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Synopsis 

The work detailed in the thesis compares the performance of 

single-phase thyristor bridge converters under different 

control strategies; considering in particular the efficiency, 

ac side power factor and harmonic content of the current and 

voltage waveforms. 

Extensive practical investigations were performed, in which, 

analogue and digital control circuits were developed to 

provide the drive signals necessary for a converter to operate 
in the different control modes for: 

a) A series -connected fully-controlled double thyristor 

bridge (used mainly in traction applications) operating 

under sequence control and; 

b) A fully controlled single-bridge operating under 

sequence and conventional control. 

A novel pulse-width modulation control strategy was developed 

for the single-bridge converter, using gate turn-off 

thyristors as the switching elements, whereby output voltage 

control is obtained by variation of the modulation index. 

Turn-on and turn-off signals for the power devices were 

obtained using an analogue control circuit. The advantages 

and disadvantages of this switching strategy compared with 

conventional and sequence control were studied, and results 

clearly showed that an improved input power factor and lower 

supply current and load voltage harmonics were all 

obtained. 

Mathematical models for single and double bridge converters 
operating under sequence and conventional control were 
developed using tensor techniques. Using these models, 

computer programmes were written in Fortran 77 on the 



University mainframe computer, to assemble automatically and 

solve the network equations as the converter topology 

changes. In addition, analytical models were also developed 

on the assumption that the load current is completely smooth. 
However, such an assumption is not justifiable with ac-to-dc 

converters and consequently a novel technique was developed to 

include the load current ripple in calculating the supply 

current harmonics. The results obtained are compared with 
both the computed and experimental ones. 
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CHAPTER 1 

Introduction 

In the past, dc and single-phase ac commutator type series 

motors have been the undisputed propulsion units for railway 
traction purposes. This is primarily because of their ability 
to meet the five basic requirements of traction applications 

a) Ideal torque-speed characteristic. 
b) Sharing of torque between individual motor driven axles. 
c) Automatic torque and speed adjustment when encountering 

different track gradients. 
d) Controllability of output torque and speed. 

e) Fast response to sudden line voltage variations. 

The above requirements are adequately fulfilled by the series 
motor due to the relationship existing between the armature 
current and fie ld excitation. Since the f ield ampere turns are 
directly proportional to the armature current, a reduction in 

speed causes an increase in armature c. urrent, which in turn 
increases the field strength. As a result of this increase 

more torque is generated, leading to a. different operating 
point at a lower speed. This simple but effective feedback 

system not only prevents overloading of the motor but also 
provides a fast response to sudden line voltage variations, 
i. e. the voltage difference between the generated motor emf 
and the line voltage forces the field strength to the required 
value and hence reduces current surges to a minimum. However, 
in addition to its many advantages, the series motor possesses 
certain disadvantages [1), and as a consequence of the 

availability of large semiconductor switching devices other 
types of motor are now being used in railway traction 

applications. One option is the separately excited dc motor, 
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whereby the field excitation is controlled independently of 

the armature voltage. However, external control circuits are 

required to make the machine suitable for traction 

applications, and these circuits control the armature current 

under rapidly varying line voltage conditions. Prior to the 

advent of power thyristors, only Ward-Leonard sets (2] were 

suitable for this type of duty, but these are large and heavy 

and are clearly unsuitable for traction applications. 

Depending upon the type of power supply, either an ac-to-dc 

converter with natural commutation or a dc-to-dc chopper will 

offer continuous voltage control with a fast response, which 

is well suited for control of a separately excited dc traction 

motor [3]. With either scheme, the perf ormance is improved and 

regenerative braking, which is not possible with a series 

motor due to its unstable characteristic as a generator, 

becomes practical. With a dc power supply, rectifier units are 

sited in substations at suitable locations along the track, 

and a chopper on board the locomotive is used to control the 

motor armature voltage. When an ac power supply is available, 

controlled ac-to-dc converters are carried on board to vary 

the motor armature voltage. The two schemes are discussed 

below. 

1.1 Substation Type Rectifier Units 

Typically, the substations are supplied by 33kV 3-phase ac, 
which is transformed down, rectified and supplied to the 
track, either by an overhead catenary or a third rail, at a 
voltage ranging from 600V to 3000V dc. The basic requirements 
have remained unchanged since the mercury-arc era, but with 
the advent of silicon power diodes there has been substantial 
progress in rectifier equipment design. The voltage levels 

commonly used are 750V, 1500V and 3000V with the latter being 

Used almost entirely in main-line systems to maximize the 

substation spacing. The 750V and 1500V supplies are used 
predominantly in urban mass-transit or light-rail systems 
(4,51. Substation-type rectifier units typically provide a 
12-pulse output voltage-. This. is achieved by a 3-winding 
transformer having a single primary winding and one star and 

2 



one delta secondary winding to give the necessary 300 phase 
displacement between the two secondary voltages. Each 

secondary winding is connected to a 3-phase bridge rectifier. 

which are then paralleled through an interphase transformer 
6 ]. A 12-pulse rectifier unit can also be obtained by series 

connection of phase-displaced bridge rectifiers without the 

need for an interphase transformer [4]. 

1.2 On-board Rectifier Units 

AC fed railway systems have become more attractive since the 

advent of reliable on-board static ac-to-dc converters, which 

allow high-voltage (25kV-5OkV) single phase transmission at 

industrial frequencies(50-6OHz) to be exploited [5]. An 

important design consideration is the harmonic current level 

in the overhead catenary, which can cause interference with 

signalling systems in close proximity with the railway line 

[7]. These supp ly current harmonics prevent full utilization 

of the installed capacity, by increasing the rms supply 

current without delivering any additional power, and also 

reducing the converter power factor. The harmonics can also 

cause overheating of power supply components and electrical 

machines, and may trigger protective devices prematurely. The 

harmonic content present in the supply current is governed by 

[8]: 

a) The power circuit configuration and the type of control 
used 

b) The converter pulse number. 

C) The degree of imbalance in the converter firing circuits. 
d) The supply voltage symmetry. 
e) The converter firing angle. 
f) The commutating reactance. 

The commutating reactance of the power transformer prevents 
instantaneous commutation of load current from the outgoing to 

the incoming thyristor, and there is a consequent overlap 

period when the supply is virtually *short circuited. The 
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effect of commutation is threefold: 

a) It reduces the mean armature voltage. 
b) It softens the edges of the supply current waveform, with a 

marginal improvement in the harmonic content and 
c) It severely. 4istorts the transformer secondary voltage 

waveform, a process that is termed 'notching'. 

When a power transformer is on-load, there is a phase 
displacement between the primary and secondary terminal 

voltages, and consequently the transformer secondary voltage 

waveform is used as a timing reference in the electronic 

circuitry which fires the thyristors. Any harmonic distortion 

on this waveform, such as 'notching', can cause mal-operation 

and misfiring of the thyristors and to prevent this it is 

necessary to provide high-perf ormance fi lters [8]. To improve 

both the input power factor and the harmonic content of the 

supply current and load voltage waveforms, it is usual for two 

or more half-controlled bridges to be connected in series on 
the dc side (7,9]. However, these cannot provide regeneration 

and, when this mode of operation is required, fully controlled 
bridges must be used. The conventional operation of these 

bridges suf f ers from several disadvantages when compared with 
half-controlled converters, such as a higher reactive demand, 

a low power factor (particularly at low output voltages) and a 
large ripple in the output voltage [10]. An improved 

performance is available when sequence control techniques are 

used, which provide an improved phase-control scheme for 

operating fully controlled bridges with half-controlled 

characteristics in both rectification and inversion modes 
[11,12]. 

This thesis investigates several types of single phase ac-to- 
dc converters suitable for railway traction purposes. Single 
bridge operation under conventional and sequence control and 
double-bridge operation under sequence control are 
considered. A pulse-width modulation (PWM) control strategy 
for a single-bridge converter is also considered, with the 

output voltage controlled by varying the modulation index. of 
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the PWM process [13,14]. With PWM control, the fundamental 

component of the supply current is co-phasal with the supply 

voltage, irrespective of the level of output voltage, and this 

results in a unity input displacement factor [15]. The PWM 

scheme reduces low-order harmonics [16] but produces high- 

order sideband harmonics at the switching frequency and its 

multiples, which can easily be filtered. For traction 

applications using PWM switching strategies, the switching 

devices must be able to withstand high voltage and current 

levels and be capable of easy turn-on and turn-off, and 

consequently gate turn-off (GTO) thyristors were used as the 

switching devices. 

1.3 Thesis Outline 

Chapter 2 outlines the operation of a separately excited dc 

machine, together with the operation of phase controllers and 
their characteristics in terms of the input power factor and 
harmonic content of the supply current: and load voltage 

waveforms. Detailed operation of the PWM controller is also 

considered. 

Chapter 3 presents the design of the series-connected fully 

controlled double-bridge converter and describes respectively 
the analogue and digital control circuitry required to produce 

sequence control for the thyristor switches. 

Chapter 4 presents the design of a single-phase fully- 

controlled PWM bridge converter together with its associated 
firing pulses to turn-on and turn-off the GTO thyristors in a 
PWM manner. 

Chapter 5 is concerned with mathematical models for phase and 

PWM controllers. The voltage and current waveforms together 

with their harmonic spectra are presented and discussed. The 

harmonic content of the load voltage and current waveforms for 

phase controllers are calculated using the analytical models 
developed in Appendix A2 and are compared with the computed 

results. A novel technique is presented for calculating the 
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harmonic content of the supply current waveforms, which also 
includes the harmonics injected into the supply by the load 

current ripple. The results obtained from this technique are 

compared with computed results. 

Chapter 6 presents experimental results for both phase and PWM 

controllers. A single-phase single-bridge configuration, 

operating under both conventional and sequence control, and a 
double-bridge operating under sequence control are considered 
for the phase controller and a single-bridge is considered for 

the PWM controller. Results are presented for both 

rectification and inversion modes, and a detailed comparison 
is made between different controllers. Analytical results 

using the models developed in Appendix A2 and chapter 5 are 

also included and comparisons are made between the 

experimental and analytical results. 

Chapter 7 presents the overall conclusions for the thesis. 
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CHAPTER 2 

DC Motor Speed Control 

The separately excited dc motor is often used for variable 

speed drives, due to the ease with which its speed may be 

controlled. Section 2.1 presents the equivalent circuit for 

such a motor and explains the methods by. which its speed may be 

adjusted. The operation of various types of single-phase 

bridge-connected phase-controller, suitable for motor speed 

control, is then outlined. The ef f ect of overlap in the 

controller is examined, and the harmonic content of the supply 

current and the armature voltage are investigated. The supply 

power factor for a single-phase system is considered and, 

finally, the operation of a novel Pulse-Width Modulation (PWM) 

switching strategy for a bridge-connected converter is 

described. 

2.1 The Separately-excited DC Motor 

The equivalent circuit f or a separately- excited dc motor, 

shown in figure 2.1, has six terminal variables. These are the 

field voltage and current (Vf and If), the applied armature 

voltage and current (Va and Ia) and the mechanical angular 

velocity and shaft torque (Wm and ML). For an unsaturated 

machine, the equations relating these variables are [17]: 

dif 
Vf = Rfif + Jif dt (2.1) 

dia 
Va = Kif% + Raia + La dt (2.2) 

dWm 
ML 7- Me -J dt - viloss (2.3) 

Where Me = KIfIa is the electromagnetic torque, Mloss the 

friction and windage torque and 3 the combined moment of 

inertia ofýthe motor and its coupled load. If any of the 
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quantities if, ia or Wm are constant, the corresponding time 

derivative terms in equations (2.1) to (2.3) becomes zero. The 

steady-state motor speed for a constant armature current is 

then given by equation (2.2) as: 

Va - RaIa 
WM KIf (2.4) 

which shows that the speed may be controlled by adjustment of 

either the field current, the armature circuit resistance or 
the armature terminal voltage. 

The lowest motor speed available using field current control 

occurs at the maximum allowable field current. The highest 

speed is with low field current and is restricted by armature 

reaction, which eventually causes either the speed to become 

unstable or the commutation to deteriorate. Field-control 

provides constant maximum power from the motor [ 18 ]. 

Armature-res i stance control [18] is provided by inserting 

additional resistance in series with the armature, thereby 

altering the speed-torque relationship and giving the machine 

a large speed regulation for a small increase in load torque. 

In addition, the power loss in the 
. resistor is large, 

especially at low speeds, and consequently this method is not 

normally used. 

Armature-voltage control [18] relies on the fact that a change 
in this voltage is accompanied by an almost proportionate 

change in the generated emf and therefore in the motor speed. 
In the past motor/generator sets were often used to provide the 

armature voltage supply, but the development of high-power 

solid-state switching devices has increased considerably the 

range of possibilities for the precise c. ontrol of motor speed. 
The direction of rotation depends on the direction of the 

armature current relative to the polarity of the main magnetic 
field, and a reversal of rotation may be achieved by reversing 

either the armature voltage or the field current. 
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2-2 Phase-controllers 

A single-phase converter using phase-control connects the 

motor armature to the ac supply for only a portion of each 

supply half-cycle. Commutation occurs naturally, since the 

incoming thyristors reverse-bias the outgoing thyristors and 

turn them off. Consequently commutation circuits are 

unnecessary, which makes the scheme simple and inexpensive. 

Phase-controllers are widely used, since they can control the 

armature voltage smoothly over a wide range. They have however 

the disadvantage that the supply power factor decreases at 

lower armature voltages [19]. 

Section 2.2.1 examines the half-controlled single-bridge 

connection and sections 2.2.2 to 2.2.5 consider respectively 

conventional and sequence controlled switching strategies for 

the single- and double-bridge arrangement. 

2.2.1 Half-controlled Bridge 

The mean armature voltage of the half-controlled arrangement 

of figure 2.2(a) never goes negative, irrespective of whether 

or not the free-wheeling diode DFW is present, and this can be 

explained by considering the device conduction pattern. After 

a supply voltage zero, and before say thyristor T3 is f ired, Tj 

continues to conduct while the return armature current is 

transferred from diode D2 to D4. A free-wheeling path is 

provided via Tj and D4, which results in zero armature voltage 

(neglecting device voltage drops) and zero supply current to 

the bridge.. The diode DFW provides a preferential parallel 

path for the free-wheeling current IFW, enabling the outgoing 

thyristor to turn off and regain its blocking state [7). 

Figure 2.2(b) shows the voltage and current waveforms for this 

arrangement. The familiar mean armature voltage expression is 

obtained by setting af=0 and av=a in the general expression 

derived in Appendix Al, to give: 

1 
Va T VdO 11 +'cOs ctl (2.5) 
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2VM 
where VdO : --' ff 
This arrangement is cheaper, maintains a better supply power 

factor and has a smaller peak-to-peak ripple voltage at the dc 

terminals than does a conventional controlled bridge 

rectifier. However, it has the disadvantage that it cannot 

regenerate. 

2.2.2 Conventional Controlled Single-bridge 

Conventional control of the bridge configuration shown in 

figure 2.3(a) is achieved by firing thyristors Tj and T2 in 

each positive half-cycle and T3 and T4 in the negative half- 

cycle of the supply voltage with the same firing delay angle a. 

The corresponding voltage and current waveforms are shownin 
figure 2.3(b). As before, the mean armature voltage for 

continuous load current is obtained by setting av=af =U in the 

expression of Appendix Al to give: 

Va : -- VdO cOs a (2.6) 

2VM 
where VdO "": ff 
The disadvantages of this arrangement are the high reactive 

power demand, the low supply power factor and the high output- 

voltage ripple [121. 

2.2.3 Sequence Controlled Single-bridge 

Sequence control of the bridge shown in figure 2.3(a) is 

achieved by triggering the upper pair of thyristors Tj and T3 

with a delay angle av and the lower pair T2 and T4 with an angle 

af [ 11,12 ]. The operating range f or both av and af is limited 

to between 100 and 1600, to ensure that there is sufficient 

voltage for the armature current to commutate between 

thyristors, as explained later in section 2.3. 

The armature voltage is controlled by maintaining af at 100 and 

varying av from 100 to 1600 (i. e. rectification). Negative 
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voltage is achieved by keeping av at 1600 and varying af from 

100 to 1600 (i. e. inversion). The voltage and current 

waveforms for a typical operating condition are shown in 

figure 2.3(c). The equation for the mean voltage is obtained 
by setting avl: --av2=av and afl=af2=IOtf in the expression of 
Appendix Al. This gives the result which has previously 

appeared in the literature [11] but without proof, 

1 
Va 7 VdO IcOs Ctf + cOs Uvl (2.7) 

2VM 
where IIdO IT 
The above scheme has the characteristics of a half-controlled 

bridge rectifier, with the added advantage that it can operate 

in the inversion mode. 

2.2.4 Conventional Controlled Double-bridge 

The series connected double-bridge of f igure 2.4 may be 

controlled by either of the two methods explained below. 

In the first of these, thyristors Tl, T2, 'kl and 'k2 are turned on 
together in the positive half -cycle of the supply voltage and 
T3, T4, t3 and t4 in the negative half-cycle, with the same 
firing delay angle a. The performance and circuit waveforms 
are identical to those produced by a conventional controlled 
single-bridge rectifier. 

In the second method, conventional control is implemented on 

each bridge separately; hence two phase-shifters are needed. 
One of these controls the firing delay angle al of bridge 1 

(Br. 1) and the other the firing delay angle a2 of bridge 2. 

(Br. 2). Rectification is obtained by maintaining one bridge 

at full advance (i. e. either al=100 or CtTý100) and varying the 

firing delay angle of the other bridge from 100 to 1600. 

Alternatively, inversion is obtained with one bridge kept at 
full retard (i. e. either al=1600 or C(2=1600) while varying the 

firing delay angle of the other from 100 to 1600. 
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2.2.5 Sequence Controlled Double-bridge 

An alternative method for controlling the output voltage of 

the double bridge circuit of figure 2.4 is sequence control 

[12]. Since each bridge employs sequence control 

independently, four phase-shifters are required to provide 

the four firing delay angles. Two of these control the firing 

of the thyristors of bridge 1 with delay angles C(vl and af I and 

the other two the firing delay angles Cfv2 and Ctf2 Of 

bridge 2. 

The converter has two different methods of operation and the 

four distinct operating zones, defined in table 2.1 in terms of 

the firing delay angle. With method 1, rectification is 

obtained by maintaining one bridge at full advance (i. e. 

either avj=afj=100 or av2=af2=100) while the other is 

triggered in sequence control. Inversion is achieved by 

keeping one bridge at full retard (i. e. either cfvl=af 1=1600 or 

av2=af2=1600) while the other is again triggered in sequence 

control. Figures 2.5(a) to (d) shows the voltage and current 

waveforms for the four different operating zones. 

It can be seen f rom. table 2.1 that the main dif f erence between 

methods 1 and 2 arises when the converter operates in either 

zone 2 or zone 3. Operation of method 2 causes the armature 

current to free-wheel through bridges 1 and 2 for part of the 

supply period, and the transformer copper loss is consequently 

reduced and a better regulation is obtained. Figures 2.6(a) 

and (b) show the voltage and current wavef orms for operation in 

zones 2 and 3 respectively. 

The mean armature 'voltage as derived in Appendix Al for 

continuous load current is: 

I 
Va T VdO IcOs ctfl +cOs ctvl +cOs ctf2 +cOs ctv2l (2.8) 

Sequence control produces better input distortion and 
displacement factors compared with that of conventional 
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Method I Method 2 

Uv2--': Ctf 2--': Of 1--': 100 Ctv2--': Uf 2-ýOf 1-ý100 Zone 1 
Va 

avl variable 100-1600 UvI variable 100->1600* 2 -v a 

Ctv2ý-(Yf 2--': 100 C(f 1: '-(Yf 2-ý 100 

ufl variable 100-3,1600 ctv2 variable 100-1600 Zone 2 
Va 

Ctvl=1600 Ctvl=1600 2 

avl=(Yfl=1600 Ctvl=c(v2=1600 

(yv2 variable 100-1600 ufl variable 100-1600 Zone 3 
Va. 

Ctf2=100 Ctf2=100 2 

C(vl=c(f 1=0(v2=1600 Ctvl=ctf 1: --Ctv2: --1600 Zone 4 
Va. 

, Ctf2 variable 100->1600 ctf2 variable 100-1600 2 a, 

or 

Method 1 Method 2 

avl--"Of V--af 2ý-'100 Ovl -: Of 1-ýaf 2: --100 Zone 1 
Va 

Uv2 variable 100->1600 av2 variable 100-1600 2 'va 

avl=afl=loo C(fl=Uf2=10o 

Of2 variable 100->1600 av, variable 100->1600 Zone 2 
Va 

Ov2=1600 Ov2=1600 2 

Cfv2=cff2=1600 Uvl=uv2=1600 

(Yvl variable 100-1600 Uf2 variable 100-1600 Zone 3 
Va 

afl=loo Ufl=100 0 -> - -2 

Uv2 =0f2= Uv 1= 16 00 Ov2=Of 2=ctvl=1600 Zone 4 

1 Va 
afl variable 100-). 1600 1 c(fl 'variable 100->1600 2 '-ýJa 

Table 2.1 Operating zones and positions of the 
firing delay angles 



Method 1 Method 2 

Uv2: --af2ýýavl--'--100 Uv2ýaf2ýavl: --100 Zone 1 
Va 

afl variable 100-+1600 afl variable 100-1600 2 'va 

Uv2: --af27-100 Ctvl: '-av2----100 
avl variable 100-1600 c(f2 variable 100-1600 Zone 2 

Va 
afl=1600 C(f 1=1600 2 

avl=afl=1600 (xf 1=(Yf 2=1600 
c(f2 variable 100->1600 c(vl variable 100-1600 Zone 3 

Va 
Ctf 1=100 C(v 2: -- 10 0 V -- 2 

(yvl7-cff 1=cff 2=1600 Cfvl=(Yf I=c(f 2=1600 Zone. 4 
Va 

ufl variable 100-1600 Uv2 variable 100->1600 2v 

or 

Method I Method 2 

Cfvl-ýaf 1: --Ctv2-ý100 avl7-af 1: --av2: --100 Zone 1 
Va 

uf2 variable 100-1600 af2 variable 100-41600 2 --v a 

UVJ=Ufl=100 Uv2=(Yfl=100 

cfv2 variable 100-1600 afl variable 100-1600 Zone 2 
Va 

CIf 27-1600 Ctf 2: --1600 IJ '-" 2 

Ctv2=af2=1600 C(f 1=cff 2--'=1600 

ctfl variable 100->1600 ctv2 variable 100->1600 Zone 3 
Va 

cfvl=loo avj=lOo 2 

Otv2: --Ctf 2 =Cff 1= 16 00 C(v2=cff 2=(Xf 1=1600 Zone 4 
Va 

c(vl variable 100-1600 
1 Uvj variable 100-1600 2 '-va 

Table 2.1 Continued 



control and consequently a better supply-power factor. 

2.3 Effect of Overlap 

In the previous section, it. was assumed that current 

commutation from one thyristor to the next was instantaneous. 

However in practice, the supply has both series reactance and 

resistance and a finite commutation time is required. 

The supply reactance is predominantly the leakage reactance 

of the supply transformer, which is usually much greater than 

its resistance. It is valid therefore to neglect the supply 

resistance and to represent the ac supply by a Thdvenin 

equivalent circuit comprising a voltage source in series with 

an inductance. 

The bridge circuit of figure 2.3(a) operating in sequence 

control will be used to explain the commutation phenomena. 

Figure 2.7(a) shows converter voltage and current waveforms, 

assuming the load to be sufficiently inductive to maintain a 

constant armature current. The angular period 6, during which 
both outgoing and incoming thyristors are conducting, is 

termed the commutation angle or angle of overlap (7,20]. 

During overlap the load current is the sum of two thyristor 

currents, and overlap is complete when the current level in the 

incoming thyristor reaches that of the armature current. An 

expression f or the commutation angle is derived by assuming a 

circulating current i to flow in the closed path formed by the 

two conducting thyristors Tj and T3 of figure 2.7 (b). Ignoring 

thyristor voltage drops 

di 
Vm sin Wt L's dt (2.9) 

where Ls is the source inductance. Rearranging equation (2.9) 

gives: 

13 



cf, 6, 
IF 

av 
Vm sin wt 

w 

Ia 
dt = Ls 

0 
di (2.10) 

and after integration 

VM 
Ia '-- WLs LL; US (yv - cos(av+6v)l 

If the supply source reactance WLs is written as Xt, then 

Iaxt ý- vm IcOs 10ýv cos(av+6v)] (2.12) 

or 

IaXt 
6v : -- cos-1 [cos av Vm av (2.13) 

Equation 2.13 shows the commutation angle 6v to be related to 

both the armature current Ia and the supply source reactance 
Xt. It depends also on the commutation voltage Vt, which 

equals the instantaneous load voltage at the instant of 
firing, as given by equation (2.14), and as this voltage 
increases 6v reduces. This phenomena is shown in figure 

2.7(c), which is a graphical representation of equation (2.13) 

for a given armature current and source reactance. 

Vt = Vm s in ctv O<Ctv >Tf (2.14) 

The commutation voltage f orces the commutation current to 

decay to zero in the outgoing thyristor and to ensure that 

there is adequate voltage for this to occur successfully, the 

operating range for the firing delay angle. is limited to 

between 100 and 1600. 

The mean armature voltage derived in Appendix Al includes the 

effect of commutation, and shows ^its significance in reducing 

the mean armature voltage. The commutation angle 6f of figure 

2.10, due to the lower thyristor pair T2 and T4, has no effect 

on the mean armatu, re voltage during either rectification or 
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inversion, since the armature voltage is already zero due to 
free-wheeling. 

2.4 Harmonic Content of the Supply Current 

The r. m. s. value of the nth-harmonic of the supply current 

for a sequence controlled double-bridge is derived in Appendix 

A2. For operation in zone 1 

In )-2 15 +3 cos n(avl C(f 1) 
Ia : -- E-TI 42 (2.15) 

and in zone 2 

In F2 I 3+2cos n(cfv2-ctfl)+ 2cos n((yv2-afl)+ cos n(cfvl-cffl) 
Ia ý- iýlfl 2k2.16 

For a sequence controlled single-bridge 

In 2T2- 1+ cos n(av-af) 
Ia : -- 2 (2.17) 

and for a conventional controlled single-bridge 

In 21-2 
Ia 7- nTr (2.18) 

Figures 2.8(a) and (b) show the variation of the fundamental 

and lower-order harmonic current components for the double and 

single bridges respectively, as given by equations (2.15) to 
(2.17). For comparative purposes, figure 2.8(b) also includes 

the harmonics for a conventionally controlled bridge as 

expressed by equation (2.18). It is evident that these 

harmonics remain constant, since the shape of the current 

waveform does not vary with firing delay angle. In contrast, 

with sequence control the waveform shape changes with the 
firing delay angle and so does its harmonic content, as shown 
in figure 2.8. Consequently the r. m. s. supply current with 

sequence control is lower than with conventional control. 
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2.5 Harmonic Content of Armature Voltage 

The harmonic content of the armature voltage for a sequence 
controlled double-bridge, assuming continuous armature 
current, is derived in Appendix A2. The r. m. s. value of the 
nth-harmonic is: 

anv 2+bnv2 
Vn =12 (2.19) 

where for a sequence controlled double-bridge anv and bnv are 
respectively:. 

Vm 11 
anv Tr cos A cos B cos C cos D+ 

cos E cos F cos G cos H (2.20) 

and 

Vm 11 
bnv sin A cos B sin C cos D+ 

sin E cos F sin G cos H (2.21) 

(n+l)(af2+Ctv2) 
in which A=2 (2.22) 

(Ctf2-cfv2 

2 (2.23) 

(Of 2'ctv2 
2 (2.24) 

(n-1)(Ctf2-av2) 

2 (2.25) 

(n+l) (uvl-,. ctf 1) 
E=2 (2.26) 

(av, -ctf 1 
2 (2.27) 

(n-1 ) (etvl+(Yf 1 G=2 (2.28) 
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(n-i )(civl. afi) 
2 

and for a sequence controlled single-bridge 

Vm iI 
anv cos A cos C+ 

n+l cOs E -jj---j cos G 

Vm 11 
bnv sin A sin C+ 

n+l sin E sin G 

with A= (n+l)af 

(n-l)otf 

(n+l)av 

(n-l)ctv 

and for a conventional controlled single-bridge 

2VM 11 
anv TT L n"; 71- cosA-cosC 

2Vm 1 
bnv ff L nT-l sin A- -E---l sin Cl 

with A= (n+l)a 

C= (n-1)a 

(2.29) 

(2.30) 

(2.31) 

(2.32) 

(2.33) 

(2.34) 

(2.35) 

(2.36) 

(2.37) 

(2.38) 

(2.39) 

Figures 2.9 to 2.11 show the variation of the dc component and 
the lower-order harmonic voltage components with f iring delay 

angle, for different controllers. These voltage harmonics 

give rise to harmonic armature currents which contribute to an 
increase in machine losses. As is evident from the figures, a 

sequence controlled double-bridge has a lower harmonic 

content than the other controllers, resulting in a reduced 
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armature current ripple and consequently in a smaller 

smoothing inductor. 

2.6 Supply Power Factor 

The general expression for the power factor of a single-phase 
system is [7,20]: 

Mean Power 
Power Factor = vsis (2.40) 

Where Vs and Is are the total r. m. s. voltage and current 
respectively. Assuming that the supply voltage is sinusoidal, 
with an r. m. s value of V1, no power is associated with the 
harmonic current and the mean power is [7], 

Mean Power = VjIlcos 01 (2.41) 

where Il is the fundamental r. m. s. component of the supply 
current and 01 the phase angle between this current and the 

voltage Vl. Substituting equation (2.41) into (2.40) gives, 

Power Factor 
s ; us 01 (2.42) 

Il 
in which Is is defined as the input distortion factor and cosol 
as the input displacement factor. 

The power factor expressions given below for different 

controllers are derived in Appendix A2: 

For a double-bridge operating in zone 1 

:: os (avl -af-, )_-l P. F. -.,: 0-9 1 6«Yfl--c-(-vjl-)-+ 87T 

cos tan-1 
3sin cffl+sin av, 

(2.43) 
13cos 

afl+cos avll 

and in zone 2 
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'ffL3+ 2COS(Ctv2-Ctvl)+ 2COS(Ctv2-Otfl)+ COS(avl-Ctfl)l 
P. F. =0.9 

I 
8Ctv2-6UV1-2af 1+87T 

2sin uv2 + sin avl + sin af 1 
cos tan-1 

I 
2cos ctv2 + cOs uvl + cOs af 1 (2.44) 

for a sequence controlled single-bridge 

P. F. = 0.8 
rcos av + COS af 

(2.45) L1(T- av + af ) 

and for a conventionally controlled single-bridge 

P. F. = 0.9 cos a (2.46) 

Figure 2.12 shows the variations of power factor for different 

controllers, as given by equations (2.43) to (2.46). It is 

clear that a sequence controlled double-bridge produces a 
better power factor than either a sequence or a conventional 
controlled single-bridge. Equation (2.46) shows that the 

presence of current harmonics causes the power factor to be 

always less than unity, even when the fundamental component 
and the input voltage are co-phasal. 

2.7 PWM Control Strategy 

A PWM control strategy is used for the single-phase bridge of 
-figure 2.13, with gate turn-off thyristors, GTOs, as the 

switching elements and series diodes, to protect them against 
reverse voltages. The gate signals to turn-on and turn-of f the 
GTOs in a PWM manner is obtained by comparing a triangular 

carrier waveform with a full-wave rectified modulating 
waveform, with the unrectified waveform being in phase with 
the supply voltage waveform [14]. The widths of the load 

voltage pulses, and hence output voltage control is achieved 
by variation of the modulation index M[13,14]. 

Einw 
Mý 'Ecw (2.47) 
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Where Emw and Ecw are the amplitudes of the modulating and 

carrier waveforms. 

This scheme reduces low-order supply current and load voltage 

harmonics and consequently substantial savings in the size 

and cost of the input current filtering and output smoothing 

inductor compared to that of phase-controllers. However, PWM 

switching strategy produces high-order supply current and 

load voltage harmonics located at the switching frequency and 

multiples of it, but these can easily be filtered. The input 

fundamental displacement factor and distortion factor are 

improved by using PWM scheme which results in a power factor 

higher than that produced by phase-controllers. 

A disadvantage with the PWM scheme is the increased switching 

losses caused by more frequent device switching. In addition, 

the mean output voltage obtained from the PWM controller is 

reduced due to the chopping of the output voltage waveform, 

resulting in a reduction in the maximum output power to below 

that produced by phase-controllers for a given supply voltage 

and load current. GTOs are subs-Eantially more expensive than 

conventional thyristors and also the gate drive circuits for 

GTOs are more complex and consequently more expensive. 

2.7.1 Fully-controlled PWM Bridge Converter 

Figure 2.13(a) shows a single-phase fully-controlled PWM 

converter. The circuit waveforms are given in figure 2.13(b) 

and its operation is explained with reference to figure 

2.13(c), which illustrates the gate signals applied to GTOs Tj 

to T4 - 

The gate signals to turn on T3 and T2 and turn of f T4 are 

applied throughout the positive half-cycle of the supply 

voltage. However, since T3 is reversed biased it remains of f 

until it becomes forward biased in the manner explained 

later. 
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When T2 is turned on and Tj is triggered, the load is connected 

to the supply via Tl, Dl, D2 and T2- When Tj is turned off, a 

voltage is induced in the inductance La which forward biases D3 

and T3 - Since the gate signal is already applied to T3 it turns 

on and provides a free-wheeling path via D2, T2, T3 and D3 

thereby clamping the armature voltage to zero. 

Operation of the bridge during a negative half-cycle is the 

same as that during a positive half -cycle, except that the load 

is connected to the supply via T3, D3, D4 and T4 and the free- 

wheeling path is through D4, T4, Tl and Dl. 

Regenerative operation is obtained by altering the gate 

signals applied to the GTOs Tj to T4. The circuit wavef orms and 
the modified gate signals are shown respectively in figures 

2.13(d) and (e). 

2.7.2 Half-controlled PWM Bridge Converter 

Figure 2.14(a) represents the half-controlled bridge 

arrangement, which can only operate in the rectification mode. 
Circuit waveforms, together with the gate signals applied to 

GTOs T3 and T2 are given in figures 2.14(b) and (c) 

respectively. 

Operation of the bridge is the same as that explained in the 

previous section. The load is connected to the supply via 

Dl, D2, T2 and T3, D3, D4 in the positive and negative half-cycle 

of the supply voltage respectively and the free-wheeling path 

is through D4 and DI. 
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Figure2.1 Equivalent circuit of a dc motor. 
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Figure2.2 Half-controlled single-bridge converter. 
(a) Connection. 
(b) Waveforms. 
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Figure2.3 Fully-controlled single-btidge converter. 
(a) Connection. 
(b) Waveforms for conventional control. 
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Figure2.3 Continued. 

. 
(c) Waveforms for sequence control. 
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Figure2.4 Fully controlled series connected double-bridge converter. 
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Figure2.5(a)to(d) Waveforms for method 1 operation of sequence-controlled 
double-bridge converter in zones I to 4 respectively. 
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Figure2.5 Continued. 
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Figure2.6(a)and(b) Waveforms for method 2 operation of sequence-controlled 
double-bridge converter in zones 2 and 3 respectively. 
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Figure2.7 Commutation in sequence controlled single-bridge converter. 
(a) Waveforms. 
(b) Equivalent circuit. 
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Figure2.7 Continued. 
(c) Variation of commutation angle with commutating 
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Figure2.8 Supply current harmonics. 
(a) Sequence-controlled double-bridge converter. 
(b) Sequence and conventional-controlled single-bridge converter. 

(Encircled numbers indicate harmonic order) 
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Figure2.9(a)to(d) Armature voltage harmonics for sequence-controlled 
double-bridge converter. 

(Encircled numbers indicate harmonic order) 
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Figure2.9 Continued. 
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Figure2.10(a)and(b) Armature voltage harmonocs for sequence-controlled 
single-bridge converter. 

(Encircled numbers indicate harmonic order) 
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Figure2.12 Power factor variation with firing delay angle. 
(a), (b) Sequence-controlled double-bridge converter. 

(c) Sequence-controlled single-bridge converter(af=100). 
(d) Conventional-controlled single-bridge converter(av=Qf=a) 
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Figure2.13 Fully-controlled PWM Bridge Converter. 
(a) Connection. 
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(b) Waveforms for rectification. 
(c) Gate signals to GTO thyristors T, to T4- 
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(d) Waveforms for inversion. 

(e) Gate signals to GTO thyristors T, to T4- 
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Figure2.14 Continued. 
(b) Waveforms. 
(C) Gate signals to GTO thyristors T3 and T2. 
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CHAPTER 3 
Design of Sequence-Controlled Double-bridge Converter 

A schematic diagram 

controlled double-br 

shown in figure 3.1. 

circuit to protect 

voltage. The design 

A3. 

for the power circuit of the sequence 
idge converter described in Chapter 2 is 

Each thyristor has a parallel snubber 
against an excessive rate-of-rise of 
of the snubber is explained in Appendix 

The choice of thyristor, based on the expected load 

conditions, is discussed in section 3.1. Sections 3.2 and 3.3 
describe respectively the analogue and digital control 
systems required to produce sequence control for the thyristor 

switching. 

3.1 Device Ratings 

The voltage and current ratings of the thyristors must be 
sufficiently in excess of the rated output (200V at 11A) to 
provide an adequate safety margin in the event of voltage 
spikes or current surges. On this basis a 140OV, 24A device was 

dV 
chosen. The -d-t rating of 20OV/)Is obtained from the device data 

di 
sheet determines the snubber circuit components and t""- dt 
rating is not of great significance, since the load is 
inductive. The selection of the high-speed fuses (FS1 and FS2 
of figure 3.1) used for over-current protection is outlined in 
Appendix A4. The choice of heat sink, which constitutes an 
important part of the power circuit design, is described in 
detail in Appendix A5. 

3.2 Analogue Control Circuit 

The control system shown in block-diagram form in figure 3.2, 
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is powered by stabilized power supplies at 15V, 1A and 30V, 
0.5A. The 5V supply for the TTL logic circuits is obtained from 

an IC type voltage regulator as explained in section 3.2.2. 

The control system contains four phase-shift circuits, two to 

control the firing delay angles avl and af I of bridge 1 (Br. 1) 

and two the angles Uv2 and ctf 2 of bridge 2 (Br. 2). The phase- 

shift circuits could have a full range of control from 00 to 
1800, to give the maximum range of output voltage control. 
However, the control range is limited to 100 and 1600, as 

explained earlier in Section 2.3 of Chapter 2. Buffer stages 

are used to provide sufficient gate current to trigger the 

thyristors. 

3.2.1 Synchronization and Saw-tooth Generator 

Synchronization of the thyristor gate drive signals with the 

supply and generation of the saw-tooth wavef orm is obtained by 

means of the circuit of figure 3.3(a), with its waveforms 
presented in figure 3.3(b). The secondary voltage of 
transformer TF1 is applied to zero cross-over detectors IC1 

and IC2 to obtain the complementary square-waves vl and v2, 
which in turn are applied to the bases of transistors TRl and 
TR2. During negative half-cycles of the square-waves the 
transistors are non-conducting, and the -3 V input voltages to 
IC3 and IC4 are integrated to produce the positive ramp 
waveforms v4 and v5. During positive half-cycles of the 

square-waves the integrator capacitor is discharged and the 

output is clamped to zero. The two ramp waveforms are added 
using resistors R9, RIO and Rll to provide the required saw- 
tooth waveform v6 [22). 

3.2.2 Firing Delay Angle Control 

The f iring delay angles of the two bridges are controlled using 
the circuit of figure 3.4(a). The saw-tooth waveform v6 Of 
figure 3.3(b) is applied to the four comparators IC2 to IC5, 
together with dc levels individually controlled by the 

variable resistors VRI to VR4. The 5V supply to these variable 
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resistors and trimming resistors Rl and Ru is obtained from a 
7805 voltage regulator (ICl), which also provides the supply 
to the TTL logic circuits. The resistors Rl and Ru provide the 

lower and upper limits for the firing delay angles (100 to 1600 

respectively). Resistors R9 to R12 and zener diodes Z, to Z4 

eliminate the negative portion of the output signals and clip 
the positive portion to 4.7V. The resulting output voltage 

waveform vl obtained from IC2 for two different firing delay 

angles is shown in figure 3.4(b). 

3.2.3 Pulse-train Envelope Generator 

Direct application of the phase-shift signals to monostables 
IC10 to IC13 of figure 3.4(a) would produce unstable pulse- 
train envelopes, due to the slow slew-rate of the operational 

amplifiers (Motorola MC1741) used in the preceding stages. To 

overcome this, the phase-shift signals are processed through 
Schmitt-triggers (IC6 to IC9) and then applied to the 

monostables. The output voltage waveforms v2 from IC10 is 

shown in figure 3.4(c). 

3.2.4 Steering and Pulse-train Signal Generator 

The firing pulses derived from the monostables are directed to 

the relevant thyristor using the circuit of figure 3.5 (a) with 
its voltage wavef orms at terminals 1 to 8 shown in f igure 

3.5(b). The complementary square-waves v2 and v3 obtained in 

section 3.2.1 are chopped using the resistor-zener 

combination, and then ANDed with the firing pulses obtained 
from the monostables IC10 to IC13 of figure 3.4(a). 

The pulse-train method of f iring thyristors reduces the gate 
power dissipation and ensures reliable operation, especially 
with inductive load conditions [23]. Consequently this 
technique is implemented as shown in figure 3.6 (a), by ANDing 

control pulses 1 to 8 of figure 3.5(b) with a 10 kHz square- 
wave derived from the astable multivibrator IC1. The 

resulting gate signals are shown in figure 3.6(b). 
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3.2.5 Buffer Stage 

The pulse-trains obtained in the previous section are applied 

to buffer circuits, one of which is shown in figure 3.7. 

Electrical isolation between power and control circuits is 

provided by the pulse transformer TF1, the design of which is 

explained in Appendix A6. The purpose of the back-to-back 

diode Dl and zener diode Zl is to reset the flux in the 

transformer core when transistor TR3 turns off. Diode D2 

eliminates the negative portion of the gate voltage, while 

resistor R6 connected between the thyristor gate and cathode 

decreases the possibility of unwanted turn-on due to an 

excessive rate-of-rise of anode-cathode voltage. 

3.3 Digital Control Circuit 

A block diagram of the digital controller for varying the 

firing delay angles is given in figure 3.8. The 8-bit binary 

number A, defined in table 3.1 in terms of the firing delay 

angle, is applied to the four octal positive edge-triggered 
latches IM to IC4 shown in figure 3.9. The outputs of these 

are controlled by push buttons pbl to pb4, to initiate the 

desired firing delay angles avl, afl, av2 and af2 

respectively. The outputs from IM to IC4 are compared 

separately with an 8-bit binary number B, using four 

comparators. The 4-bit comparators (IC5 to IC12) are cascaded 
in pairs, as shown in figure 3.9, to provide the four 8-bit 

comparators. The number B is produced by applying a 25.6 kHz 

clock signal to two cascaded 4-bit counters IC13 and IC14, to 

produce a maximum count of 28 in 10 ms. The three possible 
decisions A>B, A=B and A<B are externally available at the 

three output pins of the comparators. The outputs A>B from IC9 

to IC12 are used; which give output waveforms of logic 1 when 
A>B and logic 0 when A: 5B. These waveforms are inverted using 
IC15 to produce the four firing delay angles Uvl, C(f 1, Ov2 and 
af2 respectively. 

Synchronization of the counter with the mains supply is 

dchieved-using the circuit of figure 3.10(6) with its voltage 
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Firing Delay 

Angle, deg 

Equivalent 

Binary Number 

A 

0 0000 0000 

10 0000 1110 

20 0001 1100 

30 0010 1011 

40 0011 1000 

50 0100 0111 

60 0101 0110 

70 0110 0011 

80 0111 0000 

90 1000 0000 

100 1000 1110 

110 1001 1100 

120 1010 1100 

130 1011 1001 

140 1100 0110 

150 1101 0101 

160 1110 0000 

170 lill 0001 

180 lill lill 

Table 3.1 Equivalent binary number for firing delay angle. 
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waveforms shown in figure 3.10(b). The 240V supply is 

stepped-down by transformer TF1 and the secondary voltage is 

applied to two zero cross-over detectors to produce two 

complementary square-wave voltages. The resistor-zener 

combinations R5, Z, and R6, Z2 eliminate the negative portion 
of these waveforms and clip the positive portion to 4.7V. The 

complementary voltages are applied to monostables IC3 and IC4, 

with corresponding output pulses being fed to the OR-gate IC5. 
The output from OR-gate v6 is applied to terminal C of figure 

3.9 to reset the count at each zero cross-over of the supply 
voltage. The steering and pulse-train signal generator 
circuit is given in figure 3.11(a) and the corresponding 
voltage waveforms in figure 3.11(b). The buffer stage is the 

same as that described in section 3.2.5. 
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Figure3.9 Circuit diagram of digital control system. 
(List of components given in Appendix A10) 
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CHAPTER 4 

Fully-controlled PWM Bridge Converter 

This chapter presents the design principles for the fully- 

controlled PWM bridge converter described in Chapter 2. The 

circuit given in figure 4.1 shows that each GTO has a series 

diode for protection against reverse voltage and over-current 

protection is provided by the high-speed fuse FS1, the 

selection procedure of which is the same as that outlined in 

Appendix A4. The GTO thyristor and its series diode are 

mounted on the same heat sink and the design calculation to 

determine a suitable heat sink is given in Appendix A7. Each 

GTO has a parallel snubber circuit to limit the rate-of -rise of 

the off-state voltage. The design of the snubber is explained 

in Appendix A8. 

The ratings of the power devices are discussed in section 4.1, 

and section 4.2 describes the isolated gate-drive circuit. 
The power supplies for the main control circuit and GTO gate- 
drive circuits are described in sections 4.3 and 4.4 

respectively. Finally, generation of the firing pulses to 

turn-on and turn-off the GTOs in a PWM manner is discussed in 

section 4.5. 

4.1 Device Rating 

The selection of the semiconductor devices depends on both the 

magnitude of the supply voltage and the maximum anticipated 

load current. With a 240V supply and a 5A load current, the 

devices must be rated appropriately with a reasonable overload 

capability. The Mullard GTO (BTV 58-1000 R) and fast-recovery 

diode (BY 329-1000) were selected. 
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4.2 Gate Drive Requirements[24-26] 

The gate turn-on mechanism of the GTO is similar to that of a 

conventional thyristor, in that a steep-fronted pulse of gate 

current is required to turn-on the device. However, since the 

regenerative loop gain of the GTO is smaller than that of a 

conventional thyristor, a relatively higher level of gate 

current is required for triggering the device and this must be 

maintained until the anode current exceeds the latching 

current level. Subsequently, for the remainder of the 

conduction period, the current is reduced to decrease the on- 

state voltage and hence the on-state losses. The GTO is turned 
11 

off by extracting a current of between -5- and -y of the anode 

current from the gate before expiry of the storage time, which 

can be as short as 500ns. The inductance of the gate circuit 

must clearly be kept as low as possible, since this determines 

the rate at which the reverse gate-current builds up. 
. 

4.2.1 Isolated Gate-drive Circuit 

The gate-drive requirements mentioned in the previous section 

are satisfied by use of the isolated gate-drive circuit of 

figure 4.2 [26]. The control signal is isolated by the pulse 

transformer TF1 which is energized by switching on the 

transistor TR1. The secondary voltage is a differentiated 

version of the control signal and takes the form of a series of 

positive and negative voltage spikes. Resistors R5 and R4 form 

a voltage divider, biasing INVa at -6V when no signal is 

applied to the transformer primary. Each positive spike of the 

differentiated voltage sets the output of INVa at logic 0, 

which in turn sets the output of INVb at logic 1 and latches the 

input of INVa at logic 1. The output of INVa is held at logic 0 

and the output of the buffer stage INVc to INVf at logic 1, 

until a negative spike from the differentiated waveform resets 

the output of INVa to logic 1, the output of INVb to logic 0 and 

the buf f er output to logic 0. The output of the buf f er stage 

drives the Darlington transistor TR2. When TR2 is off, TR3 

conducts and the GTO is 
-turned 

on by a positive pulse of gate 
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current with a magnitude determined by the network R9, C5 and 

R10. When C5 is fully charged, a reduced steady-state gate 

current flows through R9 for the remainder of the on-period. 

The GTO is turned off when TR2 is turned on, and current is 

extracted via diode D2 into the reservoir capacitor C4 

connected to the -12V supply. To ensure that the gate current 

is withdrawn rapidly, the inductance of the loop formed by the 

GTO gate-cathode junction, D2, TR2 and C4 must be kept as low 

as possible and certainly to less than lpH. 

4.3 Power Supply of the Main Control Circuit 

The power supply for the main control circuit is shown in 

figure 4.3. The 240V supply is stepped-down by transformer 

TF1, which has a centre-tapped double 15V secondary winding. 
The output voltage is rectified and smoothed, to provide a 

+21V unregulated supply. Voltage regulators VRI and VR2 are 

connected respectively to the positive and negative rails, to 

provide +12V regulated power supplies. 

4.4 Multiple-output Gate-drive Power Supply 

Since the cathodes of the GTOs of figure 4.1 are at different 

potentials, isolation of the gate-drive supply is required. 

This presents no problem for the upper two devices, which have 

common cathode connections and can share a single isolated 

power supply. The lower two devices however have independent 

cathodes, with each gate drive requiring an isolated 

supply. 

The gate-drive power supply requirements are best achieved 

using the multiple-output switched-mode power supply shown in 

f igure 4.4 [ 26 ). The oscillator, IC1, switches transistor TRl 

on and off at about 60kHz, and the 1: 3 turns ratio of 
transformer TFI provides a 126V peak-to-peak secondary 

voltage. Transformers TF2, TF3 and TF4 step this down to about 
42V peak-to-peak, with TF2 and TF3 providing the power 

supplies for the two GTOs in the lower section of the bridge and 
TF4 the single supply for the two GTOs in the upper section. 
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When transistor TRl conducts, diodes D5 to D8 also conduct, 
charging the capacitors connected to the positive supply of 
the gate drive circuit. Conversely, when TRl is off diodes D9 
to D12 conduct and the stored energy in the transformer cores 
TFI to TF4 charges the capacitors connected to the negative 
supply of the drive circuits. Zener diodes D13, D14 and D15 
limit the negative voltage rail to -12V, in accordance with the 

maximum allowable reverse voltage which can be applied to the 
GTO's gate-cathode junction. 

4.5 The Main Control Circuit 

The control circuit provides PWM signals at frequencies of 2 

and 4kHz, using the phase-locked loop (PLL) frequency 

synthesizer of section 4.5.1. Generation of the triangular 

carrier waveform is described in Section 4.5.2 and that of the 
PWM signals in Section 4.5.3. The steering of control signals 
to appropriate thyristors of figure 4.1 is described in 

section 4.5.4 for both rectification and inversion operation 
of the PWM converter. 

4.5.1 Phase-locked Loop Frequency Synthesizer 

A frequency synthesizer is a frequency source whose output 
frequency is an integer multiple N of the input frequency as 
given by equation 4.1 [29]. Thus 

fo = Nfi - 

where fi and fo are the input and output frequencies 

respectively. Figure 4.5(a) shows a typical PLL frequency 

synthesizer with its associated waveforms shown in figure 
4.5(b). The input voltage v3 to IC2 is obtained by first 

stepping down the mains voltage, using transformer TFI. This 

voltage vl is then applied to the zero cross-over detector IC1, 

with the resultant square-wave v2 chopped to 5.6V by the 

resistor R3 and zener-diode Dl combination to provide an 
appropriate signal v3 to IC2. Further use of this waveform is 

made in the pulse-steering process explained in section 
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4.5.4. 

The frequency of the carrier wavef orm v4 is selected according 
to the value of N of equation 4.1, which is either 40 or 80 and 
is obtained by cascading counters IC3, IC4 and IC5 to give 

respectively output frequencies of either 2 or 4kHz. These 

frequencies are obtained by linking pin 3 of IC2 to terminals b 

or c respectively. The synthesizer output v4 is buffered by 

IC6 and compared in IC7 with a 3.9V reference provided by the 

zener-diode voltage regulator, formed by resistor R9 and diode 

D2. The design of the PLL frequency synthesizer is outlined in 

Appendix A9. 

4.5.2 Generation of The Triangular Carrier Waveform 

The square-wave v5 obtained in the previous section is applied 
to the integrator [30) of figure 4.6(a), which converts it to 

the triangular waveform v2 whose amplitude depends on the 

carrier frequency. To fix the amplitude of this waveform and 
to provide a variable dc bias, the summing inverter of f igure 

4.6(a) is used. The amplitude Of v2 is fixed by trimming 

resistor R3, and R4 provides a variable dc bias. The resultant 
triangular carrier waveform v3 is shown in figure 4.6(b). 

4.5.3 Formation of The PWM Waveform 

The secondary voltage vl of figure 4.5(a) is applied to the 

precision full-wave rectifier [31] of figure 4.7(a) to give a 
full-wave rectified modulating waveform whose amplitude is 

preset by using the trimming resistor R9 of the non-inverting 
amplifier. The modulating waveform vl, together with the 
triangular carrier wavef orm v3 Of f igure 4.6 (a), is applied to 
the comparator of figure 4.7(a) to obtain the PWM waveform v2 
[13]. The modulation index of the PWM waveform is changed by 

varying the amplitude of the modulating waveform (13] between 

zero and the preset value by means of the variable resistor 
R7- 
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4.5.4 Pulse-steering Process 

The PWM wavef orm v2 Of f igure 4.7 (a) together with the square- 

wave v3 Of figure 4.5 (a) are applied respectively to ICs 1 and 2 

of the pulse-steering circuit shown in figure 4.8(a). Voltage 

wavef orms vl to v7 obtained at dif f erent stages of this circuit 

are shown in figure 4.8(b). The control signals v7, v2, v5 and 

v3 are applied to the gates of GTOs Tj to T4 of figure 4.1 via 

the isolated gate-drive circuit of figure 4.2. The gate 

signals obtained from this circuit are shown in figure 4.8(c). 

The control signals derived from the pulse-steering circuit of 

figure 4.8(a) is used when the PWM converter operates in the 

rectification mode. However during inversion operation of the 

converter, the control signals are obtained by disconnecting 

point b of figure 4.8(a) and connecting it to point a. The 

resultant circuit diagram and its associated voltage 

wavef orms is shown respectively in f igures 4.9 (a) and (b) . The 

gate signals applied to GTOs Tj to T4 is shown in figure 

4.9(c). s 
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(a) Connection. 
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Figure4.7 Formation of PWM waveform. 
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Figure4.8 Circuit diagram of pulse-steering process during rectification. 
(a) Connection. 
(b) Waveforms. 
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Figure4.8 Continued. 
(c) Gate signals to GTO thyristors T, to T4. 
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(a) Connection. 
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CHAPTER 5 

Mathematical Models For Bridge Converters 

Mathematical models for sequence controlled single- and 
double-bridge coverters are developed in sections 5.1 and 5.2 

using tensor techniques [32-35]. This approach defines the 

circuit mesh currents as the system stateL variables, and 

generates automatically the relevant mesh differential 

equations as the thyristor conduction pattern changes. The 

equations are solved using a numerical integration method to 

obtain an update of the mesh currents, and the individual 

branch currents and voltages are then calculated f rom the mesh 

values. Assembly of the mesh differential equations requires 
the use of both branch and mesh ref erence frames, and the 

subsequent development of transformation matrices by which 
these two frames are related. The mathematical model for the 

PWM controlled single-bridge developed in section 5.3 uses a 

model - subroutine technique, which has individual subroutines 
holding the differential equations for each of the possible 
thyristor switching patterns [36,37]. Saturation and 
hysteresis effects in the transformer core are neglected and 
the thyristors are considered as ideal switches, with zero 
impedance and voltage drop when conducting and an infinite 

impedance when non-conducting. The circuit parameters used in 

the computer program are given in Appendix All, together with 
the parameters of the power transformer that were obtained 
from no-load and short-circuit tests performed on the 

transformer used in the experimental model. Analytical models 
for different controllers are described in section 5.4 and 

computed results together with analytical ones for both 

single- and double-bridge converters are presented in section 
5.5 with a comparison between different controllers being 

given in section 5.6. 
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5.1 Sequence Controlled Single-bridge 

The branch ref erence f rame f or the converter of f igure 5.1 (a) 

may be represented by the disconnected system of f igure 

5.1(b). The branch-voltage matrix equation for this circuit 
is: 

el+Vl Rl+Llp 00 0 0 0 0 0 il 

V2 0 R2+L2p L23P 0 0 0 0 0 i2 

V3 0 L32p R3+L3P 0 0 0 0 0 i3 

V4 000 L4P 0 0 0 0 i4 

V5 000 0 L5p 0 0 0 i5 

V6 000 0 0 L6P 0 0 i6 

7 VV 000 0 0 0 L7P 0 i7 ] 

V8 000 0 0 0 0 R8+L8 i8 

Using Happ's tensor notation [38], equat ion 5.1 may be written 
in the abbreviated form 

Eb +A= Rbb Ib + LbbP Ib (5.2) 

where Vb and Ib are respectively the branch voltage and current 

vectors and Eb is the vector of source voltages within the 

branches. Rbb and Lbb are. respectively matrices formed by the 
d 

resistance and inductance terms, and the operator p ": dt- 
The mesh reference frame is concerned with the mesh equations 

formed when conducting thyristors connect the transformer 

secondary to the load. The typical thyristor conduction 

pattern shown in figure 5.2 represents an overlap period, 

where thyristors Tl, T2 and T3 are conducting and commutation 

is taking place between Tj and T3, with T3 turning on and Tj 

turning off. The mesh voltage equation which defines this 

situation is 

Ein + VM = RMMIM + LmmpIm (5.3) 

and the transformation tensor Cb relating the branch to the 
.M 

mesh reference frame follows by inspection of figure 5.2 as 

(5.1) 
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Branch 123 

1100 

2100 

30 -1 0 

Cb 4010 
.M 

5011 

6 0- 01 

7000 

8011 L 

where 1 and -1 denote respectively whether the corresponding 

mesh and branch currents are in the same or the opposite senses 

and 0 that a mesh current is not f lowing in the branch. 

Assuming power invariance between the two reference frames, 

[38], the following relationships apply: 

Ib = Cb Im 
.m 

(5.4) 

Em = CIhbEb (5.5) 
Vm =0 (null vector: Kirchhoff's voltage law)(5.6) 

R mm = CIlIbRbbCým (5.7) 

Lmm = C. bLbb Cb M (5.8) M 

where Cb is the transpose of Cbm, Rmm and Lmm are the mesh 

resistance and inductance matrices, Im and Em are the mesh 

current and impressed voltage vectors. 

Implementation of the model requires the automatic generation 

of the appropriate Cb tensor as the thyristor conduction 
.M 

pattern varies. A technique by which this may be achieved is 

now described. 

5.1.1 Assembly of Cým [341 

The columns of Cb are obtained from the master matrix given in 
.M 

figure 5.3(a), which defines the five meshes shown in figure 

5.3(b). These meshes are sufficient for the study of all 

practical conditions experienced by the bridge network. Each 

column of the master matrix is loaded into Cb when its 
.M 

respective thyristor-pair becomes both forward biased and 
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triggered. It is retained in Cbm until the corresponding mesh 
current attempts to become negative. 

5.1.2 Thyristor Discontinuities 

A thyristor commences conduction when the anode-cathode 

voltage vt is positive and a positive pulse is applied to the 

gate. It ceases- conduction when the anode current iA is 

reduced below the holding level (approximately zero) These 

changes in conduction pattern are termed respectively turn-on 

and turn-off discontinuities. There are two types of turn-on 
discontinuity within an integration interval h, the first 

being where gate pulses are present and vt changes from 

negative to positive and the second where vt is already 

positive and a gate pulse is applied. These two conditions are 
illustrated respectively in figures 5.4(a) and (b). The times 

to the discontinuities tdv and tfv using linear interpolation 

[39,40] are 

t vtoh 
dv ý- vtj - vto (5.9) 

t 
(vf vto)h 

df ý vtj vto (5.10) 

where vto and vtl are respectively the voltages at the start 
and end of the integration interval and vtf that at. the instant 

of firing. The turn-off discontinuity is shown in figure 5.5 

and the time to the discontinuity tdi is 

t di -i 
iAoh 

lAO -W 

where iAO and iAl are respectively the anode current at the 

start and end of the integration interval. 

5.1.3 Computer Implementation 

A computer program was written in Fortran 77 [ 41 ] to implement 
the model defined by the equations developed in this section. 
The mesh differential equation 5.3 is re-arranged as 
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pIm = L-1 [EM + Vm - RMMIMI (5.12) mm 

which is suitable for numerical integration. 

Substituting equations 5.5 to 5.8 into 5.12 gives 

pjm = [C. bLbb Cbm]-I[CAbEb - ClibRbb Cbmjm] (5.13) 
m 

which may be integrated using a single step 4th-order Runge- 

Kutta method (40] to obtain the mesh current vector Im. The 

branch currents and voltages defined by the branch reference 
--frame are then calculated using equations 5.4 and 5.1 

respectively. The process is repeated in accordance with the 

algorithm described by the flow chart of figure 5.6. 

5.2 Sequence Controlled Double-bridge 

The branch reference frame for the double-bridge circuit of 

figure '5.7(a) is shown in figure 5.7(b), with the 

corresponding branch-voltage matrix given in equation 5.14. 

In the typical thyristor conduction pattern of f igure 5.8 

thyristors TI, T2, ! kl and t2 are conducting, and inspection of 

this figure yields the transformation tensor as: 

, Mesh 

Branch 1 2 

1 0 

2 1 0 

3 0 -1 
4 0 -1 
5 0 1 

Cým 6 0 1 

7 0 0 

8 0 0 

9 0 1 

10 0 1 

11 0 0 

12 0 0 

13 0 1 
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The technique by which this matrix is assembled automatically, 

in the event of a discontinuity, was explained in section 5.1.1 

and requires the master matrix of figure 5.9 (a) which defines 

the 11 meshes of figure 5.9 (b) to (d). The computer 

implementation is the same as that explained in section 5 . 1.3, 

except that the branch voltages are obtained by using equation 

5.14. 

5.3 Fully-controlled PWM Bridge Converter 

An existing computer model for the PWM controlled single- 
bridge rectifier of figure 5.10(a) was used for theoretical 

simulations [42]. A model subroutine technique was used, in 

which individual subroutines are assigned to hold the 

differential equations for different modes of operation. The 

three modes of operation which define the normal conduction 

pattern of the GTOs are explained below: 

In mode 1, the supply is connected to the load via Tl, T2 when 

the supply voltage is positive and via T3, T4 when it is 

negative. With ref erence to f igure 5.10 (b) , the corresponding 

differential equation is 

pil = (Ls + Ll)-l[Es - (Rs + Rl)ill (5.15) 

where Es is the supply voltage and Il the load current. 

Mode 2 is concerned with the f ree-wheeling period where either 

T3, T2 or TI, T4 are conducting. This condition is shown in 

figure 5.10(c) with its differential equation being 

pil = -[Lll-lRlil' (5.16) 

Mode 3 considers the commutation of load current f rom an 

outgoing to an incoming thyristor and is illustrated by figure 

5.10(d), from which it follows that 

pil = -LS-1 (ES - Rsil) 
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and Pi2 = -Ll-I(Rli2) 

The gate signals to turn-on and turn-off the GTOs in a PWM 

manner are generated by comparing a full-wave rectified 

modulating waveform with a triangular carrier waveform, as 

shown in f igure 5.11. The mean output voltage is controlled by 

varying the modulation index M, which in turn varies the width 

of the individual output pulses. The algorithm for the 

program, which was written in Fortan 77, is defined by the flow 

chart shown in figure 5.12. 

5.4 Analytical Models 

Analytical models were developed for sequence-controlled 

single and double-bridge converters and for a conventional- 
controlled single-bridge converter. The advantage of the 

analytical model over the digital one is that it allows the 
designer to assess which circuit parameters influence the 

converter characteristics, such as the input power factor, 

peak-to-peak load current ripple, harmonic content of the 

supply current and load voltage waveforms. The models were 
developed by performing a Fourier analysis on the supply 
current and load voltage waveforms, as described in Appendix 
A2. Mathematical expressions were then derived for the 
Fourier coef f icients, and from these the r. m. s. value of the n- 
th harmonic and the corresponding phase displacement angle 
were calculated. One of the assumptions made in deriving these 

equations was that the load current is completely smooth i. e. 
there is an infinite load inductance on the dc side. This 

assumption suggests that the induced voltage generated by the 
load inductance, which in fact is equal to the voltage 
difference between the instantaneous and mean load voltage, is 

zero. However, with ac-to-dc converters this voltage 
difference always has to be generated across the load 
inductance which is also responsible for producing the load 

current ripple, and consequently the assumption of a smooth 
load current is not strictly justifiable with converter 
circuits. Although the load current ripple has no effect on 
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the harmonic content of the load voltage wavef orm, it does 

however modify the amplitude of the harmonics in the supply 

current and their relative phase displacement angle and 

consequently the input power factor. It is therefore 

necessary to include the load current ripple in calculating 
the supply current harmonics. This objective is achieved by 

modulating the load current waveform by a square-wave 

switching function, which is co-phasal with the load current 

and has an amplitude of ±1 and a period of 2TT. The resultant is 

the supply current waveform. with the load current ripples 

superimposed on it. Hence, multiplying the Fourier series for 

the load current with that for the square-wave gives the 

Fourier series for the supply current and subsequently its 

harmonic content. This square-wave, or switching function, 

has a different shape for different controllers as shown in 

figure 5.13. Inspection of this figure indicates clearly that 

the shape of these switching functions are exactly the same as 
that of the supply current waveforms produced by the same 

controllers for a completely smooth load current as shown in 

Chapter 2. The Fourier coefficients an and bn for these 

waveforms are given by equations A2.4 and A2.7 of Appendix A2 

for an armature current Ia- However, substituting Iaýl in the 

above equations give the Fourier c. oefficients for the 

switching function which has an amplitude of ±1. Multiplying 

this function and the load current waveform, gives the supply 

current waveform as: 
CO 

is= IsO +Z F2Inssin(nwt+Ons) n=1,3,5.... (5.19) 
n=l 

where is is the instantaneous value of the supply current, 
Iso is the mean value of the supply current (its value is 

zero, since the areas of the positive and negative half - 

cycles are equal) 
Ins is the r. m. s. value of the n-th harmonic, Ons is the 

relative displacement angle and W=21Tf, where f is the 

frequency of the fundamental component. 
The harmonic order n=mp±l where m is an integer and the pulse- 

number p=2 for single-phase bridge converters. 
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Alternatively, equation 5.19 can be expressed in terms of the 

Fourier coefficients An and Bn as: 

co 
is= Z [AnCOS(nWt)+Bnsin(nWt)] n=1,3,5.... (5.20) 

n=l 

Equating equations 5.19 and 5.20 yields the r. m. s. value of the 

nth-harmonic current Ins as 

An+Bn 
Ins-': j -2 n=1,3,5,... (5.21) 

and its phase displacement angle Ons as 

Ons=arctan 
An 

n=1,3,5 .... (5.22) Bn 

Since the computed results were taken for a constant load 

current of 2A, the analytical results were calculated for the 

same conditions. The fundamental, 3rd and 5th harmonics of 
the supply current are the dominant components and 

consequently the harmonic analysis was determined only up to 

the 5th harmonic. Hence from equation 5.20, - 

is= Alcos Wt + Blsin wt + A3cos 3Wt + B3sin 3Wt 

+ A5cos 5Wt + B5sin 5Wt (5.23) 

The expressions for calculating the coefficients Al, A3, A5 

and Bl, B3, B5 are developed by multiplying the Fourier series 
for the load current with that for the switching function. The 

series for the load current is: 

co 
il=Io +Z [ancOS(nwt)+bnsin(nWt)] n=2,4,.. (5.24) 

n=l 

where il and 10 are respectively the instantaneous and mean 
load currents. 

Since the 2nd harmonic component is the dominant component of 
the load current waveform, its Fourier series may be 

approximated to by its mean value and the 2nd harmonic or, 
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il= Io + a2 cos 2Wt + b2 sin 2wt (5.25) 

where a2 and b2 are: 

1-2V2 
a2 Z2 sin(02-02) (5.26) 

b2Z2 uus(02-02) (5.27) 

in which Z2 is the 2nd harmonic load impedance and 02 is the 

phase angle between the 2nd harmonic components of the load 

current and load voltage. V2 is the r. m. s. value of the 2nd 

harmonic component of the load voltage and 02 is its phase 

displacement angle. Z2,02, V2 and 02 are given by the 

equations, 

Z2 
de JR1 + (2WL, )z (5.28) 

2WL, 
(32 arctan R, (5.29) 

V2 
a2v + b2V z 

2 (5.30) 

ý2 arctan 
a2v 
b2v (5.31) 

where a2v and b2v are the Fourier coefficients for the 2nd 

harmonic component of the load voltage waveform. 

The Fourier series for the switching function -s' is: 

Co 
s-Z EancOs(nWt)+bnsin(nwt)] n=1,3,5,7,.. (5.32) 

n=l 

In order to obtain all the components for calculating the 5th 

harmonic component of the supply current waveform, the Fourier 

series of the switching function must include terms up to the 
7th harmonic which from equation 5.32 is: 

s= alcos Wt + b1sin wt + a3cos 3wt + b3 sin 3wt + 
a5cos 5Wt + b5sin 5Wt + a7cos 7wt + b7 sin 7wt (5.33) 
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Multiplying equation 5.25 with 5.33 and equating the resulting 
equation with equation 5.23, gives the Fourier coefficients 
for the supply current waveform as: 

A, Ioal + 
ala2 

2 + 
a2a3 

2 + 
blb2 

2 + 
b2b3 

2 (5.34) 

a2bl a2b3 alb2 b2a3 
B1 Iobj - 2 + -2 + -2 2 (5.35) 

A3 = Ioa3 + 
ala2 
-2 

blb2 
-2 

a2a5 
+ -2 

b2b5 
+2 (5.36) 

a2bl alb2 a2b5 b2a5 
B3 = Iob3 + -2 + -2 + -2 2 (5.37) 

A5 = Ioa5 + 
a2a3 
-2 

b2b3 
-2 

a2a7 
+ -2 

b2b7 
+2 (5.38) 

a2b3 b2a3 a2b7 b2a7 
B5 = Iob5 + -2 + -2 + -2 -2 (5.39) 

The above analysis of the supply current waveform does not 

include the exciting current of the transformer, which was 
included in the computer model. As mentioned earlier, 

hysteresis and eddy current effects in the transformer core 

are neglected-and consequently the exciting current is the 

same as the magnetising current, which is 0.2A r. m. s. and lags 

the supply voltage by 900 (this value was obtained from the no- 
load test on the power transformer used in the experimental 

work). The instantaneous value of the magnetizing current im 

is, 

im = 12 x 0.2 sin(Wt - 900) (5.40) 

From equation 5.20, the supply current including only the 
fundamental component, is 

ils = Al cos wt + B1 sin wt 

adding equation 5.40 to 5.41 gives, 

or, 

i1sm = (Al - 0.28)sin Wt + B1 cds Wt (5.42) 

i1sm = J-2 Ilsm sin(wt + Olsm) (5.43) 

where ilsm-and Ilsm are respectively the instantaneous and 
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r. m. s. values of the fundamental component of the resulting 

supply current and are given by, 

i(Al-0.28)2 + B1 
I sm l. - q2 (5.44) 

AI-0.28 
Olsm .,: arctan B1 - (5.45) 

The Fourier coefficients for the switching function and the 

load voltage waveform for different controllers are given 
below. 

5.4.1 Conventional Controlled Single-bridge 

The Fourier coefficients for the load voltage waveform of 
figure 5.16(c) are given by equations A2.57 and A2.58 of 
Appendix A2. The coefficients for the 2nd harmonic component 

a2v and b2v are obtained by substituting n=2 in equations A2.57 

to A2.60, which gives: 

2VM I 
a2v ý -Tr cos 3cf - cos a) 

2Vm 
b2v" -TT sin 3cf - sin a) 

where a is the firing delay angle and Vm is the peak supply 
voltage. 

The Fourier coefficients for the supply current waveform is 

given by equations A2.4 and A2.7 of Appendix A2. Substituting 

avlýafl-20tv2ýaf2=U and Ia: --l in the above equations gives the 

Fourier coefficients of the switching function as, 

4 
an sin na n= 1,3,5,7 

4 
bn = -EiT cos na n=1,3,5,7 

5.4.2 Sequence Controlled Single-bridge 

Substituting n=2 in equations A2.51 to A2.56 of Appendix A2, 

86 



gives the Fourier coefficients a2v and b2v (for the waveform 

of figure 5.19(c)) as: 

Vm 11 
a2v -ýF- (-ý- Cos 3ctf - cos af + cos 3av - cos av) 

Vm i 
b2v -ýF (7 sin 3af - sin af + sin 3C(v - sin otv) 

and substituting avl-'=av2--av, af 1=--Cff 2=C(f and Ia=l in equations 

A2.4 and A2.7 of Appendix A2 gives the Fourier coef f icients of 

the switching function as: 

2 
an ý --ii-ff- (sin av + sin af ) n=l, 3,5,7 

2 
bn = -ETT (COS Cfv + COS Ctf ) n=1,3,5,7 

where av and af are the firing delay angles. 

5.4.3 Sequence Controlled Double-bridge 

Substituting n=2 in equations A2.41 to A2.50 of Appendix A2 

gives a2v and b2v (for the waveform of figure 5.21(c)) as: 

Vm i 
a2v cos A cos B cos C cos D 

cos E cos F cos G cos H 

and 

Vm i 
b2v sin A cos B- sin C cos D+ 

sin E cos F- sin G cos H 

in which 
3 Of 2'ctv2) 

A2 
3 (Of 2-Ctv2 

B2 
Of 2'Ctv2 

C2 
Of 2-Ctv2 

D2 
3(avl+clfl) 

E 

Cfvl-Crf 1 
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(Ctvl+ctf i G2 
(Ctvl-ctf I 

H2 

and substituting Ia=l in equations A2.4 and A2.7 of Appendix A2 

gives the Fourier coefficients for the switching function 

as: 

1 
an-'-wrttiln ncfv2 + sin naf2 + sin navl + sin nc(f2) 

1 
bný -ii-Tr (COS nav2 + COS nctf 2+ COS nCtvl + COS naf 2) 

where n=1,3,5,7 and avl, afl, av2, af2 are the firing delay 

angles. 

5.5 Computed Results 

The double- and single-bridge converters of figures 5.14 and 
5.15 were connected to a passive load of 0.3H inductance Ll in 

series with a variable resistor Rl. The supply voltage to 

these converters was 240V, 50Hz and the load current Il was 

maintained constant at 2A by changing the load resistance Rl. 

The results presented include circuit waveforms and the r. m. s. 

values of their harmonic spectra for different controllers, 
together with theoretical results obtained from the 

analytical models. The results for inversion were obtained by 

connecting a 200V dc voltage in series with the load. 

5.5.1 Conventional Controlled Single-bridge 

Results for this section were obtained by making the sequence 

controlled firing delay angles equal, so that av=af=a. The 

voltage and current wavef orms, together with the r. m. s. values 

of their harmonic spectra at firing delay angles of a=450 and 

1350 in the rectification and inversion modes are presented in 

figures 5.16 and 5.17. The load voltage of figures 5.16 (c) and 

5.17(c) contain even harmonics, with their magnitudes 

decreasing with the increasing harmonic order, as shown in 

figures 5.16(d) and 5.17(d), 
.. 
which also indicate that the 2nd 
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harmonic is the predominant component. These voltage 

harmonics produce load current harmonics of the same frequency 

as those in f igures 5.16 (f ) and 5.17 (f ). The magnitudes of the 

current harmonics are equal as is evident by comparing figure 

5.16(f) to 5.17(f), and the corresponding peak-to-peak 

current ripples of figures 5.16(e) and 5.17(e) are 

consequently the same (2.1A). Since the shapes of the supply 

current waveforms of figure 5.16(a) and 5.17(a) are the same, 

the magnitudes of their corresponding harmonics are also the 

same, as is confirmed' by comparing figure 5.16(b) with 

5.17(b). 

5.5.2 Sequence Controlled Single-bridge 

Circuit waveforms with firing delay angles Cff=100, av=900 are 

shown in figure 5.18. The two commutation notches in figure 

5.18(c) located at af and ctv, are also evident in figure 

5.18(a), but with a reduced magnitude due to the transformer 

impedance. The load voltage of figure 5.18(i) and the 

transformer secondary current of figure 5.18(d) are zero 

during the free-wheeling period (av-af), and only magnetising 

current circulates in the primary side, as is clear in figure 

5.18(b). The load current of , figure 5.18(j) is continuous, 

with a peak-to-peak ripple of 1.7A. 

Voltage and current waveforms, together with their harmonic 

spectra, for firing delay angles of af =100, etv=600 and Ctf =900, 
av=1600 are shown in figures 5.19 and 5.20, for the 

rectification and inversion modes respectively. The rate of 

rise and fall of the load current ripple of figure 5.19(e) is 

expressed by the following equation, 

dil vj-Vj 
dt Ll tl't't2 El t2't't3 (5.46) 

where v, and Vl are respectively the instantaneous and mean 

load voltage, 

tj is the firing delay time for av, 

t2 is the time in which vl=Vl, 
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t3 is the firing delay time for af. 

As shown in figure 5.19(c), between tl't't2, vl is greater than 

its mean voltage Vl and consequently the load current rises at 

a rate given by equation 5.46. However, between t2't't3, vl is 

smaller than Vl which results in a fall in the load current 

ripple at a rate given again by equation 5.46. During free- 

wheeling t3't't4, the instantaneous load voltage vl is zero 

and the load current of figure 5.19 (c) falls at a constant rate 

given by, 

dil V1 - 
dt L1 t3't't4 (5.47) 

1 
where t4 : -- -2f 't' Ll 

The computed results for inversion were obtained by connecting 

a 200V dc voltage source Vdc in series with the load as shown in 

figure 5.15 (a). The rate of rise and fall of the load current" 

ripple of figure 5.20(e) is also expressed by equations 5.46 

and 5.47, where the mean load voltage in this case is, 

Vj = IlRl - Vdc (5.48) 

The shape of the supply current waveform of figure 5.19 (a) is 

different to that of figure 5.20(a), and consequently their 

corresponding harmonic magnitudes are different, as shown in 

figures 5.19(b) and 5.20(b). Since the shape of the load 

voltage of figures 5.19(c) and 5.20(c) varies with the firing 

delay angle, so also does the magnitude of their harmonics, as 

shown in figures 5.19(d) and 5.20(d), which again indicate 

that the 2nd harmonic predominates. 

5.5.3 Sequence Controlled Double-bridge 

Chapter 2 described the four zones of operation of the sequence 

controlled double-bridge converter. Voltage and current 

waveforms, together with their harmonic spectra in each zone 

of operation, are presented in figures 5.21 to 5.24. With a 
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2: 1: 1 turns ratio for transformer TF1 of figure 5.14, the 

instantaneous load voltage is one-half of the supply voltage, 

and the supply current is one-half of the load current when 

either bridge 1 or bridge 2 is free-wheeling. When neither 

f ree-wheels, the instantaneous load voltage equals the supply 

voltage and the supply current equals the load current. The 

above conditions are shown in figure 5.21(a) and (c), and 

5.24 (a) and (c) . When both bridges f ree-wheel the load voltage 

is zero, and the supply current is simply the magnetising 

current, as shown in figures 5.22(a) and (c), and 5.23(a) and 

(c). The rate of rise and fall of the load current ripple of 

figure 5.24(e) is expressed by the following equations, 

dil vj-Vj 
dt Ll tl't't2 & t2't't3 (5.49) 

dil vl-2Vl 
- (5.50) dt 2L1 t3't't4 & t4't't5 

There is a significant dif f erence between the rate of rise and 

fall of the load current ripple between tl't't3 and t3't't5, 

this is because in the latter case the instantaneous load 

voltage is halved as is indicated in equation 5.50. 

5.4.4 Fully Controlled PWM Bridge Converter 

Figure 5.25 shows voltage and current waveforms and their 

harmonic spectra, for a switching frequency fc=4kHz and a 

modulation index M=O. 9, and figure 5.26 shows the same results 

when M=0.5. The supply current waveform of 5.29(a) and 5.30(a) 

contain odd harmonics and also high-order harmonics located 

at the side-bands of the switching frequency. These are not 

however evident in figures 5.25(b) and 5.26(b), since they lie 

outside the range of the harmonic analyser. The load voltage 

of figure 5.25(c) and 5.26(c) also contains high-order 

harmonics at multiples of the switching frequency and their 

side-bands, but these again are not shown. Load current 
harmonics associated with these high order voltage harmonics 

are negligible due to the reactance of the load, and the 

harmonic copper losses are consequently negligible. 
Nevertheless, these harmonics need to be filtered to eliminate 
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supply voltage distortion. The high frequency distortion 

evident on the load current waveforms of figure 5.25(e) and 
5.26(e) arises since the current decays when free-wheeling 

and rises when the load is connected to the supply. 

5.6 Comparison Between Different Controllers 

The fundamental component of current produced by the sequence 

controlled double-bridge is larger than that with PWM 

control, as is evident by comparing figures 5.21(b) and 
5.25(b). The discrepancy is partly due to the supply current 

wavef orm -of f igure 5.25 (a) being chopped in a PWM manner which 

results in a reduction in low-order harmonics at the expense of 

producing high-order harmonics located at the side-bands of 
the switching frequency and multiples of it. Another reason 
for the discrepancy is that the magnetising current produced 
by the power transformer was included in the models for the 

sequence and conventional controlled bridges but not in the 

PWM controller. The transformer is considered to be linear, so 
that the magnetising current is sinusoidal and of fundamental 

frequency. Comparing the load voltage spectrum of figure 

5.21(d) with that of figure 5.25(d) shows that the 2ndharmonic 

is the predominant component and was measured to be 96V and 
110V respectively. Since the load conditions in which the 

above results were taken are the same, consequently the peak- 
to-peak load current ripple produced by the sequence- 

controlled double-bridge converter should be better than that 

produced by the PWM controller and was measured to be 1.2A and 
1.5A respectively. However comparing the PWM results of 
figures 5.25(d) and (e) with those of figures 5.19(d) and (e), 

which is for a sequence-controlled single-bridge, shows that 

the second harmonic and peak-to-peak load current ripple are 
improved by 20% and 33% respectively, when PWM control is used. 
However the disadvantage with the PWM bridge converter is that 

the output voltage produced is chopped, as shown in figures 

5.25(c) and 5.26(c), resulting in a reduction in the mean 

output voltage and the power output to below that produced by 

conventional or sequence controllers for a given input voltage 

and load current., 
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The analytical load voltage and current harmonics produced by 

conventional and sequence-controlled single-bridge 

converters and by a sequence-controlled double-bridge 

converter are the same as that produced by the computer models. 
However, there is some discrepancy between the computed and 

analytical results for the supply current harmonics. This is 

due to the mathematical expressions for the switching function 

and load current waveforms possibly not being sufficiently 

accurate. Only the mean and 2nd harmonic terms were 

considered in the load current waveform and only terms up to 

7th harmonic in the switching function waveform. If more 

accurate results were required, more terms should be 

considered in both waveforms. 

The overall results obtained from the analytical models agree 

very closely with those obtained from the computer model, and 
it can even be concluded that the computer model can be 

replaced by the analytical models in predicting the 

performance of the converter circuits. The most important 

advantage of using the analytical models is that they allow the 
designer to assess which circuit parameters influence the 

converter characteristics, such as the input power factor, 

peak-to-peak load current ripple, harmonic content of the 

supply current and load voltage waveforms. 
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(e), (f) Load current and harmonic spectrum 
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(e), (f) Load current and harmonic spectrum. 
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CHAPTER 6 
Experimental Results For Various Converters 

Experimental results relating to phase and PWM controllers 

are presented in sections 6.1 and 6.2. A single-bridge 

converter, operating under both conventional and sequence 

control, and a double-bridge under sequence control are 

considered for the phase controller and a single bridge for 

the PWM controller. Results are presented for both 

rectification and inversion modes, with a comparison between 

different controllers being made in section 6.3. 

6.1 Phase Controllers 

Circuit diagrams for the experimental single and double- 
bridge converters are shown respectively in figures 6.1 and 
6.2, where Wl to W4 represent wattmeters. The supply was 240V, 
5OHz and the load comprised a 0.3H inductor Ll in series with a 
variable resistor Rl, and a variable dc voltage source Vdc, 

obtained f rom a motor-generator set. The load current I, was 
maintained constant at 2A f or a wide range of dif f erent f iring 
delay angles, by changing R, and Vdc - Power measurements were 
taken for different controllers and, from these, the 

experimental input power 
_f 

actor and efficiency were 
calculated from: 

Wl 
P. F =V sis 

(6.1) 

where Vs and Is are the r. m. s. supply voltage and current 
respectively and 

Output Power 
Input Power x 100 (6.2) 

The experimental power factor calculated from equation 6.1 
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includes the transformer no-load current, a large part of 

which is due to the iron losses which are 34W at 240V as 

measured from the no-load test. It is therefore important to 

include these effects in the analytical model and this is 

achieved by adding the excitation current of the transformer 

to the analytical supply current developed in chapter 5. 

Neglecting the harmonics of the excitation current, the r. m. s. 

value of the fundamental component was measured from the no- 
load test as 0.2A, with a lagging phase angle of 450, which 

gives: 

ile7-0.2xl: Fsin(wt - 450) (6.3) 

where ile is the instantaneous value of the fundamental 

component of the excitation current. 

The equation for the fundamental component of the supply 

current il is: 

il = Al cos Wt + Bl sin Wt (6.4) 

where Al and B1 are the Fourier coefficients as defined by 

equations 5.34 and 5.35-of chapter 5. 

Adding equation 6.3 to 6.4 gives: 

ils = (Al-0.2)cos wt + (B, +0.2) sin-, wt (6.5) 

which is equivalent to 

ils = F2 Ils sin(wt+(Pls) (6.6) 

where Ils is the r. m. s. value of the fundamental component plus 
the excitation current and Ols is its phase displacement angle 

given by the following equations: 

I (Al-0.2), -' + (Bj+0.2)ýý 

is 2 (6.7) 
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Al - 0.2 
els = arctan B, + 0.2- (6.8) 

The analytical power factors were calculated on the assumption 
that the supply voltage is sinusoidal and no power is 

associated with the harmonic supply current, hence the input 

power Wl is, 

Wl = VSIJS Cos ols (6.9) 

substituting equation 6.9 into 6.1 gives, 

, is 
P. F =Is COS Ois (6.10) 

, is 
in which Is is defined as the input distortion factor and 
cos$l as the input displacement factor. 

Since fundamental, 3rd and 5th harmonic components of the 
supply current were considered in the analytical model, the 
r. m. s. value of the supply current Is is 

Is = ýIlsz I 13z 1 15z (6.11) 

where 13 and 15 are the r. m. s. values of the 3rd and 5th 

components of the supply current. 

The analytical power factors were calculated using equation 
6.10 together with equations 6.7,6.8 and 6.11. The analytical 
and experimental power factors are then plotted against output 
voltage for different controllers as shown later in this 

chapter. 

Other results presented in this chapter are the experimental 
circuit waveforms and their harmonic spectra, together with 
analytical predictions based on the model developed in 
Appendix A2 and chapter 5. 

133 



6.1.1 Conventional Controlled Single-bridge 

The rectifier of figure 6.1 was operated conventionally, by 

making the firing delay angles av and af equal (Ctv=ctf =a (say)). 

Voltage and current waveforms together with their harmonic 

spectra, for delay angles of 100,900 and 1600, are presented in 

figures 6.3,6.4 and 6.5. The commutation notches evident in 

the transformer secondary voltage of figure 6.3 (a) are located 

at the delay angles af and Uv. The separation of the notches 
indicates a slight imbalance between the two delay angles, 

which accounts for the zero intervals on the transformer 

secondary current and load voltage of figure 6.3(a) and (c). 

The load voltage of figures 6.3(c), 6.4(c) and 6.5(c) contains 

a dc component plus even harmonics whose magnitudes decrease 

with increasing harmonic order as shown in figures 6.3(d), 

6.4 (d) and 6.5 (d), which also indicate that the 2nd harmonic is 

predominant. Comparison of figures 6.3(d), 6.4(d) and 6.5(d) 

indicates that the load voltage harmonics are a maximum at 
U=900, which isl also confirmed by the graphs of figure 2.11 of 
Chapter 2. These voltage harmonics produce load current 
harmonics of the same frequency as those in figures 6.3(e), 

6.4(e) and 6.5(e). Addition of the harmonics determines the 

peak-to-peak load current ripple and since the load current 
harmonics of figure 6.4(e) are a maximum, so too is the 

corresponding load current ripple of figure 6.4(c). Power 

measurements for different firing delay angles are shown in 

table 6.1 and from these readings experimental input power 
factors are calculated using equation 6.1. The analytical 

power factors on the assumption that the supply voltage is 

sinusoidal are calculated using equation 6.3 for different 

firing delay angles. The analytical and experimental 

variation of power factor with load voltage is shown in figure 

6.6 which also indicates that there is a slight discrepancy 

between the two when the converter operates in the inversion 

mode. From the results of table 6.1, it is evident that the 

predominant losses occur in the transformer. 
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6.1.2 Sequence Controlled Single-bridge 

Voltage and current waveforms, together with their harmonic 

spectra for different operating conditions, are shown in 

figures 6.7,6.8 and 6.9 for both rectification and inversion. 

The waveform of the transformer secondary current in figure 

6.7 (a) is explained by consideration of the firing pattern of 
the thyristors. Thus, when thyristors Tl, T2 or T3, T4 

commence conduction at a firing delay angle av, the load is 

connected to the supply and isec-2il in the positive half cycle 

and isecý-il in the negative half-cycle of the transformer 

secondary voltage. When Tl, T4 or T3, T2 conduct at af, the 

converter is free-wheeling and isec: --O- The load voltage 
harmonics of f igure 6.7 (c) and 6.9 (c) are the same, as veri f ied 

by comparing figures 6.7(d) and 6.9(d); consequently the 

peak-to-peak load current ripples of figure 6.7 (c) and 6.9 (c) 

should also be the same if the load conditions were the same. 
However, the peak-to-peak load current ripple of figure 6.7 (c) 

was measured as 1.3A and that of figure 6.9(c) as 1.6A. The 

dif f erence of 0.3A between these two results is due to a change 
in load resistance which was varied f rom IOOQ to 580 and 

consequently a reduction in the harmonic load impedance and an 
increase in the load current ripple. The mean load voltage of 
figure 6.7(c) is zero, as is evident from the voltage spectrum 

of figure 6.7(d) where the dc component, which represents the 

mean voltage, is zero. The amplitude of the voltage harmonics 

and consequently their corresponding load current harmonics 

are negligible, as shown in figure 6.7(e). Consequently, 

there will be no ac ripple superimposed on the load current, as 

confirmed by figure 6.7(c). 

The analytical and practical variations of the commutation 
angld with f iring delay angle av, for a constant 2A load 

current are given in figure 6.10. The discrepancy between the 
two results is due to the voltage-drop across the thyristors 

reducing the commutation voltage and thereby increasing the 

commutation angle. Power measurements for different firing 
delay angles given in table 6.2 indicate that the predominant 
losses again occur in the transformer. The experimental and, 
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analytical variation of power factor with load voltage is 

shown in figure 6.11 which clearly indicates that they are the 

same. 

6.1.3 Sequence Controlled Double-bridge 

Figures 6.12,6.13 and 6.14 show voltage and current 
waveforms, together with their harmonic spectra, for three 
different conditions in the rectification mode, and figures 
6.15,6.16 and 6.17 show the same results in the inversion 

mode. With a 2: 1: 1 turns ratio for the transformer TF1 of 
figure 6.2, the instantaneous load voltage of figure 6.12(e) 
is one-half the supply voltage and the supply current of f igure 
6.12 (a) is one-half the load current, when either bridge A or B 
is free-wheeling. If neither free-wheels, the instantaneous 
load voltage equals the supply voltage and the supply. current 
equals the load current, which is also shown in figures 6.12 (e) 

and (a). During the time when both bridges f ree-wheel the load 

voltage is, zero, and the supply current is the excitation 
current of the power transformer, as shown respectively in 
figures 6.14(e) and (a). The load current of figure 6.12(e) 

rises between times tj and t3 where the instantaneous load 

voltage vl is greater than its mean value Vl. However, this 

current rises at a slower rate between times tj and t2 where vl 
is equal to one-half the supply voltage and at a faster rate 
between t2 and t3 where vl is equal to supply voltage. Between 
times t3 and t5 load current decays, since vl is smaller than 
its mean value Vl, again at two dif f erent rates as is clearly 
shown in figure 6.12 (e). During inversion, the load current of 
figure 6.15 (e) decays between times tj and t3 where vl exceeds 
its mean value Vl and rises between times t3 and t5 where vl is 

smaller than Vl. The load voltage harmonics of f igures 6.13 (e) 

and 6.14(e) in the rectification mode is the same as that of 
figures 6.16(e) and 6.17(e) in the inversion mode, as is 

confirmed by comparing figures 6.13(f) and 6.14(f) with that 

of figures 6.16(f) and 6.17(f). Since the load conditions are 
the same, the peak-to-peak load current ripple of figures 
6.13(e) and 6.14(e) is the same as that of figures 6.16(e) and 
6.17(e) as was measured to be 0.7A and. 0.9A kespectively. The 
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load voltage harmonic of figure 6.12(e) is also the same as 

that of figure 6.15(e). However, since load conditions are 

different, their corresponding load current ripple would be 

different as was measured to be l. OA and 1.2A respectively. 

The supply current harmonics of figures 6.13(a) and 6.14(a) 

are the same as those of figures 6.16(a) and 6.17(a). This is 

because their corresponding peak-to-peak load current 

ripples are the same as explained earlier. The 3rd harmonic of 

the supply current of figure 6.12(a) was measured as 0.5A and 

that of figure 6.15(a) was 0.6A. This discrepancy is due to 

their corresponding load current ripples which are different. 

power measurements at different firing delay angles for a 

constant 2A load current are presented in table 6.3 for both 

rectification and inversion modes. It is clear that the 

predominant losses again occur in the transformer. The 

experimental and analytical variation of power factor with 

load voltage is shown in figure 6.18 and indicates that there 

is some variation in power factor when the converter operates 

in the inversion mode. The power factor improves about mid- 

range of the load voltage in both rectification and inversion 

modes. This is because within these ranges the input 

distortion and displacement factors are improved and 

consequently the input power factor, which is the product of 

these two factors, is also improved. 

6.2 PWM Control 

The PWM controlled single-bridge converter was connected to an 

passive load, as shown in figure 6.19. The supply was 240V, 

50Hz and the load comprised a 0.3H inductor in series with a 

lOOQ variable resistor. The load current was maintained 

constant at 2A for a wide range of output voltage and results in 

the inversion mode were obtained by connecting a dc source Vdc 

in series with the load. The converter was then connected to a 

separately excited dc machine as shown in f igure 6.20, with the 

inductance of 0.15H connected in series with the armature to 

keep the load current continuous. The load current was 

maintained at the 1.5A full-load -current of the machine for a 

wide range of output voltage. Power measurements were taken, 
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for different output voltages and the input power factor and 

efficiency were calculated from equations 6.1 and 6.4. 

6.2.1 PWM Bridge Converter Connected to a Passive Load 

Voltage and current waveforms for the converter of figure 
6.19, both with and without the capacitor C, are shown in 
figure 6.21, at a switching frequency of 2kHz. The ringing 

evident in the transformer secondary and load voltage 
waveforms of figure 6.21(b) and (c) is caused by the 
transformer interwinding capacitance, however the effect is 

not evident' in the supply voltage waveform of 6.21(a) due to 
the transformer impedance. The ringing is completely 
eliminated in figures 6.21(a) to (c), by connecting a 

capacitor across the transformer secondary terminals. 

Problems were encountered with the gate signals of figure 
6.22(a) when the load current was increased above 1A. This is 

explained by considering the period when Tj is turning off and 
T3 on. Should Tj turn off faster than T3 turns on, a large 

induced voltage due to the load inductance will appear across 
T3, and can cause damage. An alternative drive strategy 
developed to overcome this problem is illustrated by figure 
6.22(b), and its operation is explained in Chapter 2. 

Voltage and current wavef orms and their harmonic spectra for a 
switching frequency of 4kHz at high and low modulation indices 

are presented in figures 6.23 and 6.24 respectively. Figures 
6.25 and 6.26 show the same results when the converter operates 
in the inversion mode. The high frequency distortion evident 
in the transformer secondary voltage of figure 6.23(c) and the 
load current of figure 6.23(f) is due to charging and 
discharging of the capacitor. However, due to the transformer 
impedance, the distortion is not present in the supply voltage 
as shown in figure 6.23(a). During the time when the load 

voltage of figure 6.23(f) is free-wheeling, the capacitor 
charges and when the load is connected to the supply, it 

discharges. This change in current is clearly seen in the 

transformer secondary current of figure 6.23(c). The load 

voltage of figure 6.23(f) and the converter current of figure 
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6.23(d) are chopped in a PWM manner. The current contains low 

order harmonics, together with others located at the side- 
bands of the switching frequency and its multiples, as shown in 

figure 6.23(e). However, these higher order harmonics are 
filtered by the capacitor so that only low order harmonics 

remain, as seen in figure 6.23(b). The load voltage of figure 

6.23(f) contains low order harmonics and high order harmonics 

at the switching frequency and its side-bands, and multiples 

of them as seen in figure 6.23(g) which also indicates that the 

second harmonic is predominant. The high-order voltage 
harmonics produce negligible current harmonics as seen in 

figure 6.23(h), due to the load impedance. The change of 
transformer secondary current of figure 6.24(c), which 

corresponds to charging and discharging of the capacitor, is 

more pronounced than that of figure 6.23(c). This is because 

at Low Modulation Index, LMI, the load voltage is reduced and 
to keep the load current constant at 2A the load resistance 

must be reduced. Consequently the capacitor has to charge and 
discharge at a higher rate. The capacitor also acts to provide 

power factor correction, which in this case has over-corrected 
the input power factor and caused the supply current to lead 

the supply voltage, as is evident by inspection of the supply 

voltage and current waveforms. The supply current leads the 

voltage by an angle which is greater at LMI than at High 

Modulation Index, HMI, as is evident by comparing figures 

6.24(a) and 6.23(a). This increase with reducing load voltage 

causes the displacement factor to reduce and as a result the 

supply power factor decreases. This is evident from table 6.4, 

which presents power measurements for a constant 2A load 

current at a switching frequency of 4kHz, for different output 

voltage levels in both the rectification and inversion modes. 
The power measurements of table 6.5 are taken both with and 

without the capacitor connected and at a constant 0.8A load 

current. It is clear that, by including the capacitor in the 

converter circuit, both the supply power factor and efficiency 

are improved, since elimination of harmonics improves the 

input distortion factor (hence improving the supply power 
factor) and reduces the losses. Thejoad voltage harmonics of 
figure 6.23(f) in the rectification mode is the same as that of 
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figure 6.25(f) in the inversion mode, as is verified by 

comparing f igure 6.23 (g) with that of f igure 6.25 (g) . However 

their corresponding peak-to-peak load current ripples are 

dif f erent and was measured as 1.2A and 1.3A respectively. This 

discrepancy is due to the fact that the load condition for 

figure 6.23 is different to that of figure 6.25. The load 

voltage harmonics of f igure 6.24 (f ) in the rectif ication mode 

are the same as those of figure 6.26(f) in the inversion mode 

and since the load conditions are the same, their 

corresponding peak-to-peak load current ripple were also the 

same and this was measured as 0.7A. 

Circuit waveforms and their harmonic spectra at 2kHz switching 

frequency for both high and low modulation indices for2Aload 

current are shown respectively in figures 6.27 and 6.28. The 

low order supply current and load voltage harmonics produced 

at the switching frequency of 2kHz is almost the same as that 

produced at the switching frequency of 4kHz as is verified by 

comparing figures 6.27 and 6.28 with figures 6.23 and 6.24. 

However, operating the PWM converter at the switching 

frequency of 4kHz has the advantage that the cost and size of 

the filter elements to eliminate the high order current and 

voltage harmonics, which are located at the switching 

frequency and its side-band, are reduced compared to that at 

switching frequency of 2kHz. A disadvantage of operating at 

4kHz is the increased switching losses. 

6.2.2 PWM Bridge Converter Connected to a dc Machine 

The converter was connected to a separate ly-exc i ted dc machine 

as shown in figure 6.20. Figure 6.29 shows voltage and current 

waVeforms together with their harmonic spectra for HMI at a 

switching frequency of 4 kHz under no load condition. The 

constant dc voltage level in the armature voltage wavef orm of 

figure 6.29(f) is the back emf of the machine, appearing due to 

the discontinuity of the armature current. Figures 6.30 and 

6.31 show experimental results for high and low modulation 

indices at a switching frequency of 4 kHz and 1.5A full-load 

current. Table 6.6 gives measurements of power, efficiency. 
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speed and supply power factor at different output voltage 
levels at switching frequency of 4 kHz, and the predominant 
losses are again in the transformer. 

6.3 Comparison Between Different Controllers 

Load voltage harmonics for different controllers presented: in 

this chapter clearly indicate that they contain a dc component 

plus even harmonics whose magnitudes decrease with increasing 

harmonic order and the 2nd harmonic is predominant. Load 

voltage harmonics produced by the sequence-controlled double- 

bridge converter is 44% of that produced with sequence- 

controlled single-bridge converter when the load voltage is 

106V and 50% when the load voltage is -106V as is clearly 
indicated in figures 6.13(f) and 6.7(d) in the rectification 

mode and figures 6.16(f) and 6.9(d) in the inversion mode. 
This tremendous improvement in the load voltage harmonics 

results in a corresponding improvement in the peak-to-peak 
load current ripple, as confirmed by comparing figures 6.13 (e) 

and 6.16(e) with figures 6.7(c) and 6.9(c). This improvement 

in load current ripple by using a double-bridge converter 

makes it possible to achieve substantial savings in the cost 

of output smoothing inductance. The load voltage harmonics 

produced by the PWM bridge converter are slightly improved 

compared to those of the sequence-controlled double-bridge 

converter as is verified by comparing figures 6.23(g), 

6.24(g), 6.25(g) and 6.26(g) with figures 6.12(f), 6.14(f), 

6.15(f) and 6.17(f). This slight improvement in the low-order 

load voltage harmonics of the PWM bridge converter is at the 

expense of producing high-order harmonics at multiples of the 

switching frequency and their side-bands as shown in figures 

6.23(g), 6.24(g), 6.25(g) and 6.26(g). Load current harmonics 

associated with these high-order voltage harmonics are 

negligible due to the reactance of the load.. Nevertheless, 

these voltage harmonics need to be filtered to eliminate 

supply voltage distortion. The peak-to-peak load current 

ripple of figures 6.23(f), 6.24(f), 6.25(f) and 6.26(f) is 

almost the same as that produced by figures 6.12(e), 6.14(e), 

! 6.15(e) and 6.17(e) which is for sequence-controlled double- 
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bridge converter. The 3rd and 5th harmonic currents drawn from 

supply lines using the sequence-controlled double-bridge 

converter are slightly improved to that of sequence- 

controlled single-bridge converter as shown by comparing 

figures 6.13(b) and 6.16(b) with figures 6.7(b) and 6.9(b). 

However the comparison of the above figures clearly indicate 

that there is a substantial improvement in the fundamental 

component by using the sequence-controlled double-bridge 

converter. Comparison of figures 6.23(b) to 6.26(b) with 

figures 6.12 (b), 6.14(b), 6.15(b) and 6.17(b) for a sequence- 

controlled double-bridge converter show a reduction in these 

harmonics by using PWM bridge converter. This reduction in 

low-order supply current harmonics is at the expense of 

producing high-order harmonics as is shown in converter 

current spectra of figures 6.23(e) to 6.26(e). However these 

high-order current components can easily be filtered. 

Figure 6.31 shows the experimental variation of power f actor 

with load voltage, for different controllers in both the 

rectification and inversion modes. The supply was 240V, 50Hz 

and the load current was maintained at 2A for the static load 

and 1.5A for dc machine load. The power factor produced by the 

PWM controller is far superior to that produced by the other 

controllers, as is clearly shown in figure 6.32. This 

improvement in power factor would give a substantial savings 
in the cost of power factor correction. The variation of 

efficiency with load voltage for the different controllers 

obtained from tables 6.1 to 6.6 in the rectification and 
inversion modes is shown in figure 6.33. Losses considered in 

the efficiency calculation consist of those in both the 

transformer (iron and copper) and the bridge (snubber loss, 

on-state loss, gate drive loss and switching'losses). The 

switching losses are particularly significant with the PWM 

controller, whereas the harmonic iron and copper losses in the 

transformer will be less than that for sequence and 

conventional controllers. Figure 6.32 shows that in the 

rectification mode, the PWM controller produces a higher 

efficiency, whereas in the inversion mode, the sequence 

controlled double-bridge is better. 
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The disadvantages in using a PWM bridge converter compared to a 

phase-controller are an increase in the switching losses and 
the fact that GTO thyristors require a more complicated drive 

circuit compared to that required by conventional thyristors. 

Another disadvantage with PWM control is that the output 

voltage produced is chopped, resulting in a reduction in the 

mean output voltage and hence a reduction in the power output 
to below that produced by conventional and sequence 

controllers for a given input voltage and load current. 

Experimental and analytical variations of power factor with 

output voltage for conventional and sequence controllers are 

shown in figures 6.6,6.11 and 6.18 which clearly indicate that 

there is a slight discrepancy between the two results which 

occurs when the converter operates in the inversion mode. This 

discrepancy can be due to the f act that the experimental power 

factor calculated from equation 6.1 includes the copper losses 

and the harmonic losses of the transformer; whereas in the 

analytical model these were not considered. Other analytical 

results for the phase-controllers presented in this chapter 

are the supply current harmonics together with load voltage 

and current harmonics. The comparison between these two 

indicate clearly that they are in close agreement. It may 

therefore be concluded that the analytical model maybe used in 

predicting the performance of converters at different voltage 

and current levels to that considered in this thesis. 
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(a) Supply voltage and current.. 
(b) Supply current spectrum. ' 
(c) Transformer secondary voltage and current. 
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Figure6.25 Continued. 
(d) Transformer secondary voltage and converter current. 
(e) Converter current spectrum. 
(f) Load voltage and current. 
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Figure6.32 Experimental variation of input power factor with load voltage 
for different controllers. 

(i) Conventional controlled single-bridge on a passive load. 
(ii) Sequence-controlled single-bridge on a passive load. 

(iii) Sequence-controlled double-bridge on a passive load. 
(iv) PWM bridge converter on a passive load. 

(v) PWM bridge converter on a dc machine load. 
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Figure6.33 Experimental variation of efficiency with load voltage for 
different controllers. 

(i) Conventional controlled single-bridge on a passive load. 
(ii) Sequence-controlled single-bridge on a passive load. 

(iii) Sequence-controlled double-bridge on a passive load. 
(iv) PWM bridge converter on a passive load. 

(v) PWM bridge converter on a dc machine. 
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CHAPTER 7 
CONCLUSION 

This chapter presents a summary of the important features of 
the work described in the thesis and concludes with 
suggestions for further research. 

In order to investigate fully the performance of various 
converter configurations and switching strategies, a number 
of laboratory- scale converters were designed and built. The 
commutation phenomenon, which is inevitable with line 
commutated ac-to-dc converters, was fully investigated. It 
was found that. the commutation angle increases with an 
increase in the load current and supply reactance and 
decreases as the commutaling voltage increases. As shown in 
figure 6.10, the commutation angle is a minimum at a firing 
delay angle of 900, where the commutating voltage is a maximum. 
One effect of commutation is to severely distort the supply 
voltage waveform, a process that is termed I notching' and can 
cause mal-operation and misfiring of thyristors. This 
distortion is more severe with sequence control, since there 
are two commutation notches (at the f iring delay angles av and 
af), whereas with conventional control there is only one. 
Another ef f ect of commutation is that it reduces the mean load 
voltage. However, with sequence control the commutation angle 
produced at a firing delay angle af has no ef f ect on the mean 
load voltage during either rectification or inversion, since 
the load voltage is already zero due to free-wheeling. 

Harmonic analysis of the load voltage shows that it contains a 
dc component to gether with even harmonics whose magnitudes 
decrease with increasing harmonic order, with the second 
harmonic therefore being predominant. These voltage 
harmonics produce load current harmonics at the same- 
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frequency, the addition of which determines the peak-to-peak 
load current ripple. A comparison between different 

controllers indicates that the r. m. s. value of the second 

harmonic of the load voltage produced by the sequence- 

controlled double-bridge converter is 44% of that produced 

with a sequence-controlled single-bridge converter when the 

load voltage is 106V and 50% when the load voltage is -106V. 
This substantial improvement in the load voltage harmonics 

results in a corresponding improvement in the peak-to-peak 
load current ripple and consequently in a substantial savings 
in the cost of the output smoothing inductor. The harmonic 

analysis of the supply current waveform reveals that it 

contains odd harmonics whose magnitudes primarily depend on 
the firing delay angle and the type of the controller used. A 

comparison between different controllers shows that the 

sequence-controlled double-bridge converter produces smaller 

supply current harmonics resulting in lower losses and a 
better efficiency than that of conventional and sequence- 

controlled single-bridge converters. The variation of input 

power factor with firing delay angle presented in chapter 6 

shows that the sequence-controlled double-bridge converter 
has a better power factor than either. the conventional or 

sequence controlled single-bridge converters. To improve 

conditions even further, a pulse-width modulation (PWM) 

switching strategy was considered for a single-bridge 

converter. Since the switching devices have to turn-on and 
turn-off when required, and also withstand high voltage and 

current, gate turn-off (GTO) thyristors were selected. The 

switching frequency adopted for this converter was either 2kHz 

or 4kHz. The low-order supply current and load voltage 
harmonics produced at the higher frequency is almost the same 

as that produced at the lower frequency. However, the size and 
the cost of the filter elements to eliminate the high-order 

harmonics, which are located at the switching frequency and 

multiples of it, is smaller at 4kHz than that at 2kHz, but has 

the disadvantage of increased switching losses. A comparison 
between PWM and sequence-controlled double-bridge converters 

shows clearly an improvement in the low-order supply current 
harmonics with the PWM switching strategy; but no change in the 
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load voltage harmonics. This improvement obtained is at the 

expense of producing high-order harmonics, but these can 

easily be filtered. Since the input displacement and 
distortion factors are improved with the PWM scheme, its power 
factor is considerably better than thaý of the sequence- 

controlled double-bridge converter. Another reason for this 

improvement is that the capacitor connected across the 

transformer secondary winding to eliminate the ringing on 
transformer voltage waveforms, also functions to some extent 

as a power factor correction capacitor. 

A major disadvantage with the phase-controllers is a low input 

power factor particularly at low output voltages. This is 

improved substantially with the PWM controller and, in 

addition, the supply current and load voltage harmonics are 

also improved, which results in an important savings in the 

cost and'size of the input and output filtering components. 

With a supply voltage of 240V and a load current of 2A, the 

maximum mean load voltage available from the phase- 

controllers was 212V, compared to the 158V obtained from the 

PWM controller i. e. a reduction of 25%, which is clearly a 
disadvantage. Another disadvantage is the increased 

switching losses caused by more frequent device switching. In 

addition, GTOs are substantially more expensive than 

conventional thyristors and the gate drive circuits for GTOs 

are both more complex and expensive. 

Mathematical models were developed for the PWM bridge 

converter and the sequence-controlled single and double- 
bridge converters, and computer programmes were written in 

Fortran 77 to be run on a mainframe computer. The circuit 
parameters for these models can easily be changed, in order to 

study converters of different power ratings or switching 
frequencies. The ripple content of the load current can be 

varied relative to its mean level, simply by altering the value 
of the load inductance, and so the programmes can be used to 

simulate situations from an almost ripple-free load current to 
the case where the load'is purely resistive. The firing delay 
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angles of each thyristor can be adjusted individually, in 

order to investigate different switching strategies. 
Computed and experimental results were in close agreement, 

which verifies the tensor and model -subroutine techniques in 

developing the digital models. 

Analytical models were developed for sequence-controlled 

single and double-bridge converters and for a conventional 

controlled 
'single-bridge 

converter. The models were 
developed by performing a Fourier analysis on the supply 

current and load voltage waveforms, as described in Appendix 

A2. Mathematical expressions were then derived for the 

Fourier coefficients, and from these the r. m. s. value of the 

n-th harmonic and the corresponding phase displacement angle 

were calculated on the assumption of a completely smooth load 

current. However, such an assumption is not justifiable with 

ac-to-dc converters and consequently the technique of Chapter 

5 was developed to include the load current ripple in 

calculating the supply current harmonics. The results 

obtained from the analytical models agree very closely with 
the, experimental and computed results which substantiates the 

techniques used in developing the models. These simple but 

effective models may supplement the digital ones in predicting 
the performance of the converter circuits. The major 

advantage of an analytical model over a digital one is that it 

allows the designer to assess which circuit parameters 
influence the converter characteristics, such as the input 

power factor, peak-to-peak load current ripple, harmonic 

content of the supply current and load voltage waveforms. 

7.1 Suggestions for Further Work 

The optimal PWM switching techniques used in ac inverters may 
be implemented to eliminate/or reduce low-order supply 

current harmonics, including those injected into the supply 
due to the load-side current ripple. This may be achieved by 

off-line calculation of the turn-on and turn-off angles, such 
that a predetermined number of low-order supply current 
harmonics are eliminated. These calculations may be repeated 
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to provide switching angles for a complete range of output 
voltages and these angles may be stored in look-up tables. All 
that is then required is to retrieve the set of switching 
angles corresponding to the desired output voltage. These are 
then applied to the gates of the GTOs to turn them on and off, 
according to the required sequence. The advantages of an 
optimal PWM switching strategy is the total elimination/or 
minimisation of low-order supply current harmonics, leading 
to a substantial reduction in the cost and size of the input- 
side current filters. An increase in both the input 
displacement factor and, the distortion factor results in a 
better power factor than either phase-controllers or 
conventional PWM switching strategy. A reduction in the peak- 
to-peak load current ripple result's in a reduction in the size 
and cost of the output smoothing inductance. 
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Appendix Al 
Derivation of Mean Armature Voltage 

In deriving the expressions presented in this section, the 

following assumptions were made: 

a) The armature current is smooth and continuous. 

b) Thyristor voltage drops are negligible. 

The circuit diagram and armature voltage waveforms for a 

series connected double-bridge converter are given in f igures 

Al. l(a) and (b) respectively. The mean armature voltage is 

obtained from the unshaded area of figure Al. l(b) as 

1 Ctf 2 Ctf i Vm 
Va :- TIT 

0 -Vm sin(wt)d(Wt) +S 
Cýf 

-2 sin(wt)d(wt) + 

avl+6vl Vm 
sin(Wt)d(wt) +S 

Tr 
Vm sin(wt)d(wt) (Al. 1) 

Cfv2+6v2 
2 

avl+c)vl 
I 

where Vm is the peak value of the supply voltage and 6vl, 6v2 

are the commutation angles defined in figure Al. l(b). 

Integrating equation (Al. 1) gives 

1 
Va-'4T VdOlcOs clfl+cOs Oýf2+cOs(ctvl+6v, )+cOs(ctv2+6v2)I (Al. 2) 

Where afl, avl, af2 and av2 are the firing delay angles and 

2VM 
VdO Tf (Al. 3) 

It follows from equation (2.12) of Chapter 2 that, 

and 

cos(cfvl , 6v, ) = cos av, - 
21aXt 

(Al. 4) VM 

+6 
21aXt 

(Al. 5) cOs(cfv2 v2) ` cOs Ov2 - VM 

, 
Substituting these results in equation (Al. 2) yields 
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I 
Va T VdOICOS Ctfl +COS Cfvl + 

41aXt 
cOs c(f2 +cOs c(v2 vm (Al. 6) 

where Xt is the combined sppply and transformer leakage 

reactance. 

The commutation angles 6f 1 and 6f 2 included in f igure Al. 1 (b) 

have no effect on the mean output voltage for this control 

strategy, since commutation occurs during the f ree-wheeling 

period. The mean armature voltage for a sequence-controlled 

single-bridge converter is obtained by substituting 

Ctvl: --av2ýav, af2r-af2=af and 6v,: --6v2: --6v in equation (Al. 2) as 

1 
Va 7 VdOlcOs Otf + cos(av + 6v)] (Al. 7) 

From equation (2.12) of Chapter 2, 

Iaxt 
Cos (. av + 6v) = Cos CIV - VM (Al. 8) 

and substituting in (Al. 7) gives: 

1 Iaxt 
Va T VdOlcOs Off + cOs ctv Vm J (Al. 9) 

It follows from equation (Al. 8) that, 

a) For a conventional controlled single-bridge converter 
Ctv=af=a, hence 

1 Iaxt 
Va T VdO[2cos a- -V m 

(Al. 10) 

b) For a half -controlled bridge converter (Yf=0, (Yv=cf, so 

that 

I IaXt 
Va 7 VdO 11 + cOs a vm J (Al. 11) 
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If commutation is neglected (Xt=O) equations (Al. 6), (Al. 9), 
(Al. 10) and (Al. 11) reduce respectively to 

1 
Va = VdOlcOs afl +cOs avl +cOs Ctf2 +cOs Ov2] (A1.12) 

Va = VdOlcOs Uf + cOs av] (Al. 13) 

Va = VdO cOs (A1.14) 
I 

and Va -T VdOll + cOs 01 (Al. 15) 

231 



Ia 

i 

VS 

I 

TF 

(a) 

a 

a 

. 
Rf Lf 

Rf 

Vf 

wt 

(b) 

FigureAl. l Series connected double-bridge converter. 

(a) connection. 

(b) Armature voltage waveform. 1 
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Appendix A2 
Power Factor and Harmonic Analysis of the 

Supply Current and Armature Voltage Waveforms 

A2.1 Power Factor and Harmonic Analysis of the Supply 

Current Waveform 

Figure A2.1 shows a series connected double-bridge converter 
employing sequence control. Neglecting commutation, the 

supply current and armature voltage waveforms for a smooth and 
continuous armature current are as shown in figures A2.1(b) 

and (c). Inspection of the supply current waveform reveals 
that the dc component is zero and only odd harmonics exist. The 
Fourier series for this waveform can be represented by 

co 
is =E [a. cos(nWt) + bnsin(nWt)] n=1,3,.. (A2.1) 

n=l 

where is is the supply current waveform. The coefficients an 
and bn are obtained from, 

I 2Tf 
an = Tr 0 

is cos(nwt)d(wt) (A2.2) 

or a1[, 
Uv2-, af2 Ia 

-tnwt)d(wt) + n: -- 0 ac0s(nwt)d(Wt) + Suv2 -2 cuýl 

Uvl Ia Tr+uv2 
S 

C(f 1 
-2 cos(nWt)d(wt)+ S 

Ctvl 
Iac0s(nwt)d(Wt) + 

TT+(Yf 2 Ia 7T+Ctvl Ia 
S 
]T+Ctv2 

-2cos(nWt)d(wt) +S 
Tr+(Yf 1- 

-2 cos(nWt)d(Wt) + 

S 
2Tr 

-Ia cos(nwt)d(wt) (A2.3) 
7T+Ctvl 

I 

giving 

Ia 
an --: -nTT L sin(nctv2) +Sin(nCtf 2) +sin(nctvl )+sin (nuf 1) ] (A2.4) 

and 

b. =I 
27T 

is sin(nwt)d(wt) (A2.5) n TT 
IS01 
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1 Uv2 Cff 2- Ia 
or b. = T- Iasin(nWt)d(wt) +S -2 sin(nwt)d(wt) + 

0 Uv2 
Cfvl Ia TT+Ctv2 

C(f 1 
-2 sin(nWt)d(wt)+ S 

Ctvi 
Iasin(nwt)d(Wt) + 

7T+Cff2 Ia Tr+cfvl Ia 

TT+Cfv2 
-2sin(nwt)d(Wt) +S 

7T+Ctf 1- 
-2 sin(nWt)d(Wt) + 

2TF 

TT+Cfvl 
-Ia sin(nwt)d(wt) (A2.6) 

giving 

Ia 
bn : -- n7T Lc; us(ncýv2)+cos(naf2)+cos(nuvl)+cos(nafl)] (A2.7) 

The nth-harmonic rms current In is 

I= 
Ian 2+ bn 2 

(A2.8) n12 

Using equations A2.4 and A2.7 yields 

J-2Ia 2+cos n(uv2-af2)+cos n(av2-Cfvl) + 
In rTT-r 2 

cos n(cfv2-afl)+cos n(af2-avlj I 
2 

----T cos n('Off2-afl)+cos n(avl-afl 
2 (A2.9) 

Operating in zone 1 af 1--av2ýUf 2, which when substituted in 

equation A2.9 gives 

In ý-2 5+3 cos n(avl - afl) 
Ia li iT2 (A2.10) 

and in zone 2 uv2ý-afl so that 

In F2] 3+2cos n(Cfv2-Cfvl )+ 2cos n(Cfv2-Ctfl )+ cos n(avl-cffl) 
(A2.11 

a2 

For a sequence controlled single-bridge Uvl=Ufl=Ctv and 
Ov2=1ýXf2=0f- Substituting in equation A2.9 yields 
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In 2ý22 11 + cos n(cfv-af) 
Ia ý-- n7f 12 (A2.12) 

For a conventional controlled single-bridge in which 

avlýav2: --afl: --af2--': a which gives 

In 2 ý72 
Ia= nTF (A2.13) 

The input displacement angle for the nth-harmonic is 

an 
On = tan-' bn (A2.14) 

Using equations A2.4 and A2.7 yields 

sin nofv2 + sin naf 2+ sin no(vj + sin naf 1 
Oný-tan-l cos nav2 + cos nuf 2+ cos nuvl + cos naf 1 kA2.15) 

where the minus sign indicates that the supply current lags the 

supply voltage. The displacement angle for the fundamental 

component is obtained by putting n=l in equation A2.15 as 

On: ---tan-l , 
sin uv2 + sin af 2+ sin (Yvl + sin af I 

taz. 16) COS Ctv2 + COS af 2+ COS ctvl + COS (xf 1 

When operating in zone 1 

f3sin cffl+sin avl 
tan-I (-S-C-C)s (yf +Cos cfvl (A2.17) 

and in zone 2 

i 2sin cfv2 I sin av, + sin ctf 1 
tan- (-2-cos (y v2 + cOs (Yvl + cOs ctf 1 (A2.18) 

For a sequence-controlled single-bridge 

cxv +Cxf 

tan-I -2 (A2.19) 

and with conventional control, 
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ol =- tan-1 a (A2.20) 

The supply power factor is, 

Il 
P. F. Is Cos 01 (A2.21) 

where Il is the rms value of the fundamental component and Is is 

the rms value of the supply current. 

Referring to figure A2.1(b), it follows that 

11 
2TT 2d(Wt) (A2.22) S 21T 0 

is 

or 
Ia 3(lv2+ctf 2-3UVI-af 1+4T[ 

Is 2 Tr (A2.23) 

Operating in zone 1 

Ia 3 (Ctf 1-ctvl ) +4Tr 
-2 7T (A2.24) 

and in zone 2 

Ia 4ctv2-3Ctvj-Ctfj+4 
(A2.25) s ý-- -2 TT 

For sequence controlled single-bridge 

I TT-Cfv+ctf 

aI IT (A2.26) 

and for a conventional-controlled single-bridge 

Is = Ia (A2.27) 

The supply power factor for a sequence-controlled double- 

bridge converter operating in zone 1 is 
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TT[5 + 3cos(Cfvl-(Yf-, -T 
P. F. = 0-9 

] 
6(Ctfl-Uvl) + 8TT 

3" ctfl+sin ctvl 
cos tan- 1( 

sin 
ctfl+cos (A2.28) 3cos Ctvlj 

and when operating in zone 2 

TIL J+Zcos (Ctv2-Ovl) + 2cos (Ctv2-ctf 1)' Cos (Ctvl -Oýf 1 
P. F. =0.9 

I 
8ctv2-6avl-2Ctfl+8: ff 

2sin C(v2 + sin Ctvl + sin af 1 
(A2.29) COS tan- 2cos uv2 + COS Uvl + COS C(f 1) 

For a sequence-controlled single-bridge 

Cos av + COS af 
P. F. = 0.8 L, I (IT - av + Ct f)j 

(A2.30) 

and for a conventional controlled single-bridge 

P. F. = 0.9 cos a (A2.31) 

A2.2 Harmonic Analysis of Armature Voltage Waveform 

Neglecting commutation, the armature voltage waveform of 
figure A2.1(c) may be represented by the Fourier series 

co 
Va : -- Vdc +Z [anvc0s(nwt) + bnvsin(nWt)] n=2,4,. (A2.32) 

n=2 

1 TT 
where Vdc 

0 
Vm sin (Wt) d(Wt) (A2.33) 

2 7T 
anv 

0 
Vm sin(wt) cos(nwt) d(Wt) (A2.34) 

2 TF 
bnv T0 Vm sin(Wt) sin(nWt) d(Wt) (A2.35) 

The dc component- Vdc is the average value of the armature 
voltage waveform, as is evident from equation A2.33. 

Equation A2.32 can also be expressed as 
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co 
Va -= Vdc Z Mnsin(nwt+On)) n=2,4,. (A2.36) 

n=2 

anv 2+bnv 2 
Vn 2 (A2.37) 

1 anv 
(A2.38) On tan- bnv 

where Vn is the rms value of the nth-harmonic and On is the 

phase angle. 

The coef f icients anv and bnv f or the armature voltage wavef orm 

of figure A2.1(c) are 

2 CtV2 
a -- - Vmsin(wt)cos(nwt)d(wt) + nv"4 ff 

Is0 

Ctf 2 Vm Uvi Vm 

Uv2 -2 sin(Wt)cos(nwt)d(wt) +S 
C(f i 

-2sin(wt)cos(nwt)d(wt)+ 

IT 
Vmsin(wt)cos(nWt)d(Wt) (A2.39) 

Ctvl 
and 

2 [, C(v2 
bnv--: lF 0 -Vmsin(wt)sin(nwt)d(Wt) + 

Ctf 2 Vm Ctv I 

av2 -2 sin(wt)sin(nwt)d(Wt) +j 
Ctf i 

Tr 
Vmsin(wt)sin(nwt)d(wt) 

C(vl 
I 

which reduce to 

VM 
2 sJ-iikwt)sin(nWt)d(Wt)+ 

(A2.40) 

Vm 11 
anv ý'- Tr L-ii-+-l cos A cos B cos C cos D+ 

cos E cos F cos G cos H (A2.41) 

and 

Vm 11 
bnv ý- Tr L-H-+l sin A cos B sin C cos D+ 

sin E cos F sin G cos H (A2.42) 
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(n+ 1) (Cff 2+cfv2 
where A=2 (A2.43) 

(n+l)(af2-ctv2) 

=2 (A2.44) 

(n-1) (Cff2+cfv2) 

=2 (A2.45) 

(n-1 ) (Otf 2-Otv2) 
D=2 (A2.46) 

(n+l)(avl+(Yfl) 
E=2 (A2.47) 

(n+ 1) (0tvl -Ctf 1 
F=2 (A2.48) 

(n-1) (Otvl+cff 1) 
L-7 =2 (A2.49) 

H= (A2.50) 2 

The Fourier coefficients anv and bnv for a sequence controlled 

single-bridge converter are obtained by substituting 
cfvl=cffl=(Yv and av2=af2=(Yf in equations A2.43 to A2.50, which 

gives 

Vm i-1 
anv : -- Tr VET-l cosAcosC+ 

cos E cos G (A2.51) 

Vm 11 

bnv : -- TT L-jj-+-j sin A sin C+ 

sin E sin G (A2.52) 

where A= (n+l)af (A2.53) 

C= (n-l)af (A2.54) 

E= (n+l)Uv (A2.55) 
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(n-l)av (A2.56) 

For a conventional controlled single-bridge converter 

avl--': aflýav2ý--af2ýa, so that 

2VM 11 
anv 7- -ff [-jj-+j cos 'A - -, j--l cos Cl 

2VM 11 
bnv Tf [-iT+-, sin A sin Cl 

where A= (n+l)Ct 

(n-l)ct 

(A2.57) 

(A2.58) 

(A2.59) 

(A2.60) 
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FigureA2.1 Series connected double-bridge converter. 
(a) Connection. 
(b) Supply current waveform. 
(c) Armature voltage waveform. 
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Appendix A3 
Snubber-circuit Design 

The snubber circuit configuration is shown in figure A3.1. The 
design data for the converter grade thyristor CR24U quotes a 

maximum continuous on-state current IT of 36A and a maximum 
dv 
ay of 20OV/ps. It follows that 

IT 
CS = dv 0.18PF [dtJ (A3.1) 

A standard 0.22pF, 250V ac capacitor was chosen. The resistor 
Rs was selected to limit the peak anode current at turn-on to 

about 1.5A for a supply voltage of 240V. This yields a value of 
Rs = 2200. 

V 

I 

A 

Rs 

cs 

FigureA3.1 Snubber circuit configuration 
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. 
Appendix A4 

Selection of Fuse Links FS1 and FS2 

Assuming a continuous armature current of 11A and referring to 

figure A4.1, Isecl--: Isec2--': 11A. 

The impedance of the power transformer TF1 is 2.4% which gives 

a prospective fault current of 

llxloo 
Ifault = --ýý-A 459A 

Since the fuses must carry the transformer secondary current 
of 11A, International Rectifier fuse links A350-12 [43] were 

selected. From the fuse characteristics presented in the 

reference, j2t and the cut-off current Ico were obtained as 

12t=25 A2-s 

ICO=20OX0.8=160 A 

From the thyristor specifications 

ITSM=375XI. 4=525 A 

12t=700 A2-s 

Since the cut-off current and j2t let through of the fuse are 
smaller than the ITSM and j2t of the thyristor, the fuse link 

A350-12 is clearly suitable for this duty. 
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Appendix A5 
Choice of Heat Sink 

The maximum allowable on-state power loss in a thyristor is 

given by VFIF where IF is the maximum anode current and VF the 

forward voltage drop corresponding to this current. For 

thyristor type CR24U the maximum allowable loss is therefore 

66.6W. The heat P transferred to the surroundings is 

proportional to the temperature difference between the 

junction and the surroundings, with the constant of 

proportionality being known as the thermal resistance. The 

overall thermal resistance from junction to ambient Rja is 

then 

Tj-Ta 
Rja p (A6.1) 

where Tj=1350C is the maximum junction temperature defined in 

the specifications for thyristor CR24U. If the surrounding 

temperature Ta is taken as 200C then, from equation A6.1, 

Rja=1.720C/W. However 

Rja=Rjh+Rha (A6.2) 

where Rjh is the junction-to-heat sink thermal resistance and 

Rha is the heat sink-to-ambient thermal resistance. 

With Rjh taken from the thyristor specifications as 1.10C/W, 

it follows from equation A6.2 that Rha is 0.620C/W. A heat 

sink having a thermal resistance lower than this figure is 

required. 
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Appendix A6 
Pulse-transformer Design 

Consideration of figure A6.1 shows that the base current of 
TR3(ib3) can be calculated from: 

Vc2 + R453 + Vbe3 + 03ib3R5 = 10 Q9.1) 

Assuming a collector voltage drop Vc of 1V, a base-emitter 

voltage drop Vbe Of 0.7V and a current gain 03 of 70, it follows 

from equation A9.1 that ib3=4mA. The input voltage Vi to 

transformer TF1 is, 

Vi ý 10 - Vc3 - P'b3R5 (A9.2) 

which enables Vi to be calculated as 4.8V. 

The input voltage, the rate-of -change of flux and the number of 
turns N on the 1: 1 ratio pulse transformer of figure A6.1 are 
related by the equation, 

Vi 
-T-d ýT (A9.3) 
I -d-t i 

From figure A6.3, the number of turns is 

Viton 
N (A9.4) 

max 

If Bmax is the maximum permissible flux density in the 

transformer core and Ae is the magnetic cross-sectional area, 
then 

Ifiton 
N : -- BmaxAe (A9.5) 

The core of the pulse transformer has a magnetic cross- 

sectional area of 224mm2 and for an operating frequency of 2kHz 

with a 50% duty cycle, ton = 250ps. From equation A9.5 the 

number of turns was calculated as 40 for a maximum flux density 
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of 0.13T. The wire diameter required is dependent on the rms 
current, and is 

Irms ý-- IpFD (A9.6) 

where Ip is the peak winding current and D the duty cycle. For 
D=0.5 and Ip: --03ib3=0.28A, Irms=0.2A. 

The current density J is 

Irms 

ITd2 (A9.7 
4 

giving 
41rms 

d=] jTr (A9 . 8) 

Assuming a current density of 2A/mm2, d=0.36mm. The nearest 
available wire size is 0.4mm and this was used for both primary 
and secondary windings. 
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FigureA6.2 Pulse-transformer primary voltage waveform. 
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FigureA6.3 Pulse-transformer flux waveform. 
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Appendix A7 
I 

Choice of Heat Sink 

The GTO thyristor and its series diode of figure A7.1 are 
mounted on the same heat sink and the heat flow diagram for the 

assembly is shown in figure A7.2. The forward conduction power 
loss of the diode Pd calculated from the product of the forward 

current and the forward voltage is 20W and that of the GTO Pg is 

precisely the same. The diode base temperature at the heat 

sink Thd is given by 

Thd = Tjd - PdRjhd (A13.1) 

where Tjd is the diode junction temperature. Although the 

maximum temperature quoted in the data sheet is 1500C, a limit 

of 1200C was used in the present application to provide a 

safety margin of 300C. The junction to heat sink thermal 

resistance of the diode Rjhd is 3.30C/W hence, 

Thd : -- 120 - 66 = 540 

The GTO base temperature at the heat sink Thg is given by 

Thg -= Tjg - PgRjhg (A13.2) 

where Tjg is the GTO junction temperature. Although this has a 

quoted maximum of 1200C in the data sheet, a limit of 900C was 

used in the present application. Rjhg is the junction to heat 

sink thermal resistance of 1.80C/W so that 

Thg = 90 - 20xl. 8 = 540C 

Since the diode and the GTO are mounted on the same heat sink, 
the total power dissipated is 40W. If the heat sink 
temperature is taken as the average base temperature Tab of the 
diode and the GTO, then: 
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54 + 54 
Tab : -- -2 = 540C 

and the heat sink should have a thermal resistance of 

Tab - Tamb 54 - 20 
Rh =-- Ptot -4-0 0.850C/W 

where Tamb is the assumed ambient temperature of 200C. 
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FigureA7.1 Single-phase GTO thyristor bridge converter. 
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FigureA7.2 Heat flow diagram. 
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Appendix A8 
Snubber-circuit Design 

The snubber circuit configuration is shown in figure A8.1. 

Assuming a switching anode current IP of 10A and a reverse gate 
dv 

voltage VGR Of 1OV, f rom the GtO data sheet -d-t should be 

limited to 350V/ps. Since 

Ip 
Cs = [dvj 

dt 
(A14.1) 

a snubber capacitor of 0.047pF with an ac voltage rating of 
1500V was chosen. The high speed diode Ds must be capable of 

conducting Ip for several microseconds, for which duty the 

, 
Mullard device BY329-1000 is suitable. Resistor Rs was 

, selected as 47Q, to limit the peak anode current at turn-on to 
7.2A- -with a supply voltage of 240V. In , addition, the 

requirement that 

Ton(min) 
RsCs <5 (A14.2) 

limits the minimum turn-on time to 711s. The power rating of the 

snubber resistor is, 

Rs = 0.5CSV m 
2fs = 11W 

where Vm is the. peak supply voltage and fs is the worst case 

switching frequency which is 4kHz. 
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FigureA8.1 Snubber circuit configuration. 
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Appendix A9 
Design of the Frequency Synthesizer 

A CMOS 4046 phase-locked loop-, PLL, was used in the frequency 

synthesizer circuit of section 4.5.1 of chapter 4. The design 

of the external circuitry of the phase-locked loop shown in 

figure A9.1 is outlined in this Appendix. 

A9.1 VCO Component Selection 

The operating frequency range of the voltage controlled 

oscillator (VCO), which is from 40Hz to 4kHz, is determined by 

the external capacitor Cl and the two external resistors Rl and 

R2 of figure A9.1. Given a minimum frequency of 40Hz, R2 and Cl 

were determined from PLL data sheet as 1MQ and 0.047pF 

respectively. However resistor Rl was determined as lkQ by 

trial and error [29], in which, with VCOin(pin 9) of 4046 

connected to VDD, Rl was varied until the output frequency at 

pin 4 was 4kHz. 

A9.2 Low-pass Filter Component Selection 

In the low-pass filter configuration of figure A9.2, the 
R4 

damping ratio is 0=0.2 [21]. It follows that 'R3 and 

with R3=27kQ, R4=5.4kQ, or 5.6kQ to the nearest standard 

value. If the break point frequency fz of the low-pass filter 
1 

(i. e. its zero) is 1OHz, it follows from R4C = _XT-iff that 7. 

C=3. IpF or 3.3pF to the nearest standard value. 
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0v 

FigureA9.1 External circuitry of Phase-locked loop. 

R3 

R4 

C 

Figure A9.2 Circuit diagram of low-pass filter. 
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Appendix A10 
List of Components Used in the Experimental Work 

List of components used in the experimental work of chapters 3 

and 4. 

d-T-T, Anrv, VID 'a 

Figure 3.1 

TF1 Primary winding 250V, 5OHz, 1.5kVA 

Two secondary windings 

Secl 125V, 5OHz, 750VA 

Sec2 125V, 5OHz, 750VA 

FS1, FS2 A350-12 

TltoT4 CR24U 
tltOt4 CR24U 

Rs 2209,2.5W 

CS 0.22pF, 250V 

Figure 3.3 

TF1 Primary 240V, 5OHz, 12VA 

Secondary 5V, 5OHz, 12VA 

All resistors 0.5W, 5% 

RltoR4 lOk' 

R5, R7 4700 

R6, R8 4.7k 

Rq, Rll 2.2k 

RIO 220K2 

Figure 3.4 

All resistors 0.5W, 5% 

Rl 4.7k 

Ru 100k 

PSltoPS4 47k 

RltoR8 4.7k 

Capacitors 

Cl, C2 2.2PF 

Semiconductors 

TR1, TR2 ZTX451 

ICltoIC4 Op. Amp. 741 series 
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RqtoR12 150K2 

Semiconductors 

Icl Voltage regulator LM7805 

IC2toIC5 Operational Amplifier 741 series 
IC6, IC7 7414 

IC8, IC9 74123 

ZItOZ4 BZX79C4V7 

Fiqure 3.5 

Rj, R2 150K2,0.5W, 5% 

Semiconductors 

Zl, Z2 BZX79C4V7 

IC1, IC2 7408 

Figure 3.6 

Icl 555 timer 

IC2, IC3 7408 

Figure 3.7 

TF1 Core FX2242 

Primary and secondary windings of 40 turns with 0.4mm 

diameter wire. 

Rl 10k, 0.5W, 5% Semiconductors 

R2, R4 lk, 0.5W, 5% TR1, TR3 ZTX451 

R3 2.2k, 0.5W, 5% TR2 ZTX551 

R5 150,2.5W, 5% Dj, D2 IN5399 

R6 4.7Q, 2.5W, 5% Z1 BZX79ClO 

Figure 3.9 

All resistors 0.25W, 5% 

RltoR8 10k 

RqtOR20 lk 

R21toR26 10k 

Semiconductors 

ICItoIC4 74LS374 

IC5toIC12 74LS85 

IC13, IC14 74LS93 

IC15- 7404 
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Miscellaneous- 

pbl to pb4 Push button SPNO switch, 1.5A @ 12Vdc 

SWl to SW8 End stackable single throw 8 way switch 

Figure 3.10 

TF1 Primary 240V, 5OHz, 12VA 

Secondary 5V, 5OHz, 12VA 

All resistors 0.25W, 5% 

RltoR4 10k 

R5, R6 lk 

Semiconductors 

Zl, Z2 BZX79C4V7 

ICI, IC2 Operational amplifier 741 series 

IC3, IC4 74123 

IC5 7432 

Figure 3.11 

IC1 to IC4 7411 

f, xxx nwrimi3 

Fiqure 4.1 

TFI Primary winding 250V, 5OHz, 1.5kVA 

Secodondary winding 250V, 5OHz, 1.5kVA 

FS1 A350-5 

Tj to T4 BTV58-100OR 

D1 to D4 BY329-1000 

Rs 47Q, 1OW, 5% 

cs 0.047pF, 1500V 

Ds BY329-1000 

Fiqure 4.2 

All resistors are 0.5W, 5% Capacitors 

Rj, RlO 10k Cl, C2 220pF 
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R2 2.2k C4, C6 150PF, 16V 

R3 390Q. C3 22nF 

R4toR6 4.7k Semiconductors 

R7 270K2 TRI BC548 

R8 lk TR2 BD645 

Rg 390 TR3 BD675 

INVatOINVf HEF40106B 

Figure 4.3 

TFI Primary 240V, 5OHz, 50VA 

Secondary 30V, center tap, 50Hz, 50VA 

Cl, C2 470pF, 40V 

Brl BY225 

VRI LM7812CT 

VR2 LM7912CT 

Figure 4.4 

TF1 to TF4 AT4043/48 Semiconductors 

Rl 18k, 0.5W, 5% IC1 555 timer 

R2 12k, 0.5W, 5% DltOD3 BAW62 

R3 100Q, 0.5W, 5% D4 BZX87-C33 

R4 6.8Q, 11W, 5% TR1 BDX35 

R5 470Q, 0.5W, 5% D5toD12 BAVIO 

Capacitors D13toDI5 BZX79-C12 

Cl 560pF 

C2 lOnF 

C3 22nF 

C4 150pF, 25V 

Figure 4.5 

TF1 Primary 240V, 5OHz, 12VA 

Secondary 5V, 5OHz, 12VA 

All resistors 0.25W, 5% 

Rl, R2 10k 

R3, R4 lk 

Capacitors 

Cl 0.047pF 

C2 3.311F 
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R5 IM9 C3tOC5 0. lPF 
R6 27k C6 0.15)IF 
R7 5.6k 

R8, Rq lk 

Semiconductors 

Dl BZY88C5V6 
D2 BZY88C3V9 
Icl Operational amplifier 741 series 
IC2 4046 

IC3, IC4 4018 

IC5 4029 

IC6 4069 

IC7 TL071 

Fiqure 4.6 

All resistors 0.25W, 5% Cl 0.047pF 

Rl 10k 

R2 220k 

R3, R5 lk 

R4 l0k 

Semiconductors 

IC1, IC2 Operational amplifier 741 series 

Figure 4.7 

All resistors 0.25W, 5% Semicondutors 

RI, R4, R5, R7, R8, Rlo, Rll 10k ICltoIC4 TL071 

R2 15k 

R3 20k 

R6 6.2k 

Rg 50k 

Figure 4.7 and 4.8 

IC1, IC2, IC4 4069 

IC3 4081 
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Appendix All 
Parameters Used in the Computer Model 

All. 1 Sequence-controlled Single-bridge Converter 

Referring to figure All. 1, the parameters of the source 

impedance, power transformer and thyristors together with the 

mutual inductance between the windings are respectively: 

R11 = 0.10 L11 = 0.01H 

R22 = 0.50 L22 = 5.4005H 

R33 = 0.50 L33 = 5.4005H 

R44 = R55 = R66 = R77 = O-Q 

L44 = L55 = L66 = L77 = 10-6H 

M23 = M32 = 5.4H 

All. 2 Sequence-controlled Double-bridge Converter 

With ref erence to f igure Al 1.2, the parameters of the source 

impedance and power transformer together with the mutual 

inductance among the windings are: 

Rll = 0.1Q 

R22 0.50 

R33 0.1250 

R44 0.125Q 

M23 = M32 = 2.7H 

M24 = M42 = 2.7H 

M34 = M43 = 1.35H 

L11 = 0.01H 

L22 = 5.4005H 

L33 = 1.35H 

L44 = 1.35H 

The thyristor parameters R55 to R1010 and L55 to L1010 are 

equal to, 

R55 2-- 00 L55 = 10-6H 
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FigureAll. 1 Branch reference frame for single-bridge converter. 
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FigureAll. 2 Branch Keference frame for double-bridge converter. 
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