise, the current error in the second ramping process in one PWM cycle is given as,
ierr,(t) =1,(t)- 1., (3.15)

Substituting L,(t) in Eq. (3.9), and s in Eq. (3.11) in Eq. (3.15) respectively, yields,
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sign(V,) E-(e-1,)
L

y
ierr, (t) = ——(cos @t~ cosw t, ) -

ol

+1,~1,sinot  (3.16)

Hence, the current error value at the end time instant %, see Fig. 3.2, is:

Sign(Vs)’E ) (tz —tl)
L

v
ierr,(t,) = —-a%(cosa)t2 —-CosS @ tl)—— +1, -1, sinwt, (3.17)

The current control law of this proposed control scheme is to obtain the symmetrical
zero-centered current error in every PWM switching period. In other words, the two
instantaneous current errors, ierri(t;) and ierr,(f,), are expected to be equal on the amplitudes

with opposite polarities at every single switching cycle,
ierr(t,) = ~iern,(t,) (3.18)

Substituting Eq. (3.14) and Eq. (3.17) into Eq. (3.18), gives,

14 ) E
- —m”—zcos wt, =1, sinot +signV,): -Ztl

v
_—_-———’il"-;-(Zcosa) t —cc)sa)z‘2)+sz'gn(Vs)-—]iit2 ~2I,+1,sinwt, (3.19)
@

In Eq. (3.19), % and ¢, are fixed frequency time instants that are known as long as the
switching frequency is determined. I,, the initial current value of the present switching cycle, is
actually the current value of the end time instant of the previous successive switching cycle,
which is also known. As for the other circuit parameters in the equation, such as Vy, Iy, E, L,
are known as the PWM rectifier bridge has been modelled. Solving the equation, the only
unknown variable # is obtained. In this sense, the switching instant of every single switching
period can be determined based upon the control law defined in Eg. (3.18).

However, Eq. (3.19) is not a linear equation for solving the switching instant #; Besides, it
does not present the direct solution for ¢, indicating that it is not suitable for the real-time
calculation purpose. Modifications on this control scheme can lead to the other proposed control

scheme that is described in Chapter 4.
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3.3 MATLAB Program Description

All the simulation programs in this thesis are fulfilled by MATLAB and are attached in the
appendix for detailed references. For all MATLAB programs in this thesis, there are no physical
analogue components involved to emulate the single-phase PWM rectifier bridge. Instead, a
model is developed to represent the operation of the single-phase PWM rectifier for the
simulation purpose, see Fig. 1.2. Consequently, relevant mathematic formulas, such as the
inductor current in Eq. (3.7) and Eq. (3.9) and the current error in Eq. (3.13) and Eq. (3.16), are
adopted. The MATLAB program for model-based predictive current control scheme is attached

in appendix A.

14
K(t,.t,)= ——aj”i-(Zcosa) t, —-cosa)tz)+ sigtrz(VS)-—f—t2 =2l +1,sinwt, (3.20)

V E

F(t)=——coswt -1 sinwt+sign(V. ) =t 3.21
() wl pk & ( s) L ( )

update

every cycle
Kito,t2)
+
C

Ft) l"" . SHE

Figure 3.4 Determination of switching instants by MATLAB program

By separating Eq. (3.19) and introducing two new variables K{¥,, £,) and F(¥), Eq. (3.20)
and Eq. (3.21) are obtained. For variable K{fo, #,), it gets updated at the beginning of every
switching cycle. In other words, the value of this variable is always known for all PWM
switching cycles. For the other variable F(¥), it is capable in MATLAB program to further
divide each switching cycle into more shorter time intervals to compute the corresponding

variable values. Since no linear expression for the intended switching instants could be derived
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for this scheme, an alternative method with the analogy of an analogue comparator is adopted,
as shown in Fig. 3.4. Once values of the two variables K(t, #) and F(f) are within the
pre-defined precision region, the corresponding switching time instants ¢ in Eq. (3.19) is
obtained.

The MATLAB program of this control scheme exhibits a potential for this control scheme
to be implemented by the sophisticatedly designed analogue circuits. Comparators, multipliers,
sine and cosine function generators, and fixed clock rate generators, etc, could be employed to
realize the control scheme. However, improvement of this control scheme to suit for practical
application by involving the current feedback loop and increasing immunity of circuit

parameters variations is necessary before the practical implementation.

3.4 Simulated Characteristics

Model-based predictive current control scheme is investigated using the single-phase PWM
rectifier to verify the effectiveness of the control algorithm. The simulations undertaken on
MATLAB program are developed to have the effectiveness of the control algorithm investigated
under the conditions that emulate the practical experimental environment, such as the
inductance mismatch between the circuit and the model; the random noise imposed on the ac

supply voltage, and the second harmonic injected in the dc link voltage.

3.4.1 Simulation Under the Nominal Condition

The simulation waveforms of the proposed scheme under the nominal condition are shown
in Fig. 3.5. The inductor current is precisely controlled to follow the current reference. The
proposed algorithm achieves zero-centered current error combined with unipolar PWM scheme,
provided the circuit parameters match the model parameters, as listed in Table 3.1. The average
current error is obtained by averaging the magnitudes of the two opposite peak current errors
during every PWM switching cycle. Though it is not a strict technique to define the average

current error, this approach produces simple and straightforward approximation.
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Table 3.1 Circuit parameters of simulation waveforms in Fig. 3.5

Parameters Circuit Values Model Values
Supply Inductance (L) 5mH SmH

Supply Voltage (V1) 169V, 60Hz 169V, 60Hz
dc Link Voltage (E) 200V 200V
Switching Frequency (f,,) | 1800Hz Not required
Clock Frequency 3600Hz Not required
Current Reference (. 10A 10A
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Figure 3.5 Simulated waveforms under the nominal condition
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Figure 3.6 Simulated waveforms with higher switching frequency

The determination on the zero crossing of the modulated voltage source V; in Fig. 1.2 is
based upon the zero crossing of the supply voltage for this scheme. However, the existence of
the two apparent deviations in the current error waveform in this case is less satisfying, as
shown in Fig. 3.5 (d). Simulation waveforms in Fig. 3.6 present the current error and the
average current error with the same simulation condition as in the nominal case except that the
switching frequency is set at 3KHz. It is quite obvious that the deviations caused by the zero
crossing are severe in this case.

The supply current is lagging of the supply voltage due to the supply inductor in the circuit.
Hence the determination of the zero crossing of the modulated voltage source should not be on
the basis of the zero crossing of the supply voltage. An improvement about this issue is
expected for the practical applications. These apparent deviations could be attenuated by more

sophisticated control algorithm or simply, connecting a small resistor in series with the inductor

to mitigate the spikes.

3.4.2 Simulation Under the Emulated Practical Condition
Model-based predictive current control scheme is sensitive to the circuit parameters

variations. This is because all the model parameters are involved directly to predict the suitable
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switching instant. It produces less satisfactory performance if any of the mismatches exist
between the real circuit and the assumed circuit model, such as the inductance mismatch. It also
happens when the practical work condition drifts away from the assumed ideal situation, such as
the existence of the second harmonic in the dc link voltage and the noise in the ac supply
voltage. The non-zero average current error and hence certain amount of low order harmonics
are inevitable in theses cases. For the following examinations, only the parameters other than

those in the nominal simulation condition, as listed in Table 3.1, are listed out separately.
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Figure 3.7 Simulated waveforms with 20% supply inductance mismatch

Table 3.2 Different circuit parameters of simulation waveforms in Fig. 3.7

Parameters Circuit Values Model Values

Supply Inductance (L) SmH 6mH

The first examination is to investigate the effectiveness of the control algorithm with the
existence of the mismatch between the circuit parameters and the model parameters. The 20%
mismatch of the inductance between the circuit value and the model value, as listed in Table 3.2,
gives rise to around 12% maximum excursion of the average current error deviate away from
the zero line, as shown in Fig. 3.7 (b). Moreover, the apparent deviations caused by the zero

crossing of the supply voltage present longer lasting and higher amplitudes under this condition.
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Likewise, the existence of the second harmonic in the dc link voltage, as listed in Table 3.3,

produces the apparent excursions of the average current error, as shown in Fig. 3.8. The

irregular shape of the average current error rev

eals the existence of the low order harmonics of

the supply current. The 5% maximum variation of the dc link voltage brings in around 30%

maximum deviation of the average current error away from the zero line.
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Figure 3.8 Waveforms with the injected 5% second harmonic in dc link voltage

Table 3.3 Different circuit parameters of simulation waveforms in Fig. 3.8

Parameters ' Circuit Values

Model Values

dc Link Voltage (E) V1w 200V

Vaer: 200-10*sin240xt V
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Figure 3.9 Waveforms with random noise in supply voltage

Table 3.4 Different circuit parameters of simulation waveforms in Fig. 3.9

Parameters Circuit Values Model Values

Supply Voltage (V) Vg 169V, 60Hz V! 169+5*and®V, 60Hz

Note @: rand designates the random noise with the maximum amplitude of 1V

The noise rejection capability of the proposed control scheme is slightly less than expected,
as shown in Fig. 3.9. The 3% maximum variations of the noise of the ac supply voltage, as
listed in table 3.4, produces not only the noise contents but also around 10% maximum

deviation of the average current error away from the zero line. The abnormal shape of the
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average current error exhibits the existence of the noise in the circuit. Since noise is unavoidable
in the practical experimental environment, control strategies with bigger noise margin are
desired for the practical application.

The waveforms of the proposed current control scheme are presented in Fig, 3.10, with the
combined cases of 20% inductance impedance mismatch between the circuit value and the

model value, 5% second harmonic in dc link voltage and 3% noise in ac supply voltage, as

listed in Table 3.5.
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(a) Current error in a switching cycle (b) Average current error in a switching cycle

Figure 3.10 Waveforms with 5% second harmonic, 3% random noise, 20% inductance mismatch

Table 3.5 Circuit parameters of simulation waveforms in Fig. 3.10

Parameters Circuit Values Model Values
Supply Inductance (L) SmH omH
Supply Voltage (V) 169V, 60Hz 169+5*randV, 60Hz
dc Link Voltage (E) 200V 200-10%*sin240xt V
Switching Frequency (/) 1800Hz Not required
Clock Frequency 3600Hz Not required
Current Reference (1) 10A Not required
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The average current error under this simulation condition presents around 30% maximum
deviation of the average current away from the zero line. Though the resultant waveform of the
average current error is not the linear combination of the waveforms in the three separate cases,
it still displays the obvious features of every case, such as the apparent deviations due to the
zero crossing of the supply voltage, and the irregular shape of the average current error due to
the existence of the noise. It is apparent that the intended control goal, the symmetrical
zero-centered current error, is not quite accomplished. In this sense, this control scheme is

sensitive to the circuit parameters variations.

3.5 Summary

Model-based predictive current control has been introduced in this chapter. This scheme
determines the intended switching instants merely based upon the pre-defined model values
without any current feedback included. The resultant current control scheme is sensitive to the
circuit parameters variations. A symmetrical zero-centered current error is obtained provided the
real-time measured actual parameters match the pre-established circuit model values.

As discussed in section 3.3, this scheme is simulated in MATLAB program using a
conceptual comparator. This also implies that this scheme has a potential to be implemented
using specially designed analogue circuits that could realize multiple and sine, cosine functions.
However, a further investigation about this scheme is required to bring to fruition a current
feedback loop and to improve the performance of the scheme in the practical environment.

The proposed scheme is not suitable for DSP implementation since no direct solution has
been developed for real-time computation. However, the basic concepts and the relevant
equations of this scheme form the basic for a new slope detective control scheme that is
described in Chapter 4. This second scheme gives a direct solution that is suitable for DSP
implementation and has an improved performance in terms of strong capability against circuit
parameters variations, high noise and harmonics rejection capability, stable and fairly fast

tfransient response.
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Chapter 4 Slope Detective Current Control

Motivated by the basic control concepts derived for model-based predictive current control,
see chapter 3, a control scheme that is suitable for practical applications is proposed in this
chapter. Slope detective current control is a digital-based constant switching frequency unipolar
PWM control algorithm that successfully regulates the inductor current of a PWM rectifier to
precisely follow the pre-established current reference signal. This is accomplished by choosing
the desired switching instant so as to achieve a symmetrical zero-centered supply current ripple
in every switching period.

Slope detective current control uses the slopes of the current error signal in the previous
two successive switching cycles to determine when the next switching instant should occur.
Unlike model-based predictive current control, the desired switching instant is chosen based
upon the real-time measurements of the actual parameters rather than circuit model parameters.
As aresult, a feedback loop for the supply current signal is essential for this control scheme.

Intuitive descriptions and the basic concepts of slope detective current control scheme are
introduced in this chapter. In addition, the relevant formulas that lead to quantitative analysis are
also presented. Simulated characteristics for the single-phase PWM rectifier topology are used
to compare the performance of the proposed control scheme with those of other control schemes,
such as ramp comparison current control, fix band hysteresis current control, and variable band

hysteresis current contro! scheme.

4.1 General Description

The basic control concept of slope detective c urrent control s cheme is explained based
upon the single-phase PWM rectifier bridge topology, as illustrated in the block diagram in Fig,
4.1. Unlike model-based predictive current control, determination of the intended switching
instant of the proposed control scheme depends upon the real-time measurement of the actual

parameters. This is accomplished by using the real-time sampled slopes of the current error
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signal as an input to the controller. The current error signal, a difference between the sampled
supply current and the current reference, contains not only the information of circuit parameters,
but also a trend in the natural of signal change over time. In other words, the change of the
cutrent error signal from cycle to cycle is to produce what the likely shape of the current error
signal in the upcoming cycle. To simplify the analysis procedure, the dc link is treated as a well
regulated c onstant d ¢ voltage and the s emiconductor s witches are regarded as ideal s witches

regardless of the real device physical characteristics.

L
ig) , V.

4+
Ve E :-

i@ ,
{ to switches
ref | current
controller LA

Figure 4.1 Block diagram of slope detective current control scheme

The control algorithm applied to the single-phase PWM rectifier bridge is intended to
achieve a symmetrical zero-centered current error signal. To obtain the control goal, the current
error signal must vary in two opposite directions around zero in every PWM switching cycle.
Therefore, the current error signal always has two distinct varying segments within each
switching period, the ramping upward segment and the ramping downward segment, as shown
in Fig. 4.2. As discussed in Chapter 3, the current error signal of the two segments can be
expressed in terms of the circuit parameters, referring to Eq. (3.13) and Eq. (3.16), according to
the circuit model shown in Fig. 1.2.

Generally, the current error signal is assumed to ramp linearly provided the switching

frequency is high enough. The assumption of the linear varying current error signal introduces
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two distinet and constant slopes of the current error signal within a switching period. The value
of each slope is determined by taking the real-time measurements of the two instantaneous

magnitudes, the maximum and the minimum magnitudes of the current ervor signal.

0 Io 14 12
\/ tr0 Iﬂ!\/ trt I‘f1V w
kru ke Ke2

Clock T - 1
ko k1 k2
Figure 4.2 Principle of slope detective current control

On the other hand, since two segments of the current error signal can be described with
equations using the circuit parameters, the slopes of the current error signal can also be defined
with equations. By applying the small signal assumption, Taylor expansion theorem and basic
trigonometric function transformations can be used to theoretically simplify the expressions for
the slopes of the current error signal. Consequently, two distinct and constant slopes in each
switching period are approximated as the coefficients o f the first-degree terms of the Taylor
polynomials, depending on the different expressions of two segments respectively.

The goal of the simplification is to eliminate all the involving circuit parameters for
determination of the suitable switching instant and to replace them by the dynamically sampled
actual parameters. However, the slopes, expressed as the coefficients of the first-degree terms of
the Taylor polynomials, still contain the undesirable circuit parameters. By manipulating the
relevant equations, the ramping up and ramping down slopes %, and &, as shown in Fig. 4.2,
can be expressed by the slopes k., k., kg, & in the previous two successive switching cycles,
without any circuit parameters involved in.

According to the discussion in Chapter 3, the time instants ¢, and ¢, are always known for

the proposed algorithm since they are fixed points once the switching frequency is determined.
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The slope k,,, on the other hand, is also a slope of the line function between the two time
instants 1, and #,. The slope kg, similar as k,,, can also be expressed by the magnitudes and time
values of the two time instants ¢, and ¢, With the control law to obtain a symmetrical
zero-centered inductor current ripple whose peaks occur at the time instant ¢; and ¢, respectively
in every PWM switching cycle, the only unknown switching instant #, can be solved and
expressed by all known variables, such as #, &, k., k., kp, kg, etc. In this sense, the choice of
the intended switching instant ¢, is not based upon the circuit parameters, but related with the
real-time measurements of the actual parameters.

The proposed control scheme is based upon digital techniques. The constant switching
frequency is guaranteed by the fixed digital clock rate, rather than the triangular carrier
reference. It is the quick advanced digital technology that makes the real-time cycle-to-cycle
calculation for the desired s witching instant b ecome p ossible. Consequently, accurate control
over the ac supply current is accomplished.

The proposed control scheme is a fixed switching frequency scheme that achieves a
symmetrical zero-centered current error in every PWM switching ¢ ycle. It provides accurate
control over the supply current signal, oscillating within symmetrical bands centered on the
current reference. The control scheme presents unity PF performance that could be
accomplished under a relatively low switching frequency, indicating low switching losses and
high efficiency. These features make the proposed control scheme very suitable for high power
and accurate control applications.

The proposed control scheme has high perforrhance in terms of accurate control of the ac
supply current, high immunity over circuit parameters variations, stable and fairly fast transient
response, and extremely narrow switching frequency band. The employed unipolar PWM
scheme introduces low supply current ripple that brings the benefits of a small supply inductor
or a low switching frequency. It also have the effect to push the high order harmonics into high
frequency band so that the harmonics can be filtered away very easily. A1l the merits of the

proposed scheme are clarified by the simulated characteristics in section 4.4 and the comparison
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with other current control schemes in section 4.5.

The proposed control scheme produces better performance under the higher switching
frequency. This is ascribed to the small signal approximation applied to the scheme. The zero
crossing issue, a common problem due to unipolar PWM scheme [4,20], is significantly
mitigated in this control scheme and is discussed in detail in section 4.3. However, due to the
prediction of the intended switching instant being based upon the slopes in the previous
switching period, the quality of the current waveshaping deteriorates at the crest points of the
supply voltage within the line cycle. This is attributed to the slope of the supply voltage
changing the polarity around the two crest points, referring to Eq. (4.32), Eq. (4.44) and Fig. 4.6
(d). Higher switching frequency is required to reduce the e ffect of'this issue and to produce

better performance.

4.2 Formula Derivation

The general description of the proposed algorithm in section 4.1 is intended to give an
overview of the proposed scheme. In this section, the detailed formula derivations and relevant
background mathematic knowledge are stated. Before any detailed analysis begins, the concept
of the small signal approximation is illustrated again, for all the simplification applied to the
formulas is based upon it.

The relatively high switching frequency £, with respect to the modulated line frequency,
intercepts a long and slow varying sinusoidal period into a number of short time intervals,
namely switching periods, depending on the ratio between the switching frequency and the
modulated line frequency. In each short switching period, it is reasonable to assume that the
slow varying modulated sinusoidal signal is invariable with time, provided the switching
frequency is high enough. The resulted small signal range produces the possibility to simplify
the nonlinear characterises of the bridge operation to be linear. The linearization for the relevant
formulas of the proposed scheme is mainly based upon Taylor polynomials theorem and

trigonometric functions transformations, which are attached in Appendix F.
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4.2.1 Two Approaches to Describe the Slopes of the Current Error Signal

A sketch of the current error signal in one PWM switching cycle in Fig. 43 isusedto
explain the proposed control scheme applied on the single-phase PWM rectifier. It is obvious
that the current error has two distinct and constant slopes over a PWM switching cycle. The
time instant ¢#. is the zero crossing during the process of its first ramping segment, while the time

instant #is the other zero crossing during the process of its second ramping segment, as shown

in Fig. 4.3.
jerrqa{t1)

kr kf

tr tf
0 to iy g

en {t) t/;

jerryfy jerra{t

jarra (tull-—‘S

jerra(tz2)

Figure 4.3 Current error waveform with fixed frequency clock

The formula of the current error signal for its first ramping segment term ierry(t) in Eq.

(3.13), has the first-degree Taylor polynomials at the zero crossing time instant #, as follows:
(1)
t
ierr,(t) = iern(t,) + %ir(——'—)—(t -t )+ R, (t) 4.1)

In which, the first constant term of the function ierr|(t) has its value equal to zero at the
zero crossing time instant #,. The coefficient of the differential term of the function ierr (t) at the
time instant #. is designated as k. in Eq. (4.2). This coefficient %, is interpreted as the
approximate s lope of the current error signal during the first ramping process as longas the
remainder term, the rest of the high order polynomials of the Taylor expansion, are small

enough to be ignored. Therefore,

V
k = ierrl(l)(tr) = -zi sinwt, -l , coswt, 4.2)
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Substituting Eq. (4.2) back into Eq. (4.1), yields the linearized current error ierr (t) as,
jern (t) = Ve I t |-(t-1) 4.3
ernit)= —I—J—sma)t,—a) ok COS@L, " =1, 4.3)

On the other hand, the real current error can be obtained by the real-time sensoring on the
magnitude of the current error signal. With the corresponding time instants, the slopes of the
current error signal can be approximated in a manner of linear equations. Accordingly, the slope

k, of the current error signal ierr;(t) has another way to be given as,

k = ierr (tlt ) : zl':er"r2 (to) @4
1 0

For the second ramping process, the time instant #-is the zero crossing of the current error
signal ferry(t), as shown in Fig. 4.3. Due to the similar nature of the two significant time instants
t, and ¢, all the foregoing theorems and assumptions developed for the time instant ¢, are also
applicable to the other time instant 7 For the second ramping process of the current error signal,
the corresponding approximate slope, namely the coefficient of the differential term of the
function ferr,(t) is designated as ;.

It is worth to point out that the two slopes %, and % always have opposite signs. This
requirement has its reasonable explanation that the controlled current always oscillates around
the pre-established current reference. In other words, the current error ramps in one direction
during the first ramping process, it ramps in the opposite direction during the second ramping
process. The current is allowed to merely vary around the zero error line to minimize the
average current error and hence the low order harmonics.

Likewise, the relevant formulas for the second ramping process about the current error

signal ierr,(t) and its corresponding slope & are given as follows:

y

k, =ierr2(l)(tf)=f]f’j—“~sina)tf -ol, coswi, —sign(VS)-% 4.5)

. Vpk . . E ( )

ierr,(t) = —i-sma)tf—a)lpk coscotf—szgn(Vs)-z -1, (4.6)
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b= ierr, (rz)— lern, (t1)
g L—f

@.7)

4.2.2 Prediction on the Slope —the First Ramping Process

Since the slope of the current error signal can be described from two different view points,
circuit equations and sampled data, efforts are put on seeking a proper way to express the
unknown slope &, and &, by the known slopes .., £, k.0, and ky in the previous two successive
switching periods k1 and kO, as shown in Fig. 4.2. If such expressions would be found then the
suitable switching instant for switching period k2 could be predicted without any knowledge of
the parameters of the circuit model, which leads to the non-zero average current error under the
conditions of the parameters variations and noise perturbations.

toand t,, asshowninFig. 4.2, are the zero crossing time instants o f the first ramping
segments in the first two s witching cycles kO and k1, among the three s uccessive s witching

periods. Hence, k,, and k,; could be given in terms of ¢4 and ¢, according to Eq. (4.2),

respectively,
- Vpk :
k,= Tsm ot ,—-ol, cosmt, (4.8)
— Vpk :
k, = Tsm wt,, ~ol, coswt, 4.9)

The time difference between time instants 0 and ¢, is not exactly the same as the
switching time period. However, for the two successive switching periods, it is reasonable to
make the assumption that the time difference between ¢, and #,; is the switching time period T,

for the error comes up with the assumption is negligible. Rewriting Eq. (4.9) accordingly,
Vi .
k, z-—z——sma)(tro +T)-wl, cosalt,, +T) (4.10)

For bipolar PWM scheme, the switching time period T is just the reciprocal of the

switching frequency f;,. However, unipolar PWM scheme presents the “double frequency”
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effect as one of its benefits. Hence in this case the switching time period 7 is obtained as,

1
2fs

Subtracting %, in Eq. (4.8) from 4, in Eq. (4.10) and rearranging it yields,

T (4.11)

k,-k,= —%"—(sinw(t,o +T)—sincot,o)—-a)lp,c(cosa)(t,0 +T)-coswt,,) (4.12)

The above equation could be further simplified according to the trigonometric functions in

Eq. (F.2) and (F.3),
. oT (. Vi T . T
k,—k,= smT ZTcosa) t +—2— +201, sinw|t, +—2— (4.13)

In the above equation, the product term outside the bracket is a constant number as long as
the switching frequency has been determined. Generally, the switching frequency is relatively

high with respect to the line frequency. As aresult, the term ©7/2 is always a very small
value close to zero. Hence it can be further linearized according to Eq. (E.7),
sin — = —— 4.14)

Substituting Eq. (4.14) into Eq. (4.13) and rearranging it gives,

V
k,~k,=0T- (%"cosa)(t,o + g) +ol, sin a)(tro + %D (4.15)

Dividing the term @7 on both sides of Eq. (4.15) yields,

uﬂ:zﬁk—cosw(tro +Z}+a)lpk sinco(t,o +I—) 4.16)
ol L 2 2

The two terms on the right hand side of the above equation are not straight forward and do
not provide any meaningful and simplified results as given. In the above equation, all the circuit
parameters, sine and cosine terms are involved, indicating less satisfactory performance (refer to
section 3.4) and computational complexity. Further simplification can be undertaken to

eliminate the involvement of the circuit parameters, sine and cosine terms. The two terms in Eqg.

(4.16) are analyzed separately. According to the trigonometric functions in Eq. (F.4), the cosine
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term on the right hand of Eq. (4.16) is derived as,
cos@ (tro + 22:) = COS W, COS —%Z —-sinwt,, sin %Z 4.17)

The second term on the right hand of the above equation requires the simplified result
given in Eq. (4.14). Its cosine term in Eq (4.17) can also be simplified according to Eq. (F.8) for
the same reason and is given in Eq. (4.18).

ﬂ:l_@i
2

cos (4.18)

The second term on the right hand in the above equation is so small that it could be
neglected in this case, bringing no significant impact on the accuracy of the control goal. For
example, under the condition of an 1.8KHz switching frequency for unipolar PWM and a 60Hz
line frequency, the two involved terms w and T have the values as 376.99 rad/s” and 277.77 us
respectively. Consequently, the value of the second item in the above equation is obtained as
0.00548 rad’, a very small fraction. Moreover, neglecting the second term on the right hand in
the above equation could avoid the unnecessary complicated inter-process ’ during the
simplification procedure that provides no further performance improvements. In this sense, the

final simplification result for the cosine function is:
T
cosf‘lz__ ~1 (4.19)

Substituting the simplified Eq. (4.14) and Eq. (4.19) into Eq. (4.17) gives:
cos co(t,o + %) =coswt,, — %Zsin @i, (4.20)

Following the derivation process of the first term on the right hand of Eq. (4.16), the
second term on the right hand of Eq. (4.16) is derived according to the trigonometric functions

in Eq. (F.5),
. T . T . oT
sima|t,, +-) =smati,, cos—a—)——+cosa)tro sm—aL—- 4.21)
2 2 o2
Substituting the simplified Eq. (4.14) and Eq. (4.19) in the above equation yields,
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. . T
sin @ (tro + g—) =smwi,, + 5)5— cosat,, (4.22)

Substituting Eq. (4.20) and Eq. (4.22) into Eq. (4.16), and rearranging it gives,

krl —kr()

14 . T(Va .
— =2 coswt, +ol L Sinat,, —%(—Zk—sma)tro ~ol, cosa)tro] (4.23)

The expression in the bracket of the above equation is actually the equation to describe %,
see Eq. (4.8). Substituting %, into Eq. (4.23) and rearranging it gives,

kr —k’, oT Vk .
—7‘9‘+Tk’° = »—é«cosa)tr0 +ol, sinwt,, (4.24)

Squaring both sides of the above equation yields,

2 2
kr —kr ol Vk .
(——1;)—1—;—0—+—é—k,0] =(%cosa)troj +(a)1pk sinwt,,

oV I
+2—2 P cosmt  sinwt,, (4.25)
L ro r0

Squaring both sides of Eq. (4.8) gives,
v ’ oV, I
ko = (_Lli sin @ troj + (a) I, cosw tro)2 -2 % coswt, sinwt,, (4.26)
Adding together Eq. (4.25) and Eq. (4.26), simplifying according to the trigonometric
functions in Eq. (F.1) and rearranging it yields,

2 2
k,-k, oT : [ Va "
(—-‘:‘]‘:—q‘ + "——Z—k’_o} -+ kr() = (——2;— -+ (0) [pk)Z (427)

The main purpose of all these linear simplifications is to eliminate all the involving circuit
parameters, such as ¥y, I, L, and E. Although these undesirable parameters are still included in
Eq. (4.27), they display in Eq. (4.27) as a form of constants, without involving any sine and
cosine terms. Therefore, if three switching cycles are picked, these constants can be eliminated.

For the second and the third switching period ki and k2, as shown in Fig. 4.2, the formula

links the corresponding slopes k1 and £,, are obtained in the same form according to Eq. (4.27),
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2 2
k,-k, oT 2 (Va
[—.—zw - ‘+-2—~k,_lj +k, =(f] +{or,f (4.28)

Subtracting Eq. (4.27) from Eq. (4.28) and rearranging it gives,

2 2
k.,-k, oT k,-k, oT 2 2
2 Tk =2l 0k -k -k 429
( oT 2 "j ( oT 2 " (” ’°) *29)

In Eq. (4.29), k4 and k. are the ramping slopes that can be obtained by sampling and
calculating over the real current errors and the corresponding time instants. Hence all the
information about the real circuit functioning is contained in the two detected ramping slopes.
The ramping slope £, is the one that can be predicted from the ramping slopes %, and %, in the
previous two successive switching periods kO and k1, according to Eq. (4.29). It is obvious that
no circuit parameters are involved in the prediction of the ramping slope %,, for the switching
cycle k2.

It is a desirable feature for slope detective current control scheme that no knowledge of the
circuit parameters is required to predict the desired switching instant, referring to Eq. (4.29).
The proposed control scheme works independently from the changes in circuit parameters and
has high i mmunity o f noise perturbations. The proposed control scheme is more suitable for
practical application with respect to model-based predictive control scheme discussed in
Chapter 3.

An expression for the predicted ramping slope %, is derived as follows:

2
k,~k, k,-k, oT 2 2y oT
¥ L4 r ro k Y ) —_—F 4.30
a)T \/( Q)T 2 0 ( rl 0 ) 2 rl ( )
Hence,

(@T) + (@T) i 2 ( 2 2)
er = krl _—i_krl - krl ~kr0 +__2~—kr0 "'(GJT) ’ krl -—krO (431)

The trend in changes between slopes %, and £, is closely related to the trend-of-rate of the
ac supply voltage. In the two successive switching cycles, the rate-of-change over the

magnitude of the supply voltage is much faster than the rate-of-change over the magnitude of
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the dc link voltage. In this sense, the dc link voltage could be treated as a constant with respect
to the relatively rapid rate-of-change of the supply voltage.

In the single-phase PWM rectifier bridge circuit model shown in Fig. 1.2, the voltage
difference between the supply voltage ¥, and the modulated voltage ¥, is carried by the induced
voltage across the inductor ¥;. The modulated voltage signal ¥; always has two states, for
example £ and 0 as shown in Fig. 4.4, during one PWM switching cycle. Due to the reason
stated in the previous paragraph, these two states are of relatively slow rate-of-change on the
magnitude with respect to the rate-of-change of the magnitude of the supply voltage V;. On the
other hand, the induced voltage across the inductor is proportional to the rate-of-change of the
current through the inductor. As a result, the rate-of-change of the controlled ac supply current

is primarily dependent on the rate-of-change of the supply voltage.

ary
1]

Vi E
Ve o
Clock 1 1 1
k1 k2

Figure 4.4 Current error, supply voltage and dc link voltage waveforms

Although the slope of the current error is not the same as the slope of the supply current, it
follows the same trend in changes as the rate-of-change of the supply current. For instance, the
slope of the current error k., is bigger than the slope of the currént error k,, because the supply
voltage V; in switching cycle k2 is higher than it in switching cycle k1, as shown in Fig. 4.4.
The higher the supply voltage is, the steeper the slope of the current error it has.

Due to the foregoing discussions, the rate-of-change of the supply voltage determines the

trend in changes of the slope of the current error. Since the supply voltage has its form as a

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



sinusoidal function the rate-of-change of it is in the form of a cosine function. In Eq. (4.31) the
trend in changes of the slope £, is primarily determined by the third term because the second
term is very small as discussed before. In light of this, Eq. (4.31) can be rewritten so that the

plus and minus sign in the equation is replaced and more clearly stated as,

k., =k, +sign(cosat)(k, — ko) - (@T) - (k,} -k, (4.32)
Where, sign designates a function to get the relevant sign with the value of +1, -1, or 0 for

the cosine function value in the bracket.

4.2.3 Prediction on the Slope --the Second Ramping Process

The current error slope of the first ramping segment in switching period k2 can be
expressed by the slopes of the previous two successive periods k1 and kO, as discussed in
section 4.2.2. In the similar way, the current error slope of the second ramping process can be
derived and expressed by all the known slopes k.1, ko, kn, and kp in the two successive
switching periods k1 and kO.

tp and t, are the zero crossing points in the second ramping segments of the first two
switching cycles kO and k1 among the three successive switching periods, as shown in Fig. 4.2.

Hence, kp and k, can be given in terms of £y and ¢, according to Eq. (4.5), respectively,

V. . ) E

koo = —%ksma)tfo ~wl, cosot,, —szgn(Vs)'-Z (4.33)
V., . . E

kyy =—§k—sm oty —ol, coswt, -szgn(Vs)~—Z (4.34)

Due to the similar reason discussed before, assuming the time difference between time

instant ¢y and ¢, is equal to the switching time period 7, therefore,
Vi . ) E
ke ——I’f-sm a)(tfo + T)—— ol cos a)(tfo + T)— sign(V,): 7 (4.35)

Subtracting kp in Eq. (4.33) from kg in Eq. (4.35) and following the similar simplifying

procedures gives,
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V
kp—ky=0T -(-—i’i"—cos a)(tfo +§J+a)1pk sin a)(tf0 +—g)] (4.36)

The time difference between time instants #p and ¢, is approximated to be 772. The error
comes up with the assumption is negligible provided the switching frequency is high enough.

Hence,
. . T T
sin a)(tro + T)m sina|t,, +§ & cosa)(z‘r0 +T)z cos@| ¢, +5
Substituting the above assumption into Eq. (4.36) yields,

Vpk .
ki—k,,=0T- —i—cosa)(tro +T)+ wl, sma)(tro +T) 4.37)

Dividing the term wT on both sides of Eq. (4.37) yields,

k., -k 14
AL Tf° =—Z""—cosa)(tr0+T)+a)ka sino(z,, +7T) (4.38)
w

Squaring both sides of Eq. (4.38) and Eq. (4.10), adding the squared two equations together

gives,

ko =k Y . (V.Y
(._f-wT_fj v (k) =(_ZLJ tor,y @39)

Due to the same reason as mentioned before, the circuit parameters are still involved on the
right side of Eq. (4.39). As a result, the formula linking slopes &, and k,, is required to eliminate

these parameters. Hence,

2 2
[k” ‘kf‘] +(k,,) = (KL—] +o1,f (4.40)

ol

Subtracting Eq. (4.39) from Eq. (4.40) yields,

(kfz —kfl();;()ljﬂ "kfo)z =__(er2 “k,-12) (4.41)
Rearranging the above equation gives
(b, f =y Ry f ~(@T) (k7 -k, (4.42)
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And,

ko =kpy £l ~kpof —(@TY -k, -k, (4.43)

Due to the same reason stated before, Eq. (4.43) can be rewritten to eliminate the plus and

minus sign in the equation,

kf2 = kfx + sign (cos a)t)- \/(fo - kfo)2 - (a)T)2 . (k,zz - krlz) (4.44)

In the above equation, variables kg, &5, and %, are the known slopes of the previous two
successive switching periods kO and k1. Variable k., can also be predicted and expressed by the
known slopes %, and %, see Eq. (4.32). In this sense, the slope of the second ramping segment
ky, can be predicted with the slopes in the previous two successive switching cycles without any

knowledge of the circuit parameters.

4.2.4 Determination for the Desired Switching Instant

As discussed before, all the ramping slopes k.o, k.1, kp, and kq in the two successive
switching cycles k1 and kO can be detected from the measurements of the actual circuit
parameters. Consequently, the two ramping slopes k., and k, in switching cycle k2 can be
predicted and expressed in terms of these known slopes, see Eq. (4.32) and Eq. (4.44). After the
two slopes k., and kj, in switching cycle k2 have been obtained, a desired switching instant for
switching period k2 can be derived.

The ramping slope k,, and &, for switching cycle k2 are obtained according to Eq. (4.4) and

(4.7) respectively, see Fig. 4.2.

K, = iern(t,)~iern(t, ) (4.45)
Lt

k= (t,)—ierr (1) (4.46)
L, -t

Writing again the same control law that is used for model-based predictive current control

scheme in the Chapter 3, gives,
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iern (t1 ) = —ierr, (tz ) (4.47)
Substituting Eq. (4.47) into Eq. (4.46) gives

— o7 l’
1<:J,2==——‘%—535'ﬁ—(—12 (4.48)
=t

Rearranging the above equation gives,

_kf2(t2 _tl)

iern{t,) = 5

(4.49)

Also rearranging Eq. (4.45) gives,

ierrl(tl) ferr, (to)
t—t, = -

4.50
kr2 kr2 ( )

Substituting Eq. (4.49) into Eq. (4.50) to eliminate the unknown ierr(#;) term,

kf?.(tz ~l‘1)_ierr2(t0)
2kr2 kr2

b=ty =— @.51)

Rearranging the above equation gives,

k k 1
1-—L2 |t =4, ~ ”tffm%@J (4.52)
2kr2 2'kr2 kr2

Hence,

k ] k
t =1, - ”tff”%@) 1- 212 (4.53)
2kr2 kr2 2kr2

In the above equation, #, and #, are the fixed time instants once the switching frequency is

determined. erry(t,) designates the known magnitude of the current error signal at the start point
of this switching cycle, for it is also the current error value of the end time instant in the
previous switching cycle for the continuous current mode operation. The two slopes &, and &,
predicted by the slopes of the previous two cycles are also known. In this sense, the desired
switching instant # can be predicted with Eq. (4.53). Consequently, the d etermination ofthe
desired switching instant #, is based upon the current error slopes measured in real time, without

involving any knowledge of the circuit parameters.
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4.3 MATLAB Program Description

A MATLAB program is developed to verify the proposed current control scheme and is
attached in Appendix B. Similar as the simulation program for model-based predictive control
scheme, the single-phase rectifier bridge is adopted to examine the scheme in this program.

The maximum and minimum magnitudes of the current error signal are measured at time
instants #; and ¢, respectively. Based upon these two values, slopes of the current error signal in
one PWM switching cycle can be calculated. Consequently, in switching period k2, the slopes
of the cwrrent error signal can be generated and the desired switching instant 7, can be predicted.

The other two variables ierry(to) and ¢, see Eq. (4.4) and Eq. (4.7), required for obtaining
the values of the slopes, are assumed to be known. The variable ierr,(f,) is the initial value of
the current error in present switching cycle and is measured as ierry(t,) in the previous switching
cycle. As for the time value #,, it is predicted in the previous switching cycle and is known at the
moment of calculation. Only the current values at two time instants #, and #, are required to be
sampled in one PWM switching cycle. The time delay due to the ADC and DAC conversion
time and the computational time is reduced, making this scheme suitable for DSP realization.

The switching time instant #; of the very first two switching cycles are given instead of
being calculated. At the beginning of the operation, the bridge demands the switching on time as
long as possible to increase the inductor current. In the MATLAB program, these two initial
values of #; are given the values that are close to the full on time values of the switching cycle.
In DSP implementation, these two cycles have to be tackled specially.

The performance of the current error signal at zero crossing is improved for this scheme. At
the zero crossing in each line cycle, the current through the inductor reverses its direction. Due
to this, the improper determination of the zero crossing based upon the supply voltage ¥
produces the apparent deviations. An appropriate approach is to d etermine the zero crossing
based on the sampled current error, other than that of the supply voltage. Whenever the
magnitude of the current error reaches the lowest value around zero crossing, it is the right time

to change the polarity of the modulated voltage pulse 7. The change at this moment is expected
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to bring the lowest impact to the change of the current direction through the inductor.

By nature, the inductor stores positive energy in the positive cycle. When the supply
voltage V; goes from positive to negative, the inductor current discharges the stored p ositive
energy first and then reverses its direction. There is a slight time difference between the zero
crossing of the supply voltage and that of the inductor current. The desired time for the
modulated voltage pulse V; to reverse its polarity is to change right after the inductor current
fully discharged the stored positive energy so as to avoid the apparent deviations. This

explanation is also applicable to the situation in the negative cycle.

4.4 Simulated Characteristics

Slope detective current control scheme is examined using the single-phase PWM rectifier
to verify the theoretical feasibility of the control algorithm. The simulations developed for
examining the effectiveness of the proposed scheme are intended to have the control algorithm
tested under the emulated practical experimental environment, which likely presents circuit
parameters variations, noise interference and harmonics perturbations. Besides, transient
response of this scheme based upon the change of the current reference is also investigated, for
a stable and fast dynamic response is significant for practical applications of all control schemes.
The switching frequency band is also analyzed to verify the performance in terms of constant
switching frequency. The analysis of the supply current harmonic spectrum for almost all the

examinations is introduced to make the analysis more straightforward.

4.4.1 Simulation Under the Nominal Condition

The simulation waveforms of the proposed scheme under the nominal condition are shown
in Fig. 4.5. It is apparent that the supply current is centered on its current reference and the
supply current ripple is centered on zero in a line cycle. The waveforms in Fig. 4.5 are

simulated with the circuit parameters listed in Table 4.1, which is the same as those listed in

table 3.1.
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Table 4.1 Circuit parameters of the simulation waveforms in Fig. 4.5

Circuit Parameters Values

Supply Inductance (L) SmH

Supply Voltage (V1) 169V, 60Hz

dec Link Voltage (E) 200V

Switching Frequency (f,,) | 1800Hz

Clock Frequency 3600Hz

Current Reference (/.. 10A
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Figure 4.5 Simulated waveforms under the nominal condition
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By observation, this control scheme has relative bigger average current error in comparison
with model-based predictive control scheme under the same switching frequency, as shown in
Fig. 4.5 (d) and Fig. 3.5 (d). This is attributed to the small signal linear simplification applied to
the algorithm. A higher switching frequency truncates the modulated sinusoidal signal into more
and smaller time intervals, satisfying the assumption of the small signal more accurate. The
higher the switching frequency is, the better the performance it has. With a 3KHz switching
frequency, the control scheme presents much smaller average current error excursions, as shown
in Fig. 4.6 (d). Compared with the waveforms with an 1.8K switching frequency in Fig. 4.5, it is

obvious that a higher switching frequency improves the performance of the proposed scheme.
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Figure 4.6 Simulated waveforms with higher switching frequency
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The determination of the zero crossing of model-based predictive control is based upon the
supply voltage, other than the supply current. Hence model-based predictive control produces
apparent deviations at zero crossing with a 3KHz switching frequency, as shown in Fig. 3.6,
compared with the performance of slope detective control in Fig. 4.6. Slope detective control

improves the performance of the zero crossing distortion, which is discussed in section 4.3.

Table 4.2 Circuit parameters of the simulated waveforms in Fig. 4.6

Circuit Parameters Values

Supply Inductance (L) SmH

Supply Voltage (Vi) 169V, 60Hz

de Link Voltage (E) 200V

Switching Frequency (7,,) | 3000Hz

Clock Frequency 6000Hz

Current Reference (1,.y) 10A
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Figure 4.7 Harmonic spectrum of the supply current in Fig. 4.6 (a) using fundamental of 60Hz

The supply current harmonic spectrum in Fig. 4.7 shows a low magnitude low order

harmonics. This is ascribed to the existence of the apparent deviations of the average current
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error, as shown in Fig. 4.6 (d). The two small deviations are due to the zero crossing distortion
of the supply current. The two big deviations are due to the crest passing distortion of the supply
voltage. It is attributed to the instantaneous slope polarity change of the supply voltage around
crest. Higher switching frequency is desirable to attenuate unsatisfactory zero and crest crossing
distortions with the price of the increased switching losses. Trade-off between the performance
and the switching frequency is determined based upon the requirement of applications. The

waveforms in Fig. 4.6 are simulated under the circuit condition listed in Table 4.2

4.4.2 Effect of the Circuit Parameter Variations

The effectiveness of the proposed control scheme about the circuit parameters variations is
investigated. With 20% difference between the supply inductance, the supply current ripple
waveform and the average current error waveform in two different cases exhibit very similar
shapes but different amplitudes, as shown in Fig. 4.8. The very similar shapes of the two current
error signals indicate that this scheme performs independent from circuit parameters variations,
compared with the performance of mode-based control scheme in Fig. 3.6. No special designs

for the control algorithm are necessary for applications with different circuit parameters.

Table 4.3 Different circuit parameters of the simulated waveforms in Fig. 4.8

Circuit Parameters Dotted Line Solid Line

Supply Inductance (L) SmH omH

The different amplitudes of the current error signals in Fig. 4.8 are due to the different
values of the supply inductances used in the two simulation cases. Because the nature of the
inductor is intended to limit current ripples in the circuit, a bigger inductance produces smaller
amplitude of current ripples. In other words, if the control scheme could produce a smaller
magnitude of the current error signal, it has the potential benefit o freducing the size of the
supply inductance. The dotted line and the solid line in Fig. 4.8 designate different supply

inductance cases respectively, as listed in Table 4.3. The rest of the simulation parameters are
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the same as those listed in Table 4.1.
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Figure 4.8 Simulated waveforms with the different supply inductances

4.4.3 Effect of the dc Link Second Harmonic Voltage

The effectiveness of the proposed control scheme with the second harmonic injected in the
dc link voltage is examined. Ideally, the controlled dc link voltage is kept constant at the desired
dc voltage level. However, in practical, it is fairly hard to achieve that. The second harmonic is
the predominant harmonic of the dc link voltage hence the effect of it is investigated here. The
simulation waveforms in Fig. 4.9 show that the proposed scheme is strong enough to reject the

variations of the dc link voltage. Unlike the performance of model-based predictive control
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scheme in Fig. 3.7, the supply current ripple and the average current error waveforms in Fig. 4.9
exhibit almost the same shapes as those under the nominal case, disregarding the existence of
the 5% second harmonic perturbations of the dc link voltage. The dotted line and the solid line
in Fig. 4.9 indicate different dc link voltage cases, as listed in Table 4.4. The rest of the

simulation parameters are the same as those listed in Table 4.1.
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Figure 4.9 Waveforms with the injected 5% second harmonic in dc link voltage

Table 4.4 Different circuit parameters of the simulated waveforms in Fig. 4.9

Circuit Parameters Dotted Line Solid Line
de Link Voltage (F) Ver: 200V Vier: 200-10%sin240mt V
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4.4.4 Effect of the Random Noise

The effectiveness of the proposed control scheme with the random noise in the ac supply
voltage is investigated, for random noise is common and unavoidable during the practical
experimental environment. It is apparent that the control algorithm is insensitive to the random

noise interference, as shown in Fig. 4.10.
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Figure 4.10 Waveforms with 3% random noise in supply voltage

With maximum 3% random noise of the ac supply voltage, the average current error is still

maintained around zero, despite the irregular shape indicating the existence of the random noise.
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Comparing with the simulation waveform in Fig. 4.10 (d) and Fig. 3.8 (d), this scheme shows
stronger noise rejection capability than mode-based predictive control scheme, for the average
current error under the noise interference is still centered on zero for this scheme. The dotted
line and the solid line in Fig. 4.10 indicate different ac supply voltage cases, as listed in Table

4.5. The rest of the simulation parameters are the same as those listed in Table 4.1.

Table 4.5 Different circuit parameters of the simulated waveforms in Fig. 4.10

Circuit Parameters Dotted Line Solid Line

Supply Voltage (V) Ve 169V, 60Hz V. 169+5*rand V, 60Hz

4.4.5 Effect of the ac Harmonic Voltages

In practical, the expected sinusoidal ac supply voltage is often distorted by the ac
harmonics produced by the other non-linear loads of the power system. The effectiveness of the
proposed control scheme with the harmonic distorted ac supply voltage is examined. The
eleventh harmonic, the third harmonic, and the second harmonic are injected into the ac supply
voltage separately to test the control algorithm. It is shown that the control scheme has the
controlled ac supply current followed its reference well enough in spite of the existence of the
ac harmonic voltages, provided the magnitude of the harmonic voltage remains within the range
of control, or the frequency of the harmonic voltage is not close to the switching frequency [35].

The first case examined here is the one with the 3% eleventh harmonic injected into the
ideal ac supply voltage. Under this condition, the ac supply current is still centered on the
current reference, see Fig. 4.11 (c) and (d). By observation, the supply current ripple and the
average current error contain obvious the eleventh harmonic, as shown in Fig. 4.11 (e) and (f).
This is also d emonstrated by the significant i ncrease of the eleventh harmonic in the supply
current harmonic spectrum in Fig. 4.12, compared with that in the nominal condition in Fig. 4.7.
It is clear that even with a small magnitude, the high order ac harmonic voltage could not be
rejected completely if the harmonic frequency is quite close to the switching frequency, in this

case around one fifth of the switching frequency. Higher switching frequency is demanded to
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reduce the effect of the high frequency harmonic perturbations.
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Figure 4.11 Waveforms with 3% ac eleventh harmonic voltage

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 4.6 Different circuit parameters of the simulated waveforms in Fig, 4.11

Circuit Parameters

Dotted Line

Solid Line

Supply Voltage Expression

Voo 169*sinl20mt V

V. 169%sinl20nt+5%sinl1320mt V

...............................................

...............................................

Harmonic magnitude (per unit)

.....

. e b

20 40 60

Harmonic number
(a) Harmonic spectrum of supply current

Harmonic magnitude {(per unit)

Harmonic number

(b) Expanded scale

Figure 4.12 Harmonic spectrum of the supply current in Fig. 4.11 (c) using fundamental of 60Hz

Further examination is carried by injecting around 5% third harmonic in the supply voltage

to imitate the “flat top”, a common distortion phenomenon of the supply voltage, as shown in

Fig. 4.13 (a). The average current error in Fig. 4.13 (d) presents no significant excursions

compared with the one under the nominal condition. The harmonic spectrum of the supply

current in this case, as shown in Fig. 4.14, exhibits no obvious increase of the third harmonic,

compared with that in the nominal condition in Fig. 4.7. Consequently, the proposed algorithm

is strong at rejecting the ac harmonics with a relatively low frequency compared with the

switching frequency. The dotted line and the solid line in Fig. 4.11 and Fig. 4.13 indicate

different supply voltage cases, as listed in Table 4.6 and Table 4.7. The rest of the simulation

parameters are the same as those listed in Table 4.3,

Table 4.7 Different circuit parameters of the simulated waveforms in Fig. 4.13

Circuit Parameters

Dotted Line

Solid Line

Supply Voltage Expression

Vi 169%sinl20mt V

V. 169%sin120nt-+9*sin360mt V
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Figure 4.14 Harmonic spectrum of the supply current with 5% 3™ harmonic in the ac supply voltage
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Figure 4.16 Harmonic spectrum of the supply current with 5% 2™ harmonic in the ac supply voltage
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Table 4.8 Different circuit parameters of the simulated waveforms in Fig. 4.15

Circuit Parameters Dotted Line Solid Line

Supply Voltage Expression | V: 169%sinI20mt V | Vg 169%sin120mi+10%sin240mt V

The supply voltage contains only odd harmonics ifitis balanced and symmetrical with
origin. Even harmonics make the supply voltage unbalanced and unsymmetrical in the positive
and the negative half cycle. In this case, around 5% second harmonic is injected in ac supply
voltage to test the proposed algorithm. The current error in Fig. 4.15 (c) presents no significant
excursions and is centered on zero. The harmonic spectrum of the supply current in this case, as
shown in Fig. 4.16, exhibits no second harmonic. Accordingly, the proposed control scheme has
high immunity of the unbalanced supply voltage. The different supply voltage cases are listed in

Table 4.8. The rest of the simulation parameters are the same as those listed in Table 4.3.

4.4.6 Transient Response

Transient response is significant performance to evaluate the practical feasibility of the
proposed control scheme. Fast and stable dynamic performance is desired for all current control
schemes. The transient response of the proposed control scheme is simulated by setting the half
peak maganitude of the nominal current reference during its running process. The simulation

parameters are listed in Table 4.9.

Table 4.9 Circuit parameters of the simulated waveforms in Fig. 4.17

Circuit Parameters Values

Supply Inductance (L) SmH

Supply Voltage (V1) 169V, 60Hz

dc Link Voltage (E) 200V

Switching Frequency (f;,) | 3000Hz

Clock Frequency 6000Hz

Current Reference (7. 104 to 54
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Figure 4.17 Transient response waveforms for the current reference change

By observation, the transient response of the proposed scheme is stable and fairly fast. It
takes two switching cycles for the supply current to finish the transient response and regain the
stable state operation, as shown in Fig. 4.17. At the instant of the transition, the dynaminc
change could not be reflected immediately to the control algorithm since the prediction of the
desired switching instant is based upon the current error slopes in the previous two successive

switching cycles.

4.4.7 Switching Frequency Band

The digital-based slope detective current control scheme has an extremely narrow
switching frequency band, as shown in Fig. 4.18. The start point and the end point in every
switching period are always fixed time instants once the switching frequency is determined and
is guaranteed by the digital clock rate. The well-regulated supply current is accomplished by the
real-time adjusting and seeking for the desired switching instant between the fixed start and the
end time instants. In practical, a slight excursion of the switching frequency band is possible
due to the digital clock error and the other possible errors during implementation. The

simulation parameters are listed in Table 4.3.
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Figure 4.18 Extremely narrow switching band

4.5 Comparison with Other Current Control Schemes

The foregoing discussions are concentrated on examinations of the performance of the
proposed control algorithm under the different simulation conditions, emulating the practical
circuit running environment. Investigations in this section are intended to prove the validation
of the proposed control scheme by comparing its performance with those of other current
control schemes that have been demonstrated experimentally. The comparison is intended to be
given under the similar simulation environment for all the schemes. Two basic analogue control
schemes, ramp comparison control [1-3], fixed band hysteresis control [20], and one digital
control scheme, variable band hysteresis control [25], are examined and compared with the

proposed control scheme.

4.5.1 Comparison with Ramp Comparison Control Scheme

Ramp comparison control scheme [1-3] is a very simple and stable analogue control
scheme. This scheme features the constant switching frequency that avoids the occurrence of
the undesirable white noise. It can be realized with very simple analogue components, such as
comparators and subtracters, etc, without the real-time calculation of the switching instant that

could only be fulfilled by the expensive and complex digital equipment. The MATLAB program
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of this scheme is attached in Appendix C.

The simulation waveforms of ramp comparison control presented in Fig. 4.19 are simulated
under the circuit condition listed in Table 4.10. Unipolar PWM scheme is adopted, as shown in
Fig. 4.19 (b). In this case, the current error signal is directly compared with the triangular carrier

reference, indicating that the proportional gain in this simulation condition is set at unity.
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Figure 4.19 Waveforms of ramp comparison control scheme

By observation, the supply current ripple is quite distorted within a line cycle compared
with the symmetrical zero-centered current ripple of the proposed control scheme in Fig. 4.6 (c),

indicating that the supply current does not follow the current reference precisely. This is also
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verified by the harmonic spectrum of the supply current that presents the existence of the low
order harmonics, as shown in Fig. 4.20. The predominant high order harmonics are around

6kHz, which is in coincidence with the general harmonic pattern of unipolar PWM control

scheme.
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Figure 4.20 Harmonic spectrum of the supply current in Fig. 4.19 (a) using fundamental of 60Hz

Table 4.10 Circuit parameters of the simulation waveforms in Fig. 4.19

Circuit Parameters Values

Supply Inductance (L) SmH

Supply Voltage (V) 169V, 60Hz

dec Link Voltage (£) 200V

Switching Frequency (f;,,) | 3000Hz

Current Reference (7,7 10A

4.5.2 Comparison with Fix Band Hysteresis Control Scheme
Fix band hysteresis control scheme is also a simple analogue control scheme [20]. It
attempts to regulate the current error within the pre-established fixed current band. Unipolar

hysteresis control is adopted and accomplished by setting two current bands for the current

92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ripple signal. The inner current band controls the PWM pattern while the outer current band

determines the pulse polarity. The MATLAB program of this scheme is attached in Appendix D.
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Figure 4.21 Waveforms of fixed band hysteresis control scheme

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fix band unipolar hysteresis current control features with the well-regulated constant
current error band, indicating that the supply current is controlied to follow the current reference
without tracking errors. Just similar as the proposed control scheme in Fig. 4.6 (c), the current
ripple of this control scheme is also centered on zero, as shown in Fig. 4.21 (c) and (d).
However, comparing with the extremely narrow switching band of the proposed scheme in Fig.
4,18, this scheme shows a variable switching frequency in Fig. 4.21 (e). The variable switching

frequency of this scheme is undesirable since it brings a large amount of low order harmonics.
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Figure 4.22 Harmonic spectrum of the supply current in Fig. 4.21 (a) using fundamental of 60Hz

Table 4.11 Circuit parameters of the simulation waveforms in Fig. 4.21

Circuit Parameters Values

Supply Inductance (L) SmH

Supply Voltage (Vi) 169V, 60Hz
dec Link Voltage (F) 200V
Current Error Band 0.75A

Current Reference (7)) 10A

The waveforms of fix band unipolar hysteresis current control in Fig, 4.21 are simulated
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under the circuit condition listed in Table 4.11. The quite wide switching frequency band of this
scheme in Fig. 4.21 (e) indicates the existence of the undesirable white noise. It is also revealed
by the large amount of the low order harmonics in the harmonic spectrum of the supply current
in Fig. 4.22, compared with that of the proposed scheme in Fig. 4.7. The white noise
deteriorates the performance of the supply current in terms of low PF, high switching losses,

extra harmonic heating problem, cost and design difficulty of the low order harmonic filter.

4.5.3 Comparison with Variable Band Hysteresis Control Scheme

Variable band hysteresis control [25] is a digital-based current control scheme. It involves
in the real-time calculation and prediction that could only be accomplished by the expensive and
complex digital equipment. It is quite comparable in this manner with respect to the proposed
control scheme. The detailed examinations about the performance of this scheme are given to
compare with the proposed control scheme. The MATLAB program of this scheme is attached

in Appendix E.

Table 4.12 Circuit parameters of the simulation waveforms in Fig. 4.23

Circuit Parameters Values

Supply Inductance (L) 5mH

Supply Voltage (V) 169V, 60Hz

de Link Voltage (E) 200V

Switching Frequency (f;,,) | 6000Hz

Clock Frequency 6000Hz

Current Reference (Z,.) 10A

This control scheme attempts to generate the desired variable hysteresis band so as to
maintain the constant switching frequency. The choice of the variable band is intended to
eliminate the switching time error induced by the nonlinear hysteresis control algorithm. The

prediction of the variable hysteresis band is based upon the positive and negative hysteresis
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band and the time error in the previous successive switching period, referring to section 2.3.4.
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Figure 4.23 Waveforms of variable band hysteresis control scheme

The waveforms of variable band bipolar hysteresis current control in Fig. 4.23 are
simulated under the circuit condition listed in Table 4.12. The simulated characteristics of this
control scheme presents good performance in terms of the zero-centered current ripple and the
fairly small amplitude of the average current error signal, as shown in Fig. 4.23 (c) and (d)
respectively. However, the bipolar hysteresis control employed in this scheme brings forward a

higher magnitude of the current ripple, compared with that of the proposed control algorithm

with unipolar PWM scheme, as shown in Fig. 4.6 (c).
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Figure 4.24 Harmonic spectrum of the supply current in Fig. 4.23 (2) using fundamental of 60Hz

With the 6KHz switching frequency, the maximum amplitude of the current ripple in a line
cycle is beyond 1.5A, as shown in Fig. 4.23 (c). By simulation, a 12KHz switching frequency,
four times as that of the proposed control scheme, is required to reduce the supply current ripple
down to the same level as that of the proposed control scheme in Fig. 4.6 (c), within 10%
(around 0.8A) of the reference current (10A). Comparing with this scheme, a smaller size of the
supply inductor, or a lower switching frequency and hence lower switching losses are required
as benefits of the proposed control scheme, provided the same level of the supply current ripple
is demanded.

The supply current harmonic spectrum of this control scheme in Fig, 4.24 exhibits a larger
amount of high order harmonics compared with those of the proposed scheme, as shown in Fig.
4.7. This is ascribed to bipolar PWM scheme adopted by this control algorithm. It also presents
bigger supply current ripple compared with that of unipolar PWM slope detective control. As a
result, the higher THDg, about 16%, of this control scheme is produced, comparing with merely
9% THD: of the proposed scheme. The predominant high order harmonics are around 6kHz,

which is in coincidence with the general harmonic pattern of the bipolar hysteresis control

scheme.
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Figure 4.25 Waveforms for both schemes with the maximum 3% random noise of the ac voltage

Table 4.13 Different circuit parameters of the simulated waveforms in Fig. 4.25

Circuit Parameters

For Fig. 4.25 (a)

For Fig. 4.25 (b)

Supply Voltage (V1) 169+5*rand V, 60Hz | 169+5*rand V, 60Hz
Switching Frequency (f;,) | 3000Hz 6000Hz
Clock Frequency 6000Hz 6000Hz
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Figure 4.26 Waveforms for both schemes with 5% 2™ harmonic of the dc link voltage
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Table 4.14 Different circuit parameters of the simulated waveforms in Fig. 4.26

Circuit Parameters For Fig. 4.26 (a) For Fig. 4.26 (b)
dec Link Voltage (E) 200-10%sin240mt V| 200-10*sin240mt V
Switching Frequency (#;,,) | 3000Hz 6000Hz

Clock Frequency 6000Hz 6000Hz

The effectiveness to resist the random noise in the ac supply voltage and the second
harmonic in the dc link voltage is examined for both schemes. By observation of Fig. 4.25 and
Fig. 4.26, the average current errors of both schemes in these two cases are of the similar shapes
and amplitude ranges with those simulated under the nominal condition, as shown in Fig. 4.6 (d)
and Fig. 4.23 (d) respectively. The strong capability to reject noise and harmonic perturbations

is attributed to the real-time calculation and prediction techniques for both schemes.
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Figure 4.27 Switching frequency band waveforms for both schemes

The variances in switching frequency of both schemes over the line cycle are depicted in
Fig. 4.27. Variable band bipolar hysteresis control scheme has fairly narrow switching
frequency band with respect to the extremely narrow switching frequency band of the proposed
control scheme. The obvious excursions of the switching frequency of this control scheme occur

around the crest points of the ac supply voltage. The occurrence of the time error is inevitable
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and mainly attributed to the mechanism of the control scheme that always attempts to correct
the time error after it appears.

As discussed in section 4.4.7, in practical, a slight excursion of the switching frequency
band for the proposed control scheme is possible due to the digital clock error and the other
possible errors during implementation. However, an even larger amount of excursion of the
switching frequency band for this scheme, or say the similar hysteresis control schemes, is
inevitable due to the same reason. The difference between these two are, for the proposed
control scheme, the emphasis is on the fixed switching frequency. While for this scheme, the
emphasis is on the variable hysteresis band. In this sense, the possible errors during the real
realization that are mentioned above might probably be amplified and further introduce larger

errors of the switching frequency in the practical implementation [25-27].
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Figure 4.28 Transient response waveforms for the current reference change

The transient response of variable band hysteresis control scheme is quite fast, within one
switching cycle as shown in Fig. 4.28 compared with that of the proposed control scheme in Fig.
4.17. This scheme determines the values of the both positive and negative hysteresis bands in
one switching cycle separately, based upon the previous successive positive and negative

hysteresis band values. It is possible for this scheme to adjust the hysteresis bands twice in one
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switching cycle based on requirements. However, for the proposed control scheme, once the
switching instant is determined, the control algorithm gives no update on the generated

switching instant due to any dynamic change till the next cycle.

4.7 Summary

Slope detective current control scheme has been introduced. This scheme successfully
achieves a symmetrical zero-centered current error by generating the desired switching instant
based upon the slopes of the current error in the previous two successive PWM switching
periods. The effectiveness of the control scheme is examined by using simulated characteristics
and by comparing with three other control schemes.

From these efforts, it is apparent that the proposed scheme has an accurate control over the
inductor current to force itto follow the current reference precisely. O ther than the inductor
current feedback, it eliminates the requirement of any knowledge of the circuit parameters to
predict the desired switching instant. This scheme is independent of changes in circuit
parameters. In addition, the transient response of this scheme is also stable and fairly fast.

This scheme is a digital-based fixed switching frequency unipolar PWM current ¢ ontrol
scheme. The fixed switching frequency is ensured by the DSP clock rate. Unipolar PWM
scheme employed by this scheme produces low harmonics and low switching losses in the
inductor current. Due to these features, the proposed control scheme is suitable for high power
ac to dc or dc to ac applications. The requirement of sampling on the current error signal twice
per PWM switching period makes this scheme very suitable for DSP implementation.

An imperfection of this scheme is the existence of some low magnitude low order
harmonics. This is ascribed to the transients at the crest and zero crossing of the supply current.
An improvement for these issues is expected to further refine the scheme. Besides, the proposed
control scheme updates the control routine only once in every PWM switching cycle. Double
updates of the control routine could introduce a faster transient response and are also expected

to be further developed to improve the performance of the proposed control scheme.
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Chapter 5 Conclusions

The steadily increasing utilization of power semiconductor utility rectifier has emphasized
research attention on the resultant harmonic pollution of power systems. A PWM rectifier
composed of switchable power transistors introduces full control of the ac supply current.
Current control techniques applied to the PWM rectifier are investigated in this thesis to obtain
accurate control and to minimize harmonic distortions in ac supply current. This thesis proposes
two digital-based unipolar PWM control schemes that achieve a symmetrical zero-centered
current error under the fixed switching frequency conditions for the single-phase PWM rectifier
topology.

The current control techniques are briefly reviewed first and their relative merits are

summarized in this chapter. Several possible future research topics are also discussed.

5.1 Review Main Work

Current control techniques applied to the PWM rectifier are generally catalogued into two
classes: fixed s witching frequency current control and hysteresis ¢ urrent c ontrol. The former
scheme has a feature of constant switching frequency while regulating the current error signal to
minimize the generation of harmonics. The latter scheme sets the band for the current error
signal while managing the switching frequency to be fixed.

Current control techniques can be implemented in analogue or digital circuitry. An
analogue implementation can be prone to noise interference and less accurate. For the control
schemes based upon analogue realization, control accuracy is less satisfying. For instance, ramp
comparison control produces a big distortion in inductor current signal around the crest points in
a line cycle. Fixed band hysteresis current control introduces wide variations of the switching
frequency. For the control schemes based upon digital implementation, the rectifier operation is

improved but not as good as expected. For predictive current control, performance is not quite
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satisfied when circuit parameters variations occur. For variable band hysteresis current control,
variations of switching frequency cannot be completely eliminated.

New current control techniques are investigated due to limitations of many existing current
control techniques. Model-based predictive current control has been proposed in this thesis. The
main concept of this control scheme is to generate the desired switching instant based upon the
pre-defined circuit model so as to achieve a symmetrical zero-centered current error in every
PWM switching cycle. For this scheme, the switching frequency is always fixed and unipolar
PWM is employed. A precise circuit model has to be developed before the control algorithm is
applied. The switching instant is determined based upon the calculated inductor current in the
previous switching period, the intended switching frequency, and the circuit parameters, such as
Vows Iiw E, L, which are given as long as the circuit model is developed. No current feedback
loop is required for this control scheme.

The simulated characteristics for this scheme show that accurate current control is possible
if no circuit parameters variations occur. Direct solutions for equations determining the
switching instant are not given for this control scheme. However, it has the potential to be
improved by involving the current feedback loop and implemented in analogue circuitry with
multiplier and sine and cosine function generator. The main purpose of this control scheme in
this thesis is to present a single-phase PWM rectifier bridge model, basic concepts and relevant
formulas.

Slope detective current control scheme has been proposed in this thesis. The main idea for
this control scheme is to predict the desired switching instant based upon the slopes of the
current error signal in the previous two successive PWM switching cycles so as to achieve a
symimetrical zero-centered current error signal. For this scheme, accurate control of the inductor
current is accomplished. The switching frequency is guaranteed to be fixed by a digital clock.
Unipolar PWM is employed to lower harmonic distortion and peak-to-peak current ripple with
respect to bipolar PWM scheme. Only one current feedback loop is required, namely the

inductor current.
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Prediction on the desired switching instant can be made based upon the mathematical
formulas. Two current error samples and corresponding numerical ¢ alculations per cycle are
required. Essentially, the slope of the current error signal contains all the necessary information
to take into account circuit parameters variations. The difference between the slopes of the
current error signal in two successive switching cycles monitors the trend in circuit parameters
changes. By sampling the slopes of the current error signal, and predicting the desired switching
instant based upon it, the proposed control scheme achieves precise control in terms of
symmetrical zero-centered current error, unity PF, extremely narrow switching frequency band,
high immunity of the circuit parameters variations, strong capability to reject noises and
harmonics perturbations, small amplitude of the current ripples, low harmonic distortions, low
switching losses, stable and fairly fast transient response. Due to these features, the proposed
control scheme is suitable for ac to dc or dc to ac power conversion applications, especially in

high power rating and accurate control applications.

5.2 Future Work

While slope detective current control has lots of merits, more work is required to achieve
the full benefit of the approach. The zero crossing distortion and the crest passing distortion of
this scheme, discussed in Chapter 4, require further investigation to refine the algorithm.
Though the performance of zero crossing distortion has been improved for this scheme, the
crest passing distortion requires more attention.

On the other hand, the determination of the switching instant is based upon the predicted
current slopes and only updates once in one PWM switching period. This limits the transient
response speed of the proposed algorithm and as a result the deadbeat response is lost. A
refinement is expected to give a second update in one switching period, especially in the case of
the transient response.

In the cases of practical experimental implementation, some problems of the DSP

realization are expected, e.g. digital time delay issues. This is probably caused by mainly two

104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



reasons. One source of delay could be the delay due to the sampling time, ADC and DAC
conversion time and relative propagation time. Another source could be the delay due to
computational time. This latter issue could be solved properly by building a separate dedicate
faster sampling and conversion hardware, further simplifying the scheme without degradation of
the performance, or by employing advanced DSP hardware and software.

In practical, dead time is required for both switches on the same converter or inverter leg to
cominutate so as to avoid the occurrence of the circuit shortage. This dead time issue is not
concerned in the simulation case and must be studied in the practical implementation.

Slope detective current control scheme presented in this thesis is verified by using a
single-phase PWM rectifier bridge. An immediate extension of the control algorithm to the
three-phase PWM rectifier bridge is feasible and applicable. Specific features of the three-phase
system include a 120 degree phase delay of each phase, supply voltage unbalances. Careful

study of these features may simplify the applications of the proposed algorithm in three-phase

systems.
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Appendix A

Program of Model-Based Predictive Current Control Scheme

clear;

freg=60;

N=60;

N1=3000;
period=1;
Vpk=169;

Ipk=10;

I0=0;

E0=200;

L=5e-3;
omega=2*freqg*pi;
step=1/freq/N;
T0=0;

T2=step;

flag=1;
TT=(step-step/freq) *ones (1,period*N);
omegalL=omega*L;
a=Vpk/omegal:;
b=Ipk;

ieave=zeros (2,period*N) ;
ierrl=zeros (2, period*N) ;
ierr2=zeros (2, period*N) ;
ILl=zeros(2,period*N) ;
ILO0=zeros (2,period*N) ;

Iref=zeros (2, period#*N);

for i=1: (N*period)
Iref(1,i)=TO0;
Iref(2,1i)=Ipk*sin(omega*TQ) ;
Iref(2,period*N)=Ipk*sin (omega*step*period*N) ;

Irefzc=sign(sin{omega*T0))*sign (sin(omega*T2)) ;

if Irefze==-1
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flag=-flag;
end;

c=sign(flag) *E0/L;
=-a*cos (omega*T2) -c*T2+2*%a*cos (omega*T0) -Ipk*sin (omega*T2)+2*10;
stepl=step/N1;
TD=0;

for j=1:N1
TD=TD+stepl;
Tl=(i-1)*step+TD;

xx=a*cos (omega*Tl) -c*Tl+b*sin(omega*Tl) ;

if abs (K-xx)<0.01
TT (1) =TD;
end;

end;

Tl=(i-1)*step+TT(i);
ierrl(1,i)=T1; % calculate all values
ierrl(2,i)=-a*(cos (omega*T1l) -cos (omega*T0) ) -Ipk*sin (omega*T1)+I0;
ierr2(l,i)=i*step;
ierr2(2,1i)=a* (cos (omega*Tl) -cos (omega*T2)) -Ipk*sin (omega*T2) -c*T2
+Cc*T1 +ierrl(2,i)+Ipk*sin(omega*Tl);
ieave(1,1)=(T0+T2)/2;
ieave(2,1)={(ierrl(2,i)+ierr2(2,1i))/2;
Il=ierx1(2,1i)+Ipk*sin (omega*T1) ;
I0=ierr2(2,1i)+Ipk*sin(omega*T2);
IL1(1,1)=T1;
IL1(2,1i)=I1;
ILO(1,1)=i*step;
IL0(2,1)=I0;
I2=I0;
T0=T2;
T2=T2+step;
end;

figure (1); clf;
ierr=zeros(2,2*period*N);
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for i=1:2*period*N

if mod(i,2)==1
ierr(l,i)=ierri (1, (i+1)/2);
ierr(2,i)=ierri(2, (i+1)/2);
else
ierr(l,i)=ierr2{(1,1/2);
ierr(2,i)=iexrr2(2,1/2});
end;

end;

plot (ierr(1,:),ierr(2,:));

grid on;

figure (2); clf;
plot (ieave(l,:),ieave(2,:));

grid on;

figure (3); clf;

IL=zeros (2, 2*period*N) ;
for i=l:2*period*N

if mod(i,2)==1
IL(L,1)=IL1(1, (i+1)/2);
IL(2,1)=IL1(2, (i+1)/2);
else
IL(1,i)=IL0{1,1i/2);
IL(2,1)=IL0(2,1/2);
end;

end;

plot (IL(L,:),IL{(2,:));

hold on;

plot {Iref(l,:),Iref(2,:),'c"};

hold off;

grid on;
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Appendix B

Program of Slope Detective Current Control Scheme

clear;

freq=60;

N=150;
period=1;
Vpk=169;
Ipk=10;

10=0;

E0=200;

L=5e-3;
omega=2*freq*pi;
step=1/freq/N;
TO0=0;

T2=step;
T=step/freq;
T1l=T2-T;
flag=1;
flag3=0;
omegal=omega*L;
a=Vpk/omegal;
b=Ipk;

h=omega*step;

Kr=zeros (1, period*N)} ;
Kf=zeros(l,period*N) ;
ierrl=zeros (2, period*N) ;
ierr2=zeros (2, period*N) ;
ILl=zeros(2,period*N) ;
ILO=zeros (2,period*N) ;
Iref=zeros (2, period*N+1) ;

Iref (1,N*period+l)=step*N*period;
Iref (2,N*period+1)=Ipk*sin(omega*step*N*period) ;

for i=1: (N*period)
Tref(1,1i)=T0;
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Iref(2,1i)=Ipk*sin (omega* (T0)) ;

flag2=sign(sin(omega*T2) -sin (omega*T0)) ;

c=sign(flag)*E0/L;

ierrl(1,1)=T1; % calculate all values

ierrl(2,i)=-a* (cos (omega*T1l) -cos (omega*T0) ) -Ipk+*sin (omega*T1)+10;

ierr2(1,i)=1*step;

ierr2(2,i)=a*(cos(omega*T1) -cos (omega*T2) ) -Ipk*sin (omega*T2) ~c*T2
+c*Tl+ierrl (2,1)+Ipk*sin (omega*T1) ;

ieave (1,1)=(T0+T2)/2;

ieave(2,1)=(ierrl(2,1i)+ierr2(2,1))/2;

Il=ierrl(2,i)+Ipk*sin (omega*T1);

I0=ierr2(2,i)+Ipk*sin (omega*T2);

TL1(1,4)=T1;

In1(2,1)=I1;

ILO(1,i)=1i*step;

ILO(2,1)=10;

if i==
Kr{i)={(ierri(2,1)-0)/(T1l-T0);
Kf (i)=(ierr2(2,i) -ierr1(2,1i))/(T2-T1);
else
Kr(i)=(ierri(2,i)-ierr2(2,i-1))/(T1-T0);
Kf (1) =(ierr2(2,1i)-ierri(2,1i))/(T2-T1);

end;
if is1
Kr(i+1)=Kr(i)* (1-h*h/2)-h*h* (1-h*h/8)* (Kr (i) *2-Kr(i-1)"2)))
+flag2*sqrt (abs ((Kr(i)-Kr(i-1)*(1-h*h/2))"2;
Kf (i+1)=£flag2*sqrt (abs ( (KE (1) -KE(i-1))*2-h*h* (Kr (1) -Kr(i-1))"2
+KE (L) + ((Kr (1)) "2-(Rr(i-1))"2)*h"™4));
end;
1f i==1
Tlnext=T2+step-T;
end;

if (i< (N*period))&&(i>1)
Tlnext=(T2-KEf (i+1)* (T2+step)/2/Kr(i+1l) ~ierr2(2,1i)/Kr(i+l))
J(1-KE(i+1)/2/Kr{i+1) ) ;

if (Tlnext>T2+step)
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Tinext=T2+8tep-T;

end;
end;

ierrl(2,i+1)=-a* (cos(omega*Tlnext) -cos (omega*T2) )
-Ipk*sin (omega*Tlnext)+I0;

ierr2(2,i+1) =a* (cos (omega*Tlnext) -cos (omega* (T2+step) ) ) +c*Tlnext
~-c* (T2+step) -Ipk*sin (omega* (T2+step) ) +ierrl (2,1)
+Ipk*sin (omega*Tlnext) ;

if ({ierr1{2,i+1)/ierrl(2,i))<0)&&{(i>N/3)
flag=-flag;
flag3=2;
end;
if (flag3==2)|| (flag3==1)
Tinext=(-ierr2(2,1i)/Kr(i+1)+T2+KE (i+1)*(T2+step)/2/Kr(i+1))
J(L+KE (1+1) /2/Kr(i+1));
if (Tlnext>T2+step)
Tinext=T2+step-T;
end;
flag3=flag3-1;
end;
I2=I0;
TO=T2;
Tl1=Tinext ;
T2=T2+step;

end;

figure (1);

ierr=zeros (2,2*period*N) ;
for i=1:2*periocd*N
if mod(i,2)==
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ierr(1,i)=ierri (1, (i+1)/2);

ilerr(2,i)=ierrl (2, (i+1)/2);
else

ierr(l,i)=ierr2(1,1/2);

lerr(2,1)=ierr2(2,1i/2);
end;

end;

plot (ierr(1l,:),ierr(2,:),'b");
grid on;
hold on;

figure(2);
plot (ieave (1, :),ieave(2,:),'b");
hold on;

grid on;

figure (3);
IL=zeros (2, 2*period*N) ;
TL(1,1)=0;

IL(2,1)=0;

for i=1l:2*period*N

j=i+1;

if mod(j,2)==
IL(1,9)=IL1(1, (i+1)/2);
IL(2,7§)=IL1(2, (i+1)/2);
else
IL(1,7)=IL0{1,1i/2);
IL(2,3)=IL0(2,1/2);
end;

end;

plot (IL(1,:),IL(2,:));

hold on;

plot (Iref(1l,:),Iref(2,:),'r");

hold off;

grid on;
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Appendix C

Program of Ramp Comparison Current Control Scheme

clear;

fsw=3000;
omegasw=2*pi*fsw;
freq=60;
omega=2*pi*freq;
oriang=270/180%pi;
coef=1/1.5683;
periodsw=fsw/freq;
periodsin=1;
step=1/fsw;
N=1000;
stepl=step/N;
T=stepl;

L=5e-3;

Vpk=169;

Ipk=10;

E=200;
omegaL=omega*L;
a=Vpk/omegal;
c=E/L;

flag=-1;

trig=zeros (2,N*periodsin*periodsw) ;
Iref=zeros(1,N*periodsin¥periodsw);
pulse=zeros (1, N*periodsin*periodsw) ;
pulsea=zeros (1, N*periodsin*periodsw) ;
pulseb=zeros (1, N*periodsin¥*periodsw) ;
I=zeros(1l,N*periodsin*periodsw) ;
ierr=zeros(l,N*periodsin*periodsw) ;

pulse(1,1)=0;
for i=1: (N*periodsin*periodsw)
trig(l,1i)=T;
trig(2,1i)=coef*asin(sin (omegasw*T+oriang));

Iref(l,1i)=Ipk*sin(omega*T) ;
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if i==1
I(1,1)=-a*cos{omega*T)+a-c*T*pulse(l,1);
else
I(1,i)=I(1,i-1)-a* (cos(omega*T)-cos (omega* (T-stepl)))
-c*stepl¥*pulse(l,i);
end;

ierr(1,1)=I(1,1)-Iref(1,1);

if (lerr(1l,i)>trig(2,1))&&{i<N*periodsin*periodsw)
pulsea(l,i+l)=1;
else pulsea(l,i+1)=0;

end;

if (-ierr(1l,i)>trig(2,i))&&(i<N*periodsin*periodsw)
pulseb(l,1i+1)=1;

else pulseb(l,i+1)=0;

end;

if i<N*periodsin*periodsw
pulse(l,i+1)=pulsea{l,i+1) -pulseb(l,i+l);
end;

T=T+stepl;
end;
figure (1);clf;
plot (trig(l,:),I(:));
hold on;
plot (trig(i,:), Iref(:),'xr');
grid on;
figure (2);clf;

plot (trig(l,:),iexrr(:));

grid on;
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Appendix D

Program of Fixed Band Hysteresis Current Control Scheme

clear;

fregq=60;
N=100000;
period=1;
Vpk=169;
Ipk=10;

E0=200;

L=5e-3;
omega=2*freq*pi;
step=1/freq;
stepl=step/N;
ierrband=0.8;
bandcoef=1.5;
ierrbandex=bandcoef*ierrband;
T=stepl;

k=2;

j=1;

flag=1;
omegalL=omega*L;
pflag=0;
nflag=0;
a=Vpk/omegal;
b=Ipk;

c=E0/L;

ierr=zerxos (1,period*N);
ierrL=zeros (1, period*N);
Iref=zeros(1,period#*N);
I=zeros(l,period*N) ;
pulse=zeros (1, period*N) ;
pulsea=zeros (1, period*N) ;
pulseb=zeros (1,period*N) ;
time=zeros (1, period#*N) ;
tm=zeros (1, period*N) ;

IL=zeros (1, period*N) ;

119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



pulse(l,1)=0;
pulsea(l,1l)=0;
pulseb(1,1)=0;

for i=1:(N*period)
time(1,1i)=T;

Iref{1,i)=Ipk*sin(omega*T) ;

if i==
I(1,1)=-a*cos(omega*T)+a-c*T*pulse(l,1);
else
I(1,i)=I(1,i-1)-a*(cos(omega*T)-cos (omega* (T-stepl)))
-c*stepl*pulse(1,i);
end;

ierr(1,4i)=I(1,1i)-Iref(1,1i);

if ierr(1l,i)>ierrbandex
pulseb(1l,i+1)=0;

elseif ierr(l,i)<-ierrbandex
pulseb(l,i+1)=1;

else
pulseb (1, 1+1i)=pulseb(1,i);
end;
if (ierr(l,i)>ierrband) && (pflag==0)

pulsea(l,i+1)=1;
elseif (ierr(l,i)<-ierrband)s&&(nflag==0)
pulsea(l,i+1)=0;
else
pulsea(l,1+i)=pulsea(l,i);
end;

if i<N*period
pulse(1,i+1l)=pulsea(l,i+1)-pulseb(l,i+1);
end;

T=T+stepl;

end;
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figure (1);clf;
plot (time(:),ierr(:));

grid on;

figure (2); clf;

plot (time(:), Iref(:),'r');
hold on;

grid on;

plot (time(1,:), I(:));
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Appendix E

Program of Variable Band Hysteresis Current Control Scheme

clear;

freqg=60;
N=100000;
period=l;
Vpk=169;
Ipk=10;

E0=200;

L=5e-3;
omega=2*freq*pi;
step=1/freq;
stepl=step/N;
T=stepl;
£sw=6000;
Nsw=2*fgw/freq;
stepsw=1/fsw/2;
Tswo=2*stepsw;
Tswe=stepsw;
omegaL=omega*L;
a=Vpk/omegal;
c=E0/L;

b=Ipk;

pflag=0;
nflag=0;
Bp(1l)=1.6;
Bn{l)=-1.6;
pulse(1,1)=-1;

ierr=zeros(1,period*N);
ieave=zeros (2, period*fsw/freq);
Iref=zeros(1l,period*N) ;
I=zeros{l,period*N);
pulse=zeros (1, period*N) ;
time=zeros(1,period*N);
clocko=zeros (1, period*Nsw) ;

clocke=zeros (1, period*Nsw);

122

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



zcpoint=zeros (1,period*N) ;
Tsp=zeros (1, period*N) ;
Tsn=zeros (1, period*N) ;
Tep=zeros (1,period*N) ;
Ten=zeros (1, period*N) ;
Bp=zeros (1, period*N) ;
Bn=zeros (1, period*N) ;

for i=1 : (period*N)
time(1,1)=T;
Iref (1,i)=Ipk+*sin(omega*T) ;

if i==1
I(1,1)=-a*(cos (omega*T)-cos (omega* (T-stepl)))-c*T*pulse(l,1);
else
I(1,i)=I(1,1i-1)-a*(cos(omega*T)-cos (omega* (T-stepl)))
-c*stepl*pulse(l,i);
end;

ierr(1,i)=I(1,1i)-Iref(1,1);

if i==1 zcpoint(1l,1)=0;
3=2;
elseif sign(ierr(l,i)*ierr(1l,i-1))==-1

zcpoint (1,3)=T;

F=7+1;

Vpkl=Vpk;
end;
if mod(j,2)== k=j/2;
end;

if (j>2)&&(sign(ierr(l,i)*ierr(l,i-1))==-1)
if mod (j-1,2)==0
Tsp (k) =zcpoint (1,j-1)-zcpoint (1,3-2);
clocke(1,k)=Tswe;

Tep (k) =zcpoint (j-1)-clocke(1,k);

Bp(k+1)=Bp(k)/Tsp (k) * (2*stepsw-Tep (k) +Bn(k) /Bp (k) *Tsp (k) ) ;
Tswe=Tswe+2*stepsw;
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ieave (1,k)=zcpoint(1,3-1);
ieave (2,k)=(Bp(k)+Bn(k))/2;

elseif mod (j-1,2) ==
Tsn{k-1)=zcpoint{l,j-1)-zcpoint (1,j-2);
clocko(1l,k-1)=Tswo;
Ten (k-1) =zcpoint (j~1) -clocko (k-1) ;

Bn(k)=Bn(k-1)/Tsn(k-1)* (2*stepsw-Ten(k-1)+Bp (k) /Bn(k-1) *Tsn (k-1));
Tswo=Tswo+2*stepsw;

end;

end;

if i<N*period

if (derxr(1,i)>Bp(k))&&(pflag==0)
pulse(l,i+l)=1;
pflag=1;
nflag=0;

elseif (ierr(1l,i)<Bn(k))&&(nflag==0)
pulse(1l,i+l)=-1;

nflag=1;
pflag=0;
else
pulse(1,1+i)=pulse(l,1i);
end;
end;
T=T+stepl;

end;

figure (1);clf;
plot (time(:),ierr(:));

grid on;
figure (3); clf;
plot (time(:), Iref(:),'rt);

hold on;
plot (time(l,:), I(:));
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Appendix F

Relevant Mathematic Formulas

Trigonometric Functions and Relevant Identities

sin* @ +cos’ =1

a+ﬂsina—ﬁ
2
+p4 . a-p

. a
cosa—cosf= ——2sm——5——sm 5

sing —sin f=2cos

cos(a + ﬂ) =cosacos f—sinasin

sin(er+ B)=sinacos B+ cosasin

Taylor Expansion Theorem

£6)=3(e—ay L2 (s

n=0 n!

Taylor Polynomials at zero for the sine and the cosine function
sinx=x

x2
cosx=]—-—
2
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