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Abstract

In the past, switched-capacitor DC-DC converters were mainly used on low
power applications for doubling voltage or invert voltage.  They are not
suitable for high power applications because of their current stress problem and
low efficiency.  In this project, families of switched-capacitor DC-DC resonant
converters are developed.  Current stress problems have been solved in the
circuits so that they can work under high power operation.  All transistors in
the circuits are switched under zero-current switching condition to improve the
efficiency. Since the improvements are done, the switched-capacitor
techniques can be used for power conditioning for applications such as motor
drives.  Implementation of high power switched-capacitor resonant converter

1s done.

Switched reluctance motor (SRM) has the advantages of high power density,
fast response and robust.  To drive a SRM, electronic circuit is need. A
newly designed switched reluctance motor drive is introduced in the thesis.
Active-clamp resonant technique is applied in the motor drive to provide
so‘ﬂ-switching for all high switching frequency transistors.  Performances of
both electromagnetic interference (EMI) and efficiency of the motor drive are

improved.

Performance of Switched reluctance motor is usually poor when its speed is
high because of its long regenerating stage. A method by using

switched-capacitor based power conditioning is proposed in the thesis.

iv



Waveforms of the commutating current of the SRM are modified by a
switched-capacitor front-end converter. In the whole system, all high

frequency transistors are switched under zero-voltage switching condition.

Mathematical Analysis, Computer simulation, and experiments have been
done for all proposed circuits.  Description and explanation of the results are

provided in the thesis.
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Chapter 1. Introduction

1.1. Background

This thesis concerns switched reluctance motor drives and
switched-capacitor techniques. Backgrounds of these technologies will be

briefly introduced in this session,

1.1.1. Switched Reluctance Motors

According to records, the first switched reluctance motor (SRM), commonly
known as variable reluctance motor in U.S., was built by Davidson in Scotland in
1838 [B2].  Controlling the motor, switched reluctance motor was not popular
in industry.  Electronics has been well developed since the carly 70°s. In
1971 and 1972, Bedford and Hoft introduced a modern switched reluctance
motor with its circuit topology of power electronic controller.  Since this
“reinvention” of SRM, the use of such machines has been widespread and
became popular in the industry. Many companies have started developing
their own SRMs and motor drives for industrial applications.  The first
commercial application of SRM in the United States was the Hewlett-Packard
servo drive used in the Draftmaster computer-plotter. ~ As new technologies of
power electronics such as soft-switching techniques developed, switched
reluctance motor has become a great interest in research today. The

advantages and disadvantages of SRMs are summarized below:



Advantages of SRMs:

(i)

(i)

(iii)

(iv)

(vi)

(vii)

[ts structure is simple and robust.

It has neither winding nor permanent magnet on the rotor and hence

reducing manufacturing cost of rotor.

It has no permanent magnet in the machine so that its material cost is low.

It has low rotor inertia.  Because there is no winding on the rotor, size,
weight and moment of inertia of the rotor are low.  The machine can

produce high starting torque and good dynamic response.

It has slightly higher power density compared with induction motor but

lower power density than DC brushless machine.

It has fault tolerance characteristic.  Each phase winding in the stator is
electrically separated from each other, with negligible mutual coupling.
Generally, electrical fault in one phase does not affect the operation of

other phases and hence, increase reliability of the machine.

It is a kind of brushless machine.  There is no problem of commutation
brush damage as in traditional DC motors. It can provide high

reliability.



(viii)

It can operate in a wide range of speed.

(ix)  Itis fully controllable for four-quadrant operation.

Disadvantages of SRMs:

1) It does not have line-start capability. It requires a power electronic
converter for motor drives.  Nowadays, power electronic components
are less expensive. It can overcome the problem of the expense of
motor drives.

(i)  Torque ripple is high, but some controlling phase current techniques have
been proposed to reduce the torque ripple.

(i)  High acoustic noise, but it has been reduced by some techniques in as
described in a number of literatures [B4] and [B6].

(iv)  Position sensors are required to control the machine, increasing

manufacturing cost.  Some sensorless control techniques have thus
been proposed to solve this problem, such as inductance-sensing method

and observer-based rotor position estimation method.

Features of switched reluctance motors are attractive in industrial or

commercial applications. However, there is still resistance of using or

manufacturing this kind of motors in industry or commercial products as, unlike



induction motors, SRMs are comparatively new machines.  The AC drives are
entrenched in the marketplace, and customers are knowledgeable in the old
driving system.  The expense of retraining of their personnel is high if
replacing a SRM system instead of another traditional driving system in existing
applications.  Also, manufacturers of motor drives may not be willing to install
additional, new manufacturing lines that may cannibalize their existing product

line, require capital investment, and thus decrease profit in the short term.

Although switched reluctance motors are not popular in old applications,
but because of its advantages, companies do accept using SRMs on newer

applications or newer products, especially in variable speed drive applications.
1.1.2. Switched-capacitor Power Supplies

Switched-mode power supplies (SMPSs) are devices for transforming
voltage from one level to another by controlling durations of turning on and off
of switching devices to store energy in energy storage components and release
energy to the output.  Typical power supplies use both capacitors and inductors
or transformers as the energy storage components. Since SMPSs can operate at
significantly high switching frequencies, power densities of the devices are high.
This kind of devices has become very popular in industrial and domestic

applications.

Size and weight of energy storage components can be reduced by high

switching frequencies of SMPSs.  However, those of magnetic components,



such as inductors and transformers, occupy a very high ratio of the whole size
and total weight in typical SMPSs.  For some common SMPS topologies, like
buck, boost, buck-boost, and flyback converters, their output voltage is highly
dependent on their output power when they operate in discontinuous mode.  In
this case, closed-loop control is necessary to regulate the output voltage,

especially at light load, although very accurate output voltage is not required.

Switched-capacitor power supplies are also a kind of SMPS.  One feature
of this SMPS is that capacitors in the circuit are the only components for energy
storage.  In other word, this kind of power supplies does not have any
magnetic component.  Since the capacitor does not have magnetic saturation
problem, the weight of the capacitor is lighter and the size of the capacitor is
smaller than the magnetic component in the same power level. Size and weight

of the switched-capacitor power supplies are about 50% of those in typical

SMPS.

Applications of integrated circuit (IC) chips have rapidly increased in the
last twenty years.  Nowadays, demand for power conversion devices internally
built in IC chips is high for providing good responsibility to the integrated
circuits.  Switched-capacitor power supplies are developed for this application.
The main difference of this kind of SMPS is that it has no magnetic component
inside the circuit.  Only capacitors are used for energy storage, so that they can
be fabricated in IC chips.  This technology has been used in many IC chips for
low power applications recently.  As high switching frequency techniques are

more and more mature, the integrated switched capacitor power supplies can be



used in higher power applications.

Switching devices in switched-capacitor power supplies are responsible for
routing different charging and discharging paths of switched-capacitors to
produce different conversion ratio.  Their structures are usually simple if the
power supplies are used for producing output voltage with double, half or
negative level of input voltage. If for producing other voltage conversion
ratios, most of them need a number of swi‘tching devices for routing the
complicated charging and discharging paths.  Switching loss and costs of
switching devices drivers are high.  Another drawback of switched-capacitor
power supplies is that the switched-capacitors in the power supplies are charged
by transient current from the power sources.  This leads to high current stress
problem, such that this kind of power supplies is suitable for low power

applications only.

1.2. Previous Researches

1.2.1. Principles of Switched Reluctance Motor Drives

Switched reluctance motor is a kind of brushless motor and reluctance
motor.  Definition of reluctance motor is that it is an electric motor in which
torque is produced by the tendency of its moveable part to move to a position
where the inductance of the excited winding is maximized [B1]: Fig. 1.1

shows a SRM with 8 stator poles and 6 rotor poles (8/6 SRM).



Fig. 1.1.  8/6 switched reluctance motor

In Fig 1.1, the rotor is in intermediate position relative to phase A.  When
phase A is energized, there is a torque to rotate the rotor towards the position that
aligns the rotor pole to phase A, ie. clockwise direction in this case.
Inductance of phase A is in maximum when in aligned position. In aligned
position, there is no torque to the rotor.  In the SRM, only one phase can be
energized at each moment. Td keeﬁ the rotation continuous, the phases of

1

motor are energized in the sequence phase B, C, D, A,... and so on.

Fig. 1.2 shows a characteristic of inductance of one phase of SRM.
Inductance of the phase in SRM is changed when the rotor rotates to a different
position.  Because of the saturation of the phase windings, inductance of the
phase is dependent on input current.  In short, phase inductance is a function of

phase current and angular position.
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Fig. 1.2. Phase inductance characteristic of switched reluctance motor
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Fig. 1.3. Per-phase equivalent circuit of switched reluctance motor in motoring stage

Equivalent circuit of per-phase of SRM in motoring stage is shown in Fig.
1.3. L, is inductance of the phase windings, R, is DC resistance of the phase
windings, V;, is input voltage, i, is phase current and Ey is back EMF of the
machine to this phase.  From the equivalent circuit, it gives the equations:

di 1.1
Vm :Raia +La(ia!9) 6;: +Eb ( )




therefore,

j 1.2
V. =Ri +L d’“+—d¢“ (1.2)

n ala a dt dt

where @, is phase flux linkage and 0 is angular position.

Equation (1.2) can be rewritten as:

di, . oL, dé (1.3)
+1 X —
d 068 d

p;ﬂ = Raia + Lﬂ'

Torque produced by one phase is:

1,0L, (1.4)

“T 2% 50

Let Ty, Tc and Ty be torque produced by another phases of the motor, J be
total moment of inertia of the rotor, and B be total damping factor of the load and

the motor, net torque of a 4-phase SRM is:

1.5
7@:J€?+B%j=n+n+n+n—n (1-3)

1.2.2. Traditional Switched Reluctance Motor Drives

A number of different switched reluctance motor drive circuits have been
proposed and described in [B1], [B2], [B14] and [B15].  They include basic
asymmetric bridge SRM converter circuit, (n+1)-switch circuit, 2(n+1)-switch
circuit, Qulton™ circuit and C-dump circuit. A basic SRM convlerter circuit

and a 2(n+1)-switch circuit are shown in Fig. 1.4 and Fig. 1.5, respectively.



Both (n+1)-switch circuit and 2(n+1)-switch circuit are modified from the
basic converter circuit shown in Fig. 1.4.  Comparing the circuits in Fig. 1.4
and Fig. 1.5, the 2(n+1)-switch circuit uses 2 transistors and 2 diodes fewer than

the basic converter circuit.  This lowers manufacturing cost.

el
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Fig. 1.4.  Basic asymmetric bridge circuit for switched reluctance motor drives
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Fig. 1.5. 2{n+1)-switch circuit for switched reluctance motor drives

Fig. 1.6 shows per-phase equivalent circuits of switched reluctance motor
drive in different states of operation.  These equivalent circuits are for both
basic converter and 2(n+1)-switch circuits.  There are three states of operation.

The motor is in motoring stage in both State [ and State II, and in regenerating

10



stage in State III.
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Fig. 1.6. States of operation of per-phase switched reluctance motor drive



In State I as shown in Fig. 1.6(a), both chopping transistor (upper transistor)
and commutation transistor (lower transistor) are turned on.  Vj, is connected
to the phase winding and phase current increases.  In State II as shown in Fig.
1.6(b), the chopping transistor is turned off and the commutating transistor is still
on.  Because the inductance of the phase windings is high, phase current
freewheels through a freewheeling diode and decreases gradually by the
resistance of the winding.  The circuit operates in State I and State il
alternately. ~ When the rotor reaches aligned position, or when the other phase
needs to be energized to maintain smooth rotation of the motor, the circuit
operates in State III as shown in Fig. 1.6(c). In this state, all transistors are
turned off and all diodes are in forward bias. Input voltage is in reverse

polarity to the phase winding.  The phase current decreases to zero.

1.2.3. Conventional Soft-switching Converters for Switched Reluctance

Motor Drives

Soft-switching technique by using resonance method is a trend in power
electronics. This technique has advantages of low switching loss, low
switching transient, and low electromagnetic interference (EMI). Higher
frequency can be used in soft-switching circuits than that in hard-switching
circuits to improve performance of the circuits such as reducing the current ripple
and the torque ripple in the motoring stage in current control.  Soft-switching
techniques have been widely used on SMPSs for many years. ~ Many different
soft-switching topologies of SMPS have been proposed [A1-A14], however, ,

only few research articles about soft-switching SRM drives for switched



reluctance motors have been published [B5], [B7-B11], [B13-B15].

Operation of SRM requires a complicated control system.  Generally,
computers or microprocessors are used for the control systems for reducing
hardware cost and to avoid the need for designing complicated hardware circuits.
In the past, speed of computers and microprocessors were low, and could not
provide a high frequency operation environment for the machine.  In the past
few years, performance of digital signal processors (DSPs) has been much
improved and the cost much lowered.  DSPs have been commonly used in the
market.  Because of their high speed, they can operate in high frequency.
Nowadays, switched reluctance motor controllers are often based on DSPs for
providing better performance.  Soft-switching techniques are suitable for high
frequency operation.  Applying these techniques in SRM drives to improve

efficiency is a great concern.

1.2.3.1. Quasi-resonant Circuits

Quasi-resonant soft-switching topologies have been widely used in DC-DC
converters and AC-DC converters [Al-A8]. Generally, these techniques
involve adding one or more resonant tanks in the circuit to provide resonance
environment in each switching period. The transistors are switched under
zero-voltage switching or zero-current switching conditions.  Thus, switching
loss of the transistors can be reduced.  References [B5], [B7-B11], [B14] and
{B16] introduced some soft-switching switched reluctance motor drives based on

quasi-resonant topologies.

13



The topologies introduced in references [B9-Bl11] are similar to the
traditional resonant transition DC-DC converters proposed in reference [AS5}].
In these two papers, when the motor is in motoring stage, the drive circuits are
considered as buck converters.  On the other hand, in regenerating stage, the
circuits are considered as boost converters. By applying resonant transition
methods in the circuits, zero-current switching and zero-voltage switching

condition can be obtained, respectively.

1.2.3.2. Resonant DC Link Circuits

References [B5], [B8] and [B13] proposed a topology of actively clamped
resonant DC link circuit (ACRDCL) applied on SRMs.  The concept of
ACRDCL for AC drives has been well-developed. The idea proposed in
these papers applies the resonant AC drive concept in SRM drive.  In fact, the
ACRDCL SRM drives are very similar to ACRDCL inverter for AC drives.
In this SRM drive, resonant DC link is provided by an ACRDCL circuit after
DC input.  The DC link voltage is clamped by a large clamping capacitor to
limit its maximum voltage. The SRM operates with hard-chopping. By
controlling the resonant DC link voltage, soft-switching for all transistors is

obtained.

1.2.4. Commutation Current Modification Methods

Performance of switched reluctance motors is dependent on the shapes of

commutation current of its phase windings.  The ideal commutation current of

14



each phase winding of SRM is a square wave.  However, the ideal waveform
of commutation current cannot be achieved practically due to the inductance of
the phase windings. Fig. 1.7 shows the ideal and practical shapes of

commutation current of a 3-phase SRM.
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Fig. 1.7. Commutation current of 3-phase switched reluctance motor

The disadvantage of the practical shape of commutation current is that
current cannot rise from zero to the maximum current nor fall to zero rapidly.
The slow rising of current in the beginning of motoring stage limits maximum
input and output power of the SRM.  In regenerating state, energy is recovered
and stored in voltage source or c‘;apacitors. If the duration of regenerating state
is long, in practice, conduction loss due to the regenerating commutation current
is high. In some cases, commutation current may not fall to zero when the
angular rotor position is beyond aligned position.  If the current is positive in
the region that the change of inductance is negative, negative torque is produced.
This leads to higher torque ripples and lower efficiency.  The influence of the

practical current shape is particularly significant at high speed.
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References [B3], [B12], [B17] and [B19] proposed methods for squaring up
commutation current of SRMs.  Most of them use voltage boost method for
increasing the rate of change of current in the beginning and the end of motoring
state.  In their proposed circuits, a boost-capacitor is used.  The capacitor is
responsible for storing energy from the phase winding in regenerating state and
releasing energy to the phase winding in motoring state.  In regenerating state,
phase winding regenerates current to the voltage source through the
boost-capacitor so that the capacitor is charged.  Voltage of the capacitor
increases. By connecting the capacitor in series with the voltage source, in
regenerating state, the negative voltage applied on the phase winding is higher
than the normal DC link voltage.  Commutation current hence falls to zero
more quickly. In the beginning of motoring state, the DC link voltage is
higher than the normal one.  Current thus increases to the peak value more

quickly, until the energy of the capacitor is totally released.

1.2.5. Vibration and Acoustic Noise Cancellation Techniques in Switched

Reluctance Motor Drive

As the features of SRM such as brushless, low rotor inertia, and low
manufacturing costs, SRM is an attractive machine.  The main disadvantage of
this machine is that it induces high acoustic noise and vibration due to its
operation principles. In fact, acoustic noise is closely related to vibration.
Some researchers have analysed the causes of vibration induced in SRM.  [B4]
This literature introduced the experiments for analysing the machine in both

static tests and rotary tests. By the time domain analysis with the experiments,

16



the causes of vibration and acoustic noise in SRM were found.

[B4] proposed a technique for reducing the vibration and acoustic noise.
[B6] is a further research of [B4].  This literature proposed three techniques to
reduce the vibration as well. ~ All the techniques proposed in these literatures are
using reducing the step change of voltage applied on the phase windings and
vibration cancellation methods by producing an opposite vibration on the SRM.
Vibration sensor is not needed by using these methods.  However, as the level
of vibration is related to the material and construction of the SRM, an initial test

is required to find the natural frequency of the stator.
1.2.6. Switched-capacitor DC-DC converter

Tl

(a) half-mode

e
1

244"

(b) 1/5-maode

Fig. 1.8. Conventional switched-capacitor DC-DC step-down converters
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For most switched mode power supplies, energy storage relies on large
capacitors or magnetic components like transformers or inductors.  These
magnetic components are usually wire-wounded on a magnetic core or air-core,
limiting the reduction of size and weight of the circuits. Some
switched-capacitor converters have been proposed in References [C1-C10] to
solve this problem.  Conventional switched capacitor DC-DC step-down
converters are shown in Fig. 1.8.  In this kind of converters, instead of
magnetic components, only capacitors are used for energy storage.  Electrical
energy conversion is achieved by controlling the routines of charging and
discharge of the capacitors, known as switched-capacitors.  These routines are
controlled by transistors.  Because of the advantage of eliminating magnetic

components m the circuit, converters can be fabricated in integrated chips.

Switched capacitor converters generally have some common disadvantages

as listed below:

@) Most switched capacitor converters operate in hard-switching.  This

causes high switching loss and high electromagnetic interference.

(i)  There is current spike problem when charging the switched capacitors.

This limits the power level and current level of the circuits.

(i) A number of transistors are needed for routing the charging and

discharging paths of switched-capacitors.

18
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1.3.

()

It is difficult to control output voltages of the circuits. Some
switched-capacitor converter control techniques are proposed in
references [C1-C4], [C6] and [C7). They use equivalent series
resistance (ESR) of the switched capacitors to control the charging level
of the capacitors.  Because the charging time of capacitor is very short,
it is very difficult to control its charging time by controlling duty ratio of
turn on time of transistors. It is easier to control the charging level of
the switched-capacitors if tl.le ESR is high; however, this causes high

power losses in charging and discharging the capacitors.

Outline of Thesis

The main results and contribution of this thesis are outlined as follows:

Two families of newly designed single-stage switched-capacitor DC-DC
step-down converters are introduced in Chapter 2.  Circuits in one
family are for producing positive stepped down voltage, while circuits in
the other are for producing negative stepped down voltage. Al circuits
have only two transistors for switching.  All transistors in the circuits
are under zero-current switching condition, obtaining high efficiency.
The new circuits do not have the common current stress problem of
switched-capacitor converters.  Operation principles of the circuits are
described in this chapter, and explained by mathematica! analysis and
computer simulation. Design method of the circuits describes

suggested methods to obtain zero-current switching in the circuits. A



(ii)

(iii)

(iv)

prototype was tested in experiment to verify the operation of the circuits.

A family of multi-stage switched-capacitor step-up converter is
introduced in Chapter 3. They produce positive step-up voltage.
These circuits not only provide low current stress and zero-current
switching, but also provide more than one output voltages other than the
single-stage circuit. Operation principles of the circuit are discussed by
mathematical analysis, computer simulation results and experiment

results.

Chapter 4 introduces a new resonant converter for SRMs.  All high
frequency ftransistors in the circuit are under zero-voltage switching.
This chapter explains the reason that chopping transistors need
soft-switching in switched reluctance motor under soft-chopping
condition.  Active-clamp features and principles of operation of the
converter are explained by computer simulation, mathematical analysis

and experiments.

Chapter 5 suggests a method for improving performance of SRM by
using power electronics for power conditioning. A switched-capacitor
converter is used for stepping down the voltage from the voltage source
when the voltage of the source is too high for the SRM. An
experiment of implementation of switched-capacitor converter in high
power operation is provided and discussed.  In the whole driving

system, the SRM regenerates the high voltage source. Duration of
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regenerating stage is shorter.  This can improve the performance of the
machine.  Mathematical analysis and computer simulation are used to

discuss the performance.

Chapter 6 concludes contributions of this thesis.  Further study of the

switched-capacitor resonant converters and the switched-reluctance motor

drive is recommended,
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Chapter 2. Single-stage Zero-current switching Quasi-resonant

Switched-capacitor Step-down Converters

2.1. Introduction

Most switched-capacitor converters face a current spike problem when
charging switched-capacitors in the circuits.  This problem limits power of
applications of the converters. It also causes high electromagnetic interference
because of the rapid change of current. Most conventional circuits use
hard-switching techniques to operate the converters, causing high switching loss.
Hard-switching circuits are not suitable for operating in high frequency and
hence, sizes of capacitors in the circuits are large and their power density is
comparatively low.  Another drawback of switched-capacitor converters is that
a variation of the voltage conversion ratio can only be achieved by adding more
switches.  This means that more transistor drive circuits will be required for
additional switches and hence, manufacturing cost and transistor drive loss are

increased.

To solve the above problems, two families of single-stage zero-current
switching quasi-resonant switched-capacitor step-down converters have been
designed [C5], [C8] and [C10]. It includes non-inverting mode circuits and
inverting mode circuits. By using zero-current switching quasi-resonant
technique in these circuits, their charging and discharging currents of the
switched-capacitor are half sinusoidal waves. This solves the current spike

problem.  All switching devices in the circuits are switched on and off under
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zero-current  switching condition. Switching loss and electromagnetic
interference are both low, and hence, high efficiency is obtained.  Further, a
simple switched-capacitor cell is proposed. This switched-capacitor cell
consists of only one cépacitor and three diodes. By adding the
switched-capacitor cell to the converters, voltage conversion ratios of the
converters decrease fractionally. No additional transistor is required for

changing the voltage conversion ratio.

2.2. Family of Circuits

Circuit diagrams of non-inverting mode circuits of zero-current switching
quasi-resonant switched-capacitor step-down converters are shown in Fig. 2.1
and circuit diagrams of the inverting mode circuits are shown in Fig. 2.2.  The
circuits in Fig. 2.1(a), 2.1(b), 2.1(c), 2.1(d), 2.2(a), 2.2(b) 2.2(c), and 2.2(d) give
output voltages equal to 1/2, 1/3, 1/4, 1/n, -1, -1/2, -1/3 and —1/n input voltage,

respectively.

Output voltages of both non-inverting mode and inverting mode converters
are based on the number of switched-capacitor cells, shown in Fig. 2.3, applied
on the converter circuit.  Referring to Fig. 2.1, in each cell for the proposed
converters, Terminal a and Terminal b are connected across the capacitor of the
former cell. Terminal ¢ is connected to the node between D, and D-.
Terminal d is connected to the anode of the Dy, of the next cell.  Terminal e is

connected to the cathode of Dy, of the former cell.  Terminal f is connected to L.
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Each capacitor in the switched-capacitor cells is for sharing the input
voltage in series and releasing the energy in parallel with C; to the load where the
diodes are used for determining the direction of the current flow to charge the
capacitors.  Using this method, the converter can step down the input voltage
fractionally.  For a converter with 1/n voltage conversion ratio (1/n-mode

converter), there are n-2 switched-capacitor cells.

Fig. 2.3 Switched-capacitor cell

2.3. Principles of Operation

2.3.1. Non-inverting Mode Step-down Resonant Converters

The non-inverting 1/3-mode switched-capacitor resonant step-down
converter is analysed.  There are a total of 4 states of operation in each
switching period.  Fig. 2.4 shows the equivalent circuits of each state of

operations of the non-inverting 1/3-mode step-down converter.
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Fig. 2.5 shows the simulation waveforms of the converter.

voltage 1s 90V.

200kHz.

output capacitor, Cp, is very large to maintain constant output voltage, the

capacitance of C, is equal to that of C, (called C), and there is no power loss in

Ci and C; are 0.22pF.

The output power is 8O0W.

L is 1pH.

the circuit, analysis of each state follows:
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23.1.1.  States of Operation of 1/3-mode Converter

(i) StateI[to—1t,]

At to, Qy is switched on while Q; is switched off. Ci and C; are charged
in series with Dy, D, L, and the load. At this moment, C, and C, resonate
with L; in series.  The charging current of the capacitors resonates from zero at
to, to the peak, and then back to the zero at t; in a sinusoidal waveform. Qs

switched on under zero-current switching condition.  The equations of this

state are:
VS=L,%I;—'+ZVC+V0 2.1
i, =% (2.2)

dt
where Vg is the input voltage, V, is the output voltage, V¢ is the resonant

capacitor (C; or Cy) voltage, and i, is the resonant inductor (Ly) current,

Let Vg be the value of V¢ at to, tl_le solutions of the differential equations

(2.1yand (2.2) are:

V. -
0

The angular resonant frequency of this state is:

2
LcC

r

(2.5)

Wy =
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The resonant impedance of this state is:

Z, = r (2.6)
C

(ii) State II [t; —t;]

Q) remains on and Q, is still off. At (), the inductor current reaches zero,
and the diodes Dy, and D, stop the resonance.  Both the inductor current and
the input current are equal to zero.  Cy is discharged to the load.  Let V¢, be
the voltage of C at t;.  The equations of this state are:

ve =V @7)

i, =0 @8)

(iii) State Il ft; — 15]

Qi is switched off and Q; is switched on att;,  C; and C, are discharged
in parallel to L; and the load. D, and D, and D, are conducting.  The two
capagcitors resonate with L, in a sinusoidal manner, similar to State I.  Q, is
zero-current switched off while Q; is ze‘ro—current switched on att;. At t3, the

inductor current is resonated to zero.  The equations of this state are:

ve +L, %‘- =V, 2.9)
i, = 2C‘%€ (2.10)

The solutions of these two differential equations (2.9) and (2.10) are:

ve =V, =, ~Vey)eos o, (1 —1,) ' (2.11)
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Vo-v.
szgﬂn%@—é) @.12)

i =

where V¢ is the voltage of C at t,.

The angular resonant frequency of this state is:

1

o) = 2. 1 3
' y2Lc @13
The resonant impedance of this state is:
Z, = L (2.14)
2C

(iv) State IV [t; - t,]

Similar to State I, the diodes stop the resonance att;.  Inductor current is
equal to zero and only Cy is discharged to the load.  Q; is switched off under
zero-current switching condition atty.  The equations of this state are;

ve =Vey . @.19)

i, =0 (2.16)

where V¢; is the voltage of C at t;.

2.3.1.2. Generalised Equations of 1/3-mode converter

By using input and output power balancing,

Vilin =Vol, R Y)
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the generalised equations of each state of 1/3-mode converter are:

(i) State I

Ve [ i,de =V, 1,1, (2.18)

By solving equation (2.18), and assuming the voltage conversion ratio is 1/3

»

then,
al, T
v, =V, -2 s%o cosw, (t ~1,) (2.19)
67,
T, |
i, = 30TOS sinw,{t—¢,) (2.20)

where Ts is the switching period, Ty is the resonant period in State I, and I, is the

output current.

(i) State I

T, Z
v =¥, + HoTsZy @21
© 6T,
i, =0 (2.22)
(i) State IlI
Vs [lide =V, (1, - 1), (2.23)
By solving equation (2.23), it gives
v. =V, +Mcos ot -t,) (2.24)

3,
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27T

i =- T sinw, (t —¢,) (2.25)

where T is the resonant period of State II1.

(iv) State IV

271, T2
v, =V, -1 2.26
c="Vo T, (2.26)
i, =0 (2.27)
2.3.1.3. Generalised Equations of 1/n-mode Converter
Generalised equations of each state of 1/n-mode converter are:
(i) State !
.2
v. =V, ——250 cosa,(t -1t 2.28
C i} n(n _ 1)T0 0( 0) ( )
1T
i, =205 ing, (- 1,) (2.29)
nt,
where
0, = 7= (2.30)
LC

Z, = 1’(" 'Cler 231)

(i) State I

T2,

=V
Ve =to® n(n -1)T,

(2.32)
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i, =0 (2.33)

(iii)  State Il

=V, + (2= 1)t 7,2, cosw,(t~1,) (2.34)
AT,
i, = —-(%sin w,{t-t,) (2.35)
T,
where
1
= fo 2.36
NG 1)L,C (239)
L
Z = r 2.37
R e (237)
(iv) State IV
v =V, - (n-Dnl,T,2, (2.38)
nT,
i, =0 (239

2.3.2. Inverting Mode Step-down Resonant Converters
Each state of the operation of the inverting -1/2-mode step-down converter

is analysed.  Fig. 2.6 shows the equivalent circuits of each state of operation of

the converter.
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(b) State II

(d) State IV

Fig. 2.6  States of operation of inverting -1/2-mode switched-capacitor resonant

step-down converter
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Fig. 2.7 shows the simulation waveforms of the converter.  The input
voltage is 90V.  The output power is 80W.  The switching frequency is
200kHz.  Cjand Cyare 0.22uF.  Cyis SOpF. L;is IuH.  Assuming the
converter has no power loss and its output filtering capacitor, Cy, is very large to

maintain a constant output voltage, equations of the converter are given below:

20.0.- ' ‘ ' | {V) : t(s)

LN B | T i : L . .. vgs1
I3 SOOUPPRN O SESRN SEEOREEE 1 INIURPION REPUOPO

s i i

15.0 DR R ; R : vgs2
N 3 IEETTEN (OO0 SUREti DESREOES ¥ ISSetets: HOSOsssss

:: (A) : Y(s)
60 iQt
< 2

::3 (A) : t{s)
60 iQ2
2 20

:z (A) : t{s)
40 iLr
Sy

;: (V) - t{s)

50.0 vC1
e 00

g ;6

50.0 vC2

(V) : t(s)
vo

T 1 ] =
0.0202875  0.0202¢ | 0.0202925 0.020295  0.0202975  0.0203
ty i t:  ts) )ty

Fig. 2.7 ldealised simulation waveforms of the inverting -1/2-mode

switched-capacitor resonant step-down converter
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2.3.2.1. States of Operation of -1/2-mode Converter

(i) State I fty—1t;]

Qi is switched on and Q; is switched off.  Current passing through L,, Dy,
and D, from the source is charging the capacitors C; and C; in series. The
output capacitor Cy is discharged to the load.  Inductor current ij starts
resonating with C; and C; in a sinusoidal manner.  Zero-current switching-on
of Q, is achieved. = The resonant inductor current decreases from zero at tp, to
the negative peak, and then increases from the peak to zero. It reaches zero

againatt;. The equations of this state are:

v, =1 %oy (2.40)
dt
i =c e (241)
dt

By solving the differential equations (2.40) and (2.41),

v =te Vs Weo ooy (-1,) (2.42)
2 2
V-2
i =Yoo o (1-1,) (2.43)

4]

where V¢; is the voltage of C at t,.

The angular resonant frequency of this state is:

(2.44)

a):
*“ViLcC

r
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The resonant impedance of this state is:

ZO = r (245)

(ii) State I ft; — t;]

Qi ison and Q, is off. At (,, the inductor current reaches zero.  The
resonance is stopped by the reverse bias of the diodes. The current is
maintained at zero. Cp is still discharging to the load in this state. The
equations of this state are:

ve =V, (2.46)

i, =0 (2.47)

(iii) State LI [t; — t3]

Qi is switched off and Q; is switched on.  The inductor current is zero at
t, when Q is switched off. Qi 1s switched off under zero-current condition.
Atty, C; and C, are discharged to the load through L,, D,, Dy and D;.  The
current starts resonating at t; in a sinusoidal manner which is similar to state |
and hence, Q; is switched on under zero-current switching condition. The
inductor current iy starts decreasing from zero at t, to the peak and then increases

tozero att;.  The equations of this state are:

ve + L % +V, =0 (2.48)
Q=2C%% Q49
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The solution of these two differential equations (2.48) and (2.49) are:

ve =V, + (VU + ch)cosa).,(t - 12) (2.50)
. V,+V., .
i, = ———~Esinay (1 -1,) 2.51)

where V¢ is the voltage of C at t,.

The angular resonant frequency and the resonant impedance of this state

arc:

= 2.52

M PYNG (2:52)

Z,= | = (2.53)
2C

(iv) State IV [t; — t4]

Qi is off and Q is on. Similar to state I, the resonance of the inductor
current is stopped by the reverse bias of the diodes.  The inductor current is
zero in this state.  The output capacitor Cy is discharged to the load. Q, is

zero-current switched off at t4.  The equations of this state are:
ve =V, (2.59)
i =0 {2.55)

2.3.2.2. Generalised Equations of —1/2-mode converter

By using input and output power balancing as equation (2.56),

Vs ['i,de = V1,7, . (2.56)
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the generalised equations of —1/2-mode converter are:

(i) Statel

Assuming the voltage conversion ratio is —1/2, then,

1,77
Ve =V + 20520 o5 (1= 1,) (2.57)
47,
. AT, .
i =- 2*} S sinaw,(t —t,) (2.58)

]

where Ts is the switching period, Ty is the resonant period in State I, and [ is the

output current.

(i)  State lI

A, TZ
=-J, - 0570 2.59
Ve 0 4T, (2.59)
i, =0 (2.60)
(iii)  State Il
[(i,de=1,T (2.61)
By solving equation (2.61),
4
ve =¥y L L oo (1 -1,) (2.62)
1
i = -’d;isinm, (t-1,) (2.63)

1

where T is the resonant period of State II1.
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(iv) State [V

ve =¥, + HolsZy (2.64)
L
i =0 (2.65)
2.3.2.3. Generalised Equations of -1/n-mode converter
For a -1/n-mode converter, the generalised equations are:
(i) Statel
1,72,
Ve =V, +%cosw0(t—to) (2.66)
n°T,
1, T
i, == 295 inay(t - 1,) (2.67)
nT,
where
@, = |—— (2.68)
LC
Z, =" (2.69)
C
(i) State 11
ve =¥, — HolsZs (2.70)
n°T,
i, =0 (2.71)
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(iii)  State Iff

1T, 7
Ve =V, - %cos w (t-1,) (2.72)
|
T
i = T sine, (f—1,) (2.73)
T
where
1
o = 2.74
: nl,C @74)
z,= | (2.75)
nC
(iv) State IV
ve =¥, + HolsZy (2.76)
T,
i, =0 (2.77)

2.4. Design Method

24.1. Conditions of Zero-current Switching.

For obtaining zero-current s;witching, inductor current, i, needs to be able
to resonate to zero in all resonant operation states, i.e., state I and state III, for
both inverting and non-inverting circuits. Because of the different
combinations of switched-capacitor in the resonant states, different resonant

operation states have different angular resonant frequency.

Let d, and d; be duty ratios of gate signals of the transistors, Q) and Q,,
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respectively, and assuming the circuits are lossless, conditions of zero-current

switching for both non-inverting and inverting circuits are:

Fia

dTs >— (2.78)
Wy
w

d,Tg >— (2.79)
@

2.4.2. Voltage Ratings of Components

2.4.2.1.  Non-inverting Circuits

Table 2.1. Voltage Ratings of Components of 1/n-mode Non-inverting Converter

Components Minimum Voltage Rating
Q; and Q, Y—SLH——I)
n
C1 - Cn—l chax
Co ' Vs/n
D, and D, Vs/n
Dam MV crpax
Do Vemax
Dey (n-1-m)V s

Assuming all switched capacitors are ideal with the same value, from

equation (2.28), maximum voltage of each switched-capacitor, V max, is:

Ve 1,2,

Vermax = -n—+m | (2.80)



Considering 1/n-mode circuit, and m and n are integers such that 1< m < n-2,

minimum voltage ratings of each component in the circuit are shown in Table

2.1.

2422, Inverting Circuits

Assuming all switched-capacitors are ideal and their values are the same,

maximum voltage of each switched-capacitor, Vcmay, iS:

Vs T Z,

< max n HZTD

It should be noted that the average output current of the converter, I, is

negative.

Table 2.2. Voltage Ratings of Components of -1/n-mode Inverting Converter

Components Minimum Voltage Rating
Qiand Q, Vs
Ci—Cu Vemax
Co V¢/n
D, and I, Vs/n
Dam mV max
Do Vamax
Dem (0-M)}Vemax

Considering -1/n-mode circuit, and m and n are integers such that 1< m <

n-1, minimum voltage ratings of each component in the circuit are shown in

Table 2.2.
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24.3. Current Ratings of Components

243.1. Non-inverting Circuits

Considering the routines of input current and output current, current rating
of the circuit can be found.  Current ratings of each components of 1/n-mode
non-inverting circuit are shown in Table 2.3. Iy is the average output current in

each switching period.

Table 2.3 Current Ratings of Components of 1/n-mode Non-inverting Converter

Components Minimum Current Rating
Q ' I¢/n
Q. Io(n-1)/n
L, Ie(n+1)/n
D, lo/n
D, Io{n-1)/n
D, and D, | o1y
D, Iy/n

24.3.2. Inverting Circuits

Current ratings of each components of -1/n-mode inverting circuit are

shown in Table 2 4.
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Table 2.4 Current Ratings of Components of -1/n-mode Inverting Converter

Components Minimum Current Rating
Q Io/n
Q: o
L Ip(n+1)/n
D, Iy/n
D, Iy
D,, Dy and D, Io/n

244.  Selection of Resonant Components
244.1. Non-inverting Circuits

Considering equations (2.28) and (2.38), relationship between voltage
ripples of switched capacitors and resonant impedances of Zy and Z, of 1/n-mode
non-inverting converter can be derived, respectively.  Let AV, be voltage

ripple of each switched-capacitor, referring to equation (2.28), gives:

2 nln—1)fsAV,
B 27y fo

(2.82)

where fs is switching frequency and f; is resonant frequency in State I.

To ensure the circuit operates in zero-current switching condition, fy should
be higher than f5.  Substituting the value of required voltage ripple of switched

capacitors and the ratio of fs and fy to equation (2.82), Zy can be found.
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Referring to the equations (2.30) and (2.31), values of resonant inductance

and switched-capacitors can be found by the equations:

Lo 2.83
Sy (2.83)
S 2.84
2742, (2.84)

2442. Inverting Circuits

Considering equation (2.66), and let AV, be the voltage ripple of each

switched-capacitor, the relationship between AV, and resonant impedance is:

2
z " fs AV

2.85
Y A 2.85)

Referring to the equations (2.68) and (2.69), values of the resonant

inductance and the switched-capacitors can be found by the equations:

Z

Lr=—‘9— 2.86
2, 259

=7 (2.87)
2’9‘-020
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2.4.5. Calculation of Qutput Voltage Ripple

2.4.5.1. Non-inverting Circuits

According to Fig. 2.1(d), i, is equal to the sum of the absolute values of i.

For 1/n-mode non-inverting circuit, from equations (2.29), (2.33), (2.35) and

(2.39), it gives:
(7, T, .
055 Sina, (¢ - 1,) (, St<t,
i,
1o 1, <t<t,
i, =4 (n=1)al,T (2.88)
p— 7T .
i 2 Ssma)l(t—tz) L=t
nl|
0 1, <t<t,
and:
i =i, — I, (289)

Assuming output filtering capacitor, Cy, is very large and output current, Io,
is constant, by using the equation,

_ v,
i.=C, 7:0 (2.90)

output voltage ripple of 1/n non-inverting circuit, AVy, is approximately equal to:

Ay~ 28 [(”+2X‘+C°“9)+3(9—1)———ﬂ'fs] 291)
2C, nfs Jo\m Nifs
where
T,
6 = sin™ ZTO (2.92)
2 .
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2.452. Inverting Circuits

Referring to Fig. 2.2(d), equations (2.67), (2.71), (2.73), and (2.77), gives:

T
. Ssmcoo(t—to) ty <t <,
nT,
) 0 L StLt, 593
I, =3 .
’ ”IDTssmw (t—t) fHh =t<t .
1 3 2 =04
T
0 h, <1<t

Considering equations (2.89), (2.90) and (2.93), and assuming output
current of the circuit, Io, 1s constant, output voltage ripple of —1/n inverting

circuit, AV, is approximately equal to:

-1
AV, ~ —_0[""5‘9 +i[§—i)] (2.94)
Co | s Silm 2
where
T
9 = i -1 1
sin __xTS | (2.95)

2.5. Experimental Results

Non-inverting 1/3-mode Step-down resonant converter as shown in Fig. 2.8
has been tested.  The circuit is very similar to that shown in Fig. 2.1(b) except
that a filtering capacitor C;, was added to eliminate effects from the inductance
of the conduction line between the power source and the input of the converter.
For output voltage ripple less than 2%, specification of prototype of the circuit is

shown in Table 2.5,
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Fig. 2.8. Prototype of 1/3-mode non-inverting step-down resonant converter

Table 2.5 Specification of Prototype of 1/3-mode Non-inverting Converter

Descriptions Mode! Numbers Values | Units
Input Voltage. 80 \Y
Expected Output Voltage 30 v
Switching Frequency 200 kHz
Output Power 10-80 W
Qi and Q, IRF630
Dy, Dy, D, Dy and D, MBR10100
D, and D, - MBRI10100
Ci, G ' 0.22 uF
Co 50 pwF
L, - 1 puH

Since the main power flows through both C,; and C, Ain the resonant state,
the equivalent series resistance of these capacitors should be very low. High
ESR may lead to high power loss and high temperature of the capacitors which
may exceed the rated temperature of the capacitors.  For this reason, polyester

capacitors were chosen for these switched-capacitors.
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T A
T T~ /s
- 1
A\
/ \.._ (] / wmhned 11
N/ A

2: gate signal of Q;, 40V/div; 3: gate signal of Q,, 40V/div; 1: 1, 5A/div

(a)

1: I, 5A/div; 3: output voltage, 10V/div

(&)

2: Gate signal of Q,, 20V/div; L: Q| current, SA/div; 3: Vds of Q,, 40V/div

(c)
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1: gate signal of Q,, 20V/div; 2: Q, current, 5A/div; 3: Vds of Q,, 40V/div

(d)

3

1: T, SAAMiv; 2: V¢, 20V/div; 3: Vi, 20V/div
(e)
Time base = 1ps/div for (a) to (e)
Fig. 2.9 Measured waveforms of the non-inverting 1/3-mode swit;:hed-capacitor

resonant step-down converter

Measured waveforms of the converter operating with 80W output power are
shown in Fig. 2.9.  Fig. 2.9(a) shows the resonant inductor current. Fig.
2.9(c) and Fig. 2.9(d) shows the currents and drain to source voltages of the

transistors. By comparing Fig. 2.9(c) and Fig. 2.9 (d), it can be observed that
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the resonant inductor current consists of the transistors Q, and Q, currents,

Qutput voltage of the converter is shown in Fig. 2.9(b).  The measured
output voltage of the converter was 25.84V when the output power is 80W.
The measured output voltage is lower than the expected output voltage (30V) and
the practical simulated output voltage because of the drain to source resistance of
the transistors and the voltage drop of the diodes in forward bias.  The
resistance of wires and inductors, and the equivalent series resistance (ESR) of
all capacitors cause an output voltage drop and power loss in the circuit.  To
minimise the influence.of the ESR of the capacitors, polypropylene capacitors,

which have low ESR, are used as the switched capacitors.

Fig. 2.9(c) and Fig. 2.9(d) show that the transistor currents resonate in a
sinusoidal manner.  The resonance stops when the current reaches zero while
the drain to source voltage of the corresponding transistors is zero.  The
transistors are switched off when the currents are equal to zero so that
zero-current switching condition is obtained.  This is very similar to the
simulated waveforms.  Fig. 2.9(e) shows that the resonant inductor current and
the voltages of switched capacito'rs resonate together.  The voltage waveform
of C; is almost the same as that of C,. The amplitude of voltage of
switched-capacitor is lower than those in simulation waveforms because of the

voltage drop of the transistors, diodes and the wires.

Diagrams of v-i trajectory of each transistor of the circuit are shown in Fig.

2.10.  Both Fig. 2.10(a) and Fig. 2.10(b) again.conﬁrm that both transistors are
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in Zero-current switching condition.

:
¥

L
4
4
i

X-axis: Q) current, 2A/div; Y-axis: Vs of Q, 20V/div

() v-1 trajectory of Q,

5 f .,‘m#wwr—

X-axis: Q, current, 2A/div; Y-axis: Vs of Qy, 20V/div

(b) v-i trajectory of Q,

Fig. 2.10  v-i trajectory of the non-inverting 1/3-mode switched-capacitor resonant

step-down converter

Fig. 2.11 shows the graph of the relationship between efficiency and output

power of the converter. By testing the circuit with the output power between
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10W to 80W, the efficiency varied between 85.5% at both 10W and 80W output
power to 93.2% at 22W output power.  Fig. 2.12 shows the graph of voltage
conversion ratio against output power of the converter. The voltage
conversion ratio varies between 0.325 at 10W output power to 0.287 at 80W
output power.  Fig. 2.11 shows that the efficiency was highest when the output
power was 22W. At light load, power loss of the circuit is mainly due to the
diodes, which have voltage drop in forward bias. At heavy load, the power
loss is mainly due to drain-to-source resistance (Rg;) of the transistors.
Besides, power loss occurs in the manner of switching loss of the transistors, and
conduction losses of the conductor, inductor and the equivalent series resistance
(ESR) of the capacitors.  On the other hand, Fig. 2.12 shows that the voltage
conversion ratio decreases when the output power increases.  Other than the
voltage drop on the diodes, when the current increases, the voltage drop on both

transistors increases, and, voltage conversion ratio decreases.

94
93
92
91
90
89
88
g7
86
85

Efficiency (%)

0 S 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 &5
QOutput Power (W)

Fig. 2.11. Measured efficiency and output power of the non-inverting 1/3-mode

switched-capacitor resonant step-down converter
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Fig. 2.12. Measured voltage conversion Ratio and output power of the non- inverting

1/3-mode switched-capacitor resonant step-down converter

2.6. Discussion

The structure of the resonant switched-capacitor converters is simple.
The efficiency of the converters is high which is evident in the experiment.
The high efficiency is obtained by the technique of quasi-resonant zero-current
switching technique.  The switched-ca.pacitors in the circuit have to be charged
and discharged in fixed periods, half resonant period for zero-current switching.
Unlike the traditional switched-capacitor converters, the charging and
discharging periods of the switched-capacitors are fixed. The output voltage
cannot be regulated or controlled by controlling the charging and discharging

periods.

The zero-current switching technique can much reduce the switching loss of

the transistors.  Switching loss still occurs in the drain-to-source junction
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capacitors of the transistors.  The switching loss is directly proportional to the
switching frequency.  For higher fraction conversion ratio of the resonant
switched-capacitor converters, more diodes are needed for routing the charging
and discharging current. Efficiency of the converters will be lower because of

forward voltage of the diodes.

2.7. Summary

Two families of switched-capacitor circuits are introduced in this chapter.
One is non-inverting converter and the other is inverting converter,  All
circuits in both families operate under zero-current switching.  The inherent
disadvantage of high current stress has been eliminated.  The number of
transistors needed is low.  Complete analysis of the converters has also been
presented.  Each circuit in the families has a number of fractional output
voltage conversion converters. Generalised equations of each family of
circuits have been provided. Obtaining zero-current switching condition for
all transistors has been confirmed by the computer simulation and the

experiments.
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Chapter 3. Multi-stage Zero-current Switching Quasi-resonant

Switched-capacitor Step-up Converters

3.1. Introduction

Chapter 2 has introduced two families of switched-capacitor de-de
converters based on zero-current switching quasi-resonant topology. It is
noticed that the circuits are single-stage circuits.  They are not designed to

provide more than one voltage output or step up voltage.

A family of multi-stage zero-current switching quasi-resonant
switched-capacitor step-up converters is introduced in this chapter [C9].
Similar to the circuits introduced in the previous chapter, there are only two
transistors in each circuit.  All transistors in the circuits are switched both on
and off in zero-current switching condition.  There is no large magnetic
component. Each circuit has only one very small resonant inductor for
resonating with switched-capacitors.  Current stress of the components is low.
The circuits are suitable for both low power and high power applications.
Other than the basic circuit [C5] and [C8], all circuits in this family provide more
than one voltage outputs with common ground without the need for additional

transistors.
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3.2. Family of Circuits

Fig. 3.1 shows the circuit diagrams of the converters in this family.  The
circuits were designed based on the basic circuit of the single-stage zero-current
switching quasi-resonant switched-capacitor step-up converters. Circuit

diagrams of the basic circuit are shown in Fig. 3.1(a).

VSC) 1 Co= 2R,

Q q Stage1 - ©O7 Stage 2

(b) 3-mode step-up converter

icoy Tl

TVC(n-I ) §RLT \L

Qul CrlVa GFRIVae Canlven
Stage 1 T Stage 2 T Stage (n-2) Stage (n-1)
(c) n-mode step-up converter

Fig. 3.1 Circuit diagrams of family of zero-current switching quasi-resonant

switched-capacitor step-up converters
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A switched-capacitor cell shown in Fig 3.2 has been designed for this family
of circuits. By adding the switched-capacitor cells into the basic circuit,
output voltage can be multiplied and stepped up.  Fig. 3.1 (b) and (c) show the
circuit with 3 times step-up voltage and n times step-up voltage, respectively.
As seen in Fig. 3.1 (c), n-time output voltage, Vo, is stepped up stage by stage.
Output of each stage, V¢, Vs, to Vcn-2), can be considered as individual voltage
outputs.  These outputs provide voltage from 2Vs to nVs.  Other than the

basic circuit, all circuits in this family provide more than one voltage outputs.

Oo——
Fig. 3.2  Switched-capacitor cell for multi-stage zero-current switching quasi-resonant

switched-capacitor step-up converters

Referring to Fig. 3.2, one switched-capacitor cell consists of two diodes, D,
and Dy, one switched-capacitor, C,, and one filtering capacitor, C,.  The
switched-capacitor is for storing energy from the voltage source or the previous
stage of the circuit and release energy to the next stage of the circuit or the
voltage output. It can also be considered as a resonant capacitor as it can
resonate with the resonant inductor to provide zero-current switching condition
for all transistors. As a result, each stage of the circuit has one resonant

condition with the same resonant inductor.  The filtering capacitor is for
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storing energy from its own stage of circuit and filtering high frequency
components of the voltage to provide smooth DC voltage for the next stage. It
can also be considered as a filtering capacitor of voltage output.  In the circuits
of the family, each individual voltage output is across each filtering capacitor.
Referring to Fig. 3.1 and Fig. 3.2, Terminal a of the cell is connected to the
positive side of the filtering capacitor of the previous stage.  Terminal b is
connected in series with the resonant inductor, L,.  Terminal ¢ is connected the
common rail of the circuit.  Terminal d is connected to the positive side of the

load or to another cell of the next stage.

3.3. Analysis of the Circuits

‘ 3.3.1. Principles of Operation of 3-mode Converter

Fig. 3.3 shows equivalent circuits of each state of operation of the 3-mode
converter.  There are a total of 4 states of operation in one switching period.
Computer simulation of the 3-mode circuit has been done. The simulation
results, shown in Fig. 3.4, are used for analyzing the circuit. Theoretically, Q,
and Q; can be switched on and off alternatively up to 50% duty ratio. In
practice, a dead time between turn on and off Q, and Q; is applied to avoid short
circuit due to finite fall time and off time of the transistors. Operation of the

circuit of each state is described in the followings:
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Fig. 3.3  States of operation of non-inverting 3-mode switched-capacitor resonant

step-up converter
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33.1.1. Statel

Qi is switched on at ty while Q, is off.  In Stage 1 of the circuit, C;; is
charged from the voltage source, Vs, through Dy, L., and Q, in a resonant
manner.  Meanwhile, in Stage 2 of the circuit, C, discharges to C,; through Da,,
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L: and Q, in a resonant manner as well.  In other words, Q) is zero-current
switched on at t).  There are 2 individual resonance produced by C;) and L,
and Cy; and L, respectively. When resonant current of C. resonates to zero at
ti, Dya becomes reverse bias. The resonance stops at this moment.
Similarly, in Stage 2, resonance stops when the resonant current of C,; reaches
zero. If G, is equal to Cpy, their resonance stops at the same moment because
of their same resonant frequency.  Average voltage across C,; is equal to Vg
and that of Cp, equal to the voltage across C), i.e., 2Vs. C; discharges for
the whole duration of this state to provide constant current to the load, R;.
Assuming capacitance of C; and C, is very large such that they can maintain

their voltage as constants, the equations of this state are:

di,,
VS =L,7Cr'-+vcﬂ (31)
, dve, |
lCrI = Cr[ d(; ] (3 2)
di, |
Voo =1, ;tz +v,, (3.3)
. dv,,
lCrZ = Cr2 _dCt'_Z (3'4)

where vy is the voltage of Cyy, vy, is the voltage of Cyy, icy is the current of Cyy,

icr2 is the current of C,5, Ve, is the voltage of C;.

Let Vo and Vepgg be the voltage of C;; and C,,, respectively, at t;, and
assume the capacitance of C;, and C,, is the identical and equal to C, the systems

of differential equations (3.1) to (3.4) are solved as:

Ve =Vs _(Vs —Veno )‘3056"0(r “’o) (-5)
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V _
iy = Vs =Veno w,lt - t,) (3.6)
0
Ve =V _(VCI Ve )COS Wy (r _’o) (3.7)
V. -
iy = 22O G0 (- 1,) (3.8)

0
where @y is the angular resonant frequencies of both resonances of C,; with L,
and C with L.  Zg is the resonant impedance of the resonances. The

equations of wg and Zq are:

1

0, = (3.9)
LC
L,

Zy=| & (3.10)

3.3.1.2. Statell

At t;, although Q is still on, because of the reverse bias of all diodes, no
current flows in the circuit except the discharging of C; to the load.  Let Vg

and V¢ be the voltage of C;; and Cp,, respectively, at t;, the equations of this

state are:
Ven = Ve (3.11)
Ven = Ve (3.12)
iy =igy =0 (3.13)
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33.1.3. StateIlI

Qi is switched off under zero-current switching condition at t;. Q: is
switched on at this moment. In Stage 1, C; discharges to charge C,; in a
resonant manner through Dy, L, and V5. Since C, has very large capacitance,
in steady state, voltage of C, is equal to 2Vs.  In Stage 2, C,, discharges to the
load and charges C; in resonant manner through Dy, L; and V5. Because Day,
is in forward bias and polarities of Vg and C,; are the same, and because
capacitance of C; is very large, Vy is equal to 3Vs in steady state.  Because
both C,; and C,, discharge in resonant manner, Q; is zero-current switched on at
t2.  Assuming capacitance of C;; and C,, the same, resonance stops at t3

because both Dy, and Dy, are in reverse bias. The equations of this state are:

Voo —Vs =1, di;" + Vg, (3.14)
o =C, e (3.15)
Ve -Vs =1L, d;C;’ + Ve, - (3.16)
ic, =C, %ﬁ—’ (3.17)

where V; is the voltage of C;. For the 3-mode circuit, V¢, is also the output

voltage.

Let Veriz and Ve are the voltage of Cpp and Cpa, respectively, at t;, the

differential equations (3.14) to (3.17) are solved as:

Ven =Ver Vs =V - Ve =V, Jeosa,(t —1,) (3.18)
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VCI - Vs B VCrlz

Ien = 7 Sinwo(“‘z) (3.19)
0

Very =Viey Vg —~Vey =V =V, Jeos oy (t —1,) (3.20)

Ve -Ve-V., |

iy = —H——* sinw,{r - 1,) (3.21)
[

33.14. State IV

Similar to State II, no current flows in the circuit except the discharging of
Cytothe load. At ty Q) is switched on and Q; ts switched off.  Since current
of Q; is zero before Qz is switched off, zero-current switched off of Q, is
obtained.  Let V13 and V4 be the voltage of C,y and C,, respectively, at ts,

the equations of this state are:

Ven =V (3.22)
vCrl = ch (3'23)

(3.24)

icn =gy =0
3.3.2. Generalised Equations of 3-mode Converter

Ideally, the output voltage of the converter is equal to 3 times input voltage
and the voltage of C, is 2 times input voltage. = Considering these assumption,
equations (3.5) and (3.7) can be derived as:

Vc 2 =Vs Ve (3.25)

r

VCrZZ = 4VS - VCr20 (3-26)
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Using input and output balancing of C;,

[ligadt = [icad (3.27)

equation of (3.27) is solved as:

VCr12 = 3Vs ~Ver (3.28)

Considering input and output balancing of the whole converter gives:

r"cnd‘ + Ijic,ldf+ ric,zdt =17 (3.29)
where I is the average output current of the converter and Ts is the switching

period.

Current of the resonant inductor is:
i, =i +ic, (3.30)

Solving the equation (3.30) and considering the information from the
equations (3.25), (3.26) and (3.29), Vcn.o, Veno, Verz and Ve can be solved.
Substituting the solutions of these initial values of C;y and Cp; in different states
to the equations (3.5) to (3.8), (3.11), (3.12), (3.18) to (3.23), and (3.30),

generalised equations of the 3-mode circuit are developed below:

() Statel
.1 O A
vey =V =5 cos (1 - 1,) (3.31)
0
1, 7.2
Ve = 2V BLLE LB (R (3.32)

0
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i, = 27y sinaw,(t —t,)
0

where Ty is the resonant period such that:

-2
a)O

(i) State Il

1,72
vCrl :VS +M__0_
0
1, T Z
Ve, = 2V, + 05t
0
i, =0
(iii}  State Il
/4 V4
Ve =V +£LS—°cosw0(t—t3)
]
T,
Ve, =2V + 2 s%o cosw,y(f —1,)
0
27, T, .
i, =—0ls sina,(t —1,)

0

(iv)  State IV

al,T.Z
Ven =V __ojqi_o
0
1.T.Z
vy, =2V, - Filse
[
i, =0
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(3.34)

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)



3.33. Generalised Equations of n-mode Converter

Similar to the previous sections, during States [, C,y in Stage 1 is connected
in series with Vg and L, while C; in Stage 2 is connected in series with L, and its
source Cy. This implies that all switched-capacitors in all stages are connected
to their own sources and L, The previous section also implies that all
switched-capacitors are connected in series with Vs and L; and the sources of
their next stage or the load in the final stage. Analysing an n-mode circuit,
assumption are made, including that all filtering capacitors (C,, Ca,..., Cin-1y) are
very large to maintain constant voltage, capacitance of all switched-capacitors
(Ci, Ca..., Cynyy) are equal and called C, and that the circuit is lossless.
Considering m and n are integers such that 1< m < n-1, generalised equations for

all stages of the step-up circuit are derived as below:

(i) State]
Ve, =mV, —Mcoswo(t—to) (3.44)
T,
1
: (= ) T sinw, (£ —1,) (3.45)
T,
(i) State Il
Vem =mV, + Hols 2o (3.46)
TO
i, =0 (3.47)
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(iii)  State Il

{, T2
Verm =MV, + ZolsZo cosaw,(t—t,)
T,
1), T
i __(n )ED Ssma)a(t tz)
Ty
(iv) State IV

3.4. Design Method

3.4.1. Conditions of Zero-current Switching

(3.48)

(3.49)

(3.50)

(3.51)

For obtaining zero-current switching, similar to the circuits in Chapter 2, i

needs to resonate to zero in both state I and state III for all stages.

Let d; and

d> bg duty ratios of gate signals of the transistors, Q; and Q,, respectively, and

assuming the circuits are lossless, conditions of obtaining zero-current switching

of all circuits in the family are:

ia
dTg >—
Wy

and

Ty >—
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3.4.2. Voltage Ratings of the Components

Assuming all switched-capacitors are ideal and identical, from the equation
(3.44), maximum voltage of Ve, Vemmay, 1S:

T, Z,

vCrm(nmx} = mVs + T
Q

(3.54)

The minimum voltage ratings of the components in the n-mode converter are

shown in Table 3.1.

Table 3.1 Voltage Ratings of Components of n-Mode Switched-capacitor

Resonant Step-up Converter

Components Minimum Voltage Ratings
Q: and Q; Vs
Cn (m+1)Vs
Cm V com(max)
Dy, — D(rl-l)a and Dy, — Deip | Vs

3.4.3. Current Rating of Components

For n-mode circuit, there are a total of (n-1) stages in the circuit. Resonant
current of all stages pass through the same resonant inductor, L,.  Total current

of the inductors is equal the total resonant current in all stages. Absolute

values of the positive average resonant current of m Stage, |iLTm|, and the

negative average resonant current of m Stage, |i,,,, |, are:
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fora| = o] = - (3.55)

By using equation (3.55), minimum current ratings of each component are

estimated.  This is shown in Table 3.2.

Table 3.2 Current Ratings of Components of n-Mode Switched-capacitor

Resonant Step-up Converter

Components Minimum Current Ratings
QandQ, (n-Dlo
L, 2(n-1),
D12 ~ D13 and Dy, — Dgpyp I

3.4.4. Selection of Resonant Components

From the equations (3.44) and (3.48), it can be found that amplitudes of
voltage ripple of the switched-capacitors in all stages in an n-mode circuit are
equal. Relationship between Z; and the voltage ripple of the

switched-capacitors, AV, is:

z, = HsdVe (3.56)
dy f
such that
_ Dy 1
fo o’ I T, (3.57)

where fs is the switching frequency and fj is the resonant frequency.

To obtain zero-current switching, fy should be higher than fs when the duty
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ratios of gate signals of the transistors in the circuit are 50%. Substituting

values of AV¢,, fs and f;, Z can be found.

By the equations (3.9) and (3.10), equations of L; and C; can be re-arranged

as.
L =2 (3.58)
271,
c-_1 (3.59)
2,2,

Substituting the equations (3.56) and (3.57) to the equations (3.58) and
(3.59), values of the switched-capacitors, C, and the resonant inductor, L, can be

found.
3.4.5. Calculation of Voltage Ripple
3.4.5.1. Output Voltage Ripple
As described in the state of operation in Section 3.3.1, filtering capacitor in
the last stage of the multi-stage converter, i.e., output filtering capacitér, is

charged in State Il only.  For the n-mode circuit, referring to Fig. 3.1(c) and

equations (3.45) (3.47), (3.49) and (3.51), i, is:

0 t, <t <t
0 f, St<t,
i,=qn . (3.60)
a ;SSma%G—ﬁ) L <t<t,
0
0 t, <t<t,
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and

fogony = 1a =1 (3.61)

Assuming output filtering capacitor, C(y.1), is very large to maintain output
current, Iy, to be constant, according to the following equation:

. dav,
Icgn-1) = Clay) 7; (3.62)

output voltage ripple of the n-mode converter, AV, is approximately equal to:

I
A%za%@ﬂ—%) (3.63)

0
34.52. Voltage Ripple of Filtering Capacitors

For providing constant DC voltage for each stage in the n-mode converter,
the capacitance of all filtering capacitors is large.  Calculating the voltage
ripple of all filtering capacitors is necessary to choose suitable capacitance values
of the capacitors.  The capacitance of C,, is assumed to be very large that it
does not affect the resonance in the circuits.  If the voltage across the filtering

capacitors is not for voltage output, for 1 < m < n-2, current flowing to Cy, is:

al. T, .
[%sma)ﬂ(t—-tz) t, St
0
0 L <t<t, (.64
ICM == g .
T, . :
-2 sine, (- t,) t, <t<t,
T,
0 t, <t<t,
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icy =C, —C2 (3.65)

the voltage of V¢, is:

I,T
AV I )
=T (3.66)

m

3.5. Experimental Results

Table 3.3.  Specification of Prototype of 3-mode Switched-capacitor

Resonant Converter

Descriptions Values Units
Input Voltage 40 Vv
Expected Output Voltage 120 v
Switching Frequency 200 kHz
Maximum Tested Output Power 165 W

Table3.4. List of Componenis of Prototype of 3-mode Switched-capacitor

Resonant Converter

Descriptions Model Numbers Values | Units
Qi and Q, IRF530
D, and D, MBR10100
Cnand Cy 0.22 puF
Ciand G, 100 uF
L, 1 pH
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A prototype circuit of 3-mode switched-capacitor resonant step-up converter
has been constructed to verify its proposed operation.  The specification and
list of components of the prototype circuit are listed in Table 3.3 and Table 3.4,
respectively.  Since the main power flows through both C;; and C,; in the
resonant state, the equivalent series resistance of these capacitors should be very
low. High ESR may lead to high power loss and high temperature of the
capacitors which may exceed the rated temperature of the capacitors.  For this

reason, polyester capacitors were chosen for these switched-capacitors.

Experimental waveforms of the 3-mode converters are shown in Fig 3.5.
The current of Q; and Q are equal to the current of resonant inductor, I;,, when
the transistors are conducting. Examination of the amplitude and the frequency
of the measured waveforms show that they all agree with the theoretical findings
as derived in Session 3.3.2.  They also show that zero-current switching was

achieved when both switching on and off the transistors.

Fig. 3.6 shows characteristics of the efficiency and the voltage conversion
ratio of the converter measured in the experiment.  Because of the conduction
loss and the forward bias of the diodes, there was a small reduction in the
amplitude of the DC output voltage of the circuit.  The output voltage of the
circuit was not exactly constant. ~ Amplitude of the output voltage was slightly
dependent on the output power.  Experimental results show that the output
voltage varies by about 10% only as the load varies by 400%.  Efficiency of
the circuit is relatively high.  In the experiment, efficiency was over 90% over

the range of output power from 20W to §5W.
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2: Gate signal of ), 20V/div; 3: Drain current of Q,, SA/div

()

2: Gate signal of Q,, 20V/div; 3: Drain current of Q,, SA/div
(b)

Time base: 1us/div for both (a) and (b)

Fig.3.5. Measured waveforms of the 3-mode switched-capacitor resonant step-up

converter at 67W
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Fig. 3.6. Measured efficiency and conversion ratio of the 3-mode switched-capacitor

resonant step-up converter against output power

3.6. Discussion

Similar to the families of the Single-stage step-down resonant
switched-capacitor converters discussed in Chapter 2, the multi-stage step-up
resonant switched-capacitor converters need more diodes for routing the charging
and discharging current for obtaining higher multiplication of output voltage.
In practical, schottky diodes may be used for this application.  Their forward
voltage is from 0.5V to 0.8V, depending on their ratings.  The higher number
of diodes leads to higher conduction loss due to their forward voltage. It also

leads to the higher voltage drop of the output voltage.

When higher multiplication of the voltage conversion ratio is obtained,
number of stages is higher. Number of filtering capacitors is also higher.

The size of the converter will be higher because not only the total size of the
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diodes is higher but also that of the capacitors is higher.  However, in practical,
the filtering capacitors are electrolytic capacitors.  They have high capacitance
values with small size and light weight.  The total size of the capacitors will

not much increases.

Because of the discontinuous discharging current of the switched-capacitors
to the load, comparing with a continuous mode traditional SMPS, the capacitance
value of the output capacitor is higher.  In practical, the output capacitor is an
electrolytic capacitor.  The size of the capacitor is slightly bigger than that in a

traditional SMPS.

3.7. Summary

This chapter introduced a family of the Multi-stage step-up DC-DC
converters based on switched-capacitor method. In each circuit, only 2
transistors and a very small resonant inductor are needed. By adding a special
switched-capacitor cell, different voltage conversions can be obtained without
adding additional transistors.  Mathematical analysis, computer simulation and
experiments of these circuits verified that all transistors in the circuits are
switched both on and off under zero-current switching condition, reducing
switching loss.  Experiments also showed that efficiency of this family of the

converter is high. The main contributions of this research are:

(i) Propose a simple method to convert traditional switched-capacitor

converter to have zero-current switching features.
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(i)

(iii)

()

V)

(vi)

Quantify the need of the inductor so that switching current can be
expected whereas the classical switched-capacitor has an uncontrolled
spike current due to the parasitic inductance.

Limit spike of current for charging switched-capacitors whereas current
stress in traditional switched-capacitor converters is very high.

Produce families of converters with a wide range of numerical conversion
ratios.

Produce theoretical analysis of the operation and their associated general
circuit equations.

Experimental results for validating the operations.
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Chapter 4. Active-clamp Resonant Converter for Switched

Reluctance Motor

4.1. Introduction

Although switched reluctance motor was first introduced over 150 years ago,
it has come into attention for only about 30 years. Because of the rapid
development of power electronics and the advantages of SRM, such as low rotor
inertia, high dynamic response, high starting torque, and fault tolerance, this
motor has high potenfial for common use in the future.  Some industrial
applications and commercial products like washing machines and hard disk
drives have been using SRM [B2], [B9-11] and [B17]. It can also be applied

on electric vehicles, trains and many automation machines [B16].

Nowadays, soft-switching techniques have been well developed [A1-A14],
[B5-B7], [B8-B10], [B13-B16}, [C5], and [C8-C10]. Many literatures have
proposed topologies of soft-switching techniques. It contributes to improved
efficiency, reduction of induced electromagnetic interference, and increase of
switching frequency in power electronic circuits. It has been widely used in

switched mode power supplies and AC motor drives.

In this chapter, an active-clamp soft-switching converter for SRM is
introduced.  Zero-voltage switching resonant and active-clamp techniques are
applied on this proposed circuit.  Fig. 4.1 shows a 2(n+1)-switch 4-phase SRM

converter.  Q, and Qy are the chopping transistors.  Qy, Qz, Q3 and Q, are the
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commutation transistors. When the motor operates by soft-chopping,
switching frequencies of the commutation transistors are low, especially when
the speed of motor is low.  Obtaining soft-switching condition for these
transistors over the whole range of speed of the motor is also very difficult, as
their switching frequencies depend on the speed of the motor.  Soft-switching
is also very costly if the switching frequency is low as large resonant capacitors
and resonant inductors are neceded. In fact, the main power loss of the
commutation transistors is not switching loss but conduction loss.  As a result,
soft-switching condition of the commutation transistors cannot quite improve the
performance of the SRM, while the resonant circuits actually increase the cost of

the converter.

° .

Vm(meK D.A Phi| |D& Phc| |D:& Dy& Phg| |D:& Php| |Duk

o oo o

& L 4 L J

Fig. 4.1. Typical 2{n+1) switch converter for 4-phase switched reluctance motor

An active-clamp resonant converter for 4-phase SRM is proposed in this
chapter.  Unlike the commutation transistors, switching frequency of the
chopping transistors is high if the SRM operates with pulse-width-modulation or
constant current mode chopping method [B2] and [B18].  Therefore, in this
newly designed circuit, soft-switching condition is provided for the chopping
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transistors.  Zero-voltage switching condition is provided by two resonant
tanks and two active-clamp circuits. Switching loss can be reduced.
Structure and switching sequence of the circuit are simple.  The circuit can be
controlled by both constant current mode and pulse-width modulation (PWM).
The resonant voltage of the chopping transistors is clamped by the active-clamp

circuits.  Voltage stress of the chopping transistors is reduced.

4.2. Modelling of Switched Reluctance Motor

To analyse the proposed resonant converter for SRM by mathematical
analysis and computer simulation, a mathematical mode!l of SRM is built.  Fig.
4.2 shows a diagram of the structure of a 4-phase 8/6 SRM.  Referring to Phy,
the unaligned position are at -30° and 30" while the aligned position is at 0".
Fig. 4.3 shows an ideal variation of inductance of Pha when the rotor position
changes from -30° to 30°. It shows that the highest phase inductance position
is at the aligned position because the air gap between the rotor and stator yokes
are the smallest and the reluctance is the lowest.  On the other hand, the phase
inductance is the lowest when the rotor is at the unaligned position because the
air gap is the largest and the reluctance is the highest.  As a result, the phase

inductance is a function of the angular position of the rotor.

The voltage applied on the phase winding is equal to the sum of the resistive

voltage drop and the rate of the flux linkages. This gives an equation:

v =R, +els @.1)
dt
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Equation (4.1) can be re-written as:
di

V,=R,i, +L ~~+E 4.2
= 4.2)

where V, is the voltage applied on the phase winding. R, is the phase
resistance. L, is the phase inductance.  Ej, is the back electromotive force
(emf) induced in the phase winding, L, is a function of i, and angular rotor

position, 0.

Fig. 4.2. Structure of 8/6 switched reluctance motor

LY
‘o

1 i L 1 s
T T 1 —ln’a

300 .15 o 15 30

Fig. 4.3 Inductance of Phy of switched reluctance motor

According to Equation (4.2), a per-phase equivalent circuit of 2a SRM can be

built as shown in Fig. 4.4.
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Fig.4.4. Per-phase equivalent Circuit of switched reluctance motor

Since
E,, =ia-aL—"xd—6 (4.2)
060 dt
equation (1) can be derived as:
v =Rj +1, ey O, 30 (4.3)
dt o8 dt
Also, instantaneous torque produced by a phase winding is:
1.,0L
=—j —= 4.4
e =5l oy (44)
Total instantaneous new torque produced by the SRM is:
T =T, +T,+T +T,-T, 4.5)
and
T, =J%n gy (4.6)
dt

where Ty, T, and Ty are the instantaneous torque produced by each phase of the

SRM. Ty is the torque of the load.  J is the moment of inertia and B is the
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damping factor internally built in the motor. @y, is the angular vélocity of the

rotor such that:

deg
®, =—
dt

4.7)

Table 4.1 shows the measured phase inductance of one phase winding with

respect to phase current of an 8/6 SRM.

The item “Phase Current” represents

the current of the phase winding for measuring its inductance at different angular

rotor positions.

The item “Angle” represents the angular rotor position of the

motor.  The graph of the measured phase inductance is shown in Fig. 4.5.

The period of the change of phase inductance in the 8/6 SRM is 60°.

inductance from -30° to 0° and that from 0° to 30° is symmetrical.

The

Table 4.1. Measured Inductance Characteristics of Switched Reluctance Motor

Angle 0 5° 10° 15° 20° 25° 30°
Phase Current Inductance

1A 113.9 95.8 70.3 445 213 13.97 13.97
2A 117.4 97.1 74.5 445 27 15.2 14.2
3A 118.6 100.8 78.5 474 24.5 13.9 13.6
5A 106.3 942 700 | 484 |24.1 14.5 13.9
TA 84.6 80 69.1 454 | 263 15.2 13.6
9A 70.4 67.2 594 1420 |24.7 14.7 13.6
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Fig. 4.5.  Graph of Measured inductance of switched reluctance motor

To simplify the motor model for computer simulation, effect of the variation
of phase current on phase inductance is neglected.  Inductance of each phase
becomes a periodic function in terms of the angular rotor position.  As the
maximum input power of the switched reluctance motor drive is 500W, the set of
measured phase inductance at 2A phase current is chosen for modelling.  The
phase inductance of all phase windings Vis assumed identical with 15° phase shift
to each other.  Let L,, Ly, L and Ly be the phase inductance of Ph,, Phg, Phe
and Php, respectively. By discrete Fourier Series method, the approximate

periodic functions of the phase inductance are:

L, ~0.001{52.016 - 48.561cos(6w, )+ 8.857 cos(12w, £)
—0.088cos(18w ¢} +2.999 cos(24w, 1) (4.8)

~1.0315co0s(30w, 1 }+ 0. 122cos(36w, ¢ )}
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L, ~0.001152.016 - 48.561 cos| 6a, (f ——2—)
120

m

. ]
+8.857cos| 12, (f ~——) [ 0.088 cos| 18a(r - —"—)
120, ] 12w, |
4.9)
+2.999¢cos| 24w(t - d ) [—1.0315co0s] 30w(t - d )
2w, | 120,
+0.122cos[36a)(t— d )]}
2a,
LCz0.001{52.016—48.561cos[6w,,,(:— i )J
6w,
] ; i -
+8.857¢cos| 12a,, (t - ) [—0.088cos| 18aw(t ———)
i 6w, i 6w, " |
(4.10)
i - i -
+2.999cos| 24w(t ————) [-1.0315cos| 30w (t - )
i 6w, " | i 6w, |
g
+O.122cosl:36w(t—6 )}
L=~ 0.001{52.016—48.561003[6&),,, (t -L)J
4a
) o T ]
+8.857cos| 12w, (t ————) |- 0.088 cos 18aw(t ~——)
i 4o, 4o, " |
(4.11)

+2.999 cos| 24w (t ————) [~ 1.0315cos| 30w(t — —~
4w 4

m

)

m ]

/4

+0.122cos| 36aw(r - )J}
4w

m
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4.3. Principles of Operation

Fig. 4.6 shows a circuit diagram of the proposed active-clamp resonant
converter for 8/6 SRM.  To provide zero-voltage switching conditions for all
chopping transistors, Q, and Qp, under any dwell angle the SRM drive may
operate with, including long dwell angle as shown in Fig. 4.7, two resonant tanks

and two active-clamp circuits are used in the circuit.

The proposed circuit, shown Fig. 4.6, is a kind of 2(n+1)-switch SRM drive,
shown in Fig. 1.5. To obtain zero-voltage switching and resonant voltage
clamping, a resonant tank and a clamping circuit is added for each chopping
transistor, i.e., for serving two phases of windings.  To simplify the description
of the principles of operation of the circuit, per-phase operation is considered.
Fig. 4.8 shows an equivalent circuit of a per-phase of the active-clamp converter.
C, is a resonant capacitor and L, is a resonant inductor.  They form a resonant
tank with an anti-parallel diode of the chopping transistor, D. The
active-clamp circuit consists of an auxiliary transistor, Qy, an anti-parallel diode
of auxiliary transistor, Dy, and a clamping capacitor, C..  For clamping the

drain-to-source voltage of Qa, C, is much larger than C,.

Idealised waveforms and per-phase equivalent circuits of each state of
operation of the active-clamp resonant converter fot SRM in motoring stage are
shown in Fig. 4.9 and Fig. 4.10, respectively.  In this stage, the commutation
transistor, Q), is always on as the SRM is operated by soft-chopping.  Since

the switching frequency of the chopping transistor is high and rate of change of
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phase current is low, phase current is assumed to be a constant.  The phase
winding of the motor is considered as a current source.  Let 1| be the current of
the equivalent current source. There are a total of seven states of operation in one

switching period.

2@l

D.& Ph.| |Di& Phe| |Dyi . Phy| | Dk

of, o

L L L g

Fig. 4.6. Proposed active-clamp partial soft-switching converter for switched

reluctance motor

o
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Fig. 4.7. Gate signals of commutated transistors under long dwell angle operation
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Fig. 4.8. Per-phase Equivalent circuit of active-clamp resonant converter

Idealised waveforms of active-clamp resonant converter in motoring stage

. Fig. 4.9,
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4.3.1. Statel [t(; - t[]

Fig. 4.10(a) shows the equivalent circuit of this state. At t;, Q, is switched
off. Qy is off. The free-wheeling diode, D,, is in forward bias. It starts
freewheeling with Phy.  C; is charged.  V, rises from zero gradually and
resonates with L. Since the duration of charging C, is very short compared to
the whole resonant period, C; is assumed to be linearly charged. Q, is
switched off under zero-voltage switching. In this state, 1), is positive. Initial

values of i, and v, of State [ are:

i =1, and V,, =0 | 4.12)

Equations of this state are:
V, ==(t-1,) (4.13)

i, =1, (4.18)

43.2. StateIl [t,-ty]

Fig. 4.10(b) shows the equivalent circuit of this state. At tp, Q, and Qy are
still off. Dy is still freewheeling with Pha. Dy is in forward bias while v
reaches VitV where Vi is the voltage across C,, ve, at t;. L, resonates
with C; and C;. i, is still positive. Because capacitance of C. is much

larger than that of C,, ir, is approximately equal to ic.
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433, State Il [t;-t;]

Fig. 4.10(c) shows the equivalent circuit of this state. At ty, 1, is still
positive and Qy is switched on under zero-voltage condition.  Q, is still off at t,.
Dy is in forward bias.  Afier switching on Q, ii, can be negative. At ts, ij,is

negative.  Qyis switched offatt;.  Equations of State II and State III are:

Voo =V, +v, (4.15)
v+ 1, % g 4.16)
dt
dv
i, =C, T« 4.17

Solving the equations (4.15) and (4.16) gives:

Vee =ILZC Sinwc(r.—tl)-l-Vccl COSC()C(f—f]) (418)
; Ve .
i, =1, cosa)c(t—tl)-— Z‘C' sma)c(t—tl) 4.19)

where V. is the value of v. at t;. Z. and o, are the resonant impedance and

angular resonant frequency of L, and C,, respectively.  They are:

Z, = C’ . (4.20)
and
1
.= e ' 4.21)

In steady state, V¢ is equal to the value of v at t3, Ves.  Let a be the

total duration -of State II and State III, which is controlled by a gate signal
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generator or a controller of the converter, the value of v, at t; is:

A, Z smea

“" l-cosw,a (4.22)
And value of i, at t; is:
Iy =—1, (4.23)

434. State IV [t; - t4]

Fig. 4.10(d) shows the equivalent circuit of this state. i, is negative. Q,
remains off.  Qy is switched off at t3.  Since Dy is in reverse bias, L; ceases
to resonate with C.. v, remains unchanged and equal to V. until t; in the
next switching period.  Energy stored in L, is released by discharging C; to the

voltage source in a resonant manner.  Equations of this state are:

v ooy +L S (4.24)
dt

' dv

. =C, —= 4.25

lLr r dt ( )
Solving the equations (4.22) and (4.23) gives:

v, =V, +V cosw,(t—1,)-1,Z sinw,(t-1,) (4.26)

- Vccl :

i, =-I cosaw,(t—t,)- 7 sinw, (¢ -1t,) (4.27)

r

Resonant impedance and resonant angular frequency of L, and C, are:

96



Z = |= (4.28)

@, = (4.29)

Atty, veris zero.  Duration of this state, B, is solved as:

1 = - Vin -1 = Vccl
f=——|sin —tan” —= (4.30)
Cf)r \}Vcclz +].Lzzr2 [LZr

Substituting B and. V., in the equation (4.27), the value of if, at t; is:

1, Z sinwasina, f

I,y=~I cosw,ff~ (4.31)

Z,(1-cos w,cx)
43.5. StateV [ty —t5)

Fig. 4.10(¢) shows the equivalent circuit of this state. At ty, both Q, and Q
are off. D, is in forward bias. C, stops discharging and remains zero
voltage. L, releases energy to the voltage source through D, instead of through

C; in the previous state.
4.3.6. State VI [ts— tg)

Fig. 4.10(f) shows the equivalent circuit of this state. At tg, Q, remains off,
To obtain zero-voltage switching on of Q,, Q, is switched on when iy, is still

flowing in negative direction through D,, When i, has increased to zero, D,
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becomes reverse bias. Current flows through Q, instead of through D, from the
voltage source to the phase winding of the motor. At t4, ir, reaches I.. Dy

becomes reverse bias and stops free-wheeling.  Equations of State V and State

VI are:
v, =0 (4.32)
V,
i, =L—’"(l—t4)+1m (4.33)

4.3.7. State VII [ts — t,]

Fig. 4.10(g) shows the equivalent circuit of this state. At t, Q,, is on and
Qx is off.  All diodes are in reverse bias. Current flows from the voltage
source to the phase of the motor. i, is equal to [;.  The electrical power of
- the motor is controlled by varg}ing the duration of this state.  The next

switching period begins when Q, is switched off again at t5.
4.3.8. Electrical Output Power of the Converters

Input electrical power can be derived by equation:

Vm[;[i,,d: + ]iL,dt] (4.34)

P, = &
TS

where T; is the duration of one switching period.
From equation (4.34) and referring to Fig. 8,
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(4.35)

Assuming the converter is lossless, electrical inpui power is equal to
electrical output power, Py.  In practice, durations of ty-t; and t3-t¢ are designed
to be very short relative to the. whole switching period. Let. Ng be the number
of stator pole pairs, N; be the number of rotor poles of the SRM, and Op be the
dwell angle of each phase of the converter, total electrical output power the

converter 1s:

RALAAR:

P
¢ 2r

(4.36)

4.4. Criteria of Soft Switching

For chopping transistor and auxiliary transistor, after one transistor is
switched off, another one will be switched on after a short delay. ~ As shown in
Fig. 4.9, &, and 8, are the short delays. To obtain zero-voltage switching
condition for both transistors, certain criteria have to be met.  Qy should be
switched on before i, decreases to zero.  Referring to equations (4.13), {4.14),
(4.19), (4.22), (4.30), (4.31) and (4.33), criteria are of §; and &; are derived:

Cr (I/m + Vccl ) > 5] > __1_ tan_l (1 —‘.COS wca)
I, @ sIn @ &

[

(437

and
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§ T vy ——

I, L
B<8, sﬂ+—;—’~ (4.38)

m

Ver in equation (4.26) in State IV has to reach zero to provide zero-voltage
switching for Q.. State-plane analysis of this state is done.  The state-plane

diagram of State IV is shown in Fig. 4.11.

VCI‘
2 52,2 N
el T2
V.
in
State
IV
R
0 s ZrlLr

Fig. 4.11. State-plane of State [V of operation

From equations (4.22) and (4.24) and Fig. 4.11, it shows that one of the

criteria of achieving zero-voltage switching is:

W +2 2V, (4.39)

4.5. Simulation Results

The active-clamp resonant converter driving an 8/6 switched reluctance
motor was simulated by Saber Designer.  The circuit was controlled by pulse
width modulation (PWM). Its input voltage, Vi, was 150V DC.  Duty
ratios of each c_:hopping transistors in their motoring stages were 0.5.  Angular

speed of the motor is 650 rpm.  The simulation results are shown in Fig. 4.12
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to Fig. 4.15.

Fig. 4.12.
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converter obtaining zero-voltage switching

102



Qa
Qx 1
s ts
200.0 () 4(s)
X ver
1woodl - .- .. 1 e
s . ;
oof - - - ..... - .
-100.0 - . ): s
2000 )
. YQx
woof - ---- .- RV AR R
s ; .
oo —— e
-100.0 :
10.0 (A): t(s)
: ir
5.0/
T 0o
50
-10.0 ;
T ¥ T 1
0.140959 0.141 0.141001 0.141002

t(s)
Fig. 4.15. Simulation waveforms of chopping transistor of active-clamp resonant

converter obtaining zero-voltage switching

Fig. 4.12 shows the simulation result of phase current of all phase windings.
Ph, Phg, Phe, and Php were fired at -30°, -15°, 0° and 15°, respectively. Their
dwell angles were 15°.  Fig. 4.13 shows the simulation result of Pha of the
converter in one switching period.  They show that the maximum values of v¢r
and vox were slightly higher than Vi,.  Voltage of the chopping transistor was
clamped.  Fig. 4.14 shows the simulation result of the auxiliary transistcn;, Qx.
Qx was switched on under zero-voltage switching when i, was positive. Fig.
4.15 shows the simulation result of v It shows that Q, was switched on
when vg was zero and i, was negative. Q. was switched on under
zero-voltage switching because drain-to-source voltage of Q, was equal to ver.
In other words, all high switching frequency transistors in the converter were
switched under zero-voltage switching condition. Their drain-to-source

voltage was aétively clamped.
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4.6. Experimental Results

A prototype of active-clamped resonant converter for switched reluctance
motor was built. The circuit was tested with an 8/6 SRM. In the
experiments, the SRM was connected to a dynamometer as a load. Rated
power of the SRM is 4kW.  Its rated speed is 1500 rpm. Rated continuous
power of the dynamometer without compressed air for cooling is 350W. Its
rated speed is 3000 rpm.  Fig. 4.16 shows the photo of the 8/6 SRM and the

dynamometer used in the experiments.

Fig. 4.17 and Fig. 4.18 show the photos of the prototype converter and the
hardware for computer interfacing and driving the transistors.  Insulated gate
bipolar transistors (IGBTs) were used as all transistors in the prototype.  Block
diagram of the system in the experiment is shown in Fig. 4.19. A dSpace
DS1102 DSP controller boz;.rd with a Texas Instruments TMS320C3X™ DSP
was used for encoding the position sensor signals from the SRM and generating

gate signals for the IGBTS.

Fig.4.16.  8/6 switched reluctance motor (right) and its dynamometer (left) for

experiments
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Fig. 4.17.  Prototype of active-clamp resonant converter for switched reluctance motor

Fig. 4.18.  Hardware of the active-clamped resonant converter

Switch Control .
- Active-clamp
Signal converter Load
Generator

Position Sensor
Signals

Encoder

Fig. 4.19. Block diagram of SRM system in the experiment

‘Testing conditions and list of components of the prototype referring to Fig.

4.6 are shown in Table 4.2 and Table 4.3, respectively.  As the values of the
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resonant capacitors were. very small, internal junction capacitors of the IGBTs
were used as both C; and Cp.  As switching frequency of chopping transistors
was high, 10kHz referring to Table 4.3, ultra-fast recovery diodes were used for
all diodes in the prototype.  Filtering capacitor, Cin, was built by a 1000pF
electrolytic capacitor connected in parallel with two 220nF polyester capacitors.
As the ESRs of the polyester capacitors are low, they are used for filtering the
high frequency noise. All clamping capacitors, C. and Cg, were

polypropylene capacitors providing fast response and high frequency resonance.

Measured waveforms of the prototype arc shown in Fig. 420.  The speed
of the motor in this experiment was 706 rpm.  Output torque of the SRM was
44Nm. The SRM was controlled by pulse width modulation (PWM) method.
Duty ratios of the gate signals of each chopping transistors in motoring stages of

their phases were 80%.

Table 4.2. _ Testing Conditions of the Prototype Active-clamp Converter

Description Values Units
Input Voltage (Vi) 150 vVDC
Maximum Mechanical Output Power for Testing ‘ 378 W
Switching Frequency of Chopping Transistors and Auxiliary

10 kHz
Switches
Maximum Speed of SRM 998 rpm
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Table 4.3. _ List of Components of the Prototype Active-clamp Converter

Components Part Numbers | Values | Units
Qs Qb Qeas Qeb, and Q; ~ Qy IRG4PC30U

Dy - D, MUR1660

D,, Dy, D, and Dy, RURPI1560

D, and D¢, MURS60

Cin - 1000.44 | uF
Ceand C, | 73 pF
Ciand Cg 550 uF
L,and L, 63 puH

2
2 ns
20.8V
N N
. "
L
2 As . i | I 7
16.68Y
3
2 nms 3
200 v 1
1 4
s 1
2 ns el 1.1. l‘l‘l"l)'"--‘-.‘--.”. ! ““'Ai;;
18.8 Rl MMW

1: phase current (SA/Div); 2: gate signal of chopping transistor;
3: Vs of chopping transistor; 4: v, of clamping capacitor
(a)
Fig. 4.20. Measured waveforms of obtaining chopping transistor zero-voltage

switching in 706rpm 4.4Nm test

107



2

1 ps

20.8 V¥ /r,.r na
—_— 1
—

l s —— ' e

16.8mv :
3 bbb 44114

I ps I

288 v ]r T d

4

4

1us >

1.0 v -

1: i, resonant inductor current {10A/Div); 2: gate signal of chopping transistor;
3: Vps of chopping transistor; 4: v, of clamping capacitor

(b

18 BS . R ﬁmm "

18.6nv T
— /:
16 ps 1

28.0¥ *
" H L:: n
10 ps 1 3
208 ¥ |lv—~ f

=
=
- .
<
<.
+
1
[0

1: i, resonant inductor current (10A/Div); 2: gate signal of auxiliary transistor;
3: Vps of auxiliary transistor

(¢}
Fig. 4.20. Measured waveforms of obtaining chopping transistor zero-voltage

switching in 706rpm 4.4Nm test

Fig. 4.20(a) shows measured waveforms in one commutation period of Q..
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In Fig. 420 (b), trace 2 shows the gate signal and trace 3 shows t-hc
drain-to-source voltage of a chopping transistor. They show that the
drain-to-source voltage of the chopping transistor is zero when the transistor was
switched on.  The resonant inductor current, as shown in trace 1, was negative
at the moment that the chopping transistor was switched on. Fig. 4.20(c)
shows that the auxiliary transistor was switched on at zero-voltage when the
resonant inductor current is positive.  Zero-voltage switching is achieved for
all high switching frequency transistors in the proposed active-clamp resonant

converter.

Efficiency of the switched reluctance motor driven by the active-clamp
resonant converter has been measﬁred. The measured results are shown in Fig.
421 and Fig 4.22. They show that the efficiency is low at high speed.
This is because inertia, friction between the rotor and the stator, and other
damping factors of the motor produce mechanical losses.  Another reason of
this efficiency characteristic is that conduction loss due to regenerating period is
higher.  Details of the effect of the regenerating period of SRM will be

discussed in next chapter.

The maximum measured efﬁéiency of the motor shown in Fig. 4.22 is about
. 74% when the SRM operated at 378W of output power.  In the experiment,
operation output power of the SRM is relatively low compared with the rated
power of the motor. It is common that efficiencies are the highest when the
output power of the motor is close to rated power. ~ Consequently, if the motor

operates at higher output power, the efficiency of the system will be higher.
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Fig. 422. Measured efficiency of the switched reluctance motor with active-clamp

resonant converter at chopping with 80% duty ratio

4.7. Discussion

The zero-voltage switching characteristics can reduce both the switching
loss and EMI of the chopping transistors.  The clamping circuit can reduce the

resonant voltage stress of the chopping transistors. The clamping circuit is
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also a resonant circuit with the resonant inductor.  The resonance is obtained
by the clamping capacitor and the resonant inductor.  The resonant frequency
is much lower than that in the resonance with the resonant capacitor. To
provide low resonant frequency, the capacitance value of the clamping capacitor
is high.  The clamping capacitors can be found in the photo in Fig. 4.7 and Fig.
4.8.  There are two clamping capacitors built by two groups of 63V 10uF

capacitors.

In the experiment, the circuit has some high voltage and current ratings
IGBTs. The tested circuit was designed for the applications with higher power
level than that in the experiment.  In practical, transistors with lower voltage

and current ratings can be used in this power level.

4.8.  Summary

An active-clamp partial soft-switching converter for switched reluctance
motors has been introduced.  Two active-clamp circuits and two resonant tanks
have been added in a conventional 2(n+1)-switch converter for 4-phase SRM:s.
Zero-voltage switching condition is obtained by the resonant tanks and the
active-clamp circuits.  Resonant voltage of the transistor is clamped by the
active-clamp circuits. ~ Switching loss and voltage stress of the chopping
transistor are reduced.  Principles of operation of the converter has been
explained. Equations and simulation results have been provided. A
prototype of the converter has been built.  The prototype has been tested with a

8/6 switched reluctance motor in the experiments. Soft-switching
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characteristic of the converter has been verified by computer simulation and

experiments.
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Chapter 5. Maodification of Shapes of Commutation Current of
Switched Reluctance Motor by Using Front-end

Switched-capacitor Resonant Converter

5.1. Introduction

One advantage of the resonant switched-capacitor circuits discussed in the
Chapter 2 and Chapter 3 is that they have simple structures.  They also provide
stable voltage conversion ratios without closed-loop control over a wide range of
output power.  Their features benefit that inverting or non-inverting fractional
step-down voltage conversion ratio, or multiple step-up voltage conversion ratios
can be obtained for power conditioning in easy ways. An example of their
application for power conditioning is acting as front-end converters for DC
motor drive. Fig. 5.1 and Fig. 5.2 show the applications of the single-stage
inverting and multi-stage resonant switched capacitor converters on power

conditioning for switched reluctance motor drives, respectively.

Step up
Converter

Fig. 5.1.  Step-up converter for power conditioning for switched reluctance motor drive
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Inverting
Converter

Fig. 5.2.  Inverting converter for power conditioning for switched reluctance motor

drive

The voltage sources of most power converters for SRM are DC voltage.
For many applications, AC to DC conversion is needed to provide a DC link
voltage for the SRM drive.  Due fo the problems of low power factor and high
total harmonic distortion, bridge rectification is not suitable for converting AC
voltage to AC voltage in high power applications.  In this case, power factor
correction (PFC) AC-DC converters are usually used to produce high DC
electrical power.  One of the popular topologies of PFC converter for high -
power applications is continuous current mode (CCM) boost converter.  lts
major disadvantage is that output voltage of the PFC boost converter is much
higher than the input voltage to obtain high power factor.  If the PFC converter
is used for providing power to the DC link of a converter for SRM drives directly,
the motor will suffer a higher voltage that may not be desirable, Therefore, a
front-end converter for the SRM drive is needed to provide lower DC link

voltage.

In regenerating mode, energy is released from the phase winding.  For

most SRM drives, the energy is stored in a voltage source or a capacitor.  The
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stored energy is re-used by other phases.  For high-speed operation, efficiency
of switched reluctance motor is poor [B12].  One of the reasons is that
commutation current cannot decrease to zero immediately.  When the rotor is
close to aligned bosition, rate of change of inductance of the phase is very small.
At this moment, the phase does not produce torque although it is conducting.
The ratio of conduction loss and the mechanical output power is very small.  If
the speed is very high, commutation may keep conducting when the rotor is past
the aligned position.  The conducting phase will produce negative torque. Its
mechanical power is wasted.  Torque ripple of the total torque of the motor

will increase [B19].

Output
OC Link 4‘{ 0% D:]i_g Y S

inpu | Non-inverting Ph Ph

J_ Stiep-down A
ﬁi’[

COnVerter
Fig. 5.3. Equivalent diagram of 2(n+1)-switch converter for switched reluctance motor

1 phy || Pny

drive with front-end step-down converter

In this chapter, an application of switched-capacitor zero-current switching
quasi-resonant step-down converter is introduced.  The switched-capacitor
resonant converter is used as a front-end converter to step-down DC link voltage
as shown in Fig. 5.3.  To improve performance of the SRM, recovery diodes of
the SRM drive, D) to Dy, are connected to the input of the front-end converter to
decrease the duration of regenerating period of the phase by the high input

voltage.  Energy released from the phase in the regeneration can be stored in
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the capacitor of the input of the front-end converter and used for driving the
motor.  Purely power factor correction converter as the front-end converter has
not been considered in this study as the techniques are well known and has been

proposed by other literatures.

5.2. Implementation of High Power Switched-capacitor Resonant

Converter

Chapter 2 has introduced two families of single-stage switched-capacitor
- zero-current switching quasi-resonant step-down converters.  Because of the
high efficiency and simple structure, the non-inverting switched-capacitor
step-down converters are suitable as the front-end converter shown in Fig. 5.4.
Computer simulation and experiments of the front-end converter will be

described in the following sections.

C‘D 7 Cn C%.sc G ZR

Fig. 5.4 Circuit diagram of the prototype of 1/2-mode switched-capacitor resonant

front-end converter
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5.2.1. Prototype of the Front-end Converter

A prototype of the 1/2-mode non-inverting switched-capacitor zero-current
switching quasi-resonant step-down converter has been built for experiments.
Fig. 5.5 shows the photo of the prototype converter.  Specification of the
circuit and list of components are shown in Table 5.1 and Table 5.2, respectively.
For storing energy released from the phase windings of the SRM in the
regenerating stage, a large capacitor, Ci,, was added in the input of the front-epd

converter.

Fig. 5.5 Prototype of 1/2-mode switched-capacitor resonant front-end converter
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Table S.1. _ Specification of Prototype of 1/2-mode Switched-capacitor Resonant

Front-end Converter

Descriptions Values Units
Input Voltage 300 vV DC
Expected Qutput Voltage 150 VDC
Switching Frequency 125 kHz
Maximum Testing Output Power 517 W

Table 5.2.  List of Components Prototype of 1/2-mode Switched-capacitor

Resonant Front-end Converter

Descriptions Model Numbers Values | Units
Syand S, IRF840
Dy and Dy MURS60
Cs 047 uF
Cin 470 WF
Co 33 uF
L, ‘ 1 nH

5.2.2. Computer Simulation and Experimental Results

The 1/2-mode switched-capacitor zero-current switching quasi-resonant
front-end converter with the same values of capacitors and resonant inductor
shown in Table 5.2 were simulated by a computer simulation programme. In
the simulation, ideal components of all diodes and transistors were applied.

The simulation waveforms are shown in Fig. 5.6.
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Fig. 5.6. Simulation result of 1/2 mode switched-capacitor resonant front-end

converter with 500W output voltage

Waveforms measured in an experiment of the front-end converter with
300W output power are shown in Fig. 5.7.  From both computer simulation
results and experimental results, all transistors are switched on and off under
zero-current switching condition. Switching loss of the transistor can be
reduced by this characteristic.  In Fig. 5.7 (a) and (b), there are some current
transients in the transistor current, is; and is;, because junction capacitor of one
transistor was charged when another transistor was switched on. Further
verification of low switching loss in the transistors by measured v-i trajectories in

the experiment is shown in Fig, 5.8,
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2: Gate signal of S,
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3. Drain to source voltage of S,, vg,
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2: Gate signal of S,
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1: Inductor current, i ., (SA/div);
2: Switched capacitor voltage, v,
3: Output voltage, V,
(d)
Fig. 5.7 Measured waveforms of the prototype of 1/2-mode switched-capacitor

resonant front-end converter
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(b) v-i trajectory of S,
Fig. 5.8 Measured v-i trajectories of the prototype of 1/2-mode switched-capacitor

resonant front-end converter

Efficiency and output voltage of the prototype were measured in the testing.
The graphs of these characteristics are shown in Fig. 5.9 and Fig. 5.10,

respectively.  The maximum tested output power was 517W. The figure
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shows that the efficiency of the circuit was over 90% if its output power was over
30W. The circuit obtains this high efficiency because the zero-current
switching techniques reduce the switching loss of the transistors. Also,
comparing with hard-switching counterpart, the half-sinusoidal manner charging
and discharging current much reduces the current stress of the switched-capacitor
so that the conduction loss of the ESR of the switched-capacitor is reduced.
Similar to the switched-capacitor resonant converters described in the previous
chapters, the efficiency of the converter is relatively low at light load because the
influence of the forward bias voltage of the diodes to the efficiency is high.
The efficiency also decreases slightly from the peak efficiency when the output
power increases.  The experimental results also show that the output voltage of
the converter decreased when the load increased due to conduction loss, but the
variation 1s small. ~ The measured output voltage was 141V DC at 517W output

power.  The voltage drop was less than 6 % in this high power condition.

100

Efficiency (%)

69 |

60 S S R S S S S
0 50 100 150 200 250 300 350 400 450 500 550
Output Power (W)

Fig. 5.9. Measured efficiency characteristics of the prototype of 1/2-mode

switched-capacitor resonant front-end converter
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Fig. 5.10. Measured output voltage of the prototype of 1/2-mode switched-capacitor

resonant front-end converter

5.3. Modification of Recovery Commutation Current with

Front-end Converter

In the regeneration stage of the switched reluctance motor, both
commutation transistor and chopping transistor of the phase are switched off.
Both the recovery diode and the free-wheeling diode are iﬁ forward bias so that a
negative voltage is applied to the phase for de-energising the phase.  Per-phase
equivalent circuit of an SRM in regeneration stage is shown in Fig. 5.11.  Vsis
the recovery voltage of the phase. L, is the inductance, R, is the winding
resistance, and Ej is the back electromotive force of the phase.  Cs is a large

capacitance for storing energy from the motor in regenerating stage.
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Fig. 5.11. Per-phase equivalent circuit of switched reluctance motor in regenerating

stage

Circuit diagram of the proposed SR-motor active-clamp resonant drive
system with a front-end converter and high recovery voltage is shown in Fig.
5.12.  The front-end converter is a 1/2-mode switched-capacitor zero-current
switching quasi-resonant converter.  Output voltage of the front-end converter,
Vo, is a DC link voltage of the SRM drive. In practice, Vy is approximately
equal to 1/2V,,.  Both MOSFETs, S, and S, in the front-end converter are
under zero-current switching.  IGBTs, Qy, Qb, Qxa and Qy, in the converter for
SRM are under zero-voltage switching.  Referring to Fig. 5.11, recovery
voltage of the SRM, -V, is equal to -Vi, and hence, a voltage higher than DC
link voltage for the motor is applied for regenerating stage of each phase to
modify their commutation current waveforms. Mathematical analysis and
computer simulation of the modification of commutation current are shown in

the following sections.
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Fig. 5.12.  Circuit diagram of switched reluctance motor active-clamp resonant drive

with 1/2-mode switched-capacitor zero-current switching front-end converter

5.3.1. Mathematical Analysis

According to Fig. 5.11,

di
—Vy=L, 2 ¢ R i +E, (5.1)
dt
and the back EMF is:
. OL,8
E, =i, a_:() (5.2)
Substituting the Ey in the equation (5.2) to the equation (5.1) gives:
) VS — ILa ( Ra + MJ
di, ot (5.3)
dt L,(6)
and
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0=w,t (5.4)

where O is rotor angular position and wy, is rotor angular speed.

From equation (5.3} is observed that rate of change of current will be more
negative if Vs is higher. In Chapter 4, equations of the inductance of ail
phases were found in equations (4.8) to (4.11). By substituting these
inductance equations to equation (5.3), and defining initial value of phase current
in regenerating stage, the commutation current of all phases of the SRM is

estimated.

Fig, 5.13 shows a per-phase equivalent circuit of regenerating stage of an
SRM in another format.  The figure shows that in regenerating stage, the phase
winding de-energises through D and D, to the voltage source.  Flowing of the
commutation current leads to conduction losses due to the forward voltage of the

diodes, resistance of copper wires, and phase resistance of the phase winding.

Fig. 5.13. Per-phase equivalent circuit of regenerating stage
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Fig. 5.14. Waveform of commutating current

Referring to the diagram of commutation current of the phase winding
shown in Fig. 5.14, I is the initial value of commutation current of the phase
winding in regenerating stage.  Let forward Vy be the forward voltage of the
diodes, N; be the number of pole pairs, and N, be the number (;f strokes of the

SRM, power loss in regenerating stage is:

NrNywm " . y .2
P ==V, fisadi+ R, fiz,dt (5.5)
0 0 .

5.3.2. Computer Simulation

Computer simulation of commutating current in an active-clamp resonant
switched reluctance motor drive was done.  Fig. 5.15 is the circuit diagram for
the computer simulation.  As it had been evident by both experiments and
computer simulation that the switched-capacitor resonant front-end converter can
give the desired results with output power up to S00W, ideal voltage sources with
voltage Vi, and 2V;, were used to represent output and input voltage of the

front-end converter in this computer simulation, respectively.
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A comparison of the commutation current between the circuits shown in Fig.
4.5 from Chapter 4 and Fig. 5.15 are shown in Fig. 5.16 and Fig. 5.17.  In the
figures, Pha represents the time of motoring stage of the phase winding.  La is
the inductance of the phase winding.  iLa_mod and iLa are the current of the
phase winding with and without modification, respectively.  The computer
simulation results show that the duration of regenerating stage of SRM is shorter

after adding the commutation current modification front-end converter.

Fig. 5.15. Circuit diagram of modified switched reluctance motor active-clamp

resonant drive for computer simulation
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Fig. 5.16. Simulation results of commutation current of switched reluctance motor at

650 rpm of speed
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5.4. Experimental Results

5.4.1. Performance of Switched Reluctance Motor Drive with Front-end

Converter

A switched-reluctance motor drive system with an active-clamp resonant
converter and a 1/2-mode switched-capacitor zero-current switching
quasi-resonant front-end converter has been built. A photo of the system is

shown in Fig. 5.18.

s = ey

Fig. 5.18. Photo of Soft-switching Switched Reluctance Motor Drive for Commutation

Current Modification

The performance of the SRM drive system was tested in the experiment.
The system is the same as the circuit diagram shown in Fig. 5.12 in Section 5.3.
The active-clamp resonant converter and the switched-capacitor resonant
front-end converter in the system are the same as the circuits discussed in Section

4.6 and 5.2.2, respectively, except C;, of the active-clamp resonant converter was
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removed. Measured waveforms of the active-clamp resonant converter and
those of the switched-capacitor resonant front-end converter are shown in Fig.
5.19 and Fig. 5.20, respectively.  Input voltage of the front-end converter is
300V DC.  Maximum output power in the experiment is 258 W when the speed

of the SRM is 700 rpm.

1: iy, resonant inductor current (IOA/]_)iv);
2: gate signal of chopping transistor,
3: vps of chopping transistor

(a)
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(b)
Fig. 5.19. Waveforms of transistors of the active-clamp resonant converter obtaining

zero-voltage switching in SRM drive system with front-end converter
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1: current of §; (5A/div);
2: vgs 0f Sy;
3: gate signal of S,

(b)
Fig. 5.20. Measured waveforms of the switched-capacitor resonant front-end converter

obtaining zero-current switching in SRM drive system

Fig. 5.19 shows the waveforms of a chopping transistor and an auxiliary
transistor in the active-clamp resonant converter.  From the figure, both the
chopping transistor and the auxiliary transistor are switched on when their
drain-to-source voltage is zero.  Fig. 5.20 shows the waveforms of both
transistors in the switched-capacitor resonant front-end converter. Both
transistors are switched off when their current is zero.  These measured
waveforms imply that the soft-switching characteristics in the SRM drive system
discussed in previous chapters have not been influenced by the commutation

current modification characteristic.

Measured efficiency of the SRM drive system is shown in Fig. 5.21.  The
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graph shows that when the power is higher, the rise of efficiency of the SRM
system at higher speed is greater. It is evident that the SRM system can
improve the electrical performance of the motor at high speed. More
experimental results of the modified commutation current characteristic of

switched reluctance motor will be discussed in the next section.
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Fig. 5.21. Measured efficiency of soft-switching switched reluctance motor drive for

commutation current modification

5.4.2. Comparison of Commutation Current in Different Switched

Reluctance Motor Drive Systems

The experimental results of the active-clamp resonant switched reluctance
motor drive with switched-capacitor resonant front-end converter were compared
with the results of the stand-alone active-clamp resonant converter, In the
experiment, the same SRM was used for both drive systems.  The waveforms
of the commutation current of these drive systems measured at the operation of

900 rpm and 150W are shown in Fig. 5.22 and Fig. 5.23.  Using the proposed
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circuit, the duration of regenerating stage of the SRM decreased fro 1.1ms to
0.55ms. It is clear that the SRM commutation current in regeneration stage

was significant improved.

g
2 ms )
2.8V

(a) Modified commutation current

8.8V
M- i Wit .J,:I
f——— |

(b) Typical commutation current
I:  Commutation of a phase (2A/div)
3: gate signal of the commutating transistor

Fig. 5.22. Measured waveforms of commutation current of switched reluctance motor
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Fig. 5.23. Measured commutation current of regenerating stage of switched reluctance

motor

Fig 5.22 shows the efficiency of the SRM system with different operating
Speed. Fig 5.22(a), (b) and (c) show the measured efficiency when the speed of
the SRM was at 500 rpm, 700 rpm and 900 rpm, respectively.
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Fig. 5.24. Comparison of efficiencies of the switched refuctance motor drive systems

Fig. 5.24 shows the comparison of the efficiency characteristics of the
stand-alone circuit and the modified circuit. The results in Fig. 5.24 (a) to Fig.
5.24 (c) show that the efficiency of the modified circuit is lower than that of the
stand-alone circuit although the commutation current shape has been modified

confirmed by Fig. 5.22 and Fig. 5.23.

5.5. Discussion

In the whole proposed SRM drive system, there are in a total of two
electrical power conversion stages by the resonant switched-capacitor converter
and the resonant SRM drive. It is normal that the more power conversion
stages, the system has higher power loss.  As a result, the experimental results
shown in Section 5.4 show that the efficiency of the modified circuit is lower

than that of the stand-alone circuit although the current waveform of the
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modified circuit has been modified to be the expected manner.

According to the efficiency characteristic of the high power resonant
switched-capacitor converter shown in Section 5.22, the efficiency of the
converter decreases from the peak efficiency when the output power increases.
This efficiency decreasing characteristic influences the modified circuit that the
differences of the measured efficiencies of the circuits are bigger while the

output power increases.

Both the measured efficiencies of the modified circuit and the stand-alone
circuit are quite low. It is because the power level in the experiment was only

about 10% of the power rating of the SRM.

The SRM used in the experiment is an 8/6 4-phase motor.  The firing
angle and the dwell angle of the SRM drive in the experiment are 0° and 15°,
respectively.  In other word, the phase winding starts demagnetizing when the
rotor position is at 15°.  This position is too far from the aligned position that
the modified commutation current cannot benefit the SRM. It is possible that
the modified circuit may improve the efficiency in long dwell angle operation, in
the SRM with fewer poles, such as 3-phase 6/4 SRM.  Fig. 5.25 and Fig. 5.26
show the per-phase simulation result of a 3-phase 6/4 SRM operating with long
dwell angle, 0° firing angle and 144° dwell angle, without commutation current
modification and with commutation current modification, respectively.  The
speed of the SRM is 1500 rpm.  The resistance of each phase winding is 0.8Q.

Considering the SRM has no mechanical power loss and iron loss, the
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mechanical output power of the SRM is 3577.28W in both simulated conditions.
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Fig. 5.25 Per-phase simulation results of a 3-phase 6/4 switched reluctance motor with

long dwell angle without commutation current modification
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Fig. 5.26 Per-phase simulation results of a 3-phase 6/4 switched reluctance motor with

long dwell angle with commutation current modification

142



Referring to Fig. 5.25 and Fig. 5.26, these simulation results show that the
efficiency of the SRM from electric power converting to mechanical power is
91.86% in the condition without commutation current shape modification while
the efficiency is 92.55% in the condition with commutation current shape
modification.  The results show that the commutation current modification
method improves the efficiency of the SRM.  This is because this method
reduces the conduction loss of the phase windings and the negative torque due to
the flowing of the phase current when the rate of change of inductance in terms

of rotor angular position is negative.

In low to medium power conditions and low to medium speed conditions
without commutation current modification, the demagnetising duration is short
comparing with the angular period of the rotor of the SRM.  The phase current
may not flow over the aligned position.  The phase may produce only positive
torque in both motoring and demagnetising stages.  If the SRM is operated
with the commutation current modification .system, the high demagnetising
voltage will shorten the demagnetising. duration.  The average output torque
and power of the SRM may be reduced.  The phase current of the SRM with
commutation current modification in motoring stage has to be higher than that
without modification.  This causes the current stress, which the phase of SRM
suffers, in the commutation current modification system is higher.  The higher
current stress causes higher conduction loss on the power converter, the phase
windings of the SRM and the conductors and hence, the efficiency of the
commutation current modification system in these conditions is lower, such as

the conditions in Section 5.4.

143



Other than the proposed resonant technique, Resonant DC Link (RDCL)
technique can also provide a soft-switching condition for power converters [A15].
This technique is popular on inverters. Producing a resonant voltage, applying
the voltage to the DC link of the inverter, the transistors may be switched under
soft-switching condition. ~Active-clamped technique is also applied (RDCL)
called Active-clamped Resonant DC link (ACRDCL). Some literatures have
introduced this technique for SRM drives [BS, B8 and B13]. ACRDCL can
reduce the peak value of the resonant DC link voltage and can control the
duration of the high level voltage and that of the zero voltage by PWM with
fixed switching frequency. This can give a suitable resonant DC link voltage
that the transistors can be switched with different duty cycle under soft-switching.
Also, there is no current-voltage overlapping problem either when the transistor
is switched-on or off. That is, the transistor is switched under fully
soft-switching condition.  The circuits introduced in [BS] and [B13] can also
provide a boosted voltage for demagnetising the phase winding to improve the

commutation current shape.

The SRM drive system proposed in this chapter can provide a boosted
voltage for demagnetising the phase winding by a resonant switched-reluctance
motor. Comparing with the techniques of [B5, B8, and B13], all circuits have
two power conversion processes in the whole SRM drive.  The circuits in [B3,
B8, and B13] are fully soft-switched while the chopping transistors in the
proposed circuit may have switching loss because they may have current-voltage
overlapping problem when they are switched off.  Also, the circuits of [BS, BS,

and B13] have fewer transistors comparing with the proposed circuit. The
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proposed circuit can provide soft-switching to the chopping transistors when the
SRM drive is operated in either PWM control method or constant current control
method even with long dwell angle operations.  The flexibility of the control
method is high. The circuits of [B5, B8, and B13] produce only one ACRDCL
for the whole circuit.  When more than one phase windings of the SRM are
energised, their voltages will be the same. They may have a problem to provide
soft-switching condition when the SRM is controlled by constant current control
method with long dwc_all angle operation or any operation that more than one

phase winding is energised.

5.6. Summary

Application of the resonant switched-capacitor converters for power
conditioning has been brief introduced.  Examples of applications of inverting
circuit and step-up circuit for switched reluctance motor drive have been

provided.

An SRM drive system for modifying shapes of commutation current of
phase windings of SRM has been discussed in this chapter.  Conduction loss in
regenerating stage of SRM can be reduced by this method.  This advantage
becomes more significant in higher speeds of operation. It has been analysed
by both mathematical analysis and computer simulation. The commutation
current modification can be achieved by adding a front-end converter before an
SRM drive and re-routing the path for regenerating stage to the high voltage

power source of the front-end converter.
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A switched-capacitor zero-current switching quasi-resonant front-end
converter has been introduced. To step down a DC voltage by half, a
1/2-mode switched capacitor resonant converter is chosen. Output power of
the converter tested in experiment is up to 500W.  The experiment has shown
that the converter suits high power applications as its efficiency is highest at its

maximum testing output power.

Experiments of the commutation current modification method have been
done. By using an active-clamped resonant converter for the SRM drive and
the switched-capacitor resonant converter as the front-end converter,
soft-switching is obtained for all high switching frequency transistors.  The
experiment results have been compared with that of a stand-alone SRM drive
with active-clamp characteristics. Discussion of the comparison of the

experimental results has been provided.
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Chapter 6. Conclusions and Recommendations

6.1.

(i)

(1i1)

Conclusions

The contributions made in the study are summarised as follows:

Two families of single-stage switched-capacitor zero-current switching
quasi-resonant step-down DC-DC converters have been proposed.  One
family of the converters produce different fractional non-inverting
stepped down voltage.  The other ones produce fractional inverting
stepped down voltage.  All switching devices in the converters are
switched under zero-current switching condition. Mathematical
analysis provided generalised equations for all circuits systematically.
Computer simulations and experiments have been done to verify tﬂe
zero-current  switching and . high efficiency characteristics of the

converters.

A family of multi-stage switching-capacitor zero-current switching
quasi-resonant step-up converters has been proposed.  The converters
convert input voltage to different multiplied output voltage. All
switching devices are switched in zero-current. Systematically
mathem_atical analysis, computer simulation and experiments have been

done.

Two switched-capacitor cells are proposed for both proposed single-stage
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(iv)

V)

(vi)

and multi-stage switched-capacitor converters.  The switched-capacitor
cells have no transistor in their structures. By adding the cells,
different fractional or multiplied voltage can be produced without adding

additional transistors.

The zero-current switching characteristics of the proposed
switched-capacitor resonant converters are not only able to reduce
switching loss of transistors, but also able to eliminate current stress
problem. Power ranges of applications of the proposed
switched-capacitor converters are much wider than conventional
switched-capacitor converters. The 1/2-mode switched-capacitor
resonant converter has been tested in high output power condition.  The
experiment has verified that the converter provides high efficiency over a

wide range of output power.

Model of switched reluctance motor has been done. By discrete
Fourier Series method, inductance characteristics of SRM can be defined.
This model has been applied on computer simulation for analysing the

proposed SRM drives.

To improve efficiency of converters for SRM, an active-clamp resonant
converter is proposed.  This is a 2(n+1)-switch SRM converter. By
adding resonant tanks and clamping circuits in the converter, zero-voltage
switching of all high switching frequency transistors can be achieved.

Equations and design method of the converter has been provided.  The
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(vii)

6.2.

performance of the converter has been tested in experiments.

A switched-capacitor resonant step-down front-end converter has been
introduced for SRM drive. This front-end converter helps to
step-down the high voltage of the voltage source, such as boost power
factor correction converter, to a suitable voltage for DC link of the SRM
drive. A commutation current modification method has been discussed
for_improving performance of SRM in this application, particularly in
high speed of operation. This method has been applied on the
active-clamp resonant SRM drive. By re-routing the regenerating path
of the SRM drive to the high voltage side, duration of the regenerating
stage of SRM is shorter. Experiments have confirmed that the
soft-switching characteristics of both front-end converter and the SRM
drive have not been affected. = The modified SRM drive and the

stand-alone active-clamp drive has been compared and discussed.

Recommendations for Future Study

For future study of the active-clamp resonant converter for switched

reluctance motor and the commutation current modification, areas of further

.study are recommended below:;

(1)

Developing a switched-capacitor circuit with less switching loss, such as

zero-voltage switching circuit.
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(i)

(iii)

(iv)

(vi)

(vii)

(viii)

(ix)

Developing a family of single stage step-up switched capacitor converter

without adding additional transistor.

Developing a more precise model, such as non-linear model, for switched

reluctance motors for computer simulations.

Investigating the active-clamp resonant SRM drive by using another

chopping method, especiaily constant current mode method.

Testing the SRM drive in higher power level.  As the power rating of
the dynamometer is not suitable for the SRM used in the experiment, the
power level of the SRM drives in the experiments was not high enough to
obtain the maximum efficiency.  Studying the efficiency characteristic

of the SRM drives with higher power level necessary.

Studying the SRM drive by applying different dwell angles and firing

angles.  Comparing the results with normal dwell and firing angles.

Studying the commutation current modification method in longer Dwell

angle application.

Studying the commutation current modification method for another SRM

with different number of poles and phases.

Developing a front-end converter for the SRM drive with more additional
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function such as power factor correction and bi-directional power flow.

(x) Developing a method to modify the commutation current without single

stage of clectrical power conversion.
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Appendix A.  Other Researches of Switched Capacitor

Converters

Other novel switched-capacitor zero-current switching quasi-resonant
converters are introduced below.  There are no large magnetic components in
the circuits. All transistors are switched under zero-current switching
condition by the resonance of switched-capacitors and the very small resonant

inductors.

A.l. Single Output Circuits
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A.2. Multiple Output Circuits
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A.3. Bi-directional Circuits

Fig. A.6. Non-inverting bi-directional circuit
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Appendix B. Other Researches of Zero-current Switching

Converter

Another family of zero-current switching resonant converters developed in
extra research is introduced below.  All transistors in the circuits are switched
under zero-current switching condition achieved by the resonance of L, and C,.

Resonant current of Q, is clamped by L; and C..

(b) Boost
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{c) Buck-boost
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Fig. B.1. Family of zero-current switching fixed frequency resonant transition

square wave converters

These above circuits have not been used in the SRM circuit.  However,
these soft-switching circuits can be used as matching voltage between the input
voltage source and the DC link voltage for the SRM as illustrated in Fig B2. A
family of circuits has been listed and therefore each provides different voltage

conversions when needed.
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Fig. B.2. Illustration of voltage matching using a DC voltage conversion circuit
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