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ABSTRACT 

The thesis describes a stand-alone, unit y power factor, 

current-regulated SPWM rectifier. The topology is based on 

the series connectlon of 3 single-phase, 4-valve rectifier 

bridges, which allows 2-state logie SPWM strategy to be used 

wlthout lnterphase interference. The issues and problems of 

LdI~/dt voltage and lov harmonie waveform distortion are 

identified. Solutions are found by using a de snubber 

circuit and a simple local notch filter feedback circuit 

which performs the dual function of stabilizing and active 

filtering. From the clarification given by this more 

expensive but less constrained topology, the stage is set 

for the next step in incorporating the lessons learnt here 

to the more economical topoloqy based on the 6-valve, 3-

phase parallel bridge, which requires a tri-state logic for 

PWM control when operating in the current-source 

conf iguration. 
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Cette thèse décrit un redresseur autonome avec facteur 

de puissance unitaire, à l'impulsion de largeu:- varL~ble 

sinusoïdale régulé par le courant. La topologie est C.:lSt?l· 

sur la connectlon en sérle de 3 ponts de redresseur~ 

monophasés à 4 valves, qui permet l'utilIsatIon dt' la 

stratégie d'impulsion de largeur variable slnusoldaie avec 

logique à 2 états sans interférence d'interphase. Les 

questions et problèmes du voltage LdI /dt et de dIstortIon 
cc 

de fonne d'onde à basses harmonl.ques sont ident l f lés. Des 

solutions sont trouvés dans l'utilisation d'un circuit 

amortisseur à courant-continu et d'un ~imple Clrcuit 

localisé bouclé à l'élimination de bande qui en même temps 

stabilisent et filtrent activement. Les leçons apprises de 

cette topologie plus coûteuse mais moins contrainte peuvent 

être incorporées à la topologie plus économique basée sur 

le pont parallèle triphasé à 6 valves, qui requiert une 

logique à 3 états pour le contrôle à l'impulsion de largeur 

variable lors de son opération dans la configuration source 

de courant. 
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CHAPTER l 

INTRODUCTION 

1.1 INTRODUCTION 

The developrnent of power electronic industry started 

with the thyratrons and mercury arc rectifiers, and then, 

the thyristors. In recent years the industry has been 

enjoying the use of power semiconductor devices like: 

Bipolar Junction Transistor (BJT), Gate Turn Off thyristor 

(GTO), and power MOSFET. Now, at the turn of this century 

there have emerged modern power serniconductor devl.ces which 

are: Insulated gate bipolar transistor (IGBT), static 

induction transistor (SIT), static induction thyristor 

(SITH) and MOS-controlled thyristor (MeT). 

The invention of these power semiconductor devices has 

been simplifying and advancing the capabilities of power 

eleclronics in its applications. 

The advances of semiconductor research over the past 

decades have resul ted in the following benefits: (a) the 

improved voltage and current rating of power semiconductor 

devices, (b) their increased switching speed, (c) the 

simplified means of controlling power semiconductor devices, 

and (d) the reduced cost of these modern power 

semiconductors devices. 

For the above reasons many new converter topologies 

have been developed. But, until recently diode and thyristor 
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1 
rectif iers have rem a ined dominant in ttle AC to DC con\'erters 

despite that the harmonies of theu" Ilne currents are 

relatively high and thelr power factor decreases lWith 

Increasing flrlng angle. The bidlrectlonal propertles of 

both rectlfylng and generating capablllt12s have also 

attracted many researchers to the forced commutated 

converters. This research has been malnly of two kinds: 

(a) the current source converter, (b) the voltage source 

converter. 

The research O~ the two topologies is still in their 

early stages. The winning topology is yet to be known. 

However, the current source inverter has until now 

demonstrated high rel iabi lit y and excellence in i ts 

application with variable speed drives. 

Ide -
Vu lJf il 
'\i -
Vrb LT 

., 
+ -'" 

VIIC LT le Vc 

--&---"" -

Fig. 1. 1(a) Schematic of 3-phase Voltage SotIes Corwerter 
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In a 3-phase vol tage source eonverter of Fig. 1.1 (a) , 

only six valves are connected in parallel across the de 

link. This parallel connection finds its dual in the series 

connection as shown in Fig.l.l(b). However, twelve switches 

are needed now, four in each phase forming the single phase 

bridge converter. The parallel eurrent source converter 

though economical, has many problems -which have to be 

resol ved. For instance, the ac eapaci tor voltages in the 

three phase bridge are not equal and cannot in principle be 

connected in parallel, unless two of the three valves in the 

upper half of the bridge and two in the lower half are 

blocking. 

f 
• 

• 
V10 

Fig. 1 • 1(b) Schematlc of 3-phase CU'rent Solree Converter 
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The aim of many researchers, whether developing current 

or vol tage source converters, has been to produce converters 

capable of del ivering sinusoidal current waveform at the 

input with high power factor. They have been concerned also 

on the possibility of varying the voltage and frequency. 

Various PWM tech.liques have been used. For the purpose 

of this thesis only the Sinusoidal Pw~ technique is 

described. 

1.2 SINQSOIDAL PWM 

In the sinusoidal PWM strateqy, a sinusoidal control 

signal is made to intersect with a triangular carrier 

waveform, as shown in fig.1.2(a) • 

t 

Fig. 1.2(8) htersection of MociJlatÎ1g and TriafOllar Carrier SiSJ1aI 

'SeCt) 
+1 - :-: ~-- r-- r-- ~ 

l - ~ .. 
~ " .... ~ t ... ,. ..... - r-- - 10- ~ 

~ ... ...... -- --- ...... -1 

Fig. 1 . 2(b) SPWM S9'1a1 with 18 Fundamental 
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The converter switching frequency is determined by the 

triangular carrier frequency, fe' This frequency together 

with its amplitude XT are normally kept constant. The 

control signal, Xm(t) with a frequency, f m is used to 

modulate the switch dut Y ratio. 

T1 T2 Leie 

T2 T1 

Fig. 1 . 3 Schematic of Silgle Phase ClI'rent Soll'r,8 Converter 

Tc explain how the SPWM signal is obtained, consider 

the a-phase of the current source converter of fig.l.3. The 

switching states of the power electronic valves Tl and T2 

are described by the switch function Sa (t) which assumes the 

value of: 

Sa(t) = +1 when Tl conduct and T2 block 
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Sa(t) = -1 when T2 conduct and Tl block 

The ON and OFF of the switches Tl and T2 depend on the 

magnitude of X.Ct) and XTCt). The following output results 

will be obtained: 

x.(t) > XTCt), Tl is on, 

XT ( t ) > X. ( t ) T 2 i s on, 

Sa(t) = +1 

Sa (t) = -1 

The switching states Sa will be alternating between -1 and 

+1. The SPWM signal and its fundamental frequency compone nt 

are shown in fig.l.2(b). 

In fig. 1.2Ca), x.(t) and XT(t) are time functions of 

two general variables. Up to the present, most SPWM schemes 

are applied to voltage systems. In this thesis, it is the 

current which is modulated. Thus, when the dc link current 

is Ide' then 

i h - Sa(t)· I~ (1-1) 

where the switchinq function Sa(t) of fig.1.2(b) is based on 

the intersections of X.Ct) and XT(t) of fiq.1.2Ca). 

1.3 THE SFWM CYRRENT SOURCE CONYERTER 

The objective of the research reported in this thesis 

is to produce a stand-alone, current-source rectifier which 

meets the followinq specifications: 

(1) near sinusoïdal current waveform at unit y power 

factor on the ac side 

(2) regulated dc link current 

Such a rectifier can be applied as: (a) a high quality dc 

source to the current-source inverters in variable speed ac 
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drives, (b) a high quality rectifier in variable speed dc 

dri ves wi thout the need of a chopper intermediate 

controller. 

The Sinusoidal PWM (SPWM) strategy is considered here 

because i ts swi tching harmonies are predictable. A high 

qual i ty current waveform is obtainable at low sv,'i tching 

frequencies. 

I,J --1· 
J C 

r - -- --------, 
r-~~~+----~ 1 

~- 12 SNc.Jt 1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 

Ldo 

IfEF 

F'tg. 1 .4 Schematic of SPWM Cu-rent Source Converter Control 
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There are many problems which have to be solved before 

the specifications can be met. The list of problems begins 

with the circuit topology. Recently, it has been recognised 

that the current source 3-phase bridge topology allows at 

Most only one upper valve and only one lower val ve to 

conduct at any time instant. In applying the pulse width 

modulation technique, a strategy for tri-state lOglc has to 

be developed and through the tri-static logic, recent 

workers [3,4,5,6] have finally succeeded in producing 

sharply defined near sinusoidal current waveforms which meet 

the specifications under steady state. These tri-state logic 

schemes have been designed for static situations and while 

they may also function for dynamic situations, further 

research will be required to confirm their capabilities to 

convey dynamic transient information through the tri-logic 

pulse widths. 

The research leading to this thesis examines the 

current-source topology based on the series connection of 3 

single-p~ase full bridge as shown in fig.1.4. 

As fig.1.4 requit'es 12 valves and 3 transformers, it is 

not economical compared to the 6-valve 3-phase bridge 

configuration used in Ref [3,4,5,6]. The purpose of fig.1.4 

is that it serves as a research tool by which the attributes 

of the current source topoloqy can be studied apart from the 

dynamically unproven tri-state PWM strategies. The delta 

modulation [2] or t.he SPWM strategies can be appl ied 

directly to each of the 3 single-phase bridges using the 

8 



( 

familiar two-state switching logic without fear of inter

phase interference of the switching of the valves. Both the 

delta modulation and the SPWM strategies cannot be faulted 

in dynamic situations because the pulse widths are known to 

represent faithfully the value of the modulating signal at 

the sampled period. For this reason, the more expensi ve 

topology of fig. 1. 4 allows the researchers to investigate 

what feedback configuration is necessary to ensure that the 

current regulation is stable. In Ref [2], one finds that 

when the delta modulation strategy is used, the feedback 

signal must include one d/dt operator on the error signal. 

As will be shown in this thesis, the SPWM strategy requires 

a d2/dt2 operation on the error signal. 

The topoloqy of fig.1.4 also allows another problem to 

be identified and solved. The problem is reeognized as low 

harmonie ac eurrent waveform distortion whieh persists even 

though the valves implement the SPWM strategy without a 

fault. The origins of the low harmonie distortion may be: 

(a) ae circuit Lr-C resonanee, Cb) ac side harmonie 

pollution arising from the magnetic circuit saturation, (e) 

harmonies carried by the feedbaek ehannels. In order to meet 

the specification of near sinusoidal fundamental waveform, 

it is elear that the rectifier must also be an active filter 

to elean up the harmonie distortion. 

A second contribution of this thesis is that an inner 

feedbaek loop using a twin-tee noteh filter enables the two 

problems to be overeome: 

9 



t 

. ~ 

(1) active filtering to remove the low order harmonie 

pollution on the ac side 

(2) securing an extensive stable domain without the 

need of implementing the second differentiation, 

dZ /dtz• 

As the author does not have a background in control 

theory, the stability analysis has been done by Professor 

S.Z.Dai. ~he thesis does not cover the research in 

stabilization. 

The thesis reports on the problems associated with the 

destructive L~dIŒ/dt voltage when the 4-valve bridge has a 

non-conduction periode The thesis discusses the reasons for 

the occurrence of the non-conduction period. It alSO 

analyses the requirements of the dc snubber circuit for 

efficient protection. 

Wi th an understanding of the requirements for 

stabilization and active filtering in the circuit of 

fig.l.4, the next step of research consists of translating 

the solution to the economical 6- valve 3-phase bridge. 

This research in SPWM control foilows previous work in 

deI ta-modulation control [2]. The SPWM control has the 

advantage of yielding comparable waveform quality at a 

Iower, more regular switching frequency. Furthermore, it is 

in the main stream and is preferred by many workers • 
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1.4 PRINCIPLES Of SPWM CONTROL IN CURRENI 

SOURCE TYPE RECTIfIER 

Irrespective of the topology, whether it is the 6-valve 

J-phase brldge or the circuit as shown ln f19. 1.4, the 

stability problem which is identified here is inherent in 

SPWM control. This is because it arises trom the capacitor 

C which must be connected in shunt across the ac terminaIs 

of the converter to serve as a bufter between the equivalent 

inductance L.y on the ac circuit and the dc link inductance 

Fig. 1.4 shows the series connection of the three 

single-phase full bridge converters. On the de link side, 

the inductance Lde must be sutficiently large to ensure a 

reasonably smooth de eurrent I~(t). For de current 

requlation, the measured value ot I~(t) is compared with a 

reference I Uf and the error ( is used in the negative 

feedback loop to reque5t the rectification of sufficient ac 

power to ma intain the stored magnetic energy O. SLde1de ct,) Z in 

the face of dc power demand, VzCt) 1deCt), of the rectifier 

output. 

The output of the feedback block enelosed by broken 

lines consists of the modulating signal X.Ct) 1 whic::h i5 

inputted in the SPWM LOGIC block together with the 

triangular wave carrier signal Xy Ct) • The 4 val Vf!S as 

controlled by the SPWM LOGIC block admit positive and 

negative pulses of Ide of varyinq widths into the ac side. 

Designating the fundamental harmonie of this train of I,ulses 
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,1 as the modulating current i 3) (t), the single-phase full 

bridge converter may be thought of as a linear amplifier 

because i
3J

(t) is proportional to the modulating signal 

Xm(t). The analysis in chapter III descrlbes how this linear 

amplifier can be integrated with the block enclosed by 

broken lines to ensure unit y power factor operation. 

1.5 THESIS COVERAGE 

The main aim of this thesis is to construct and test a 

laboratory size SPWM current source converter. The converter 

has been tested in a rectifier mode only. 

In order to be able to compare wi th other control 

techniques, this rectifier has to be able to generate )

phase sinusoidal current at unit y power factor with dc 

current regulation. 

1.6 ORGANISATION OF THE CHAPTERS 

Chapter II describes the power circuit which consists 

of bipolar power transistor, the ac snubber circuit and the 

base drive unit. 

Chapter III gives the mathematical formulation of the 

modulation signal and its practical implementation. The 

generation of the triangular carrier waveform is also 

discussed in this chapter. 

Chapter IV discusses the current snubber circuit in the 

dc side capable of protecting the converter, during the 

interruptions of the dc link current flow during the turning 

12 
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off of the switehes. 

Chapter V describes the local notch filter feedback 

that is used to overcome the harmonie distortion in the 

control signal. 

Chapter VI presents the digital simulation results, 

together with the experimental results before and after the 

inner feedbacK loop. 

Chapter VII presents the conclusion of this work and 

the scope for further research in this area. 
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1 CHAPTER II. 

THE POWER CIRCUIT. 

2.1 INTRODUCTION 

The power circuit consists of: 

(1) A series connection of 3 galvanically isolated 

single-phase bipolar transistor full bridge 

(2) The ac snubber circuits 

(3) The base drive (BD) circuits 

(4) The dc snubber circuits 

The detailed design of the series connection of 3 

galvanically isolated single-phase full bridge, the ac 

snubber circuits and the base drive units can be found in 

[8]. Details on the dc snubber circuit will be presented in 

chapter IV. 

The ac snubber circuit and the base drive units have 

been made on printed circuit boards. This is because no much 

changes are expected in these circuits which have been used 

previously in Ref.[7,8] and which have proved to be working 

perfectly. Some minor changes have been made on the ac 

snubber circuits. 

2 .2 THE CURRENT SOURCE PWM BRI DGE CONVERTER 

Fig 2.1 shows the complete circuit diagram of the 

current source PWM bridge converter excluding the ac snubber 

circuit. Each transistor receives signal from its respective 

14 
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base drive unit (BD). Since the upper transistors of each 

phase are comrnon emitter connected, their base drives [e.g 

BDl and BD2 for phase aJ share a common power supply. Each 

of the lower base drive uni ts has i ts own independent de 

power supply. 

V. 

ib 

Vb 

Vc 

- Iii: 

12 l..œ 

01 
+ V,. 

T1 C1 R -
5LF lOt 

12 

01 • 
V1b 

5LF l... -
T1 10K 

C1 Rt 
Rr 

01 

Fig • 2. 1 Series Comection of Three Silgle-Phase 

FlJ Transistor Bridge 
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The ac voltages VI' Vb and Vc represent the outputs of 

transformer secondaries. The elements Rl and r., include the 

resistance and leakage inductance of the transformer 

together with inductance added for filtering purpose. The 

capacitance C is required for the proper switching of the 

transistor because a shunt current path is necessary between 

Lr on the ac side and the inductance L~ on the dc side. 

Each of the 3-ac phases has its 4 transistor single

phase bridge converter. As the transformer secondaries 

"float", the dc side voltages of each bridge V,.' V1b and V'C 

can be added serially: 

(2-1) 

The output voltage is defined by V2 • 

The de link current I~(t) is solved trom the equation: 

(2-2 

In the current source (buck-type) converter, I~(t) is 

the dominant variable. It is assumed that Lde is sufficiently 

large so that I~(t) is virtually a constant current, in the 

time intervals between the switchings of the transistors. 

The current Ide cannot be interrupted abruptly because 

the LdcdI~ (t) jdt voltage would cause overvol tages which 

would cause component failures. For this reason the 

capaeitor Cl with the diode Dl provide an alternate path 
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when the transistors happen to block simul taneously. The 

resistance R allows the voltage built up across the 

capacitor Cl to discharge. 

The dc snubber circuit consisting of Dl, Cl and R will 

be discussed in greater detail in chapter IV. 

The principle of operation of the converter taking 

phase a as an example is as follows: When transistor group 

Tl is turned ON by receiving the appropriate gate signal 

from the base drive, the capacitor C assumed to have 

polarity as shown in fig 2.1, has the current Ide flowing 

through the negative terminal of the ac capacitor, thus 

decreasing the voltage, Vea across it. When transistor group 

T2 is ON, and transistor group Tl is OFF, current tlows trom 

the positive terminal to the negative terminal of capacitor 

C thus increasing the capacitor voltage, Vet • Fig 2.2 shows 

a photograph of the capacitor voltage Vet , taken from the 

oscillogram, showing alternate charging and the discharginq 

of the capacitor. 8y controlling the widths of the charginq 

and discharginq current pulses, it is possible to control 

the overall wav.form of the capacitor voltage. 

17 



Fig 2.2 The ac capacitor voltage. 

2.3 BASE DRIVE CIRCUIT. 

The base drive circuit that has been used can be found 

in [7,8]. The SPWM signal from the logic of the control 

circuit is fed directly to the optocoupler of the base drive 

circuit, to provide isolation between the control and the 

power circuitry. since details on design, circuit diagrams 

and the operation of this ci rcui t can be found in [7,8 J , 

readers interested in this work are requested to refer to 

these references. 
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2.4 l'HE POWER BlPOtAR l'BANSISTOR. 

The bipolar transistor was not an automatic choice. 

Thyristors, MOSFET's and GTO's were given due consideration. 

Because of the previous experiences in successfully 

operating PWM converters, the bipolar transistors continue 

to be used in this research. The objective of the research 

is to study the SPWM technique appl ied to the current source 

(buck-type) topology. The principles which are established 

experimentally in this work, have the same val idi ty in 

GTO/S, MOSFETS etc. provided the scaling laws are applicable 

and provided the switching frequencies are comparable. The 

bipolar power transistor operates at high switching 

frequencies and moderately high voltage and current rating. 

It is inexpensive and familiar. On these bases it was 

decided to use the Darlington Bipolar power transistor. The 

data sheets for this device are given in Appendix C. 

2 • 5 l'HE AC SNVBBER CIRCUIT. 

Fig 2.3 shows the snubber circuit that is used to 

protect the power transistors Tl and 12 aqainst the rate of 

change of voltage and current (dv/dt and di/dt). Two such 

snubbers are used for each phase of the transistor bridge. 

Varistors rated in the range of 350V are used. These 

varistors clips voltage higher than 350V to protect the 

bipolar power transistor. More details are described in Ref 

[7,8]. 
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2 • 6 SUMMABY. 

c. 

", 

c. 

T1.T2 MJ10015 EIpoIIr Transistor 
Rv 350 V Vartator 
D1D2 t.RS64 DIodN 
D3 4OH=L80S02 aodM 
Ca O. 047uF ec-c:lcn 
LI T~. n hMtor 
R 1 88 ofInI- 2W ReeIItor 
R2 3. 3 ofmI. 4W Rlliator 

Feg . 2 . 3 The le Sf1Ibber Ci'eUt 

Ail the circuits making the power circuit (except the 

dc snubber circuit) have been discussed. These circuits have 

been made on printed circuit boards. Their photoqraphs are 

shown in appendix B. References have been qiven for readers 

who would like to go in the detailed design of these 

circuits. The next chapter describes the mathematical 
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• formulation and the practical implementation of the SPWM 

siqnal for switchinq the transistors. 
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CHAPTER III 

PRINCIPLES OF OPERATION 

3.1 INTRODUCTION 

This chapter describes the generation of the control 

signal using the traditional sinusoidal PWM strategy. In the 

SPWM strategy the switching instants are obtained by 

intersecting a pure s:inusoidal waveform (modulating signal) 

and a trianqular waveform (carrier signal) using a 

comparison circuit. The bipolar power transistors of the 

converters are alternatively turned ON and OFF between these 

switching instants. The generation of both signals is 

discussed. 

It is worth mentioning at this stage, the following 

important features, which when adhered to, will yield good 

results: 

(1) High freqll,ency of the triangular waveform will 

result in a good qu,ality of ac current waveform. An added 

advantage would be t:he lower cost and size of the harmonie 

filters. However, e)ccessive switchinq frequency will cause 

too mu ch switchinçr losses and may even overload the 

switching devices. In this respect, compromise must be 

reached where th.! advantages should overweigh the 

disadvantages. From the laboratory experience, a switching 

frequency of 2160 H:~ was observed to give good results. 

(2) The modulation index, MI-X.lX" where X.-the 
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ampl i tude of the sinusoidal modulating signal and XT-the 

ampl i tude of triangular carrier signal. The size of the SPWM 

signal is changed by varying the amplitude of the modulating 

signal, keeping the trianqular carrier frequency constant in 

order to keep the desired average swi tching frequency 

substantially constant. The Fourier Series fundamental 

component of the switching signals is proportional to the 

modulation signal. 

3.2 BEVIEW OF SINYSOIDAL PULSE WIPTH MOPULATION PRINCIPLE 

For conven ience fig. 1 • 2 (a) and 1. 2 (b) are repeated here 

as fig.3.1(a) and (b). 

F"Ig. 3. 1(a) Intersection of MoctJating and Tria~1ar Carrier SilJlaJ 

Sa(t) 

+1 ,.... 
-~I=";:-: 

,.... ... n 1 .. ..1 .... 1--' 
t--."", t ... 

~ ~ .. , 
- -~ .... ..... ~ '-- ""--1 

Fig . 3. 1 (b) SPWM SVlaJ with 18 FundamentaJ 
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l The goal is to produce a modulating signal which when 

compared with the carrier signal as shown in fig 3.1 Ca) will 

produce SPWM signal with its fundamental shown in fig 

3. l (b). The Fourier Series fundamental, as i t 1.5 weIl known, 

is in phase and proportional with the modulating signal. 

3.3 PRINCIPLES OF INDIRECT CONTROL 

Considering the schematic diagram of a-phase single 

phase current source converter of Fig 3.2, 

Xl(t) 

-~ 

1 

SPWM 
LOGIC 

F'1g. 3 . 2 Silgle Phase ClI'rent Source Conver1er 
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, the ac source voltage, 

V • .)2· V' sinwt • (3-1) 

where v= the r.m.s phase voltage supplied by the 

transformer. 

The transformer impedance and other inductance added to 

the ac line for tiltering purposes is represented by ~ and 

Ly. 

The objective is to produce an ac current whose Fourier 

Series tundamental component is in phase with the voltage 

and whose r.m.s magnitude is 1. This funda~ental ac current 

is: 

i • .)2' l' sinwt • (3-2) 

sinee R, and Ly are known, one can obt&in the eurrent i. of 

eq.(3-2), provided the capacitor voltage vc• can be 

controlled precisely. 

The band e phases are identical to Fig.3. 2 except for 

the phase shifts ot 120 degrees and 240 degrees 

respectively. The three phases are conneeted in series at 

their de links. 

Kirchhoff's Voltage Law gives the voltage across the 

capacitor, as 

(3-3) 
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The capacitor voltage in turn is controlled by the injection 

of the current il. from the single-phase converter" 

By the application of Kirchhoff's Current Law the 

current i3. is: 

(3-4) 

where CdVc.ldt = the current through the ac capacitor 

At this stage, only the fundamental Fourier Series component 

is considered. By substitution of (3-3) into (3-4) gives: 

i3. = ';2" l" sin(a)t - C" dV/dt + Rr" C- dia/dt + 

r.,." C- d2i./dt2 (3-5) 

and further substitution of (3-1) into (3-5) results in: 

il. = ';2 { [l + Rr"C-dl/dt + Lr-C(d2I/dt2 - l(a)2) ]sin6lt 

+[Rr-C-lo(a) - C-61-V + 

2" C-(a)"Lt"dl/dt]cos(a)t} (3-6) 

This is the fundamental of the current that should be 

produced by the switching of the power transistors" The 

requirement is therefore, to generate a modulating signal, 

that would take the shape of eq. (3-6). As mentioned in 

section 3.2, advantage is to be taken of the fact that, wi th 

a modulating signal in the shape of eq. (3-6) properly 

intersected with a triangular signal, the switched current 
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intersected with a triangular signal, the switched current 

waveform based on triggering at the instants at the 

intersection points would give a SPWM signal whose 

fundamental Fourier component is aIse in the ferm of eq.(3-

6) • 

Referring ta fig 3.ICa), the modulating siqnal can he 

shawn to be in the form of [1] : 

(3-7) 

where Xm = the magnitude of the modulated current and S is 

the angular phase shift. 

With the switching states alternating between -1 and 1 

as in fig 3.1(h), the switching signal can be expressed in 

the Fourier Series as: 

GO 

tAksinwkt + Bkcoskwt 

k=-2 

where, Ak, Bk are the Fourier Coefficients and 

X, = the magnitude of the carrier signal. 

(3-8) 

In qeneral Ak, Bk are negligible except for selected k near 

the integral multiples of the carrier frequency. These non

neqligible Fourier coefficients are Bessel functions. 
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1 In order that the fundamental component of eqo (3-8) 

will have the form of eqo (3-6), one first put eqo (3-6) in 

the forro: 

i38 = ./'2' (a sinwt + b coswt) 

where 

a = [1 + Rr' C' dl/dt + Ly' c' (dzl/dtZ - l' wz) ] 

and 

b = [~. C' 1 w - c·.." V + 2' C' ..,' I;dljdt] 

Eqo (3-7) is now compared with (3-9). 

This requires that 

and 

8 = tan" -b/a. 

(3-9) 

(3-10) 

(3-11) 

Fig 3.3 is the phasor diagram summarizing the requirements 

which 1
31 

must fulfil in order that the ac phase current ls 

at unit y power factor. 

Fig.3.3 shows that for the current 1. to be in phase 

with suppl Y voltage V.' the capacitor voltage must be 
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1 created 50 that V
e
• has the magnitude and the phase angle 

such that the vol taqe drop I.RT and j wLrI. must be 

compensated for. The question is: Ho., can the voltage Vc• be 

created? The answer is: One inj ects the correct amount of 

current i3. from the dc link side. This injected current 

consists of positive and negative pulses of the dc link 

current ~hose magnitude is Iœ. One varies the pulse widths 

us ing the SPWM stra teqy as i 11 ustra ted in fig. 3. L The 

fundamental harmonie of i3. is the phasor 13. in fig.3.3. 

'ca 

Va 

-Ica -

Fig.3.3 Phasor Dia~am of a Single Phase Current Source Convener 
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1 Based on Kirchhoff's Current Law at the capacitor node 

in fig. 3.2, 

(3-12) 

where Ica is the fundamental harmonie of the capacitor 

current. Since V
CI 

has been determined and l/j wC is known 1 

ICI is also a known result. 

The phasor diagram of fig.3.3 is correct only for the 

steady-state operating condition only. Under transient 

condition, the capacitive current has two additional terms 

giving rise to di.ldt and di//dt2 as shown in eq. (3.5) and 

(3.6) • 

These two terms must be included so that the stability 

region is not compromised. Thus in the block diagram of 

fig. 3.4, there are two d/dt blocks in sequence to designate 

how, in principle eq. (3.5) and (3.6) should be implemented 

in the feedback. 

It is weIl known that the differentiation operation 

magnifies high frequency noise. T'he high frequency noise can 

be eliminated by a low pass filter. As long a.s the bandwidth 

of the signal (which in this case is in the low frequency 

range) is weIl separated from the bandwidth of the SPWM 

switchinq signal noise (which begins at the frequency around 

triangular carrier frequency) , a single stage 

differentiation has been implemented successfully [7,8]. 

It is anticipated that the second differentiation may 
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not be practical because of the following reason: The 

feedbacK channel is based on measurinq the de link current 

I~(t), which is compared with the reference current setting 

I
REf

, as shown in fig. 3.4. The command of the ac current 

magnitude let) is determined by the proportional neqative 

feedbacK strategy: 

(3-13) 

The noise of l (t) has their origin from Ide ct). By 

connecting the 3 single-phase converters in series, the 

second harmonie frequency is eliminated. In practice, it is 

found that a 6th harmonie is perceptible, after the switching 

noise has been filtered. 

It is barely possible to desiqn the filter for 50 close 

a signal-noise separation for the lit stage differentiation. 

This is because the filter involves integration which 

nullifies the action of the differentiator unless the fil ter 

eut-off frequency is separated from the signal. 

The 2nd stage differentiation is considered to be 

difficult to achieve. The scope of this thesis is limited to 

implementinq the lit stage differentiation. The consequence 

of this limita~ion is that a larger de inductance would be 

needed to operate the system in the stable region. 

Future research vill be directed tovards overcominq the 

restriction. 
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Fig . 3 . 4 Generation of MocUattlg SicJ1aJ ŒIock Diagram) 

3.4 PBACTICAL IMPLEMENTATION. 

Fig 3.4 shows the block diagram used to generate the 

modulating signal x.Ct) of a typical phase of the three 

phases. 

This block diagram is derived from eq.(J.6). The input 

of the control block of fig 3.4 ia controlled by the current 

error, c, which ia obtained by comparing the dc l ink current 
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and the current reference lm' Usinq this outer feeclbacJc 

loop the magnitude of the current can be control1ed throuqh 

a proportional control 1er kp' 

3.5 CIRCUIT DIAGBAMS OF DETAIL IMPLEMENTATION. 

The circuit diaqrams to implement the block diaqram of 

fig 3.4 are shown in fig 3.5 and 3.6. 

Fiq. 3.5 shows how the v'2sinwt and v'2coswt of the 3 

phases are obtained. 

Fiq. 3.6 shows the OP-AMP' S (Operational ampl ifiers) , 

multipliers and adders which implement Fig.3.4 from let) to 

X",(t). 

Fig. 3.7 shows the implementation of the trianqular 

carrier waveform generator. 

Fig.3.8 shows the comparator circuit implementing the 

SPWM loqic and the output signal which is fed to the base 

drive logic. 

Fig.3.9 shows the Base Drive Logic circuit, the output 

signal of this circuit and the transistor switching logical 

signaIs. 

Fig. 3.10 provides an overall view of the integration of 

the components parts. 

3.6 SINUSOIPAL WAVEFORM GENEBATOR 

The sinusoidal waveforms and their phase angle 

references are ta ken from the 1 ine voltages as shown in 

fig.3.5, using sLep down transformers. Third and fifth 
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Va Vb Vc 

BANOPASS 
FLTER 4.71( 

4.7K~ 
a.7K 

c::::::J ~ -12VSlN W t 

4.7K 
.. 

J2vcos (J t 
4.7K 

•. 7K 

'.7K~~ 
<1I1'f- I.n 

c:::J : - 2VStI(<'> t-120) 

<JI'" 
•. n 

I2vcos ( <al t- 120) 
•. 71( 

4.1K 

4.'" 
-I2VSN(CJ t- 240) 

2.7K 

4.7K ': 

J2vcos ( (J t - 240 ) 
4.71( 

fig. 3.5 Silusoidal Waveform Generator 
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harmonie band pass fil ters are required to clean the 

waveforms of the non1 inear distortion coming trom the 

transformer iron. Each of the three phases has i ts own 

v'2sinwt and J2coswt wavefonn references which are mu1tiplied 

to the circuit of Fiq.3.6. 

3.7 IMPLEMENTATION OF UNITY POWER FACTOR CONTROL CIRCUIT 

Fiq.3.6 shows the analogue circuit implementation of 

the blocks of fi9.3.4. The input is the signal let) and the 

output is XIII(t). The components consists ot resistors, 

capacitors, OP-Amps, adders and multipliers. The component 

values are chosen to match the mea5ured values of C, ~ and 

Ry of the laboratory experimental model. 

3.8 GENERATION OF THE TRlAHGULAR CABRIER SIGNAL 

Fiq. 3.7 is the circuit used to generate the trianqular 

carrier signal. The amplitude of this signal ia given by: 

R_' V • R -oz l , 

(R, + Hz)· R, 

where VI is the voltaqe across the zener diode. 

(3-14) 

The required maqni tude of V, can be achieved by varyin9 the 

potentiometer R,. The period of the trianqular waveform 15 

obtained trom: 

T • C 3-15) 
R, 
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Fig. 3.6 mplement,ation of Urity Power Factor Control 
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DT 
Vz 

Dl. 

R 20K Putenllomet .. 
RO 270 R_tor 
R 1 1(1( Reelstor 

R 2 101< Potenticrnet .. 

R 3 1(1( Reeistor 
R 4 2(J( Pctentlcmet .. 
R 5 1K Resistor 
C 1a.F ClpacftGr 
D Zener CIode N 758 

Fig. 3. 7 Generation of TriansJJlar carrier Waveform 
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1. the appropriate value is achieved by the variation of R. 

3.9 THE COMPABATOR CIRCUIT. 

Fig.3.B Ca) shows the comparator circuit. The input to 

this circuit is the modulating signal X.Ct) and the 

trianqular carrier signal XT(t). 
5V 

--
Fig. 3. 8(a) The Comparator CircUt 

IL ~ 
1 1 1 1 r 

1 1 1 1 
1 1 1 1 
1 1 1 1 

IR
l 1 1 1 1 1 L 
Fig . 3 .8(b) output Waveform of the Canparator Circd 
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The output signaIs (1.> and (IL) are fed to the base 

drive logic for switching the power transistors 

appropriately. The output signal is required to be as fast 

as possible with minimum uncertainty. 

The circuit has been constructed using analogue devices 

for two reasons: (1) to reduce the delay times in the 

feedback loop, (2) to keep the cost of the converter to the 

minimum. 

The diodes shown in fig.3.8(a) protects the comparator 

from over voltages. The cathode of one diode is connected to 

the anode of the other diode to make the input capacitor as 

small as possible. This enables the converter to switch at 

high speed. 

Fig.3.8(b) shows the output waveform of the comparator 

circuit. This output is based on the intersection of the 

modulating signal, X. and the triangular carrier signal, Xl' 

The two output signaIs are named raise edge signal (1.) and 

lower edge signal (IL) corresponding to the raising and 

lowering of the current signal, i]j (see fig.3.2) 

respectively. 

3.10 THE BASE PRIVE LQGIÇAL CIRCUIT. 

The base drive logical circuit shown in fig 3.gea) 

receives signal from the comparator. The switching instants 

of the transistors is controlled in this circuit. The 

original design [7,8] suffered a non uniform delay time 

between its output and the signal received from the 
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comparator circuit. This resul ted to unstable ac input 

current and capacitor voltage waveforms. In the new design, 

stable waveforms have been obtained by using Retrlggerable 

Monostable Multivibrators to obtaln constant delay time. 

10pF 

t 

10pF 

t 

1K 

74LS109 

741832 J 
-

>--_...I..-~ K Q i------ Q 1 

CLOCK 
74lS109 

>-----..--4 J 

74lS32 

1K 

-L..---4 K Q I---L-

741.S109 

rIO . 3. 9(8) The Base Drive Logic Circu1 
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OFF-

ON ~ 

Fig . 3. 9(b) OUtput Signal of the Base Drive Logic 

T 1 4. 
ON-

OFF 

T2 
ON 1--

1 
1 
l' 
1 
1 

.. - t 

OFF ~~----~I--~--~--------~--_.~ .. t 
1 

--__a� .... ' .... , .. __ ---,. 
Fig.3.9(e) Transistor SwlcNng Signais 

Fig 3.9(b) shows the output current signal of the base 

drive logic Q, and QZ" Note that there is an overlap period 

in each hal f cycle of each signal, where both transistor 
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group (Tl and T2) receives gating signal. During this time 

one transistor group experiences reverse vol tage and i t 

cannot turn ON. 

Fig 3.9(c) sho'Ws the translstor sWltchlng logical 

signaIs (transistor group Tl and T2) in relatIon to the 

intersections of the modulating and carrier signaIs. 

3.11 OVERALL VIEW OF THE CONTROL CIRCUIT 

Fig 3.10 shows the complete block diagram of the 

control circuitry. The block diagram shows the integration 

of all component parts that form the control circuit. The 

local feedback notch filter also included in this diagram 

is discussed in detail in chapter V. AlI other components 

parts have been discussed in this chapter. 

3.12 SUMMARY. 

This chapter described the generation of the control 

signal using the SPWM technique. The generation of both the 

modulating and the trianqular carrier signal have been 

presented. Their block and circuit diagrams have been 

described. The SPWM control logic which consists the 

comparison circuit and the base drive logic have been 

discussed. The comparison and the base drive logic circuits 

were constructed on the printed circuit boards. The circuits 

for qeneratinq the modulatinq and the triangular signaIs 

were made on the bread boards in order to be able to make 

quick re-arrangement when necessary. 
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The J:. •• fi::ographs showing the implementation of these circuits 

are presented in Appendix B. 

Little has been mentioned in chapter II, on the 

operation of the dc snubber circuit. The next chapter 

discusses at length this circuit which is responsible for 

protecting the power circuit against the interruptions of 

the dc link current flow during turning off the switches. 
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CHAPTER IV 

pc SNUBBER CIRCUIT 

4.1 INTRODUCTION 

A dc snubber circuit is specifically required in the 

current source converter for two main reasons: 

(1) To protect the circuit aqainst the voltage LdIdc/dt, 

during the very short periods when none of the transistors 

in the bridge is conductinq. 

(2) To enable inverter mode of operation. 

As it has been explained in chapter l, this converter 

is intended to operate in both rectifier and inverter mode. 

When operated as a rectifier only, the dc voltage output is 

always positive. In protectinq this operation, one requires 

only a freewheel inq diode across each phase of the dc 1 ink 

as shown in fig 4.1. However the inverter operation requires 

a negative voltage in order to have neqative power, since 

the dc current does not chanqe direction. with just a 

freewheeling diode in the circuit the inverter operation 1s 

impossible since no transistor will turn ON bec au se the 

freewheeling diode becomes forward biased a.,t! the current 

will just circulate through it and to the load. 
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Fig. 4. 1 Silgle Phase Convet1er with a Freewheelng Diode 

-- VCt 

+ 

D 

01 R 

Load 

Load 

Fig . 4 . 2 Single Phase Converter with a complete SfU)ber crctit 

4.2 OC SNUBBER CIRCUIT 

The operation of the circuit of Fig.4.1 as an inverter 

would be impossible since once the dc voltage is reversed, 

the freewheeling diode will be turned ON. The remedy to this 

at first will be to connect a capacitor Cl in series with 

the freewheeling diode as shawn in Fig.4.2. It is required 
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that this capaci tor be charged to a voltage higher than the 

ac capacitor voltage, so that the transistors Tl, T2 are 

positively biased so that they can be turned ON when the y 

receive the ON gate signals. A resistor should be connected 

across it to facilitate the discharging of this capacitor. 

Since the diode conducts current only in one sense, the 

capacitor voltage will build up indefinitely unless the 

charge is removed, in this case by resistive dissipation. 

The voltage Vc1 across the capacitor Cl will be 

increasing and decreasing depending on the action of the 

converter at that particular time. When any transistor group 

is ON, the voltage across capacitor Cl will be decreasing, 

because the capacitor Cl is discharging through resistor R. 

The capacitor current, ic will be circulating in the loop 

containing the resistor R and the capacitor Cl. 

The charging of the capacitor will take place when no 

transistor is conducting. This occurs briefly when the 

gating signal is removed from one ~-ransistor group, and fed 

to the other transistor group, which may not turn ON 

instantaneously. 

4.2.1 NON CONDUCTION IN TRANSISTOR BRIDGE 

This brief "blocking" occurs at alternate switchings of 

the transistor group. The protection ensures that the gatinq 

signaIs will be ON for an overlap time before they are 

turned OFF. The overlap time is intended to ensure that the 

transistors whi·.::h are being turned ON (from their previous 
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OFF states) will be ON until the other pair are turned OFF. 

This protection is supposed to provide a current path 

through the transistors at aIl times. Unfortunately, the 

protection is effective only half the time. To appreciate 

this, first consider the successful half of the time. 

4.2.1.1 SUCCESSFUL PROTECTION 

This occurs when the transistor T2 of fig. 4.2 are 

initially conducting. With the polarity of the vol tage vc• 

across the ac capacitor C as shown, the OFF transistors Tl 

are forward biased. Thus when the gate signaIs are reversed, 

Tl can turn ON even though T2 are ON. 

4 • 2 • 1. 2 UNSUCCESSFUL PROTECTION 

The difficulty occurs in the next stage signal 

reversal. When Tl are ON, the capaci tor voltage V
C1 

reverse 

biases the transistor T2. As a result , although T2 receive 

the turn ON gate signals, they cannot turn ON until Tl are 

fully turned OFF so that the capacitor voltage is 

effectively disconnected across the collector-emi tter 

terminaIs of T2. Thus, there always exists a brief period of 

non conduction to the flow of the dc current in the bridge 

and the function of the snubber is to provide the alternate 

path. 

4.2.2 ANALXSIS OF SNQBBER CIRCUIT 

Fig 4.3 shows the expanded time scale of the voltage 

48 



:( 

( 

( 

across the snubber capacitor of one phase. In the analysis, 

the snubber circuit is considered to consists of the ideal 

diode Dl, the capacitor Cl and the resistor R. The analysis 

is intended to enable Cl and R to be chosen. For economy, Cl 

should be small. For efficient operation R should be large. 

The capaci tor voltage must not exceed the permissible 

voltages across the transistors. 

ve" 
1 
1 , 

on 1 

'. , , 
Ve' 

, 
r----- 1 
j4 ·1t4 

012 ~ t II bT2 1 1 

• ~14 
OT1 

fig .4 .3 Expanded nne Scale of the Capaclor Voltage 

6Tl is the very short period when capacitor Cl is charging 

(transition time between the turninq OFF of one transistor 

group and the turning ON of the other transistor group). 

6T2 is the period when capacitor Cl is discharging, this is 

the time when either of the transistor group Is ON. 
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4.2.2.1 CHARGING CAPACITOR. 

When the transistors in the bridge are aIl blocking in 

the period 6T1, the capacitor Cl is being charged. Assuming 

that the resistor R ls very large, the de link eurrent will 

be eirculating in the load and snubber circuit and will be 

given by: 

Integrating eq. (4-1) 

Vc'" - Vc1 ' = 

Ide' 6T1 

Cl 

where: Vct " = Final charge capaeitor voltage 

Vct ' = Initial capacitor voltage 

( 4-1) 

(4-2 ) 

In general, 6T1 is not exactly known as it is a property of 

the transistor turn-on and turn-off times. However, it may 

be estimated from information from the manufacturer's data 

sheets. The initial capacitor voltage Vct'is here treated as 

an algebraic unknown to he solved subsequently. 

4.2.2.2 OISCHARGING CAPACITOR 

The discharg'ing of the capacitor occurs when 

transistors are conducting, the discharging current 

circulates in the RC1 circuit. This current can be written 

as: 
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(4-3) 

This can in turn be written as: 

the solution for this equation is: 

Vc1 = Ve1 1 1 exp -t/ (Rel) (4-4) 

where Vc'" is the initial capacitor voltaqe. 

From Eq. (4 - 2) , 

.( (4-5) 
Cl 

At t = 6T2 

(4-6) 

At 6T2 it is assumed that Ve1 has discharged to its initial 

value. 

Using Eq. (4-5) and (4-6) to eliminate ~1"' the solution for 

V ' • c1 lS 

(4-7) 
Cl [exp 6T2/(RCl) -1] 

( 
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1 v " = c1 + v • c1 (4-S) 

In using 5PW~, 6T2 is not a constant value. It can be 

estimated as the period of the triangular carrier signal 

frequency. 

For the power bipolar transistor (MJ lOOlS) it is 

estimated that 6Tl is in the range of 2-3 microseconds 

(a) 

(b) 

Fig.4.4 (a) The voltage, v,. (b) The voltage, -Vc, 

In the design, vc,' should exceed the amplitude of VC1 

(the capacitor voltage) so as to assist in turning on the 

transistors Tl and T2. At the same time, o. 5Vc'" should 
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always be less than the permissible collector to emi tter 

vol tage of the transistor. 

Fig.4.4 shows (trom top to bottom) V1al the voltage 

across one phase of the eonverter on the de side (before the 

inductor) and the voltage -Vc1 across the capaei tor Cl as 

taken from the oseillogram. 

V. 

" 

- let: 

I..œ 

01 
+ V,. 

C1: R -
e&# lOt 

01 • Load 
V1b 

5&1= 
10K 01: Rt 

FIg.4. 5 A Complete Thr. Phase Conver1er wnh 

the Soobber Ci"clit 
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Fig.4.5 gives a complete three phase circuit diagram of 

the converter showing the snubber circuit in each phase of 

the converter. 

4.3 SUMMARY 

This chapter has presented the dc snubber circuit for 

protecting the converter against the Ldldc/dt voltage. 

Analysis of this circuit has been done and its role has been 

explained. It has also been shown that the choice of the 

components in this circuit is based on the derived equations 

and estimation. 

The next chapter describes the inner feedback loop, 

which is used to compensate for the harmonies generated in 

the resonating ac input circuit. The output of this circuit 

is aise processed in the SPWM logic. 
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CHAPTER V 

THE INNER FEEOBACK LQOP 

5.1 INTRODUCTION 

The necessity of using an inner feedbaek loop was 

recognised after testing the converter. As can be seen in 

fig.6.2(e) the current waveforms were distorted, and it was 

noticed that the third and fifth harmonics were present in 

significant proportions. The sources of these harmonies are 

believed to originate from: (a) the ac supply voltages, (b) 

the switching ripples on the dc link current which are 

transmitted through the outer current regulator feedback 

loop. The inductance Lr and the capacitanee C form a 

resonating high Q circuit and when the resonating frequency 

is close to the frequency of the harmonie sources, magnified 

harmonie currents will flow. 

The method that is used to overcome this problem is to 

use an inner feedback loop which rejects harmonies in the 

line current. The inner feedback loop measures the line 

current using a Hall Effect CUrrent Sensor and the SPWM 

bridge converter is used effectively as a high gain feedback 

amplifier to null all harmonies exeept the 60-Hz component. 

A 60-Hz notch filter in the feedback loop allows the 

fundamental frequency current to flow without beinq 

cancelled. 
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S.2 LQW HARMONIe DISTORTION 

In the stable region of a 1 kw size laboratory model 

whose parameters are listed in appendix A, the ac current 

waveform is found to have serious distortions. 

In order to understand the sources of this distortions, 

the ac side of the rectifier is mathematically modelled as 

shown in fig.S.l, where the transfer functions W,(s) and 

Cs 
w, (s) = 

Lrcs2 + ~Cs + 1 

1 

Va (5) -1:. .:1- ~(S) 
13a(S) .. W1(S) ... . -

,. la S ( ) 

FIg.5. 1 BIock Dla"am Showlng the a-phase CUrent 18(8) 

il Relation to Is Sources Va (s) and 138(8) 
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These transfer functions relate the 1ine current Ij(S) to 

the excitation sources through the equation: 

(5-3) 

where V
J 
(s) and I 3J (5) are the Laplace's Transforms of the ac 

vol tage sources and the recti fier modu1ated current 

respectively. 

Typically , V
J 
(s) contains the 3rd and 5th harmonic of 

the supply frequency arisinq from the nonlinear 

characteristics of the transformer irone 

The sources of 13j (s) is traceable from fiq. l .4 to x.(s) 

and ultimately to Ide(S). The dc current has a perceptible 

6th harmonie. The measurement of Ide (t) is by a sample-and

hold, vith a samplinq rate of twice the trianqular carrier 

frequency. The d/dt in fig.1.4 is performed by digital 

differentiation on the sample-and-ho1d siqnals. Al thouqh 

this mode of data acquisition is free of the svitchinq 

noise, the 6th harmonie noise becomes magnified by the 

digital differentiator. When the 6 th harmonic components 

becomes multiplied by j'2coswt and j2sinwt, x.(s) contains 

significant 5th and 7th harmonies. 

Fig. 5.2 shows the Bode d iaqram of W, (s) as an example, 

using the system parameters of Appendix A. 

The conclusion is that the lov harmonie distortion has 

appeared because the resonant frequency in the Lr - C 

circuit is too near the 3rd and the 5th harmonie of the 
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1 supply and is amplified through eq. CS-l). One remedy is to 

choose a C whose Lr - C resonance frequency is remotely 

located from source frequencies of V
J 
(s) and I 3J (s) . However, 

the elements ~ and C cannot be too small because they must 

contribute towards filtering the switehing harmonies which 

are near integral multiples of the triangular carrier 

frequency. 

0.10 • 5th(O.76). 

0.08 

~ 7th. 
~ 0.06 

-~ 0.04 -~ 
0.02 

0.00 TïïïTTTm--r+TTTn""'-....-r"I-mm 

10 

Fig.S.2 Bode Diagram of W, Cs) 

5.3 LOCAL NOTeR FILTER FEEDBACK 

phase 
90 • 

o 

Fig.S.l shows the local feedback loop which, when 

introduced into the circuit in fig.l.4, results in the low 

harmonie distortion being suppressed Dy active filtering. 
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There are two elements in the feedback: the feedback 

gain kf and the notch fUter whose transfer function is 

WfCs). This circuit incurs the increased cost of 3 broad 

band accurate current transducers which are necessary to 

measure the line current. 

RT 

• l ia ,ica + 
C VC8L--+----... ,-

Wf(S) 

Xm 

Xr 
NNNM.--__ 

SPWM __ 1 

LOGIC - - - - - - - -
+ Xm" (t) 

Loo 

a-PHASE 
ClRRENT
SOlfieE 

CONVERTER 

Fig. 5 . 3 Notch Fier Feecblck on One Phase of the Conv&rter 
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1 5.4 ACTIVE FILTERING 

In incorporat ing the local feedback, the trans fer 

function of fig.5.l is modified to those shown in fig.5.4. 

In order to grasp the essence of the local feedback loop , 

it is assumed first that the transfer function of the notch 

filter is unit y, i.e. 

L W1(S) + VIleS) + 
1+KtWt(S)W2(S) ... " 1 +K,w, (S)Wl(S 

Ia(S) 

Fig. 5. 4 Bock Oiagram with Transfer Fuootion in 

Local Notch Flter feecl>ack Loop 

(5-4) 

1 3a(S) 
-

In this case, the transfer function W,Cs) say, of eq.(S-l) 

and fig. 5. 1, has changed to 
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Cs 
w," (s) = (5-5) 

The resonant trequency has chanqed trom 

(5-6) 

to 

(5-7) 

Thus by usinq the feedback qain k" one can shift the 

resonant frequency away from those of known harmonie sources 

without havinq to tamper with the values of Ly and C. 

In the low frequeney ranqe, 

w, (s) == Cs (5-S) 

whereas 

Cs 
W,"(s) ~ (5-9) 

Thus one conelude that by settinq larqe values of kt, one 

reduces the lower order harmonies by a factor of 1/ (1 + kt). 

Unfortunately the attenuation by this local feedback loop 

would affect the fundamental frequency signal and the desiqn 
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in fig .1.4 to meet the requirement of uni ty power factor 

operation and de current regulation. 

5.5 TWIN-TEE NOTCH FILTER 

The objectives in mind are that the characteristics of 

eq.(S-5), (5-7) and (5-9) are aIl desirable except that one 

likes an exemption to be made at the fundamental frequency. 

At the fundamental frequency, the local feedback should not 

be there. This wish is incorporated through the use of the 

twin-tee notch filter [9] whose transfer function is: 

(5-10) 

By choosing T su ch that the numerator of eq.(S-lO) is 

zero at the supply frequency, then the local feedback loop 

is virtually disconnected vis-a-vis the supply frequency. 

Fig.5oS shows the Bode diagram of eqo (5-10). The gain 

in general is unit y except in the region 0f the notch where 

the gain drops to zero at the notched frequency f n = 1/217T. 

In general there is no phase shift, except again in the 

region of the notch where it lags for f < f n and leads for 

f > fno The phase shift does not exceed 90 degrees. 
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1.0 l 

08 

~ 0.6 
(/) 
'--" 
'-
3: 0.4 

0.2 

phase 
Î 80° 

0.0 0 

1 <r .... lO z 10:J 10 4 

..... f (Hz) -90 0 

Fig.5.S Bode Diagram of Twin-Tee Notch Filter 

Fig. 5.6 shows the Bode Diaqram of the transfer function 

(5-11) W,'Cs) = 
w, Cs) 

In fig. 5.2 the transfer gains for the 3rd and 5th 

harmonie are 4.7 and 64.5 A/volt respecti vely and in fig. 5.6 
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these have been lowered by almost a factor of 10. The 

feedback gain for fig.S.6 is k f = 10. 

-> ....... 

0.10 j 
0.08 

-$ 0.06 

-~ 0.04 
.-
3 

0.02 

..... ---, 
1 7th 
\ 5th. 

1 st \3rd. ... 

Kf=10 

0.00 -r-ï'FiTrnrr-r-nTTTTir--,.."";;:;:;;; 

10 10 2 

f (Hz) 
1():1 10 ~ 

\ 

-----

phase 
180 0 

o 

-90 0 

Fig.S.6 Bode Diagram of W,'Cs) 

Fig. 5.7 shows an analog circuit realization of the 

Twin-tee Notch filter. 

5.6 LOCAL FEEDBACK STABILITY 

The local feedback with the twin-tee notch filter is 

always stable. This is evident from the denorninator terms (1 

+ k,W, (s)W2 (s» in the transfer function of Fig. 5.4. Applying 
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the Nyquist criterion, the open loop transfer gain 

KfWf (S)W2(s) never encircles the -1.0 point in the s-plane. 

This is because the phase shifts of W2 (s) in eq. (5-2) and 

W,(s) in eq.(5-10) (see Fig.5.S) never exceed 90 deqrees so 

that their combined phase shift cannot exceed 180 degrees. 

without exceeding 180 degrees in phase shift, there is no 

possibility of encirclement of the -1.0 point. Thus 

stability is assured by the Nyquist criterion. 

22K 

Fig . 5 . 7 The Notch Filter 

5.7 SYMMARY 

1K 

10 te 

ToSPWM 
Iogic 

In this chapter sources for low harmonie ac current 

waveform distortion have been identified. A solution is 

found by using a simple local notch filter which perfora the 
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job of active filtering to clean up the low order harmonie 

distortion on the ac side. The photograph of this circuit is 

shown in appendix B. 

The next chapter presents the simulation results of the 

system with the inner feedback loop. Experimental results 

with and without the inner feedback loop are also presented. 
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CHAPTER VI 

RESULTS 

6.1 INTRODUCTION 

Chapter II described the power circuit of the 

converter. Chapter III discussed the principles of SPWM 

technique and the generation of the control signal. Chapter 

IV described the dc snubber circuit and chapter V presented 

the inner feedback loop. 

This chapter presents computer simulation and 

experimental results. Experimental test results will cover 

the operation of the system without and with the inner 

feedback loop, while the computer simulation results will 

only consider the system with the inner feedback loop. 

6.2 SIMULATION RESULTS 

Fig 6. l shows the simulated waveforms of the system 

operated at an output voltage V2 of 100 Vdc ' The waveforms 

from top to bottom are: (a) the ac input supply voltage Vp 

Cb) the modulating signal X.Ct), Cc) the ae eapaeitor 

voltage Vei' Cd) the ac supply eurrent iJ and Ce> the de link 

current Ide. 

The ac supply current is near sinusoidal and almost in 

phase with the ac input supply voltage. 
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Vj =90V, Vz=100V, I dc=2A, Lde=50mH, C=10~F: IREF=-12 

(a) 

(b) 

(c) 

(d) 

(e) 

Fig. 6.1 Simulation resul ts wi - .. f1 •. ~ inner f(."cdbl\C~: 1 oop 

6.3 EXPERIMENTAL RESULTS 

6.3.1 WITHOUT INNER FEEDBACK LOOP 

(a) 

(b) 

( c) 

( d) 

(e) 

I dc=2A, Vj =50V, Vej=50V, ij=O. 7A, time scale: lOms/d i v. 

Fig.6.2 Experimental results without the inner feedbacy. 

loop 
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Fig 6.2 shows experimental results obtained when the 

converter is eperated without the inncr feedback loop. The 

waveforms (from top te bot tom) are: (a) the de 1 in~~ Cl1rrC'r.t 

Ide' (b) the ac input supply voltage VJ' (c) the modulating 

signal Xm, (d} the ac capacitor voltage \'eJ and (e) the input 

supply current i J' 

It is clearly seen that the waveform of the input 

supply current is distorted as a result of magnification of 

the third and fifth harmonies. It 1s because of thEse 

harmonies that an inner feedback loop is included in thl2 

system. 

6.3.2 ~ITH INNER FEEOBACK LOOP 

(a) 

(b) 

(e) 

(d) 

Ce) 

I dc=2A, Vj =50V, VCj=50V, ij=O. 'A, time scale: lOms/di v 

Fig 6.3 Experimental results with the inner feedback 

loop 
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1 Test results with the inner feedback loop are shown in 

fig 6.3. From top to bottom the wave forros are: (a) the de 

link current Ide' (b) the ac input supply voltage V
TJ

, (c) 

the modulating signal Xm, (d) the ac capaci tor vol tage V
CJ 

and (e) the input supply current i J' 

The input current waveform is near sinusoidal. In both 

experimental tests the input supply current is in phase wi th 

the input supply voltage. 

6.4 DISCUSSION OF THE RESULTS 

Experimental results have shown that this converter can 

operate at unit y power factor. The converter has also 

demonstrated the ability to provide near sinusoidal input 

current waveform. The tests have been done with a resistanee 

load in the circuit. It has been possible to obtain a de 

power output close to lkW with a load resistance of 10 ohms. 

An input capacitance of 30 mierofarads and a dc 

inductance of 50 mH have been used in aIl exper irnental 

tests. The input current waveform may still be improved by 

having larger values of the ac input capacitance, C and dc 

inductance, Ldc' However, this increases the overall cost of 

the converter. Compromise has to be reaehed between the cost 

and the quality of the performance. 

6.5 SUMMABY 

... In this chapter simulation and experimental resul ts 
-'l, 

have been presented. To some extent the two results agree 
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with each other. The next chapter presents the conclusion of 

this thesis and suggestions for further work to be done on 

th i s converter. 
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:1 CHAPTER VII 

CONCLUSIONS 

7.1 CONCLUSIONS 

The objective of the research leading to this thesis 

has been to construct and test the SPWM current source 

converter. This research is the continuation of the research 

program which began with the research on the delta-modulated 

buck type converter [8]. The evaluation of the converter 

topology can be found in reference [2,8]. This research is 

therefore, directed to the evaluation of the SPWM technique 

in controlling the current source converter and not the 

evaluation of the topology. 

The design of the dc snubber circuit presented in 

chapter IV has given assurance that there is always a 

continuous dc current path through aIl the three single 

phase bridges. Moreover, this circuit is now successfully 

and efficiently protecting the switches against the 

excessive L~dIŒ/dt voltage which occurs during disruption 

of the flow of this current. 

The comparison between the SPWM strategy and other 

strategies of current source converter control forms part of 

the research program. Because of the time limit set by the 

Germany Academic Exchange Scholarship Committee to pursue 

M. Eng degree, the performance of the SPWM current source 

converter has not been exhaustively evaluated. There is a 
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( need for more experimental testing to evaluate the 

reliability of this converter. 

The following conclusions can be made so far from the 

experimental tests which have been done with the SPWM 

current source converter: 

(1) The converter draws near sinusoidal ac input 

current when the inner feedback loop is included in the 

control circuit. 

(2) The converter is capable of operating at unit y 

power factor. 

These attractive features suggest that the system merits a 

complete evaluation and comparison with other control 

techniques. However, the need of a broad band current sensor 

in each phase of this system continue making this type of 

converter much more expens ive. 

7 • 2 SUGGESTIONS FOR FURTHER WORK 

A further investigation has to be carried out before 

the final decision on merits and deficiencies is made. The 

following work is suggested : 

(1) Research in the operation of the system as an 

inverter. This was one of the goals at the beginning of this 

research, but due to the time limit it has not been possible 

to test this converter in four quadrant mode. However, the 

inclusion of the dc snubber circuit presented in chapter IV 

will make this operation possible. 

(2) Translating the need for active filtering in this 
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1 type of converter to the more economical 6 valve 3-phase 

parallel bridge. 
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, APPENDICES 

APPENDIX A: 

CONVERTER PARAMETERS 

real values p.u. values 

VT 90V 1.0 

RT 0.6n 0.025 

~Lr 3.7n 0.152 

l/~C 88.40 10.9 

Ldc 50mH 0.775 

Rdc; 0.5n 0.02 

( 
V8ASE = 90 V PSASE = 1000 W ZBASE = 24.3 n 

C = 10 microfarad 

1 
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APPENDIX B: 

PHYSICAL CONSTRUCTION OF THE CONVERTER 

Fig.B.l shows the photograph of the circuit implementing the 

modulating signal Xm(t). This circuit was constructed on the 

bread board. 

, , .. 
1 • 

J..J. 

Fig.B.l Implementation of the Modulating Signal 

Fig.B.2 is the photograph of the Local Notch Feedback 

Filter together with the circuit implementing the Carrier 

Signal. These circuits were also made on the bread board. 
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Fig.B.2 Implementation of the Local Notch Filter and the 

Carrier Signal 

The rest of the circuits have been constructed on 

printed circuit boards. Fig.B.J, B.4 and B.5 shows the view 

of one phase of the converter from different direct~ons. 

In Fig.B.3 the two Power Bipolar Transistor are seen 

mounted on the heat sink on one leg of the single phase 

converter. The power connections are also seen in this 

photographe 

Fig.B.4 is also one leg of the single phase converter 

showing the snubber circuit and the base drive unit. 
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Fig. B. 3 One LEag of the Single Phase Converter Showing the 

Power Bipolar Transistor and the Power Connections 

Fig.B.4 One Leg of the Single Phase Converter Showing the 

Snubber circuit and the Base Drive Unit 
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c Fig. B. 5 is the complete single phase converter. A high 

frequency snubber capacitor is seen mounted on one leg of 

the single phase converter. 

( 

Converter 
~-----------------------------

Fig.B.6 The Complete SPWM CUrrent Source Converter 
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