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ABSTRACT

This thesis presents the development o f a Hybrid M ultilevel Switching 

Converter (HM SC) for Ring-Magnet Power Supplies (RM PS). The thesis 

includes the analysis, design and control o f the proposed converter. It in­

troduces m ultilevel switching converters to the field of ring-magnet power 

supplies.

RMPS feed th e electromagnets that produce the magnetic field required 

to  energize and guide subatomic particles in a synchrotron. The accuracy 

and extrem e 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 

m eet the specifications of RMPS.

The com plete 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 developm ent 

of design criteria for input filter components. The principle advantages and 

disadvantages of th e  resonant-type RMPS are summarized before identifying  

m ultilevel converters as a viable option am ong switching converters for a 

non-resonant type of RMPS.

The Hybrid M ultilevel Switching Converter (HMSC) is proposed as a 

non-resonant type RM PS to overcome the disadvantages of the resonant- 

type RMPS. The operational features of th e 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 com ponent stresses, including the 

m ethods 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 m inim izing 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 m ultilevel converters. A dead-beat current control strategy is chosen as 

an appropriate control technique to suit the needs of RM PS. The control 

schem e 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 system s. 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 exam ined.

Extensive com puter sim ulation 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 sm all tracking error. 

The reference tracking nature has been simulated for a sim ple R L  magnet 

load and a m agnet load with L C R  filter. Experim ental 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.



IV

Examiners:

Dr. J. M. S. Kim, Supervisor, Dept, of Elect. & Comp. Eng.

Dr. A. K. S. Bhat, Departmental Member, Dept, of Elect. & Comp. Eng.

Dr. VV. S. Lu, Depaætrnental Member, Dept, of Elect. &: Comp. Eng.

Dr. D. E. Lobb, Outside Member, Dept, of Physics

____ __________________

Dr. G. G. Karady, External Examiner, (Arizona State University)



Table o f  C ontents

Title Page i

Abstract ii

Table of Contents v

List of Tables ix

List of Figures x

Acknowledgement xv

Dedication xvi

1 Introduction 1
1.1 Ring-M agnet Power S u pp lies.................................................................  2

1.1.1 Synchrotrons and R M P S ............................................................ 2

1.1.2 Requirements of R M P S ...............................................................  5

1.2 Types of Ring-M agnet Power Supplies ...........................................  6

1.2.1 Resonant-Type Magnet Power S u p p lie s ............................... 7

1.2.2 Power Supplies using Phase-Controlled Rectifiers . . .  10

1.3 M otivation for the T h e s is ........................................................................  12

1.4 Organization o f the T h e s is ....................................................................  13



T A B L E  OF C O N T E N T S  vi

2 Analysis of Resonant-Type Ring-M agnet Power Supplies 16

2.1 Resonant Circuit and Pulse Forming Network Analysis . . . .  17

2.2 Analysis of Input Filter of Energy Make-up U n it ..............................33

2.3 Switching c o n v e r te r s ................................................................................... 45

2.4 C o n c lu s io n s ..................................................................................................... 48

3 Hybrid M ulti-level Switching Converter 50

3.1 M ulti-level C o n v e r te r s ................................................................................51

3.1.1 Neutral-Point-Clam ped In v er ter ................................................52

3.1.2 Generalized M ulti-level C o n v e rter ............................................ 54

3.1.3 Cascaded Multi-level C o n v e r te r ................................................57

3.2 Hybrid M ultilevel Switching C o n v e r te r ................................................. 59

3.3 Sim plified Hybrid Multilevel Switching C o n v e r te r ............................64

3.4 Steady State Analysis of the H M S C ........................................................ 72

3.4.1 Steady State Analysis .................................................................. 72

3.4.2 Power Circuit Parameters o f the HMSC .............................. 78

3.4.3 Switching Stresses ......................................................................... 81

3.5 Voltage Balancing Problem in M ulti-level C o n v e r te r s ..................88

3.6 Harmonic Analysis of the HMSC ..........................................................94

3.6.1 Effect of Number of O utput Voltage Levels on the Har­

m onic Spectrum  98

3.7 C o n c lu s io n s ...................................................................................................105

4 Current Control of the HMSC 106
4.1 Brief Survey of Current Control Techniques for M ulti-level

C o n v erters ........................................................................................................ 107

4.2 Modified Dead-Beat Control T ech n iq u e .............................................113

4.2.1 Dead-Beat Control S ch em e.........................................................113



TABL E O F  C O N T E N T S  vii

4.2 .2  Modified D ead-Beat Current Control for M ulti-level 

C onverters.......................................................................................... 123

4.2 .3  Modified Dead-Beat Control for Multiple State Variables 134

4.3 Pole Placem ent for Feedback C o n tr o l.................................................. 138

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

Control L a w .......................................................................................142

4.3 .2  O ptim al Pole Placem ent T ech n iq u e ........................................146

4.4 Effect of Switching Frequency on Tracking E rror...............................147

4.5 Transient Analysis of the H M SC .............................................................151

4.5.1 System  A nalysis for Transient Behaviour and Stability  152

4.6 Observations and C o n c lu s io n s ................................................................157

5 C om puter Sim ulations and Experimental Results 158

5.1 Com puter Sim ulation of HMSC using Modified Dead-Beat

Control .............................................................................................................159

5.1.1 System  P a r a m e te r s ........................................................................159

5.1.2 Com puter Sim ulation of HMSC using S A B E R  160

5.2 Experim ental R e s u l t s .................................................................................. 185

5.2.1 Laboratory Prototype Power Circuit D e s i g n ..................... 187

5.2.2 Control Circuit D e s ig n ................................................................ 192

5.2.3 Hardware and Software Considerations for Improve­

m ent in Reference T r a c k in g ......................................................198

5.3 Observations and C o n c lu s io n s ............................................................... 203

6 Conclusions 204
6 .1 Sum m ary of the T h e s is ..............................................................................204

6.2 Contributions o f the Thesis ...................................................................207

6.3 R ecom m endations for Future W o r k .....................................................209



TA B L E  OF C O N T E N T S  viii

B ib lio g r a p h y  2 1 0

A  S A B E R  S im u la t io n  a n d  In terface  D e ta ils  221

A .l External C Routine for Modified Dead-Beat C o n tro l.....................223

B  A D C  & D S P  T im e r  In ter fa ce  2 2 9

C D S P  C o n tr o lle r  S o ftw a r e  2 3 4

C .l Reduction in Multiplications in DSP s o f t w a r e ................................234

C.2 Assembly Level Program L istin g ............................................................ 236



IX

List o f  Tables

1.1 Typical Specifications for a R M P S ......................................................  7

3.1 Switching States of the Simplified H M S C ........................................  68

3.2 Number of Switching S t a t e s .................................................................  70

3.3 Switching Transition Table: Higher to Lower State ................... 84

3.4 Switching Transition Table: Lower to Higher State ....................... 85

3.5 Input Capacitor Condition for a given Switching State . . . .  91



List o f Figures

1.1 Typical dc-Biased ac Current Excitations for Ring-Magnets . . 4

1.2 Resonant-type Ring-Magnet Power S u p p ly .....................................  8

1.3 Non-resonant RMPS with Phase-Controlled R ectifiers................  11

2.1 Resonant-type Ring-Magnet Power S u p p ly .....................................  18

2.2 Circuit Diagram of Single Resonant C e l l .........................................  19

2.3 Current Source Modelling of Pulse Forming N e t w o r k .................... 22

2.4 Variation of Pulse Current and its Fundamental Component . 27

2.5 Bode Plot of Current Gain A n / / p ............................................................ 31

2.6 Peak Pulse Current in Per Unit (P U ) of Peak Magnet Current

as a function of Resonant Frequency ....................................................32

2.7 Input Filter with Pulsed Power S u p p l y .................................................34

2.8 Inductor Current and Capacitor Voltage Waveforms for Cyclic

O p e r a tio n .......................................................................................................... 34

2.9 Ripple Voltage in Per Unit (PU ) of Peak Capacitor Voltage as

a Function of PU C a p a c ita n ce .................................................................. 40

2.10 Filter Harmonic Current in PU of Peak Magnet Current as a

Function of Filter I n d u c ta n c e .................................................................. 44

3.1 (a) Half Bridge NPC Inverter, (b-d) Equivalent Circuits . . .  53



U S T  OF FIGURES  xi

3.2 (a) Full Bridge N PC  Inverter, (b) Switching States. Switches

S2, S3, S6 and S7 are operated in a com plem entary manner

to sw itches S4, S i ,  S8 and S5 r e sp e c tiv e ly ...........................................5-5

3.3 Generalized M ultilevel C o n v e r te r .............................................................56

3.4 (a)Cascaded Full-Bridge Inverter (b) Switching S t a t e s .................... 58

60

66

83

87

3.5 Hybrid M ultilevel Switching Converter: Circuit Diagram . .

3.6 Simplified Hybrid M ultilevel Switching Converter for RMPS

3.7 Exam ple of Sw itching Pattern to Reduce Switching Losses

3.8 Switching Transition Example to Reduce Switching Losses

3.9 Exam ple of Equalization of Charge among Input Capacitors

by Prudent Choice o f Switching Pattern: a 1 indicates charge 

drawn from a source where as 0 indicates the source discon­

nected from the l o a d .....................................................................................93

3.10 Switching Instants in each Sampling In terv a l.....................................95

3.11 Variation of Fundam ental and 399th H arm onic............................... 102

3.12 Output Voltage Harmonic Spectrum for Varying Load Cur­

rents: Load Current is (a) 0.1 pu and (b) 0.25 pu o f peaJc

value.......................................................................................................................103

3.13 Output Voltage Harmonic Spectrum for Varying Load Cur­

rents: Load Current is (a) 0.5 pu and (b) 0.75 pu o f peak 

value.......................................................................................................................104

4.1 State-Space Representation of a S y stem ............................................. 108

4.2 Block Diagram of a  PID C o n tr o lle r .....................................................108

4.3 Block Diagram of Finite T im e Settling C on tro l...............................110

4.4 Block Diagram of FTSC with Model Reference A daptive Scheme

( M R A S ) ............................................................................................................. 110



LIST OF FIGURES  xi i

4.5 State Model of the Magnet Load ...................................................... 115

4.6 Piecewise Continuous Input in any Sampling I n te r v a l.............. 117

4.7 Magnet Load fed by M ulti-level Input F u n c t io n ............................ 124

4.8 Modified D ead-Beat Control S tr a te g y ..................................................126

4.9 Circuit Diagram of a Magnet Load with Output Filter . . . .  135

4.10 Pole-Zero Plot for a Open Loop S y ste m .............................................. 140

4.11 Pole-Zero Diagram of the Closed-Loop S y s te m ................................142

4.12 Pole-Zero Plot o f (a) Open Loop System (b) Closed-Loop Sys­

tem  with O utput Dead-Beat C o n t r o l ..................................................145

4.13 Pole-Zero Diagram for O ptim al Pole Assignment (a) when

is sm all (b) when u;„ is la r g e ....................................................................148

4.14 Effect of Switching Frequency on Tracking E rro r ............................ 150

4.15 Control Block Diagram of the S y s te m ..................................................153

5.1 Block Diagram o f HMSC with Control for Reference Tracking 

using S A B E R ................................................................................................. 162

5.2 Circuit Diagram of Single Bridge of HMSC used in SABER  

Simulation. The switch m odel is also s h o w n ....................................164

5.3 The Control Circuit Diagram of the HMSC used in SABER  

Simulation. The use o f a Non-linear Block to Interface W ith

an External C Routine is shown...............................................................165

5.4 DC-Biased Sinusoidal Reference Tracking using SA B E R  . . . .  169

5.5 DC-Biased Sinusoidal Reference: Tracking E r r o r ............................170

5.6 DC-Biased Sinusoidal Reference: Output V o l t a g e ........................ 171

5.7 DC-Biased Triangular Reference Tracking using SA B E R  . . . 173

5.8 DC-Biased Triangular Reference: Tracking E rror............................ 174

5.9 DC-Biased Triangular Reference: Output V o lt a g e .........................175



U S T  OF FIGURES  xii i

5.10 DC-Biased Sinusoidal Reference Tracking with, an LCR filter . 178

5.11 Tracking Error with .an LCR f ilte r ..........................................................179

5.12 Output Voltage o f the HMSC with an LCR F i l t e r .........................179

5.13 Load (M agnet) Voltage with an LCR f i l t e r ....................................... 180

5.14 Output Current o f the HMSC with an LCR F i l t e r .........................180

5.15 Input Capacitor Voltages for Arbitrary Switching Pattern . . . 182

5.16 Input Capacitor Voltages using Switching Pattern to Reduce 

Voltage U n b a la n c e ..................................................................................... 182

5.17 Harmonic Spectrum  of the Output V o lta g e ...................................... 184

5.18 Harmonic Spectrum  of the Magnet C urrent.......................................186

5.19 Circuit Diagram for Laboratory Prototype of HMSC ................. 189

5.20 Block Diagram of DSP Interface to H M S C ....................................... 192

5.21 Circuit Diagram of the ADC/Tim er Interface C a r d .....................194

5.22 Flow Chart for the Implementation of Modified Dead-Beat 

Control ........................................................................................................... 195

5.23 T im ing Diagram for One Cycle Operation of DSP Controller . 197

5.24 DC-Biased Sinusoidal Output Current: Experim ental Wave­

form. Horizontal Axis: 5 ms per div, Vertical Axis: 1 Amp

per div, Origin is at the bottom left corner......................................... 199

5.25 O utput Voltage for Sinusoidal Reference: Experim ental Wave­

form. Horizontal Axis: 5 ms per div, Vertical Axis: 20 V per

div. Origin is in the center......................................................................... 199

5.26 DC-Biased Triangular Output Current: Experimental Wave­

form. Horizontal Axis: 5 ms per div, Vertical Axis: 1 Amp

per div. Origin is at the bottom left corner.........................................200



U S T  O F FIGURES  x i v

5.27 O utput Voltage for Triangular Reference: Experimental Wave­

form. Horizontal Axis: 5 ms per div, Vertical Axis: 20 V per 

div, Origin is in the center..........................................................................200

A .l Exam ple o f a Simple External C Routine Interface to SABER 222

B .l Pin out D etails and Circuit Connections of the ADC .................230

B.2 8254 Tim er Connections to the DSP ................................................. 231

B.3 PAL Connections and Memory Map of Timer and ADC . . . .  232

B.4 Clock Circuit Connections to T im er/A D C  C a r d ............................233

B.5 Feedback Signal Buffer D e ta ils ................................................................233



XV

A cknow ledgm ent

I am greatly indebted to  my supervisor Dr. J. M. S. Kim for his encour­

agem ent, advice and patience during the course of this research and for his 

invaluable suggestions for the preparation of this manuscript. He was always 

ready to discuss all sorts of problems, work or otherwise and helped me to 

solve them .

I would also like to thank my supervisory com m ittee members for their 

suggestions during the course of this research and preparation o f this thesis.

Financial assitance received from the University of Victoria, in the form of 

University Fellowhsip, and research assistantship from Dr. Kim is gratefully  

acknowledged.

1 gratefully acknowledge the help received from the technical support staff 

of the Departm ent o f Electrical Engineering during the course of this research. 

Special mention needs to be made of Kevin Jones, Roger Kelly and Steve 

Cam pbell for their invaluable support. The support of Mr. YongRui Feng 

during the experim ental phase of this project is gratefully acknowledged.

The encouragem ent received from many friends during my stay in Canada 

merits special m ention and thanks. Especially Anand and Vivek were a 

constant source o f support.

I would like to specially thank my parents who have been a guiding light 

for all my endeavours. Finally I would like to thank my dear wife Par for 

her unending support, encouragement and sacrifice during the course of this 

thesis.



XVI

W ith Love 

To m y parents 

L e e la  and  R a g h u n a th a  R ao



C hapter 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 m agnetic field is required in a synchrotron 

ring for guiding and energizing subatom ic 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 lim ited dynamic response and often rely on corrector-magnet 

power supplies or other auxiliary power supply networks for the fast dynam ic 

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 fcist dynamic response, 

good reference tracking capability and low output current ripple contents.



The scope of this thesis encompasses:

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

supply and the associated energy make-up unit.

2.) The developm ent of a non-resonant type Hybrid M ultilevel Switch­

ing Converter for RM PS, including the optim ization 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 m ultilevel converters in general, and the HMSC in particular.

5.) The im plem entation of the modified dead-beat control technique using 

a fast Digital Signal Processor (DSP).

1.1 R ing-M agnet 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 RM PS

Synchrotrons accelerate a beam of subatomic particles in a m agnetic guiding 

field. The m agnetic guiding field strength or pattern should rise gradually



from a low value to a peaJc as the energy o f the particle increases. T he 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 tim e determines the operating frequency of the synchrotron. The oper­

ating frequency and the variation of the m agnetic field pattern are dependent 

on the type of subatom ic particles accelerated. The repetition rates or the 

operating frequency varies w idely 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.

T he magnetic guiding field pattern required in a synchrotron can be gen­

erated by exciting a series o f electrom agnets, 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 electrom agnets. The power supplies are called Ring-Magnet Power 

Supplies since they feed the electrom agnets arranged in a ring. The electri­

cal equivalent circuit of a synchrotron is a group of inductances (representing 

the electrom agnets) arranged in the form of a ring and fed by a power supply  

unit.

There are various types o f dc-biased ac excitations of the ring-magnets 

used in synchrotrons. Com m only used excitations are dc-biased sinuosidal 

excitation , dc-biased sinusoidal with dual frequency [4], triangular and /or  

trapezoidal with flat top /b o ttom  [5]. Some exam ples of ring-magnet exci­

tation currents are illustrated in Fig. 1.1. The Booster Ring RMPS at the 

TRIUM F KAON factory proposes to use a dc-biased sinusoidal excitation
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with a repetition rate of 50 Hz as shown in Fig. 1.1(a), where as the Driver 

Ring dipole m agnets 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 R equirem ents o f R M P S

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 tim e, the precise nature of the magnetic guiding field 

needed imposes strict specifications on the performance of the RMPS. The 

most im portant requirements of RMPS can be listed under:

1.) Low output current tracking error

The m agnetic 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 m agnetic guiding field which is not desirable. Thus an output



current ripple contents are usually specified at less than 500 parts per 

m illion (ppm ). The gradual increase in the field is necessary since 

sudden variations in the field leads to eddy current disturbances in the 

electrom agnets 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 dynam ic 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 réponse. 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 (A N L), Illinois, are listed in Table 1.1 as an exam ple [2]. This illus­

trates the strict nature of the requirements involved in RMPS.

1.2 T yp es o f R ing-M agnet 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

Parameters Requirements
Ripple contents ± 1  X 10~4 ( _  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
A cceleration tim e 250 ms
Reset tim e 250 ms
Operating frequency 2 Hz (T =  500 ms)

1.) Resonant-Type Power Supplies

2.) Power Supplies using Phase-Controlled Rectifiers.

1.2.1 R eson an t-T yp e M agnet Pow er Supplies

R esonant-type m agnet 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 m agnet power supply is shown in Fig 1.2. It is based on the principle of 

distributed resonance network [I]. The operating frequency of the network is 

determ ined by the m agnet inductance {Lm)  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 (Lch)- 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 lim it the peak voltage around the synchrotron ring.

Under ideal conditions th e 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 am plitude of ac excitation in the network. This is



achieved by an Energy Make-up Unit (EM U). The power to maike up the ac 

losses can be fed through coupled auxiliary windings on the bypass choke. 

The pulse o f 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 bypeiss choke and the pulsed 

power supply together from the EMU. The pulsed power supply consists of a  

rectifier, a L C  filter and a switch which transfers power to the bypass choke 

16].

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 L C  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 w ith a typical acceleration frequency of 50 Hz. However, the 

resonant-type m agnet 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. T he effects of the resonant frequency drifts on the operation of the 

resonant RM PS 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 conditions of the power supply system .
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1,2.2 Pow er Supplies using P hase-C on tro lled  R ecti­
fiers

The other com m only used power supply configuration in the area of ring- 

m agnet 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-m agnets. 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 lim ited and their dynam ic response is 

slow. The phase-controlled rectifiers axe 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 

lim ited 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 M otivation  for th e  Thesis

The study of existing Ring-M agnet 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:

1.) A dc-biased arbitrary current excitation output.

2.) Fcist dynam ic 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 m otivation for this thesis stem s 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 faist 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 has to overcome the 

drawbacks of the resonant-type RM PS and phase-controlled RM PS.

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

m agnet power supplies, in genered, has so far been limited. W ith the advances
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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 

dynam ic 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 m agnet power supplies. This thesis is an attem pt to 

apply modern switching converters to the area of magnet power supplies to 

achieve better performance.

1.4 O rganization 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-M agnet 

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 RM PS and introduces switching converters as an alternative solution.
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M ultilevel 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, nam ely multilevel converters. The main objectives of 

this chapter are:

1.) To survey different m ultilevel 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 com ponent 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 com ponent stresses. 

A general design of the converter for a selected reference signal is presented. 

The voltage balancing problem, commonly encountered in m ultilevel struc­

tures is discussed and m eans 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 RM PS.

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

trol scheme for stability  under normal and disturbed conditions.
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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. 

T he proposed control schem e is extended to suit m ultilevel converters in gen­

eral. The control algorithm is shown to be valid for both single and m ultiple  

variable system s. 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. T he  

transient behaviour of the system  under normal and disturbed conditions is 

studied. It is shown that the system  is stable under disturbed circum stances.

Chapter 5 presents the com puter simulation and experimental results 

peformed on the HMSC working in conjunction with a modified dead-beat 

control algorithm . Computer sim ulation results obtained using SABER  axe 

presented to substantiate the reference tracking capability of the m odified  

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 m odelled effectively using SABER. Simulation results 

for a sim ple R L  magnet load and a magnet load with R L C  filter are pre­

sented. Experimental results obtained on a laboratory prototype m odel are 

also presented to verify the reference tracking nature of the proposed control 

technique.

Finally, Chapter 6 lists the im portant contributions of this thesis work 

and identifies the future challenges that need to be addressed.
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C hapter 2 

A n alysis o f  R eson an t-T yp e  
R ing-M agnet Pow er 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 o f resonant-frequency variation on the 

pulse currents of the energy maJce-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 

m ulti-level converters to meet the specifications. The principle conclusions 

are summarized in Section 2.4.
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2.1 R esonant Circuit and P ulse Forming N et­
work A nalysis

This section describes the resonant type ring-magnet power supply and the 

energy make-up unit associated with it. The principle o f 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 (RM PS) 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 Lm are 

arranged along the periphery of a circle interspersed with a dc choke Lch 

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 dissociated with the network. The distributed  

resonant network instead of a single L C  circuit is used in order to lim it the  

peaJc 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 am plitude of ac excitation required for proper 

operation. This is achieved by the Energy MaJce-up Unit (EM U). 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,
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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 tem perature 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 sim ulated with the help of SPICE [12,1.3,17,18] 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 . T he  

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 w ith  

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 [6j;



2 0

D ipole M agnet Current

m axim um  current : 4500 A 

minim um  current : 1200 A 

RMS current (ac) : 1167 A (1650 A peak) 

dc bias current : 2850 A

Resonant Network

Dipole m agnets : Lm =  25.0 m H  per cell 

Copper Loss : =  12.5 mLl per cell

Coreloss : Rm =  3325 Çl per cell 

Capacitor bank : Cres =  S27fiF per cell 

Resonant Frequency : =  49.5 Hz

Accelerator Frequency : fa =  50.0 Hz

Energy Make-up Network

Input Filter Inductor : Lp  =  0.4 H

Input Filter Capacitor : C p  =  400 fiF { f a / f p  =  4)

Pulse Inductor : Lp =  3.25 m H

Frequency of Pulse Forming Network : /p =  150 H z

Energy Storage Choke

Turns ratio : n =  1:3 

Coupling coefficient : kch =  0.99 

Nonlinear Inductance =  1% of full scale 

Primary W inding (energy make-up network side):

Self Inductance : Lchp =  2.778 m H  per cell
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Copper Loss : =  2.31 m fi per cell

Secondary W inding (resonant network side):

Self Inductance : Lchs =  25 m H  per cell 

Copper Loss : R^hs =  20.8 mfl  per cell 

Core Loss : R̂ h =  2800 ÎÎ

The energy make-up network consists of the input filter stage formed by 

Lp and C f , the pulse forming stage represented by the switch and the pulse 

inductor Lp and the energy storage choke Lch- 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 Wa- However, this need not necessarily be the 

resonant frequency (wg) 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. In other words the pulse forming network may 

be m odelled 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

m ental 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 Wg. 

The system  has been analyzed in the frequency domain to obtain a transfer 

characteristic between the magnet current and the pulse current. The circuit



22

Rf/2
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Figure 2.3: Current Source Modelling of Pulse Forming Network

parameters as listed above have been used.

Assum ing that the saturation of the energy storage choke is negligibly  

small, we have;

(2 . 1) 

(2.2)

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

the energy storage choke) can be written as :

ichs — Ĉ3 — ĉr "h (2.3)

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

(2.4)

where Lmj  is the equivalent inductance of th e parallel combination of Lt 

and Lchs given by

f'm/ — ^m\\[^cha —
L-m Lchs 

Lm "f" Lchs
(2.5)
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The choke resistance Rchs is sm all and is neglected. Therefore

I  (2,6)
L l “ m r  SLmf )  J

=  /m (s)F i (s )  (2.7)

where

r- / ^ s m R m  +  s L m f ( R s m  +  Rm)
’ -------------- ( % . + » W

The output voltage is also equal to

K n(i) =  f « r ( s )^ 4 .  +  (2.9)

=  U s )  {  +  "  } (2.10))

Hence

Substituting for Kn(s) from Eqn. (2.7) we have

The transformed expression for the choke current can be written from 

Eqn. (2.3) as

^a(s)  =  fcT{s) +  Im(s) (2.13)
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which can be rewritten by using Eqn. (2.12) as

=  f’2 is ) lm{s)  (2.16)

where

The primary side choke current i'̂  is the reflected secondary current and 

is given by the expression

ip =  nichs (2.18)

where n  is the turns ratio and therefore

Ip{s) =  nichsis) (2.19)

=  nF2{s)Im{s)  (2.20)

The secondary side choke voltage Vch is given by the expression

K:a(5) =  icsis) R c h s  +Vm{s)  (2.21)

Using Eqns. (2.16) &: (2.7) in Eqn. (2.21) we have

Vch{s) =  RchsF2 {s)Im{s) +  Fi{s)Im{s)  (2.22)

=  [RchsF2 {s) +  Fi{s)] Im{s) (2.23)
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The primary side voltage is given by

(2.24)

=  ~[RchsF2{s) +  F i { s ) ] L i s )  (2.25)

The coreloss com ponent of the choke current Ipr can now be determined

as

W  =  ^  (2.26)

 ̂ [RchsF2{s) +  F , { s ) ] U s )  (2.27)
f^Rch

The pulse current ip is the sum of the reflected secondary side current 

and the coreloss com ponent and hence

fp =  Ip+fpr (2.28)

4 ( 4  =  4 ( s )  +  V ( s )  (2.29)

=  n F 2 {s )U {s )  +  - 4 -  [RchsF2[s) +  Fi(s)I U { s )  (2.30)
Hitc/ip

(2.31)

^Rchp
/m (4  (2.32)

Therefore the transfer function between the output current and the pulse 

current is given by the expression

_   ^Rchp_____  /g
4(4 F.(4+f2(4{l+n%p} ^
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Substituting for Fi{s)  and /^ (s) from Eqn. (2.8) and Eqn. (2.17) respec­

tively and sim plifying we have

[ m { s )  _  023^ -f a i S  +  Co
/p(s) &23̂  +  biS 4- bo

(2.34)

where

0-2 — ^FchpL/rnf^rcsFcr (2.35)

Cl =  nRchp{LmJ -\-CresRcxRm) (2.36)

Co =  nRchpRm (2.37)

2̂ — LynfCTcsR-cri^Fm. Rsm)

+  LmfCrcsi^ +  Rchp){Rcr +  R-sm +  ^m) (2.38)

b\ — Cres RcrRsmRrn 4" ijmf{,Rsm 4" Rm')

4- Rchp)[Rmf +  CresRm(Rcr +  Ram)] (2.39)

bo =  Rm(Rsm +  I +  n^Rchp) (2.40)

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

tained for any given resonant frequency /<,. The resonant frequency can 

vary due to the variation of the resonant capacitor value due to tem perature 

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 th e pulse ringing frequency (wp =  2irfp) is known, the frequency 

spectrum o f the pulse currents can be determined. The fundamental com ­

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

the m agnet current by using the ac transfer characteristics of the resonant
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Figure 2.4; Variation of Pulse Current and its Fundamental Com ponent

network at the given resonant frequency. T he peak value of the pulse current 

and its dc com ponent can be determ ined once the fundamental com ponent 

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 ip and the peak value of the fundam ental 

component is shown as Iip. The pulse ringing frequency is Wp.

The pulse current can be defined as

ip s in{upt)  0 <  wf <  (r/wp)

0 (7r/wp) <  Ljt <  (7r/w,)
(2.41)

where

Wp =  p Wg (P > 1) (2.42)
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The frequency com ponents can be found by expressing the pulse current 

in a fourier series expansion as

where

and

ip{t) =  Idcp +  An sin  {nujat) +  B„ cos {nujJ.)

1 r’̂ /p.
Idcp =  r -  / ip s in  ujpt d{ujat)

2/k Jo

2 f l̂P
= I T  I s in  {p (jJat) d{uat)Lk Jq

2X

wp

An =

l p f sin{p — n)uat ttI p s in{p  + n)uat
2w \ ( p - n ) 0 (P + n)

i r / p '

i ^  ( s in  (p — n)wfp s i n ( p  + n)w/p  
27t \  ( p - n )

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)

I
— / ip s i n u p t  s in {nu>at) d{ujat) (2.48)
w Jo

i r-njp
— / s in  (pu>at) s in (nuat) d{uat)  (2.49)
w Jo

i rif/p
—  {cos (p -  n)(jJat -  COS {pn)( jLJat }  d{Uat) (2.50)

(2.51)

ip + n)
(7iÿ6p) (2.52)

I f' /̂p *
Bn = — ip s in  ujpt cos (nw^t) d{uat) (2.53)
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I f^iP
=  — / sin  {'pUat) cos {nuJat) d{u}at) (2.54)

7T Jo

I /r/p
=  ^  { s i n { p  +  n)uat  +  sin {p — n)ujat} d{uat)  (2.55)

— ip \ \ cO s{p  +  n)(jJat \cOs{p — n)Uat
27t I [ (p +  n)

+
0 ( p - n )

It Ip '
(2.56)

- i p  r [(coa(p +  n)7r/p) -  I] [(cog(p -  n)7r/p) -  1] 1

2 ^ 1  ( » + P )  ( n - p )  J

2ir \ ( n  +
+   ̂ ^  coa(p +  n);r/p

+  p) (n  -  p) (n +  p)

cos(n — p )7t/ p  

-  P) .
(2.58)

Zp f - 2 p  c o s { n - p ) w l p  cos{n +  p ) i r /p]
2 r ( ( n 2 - p 2 ) ' ^  ( n - p )  (n +  p) j

7̂  P)

The fundamental component can be determined by putting n =  1 in the 

above relations. Therefore

X _  h  f  (p -  l) f f /p  am  ( p + l ) r / p ]
-  2 Ï 1 — (F^rij (? T T )— I

D _  h f  2p c o s (p -I )7 r /p  c n s (p +  l) ,r /p )
-  s l ( ? r T ) -  ----------------( F T Ï ) — /

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

by

fip =  x /Â f + S ?  (2.62)
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=  Kpip (2.63)

where Kp is a positive number.

If the gain from the ac transfer characteristics {im/ip)  defined as Kg is 

made equal to the fundamental component of the pulse current to obtain the 

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

Y  =  Kg  (2.64)
‘p

For the fundam ental component

/lp — (2.65)
l \ g

where lac is the peak value of the ac com ponent of the m agnet current. 

Therefore

K ,  I ,  =  ^  (2.66)

"  = k X

The above procedure can be repeated for a set of resonant frequencies to 

determ ine the variation of the peak pulse current as the resonant frequency 

varies. The Bode plot of the transfer function /m //p  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 

am plitude o f the m agnet excitation reduces. The phase plot shows that as
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Figure 2.5: Bode Plot of Current Gain Im/

the resonant frequency approaches the accelerator frequency the phase shift 

increases, i.e, the pulse current moves towards the zero crossing o f the ac 

com ponent of the m agnet 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 o f the 

m agnet current. The average input current which is the dc component o f 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 ) o f Peak Magnet Current 
as a function of Resonant Frequency

tant factor in the performance o f 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 im portant role in the de­

sign o f the input filter to the pulsed power supply unit. These aspects are 

discussed in the next section.
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2.2 A nalysis of Input Filter of Energy M ake­
up U n it

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 j C j  filter. The eflfect of the 

variation in the L C  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 (u f ) reduces to some value, before be­

ing restored to its originzil value by the cyclic charging through the input dc 

source and the filter inductor (Lp) .  The value of the capacitance of the filter 

capacitor determ ines 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 (ip) is also shown to depict the different instants 

at which the changes in the variables occur. The boundary conditions for
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cyclic operation can therefore be written as:

VF =  Vprnx (= 2 1 /,)  at t =  -—  , [ -----------— 1 (2.68)
2Wp \(jJa 2Wp /

Vp =  Vprnn at t  =   ----  , I -------- [- -----  I (2.69)
2wp 2wp/

i p  =  ipQ at t =  - —  (2.70)
2iüp

t ,  =  0 at ( =  ^  (2.71)

Also the filter corner frequency is given by the relation

For the duration <  w <  ,

—  J  ip dt =  Uf (2.74)

Cf -—  =  î>  (2.75)

The general solution to the above equations for vp  and i p  is given by

vp  =  K, +  A cosujpt +  B sinujpt  (2.76)

i p  =  —(jjpCpAsinujp t  +  ujpCpB cosuipt (2.77)
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A pplying the second boundary condition at i  ^  given by Eqn. (2.69) 

we have vp  =  Vp^n,

^Pmn — +  Ac05U>f’( —--- ) -\- BsitlUJp^- ) (2.78)
2 W p  2ijjp

Vpmn — Vs =  Acos{^^~)  +  B s i n { ^ ^ ^ )  (2.79)
6 W p  Z W p

T he third boundary condition given by Eqn. (2.70) states that

ipo =  —u:pCpAsin{^^^^)+(jüpCpBcos{^^^)  (2.80)
6Wp 2wp

Solving for A and B from the above two equations we have

A =  (Vr^n -  V ;)cos(^ ^ ^ )-------^ -5 % n (^ ^ )  (2.81)
2Wp ujpLp  2Wp

B  =  (Vf-mn -  K )5 z n (^ ^ )  +  —^  - c o s ( ^ ^ )  (2.82)
^ p  <jjpL,p ZuJp

Substituting for A and B  in the general solution for vp  we have

+  |( l^ m n  — K)-szn(-^ ^ ) +  ^ -̂ ^ ^ cos( ^ ^ ) j  6%n(ü;ft) (2.83)

UF =  K  -  K ic o 5 (^ ^ )c o s (w F ()  +  5 m (^ ^ ^ )5 m (u ;F o l
I  2 w p  J

+  l̂ Fmn \ co5( — ^)cos(u;fO  +  s i n { —- ^ ) s i n { u j p t )  i
I  2 w p  J

+  — ^  ic o s ( - ^ ) s m ( w F ( )  - a z n ( ^ ^ ) c o 5 ( w f ( ) l  (2.84)
ujpUp 2 w p  2 w p  J
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_  1/. | l  -  C05 I  +  Ve^^COS (wFt  -

Using th e first boundary condition which states that at ( =  { — —

Vp =  2Vs we  have ;

21/, =
I  \  2 w p  2 w p y  J

, .  I 2iiU)p r w f  xu>f \
+ V f ^ ^ cos -  _ j

(2.86)
(jJpCp V 2Wp 2Wp /

=  K  | i  _  I  +  V ) ,_ c .3
Wo Wp

UJpCp \  U>a OJp J

Defining a  quantity ^  as

and sim plying (2.87) we have

—~^sin2l3  =  U,(l +  cos2/3) -  Uf’„,„cos2;5 (2.89)

Therefore the current ipo is given by

+  cos2/
iro  =  (2,90)
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- c o t 0 - ^ ^ ^ ^ c o t 2 0  (2.91)
( j jpLf  uj pLf

since w p C f =  ( I / ujfLf ).

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

{Vscot0 -  VFmnCot20) sin  -  ^ ^ j [2 .9 2 )

=  K - K  ( u r t  - ^ y  co t0 s ,n  |

+  l^tnn ^C05 ( — — -  - j  — cot20sin  ■ J j(2.93)

Therefore the capacitor voltage Vf  is given by

TTWf \ ttujf

Vf =  Vs
f . .

\  s in 0  J

which reduces to

The only unknown quantity is VFmn- It can be determined by recognizing 

the fact that the capacitor voltage is equal to VFmn after one cycle, i.e., at
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t =  +  23^ ), and hence from (2.95)

V F m n  /  2 f u J F  TTW f ^  TTWf 2 % W F  '

5m2/3 \  Wg 2wp 2wp ^

(2.96)

Solving for Vfj^n we have

Vpmn =  2VsCOS0 <1 5m 2^ +  sm
(2.97)

It is seen that in the expression for Vfmn, 21^ 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

6 V p  =  Vfmx  -  Vprnn

[ 3in20  +  s in

s t n 0  +  s i n { ^  +  ^ )  

sin2ff  +  s in
=  2K 1 — C O S 0

(2.98)

(2.99)

(2. 100)

Thus a relation between the ripple voltage and the m agnitude of the filter 

capacitance m ay 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 o f the capacitance increases. It is also seen that as 

the ratio Wp/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.

T he filter current ipo can be determined from the capacitor voltage by 

using (2.75). Therefore

tp  =
VjU pC p (  TTUJp\
 r—̂ c o s  u }p t -------------)

s inp  \  Ua J

^ 'Fm n^pC p  (  irujp
— COS [ujpt  H---------

s t n z p  \  Wg
(2 . 101)
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Vf, . .  _ to-p 2 T W f\(2 ^ g 2 ,
T ■ 0/3'“ ^ }(jJpLFSinlp \  üJa U>a y

where VFmn is given by Eqn. (2.97).

Thus all the quantities required have been determined. The expressions 

for the pulse current Zp, the capacitor voltage Uf, and the filter current tV 

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
ip =

wpLp

u.
If  =

wpZLp

Up = K f ( l

I  (^cot0  ~ ^ c o t 2 0 ^  (1 +  sinujpt) +  — cosWp( j  (2.103)

I  c o t 0  ^ ^ c o t 2 0  -cosupt  I  (2.104)
L Vs W f  J

Vf  =  K f ( l  — sznwp() -I— - c o t0 c o s u j p t \  cot2/)cosWp( (2.105)
I ujf j Wp

The variation in the harmonic components of the filter current ip  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 o f the input filter 

current is shown in Fig. 2.8. Using the fourier series expansion we have

i p i t )  =  Id Cf +  ^nsin(n(jjat) BnCOs{nu>at) (2.106)

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

quency and hence

wp = ^  (2.107)
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The de and the harmonic coefficients can be expressed as

1
—  /  ip s in  ujpt d (Uat) 
sir Jq

=  ï ;  r

(2.108)

(2.109)

( 2 . 1 1 0 ) 

( 2 . 1 1 1 )

and

An  = — /  ip  sinujpt sinnuJat d(uJat) 
<r Jo

(2.112)

(2.113)I F  r " "  .=  — / s i n — t sinnujat diuJat)
IT Jo k

=  ^  |c o s  Wot -  cos +  nj cjatj d(wat) (2.114)

IfL
27T

k i . , n k — 
s t n ( — —

nk  — Ï
1

)  0

k f  . ^nk + l^

i f
2 f

kip
2 7

nk  +

k . (nk  — l)2ir k . (nfc +  l)27r 
■sin :--------------- :----- - s t u ­

n k  — I k  nfc +  1 k

. (nk  — 1)2tt 1 . (nÆ+l)27T( _ L
\  nÂ; —

-sin-
nk  + { ’ k

(nk ^  1)

(2.115)

(2.116) 

(2.117)
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Brv =
1 '
— /  ip sinujpt cosnujat d{ujai) (2.118)
7T Jo

=  —  f  s i n - ^ t  cosnujat d{ujat) (2.119)
TT Jo k

=  | s m  +  5zn Wafj (/(waO (2.120)

- * F

2ir
k  \ +  I

2)t

n k  +  I
cos{- )ujJ^

k f  nk — I 
i— ;----r < cos(— - — )u)at

2t

— IF 
2 rr

k
nk  +  I

cos

nk — Ï 

{nk  +  1)27t

(2.121)

-  I

nk — I
k { {nk — 1)2 ?

cos- ;-------------I (2.122)

k ip  f n'^k^
2? 1 n^k^ — I nA: +  I

I {nk +  1)2? 
cos  :--------

nk — I
1 {nk — 1)2 ?

cos  ;-------- {nk  ^  1) (2.123)

T he frequency com ponents can be determined. The harmonic current for 

different sizes o f the filter inductor can be computed. Fig. 2.10 shows the  

variation of the harmonic currents cis 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.

T he 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 resonajit 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.) T he ripple voltage across the filter capacitor at the input of the pulse 

form ing 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 m agnet power sup-



45

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 trim m ing capacitors is essential to maintain the resonant frequency 

near the accelerator frequency. The large value o f the filter components at 

the input of the energy make-up units restricts the dynam ic response of the 

system . It 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 m agnet power supply area.

2.3 Sw itching converters

This section discusses switching converters and their relevance to ring-magnet 

power supplies. The advantages and drawbacks of different converters and 

the suitahility o f multi-level converters to function as RMPS is presented.

The analysis o f 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 sm all 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
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needed to achieve the many strict specifications put forward by the magnet 

power supply area.

Switching converters (Pulse W idth Modulated (PW M ) 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 o f 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 dynam ic response needed for RMPS, their applica­

tion in the area of high-performance magnet power supplies has so far been 

lim ited. This is due to lack of suitable switching converter configurations 

and lim itation of power semiconductor devices in high-power high frequency 

capability.

W ith the advances in power sem iconductors and power converter technol­

ogy, these lim itations are being overcome. Power semiconductor devices like 

the Gate-Turn-Off (GTO ) thyristors and Insulated Gate Bipolar Transistors 

(IG B T ’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 lim itation  

of com plex 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 developm ents in this area use dc/dc converter 

configurations [20,21]. Although choppers (d c /d c  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. M ultiphase choppers [22, 

23]can be used to reduce the output current ripple contents. However they 

use as m any sm oothing inductors as there are phases, which leads to large 

reactive elem ents 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 com plex series-parallel combination of switches. In this re­

gard, m ultilevel sw itching converters have many advantages and becomes an 

appropriate choice o f switching converters. M ultilevel 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 

lim ited to two levels o f output voltage.

The main advantages of m ultilevel 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 o f output voltage levels increase.

2.) Suitable for high power applications.

3.) Each switching device blocks only a fraction o f the total dc-link voltage.

4.) High effective output switching frequency. In m ultilevel converters, 

the effective output switching frequency is high since there axe more 

than one switching state for a given output voltage level. The individual 

device sw itching frequency can still be low while maintaining the output 

switching frequency high. This not only results in reduced switching 

losses but also improves the dynam ic response o f the system.



48

The above m entioned advantages make it suitable for consideration of 

a m ultilevel converter as a Ring-M agnet Power Supply. The advantage is 

gained at the expense of more switching devices and a complex switching  

strategy. The different m ultilevel converter configurations are discussed in 

the next chapter before proposing the Hybrid Multilevel Switching Converter 

as a RM PS.

2.4  C onclusions

The com plete 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 im portant factor in the design of the energy m ake­

up network. T he 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 tem perature, saturation etc. Thus the resonant-type RMPS suffers 

from resonant frequency drifts leading to huge current and voltage stresses 

to th e devices in the energy make-up network, ft can be concluded that a 

non-resonant type of power supply is preferable to the resonant RMPS to  

elim inate the dependence of th e operation of the power supply on circuit 

param eters which are susceptible to secondary effects like temperature.

T he 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. It has been shown 

that th e voltage ripple reduces as the capacitance value increases. The study
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of the harmonic com ponents 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 

resulting in a poor dynam ic 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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C hapter 3 

H ybrid M u lti-level Sw itching  
C onverter

This chapter describes the Hybrid M ulti-level Switching Converter (HM SC). 

A general study of m ulti-level converters is presented in Section. 3.1. The 

development of the Hybrid M ulti-level Switching Converter is explained in 

Section. 3.2 and the simplified Hybrid M ulti-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, com m only encountered in m ultilevel 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 .
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3.1 M u lti-level Converters

M ulti-level Converters have been in vogue for more than three decades. Corey 

[24] introduced the concept as a stepped-wave inverter. M ulti-level output 

voltage was obtained by summing different output voltages with the help 

of phase-shifted output transformers. Kemick et al, [25] showed that very 

low harm onic distortion could be obtained in this manner. A modification  

of this principle by Corry [26,27] in 1973, also resulted in m ulti-level output 

waveshapes. All these circuit configurations relied on output transformers 

to obtain the m ulti-level stepped waveforms. This m ethod has been obsolete  

for quite som etim e due to the large reactive elem ents involved.

Naba« et al [28] introduced the Neutral-Point-Clamped (N FC ) inverter as 

a three level inverter in 1981. It produced a three level output voltage w ithout 

the help o f output transformers. This circuit configuration has been used 

extensively  in the area of m ultilevel conversion. The merits of this converter 

will be discussed in detail in the next section. Bhagwat et al, [29], Revankar et 

ai [30,31] have also proposed a generalized structure of a m ultilevel inverter. 

T hey not only varied the number of steps, but also the voltage m agnitude 

in each step. However such techniques require different voltage m agnitude 

generating ciruits which axe cumbersome. The logical extension of the NFC  

inverter was proposed as the generalized stacked m ultilevel inverter by Choi 

et al [32]. This configuration can produce more number of output voltage 

levels as compared to a NFC inverter. However it has an inherent voltage 

balancing problem. Such a configuration is also discussed in detail in the 

com ing sections.

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

structure obtained from cascading normal H-bridge inverters. Such a config­
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uration, term ed the cascaded inverter, has many m erits to be considered as a 

m ultilevel converter. Its characteristics will be dealt in detail in later sections. 

Meynard and Foch [35] have summarized the different types of m ulti-level 

inverters and choppers. They have concluded that one pole or leg o f an 

NPC inverter is m ost effective in terms of static and dynamic voltage shar­

ing am ong the sw itches, low d V /d t 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 m erits a 

more detailed look to exploit its versatile features.

3.1.1 N eu tra l-P o in t-C lam p ed  Inverter

The N eutral-Point-C lam ped (N PC ) inverter was introduced as a m ultilevel 

structure by Nabae et ai [28]. The half bridge version of the NPC inverter 

is shown in Fig. 3 .1(a). Switches Si and act as the main switches, while 

and Ss, in conjunction with diodes Ds and De, act as auxiliary switches 

clamping the output term inal to the neutral point potential. Thus the output 

term inal can be at three different potentials { + E ,  0 , ~ E )  depending upon the 

states o f the sw itches. T he 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.

T he three-level inverter leg can be seen as a com m utation cell using series- 

connected switches in which the clamping diodes ensure the voltage sharing 

instead o f forcing the switches to commutate at the sam e tim e. Thus the  

voltage across each switch is lim ited to a value E.  The dV /d t rating of 

the switches is thus reduced. The extra voltage level of the NPC inverter 

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



54

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 ± 2 E ,  ±.E  and 0 output voltage levels. The added advantage of 

the circuit is that more than one switching state results in the sam e voltage  

level. This is 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 o f output 

voltage levels than that provided by the NPC inverter, namely three or five. 

Furthermore as the number of output voltage levels increases th e 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 G eneralized M u lti-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  

m ultilevel converter is shown in Fig 3.3.

The generalized m ultilevel converter uses series capacitors on th e 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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Figure 3.2: (a) Full Bridge NPC Inverter, (b) Switching States. Switches 
S2 , S3, 8 6  and S7 are operated in a com plem entary manner to switches S4 , 
S i, S8  and S5 respectively.
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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 lim ited  due to the voltage balancing 

problem. Hence it is necessary to derive a m ultilevel structure bereft of the 

voltage balancing problem.

3.1.3 C ascaded M ulti-level C onverter

Marchesoni et al [33,34] proposed a different type of multilevel structure, 

where they cascaded two fuU-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 hcis 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 sam e number of output voltage levels.

Thus a study o f each of th e  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 m inim ize it and

4.) m odular construction.

These features can be obtained in the proposed m ultilevel converter struc­

ture called as the Hybrid M ultilevel Switching Converter. This proposed 

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

3.2 H yb rid  M ultilevel Sw itching Converter

The Hybrid M ultilevel Switching Converter (HM SC) can be obtained by 

using the full-bridge NPC inverter as an unit in the Cascaded inverter. The 

resulting m ulti-level structure is termed as the Hybrid M ulti-level Switching 

Converter. T he term  Hybrid is used since it is a com bination 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 Sie) and 8  clam ping diodes { D n  to D 24). The anti-parallel diodes {D i  

to Die)  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. T he 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 m idpoint of the load can be considered as the ground. Each of the 

sem iconductor com ponents have a peak voltage stress equal to one half of 

the dc-link voltage { E  - 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 , ± 2 E ,  

and 0. The addition of these levels at the output, due to the cascading of the 

two bridges, results in output voltage levels of -f4 E  or —\ E  at its extremes, 

with seven (7) interm ediate output levels of ± 3 S ,  ± 2 £ ,  i £ ,  and 0. Another 

advantage of the circuit, apart from the higher output voltage levels, is that 

interm ediate output levels may be obtained not m erely by adding two levels of 

the sam e polarity, but also by adding two levels o f different polarities. Thus, 

for exam ple, a zero (0 ) output voltage level may be obtained by adding zero 

levels of both the units or by adding such levels as + 2 E  to ~ 2 E  or + E  to 

— E.  This aspect w ill prove very effective in m inim izing 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 S 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 com binations (2® =  256) result in a valid output voltage level. How­

ever the number o f switching combinations is still high. This im plies 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 

sam e level. Thus th e effective switching frequency of the output voltage may 

be increased w ithout having to be constrained by the minimum on /o ff tim es 

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 sw itching 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. W ith the addition of every NPC unit the tota l 

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 determ ine the number of output voltage levels to work 

with.

The two voltage sources E  are two capacitor banks charged to a voltage 

E. This is equivalent and true provided the average current in each capacitor 

is zero. Each tim e the load (considered as a constant current source since 

the m agnet 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 m aintained within specified lim its 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 m any 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 hêis a high effective switching frequency.

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

(b) It improves the dynam ic response of the system .

9.) It hcLS a large number of switching states.

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

3.3 Sim plified H ybrid M ultilevel Sw itching  
C onverter

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 RM PS. The power circuit 

configuration of Fig 3.5 can be simplified in the case o f RMPS. This simplified  

HMSC w ill be discussed in detail in this section.

T he dc-biased ac nature of the current excitation required for the m agnets 

constrains the output current o f the RMPS to be always positive. This is 

clearly illustrated by the different types of magnet excitations as shown in 

Fig 1.1. The m agnet current has a minimum and maximum value which is 

always in the first quadrant. This results in a sim plification of the Hybrid 

M ulti-level Converter structure. If the converter is supplying the magnets 

directly, w ithout any output filter circuits, the output current of the converter 

is the m agnet current and hence is always positive. Since the output current 

is always positive the switches 5a, S^, 5s, Se, S u ,  S 12, S 13, and 5 i4 never
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conduct. The antiparallel diodes D i, D2 , Z?7, Dg, Dg, D w,  D 15 and D\q also 

do not carry any current. Furthermore the clamping diodes Dig, Dig, D 22 

and £>23 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 M ulti-level Swtiching Converter, is shown in Fig. 3.6.

The sim plification in the general hybrid multi-level configuration is valid 

as long as the output current o f the converter is positive. However if the 

converter output current is both positive and negative for som e load condi­

tion, then the general circuit configuration of the hybrid m ulti-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 anti parallel diodes Dg, D 4 , D 5, Dg, D u , Dig and D h  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 sem iconductor 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 o f the network 

as compared to the general HMSC configuration since eight (8 ) switches and 

twelve ( 1 2 ) diodes can be eliminated.

Although the antiparallel diodes Dj, Dg, D 7 , Dg, Dg, Diq, D is and Dig
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Figure 3.6: Simplified Hybrid Multilevel Switching Converter for RMPS
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have been rem oved, their presence does not aiFect the operation of the cir­

cuit. In certain devices like Bipolar Junction Transistors and IG BT’s the 

antiparallel d iode is internal to the device. T hey can be retained. However 

they do not play any part in the proper operation of the circuit aa 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 anti parallel 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 w ith positive current and bidirectional (positive &: negative) voltage.

The sim plified 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 com binations is still the sam e since 

all the rem aining 8  switches can be controlled independently. Nevertheless, 

as in the case o f the general HMSC, not all sw itching states (2® =  256) result 

in valid ou tput 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 im m ediately concluded that there is m ore 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

sta te  for any given level except for the outerm ost levels (-I-4E & —AE: FF 

& 00 HEX respectively). The number of sw itching 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 summ ing zero levels from 

each NPC bridge. Under these conditions the energy in the load (due to 

the inductive nature of the load) free-wheels through the network without



T a b le  3 .1 :  S w itc h in g  S ta te s  o f  th e  S im p lif ie d  H M S C

6 8

O utput I NPC II NPC ^2 Sr % 59 5io 5 i5 5x6 HEX

+ 4 E + 2E + 2E I I I 1 I 1 1 I FF

+ 3E

+2E

+ E

+  E 

+ 2 E

I
I
1
0

1
I
1
1

I
1
1
I

I
I
0
1

I
0
I
I

1
I
I
I

I
I
1
I

0
1
I
I

FE
F7
EF
7F

+ 2E 0 1 I I I 0 1 I 0 F6
1 1 I I I 1 0 FC
1 1 I I 0 I 1 F3

0 +2E 0 I 1 0 I I I I 6 F
I I 0 I 1 I I CF
0 I I I I 1 I 3F

+ E + E 1 I I 0 I I I 0 EE
+ 2E 1 1 1 0 0 1 I 1 E7

0 1 1 I I 1 1 0 7E
0 1 1 1 0 1 I I 77

+ E 0 1 1 1 0 0 I I 0 E6
1 1 1 0 I 1 0 EC
1 I 1 0 0 I I E3
0 1 I 1 0 1 I 0 76
0 I 1 1 I 1 0 7C
0 1 I 1 0 I I 73

0 + E 0 I 1 0 1 1 I 0 6 E
+ E I 1 0 1 1 1 0 CE

0 1 1 1 1 1 0 3E
0 I 1 0 0 I 1 I 67
I I 0 0 1 1 I C7
0 1 1 0 1 I 1 37

+ 2E -E I 1 1 1 0 1 0 F2
I I 1 I 0 I 0 F4

-E + 2E 0 I 0 0 1 1 I 1 2F
0 0 1 0 1 I I I 4F
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Output I NPC ir NPC 52 5? 5s 5g 5io 5is 5x6 HEX

-4E -2E -2E 0 0 0 0 0 0 0 0 0 0

-2E -E 0 0 0 0 0 0 l 0 0 2

-3E 0 0 0 0 0 1 0 0 04
-E -2E 0 I 0 0 0 0 0 0 40

0 0 I 0 0 0 0 0 2 0

-2E 0 0 0 0 0 0 L L 0 06
0 0 0 0 I 1 0 0 OC
0 0 0 0 0 0 1 1 03

0 -2E 0 I 1 0 0 0 0 0 60
1 I 0 0 0 0 0 0 CO

-2E 0 0 l 1 0 0 0 0 30
-E -E 0 0 I 0 0 0 I 0 22

0 0 I 0 0 I 0 0 24
0 l 0 0 0 0 l 0 24
0 l 0 0 0 I 0 0 44

-E 0 0 0 1 0 0 1 l 0 26
0 0 1 0 I I 0 0 2 C
0 0 1 0 0 0 I I 23
0 I 0 0 0 l l 0 46
0 I 0 0 I I 0 0 4C
0 I 0 0 0 0 l l 43

0 -E 0 1 1 0 0 0 l 0 62
I 1 0 0 0 0 I 0 C2

-E 0 0 I 1 0 0 I 0 32
0 1 l 0 0 L 0 0 64
1 I 0 0 0 I 0 0 C4
0 0 1 1 0 1 0 0 34

-2E + E 0 0 0 0 I I 1 0 OE
0 0 0 0 0 I l I 07

+ E -2E l l 1 0 0 0 0 0 EO
0 1 I I 0 0 0 0 70
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T a b le  3 .1 :  (c o n t )

Output I NPC II NPC 5-2 57 5s 5io 5 i6 HEX
+ 2 E -2E I 1 I I 0 0 0 0 EG
-2E +2E 0 0 0 0 I I 1 I OF
+ E -E 1 I 1 0 0 1 0 E2

I I I 0 0 I 0 E4
0 L I I 0 1 0 72

0 0 I I 1 0 I 0 74
-E + E 0 I 0 I I I 0 2E

0 I 0 0 L I 1 0 4E
0 1 0 0 I I I 27
0 I 0 0 0 I I 1 47

0 0 0 I I 0 0 I 1 0 66
0 I I 0 I I 0 6 C
0 1 1 0 0 I 1 63

0 1 1 0 0 0 1 I 0 C6
I I 0 0 I I 0 CC
I I 0 0 0 I I C3
0 0 I 1 0 I L 0 36
0 0 1 1 I I 0 0 3C
0 0 1 1 0 0 I I 33

Note: A I represents ”0 N ” state whereas 0 represents ”O FF” state.

Table 3.2: Number o f Switching States

Level No. of States Level No. of States
+4E 1 -4E 1
+ 3E 4 -3E 4
+ 2E 10 -2E 10
+  E 16 - E 16

0 19
Total 81
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any of th e  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.) T he simplified HMSC can output positive current only. However, the 

ou tp ut voltage can be both positive and negative.

2.) T he number o f sw itching states remains high although half the switches 

are elim inated from the general HMSC configuration. There are 81 

sw itching states.

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

general HMSC topology.

4.) T he configuration is short-circuit proof.

The sim plified HMSC possesses all the characteristics to  be considered 

as an unit to develop m ulti-cell Ring-Magnet Power Supplies. This unit 

replaces th e phase-controlled rectifier (Fig. 1.3) as the power supply unit. It is 

necessary to  analyze th e sim plified HMSC for its steady sta te  characteristics 

to determ ine the ratings o f the devices and other com ponents to be used. The 

steady sta te  analysis o f the simplified Hybrid M ultilevel Switching Converter 

will be dealt with in the next section.
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3 .4  S teady S ta te  A nalysis o f th e  HM SC

This section deals with the steady state analysis o f the simplified HMSC. 

T he peak voltage and current ratings of the devices are identified.

T he following sim plifying assumptions are made during the analysis.

1.) The load resistance is sm all 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 

chauges 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  S tead y  S ta te  A nalysis

T he load current is of the form :

io =  idc +  iac such that io > 0  (3.1)

A dc-bicised sinusoidal current signal is assumed as th e output current to  

analyze the configuration. Similar calculations can be performed for different 

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

io =  Idc -  î a eCO s{u j t )  (3.2)

where lac represents the peak value of the ac signal superimposed on the  

constant dc signal Ijc- The average value of the output current is, of course.
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the dc signal equal to Idc- The RMS value of the output current can be 

com puted by using the relation :

^ O r m s  =  (3-3)

=  i ^ d c - L c  COS dwt  (3.4)

=  (3 5)

The peak value of the load current is given by the relation

h p K  =  Idc +  h e  (3.6)

(a) D ev ice  R atings

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 E.

T he average and rms current ratings of the individual switches can be 

com puted by using the expression

where 9i and 62 specify the duration for which the device is conducting. 

Sim ilarly the rms current rating for each device is given by

(3-8)
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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 exam ple an output voltage level of + £  m aybe 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 determ ine 

the RMS ratings of the devices. However the worst céise device ratings maybe 

determ ined. 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

^ S r m s - u a x  -  \ j Q c+  (3 9)

For exam ple, for a dc-bicised sinusoidal output current given by 2850 — 

1650 cos{ujt) the peak current is 4500 Amps and the RMS current rating is

M A X \
2850^

I — ;

=  3079 =  3100A

=  0.6888/op;, (3.10)

The RMS current rating of the individual switches is lower than 0.688 of the
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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., Idc- The following few points are 

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

1.) The inner switches [S 2 , St ,  S\q &: ) are conducting when the outer 

switches {S i ,  Ss, Sg Sie)  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 o f the outer switches.

2.) The clam ping diodes { D n ,  D^o, D 21 & Z)?,) 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/op^ where 

lopi^ is th e peak value of the m agnet current.

4.) The worst case Average value of any device is Idc-

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

of the converter.

(b) Input C apacitor R atings

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 o f capacitance needed to maintain the input as a stiff dc 

source can be com puted knowing the load current.
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Let the load current be given by the relation

io =  tdc — h e  cosujat such that ig > 0  (3.11)

where u>a =  2xfa  is the accelerator operating frequency. Assum ing that the 

particles are accelerated for half of the period and extracted at the peak 

of th e m agnet current, the power supply has to feed energy for half of the 

operating period. In the other half, the m agnet current is reduced to its 

in itial value. During this period the energy stored in the m agnet is fed back 

to th e  dc source of the power supply. Thus there is an oscillation in the 

energy between the L C  circuit formed by the m agnet 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 term inals. The total charge accum ulated across the capacitor 

during one cycle is

Q =  C E  (3.12)

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

on both  sides of the above equation we have

A Q  =  C A E  (3.13)

However the change in the charge A Q  is given by

A Q  =  [ A t  (3.14)

where I  is the current supplied by the capacitor in a duration A t  seconds. 

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

A < = ^ = |  (3.15)
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The peak current value needs to be considered to account for the maximum  

change in voltage across the capacitor and hence I  =  Iop k - Thus

Y  =  C  A E  (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 term inals can be determined. For exam ple, considering a dc-biased 

sinusoidal output current of the form {2850 — 1650 cos(27r50t)} we have the 

following relations

lop^  =  2850 -I- 1650 =  4500A 

Ta =  — =  20 X 10“^

—34500 X 20 X 10
G =  -------------------------

2 x A E

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

(3.18)

The capacitance value is very high. The input dc-link has to be composed 

of a bank o f 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 o f capacitors would be 

necessary to achieve the high value of capacitance and the voltage rating 

required.

3.4.2 Pow er C ircuit Param eters o f th e  HM SC

This section discusses the power circuit design of the Hybrid M ulti-level 

Swtiching Converter for a dc-biased sinusoidal reference current.

The system  parameters are:

1.) Load Inductance =  25 mH

2.) Load Resistance =  12.5 m il.

3.) Reference Current =  2850 - 1650 cos(wt).

4.) Accelerator Frequency =  50 Hz.

The peak voltage across the magnet load is given by

krfcpK =  2850 X 12.5 x 10"^ 4- 1650 x 2 x 7 r x  50 x 25 x lO'^

=  35.625 -t- 12 ,959.07Volts

=  13,000Volts (3.20)

This voltage is the voltage due to the fundamentéd component only. There  

are other harmonic com ponents 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 l5kV. This is 

sufficient to supply the required voltage to the load.
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dc voltage per level [E)  =  Total voltage /  4 =  15,000/4 =  3750 Volts.

Since each sw itching device blocks a maximum voltage of E  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 w ith a safety factor of 1.5,

Peak Voltage Ratings of the Switching Devices =  1.5 x 3750 =  5625 Volts.

The sw itching devices used are IG B T ’s. They are available in a peak 

voltage rating o f 3300 Volts. Thus the number of devices that have 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 IG BT’s in series is usually not recommended due to problems 

in dynam ic voltage sharing. To avoid th is 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 o f the devices available.

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

Peak Current through any switch with a safety factor o f 1.5 =  1.5 x 4500 =  

6750 Amps.

Peak Current Rating of the IG BT’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. 

T he RMS value of the load current is

logu s  =  (3.21)

=  / 2m : + 1 ^

=  3079.85 =  3100 Amps

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

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 

num ber o f diodes required is less than the switches since diodes are available 

in m uch higher current ratings than 600 Amps.

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

C  =  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.

T he snubber circuit has to be designed suitably to  reduce the d V /d t and 

d l/d t  spikes that can appear during switching. The paraisitic inductance 

in the power circuit has to be minim ized to reduce the voltage spike that 

appears across the device during turn off.
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3.4.3 Sw itch ing  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 lim it the effective output switching frequency 

from power circuit point of view are:

1.) The m inim um  on /o ff tim es of the individual switching devices.

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

The availability o f 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. G TO ’s are available 

in the range of 5000 Volts and 3000 Amps and have a maximum switching  

frequency of 10 kHz. IG BT’s on the other hand are available upto 3300 Volts 

and 1200 to 1800 A m ps and can switch cis rapidly as 30 kHz [36]. IG BT’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. IG B T ’s are considered as switching devices for the switches in 

the Hybrid M ulti-level Switching Converter. The minumum on /o ff tim es of 

IGBT’s is sm all and they can be used effectively to provide a high effective 

output switching frequency.

.'Mthough the switching devices have small minimum on /o ff tim es, they  

still play a vital role in lim iting 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 

m inim um  on /off tim es of the device is overcome. This not only helps in 

reducing the chances of a device failure, but also reduces the switching loss.

T he switching losses in th e devices is directly proportional to the switch­

ing frequency. Considering IG BT’s as switching devices, the turn on losses 

axe negligible since the device turns of with the collector current { [ c e ) 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

Pa v {s w ) =  VcElcEf$  (3.23)

where Vq e  is the collector-em itter voltage. Ic e  is the collector (device) cur­

rent, / s  the device switching frequency and the total turn-off tim e 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 m ul­

tip lied  by the number o f 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 (H-4£ and —4E  cases). It is
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01110111

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. T he to ta l 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 som etim es a change 

in the sam e output level occurs by only one switch changing its state. This 

is explained with an exam ple in Fig. 3.7.

The sw itching transition table o f the HMSC which causes the output
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Table 3.3: Switching Transition Table: Higher to Lower State

Fr To Fr To

+4E + 3 E FF FE F7 EF 7F
FE F6 FC EE 7E 02 00
F7 F6 F3 E7 77 04 00

+3E + 2 E EF
7F

6F
3F

CF
7E

EE
77

E7
6F

-3E -4E 20
40

00
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 CO 40

+2E + E F3 E3 73 F2 -2E -3E 24 04 20
E7 E6 E3 67 C7 44 04 40
77 76 73 67 37 06 02 04
6F 6E 67 4F 2F 30 20
CF CE C7 4F 03 02
3F 3E 37 2F OC 04
E6 E2 E4 66 C6 62 60 42 22
76 36 66 74 72 C2 CO 42
F2 FO E2 72 EO 60 CO
F4 74 E4 64 60 24 44
EC E4 6C CC C4 44 CO
7C 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
E3

2E
C3

36
63

3C
E2

-E -2E 34
70

24
30

30
60

73 72 74 63 33 07 03 06
67 63 66 47 27 2C 24 OC
C7 47 C6 C3 4C 44 OC
37 33 36 27 OE OC 06
4F OF 4E 47 43 42 03
2F 27 2E OF 23 22 03
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Fr To Fr To

E2 62 C2 EO 3 0 20 34
E4 64 C4 EO 2E 26 2 0 OE
66 26 46 62 64 4E 46 4 0 OE
ce 46 0 2 0 4 0 3 43 0 2

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 EO 70 27 26 23 07
6C 2C 4 0 64 0 0 4 0 04
OF OE 07

Table 3.4: Switching Transition Table: Lower to Higher State

Fr To Fr To
-4E -3E 00 02 04 20 40

02 42 22 06 03 FE FF
04 44 24 OC 06 F7 FF

-3E -2E 20 22 60 30 24 +3E +4E EF FF
40 42 60 OO 44 7F FF
60 62 EO 64 70 F6 FE F7
22 32 23 62 26 FO FE
42 43 0 2 46 62 EE FE EF
CO 0 2 EO 0 4 7E 7F FE
24 34 64 2 0 26 F3 F7

-2E -E 44 04 46 4 0 64 +2E + 3E E7 F7 EF
06 26 07 OE 46 77 7F F7
30 70 32 34 6F EF 7F
03 07 43 23 CF EF
OC 2 0 OE 4 0 3F 7F
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Fr To Fr To

62 E2 72 66 63 E6 F6 EE E7
C2 E2 C6 76 7E 77 F6
EO FO E2 E4 F2 F6 F3
64 E4 74 6C 66 F4 FC F6
C4 C6 CC E4 EC FC EE
26 66 36 2E 27 7C FC 7E
46 C6 4E 47 66 6E 6F 7E

-E 0 32 36 72 33 CE CF EE
34 74 3C 36 3E 3F 7E
70 FO 74 72 E3 F3 E7
07 OF 47 27 73 F3 77
2C 6C 3C 2E 67 6F E7 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 F4 73 76 7C 33 37 73
72 73 F2 76 47 C7 67 4P
FO F2 F4 27 2F 37 67
2E 6E 3E 2F CE OF 4F 2F
CC CE EC
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+ 4E + 3E + 2E

FF FE EE

+ E

6E

Figure 3.8: Switching Transition Exam ple 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 4-4E  to 0 in 4 steps. Each transition occurs with  

only one switch changing its state. T he 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 F F  to F E  (H EX  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-
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ing through, at least four (4) switching periods. Thus the individual device 

switching frequency is low although the effective sw itching frequency is high. 

On an average it can be said that the individual device switching frequency is 

approxim ately one quarter of the effective output sw itching frequency. How­

ever when the output voltage is near zero level the number o f switching states 

available for transition is lim ited. 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 sw itching frequency. In 

effect the sw itching stresses on the devices is considerably reduced due to the 

many different sw itching 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 o f view and the means of reducing the sw itching losses by us­

ing the different sw itching states o f the HMSC was illustrated. The next 

section discusses the voltage balancing problem encountered in multi-level 

converters.

3.5 V oltage B alancing Problem  in  M ulti-level 
C onverters

This section discusses the voltage balancing problem that exists in multilevel 

converters. T he utilization  of the features of the HMSC to minimize this 

problem will be presented.

One of the main problems encountered in m ultilevel converters is the 

voltage balance'between the input sources. Typically electrolytic capacitors 

are used to split the incom ing dc voltage into interm ediate levels. This is seen 

in both the N PC  inverter (Fig. 3.2) and the generalized m ultilevel inverter
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(Fig. 3.3). T he voltage balance in the case of the NPC inverter is m aintained  

as long as the charge drawn from each capacitor is equal in a given interval 

of tim e [28]. Thus the voltage is fairly balanced. However in the case of the  

generalized m ultilevel 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 th e fact that the inner switches necessarily conduct when the outer  

ones are conducting. However the converse is not necessarily true. After a 

few cycles o f operation the inner capacitors m ay com pletely 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. W ith the Hybrid Multilevel Switching Converter, there is a 

provision to m inim ize 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 m ay be charged in a given sam pling 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 N PC  bridge [ (d-2E,-E), (-E ,-f2E) cases]. Hence it is essential to  

know which of the sources are in picture for a given switching state. T he  

different sta tes of the input sources for a given switching state of the HMSC
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is listed in Table 3.5. T he 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 o u t­

put voltage is at level zero (FO,OF, E2, E 4,72, T 4 ,2E ,4E , 27,47 cases). In 

addition it is possible to freewheel the energy stored in the magnet w ithin  

the two bridges of the HMSC without drawing or feeding any charge from  

any of the input capacitors (6 6 ,6C, 63, C 6, CC, C 3 ,3 6 ,3 C ,3 3  cases). These  

switching states help in the choice of the switching pattern such that the  

voltage balance between the input capacitors are m aintained.

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 sw itch 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 m inim ize the voltage unbalance between the input capacitors.

An optim ization of the switching states to obtain a switching pattern m ay  

be arrived at. An optim ized switching pattern can thus maintain the voltage 

balance between the input capacitors. These criteria is explained with a 

simple exam ple 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

LVL Sw.St C l C2 C3 C4 LVL Sw. St C l C2 C3 C4

+ 4 E FF + 1 4-1 4-1 4-1 -4E 00 -1 -1 -1
FE 4-1 -f-1 4-1 0 02 -1 0 -1

+ 3E F7 4-1 -f-1 0 4-1 -3E 04 -I -1 0
EF 4-1 0 4-1 4-1 20 0 -1 -1
7F 0 4-1 4-1 4-1 40 -I 0 -1 -1
F6 4-1 -f 1 0 0 06 -1 0 0
FC 4-1 -l-l 0 0 OC -1 0 0
F3 4-1 4-1 0 0 03 -1 0 0
6F 0 0 4-1 4-1 60 0 0 -1 -1

+ 2E CF 0 0 4-1 4-1 -2E CO 0 0 -1 -1
3F 0 0 4-1 4-1 30 0 0 -1 -1
EE 4-1 0 4-1 0 44 -I 0 -1 0
E7 4-1 0 0 4-1 42 -I 0 0 -1
7E 0 4-1 4-1 0 24 0 -I -1 0
77 0 4-1 0 4-1 22 0 -I 0 -I
E6 -bl 0 0 0 46 -1 0 0 0
EC 4-1 0 0 0 4C -1 0 0 0
E3 4-1 0 0 0 43 -1 0 0 0
76 0 4-1 0 0 26 0 -I 0 0
7C 0 4-1 0 0 2C 0 -I 0 0
73 0 4-1 0 0 23 0 -1 0 0
6E 0 0 4-1 0 64 0 0 -1 0

+ E CE 0 0 4-1 0 -E C4 0 0 -1 0
3E 0 0 4-1 0 34 0 0 -1 0
67 0 0 0 4-1 62 0 0 0 -1
C7 0 0 0 4-1 C2 0 0 0 -1
37 0 0 0 4-1 32 0 0 0 -1
F2 4-1 4-1 0 -1 07 -1 -1 0 -HI
F4 4-1 4-1 -1 0 OE -1 -I -f-1 0
4F -1 0 4-1 4-1 EO 4-1 0 -1 -I
2F 0 -1 4-1 4-1 70 0 -f l -1 -1
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T a b le  3 .5 (c o a t )  ...

LVLJ Sw.St C l C2 C3 C4 LVL Sw. St C l C2 C3 C4
FO -f-1 -f-1 -1 -1 66 0 0 0 0
OF -1 -1 -f-1 -f-1 6C 0 0 0 0
E2 -f-1 0 0 -1 63 0 0 0 0
E4 -f-1 0 -1 0 C6 0 0 0 0

0 72 0 -f-1 0 -1 0 CC 0 0 0 0
74 0 -f-1 -1 0 C3 0 0 0 0
2E 0 -1 -f-1 0 36 0 0 0 0
4E -1 0 -f-1 0 3C 0 0 0 0
27 0 -1 0 -f-1 33 0 0 0 0
47 -1 0 0 -f-1

Note

1. A -hl 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 o f the switching  

pattern.

The operation of the hybrid m ultilevel converter has been sim ulated for 

voltage balance condition in addition to maintaining low switching losses by 

choosing the one switch transition per level criterion. The sim ulation results 

are presented in Chapter 5.

In this section the com m only encountered problem of voltage balancing in 

m ultilevel converter was described. The distribution of charge am ong the in­

put capacitors for different sw itching states of the HMSC was presented. Two 

criteria for choosing the next switching state to reduce the switching losses 

and m aintain the voltage balance among the input capacitors was formulated.
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+4E

+3E

UE

+3E

FE

FE

FF FF

FE FE

FF FF

FE FE

Total
Cl I 1 I I 1 I 1 1 8
€2 1 1 I I 1 I 1 1 8
€3 I 1 I 1 1 1 1 1 8
€4 0 1 0 1 0 1 0 I 4

FF FF

F7 EF

FF FF 

7F FE

Cl 1 / 1 1 1 1 0 1 7
C2 1 1 1 1 0 1 1 1 7
C3 1 1 0 1 1 1 1 1 7
C4 0, - 1 1 1 1 1 I 1 1 7

Total

Figure 3.9; Exam ple 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.



94

3.6 H arm onie A nalysis o f the H M SC

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. M athem atical 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 m ethods to determine 

the harmonic components of any m ultilevel waveform. A generalized expres­

sion for the n-th odd harmonic components of any m ultilevel waveform has 

been given as :

Vn =  —m e

M
(3.24)/ i  +  ^  F{Cos{nOi)

where a quarter wave sym m etry has been assumed to exist in the signal,

Ki is the n — th  harmonic voltage 

fi  the voltage level for 5,..i <  6  <  6 i and 

Fi =  fi+i -  f i  .

The above expression holds for any multi-level waveform whose switching 

instants Ofs 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.

Consider the output voltage shown within one sampling interval in Fig. 3.10. 

In each sampling interval [kT, (fc-f 1)T], there is a pulse of m agnitude E  and 

duration ATfc. Four switching instants 6 ko,0 k\,Ok2 and 6 ks are defined which
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k2

(kT) (k+l)T

Figure 3.10: Switching Instants in each Sampling Interval 

uniquely determine the position of the pulse such that :

Oho =  0[k-i)3 and  9k3 =  9(t+i)o (3.25)

In each sampling interval the output can be defined as :

( fki dko < 0  <  Oki 
Vok =  < fk2 B k i < e <  Qk2 (3.26)

I /t3 &k2 < dk3

In general

K k  =  fki ^k{i-i) < 0 < d k i  where i =  1 ,2 ,3  (3.27)

Assuming a quarter wave sym m etry, the ’nth’ odd harmonic is given by 

4
V n  =  —  f  Vo{6 ) sin{n9)d6

7T Jo
(3.28)
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_4_
n x

_4_
n x

(t+p-l) 3
Y  f j i  { -  cos(n0_,-,-) +  COS(n0y(,_i))}

j=0 1=1

(fc+p-l) ( 2

(3 .2 9 )

+ P -1 )  f  2 3 'I

Y  1 Y  -6(‘+i) cos(n0j.) -  f a  cos(n% ) \ 
;=0 l,=0 t=l J

(3.30)

(t+p—1)

E
{ f j i  COS nOjo +  f j 2 cos nOji +  / , 3  cos n9j2} 

. -  { f j i  cos nOji +  f j 2 cos nOj2 +  fjs  cos nôjs}
(3.31)

which can be reduced to

(fc+p-i)

s
A (^+P—1)

=  —  Y

f j i  cos nôjo +  i f j 2 -  f j i )  cos nOji 

H f j 3  -  f j 2 ) cos n9j2 -  f jz  cos n9jz 

[fj i  — fjo)  cos n9jo +  { f j 2 — f j i  ) cos n9ji 

.  + ( / j 3  — fj2)  cos n9j2 +  ( / j 4  — f j z)  COS n9jz

where

^ 00 =  0; 5(fc+p_i)3 =  x / 2 ;  f j o  =  f j ^  =  Q

In general

(fc+p-l) 3
^  ~  Y  Y ( f j U + i )  -  yj() cos

j=0 i=0

where fjo =  fj^ =  0.

(t+p-l) 3

j=0 t=0

(3.32)

(3.33)

(3.34)

(3.35)
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The harmonic components have been derived with the switching instants 

Oji and output voltage levels Fji. Since the switching instants in each sam­

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

OjO =  i r j l f
J s

(3.37)

=  % -i)o =  27r(j -f l ) ~
J s

(3.38)

■
j 27r/A/ (3.39)

>̂2
-

1 27r/,vf (3.40)

where

AT} is the pulse width in the j  — th sampling interval,

/ a/  is the frequency of the modulating (reference) waveform, and 

/ ,  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  f ( t + p - i )  3 1

=  — ÿ -  \  E  E  cos(n0j.- -  (P„) V (3.41)
mrZn I j,_(j ,_o

where

Zn =  y J l i n u L f  +  R^) 4>n =  tan"^ ( “^ )  (3.42)

The output voltage and current of the hybrid m ultilevel converter for 

a dc-biased sinusoidal reference has been analyzed for its harmonic com po­

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 5.

3.6.1 Effect o f N um ber o f  O utput Voltage L evels on  
the H arm onic 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 majcimum number of positive levels being P  and Q respectively, such 

that Q >  P.  Let Ep  be the voltage per level of the converter with P  

m axim um  levels, and E q be the voltage per level of the converter with Q

maxim um  levels.

Since P <  Q we have:

\Ep\ >  \Eq \  (3.43)

The n - t h  harmonic voltage in each case can be written by using the
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expression as given by Eqn. (3.36). Hence

4  (k+p-l) 3

VnP =  —  5 1  5 2  (3.44)
;=0 i= l

(t+ p-1) 3
5  '  ^ ] Fmi  COS TlOmi 

m=0 i=l
(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 sam e, 

we also have the conditions;

1^,1 = |/i(t+i) -  f a \  =  \E p \ (3.46)

l^m.l = |/m(« + I) /m:| — |F g | (3.47)

Fji  =
{ + E p  >  f j i  

\  - E p  f j ( i + l )  <  f j i
(3.48)

Fmi  =
f  E q  f m ( i + l )  ^  fmi  

\  -^<3 /m(i+l) <  fmi
(3.49)

Defining

S g n { F r i )  = f +1 /c(i+l) >  fx i  
\  -  f /i(t+ l) <  fx i

(3.50)

we have

F'ji = 

Fmi = \ E q \ S g n { F m i )

(3.51)

(3.52)

Substituting for Fji  and in Eqns. (3.44) and (3.45) from (3.51) and



(3.52) we have :

1 0 0

4 l/r„ | 3
VnP =   Y 1  5 g n (  F j i )  COS n 0 j

j=0 1=1

4 | i r  | ( * + P “ i) 3
VnQ =  - XT XI COSn7T

(3.53 )

(3.54)
m=0 t=I

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

VnP \Ep\ 
\ E q \'nQ i t T "  r l ,  Sgn(F^i)  cos n«„,

(3.55)

It can been seen that the ratio E p / E q  is greater than 1 in the expression 

given by Eqn. (3 .55). Thus, in general it can be said that the harmonic 

components o f 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 estim ated. This will 

give the designer an idea as to  the harmonic content of the output for a given  

number of levels. T his can also be used to determ ine the optim um  number of 

output voltage levels required for a given harmonic contents. Thus a tradeoff 

can be achieved depending on the application.

A study to determ ine 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 significcint 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 ’hum ps’. In 

other words there is m ore 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 lim ited to  maximum or minimum (because 

of switching time constraints). The maximum pulse width at a lower level 

voltage is insufiBcient 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 ’hum ps’ 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 com ponent would 

be the fundamental.

This harmonic analysis o f the output quantities of the HMSC was pre­

sented. It was shown with the help of simulation and experim ental results 

that both the output voltage and the output current had very low harmonic 

contents. The variation of the harmonic components eis a function of the 

load current for a dc-biased sinusoidal signal was presented. T he 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) O.l pu and (b) 0.25 pu of peak value.
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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 C onclusions

The Hybrid M ultilevel Switching Converter (HMSC) was presented as a non- 

resonant type RM PS. 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 determ ine 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 m aintaining a low individual device switching frequency 

was pointed out. Switching pattern selection criteria to reduce the switching 

losses was explained. The com m only encountered problem of voltage unbal­

ance aimong 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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C hapter 4  

Current C ontrol o f the H M SC

This chapter discusses the current control of the Hybrid M ulti-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 m ultilevel converters are developed in Section 4.2. This 

section also discusses the apphcation of the proposed control strategy for 

single and multiple variable system s. The concept of pole assignm ent 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 sw itching 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 B rief Survey o f Current C ontrol Tech­
niques for M u lti-level Converters

This section reviews some of the existing current control techniques that can 

be applied to high-performance m agnet power supplies. The different control 

techniques available are surveyed to form the background for the developm ent 

of a suitable current control technique for the hybrid m ulti-level switching  

converter.

T he physical system  under consideration is modelled using the state-space  

notation as

X  =  [ A \ X + [ B ] U  (4.1)

Y  =  [ C] X  (4.2)

where A, B  and C are system  matrices determ ined by the load characteristics, 

X  is th e 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.

T he m ost commonly used control technique is the Proportional-Integral- 

Derivative (PID ) control, where in the controller uses a constant gain (pro­

portional), and/or a tim e integral or derivative of the input signal to control 

the output signal. The block diagram of the PID control schem e 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 com prom ise 

betw een fast dynam ic 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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J

c =

X = [ A ] X  + [ B ] U  Gp(s)= C ( s l - A ) ' ^  B 
Y = [ C ] X

G p  (s) -  represents the transfer fu n ction  o f  the system.

Figure 4.1: State-Space Representation o f a System

D(s) =  K + iq +K ^s  
s

D(s) -  represents the transfer function o f  the controller.

H(s) - represents the trantfer function o f  the feedback system.

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

The concept of state vector feedback and state observer is used in the 

Finite T im e Settling Control (FTSC) [40], wherein ail 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 tim e 

settling control. The number of poles o f 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 

am plitudes or requires a relaxation filter at the input. A relaxation filter re­

duces the dynam ic response of the system . The FTSC with Model Reference 

A daptive Schem e (M RAS) overcomes som e 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 M RAS 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 = [k l la  .. knj FTSO

Gj- (z) -  represents the relaxation filter.

Figure 4.3: Block Diagram of Finite Tim e Settling Control

FTSOK = [k lk2 ..kn [

MODEL

M R ^ l  
* •  Adaptation algorithm

Figure 4.4: Block Diagram of FTSC with Model Reference Adaptive Scheme 
(M RAS)
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level inverter structures. The hysteresis control is suitable for high switching 

frequency. It m ay have a good dynam ic 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 m ethod and arrived 

at similar conclusions.

Optim al Pulse W idth Modulation (PW M ) 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 PW M  control o f  

multilevel inverter, Ogasawaxa [44], Steinke [45] and Maruyama [46] applied 

the vector control m ethod to the NPC inverter. Other noteworthy techniques 

are the pulse ratio m odulation technique proposed by Bellini et ai [47], the  

pulse frequency m odulation 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 axe similar to  

sinusoidal PW M  generation principles. These techniques are not current 

control techniques and the magnet current would be controlled indirectly v ia  

the output voltage.

Control using the concept of linear stabilization [50-52] proposes the de­

sign of a linear com pensator to track a given reference, reject a given type  

or types of disturbance and also stabilize the system  at the same tim e. Such 

linear controllers have large overshoots when disturbance rejection principles 

are required and hence axe 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 m aintains the error along the sliding surface. The higher 

derivatives of the error are necessary to im plem ent a system  which has a fast 

dynam ic response.

Predictive control strategies have becom e popular in the recent tim es 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 m odification of the predictive control as proposed by 

Haneyoshi et al [71-73] is sim ple and can be easily applied to m ulti-level con­

verters. Although they called it the predictive instantaneous value controlled  

PW M , 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 term s o f easy extension to multi-level converter control 

and achieving fast dynam ic response. In this thesis, such a control technique 

called the Modified D ead-Beat Control has been proposed for th e control of 

the Hybrid M ulti-level Sw itching 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 M odified D ead -B eat Control Technique

This section describes the modified dead-beat control suitable for any general 

m ulti-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 

m ulti-level converters.

4.2.1 D ead-B eat C ontrol Schem e

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 schem e 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 tim e. The load of the 

converter is considered as the plant o f a closed-loop digital feedback system . 

The reference signal is sampled and is considered to be constant within each 

sam pling interval. The error information between the sampled reference aund 

the sam pled output is used to com pute the pulse width required to force the 

output signal to follow the reference after a specified number of sam pling  

intervals. The number of sampling intervals after which the output follows 

the reference depends on the number o f poles and zeros o f 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-tim e system  represented by

=  [ F ] X k  +  [H ]U k  (4.3)

Yk -  [ C ] X k  (4.4)



114

and a feedback law

Uk =  —K X k  +  Rk  (4.5)

where F , H  and C  are the system  matrices, Uk is the system  input, X ,

K, K  being the state, output and feedback vectors respectively, and R k  an 

arbitrary reference input.

Setting Rk =  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 Xk  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 V'k 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 >  q) 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 Xk  follows the reference after 

p sampling intervals. In output dead-beat, q zeros are cancelled by q poles 

and (p — q) poles are assigned at the origin, resulting in (p — q) step dead­

beat. This means that the output follows the reference after {p — q) sam pling 

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 am plitude 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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Q

Figure 4.5: State Model o f 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 summarized below.

Consider the m agnet load consisting of the magnet inductance L and 

internal series resistance R  fed by a PW M  converter. The schem atic repre­

sentation of such a system  is shown in Fig 4.5. The input quantity is 

a piecewise continuous signal with m ultiple voltage levels and pulse width 

that may change every sampling interval T.  A simple differential equation  

to describe the output circuit is

+  Ri  = (4 6 )

which can be rewritten in state-space notation as ,

Kv. (4.7)
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In vector aotatioa Eqn. (4.7) is generally written as,

[X]  =  [A]X +  [B]U 

V  =  [C]X

(4.8)

019)

where X  — I,  A  =  —( R / L ) ,  B  =  ( i / L ) ,  U =  Y  =  I  and C  =  I. 

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 exam ple, if the 

state vector X  is of length (m  x  I), 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. M ultiple state variables are present if the load consists 

of a filter. For exam ple an L / C /  filter before the magnet load, transforms 

the system  into a three sta te  variable system  with a single input and single 

output.

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

notation

where

[X]  =  [A]X +  [B]U (4.10)

V  = (4.11)

X  =  [zi l 2 . . (4.12)

Oil Oi2 Olm r 6 i  '

A  = 021 022 02m and B  = 62
(4.13)

. Oml Om2 Omm , .  bm .

C  =  [ci C2 • •  Cm] (4.14)
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Figure 4.6: Piecewise Continuous Input in any Sampling Interval

The general solution for the m atrix differential Eqn. (4.10) is given by: 

.V (0  =  +  r e ^ ( ‘-" >S(/(r)dr (4.15)
JIq

where A'(fo) is the initial vector aX t =  to and r  is a dummy variable of 

integration. Suppose the system  is fed by a PWM converter with a sam pling  

interval T  the input function ( / { t )  can be defined in every interval as shown 

in Fig. 4.6. It is assum ed that the input pulse is symmetrical about the center 

of every sampling period, i.e., ( (3  — (2) =  (^i — (o)- 

M athematically we have ,

U { t ) =

0 t o  <  T  <  t i

E  t\  < T  < t 2

0 t 2  <  T < t o

(4.16)

In other words the output voltage is m ade up of a pulse of height E  and a 

width (A iT ) in every sampling interval. If the input f /(r )  is considered to 

be constant within the region of contention then we have ;

(4.17)
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Hence for i

since U{ t ) =  0 for (o <  r  <

Similarly for ti <  t  <  t 2 , U { t ) =  E  and hence,

X ( t 2 ) =  )%((;) +  A ~ ‘ -  /] B E

=  +  A ~ ‘ -  /] B E

At the end of the sampling interval

(4.18)

(4.19)

(4.20)

(4.21)X i h )  =  )% ((,)

=  e ^ O = - ( o ) % ( f Q )  +  -  / ]  b e  ( 4 . 2 2 )

= e^^X{to)  + g/i(r-A.r)/2y^-i JgACAtD _  /j (4.23)

Using the approximation (ê * =  1 +  A +  h' /̂21 +  ...) and using only the first 

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

X{t3)  =  e^^Xi to)+e^^^^ I -
A{A^T)

A ~ ^ [ l +  A { A i T ) ~  I ] B E ( A . 2 4 )

which reduces to

I  -
A { A , T )

( A i T ) B E  (4.25)

( A . n  -
A (A iT)^

B E  (4.26)
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Since (A jT ) is small is much smaller and can be neglected. Thus

X ( t 3 ) =  e ^ X ( t o )  +  e^^ ' ^BE{ Ai T)  (4.27)

Since for any sampling interval to =  k T  and ty =  (k +  l ) T  we have the 

discrete version of Eqn.( 4.27) given by

% t+i =  e ^ X k - h e ' ^ ^ / ^ B E ( A i T k  

Xk+i  =  FXk  +  HUk

(4.28)

(4.29)

where

r / i i /l2 Jim

F  =  =
/2 1 /Z2 / 2m

. /ml fm2 f m m  .

(4.30)

H =  =

hi
^2 (4.31)

and

Uk =  ( A i T ) k E (4.32)

is the system  input and (A iT )t  is the required pulse width, and E  is the 

m agnitude 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.
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(T+a,D
e^ ' Bd r

(r+a,n

'”’^ ( 'o )  +  L Z n

. ( T - t - A ,  D

(r+A,T)
=  e

(4.33)

(4.34)

(4.35)

(4.36)

(4.37)

(4.38)

Exapnding the quantity =  (I +  A +  h/2 \  + . . . )  and integrating between the 

lim its, we have:

( T + A

X ((3) =  g''"'%((o) +  / ^
( T + A , r )  

T) 2!
B E d r  (4.39)

-  e'‘^X ((„) +  l̂ r +  ^  +  ^  +  . . .

Neglecting the higher order terms of A iT  we have:

A t ^
(T+A,r)

3

3

B E  (4.40)

%((3) =  e ^ X ( io )  +

=  e^^X{to)  +

A i T  +  ^ T A i T  +  Ç a ^T +  ... B E  (4.41)

B E A i T  (4.42) 

(4.43)
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Thus we have:

%t+i =  e^^Xk +  e^^^^BE{AiT)k  (4.44)

which is the same as Eqn. (4.28).

From Eqn. (4.29) we have

Xk+2 =  FXk+i  +  HUk+i (4.45)

=  F  ( F X k  +  HUk) +  HUk+i (4.46)

=  +  F HU k  +  HUk+i (4.47)

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

as

Xk+i =  F^ X k ^ F ^ - ^ H U k ^ . . ^  FHUk^i- 2 -  ̂ HUk^i-i  (4.48) 

Consider any row of Eqn. (4.48), such that (1 <  j  <  m ). We have

î(fc+u =  f j l^lk +  f j 2X2k +  "- +  fjmXjn^ +  hjiUk

+ h j 2Uk+i +  •• +  hj(i-i)Uk+i- 2  +  hjiUk+i-i  (4.49)

If the reference signal is represented by X r  ̂ then the dead-beat control is 

formulated such that (I <  j  <  m)  follows the reference quantity ( X r )̂

at the end of I sam pling intervals. This is achieved by equating th e output 

quantity (xy*+, ) to the reference signal. Thus if

î(fc+o ~  (4.50)

The principle o f 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 sam pling intervals. In the case of Eqn. (4.50), the number of
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sampling intervals is L 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 o f 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,

I =  p — q (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 q poles and the rem aining  

(p — g) =  1 poles are assigned at the origin of the z-plane.

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

(4.52)

the state Xj follows the reference X r  ̂ 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 ((AiT)fc) to achieve the dead-beat control 

law is com puted as

(AiT)fc =  —[hjE]~^ [fj i^lk +  /j2^2t +  ••• +  +  [^j^]~^^Rk (4-53)

where /,,• is the {j ,  t) — th  elem ent of F  and hj  is the j ‘̂  elem ent of the 

column vector H. The pulse w idth in every interval can be com puted given  

the reference X r .̂ The control law formulated by Eqn. (4.53) holds for a 

general case where the input is made up of a pulse of height E  and width  

(A ,T )t.
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The dead-beat control law formulated above connot be applied directly to 

control the output of a m ultilevel converter. This is due to the fact that the 

multilevel converter baa m any 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 o f the dead-beat control to m ultilevel inputs is 

discussed in the next section.

4.2.2 M odified D ead -B eat Current C ontrol for M ulti­
level C onverters

This section describes the extension of the dead-beat control schem e to m ulti­

level converters in general. T he extended dead-beat control schem e is called 

the modified dead-beat control technique.

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

ten as

X k + i  =  F X k  +  H U k  (4.34)

(4.53)

(AiT)fc =  [h j E ] ~ ^ ( X R ^  -  +  /j2X2fc +  ... +  /imXmJ) (4.36)

where F  =  and H =  are the system  matrices for som e reference

quantity X[{^. E  is the am plitude of the input voltage pulse.

This control law is valid as long as the input function is made up of a 

pulse of amplitude E  and width (A iT )*  in every sampling interval. However 

if the load is fed by a m ulti-level converter, like the HMSC, the input function 

is made up of a pulse whose am plitude varies between UkE and (njt -|- l )E  or 

{rik — l ) E ,  where is the output voltage level in the k-th sam pling interval.
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HYBRID

CONVERTER

Figure 4.7: M agnet Load fed by M ulti-level Input Function

Thus the dead-beat control law as described in Eqn. (4.5.3) is no longer valid. 

A modification is required in the control law to make it su itable for m ulti-level 

input functions.

Consider the m agnet load fed by a m ulti-level converter, like the HMSC, 

as shown in Fig. 4.7. The input function is shown to vary between some 

levels Uk and (ufc ±  1).

If rik is defined as the base output voltage level at the beginning of the k-th 

sampling inter veil, then the output voltage in that interval can be represented  

as a pulse of am plitude (n* -f 1)E and a width (A iT )* . Thus the input 

function can be rewritten as

Uk =  Kn* =  i^k +  l)E (A iT )fc (4.57)

where |n t| =  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 com puting the pulse width. However, the pulse width ( Ai T ) k  

as com puted by using Eqn. (4.56) is valid if the output switches between 

level 0 and level (n^ ± 1 ) .  This means the control law holds good only for 

a bcise level of njt =  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 P Q R S  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 (n^ -f !)• This is shown 

as a pulse of amplitude (uk -t- I )E  and width (A ,T )t . If however for any 

base output voltage level other than zero (i.e. if the output voltage changes 

between levels Uk and (n^-l-1)), then the actual pulse width would be (AaT)k-  

The two areas P Q RS  axid abcdefgh 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 P Q R S  and abcdefgh, we have ;

(A iT )t (n t  +  l ) E =  ((AaT)fc -b UkT)E (4.58)

which reduces to

(A uT )t =  (A iT )t(n t  +  1) -  n t f  (4.59)

The dead-beat control law for m ulti-level input functions was formulated 

by equating two equivalent areas as described above. In fact, the output 

vector at the end of the sam pling 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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(k-3IT <lc-2)T (k-UT kT (k*l )T (k*2)T (k»3)T

(b)

Figure 4.8: Modified Dead-Beat Control Strategy
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The output vector Xjt+i as given by Eqn. (4.28) is

( 4 . 6 0 )

If the input function of the m ultilevel converter system  is described by (w ith  

reference to Fig. 4.8(a) )

C/(r) =
0 t o  <  T  <  t i

(uk +  l ) E  t i < T < U  
0 U < T < t s

(4.61)

where |n t| =  0,1,2,3,..,

the state vector can be rewritten as

(4.62)

where represents the equivalent state vector. However the input func­

tion due to the HMSC, should be represented by

U{ t ) =
n kE to <  T <  t 2

(ujt +  l ) E  t 2 S  T  <  Î3 
rikE h < T < t 5

Thus we have from Eqn (4.17) and Eqn. (4.63)

X { t 2 ) =  +  A“ ‘ -  /] BukE

X{t3)  =  +  A -' -  /] B{rik +  i ) E

Xi t s )  =  e/i(k-',)% ((3) +  A - ‘ _  /] BrikE

From Eqns. (4.64) to (4.66) we have

X(<s) =  e^(‘̂ -‘'>>X(fo) +  [e^02-«o) _  /]

(4.63)

(4.64)

(4.65)

(4.66)
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+ Jg>i(t3-£2) _  /J ^ y)E

+  A-'^  [ e ' ^ ( ‘ 5 - « 3 )  _  / j  g n k E  (4.67)

X i t s )  =  e ^ ( ' * - ' " ) % ( ( o )  +  -  / ]  B u k E

+  e ^ ( ( 5 - ü ) y i - i  [ e A ( ( 3 - ( 2 )  _  ^  1 ) ^

+  A ~‘ [e^(‘»-‘3) -  /] S r i k E  (4.68)

But { t s - t o )  =  T,  ( t 2 - t o )  =  { t s - h )  =  { T - { A a T ) ) / 2 ,  and ((3 - ^ 2 ) =  (A .T ).  

Substituting these quantities in the above equation

BrikE

+  e -  /] B{rik + \ ) E

+ A~‘ -  /J BukE (4.69)

Taking the linear approximation,

BrikE

^gAr/2g-A(AaT)/2^-l ^ A(A.T) -  /] 5(nfc + l)E

+ A - 1  ̂ I A ( r - ( A . r ) )  ^
BrikE (4 .70)

=  e^^ATCto) +  ,A T /t^a,a.r|/2  B u , E

+ e''7/’e-''l''-7 l/= (A .T )B (n i +  l )E +   ̂— gnt g ( 4 . 71 )
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+e^TI2^-A(AaT]l2^^^j^)BE (4.72)

- ( A „ r ) '

+  e-^ (^ .n /2(^ ^ ]T )} SrifcE +  g/ir/2g-A (A .n/2gg^^^Y ') (4.73)

=  e ^ X ( f o ) + /  +
A (A „ D \ f T ~ { A , T y

+ Bu k E

+e^T /2  _  A ( A ^ j  B E { A , T ) (4.74)

T - { A a T )   ̂ A { A , T ) { T  ~  ( AgT) )   ̂ T  -  (A .T )

A r(T -(A „D )  ^ _ AjA^Ty
BrikE

+  eA T /2
( A . T )  -

A ( A a T y
B E (4.75)

After sim plifying and neglecting higher-order terms in (A „T ), we have

X { t s )  =  e^^AT(io) +

+ e ^ /^ (A .T )B E

BrikE

(4.76)
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= e'"^X(io) +  [{T -  (A .T)) +  (A.T)] Bn^E

+e-^'^f\AaT)BE (4.77)

=  e^^X (io) +  e^^^^BukET +  B E ( Aa T)  (4.78)

=  e^^X(to)  +  e^'^/^BE [n^T +  (A .T )] (4.79)

But {ukT  +  (AaT) )  =  {uk +  l) (A iT )  from Eqn. (4.59). Therefore

X{ t s )  =  e'^^X(fo) +  +  1)(A ,T ) (4.80)

In sampled data notation we have

X t+. =  e^^Xk +  e ' ^^^^BE(nk+l ) (Ai T)k  =  X ^^, (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) axe the same. Equating 

the volt-second areas of the two signals amd deriving the actual pulse width  

((AaT)fc) from the equivalent pulse width {(AiT)k) amounts to extending  

the dead-beat control scheme to multilevel converters.

Thus the pulse width required in each sam pling interval for a m ulti-level 

converter feeding the load can be determined by a  two step com putation. 

In the first step the equivalent pulse w idth (A iT )t  is computed using the 

relation

( \  T \ _  ~  "b "b ••• "b oo\
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Then the actual pulse width required ((AaTt)) is com puted in the next step  

by using the relation

( A M  =  (A .r ) t ( n t  +  l ) - a t r  (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

The value of the equivalent pulse width ((AiT)jfc) as given by Eqn. (4.82) 

may be positive or negative depending on the instantaneous values o f the 

state variables (xj^). Thus for some

d” d" ... d" fjm^mic\ ^  ■̂ Rk (4.84)

the pulse w idth is apparently negative. A negative pulse width im plies that 

the polarity of the applied voltage should be reversed. The pulse w idth is 

always positive and only the polarity of the applied voltage is either positive  

or negative.

The m odified 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

(A iT )t  =  [ h . ] - \ l n , - f h )  (4.85)

{AaTk)  =  (A iT )t(n t  d - 1) -  n tT  (4.86)

where:

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

terval.
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#

#

/fc is the output (load) current at the beginning of the k-th sampling 

interval.

f  =  where A  =  ( —R lL )  and T  is the sampling period.

h =  +  1) where B  =  ( 1/ZL), E  is the voltage per level,

and Uk is th e base output voltage level at the beginning of the k-th 

sampling interval.

(A iT ’)jt is the equivalent pulse width.

(AaTjfc) is the pulse width required to  make the load current Ik follow 

the reference current at the end of the k-th sampling interval.

For exam ple, if the single order system  parameters are assum ed to be:

1.) Load Inductemce (L)  = 2 5  mH,

2.) Load Resistance (R) =■ 12.5 m fî,

3.) Switching Period (T ) =  50 /z sec (Switching Frequency =  20 kHz),

4.) V oltage/Level (E )  =  3750 volts.

then the required quantities to compute the pulse width becom e

/  =  0.999975 (4.87)

h =  149.998125 * 10  ̂ (4.88)

The pulse w idth can be calculated for a given reference value { I r )̂ and 

a feedback (load) value {Ik) and a beise output voltage rik. The base output

voltage level rik either increases in the positive direction or reduces in the
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negative direction depending on the current error — Ik). 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 m agnitude 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 +  1 )| or to level — 1)| from level |n t |. 

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 . T he 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 tim es of the 

sem iconductor devices used. Thus upper and lower bounds have to be placed 

on the pulse width. This can be achieved by lim iting the equivalent pulse 

width [ A i T ) k  in every sampling interval. This lim it can vary since the base 

output voltage level Uk can vary.

If A T f ^ i s  and A T ^ ax  are the minimum and maximum pulse width spec­

ified respectively, then for any given base level rik the lower and upper bounds 

for ( A i T ) k  can be computed by substituting the minimum and maximum  

values for (AaTk)  in Eqn. (4.86). Therefore

(4.89)

and



134

A .T m x^ . =  +  (4,90)
{Tlk+ I)

Thus upper and lower bounds for (A iT )^  in any given base output voltage 

level Uk is limited by the relation :

-"4 ^-T I V -  ^  + (4.91)(«fc +  1) (njk +  1)

Thus the value of (A iT )t  is constrained between the minimum and maximum  

equivalent pulse width lim its. This in turn ensures that the actual pulse width  

{AaT)k  is within specified bounds. T he pulse width in any sam pling 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 sim ple RL  magnet load. However the princi­

ple of the control scheme can be applied to multiple state variable system s. 

Such a system is discussed in the next section.

4.2.3 M odified D ead -B eat C ontrol for M u ltip le  S ta te  
Variables

The modified dead-beat current control scheme is not restricted to the single 

variable case. The control strategy can be generally applied to m ultiple state  

variable case. As put forward in the previous section, the dimensions o f 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 m ay 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 L C  filter at the output. Fig. 4.9 shows the output circuit 

diagram of a m agnet load w ith a. L / C /  filter. The filter is damped using an 

RdCd network which is generally used in magnet power supplies as proposed 

by Praeg [77].

m

HYBRID

(k+l)

( k - l )

CONVERIER

m

m

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

The state variables of the system  are:

1 .) the magnet current (im)

2 .) the input filter current (z*)

3.) the filter capacitor voltage (uc/ =  Uo)

4.) the dam ping capacitor voltage (ucrf)

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

( ^ )  0 
0 0

i m

i n

i c f

Vcd

0
0

( c j )  ( i )  (fldC/) (flrfC/)
0 0 («dCd) (naCd)

The state vector [im in Uc/ is usually denoted by X  and the system  

can be rewritten as

■ 0

f - i -‘ n
+ U /

^ c / 0

- ^ c d  _ 0

%n(4.92)

X  =  A X  +  B U  

K =  %m =  C X

(4.93)

(4.94)

where the system  matrices A  and B  are as shown above and the output 

vector C =  [I 0 0 0]. It is to be noted that the output current of

the converter is now the filter current, and different from the system  

output current im, which is the magnet load current. Although the magnet 

current is unidirectional and positive, the converter output current, (i.e., 

the filter current in) need not be unidirectional. The filter current can be 

both positive and negative depending on the values of the filter components. 

Thus the sim plified hybrid m ultilevel 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 m ulti-level converter shown in Fig. 3.5 must be 

used to supply the entire load. The general hybrid m ulti-level converter can 

provide both  positive and negative load currents at its output.

The equivalent discrete system  is given by

Xk+i =  FXk + HUk 

Yk =  Imk =  C  Xk

(4.95)

(4.96)
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where:

•  F =  is a (4 x 4) constant matrix,

•  H =  is a (4 x 1) constant vector,

•  and Uk =  {rik +  l)Æ7(AiT)t 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

F  =

r/ii f l 2 f l 3 f l A

/2 1 /22 /23 f2A

/3 1 f z 2 /33 f z A

. /4 1 f<2 / a 3 I a a  .

r 1

and H  = &2

/13
L&4.

(4.97)

and the reference current is given by then the equivalent pulse width  

(A ;T )t  in every sam pling interval is computed by the relation

/.A __ +  /lafnt + /l3K r/t +
-------------------------- ( M n ; + T ) £ )  (4 98 )

The actual pulse w idth (A gT )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 ca.se where there are m ultiple state variables. However 

the number of m ultiplications and summations required to arrive at the pulse 

width is more as compared to the single variable case.

For exam ple, consider the following system parameters:

1.) Load Inductance (Lm) =  25 mH,

2.) Load R esistance (Rm)  =  12.5 mQ,
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3.) Filter Inductance ( £ , / ) =  0.25 mH,

4.) Filter Capacitance (C /) =  I // F,

5.) Damping Capacitance {C j)  =  ID /z F,

6 .) Damping Resitance (B^) =  10 f i ’s,

7.) Switching Period (T ) =  50 fi sec (Switching Frequency =  20 kHz),

8 .) Voltage/Level (E)  =  3750 volts.

The system  matrices F , H  become

F  =

■ 0.9895 0.0104 0 .0001 0.0008 ■
1.0409 -0 .0 4 0 - 0.011 -0 .081
-2 .9 3 0 2.9303 -0 .1 4 0 0.0896

. -2 .0 3 3 2.0338 0.0089 0.7613

(4.99)

H  =  10* *

0.0008
0.0668
1.0064
0.1878

(4.100)

The first row of F  and the first elem ent of H  are used to com pute the 

pulse width (A iT )t  in every sampling interval. It is seen that at least 4 

multiplications and 4 summ ations are necessary to arrive at the equivalent 

pulse width. Thus the com plexity of the system increases w ith increasing 

state variables.

4.3 P ole P lacem ent for Feedback C ontrol

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
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control schem e used in earlier sections is shown to be a special case of the 

pole assignm ent principle.

T he state space notation for a discrete-time, single-input, single-output, 

linear, time-invariant system  is given by

%k+i =  F X k + H b ' k  (4.101)

Yk =  C X k  (4.102)

The pulse transfer function of this system is given by

G ,W  =  (4.103)

where Np{z)  and Dp(z)  are polynomials in z.  The degree of the denominator 

polynom ial Dp{z)  is assum ed to be greater than that of the numerator Np{z)  

by at least one. T he pulse transfer function Gp{z)  is assumed to have q 

zeros and p  poles. These zeros and poles may lie anywhere in the z-plane 

depending on the system  parameters.

Let zeros of Gp(z)  lie outside the unit circle in the z-plane. Then 

qi =z q — q̂  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 (x).

If th e order pair (F,H ) is controllable( i.e., the controllability m atrix  

C =  [H F H  F^H F^H  .. has full rank), arbitrary pole aissignment

can be done by using the state feedback law

Gk — —K X k  +  Rk  (4.104)
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where Rk is an arbitrary reference input and K  is the feedback vector of 

gains for each state variable given by

K  —  [ ^ n —1 ^ n —2 •• ^ 2 (4.105)

-j(ù

Z - plane

~ o
(0,0)

z\ = I

-J(ù
Figure 4.10: Pole-Zero P lot for a Open Loop System  

The resulting closed-loop system  then becomes

=  { F  -  H K ) X k +  H R k  

Yk =  C X k

(4.106)

(4.107)
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Two types of dead-beat control law can be defined if Rk is assumed to 

be zero. The State Dead-Beat problem is to determine the feedback gain 

K  such that the state Xk,  (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 O utput Dead-Beat problem is to determine the feedback gain K  such 

that the output Yk (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 q poles at q zeros of the pulse transfer function and the remaining 

(P — q) poles at the origin of the z-plane to achieve a (p — 9 ) step dead-beat. 

In other words the output follows a given reference alter (p — q) sampling 

intervcds.

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

beat law in term s of having less step dead-beat, better reference tracking 

capabilities, better response to disturbances and it also calls for less con­

trol input am plitude [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

4 ( 4  =  ^  =  C [ z l  - { F  -  H K ) ] - '  H =  ^  (4.108)
Dp(z)

The closed-loop transfer function reduces to (l/z?"*) after the gain is so 

chosen to cancel all the q zeros with q poles and place the remaining (p — 9 ) 

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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+J(û

Three zeros cancelled 
by three polesOne pole placed 

at the origin N

- < j +<T(0,0)

Izl = iZ - plane

Figure 4 .1 1: Pole-Zero Diagram of the Closed-Loop System

4.3.1 M odified D ead -B eat Control as an O utput Dead- 
B eat C ontrol 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

Uk — —KgXk +  ĥ  In (4.109)
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f i 2  / i 3  / 1 4 ]

The resultant system  with the state feedback is given by

(4 .1 1 0 )

=  FXk-\ -H[-KgKk-¥hX^lR, ]  

=  { F - H K g )  +  hX^HlR,

The closed loop system  matrices are given by

(4.111)

(4.112)

{ F - H K g )  =

0 0 0 0 
( / 2 I — h.2h i  V l l )  ( / 2 2  — &2 &I V 1 2 ) ( / 2 3  — 1/24 —  ^ 2 ^ r * / l 4 )

( / 3 1  — f i i )  ( / 3 2  — h s & l  V 1 2 ) ( / 3 3  — / l 3 ^ r * / l 3 )  ( / 3 4  ~  f u )

. ( / 4 I — ^ 4 ^ 1  * / l l )  ( / 4 2  — &4&1 V 1 2 ) ( / 4 3  — ^ 4 ^ 1  V u )  (^44  ~  ^ 4 ^ r V l 4 )  .

and

(4.113)

1
A2&r' 
AaAr' 

L  6 4 6 : '

(4.114)

The resulting closed-loop pulse transfer function between the reference 

and the output is given by

0, (z )  = ^  = C [ z l ~ { F -  HK, ) } - '  (Ar'ff) = i (4.115)
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The zeros and poles of the system  considered in the exam ple of Eqns. (4.99) 

and (4 .LOO) are

Z e r o s  =

P ole s  =

' <7i ' ■ -1 .1 6 1 4 2  ■
92 = 0.6079460

. 93 . -0 .0 3 0 3 7

■ P i ' 0.99997
P2 0.45238
P3 0.05833 -f jO.07503

. P4 . . 0.05833 -  jO.07503

(4.116)

(4.117)

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 m odified dead-beat control technique is a special case o f the 

well known pole placem ent technique, where in the feedback gains ( / \  ) 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 L/z.

It has been shown that the modified dead-beat control law is an output 

dead-beat control schem e. The control law in the particular cases of an R L  

magnet load and m agnet load with L C R  filter results in a one step dead-beat 

control law. In other words the output (m agnet current) follows an arbitrary 

reference (//?*) after one sam pling interval delay. The reference signal in 

the case of the RM PS 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
tem  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 O ptim al P o le  P lacem ent Technique

The output dead-beat control law discussed in the previous section is one 

of the many ways o f choosing the feedback gain vector K .  The poles of the 

closed-loop pulse transfer function can be assigned anywhere w ithin the unit 

circle in the z-plane to obtain different transient and steady state behaviour. 

One such way is the optim al pole assignment proposed by Miguchi et al [76].

The optim al 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 :

1.) Assign Qi poles so that they cancel qi zeros inside the unit circle.

2.) Assign qo poles at the mirror images of qo zeros outside the unit circle.

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

(4.118)

where iw =  0 , 1, 2 , ...(p  — ç — 1) ,

ujn is the required bandwidth of the system,

and T  is the sam pling period.
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Note : The mirror image o f z in the z-plane is ( l / z )  where z is the 

conjugate of z.

The bandwidth o f the system  can be adjusted by choosing o;„ 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 tends to infinity. In other words 

the pole-zero pattern in the optim al pole assignment case corresponds to the 

pole pattern of the output dead-beat control for large bandwidths.

The pole-zero pattern for the optim al pole assignment case for the ex­

ample of the HMSC feeding a magnet load with R L C  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. It has been shown that both the system s 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 optim al pole pattern to the output dead-beat control pattern.

4.4 Effect o f Sw itching 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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associated with the control law. Since this error is dependent on the sampling 

delay (and hence the switching frequency) it is o f 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

Xk+i =  FXk +  H{uk +  l ) E { A i T ) k  (4.120)

(AaTjt) =  ( A i r ) t ( n t - M ) - n t T  (4.121)

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

~  every sam pling interval. The instantaneous error at the end

of the sampling interval can be defined cis

Erk+i =  ^Rk+i -  ^iik+i) (4.122)

Under ideal steady state conditions =  X r  ̂ and hence

ETk^i =  (4.123)

In 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 m agnitude 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 ( X r ) and the corresponding output signal (%) have been chosen to 

illustrate the effect. The output quantity (%) 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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wherecLS 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 o f 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 sw itching frequency are: the individual device switching fre­

quency, switching losses and maximum allowable switching speed of the de­

vices used. For exam ple, 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 IG BT’s have a maximum switching frequency of about 30kHz. Also 

the minimum on /off tim es 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 o f the magnet current. The control strategy has been 

explained for a single state variable and m ultiple state variable céises. The 

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

4.5 Transient A nalysis o f th e  HM SC

This section presents the transient analysis of the HMSC using the modified 

dead-beat control technique. The transient analysis provides insight into 

the dynam ic behaviour of the system . The stability of the system  under 

disturbed conditions is discussed. The effect o f 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 S ystem  A n alysis  for Transient B ehaviour and  
S tab ility

T he transient behaviour of the system  depends on the type of load that the 

converter is supplying. An output filter at the load changes the dynam ic 

behaviour to a large exten t. The HMSC supplying a sim ple RL  load is 

discussed here to study the dynam ic behaviour. However sim ilar analysis is 

valid for higher order system s.

T he modified dead-beat control law for a HMSC supplying a R L  magnet 

load, as given by Eqns. (4.85) to (4.86) is :

(A iT)fc =  [ h ] - H l R , - f h )  (4.124)

(A aT)k  =  (A iT )t(n t  -H i) -  n tT  (4.125)

The control law

/(jfc+i) =  fRt (4.126)

gives the rule under which the output follows the reference Ir .̂ Eqn. (4.126)

indicates that the output reaches the k-th instant reference value at the

(k + l) - 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)

z I { z ) = I r { z ) (4.127)

or

/( z )
/« (z )

=  z - '  (4 .1 2 8 )
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Figure 4.15: Control Block Diagram of the System

Thus the closed loop pulse transfer function is ( l / z ) .

Consider the block diagram of the closed loop system as shown in Fig. 4.15. 

G c(z) represents the controller transfer function, Gp(z) the plant transfer 

function and D{ z )  the disturbance. The transfer function Gp(z)  is given by:

C,W = ^  = C ( z / - f ) - ‘H

Substituting F  =  H  =  h =  and C =  1 we have:

h

(4.129)

(4.130)

where A  =  —{ Rj L) ,  B  =  ( 1/T )  and E  is the output voltage per level. 

Assum ing D{ z )  =  0 ; the closed loop transfer function for the system  can be 

written as:

/(z) G,(z)Gp(z)
/« (z )  1 +  Gc(z)Gp(z)

From Eqns. (4.128), (4.130) and (4.131) we have:

C c(z)A (z -

(4.131)

z - ‘ =
1 +  G c(z)h{z  -  e^ ^ )-i

( 4 .1 3 2 )
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which reduces to

( z  —

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 I r { z ) =  0 

in the closed loop. The closed-loop pulse transfer function with respect to  

the disturbance is given by :

M  =    K z - 1 )
D( z )  l +  a , ( z ) G , ( z )  z ( z - e ^ ^ )  ' '

It is seen that the poles o f the pulse transfer function lie within the 

unit circle for all possible cases of /Î, L, & T.  For exam ple, the system  

parameters L =  2 5 m /f, R  =  12.5m n, and T  =  SO^sec, leads to the pulse 

transfer function being

l ( z )  149.998125 ♦ 10'(z -  1)
f l ( z )  z (r  -  0.993975)  ̂ '

where the values for h and /  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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l ' > )  ^  =  / ( z  -  (‘•■136)

which can be rewritten as

~  (2  -  ~  ^  (4.137)

where K  =  By applying the final value theorem we have ;

K { z - l )  K { z - \ )
i ioo)  =  lim' ' I—1 0 (4.138)

(z — e^^) z

The stability analysis for a multiple variable system  can be performed 

similarly. For exam ple, the pulse transfer function Gp(z)  for the multiple 

variable system described in Section 4.2.3, is given by

where

03  =  8.311877 02 =  4.852854 o  ̂ =  -5 .72914

00 =  -0 .1 7 8 2 4  63 =  -1 .56903  62 =  0.630861

61 =  —0.06590 bo =  0.004086

The controller transfer function becomes

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

disturbance input D{ z )  becom es

/( z )  (z  -  1 ) 0 3 Z ^  +  0 2 2 ^  4- O j Z  +  Oo

D{ z )  z (z ‘‘ +  632  ̂ 4 -622^ - t - +  60)
(4 .1 4 1 )



156

whose poles are given by the roots of the characteristic equation

+  63 +  62 +  b\z  +  60) — 0 (4.142)

The poles are

z  =

0
0.999975 
0.452389 

0.058335 +y0.075037  
0.058335 -  i0.075037

(4.143)

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) im plies that any disturbance is driven to zero by the closed 

loop. A lthough 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 sam pling 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 at the instant the disturbance occurs. If 

the output voltage level is already at its maxim um  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 O bservations 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 m ultilevel converters has 

been presented. The proposed concept has been analytically proven to be 

valid. The application of the modified dead-beat control schem e 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 assignm ent principles 

have been explored.

The effect of the switching frequency on the tracking error has been stud­

ied. It 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 sim ple R L  magnet 

load and a m agnet load with filter. The next chapter presents the computer 

simulation and experim ental results performed on the Hybrid Multi-level 

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

C om puter Sim ulations and  
E xperim ental R esu lts

This chapter presents the computer sim ulation 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 5.1. T he modelling properties of the simulation tool SABER are dis­

cussed including the application of the m odelling properties to sim ulate a 

microprocessor controlled system. The sim ulation results of the HMSC feed­

ing two types of loads, namely, a simple R L  magnet load and the RL  magnet 

load with a R L C  filter, are presented. The simulation results corresponding 

to the input capacitor voltage badancing 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. T he experim ental 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 C om puter Sim ulation o f H M SC using  
M odified D ead-B eat Control

This section describes th e reference tracking capability of the HMSC in con- 

juction with the modified dead-beat control technique. The modified dead­

beat control scheme wéis 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  P aram eters

The parameters per cell chosen for the study are:

1.) Magnet Inductance [Lm)  =  25 mH,

2.) Magnet Resistance ( Rm)  =  12.5 m fl,

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 m inim um , 4500 A m axi­

mum.

These parameters are according to the KAON Factory Booster Syn­

chrotron proposed by T R IU M F [6]. The dc-biased sinusoidal and dc-biased 

triangular signals are com m only used and hence fittingly represent the ref­

erence current. The effective output switching frequency Wcls 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 com plex 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 im plem entation of the system . The operation of the 

HMSC using the modified dead-beat control scheme has been studied using 

computer sim ulations. T he next section describes the conditions under which 

the sim ulations were performed and the results obtained.

5.1.2 C om p u ter S im ulation  o f H M SC  using S A B E R

The sim ulation tool SA B E R  was used to study the behaviour of the HMSC 

operating as a m agnet power supply cell. The conditions under which the
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simulations were performed is outlined and the modelling properties o f SABER  

in em ulating a high speed microprocessor controller is explained.

The following assumptions were m ade during the study to facilitate the 

simulations:

1.) 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 eissumed 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 m odelled using device parameters like for­

ward voltage drops, rise tim e, fall tim e, etc.

4.) Snubbers across each device represent practical circuit conditions.

5.) The control circuitry utilizes analog/d igital models with practical val­

ues for transmission delays.

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

cuitry.

7.) The heart of the control to em ulate a high speed microprocessor.

The last criterion listed above is to ensure that the simulation perfor­

mance closely m atches 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 th e sim ulated 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 m odelled using hierarchical modelling properties available 

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

1.) HMSC Block: power circuit m odel of the Hybrid M ulti-level Switch­

ing Converter. The power circuit m odel 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 G ENERATOR Block: a higher level block which contains 

reference generating components, current feedback signals and error 

signals. The dum m y 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 subsystem s:

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

power circuit.

(b) A non-linear control block m odel which serves as the processing 

elem ent. 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 th e necessary digitized quantities (like the reference, current



164

D-

’3 -

10
0 . 1»

HO vw-
H f-

O.Iu

K

-G

SWITCH MODEL

Figure 5.2: Circuit Diagram of Single Bridge of HMSC used in SA B E R  
Sim ulation. The switch model is also shown



k I
03

DELAY

MODIFIED

DEAD-BEAT

CONTROLLER

PULWID
COUNTERS

LVLOUT

The input to the controller block are numbers corresponding to the value of each of the 
variables. The controller block calls an external C routine which does all the computations. 
The output of the C routine are a set of numbers which can be defined by terminals on the 
controller block as shown. The delay block is used to feedback the present output voltage 
level to the controller for use in the next computation. It acts as a memory element.
The counters convert the pulse width (which is in terms of a number) to a PWM pulse pattern.

Figure 5.3: The Control Circuit Diagram of the HMSC used in SABER  Simulation. The use of a Non-linear 
Block to Interface W ith an External C Routine is shown.

03Cn



166

feedback, present switching level, etc.) and com putes 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 accom plished by interfacing an external C program into 

SABER. The C program listing along with the procedure to inter­

face it with SA B E R  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-m ost level 

of the hierarchical m odel. 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 Com puter Sim ulation with RL Load

The computer sim ulation results for a RL  magnet load and the magnet load 

with an R L C  filter will be presented. First the simulation results for the 

direct control of the m agnet current is discussed in the next section. The
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simulation results for the m ultiple 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

Vpjt ~  / j c  ^  Rm ^

=  (2850) X (0.0125) -h (1650) x (7.8554)

=  35.625 -f 12.96143 x 10^

=  13 X 10  ̂ (5.1)

where Zm =  \JR ^  +  [uiLmY 3-ncl lac is the peak value of the ac component 

of the magnet current (assum ing a dc-biased sinusoidal excitation). This 

gives an estim ate of the voltage range that one expects around each magnet 

cell. The peak voltage com putation has considered only the fundamental 

voltage across the magnet load. Since the output voltage is of the Pulse 

W idth Modulated (PW M ) nature, harmonic quantities are also available 

at the output. The actual operating voltage needed is higher than that 

com puted 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 m ay 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 (refcu r) is followed by the load current (cu r in ). 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 ) lim its imposed by the specifications.

The tracking error in both th e 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 th e  pulse 

width either in the m axim um  or minim um  direction. This gives rise to either 

the load current lagging behind the reference or overshooting it. Thus the  

tracking error is larger in m agnitude 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 w ithin 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 {+ Z E )  to -15,000 volts ( —4F1) in about 6 sampling intervals. T he
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system settles at the required output voltage level after a few more cycles. 

It 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, im plying  

that there is a one sampling interval delay between the reference and the  

output. Thus a delay of 50 fisec (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 sam pling  

interval to create a dummy reference. Thus the output follows the dum m y  

reference which is tim e-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 sim ulation results illustrates the fact that the Hybrid M ulti-level 

Switching Converter can generate a required current waveshape. A lthough  

the sim ulation results have been presented using a dc-biased sinusoidal and 

dc-biased triangular reference signals, the principle remains the sam e for 

any other type o f reference signal such as the Dual Frequency current signal 

or the flat top /b ottom  trapezoidal signal. Thus the HMSC in conjuction  

with the modified dead-beat control can function effectively as a RM PS that 

can generate the required current excitation. The next section discusses the  

simulation results when the m odified dead-beat control scheme is applied to  

a load consisting of the magnet and an L C  filter.
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5.1.2.2 Com puter Simulation w ith Filter and Load

This section presents the computer sim ulation results when the magnet load 

has an L j C j  filter connected across it. T he second order filter is damped 

using a FUCd 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 o f the hybrid 

m ulti-level converter consists of a L j C j  filter which is damped by a RdCj ,  

network. Such a filter configuration is com m only used in m agnet 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 { C j )  to the damping 

capacitance { C d )  is less than or equal to  0.2. The necessary filter design 

relations are listed below. The filter transfer function is given by

=   ^^2 +  1________________________

E i { s )  s ^ T - i L j C j  +  s \ L } C j  4- L j C d )  +  ST2 +  I  ̂ ’

where Tj =  RdCd- The filter cut-off frequency the damping resistance

Rdt  and the capacitance ratio m are defined as:

Wo =  (5.3)

Cd
Rd = 2 i / 5  (5.4)

m  =  I  (5,5)
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The filter inductance is sm all 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

1
(2 * 7T * 3000)20.25 * 10-3 

=  lI .2 5 /iF  (5.6)

Choosing =  10 /zF, we have w,, recalculated to  be 20,000 rad/sec. The 

cut-off frequency is thus 3.18 kHz. The damping resistance R i  is given by

V 10 * 10-6

=  ion  (5.7)

Also choosing m =  0.1 we have C j  =  0 . 1 * Cd =  I f i F .

The filter design has been performed to illustrate the operation of the 

modified dead-beat control for multiple variables. Practical considerations 

like ohm ic losses in the damping resistance {Rd),  m ay prohibit the use o f the  

RdCd network. Filter capacitor current feedback concept [78] maybe be used  

to damp the output filter. This reduces the filter to  just an L C  network.

Computer sim ulations 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 signai waa considered as the reference. The general circuit con­

figuration of the Hybrid M ulti-level Switching Converter (Fig. 3.5) was used 

since the output current of the converter (i.e. the filter current f„) could be 

bidirectional.

G rm ph 1
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4 k -

3 .5 k  -

2 .5 k  -

2 k -

1 .5 k  -

JSto Thn
( l ) c y r l o
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il
35m 37m 39m 45m ( ( • )41m 43m

Figure 5.10: DC-Biased Sinusoidal Reference Tracking with an LCR filter

The computer sim ulation results are shown in Figs. 5.10 to 5.14. Fig. 5.10 

shows the magnet current (cu r in ) following the dc-biased sinusoidal reference 

current (refcu r). T he 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 sm all 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 m agnitude exceeds that of the reference during initial tracking. 

Under steady sta te  conditions, however, the output current is still positive  

and unidirectional. The m agnitude of the filter input current (and hence the 

converter output current) depends on the filter parameters.

5.1.2.3 Voltage Balancing Problem of HM SC - Simulation R esults

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 elim inate this problem by 

choosing an intelligent switching pattern. Sim ulation results obtained from 

SA B ER  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 sw itching pattern selection. It is clearly shown that 

the difference between the individual capacitor voltages is very sm all (less 

than 1%). The difference in the overall voltage from its initial conditions 

is due to the fact that the highly inductive m agnet 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 lim itation 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 optim ized switching pattern in the case of the Hybrid M ulti-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 com m only encountered in multilevel converters.

5.1.2.4 Harmonic Spectrum  of the Output Quantities of the HMSC: 

Sim ulation R esults

The expression for harm onic 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 o f the HMSC feeding a sim ple R L  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 com ponent and the fundamental of the output voltage. The 

dc com ponent 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 am plitude. The most significant harmonic other than the fun­

dam ental occurs at the switching frequency (20 kHz).

The harmonic spectrum  of the output current as obtained from SA B ER  

sim ulation is presented in Fig. 5.18. The spectrum shows that the higher
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order harmonics are very sm all as compared to the fundamental and the dc 

com ponent. The spectrum is normalized with respect to the dc com ponent 

of the output current. The dc com ponent and the fundamental is clearly seen 

in Fig. 5.18(b).

The harmonic spectrum for the output voltage and current of the M ulti­

level converter have been presented. The harmonic spectrum shows th at the 

output current has very low higher order components. The most significant 

voltage harmonic occurs at the switching frequency.

5.2 E xperim ental R esu lts

This section describes the experim ental results obtained from a laboratory 

prototype m odel of the HMSC and the modified dead-beat controller. The 

experim ental results, obtained with an RL  load, substantiate the reference 

tracking capability o f the HMSC. The design of the prototype m odel is dis­

cussed. The im plem entation o f the modified dead-beat controller using a fast 

D igital Signal Processor is described. The lim itations of the hardware and 

their effect on system  performance is also presented.

T he actual current and voltage requirements of Ring-Magnet Power Sup­

plies is very large. The output current is in the range of thousands of am peres 

and the voltage in tens of kilovolts. Typically for a magnet cell of inductance 

2 ô m H  and a rated output current of 2850 — 1650cos(u;f) the voltage per cell 

works out to l 5kV.  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 m odel is built to prove the principle of operation of the Hybrid 

M ulti-level Switching Converter and its reference tracking capability. The 

prototype m odel is developed w ith  the following objectives in mind:
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1.) The developm ent o f a high-performance RMPS involves the utiliza­

tion of state-of-the-art current mezisurement techniques. The labora­

tory m odel does not include such high-precision current measurement 

concepts. The accuracy and precision of the proposed power supply 

in term s of tracking error, output current ripple contents and output 

regulation are verified by simulation only.

2.) T he prototype m odel is to be a proof-of-concept circuit illustrating the 

steady-state operation of the HMSC.

3.) T he reference tracking capability of the HMSC is to be illustrated.

4.) T he operation of the modified dead-beat control strategy is to  be il­

lustrated.

5.2.1 L aboratory P rototyp e Pow er C ircuit D esign

The laboratory prototype power circuit design of the Hybrid M ulti-level 

Switching Converter for a DC-biased sinusoidal reference current is presented.

An Insulated G ate Bipolar Transistor (IG BT) 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 R esistance =  0.7 D,

4.) Effective O utput Switching Frequency =  20 kHz,

5.) Voltage per Level = 1 5  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 o f the circuit com ponents. 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 m ind 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 experim ental setup is given below.

T he circuit diagram for the prototype is shown in Fig. 5.19. Each switch  

S j  consists of am IGBT w ith  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 O utput Voltage is given by

V o  =  U c *  R  —  h e  *  { v j L )  (5.8)

=  (5) * (0 .7) +  (2.5) * (IGOt ) * (36.5 * 10“^)

=  3.5 +  28.667 =  32.16Volts

Voltage Drop across the switches during conduction (assuming the worst 

case condition that all sw itches 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.



189

D22S

2 E

D6

ZZ C2

1= C3
SIO

D 72S

2 E

D8 S15
C4

S16

Figure 5.19: Circuit Diagram for Laboratory Prototype o f HMSC



190

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 * 2 0 *  10-3
2 * 1

=  75,000/zF

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 f iF was used for each capacitance. The drop 

in the DC-link voltage due to the reduced capacitance

A Ê  =  ^  (5.10)

7.5 * 2 0 *  10-3
12 ,200  *  10 - ®  * 2  

=  6.1475 Volts

Hence a voltage drop of about 6 to 7 Volts can be expected in about half a 

cycle of tim e.

Device Ratings :

Peak Current through any switch =  7.5 Amps.

Maximum pealc current with a safety factor of 1.5 =  11.25 =  12 Amps.

RMS Current through each device

=

=  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 (IG B T ), CM5GDY- 

12E was chosen. Its characteristics axe:

VcES — 600 Volts, Ic  =  50 Amps, Vge =  ±  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 com m utated  

in a very short period of tim e from the switches to the diodes. W ith these 

factors in mind the diodes DSEI2X30 were chosen. Their characteristics are: 

VftRAf =  400 to 600 Volts; Ifav =  14 Amps; trr =  <  35 ns.

Snubber Design :

The snubber consists of a R5 C5  circuit with a fast diode (Ds)  connected  

in parallel with the snubber resistance. Let the minimum on-tim e of the 

device be 10 fisec. Therefore,

n ^ONmin 10 fiSCC
=  ~ i ô “  =  — iô—  =

Let C s =  0.1 fiF.  Therefore R s  =  10 f î ’s.

Voltage rating of the capacitor =  Peak Voltage rating of the switch =  25 

volts.

Since the voltage rating o f 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

P a V  =  ^ R l R j s t x

=  (12.5) * (7.5) * (20 * l(P) * (2 * 10-^)

=  3.7oW atts=4W atts

where tg is the tim e for which the resistor carries the current during turn on 

and turn off. A 10 Q, 25 W  resistor was used.

5.2.2 C ontrol C ircuit D esign

The m odified dead-beat control technique waa implemented with the help o f a 

fast D igital Signal Processor. The Motorola DSP56001 processor was chosen 

to im plem ent the control. The schem atic diagram showing the interface 

between the power and control is shown in Fig. 5.20.

In addition to the com putational power of the DSP, a set o f Analog to 

Digital Converters (A D C ’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 M odulated (P W M ) gating pulses. Hence an ADC and tim er card 

was designed to interface with the DSP board. The circuit diagram of the 

A D C /Tim er Interface Card are shown in Fig. 5.21. T he design details of 

the A D C /T im er Interface Card are given in Appendix B. The ADC and the 

timer were m em ory m apped 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 sam pling 

and conversion tim e required needs to be very small since all com putations 

have to be done w ithin one 50 fisec sampling interval. T he TDC8703 was 

chosen since it has a sam pling rate upto 40 MHz which translates to a con­

version tim e of 25 nsec. T he tim ing calculations of the DSP were carried out 

by an external tim er 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 m em ory o f the processor. The latter m ethod was chosen since 

it not only helps in reducing errors that may occur during sam pling a refer­

ence signal but also reduces the com putational requirements. The reference 

signal m ultiplied by a coefficient has been precomputed and stored as a look­

up table in the memory. An assem bly level program was developed for the 

DSP 56001 processor to im plem ent the modified dead-beat controller. The 

flow chart for the im plem entation of the DSP software is shown in Fig. 5.22. 

The program listing has been provided in Appendix C.

The notation for som e of the quantities used in the flow chart are as 

follows:

I.) njt: base output voltage switching level in the sam pling interval.
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2.) M axq: M aximum  equivalent pulse width in any given base switching  

level rifc.

3.) M inq: M inimum equivalent pulse width in any given base switching  

level njfc.

4.) Ukm'- M aximum  base output voltage level.

5.) Ukn'- M inim um  bcise output voltage level.

The processor com putes the equivalent pulse width A iT t in every sam ­

pling interval depending on the present switching state n/t, after sam pling  

the output current. The quantities M in q  and M axq  can be com puted by 

the relations

where A T m in  =  10 and A T m a x  = 4 0  fis.

The required pulse width is then calculated in the next step to  determ ine 

ATjfc. The switching level is changed depending on whether th e  com puted  

pulse width exceeds the maximum or the minimum pulse width lim its. The 

output switching level is either increased or decreased by one level if the pulse 

width lim its are exceeded. In the event of the pulse width being within set 

lim its the present sw itching level continues. Initially the output voltage level 

is cissumed 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 m axim um  or
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Interrupt occursC amputation 
ends

Next cycle starts

\
Output next state 
Load PWM counter

Output next higher 
or lower state.

20 KHz clock

50 \isec

Interrupt to Processor.

(Synchronization signal) 
IRQB

Pulse Width Interrupt 
IRQA

PW -  pulse width
Figure 5.23: T im ing 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 50/isec. The tim ing 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 IRQA provides the variable pulse width reference in each cycle.

The experim ental results obtained for a DC-biased sinusoidal and a DC-
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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 m ulti-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 

lim its of 2.5 and 7.5 Am ps.

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 o f 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 experim ental 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 C onsiderations for Im ­
provem ent in  R eference Tracking

This section discusses the modifications and extensions required to the exper­

im ental 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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Figure 5.24: DC-Biased Sinusoidal Output Current - Experim ental Wave­
form. Horizontal Axis : 5 m s per div, Vertical Axis : I Amp per div, Origin 
is at the bottom  left corner

0  '•

i—
Figure 5.25: Output V oltage for Sinusoidal Reference - Experim ental Wave­
form. Horizontal Axis : 5 ms per div, Vertical Axis : 20 V per div, Origin is 
in the center
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Figure 5.26: DC-Biased Triangular O utput Current - Experim ental Wave­
form. Horizontal Axis : 5 m s per div, Vertical Axis : 1 Amp per div, Origin 
is at the bottom  left corner

O ■■

Figure 5.27: Output Voltage for Triangular 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 m easurem ent of current is necessary before precision in 

current errors can be discussed. The source of errors for current measurement 

lies in m any different stages o f the control loop. Each of those sources of 

errors will be discussed and suggestions to m inim ize these errors putforward.

T he m agnet current is usually a DC-Biased AC signal for Ring-Magnets. 

Thus a DC com ponent has to be measured along with an alternating compo­

nent. T he different types of current measuring devices available for this pur­

pose include current shunts, m agnetic current sensors like Hall effect devices 

and second harmonic m odulators and DC Current Transformers (D C C T’s). 

The relative m erits and dem erits of each type of current measuring device 

is available in the literature [79]. It can be said that m agnetic current sen­

sors such cLS second harmonic modulators or second harmonic DCCT’s are 

necessary to accurately measure the current.

T he next stage in im plem enting the current control involves an Analog 

to D igital Conversion (A D C ). The m agnitude of error introduced during the 

sam pling process depends on the type of ADC used. Dual slope A D C ’s 

and Successive approximation A D C ’s are slow and hence are unsuitable for 

fast conversion. Flash A D C ’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 sam pling process. A D C ’s with 1/2 LSB linearity and 

quantization errors are standard and acceptable provided the designer decides 

on th e number o f bits that is required to represent the sampled signal.

T he illustration of the steady-state behaviour and the reference tracking 

nature of the HMSC was the principle aim in the developm ent 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 o f 20 

kHz;

The number o f samples per cycle is 400 (20,000/50).

The number o f distinct levels represented by an 8-bit ADC is 256 (2®)

. 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 

.A.DC’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 m inim izing the error involved in determining the pulse width. 

The DSP5600I processor works with 24-bit precision ALU, which can be ex ­

tended to perform 48-bit arithmetic. However 48-bit arithm etic takes more 

com putation tim e. Fast processors with high bit precision are preferred in 

digital controllers for magnet power supplies. The software which performs 

the com putation 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 m anagem ent are essential to achieve the strict specifications for 

tracking error and ripple content in high-performance magnet power sup­

plies.

5.3 O bservations and Conclusions

The com puter sim ulation 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 m odelled using SABER. 

The reference tracking nature of the proposed control technique was verified 

with the help of com puter simulations. It was shown that an external C 

routine can be used with SA B ER  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 m ultiple state variable system s. 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 m odel 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 instrum entation, the principle of the control scheme was 

illustrated. The laboratory m odel 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.
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C hapter 6 

C onclusions

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 

contributions of the thesis are listed in Section 6.2 and Section 6.3 concludes 

this chapter with som e recom mendations for future work in the area o f high- 

performance m agnet 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 som e recommendations for future work in the 

area o f high-performance m agnet power supplies.

6.1 Sum m ary o f th e  Thesis

The details of the research work performed is summarized chapterwise in the 

next few paragraphs.

The analysis o f 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 determ ine 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 suppUes. 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 th e  fundamental frequency current and an attenuator for 

all other frequencies. T he resonant frequency drift was determ ined to be the 

m ost important factor that affects the design o f the energy-make-up unit. 

The pulse forming network consisting of the switch was modelled as a depen­

dent current source w hose value depends on the gain of the resonant network. 

A lthough the effect of the resonant frequency drift have been studied using 

com puter sim ulations, circuit analysis was not available in the literature since 

m ultip le cell analysis is com plex. Thus the analysis has given a better insight 

into the dynam ics o f  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 o f the input filter. Lastly the major disadvantages 

of the resonant network were identified and switching converters, especially  

m ultilevel 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 M ultilevel Sw itching Converter. The major advantages of the HMSC 

as a RM PS was identified. The simplification in the power circuit config­

uration for positive converter output currents was derived. The different 

sw itching states of th e  sim plified HMSC was listed. The general steady-state  

analysis o f the power circuit for component stresses was presented. Design 

criteria for the converter were explained with the help of a sim ple exam ple. 

The sw itching losses in the converter form a major part of the power loss
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due to  high effective output switching frequency. The m ethod of reducing 

the sw itching losses by appropriate choice of the switching states available 

in the HMSC was illustrated. The voltage balancing problem encountered in 

m ultilevel converters was explained and criteria to m inim ize 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 WeLs discussed.

T he control aspects of the proposed converter was studied in Chapter 

4. An extensive survey of existing current control techniques was carried 

out to  determ ine the appropriate control algorithm required to m eet the 

stringent specifications of RM PS. 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. T he dead-beat control algorithm was extended to  

be applicable to any general m ultilevel converter. The concept was proven 

m athem atically to be valid. The control scheme was shown to be valid for 

both single and multiple state variable cases. The proposed control scheme 

Wcis shown to be a special case of the pole assignment principle. An optim al 

pole placem ent algorithm was also studied and found to behave similarly  

to the output dead-beat control algorithm when fast dynam ic 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 experim ental results 

obtained during the course of this research work. An extensive computer 

model o f 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 developm ent of external C routines. This is intended to em ulate a micro­

processor controlled system. Computer simulation results for a sim ple RL  

m agnet 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. Com puter simu­

lation results to illustrate the voltage balancing principle were also presented. 

The design and development of a laboratory prototype model o f the HMSC 

feeding a R L  load was explained. The development of a fast DSP56001 m i­

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 experim ental setup to implement a full scale 

model o f  the HMSC has been discussed.

6.2 C ontributions o f th e  Thesis

The principle focus o f the thesis is the design of a control algorithm to m eet 

the specifications of the Ring-Magnet Power Supplies. An extensive survey of 

different current control techniques was performed to determ ine the choice 

of the control technique. The control algorithm not only has to m eet the 

specifications but also be applicable to  m ultilevel converters in general. This 

is due to  the fact that any general m ultilevel converter configuration with 

a capacity to supply high-voltage high-current can act as the power source. 

The Hybrid M ultilevel Switching Converter is proposed due to  the many 

advantages that it presents as a m ultilevel 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 im portant contribution of th is research work is the proposal 

of a versatile control algorithm, suitable for m ultilevel 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 com plete 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 M ultilevel Switching Converter is proposed and analyzed  

as a high-voltage high-current power supply suitable for a Ring-M agnet 

Power Supply.

3.) The modified output dead-beat control algorithm for m ultilevel 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 com puter simulations to m odel the entire power supply sys­

tem  along with the control algorithm are carried out to study the be­

haviour of the system . The modelling o f the controller as a high speed  

digital control system  is a major aspect dealt with in this thesis.
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6.3 R ecom m endations for Future W ork

The research work performed during the course of this thesis introduced  

sw itching converters and their capabilities to the area of magnet power sup­

plies. There are m any topics that need to be studied extensively before es­

tablishing switching converters as high-performance magnet power supplies. 

Som e of the topics that need attention in this regard are:

( 1 ) The effect of variation o f DC-link voltage on the performance o f the con­

trol algorithm  has not been studied in this thesis. It has been assum ed that 

the DC-link voltage is constant. Such a study is necessary to reflect the ac­

tual operating conditions o f 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. T he effect of drift in the load parameters, due to 

secondary effects hke tem perature variation, on the control system  needs to 

be analyzed.

(3) The optim um  number of output voltage levels required to feed the load 

needs som e consideration which is yet to be addressed.

(4) The m ultiple 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.

(5) T he selection of a suitable switching pattern to reduce the switching losses 

and also m inim ize the voltage unbalance among the DC-link capacitors is a 

m ajor optim ization problem which is open for further studies.

(6) Experim ental studies w ith  state-of-the-art instrumentation is required to 

verify the theoritical considerations proposed in this thesis.
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A p p en d ix  A  

S A B E R  S im ulation  and  
In terface D eta ils

The details regarding the external C routine interface to SA B ER  is provided. 

The C code used to detem ine the pulse widths for the modified dead-beat 

control is listed.

The non-linear arbfun block available in SA B ER  is used for the external 

interface. T he 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 sim ple exam ple is used to illustrate the principle.

The diagram of Fig. A .l shows that two system  variables x and y  are input 

by the A D D R  block. This block is the non-linear arbitrary function block 

available as a  tem plate in SABER. It can be used for different functions. An 

external routine add- is defined within the tem plate as foreign. The foreign 

subroutine is called w ithin the tem plate as shown.

The object m odule o f the C code computes the result of the desired 

function and places it as an elem ent in the out array. It can be seen that 

any constants (like k) can be defined within the C routine. SA B ER  uses the



Example : To implement (z = x + ky) in SABER using an external C routine.

Template characteristics

ADDR

/
Non-linear Block 

used as an external interface.

primitive : sumr 
ref: arbfun!
eql : foreign number add() 
eg! : z = add ( x,y) 
eq3 : *opt* 
eq4 : *opt*

C  -  Routine.
# define a in [0]
Udefine bin [I]
Mefine c out 10]
Mefinek 2.5

add_(in,nin,ifl,nifl,out,nout,ofl,nofl,undefier) 
int * nitty *ifl, *nifl, *nout, *ofl, *nofl, *ier ; 
double *in, *out, *undef ;
{

c =:a + k * b ;
±

Figure A .l: Example of a Simple External C Routine Interface to SABER
lOlO
to
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result as an output ( 2 ) of the ADDR block. The output may be used as 

another input to some other functional block available in SABER.

A .l E xternal C R outine for M odified D ead- 
B ea t Control

The external C routine used for the modified dead-beat control im plem enta­

tion in SA BER  is listed. The required constants are defined entirely within 

the C routine. T he pulse width is output in terms of clock cycles of the timer 

used in the control block of SABER.

/ *  s u b r o u t i n e  t o  i n t e r f a c e  s a b e r  v a r i a b l e s  w i t h ,  e x t e r n a l  f i l e s  * /  

/ *  C  r o u t i n e  t o  i m p l e m e n t  m o d i f i e d  d e a d - b e a t  c o n t r o l  * /

# d e f i n e  i n d i  i n [ 0 ]

# d e f i n e  i n p n  i n [ l ]

M e f i n e  i r e f  i n  [ 2 ]

M e f i n e  i l o d  i n  [ 3 ]

M e f i n e  s l v l  o u t  [ 0 ]

M e f i n e  d e l t x  o u t  [ l ]

M e f i n e  c a t r  o u t  [ 2 ]

M e f i n e  n p  o u t  [ 3 ]

M e f i n e  d e l t l  o u t  [ 4 ]

M e f i n e  e r r  o u t  [ 5 ]

M e f i n e  x  o u t  [ 6 ]

M e f i n e  m i n q  o u t [ 7 ]

M e f i n e  m a x q  o u t  [ 1 2 ]

M e f i n e  H  o u t  [ 8 ]

M e f i n e  d e i t y  o u t  [ 9 ]

M e f i n e  p k  o u t  [ 1 0 ]

M e f i n e  n k  o u t  [ 1 1 ]

M e f i n e  c t r  o u t  [ 1 3 ]

M e f i n e  T  0 . 0 0 0 0 5
M e f i n e  d e l t _ T m n  0 . 0 0 0 0 1  

M e f i n e  d e l t . T m x  0 . 0 0 0 0 4  

M e f i n e  F  0 . 9 9 9 9 7 0 0 0 0 4 5 0 0 0
M e f i n e  Q 1 4 9 9 9 7 . 7 5 0 0 1 6 8 7 4 9

M e f i n e  m i l  1 0 0 0 0 0 0
M e f i n e  m u l t  5 . 1
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# i D . c l u d e < s t d i o  . h . >
# i n . c l u d e < m a t h . . h >
# i n c l u d e < s t d l i b - h >

m u l f  l v c a l _  (  i a ,  a i n ,  i f  1 ,  n i f  1 ,  o u t ,  n o u t ,  o f  1  , n o f  1 ,  u n d e f ,  1 e r )

i n t  ♦ n i n ,  * i f l ,  ♦ n i f l ,  * n o u t ,  * o f l ,  ♦ n o f l ,  * i e r  ; 

d o u b l e  * i n ,  * o u t ,  * u n d e f  ;

{
c t r  =  r i n t ( i n d i )  ; 

n k  =  r i n t  ( i n p n )  ; 

e r r  =  i r e f  -  i l o d  ;

i f  (  ( i n t )  n k  = =  0 )  {

i f  ( e r r  >  0 )  {

X  =  a b s (  ( i n t )  n k )  ;

m i n q  =  ( x  *  T  +  d e l t _ T m n ) / ( x  + 1 )  ;

m a x q  =  ( x  *  T  +  d e l t _ T m x ) / ( x  +  1 )  ;

H  =  Q *  ( i n t )  ( x  +  1 )  ; 

p k  =  1  ;

d e l t l  =  ( 1 / H )  *  ( i r e f  -  F  *  i l o d )  ; 

i f  ( d e l t l  >  m s L x q )  {

i f  (  ( i n t )  c t r  = =  - 1 )  {  
d e l t l  =  m a x q  ; 

c t r  =  0  ; 
n k  =  0  ; 

p k  =  1  ; 

g o t o  B R K  ;

}
n k + +  ;

X =  a b s (  ( i n t )  n k )  ;

m i n q  =  ( x  *  T  +  d e l t _ T m n ) / ( x  +  1 )  ;

m e i x q  =  ( x  *  T  +  d e l t _ T m x ) / ( x  +  1 )  ;

H  =  Q *  ( i n t )  ( x  +  1 )  ; 

pk = 1 ;
d e l t l  =  ( l / H )  *  ( i r e f  -  F  *  i l o d )  ; 

i f  ( d e l t l  >  m a x q )  

d e l t l  =  m a x q  ; 

e l s e  {

i f  ( d e l t l  <  m i n q )  

d e l t l  =  m i n q  ;

}
}
e l s e  {
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i f  ( d e l t l  <  m i n q )  

d e l t l  =  m i n q  ;

}
}
e l s e  {

i f  ( e r r  <  0 . 0 )  {

X =  a b s (  ( i n t )  n k )  ;

m i n q  =  ( x  *  T  +  d e l t _ T m n ) / ( x  +  1 )  ;

m a x q  =  ( x  *  T  +  d e l t _ T m x ) / ( x  +  l )  ;

H  =  q  *  ( i n t )  ( - ( x  +  1 ) )  :

p k  =  - 1  ;

d e l t l  =  ( 1 / H )  *  ( i r e f  -  F  *  i l o d )  ; 

i f  ( d e l t l  >  m z L x q )  {

i f  (  ( i n t )  c t r  = =  1 )  {  
d e l t l  =  m a x q  ; 

c t r  =  0  ; 

n k  =  0  ; 

p k  =  - 1  ; 

g o t o  B R K  ;

}
n k —  ;

X =  a b s (  ( i n t )  n k )  ;

m i n q  =  ( x  *  T  +  d e l t _ T m n ) / ( x  +  1 )

m a x q  =  ( x  *  T  +  d e l t _ T m x ) / ( x  +  1 )

H  =  q  *  ( i n t ) ( - ( x  + 1 ) )  ;

p k  =  - 1  ;

d e l t l  =  ( l / H )  *  ( i r e f  -  F  *  i l o d )  

i f  ( d e l t l  >  m e i x q )  

d e l t l  =  m a x q  ; 

e l s e  {

i f  ( d e l t l  <  m i n q )  

d e l t l  =  m i n q ;

>
}
e l s e  {

i f  ( d e l t l  <  m i n q )  

d e l t l  =  m i n q  ;

}
}

}
e ls e  {
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i f  (  ( i n t )  n k  >  0 )  {

X  =  a b s C  ( i n t )  n k )  ;

m i n q  =  ( x  ♦  T  +  d e l t . T m n ) / ( x  +  1 )  ;

m a x q  =  ( x  *  T  +  d e l t _ T m x ) / ( x  +  1 )  ;

H  =  Q *  ( i n t )  ( x  +  1 )  ; 

p k  =  1  ;

d e l t l  =  ( l / H )  *  ( i r e f  -  F  *  i l o d )  ; 

i f  ( d e l t l  >  m a x q )  {  

n k + +  ;

i f  (  ( i n t )  n k  >  3 )  
n k  =  3 ;

X  =  a b s (  ( i n t )  n k )  ;

m i n q  =  ( x  *  T  +  d e l t _ T m n ) / ( x  +  1  )

m a x q  =  ( x  *  T  +  d e l t _ T m x ) / ( x  +  1 )

H  =  q  *  ( i n t )  ( x  +  1 )  ;

p k  =  1 ;

d e l t l  =  ( l / H )  *  ( i r e f  -  F  *  i l o d )  

i f  ( d e l t l  >  m a x q )  

d e l t l  =  m a x q  ; 

e l s e  {

i f  ( d e l t l  <  m i n q )  

d e l t l  =  m i n q ;

}
}
e l s e  {  

i f  ( d e l t l  <  m i n q )  {  

n k —  ;

X  =  a b s (  ( i n t )  n k )  ; 

m i n q  =  ( x  *  T  +  d e l t _ T m n ) / ( x  +  l )  

m a x q  =  ( x  *  T  +  d e l t _ T m x ) / ( x  +  l )  

H  =  Q *  ( i n t )  ( x  +  1 )  ; 

i f  (  ( i n t )  n k  = =  0 )  {  
c t r  =  1  ; 

p k  =  1  ;

}
e l s e  -G 

c t r  =  0  ; 

p k  =  1  ;

}
d e l t l  =  ( 1 / H )  *  ( i r e f  -  F  *  i l o d )  

i f  ( d e l t l  >  m a x q )  

d e l t l  =  m a x q  ;
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e l s e  {

i f  ( d e l t l  <  m i n q )  

d e l t l  =  m i n q  ;

>
}

}
}

e l s e  {

i f  (  ( i n t )  n k  <  0 )  {

X  =  a b s (  ( i n t )  n k )  ;

m i n q  =  ( x  *  T  +  d e l t _ T m n ) / ( x  +  1 )  ;

m a x q  =  ( x  *  T  +  d e l t _ T m x ) / ( x  +  1 )  ;

H  =  q  *  ( i n t )  ( - ( x  +  1 ) )  ; 

p k  =  - 1  ;

d e l t l  =  ( 1 / H )  *  ( i r e f  -  F  *  i l o d )  ; 

i f  ( d e l t l  >  m a x q )  {  

n k —  ;

i f  (  ( i n t )  n k  <  - 3 )  
n k  =  - 3  ;

X  =  a b s (  ( i n t )  n k )  ;

m i n q  =  ( x  *  T  +  d e l t _ T m n ) / ( x  +  1 )  ;

m a x q  =  ( x  *  T  +  d e l t _ T m x ) / ( x  +  1 )  ;

H  =  q  *  ( i n t )  ( - ( x  + 1 ) )  ; 

p k  =  - 1  ;

d e l t l  =  ( 1 / H )  *  ( i r e f  -  F  *  i l o d )  ; 

i f  ( d e l t l  >  m a x q )  

d e l t l  =  m a x q  ; 

e l s e  {

i f  ( d e l t l  <  m i n q )  

d e l t l  =  m i n q  ;

>
}
e l s e  {

i f  ( d e l t l  <  m i n q )  {  

n k + +  ;

X =  abs(  ( i n t )  n k )  ; 

m i n q  =  ( x  *  T  +  d e l t _ T m n ) / ( x  +  1 )  

m a i x q  =  ( x  *  T  +  d e l t _ T m x ) / ( x  +  1 )  

H  =  Q *  ( i n t )  ( - ( x  + 1 ) )  ; 

i f  (  ( i n t )  n k  = =  0 )  {  
c t r  =  - 1  ; 

pk = -1  ;
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}
e l s e  {  

c t r  =  0  ; 

pk = -1 ;
}
d e l t l  =  ( 1 / H )  *  ( i r e f  -  F  *  i l o d )  ; 

i f  ( d e l t l  >  m a x q )  

d e l t l  =  m a x q ;  

e l s e  {

i f  ( d e l t l  <  m i n q )  

d e l t l  =  m i n q  ;

}
>

}
}

}
>
B R K  : d e i t y  =  d e l t l  *  ( x  +  l )  -  x  *  T  ; 

i f  ( d e i t y  >  d e l t . T m x )  

d e i t y  =  d e l t _ T m x  ; 

e l s e  i
i f  ( d e i t y  <  d e l t _ T m n )  

d e i t y  =  d e l t _ T m n  ;

}
s l v l  =  X  ;

d e l t x  =  d e i t y  *  m u . l t  *  m i l  ; 

np =  r i n t (pk) ; 

c a t r  =  r i n t ( c t r )  ;
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A p p en d ix  B  

A D C  & D S P  T im er Interface

The details o f the Analog to D igital converter is provided. The ADC is 

m emory mapped to a portion of the Y m em ory of the DSP 56001. The  

circuit diagram of the T D C  8703 ADC is shown in Fig. B .l .  There are 4 

ADC channels.

The Intel 8254C Tim er is used to provide the synchronization signal and 

the pulse width m odulated signal. The circuit connections of the the tim er 

is shown in Fig. B.2. T he Tim er and the ADC are memory-mapped into 

the Y memory locations 2000 - 2007. The chip select decoding is performed 

by a PI6V8C 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  

Tim er and ADC both operate at 6.75 MHz. The clock circuit details are 

presented in Fig. B.4.

T he 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 lim its are betw een 1.6V and 3.4V , an additonal 1.6V shift is 

added to it. The output o f  the op-amp contains a 3.4V zener diode which 

protects the ADC from over-voltages.
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lO03O



D 7

D 0 -D 7  
< -----------H

DQ

CLKO

IRQB

IRQA

/ 24

2 16

3 14

4 11

5 r \ 20 A I

6 I 19 AO

7 21

8 22 , J n

9 23 W r

10 18 C1.K7.

13 15 CÏ.K1

12 17 - 011T2

F ig u re  B .2: 82 5 4  T im e r  C o n n e c t io n s  to  th e  D S P
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CST

c s T

CS2

CS4

VCC

DS

X/Y CST

CSl

A2 CS2

AI CS3

AO CS4

RD

=  ! ( ! A 2 & ! X j o Y & ! o D S & ! 0 Y l ) ;

-  ! ( I A0&} A1  & A 2 &  iXjaY & loDS & loRD & toYl ) /  

= ! (A0& !A1 & A 2 &  !XjaY & !oDS & loRD & loYl ) ;

=  /  (/AO & A I & A 2 &  !X_oY & !oDS & !oRD & loYl ) ; 

- / ( A O & A I & A 2 & ! X j > Y  & !oDS & loRD & loYl ) ;

MEMORY MAP

Y -  MEMORY

2007: ADC4

2006 : ADC 3

200S : ADC 2

2004 : A D C l

2003 : T. CNT. REG

2002 ; TMR CTR 2

2001 : TMR CTR 1

2000: TMR CTR 0

F ig u re  B ,3: P A L  C o n n e c tio n s  an d  M em ory  M ap  o f  T im e r  an d  A D C

5
to



2 3 3

VCC

CLOCK

5FROM DSP

CLK/4

cuaa

Figure B.4; Clock Circuit Connections to  T im er/A D C  Card

IK

IK
SIGNAL

To ADC

■SV

3.4 VZ

IK

The potentiometer is atÿusted to give a I.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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A p p en d ix  C 

D S P  C ontroller Software

The reduction in com putational 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 .l R eduction  in M ultip lications in D S P  soft­
ware

The modified dead-beat control law presented previously (as given by Eqns. (4.85) 

to (4.86) ) axe;

(A,TU =  (C.l)

(A .T)i =  (A ,r ) i(7H +  l ) - n » r  (C.2)

The matrices F  and H  reduce to single order coefficients for a sim ple R-L

magnet load. Hence let

F  =  /  =  (C.3)

H  =  =  e^^/^B£;(nA:-I-1) =  +  1) =  hp(njfc-f IXC.4)
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where hp =  From Eqns. (C .l)  to (C .4) we have ;

-  ( v6rii)
=  (C .6)

=  — Ca/fc — nfcT* (C .8)

where C i =  ( l /A?) ,  C2 =  ( / /h p ) .

The quantity Ci/^* can be precomputed and stored in the memory of 

the processor instead of m ultiplying it with a coefficient in every sampling  

interval. The quantity can take discrete values only which depend on 

the switching level. This can also be stored in the memory. The com putation  

of the pulsew idth ATfc thus becomes independent o f the switching level. The 

value of UkT can be subtracted from the other two quantities in the equation  

to arrive at the pulse w idth. Only one m ultiplication would be necessary 

to arrive at the pulse width. Thus storing the reference as a look-up table 

reduces the com putational load on the processor.
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C.2 A ssem b ly  Level Program  L isting
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

A S S E M B L Y  L E V E L  P R O G R A M  T O  C O N T R O L  T H E  F I R I N G  P U L S E S  O F  A  

M U L T I L E V E L  C O N V E R T E R  U S I N G  D S P 5 6 0 0 1  P R O C E S S O R .

T H E  S W I T C H I N G  F R E Q U E N C Y  O F  T H E  O U T P U T  I S  2 0 K H Z  ( P E R I O D  =

S O U S ) . T H E  I N P U T  I S  F R O M  A  8 - B I T  A / D  C O N V E R T E R  W H O S E  O U T P U T  

H A S  B E E N  M E M O R Y  M A P P E D  T O  T H E  L O C A T I O N  $ 2 0 0 4  I N  T H E  Y  M E M O R Y .  

A  1 6 - B I T  T I M E R  H A S  B E E N  M E M O R Y  M A P P E D  T O  T H E  L O C A T I O N S  

$ 2 0 0 0 - $ 2 0 0 3  I N  T H E  Y  M E M O R Y .  A  4 0 0  P O I N T  S I N E  L O O K  U P  T A B L E  

I S  I N C O R P O R A T E D  I N T O  T H E  Y  M E M O R Y  L O C A T I O N S  $ 0 4 4 0  T O  $ 0 5 C F .  

I N T E R R U P T  I R Q B  H A S  B E E N  U S E D  T O  D E T E R M I N E  T H E  S O U S  P E R I O D I C  

I N T E R R U P T S  A N D  I R Q A  T O  G E N E R A T E  T H E  P U L S E S  A F T E R  T H E  P U L S E  

D U R A T I O N  H A S  B E E N  D E T E R M I N E D .  
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

E Q U A T E S
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

I R Q A V E C E Q U $ 0 D 0 6 8 0

I R Q A A D D E Q Ü $ 0 0 0 8

I R Q B V E C E Q U $ O D 0 6 0 0

I R Q B A D D E Q U $ O O O A

I R Q E N B E Q U $ 0 0 3 7

I P R E Q U $ F F F F

P B D D R E Q U $ F F E 2

P B D E Q U $ F F E 4

P B C E Q U $ F F E O

P B D D R D T E Q U $ O O F F

T C O A D D R E Q U $ 2 0 0 0

T C I A D D R E Q U $ 2 0 0 1

T C 2 A D D R E Q U $ 2 0 0 2

T C N T R E G E Q U $ 2 0 0 3

A D C I A D D E Q U $ 2 0 0 4

A D C 2 A D D E Q U $ 2 0 0 S

A D C 3 A D D E Q U $ 2 0 0 6

A D C 4 A D D E Q U $ 2 0 0 7

I N I S W C H E Q U $ 0 0 0 0 3 3

B C R E Q U $ F F F E

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

O R G  P ; $ 0 7 0 0
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W T L P l

M O V E R  # > P B D D R D T , X : P B D D R I N I T I A L I Z E  P O R T  B  F O R  O U T P U T

M O V E  # > I N I S W C H , X I

M O V E  X I , X : P B D O U T P U T  I N I T I A L  F I R I N G  S E Q

M O V E  X I , y : $ 1 8

M O V E  # $ 1 1 0 0 , X O

M O V E  X O , X : B C R

M O V E  # 0 , R 0

M O V E  # $ 0 0 1 0 , R 1

M O V E  # $ 0 3 0 0 , R 2

M O V E  # $ F F E 4 , R 3

M O V E  # $ 2 0 0 3 , R 4

M O V E  R 0 , R 5

M O V E  X I , R 6

M O V E  # $ 0 4 4 0 , R 7

M O V E  # $ 0 1 , N O

M O V E  # $ 0 2 , N 1

M O V E  # $ 8 0 , N 2

M O V E  # $ 0 6 0 0 , N 3

M O V E  # $ 0 3 , N 4

M O V E  # $ 0 F , N 5

M O V E  # $ 0 7 0 0 , N 6

M O V E  # $ 0 7 0 0 , N 7

M O V E  # > I R Q A V E C , XO

M O V E  X O , P : I R Q A A D D I R Q A  I N T R  R O U T I N E  S T A R T S  A T

M O V E  # > I R Q B V E C , X O P ; $ 0 6 8 0

M O V E  X O , P : I R Q B A D D I R Q B  I N T R  R O U T I N E  S T A R T S  A T

M O V E  # > I R Q E N B , X O P : $ 0 6 0 0

M O V E  X O , X : I P R E N A B L E  I R Q A  & I R Q B  I N T R

M O V E  # > $ 3 4 , X O

M O V E  # > $ 5 0 , Y O

M O V E  # > $ 0 1 , Y 1

M O V E  X O , Y : T C N T R E G 5 0 U S  I N T E R V A L  I N T R  P R Q G R M N G

M O V E  Y O , Y : T C O A D D R T I M E R  C N T R O  O U T P U T S  P E R I O D I C

M O V E  Y l , Y : T C O A D D R I N T R  P U L S E S  C A P T U R E D  B Y  I R Q B

M O V E  X : $ 0 6 , A

M O V E  # > $ 5 8 , Y O

M O V E  # > $ F F , Y 1 I N I T I A L I Z A T I O N  E N D S

M O V E  X : $ 0 6 , A

M O V E C  # 0 , S R
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W A I T

M O V E  # $ 0 2 0 0 , S R  

J M P  ( R 2 )

N O P

N O P

N O P
N O P

L P C N T  C L R  B  N O , R O  

N O P

C M P  A . B  X : ( R O ) + , B  

M O V E  X : ( R 5 ) , R 6  

C M P  A , B  ( R 0 ) +

C M P  A , B  L : ( R 6 + N 6 ) , X  

A N D  X I , B  R 6 , Y 0  

C M P  A , B  B , Y : $ 1 8

C M P  A , B  Y : ( R 0 ) + , B 1  

A N D  X I , B  Y : ( R 0 ) - , Y 1  

O R  Y O , B  R 0 , R 4  

M P Y  X 1 , Y 1 , A  ( R O ) -  

M P Y R  X 0 , Y 1 , A  A O , X I  

M O V E  X : - ( R 0 ) , Y 1  

A N D  Y 1 , A  ( R 4 ) +

O R  X I , A  Y : ( R 4 ) - , Y 1  

C M P  A , B  A 1 , X 1  

C M P  A , B  B 1 , X 0  

M O V E  X , L ; ( R 6 + N 6 )

C M P  A , B  Y : $ 1 8 , R 6  

C L R  B  X : ( R 0 ) , A  

M O V E  X : ( R 6 + N 6 ) . X I  

M O V E  R 6 , X 0  

A N D  X I , A  A , B  

C M P  A , B  A , R 6  

C M P  A , B  A , Y : ( R 1 ) +  

M O V E  X : ( R 6 + N 6 )  , X 1  

A N D  X I . B  X 0 . R 6  

C M P  A , B  B , Y : ( R l ) -

C L R  B N 7 . N 6  

N O P

C M P  A , B  L : ( R 6 + N 6 ) , X

R O U T I N E  T O  S E L E C T  

H I G H E R  S W I T C H I N G  

A N D  L O W E R  S W I T C H I N G  

S T A T E S  F R O M  A N Y  G I V E N  

S T A T E  W H E N  T H E  O U T P U T  

V O L T A G E  I S  P O S I T I V E .
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L N C N T

C M P  A . B  Y : ( R 4 ) + , B 1  

A N D  X I , B  R 6 . Y 0  

O R  Y O , B

M P Y  X l . Y l . A  B l . Y O  

M P Y R  X O . Y l . A  A O , X I  

M O V E  X : ( R 0 ) , Y 1  

A N D  Y 1 , A  Y ; ( R 4 ) + , Y 1  

O R  X I , A  Y O , X O  

M O V E  A 1 , X 1  

M O V E  X , L : ( R 6 + N 6 )

C M P  A , B  A 1 , Y 0  

C M P  A , B  X : ( R O ) , A  

A N D  Y O , A  A , B  

C M P  A , B  A , R 6  

C M P  A , B  A , X : ( R l ) +  

C M P  A , B  X : ( R 6 + N 6 ) , X 1  

A N D  X I , B  X : ( R O ) , Y 0  

C M P  A , B  B , X : ( R l ) -  

M O V E  X 0 , R 6  

J M P  P W C A L

C L R  B N O , R O  

N O P

C M P  A , B  X : ( R O ) + , B  

M O V E  X : ( R 5 ) , R 6  

C M P  A , B  ( R 0 ) +

C M P  A , B  L : ( R 6 + N 6 ) , X  

A N D  X I , B  R 6 , Y 0  

C M P  A , B  B , Y : $ 1 8

C M P  A , B  Y : ( R 0 ) + , B 1  

A N D  X I , B  Y : ( R 0 ) - , Y 1  

O R  Y O , B  R 0 , R 4  

M P Y  X l . Y l . A  ( R O ) -  

M P Y R  X O . Y l . A  A O , X I  

M O V E  X : - ( R 0 ) , Y 1  

A N D  Y l . A  ( R 4 ) +

O R  X I , A  Y : ( R 4 ) - , Y 1  

C M P  A . B  A l . X l  

C M P  A . B  3 1 , X O  

M O V E  X , L ; ( R 6 + N 6 )

R O U T I N E  T O  S E L E C T  

H I G H E R  A N D  L O W E R  

S W I T C H I N G  S T A T E S  

F R O M  A N Y  G I V E N  

S T A T E  W H E N  T H E  

O U T P U T  V O L T A G E  

I S  N E G A T I V E
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C M P  A , B  Y : $ 1 8 , R 6  

C L R  B  X : ( R O ) , A  

M O V E  X : ( R 6 + N 6 ) , X 1  

M O V E  R 6 . X 0  

A N D  X I , A  A , B  

C M P  A , B  A , R 6  

C M P  A . B  A , X : ( R 1 ) +

M O V E  X : ( R 6 + M 6 ) . X 1  

A N D  X I . B  X 0 . R 6  

C M P  A . B  B . X : ( R D -

C L R  A  N 3 . N 6  

N O P

C M P  A . B  L : ( R 6 + N 6 ) . X  

C M P  A . B  Y : ( R 4 ) + . B 1  

A N D  X I . B  R 6 . Y 0  

O R  Y O , B

M P Y  X l . Y l . A  B l . Y O  

M P Y R  X O . Y l . A  A O . X I  

M O V E  X : ( R O ) . Y l  

A N D  Y 1 , A  Y : ( R 4 ) + , Y 1  

O R  X I , A  Y O . X O  

M O V E  A l . X l  

M O V E  X , L : ( R 6 + N 6 )

C M P  A . B  A l . Y O

C M P  A . B  X : ( R O ) , A

A N D  Y O , A  A . B

C M P  A . B  A . R 6

C M P  A . B  X : ( R O ) . Y O

C M P  A . B  X ; ( R 6 + N 6 ) . X 1

A N D  X I . B  A , Y : ( R 1 ) +

C M P  A . B  B . Y : ( R l ) -  

M O V E  X 0 . R 6

P W C A L  C M P  A . B  Y : ( R 4 )  +  . Y 0  

T F R  Y O . A  R 7 . B  

C M P  B . A  Y : ( R 4 ) + . Y 0  

T M I  Y O . B  

C L R  A  B . R 7

W T L P 2  M O V E  Y : ( R O ) . B  ; W A I T  F O R  N E X T  I R Q B

C M P  A . B  Y ; ( R 4 ) . Y 0  ; I N T E R R U P T

J E Q  W T L P 2



241

E N D R T  C L R  B  A . Y : ( R 0 ) +

M O V E  # $ 2 0 0 3 , R 4  

C M P  A , B  Y : $ 1 8 , R 6  

C M P  A , B  R 6 , Y : ( R 0 )

C M P  A , B  Y : ( R 5 + N 5 ) , Y 1  

C M P  A . B  X : ( R 5 + N 5 ) , X 1  

C M P  A . B  X ; ( R 1 + N 1 ) . B  

C M P  A . B  R 5 . R 0

J E Q  W T L P l  

C L R  B B . X : ( R 3 )

J M P  W T L P l

; * * * * * * * * * * * * * * * * * * * * * *  e n d  O F  M A I N  R O U T I N E  * * * * * * * * * * * * * * * * * *  

;  * * * * * * * * * *  C A L C N  R O U T I N E  I F  O P  V O L T  I S  I N  Z E R O  L V L  * * * * * * * * * *

O R G  P : $ 0 3 0 0

C M P  A . B  X : ( R 0 ) + . X 1  Y : ( R 4 ) . Y 0

A N D  Y O . A  B . R 4

C M P  A . B  A . X O  Y : ( R 7 ) + . B

M P Y  X l . X O . A  Y : ( R 4 ) + . Y 0

M O V E  A O . A l

S U B  A . B  Y O . A

J M I  N E G S D

P G S S D  A B S  B

S U B  A . B  B . X : ( R O )  Y : ( R 4 ) + . Y 1  

M O V E  B . Y O

M P Y R  Y O . Y l . B  X : ( R O ) + . A  

A S R  B

C M P  A . B  B . X : ( R O ) +  Y : ( R 4 ) + . B  

S U B  B . A  Y ; ( R 4 ) + . B  

M O V E  A . Y O

M P Y R  Y O . Y l . A  X : ( R 1 ) + . X 1  Y : ( R 5 ) . B

A S R  A  X : ( R 1 ) - . X 0

C M P  A . B  A . X : ( R O ) -  A . Y O

C L R  A  Y : ( R 4 ) . Y 1

C M P  A . B  X : ( R O ) . A  Y : ( R 4 ) + . B

J M I  P L I M T

C M P  B . A  Y : ( R 4 ) - . Y 1  

J M I  P P I M T

T F R  Y O . A  X 0 . X : ( R 5 )



2 4 2

C M P  B . A  X 1 , X : ( R 1 + N 1 )

T G T  B . A

T F R  Y 1 , B  ( R 2 ) + N 2  

C M P  B . A  N 3 . M 6  

T P L  A . B

C L R  A  B . Y : ( R 5 + N 5 )

C M P  A . B  ( R 2 ) + N 2  

J M P  L P C N T

P L I M T  C M P  B . A  Y : ( R 4 ) - . Y 1  

P P I M T  T G T  B . A  

T F R  Y l . B  X 1 . X : ( R 5 )

C M P  B . A  N 3 . M 6  

T P L  A . B

C L R  A  B . Y : ( R 5 + N 5 )

M O V E  A . Y : ( R 5 )

M O V E  A , X : ( R 1 + N 1 )

J M P  L P C N T

N E G S D  A B S  B  Y : ( R 1 ) + , X 1

S U B  A . B  B , X : ( R O )  Y : ( R 4 ) + . Y 1  

M O V E  B . Y O

M P Y R  Y O . Y l . B  X : ( R O ) + , A

A S R  B Y : ( R 1 ) - , X 0

C M P  A . B  B , X : ( R O ) +  Y : ( R 4 ) + . B

S U B  B . A  Y : ( R 4 ) + , B

M O V E  A . Y O

M P Y R  Y O . Y l . A  Y : ( R 5 ) , B  

A S R  A

C M P  A . B  A . X : ( R O ) -  A . Y O  

C L R  A  Y : ( R 4 ) , Y 1  

C M P  B . A  X : ( R O ) , A  Y : ( R 4 ) + , B  

J M I  N L I M T

C M P  B . A  Y : ( R 4 ) - , Y 1

J M I  N N I M T

T F R  Y O . A  X 0 , X : ( R 5 )

C M P  B . A  X I . X : ( R l + N l )

T G T  B . A

T F R  Y l . B  ( R 2 ) - N 2  

C M P  B . A  N 7 . N 6  

T P L  A . B

C L R  A  B , Y : ( R 5 + N 5 )
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P U L S E  W I D T H  C O M P U T A ­

T I O N  R O U T I N E

C M P  A , B  ( R 2 ) - N 2  

J M P  L N C N T

N L I M T  C M P  B , A  Y : ( R 4 ) - , Y 1  

N N I M T  T G T  B , A

T F R  Y 1 , B  X 1 , X : ( R 5 )

C M P  B , A  N 7 . N 6  

T P L  A . B

C L R  A  B , Y : ( R 5 + N 5 )

M O V E  A , Y : ( R 5 )

M O V E  A . X : ( R l + N l )

J M P  L N C N T

; * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

; * * * * * * * * *  C A L C N  R O U T I N E  W H E N  O P  V O L T  L V L  I S  + V E  * * * * * * * * * * * * *

O R G  P : $ 0 4 0 0

C M P  A . B  X : ( R 0 ) + . X 1  Y : ( R 4 ) . Y 0  

A N D  Y O . A  B . R 4  

C M P  A . B  A . X O  Y : ( R 7 ) + . B  

M P Y  X l . X O . A  N 3 . N 6  

M O V E  A O . A l  

S U B  A . B  Y : ( R 4 ) + . A  

S U B  A . B  B . X : ( R O )  Y : ( R 4 ) + . Y 1  

C M P  A . B  B . X l  Y : ( R 4 ) + . A  

C M P  A . B  X : ( R O ) . B  

S U B  A . B  Y : ( R 4 ) + , A  

C M P  A . B  X : ( R O ) + . B  B . Y O  

S U B  A . B

M P Y R  X l . Y l . A  B . X O  

A S R  A  Y l . X l

M P Y R  X I . Y O . B  A . X : ( R O )  A . Y l  

A S R  B  ( R O ) -  

M P Y R  X l . X O . A  B . Y O  

A S R  A  Y O . X O  

C L R  B  X : ( R O ) + . A  A . Y O  

C M P  B . A  Y l . A

J M I  L P I M N  ; GO O N E  L E V E L  L O W E R

C M P  B . A  Y : ( R 4 )  +  . B  ; W I T H  M I N  P U L  W I D T H

J M I  L P I W R  ; GO O N E  L E V E L  L O W E R

C M P  B . A  Y : ( R 4 ) - . Y 1

J P L  H P I H R  ; GO O N E  L E V E L  H I G H E R



O A ' ( M )  : A  T X *  +  ( O H ) : X  S ' V  d W D

0 0 3 0 $ =d OHO

* * * * * * * * * * * * *  XVM  3 A +  S I  T A 1  n O A  d O  N 3 H W  3 N I i n ü H  N D T V D  * * * * *  ■
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  Î

I N O d T  d W f  

( S H ) : A ‘ 0 N  9 ‘ V  d W D  

Z N - ( S H )  a ‘ V  d H O  

( T N + T H ) : X ‘ O X  S ' V  d W O  

( S H ) : X ‘ 9 H  V  H I D  

( S N + S H ) : A ' V  V  H I D

o x ‘ ( t h ) : a  a ‘ v  d W O  

V '  +  ( M ) : A  a ‘ V  d W D  

V ‘ + ( ^ H ) : A  a ‘ V  d W D

H 3 M 0 3  1 3 A 3 1  3 N 0  N I  

W H H I N I K  3 a  0 1  

S 0 3 3 N  H i a i H  3 S m d

H I I W  3 S m d  

3 i n d W 0 D  O N V  H 3 M 0 3  

T 3 A 3 T  3 N 0  0 0

3 3 A 3 1  l N 3 S 3 H d  

3 H 1  N V H l  H 3 H 0 I H  

T 3 A 3 3  3 N 0  0 0

I N O d T  d W f  

( S H ) : A ' O N  a ‘ V  d W D  

Z N - ( Z H )  a  m o  

( S N + S H ) : A ' a  V  H I D

a ‘ v  3 d i

( S H ) : X ' 9 H  V ‘ a  d W D  

( T N + T H ) : X ‘ O X  8 ' T A  H i l  

V ‘ a  1 0 1  

O X * ( T H ) : A  V ' a  d W D  

T A ' + ( ^ H ) : A  V ' O A  H d l

I N D d l  d w r  

Z N + ( Z H )  a  m o  

( S N + S H ) : A * a  V  H I D

a ‘ ¥  i d i

( S H ) : X ' O A  V ' a  d W D  

( T N + T H ) : X ‘ T X  3 * T A  H 3 1  

V ' a  1 0 1  

O A ' - ( T H ) : X  V ' a  d M D  

T X *  +  ( T H )  : X  V o x  H d l

I N D d l  d w r  

( T N + T H ) : X ' V  3 A 0 W  

( S N + S H ) : A ' 9  y  H I D

a ' v  I d l

( S H ) : X ' T X  V ' a  d W D  

T X ‘ ( T H ) : X  8 ' T A  H d l

N W T d l

H f i T d l

H H T d H

m
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L P 3 W R

L P 3 M N

A N D  Y O , A  B , R 4

C M P  A , B  A , X O  Y : ( R 7 ) + , B

M P Y  X l . X O . A  N 3 . N 6

M O V E  A O . A l

S U B  A . B  Y : ( R 4 ) + . A

S U B  A . B  B . X : ( R O )  Y : ( R 4 ) + , Y 1

C M P  A . B  B . X l  Y : ( R 4 ) + . A

C M P  A . B  X : ( R O ) + . B  Y : ( R 4 ) + . A

S U B  A . B

M P Y R  X l . Y l . A  B . X O  

A S R  A  Y l . X l

M P Y R  X l . X O . B  A . X : ( B O ) -  A . Y l  

A S R  B

C L R  B  X : ( R O ) + . A  B . Y O

C M P  B . A  Y l . A

J M I  L P 3 M N

C M P  B . A  Y : ( R 4 ) + . B

J M I  L P 3 W R

C M P  B . A  Y : ( R 4 ) - . Y 1

T G T  B . A

T F R  Y l . B  X : ( R 1 ) . X 1  

C M P  B . A  X 1 . X : ( R 5 )

T P L  A . B

C L R  A  B . Y : ( R 5 + N 5 )

M O V E  A . X : ( R l + N l )

J M P  L P C N T

T F R  Y O . A  Y : ( R 4 ) - . Y 1  

C M P  B . A  Y : ( R l ) . X O  

T G T  B . A

T F R  Y l . B  X O . X : ( R l + N l )

C M P  B . A  R 6 . X : ( R 5 )

T P L  A . B

C L R  A  B . Y : ( R 5 + N 5 )

C L R  A  ( R 2 ) - N 2  

J M P  L P C N T

C M P  A . B  Y : ( R 4 ) + . A  

C M P  A . B  Y : ( R 4 ) - . A  

C M P  A . B  Y : ( R 1 ) . X O  

C L R  A  A . Y : ( R 5 + N 5 )

C L R  A  R 6 , X : ( R 5 )

C A N T  G O  H I G H E R  

M A X I M U M  L V L  R E A C H E D  

R E S T R C I T  P U L  W I D T H  

A N D  L V L  T O  M A X IM U M

G O  O N E  L E V E L  L O W E R  

A N D  C O M P U T E  P U L S E  

W I D T H

O N E  L E V E L  L O W E R  

W I T H  M I N  P U L S E  W I D T H



2 4 6

C M P  A . B  X O . X :  ( R l + N l )

C M P  A . B  ( R 2 ) - N 2  

J M P  L P C N T

; * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

; * * * * * * * * * * * *  C A L C N  R O U T I N E  W H E N  O P  V O L T  L V L  I S  - V E  * * * * * * * * * *

O R G  P : $ 0 2 0 0

C M P  A . B  X : ( R O ) + . X I  Y : ( R 4 ) . Y O  ; P U L S E  W I D T H  C O M P U T A -

A N D  Y O . A  B . R 4  ; T I O N  R O U T I N E

C M P  A . B  A . X O  Y : ( R 7 )  +  . B

M P Y  X l . X O . A  N 7 . N 6

M O V E  A O . A l

S U B  B . A  Y : ( R 4 ) + . B

S U B  B . A  A . X : ( R O )  Y : ( R 4 ) + . Y 1

C M P  A . B  A . X I  Y : ( R 4 ) + . B

C M P  A . B  X : ( R O ) . A

S U B  B . A  Y : ( R 4 ) + . B

C M P  A . B  X : ( R O ) + . A  A . Y O

S U B  B . A

M P Y R  X l . Y l . A  A . Y O  

A S R  A  Y l . X l

M P Y R  X I . Y O . B  A . X : ( R O )  A . Y l  

A S R  B  ( R O ) -  

M P Y R  X l . X O . A  B . Y O  

A S R  A  Y O . X O  

C L R  B  X : ( R O ) + . A  A . Y O  

C M P  B . A  Y l . A  

J M I  H N I M N  

C M P  B . A  Y : ( R 4 ) + . B  

J M I  H N I H R

C M P  B . A  Y : ( R 4 ) - . Y 1  

J P L  H N I N G

T F R  Y l . B  Y : ( R l ) . X I  

C M P  B . A  X 1 . X : ( R 5 )

T P L  A . B

C L R  A  B . Y : ( R 5 + N 5 )

M O V E  A . Y : ( R l + N l )

J M P  L N C N T

GO O N E  L E V E L  H I G H E R  

W I T H  M I N  P U L  W I D T H  

GO O N E  L E V E L  L O W E R

GO O N E  L E V E L  H I G H E R

H N I N G  T F R  X O . A  Y : ( R 1 ) + . X 1  

C M P  B . A  Y : ( R 1 ) - , Y 0

GO O N E  L E V E L  

L O W E R  T H A N  T H E
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; P R E S E N T  L E V E L

GO O N E  L E V E L  

H I G H E R  A N D  C O M P U T E  

P U L S E  W I D T H

T G T  B , A

T F R  Y 1 , B  X I , X : ( R l + N l )

C M P  B , A  Y 0 , X : ( R 5 )

T P L  A . B

C L R  A  B , Y : ( R 5 + N 5 )

C L R  B  ( R 2 ) - N 2  

J M P  L N C N T

H N I H R  T F R  Y O , A  X : ( R l ) , X 1  Y : ( R 4 ) + , Y 1  

C M P  B . A  ( R 2 ) + N 2  

T G T  B . A

T F R  Y l . B  X I , X : ( R l + N l )

C M P  B . A  R 6 , X : ( R 5 )

T P L  A . B

C L R  A  B , Y : ( R 5 + N 5 )

C L R  B  ( R 2 ) + N 2  

C M P  A . B  X : $ 0 6 . A  

M O V E  A . Y : ( R 5 )

J M P  L N C N T

H N I M N  C M P  A . B  X : ( R 1 ) , X 1  Y : ( R 4 ) + , A  

C M P  A . B  Y : ( R 4 ) + , A  

C L R  A  A . Y : ( R 5 + N 5 )

C M P  A . B  R 6 , X : ( R 5 )

C M P  A . B  X I , X : ( R l + N l )

C M P  A . B  ( R 2 ) + N 2  

C L R  A  ( R 2 ) + N 2  

C M P  A . B  X : $ 0 6 , A  

M O V E  A , Y : ( R S )

J M P  L N C N T

■ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

;  * * * * * *  C A L C N  R O U T I N E  W H E N  O P  V O L T  L V L  I S  - V E  MAX * * * * * * * * * * * *

O R G  P : $ 0 1 0 0

C M P  A . B  X : ( R 0 ) + . X 1  Y : ( R 4 ) . Y 0

AND Y O . A  B . R 4

C M P  A . B  A . X O  Y : ( R 7 ) + , B

M P Y  X l . X O . A  N 7 . N 6

M O V E  A O . A l

S U B  B . A  Y : ( R 4 ) + , B

S U B  B . A  A , X : ( R O )  Y : ( R 4 ) + , Y 1

P U L S E  W I D T H  N E E D S  

T O  B E  M I N I M U M  

I N  O N E  L E V E L  H I G H E R
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C M P  A . B  A , X I  Y : ( M )  +  , B  

C M P  A . B  X : ( R O ) + , A  Y : ( R 4 ) + , B  

S U B  B . A

M P Y R  X l . Y l . A  A . X O  

A S R  A  Y l . X l

M P Y R  X l . X O . B  A . X : ( R O ) -  A . Y l  

A S R  B

C L R  B  X : ( R O ) + . A  B . Y O  

C M P  B . A  Y l . A  

J M I  H N 3 M N  

C M P  B . A  Y : ( R 4 ) + . B  

J M I  H N 3 H R

C M P  B . A  Y : ( R 4 ) - , Y 1  

T G T  B . A

T F R  Y l . B  Y : ( R 1 ) . X 1  

C M P  B . A  X 1 . X ; ( R 5 )

T P L  A . B

C L R  A  B . Y : ( R 5 + N 5 )

M O V E  A . X : ( R l + N l )

J M P  L N C N T

H N 3 H R  T F R  Y O . A  X : ( R 1 ) . X 1  Y : ( R 4 ) - . Y 1  

C M P  B . A  R 6 , X : ( R 5 )

T G T  B . A

T F R  Y l . B  X I . X : ( R l + N l )

C M P  B . A  ( R 2 ) + N 2  

T P L  A . B

C L R  A  B . Y : ( R 5 + N 5 )

J M P  L N C N T

H N 3 M N  C M P  A . B  X : ( R 1 ) . X 1  Y : ( R 4 ) + . A  

C M P  A . B  Y : ( R 4 ) - . A  

C M P  A . B  ( R 2 ) + N 2  

C L R  A  A . Y : ( R 5 + N 5 )

C M P  A . B  R 6 . X : ( R 5 )

C M P  A . B  X I , X : ( R l + N l )

J M P  L N C N T

• * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

; * * * * * * * * * * * * * * * * * * *  I R Q B  I N T R  S E R V I C E  R O U T I N E  * * * * * * * * * * * * * * *

O R G  P : $ 0 6 0 0

M O V E  R 2 . B  ; S T A R T  O F  S A M P L I N G

C A N T  G O  L O W E R  

M I N I M U M  L V L  R E A C H E D  

R E S T R C I T  P U L  W I D T H  

T O  M A X IM U M  A N D  L V L  

T O  M I N I M U M

GO O N E  L E V E L  

H I G H E R  AM D C O M P U T E  

P U L S E  W I D T H

O N E  L E V E L  H I G H E R  

W I T H  M I N  P U L S E  

W I D T H



249

I N T E R V A L ,  F E T C H  

A D C  V A L U E

A D D  A , B  X : ( R O )  +  , X O  Y 0 , Y : ( R 4 ) -  

C M P  A . B  X 0 , X : ( R 3 )  Y : ( R 4 ) - , Y 0  

C M P  A . B  X : ( R O ) + . A  Y 1 . Y : ( R 4 ) + N 4

R T I  ; R E T U R N  F R O M  I N T R

; * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

; * * * * * * * * * * * * * * * * *  I R Q A  I N T R  S E R V I C E  R O U T I N E  * * * * * * * * * * * * * * * * *

O R G  P : $ 0 6 8 0

M O V E  Y : $ 0 2 . R 5  ; PW M P U L S E  P A T T E R N

M O V E  R 5 . X : ( R 3 )  ; I N T E R R U P T  ( I R Q A )

M O V E  N O . Y : $ 0 1  ; O U T P U T  N E X T  S W I T C H

M O V E  # 0 . R 5  ; S T A T E

R T I  ; R E T U R N  F R O M  I N T R

• * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *




