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ABSTRACT

This thesis presents the development of a Hybrid Multilevel Switching
Converter (HMSC) for Ring-Magnet Power Supplies (RMPS). The thesis
includes the analysis, design and control of the proposed converter. It in-
troduces multilevel switching converters to the field of ring-magnet power
supplies.

RMPS feed the electromagnets that produce the magnetic field required
to energize and guide subatomic particles in a synchrotron. The accuracy
and extreme precision of this magnetic field imposes stringent restrictions on
the design and performance of the RMPS used. Study of conventional power
supplies highlights the need for modern power supply solutions which can
meet the specifications of RMPS.

The complete frequency-domain analysis of the conventional resonant-
type RMPS along with the Energy Make-up Unit (EMU) is presented. The
resonant frequency drift is identified as the main factor in the design of the
EMU. The analysis of the input filter network is presented for development
of design criteria for input filter components. The principle advantages and
disadvantages of the resonant-type RMPS are summarized before identifying
multilevel converters as a viable option among switching converters for a
non-resonant type of RMPS.

The Hybrid Multilevel Switching Converter (HMSC) is proposed as a
non-resonant type RMPS to overcome the disadvantages of the resonant-
type RMPS. The operational features of the HMSC are explained and the
simplification of the general HMSC configuration for positive output currents
is identified. The steady-state analysis of the HMSC develops comprehensive
design criteria for the device ratings and component stresses, including the

methods for reducing the switching losses in the HMSC. Multilevel converters
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encounter voltage balancing problem among the DC-link capacitors. It is
shown that the HMSC configuration is versatile in minimizing this problem.
Harmonic spectrum of the output voltage of the HMSC is derived and the
effect of number of output voltage levels in reducing the harmonic contents

is established.

A detailed survery of different current control techniques is presented to
form the background for developing an effective current control algorithm
for multilevel converters. A dead-beat current control strategy is chosen as
an appropriate control technique to suit the needs of RMPS. The control
scheme is extended to the control of multilevel converters in general. The
control algorithm is developed to track a given arbitrary current reference
signal for both single-variable and multi-variable systems. It is also shown
that the output dead-beat control is a special case of the pole placement
technique. The transient behaviour of the system has been studied and
stability considerations of the system are examined.

Extensive computer simulation studies have been performed using SABER
to study the reference tracking nature of the proposed control scheme. The
output current of the HMSC using the modified dead-beat control scheme is
shown to follow a given arbitrary reference with very small tracking error.
The reference tracking nature has been simulated for a simple RL magnet
load and a magnet load with LC R filter. Experimental results obtained from
a laboratory prototype of the HMSC with an RL load, have been presented to
substantiate the analytical results. Criteria for improvement in the reference

tracking properties of the proposed system have been identified.
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Chapter 1

Introduction

This thesis describes the development of a Hybrid Multilevel Switching Con-
verter (HMSC) for Ring-Magnet Power Supplies (RMPS) used in synchrotrons.
Extremely accurate and precise magnetic field is required in a synchrotron
ring for guiding and energizing subatomic particles. This magnetic field is
provided by a series of electromagnets distributed along the synchrotron ring
and demands stringent specifications on the design and performance of power
supplies feeding the magnets.

Conventionally Ring-Magnet Power Supplies are designed using distributed
resonant networks with dc-bias power supplies [1] or phase-controlled recti-
fiers [2,3]. These power supply configurations satisfy the steady-state per-
formance criteria using large reactive components in addition to the magnet
load. They have limited dynamic response and often rely on corrector-magnet
power supplies or other auxiliary power supply networks for the fast dynamic
compensation required for output regulation and reference tracking. This
thesis applies modern switching converters to the area of ring-magnet power
supplies to achieve improved performance in terms of fast dynamic response,

good reference tracking capability and low output current ripple contents.



The scope of this thesis encompasses:

1.) The frequency-domain analysis of the resonant-type ring-magnet power

supply and the associated energy make-up unit.

2.) The development of a non-resonant type Hybrid Multilevel Switch-
ing Converter for RMPS, including the optimization of the converter

configuration.

3.) The analysis and design of the proposed HMSC, including the steady-

state and transient analysis.

4.) The formulation of a modified dead-beat control algorithm for current

control in multilevel converters in general, and the HMSC in particular.

5.) The implementation of the modified dead-beat control technique using

a fast Digital Signal Processor (DSP).

1.1 Ring-Magnet Power Supplies

This section describes the role of RMPS in a synchrotron, to identify their
important requirements. It also examines the presently used power supply
configurations and their performance, and is concluded with the advantages

and feasibility of a switching power supply configuration for RMPS.

1.1.1 Synchrotrons and RMPS

Synchrotrons accelerate a beam of subatomic particles in a magnetic guiding

field. The magnetic guiding field strength or pattern should rise gradually

[SV]
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from a low value to a peak as the energy of the particle increases. The par-
ticle beam is injected into the synchrotron at the low value of the field and
extracted from the synchrotron at the peak value. After the extraction, the
field pattern is reduced to its initial low value and the cycle is repeated. This
cycle time determines the operating frequency of the synchrotron. The oper-
ating frequency and the variation of the magnetic field pattern are dependent
on the type of subatomic particles accelerated. The repetition rates or the
operating frequency varies widely from 0.1 Hz to 50 Hz. Synchrotrons with
operating frequencies less than 10 Hz are classified under slow-cycling syn-
chrotrons where as those with operating frequencies above 10 Hz are grouped
under fast- or rapid-cycling synchrotrons.

The magnetic guiding field pattern required in a synchrotron can be gen-
erated by exciting a series of electromagnets, distributed around the syn-
chrotron ring, with a direct current (dc)-biased alternating current (ac) exci-
tation. Ring-Magnet Power Supplies provide the required excitation current
to the electromagnets. The power supplies are called Ring-Magnet Power
Supplies since they feed the electromagnets arranged in a ring. The electri-
cal equivalent circuit of a synchrotron is a group of inductances (representing
the electromagnets) arranged in the form of a ring and fed by a power supply

unit.
There are various types of dc-biased ac excitations of the ring-magnets

used in synchrotrons. Commonly used excitations are dc-biased sinuosidal
excitation, dc-biased sinusoidal with dual frequency [4], triangular and/or
trapezoidal with flat top/bottom [5]. Some examples of ring-magnet exci-
tation currents are illustrated in Fig. 1.1. The Booster Ring RMPS at the
TRIUMF KAON factory proposes to use a dc-biased sinusoidal excitation
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Figure L.1: Typical dc-Biased ac Current Excitations for Ring-Magnets




with a repetition rate of 50 Hz as shown in Fig. 1.1(a), where as the Driver
Ring dipole magnets are to be excited with a dual-frequency current wave
shape with a 10 Hz repetition rate as shown in Fig. 1.1(b) [6,7]. In contrast
the KAON accelerator at Los Alamos uses a flat-topped trapezoidal current
excitation as shown in Fig. 1.1(c) [8,9]. Thus the power supply configuration
used in exciting the ring-magnets should be able to generate the required

current wave shape.

1.1.2 Requirements of RMPS

RMPS come under the high-voltage high-current power supply category.
They have to provide a gradual increase of the excitation current from a
specified low level to a peak value. Although the rise is gradual and could be
over a long period of time, the precise nature of the magnetic guiding field
needed imposes strict specifications on the performance of the RMPS. The

most important requirements of RMPS can be listed under:

1.) Low output current tracking error
The magnetic guiding field strength has to be uniform and precise. Any
deviation in the output current from the specified reference leads to
variations in the guide field. Thus the output current should precisely
track a given reference signal with a very low tracking error. Typically

the tracking error is specified to be less than 500 parts per million

(ppm).

2.) Low output current ripple content
Ripple in the output current feeding the magnets results in variations

in the magnetic guiding field which is not desirable. Thus an output



current ripple contents are usually specified at less than 500 parts per
million (ppm). The gradual increase in the field is necessary since
sudden variations in the field leads to eddy current disturbances in the
electromagnets and this in turn reflects as variations in the guiding

field.

3.) Output current regulation
The term regulation in this case refers to reproducibility. The particle
beam has to be accelerated and guided consistently in successive cycles.

The variation in the output current between successive cycles should

be as low as 200 ppm.

4.) Fast dynamic response
The tracking error and the output current ripple contents can be main-
tained at a low level if the system has a fast dynamic reponse. The
supply can respond quickly to changes in the reference and maintain
good tracking capability. In other words the power supply should have
a wide bandwidth.

The specifications for the Injector synchrotron at the Argonne National Lab-
oratory (ANL), Illinois, are listed in Table 1.1 as an example [2]. This illus-

trates the strict nature of the requirements involved in RMPS.

1.2 Types of Ring-Magnet Power Supplies

The steady-state requirements of RMPS as described in the previous section
are at present served by two major types of power supplies. They can be

categorized under:



Table 1.1: Typical Specifications for a RMPS

ﬂ Parameters LRequirements J]
Ripple contents +1 x 10™* (= 100 ppm)
Regulation (Reproducibility) | £2 x 10~* (= 200 ppm)
Tracking error +5 x 10~* (= 500 ppm)
Injection current 61 A
Extraction current 1044 A
Injection voltage 42, 1140 V
Extraction voltage 724, 1822 V
Reset voltage -373, -1055 V
Acceleration time 250 ms
Reset time 250 ms
Operating frequency 2 Hz (T = 500 ms)

l.) Resonant-Type Power Supplies

2.) Power Supplies using Phase-Controlled Rectifiers.

1.2.1 Resonant-Type Magnet Power Supplies

Resonant-type magnet power supplies use inductance-capacitance (LC) net-
works, tuned to the accelerator operating frequency, to generate the sinu-
soidal current waveshape. The dc bias current is supplied by a separate dc
power supply connected in series with the ring magnets. A typical resonant-
type magnet power supply is shown in Fig 1.2. It is based on the prin¢iple of
distributed resonance network [1]. The operating frequency of the network is
determined by the magnet inductance (L) and the capacitance (C). How-
ever due to the dc-biased ac nature of the excitation current, a path for the

dc-bias current is needed. This is provided by the bypass choke (L.). A
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Figure 1.2: Resonant-type Ring-Magnet Power Supply

distributed resonant network, instead of a single LC circuit, is used in order
to limit the peak voltage around the synchrotron ring.

Under ideal conditions the resonant network can provide ripple free dc-
biased ac excitation once a pulse of energy is introduced into the resonant
tank. The energy transfers back and forth between the inductance and the
capacitance. However there are ac losses in the resonant network associated
with non-ideal resistive effects. Thus energy has to be made up in order

to maintain a constant amplitude of ac excitation in the network. This is



achieved by an Energy Make-up Unit (EMU). The power to make up the ac
losses can be fed through coupled auxiliary windings on the bypass choke.
The pulse of energy, equal to the cyclic ac power loss, is introduced either
during the ascending or descending portion of the magnet current waveform
through the auxiliary winding on the bypass choke. This pulse of energy
is produced by a pulsed power supply. The bypass choke and the pulsed
power supply together from the EMU. The pulsed power supply consists of a
rectifier, a LC filter and a switch which transfers power to the bypass choke
[6]-

A variation of the distributed resonant RMPS has been proposed by Praeg
et al. [4,5,9-11], as the wave-shaped resonant RMPS. This is also termed as
the Dual-Frequency resonant RMPS. The idea is to use LC networks and
switches to obtain different resonant frequencies within one cycle. This con-
figuration can produce dual-frequency excitation current shown in Fig. 1.1(b).

The resonant-type of ring-magnet power supplies can provide a ripple-
free excitation current to the magnets and can be used for fast-cycling syn-
chrotrons with a typical acceleration frequency of 50 Hz. However, the
resonant-type magnet power supplies require a large resonant capacitor bank,
an extra dc power supply for the dc bias current, dc bypass chokes for pro-
viding a path for the dc bias current. The dynamic response of the supply
is slow since the pulsed power supply in the EMU has a large filter at its
output. The effects of the resonant frequency drifts on the operation of the
resonant RMPS is very dramatic due to the high Q factor of the network
[12,13]. Secondary effects such as temperature leads to variations in system
parameters, which in turn results in resonant frequency drifts, altering the

operating counditions of the power supply system.



1.2.2 Power Supplies using Phase-Controlled Recti-

fiers

The other commonly used power supply configuration in the area of ring-
magnet power supplies are the phase-controlled rectifiers. These supplies are
the non-resonant type. The supply usually consists of a split 24-phase ac be-
ing rectified and filtered to obtain the output voltage. The circuit diagram of
a typical phase-controlled supply for RMPS is shown in Fig. 1.3. Fathizadeh
et al [2,3,14] have shown that a dc-biased triangular waveform can be gener-
ated with high accuracy with the help of phase-controlled rectifiers feeding
the ring-magnets. The advantage of such supplies is that any desired current
waveshape can be generated with a proper reference waveform. Furthermore
a separate dc power supply is not required and the power supply operation
is independent of the load circuit variations. This results in the elimination
of the effects of load parameter variations, unlike the case of resonant-type
supplies.

There are certain disadvantages associated with the phase-controlled rec-
tifier supplies. Their bandwidth is limited and their dynamic response is
slow. The phase-controlled rectifiers are usually connected to split 24-phase
or split 48-phase 60 Hz utility interface and in turn generate an output ripple
frequency of 1440Hz or 2880Hz respectively. The output filter will have a
bandwidth which is much less than this ripple frequency in order to reduce
the output ripple contents. Hence the power supply bandwidth is inherently
limited by the filter size. Thus these supplies are mainly used in slow-cycling
synchrotrons with operating frequency of less than 10 Hz. Multiphase con-
trolled rectifiers can be used for some marginal improvement in the dynamic

response and reduction in the output filter size without increasing the out-
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Figure 1.3: Non-resonant RMPS with Phase-Controlled Rectifiers
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put ripple content. Due to the slow dynamic response, the magnetic field
provided by the phase-controlled rectifiers can be easily distorted by distur-

bances such as utility fluctuations [15,16].

1.3 Motivation for the Thesis

The study of existing Ring-Magnet Power Supplies highlights that the need
for dc-biased ac excitation for ring-magnets is at present being satisfied by
resonant-type power supplies for fast-cycling synchrotrons and by phase-
controlled rectifiers for slow-cycling synchrotrons. In both cases the power
supplies have poor dynamic characteristics. The following desirable features

of any RMPS can be deduced from the survey:
l.) A dc-biased arbitrary current excitation output.
2.) Fast dynamic response for disturbance rejection and reference tracking.

3.) Low output current ripple contents or provision for easy elimination of

ripple contents with a reduced output filter.

The motivation for this thesis stems from the fact that there is a need

for a ring-magnet power supply configuration which caters to both slow and
rapid-cycling synchrotrons. The power supply should have a fast dynamic
response, low output ripple contents and it should have a current programma-
bility feature to generate the different current waveshapes that are required.
In addition, any proposed power supply configuration bas to overcome the
drawbacks of the resonant-type RMPS and phase-controlled RMPS.

The application of switching converters in the area of high-performance

magnet power supplies, in general, has so far been limited. With the advances

12



in power electronics and power semiconductor technology, it is now possible
to apply switching converters to achieve the strict specifications of these
magnet power supplies. Furthermore, the application of modern switching
converters in this area can improve the power supply performance such as
dynamic response and output ripple content. Much work is needed in terms
of analysis, design and control of modern switching converters, to introduce
them to the area of magnet power supplies. This thesis is an attempt to
apply modern switching converters to the area of magnet power supplies to

achieve better performance.

1.4 Organization of the Thesis

The thesis has been divided into six chapters. The outline of these chapters

are as follows:
Chapter 2 is devoted to the analysis of the Resonant-Type Ring-Magnet

Power Supplies. The analysis is categorized under:

1.) Frequency domain analysis of the resonant-type RMPS and the energy

make-up unit associated with it.

2.) The effect of resonant frequency drift on the peak current and /orvoltage

stress on the pulse forming network.

3.) The effect of parameter values of the input filter components on the
ripple voltage and harmonic currents on the input side of the energy

make-up network.

Chapter 2 also summarizes the advantages and disadvantages of the resonant-

type RMPS and introduces switching converters as an alternative solution.

13



Multilevel converters are identified as a viable option among switching con-

verters for non-resonant RMPS.
Chapter 3 presents the Hybrid Multilevel Switching Converter (HMSC)

as a Ring-Magnet Power Supply. The high-voltage high-current nature and
other stringent specifications of RMPS narrow the choice of switching con-
verters to one area, namely multilevel converters. The main objectives of

this chapter are:

[.) To survey different multilevel converter structures to find an appropri-

ate converter structure to serve as RMPS.

2.) To perform the general steady-state analysis of the proposed converter

for component stresses.
3.) To formulate design principles for the proposed converter.

The simplified HMSC is derived from the general HMSC configuration. The
general steady-state analysis is performed to determine the component stresses.
A general design of the converter for a selected reference signal is presented.
The voltage balancing problem, commonly encountered in multilevel struc-
tures is discussed and means to overcome or minimize this problem is out-
lined. Harmonic analysis of the output quantities of the HMSC is presented.

Chapter 4 delves into the control aspects of the proposed converter. The

main objectives of this chapter are:

1.) To formulate an effective control technique to acheive the strict speci-

fications of RMPS.

2.) To analyze the power supply system operating with the proposed con-

trol scheme for stability under normal and disturbed conditions.



An extensive summary of the different current control techniques is pre-
sented. The output dead-beat control scheme (also known as the instanta-
neous predictive control scheme) is selected as a suitable control technique.
The proposed control scheme is extended to suit multilevel converters in gen-
eral. The control algorithm is shown to be valid for both single and multiple
variable systems. It is shown that the proposed control algorithm is suited
to accurately track a given reference signal. The modified dead-beat control
algorithm is studied as a special case of the pole placement technique. The
transient behaviour of the system under normal and disturbed conditions is
studied. It is shown that the system is stable under disturbed circumstances.

Chapter 5 presents the computer simulation and experimental results
peformed on the HMSC working in conjunction with a modified dead-beat
control algorithm. Computer simulation results obtained using SABER. are
presented to substantiate the reference tracking capability of the modified
dead-beat control technique. Extensive modelling details of the power supply
system are presented. The fast digital nature of the compensation required
in this case has been modelled effectively using SABER. Simulation results
for a simple RL magnet load and a magnet load with RLC filter are pre-
sented. Experimental results obtained on a laboratory prototype model are
also presented to verify the reference tracking nature of the proposed control
technique.

Finally, Chapter 6 lists the important contributions of this thesis work
and identifies the future challenges that need to be addressed.
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Chapter 2

Analysis of Resonant-Type
Ring-Magnet Power Supplies

This chapter presents the analysis of the resonant type Ring-Magnet Power
Supplies and describes the effect of parameter variations on the performance
of the pulse forming network. The frequency-domain analysis of the resonant-
type Ring-Magnet Power Supply with the associated pulse-forming network
is presented in Section 2.1. The effect of resonant-frequency variation on the
pulse currents of the energy make-up unit is also discussed. The analysis of
the input filter of the energy make-up unit is presented in Section 2.2, where
the effect of ripple voltage on the filter capacitor and input harmonic currents
through the filter inductance is studied. The foundation for the development
of non-resonant type ring-magnet power supplies using switching converters
is established in Section 2.3, including the feasibility and advantages of using
switching converters in magnet power supply area and the advantages of
multi-level converters to meet the specifications. The principle conclusions

are summarized in Section 2.4.
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2.1 Resonant Circuit and Pulse Forming Net-

work Analysis

This section describes the resonant type ring-magnet power supply and the
energy make-up unit associated with it. The principle of operation of the
system is described and the analysis of the system is carried out to determine
the critical factors that affect the performance of the energy make-up unit.

The resonant type Ring-Magnet Power Supply (RMPS) is based on the
principle of distributed resonance network proposed by J. Fox [1]. The circuit
diagram of a typical resonant type RMPS shown in Fig. 1.2 is repeated here
as Fig. 2.1. The electromagnets represented by magnet inductances L,, are
arranged along the periphery of a circle interspersed with a dc choke L.x
and a capacitor C to form the resonant network. The dc choke is provided
such that the dc bias current finds a path and also to introduce a pulse of
energy to make up for the losses associated with the network. The distributed
resonant network instead of a single LC circuit is used in order to limit the
peak voltage around the synchrotron ring.

The ac losses in the resonant network has to be made up in each cycle in
order to maintain the constant amplitude of ac excitation required for proper
operation. This is achieved by the Energy Make-up Unit (EMU). The power
to make up the cyclic losses is fed through coupled auxiliary windings on
the dc choke. A pulse of energy is introduced either during the ascending or
descending portion of the magnet current waveform. This pulse of energy is
produced by a pulsed power supply unit. The pulsed power supply unit and
the dc choke together form the EMU.

The effect of parameter variations of the dc choke and resonant capacitor,



L., —— Bypass choke

Lp — Ring Magnets

C — Resonant capacitor bank
EMU

Energy Make-up Unit

Figure 2.1: Resonant-type Ring-Magnet Power Supply
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Figure 2.2: Circuit Diagram of Single Resonant Cell

due to secondary effects like temperature variation, on the performance of
the resonant type RMPS have not been analyzed. The allowable tolerance
in the specifications of the choke and its effect on the pulse power supply
have been simulated with the help of SPICE [12,13,17,18] and listed in the
literature. However circuit analysis is not available in the literature to study
the effect of parameter variations on the performance of the system. The
changes in parameter values in the dc choke and resonant capcitor can give
rise to resonant frequency drift. The effect of resonant frequency drift on the
operation of the energy make-up unit is also not available in the literature.
A detailed frequency-domain analysis of the resonant network along with
the pulsed power supply is presented for better understanding of the design
considerations for the energy make-up unit.

The circuit diagram of the pulsed power supply unit, the dc choke and
a single cell equivalent of the resonant network is shown in Fig. 2.2. The
non-linear inductance of the dc choke can be modelled by a dependent cur-
rent source which is a function of the choke current. The nominal design

parameters for a single cell are listed from the Accelerator Design Report [6];
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Dipole Magnet Current

maximum current : 4500 A
minimum current : 1200 A
RMS current (ac) : 1167 A (1650 A peak)

dc bias current : 2850 A

Resonant Network

Dipole magnets : L, = 25.0 mH per cell
Copper Loss : Ry, = 12.5 mS) per cell
Coreloss : R, = 3325 Q per cell
Capacitor bank : C,.s = 827uF per cell
Resonant Frequency : f, = 49.5 Hz
Accelerator Frequency : f, = 50.0 A=

Energy Make-up Network

Input Filter Inductor : Lp = 0.4 H

Input Filter Capacitor : Cr = 400 uF (fa/fFr = 4)
Pulse Inductor : L, = 3.25 mH

Frequency of Pulse Forming Network : f, = 150 Hz

Energy Storage Choke

Turns ratio: n = 1:3
Coupling coefficient : k., = 0.99
Nonlinear Inductance = 1% of full scale

Primary Winding (energy make-up network side):
Self Inductance : Lcxp, = 2.778 mH per cell



Copper Loss : Ry = 2.31 mfQ per cell
Secondary Winding (resonant network side):
Self Inductance : L.y, = 25 mH per cell
Copper Loss : R.s = 20.8 m$ per cell
Core Loss : R., = 2800 2

The energy make-up network consists of the input filter stage formed by
Lr and CF, the pulse forming stage represented by the switch and the pulse
inductor L, and the energy storage choke L... The energy from the pulse
forming network is injected into the energy storage choke when the switch is
closed. A discontinuous current pulse transfers the energy stored in the input
filter capacitor to the choke. The current pulse repetition rate is determined
by the accelerator operating frequency (w,). Thus the fundamental frequency
of the pulse current is also w,. However, this need not necessarily be the
resonant frequency (w,) of the resonant network.

Since the pulse frequency and the pulse waveshape is fixed by the pulse
forming network, the pulse waveform is well defined and its frequency com-
ponents can be determined. [n other words the pulse forming network may
be modelled by a dependent current source as shown in Fig. 2.3. Thus the
system can be considered as a current source whose output changes accord-
ing to the desired level of magnet current. The intermediate network can
be considered as a gain stage. The resonant network amplifies the funda-
mental component of the pulse current and attenuates all other harmonic
components. The magnet current is an amplified version of the fundamen-
tal pulse current which is sinusoidally varying at the required frequency w,.
The system has been analyzed in the frequency domain to obtain a transfer

characteristic between the magnet current and the pulse current. The circuit
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Figure 2.3: Current Source Modelling of Pulse Forming Network

parameters as listed above have been used.
Assuming that the saturation of the energy storage choke is negligibly

small, we have;
td = f(icrs) =0 (2.1)
ichs = 2.cs (-'-)

Therefore the choke current on the resonant network side (secondary side of

the energy storage choke) can be written as :
techs = leg = icr + z'm (23)

Also the laplace-transformed voltage across the magnet load can be expressed

as

$Fn Lims } (2.4)

Vn(s) = [m(s){Rm+m

where Ly is the equivalent inductance of the parallel combination of L.,
aad L., given by

Lm Lchs

Lm = Lm Lcs=—_—
d “ " Lm+Lchs
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The choke resistance R, is small and is neglected. Therefore

Rm Lm Rs‘m.
Vi(s) = Im(S){ Rm(;:+sf(me)+RM)}

In(s)Fi(s)

i

where

Ren R + $Lims(Rsm + Rm)
(Rm + sLmy)

Fl(s) =

The output voltage is also equal to

Vm(s) = [C"(s){Rcr-{—SClres}

- [cr(S) {(SCresRcr -+ 1)}

5Cres

Hence

§Cres
[a(s) = {(sCfe;Ra- + 1)} Vm(S)

Substituting for Vi,(s) from Eqn. (2.7) we have

- scrcsFl(s)
R e 0

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

The transformed expression for the choke current can be written from

Eqn. (2.3) as

[c,(S) = [cr(3)+[m(5)

(2.13)



which can be rewritten by using Eqn. (2.12) as

SC,-“F[(S)
Is(s) {(SC,-,,,RC, T 1)} [n(s) + Im(s)
SCres Fi(s)
{(sCchr v 1} Im(s)
= Fy(s)ln(s)
where
Fofs) = —orefils)

(sCresRer +1)

24

(2.14)

(2.15)

(2.16)

(2.17)

The primary side choke current ¢, is the reflected secondary current and

is given by the expression
g
Zp = MNilchps

where 7 is the turns ratio and therefore

I(s) = nlps(s)

= nFy(s)]x(s)

The secondary side choke voltage V. is given by the expression

Vch(s) = [cs(S)Rchs+vm(3)
Using Eqns. (2.16) & (2.7) in Eqn. (2.21) we have

Vch(s) = RchsFZ(s)[m(s) + Fl(s)lm(s)
= [Rens Fas) + Fl(s)] [n(s)

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)
(2.23)



——— -

The primary side voltage V7 is given by

=~ B Fa(s) + Fi(s)] n(s) (2.25)

The coreloss component of the choke current I, can now be determined

as
Ie(s) = %;is) (2-26)
- ;C [Rens Fo(3) + Fy(5)] n(s) (2:27)
Nltchp

The pulse current i, is the sum of the reflected secondary side current

and the coreloss component and hence

B o= i i (2.28)
Ls) = [(s)+ In(s) (2.29)
= nFy(s)ln(s)+ 1 [Rens Fo(s) + Fi(s)] Im(s)  (2.30)
chhp
- {nF(s)+ RBehs sy + — F(s)}[ (s)  (231)
2 Ry 2 nRoms 1 m .

_ (PR + 1) F3(s) + Fi(s) <

(eResinene) )

Therefore the transfer function between the output current and the pulse

current is given by the expression

[ (s) _ nRenp
I(s) ~  Fi(s)+ Fa(s) {I + n2Repp} (2-33)
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Substituting for Fi(s) and Fy(s) from Eqn. (2.8) and Eqn. (2.17) respec-

tively and simplifying we have

where

asz
a;

Qo

bo

[n(s) _ axs?+ays+ao
I,(s) T bys? 4 bys + by

N Renp LengCres Rer

nRonp(Lmy 4 CresRer Rm)

nRohpRm

LnfCres R (Rom + Rom)

L fCres(l + n*Renp)(Rer + Rom + Rum)
CresRer Rsm R + Lins(Rsm + RBm)

(1 + n®Rerp)[Lms + CresRmn(Rer + Rsm)]
Rp(Rem + 1 +n*Ryp)

(2.34)

(2.35)
(2.36)
(2.37)

(2.38)

(2.39)

(2.40)

The Bode plot of the transfer function given by Eqn. (2.34) can be ob-

tained for any given resonant frequency f,.

The resonant frequency can

vary due to the variation of the resonant capacitor value due to temperature

changes or due to the change in the choke inductance value due to saturation

effects. Thus the ac transfer charactersitics provides the gain of the resonant

network at any given resonant frequency.

Since the pulse ringing frequency (w, = 27 f,) is known, the frequency

spectrum of the pulse currents can be determined. The fundamental com-

ponent of the pulse current can be adjusted to obtain the desired level of

the magnet current by using the ac transfer characteristics of the resonant



Figure 2.4: Variation of Pulse Current and its Fundamental Component

network at the given resonant frequency. The peak value of the pulse current
and its dc component can be determined once the fundamental component
of the pulse current is fixed. The procedure can be repeated for a set of

resonant frequencies to obtain the effect of resonant frequency variation on

the pulse current.

The frequency spectrum of the pulse current has to be determined before
embarking on using the transfer characteristics obtained by Eqn. (2.34). The
variation of the pulse current and the input filter current for a general case
is shown in Fig. 2.4 to obtain the frequency spectrum. The peak value of
the pulse current is represented as fp and the peak value of the fundamental
component is shown as [j,. The pulse ringing frequency is wp.

The pulse current can be defined as

ip sin(wpt) 0 < wt < (7/wyp)
ip(t) = (2.41)
0 (7/wp) < wt < (7/wa)

where

wp = P W (p>1) (2.42)
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The frequency components can be found by expressing the pulse current

in a fourier series expansion as

1(t) = lacp + An sin (nwet) + B, cos (nw,t) (2.43)
where
lic, = L/”/p fp sin wpt d(w,t) (2.44)
2w Jo
_ i_v/”’"sin (p wat) d(wat) (2.43)
27 Jo
ip (2
= —\- .46
2m (p) (240)
= 2 (2.47)
Tp
and
7/p .
A, = ;‘_- [ sin wyt sin (nwat) d(wat) (2.48)
v Jo
- ﬂ’/
= l—_:i/ ? sin (pwat) sin (nwet) d{wat) (2.49)
7 4]
- x/
= é—:;/o p{cos (p — n)wat — cos (p+ n)wat} d(wat) (2.50)
3 ip_ [sin(p—n)w,,tr/?_ [sin(p+n)wat]"/p (2.51)
2r (P - n) 0 (p + n) 0 .

= ip_ sin (p—n)w/p _sin(p+n)r/p )
2m { (p—n) (p + n) } (n#p) (2.52)

L fpe/py
B, = ;/ tp Sin wyt cos (nwgt) d(w,t) (2.53)
v Jo



- y
= 2 ("7 sin (pwat) cos (nwat) d(wat) (2.54)
T Jo

= %’; /o'flp{s‘l.n (p + n)wat + sin (p - n)wut} d(w,,t) (2.55)

- ";p cos(p + n)wat] ~/p [cos(p - n)wat] */p
T 27 { [ (p+n) 0 + (p—n) . (2.56)

_ ~5v{[(cos(p+n)vr/p)—ll_ [(C"S(P‘")”/”)_”} (2.57)

o2r (n +p) (n—~p)
_ —;p { -1 " l cos(p+n)w/p
2r {((n+p) (n—Dp) (n+p)
tn vl
(=) (2:38)

i, [ ~2p cos(n —p)r/p  cos(n+ p)/p
g{(nz - p?) (n~p)  (n+p) } (2.59)

(n # p)

The fundamental component can be determined by putting n = | in the

above relations. Therefore

_ i [sin(p—Ux/p  sin(p+1)r/p

A= 2vr{ —1) G+ 1) } (2.60)
_ [ 2  cos(p—Um/p cos(p+ l)x/p

Bro= 2w{(p2—1) =) (1) } (260)

The peak value of the fundamental component of the pulse current is given

by

L, = JA? + B? (2.62)

—r e e =
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= K1, (2.63)

where K, is a positive number.
If the gain from the ac transfer characteristics (im/i,) defined as K| is
made equal to the fundamental component of the pulse current to obtain the

desired level of magnet current for a given resonant frequency, we have;

Im - K, (2.64)
p
For the fundamental component
o

where I, is the peak value of the ac component of the magnet current.

Therefore

2 fac

K, 1, = ra (2.66)
g
. Ioc
1, = KK, (2.67)

The above procedure can be repeated for a set of resonant frequencies to
determine the variation of the peak pulse current as the resonant frequency
varies. The Bode plot of the transfer function /,,/I, for a resonant frequency
of 49.9 Hz is shown in Fig. 2.5. It is seen that as the resonant frequency
approaches the accelerator frequency the gain of the network increases and
hence the peak value of the pulse current required to maintain a constant

amplitude of the magnet excitation reduces. The phase plot shows that as
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Figure 2.5: Bode Plot of Current Gain I,/ /,

the resonant frequency approaches the accelerator frequency the phase shift
increases, i.e, the pulse current moves towards the zero crossing of the ac
component of the magnet current. This zero crossing of the magnet current
corresponds to the peak value of the input voltage to the pulse forming
network. Thus the input voltage increases.

The variation of the peak pulse current as a function of the resonant
frequency is shown in Fig. 2.6. The plots show that as the resonant frequency
moves away from the accelerator frequency the current gain decreases and
larger peak currents are required to maintain a constant ac excitation of the
magnet current. The average input current which is the dc component of the

pulse current also increases.
The analysis shows that the drift in the resonant frequency is an impor-
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Figure 2.6: Peak Pulse Current in Per Unit (PU) of Peak Magnet Current
as a function of Resonant Frequency

tant factor in the performance of the energy make-up unit. The peak current
and voltage stresses on the pulsed power supply varies dramatically as the
resonant frequency drifts away from the accelerator operating frequency. The
changes in the peak currents and voltages plays an important role in the de-
sign of the input filter to the pulsed power supply unit. These aspects are

discussed in the next section.
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2.2 Analysis of Input Filter of Energy Make-
up Unit

The effect of the resonant frequency drift on the peak pulse currents of the
energy make-up units were discussed in the previous section. The dramatic
variation of the peak value of the pulse currents and the input voltage deter-
mine the operating characteristics of the input L;Cy filter. The effect of the
variation in the LC parameters on the performance of the system is discussed

in this section.

The pulsed power supply extracts the energy from the input filter capaci-
tor and transfers the charge to the energy storage choke. During this interval
the voltage across the filter capacitor (vr) reduces to some value, before be-
ing restored to its original value by the cyclic charging through the input dc
source and the filter inductor (Lg). The value qf the capacitance of the filter
capacitor determines the change in the magnitude of the capacitor voltage.
Thus it is necessary to determine the variation in the capacitor voltage to
be able to design the filter capacitor. Also the harmonic currents that flow
through the filter inductor determines the value of the inductance required.
Hence an analysis of the input filter circuit is essential to design the filter.

The input filter network with the pulsed power supply modelled as a
current source is shown in Fig. 2.7. The equivalent series resistance of the
filter is small and is neglected in the analysis. The waveforms of the inductor
current and the capacitor voltage for cyclic operation of the system is shown
in Fig. 2.8. The pulse current (i,) is also shown to depict the different instants

at which the changes in the variables occur. The boundary conditions for
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Figure 2.8: Inductor Current and Capacitor Voltage Waveforms for Cyclic
Operation
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cyclic operation can therefore be written as:

-7 2% T
= me (= 2V, tt=-—, T T a5 .
vF VEmz ( ) a %oy ( o Qw,,) (2.68)
vF = Vpmn at t = — LA (2.69)
F = Fmn = 2wp 3 @ 20.1, .
iF = ipo at t= — (2.70)
F = 1o & = %p .
) -7 T
= t t=—— , — .
2y 0 a %, o, (2.71)

Also the filter corner frequency is given by the relation

1

_ 2
wF — (2.72)
For the duration {EZ—, fw< (% - 2‘5;)} .

dip 1 }
LF_dT + 6,';/11-‘ dt = V, (2.73)

1 .
Z';/ZF dt = vp (2.74)

d )

CF—:TF = F (2'75)

The general solution to the above equations for vr and ir is given by

ve = V,+ Acoswrt + B sinwgt (2.76)

—wpCrA sinwpt + wpCrB coswpt (2.77)

iF



Applying the second boundary condition at ¢ = 27:; given by Eqn. (2.69)

we have vg = Vena,

Vemn = Vi + Acoswp(——) + Bsinwp(——) (2.78)
2&);, 2‘-’-’;:
Vemn — Vi = Acos(—L) + Bsin( ”“’F) (2.79)
2wy 2y
The third boundary condition given by Eqn. (2.70) states that
iF0 = (2.80)
Solving for A and B from the above two equations we have
. TWr tFo . ,TwWF
A, = v'mn - "; S - 2.81
(Vemn = Vdeos(35) = FE-sin(520) (281
TWp 1Fo TWE
= (Vemn — V 2.82
B = (Vema ~ Vsin(Go) + hcos(520) (282
Substituting for A and B in the general solution for vy we have
vp = Vo+ {(Van — Vs)eos( 71'0)[:‘) wZ:CO,Fsin( 7;::)} cos(wrt)
. TWp tFo TwE, | .
mn V; .
+ {(Vp )sin( %, )+ orCr cos( %, )} sin(wgt) (2.83)
ve = V-V, {cos( 7rL‘)F)cos(c‘,rpt) + sin( wa)sz'n(wpt)}
2wy P
+ VFma {cos(%)cos(wpt) + sin( 7;::).<3in(wl:'t)}
+ w’FFC"F {cos(;—:f)sin(wpt) — sin( g::)cos(wpt)} (2.84)
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= V {1 — cos (wpt — E)} + Vemncos (wpt — 71’&)[:‘)

2w, 2wy
iF0 . TWF
t— 2.
+prpsm (wp %, ) (2.85)
Using the first boundary condition which states that at ¢ = (;: - 2—5;),

Ve =2V, we have ;

()
?.V, - Vs{l_cos<-n‘wp_7er_7rwp>}

Wa wp 2wy

27w TWF  TWE
+VFmncos ( A S

2wy

1F0 (27rwp W wwp) (2.86)

prp 2w,

= V, {1 — cos (._mup )} + VEmncos (27rwp - 1rwp>
Wa wp

tFo 27rwp TWE
87
i sin (2 2o ) (28)
Defining a quantity g as
T (2w wg
B = 5 (wa wp) (2.88)
and simplying (2.87) we have
stn2B = V(1 + cos28) — Vemncos2B (2.89)
pr'p
Therefore the current igq is given by
1 2
tFo = VsWFCF(—_-LCis'_ﬁ‘)‘ VEmnwrCr cos2f (2.90)

sin2f - sin28
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i cotf} — Vemn cot2f8 (2.91)
wrlLp wrLfF

since wgCr = (1 fwp LF).

Substituting the value of irg into (2.85) and rearranging terms we have

vp = V,{l — coS$ (“’Ft_';_zﬁ)}'f‘vpmncos (wpt— 7;&)1-‘)

P LWp

1 1
prp wrlp

V, -V, {cos (wpt - %f—) ~ cotfsin (wpt - 7;::)}
T;Z:) — cot2Bsin <wpt - 7;‘::) }(2.93)

Therefore the capacitor voltage vr is given by

(VscotB — Vemncot2f) sin (wpt -~ 1ui[i>2.92)
2wy

I

+VEmn {cos (wpt -

sin lwpt — Z<E£ —
sinf3
sin(wpt——’;—i‘—’ﬂ-Q )
—VEmn oud 2.94
Fm sin2f ( )
which reduces to
sin (wpt — £ sin (wpt + U . Zrwr

VF — V, ]. + ( - P ) — Emn ( _ 2“’P WA ) (2.95)

sinf3 stn2p

The only unknown quantity is Vemn. It can be determined by recognizing

the fact that the capacitor voltage is equal to Ve, alter one cycle, i.e., at



t = (2" + ZWLP), and hence from (2.95)

I . (2rwrp T7wr
mn = V; B
v {1 * sznﬂSln ( Wa * 2up )}

VEmn . [27wrp  Twp  Twp  27wp
sinZBsm( Wa + 2wy 2w, We ) (2.96)

Solving for Vg, we have

2wp

sin283 + sin (’%"f)

sinfl + sin (’%"f + M) } (2.97)

VEmn = ?“/;COSAB{

[t is seen that in the expression for Vrmy, 2V, represents the maximum voltage
across the capacitor. The minimum voltage is a fraction of the peak voltage
depending upon the system parameters.

The voltage deviation (or the ripple voltage ) is the difference between

the peak voltage and the minimum voltage. Therefore

6VF VFmJ: - Van (2.98)

sinf + sin (”T‘:’f + "—“’E) } (2.99)

2wp
sin2B + sin (f—f—)

P
sinf + sin ("—:’5 + ’—'z—i)
= 2V, [l — cosP . —2 2 (2.100)
sin20 + sin (%”—f)

2V, — 2V,cosf3 {

w
W,

Thus a relation between the ripple voltage and the magnitude of the filter
capacitance may be obtained. Fig. 2.9 shows the variation of the ripple volt-
age as a function of the capacitance. The ripple voltage is expressed as a per

unit of the peak voltage. As can be expected it is seen that the ripple voltage
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decreases as the value of the capacitance increases. It is also seen that as
the ratio w,/w, increases the ripple voltage reduces. This is understandable
since the duration for which the capacitor discharges is reduced as the ratio

increases resulting in a reduced ripple voltage.

The filter current ¢gg can be determined from the capacitor voltage by

using (2.75). Therefore

ViwrCr ( mdF)
——————c0s | wgt —

sinf Wa
VemawrCr TWrp 27wr
o fmnlh 2 F 4 —F _ .
sin2B 0 (wF + a a ) (2.101)



e (wrt = 2F)
= ———co0s |wpt —

wrLpsinf Wa
VEmn ( TWF 27I'UJF)
. rmn — 2.1
prpsin2ﬂcos wrt + - o (2.102)

where Vimn is given by Eqn. (2.97).

Thus all the quantities required have been determined. The expressions
for the pulse current i,, the capacitor voltage vr, and the filter current if
during the pulse period are well defined and can be derived in a similar

manner as shown in the analysis above. They are given by

Vs VEmn :
i, = py {(cotﬁ -~ [;s cot2[3) (1 + sinwyt) + Sicoswpt} (2.103)
. ‘/s Van Wp
= - 928 — -2 .
iF orlr {cotﬁ 7 cot2f choswpt} (2.104)
VEmn -
v = V, {(1 — stnwpt) + i%cotﬂcoswpt} - wpwz; cot 23coswpt (2.105)

The variation in the harmonic components of the filter current if is of
interest since the size of the filter inductor is decided by the harmonic cur-
rents. Thus the frequency spectrum of the filter current has to be obtained in
order to determine the harmonic current. This can be achieved by expressing
the filter current in a fourier series expansion. The profile of the input filter

current is shown in Fig. 2.8. Using the fourier series expansion we have
ir(t) = Ipcy + Ansin(nwet) + Brcos(nw,t) (2.106)

The filter corner frequency wr is a fraction of the accelerator operating fre-

quency and hence

wp = -2 (2.107)
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-The dc and the harmonic coefficients can be expressed as

and

An

2T
Ipc, = —1—/ ir sin wrt d (w,et) (2.108)
27 Jo
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= l/ ir sin (‘i‘it) d (wet) (2.109)
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_ i {-kc (“’“)t}zﬂ (2.110)
= 3= os( . .
ki 2r
- E;r—{l—cos(T)} (2.111)
l 2T
—/ 1F Stnwpt sinnwst d(w,t) (2.112)
7 Jo
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© Jo k
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o [nk 1T & nk+1 (2.116)
kip L . (nk—1)27 1 . (nk+1)2r -
o {nk—lsm kK nk+LT k (2.117)

(nk # 1)



B, = - / T3 sinwpt cosnwet d(wat) (2.118)
T Jo
K 2r
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w Jo k

]
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: 2
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] cos( T Jwa . 12
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T F I haa
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_ kig [ 2% 1 oo (7R + 1)2m
or |\ n2k2 -1 nk+1 k

_nkl_lcos("k'km”} (nk # 1) (2.123)

The frequency components can be determined. The harmonic current for
different sizes of the filter inductor can be computed. Fig. 2.10 shows the
variation of the harmonic currents as a fraction of the peak magnet current
as the filter inductance changes. As expected the harmonic currents decrease

with the increase in inductance. However the reduction is not substantial.

The following conclusions can be drawn from the analysis performed on
the resonant-type ring-magnet power supply network and its associated pulse

forming network:
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1.) The resonant frequency drift is the most important factor to be con-

sidered in the design of the energy make-up unit.

2.) The variation of the peak currents through the energy make-up unit

as the resonant frequency drifts is very dramatic.

3.) The ripple voltage across the filter capacitor at the input of the pulse

forming network is a function of the filter capacitance.

4.) The variation of the harmonic components of the input current of the

filter as a function of the filter inductance is fairly constant.

Thus it can be concluded that the resonant-type ring magnet power sup-
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plies suffer from resonant-frequency drifts. The variation in the peak currents
and voltages due to the resonant frequency drift leads to non-optimal design
of the energy make-up unit associated with the supply. The peak current
and voltage stresses on the energy transfer switch is high. Switching in or
out of trimming capacitors is essential to maintain the resonant frequency
near the accelerator frequency. The large value of the filter components at
the input of the energy make-up units restricts the dynamic response of the
system. [t also increases the overall cost of the network.

The analysis of the resonant type ring-magnet power supply and its asso-
ciated energy make-up network was presented along with its disadvantages.
The next section discusses the need for a non-resonant type switching power
supplies and the suitability of multi-level converters in achieving the specifi-

cations of the magnet power supply area.

2.3 Switching converters

This section discusses switching converters and their relevance to ring-magnet
power supplies. The advantages and drawbacks of different converters and
the suitability of multi-level converters to function as RMPS is presented.
The analysis of the resonant-type RMPS shows that there are many short-
comings associated with the resonant network and the energy make-up unit.
These disadvantages can be eliminated if a non-resonant type of magnet
power supply is used. The phase-controlled rectifier is one such option. How-
ever as explained in Section 1.2.2 the phase-controlled rectifier supplies have
a small bandwidth resulting in poor dynamic characteristics. In addition
their application is limited to slow-cycling synchrotrons which operate be-

low 10 Hz. Thus a non-resonant ring-magnet power supply configuration is



needed to achieve the many strict specifications put forward by the magnet
power supply area.

Switching converters (Pulse Width Modulated (PWM) power amplifiers
as they are also called) can provide all the necessary characteristics to func-
tion as RMPS. They are replacing linear power supplies, cutting costs and
also creating new applications. They can be designed to adapt to different
types of loads. They can deliver high-voltage and high-current and can be
used for a wide variety of application areas [19].

Although switching converters can generate the arbitrary current wave-
shape and provide the fast dynamic response needed for RMPS, their applica-
tion in the area of high-performance magnet power supplies has so far been
limited. This is due to lack of suitable switching converter configurations
and limitation of power semiconductor devices in high-power high frequency
capability.

With the advances in power semiconductors and power converter technol-
ogy, these limitations arc being overcome. Power semiconductor devices like
the Gate-Turn-Off (GTO) thyristors and Insulated Gate Bipolar Transistors
(IGBT’s) have made huge strides in to the area of high-power high-frequency
switches. IGBT’s are available upto 3300 volts and 1800 amperes and they
can be switched at a maximum frequency of 30 kHz. The hitherto limitation
of complex series-parallel combination of switches can also be overcome.

An increasing number of high-performance power supplies are being de-
signed by using switching converters. Apart from the phase-controlled rec-
tifiers, most of the recent developments in this area use dc/dc converter
configurations {20,21]. Although choppers (dc/dc converters) can supply the

dc-biased ac excitation, they give rise to large output current ripple contents
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and high voltage stresses on the switching devices. Multiphase choppers [22,
23]Jcan be used to reduce the output current ripple contents. However they
use as many smoothing inductors as there are phases, which leads to large
reactive elements in the power circuit. Thus the choice of the switching con-
verter reduces to an area of converters which should have low output ripple
contents, should be capable of providing high-voltage high-current output
and also avoid complex series-parallel combination of switches. In this re-
gard, multilevel switching converters have many advantages and becomes an
appropriate choice of switching converters. Multilevel switching converters,
as the name indicates, are switching circuits which provide an output voltage
that has more than two distinct levels, unlike conventional choppers that are
limited to two levels of output voltage.

The main advantages of multilevel converters are :

1.) Significant reduction in the output current ripple contents due to re-
duced output voltage differentials. The output current ripple decreases

as the number of output voltage levels increase.
2.) Suitable for high power applications.
3.) Each switching device blocks only a fraction of the total dc-link voltage.

4.) High effective output switching frequency. In multilevel converters,
the effective output switching frequency is high since there are more
than one switching state for a given output voltage level. The individual
device switching frequency can still be low while maintaining the output
switching frequency high. This not only results in reduced switching

losses but also improves the dynamic response of the system.
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The above mentioned advantages make it suitable for consideration of
a multilevel converter as a Ring-Magnet Power Supply. The advantage is
gained at the expense of more switching devices and a complex switching
strategy. The different multilevel converter configurations are discussed in
the next chapter before proposing the Hybrid Multilevel Switching Converter
as a RMPS.

2.4 Conclusions

The complete frequency-domain analysis of the resonant-type RMPS has
been presented. The drift in the resonant frequency of the network has been
identified as the most important factor in the design of the energy make-
up network. The drift in resonant frequency results in larger peak currents
through the energy make-up network. Thus it is desirable to maintain the
resonant frequency of the system near the operating frequency of the syn-
chrotron. However it is difficult to maintain the resonant frequency since
the drifts are caused by circuit parameter variations due to secondary effects
such as temperature, saturation etc. Thus the resonant-type RMPS suffers
from resonant frequency drifts leading to huge current and voltage stresses
to the devices in the energy make-up network. It can be concluded that a
non-resonant type of power supply is preferable to the resonant RMPS to
eliminate the dependence of the operation of the power supply on circuit
parameters which are susceptible to secondary effects like temperature.

The analysis of the input filter circuit of the pulse forming network has
been presented. A relationship between the ripple voltage across the filter
capacitor and the filter capacitance has been derived. [t has been shown

that the voltage ripple reduces as the capacitance value increases. The study
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of the harmonic components of the input filter current has been presented.
The input filter analysis provides the different operating conditions for the
designer to choose from. It has been shown that the input filter size is large
tesulting in a poor dynamic performance of the system.

The analysis of the resonant-type magnet power supply as a whole, pro-
vides a better understanding of the operating features of the system and
also a means to develop design criteria for different circuit components. It
also provides the necessary insight into the development of a non-resonant
type RMPS that overcomes the drawbacks of the resonant RMPS. Switching
converters can provide low output current ripple contents and fast dynamic
response needed for RMPS. Multilevel Converters are a prudent choice to

function as non-resonant ring-magnet power supplies.
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Chapter 3

Hybrid Multi-level Switching.
Converter

This chapter describes the Hybrid Multi-level Switching Converter (HMSC).
A general study of multi-level converters is presented in Section. 3.1. The
development of the Hybrid Multi-level Switching Converter is explained in
Section. 3.2 and the simplified Hybrid Multi-level configuration, suitable as
a Ring-Magnet Power Supply, is derived from the general HMSC configura-
tion in Section. 3.3. The steady-state analysis is presented in Section. 3.4
for device ratings and stresses of the simplified HMSC. The voltage balanc-
ing problem, commonly encountered in multilevel structures is explained in
Section. 3.5 and the versatility of the HMSC in minimizing this problem is
also presented. Section 3.6 discusses the harmonic analysis of the output
quantities of the HMSC and the effect of number of output voltage levels on
the harmonic spectrum. The observations and conclusions drawn from the

topics discussed in this chapter have been presented in Section. 3.7.



3.1 Multi-level Converters

Multi-level Converters have been in vogue for more than three decades. Corey
[24] introduced the concept as a stepped-wave inverter. Multi-level output
voltage was obtained by summing different output voltages with the help
of phase-shifted output transformers. Kernick et al, [25] showed that very

low harmonic distortion could be obtained in this manner. A modification

of this principle by Corry [26,27] in 1973, also resulted in multi-level output
waveshapes. All these circuit configurations relied on output transformers
to obtain the multi-level stepped waveforms. This method has been obsolete
for quite sometime due to the large reactive elements involved.

Nabae et al [28] introduced the Neutral-Point-Clamped (NPC) inverter as
a three level inverterin 1981. It produced a three level output voltage without
the help of output transformers. This circuit configuration has been used
extensively in the area of multilevel conversion. The merits of this converter
will be discussed in detail in the next section. Bhagwat et al, [29], Revankar et
al [30,31] have also proposed a generalized structure of a multilevel inverter.
They not only varied the number of steps, but also the voltage magnitude
in each step. However such techniques require different voltage magnitude
generating ciruits which are cumbersome. The logical extension of the NPC
inverter was proposed as the generalized stacked multilevel inverter by Choi
et al [32]. This configuration can produce more number of output voltage
levels as compared to a NPC inverter. However it has an inherent voltage
balancing problem. Such a configuration is also discussed in detail in the
coming sections.

Marchesoni et al [33,34], have proposed a different type of multi-level

structure obtained from cascading normal H-bridge inverters. Such a config-



uration, termed the cascaded inverter, has many merits to be considered as a

multilevel converter. Its characteristics will be dealt in detail in later sections.

Meynard and Foch [35] have summarized the different types of multi-level
inverters and choppers. They have concluded that one pole or leg of an
NPC inverter is most effective in terms of static and dynamic voltage shar-
ing among the switches, low dV /dt for each switch, reduced reverse blocking
voltage across each switch and also a feasible control option to maintain the
capacitor voltages in balanced condition. Thus the NPC inverter merits a

more detailed look to exploit its versatile features.

3.1.1 Neutral-Point-Clamped Inverter

The Neutral-Point-Clamped (NPC) inverter was introduced as a multilevel
structure by Nabae et al [28]. The half bridge version of the NPC inverter
is shown in Fig. 3.1(a). Switches S| and S, act as the main switches, while
S2 and Ss, in conjunction with diodes Ds and Dg, act as auxiliary switches
clamping the output terminal to the neutral point potential. Thus the output
terminal can be at three different potentials (+ £, 0, — E') depending upon the
states of the switches. The three possible output voltage levels are illustrated
in Figs. 3.1(b-d). The extra voltage level of the neutral point is obtained at
the expense of two extra switching devices and four extra diodes.

The three-level inverter leg can be seen as a commutation cell using series-
connected switches in which the clamping diodes ensure the voltage sharing
instead of forcing the switches to commutate at the same time. Thus the
voltage across each switch is limited to a value £. The dV/dt rating of
the switches is thus reduced. The extra voltage level of the NPC inverter

also helps in improving the harmonic spectrum of the output voltage. From
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Figure 3.1: (a) Half Bridge NPC Inverter. (b-d) Equivalent Circuits



the harmonic viewpoint the NPC inverter offers sizeable reduction in total
harmonic distortion(THD) depending on the control scheme adopted.

The half-bridge NPC inverter can be extended to a full-bridge structure
to yield five output voltage levels. The full-bridge configuration, as shown in
Fig. 3.2(a), utilizes four(4) more switching devices and eight(8) more diodes
to produce +2F, +F and 0 output voltage levels. The added advantage of
the circuit is that more than one switching state results in the same voltage
level. This s illustrated in Fig. 3.2(b). Thus the full-bridge NPC inverter can
generate five different voltage levels and has nine different switching states.

For high-voltage applications one may require more number of output
voltage levels than that provided by the NPC inverter, namely three or five.
Furthermore as the number of output voltage levels increases the output
current ripple contents decreases and the harmonic spectrum improves. This
results in a reduced filter size at the output. Hence a generalized n-level

converter structure is desirable.

3.1.2 Generalized Multi-level Converter

The extension of the NPC inverter to yield n-level output voltage was pro-
posed by Choi et al [32], in 1990. The generalized stacked inverter, as it is
termed, can be considered as a single pole multi-throw switch. The term
level can be referred to the number of nodes to which the output can be
accessible. The circuit configuration of a single pole or leg of the generalized
multilevel converter is shown in Fig 3.3.

The generalized multilevel converter uses series capacitors on the dc-link
to split the incoming dc equally into the required number of levels. However

it can be seen that the structure has an inherent dc-link voltage balanc-
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ing problem. In other words, for any given output voltage level, the inner
switches are always conducting with respect to the outer ones. This implies
that the charge on the inner capacitors of the dc-link flows out more than
the outer ones. Thus over time the voltage on the inner capacitors goes to
zero, irrespective of the control scheme adopted and the load condition. Thus
such a configuration is impractical above three levels, without external volt-
age balancing circuits. This voltage unbalance problem can be minimized in
the case of the NPC inverter since the charge can be fairly distributed due
to the many switching states available.

Although the generalized multi-level converter can produce more number
of output voltage levels, its application is limited due to the voltage balancing
problem. Hence it is necessary to derive a multilevel structure bereft of the

voltage balancing problem.

3.1.3 Cascaded Multi-level Converter

Marchesoni et al [33,34] proposed a different type of multilevel structure,
where they cascaded two full-bridge inverters or H-bridge inverters to achieve
a five-level output. The cascaded inverter as shown in Fig. 3.4(a) uses two
isolated dc sources and the output of each bridge is connected in series by the
load. This configuration can be easily extended to n-level output by adding
more full-bridge modules.

The advantage of the cascaded inverter is that it has more number of
switching states than the NPC inverter for the same number of levels. This
is illustrated in Fig. 3.4(b). The five-level cascaded inverter has 16 switching
states in comparison to the 9 states of the five-level NPC inverter. However

the cascaded inverter utilizes more isolated dc sources than an NPC inverter
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for the same number of output voltage levels.
Thus a study of each of the multi-level configurations in the earlier sec-
tions suggests the following desirable features required of any multilevel con-

verter structure :

1.) easy extension to n-level output,

2.) less isolated dc sources,
3.) no voltage balancing problem or a facility to minimize it and

4.) modular construction.

These features can be obtained in the proposed multilevel converter struc-
ture called as the Hybrid Multilevel Switching Converter. This proposed

multi-level struture will be discussed in detail in the next section.

3.2 Hybrid Multilevel Switching Converter

The Hybrid Multilevel Switching Converter (HMSC) can be obtained by
using the full-bridge NPC inverter as an unit in the Cascaded inverter. The
resulting multi-level structure is termed as the Hybrid Multi-level Switching
Converter. The term Hybrid is used since it is a combination of the NPC
and Cascaded inverters. The simplest structure of the HMSC is obtained by
cascading two full-bridge NPC inverters as shown in Fig 3.5.

The general circuit configuration of the HMSC utilizes 16 switches (S,
to Sis) and 8 clamping diodes (D7 to Dyq). The anti-parallel diodes (D,
to Dg) across each switch are usually internal to the device and hence are
considered part of the switch itself. The dc-link is split with the help of

two series capacitors. The clamping diodes ensure that the neutral point
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of the dc-link is connected to the output terminals when the inner switches
are conducting. The operation of the circuit is exactly the same as that of
a NPC inverter pole as illustrated in Fig. 3.1, except for the fact that the
output of the two NPC bridges are added at the output terminals by the
load. The midpoint of the load can be considered as the ground. Each of the
semiconductor components have a peak voltage stress equal to one half of
the dc-link voltage (£ - assuming that there is balanced voltage conditions
on the input capacitors).

The HMSC can produce nine (9) output voltage levels. This is due to the
fact that each NPC inverter bridge can produce five (5) levels , +2F, +F,
and 0. The addition of these levels at the output, due to the cascading of the
two bridges, results in output voltage levels of +4E or —4FE at its extremes,
with seven (7) intermediate output levels of £3F, £2F, &£ F, and 0. Another
advantage of the circuit, apart from the higher output voltage levels, is that
intermediate output levels may be obtained not merely by adding two levels of
the same polarity, but also by adding two levels of different polarities. Thus,
for example, a zero (0) output voltage level may be obtained by adding zero
levels of both the units or by adding such levels as +2F to ~2F or +E to
—E. This aspect will prove very effective in minimizing the switching losses
in the circuit. In addition, increase in the number of output voltage levels
reduces the voltage differentials at the output. Thus the output current
ripple content is low.

The number of switching combinations is large since there are 16 switches.
However only 8 switches can be controlled independently. The other 8
switches are operated in the complementary fashion. This ensures that there

is no possiblity of a short circuit across the dc-link and also provides a free-
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wheeling path through the antiparallel diodes. Even among the 8 switches,
not all combinations (2% = 256) result in a valid output voltage level. How-
ever the number of switching combinations is still high. This implies that
there is more than one switching state for a given output voltage level. In
other words this aspect helps in the choice of different switching states for the
same level. Thus the effective switching frequency of the output voltage may
be increased without having to be constrained by the minimum on/off times
of the individual switches. Also the individual device switching frequency
can be kept low although the effective output switching frequency is high.
A lower device switching frequency in turn results in lower switching losses.
Due to the high effective output switching frequency the output low-pass
filter requirements are considerably reduced. This not only helps in reduced
cost, but also in improving the transient response of the system. In other
words the bandwidth of the system is enhanced.

Although the HMSC as shown in Fig 3.5 has used only two NPC units to
result in a 9 level structure, it can be easily extended to an n-level structure
by cascading more NPC units. With the addition of every NPC unit the total
number of output voltage levels available increases by four (4). However the
number of levels needed depends on the particular application. Nevertheless
the provision for obtaining more number of levels exists with the HMSC. It
is for the designer to determine the number of output voltage levels to work

with.
The two voltage sources £ are two capacitor banks charged to a voltage

E. This is equivalent and true provided the average current in each capacitor
is zero. Each time the load (considered as a constant current source since

the magnet load is highly inductive) is connected to an intermediate voltage
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source, a current / flows through the capacitors of the voltage divider. If the
current is unidirectional and not varying then the current in the capacitors is
unidirectional and their voltages cannot stay at the desired value. However
due to the dc-biased ac nature of the excitation required, the load current
although unidirectional, is not constant. Thus there is provision where the
energy from the load feeds the dc-link capacitors. Thus the neutral point
voltage can be maintained within specified limits such that the capacitor
voltages are balanced. Thus the many switching combinations of the HMSC
will be useful not only in reducing the switching losses but also in maintaining
the input capacitor voltages balanced. The voltage balancing criterion will

be dealt with in detail in future sections.

Thus the many features of the HMSC can be summarized from the point

of view of considering it as a high-voltage high-current power supply :
1.) The HMSC has a nine (9) level output.
2.) The HMSC has a nine (9) level output.
3.) It can provide the high voltage and current.
4.) It can provide both positive and negative output current and voltage.

5.) It can also produce the dc-biased ac excitation required for RMPS

applications.

6.) It can be easily extended to yield n-level output (and hence higher

voltage).

7.) It has a low output current ripple contents due to reduced voltage

differentials at the output.
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8.) It has a high effective switching frequency.

(2) This results in a reduced output low-pass filter requirements.

(b) It improves the dynamic response of the system.
9.) It has a large number of switching states.

10.) It has more than one switching state for a given output voltage level.

3.3 Simplified Hybrid Multilevel Switching

Converter

The features of the HMSC as listed in the previous section makes it suitable to
be considerd as any general high-voltage high-current power supply. It can be
used in high power applications like power conditioning equipment, traction
applications and as Ring-Magnet Power Supplies. However the HMSC is
especially suited to the distinctive requirements of RMPS. The power circuit
configuration of Fig 3.5 can be simplified in the case of RMPS. This simplified

HMSC will be discussed in detail in this section.
The dc-biased ac nature of the current excitation required for the magnets

constrains the output current of the RMPS to be always positive. This is
clearly illustrated by the different types of magnet excitations as shown in
Fig 1.1. The magnet current bas a minimum and maximum value which is
always in the first quadrant. This results in a simplification of the Hybrid
Multi-level Converter structure. If the converter is supplying the magnets
directly, without any output filter circuits, the output current of the converter
is the magnet current and hence is always positive. Since the output current

is always positive the switches S3, Sy, Ss, Se, Si1, Si2, Si3, and Si4 never
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conduct. The antiparallel diodes Dy, Dy, D7, Dg, Dg, Do, D15 and D, also
do not carry any current. Furthermore the clamping diodes D,g, Dig, Da
and Dy3 also do not play a part in the operation of the circuit. Thus they
can all be removed. The resulting power circuit configuration, termed as the
Simplified Hybrid Multi-level Swtiching Converter, is shown in Fig. 3.6.

The simplification in the general hybrid multi-level configuration is valid
as long as the output current of the converter is positive. However if the
converter output current is both positive and negative for some load condi-
tion, then the general circuit configuration of the hybrid multi-level converter
(Fig. 3.5) is necessary to supply such a load. Thus the circuit simplification
is valid for positive converter output currents only.

The antiparallel diodes D3, D4, Ds, Dg, Dy, Dy2, D3 and D,4 are needed
in the circuit configuration and have been retained in their original positions
to depict the change in the topology. The series combination may be re-
placed by a single diode depending on their reverse blocking voltage capa-
bility. However in high voltage applications the series combination may be
required to obtain a static equalization of the reverse blocking voltage. Each
of the semiconductor components still have a peak voltage stress of half the
dc-link voltage as in the case of the general HMSC. In addition there is no
possibility of a short circuit across the dc-link even when all the switches are
conducting. This is due to the fact that each arm of the power circuit has
a reverse blocking diode when both the switches in the arm are conducting.
Another feature of the simplified cirucit is the reduced cost of the network
as compared to the general HMSC configuration since eight (8) switches and
twelve (12) diodes can be eliminated.

Although the antiparallel diodes D;, Dy, D7, Dg, Dg, Dig, D15 and D
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Figure 3.6:

Simplified Hybrid Multilevel Switching Converter for RMPS
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have been removed, their presence does not affect the operation of the cir-
cuit. In certain devices like Bipolar Junction Transistors and IGBT’s the
antiparallel diode is internal to the device. They can be retained. However
they do not play any part in the proper operation of the circuit as long as
the output current is positive. Furthermore the output voltage across the
load can still be negative when the switches are not conducting since the re-
maining antiparallel diodes can conduct. This is the case when the energy in
the load is fed back to the input capacitors. Thus the simplified HMSC can
operate with positive current and bidirectional (positive & negative) voltage.

The simplified HMSC retains all of the features of the general HMSC as
listed in the previous section, except for the fact that its output current is
always positive. The number of switching combinations is still the same since
all the remaining 8 switches can be controlled independently. Nevertheless,
as in the case of the general HMSC, not all switching states (28 = 256) result
in valid output voltage levels. Only 81 of the possible 256 states results in
valid output voltage levels. Since there are only nine (9) levels possible, it
can be immediately concluded that there is more than one switching state for
a given output voltage level. The different switching states of the simplified

HMSC are listed in Table 3.1.
Thus it is clear from Table 3.1 that there is more than one switching

state for any given level except for the outermost levels (+4F & —4E: FF
& 00 HEX respectively). The number of switching states corresponding to
each level is listed in Table 3.2. Of particular interest in these switching
states are those which yield zero output voltage by summing zero levels from
each NPC bridge. Under these conditions the energy in the load (due to

the inductive pature of the load) free-wheels through the network without
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Table 3.1: Switching States of the Simplified HMSC
TOutpat [ INPC | 11 NPC ] 511 2] 5: | 5 ] 55 | 5w | 5ss | 5w | HEX |

FF

FE

F7

EF

7F
Fé

FC
F3

6F
CF

3F
EE
E7

TE
77
E6

EC
E3

76
7C
73
6E
CE

3E
67
C7

37
F2

F4

2F
4F

0
0

0

0

1
0
0

0
0

0

0

0

+2E

+E

+2E

+E

+E

+2E
+2E

+E

+2E

+E

+E

+2E

+4E

+3E

+2E

+E
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Table 3.1: (cont)

U_Outputj [ NPCJ I[ NPCTS[ rSQI 57 I 58 LS;LSmJ 515 rsls rHEXH

[ 4E ] 2E | 2E Jo[oJoJoJoJoJo o] oo |

02

04
40
20

06

0oC
03

60

Co

30
22

24

24

44

26
2C
23

46
4C
43
62
C2

32
64
C4

34
0E
07
EO

70

0
0
1
0
0
0

0
0

0
0

0

1
0

0

0

0

0

1
1

0

0

-2E

+E

-2E

-2E

-2E

-3E

-2E




Table 3.1: (cont)

”OutputJ [ NPC l IT NPC LS[ L52 l S, lSsJ
+2E -2E
-2E +2E
+E -E

TS0 ] 5] 5w | HEX |
0 0 0 FoO
OF
E2
E4
72
74
2E
1E
27
47
66
6C
63
C6
CcC
C3
36
3C
33

Se
0
1
0
0
0
0
1
[
0
0
0
1
0
0
1
0
0
1
0

OO O~ — —m OO0 OOOOOOO MMM O m—
O O O r— r— = = k= = O O = = O
— = = OO e e O = (D e e e s e O e

l
0
0
0
1
1
0
0
0
0
0
0
0
0
0
0
1
|
1

O = = O = et O e s e e et e (D) e O s
—_ O = O e O e e e e O e D) e e
— 00—~ 00~ 000 ~m OO0 O

Note: A 1 represents "ON” state whereas 0 represents "OFF” state.

Table 3.2: Number of Switching States

ﬂT..evel {No. of States LLevel l No. of States "

+4E 1 -4E 1

+3E 4 -3E

+2E 10 -2E 10

+ E 16 -E 16
0 19

Total 81




any of the sources (dc-link capacitors) coming into picture. This aspect is
useful when no energy needs to be drawn from the sources but yet the output
current continues to flow in the magnet load. This criterion will be discussed

in detail in future sections.
Thus the additional features of the simplified HMSC apart from those

listed in the previous section are :

1.) The simplified HMSC can output positive current only. However, the

output voltage can be both positive and negative.

2.) The number of switching states remains high although half the switches
are eliminated from the general HMSC configuration. There are 81

switching states.

3.) The cost of the power circuit is considerably lower as compared to the

general HMSC topology.
4.) The configuration is short-circuit proof.

The simplified HMSC possesses all the characteristics to be considered
as an unit to develop multi-cell Ring-Magnet Power Supplies. This unit
replaces the phase-controlled rectifier (Fig. 1.3) as the power supply unit. It is
necessary to analyze the simplified HMSC for its steady state characteristics
to determine the ratings of the devices and other components to be used. The
steady state analysis of the simplified Hybrid Multilevel Switching Converter

will be dealt with in the next section.
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3.4 Steady State Analysis of the HMSC

This section deals with the steady state analysis of the simplified HMSC.
The peak voltage and current ratings of the devices are identified.

The following simplifying assumptions are made during the analysis.

1.) The load resistance is small when compared to the inductance.
2.) The voltage drop across a conducting switch is negligible.

3.) The current through any device or the voltage across any device

changes instantaneously, i.e., the switches are ideal.

4.) The voltage across each dc-link capacitor is equal to half the dc-link

voltage.

3.4.1 Steady State Analysis
The load current is of the form :

o = t4c + tqc such that i, >0 (3.1)

A dc-biased sinusoidal current signal is assumed as the output current to
analyze the configuration. Similar calculations can be performed for different

current wave shapes. Thus the output current can be expressed as :

a

io = Il4o— [.cos(wt) (3.2)

where [, represents the peak value of the ac signal superimposed on the

constant dc signal [4.. The average value of the output current is, of course,
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the dc signal equal to /4. The RMS value of the output current can be

computed by using the relation :

| L
logys = \/5; /0 2 duwt (33)
1 2r -
= -2—7;/ (Ige — Lo cos wt)? dwt (3.4)
0
2
= I3+ = (3.5)

The peak value of the load current is given by the relation
[Oph- = [dc + iac (3'6)

(a) Device Ratings

The static voltage balance achieved by the NPC Inverter configuration
ensures that the voltage stress across each switching device is equal to half
the dc-link voltage. Hence if the voltage per level is defined as E then the
peak voltage stress across each switching device is equal to F.

The average and rms current ratings of the individual switches can be

computed by using the expression

1 6
Isw = 5= /o iy duwt (3.7)

where #; and 6, specify the duration for which the device is conducting.

Similarly the rms current rating for each device is given by

1 o2
Ispye = \/-2; /o 2 duwt (3.8)

73



The switching instants during which the individual switches turn on and
off can be determined if the switching pattern is known. However, in the
case of the HMSC, the individual device switching pattern cannot be fixed.
This is due to the fact that there is more than one switching state for a given
output voltage level. Thus the switching pattern maybe different in the same
voltage level. For example an output voltage level of +F maybe achieved
by using any one of the 16 switching states listed in Table 3.1, which leads
to any one or more of the switches to carry the load current. Thus it is
difficult to determine the individual device switching pattern to determine
the RMS ratings of the devices. However the worst case device ratings maybe
determined. Assuming that a device conducts through out the whole cycle,
its RMS current ratings would be equal to that of the RMS current rating of
the load. Thus the worst case RMS current rating of each individual device

is given by the relation

I3, + e (3.9)

Ispprs_rax =

For example, for a dc-biased sinusoidal output current given by 2850 —

74

1650 cos(wt) the peak current is 4500 Amps and the RMS current rating is

16502
IORMS=I$RM$-MAX = \J;SOz-{-( 9 )

3079 = 31004

3100
= 1500 4500

= 0.6888/0,, (3.10)
PK

I

The RMS current rating of the individual switches is lower than 0.688 of the



peak value. However the devices have to be rated at least for the worst case
value to ensure that there is no breakdown of the devices due to exceeding
the device ratings. The worst case average current ratings of the switches is
the average current rating of the load i.e., /4. The following few points are

worth enumerating regarding the device ratings (w.r.t Fig. 3.6)

1.) The inner switches (S2, S7, S10 & 515 ) are conducting when the outer
switches (51, Ss, Se & Si6) are condcuting, where as the converse need
not be true. Thus it can be concluded that the RMS ratings of the

inner switches is more than that of the outer switches.

2.) The clamping diodes (D7, Do, D21 & Dy4) conduct more than the
freewheeling diodes and hence their RMS current rating is more than

that of the freewheeling diodes.

3.) The worst case RMS current rating of any device is 0.688/p,,. where

lo,, is the peak value of the magnet current.
4.) The worst case Average value of any device is [4,.

5.) All the devices have an equal voltage stress of F, the voltage per level

of the converter.
(b) Input Capacitor Ratings

The different output voltage levels in the HMSC are obtained by splitting
the dc-link voltage with the help of two capacitor banks. These capacitors
have to act as ideal voltage sources such that the load sees them as a stiff dc
source. The value of capacitance needed to maintain the input as a stiff dc

source can be computed knowing the load current.
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Let the load current be given by the relation
to = lqc — iac cosw,t such that 7, >0 (3.11)

where w, = 2« f, is the accelerator operating frequency. Assuming that the
particles are accelerated for half of the period and extracted at the peak
of the magnet current, the power supply has to feed energy for half of the
operating period. I[n the other half, the magnet current is reduced to its
initial value. During this period the energy stored in the magnet is fed back
to the dc source of the power supply. Thus there is an oscillation in the
energy between the LC circuit formed by the magnet inductance and the
dc-link capacitor. The power supply capacitor should be able to supply the
energy during the acceleration period without significantly reducing the volt-
age across its terminals. The total charge accumulated across the capacitor

during one cycle is
@=CE (3.12)

where C' is the capacitance and E the voltage per level. Taking differentials

on both sides of the above equation we have

AQ =CAE (3.13)
However the change in the charge AQ is given by

AQ = At (3.14)

where [ is the current supplied by the capacitor in a duration At seconds.

Since the charge is supplied for one half of the acceleration cycle ,

l T,

At = 5T, = 5 (3.15)




— .

The peak current value needs to be considered to account for the maximum

change in voltage across the capacitor and hence / = Ip,,. Thus
T,
lope o = C AFE (3.16)
Therefore the capacitance value can be obtained as

For a given reference signal the peak value of the current and the accelerator
frequency are given. The capacitance value for a required voltage variation
across its terminals can be determined. For example, considering a dc-biased
sinusoidal output current of the form {2850 — 1650 cos(2750t)} we have the

following relations

lop, = 2850 + 1650 = 4500A

= 1 -3
T, = 0 =20 x 10
4500 x 2 -3
C = 500 x 20 x 10 (3.18)

2x AF

For a 1 V variation across the dc-link capacitor we have

1 -3
c = B0x 220 X 1077 _ 45 Farads (3.19)

The capacitance value is very high. The input dc-link has to be composed
of a bank of capacitors which is capable of delivering the peak current. The
ripple current capacity of the capacitor bank should be at least equal to the

peak value of the magnet current.
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The voltage rating of each of the capacitor bank will be E, the voltage
per level. An extensive series-parallel arrangement of capacitors would be
necessary to achieve the high value of capacitance and the voltage rating

required.

3.4.2 Power Circuit Parameters of the HMSC

This section discusses the power circuit design of the Hybrid Multi-level
Swtiching Converter for a dc-biased sinusoidal reference current.

The system parameters are:

1.) Load Inductance = 25 mH

2.) Load Resistance = 12.5 mf}.

3.) Reference Current = 2850 - 1650 cos(wt).
4.) Accelerator Frequency = 50 Hz.

The peak voltage across the magnet load is given by

Viepe = 2850 x 12.5 x 1072 41650 x 2 x = x 50 x 25 x 1073
= 35.625 + 12,959.07Volts
13,000 Volts (3.20)

This voltage is the voltage due to the fundamental component only. There
are other harmonic components too due to the PWM nature of the output
voltage. To account for harmonic components the total dc voltage required
would be higher than 13 kV. Let the total dc-link voltage be 15kV. This is
sufficient to supply the required voltage to the load.



dc voltage per level (E) = Total voltage / 4 = 15,000/4 = 3750 Volts.

Since each switching device blocks a maximum voltage of £ the peak
voltage stress across each device = 3750 Volts. However the peak voltage
ratings should have a safety factor to account for voltage spikes that can

occur during transient operation. Thus with a safety factor of 1.5,
Peak Voltage Ratings of the Switching Devices = 1.5 x 3750 = 5625 Volts.

The switching devices used are IGBT’s. They are available in a peak
voltage rating of 3300 Volts. Thus the number of devices that bhave to be
connected in series to achieve the required voltage is (5625/3300) = 1.7045

= 2.

Hence peak voltage capability = 3300 x 2 = 6600.Volts.
Voltage Blocked by each device = 3750/2 = 1875 Volts.

Connecting IGBT’s in series is usually not recommended due to problems
in dynamic voltage sharing. To avoid this problem, the number of levels
available in the converter can be increased, such that the voltage rating per
level is less than the peak voltage rating of the devices available.

Peak Current through the load = 2850 + 1650 = 4500 Amps.

Peak Current through any switch with a safety factor of 1.5 = 1.5 x 4500 =
6750 Amps.
Peak Current Rating of the IGBT’s available = 1200 Amps.

Number of devices that have to connected in parallel to withstand the

peak current rating = 6750/1200 = 5.625 = 6 .
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Peak Current through each device = 4500/6 = 750 Amps.

The RMS value of the load current is

J2
logus = \[ 1L+ _5_&‘ (3.21)

16502

= 3079.85 = 3100 Amps

RMS Current Rating of each device = 3100/6 = 516.67 = 520 Amps.

An array of 2 devices in series and 6 such rows in parallel would make
up one switch. The diodes in the circuit carry the same amount of current
as the switches and hence their RMS current rating would be the same. The
number of diodes required is less than the switches since diodes are available
in much higher current ratings than 600 Amps.

Capacitance required on each input capacitor is given by using (3.17) as

4500 x 20 x 10~3

C = 5 = 45 Farads (3.22)

The dc-link has to be composed of a bank of capacitors whose ripple current
capacity is at least equal to the peak value of the magnet current.

The snubber circuit has to be designed suitably to reduce the dV/dt and
dI/dt spikes that can appear during switching. The parasitic inductance
in the power circuit has to be minimized to reduce the voltage spike that

appears across the device during turn off.
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3.4.3 Switching Stresses

This section discusses the switching stresses that appear on the individual
switching devices in the HMSC. The adaptation of the switching pattern to
reduce the switching losses in the HMSC is presented.

The two main criteria that limit the effective output switching frequency

from power circuit point of view are:

1.) The minimum on/off times of the individual switching devices.

2.) The switching losses associated with a given PWM switching pattern.

The availability of high power fast switching devices has alleviated the
first constraint to a large degree. Power devices like Gate-Turn-Off (GTO)
thyristors and Insulated Gate Bipolar Transistor’s (IGBT) has made it pos-
sible to switch large quantities of power at high speeds. GTQ’s are available
in the range of 5000 Volts and 3000 Amps and have a maximum switching
frequency of 10 kHz. IGBT’s on the other hand are available upto 3300 Volts
and 1200 to 1800 Amps and can switch as rapidly as 30 kHz [36]. IGBT’s are
preferable for high power medium frequency applications. Certain degree of
series-paralleling is still necessary to achieve the required voltage and current
specifications. IGBT’s are considered as switching devices for the switches in
the Hybrid Multi-level Switching Converter. The minumum on/off times of
IGBT’s is small and they can be used effectively to provide a high effective
output switching frequency.

Although the switching devices have small minimum on/off times, they
still play a vital role in limiting the effective output switching frequency. The
many different switching states of the HMSC provide an alternative means of

maintaining the high effective output switching frequency, while keeping the
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individual device switching frequency to a minimum. The switching states
can be chosen such that each device does not change its state before the
minimum on/off times of the device is overcome. This not only helps in
reducing the chances of a device failure, but also reduces the switching loss.

The switching losses in the devices is directly proportional to the switch-
ing frequency. Considering IGBT’s as switching devices, the turn on losses
are negligible since the device turns of with the collector current (/cg) almost
zero. However the turn-off losses constitutes the main switching losses [37].

The average switching losses for an inductive load is given by the relation
te
Pyviswy = Veelcefs (-2—) (3.23)

where Vcg is the collector-emitter voltage, Icg is the collector (device) cur-
rent, f, the device switching frequency and ¢, the total turn-off time during
each switching. For a given device rating it is seen that the switching losses
are directly proportional to the device switching frequency. The following

two factors are important to reduce the switching loss

1.) The individual device switching frequency: It is desirable to have a

low device switching frequency to reduce the switching losses.

2.) The number of devices changing their state: The switching losses in-
crease as more devices change their state (i.e, switching losses is mul-

tiplied by the number of devices switching over any given cycle).

The different switching states of the HMSC, as listed in Table 3.1 shows
that there are more than one switching state for a given output level. This

is true for all levels except the outer most levels (+4E and —4F cases). It is



1110 0110 01110111

State

Switching Loss = 3 units (2 off + 1 on)

1110 0110 1111 0110

Switching Loss = 1 unit (1 on)
Figure 3.7: Example of Switching Pattern to Reduce Switching Losses

possible for the output voltage to change between any two subsequent levels
by changing the present switching state to any one of the existing states in the
subsequent level. However this may involve more than one device to change
its state. The total switching loss in the circuit is directly proportional to the
number of devices changing their state. Thus it is necessary to reduce the
number of devices changing their state to reduce the switching losses. This
can be achieved by choosing the next switching state such that the output
changes to the desired level by letting only one device change its state. This
ensures that every change in the output voltage level and sometimes a change
in the same output level occurs by only one switch changing its state. This
is explained with an example in Fig. 3.7.

The switching transition table of the HMSC which causes the output
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Table 3.3: Switching Transition Table: Higher to Lower State

84

L [T [ [ 1 1 1 JeEJT] [[ | | |
+4E | +3E | FF FE | F7 | EF | 7TF
FE F6 | FC | EE | TE 02 00
F7 F6 | F3 | E7T | 77 04 00
+3E | +2E | EF 6F |CF |EE | E7 | -3E [ -4E | 20 00
7F 3F | 7TE | 77 | 6F 40 00
F6 E6 |76 | F2 | F4 60 20 | 40
FC EC|7C | F4 22 02 ] 20
EE E6 | EC | 6E | CE 42 02 | 04
7E 76 | 7C | 6E | 3E Ca 40
+2E | +E | F3 E3 | 73 | F2 -2E | -3E | 24 04 | 20
E7 E6 | E3 | 67 | C7 44 04 | 40
77 % | 73 | 67 | 37 06 02 | 04
6F 6E | 67 | 4F | 2F 30 20
CF CE | C7 | 4F 03 02
3F 3E | 37 | 2F 0C 04
E6 E2 | E4 | 66 | C6 62 60 | 42 | 22
76 36 | 66 | 74 | T2 C2 Co | 42
F2 FO | B2 | 72 EQ 60 | CO
F4 74 | B4 64 60 | 24 | 44
EC E4 | 6C | CC C4 4 | CO
1C 3C | 6C | 74 26 06 | 22 | 24
6E 2E | 4E | 66 | 6C 46 44 | 42 | 06
CE CC | C6 | 4E | 2E 32 22 | 30
+E 0 3E 2E | 36 | 3C -E | -2E | 34 24 | 30
E3 C3 | 63 | E2 70 30 { 60
73 72 174 | 63 | 33 a7 03 [ 06
67 63 | 66 | 47 | 27 2C 24 1 0C
C7 47 | C6 | C3 4C 44 | 0C
37 33 { 36 | 27 O0E 0C | 06
4F OF | 4E | 47 43 42 | 03
2F 27 | 2E | OF 23 22 | 03




Table 3.3 (cont) ...

[EefTof [1 | [ | JF[To] J[] [ | |

E2 62 | C2 | EO 3C 2C | 34
E4 64 | C4 | EO 2E 26 | 2C | OE
66 26 | 46 | 62 | 64 4E 46 | 4C | OE
C6 46 | C2 | C4 C3 43 | C2

0 |-E |36 26 | 32 | 34 0 |-E| 63 23 | 43 | 62
74 64 | 34 | 70 33 23 | 32
72 62 | 32 { 70 47 46 | 43 | 07
FO E0 | 70 27 26 | 23 | O7
6C 2C | 4C | 64 CC 4C | C4
oF O0E | 07

Table 3.4: Switching Transition Table: Lower to Higher State

Fr JTo| [] | | B [T [T | [1]
4E | -3E ] 00 | | 02 | 04 | 20 | 40
02 | [42 |22 |06 |03 FE | | FF
04 | {44 | 24 |0C |06 F7 | | FF
3E|-2E |20 | | 22| 60|30 |24 | +3E | +4E {EF | | FF
40 | |42 |60 | CO |44 7F | | FF
60 | | 62 | EO | 64 |70 F6 | | FE | F7
22| | 3223|6226 FC | | FE
42| |43 |C2 |46 |62 EE | | FE | EF
co| [C2|E0|cC4 7E | | 7F | FE
2 | | 34|64 ]|2C]|26 F3| | F7
2E | -E |44 | |C4 |46 |4C |64 | +2E|+3E | E7 | | F7 | EF
06 | | 26 | 07 | OE | 46 77 | | 7F | FT
30| [70] 3234 6F | | EF | 7F
03 | |07 |43 ]23 CF| | EF
0C | |2C|OE |4C 3F | | 7F




Table 3.4 (cont) ...

(it T[ [ T [ Jr[®] T[]
62 E2 172166 | 63 E6 F6 | EE | E7
C2 E2 | C6 76 TE | 77 | F6
EQ FO | E2 | E4 F2 F6 | F3
64 E4 | 74 | 6C | 66 F4 FC | F6
C4 Cé6 |CC| E4 EC FC | EE
26 66 | 36 | 2E | 27 7C FC| 7E
46 C6 | 4E | 47 | 66 6E 6F | 7TE

-E] 0 32 36 | 72 {33 CE CF | EE
34 74 | 3C | 36 3E 3F | 7TE
70 FO [ 74 | 72 E3 F3 | E7
07 OF | 47 | 27 73 F3 | 77
2C 6C | 3C | 2E 67 6F | E7T | 77
4C CC | 6C | 4E C7 CF | E7
OE OF | 2E | 4E 37 3F | 77
43 C3 | 63|47 4F 6F | CF
23 63 | 33 | 27 2F 3F | 6F
E2 E6 | F2 | E3 3C 7C | 3E
E4 EC | E6 | F4 6C EC| 7C | 6E
66 76 | 67 | E6 | 6E 4E 6E | 4F | CE

0 |+E | C6 CE | C7 | E6 0 |+E| C3 E3 | C7
36 76 | 3E | 37 63 67 | E3 | 73
74 Fa4 | 73 | 716 | 7C 33 37 | 73
72 73 | F2 | 76 47 C7| 67 | 4F
FO F2 | F4 27 2F | 37 | 67
2E 6E | 3E { 2F | CE oF 4F | 2F
CcC CE | EC
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Figure 3.8: Switching Transition Example to Reduce Switching Losses

to change to a lower level from a higher level by changing only one switch
state is shown in Table 3.3. Similarly the transition table for a change in
the output from a lower level to a higher level by changing only one switch
state is shown in Table 3.4. Thus the switching loss per device per cycle
can be reduced by choosing any one of the switching states in the horizontal
direction in Table 3.3 or Table 3.4 from any given state. This feature is
illustrated in Fig. 3.8 where in, a desirable switching pattern is shown to
change the output from +4F to 0 in 4 steps. Each transition occurs with
only one switch changing its state. The upper half of the circle depicts
the present output voltage level while the lower half of the circle shows the
switching state. The transition to the next level occurs with only one switch

changing its state such as FF to FE (HEX notation).

It can be seen from Tables 3.3 and 3.4 that there are at least four (4)
switching states to which a transition can occur from any given switching

state. This means that a switch can turn on or off repeatedly after go-

oo
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ing through at least four (4) switching periods. Thus the individual device
switching frequency is low although the effective switching frequency is high.
On an average it can be said that the individual device switching frequency is
approximately one quarter of the effective output switching frequency. How-
ever when the output voltage is near zero level the number of switching states
available for transition is limited. Hence the individual device switching fre-
quency is higher in these regions. In the worst case the individual device
switching frequency cannot exceed half the output switching frequency. In
effect the switching stresses on the devices is considerably reduced due to the
many different switching states available.

In this section we have presented the limiting factors for the operation
of the HMSC at a high effective output switching frequency from a power
circuit point of view and the means of reducing the switching losses by us-
ing the different switching states of the HMSC was illustrated. The next
section discusses the voltage balancing problem encountered in multi-level

converters.
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3.5 Voltage Balancing Problem in Multi-level

Converters

This section discusses the voltage balancing problem that exists in multilevel

converters. The utilization of the features of the HMSC to minimize this

problem will be presented.

One of the main problems encountered in multilevel converters is the
voltage balance between the input sources. Typically electrolytic capacitors
are used to split the incoming dc voltage into intermediate levels. This is seen

in both the NPC inverter (Fig. 3.2) and the generalized multilevel inverter



(Fig. 3.3). The voltage balance in the case of the NPC inverter is maintained
as long as the charge drawn from each capacitor is equal in a given interval
of time [28]. Thus the voltage is fairly balanced. However in the case of the
generalized multilevel structure of Fig. 3.3 the voltage unbalance condition
exists irrespective of the load condition [32]. The inner capacitors of the dc
link discharges and supplies the output current more often than the outer
ones, leading to the unbalance in the capacitor voltages as time goes by. This
is due to the fact that the inner switches necessarily conduct when the outer
ones are conducting. However the converse is not necessarily true. After a
few cycles of operation the inner capacitors may completely discharge. Thus
additional voltage balancing circuits are needed in such cases.

This problem can be eliminated if isolated dc sources are used to sup-
ply each dc-link capacitor. However isolated dc sources increase the cost of
the network. With the Hybrid Multilevel Switching Converter, there is a
provision to minimize or overcome this problem effectively by using the fact
that it has less dc sources than a cascaded inverter and a large number of
switching states. As listed in Table 3.1, the nine (9) different levels of the
HMSC can be obtained by any one of 81 switching combinations. For any
given level, charge can be drawn from any desired capacitor or a particular
capacitor may be charged in a given sampling interval. For example, if the
output voltage is varying between level 0 and level E, the required charge
can be drawn from any one of the capacitors [ (E,0), (0,E) cases ] or any one
of the capacitors may be charged by drawing charge from two capacitors of
the other NPC bridge [ (+2E,-E), (-E,+2E) cases]. Hence it is essential to
know which of the sources are in picture for a given switching state. The

different states of the input sources for a given switching state of the HMSC
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is listed in Table 3.5. The table lists which of the input capacitors either

source or sink charge for any given switching state (with respect to Fig. 3.6).

Thus it is shown in Table 3.5 that there is a provision to extract charge
from one or more input capacitor or feed charge into one or more capacitors
depending on the switching state selected. There are also certain switching
states which transfer charge from one capacitor to another when the out-
put voltage is at level zero (F0,0F, E2, F4,72,74,2F,4F, 27,47 cases). In
addition it is possible to freewheel the energy stored in the magnet within
the two bridges of the HMSC without drawing or feeding any charge from
any of the input capacitors (66,6C,63,C6,CC,C3,36,3C,33 cases). These
switching states help in the choice of the switching pattern such that the
voltage balance between the input capacitors are maintained.

The principle criteria for choosing a switching pattern can thus be sum-

marized as:

1.) The change from any given state to the next state should be achieved
by only switch changing its state (to reduce the switching losses and

switching stresses discussed in the previous section).

2.) The switching transitions over a whole cycle should be in such a way

that they minimize the voltage unbalance between the input capacitors.

An optimization of the switching states to obtain a switching pattern may
be arrived at. An optimized switching pattern can thus maintain the voltage
balance between the input capacitors. These criteria is explained with a
simple example as shown in Fig. 3.9. The equalization of the charge drawn

from each capacitor is illustrated over a few switching cycles as compared
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Table 3.5: Input Capacitor Condition for a given Switching State

TIVL Jowot|CL]C2] Ca | CA LVL [Sw. St ] Cl] C2 | C3]CA4 |

+4E| FF |41 (41| +1 | +1] 4E 00 2 S IS N I O Y
FE (+1(+1|{+1] 0 02 -1 -1 0 -1
+3E| F7 |[+1|+1| 0 | +1]| -3E 04 -1 ]-1}1-110
EF [+1]| 0 | +1|+! 20 0| -1}{-1}]-1
TF 0 | +1 | +1;+1 40 -] 0 }-1{-1
F6 |[+1|+1] 0} O 06 1) -1p 010
FC (41|41} 0| O 0C -1 -tj 0o
F3 |+1|+1] 0| O 03 -:1|-1[0] 0
6F 0 0 [ +1]+1 60 0(0]-1]-1
+2E| CF 0 0 | +1]+1] -2E Co 0|0 ]-1]-1
3F 0| 0 j+L}|+1 30 010 7}-17]-1
EE (+1| 0 | +1{ O 44 -:1{of{-110
E7 |+1}] 0 0 | +1 42 -1 010 -1
7E 0 [+1[+1| O 24 o (-1]-1/[0
77 0 |41 0 | +1 22 0 |-1]0]|-I
E6 | +1] 0O 010 46 -1 07070
EC |+1] 0 040 4C -1 o0of{0}aQ
E3 |+1] 0 040 43 -1 0 0¢O0
76 0O ({+1} 0[O 26 0]-1]1]07}0
7C O |+1| 00 2C o|-1] 0} O
73 0O |+1} 0} O 23 0}-1}10;0
6E 0 {0 }+1}0 64 0[O0 j{-1{0
+E | CE 0]0(f+1}0 -E C4 o(0]-1(0
3E 0|0 (+1]0 34 cfo04{-1|0
67 010 0 | +1 62 010]0]-1
C7 0 (0 0 | +1 C2 01070 -1
37 0|0 0 | +1 32 0|0 (0]-1
F2 | +1|+1] 0 | -1 07 S U S O I I I 91
F4 [ +1|+1]-1]0 OE L] -1 [ +1f 0
4F -1 0 41+l EO +1] 0 -1]-1
2F 0 -1 [+1}]+1 70 0 | +L]-1] -1
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Table 3.5(cont) ...

TIVL [Sw.St [CI]C2[C3 [ CA VL [Sw. St CL|C2|Ca | Ca |

FO [+1|+1]-1]-1 66 6101070
oF -1 -1 [ +1 ] +1 6C 0oyo0j07¢(0
E2 {+1{ 01} 0} -1 63 01010} 0
E4 }+1] 0 [-1]0 Cé 0101 0(0O

0 72 0 |+1] 0 (-1 0 CC 001010
74 0 |+1]-1]0 C3 00|00
2E 0 (-1 {+1] O 36 o{o0f{0¢}O0
4E ;110 | +1| 0 3C 0f0 |00
27 0 |-1]0|+1 33 000 |O
47 -1 10 0 | +1

Note :
l. A +/ respresents charge taken out of a capacitor.
2. A - respresents charge fed into a capacitor.

3. A 0 represents the source disconnected from the load.

to a voltage unbalance created by an inappropriate choice of the switching
pattern.

The operation of the hybrid multilevel converter has been simulated for
voltage balance condition in addition to maintaining low switching losses by
choosing the one switch transition per level criterion. The simulation results
are presented in Chapter 5.

In this section the commonly encountered problem of voltage balancing in
multilevel converter was described. The distribution of charge among the in-
put capacitors for different switching states of the HMSC was presented. Two
criteria for choosing the next switching state to reduce the switching losses

and maintain the voltage balance among the input capacitors was formulated.
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FF FF FF FF
+4E
FE FE FE FE FE
+3E
' v Voo Lo . Total
cr|1:1 :1:1 :1:1:1:1 ; 8
c2({1:1 '1:1 :1:1 11" 8
c3{1:1 :1:1 :1:'1:1:1: 8
c4|0:1 10:1 :0:1 :0:1: 4
FF FF FF FF
+4E
FE F7 EF 7F FE
+3E
: #3 Lo LA ; Total
crl1:1 :'1:1 1.1 :0:1 ' 7
c2 |1:1 :1:1 01 :1:1: 7
c3|1:1 :0:1 11:1:1:1: 7
C4|{0: 1 :1: 1 1+ 1 +1:71°: 7

Figure 3.9: Example of Equalization of Charge among Input Capacitors by
Prudent Choice of Switching Pattern: a 1 indicates charge drawn from a
source where as 0 indicates the source disconnected from the load

It was shown that a prudent choice of the switching pattern minimizes the

voltage unbalance condition among the input capacitors. Computer simula-

tion results to support the proposed claims are presented in Chapter 5.



3.6 Harmonic Analysis of the HMSC

This section discusses the harmonic spectrum of the output quantities of
the HMSC. The relation between the harmonic spectrum and the number of
output voltage levels of the converter are derived. Mathematical expressions
for the harmonic spectrum of the output quantities are derived and simulation
results are presented.

Carrara et al [38] and Velaerts [39] have proposed methods to determine
the harmonic components of any multilevel waveform. A generalized expres-
sion for the n-th odd harmonic components of any multilevel waveform has

been given as :

4
nw

M
fi + Y Ficos(nb;) (3.24)

i=1

V, =

where a quarter wave symmetry has been assumed to exist in the signal,
V. is the n — th harmonic voltage

fi the voltage level for 6, < 8 < 6; and
F = fi+1 - fi .

The above expression holds for any multi-level waveform whose switching
instants 6;'s are known. In the case of the output voltage of the hybrid mul-
tilevel converter the voltage per level is a constant (= E). Also the switching
instants can be determined with respect to the sampling interval. Thus the

harmonic components can be derived by adopting a simpler approach.
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Consider the output voltage shown within one sampling interval in Fig. 3.10.

In each sampling interval [kT, (k+ 1)T], there is a pulse of magnitude £ and

duration AT}. Four switching instants g, 8¢, 02 and i3 are defined which
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Figure 3.10: Switching Instants in each Sampling Interval
uniquely determine the position of the pulse such that :
0[;0 = 0(/,_1)3 and 9;,3 = 9(k+1)0 (325)

In each sampling interval the output can be defined as :

fro O <6< 6y (3.26)

fir O S0 <6y
Vor =
Jiz G2 <0< i3

[n general
Vok = fri Orii-1) < 0 <0 where 1=1,2,3 (3.27)

Assuming a quarter wave symmetry, the 'nth’ odd harmonic is given by

4 wf2 .
Vo = ;/o Vo(0)sin(nb)dd (3.28)
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= — Z: gf)-,»{-cos(nﬁ,-;)+cos(n0,—(,~-l))}

4 [(k+p—-1) 3 ]

(3.29)

4 [ (k+p—1) ( 2 3
= — Z {Z fitir) cos(nb;;) — Zf,, cos(noj;)}] (3.30)
L 7=0 1=0 =1

nw  j=o

which can be reduced to

4
Vn=—7-r- Z

1=0

(k+p—1) [ fircosnbjo + (fi2 — fi1) cosnb;y ]

+(fjs — fiz) cosnbjs — fizcosnb;s |

4 (etp=1) { {fi1 cosnbjo + f;2cosnb;y + fi3 cos nbj;}

—{fi1cosnbjy + fj2cosnbjz + fi3 cos nb;3}

g (Gto=1) [ (fir — fio) cos nbjo + (fi2 — fi1) cosnb;y ]

nT 2o +(fia = fiz) cosnbjz2 + (fis — fia)cosnbjs |

where
0o = 0; Oesp-1y3=7/2; fio=fia=0
In general
4 (k+p~1) 3
Vo = Y= Y (fitirr) — fii) cosnbj;

Tlﬂ' j=0 =0

Fiicosnl; where Fj; = fiip — fii

S
3 I"“
'M
gl"]w

J(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36) .



The harmonic components have been derived with the switching instants
0;; and output voltage levels Fj;. Since the switching instants in each sam-

pling interval are known for a given reference waveform we have ;

00 = omjiM (3.37)
) fut

0iz = 0(j-1)0=27r(]+1)T (3.38)
i T — AT;

6 = (L +——2)2fu (3.39)
fs 2
. AT

0;2 = (-}—+——-T+2 T’)th (3.40)

where
ATj is the pulse width in the j — th sampling interval,

Su is the frequency of the modulating (reference) waveform, and
fs is the effective output switching frequency.
The harmonic spectrum of the current can be obtained from that of the

voltage. The n-th harmonic current in the output can be expressed as

4 (k+p-1) 3
In = Z Z F}',‘ COS(TLGJ'; - ¢n) (3.41)

nwZn =0 =0
where

nwk ) (3.42)

Zo = \(wL)? + B?) ¢, = tan™" (—R-

The output voltage and current of the hybrid multilevel converter for
a dc-biased sinusoidal reference has been analyzed for its harmonic compo-

nents. The output quantities are obtained by simulating the operation of the
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converter using SABER. A modified dead-beat control technique described in
Chapter 4 is used as the control technique. The simulation results obtained

are presented in Chapter 3.

3.6.1 Effect of Number of Output Voltage Levels on

the Harmonic Spectrum

The harmonic spectrum changes depending on the number of levels available
in the output voltage. The number of output voltage levels used by the
controller depends on the reference current. Thus the output voltage levels
may change during the course of tracking a given reference. It also provides
an idea as to the undesirable harmonics that may be introduced due to the
variation in the output voltage levels. This is especially true if the system is
operating without utilizing all the available voltage levels. Thus it is desirable
to study the variation of the harmonic components as the number of output
voltage level changes.

Let the magnet load be fed from 2 different hybrid multi-level converters
with maximum number of positive levels being P and Q respectively, such
that @ > P. Let Ep be the voltage per level of the converter with P
maximum levels, and FEq be the voltage per level of the converter with @

maximum levels.
Since P < () we have:

|Ep| > | Egl (3.43)

The n — th harmonic voltage in each case can be written by using the

a8



expression as given by Eqn. (3.36). Hence

4 (Ftp-1) 3
Vnp = — Z ZFJ'; Ccos nﬂj,-
nw Jj=0 =1

4 (k+p-1) 3

Vag=— Y. Y Fmicosnbln

T n=0 i=1

(3.44)

(3.45)

where the constraints specified by Eqns. (3.37) to (3.40) still hold. Since the

magnitude of the output voltage pulse in each sampling interval is the same,

we also have the conditions;

IFal = |figen = fis| = |Ep|
il = [Jomiwt) = foni] = | B

Fi = {+EP fiteny > fii
’ ~Ep fign < Jii

F . = { +EQ fm(i-{-l) >fmi
™ _EQ fm(i-l-l) <fmi

Defining

Vo d L foeny > fa
Sgn(Fn) - { -1 f::(i-i-l) < f::i

we have

Fji = |Ep| Sgn(F})
Frni = |Eq| Sgn(Fmi)

(3.46)

(3.47)

(3.48)

(3.49)

(3.50)

(3.51)
(3.52)

Substituting for Fj; and F; in Eqns. (3.44) and (3.45) from (3.51) and
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(3.52) we have :

4|EP| (k+p~1) 3

Vap = Z ZSgn(Fjg)cos nd;; (3.53)
nw J=0 =1
(k+p-1) 3
‘/nQ = 4'nE7rQl Z ngn(Fmi)COS N, (354)
m=0 =]

From Eqns. (3.53) and (3.54) we can arrive at the expression

(3.55)

Vg - [Eq| "‘;fg‘”z?' Sgn(Fm;) cos nlpm;

=1

Var |Ep| [ S'l:c;p-l) Z?::I Sgn(Fj;) cosnby;

It can been seen that the ratio Ep/Eq is greater than 1 in the expression
given by Eqn. (3.53). Thus, in general it can be said that the harmonic
components of the output quantitites reduce with increase in the number
of output voltage levels. Knowing the different switching instants for the
two different cases, the harmonic components can be estimated. This will
give the designer an idea as to the harmonic content of the output for a given
number of levels. This can also be used to determine the optimum number of
output voltage levels required for a given harmonic contents. Thus a tradeoff
can be achieved depending on the application.

A study to determine the variation of the fundamental voltage with re-
spect to the variation in output current has been carried out. A dc-biased
sinusoidal signal is taken to be the load current. Fig. 3.11 shows the variation
of the fundamental voltage and the most significant harmonic (the 399th) as
a function of varying load current. Although the variation in the fundamen-
tal component is fairly linear, there are regions where there are ’humps’. In
other words there is more fundamental voltage available for such load cur-

rents. This is due to the fact that for certain load currents the converter
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changes the output voltage by one level. When such a change occurs the
pulse widths in these cases are limited to maximum or minimum (because
of switching time constraints). The maximum pulse width at a lower level
voltage is insufficient and hence the output rises to the next higher level,
where the minimum pulse width is more than what is required. At such
points the fundamental component is different from the ideal case due to the
distortion introduced into the output voltage waveshape. This is reflected
as an increase/decrease in the fundamental component. This is seen to be
true whenever the base level changes. Hence there are as many ’humps’ as
there are base level changes. The flat portion near the origin is caused by
the minimum pulse width switching property of the system. In other words
for very small load currents the system cannot respond below a minimum
pulse width in every sampling interval. This causes the fundamental to be
at a constant value until the load current reaches a certain value. It is also
seen that the 399th harmonic is less than 10% of the fundamental at all load
currents and it reduces as the base output voltage level rises.

The variation of the fundamental voltage with respect to the load current,
as depicted by Fig. 3.11, suggests that the harmonic components vary as the
output voltage level varies. This is due to the distortion introduced into the
output voltage. Thus it becomes necessary to study the harmonic spectrum
for different load currents. Figs. 3.12 and 3.13 shows the harmonic spectrum
for different load currents. We see that the low frequency components are
predominant for low load currents. This is understandable since the system
outputs a high frequency square wave. The harmonic spectrum is shifted to
the high frequency region when the load current increases since the output
voltage tends more towards an ideal sinusoidal signal. In other words, if

the load were to be fed by a converter with infinite number of levels and at
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Figure 3.11: Variation of Fundamental and 399th Harmonic

infinite switching frequency, the only available frequency component would

be the fundamental.
This harmonic analysis of the output quantities of the HMSC was pre-

sented. It was shown with the help of simulation and experimental results
that both the output voltage and the output current had very low harmonic
contents. The variation of the harmonic components as a function of the
load current for a dc-biased sinusoidal signal was presented. The harmonic
spectrum changes significantly as the number of output voltage levels varies.
Hence it is desirable to operate the converter at higher voltage levels from a

harmonic content point of view.
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Figure 3.12: Output Voltage Harmonic Spectrum for Varying Load Currents:
Load Current is (a) 0.1 pu and (b) 0.25 pu of peak value.



104

Load Current = 0.5 pu

0 bttt sntentotttudioin 1Lk ans. -

0.5 1 1.5
Frequency

(a)

os}
0.8 r

0.7}

Load Current = 0.75 pu

x 10

Figure 3.13: Output Voltage Harmonic Spectrum for Varying Load Currents:

Load Current is (a) 0.5 pu and (b) 0.75 pu of peak value.
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3.7 Conclusions

The Hybrid Multilevel Switching Converter (HMSC) was presented as a non-
resonant type RMPS. The different features of the HMSC which makes it
suitable to be considered as an RMPS was listed. The simplified power circuit
configuration for dc-biased ac output currents was derived from the general
HMSC configuration. The general steady state analysis of the proposed
converter to determine the component values was presented. The design of
the converter for a dc-biased sinusoidal output current was explained.

The advantage of the HMSC in having a high effective output switch-
ing frequency while maintaining a low individual device switching frequency
was pointed out. Switching pattern selection criteria to reduce the switching
losses was explained. The commonly encountered problem of voltage unbal-
ance among the dc-link capacitors for a multilevel converter was identified.
It was shown that a prudent choice of the switching pattern can minimize
this voltage unbalance. Finally harmonic analysis of the output quantities of
the HMSC were presented and the effect of number of output voltage levels

on the harmonic spectrum was illustrated.
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Chapter 4
Current Control of the HMSC

This chapter discusses the current control of the Hybrid Multi-level Switching
Converter. A brief survey of different current control schemes is presented in
Section 4.1. The output dead beat control scheme and a modified dead-beat
control algorithm for multilevel converters are developed in Section 4.2. This
section also discusses the application of the proposed control strategy for
single and multiple variable systems. The concept of pole assignment is pre-
sented in Section 4.3, where it is shown that the proposed modified dead-beat
control technique is a special case of the pole placement principle. Optimal
pole placement technique is also analyzed. The variation of the tracking er-
ror as a function of the switching frequency is discussed in Section 4.4. The
transient analysis of the modified dead-beat control scheme is presented in
Section 4.5 where the effect of disturbances on system stability is studied.

The main observations and conclusions are brought out in Section 4.6.
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4.1 Brief Survey of Current Control Tech-
niques for Multi-level Converters

This section reviews some of the existing current control techniques that can
be applied to high-performance magnet power supplies. The different control
techniques available are surveyed to form the background for the development
of a suitable current control technique for the hybrid multi-level switching

converter.
The physical system under consideration is modelled using the state-space

notation as
X = [A]X+[BlU (4.1)
Y = [C]X (4.2)

where A, B and C are system matrices determined by the load characteristics,
X is the state vector, Y the output quantity and U represents the system
input. The block diagram representation of the system is shown in Fig. 4.1.

The most commonly used control technique is the Proportional-Integral-
Derivative (PID) control, where in the controller uses a constant gain (pro-
portional), and/or a time integral or derivative of the input signal to control
the output signal. The block diagram of the PID control scheme is shown
in Fig. 4.2. The PID control investigated by Murakami et al [40] as a cur-
rent control scheme, is effective only as a PI controller since the derivative
control is unsuitable to maintain the steady-state error at zero. Although
the PI control has good control characteristics there is a need to compromise
between fast dynamic response and stability. The proportional and integral
constants needed are very large depending on the order of the system and

this causes the phase margin of the system to reduce as the response speed
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X =[A]X +[B]U Gy(s)= c(si-Ajl B
Y =[C]X

Gp (s) . represents the transfer function of the system.

Figure 4.1: State-Space Representation of a System

R(s) % = D(s)

D(s) - represents the transfer function of the controller.
H(s) - represents the transfer function of the feedback systesm.

Figure 4.2: Block Diagram of a PID Controller
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increases. [n effect the stability of the system decreases.

The concept of state vector feedback and state observer is used in the
Finite Time Settling Control (FTSC) [40], wherein all the roots of the closed
loop transfer function are assigned at the origin of the z-plane. This type of
control is digital in nature as the output current is made to follow a given ref-
erence after a finite number of sampling intervals. Hence the name finite time
settling control. The number of poles of the closed loop transfer function de-
termines the number of sampling intervals after which the output follows the
reference. FTSC uses a state observer whose transfer function should closely -
match that of the system transfer function for good control charactersitics. It
is difficult to design a state observer whose transfer function exactly matches
that of the system. This type of control also calls for high control input
amplitudes or requires a relaxation filter at the input. A relaxation filter re-
duces the dynamic response of the system. The FTSC with Model Reference
Adaptive Scheme (MRAS) overcomes some of the drawbacks encountered by
the FTSC control. However such a control is suitable when the parameters of
system change slowly and the load is operating under constant current mode.
The drawback of the FTSC with MRAS control scheme is that the system
has a poor transient response. The block diagrams of FTSC and FTSC with
MRAS is shown in Fig. 4.3 and Fig. 4.4 respectively.

Kawamura & Hoft [41] have investigated the application of instantaneous
feedback control for inverters. The principle is the use of a hysteresis con-
troller to achieve current control. The control input is changed rapidly de-
pending on a narrow hysteresis band defined around the reference signal.
This type of control, also known as the bang-bang control, was later used

by Marchesoni [33,34] to design a robust current control technique for multi-
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+ K;iz | + G
;ef‘_)-?e‘ —(E.I—)' . f(z)

| K=kl 2. kn] K] FTSO}=—

Gf (z) - represents the relaxation filter.

Figure 4.3: Block Diagram of Finite Time Settling Control

g‘ef +:: K;z | +

“A (Z'I)

* . Adaptation algorithm

Figure 4.4: Block Diagram of FTSC with Model Reference Adaptive Scheme
(MRAS)
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level inverter structures. The hysteresis control is suitable for high switching
frequency. It may have a good dynamic response but the switching frequency
is dependent on the hysteresis band and is not constant throughout the cycle.
It tends to be very high at certain regions and low at other areas. Green et al
[42] and Rahman [43] have thoroughly investigated this method and arrived

at similar conclusions.
Optimal Pulse Width Modulation (PWM) techniques have been widely

studied and listed in the literature. Most of these techniques are based on
controlling the output voltage applied to the load to produce the desired
output current. Bhagwat and Stefanovic [29] proposed the PWM control of
multilevel inverter, Ogasawara [44], Steinke [45] and Maruyama [46] applied
the vector control method to the NPC inverter. Other noteworthy techniques
are the pulse ratio modulation technique proposed by Bellini et al [47], the
pulse frequency modulation proposed by Fukuda et al [48], and the control
of a four-quadrant power converter by Bachle et al [49]. These control tech-
niques generate the fundamental output voltage by using a predetermined
PWM pattern stored in the form of a look-up table. They are similar to
sinusoidal PWM generation principles. These techniques are not current
control techniques and the magnet current would be controlled indirectly via
the output voltage.

Control using the concept of linear stabilization [50-52] proposes the de-
sign of a linear compensator to track a given reference, reject a given type
or types of disturbance and also stabilize the system at the same time. Such
linear controllers have large overshoots when disturbance rejection principles
are required and hence are not suitable.

Non-linear control techniques like the sliding mode control or the variable
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structure control as it is called [53-62] has good reference tracking capability.
However the control law does not ensure that the ripple current is small.
The control just maintains the error along the sliding surface. The higher
derivatives of the error are necessary to implement a system which has a fast
dynamic response.

Predictive control strategies have become popular in the recent times to
achieve reference tracking, especially in AC to DC converters [63-70]. The
principle of this technique is to postulate or precompute or predict the change
in the controlled variable and take necessary action such that required con-
trol characteristics are obtained. This technique is versatile and can easily
be adapted to digital controllers to achieve fast dynamic response and track
a given reference. A modification of the predictive control as proposed by
Haneyoshi et al [71-73] is simple and can be easily applied to multi-level con-
verters. Although they called it the predictive instantaneous value controlled
PWM, the principle refers to the output dead-beat control as proposed by
Gokhale et al [74]. Hua [75] has also applied this principle to track a given
reference signal. Thus the output dead-beat control for tracking a given refer-
ence offers promise in terms of easy extension to multi-level converter control
and achieving fast dynamic response. In this thesis, such a control technique
called the Modified Dead-Beat Control has been proposed for the control of
the Hybrid Multi-level Switching converter. The next section describes the
modified dead-beat control and its application to multi-level converters in

general.
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4.2 Modified Dead-Beat Control Technique

This section describes the modified dead-beat control suitable for any general
multi-level converter. The dead-beat control technique is initally described
for a general case and then extended to suit the needs for current control in

multi-level converters.

4.2.1 Dead-Beat Control Scheme

The dead-beat control technique (also referred to as instantaneous predictive
control technique) was first formulated for PWM switching converters by
Gokhale et al [74,76]. This control scheme is well suited for digital controllers.
The principle of the control scheme is to ensure that the output quantity
follows a given reference in a specified interval of time. The load of the
converter is considered as the plant of a closed-loop digital feedback system.
The reference signal is sampled and is considered to be constant within each
sampling interval. The error information between the sampled reference and
the sampled output is used to compute the pulse width required to force the
output signal to follow the reference after a specified number of sampling
intervals. The aumber of sampling intervals after which the output follows
the reference depends on the number of poles and zeros of the system transfer
function. This type of control scheme is called as dead-beat control.

There are two types of dead-beat control namely, state dead-beat control
and output dead-beat control. They are defined as follows:

Consider a linear time-invariant discrete-time system represented by

Xenn = [F] X+ [H]U (4.3)
Yo = [C)Xk (4.4)
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and a feedback law

Ue = —KXi+ Rx (4.5)

where F, H and C are the system matrices, U, is the system input, X,
Y, K being the state, output and feedback vectors respectively, and R; an
arbitrary reference input.

Setting R = 0, the two dead-beat problems can be stated as:

The State Dead-Beat problem is to find the feedback gain K, such that the
state X of the closed-loop system goes to zero in a finite number of steps and
then remains at zero. This is achieved by assigning all the closed-loop poles
of the system at the origin of the z-plane. The Output Dead-Beat problem
is to find the feedback gain K, such that the output Y; of the closed-loop
system goes to zero in a finite number of steps and then remains at zero.
This is achieved by cancelling all the zeros of the system transfer function
with the closed-loop poles and assigning the remaining poles at the origin of
the z-plane.

If the system has q zeros and p poles (p > g) then in state dead-beat
control, all the p poles are assigned at the origin of the z-plane, resulting
in p step dead-beat. In other words the state X follows the reference after
p sampling intervals. In output dead-beat, g zeros are cancelled by ¢ poles
and (p — ¢) poles are assigned at the origin, resulting in (p — ¢) step dead-
beat. This means that the output follows the reference after (p — ¢) sampling

intervals.
Output dead-beat control technique has better transient response to refer-

ence signals and disturbances, has less step dead-beat and utilizes less control
input amplitude as compared to state dead-beat control [76]. The dead-beat

control technique is a special case of the pole placement technique which is
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Figure 4.5: State Model of the Magnet Load

discussed in Section 4.3. The control algorithm to achieve the output dead-
beat control in the case of the HMSC feeding a magent load is described in
detail and the general principle of the control scheme is summmarized below.
Consider the magnet load consisting of the magnet inductance L and
internal series resistance R fed by a PWM converter. The schematic repre-
sentation of such a system is shown in Fig 4.5. The input quantity V;, is
a piecewise continuous signal with multiple voltage levels and pulse width
that may change every sampling interval T. A simple differential equation
to describe the output circuit is
di

which can be rewritten in state-space notation as ,

e[ 5]re[
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[n vector notation Eqn. (4.7) is generally written as,

[X] = [A]X +(BlU (4.8)
Y = [C]X (4.9)

where X = I, A = —(R/L), B=(1/L), U = V@, Y = [ and C = 1.
Although Eqns. (4.8) & (4.9) has been written for a single state variable, the
principle holds good for any number of state variables. For example, if the
state vector X is of length (m x 1), then the corresponding sizes of matrices
A, B and C are (m x m), (m x 1) and (1 x m) respectively, for a single input
single output case. Multiple state variables are present if the load consists
of a filter. For example an L;Cy filter before the magnet load, transforms
the system into a three state variable system with a single input and single
output.

Consider a general (m X 1) state space system denoted by state space

notation
[X] = [A]X +[BlU (4.10)
Y = [C]X (4.11)
where
T
X = [z 22 .. Tm] (4.12)
a1 Qi2 .. 4im by
A= | 92 - Gm | qp_|b (4.13)
Ami Am2 .- Omm b'm .

Q
l

[er €2 .. cm) (4.14)
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o 2. '3

Figure 4.6: Piecewise Continuous Input in any Sampling Interval

The general solution for the matrix differential Eqn. (4.10) is given by:
4
X(¢) = eA0) X (t0) + / A BU(r)dr (4.15)
to

where X(to) is the initial vector at ¢ = f; and 7 is a dummy variable of
integration. Suppose the system is fed by a PWM converter with a sampling
interval T the input function U(7) can be defined in every interval as shown
in Fig. 4.6. It is assumed that the input pulse is symmetrical about the center
of every sampling period, i.e., (3 — t2) = (¢ — to).

Mathematically we have ,
0 to<T<t
U(T) = F L1 <1T<tHy (4.16)
0 tg S T< t3

In other words the output voltage is made up of a pulse of height £ and a
width (AT) in every sampling interval. If the input U(7) is considered to

be constant within the region of contention then we have ;

X(t) = eAt=0) X (to) + A" [eAl=) — 1] BU(r) (4.17)
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Hence for ¢t = ¢,

X(t1) = e X (¢5) 4+ 0 (4.18)

since U(1) =0 for tp < 7 < ¢;.

Similarly for ¢; < 7 < ¢, U(7) = E and hence,

X(t;) = eMe=tx(t)+ A~ [6-4(¢z—¢1) — [} BE (4.19)

= eMlt) X (1) + A~ [e"“A'T) - [J BE (4.20)

At the end of the sampling interval

X(tz) = et X(¢t,) (4.21)

= A=) x(4g) + eAlls=ta) 41 [EA(AIT) - [] BE  (4.22)

= eAT X (tg) + eMT-2T)/2 41 [e"(A‘T)—[] BE  (4.23)

Using the approximation (e* = 1+ k + h2/2! + ...) and using only the first

two terms of the series (i.e. linear approximation) we have

A(AT)

. } AT + A(ALT) —~ I] BE (4.24)

X(t3) = e*T X (to) + 4772 [1 -

which reduces to

A(AT)
- as

4

X(ts) = e X(to) + T2 [1 ](A,T)BE (4.25)

ALT)?

= eATX(to)+e-‘T/2[(A,T)-A( 5 ]BE (4.26)
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Since (A T) is small L%I;E is much smaller and can be neglected. Thus

X(t3) = e*T X (to) + T2 BE(A\T) (4.27)

Since for any sampling interval ¢, = kT and t3 = (k 4+ 1)T we have the

discrete version of Eqn.( 4.27) given by

Xew1 = e X+ A TPBE(AT): (4.28)

Xeyr = FXe+ HUx

where
fu Sz
F o= AT | fu fo
}ml fma2
hy
H = ATrg=| ™
i
and
U = (A\TWE

(4.29)
flm
fam (4.30)
Smm

(4.31)

(4.32)

is the system input and (A;T) is the required pulse width, and F is the

magnitude of the input voltage.

The discrete time equivalent of the continuous system has been derived

using Eqn. (4.17), which assumes that the inverse of the system matrix

(A) exists. However, the existence of A~! is not a necessary condition for

Eqn. (4.28) to be valid. The relation given by Eqn. (4.28) can be dervied

from Eqn. (4.15) directly as shown below.



X(t) = eAt-0)X(t)+0 (4.33)
(r+?lr)
X(tz) = eA(lQ—tl)X(tl) +[T-A - eATBdT (4.34)
2
(T+4;T)
- eA(tz-tO)X(tO)'f'[T_:ﬂ eATBdT (435)
X(t3) = cA(tz-la)X(tz)_{..(] (4.36)
(T+5,7T)
- eA(ts-tO)X(tO)'f'/r_:r) eA" Bdr (4.37)
(T+4)T)
= eATX(t) + / ?  eATBdr (4.38)
(T—;;,Tz

Exapnding the quantity e = (1 + &+ k/2! +...) and integrating between the

limits, we have:

e (Ar)?
X(t) = eATX(to) + /;r-A . [[ + At + o + ...] BEdr (4.39)
=470 !
AT? A3 s
= eTX(to)+ |1+ —+ + ... BE (4.40)
2 213 (T=4,T)
2

Neglecting the higher order terms of A;T we have:

X(ts)

u

[ 2
e TX(to) + |A T + -;iTAlT + %—AIT + ] BE (4.41)

[ 272
= eTX(to)+ I+ A;ZT + A T‘; /4 + ] BEA\T  (4.42)

= eTX(to) +ATPBEA,T (4.43)
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Thus we have:

Xiee1 = e Xy +eATPBE(AT): (4.44)

which is the same as Eqn. (4.28).
From Eqn. (4.29) we have

Xk+2 = FX[;.{.[ + HUk+l (445)
= F(FXi+ HU) + HUgqr (4.46)
= F?’X. + FHU. + HUp 4 (4.47)

In general the state vector at the end of / sampling intervals can be written

as

X = F'Xe+ FU'HU .+ FHUrpo + HUryioy (4.48)
Consider any j'* row of Eqn. (4.48), such that (1 < j < m). We have

Tiney = [finZy + fizZa, + oo + fimTm, + ki1 Uk

+hj2Uks1 + .- + hig-1)Uk4i-2 + iUk i1 (4.49)

If the reference signal is represented by Xg, then the dead-beat control is
formulated such that z;,,,, (1 < j < m) follows the reference quantity (Xg,)
at the end of ! sampling intervals. This is achieved by equating the output
quantity (zj,,,) to the reference signal. Thus if

= X, (4.50)

Titksny

The principle of dead-beat control is summarized by Eqn. (4.50) which
states that a given state variable follows an arbitrary reference after a speci-

fied number of sampling intervals. In the case of Eqn. (4.50), the number of
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sampling intervals is . This forms the basis for designing a control loop to
track a given reference signal. Any arbitrary signal (in this case a reference
like a dc-biased sinusoidal or dc-biased triangular waveform) can be tracked

with the dead-beat control law.
The number of sampling intervals after which a given reference is followed

(! - in this case) is determined by the number of poles and zeros of the closed-

loop transfer function. For a general system with p poles and q zeros,
Il = p—gq (4.51)

This is due to the fact that, according to the dead-beat control law, q zeros
of the closed-loop system will be cancelled by ¢ poles and the remaining
(p — q) = [ poles are assigned at the origin of the z-plane.

As a special case , for [ =1, i.e.,

Xp, (4.52)

Tjcket)

the state z; follows the reference Xg, at the end of every sampling interval.
This is desirable in the case of the HMSC because of the stringent restriction
imposed on the tracking error specifications.

Thus the necessary pulse width ((A;T"),) to achieve the dead-beat control

law is computed as
(AT = ~[h;E17 [fpnza, + fpzoe + oo+ fimEme| + [A;E] ' Xp, (4.53)

where fj; is the (7,7) — th element of F and h; is the j** element of the
column vector H. The pulse width in every interval can be computed given
the reference Xg,. The control law formulated by Eqn. (4.53) holds for a
general case where the input is made up of a pulse of height £ and width
(AT )k
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The dead-beat control law formulated above connot be applied directly to
control the output of a multilevel converter. This is due to the fact that the
multilevel converter has many different output voltage levels and the output
voltage may change between any two possible levels. Hence a modifiction of
the dead-beat control law is needed to extend its application to multilevel
converters. The extension of the dead-beat control to multilevel inputs is

discussed in the next section.

4.2.2 Modified Dead-Beat Current Control for Multi-
level Converters

This section describes the extension of the dead-beat control scheme to multi-

level converters in general. The extended dead-beat control scheme is called

the modified dead-beat control technique.

The dead-beat control law as derived in the previous section can be rewrit-

ten as
Xep1 = FXe+ HU (4.54)
i, = Xrs (4.53)
(AT) = [ME] (XR, = Uiz + fizzo, + oo + fimTm,]) (4.56)

where F = eAT and H = eAT/2B are the system matrices for some reference
quantity Xg,. E is the amplitude of the input voltage pulse.

This control law is valid as long as the input function is made up of a
pulse of amplitude £ and width (AT ) in every sampling interval. However
if the load is fed by a multi-level converter, like the HMSC, the input function
is made up of a pulse whose amplitude varies between niE and (ny + 1)E or

(ne — 1) E, where ni is the output voltage level in the k-th sampling interval.
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CONVERTER

Q

Figure 4.7: Magnet Load fed by Multi-level Input Function

Thus the dead-beat control law as described in Eqn. (4.53) is no longer valid.
A modification is required in the control law to make it suitable for multi-level
input functions.

Consider the magnet load fed by a multi-level converter, like the HMSC,
as shown in Fig. 4.7. The input function is shown to vary between some
levels nx and (ng £ 1).

If ny is defined as the base output voltage level at the beginning of the k-th
sampling interval, then the output voltage in that interval can be represented
as a pulse of amplitude (nx + 1)E and a width (A,;T)s. Thus the input

function can be rewritten as

Uy = Vip, = (e + DE(ALT ) (4.57)

where |ng| =0,1,2,3, ...... In other words the base level can change in every

sampling interval, but the varying levels of the output voltage is taken into
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account while computing the pulse width. However, the pulse width (A;T)
as computed by using Eqn. (4.56) is valid if the output switches between
level 0 and level (ng £ 1). This means the control law holds good only for
a base level of ny = 0. For any base output voltage level other than zero
it is necessary to modify the pulse width to account for the variation in the
multiple output voltage levels. The required pulse width can be computed
by equating the volt-second areas of two equivalent signals.

Consider the areas PQRS and abcdefgh as shown in Fig. 4.8(a). The area
PQRS represents the volt-seconds available to the magnet load when the
output voltage changes between level 0 and level (ng + 1). This is shown
as a pulse of amplitude (ng + 1)E and width (A;T)s. If however for any
base output voltage level other than zero (i.e. if the output voltage changes
between levels n and (ng+ 1)), then the actual pulse width would be (A, T)x.
The two areas PQRS and abedefgh have to be the same for the output to
follow the reference at the end of the k-th sampling interval. Thus equating
the two areas PQRS and abcdefgh, we have ;

(AT)e(ne + 1)E = (AT )k + niT)E (4.58)

which reduces to
(AT = (AT )i(ne + 1) — nk T (4.59)

The dead-beat control law for multi-level input functions was formulated
by equating two equivalent areas as described above. In fact, the output
vector at the end of the sampling interval is the same irrespective of whether
the input function is assumed to be as given by Eqn. (4.57) or as given by

Eqn. (4.58), as shown below.
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The output vector Xi4, as given by Eqn. (4.28) is
Xev1 = eTXe +eTPBE(AT): (4.60)

[f the input function of the multilevel converter system is described by (with

reference to Fig. 4.8(a) )

0 o <1<t
Ulr) =< (me+ 1)E tH1 <7<ty (4.61)
0 t4_<_7'<t5

where |ng| = 0,1,2,3,..,

the state vector can be rewritten as

Xep1 = XkE-?l = eATXk + eAT/zBE(n& + (AT )k (4.62)

where X f 3 represents the equivalent state vector. However the input func-

tion due to the HMSC, should be represented by

leE to <1<ty
Ulr) =4 (e +1)E t, <7< t3 (4.63)
nkE iz < 1<ts

Thus we have from Eqn (4.17) and Eqn. (4.63)
X(t)) = era~0)IX(tg) + A~ [eAle=) _ [] By E (4.64)

X(t3) = eAlls=a)X(t))+ A~ [eAls-t) _ [| B(ne + 1)E  (4.65)

X(ts) = eAts=8)X(t3) + A" [e4(6=5) — [| Bn(E (4.66)
From Equs. (4.64) to (4.66) we have

X(ts) = M= X(tg) + eAlsmIAT [eAllz=0) — [] By E



+ eAlts=ta) 4-1 [CA(ls—h) - 1] B(ne + 1)E

+ Al [eA(ts—ls) - [] Bn.F

(4.67)

X(ts) = eMs0IX(tg) 4 ettt gt [eAla=b) _[] By

+ ettt gt [eAl=) _ [] B(n, + 1)E

n A-! [eA(ts—ls) — [] Bn.FE

(4.68)
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But (ts-‘—to) = T, (tg—to) = (ts-ts) = (T—(AQT))/Q, and (tg—tg) = (AQT).

Substituting these quantities in the above equation

X(ts) = eTX(t) + M) g [or(202) ]

+ AEER 41 MDD ] B(ng + 1)E

+ A [e"(r—'%*ﬂ) - [] Bn,E

Taking the linear approximation,

A(T - (AlT))

X(ts) = eATX(to) + eAT/2,A(8T)/2 4-1 [I + ]

BnkE

(4.69)

hd [] BnkE

+eA T2~ MATI2 A=V [ 4 A(A,T) - I] B(ni + 1)E

_ Aa
+A™! [1 + 218D 1} Br.£
= AT X(to) + eAT/2ABTY2 (__T - f)A°T)) BriE

T - (A.T)
2

4

n eAT/ze—A(AnT)/"’(AaT)B(nk + 1)E + (

(4.70)

) BnkE (4.71)
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T - (A.T)

= AT X (to) + AT 2T ( x

) BnkE

N (T - gAa—T)) BriE + eAT/2e=ABTV2 A T)Bn E

AT/ e-A(A,T)/z( A T)BE (4.72)

X(ts) = eATX(to) + AT/2 {eA(AaT)ﬂ (T - (QAGT)) + e~AT/2 (T - (QAQT))

+ e~AGTVYAT)) BryE + A T2 AOD2BR(AT)  (4.73)

= eATX(to) + eAT/2 [([ + A(A"T)) (T - (AaT)>

2 2
+ (- A?T) (T = (2A°T)) + (1 - i(-‘;—ﬂ) (A.,T)] BniE
+e4T/2 (1 ~ ﬁz“T—)) BE(A,T) (4.74)
= A TX(to) + ATV [T - (2AQT) N A(AQT)(Y;— (8eT)) , T~ (QA,,T)
_ AT(T;(A“T)) +(AT) - @;_Tﬁ] BriE
+ T2 [(A,,T)~ ﬁi@Az;T)?J BE (4.75)

After simplifying and neglecting higher-order terms in (A.T'), we have

+ (AT)| BneE

X(ts) = eATX(ty) + eAT/? [T — (A,T) + T - (2A,,T)

2

+eTIY(A,T)BE (4.76)
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= e T X(to) + e T2[(T — (AsT)) + (AoT)] Bk E

+e*T’(AT)BE (4.77)
= e X(to) + T2 Bn ET + e*T?BE(AT) (4.78)
= e*TX(to) + e*T2BE [niT + (A.T)) (4.79)

But (niT + (AaT)) = (nk + 1)(A1T) from Eqn. (4.59). Therefore
X(ts) = e*TX(to) + e T2BE(n; +1)(A,T) (4.80)
In sampled data notation we have
Xewr = eTXe+ ATPBE(ng + 1)(AT)e = XES (4.81)

The expression given by Eqn. (4.81) can also be derived without the
assumption that A~! exists as shown in the previous section. The above
derivation has shown that the state vector at the end of the sampling interval
is the same as the state vector for the equivalent system, although the forcing
function was derived from a multilevel converter. This is true as long as the
volt-second area of the two signals in Fig. 4.8(a) are the same. Equating
the volt-second areas of the two signals and deriving the actual pulse width
((AqT)k) from the equivalent pulse width ((A;T)x) amounts to extending

the dead-beat control scheme to multilevel converters.

Thus the pulse width required in each sampling interval for a multi-level
converter feeding the load can be determined by a two step computation.
In the first step the equivalent pulse width (A;T)s is computed using the
relation

(XRr, ~ [fnz1, + fiazo, + oo + fimTm,])
[hj(nk + ].)E]

(AT = (4.82)
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Then the actual pulse width required ((A.7%)) is computed in the next step

by using the relation
(AaTk) = (AT)(ng + 1) —neT (4.83)

This control law holds good for any multi-level structure feeding a load. It
is also valid for any number of base output voltage levels n.

The value of the equivalent pulse width ((A;T),) as given by Eqn. (4.82)
may be positive or negative depending on the instantaneous values of the

state variables (z;,). Thus for some

itz + fiaza, + o + fimZm,] > Xp, (4.84)

the pulse width is apparently negative. A negative pulse width implies that
the polarity of the applied voltage should be reversed. The pulse width is
always positive and only the polarity of the applied voltage is either positive
or negative.

The modified dead-beat control law has been formulated for a general
case. For the HMSC feeding a RL magnet load the system reduces to a
single state variable case as depicted by Eqn. (4.7). Thus the control law in

such a case can be stated as

(AT = [~]"'(IR, — fIk) (4.85)
(ATk) = (AT)e(nk + 1) — kT (4.86)

where:

e g, is the reference current at the beginning of the k-th sampling in-

terval.
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e [ is the output (load) current at the beginning of the k-th sampling

interval.

o f=e"T where A =(—R/L) and T is the sampling period.

o h = eAT/2BE(n; + 1) where B = (1/L), E is the voltage per level,
and n; is the base output voltage level at the beginning of the k-th

sampling interval.
e (A T); is the equivalent pulse width.

o (A.T%) is the pulse width required to make the load current /i follow

the reference current /g, at the end of the k-th sampling interval.
For example, if the single order system parameters are assumed to be:
1.) Load Inductance (L) = 25 mH,
2.) Load Resistance (R) = 12.5 m{},
3.) Switching Period (T') = 50 u sec (Switching Frequency = 20 kHz),
4.) Voltage/Level (E) = 3750 volts.

then the required quantities to compute the pulse width become

[ = 0.999975 (4.87)

h = 149.998125 « 10° (4.88)

The pulse width can be calculated for a given reference value (Ig,) and
a feedback (load) value (/i) and a base output voltage ni. The base output

voltage level n, either increases in the positive direction or reduces in the
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negative direction depending on the current error (/g, — [i). The output
voltage profile of the converter for some arbitrary levels and pulse widths
will be as shown in Fig. 4.8(b). An important constraint introduced into
the controller pertains to the magnitude of the change in the base output
voltage level in successive sampling intervals. The change is limited to one
level adjacent to the present output level. In other words the output voltage
can change either to level |(nx + 1)| or to level |(nk — 1)| from level |ng|-
This ensures that the voltage differentials at the output is reduced resulting
is smaller output current ripple.

This constraint is desirable but not necessary for the operation of the
system. The output voltage may change from any level to any other level
if so desired. Such variations may be necessary under certain situations
when the system is disturbed. However unless otherwise specified, successive
changes in the output voltage level are affected by one level only.

The pulse width is limited by the finite switching transition times of the
semiconductor devices used. Thus upper and lower bounds have to be placed
on the pulse width. This can be achieved by limiting the equivalent pulse
width (AT )k in every sampling interval. This limit can vary since the base
output voltage level n; can vary.

If ATapiv and ATprax are the minimum and maximum pulse width spec-
ified respectively, then for any given base level ny the lower and upper bounds
for (A1T)i can be computed by substituting the minimum and maximum
values for (A,Tk) in Eqn. (4.86). Therefore

(neT + ATpN)

ATmine = et ) (4.89)

and
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T+ AT
ATrmax, = (me o l‘;“X) (4.90)

Thus upper and lower bounds for (A7), in any given base output voltage

level ny is limited by the relation :

(neT + ATpin)
(nk + ].)

(nkT + ATMAx)

< (AT < (e + 1)

(4.91)

Thus the value of (A T') is constrained between the minimum and maximum
equivalent pulse width limits. This in turn ensures that the actual pulse width
(AaT )i is within specified bounds. The pulse width in any sampling interval
is restricted to the maximum or minimum value if the upper or lower bound

is exceeded.

The modified dead-beat control formulated earlier was illustrated by de-
termining the pulse width for a simple RL magnet load. However the princi-
ple of the control scheme can be applied to multiple state variable systems.

Such a system is discussed in the next section.

4.2.3 Modified Dead-Beat Control for Multiple State

Variables

The modified dead-beat current control scheme is not restricted to the single
variable case. The control strategy can be generally applied to multiple state
variable case. As put forward in the previous section, the dimensions of the
system matrices vary with the number of state variables. The number of state
variables increases if an output filter is considered. An output filter may be
necessary to meet the output current ripple specifications. The application

of the proposed control strategy for a multi-variable case is illustrated by
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considering a LC filter at the output. Fig. 4.9 shows the output circuit
diagram of a magnet load with a L;Cy filter. The filter is damped using an
R4Cq network which is generally used in magnet power supplies as proposed

by Praeg [77].

: J\‘l:’:'m '»
Iﬂ
HYBRID
Rm
MULTILEVEL
CONVERTER Lm

Q

Figure 4.9: Circuit Diagram of a Magnet Load with Output Filter

The state variables of the system are:
1.) the magnet current (,,)

2.) the input filter current (i,)

3.) the filter capacitor voltage (ves = v,)
4.) the damping capacitor voltage (vcq)

The state space representation of the system with the HMSC feeding the
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entire load is given by

1:m (-—lﬁ:n) 0 §¢)) 0 im (E )
L E) @) (&) (=) |||
Ved 0 0 ( y ) (Rdéd) “

The state vector [im in Vef Ved|” is usually denoted by X and the system

can be rewritten as

<
i

AX + BU (4.93)
Y =in = CX (4.94)

where the system matrices A and B are as shown above and the output
vector C = [l 0 0 0]. It is to be noted that the output current of
the converter is now i,, the filter current, and different from the system
output current i,,, which is the magnet load current. Although the magnet
current is unidirectional and positive, the converter output current, (i.e.,
the filter current i,) need not be unidirectional. The filter current can be
both positive and negative depending on the values of the filter components.
Thus the simplified hybrid multilevel converter as shown in Fig. 3.6 can no
longer be used because it cannot supply negative current. The general circuit
configuration of the hybrid multi-level converter shown in Fig. 3.5 must be
used to supply the entire load. The general hybrid multi-level converter can
provide both positive and negative load currents at its output.

The equivalent discrete system is given by

Xkt = FXe+ HU; (4.95)
Ye=In, = CXi (4.96)
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where:
o F=eT isa (4 x 4) constant matrix,
o H=e*T/2Bis a (4 x 1) constant vector,

e and Uy = (nk + 1) E(A1T); is the input that forces the load current to

track a given reference current according to the dead-beat control law.

If the discrete system matrices are represented by

fu ?2 fis ?4 hy

| fa fa2 fiz fa | ha
Pl o f fu | 2=k (4.97)

fa fi2 fi faa hq4

and the reference current is given by [g, then the equivalent pulse width

(A\T)i in every sampling interval is computed by the relation

In, = (fudm, + fr2ln, + fiaVes, + f1aVed,)

(BT )i = (hi(ne + ) E)

(4.98)

The actual pulse width (A,T); is computed in the second step using the
relation given by Eqn. (4.86). Thus the modified dead-beat control law can
be applied to a general case where there are multiple state variables. However
the number of multiplications and summations required to arrive at the pulse
width is more as compared to the single variable case.

For example, consider the following system parameters:
l.) Load Inductance (L) = 25 mH,

2.) Load Resistance (Rn) = 12.5 m{2,
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3.) Filter Inductance (Lf) = 0.25 mH,

4.) Filter Capacitance (Cy) =1 g F,

3.) Damping Capacitance (Cy) = 10 g F,

6.) Damping Resitance (Rq) = 10 s,

7.) Switching Period (T') = 50 u sec (Switching Frequency = 20 kHz),
8.) Voltage/Level (E) = 3750 volts.

The system matrices F', H become

0.9895 0.0104 0.0001 0.0008
1.0409 -0.040 -0.011 -0.081
F= -2.930 29303 -0.140 0.0896 (4.99)

—-2.033 2.0338 0.0089 0.7613

0.0008
0.0668
1.0064
0.1878

H = 10%« (4.100)

The first row of F' and the first element of H are used to compute the
pulse width (A7) in every sampling interval. It is seen that at least 4
multiplications and 4 summations are necessary to arrive at the equivalent
pulse width. Thus the complexity of the system increases with increasing

state variables.

4.3 Pole Placement for Feedback Control

The concept of pole assignment for discrete systems is discussed. The concept

of state and output dead-beat principles are defined. The output dead-beat



o rrwn p—

139

control scheme used in earlier sections is shown to be a special case of the
pole assignment principle.
The state space notation for a discrete-time, single-input, single-output,

linear, time-invariant system is given by
Xev1 = FXe+ HU; (4.101)
Vi = CXs (4.102)

The pulse transfer function of this system is given by

Gy(z) = C(zI-F)'H= 1—;:%;— (4.103)

where N,(2) and D,(z) are polynomials in 2. The degree of the denominator
polynomial D,(z) is assumed to be greater than that of the numerator N,(z)
by at least one. The pulse transfer function G,(z) is assumed to have ¢
zcros and p poles. These zeros and poles may lie anywhere in the z-plane
depending on the system parameters.

Let g, zeros of Gp(z) lie outside the unit circle in the z-plane. Then
¢i = q — qo zeros lie inside the unit circle. It is assumed that no zeros lie on
the unit circle. A typical pole-zero diagram for a system which has 3 zeros
and 4 poles is shown in Fig. 4.10. It is shown that one zero is outside the
unit circle and 2 are within the unit circle. All the poles are situated inside

the circle so that the open loop system is stable. The zeros are shown as
circles (o) and the poles as crosses (z).
If the n** order pair (F,H) is controllable( i.e., the controllability matrix

C=[H FH F*H F®H .. F*'H]has full rank), arbitrary pole assignment
can be done by using the state feedback law

U = =KX+ R (4.104)
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where Rj is an arbitrary reference input and A is the feedback vector of

gains for each state variable given by

K = [knoy kn2 .. k2 ki ko (4.105)
+jm
Z - plane
°
X
> X ! .-
~c - +o
(0,0) <
°
lzd=1
'j(D

Figure 4.10: Pole-Zero Plot for a Open Loop System

The resulting closed-loop system then becomes

Xew1 = (F— HK)Xe + HRx (4.106)
Yo = CX. (4.107)
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Two types of dead-beat control law can be defined if Ry is assumed to
be zero. The State Dead-Beat problem is to determine the feedback gain
K such that the state Xj, (given by Eqn. (4.106)) goes to zero in a finite
number of steps and then remains at zero. This can be achieved by choosing
K such that all the closed-loop poles are placed at the origin of the z-plane.

The Output Dead-Beat problem is to determine the feedback gain K such
that the output Yi (given by Eqn. (4.107)) goes to zero in a finite number of
steps and then remains at zero. The output dead-beat can be achieved by
assigning ¢ poles at g zeros of the pulse transfer function and the remaining
(p — q) poles at the origin of the z-plane to achieve a (p — q) step dead-beat.
[n other words the output follows a given reference after (p — ¢) sampling

intervals.
The output dead-beat control has certain advantages over the state dead-

beat law in terms of having less step dead-beat, better reference tracking
capabilities, better response to disturbances and it also calls for less con-
trol input amplitude [76]. Due to these reasons output dead-beat is more
commonly used than state dead-beat control law.

The closed-loop pulse transfer function for the system becomes

Go(z) ;8 =Clzl-(F-HK) 'H = % (4.108)

The closed-loop transfer function reduces to (1/zP~?) after the gain is so
chosen to cancel all the ¢ zeros with ¢ poles and place the remaining (p — q)
poles at the origin of the z-plane. For the system with 3 zeros and 4 poles
considered in Fig. 4.10 the 3 zeros are cancelled by 3 poles and one pole is
placed at the origin of the z-plane. The resulting pole-zero diagram is as

shown in Fig. 4.11.
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Three zeros cancelled
by three poles

One pole placed
at the origin

SK— 3
o (0,0) / o

Z - plane lzd=1

- jCO
Figure 4.11: Pole-Zero Diagram of the Closed-Loop System

4.3.1 Modified Dead-Beat Control as an Output Dead-
Beat Control Law

The modified dead-beat control scheme discussed in earlier sections falls un-

der the output dead-beat control law. The computation of the equivalent
pulse width as given by Eqn. (4.98) amounts to using a control law of the

form

U = -—K9Xk+hl-l[;{k (4.109)



“emremagny

143

where K is the feedback gain vector given by
Ky = h{'[fu fiz fiz fud] (4.110)
The resultant system with the state feedback is given by
Xert = FXe+ H{-K;Xc+h7'Ip,} (4.111)
= (F—-HK,))+hi'HIp, (4.112)
The closed loop system matrices are given by
(F- HK,) =
0 0 0 0
(far = hohT! f11)  (foz — h2hT' fi2) (faa = hah(' fia) (fas — hahT' fua)

(far = hahT' f11) (fo2 — hshi' f12) (faz — hshT' fiz) (fas — hahT' fia)
(far = hahT f1)  (faz = RahT fi2) (faz — RahT' fiz)  (faa = hahT fra)

(4.113)
and
1
_ hahit
R7'H = h:h:_, (4.114)
hah7!

The resulting closed-loop pulse transfer function between the reference

and the output is given by

Im 3
G,(2) = 138 =C{zl —(F -~ HK,)} ' (hi'H) = 2 (4.115)
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The zeros and poles of the system considered in the example of Eqns. (4.99)

and (4.100) are

] T 116142
Zeros = | g | = | 0.6079460 (4.116)
| & | | —0.03037
oy T 0.99997
e 0.45238
Poles = 1 -1 = | 0.05833 + j0.07503 (4.117)
| 2 | | 0.05833 — 70.07503

The pole-zero diagram of the system before and after the application of
the output dead-beat control law is shown in Fig. 4.12. It is seen that 3 of
the poles have been cancelled by the 3 zeros of the system and the remaining
pole has been placed at the origin resulting in a one step dead-beat. Thus
the output follows the reference after one sampling interval.

Thus the modified dead-beat control technique is a special case of the
well known pole placement technique, where in the feedback gains (K') are so
chosen that all the system zeros are cancelled by the poles and the remaining
pole is placed at the origin of the z-plane. This in principle amounts to a
resulting closed loop transfer function being 1/z.

It has been shown that the modified dead-beat control law is an output
dead-beat control scheme. The control law in the particular cases of an RL
magnet load and magnet load with LC R filter results in a one step dead-beat
control law. In other words the output (magnet current) follows an arbitrary
reference (/g,) after one sampling interval delay. The reference signal in
the case of the RMPS is one of the different current waveshapes discussed

in Section 1.1. Under steady-state conditions the magnet current is forced
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Figure 4.12: Pole-Zero Plot of (a) Open Loop System (b) Closed-Loop Sys-
tern with Output Dead-Beat Control
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to follow the reference current with one sampling interval delay. The shape
of the magnet current is the same as that of the reference signal. Thus a
current programmability property is exhibited by the HMSC operating with
the modified dead-beat control.

4.3.2 Optimal Pole Placement Technique

The output dead-beat control law discussed in the previous section is one
of the many ways of choosing the feedback gain vector K. The poles of the
closed-loop pulse transfer function can be assigned anywhere within the unit
circle in the z-plane to obtain different transient and steady state behaviour.
One such way is the optimal pole assignment proposed by Miguchi et al [76].

The optimal pole assignment technique says that if the pair (F,H) (of the
state space system given by Eqns. (4.101) and (4.102) ) is controllable then

the poles of the closed-loop transfer function can be assigned in the following

manner :

l.) Assign ¢; poles so that they cancel ¢; zeros inside the unit circle.
2.) Assign ¢, poles at the mirror images of g, zeros outside the unit circle.

3.) Assign (p — q) poles in the following Butterworth pattern :

z = elonTe (4.118)
_ L o
= (2(p_q)(p q+1+2 )) (4.119)

where w =0,1,2,...(p— ¢~ 1),
wy, is the required bandwidth of the system,
and T is the sampling period.
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Note : The mirror image of z in the z-plane is (1/z) where z is the
conjugate of z.

The bandwidth of the system can be adjusted by choosing w, appropri-
ately. The pole-zero pattern in this case is different from that of the output
dead-beat control. However the (p — q) poles assigned in the Butterworth
pattern go to the origin of the z-plane as w, tends to infinity. In other words
the pole-zero pattern in the optimal pole assignment case corresponds to the
pole pattern of the output dead-beat control for large bandwidths.

The pole-zero pattern for the optimal pole assignment case for the ex-
ample of the HMSC feeding a magnet load with RLC filter is as shown in
Fig. 4.13. Fig. 4.13(a) shows the pole-zero pattern for a small bandwidth
where as Fig. 4.13(b) depicts the pattern for a very large bandwith. The
effect of the zero which is outside the unit circle is nullified by the pole which
is placed at its mirror image. In effect the system behaves similar to the
system which has output dead-beat control.

The output dead-beat control and the optimal pole placement technique
have been studied. [t has been shown that both the systems behave similarly
for large bandwidths. A large bandwidth is necessary for the HMSC to have
a fast transient response. Hence a choice of a large bandwidth essentially

transforms the optimal pole pattern to the output dead-beat control pattern.

4.4 Effect of Switching Frequency on Track-
ing Error
The dead-beat control law states that the output follows the reference after

a finite sample delay. It is apparent that there is an inherent lag between

the reference and the feedback. Thus there is an inherent tracking error
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Figure 4.13: Pole-Zero Diagram for Optimal Pole Assignment (a) when wy,

is small (b) when w, is large
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associated with the control law. Since this error is dependent on the sampling
delay (and hence the switching frequency) it is of interest to study the effect
of variation in switching frequency on the tracking error.

The modified dead-beat control law, in general, can be stated as

Xept = FXe+ H(ng + DEAT) (4.120)
(AaTk) = (AlT)k(le + 1) —n T (4.121)

where the symbols have their usual meanings. The control law is valid if

X

skeny = XR, 1D every sampling interval. The instantaneous error at the end

of the sampling interval can be defined as

Erk+1 = XRk-H - ‘Yj(k+1) (4122)
Under ideal steady state conditions Xj,,,, = Xg, and hence
Ergyr = Xp,, — XR, (4.123)

[n other words the error at the beginning of any sampling interval is
ideally equal to the difference between the reference quantity at that instant
and the previous instant. Thus there is an inherent tracking error in the
system whose magnitude is dictated by one sampling delay, which in turn
is decided by the overall output switching frequency. The magnitude of this
error depends on the switching frequency. Fig. 4.14 shows the variation of
the tracking error as the switching frequency changes. An arbitrary reference
signal (Xgr) and the corresponding output signal (X) have been chosen to
illustrate the effect. The output quantity (X') follows the reference after one
sampling interval delay as the modified dead-beat control law dictates. In

Fig. 4.14(a) the tracking error is greater since the sampling period is greaater,
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Figure 4.14: Effect of Switching Frequency on Tracking Error
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whereas the error is less in Fig. 4.14(b) since the sampling period is shorter. In
effect the tracking error dexreases with increasing switching frequency. Thus
it is desirable to operate the system at a high overall switching frequency.
This can not only reduce the tracking error but also increase the dynamic
response of the system.

Although a high effective switching frequency is desirable to reduce the
tracking error, other considerations that play an important role in the choice
of the output switching frequency are: the individual device switching fre-
quency, switching losses and maximum z:,llowable switching speed of the de-
vices used. For example, in high power applications like magnet power sup-
plies, it is necessary to use high power switching devices like IGBT’s or GTO’s
etc. The IGBT's have a maximum switching frequency of about 30kHz. Also
the minimum on/off times of the switches play an important role in the choice
of the switching frequency.

The modified dead-beat control algorithm has been proposed for the di-
rect digital control of the magnet current. The control strategy has been
explained for a single state variable and multiple state variable cases. The

effect of switching frequency on the tracking error has been discussed.

4.5 Transient Analysis of the HMSC

This section presents the transient analysis of the HMSC using the modified
dead-beat control technique. The transient analysis provides insight into
the dynamic behaviour of the system. The stability of the system under
disturbed conditions is discussed. The effect of disturbances on the system
behaviour is studied. The response of the system for a step change in the

reference signal is presented. It is shown that the system has a fast dynamic



152

response.

4.5.1 System Analysis for Transient Behaviour and
Stability

The transient behaviour of the system depends on the type of load that the
converter is supplying. An output filter at the load changes the dynamic
behaviour to a large extent. The HMSC supplying a simple RL load is
discussed here to study the dynamic behaviour. However similar analysis is
valid for higher order systems.

The modified dead-beat control law for a HMSC supplying a RL magnet
load, as given by Eqns. (4.85) to (4.86) is :

(AT = [R]7'(Ir, ~ f1k) (4.124)
(AT = (AiT)e(ne + 1) —niT (4.125)

The control law
Ity = I, (4.126)

gives the rule under which the output follows the reference /p,. Eqn. (4.126)
indicates that the output reaches the k-th instant reference value at the
(k+1)-th instant. In other words there is one sampling interval delay be-
tween the reference and the output. This can also be seen by taking the
Z-transform of Eqn. (4.126) (since the system is discrete)

zI(z) = Ia(2) (4.127)

1(2) = 5t
[r(2)

(4.128)
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Figure 4.15: Control Block Diagram of the System

Thus the closed loop pulse transfer function is (1/z).
Consider the block diagram of the closed loop system as shown in Fig. 4.15.
G.(z) represents the controller transfer function, G,(z) the plant transfer

function and D(z) the disturbance. The transfer function G,(z) is given by:

G,(z) = é((zz)) =C(z] - F)'H (4.129)

Substituting F = e4T, H = h = eAT/2BE and C = | we have:

h

I(2)

Gy(z) = U6

=(z[ - F)'H = (4.130)

where A = —(R/L), B = (1/L) and F is the output voltage per level.
Assuming D(z) =0 ; the closed loop transfer function for the system can be

written as:

I(z) _ G.(2)Gp(2)

In(z) ~ 1+ G(2)Gy(z) (4.131)
From Eqns. (4.128), (4.130) and (4.131) we have:
— pATy~1

o1 __Ge(2)h(z - T) (4.132)

T 14 G(2)h(z — AT



which reduces to

(4.133)

Thus the closed loop system with respect to the reference is stable since
it is designed to have a pole at z = 0 (which is the reason why there is
one sampling interval delay or otherwise called one step dead-beat). The
response of the system to disturbances can be studied by equating /g(z) =0
in the closed loop. The closed-loop pulse transfer function with respect to
the disturbance is given by :

I(z) _ Gp(z2) _ h(z - 1)
D(z) 14 G(2)Gp(z) 2(z —eAT)

(4.134)

It is seen that the poles of the pulse transfer function lie within the
unit circle for all possible cases of R, L, & T. For example, the system
parameters L = 25mH, R = 12.5m$}, and T = 50usec, leads to the pulse

transfer function being

I(z)  149.998125 + 10°(z - 1)
D(z) —  z(z—0.999975)

(4.135)

where the values for A and f has been taken from Eqns. (4.87) and (4.88). The
system has two poles z = 0 and z = 0.999975 which lie within the unit circle.
Thus the system is stable even under disturbed conditions. In other words the
output current ripple contents do not pass through the converter/controller
due to the sampling nature of the system. Any disturbance at the output
causes the system to nullify it. This can be illustrated by considering an unit
step input as a disturbance. For a unit step input the system of Eqn. (4.134)

reduces to,
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h I(2) h
B=p=am 7 TG (4.136)
which can be rewritten as
K
where K = h(e*T)~!. By applying the final value theorem we have :
: . [ K(z~-1) K(z-1)| _
i(o0) = Ll__r}'ll [(z —eATy ~ . =0 (4.138)

The stability analysis for a multiple variable system can be performed
similarly. For example, the pulse transfer function G,(z) for the multiple

variable system described in Section 4.2.3, is given by

a3z3 4+ a2 + a1z + ag

G(z) = O S s bt by (4.139)
where
az = 8311877 a, =4.852854 a; = —5.72914
ap = —0.17824 b3 = —1.56903 b, = 0.630861
by = —0.06590 by = 0.004086
The controller transfer function becomes
Go(2) 24 0323 + 022 + bz + by (4.140)

(z ~ Lazz® + a2z + a1z + ag

and hence the closed-loop transfer function of the output with respect to the

disturbance input D(z) becomes

[(z) _ (z-1)ezgz®+azz2 +ajz+ag
D(z) 2(z2% + 0323 + bp2? + by 2 + bg)

(4.141)
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whose poles are given by the roots of the characteristic equation

2(z  + 0323 + b2 + b1z 4+ bg) =0 (4.142)
The poles are
0 -
0.999975
z= 0.452389 (4.143)

0.058335 + 70.075037
0.058335 — 70.075037 |

It is seen that all the poles lie within the unit circle and hence the system is

stable even under disturbed conditions.

Eqn. (4.138) implies that any disturbance is driven to zero by the closed
loop. Although it indicates that the disturbance is reduced to zero in one
sampling interval, that notion is not actually true since the input required
to achieve this would be very large in magnitude. The driving function (in
this case the output voltage level of the HMSC) saturates in either direction.
Hence the disturbance is nullified in successive sampling intervals. The speed
with which the system responds to reduce the disturbance to zero depends

on the instant at which the disturbance occurs.

The response of the system to a step change in the reference depends on
the base output voltage level n; at the instant the disturbance occurs. If
the output voltage level is already at its maximum or minimum, then the
system responds slowly to a step change in the reference. However, if the base
output voltage is near zero, then the system adjusts quickly in the positive

or negative direction to nullify the effect of the disturbance.
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4.6 Observations and Conclusions

A brief survey of different current control techniques established the dead-
beat control law as being suitable to be used for reference current tracking.
The dead-beat control scheme for a general case has been presented. The
modification of the dead-beat control strategy for multilevel converters has
been presented. The proposed concept has been analytically proven to be
valid. The application of the modified dead-beat control scheme to track a
given reference has been formulated for a single state variable and multiple
state variable cases. The concept of pole placement has been analyzed. It
has been shown that the modified dead-beat control technique is a special
case of the pole placement technique. Optimal pole assignment principles
have been explored.

The effect of the switching frequency on the tracking error has been stud-
ied. [t has been shown that a high effective output switching frequency is
desirable to reduce the tracking error. The stability of the system under
disturbed condition has been studied. It has been shown that the proposed
system is stable under disturbed conditions, both for a simple RL magnet
load and a magnet load with filter. The next chapter presents the computer
simulation and experimental results performed on the Hybrid Multi-level

Switching Converter using the modified dead-beat control strategy.
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Chapter 5

Computer Simulations and
Experimental Results

This chapter presents the computer simulation and experimental results ob-
tained with the Hybrid Multilevel Switching Converter using the modified
dead-beat control strategy. The simulation details are discussed in Sec-
tion 3.1. The modelling properties of the simulation tool SABER are dis-
cussed including the application of the modelling properties to simulate a
microprocessor controlled system. The simulation results of the HMSC feed-
ing two types of loads, namely, a simple RL magnet load and the RL magnet
load with a RLC filter, are presented. The simulation results corresponding
to the input capacitor voltage balancing problem are presented. Harmonic
analysis results of the output quantities of the HMSC are also included.
The design and implementation of a laboratory prototype model is ex-
plained. The experimental results obtained on the laboratory prototype
model are presented in Section 5.2. Hardware and software considerations
to improve the reference tracking properties of the proposed system are also

discussed.
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5.1 Computer Simulation of HMSC using
Modified Dead-Beat Control

This section describes the reference tracking capability of the HMSC in con-
juction with the modified dead-beat control technique. The modified dead-
beat control scheme was presented in Chapter 4. The reference tracking
performance of the system is demonstrated with computer simulations.

The current excitation required for the ring-magnets varies depending
on the magnetic field variation needed in the synchrotron as described in
Section 1.1.1. Thus the HMSC has to be able to generate the required exci-
tation. The power supply system should be capable of tracking an arbitrary
reference current waveform. The modified dead-beat control scheme is pro-
posed to equip the power supply system with the capability of tracking an
arbitrary reference.The reference signal and the system parameters have to
be specified for the control scheme to operate. Two types of dc-biased ac
excitations have been selected to illustrate the reference tracking capability

of the HMSC.

5.1.1 System Parameters

The parameters per cell chosen for the study are:
1.) Magnet Inductance (L,,) = 25 mH,
2.) Magnet Resistance (Rm) = 12.5 m{2,
3.) Synchrotron Operating Frequency = 50 Hz,

4.) Converter Effective Switching Frequency = 20 kHz,
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5.) Voltage Per Level = 3750 V,
6.) Total Voltage = 4 x 3750 = 15 kV,

7.) Reference Current:

(a) dc-biased ac Sinusoidal Signal = 2850 - 1650 cos(wt) Amps,

(b) dc-biased Triangular Signal = 1200 A minimum, 4500 A maxi-

muim.

These parameters are according to the KAON Factory Booster Syn-
chrotron proposed by TRIUMF [6]. The dc-biased sinusoidal and dc-biased
triangular signals are commonly used and hence fittingly represent the ref-
erence current. The effective output switching frequency was chosen to be
20 kHz after considering the various aspects discussed in Section 4.4 The
switching frequency is chosen with IGBT’s in mind which are available in
high current and voltage ratings and also can be switched upto 30 kHz op-
erating frequency.

Due to the complex nature of the control and high cost of the power
circuit involved in high-performance magnet power supplies, it is not only
desirable but also necessary to simulate the operation of the system before
embarking on actual implementation of the system. The operation of the
HMSC using the modified dead-beat control scheme has been studied using
computer simulations. The next section describes the conditions under which

the simulations were performed and the results obtained.

5.1.2 Computer Simulation of HMSC using SABER

The simulation tool SABER was used to study the behaviour of the HMSC

operating as a magnet power supply cell. The conditions under which the
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simulations were performed is outlined and the modelling properties of SABER
in emulating a high speed microprocessor controller is explained.
The following assumptions were made during the study to facilitate the

simulations:

l.) There are no variations in the load parameters. The load parameters

are specified by the electromagnets used.

2.) The input dc voltage per level is fixed and does not vary. In other
words it is assumed that there is no voltage balancing problem among
the input capacitors on the dc-link and that there is enough capacitance

or regeneration to maintain the voltage constant.

3.) The switching devices are modelled using device parameters like for-

ward voltage drops, rise time, fall time, etc.
4.) Snubbers across each device represent practical circuit conditions.

5.) The control circuitry utilizes analog/digital models with practical val-

ues for transmission delays.

6.) Gating signals to each switching device are generated using logic cir-

cuitry.
7.) The heart of the control to emulate a high speed microprocessor.

The last criterion listed above is to ensure that the simulation perfor-
mance closely matches a microprocessor controlled system. The need-for
a fast microprocessor control is easily seen given the high overall switching

frequency needed and the sampled-data nature of the modified dead-beat
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control. Thus the simulated system should reflect the actual conditions of
operation.

The block diagram of the simulated system on SABER is shown in Fig 5.1.
The whole system including the power circuit, control circuit and interface
circuits have been modelled using hierarchical modelling properties available

in SABER. The function of each block is as follows:

1.) HMSC Block: power circuit model of the Hybrid Multi-level Switch-
ing Converter. The power circuit model includes two modules of the
simplified HMSC along with the input capacitors and a switch model.
The circuit diagram of one power circuit module, along with the switch

model is shown in Fig.5.2.

2.) SIGNAL GENERATOR Block: a higher level block which contains
reference generating componeuts, current feedback signals and error
signals. The dummy reference required to generate a one-sample phase

advance in the reference is implemented in this block.

3.) CONTROL Block: performs the control function for determining the
pulse width and switching level for the HMSC. It consists of the fol-

lowing subsystems:

(a) Samplers which digitize the reference and the feedback from the

power circuit.

(b) A non-linear control block model which serves as the processing
element. The block diagram of the subsystems of the control block
are shown in Fig. 5.3. This non-linear element shown in Fig. 5.3 in-

puts the necessary digitized quantities (like the reference, current
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feedback, present switching level, etc.) and computes the pulse
width according to Eqns. (4.85) to (4.86) and/or Eqn. (4.98) and
the steps described in Section 4.2.2 and Section 4.2.3 respectively.
This is accomplished by interfacing an external C program into
SABER. The C program listing along with the procedure to inter-
face it with SABER is presented in Appendix A. The output of
the controller includes the pulse width and the output switching
level.

(c) Downcounters to generate the PWM pattern in each sampling in-
terval depending on the pulse width. The output of the controller
for pulse width is a number which is loaded onto a counter and
down counted to zero. An interrupt is generated which defines
the rising and falling edges of the PWM gating pulse within each

sampling interval.

4.) INTERFACE Block: inputs the pulse width and the output voltage

switching level and generates the individual gate drive signals.

The synchronization signals are derived from a clock in the top-most level
of the hierarchical model. This ensures that all the blocks operate in sequence
based on a common triggering signal. The number of variables fed back to

the controller depends on the number of state variables.

5.1.2.1 Computer Simulation with RL Load

The computer simulation results for a RL magnet load and the magnet load
with an RLC filter will be presented. First the simulation results for the

direct control of the magnet current is discussed in the next section. The
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simulation results for the multiple state variable case is presented in a later

section.

The peak voltage around a magnet cell can be determined (for a dc-biased

sinusoidal reference) by

Ve = lic X R + loc X Znm
= (2850) x (0.0125) + (1650) x (7.8554)
= 35.625 + 12.96143 x 10°
= 13 x10° (5.1)

where Zn = \/R2, + (wLm)? and I, is the peak value of the ac component

of the magnet current (assuming a dc-biased sinusoidal excitation). This
gives an estimate of the voltage range that one expects around each magnet
cell. The peak voltage computation has considered only the fundamental
voltage across the magnet load. Since the output voltage is of the Pulse
Width Modulated (PWM) nature, harmonic quantities are also available
at the output. The actual operating voltage needed is higher than that
computed only for the fundamental. Thus a nominal voltage per cell of
15kV was chosen. The nominal voltage per level for the HMSC is thus
(15,000/4) = 3750 V. It is to be noted that the peak voltage rating for a
dc-biased triangular reference may be different.

The simulation was performed for both dc-biased sinusoidal and dc-biased
triangular reference signals. The simulation results are presented in Figs. 5.4
to 5.9. Fig. 5.4 shows a dc-biased sinusoidal current being tracked. The
reference signal (refcur) is followed by the load current (curin). The cor-
responding plot of tracking error is shown in Fig. 5.5. It is seen that the

tracking error is within the acceptable range. The upper and lower bounds
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of 2.25 Amps shown in Fig. 5.5 corresponds to the 500 parts per million
(ppm) limits imposed by the specifications.

The tracking error in both the simulation results follows a given pattern.
The error is greater at regions where the output voltage changes from one
level to another. This can be predicted, since the voltage level changes from
one level to another only when the previous level is either insufficient or
too large to maintain the output current close to the reference current. At
points where the output voltage level changes there is saturation of the pulse
width either in the maximum or minimum direction. This gives rise to either
the load current lagging behind the reference or overshooting it. Thus the
tracking error is larger in magnitude at such points. It is also seen that
the error is very small when the reference is linearly increasing or decreasing.
This is due to the fact that the load current is a linear function of the applied
dc voltage for the highly indutive magnet load. The output voltage in this
case is shown in Fig. 5.6. The controller adjusts the output voltage level
depending on the tracking error.

Similarly the reference tracking capability for a dc-biased triangular ref-
erence signal is shown in Fig. 5.7. The corresponding tracking error is shown
in Fig. 5.8. The tracking error is within specifications except at points where
the sign of the slope changes. This is due to the fact that the control al-
gorithm restricts the change in the output voltage by one level for every
sampling period. The system is designed to operate such that the output
voltage can change only by one level either in the positive or negative di-
rection in each sampling interval. This is illustrated by the output voltage
waveform as shown in Fig. 5.9. The output voltage is seen to change from

11,250 volts (+3E) to -15,000 volts (—4 E) in about 6 sampling intervals. The
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system settles at the required output voltage level after a few more cycles.
[t is also seen that the system settles down rapidly after such discontinuities
illustrating the fast dynamic response of the system.

It is to be noted that according to the modified dead-beat control law the
output follows the reference at the end of every sampling interval, implying
that there is a one sampling interval delay between the reference and the
output. Thus a delay of 50 usec (20kHz output switching frequency) should
have been seen in the control loop. This is indeed the case. However to
overcome this delay, the reference has been time-advanced by one sampling
interval to create a dummy reference. Thus the output follows the dummy
reference which is time-advanced. Under closed loop operation the output
current is seen to exactly track the reference. Thus the one sample delay is
apparently hidden in the system.

The simulation results illustrates the fact that the Hybrid Multi-level
Switching Converter can generate a required current waveshape. Although
the simulation results have been presented using a dc-biased sinusoidal and
dc-biased triangular reference signals, the principle remains the same for
any other type of reference signal such as the Dual Frequency current signal
or the flat top/bottom trapezoidal signal. Thus the HMSC in conjuction
with the modified dead-beat control can function effectively as a RMPS that
can generate the required current excitation. The next section discusses the
simulation results when the modified dead-beat control scheme is applied to

a load consisting of the magnet and an LC filter.
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5.1.2.2 Computer Simulation with Filter and Load

This section presents the computer simulation results when the magnet load
has an L,Cy filter connected across it. The second order filter is damped
using a R4Cy network placed across the filter capacitor.

The formulation of the modified dead-beat control technique for multiple
state variable case was discussed in Section 4.2.3. The output of the hybrid
multi-level converter counsists of a L;Cy filter which is damped by a R4Cy
network. Such a filter configuration is commonly used in magnet power
supply applications [77].

The design criteria for filter has been given by Praeg. It has been shown
that a non-oscillatory step response can be obtained for the filter transfer
function provided the ratio of the filter capacitance (Cy) to the damping
capacitance (Cg) is less than or equal to 0.2. The necessary filter design
relations are listed below. The filter transfer function is given by

E,(s) sTr +1

E(s) - SDLIC,+54L;C, + L,Ca 1T 1 (5-2)

where T2 = R4Ca. The filter cut-off frequency w,, the damping resistance

R4, and the capacitance ratio m are defined as:

1
W = 5.3
T.Co (5.3)
Ly -
Rd = 2 E (04)
m = G (5.5)

Cu
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The filter inductance is small and is assumed to be 1% of the magnet induc-
tance. The effective output switching frequency of the converter is 20 kHz
and hence choosing a nominal cut-off frequency of the filter to be 3 kHz, we

have

1
w2Ly

Cy =

1
(2 * w * 3000)20.25 = 103

= 11.254F (5.6)

Choosing Cy = 10 pF, we have w, recalculated to be 20,000 rad/sec. The
cut-off frequency is thus 3.18 kHz. The damping resistance Ry is given by

L,
Ca

_ /0.25* 10-3
- 10 « 10-6

109 (5.7)

Rqy = 2

Also choosing m = 0.1 we have C; = 0.1 * Cy = LpF.

The filter design has been performed to illustrate the operation of the
modified dead-beat control for multiple variables. Practical considerations
like ohmic losses in the damping resistance (R4), may prohibit the use of the
R4Cq network. Filter capacitor current feedback concept [78] maybe be used
to damp the output filter. This reduces the filter to just an LC unetwork.

Computer simulations were performed using the modified dead-beat con-

trol technique after feeding back all the four state variables. A dc-biased
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sinusoidal signal was considered as the reference. The general circuit con-

figuration of the Hybrid Multi-level Switching Converter (Fig. 3.5) was used

since the output current of the converter (i.e. the filter current 2,) could be

bidirectional.

e e R

)
Sk
4.5k -
4k~
3.5k
3k
2.5k
2k

1.5k -4

1k

25m
(=) zt(s)

i
Zim
(l)curin

—
29m

T 1
3lm m

(l)refcur

Figure 5.10: DC-Biased Sinusoidal Reference Tracking with an LCR filter

The computer simulation results are shown in Figs. 5.10 to 5.14. Fig. 5.10

shows the magnet current (curin) following the dc-biased sinusoidal reference

current (refcur). The two waveforms can hardly be distinguished. Fig. 5.11

shows the tracking error between the reference and the output current. It is

seen that the error is small and also the ripple in the error has reduced to a

large extent. This is in comparison to the tracking error when the magnet
alone constitutes the load (Fig. 5.5). The output voltage profile of the HMSC
is shown in Fig. 5.12, where as the load voltage profile is shown in Fig. 5.13.

The sinusoidal varying nature of the output voltage can be clearly seen.

The filter input current profile is shown in Fig. 5.14. The filter current

is seen to be unidirectional. However it is bidirectional when the magnet
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current’s magnitude exceeds that of the reference during initial tracking.
Under steady state conditions, however, the output current is still positive
and unidirectional. The magnitude of the filter input current (and hence the

converter output current) depends on the filter parameters.

5.1.2.3 Voltage Balancing Problem of HMSC - Simulation Results

The voltage balancing problem commonly encountered in multilevel convert-
ers was described in Section 3.5. It was shown that the many switching
states of the HMSC could be used to minimize or eliminate this problem by
choosing an intelligent switching pattern. Simulation results obtained from
SABER are presented to illustrate the voltage balance criterion among the
input capacitors.

The operation of the HMSC is simulated for voltage balance criterion.
The one switch transition per level method is used to reduce the switching
losses. The effectiveness of the scheme is illustrated by Fig. 5.15, which shows
the voltage across the input capacitors, when no effort is made to maintain
the voltage difference low. It is seen that there is a large difference in the
individual capacitor voltages (of the order of 10%). Fig. 5.16 on the other
hand shows the individual capacitor voltages when voltage balance criterion
is incorporated into the switching pattern selection. It is clearly shown that
the difference between the individual capacitor voltages is very small (less
than 1%). The difference in the overall voltage from its initial conditions
is due to the fact that the highly inductive magnet load feeds the input
capacitors when the output voltage is negative. This voltage fluctuation can
be minimized by the addition of more capacitance.

Thus the HMSC has a provision to minimize the voltage balancing prob-
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lem. This aspect overcomes the inherent limitation of generalized multilevel
structures which need voltage balancing circuits. Thus it can be concluded
that the voltage balancing problem can be effectively minimized by choosing
an optimized switching pattern in the case of the Hybrid Multi-level Switch-
ing Converter.

Simulation results to illustrate the voltage balancing condition among the
input capacitors of the HMSC has been presented. It is clearly shown that
the HMSC has a provision for minimizing the voltage unbalance criterion

that is commonly encountered in multilevel converters.

5.1.2.4 Harmonic Spectrum of the Qutput Quantities of the HMSC:

Simulation Results

The expression for harmonic spectrum of the output quantities of the HMSC
was developed in Section 3.6. Simulation results are presented here to sub-
stantiate the proposed theoritical considerations.

The output voltage of the HMSC feeding a simple RL load has been an-
alyzed for the harmonic components. A dc-biased sinusoidal signal is chosen
as the reference current. Fig. 5.17(a) shows the harmonic spectrum of the
output voltage. The initial portion of Fig. 5.17(a) is magnified in Fig. 5.17(b)
to show the dc component and the fundamental of the output voltage. The
dc component is present because of the dc-bias present in the output cur-
rent. The harmonic spectrum has been normalized with respect to the peak
fundamental amplitude. The most significant harmonic other than the fun-
damental occurs at the switching frequency (20 kHz).

The harmonic spectrum of the output current as obtained from SABER

simulation is presented in Fig. 5.18. The spectrum shows that the higher
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order harmonics are very small as compared to the fundamental and the dc
component. The spectrum is normalized with respect to the dc component
of the output current. The dc component and the fundamental is clearly seen
in Fig. 5.18(b).

The harmonic spectrum for the output voltage and current of the Multi-
level converter have been presented. The harmonic spectrum shows that the
output current has very low higher order components. The most significant

voltage harmonic occurs at the switching frequency.

5.2 Experimental Results

This section describes the experimental results obtained from a laboratory
prototype model of the HMSC and the modified dead-beat controller. The
experimental results, obtained with an RL load, substantiate the reference
tracking capability of the HMSC. The design of the prototype model is dis-
cussed. The implementation of the modified dead-beat controller using a fast
Digital Signal Processor is described. The limitations of the hardware and
their effect on system performance is also presented.

The actual current and voltage requirements of Ring-Magnet Power Sup-
plies is very large. The output current is in the range of thousands of amperes
and the voltage in tens of kilovolts. Typically for a magnet cell of inductance
25mH and a rated output current of 2850 — 1650cos(wt) the voltage per cell
works out to 15kV. It is not possible to build power supplies in such huge
ratings to prove the principles proposed in earlier sections. Thus a low power
laboratory model is built to prove the principle of operation of the Hybrid
Multi-level Switching Converter and its reference tracking capability. The

prototype model is developed with the following objectives in mind:
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l.) The development of a high-performance RMPS involves the utiliza-
tion of state-of-the-art current measurement techniques. The labora-
tory model does not include such high-precision current measurement
concepts. The accuracy and precision of the proposed power supply
in terms of tracking error, output current ripple contents and output

regulation are verified by simulation only.

2.) The prototype model is to be a proof-of-concept circuit illustrating the

steady-state operation of the HMSC.
3.) The reference tracking capability of the HMSC is to be illustrated.

4.) The operation of the modified dead-beat control strategy is to be il-

lustrated.

5.2.1 Laboratory Prototype Power Circuit Design

The laboratory prototype power circuit design of the Hybrid Multi-level
Switching Converter for a DC-biased sinusoidal reference current is presented.

An Insulated Gate Bipolar Transistor (IGBT) based model of the HMSC

was developed in the laboratory with the following parameters:
1.) Load Current = 5 - 2.5 cos(wt) Amps,
2.) Load Inductance = 36.5 mH,
3.) Load Resistance = 0.7 Q,
4.) Effective Output Switching Frequency = 20 kHz,

5.) Voltage per Level = 15 Volts,
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6.) Total System DC-link Voltage =4 x 15 = 60 volts.

The design criteria developed in Chapter 3 were used to determine the
values of the circuit components. IGBT’s rated at 50 Amp, 600 Volts were

used at the switching devices. The power circuit layout and snubber design
were carried out keeping in mind that the parasitic inductance in the circuit
plays a critical role in the peak voltage stresses on the devices [36]. The
details of the power circuit design for the experimental setup is given below.

The circuit diagram for the prototype is shown in Fig. 5.19. Each switch
S; consists of an IGBT with its associated snubber circuit as shown. The
snubber consists of a resistance and a capacitance. A fast diode is connected
in parallel to the resistance to aid in fast turn off.

Peak Fundamental Output Voltage is given by

vo = lge* R~ Ioc*(wl) (5.8)
= (5)*(0.7) + (2.5) * (1007) * (36.5 « 1073)
= 3.5+ 28.667 = 32.16Volts

Voltage Drop across the switches during conduction (assuming the worst

case condition that all switches are conducting)

= (Voltage drop per switch) (Number of Switches)

= (2)(8)
= 16 Volts (5.9)

Total Input voltage required = 32.16 + 16 = 50 Volts.
Accounting for all harmonic voltage components the input voltage needs to

be higher than 50 Volts. Let the total input voltage required be 60 volts.
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Voltage blocked by each input capacitor = 60/4 = 15 volts.

The operating frequency is 50 Hz. Hence the input capacitor has to
provide charge for one half of the cycle. Thus the capacitance required is
(from Eqn. (3.17))

7.5%20 % 1073
21
= 75,000uF

C =

Each input capacitor needs to be made up of a 75000 F' whose ripple current
capacity is at least 7.5 Amps.

An available value of 12,200 uF was used for each capacitance. The drop
in the DC-link voltage due to the reduced capacitance
[*T,

C*2

7.5%20% 1073
12,200 * 106 x 2

AE = (5.10)

= 6.1475 Volts

Hence a voltage drop of about 6 to 7 Volts can be expected in about half a

cycle of time.

Device Ratings :

Peak Current through any switch = 7.5 Amps.
Maximum peak current with a safety factor of 1.5 = 11.25 = 12 Amps.
RMS Current through each device

2
52+_2£_

= 5.3 Amps
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Max RMS Current rating with a safety factor of 1.5 =1.5* 5.3 = 7.95 Amps.
(A 10 Amps RMS rating will be more than sufficient.)
Voltage Blocked by each device = 12.5 Volts
Safety factor for peak voltage = 1.5
Max. Voltage Rating = 12.5 * 1.5 = 18.75 Volts.

From the databook, the Insulated Gate Bipolar Transistor (IGBT), CM50DY-

12E was chosen. Its characteristics are:
Vees = 600 Volts, Ic = 50 Amps, Vgeg = + 20 Volts

and Maximum Pulsed Current = 75 Amps.

The diodes in the circuit carry the same current as the switches. Also
they have to be fast-recovery diodes since the current has to be commutated
in a very short period of time from the switches to the diodes. With these

factors in mind the diodes DSEI2X30 were chosen. Their characteristics are:

Vram = 400 to 600 Volts; [pay = 14 Amps; trr = < 35 ns.

Snubber Design :

The snubber consists of a RgCs circuit with a fast diode (Ds) connected
in parallel with the snubber resistance. Let the minimum on-time of the
device be 10 psec. Therefore,

toNmin 10 usec
RsCs = Ilvo - ll(l)

= lpusec.

Let Cs = 0.1 uF. Therefore Rs = 10 (0’s.
Voltage rating of the capacitor = Peak Voltage rating of the switch = 25

volts.
Since the voltage rating of the device used was 600 Volts, an 800 Volt rating

capacitor was used.
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Figure 5.20: Block Diagram of DSP Interface to HMSC

The average power loss in the resistor is

Pav = VeIgpfsts
= (12.5) % (7.5) * (20 * 10%) * (2« 107)
= 3.75Watts=4Watts

where £ is the time for which the resistor carries the current during turn on

and turn off. A 10 2, 25 W resistor was used.

5.2.2 Control Circuit Design

The modified dead-beat control technique was implemented with the help of a
fast Digital Signal Processor. The Motorola DSP56001 processor was chosen
to implement the control. The schematic diagram showing the interface
between the power and control is shown in Fig. 5.20.

In addition to the computational power of the DSP, a set of Analog to
Digital Converters (ADC’s) are required to provide a feedback of system
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operating conditions. Also an external timer is needed to generate the Pulse
Width Modulated (PWM) gating pulses. Hence an ADC and timer card
was designed to interface with the DSP board. The circuit diagram of the
ADC/Timer Interface Card are shown in Fig. 5.21. The design details of
the ADC/Timer Interface Card are given in Appendix B. The ADC and the
timer were memory mapped to one area of the DSP external memory.

The load current was sensed through a hall effect sensor whose output was
channeled through the 8-bit flash Analog to Digital Converter. The sampling
and conversion time required needs to be very small since all computations
have to be done within one 50 usec sampling interval. The TDC8703 was
chosen since it has a sampling rate upto 40 MHz which translates to a con-
version time of 25 nsec. The timing calculations of the DSP were carried out
by an external timer interfaced to the DSP board. The Intel 8254C was used

as the Timer.
The reference signal can be either digitized using another ADC or stored

in the on-board memory of the processor. The latter method was chosen since
it not only helps in reducing errors that may occur during sampling a refer-
ence signal but also reduces the computational requirements. The reference
signal multiplied by a coefficient has been precomputed and stored as a look-
up table in the memory. An assembly level program was developed for the
DSP 56001 processor to implement the modified dead-beat controller. The
flow chart for the implementation of the DSP software is shown in Fig. 5.22.
The program listing has been provided in Appendix C.

The notation for some of the quantities used in the flow chart are as

follows:

1.) ng: base output voltage switching level in the sampling interval.
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2.) Mazq: Maximum equivalent pulse width in any given base switching
level ng.

3.) Ming: Minimum equivalent pulse width in any given base switching

level n.
4.) ngm: Maximum base output voltage level.

3.) ngn: Minimum base output voltage level.

The processor computes the equivalent pulse width A;7; in every sam-
pling interval depending on the present switching state ng, after sampling

the output current. The quantities Ming and Mazq can be computed by

the relations

(neT + AT i)

Ming = r 1) (5.11)
(neT + AT ax)

= 12

Mazq et 1) (5.12)

where ATprv = 10 us and ATyax = 40 ps.

The required pulse width is then calculated in the next step to determine
ATy. The switching level is changed depending on whether the computed
pulse width exceeds the maximum or the minimum pulse width limits. The
output switching level is either increased or decreased by one level if the pulse
width limits are exceeded. In the event of the pulse width being within set
limits the present switching level continues. Initially the output voltage level
is assumed to be zero. The sign (positive or negative) of the output voltage
is determined by the error between the output current and the reference.

The output voltage level is increased or decreased until the maximum or
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Figure 5.23: Timing Diagram for One Cycle Operation of DSP Controller

minimum level is reached respectively. The next switching state is chosen
from a look-up table and the sequence is output as the gating signals. The
whole cycle is repeated after a period of 50usec. The timing diagram for one
cycle of operation of the DSP controller is shown in Fig. 5.23. Two interrupts
IRQA and IRQB are used. IRQB provides the synchronization signal where
as [RQA provides the variable pulse width reference in each cycle.

The experimental results obtained for a DC-biased sinusoidal and a DC-

197
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biased triangular reference signal is shown in Figs. 5.24-5.27. Fig. 5.24
shows a DC-biased sinusoidal current as the output of the Hybrid Multi-
level Switching Converter. It is seen that a sinusoidal waveshape is traced
between 2.5 Amps and 7.5 Amps. The corresponding multi-level output
voltage is shown in Fig. 5.25. The output current for a DC-biased triangu-
lar reference is shown in Fig. 5.26 and the corresponding output voltage in
Fig. 5.27. The triangular current waveform is seen to vary between the same
limits of 2.5 and 7.5 Amps.

The steady state operation of the HMSC operating with the modified
dead-beat control technique has been confirmed with a laboratory experi-
mental setup. The reference tracking capability of the HMSC has been es-
tablished. A DC-biased sinusoidal and DC-biased triangular output current
were obtained to illustrate the current programmability property of the pro-
posed power supply system. Although the tracking error requirements of the
power supply system could not be measured due to lack of high-precision in-
strumentation, the versatility of the HMSC as a Ring-Magnet Power Supply
has been illustrated. The modifications and extensions required to be made
to the prototype experimental set up to achieve the actual specifications for

the HMSC to operate as a RMPS are discussed in the next section.

5.2.3 Hardware and Software Considerations for Im-
provement in Reference Tracking

This section discusses the modifications and extensions required to the exper-
imental setup to achieve the strict specifications of the Ring-Magnet Power

Supplies. The problems encountered during the implementation of the mod-
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DC-Biased Sinusoidal Output Current - Experimental Wave-

form. Horizontal Axis : 5 ms per div, Vertical Axis : 1 Amp per div, Origin
is at the bottom left corner

Figure 5.25:

O'utputT Voltagerfor Sinusoidal Reference - Experimental Wave-

form. Horizontal Axis : 5 ms per div, Vertical Axis : 20 V per div, Origin is
in the center
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ified dead-beat controller and suggestions to improve the performance are
also presented.

Precise current control requires precise current measurement capability.
Hence a very accurate measurement of current is necessary before precision in

current errors can be discussed. The source of errors for current measurement

lies in many different stages of the control loop. Each of those sources of
errors will be discussed and suggestions to minimize these errors putforward.

The magnet current is usually a DC-Biased AC signal for Ring-Magnets.
Thus a DC component has to be measured along with an alternating compo-
nent. The different types of current measuring devices available for this pur-
pose include current shunts, magnetic current sensors like Hall effect devices
and second harmonic modulators and DC Current Transformers (DCCT’s).
The relative merits and demerits of each type of current measuring device
is available in the literature [79]. It can be said that magnetic current sen-

sors such as second harmonic modulators or second harmonic DCCT’s are

necessary to accurately measure the current.

The next stage in implementing the current control involves an Analog
to Digital Conversion (ADC). The magnitude of error introduced during the
sampling process depends on the type of ADC used. Dual slope ADC’s
and Successive approximation ADC’s are slow and hence are unsuitable for
fast conversion. Flash ADC’s are better suited for this purpose. Apart
from the speed of conversion, there is some error due to the quantization
error inherent to the sampling process. ADC’s with 1/2 LSB linearity and
quantization errors are standard and acceptable provided the designer decides
on the number of bits that is required to represent the sampled signal.

The illustration of the steady-state behaviour and the reference tracking

nature of the HMSC was the principle aim in the development of the labora-
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tory model. Hence a 8-bit ADC was used for analog to digital conversion in
the lab setup. However the resolution provided by a 8-bit ADC is insufficient
when high accuracy is required.

For a reference signal of frequency 50 Hz and an output frequency of 20
kHz;
The number of samples per cycle is 400 (20,000/50).
The number of distinct levels represented by an 8-bit ADC is 256 (28)

. The number of distinct levels required for signal representation = 400.

Hence an ADC with a bit resolution that provides at least 400 distinct
levels is necessary to accurately represent the current signal. Modern day
ADC’s with 12-bit resolution and 60 MHz sampling speed are used in high-
precision oscilloscopes and medical imaging applications. Such ADC’s would
be necessary to provide the required resolution for improved signal represen-

tation.
The bit precision of the Digital Signal Processor also plays an impor-

tant role in minimizing the error involved in determining the pulse width.
The DSP56001 processor works with 24-bit precision ALU, which can be ex-
tended to perform 48-bit arithmetic. However 48-bit arithmetic takes more
computation time. Fast processors with high bit precision are preferred in
digital controllers for magnet power supplies. The software which performs
the computation always determines how effectively the capabilities of the
processor can be utilized. Effective software management would be a key
factor in exploiting the available processing power.

The key areas that are prone to errors during the process of tracking a
given signal have been identified. The commonly used techniques are inad-

equate for measuring and representing current signals. Specialized current
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transductors, fast and high resolution ADC’s, fast processors and efficient
software management are essential to achieve the strict specifications for

tracking error and ripple content in high-performance magnet power sup-

plies.

5.3 Observations and Conclusions

The computer simulation results performed on the HMSC using a modified
dead-beat control strategy was presented in this chapter. The entire power
supply system along with the control circuits was modelled using SABER.
The reference tracking nature of the proposed control technique was verified
with the help of computer simulations. It was shown that an external C
routine can be used with SABER to model the digital nature of the control.
The tracking error was shown to be very small and well within specifications.
The proper operation of the proposed control scheme was shown to be appli-
cable to both single and multiple state variable systems. The output current
programmability feature of the proposed control scheme was illustrated with
the help of dc-biased sinusoidal and dc-biased triangular reference signals.
A laboratory prototype model was built to verify the reference tracking
nature of the proposed control scheme. Although the tracking error could not
be measured due to lack of state-of-the-art current measurement techniques
and sophisticated instrumentation, the principle of the control scheme was
illustrated. The laboratory model effectively illustrated the reference track-
ing nature and the output current programmability feature of the HMSC.
Key issues to improve the reference tracking capability of the entire system

were identified.



Chapter 6

Conclusions

This chapter summarizes the contributions and results of this research work.
The summary of the research work is presented in Section 6.1. The major

countributions of the thesis are listed in Section 6.2 and Section 6.3 concludes

this chapter with some recommendations for future work in the area of high-
performance magnet power supplies.

This chapter summarizes the contributions and results of this research
work. The major contributions of the thesis are listed in Section 6.2. The
summary of the research work is presented in Section 6.1 and the chapter in
Section 6.3 is concluded with some recommendations for future work in the

area of high-performance magnet power supplies.

6.1 Summary of the Thesis

The details of the research work performed is summarized chapterwise in the
next few paragraphs.

The analysis of the resonant-type RMPS was presented in Chapter 2. The
analysis was carried out to get a better understanding of the power supply

requirements and to determine the disdavantages of the conventional meth-
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ods. These aspects helped in proposing a non-resonant type power supply
that can overcome the drawbacks of the conventional power supplies. The
frequency-domain analysis of the resonant network along with the energy
make-up unit was presented. The resonant network was considered as a high
gain amplifier for the fundamental frequency current and an attenuator for
all other frequencies. The resonant frequency drift was determined to be the
most important factor that affects the design of the energy-make-up unit.
The pulse forming network consisting of the switch was modelled as a depen-
dent current source whose value depends on the gain of the resonant network.
Although the effect of the resonant frequency drift have been studied using
computer simulations, circuit analysis was not available in the literature since
multiple cell analysis is complex. Thus the analysis has given a better insight
into the dynamics of the operation of the resonant power supply. In addition
the variation of the voltage ripple on the input filter capacitor and harmonic
currents in the filter inductor were studied. Design curves have been pro-
vided to help in the design of the input filter. Lastly the major disadvantages
of the resonant network were identified and switching converters, especially
multilevel switching converters, were introduced as a viable alternative to
the resonant power supplies.

Chapter 3 presented the overall development, analysis and design of the
Hybrid Multilevel Switching Converter. The major advantages of the HMSC
as a RMPS was identified. The simplification in the power circuit config-
uration for positive converter output currents was derived. The different
switching states of the simplified HMSC was listed. The general steady-state
analysis of the power circuit for component stresses was presented. Design
criteria for the converter were explained with the help of a simple example.

The switching losses in the converter form a major part of the power loss
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due to high effective output switching frequency. The method of reducing
the switching losses by appropriate choice of the switching states available
in the HMSC was illustrated. The voltage balancing problem encountered in
multilevel converters was explained and criteria to minimize this problem by
a prudent choice of the switching pattern was presented. Finally harmonic
analysis of the output quantities of the HMSC was presented. The variation
of the harmonic components as a function of the number of output voltage

levels was discussed.
The control aspects of the proposed converter was studied in Chapter

4. An extensive survey of existing current control techniques was carried
out to determine the appropriate control algorithm required to meet the
stringent specifications of RMPS. The output dead-beat control algorithm
was proposed as the control scheme. The control algorithm was chosen for
its versatility in tracking a given arbitrary reference signal and its fast dy-
namic response features. The dead-beat control algorithm was extended to
be applicable to any general multilevel converter. The concept was proven
mathematically to be valid. The control scheme was shown to be valid for
both single and multiple state variable cases. The proposed control scheme
was shown to be a special case of the pole assignment principle. An optimal
pole placement algorithm was also studied and found to behave similarly
to the output dead-beat control algorithm when fast dynamic response was
needed. The transient analysis of the converter was presented. The stability
of the system under normal and disturbed consitions was studied and it was
shown that the system is stable under both conditions.

Chapter 5 presented the computer simulation and experimental results
obtained during the course of this research work. An extensive computer

model of the entire power supply system was developed using SABER. Cri-
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teria to model the power supply along a digitally controlled system led to
the development of external C routines. This is intended to emulate a micro-
processor controlled system. Computer simulation results for a simple RL
magnet load with and without an output filter were presented to illustrate the
reference tracking nature of the proposed control. dc-biased sinusoidal and
dc-biased triangular reference signals were used to demonstrate the output
current pragrammability feature of the proposed system. It was shown that
the output current tracking error were within specifications. Computer simu-
lation results to illustrate the voltage balancing principle were also presented.
The design and development of a laboratory prototype model of the HMSC
feeding a RL load was explained. The development of a fast DSP56001 mi-
croprocessor based control was outlined. The experimental results obtained
on the laboratory model were presented. The modifications and improve-
ments needed to be made to the experimental setup to implement a full scale

model of the HMSC has been discussed.

6.2 Contributions of the Thesis

The principle focus of the thesis is the design of a control algorithm to meet
the specifications of the Ring-Magnet Power Supplies. An extensive survey of
different current control techniques was performed to determine the choice
of the control technique. The control algorithm not only has to meet the
specifications but also be applicable to multilevel converters in general. This
is due to the fact that any general multilevel converter configuration with
a capacity to supply high-voltage high-current can act as the power source.
The Hybrid Multilevel Switching Converter is proposed due to the many

advantages that it presents as a multilevel converter. This thesis presents
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the switching power supply as an alternative to the conventional resonant-
type and/or phase controlled rectifiers.

The most important contribution of this research work is the proposal
of a versatile control algorithm, suitable for multilevel converters, to achieve
precise current reference tracking. The accuracy and precision required in
tracking a given reference are the principle challenge posed by the area of
magnet power supplies. The main contributions of this research work can be

listed as follows:

1.) The complete frequency domain analysis of the resonant-type power
supply and the associated energy make-up unit is presented. The res-
onant frequency drift is determined to be the most important factor in

designing the energy make-up unit.

2.) The Hybrid Multilevel Switching Converter is proposed and analyzed
as a high-voltage high-current power supply suitable for a Ring-Magnet
Power Supply.

3.) The modified output dead-beat control algorithm for multilevel con-
verters is proposed and developed as a suitable control algorithm to
achieve reference tracking. This control scheme is shown to track an

arbitrary reference signal and to provide a fast dynamic response.

4.) Extensive computer simulations to model the entire power supply sys-
tem along with the control algorithm are carried out to study the be-
haviour of the system. The modelling of the controller as a high speed

digital control system is a major aspect dealt with in this thesis.



6.3 Recommendations for Future Work

The research work performed during the course of this thesis introduced
switching converters and their capabilities to the area of magnet power sup-
plies. There are many topics that need to be studied extensively before es-
tablishing switching converters as high-performance magnet power supplies.
Some of the topics that need attention in this regard are:

(1) The effect of variation of DC-link voltage on the performance of the con-
trol algorithm has not been studied in this thesis. It has been assumed that
the DC-link voltage is constant. Such a study is necessary to reflect the ac-
tual operating conditions of input voltage fluctuations.

(2) The effect of parameter variation of the load circuit needs to be stud-
ied. The load parameters like the magnet inductance has been assumed to
be constant in the thesis. The effect of drift in the load parameters, due to
secondary effects like temperature variation, on the control system needs to
be analyzed.

(3) The optimum number of output voltage levels required to feed the load
needs some consideration which is yet to be addressed.

(4) The multiple cell operation of the HMSC as a RMPS needs extensive
studies. Only the single cell operation has been considered in this thesis.
The problems encountered when multiple cells are involved is another vast

area of research.

(3) The selection of a suitable switching pattern to reduce the switching losses
and also minimize the voltage unbalance among the DC-link capacitors is a
major optimization problem which is open for further studies.

(6) Experimental studies with state-of-the-art instrumentation is required to

verify the theoritical considerations proposed in this thesis.
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Appendix A

SABER Simulation and
Interface Details

The details regarding the external C routine interface to SABER is provided.
The C code used to detemine the pulse widths for the modified dead-beat

control is listed.
The non-linear arbfun block available in SABER is used for the external

interface. The inputs to the arbfun block are numbers (control variables)
which are input by the C routine and operations performed on them. The
output is also a number which can be used in SABER as inputs to other
functional blocks. A simple example is used to illustrate the principle.

The diagram of Fig. A.1 shows that two system variables z and y are input
by the ADDR block. This block is the non-linear arbitrary function block
available as a template in SABER. It can be used for different functions. An
external routine add. is defined within the template as foreign. The foreign
subroutine is called within the template as shown.

The object module of the C code computes the result of the desired
function and places it as an element in the out array. It can be seen that

any constants (like k) can be defined within the C routine. SABER uses the



X
| ADDR | __ %
Yy
Non-linear Block

used as an external interface.

Template characteristics

primitive : sumr

ref : arbfun2

eql : foreign number add()
eq2 :z=add( x,y)

eq3 : *opt*

eq4d : *opt*

# define a in [0] C - Routine.
#define bin[1)

#define c out [0]

#define k 2.5
add_(in,nin,ifl,nifl,out,nout,ofl,nofl,undef,ier)
int *nin, *ifl, *nifl, *nout, *ofl, *nofl, *ier ;
double *in, *out, *undef ;

{

c=a+k*b;

Example : To implement (z=x + ky) in SABER using an external C routine.

Figure A.1: Example of a Simple External C Routine Interface to SABER
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result as an output (z) of the ADDR block. The output may be used as

another input to some other functional block available in SABER.

A.1 External C Routine for Modified Dead-

Beat Control

The external C routine used for the modified dead-beat control implementa-

tion in SABER is listed. The required constants are defined entirely within

the C routine. The pulse width is output in terms of clock cycles of the timer
used in the control block of SABER.

/* subroutine to interface saber variables with external files */

/* C routine to implement modified dead-beat control */

#define
#define
#define
#define

#define
#define
#define
#define

#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define

#define
#define

#define
#define

indi in[0]
inpn in[i]
iref in[2]
ilod in[3]

slvl out[0]
deltx out[1]
catr out[2]
np out [3]

delt1l out([4]
err out(s]
X out[6]
ming out(7]
maxq out[12]

H out[8]
delty out[9]
pk out[10]
nk out[11]

ctr out[13]

T 0.00005
delt_Tmn 0.00001
delt_Tmx 0.00004

F 0.95997000045000
Q 149997 .7500168749
mil 1000000

mult 5.1
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#include<stdio.h>
#include<math.h>
#include<stdlib.h>
mulflvcal_(in,nin,ifl,nifl,out,nout,ofl,nofl,undef,ier)
int *nin, *1fl, *nifl, *nout, *ofl, *nofl, *ier ;
double #in, *out, *undef ;
{
ctr = rint(indi) ;
nk = rint(inpn) ;
err = iref - ilod ;
if ( (int) nk == 0) {
if (err > 0) {

x = abs( (int) nk) ;

ming = (x * T + delt_Tmn)/(x + 1) ;

maxq = (x * T + delt_Tmx)/(x + 1) ;

H=Q * (int) (x + 1) ;

pk =1 ;

delti = (1/H) * (iref - F * jilod) ;

if (deltl > maxq) {

if ( (int) ctr == -1) {
deltl = maxq ;
ctr = 0 ;
nk = 0 ;
pk =1 ;
goto BRK ;
}
nk++ ;

x = abs( (int) nk) ;
ming = (x * T + delt_Tmn)/(x + 1) ;
maxq = (x * T + delt_Tmx)/(x + 1) ;
H=0Q* (int) (x + 1) ;
pk =1 ;
deltl = (1/H) * (iref - F * ilod) ;
if (deltl > maxq)
deltl = maxq ;
else {
if (delti < minq)
delti = minq ;

else {



if (delti < minq)
deltl = minq ;
}
}
else {
if (err < 0.0) {
x = abs( (int) nk) ;
ming = (x * T + delt_Tmn)/(x + 1) ;
maxq = (x * T + delt_Tmx)/(x + 1) ;
H=0Q * (int) (-(x + 1)) ;
pk = -1 ;
deltl = (1/H) * (iref - F * ilod) ;
if (delti > maxq) {
if ( (int) ctr == 1) {
deltl = maxq ;
ctr = 0 ;
nk = 0 ;
pk = -1 ;
goto BRK ;

}
nk-- ;
x = abs( (int) nk) ;
ming = (x * T + delt_Tmn)/(x + 1) ;
maxq = (x * T + delt_Tmx)/(x + 1) ;
H=0Q * (int)(-(x + 1)) ;
pk = -1 ;
deltl = (1/H) * (iref - F * ilod) ;
if (deltil > maxq)

deltl = maxq ;

else {
if (deltl < minq)
deltl = ming;
}
}
else {

if (deltl < mingq)
deltl = minq ;

225
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if ( (int) nk > 0) {
x = abs( (int) nk) ;
ming = (x * T + delt_Tmn)/(x + 1) ;
maxq = (x * T + delt_Tmx)/(x + 1) ;
H=Q * (int) (x + 1) ;
pk=1;
deltl = (1/H) * (iref - F * ilod) ;
if (deltl > maxq) {

nk++ ;
if ( (int) nk > 3)
nk = 3;

x = abs( (int) nk) ;
ming = (x * T + delt_Tmn)/(x + 1) ;
maxq = (x * T + delt_Tmx)/(x + 1) ;
H=Q * (int) (x + 1) ;
pk = 1;
deltl = (1/H) * (iref - F * ilod) ;
if (deltl > maxq)
deltl = maxq ;
else {
if (delti < minq)
deltl = ming;
}
}
else {
if (deltl < minq) {
nk~- ;
x = abs( (int) nk) ;
ming = (x * T + delt_Tmn)/(x + 1) ;
maxq = (x * T + delt_Tmx)/(x + 1) ;
H=0Q * (int) (x + 1) ;
if ( (int) nk == 0) {

-
=
-
=

ctr = 1 ;
pk= 1 ;
}
else {
ctr = 0 ;
pk =1 ;
}

deltl = (1/H) * (iref - F * ilod) ;
if (deltl > maxq)
deltl = maxq ;
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else {
if (deltl < minq)
delti = minq ;
}
}
}
}
else {
if ( (int) nk < 0) {
x = abs( (int) nk) ;
ming = (x * T + delt_Tmn)/(x + 1) ;
maxq = (x * T + delt_Tmx)/(x + 1) ;
H=Q * (int) (-(x + 1)) ;
Pk = -1 ;
deltl = (1/H) * (iref - F * ilod) ;
if (deltl > maxq) {
nk-- ;
if ( (int) nk < -3)
nk = -3 ;
x = abs( (int) nk) ;
ming = (x * T + delt_Tmn)/(x + 1) ;
maxq = (x * T + delt_Tmx)/(x + 1) ;
H=0Q * (int) (-(x + 1)) ;
pk = -1 ;
deltl = (1/H) * (iref - F * ilod) ;
if (deltl > maxq)
deltl = maxq ;

else {
if (deltl < minq)
delti = minq ;
}
}
else {
if (delt1l < minq) {
nk++ ;

x = abs( (int) nk) ;
ming = (x * T + delt_Tmn)/(x + 1) ;
maxq = (x * T + delt_Tmx)/(x + 1) ;
H=0Q * (int) (-(x + 1)) ;
if ( (int) == 0) {

ctr = -1;

pk = -1 ;
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}
else {
ctr = 0 ;
pk = -1 ;
}
delti = (1/H) * (iref - F * ilod) ;
if (deltl > maxq)
deltl = maxq;
else {
if (deltl < minq)
deltl = minq ;

BRK : delty = deltl * (x + 1) - x * T ;
if (delty > delt_Tmx)
delty = delt_Tmx ;
else {
if (delty < delt_Tmn)
delty = delt_Tmn ;
}
slvl = x ;
deltx = delty * mult * mil ;
np = rint(pk) ;
catr = rint(ctr) ;
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Appendix B
ADC & DSP Timer Interface

The details of the Analog to Digital converter is provided. The ADC is
memory mapped to a portion of the Y memory of the DSP 56001. The
circuit diagram of the TDC 8703 ADC is shown in Fig. B.1. There are 4

ADC channels.
The Intel 8254C Timer is used to provide the synchronization signal and

the pulse width modulated signal. The circuit connections of the the timer
is shown in Fig. B.2. The Timer and the ADC are memory-mapped into
the Y memory locations 2000 - 2007. The chip select decoding is performed
by a P16V8C Programmable Array Logic (PAL). These details are shown in
Fig. B.3. The system clock is derived from the DSP clock. The DSP clock
operates at 27 MHz, which is divided by 4 to obtain a 6.75 MHz signal. The
Timer and ADC both operate at 6.75 MHz. The clock circuit details are
presented in Fig. B.4.

The current feedback signal is buffered by using a LM 324 Operational
Amplifier. The circuit details are given in Fig. B.5. Since the ADC takes
a signal whose limits are between 1.6V and 3.4V, an additonal 1.6V shift is
added to it. The output of the op-amp contains a 3.4V zener diode which

protects the ADC from over-voltages.
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; 0.51K ~ 11-0lUF
: 2} 12-D7 ;
8 e
. 17 & 14-D5 -,
. ANALOG IN 1 i 15-D4 ;
: 270 pF 16 16 - CLK ;
| 1 T s |
5 = 3 9 4 19-vcco |
! 20-DGND |
: - 21-TC ;
! 22.CE :
: A1 1 23-D3 !
: 3.3UF /l\ /!\ 47pF 24-D2 5
i I §

3.3UF /I: /J\ 2200pF NC - No Connection

Figure B.1: Pin out Details and Circuit Connections of the ADC
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v |1Q
T 28I
©
S
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9 4%41
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10
13
12

Figure B.2: 8254 Timer Connections to the DSP

Do

D7




CST
cs1
cs?
cs3
csé

——

20-———-]

9| csT
18 . csl
vl cs2
16 CSs3
15\ Cs4

PI6VSC (PAL)

10

L

=1(lA2&!X_oY & !oDS & !0Y1);

= I (JAD & !Al & A2 & 1X_oY & 10DS & !oRD & loY1 ) ;
=1(A0&JAl & A2 & !X_oY & 1oDS & !0RD & loYl ) ;
=1 (IAO&AI & A2 & !X_oY & !oDS & !0RD & oY1 ) ;
=!/(A0& Al & A2 & IX_oY & !oDS & loRD & !oY1) ;

MEMORY MAP

Y - MEMORY

2007 ;

ADC4

2006 :

ADC3

2005 :

ADC2

2004 :

ADC1

2003 :

T.CNT. REG

2002 :

TMRCTR 2

2001 :

TMRCTR 1

2000 :

TMR CTR 0

Figure B.3: PAL Connections and Memory Map of Timer and ADC

GEC
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vce
CLOCK 5 4
FROM DSP § 16
7}
3 11
14 ~ 6 CLK/4
8 2 CLKI8

1K 2
SIGNAL ____..J\ -
To ADC
1
1K
sV —————/\/———0 3 |+
34VZ
1K

The potentiometer is adjusted to give a 1.6V bias at the output.
The output signal swings between 1.6 volts and 3.4 volts.
The zener protects the ADC from over voltages.

Figure B.5: Feedback Signal Buffer Details
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Appendix C

DSP Controller Software

The reduction in computational requirements for the DSP controller is ex-
plained. The assembly level program for the implementation of the modified

dead-beat control has been listed.

C.1 Reduction in Multiplications in DSP soft-
ware

The modified dead-beat control law presented previously (as given by Eqns. (4.85)
to (4.86) ) are:

(AT = [R]7'(Ur, — fIi) (C.1)
(AT )k (A T)e(ne + 1) —n, T (C.2)

The matrices F' and H reduce to single order coefficients for a simple R-L

magoet load. Hence let
F = f=el = (R/ILT (C.3)

L
H = h=ePBE(n+1) = e T = E(ny + 1) = hy(ns + 1(C4)
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where &, = e (*?LILE. From Eqns. (C.1) to (C.4) we have ;

BT = [V 1p = (=L &} e+ 1) - maT(C5)
{(mmem) - (5erm) ) _

ho(ne +1) hp(ni + 1)
{net 1) f(re+1)
(hp(nk + 1)) fr - (m) I —nT (C.6)
(- (G-er
= CllR,‘ — Coly — T (CS)

where C; = (1/h;), C2 = (f/hp)-

The quantity C,/p, can be precomputed and stored in the memory of
the processor instead of multiplying it with a coefficient in every sampling
interval. The quantity n,T can take discrete values only which depend on
the switching level. This can also be stored in the memory. The computation
of the pulsewidth ATy thus becomes independent of the switching level. The
value of 7T can be subtracted from the other two quantities in the equation
to arrive at the pulse width. Only one multiplication would be necessary
to arrive at the pulse width. Thus storing the reference as a look-up table

reduces the computational load on the processor.
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C.2 Assembly Level Program Listing

.
2
.
b
.
b}
.
2
.
3
3
’

e e o o e e e o A oA o ok oo 3 3 oo ok ok o o oo s ok o ook o o R o o oo o ok ok KoK o
ASSEMBLY LEVEL PROGRAM TO CONTROL THE FIRING PULSES OF A
MULTILEVEL CONVERTER USING DSP56001 PROCESSOR. )

THE SWITCHING FREQUENCY OF THE OUTPUT IS 20KHZ (PERIOD =
50US). THE INPUT IS FROM A 8-BIT A/D CONVERTER WHOSE QUTPUT
HAS BEEN MEMORY MAPPED TO THE LOCATION $2004 IN THE Y MEMORY.
A 16-BIT TIMER HAS BEEN MEMORY MAPPED TO THE LOCATIONS
$2000-$2003 IN THE Y MEMORY. A 400 POINT SINE LOOK UP TABLE
IS INCORPORATED INTO THE Y MEMORY LOCATIONS $0440 TO $05CF.
INTERRUPT IRQB HAS BEEN USED TO DETERMINE THE SOUS PERIODIC
INTERRUPTS AND IRQA TO GENERATE THE PULSES AFTER THE PULSE

DURATION HAS BEEN DETERMINED.
ek e o 3 ok oo K o e 3o e oK oo oo o o o ok ok ok ok o o ook o oo oo o oo ok o ook Kk

EQUATES

+ o o ok 3 3 2 3k ok ke o o e o sfe S o e o sk ke ok o ke s ke o 3 2 e e o sk sl ke ke ok 3k e 3k ok Sk 3k 3 3 ke 3 ok o o XK e 3k ok A ok ok 3k %k ok ok ok

IRQAVEC EQU $0D0680
IRQAADD EQU $0008
IRQBVEC EQU $0D0600
TRQBADD EQU $000A
IRQENB EQU $0037
IPR EQU $FFFF
PBDDR EQU $FFE2
PBD EQU $FFE4
PBC EQU $FFEO
PBDDRDT EQU $00FF
TCOADDR EQU $2000
TC1ADDR EQU $2001
TC2ADDR EQU $2002
TCNTREG EQU $2003
ADC1ADD EQU $2004
ADC2ADD EQU $2005
ADC3ADD EQU $2006
ADC4ADD EQU $2007
INISWCH EQU $000033
BCR EQU $FFFE

3 e ok o e o e ok 3k ok ke o o ke o e e e ke e ook ok o ak ok A sk 3 e e e o e ok A ok o ok e o sk ok ke ok ok 3 ok ok oK ok ok ok ok ok ok ok ok ok sk ok

ORG P:$0700
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MOVEP #>PBDDRDT,X:PBDDR ; INITIALIZE PORT B FOR QUTPUT
MOVE #>INISWCH,X1 :

MOVE X1,X:PBD ; OUTPUT INITIAL FIRING SEQ
MOVE X1,Y:$18

MOVE #$1100,X0

MOVE X0,X:BCR

MOVE #0,R0

MOVE #$0010,R1

MOVE #$0300,R2

MOVE #$FFE4,R3

MOVE #$2003,R4

MOVE RO,RS

MOVE X1,R6

MOVE #$0440,R7

MOVE #$01,NO
MOVE #$02,N1
MOVE #$80,N2
MOVE #$0600,N3
MOVE #$03,N4
MOVE #$0F,NS
MOVE #$0700,N6
MOVE #$0700,N7

MOVE #>IRQAVEC,XO0

MOVE XO0,P:IRQAADD ; IRQA INTR ROUTINE STARTS AT
MOVE #>IRQBVEC,XO ; P:$0680

MOVE XO0,P:TIRQBADD ; IRQB INTR ROUTINE STARTS AT
MOVE #>IRQENB, X0 ; P:$0600

MOVE X0,X:IPR ; ENABLE IRQA & IRQB INTR

MOVE #>$34,X0
MOVE #>$50,Y0
MOVE #>$01,Y1

MOVE XO0,Y:TCNTREG ; S50US INTERVAL INTR PROGRMNG
MOVE YO0,Y:TCOADDR ; TIMER CNTRO QUTPUTS PERIODIC
MOVE Y1,Y:TCOADDR ; INTR PULSES CAPTURED BY IRQB

MOVE X:$06,A
MOVE #>$58,Y0
MOVE #>$FF,Y1 ; INITIALIZATION ENDS

WTLP1  MOVE X:$06,A
MOVEC #0,SR



LPCNT

WAIT

MOVE #$0200,SR
JMP (R2)

NOP

NOP

NOP

NOP

CLR B NO,RO

NOP

CMP A,B X:(R0O)+,B
MOVE X: (R5) ,R6

CMP A,B (RO)+

CMP A,B L:(R6+N6) ,X
AND X1,B R6,Y0

CMP A,B B,Y:$18

CMP A,B Y:(RO)+,B1
AND X1,B Y:(RO)-,Y1
OR YO,B RO,R4

MPY X1,Y1,A (RO)-
MPYR X0,Y1,A A0,X1
MOVE X:-(RO),Y1
AND Y1,A (R4)+

OR X1,A Y:(R4)-,Y1
CMP A,B A1,X1

CMP A,B B1,X0
MOVE X,L:(R6+N6)

CMP A,B Y:$18,R6
CLR B X:(R0),A
MOVE X: (R6+N6),X1
MOVE R6,X0

AND X1,A A,B

CMP A,B A,R6

CMP A,B A,Y:(R1)+
MOVE X: (R6+N6) ,X1
AND X1,B XO,R6
CMP A,B B,Y:(R1)-
CLR B N7,N6

NOP

CMP A,B L:(R6+N6),X

; ROUTINE TO SELECT

; HIGHER SWITCHING

; AND LOWER SWITCHING

; STATES FROM ANY GIVEN
;i STATE WHEN THE OUTPUT
; VOLTAGE IS POSITIVE.
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LNCNT

CMP A,B Y:(R4)+,B1
AND X1,B R6,Y0

OR Y0,B

MPY X1,Y1,A B1,Y0
MPYR X0,Y1,A AO,X1
MOVE X:(RO),Y1

AND Y1,A Y:(R4)+,Y1
OR X1,A Y0,X0
MOVE A1,X1

MOVE X,L:(R6+N6)
CMP A,B A1,Y0

CMP A,B X:(RO),A
AND YO,A A,B

CMP A,B A,R6

CMP A,B A,X:(R1)+

CMP A,B X:(R6+N6),X1

AND X1,B X:(RO),YO
CMP A,B B,X:(R1)-
MOVE XO,R6
JMP PWCAL

CLR B NO,RO

NOP

CMP A,B X:(RO)+,B
MOVE X:(R5) ,R6

CMP A,B (RO)+

CMP A,B L:(R6+N6),X
AND X1,B R6,Y0

CMP A,B B,Y:$18

CMP A,B Y:(RO)+,B1
AND X1,B Y:(RO)-,Y1
OR Y0,B RO,R4

MPY X1,Y1,A (RO)-
MPYR X0,Y1,A A0,X1
MOVE X:-(RO),Y1
AND Y1,A (R4)+

OR X1,A Y:(R4)-,Y1
CMP A,B A1,X1

CMP A,B B1,X0
MOVE X,L:(R6+N6)

; ROUTINE TO SELECT
; HIGHER AND LOWER
; SWITCHING STATES
; FROM ANY GIVEN

; STATE WHEN THE

; QUTPUT VOLTAGE

; IS NEGATIVE



PWCAL

WTLP2

CMP A,B Y:$18,R6
CLR B X:(RO),A
MOVE X: (R6+4N6) ,X1
MOVE R6,X0

AND X1,A A,B

CMP A,B A,R6

CMP A,B A,X:(R1)+
MOVE X: (R6+N6) ,X1
AND X1,B XO,R6

CMP A,B B,X:(R1)-
CLR A N3,N6

NOP

CMP A,B L:(R6+N6),X
CMP A,B Y:(R4)+,B1
AND X1,B R6,Y0

OR YO,B

MPY X1,Y1,A B1,Y0
MPYR X0,Y1,A AO,X1
MOVE X:(RO),Y1

AND Y1,A Y:(R4)+,Y1
OR X1i,A Y0,XO

MOVE A1,X1

MOVE X,L:(R6+N6)

CMP A,B A1,YO
CMP A,B X:(RO),A
AND YO,A A,B

CMP A,B A,R6

CMP A,B X:(R0O),YO
CMP A,B X:(R6+N6),X1
AND X1,B A,Y:(R1)+
CMP A,B B,Y:(R1)-
MOVE XO,R6

CMP A,B Y:(R4)+,Y0
TFR YO,A R7,B
CMP B,A Y:(R4)+,Y0

TMI YO,B

CLR A B,R7

MOVE Y:(RO),B ; WAIT FOR NEXT IRQB
CMP A,B Y:(R4),YO ; INTERRUPT

JEQ WTLP2
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ENDRT CLR B A,Y:(RO)+
MOVE #$2003,R4
CMP A,B Y:$18,R6
CMP A,B R6,Y:(RO)
CMP A,B Y:(R5+N5),Y1
CMP A,B X:(R5+NS),X1
CMP A,B X:(R1+N1),B
CMP A,B R5,R0

JEQ WTLP1

CLR B B,X:(R3)

JMP WTLP1
5 kkkkkkkkkdkkkokdkokkkkikkkk END OF MAIN ROUTINE s okokotok ok sk ook o o ok sk ok ok ok ok ok
; ¥%kdkkrkxx CALCN ROUTINE IF QP VOLT IS IN ZERO LVL *#%%kkskkk#

ORG P:$0300

CMP A,B X:(RO)+,X1 Y:(R4),YO
AND YO0,A B,R4

CMP A,B A,X0 Y:(R7)+,B

MPY X1,X0,A Y:(R4)+,YO

MOVE AO,A1

SUB A,B Y0,4A

JMI NEGSD

POSSD ABS B
SUB A,B B,X:(R0O) Y:(R4)+,Y1
MOVE B, YO
MPYR YO0,Y1,B X:(RO)+,A
ASR B
CMP A,B B,X:(RO)+ Y:(R4)+,B
SUB B,A Y:(R4)+,B
MOVE A,YO
MPYR Y0,Y1,A X:(R1)+,Xt Y:(R5),B
ASR A X:(R1)-,XO0
CMP A,B A,X:(RO)- A,YO
CLR A Y:(R4),Y1
CMP A,B X:(RO),A Y:(R4)+,B
JMI PLIMT
CMP B,A Y:(R4)-,Y1
JMI PPIMT '
TFR YO0,A X0,X:(RS)



PLIMT

NEGSD

CMP B,A X1,X:(R1+N1)
TGT B,A

TFR Y1,B (R2)+N2
CMP B,A N3,N6

TPL A,B

CLR A B,Y:(R5+NS)
CMP A,B (R2)+N2

JMP LPCNT

CMP B,A Y:(R4)-,Y1
PPIMT TGT B,A
TFR Y1,B Xi,X:(R5)
CMP B,A N3,N6

TPL A,B

CLR A B,Y:(RS+N5)
MOVE A,Y:(RS5)

MOVE A,X:(R1+N1)
JMP LPCNT

ABS B Y:(R1)+,X1

SUB A,B B,X:(RO) Y:(R4)+,Y1

MOVE B,YO

MPYR YO0,Y1,B X:(RO)+,A

ASR B Y:(R1)-,X0

CMP A,B B,X:(RO)+ Y:(R4)+,B

SUB B,A Y:(R4)+,B
MOVE A,YO
MPYR YO,Y1,A Y:(RS),B

ASR A
CMP A,B A,X:(RO)- A,YO
CLR A Y:(R4),Y1

CMP B,A X:(RO),A Y:(R4)+,B
JMI NLIMT

CMP B,A Y:(R4)-,Y1

JMI NNIMT

TFR Y0,A X0,X:(R5)

CMP B,A X1,X:(R1+N1)
TGT B,A

TFR Y1,B (R2)-N2

CMP B,A N7,N6

TPL A,B

CLR A B,Y:(RS+N5)



NLIMT
NNIMT

2

CMP A,B (R2)-N2
JMP LNCNT

CMP B,A Y:(R4)-,Y1
TGT B,A

TFR Y1,B X1,X:(RS)
CMP B,A N7,N6

TPL A,B

CLR A B,Y: (R5+N5)
MOVE A,Y:(RS)
MOVE A,X:(R1+N1)
JMP LNCNT
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; #%kxkrkkk CALCN ROUTINE WHEN OP VOLT LVL IS +VE *#skkkkhsssk
ORG P:$0400

CMP A,B X:(RO)+,X1 Y:(R4),YO

AND YO,A B,R4

CMP A,B A,X0 Y:(R7)+,B
MPY X1,X0,A N3,N6
MOVE AO,A1

SUB A,B Y:(R4)+,A

SUB A,B B,X:(RO) Y:(R4)+,Y1
CMP A,B B,X1 Y:(R4)+,A
CMP A,B X:(RO),B

SUB A,B Y:(R4)+,A

CMP A,B X:(RO)+,B B,YO0
SUB A,B

MPYR X1,Yi,A B,X0

ASR A Y1,X1

MPYR X1,Y0,B A,X:(RO) A,Y1
ASR B (RO)-

MPYR X1,X0,A B,YO

ASR A Y0,X0

CLR B X:(RO)+,A A,YO
CMP B,A Y1,A

JMI LP1MN

CMP B,A Y:(R4)+,B

JMI LPiWR

CMP B,A Y:(R4)-,Y1

JPL HP1HR

; PULSE WIDTH COMPUTA-

; TION ROUTINE

; GO ONE LEVEL LOWER
; WITH MIN PUL WIDTH
; GO ONE LEVEL LOWER

; GO ONE LEVEL HIGHER
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LP3WR

LP3MN

AND

CMP A,B A,X0 Y:(R7)+,B

MPY

Y0,A B,R4

X1,X0,A N3,N6

MOVE AO,A1

SUB

SUB A,B B,X:(RO) Y:(R4)+,Y1
CMP A,B B,X1 Y:(R4)+,A
CMP A,B X:(RO)+,B Y:(R4)+,A

SUB

A,B Y:(R4)+,A

A,B

MPYR X1,Y1,A B,XO0

ASR

MPYR X1,X0,B A,X:(RO)- A,Y1

ASR
CLR
CMP
JMI
CMP
JMI
CMP
TGT
TFR
CMP
TPL
CLR

A YL1,X1

B
B X:(RO)+,A B,YO
B,A Y1,A

LP3MN

B,A Y:(R4)+,B
LP3WR

B,A Y:(R4)-,Y1
B,A

Y1,B X:(R1),X1
B,A X1,X:(RS5)
A,B

A B,Y: (RS5+NS)

MOVE A,X:(R1+N1)

JMP

TFR
CMP
TGT
TFR
CMP
TPL
CLR

CLR
JMP

CMP
CMP
CMP
CLR
CLR

LPCNT

Y0,A Y:(R4)-,Y1
B,A Y:(R1),X0
B,A

Y1,B X0,X: (R1+N1)
B,A R6,X:(R5)
A,B

A B,Y: (R5+N5)

A (R2)-N2

LPCNT

A,B Y:(R4)+,A
,B Y:(R4)-,A
B Y:(R1),X0
A,Y: (RS+N5)
R6,X: (R5)

A
A
A
A

; CANT GO HIGHER

; MAXIMUM LVL REACHED
; RESTRCIT PUL WIDTH
; AND LVL TO MAXIMUM

; GO ONE LEVEL LOWER
; AND COMPUTE PULSE
; WIDTH

; ONE LEVEL LOWER
; WITH MIN PULSE WIDTH
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CMP A,B X0,X:(R1+N1)
CMP A,B (R2)-N2
JMP LPCNT

3 Rk sk ok ok e e ok e o ok e o e e o e ok ke e ok e 3 o 3 e ok ok A 3 8 ke ok ok e 3K ok ok K 2 3 3 ok ok o ok ok 3k ok ok ke sk ok

i F*kkkxkkexxkkx CALCN ROUTINE WHEN OP VOLT LVL IS -VE *¥skkkkkks

ORG P:$0200
CMP A,B X:(RO)+,X1 Y:(R4),YO ; PULSE WIDTH COMPUTA-
AND YO0,A B,R4 ; TION ROUTINE

HN1NG

CMP A,B A,X0 Y:(R7)+,B
MPY X1,X0,A N7,N6
MOVE A0,A1
SUB B,A Y:(R4)+,B
SUB B,A A,X:(RO) Y:(R4)+,Y1
A,B A,X1 Y:(R4)+,B
CMP A,B X:(RO),A
B,A Y:(R4)+,B
A,B X: (RO)+,A A,YO

MPYR X1,Y1,A A,YO

ASR A Y1,X1

MPYR X1,Y0,B 4,X:(RO) A,Y1

ASR B (RO)-

MPYR X1,X0,A B,YO

ASR A YO0,XO0

CLR B X:(RO)+,A A,YO

CMP B,A Y1,A

JMI HNIMN ; GO ONE LEVEL HIGHER
CMP B,A Y:(R4)+,B ; WITH MIN PUL WIDTH
JMI HN1HR ; GO ONE LEVEL LOWER
CMP B,A Y:(R4)-,Yt

JPL HN1NG ; GO ONE LEVEL HIGHER
TFR Y1,B Y:(R1),X1

CMP B,A X1,X:(RS5)

TPL A,B

CLR A B,Y:(R5+NS)

MOVE A,Y:(R1+N1)

JMP LNCNT

TFR X0,A Y:(R1)+,X1 ; GO ONE LEVEL
CMP B,A Y:(R1)-,YO ; LOWER THAN THE



HN1HR

HN1MN

?

TGT B,A

TFR Y1,B X1,X:(R1+N1)
CMP B,A Y0,X:(RS)

TPL A,B

CLR A B,Y:(RS+NS)

CLR B (R2)-N2

JMP LNCNT

TFR Y0,A X:(R1),X1 Y:(R4)+,Y1
CMP B,A (R2)+N2

TGT B,A

TFR Y1,B X1,X:(R1+N1)

CMP B,A R6,X:(RS)

TPL A,B

CLR A B,Y:(RS+N5)
CLR B (R2)+N2
CMP A,B X:$06,A
MOVE A,Y:(RS)

JMP LNCNT

CMP A,B X:(R1),X1 Y:(R4)+,4A
CMP A,B Y:(R4)+,A

CLR A A,Y:(R5+N5)

CMP A,B R6,X:(R5)

CMP A,B X1,X:(R1+N1)

CMP A,B (R2)+N2

CLR A (R2)+N2

CMP A,B X:$06,A

MOVE A,Y:(RS)

JMP LNCNT
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; PRESENT LEVEL

; GO ONE LEVEL
; HIGHER AND COMPUTE
; PULSE WIDTH

; PULSE WIDTH NEEDS
; TO BE MINIMUM
; IN ONE LEVEL HIGHER

;AR ok ok ok ok ok ok ok ok e o Sk ek ok ofe S e o e ok 3k 3 s 3 ke 2k 3 s o e ok o ok sk 3K o ke 3 o ok o oK ke ok ok ok ok o ok ok ok ok

; *¥%xx%x CALCN ROUTINE WHEN OP VOLT LVL IS -VE MAX s%kokskskkkskokskk
ORG P:$0100

CMP A,B X:(R0O)+,X1 Y:(R4),YO
AND YO0,A B,R4

CMP A,B A,X0 Y:(R7)+,B

MPY X1,X0,A N7,N6

MOVE AO,Atl

SUB B,A Y:(R4)+,B

SUB B,A A,X:(RO) Y:(R4)+,Y1



HN3HR

HN3MN

CMP A,B A,X1 Y:(R4)+,B

CMP A,B X:(RO)+,A Y:(R4)+,B
SUB B,A

MPYR X1,Y1,A A,XO

ASR A Y1,X1

MPYR X1,X0,B A,X:(RO)- A,Y1
ASR B

CLR B X:(RO)+,A B,YO

CMP B,A Y1,A

JMI HN3MN

CMP B,A Y:(R4)+,B

JMI HN3HR

CMP B,A Y:(R4)-,Y1

TGT B,A

TFR Y1,B Y:(R1),X1

CMP B,A X1,X:(R5)

TPL A,B

CLR A B,Y: (R5+N5)

MOVE A,X:(R1+N1)

JMP LNCNT

TFR Y0,A X:(R1),X1 Y:(R®)-,Y1
CMP B,A R6,X:(RS)

TGT B,A

TFR Y1,B X1,X:(R1+N1)

CMP B,A (R2)+N2

TPL A,B

CLR A B,Y: (RS5+NS)

JMP LNCNT

CMP A,B X:(R1),X1 Y:(R4)+,A
CMP A,B Y:(R4)-,A

CMP A,B (R2)+N2

CLR A A,Y: (RS+NS)

CMP A,B R6,X:(RS)

CMP A,B X1,X:(R1+N1)

JMP LNCNT
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; CANT GO LOWER

; MINIMUM LVL REACHED
; RESTRCIT PUL WIDTH
; TO MAXIMUM AND LVL
; TO MINIMUM

; GO ONE LEVEL
; HIGHER AND COMPUTE
; PULSE WIDTH

; ONE LEVEL HIGHER
; WITH MIN PULSE
; WIDTH
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;3 FEkkdkokskkkkkkkkkkkkk TROQB INTR SERVICE ROUTINE k%o skokok sk ok skokkok
ORG P:$0600

MOVE R2,B ; START OF SAMPLING



ADD A,B X:(RO)+,X0 Y0,Y:(R4)- H
CMP A,B X0,X:(R3) Y:(R4)-,YO ;
CMP A,B X:(RO)+,A Y1,Y:(R4)+N4

RTI ;
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INTERVAL, FETCH
ADC VALUE

RETURN FROM INTR
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; ekkkkkkkkkkkkkkx JRQA INTR SERVICE ROUTINE *kkskskkskskokskkskkkkk

ORG P:$0680

MOVE Y:$02,R5 ;
MOVE RS,X:(R3) ;
MOVE NO,Y:$01 ;
MOVE #0,RS ;
RTI ;

PWM PULSE PATTERN
INTERRUPT (IRQA)
OUTPUT NEXT SWITCH
STATE

RETURN FROM INTR
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