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ABSTRACT 

. .._.~ ....... 

A complete DC-DC motor drive (battery, chopper and motor) 

- is investigated with a view to optimising efficiency. The 

losses at each stage are analysed in detail and proposals 

are made to minimise them. The overall system is also 

modelled for the purpose of computer simulation. 

The computer model is used to investigate the possible 

efficiency saving if both field and armature current are 

controlled. An optimum control syste~ is developed and 

compared with other control systems. \ 
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SUMMARY 

When investigating the efficiency of a de to de motor drive 

it is important to consider the system as a whole, including 

the de source, the chopper converter, the motor and the method 

of control. 

In this thesis the lead-acid battery, the chopper and the de . . . 

motor are examined in detail with the two-fold purpose of mini-

mising losses and modelling the system accurately for computer 

analysis. 

\ 

The chopper design is first discussed and:transfer equations 

developed. The minimisation of switching, snubber, on-state, 

free wheel diode and inductor losses is investigated as well 

as the choice of chopping strategy. 

The motor is regarded as given/and design changes are not 

considered. The copper, brush, iron, mechanical and stray 

losses are discussed theoretically and their experimental 

determination described. 

The pulses of current irt the battery cause increased loss and 

methods of reducing this are discussed. Modelling the battery 

as an internal EMF and series resistance is insufficient and 

a more·'·adequate equivalent circuit is described. 

Overall efficiency is improved if both armature and field 
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current are controlled. The overall system model is arialysed 

by computer to determine the relationship between field;and 

armature currents for optimum efficiency. The efficiency of, 

the optimum control system ~s also compared with various other 

control systems. \ 

It is shown that the efficiency improvement of an optiiUm con­
! 

troller is less than 1% compared with a shunt motor and about 

0.25% compared with a series motor for a typica~ electric 

vehicle test cycle. A permanent magnet motor is about 0.8% 

more efficient over the same test cycle. This efficiency 

sa~ing is very dependent on the chosen test cycle and will vary 

with the ~articular application. 

Finally, a practical design for an optimum controller based on 

a microprocessor is developed. 
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1.1 POWER CONVERSION 

In order for electricity to be of practical use, it invariably 

needs to be controlled. That is the rate o~ power flow from 

a,fixed source needs"to be adjustable. In addition the form 

of the supply often needs to be modified to suit the particu­

lar application. 

In general, there are three ways of achieving power conversion. 

Firstly, linear resistive converters absorb the power not 

required. This can be implemented using a bank of switched 

resistors or a transistor used as a controlled resjstance (as 

in Class A, Band C amplifiers). Secondly, two electro-

mechanical machines can be connected to provide power conver­

sion. The DC-DC Ward Leonard converter is a good example of 

this. Thirdly, switching converters operate by alternately 

connecting and disconnecting the power source and the load. 

The resistive c.onverter is simple and inexpensive but is very 

inefficient. Electromechanical converters provide excellent 

conversion but can be large and costly. The switching con-

verter option is becoming increasingly attractive since it 

theoretically prov~des lossless c?nversio~. 

The topic of this thesis falls into the general field of 

"switching power converters". 
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1.2 SWITCHING POWER CONVERTERS 

1.2.1 Historical Overview 

... 

The idea of using switching power converters was first 

developed in the early 1920s. Since then, development has 

been largely tied up with the state of the art of switching 

devices. 

Initially· me"rcUry-arc r.ec-t:i"fiers and grid-controlled mercury-

arc tubes were used. These suffered from many limitations 

such as cost, reliability and efficiency. 
I 

In the 1950s high 

power mercury-arc devices were developed. 
\ 

These were largely 

used in high voltage direct-current transmission. 

During the Second World War magnetic amplifiers or controllable 

saturable reactors were used, mainly for ac-ac conversion. 

The beginning of the semi-conductor industry in 1948 with the 

development of the transistor was the most significant event 

in the field of switching power converters. This led to the 
_) 

development of the thyristor in 1957 and these devices were 

available by 1961 with ratings of about 20P A and 1000 V. It 

then took about five years before most of the initial problems 

were solved and wide spread use became a practicality. 

The need for forced commutation was a major iimitation in .. , 

thyristors and toward the end of the 1970s, improved power 

transistors began t9 challenge the thyristor in medium and 

low power applications. 
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The most recent development in semi-conductor switches has 

been the development of metal-oxide semiconductor field-effect 

transistors (MOSFETS) in 1978. These devices are currently 

available with ratings of about 100 V and 30 A. They are 

easily paralleled,to provide higher current ratings. They 

have many advantages including absence of second breakdown and 

very high switching speeds. MOSFETS are likely to become in-

creasingly s~gnificant in switching power converters. 

\ 

Other than the development of switching devices, there have 

been very few significant developments in converter topology 

over the past twenty years. 

\ 
\ 

1.2.2 Unified Theory of Switching Converters 

In a recent book, "Switching Power Converters" 1 (P.Wood) , the 

author has attempted to bring all the possible combinations of 

switching power converters under a unified treatment of the 

subject. 

The conversion of polyphase ac to polyphase ac is regarded as 

the most general case and-all other possibilities as special 

cases. An hierarchy of converters is shown in Table 1.1. 

TABLE 1.1 Polyphase ac to polyphase ac 

~ ---------single - phase ac to polyphase ac polyphase ac to single-phase ac 

I I 
de to polyphase ac polyphase ae to de 

I 
· de to single-phase ac 

I 
single-phase ae to de 

~e -----to de 

I 
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The converter can then be regarded as a matrix of swi tc
1

hes 

and its behaviour mathematically described using existence 

functions and Fourier series. 

1.2.3 Motor Drives 

I 
Switching power converters are useful in many applications 

one of the most important being motor drives. 

Converters are available to drive both ac and de motors. There 

is a wide variety of ac motors available, the most common 

being induction motors and synchronous machines. 2 

De motors are generally either shunt or series wound. Recent 

developments are making the control of both field and armature 

cur.rents : in a separately excited machine a possibility. 

Development is taking place on permanent magnet motors as well 

as motors with disc-shaped rotors. Tests have been done 

on controlling speed by varying the field only, this being 

done usually in conjunction with a gearbox. 

Converters have been developed for each of these machines from 

polyphase, single phase and de sources. 

l. 3 DC TO DC MOTOR DRIVES 

The subject of this investigation has been limited to the most 

speciali~ed ~ase of power switching converters listed in Table 

1.1, that of qc-dc conversion. Furthermore, it has been 

limited to the particular application of de-de motor drives. 
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A large amount of material has been published on the subject 

over the last decade (references 3 to 20). Until recently, 

much of this has been concerned with the problem of thyristor 

commutation with few other creative innovations. 

1.3.1 Electrical Vehicles 

A brief overview of electrical vehicles provides motivation 

for this thesis, although its scope is not limited to this 

application. 

Owing to the limitation of oil resources and the problem of 

pollution,· the electric vehicle has been suggested as an 

alternative to the internal combustion engine. 31 21 • 22 The 

viability of this option has been a subject of much debate. 

Many electric vehicles have been built, mostly experimental 

models. Currently, their. practical use has been limited to 

delivery vehicles and public transport. 

There are currently two major limitations to the widespread 

use of electrical vehicles. The weight and speed of charging 

of the lead acid battery and, secondly, the initial capital 

cost is likely to be between 50 and 100% greater than the 

Internal Combustion vehicles~ 22 There is presently little 

difference in the efficiency of the two systems when traced 

back 22 to energy source. 

The de motor has tr~ditionally been used for electric vehicles 

but other possibilities are also being considered. Electronic 
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dc-ac converters are making the use of induction motors a 

viable option. Tests on hybrid vehicles,_ containing both 

. 23 electric an? Internal Combustion motors have been done. 

Efficiency is one of the most important considerations in the 

design of an electric vehicle drive. It can be shown that 

in the case of a commercial one-ton truck a 1% efficiency im-

provement ma«es it possible to reduce battery mass by 12-15 kg; 

hence the need for an efficient control system.including regene-

. b k' 20 rative ra ing. 

\ 
1. 3. 2 DC Sources 

The lead-acid battery has a long history of use and is currently 

the most viable option as a DC source. It is relatively 

cheap and robust. However, it has the disadvantage of a very 

low energy storage density and is,· therefore, very heavy. 

Attention has been giv~n to reducing the weight of containers 

and grids. 

Much research is being done to develop alternatives. Many 

possibilities have been proposed, each with limited success 

and their own problems. A useful survey of the state of the 

f . d . . . f 21 art o some main conten ers is given in re erence. These 

include metal-aqueous batteries (nickel-zinc, nickel-iron, 

nickel-cadmium), metal-oxygen batteries (zinc-air, iron-air) 

and high temperature batteries (sodium-sulphur, lithium-

sulphur). Fuel ceils are a further option for use as a de 

source. 
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" The future of electric vehicles is largely linked with the 

'' 
development of alternative batteries. However, it is diffi-

cult to predict which will be the most likely candidate. 

The lead-acid de source was chosen for investigation ~n this 

thesis, since it is the only battery which is commerci~lly 
available at present and it currently has the most wid~~pread 
use. 

1.4 BREAKDOWN OF SOURCES OF INEFFICIENCY 

Electrical losses occur in the battery, chopper and motor. 

In addition iron and mechanical losses occur in the motor. 

A 96 V 3. 7 KW motor is extensively analysed in this thesis 

to illustrate the principles involved. The comparative 

losses of this shunt motor operating over the standard test 

cycle in section 5.3.5 are tabulated below. 

Battery Motor Chopper 

- . 
Electrical Electrical Iron Mechanical Electrical 

19.0% 44.1% 23.1% 13.3% <0.5% 

TABLE 1.1 
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1. 5 SCOPE OF THESIS 

Many factors need to be considered when designing high perfor-

. 23 
mance de-de converte-rs. Some of these are listed below: 

(a) efficiency of conversion 

(b) economic considerations 

{c) size and weight 

(d) complexity 

(e) reliability and ease of maintenance 

(f) smooth control (particularly in transition between 

modes) 

(g) stability of dynamic characteristics 

(h} accuracy of control 

(i) speed of response 

{j) protection 

(k) cycle life of system 

(1) availability of components. 

From these considerations, the criteria of efficiency is the 

subject of investigation in this thesis. Many studies on the 

subject examine the individual components of the system. How-
. 

ever, it was felt to be important.that the efficiency of the 

whole system be investigated, including the lead-acid source, 

the chopper converter and the de machine. 

The chopper design is first examined in detail with a view to 

minimising losses. The motor and battery are then investi-

gated. These are regarded as given components which are not 



open to design changes and, therefore, the goal of these two 

chapters is to model the motor and battery as accurately as 

possible for computer simulation. The possibility of con­

trolling both field and armature currents is then analysed with 

respect to the effect on efficiency of the whole system. An 

optimum control system is proposed and this is compared to 

other options. Finally, a practical design is developed. 
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CHAPTER 2 
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THE CHOPPER 
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1 1 

2.1 PRINCIPLES OF OPERATION 
I 
: 1. 

2.1.1 Circuit and Waveforms 

A circuit using a simple two-way switch can be used to des-

i . 
cribe the operation of a two quadrant DC-DC chopper cpntrolling 

the armature current of a DC motor. 1 • 24 • 25 

lb 
A Rq Iq 

B 

FIGURE 2.1 

When the switch is in position A, current will flow from the 

battery through the armature and when in position B, no current 

will flow from the battery but armature current will be main-

tained by the inductance Lq. 

lb 
B A B A B 

lb av ----- -- -----· --· -· ---

FIGURE 2.2 

A B A 
switch 
position 

Iqave 
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If TA equa~s the time the switch is in position A and TB the 

time in position B, then the mark space ratio (M) is defined 

as 

M = 

As the mark space ratio is increased, the average current 

through the·~otor {Iq) increases. 

. . 
2.1.2 Regeneration 

In order to cause the current to flow from the motor into the 
\ 

\ 

battery source, a voltage step-up mode is required since 

( 2 .1 ) 

The circuit in Figure 2.1 will enable this. If the time TB is 

sufficiently long, the voltage E will cause I to flow nega-
q q 

tively. When the switch is changed to position A, the induc-

tance L will attempt to maintain this negative current. 
q 

Current will then be delivered to the battery in pulses. 

The critical value of mark space ratio at ~hich regeneration 

occurs is dependent on Eq {assuming a constant EB). This 

armature voltage varies with the machine speed and flux. 

2.1.3 Transfer Equations 26 • 271 28 

The relationship be~ween IB (average) and Ig (average) as a function of 
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mark space ratio is not immediately obvious, particularly in 

the case of regeneration. For example if M = 0, a large I q 

will flow but zero current will flow through· the battery. 

What is the greatest current which can be regenerated and at 

what mark space ratio? 

An equation relating IB to mark space ratio (M) is developed , ave 

in Appendix .1.1. The constants in the equation are armature 

resistance (R ), armature inductance (L ), battery voltage (EB) 
q q 

armature voltage (Eq)' Chopping Period (T). Mark space ratio 

is defined in Equation (2.1). 

~ - Eq 
R 

--{l 
(e L 

-R 
M)T\ -LMT 

~ 1) (e -1) 
I Bave = R • M 

q 
R . 

--TI 
(e L , - 1) 

L 
This equation tends to a limit as the ratio rf tends to 

infinity, i.e. for a very large inductance or very high 

chopping frequency (see Appendix 1.2). 

= 
E 

q RM 
q 

(2 .2) 

( 2. 3) 

This equation is verified in Appendix 1.3 ~sing an alternative 

approach of assuming that the power in and out of the chopper 

are equal. 

A similar analysis is done for the average motor current in 

Appendix 1.1. 

= 
E M 

B 

Rq 

E 
q ( 2 . 4 ) 
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r 
l 
;1 

This equation is seen to.be independent of inductance 

1 (L ) and chopping frequency (-T). 

value 
'1· 

q. 

Equations ( 2. 3) and ( 2. 4) are normal ir.<d with 

and plotted in Figure 2.3. 

2.1.4 Equations for Regeneration 

E 
B 

respect
1
to R 

I q 

It is important to note that the same equations apply for both 

motoring and regenerating. Negative current will flow when 

the mark space ratio is below a critical value. 

From Equation i.3 it can be seen that this critical value 

occurs when 

I Bave = = 0 

therefore, regeneration will begin to occur when M = 

The maximum value of current which can be regenerated is also 

found from Equation (2.3} 

d I Bave 
dM = 

2EB 
--· M R 

q 
= G 

Eq 
therefore, maximum regenerated current occurs when M - -­- 2EB 

and will have a value 

I 
EB Eq2 Eq Eq 

= R- . 
4EB2 

. 
2EB Bave R q q 

·- Eq2 
= 

4 Rq EB 

( 2. 5) 

(2.6) 

( 2. 7) 
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2.1.5 A Practical Circuit 

I 

The circuit in Figure 2.1 assumes a bidirectional switch, 

whereas most semiconductor devices are uni-directional. 

D . t . ( . "t" I ) . b b . I . uring mo oring posi ive q , it can e seen y insp~ction 

I 
that the required switching function along path.B-C. er~ easily 

be performed using a diode permanently in the circuit.! With 
I 

the switch in position A the diode across B-C will be reverse 

bi·ased and. wil~ not conduct (see Figure 2. 4). When path A-C 

is broken, the inductor supplies a negative EMF in an attempt 

to maintain the current flow. Thus the diode will be forward 

biased and path B-C will be switched on. 

Similarly, a diode across A-C will provide the required 

switching 'during regeneration. 

Therefore, two diodes and two uni-directional switching 

devices will enable the required bidirectional switching. 

+ A 

c 
B 

FIGURE 2.4 

Switches A and B are always 180° out of phase. 
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A novel adaptation of the ideas developed in this section has 

been suggested in reference (.29). Conceptu~lly, it consists 

of cascaded step up and step down stages with a large capaci-

tor to transfer the energy between the two. 

Step Up 

l 
~ 

' 

Step Down 

FIGURE 2.5 

This can be implemented using a single pole double throw 

switch. Each end of the capacitor is alt~rnately grounded. 

The main advantage of this system is the continuity of both 

input and output currents. Further improvements are obtained 

if the two inductors are transformer coupled ·on the same core. 

This converter together w~th several other adaptations are dis~ 

cussed extensively in the literature by Slabodan Cuk. 
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2.2 SWITCHING DEVICES 

Various semiconductor devices are available to perform the 

switching operation. 

2 2 1 Th • t 4 t 2 5 I 3 0 I 31 . . yris ors 

2.2.2 

The thyristor is the most commonly used switching device 

because of its robustness and high current and voltag~ capabi-

lities. 

The major disadvantage of the thyristor is the need for forced 

commutation, since the device will not turn off until the 

cu~rent through it has been reduced to zero. This affects 

reliability and switching speeds. Various methods of commu-

tation are discussed in reference (30). 

The thyristor switch is inefficient because of the slow 

switching speeds and the energy required for commutation. 

. 32 33 34 35 Power Transistors ' ' ' 

Power transistors eliminate the need for forced commutation. 

How~ver, these are limited ~y their relatively low current and 

voltage capabilities, particularly their ability to handle 

surge currents (due to the effect of second breakdown). 

The current rating can be increased by parallelling several 

devices. Transistors need to be carefully matched since the 

saturation collector-emitter voltages are not identical. 
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Current sharing resistors may be required which would reduce 

efficiency. 

Unless darlington transistors are used, the base drive current 

required is fairly high. 

The use, protection and choice of power transistors in the 

switching mode is extensively analysed in reference. 35 

2.2.3 Power Field Effect Transistors 36 

I 

A recent development in power semiconductors is the HEXFET 

(trade name of a range of power MOSFETS\produced by Inter-
1. 

national Rectifier). 

The device is controlled by applying a voltage to the gate and 

the drive current is almost zero (nanoamperes). Therefore, 

it has a high gain. 

Pulsed load current rating is more than double the continuous 

rating. This is due to the absence of second breakdown. 

However, the device is very sensitive to overvoltage tran-

sients. 

Single HEXFETS are available which can switch 28A (continuous) 

and 100 V. Because of a positive temperature coefficient, the 

devices are easily paralleled and current is automatically 

shared. Unlike the transistor, the saturated on-state can be 

represented by a resistor. · Therefore, paralleling of devices 

reduces the on-state resistance, thus reducing losses. 
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source 

FIGURE 2.6 

The HEXFET symbol is shown in Figure 2.6. An internal 

reverse or body drain diode has the same current rating as 
I 

the device and can be used as a free-wh~eling diode if neces-

\ 
sary. 

HEXFETS were used in this thesis because of their high 

switching speed capabilities, (therefore, low losses) and.ease 

of use. 

2.3 THE USE AND PROTECTION OF HEXFETs 36 

Three values need to be investigated:gate/source voltage, 

drain/source voltage and drain/source current, with particular 

reference to transient spikes. 

2.3.1 Gate/Source Voltage 

Over-voltage on the gate can punch through the oxide layer and 

cause damage. 
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FIGURE 2.7 

During turn-off time a positive change in VDS will be reflected 

as transient on the gate 

v = 1 

since (Cdg and C.s·s act as a potential divider). 

This could be sufficient to cause spurious turn on or could 

damage the device due to over-voltage on the gate. An 

external zener diode will clamp both negative and positive 

. transients. A low source impedance will prevent spurious 

turn-on and will also limit voltage transients. 

2.3.2 Drain/Source Voltage 

During.turn-off, the path of an inductive circuit is broken. 

Therefore, VDS rises in an attempt to maintain the current. 

The HEXFET is particularly sensitive to these voltage spikes. 
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2.3.2.1 Free wheel diode 
' l 
l·· 
l 
'~ ......_ . '• ~I 

' 
. " 

A free wheel diode connected across the inductor to provide an 

alternative path for the current being switched is essential. 

+ 

Eb 

FIGURE 2.8 

freewheel 
0 

l 
l 

J 
I 
R 

The diode has a finite switch on time, during which the voltage 
.. . 

will rise. Therefore, a high speed Schottky diode is desirable 

with a switch on time of the order of 50 nS. The use of the 

body drain diode in the second HEXFET of the chopper in 

Figure 2.6 was suggested in 2.2.3. This has a reverse recovery 

time of about 300 nS, which is too slow for high speed switching. 

2.3.2.2 Layout 

There is a small stray inductance in the leads of the circuit._ 

This is sufficient to cause-voltage spikes. when switching at 

high speeds. It is importa~t that the diode is physically 

located as close to the HEXFET as possible and that leads to 

the battery be kept short. 

2.3.2.3 Snubbers 

Despite the abo~e precautions, there still remains a finite 
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circuit inductance and reverse recovery time for the fr'ee wheel 

diode. A protection snubber circuit is, therefore, re'quired. 

Three possibilities are described. 

+-

J 0 

FIGURE 2.9 FIGURE 2.10 FIGURE 2.11 

At turn-off, the voltage across the HEXFET will rise in an 

attempt to maintain the load current. The snubber in Figure 

2.9 will conduct when the zener voltage is exceeded, thus pre-

venting high voltage spikes. 

In Figure 2.10 the capacitor C charges via the diode at turn-

off. thus absorbing the voltage spike. During the on period 

of the Hexfet> the energy in C is discharged through resistor 

R. The value of C is calculated from. 

c I t 
= - c -v-

where I is the full load current. V the supply voltage and 

the value of t is discussed in Section 2.4.2.4 and optimised c 

in Equation 2.18. R is calculated such that the time con-

st ant 

RC<< ~ 

R 
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j 
1·: ,, 

where f is the chopping frequency. The value of R mus~ be 
' 

high enough to keep the sum·~ of load and capacitor disdharge 

current below the peak rated value of the hex£et. 

I 
In Figure 2.11 the capacitor is charged to a value gr~ater 

I 
than the supply voltage. Thus diode D is reverse bialsed 

except when a voltage spike of greater than E appears ~during 
c 

turn-off. The resistor needs to be carefully chosen to dis-

charge ~he capacitor while maintaining the req~ired voltage Ec. 

Both Figure 2.9 and 2~11 are volt~ge clamping devices which 

dissipate energy only when an over-voltage appears. The load-

line characteristic is shown in Figure 2.12. The snubber in 

Figure 2.10 absorbs energy throughout the switching period and 

alters the load line characteristic. (Figure 2.13) 

le le 

Vm 
Ve Ve 

FIGURE 2.12 FIGURE 2.13 

The load line characteristic in Figure 2.13 eriables the device 

to operate further into the safe operating area of the device. 

Power is dissipated in the snubber rather than in the silicon. 

Snubber and switching losses are examined in Section 2.4. 

' 
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'" The diode in Figures 2.10 and 2.11 and the zener in Figure 2.9 

must be chosen for their ~a~t forward recovery characteristics. 

Snubbers should be mounted physically as close as possible to 

the hexfet terminals to avoid circuit inductance. 

2.l.3 Drain Source Current 

' 
The total continuous RMS current rating should not be exceeded. 

The hexfet also has a peak current rating which is more than 

double the continuous RMS rating. This should not be 

exceeded. 

When the hexfet is switched on, the reverse recovery of the 

free wheeling diode can cause a "high current spike. 

~-t1~ ~t2- -t3~ 

+Vs 1------------ - -Vs 

D 

Io 

---- - -IL 

.-. 

FIGURE 2.14 



,/ 

26 
:...a..,.>.,-. 

During time t 1 the value of ID decreases and IH increases. 

With a perfect diode, commutation should be complete after t
1

. 

However, owing to minority c~rrier reverse recovery, the diode 

is unable to support reverse voltage, and thus the current ID 

reverses direction . The value of IH also increases because 

. After time t 2 , the diode begins to support = 

reverse voltage and diode current tends to zero (IH tends to 

The vpltage VH remains high till the end of time t 2 and 

then begins to drop. 

Pa~asitic capacitance will also tend to increase this current 
I 
' 

peak. 
\ 

There are foui ways of reducing this effect. 

1. Slowing down the gate drive signal. 

2. Using a fast recovery diode. 

3. Using a small l~near inductance in series with the switch 

(together with a fast recovery free wheel diode). 

4. Using a small saturable inductance in series with the 

switch. 

The efficiency of these methods is examined in Section 2.4. 

2.4 SWITCHING AND SNUBBER LOSSEs 35 • 37 , 38 

2.4.1 Switching Losses With No Snubber 

Assuming zero stray inductan~e and zero recovery time for 

the diode, the following simplified waveforms are obtained: 
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FIGURE 2.15 

During turn off, the voltage VH will rise until the diode 

becomes forward biased. At this point th~ diode current 

begins to increase and the hexfet current begins to decrease. 

The power loss in the hexfet. 

·'-·;,, ~ ~:l r2 +f 3 +J:
4 

V 8at] p VHIHdt + . VHIHdt VHIHdt 

0 0 

=~VSIL[t1 + t2 + t3 + t4] x f (2 .8) 
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where f is the chopping frequency. 

From the waveforms it can be seen that either the voltage or 

the current in the diode is always zero. Therefore,\ 

switching losses are zero in the diode. I 

From the equation 2.8 it can be seen that switching 11~ses 
in the chopper can be reduced by decreasing the switching 

time or decreasing the chopping frequency. 

2. 4 .1.1 Switching Speed 

2.4.1.2 

If a power loss of 0.1% of the load power being switched is 

regarded as negligible then the switching loss will be 

insignificant, for 

therefore, f < 

where f is the chopping frequency and t is the total on s 

and off switching time t 1 + t 2 + t 3 + t 4 . Using hexfets a 

, t of about 300 nS was achie'Ved. 
s 

Thus with a chopping fre-

guency of less than 6.6 KHz, the switching loss will be negli-

gible. 

36 Achieving High Switching Speeds 

The gate <lrive signal is an important factor in providing 

high switching speeds and, therefore, low losses. 
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' 1. 
j" 
l, 

'. ~i 
During steady state operation, very low drive current is 

, I' 

required. However, at switch ON, a certain charge is 

required to raise the gate to the desired voltage owing to 

the capacitance. Thus the drive should be able to supply a 

large current in a short time, i.e. very low impedencJ. 

" 
A NPN-PNP transistor pair enables this requirement to be met. 

I 

+15v 

input 1 
----- ---~gate 

FIGURE 2.16 

The final system was driven from the output port of an INTEL 

80 85 micro-processor. The following circuit was used. 
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2.4.2 "Turn-Off" Capacitive Snubber :.1 
" 

2.4.2.1 35 Snubber and switching losses 

Equations for the energy loss when using a capacitive snubber 
i 

(see Figure 2.10) are developed in Appendix 2. ThesJ equa-

tions assume zero stray inductance and diode recover time. 

Power losses are obtained by multiplying by chopping 

cies. 

Switching turn off power loss in the hexfet (symbols are . 
defined in Appendix 2.3.1) 

VSIL t 2 

p s . f w ( 2 - 9) = -2- . 6(2t ) H(tum off) t c s 

PS 
ILVS 

(tc 
t 

= -2-. - _E) . f (2 .10) 
2 w 

At turn on· , the only effect of the snubber is to contribute 

a small discharge current from the capacitor. This is 

assumed to remain constant over the relatively short switching 
. v 

s period and has a value of I.f . The loss due to this effect 

can be regarded separately and the total loss found by super-

position. 

Thus the turn on loss can be regarded as the same as when no 

snubber is present . This case was dealt with in Section 

.2.4.1. 
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(2 .11) 

where t 3 and t 4 are described in figure 2.15. 

2.4.2.2 Effect of stray inductance35 

The effects of stray inductance on voltage and current wave-

forms are marked in Figure 2.17. The frequency of ringing 

is obtained from 

1 
2 lT f 

therefore period T = 2TTJ'Lsc 
' \ 

(2.12) 

\ 

where L
8 

is the stray inductance and C is the snubber capa­

citor. 

The peak voltage 

= Ir 1-1 !6J = and w = 1 

therefore = IH5- (2.13) 

(See Figure 2.17 overleaf.) IH is the load current through 

the Hexfet. 

2.4.2.3 Effect of diode recovery time 

At turn-off, the forward recovery time of the diode will have 

the effect of delaying the rising edge of r 0 at time tc by a 

small constant. This will also cause a further overshoot in Vn. 
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At turn on, the reverse recovery time causes an overshoot in 

the hexfet current IH. 

Both recovery time and stray inductance will have the effect 

of slightly increasing the power loss equations developed 

above. 

2 .4 .2 .4 Compar'is:on of "turn off" losses with and without capacitive 

snubber 35 

The total turn off power loss with a s~ubber is given by equa­
\ 

tions 2.9 and 2.10. 
\ 

t ) s 
+ (2.14) 

If the voltage rise time and the current fall time are assumed 

t·o be equal in Figure 2 .15, then the turn off power loss with-

out a snubber is 

therefore P/ = = 

Using equations 2.14 and 2.15, it is possible to determine 

under which conditions the overall efficiency is improved by 

using a capacitive snubber. The controllable variable in 

the equation is t which is determined by the value of capaci­c 

tance. 
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~; 
t j 

C '" t i$. the Equation 2.14 is rearranged so that the quantity 
s . 

equation variable. This eliminates the need to 
1. 

know the 

value of t s 

Therefore = V SIL. t
5

• f 

[ 

1 
t + 

12(2t: - 1) - ! J 
Equation 2.16 is normalised with respect to p/ since fhese 

are the two quantities being compared. 

= 
Therefore 

1 
t 

12(2 c 
ts 

+ 

1) 

t c 
z=t . s 

1 - ,.... 

(2.16) 

(2.17) 

The normalised values are then 
p/ p 

plotted on a graph (Figure 

The area where 2 <1.0 
p/ 

2.18). is the region where 

efficiency is improved by using a snubber. 

By inspection of the graph (Figure 2.18) it can be seen that 

efficiency is improved when 

t < 2.5 t c s 
(2.18) 
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2.4.2.5 Zener "snubber" 

t 
{ 
{' 
f !l 
111! 

1;. 
I 

: 1: 

The zener is a voltage clamp which absorbs voltage peaks but 

does not affect the load-line switching cha~acteristic. 

Therefore, no part of the switching loss is dissipate~ in the 

zener. The only losses dissipated in the zener will\be those 

due to stray inductance and diode forward recovery at\rurn off. 

The switching loss equation is the same as that descr~bed in 
I 

Section 2.4.1. 

Vz 

~--turn off--? 

FIGURE 2.19 

The stray inductance causes VH to overshoot. The diode for-

ward recovery time causes the diode current to be delayed by 

a constant. This results in a fQrther voltage overshoot. 

·The maximum loss in the zener is 

p = 
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In practise t is very small and P z 

designed circuit. 

t 
t" i; ,, 

is negligible in a "well 

It should be noted that a well designed capacitive snubber 
I 

reduces switching losses whereas a zener clamp does n9t alter 

the load-line switching characteristic. 

2 4 3 0 S bb d S . h' L 35 . . "Turn n" nu er an witc ing osses 

Four methods of protection against current spikes caused by 

reverse recovery are described in Section 2.3.3. 

Slowing down the gate drive signal is effective but increases 

the loss since the switching time is increased. 

Using a fast recovery diode reduces the losses caused by 

reverse recovery, but does not affect the switching losses. 

Using a small series inductor reduces the reverse recovery 

current spike and also reduces the overall switch-on loss by 

altering the load-line switching characteristic. The 

switching waveforms and loas line of a linear 

series inductor are shown in Figure 2.20 (overleaf). 

The switching loss without a turn-off snubber wastound in 

Section 2.4.1. 

PH (no snubber) = (2.19) 
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The loss in the hexfet with a linear inductance 

1Jts 
H linear L ti P ( ) = -T 

0 

VH(t)L(t)dt = 

' 

f ;·: 
''I ... 

(2 .20) 

The power dissipated in diode DL at turn off owing to \energy 

stored in L
8 

If, for example, 

= 

in equation 2.19 equals t in s 

equation 2.20 and equation 2.21, then the total loss with a 

snubber is a third less than when a snubber is not used. 

(2. 21) 

If a small saturable inductance is used instead of the linear 

inductance, then the waveforms shown in Figure 2.21 are 

obtained. 

11!1-"1~------

FIGURE 2.21 

If a well defined s~turable inductance is used, both hexfet 

and snubber switch on losses become negligible. 
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: 1. 

Theaswi~ch on"snubber can return the snubber energy through a 

small step up transformer. 
~ 11. 

In the switch off snubber, energy 

absorbed by C is discharged through Dl and the resona~ce of 

L and C reverses Ve for the next cycle. \ 

01 

J 
Switch off snubber Switch on snubber 

FIGURE 2.22 

2.4.5 Conclusion 

Careful layout and choice of components can virtually eliminate 

the need for protection snubbers. Stray inductance can be 

made very small by keeping Ieads short (le~s than a few centi-

meters). Fast recovery Schottky diodes can be used. The 

peak current of a hexfet is apout twice its continuous rating 

and in addition if the hexfets are underrated to reduce on 

state losses (as suggested in Section 2.5), then the current 

peak caused by the diode's reverse recovery will not pose a 

problem. · 
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Using hexfets, high switching speeds can be obtained and 

switching losses can be reduced to negligible proportions (e.g. 

0.1% of load being switched). 

If this is not sufficient then switching losses can be further 

reduced by using load-line shaping snubbers and snubber loss 

recovery circ~its. 

2.5 ON STATE LOSSES 

2.5.l Hexfet 

The on state of a hexfet is approximated ~y a resistance, 

therefore 

= (2.22) 

where IH is the RMS value of the hexfet current and RD(on) is 

the ON-resistance of the hexfet at 25°C. A typical R
0 

value 

for an IRFISO hexfet is 0.055.Jl... 

A more accurate expression which includes temperature effects 

is 

where TA is the ambient temperature in °C and · L\_TJA is the 

junction-to-ambient temperature rise. 36 

(2.23) 

By paralleling hexfets the on-state loss can be reduced by as 

much as is required. If N hexfets are paralleled/he loss in 

I 
~ 

r 

I 
I 
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t 
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I 
t 

l 

l 
·' 

I I 
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each one will be 

I 
PN = {NH p RD(ON) 

where r 8 is the total current. 

thus 

The total on state loss is 

= (2.24} 

PON is thus reduced by a factor of N. This will require a 

smaller heatsink and losses will be further reduced since 

b_TJA is smaller. (See Equation 2.23 } However, although 

it is efficient to use the hexfets at w~ll below their rated 

current values, it is also more expensiv~. 

2.5.2 Freewheel~ Diode 

Unlike the hexf et the diode in the on-state is represented by 

a constant voltage drop. The only way to reduce this loss 

is by selecting a diode with a lower forward voltage drop. 

A Schottky 1iode (SDSl), for example, has a maximum forward 

voltage drop of 0. 60 V compared to 1. 70 V in the hexfet's 

(IRF150) own integral reverse diode. 

2 5 3 . k D . 39 • . Heats1n esign 

The effective value of RD(ON) is increased if the junction 

temperature is allowed to become too great. This, therefore, 

is a source of inefficiency. The heatsink must be designed 

to keep 6_TJA as small as possible. '' 
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2.6 INDUCTOR LOSSES 

2.6.l The Inductor 

t 
I.• 
L 
l 
~ 1J 

1• 

·An inductor is required to keep the output current co~tinuous 

I when motoring and is also· used as a storage element when the 

chopper is in the step up mode. The armature inductaJce of 
il 

the motor may be sufficient, but in some cases an ext rnal 
I 

inductor needs to be added. 

This inductor has a great effect on the additional motor 

losses caused by chopping which are observed in reference (40). 

2.6.2 Losses Owing to Form Factor 

If the ratio of switching period (T) to time constant (TC = 

L/R ) is too high, then the output current waveform will have 
q 

a high ripple. 

l~o 
Tc 

--- ..L .,.00 
Tc 

Iq 

·'---------------------~time 

FIGURE 2.23 

Therefore, if TTC -I= 0 then a loss will result because of the 

current form factor: 
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I 
L 
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Thi~ loss is analysed in Appendix 3, and normalised wi~h 
E respect to B2 /R it is shown to be. q 

T _'I_ 

p 
N(loss) 

e -n - M> TC _ 1 He -M TC _ 1 ) 
= M - M2 + -----=-----==--------T T 

TC (e-TC - 1) 

This per unit loss is plotted in Figure 2.24 against 

various values of mark space ratio M. 

The loss is seen to be greatest when M = 0.5 and has a 

maximum value of 

PN(loss) 

p 
N(max) = 1 

4 + 

T 
- 2TC 

(e - 1) 

T - _'.L_ 
TC (e 2TC + 1) 

FIGURE 2.24 1.0 

M=·2, ·8 

M=·l •9 J 

The chopping frequency must, therefore, be high enough ~nd 

{2.25) 

for 

. (2.26) 

the value of L large enough, so that this loss is negligible. 

A power loss of 0.1% of EB2 /R can be assumed to be negli­
q 



' ..... 

44 

gible. Therefore, a value of 

adequate. 

2.6.3 Output Current Discontinuity 

T 
TC 

0.45 would be 

\ 

In a unidirectional chopper, discontinuous current by 'the 

inductor being too small will decrease the form factor ,and 

will be a further loss in the chopper. The effect of this 

discontinuity is analysed in reference· (27). 

However, in a bidirectional chopper discontinuity in the 

output current does not arise since current flows naturally 

in both directions. (Assuming both chopping switches are 

alternatively switched .) 

2.6.4 Hysteresis Loss 

The ripple current in the. inductor subjects the iron core to 

changes in magnetic flux. This is the cause of eddy current 

and hysteresis losses in the inductor. 

The hysteresis loss is expressed by 41 

= KHV f Bn max 

where K8 is a constant of the material, V the volume, f the 

chopping frequency, B max the peak value of flux density and 

n is the Steinmetz exponent (varies from about 1.5 to 2.0, 

typically 1.6). Hysteresis loss is independent of thewave 

shape of the flux. 
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The maximum ripple current when using pulse width modulation 

is shown in Section 2.7.3.1 to be 

also 

B max = 

. .. T_ 
Ll ~ TC 

~max 
A = 

= 

LI max 
A.N 

4. f. L 

= 

since TC 

4ANf 

L 
R q 

where A is cross-sectional area and N the number of turns. 

The hysteresis loss is thus 

= 
4ANfn-l 

n > 1 

(2.27) 

(2.28) 

Contrary to initial expectations it can be seen that hysteresis 

losses actually decrease as frequency increases. This is 

because an increase in frequency decreases the ripple current 

which decreases Bn 
max 

2.6.5 Eddy Current Loss 

Th dd t 1 . d. by 41 e e y curren oss is expresse 

= KEV (FF.f.t.B )2 
max 

where KE is ~ constant of the material, V is the volu~e, FF 

is the for~ factor of the flux wave, f is the chopping fre-

quency, ~ is the thickness of the laminations and B is the max 

peak value of flux density. 
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Using the value of Bmax from Equation 2.27 

= 
FF. t. EB 

KEV ( 4 AN (2.29) 

It can be seen that eddy current loss is independent lf 
I 

frequency. To reduce this loss it is important that .a lami-

nated core is used with t as small as possible. 

2.6.6 Copper Loss 

If an external inductor is used, it must have a finite resis-

tance which will be an additional copper loss 

p 
cu = 

. 2.6.7 Choice of Inductor and Chopping Frequency 

There are six factors which affect the choice of inductor and 

chopping frequency. 

(a) Switching loss: (Section 2.4.l) This increases in 

proportion to frequency. 

(b) Loss owing to output form factor (Section 2 .6.2): This favours a low 

value of ~ , .therefore, a high value of frequency and inductance. 

(c) Hysteresis loss (Section 2.6.4) This favours a high 

-~hopping frequency and is independent of inductance 

(d) Eddy current loss (Section 2.6.5) This is indepen-

dent of frequency and inductance 
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( e) Loss owing to battery current form factor and battery 

capacitor (Section 4.1.2) Overall, this favours a 

high frequency. (Although the.effect of frequency on 

the capacitor is not extensively analysed.) 

Switching loss is the only factor that increases with frequency. 

If switching losses are minjmised using snubbers, then the 

highest pra~tical frequency will be the most efficient. 

The optimum inductance is merely to use the armature induc-

tance, thus eliminating the need for additional copper losses. 
\ 

This is true if the frequency is high enough so that (see 

Section 2.6.2) 

T -TC = R 
f.L 

\ 

< 0 .45 

2.7 CHOPPING STRATEGIES( 26 • 3 ) 

2.7.1 Introduction 

In a control system, the mark space ratio of the chopper is 

determined by the required current and motor back EMF (see 

equation 2.3). The purpose of a choppin~ strategy is to 

( 2. 30) 

adjust either the ON time or the frequency or both to achieve 

the required mark space ratio. 

The choice of chopping strategy will affect ~he size of the 

ripple current .and chopping frequency for any required motor 

current .. The best.strategy will give the least ripple and 

highest frequency (see Sect.ion 2.6. 7) over the range of operation. 
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Three commonly used strategies are examined: 

1. Pulse-width modulation (PWM) 

2. Pulse-frequency modulation (PPM} 

3. Two-level control (TLC) \ 

A strategy which resembles TLC is described in referelce (42) 

and a strategy particularly suited to microprocessor Jmple-

t t . . . d . f 43 men a ion is propose in re erence. These two methods are 

not examined. Each strategy is investigated with respect to 

ripple vs motor current and frequency vs motor current. 

2.7.2 Ripple Current26 

Using equation 2.2 a formula for the peak ripple current ,6.I 

can be derived. 

MT T 

Lil (1 - TC ) (1 -(1-M)'TC 
- e - e (2 .31) 

IN = T 

(1 e-TC) 

where IN 
EB 

and M 
TON 

:::: = R T 
q 

By applying Taylor series, a first approximation can be 

obtained. 

= 
T 

TC M (1 - M) (2.32} 

from equation 2.3 M = + 
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-~ 

r r;- TC + -- ) (l - •,1 . 
IN 

•>I 

IN ~ EB !I, 

'!' 

The ripple current, therefore, depends on frequency, time 

constant, back EMF and the required motor current. i 

I 

2.7.3 Pulse Width Modulation 

The period of the control pulse is fixed and the mark space 

ratio is varied. 

2.7.3.1 Ripple current vs motor current 

Using equation 2. 33 with TTC constant, ripple current is 

plotted against motor current. 

_I_. 
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FIGURE 2.25 

From this graph it can be seen that the maximum ripple 

current is 

(2. 33) 



= 
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T 
4.TC (2.34) 

From equation 2.32 it can be·seen that this occurs at M = o.5 

(by differentiation). 

2.7.3.2 Frequency vs motor current 

Frequency is constaat and independent of motor current. 

freq. 

J_ I 

- ________________ I ---------·\-------t--

FIGURE 2.26 

2.7.4 Pulse Frequency Modulation 

In this case, the ON time is fixed and the period adjusted. 

2. 7 .4' .. k, Ripple current 

Since TON = MT, 

b. I TON 
= TC. . IN 

= 

vs motor current 

equation 

(1 - M) 

Iq_ 
(1 - ! 

N 

2.32 becomes 



I 
51 

= 

Therefore, ripple current can be plotted against required 

motor current. 

~ 

' ' ', 
' ' 

incr.~ '(-

FIGURE 2.27 

2. 7.4.2 Frequency vs motor current 

Frequency increases with motor current. 

Therefore f = 

= M 

1 

TON 

= 

+ 

+ 
Eq 
E 

B 

{ 2. 35) 

(2.36) 
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2.7.5 Two Level Control 
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freq. 
. i· 

~---

1.0 
FIGURE 2.28 

In this case two current levels are set a fixed amount .6,I 

above and below the required average current. The output 

current is monitored and switching takes place when current 

reaches these limits. Thus frequency and pulse width are 

adjusted to maintain the current between the two set levels. 

2.7.5~1 Ripple current vs motor current 

The ripple current is a constant. 

~I 
- - t -

~~~~~~~~----~~~~~~~-------ffl-
1.0 

FIGURE 2.29 

2. 7.5.2 Frequency vs motor current 

In equation 2. 33 ~: I is a constant and by rearranging the 
IN 

formula, 
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FIGURE 2.30 

2. 7.6 Selection of Control Strategy 

(2. 37) 

PFM is unattractive since the ripple is high and the frequency 

is low for small motor currents. · 

From an efficiency point of view, PWM and TLC are similar .. 

for PWM the frequency is constant and the ripple parabolic 

and for TLC th~ ripple is constant while the frequency is 

.parabolic. Selection between these two methods should be 

based on ease of implementation. 

The effect of the timeconstant is to adjust the height of the 

·' parabola in Figures 2.25 and 2.30 and the slope of the graph 

in Figure 2.27. 

- -· __ .. ,..--. .. -- ~·- j 
.. --~ ______ ... 
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CHAPTER 3 

THE MOTOR 

\ 

\ 
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3.1 INTRODUCTION 

In the chopper there is much room for efficiency improvement 

by careful design. However, the motor is accepted as a given 

and the only possibili~y for efficiency improvement is in the 

appropriate control of field and armature curre.nts which is 

discussed in Chapter 5. 

The purpose of this chapter is to model the motor as 

accurately as possible so that the system may be· analysed by 

computer to find the control system which produces optimum 

efficiency. The simplified equations 

( 3 .1) 

Need to be modified. to include all losses. 

The losses in the machine are listed below. 44 - 50 

(i) Electrical losses Copper losses in windings 

Brush drop loss 

(ii) Iron Losses Hysteresis 

Eddy current 

Stray. load 

(iii) Mechanical losses Brush friction 

Bearing friction 

Windage 

The machine constan~ is first measured and then each loss is 

discussed in general terms. The experimental determination 

b 
I 
~ 

• i.... 
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of the losses in a 3. 7 K"w 3000 rpm mo tor are then ''i 
described. 

The ratings for the motor are listed in Appendix 4. 

- Finally, torque and speed equations are proposed and their 

relative and absolute accuracy discussed. I 

3.2 THE MACHINE CONSTANT 

The machine constant is a constant defining the.total torque 

produced by the motor as function of armature current and the 

induced back EMF as a function of speed (K(If) in equation 

3.1). It is affected by the flux saturation of the machine 

and is, therefore, a function of field current. 

3.2.1 Experimental Measurement of K(If) 

With the machine generating there are no I 2 R losses oo open circuit. Therefore 

E 
q = 

And thus K(If} can be calculated for various values of If. 

( 3. 2} 

It was shown (within experimental error} that K(If) is indepen-· 

dent of speed. 

Values of open circuit voltage for increasing and then 

decreasing values of field current are plotted in Figure 3.1. 

The effect of remnant magnetism and hysteresis on the value of 

K(If) can be seen. 

that 

Remnant voltage is reflected in the fact 
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K(O) f:. o 

--· 
Tq. .c.o.r:rect for this, the values of K (If) are .split in to two 

cemponents 

.. where k = rem 

k 
= k'(If)+~ 

If 

v remnant 
w measured 

Substituting this into equation 3.2 giv~s the correct value 

of E. at If = 0. . q A table of k' {If) \yal ues and the value of 
\ 

krem is listed in Appendix 4. 

The effect of hysteresis is dependent on the history of field 

current variation and is very difficult to model when an 

arbitrary test cycle is selected. 

3.2.2 Discussion on Accuracy of K(If) 

Using the procedure in Appendix 5.1, the accuracy of measure-
. 

ment was estimated to t:e within 3.0% at If= 0.1 and 0.7% at If= 1.2. 

The error due to hysteresis is over 10% in some instances but 

this figure is dependent on the history of current variation. 

This factor is not really an error but rather the actual 

deviation of the machine parameter. 
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The machine constant K(If) is a set of discrete values rather 

than a continuous function and this results in a quantisation 

error. This is virtually eliminated in the final model by 

regarding the K{If) curve as a piecewise linear graph. 

This is illustrated in Figure 3.2. 

Actual Function Quantised Approximation 

Piecewise Lin~ar Approximation 

FIGURE 3.2 

It is possible that an error could be introduced if the copper 

oxide layer between the brush and commutator displayed a semi-

conductor characteristic. However, no evidence of this was 

discovered during experimentation. 

--~~ .... 
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3.3 COPPER 
I ~ 

LOSSES '" ~· 
I 
; j' 

3.3.1 Theory 

The resistance in all wires carrying current will cause an 

rzR loss. This will occur in the armature, interpoleland 

field windings. 

P ::: I 2 (R + R. ) cu q armature interpole + 

Resistance is temperature dependent, and if measured at 

temperature T1 it can be corrected for temperature T2 by the 

equation 

= 

( 3. 3) 

( 3. 4) 

where R2 is the resistance at T2 . 

4·1 

The value of K for copper 

is 234.5. 

Equations describing the heating and cooling of the copper and 

the iron in the motor are developed in reference (51). 

3.3.2 Exp~rimental Measurement 

Measurement can be made either by using a Kelvin bridge or by 

measuring volts and amps. 

The latter method was used with rated current so as to test 

the machine at rated.temperature. 

which the machine would mostly run. 

This is the condition under 
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The.position of the armature affects the reading of ar~~ture 

In Figure 3.3 'it can be seen that R t con-arma ure 
resistance. 

sists of two parallel paths which are not exactly equal, owing 

·· -~-ct-o- variance -in solder resistance, wire thickness and number of 

\ 
turns(~). In addition the brush may contact one or two commutator 

segments and thus a winding may be short circuited(~. ~he 
solution is to average a set of readings at various arf ature 

positions. 

brushes --- 0 

fl 

f2. armature 

B_q fuL 
2 2 

I 

D 
FIGURE 3.3 

The test current is fed through the terminals, but the voltage - . 
probes must be placed directly on the commutator segments. The 

interpole resistance is measured with the same current but 

with voltage between one motor terminal and one brush termimal. 

Results are shown in Appendix 4. 

·. 
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3.3.3 Accuracy of Results 

Accuracy estimates are based on the procedure described in 

.Appendix 5.1. 

The inaccuracy due to errors in reading volts and amps using 

digital meters is less than 1%. The standard deviation of 

readings taken at various positions of the armature is 1.6%. 

Therefore, arr inaccuracy of less than 2% can be assumed. 

The model used for copper loss was 

= IR __ I 2 R 
q.2 g + F F 

\ 
( 3. 5 ) 

' 

where Rq is the sum of armature and interpole resistance. 

Temperature was not included as a variable since the model 

would become too complex when used on an arbitrary test cycle. 

Resistance was measured at the final temperature caused by 

rated current. The resistance values were about 20% lower 

when measured cold. 

3.3.4 Skin Effect 

The armature resistance is measured with direct current. 

However, individual conductors experience a·large a.c. com-

ponent. The equivalent a.c. resistance is greater than the 

d.c.- resistance owing to the skin effect (this reduces the 

effective area of the conductor by concentrating currents on 

41· 
the circumferencel. 
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The skin effect is proportional to the sq~are of the a. c·. fre­

quency which is proportional to speed. 

This effect is difficult to isolate and measure. The arma-

ture may be removed and resistance measured with a.c. The 

iron surrounding the conductors may also affect the theoretical 

value. 

In this thesis the skin effect was included in ~he stray load 

loss term which is also a function of (I .W) 2 
q 

tion 3.7.) 

3. 4 BRUSH LOSSES SO 52 

3.4.1 Brush Voltage Drop 

\ 
\ 
I 

(See Sec-

This quantity is very difficult to model accurately since it 

depends on several variables which are difficult to determine. 

(These are discussed below.) 

3.4.2 Interface Film 

A thin layer of copper oxide develops on the surf ace of the 

commutator segments and is covered by ~ thin deposit of 

graphite from the brush. Water vapour and· an oxygen film 

provide boundary lubrication (hence the short.brush life at 

high altitudes). The film is influenced by the water content 

of the air and ambient air pressure. 
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The effect of this layer is difficult to model but is impor-

tant in the commutation process. 

3.4.3 Temperature 

Increased temperature affects the interface film by hastening 

the oxidation of copper. 

Carbon shows a negative temperature coefficient and the brush 

coefficient of friction decreases with a temperature greater 

than. 80°C. 
. ~I 

Losses thus decrease as temperature increases. 

\ 

3. 4 :~4 Brush Pressure 

This is an important factor for both brush losses and brush 

wear. An optimum value for each grade of brush is obtained. 

A value which is too low will increase electrical iosses and 

a value which is too high will increase mechanical wear 

-----.... · 

3.4.5 Other Factors 

The brush drop is also dependent on area
1 

grade of brush and 

the elasticity of the brush. 

3.4.6 Experimental Measurement 

The. voltage drop was measured between the commutator segments 

beneath the brush and the armature terminal for various values 

of current with the armature stationary. 

3.4 was obtained~ 

The graph in Figure 

·- II 
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11 
~ 

i; 
A c-onstant value of 

,. 
V8 = · 1. 4 V was used in the model. This 

will be inaccurate at low vaiues of current. 

The accuracy of this approximation is difficult to detEfrmine 

since conditions change greatly during rotation (espe~ially 
the interface film). 

3.5 NO LOAD IRON LOSSES 

3.5.1 

Hysteresis and eddy current losses are present since the 

ma.chine iron is subjected to variations of magnetic flux. 

Hysteresis Loss 
44 

Hysteresis loss is dependent on the range and frequency of flux 

variation 

PH = K fBn 
H max 

where KH is a constant, f is the frequency, B is the mag-
max 

nitude of flux density variation and n is the Steinmetz 

exponent. 

The frequency f is proportional to speed W and the flux 

density Bis proportional to field current If. 

Therefore = KW In 
f 

{ 3. 6) 
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3.5.2 Eddy Current Loss 44 

A· loss is caused oy I 2 R losses in the core owing to inducp.4 

.eddy currents. 

= K f 2 t 2 B2 
E max 

Frequency is pr9portional to speed W and Bmax is proportional 

to If' and t is the lamination thickness. 

therefore, = K W2 I2. 
f 

\ 

Leakage flux causes eddy currents to be induced in the arma-

' 

(3.7) 

ture end plates. Losses in the end plates and sides of the slots are greater 
' 

: since leakage flux is normal to the plane of ~amination. Burrs on the edge of 

stampings increase eddy losses since laminations then have an electrlcal link. 

A ripple is superimposed on the main flux wave owing to 

variations in magnetic reluctance caused by the slots. This 

ripple moves with respect to the 

eddy currents in the pole. The 

pole face and thus induces 
/ 

~ 
frequency or-the ripple is 

/ 
the product of motor frequency and number of slots. In this 

thesis a 3000 rpm motor was used with 36 sl6ts; giving a ripple 

frequency of 1. 8 KHz. 

From a design point of view, the losses in the armature teeth 

should be considered separately from the rest of the core losses 

since flux distributi6ns are greatly different.
49 
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I 
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3.5.3 Experimental Determination of Constants 
: ~ . 

F~om an efficiency point of view, there is no need to separate 

hysteresis and eddy current losses. The total no load iron loss 

can be determined using the apparatus shown in Figure B.5. 

variable 
freq.-t vol tu ge 

3$ 
WM 

IM 

FIGURE 3.5 

The difference in input power measured with.'S 'open and closed 

is a measure of total no load.loss at the corresponding speed 

and field current values. Readings were taken for a series 

of If values keeping W constant and then W was varied keeping 

If constant. 

obtained. 

The results in Figures 3.6 and 3.7 were 

Using a de dri~ing motor, it was found that the input current 
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varied with time even when running at exactly.the same ~peed 

and torque. 
I 

The cause of t'his effect was not established 

but may possibly be linked to the brush voltage characteristic. 

An ac induction motor with a more complicated speed con-

\ troller was, therefore, required. 

3.5.4 Discussion on Results 

An expression of the form 

= + 

with values of kH and kE listed .in Appendix 4, accurately, 

fitted the results obtained. The e£f ect of If was not as 

pronounced as expected by the theory. 

(3.8) 

Probable errors were estimated using the procedure in Appendix 

5.1, and are discussed in three sections. 

{ i) Measuring instruments At low values of field 

current the difference {~,power readings is small. 
\ 

Thus an inaccuracy of 14% can,be expected at low If 
"---.. 

and this reduces to 1-o/o at full If. . While 14% seems 

high, it represents an absolute value of 1.5 watts 

which is not excessive. 

(ii) Speed This is measured to within 0.5% using a 

digital timer and an opto-sensor on the motor shaft. 

(iii) The relation between iron loss and speed was investi-
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gated at a constant field current of 1.5 amps. This 

was taken to be representative for other values of field 

current. The accuracy of the model may, therefore, 

decrease at other values of If. 

Similar'ly, the relation between iron loss and field 

current was investigated at a constant ~peed of 1500 

rpm. 

A random set of test values (If i 1.5 amps and W i 1500 

rpm), showed that the model was .always within 5 watts . 
of the results obtained. 

\ 
\ 

3.6 MECHANICAL LOSSEs 47 • 48 

The mechanical loss has three main components. 

3. 5.l Brush Friction Loss 

An exprEEsion for brush friction1 loss is 

= kuPJ 
I c 

( 3. 9 ) 
I 

where k is a constant, u is the coefficient· of friction, P is 

the brush pressure, A is the contact area and V is the peri­c 

phal speed of the commutator (which is proportional to motor 

speed W). 

The coefficient of friction varies with brush grade, surface 

speed and brush face temperature. 
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3.6.2 Bearing Friction Loss 

An expression for journal or sleeve bearinc;r friction lt5ss is 

== k D L v1 .S . b (3.10) 

where k is constant, D is the diameter of the shaft, L is the 

length of the bearing and Vb is peripheral shaft speed in the 

bearing. 

The losses in roller and ball bearings are too variable to be 

expressed in a simple formula. However, using well lubri-
\ 

cated roller or ball bearings these los~es are so small com-
\· 

pared to windage and brush friction that'they may be regarded 

as negligible. 

3.6.3 Windage 

Windage loss depends on many variable factors. For a large 

motor with no fan, a rough expression is 

= 

where k is a constant, A is the armature surface area and VA 

is the armature surface speed. 

For smaller motors with a fan {as used in this thesis) an 

approximate expression is 

= 

where n varies between 2 and 3. 

(3 .11) 

(3.12) 
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Mechanical losses are all- largely independent of load. 
. !' 

3.6.4 Experimental Determination of Mechanical Losses 

Mechanical losses were all measured together. Brush losses 

ma¥ be separated if required by measuring the differen~e in 

input power of a driving motor with the brushes up and\then 

down. I 

Similar apparatus was used to that used in determining no load 

irq~ loss (see Figure 3.5). No field current was supplied 

~n.d ppwer readings were taken with the two motors alternatively 

coupled and uncoupled, the difference being the windage and 

friction loss. Readings were taken at various speeds and 

the results are shown in Figure 3.8. 

The expression, 

= (3.13) 

with kfl and kf 2 listed i~_~ppertai~ 4, accurately reflects the 
" 

results obtained. 

Using the procedure in Appendix 5.1, together with the rated 

accuracy of the wattmeter, the inaccuracy of the above model 

is 15% at speed 600 rpm and 2% at speed 3000 rpm. Khile 15% 

seems high, it represents an absolute value of 1.7 watts which 

is not excessive. 
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3.7 STRAY LOAD LOSSES 

... ,, 
~-

Additional losses exist which are dependent on load. 

3.7.1 Distortion of Flux Wave I 
The effect of armature reaction causes the space distrlbution 

of the flux density to change with load. ;1 
Iron losses, there-

fore, increase because the peak flux density in the teeth and 

core is increased. Eddy current losses caused.by flux 

leakage also increases with load. 

3.7.2 Experimental Measurement of Stray Load Losses 

For the purpose of modelling the motor, all additional losses 

(i.e. other than those already measured) are included iri this 

term. The main contributions will, however, be from flux 

wave distortion and the skin effect factor (Section 3.3.4). 

The stray load loss was measured by the difference in torque 

predicted using losses already measured and the torque 
~ 

actually measured in practice. '-, 
'\ 

The accurate measurement of torque is extremely difficult. In 

this thesis a sophisticated strain gaug~ torque transducer 

(HBM type T2/20 Nm) 53 and instrumentation amplifier (HBM) was 

used. Torques of up to 20 Nm could be measured to an accuracy 

of 0.5% of full load. 

Values of stray load loss were measured for various armature 
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'" current values with speed. fixed at 1500 rpm. Armature current 
l 

was then fixed at 19.5 amps and stray load loss was measured 

for various values of speed. The graphs in ·Figures 3.9 and 

3.10 were thus obtained. 

The following expression was found to fit the data obt ined 
I ,I 

therefore, 

T s 

p 
s 

= 

= 

and k is listed in Appendix 4. s 

·. 

3.7.3 Discussion on Results 

k W r 2 
s q 

k w2 r 2 
s q 

'{ 

The torque meter was able to read to an accuracy of 0.1 Nm. 

The limitation being in the ability to _initially zero the 

amplifier owing to static friction in the torque transducer 

bearings. 

~ 

{3.14) 

This error is very significant---When expressed as a percentage 
\ 

of the stray load loss. The above equation is, therefore, 

not very helpful in predicting the absolut~ value of the stray 

load loss. 

However, for the purpose of this thesis, the relative value of 

stra'y load loss (or the shape of the curve in Figure 3.9 and 

3.10) is a helpful function to know, especially when the model 

is being used to preaict the relative change in efficiency 
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with certain criteria. The rel~tive accuracy of the torque 

meter is greater by a factor of ten.since it does not-depend 

on static bearing friction or calibration factor. 

The formula used to calculate torque owing to stray load loss 

is 

T s = T measured k 

where k is the sum of all calculated losses. The inaccuracies 

of the constants used to calculate T should be kept in mind, s 

especially K{If). 

\ 

3.8 CONCLUSION 

The electrical losses will have the effect of reducing arma-

ture voltage and the mechanical losses will reduce the effec-

tive output torque. Stray losses are also assumed to reduce 

output torque. This is not strictly accurate since it 

includes skin effect losses. However, this will not affect 

the calculation of efficiency which is the purpose of the 

model. The basic machine equations, therefore, become 

E = K{If)IfW + I R /+---'s. VB q ___ _>9' {3.15) 

where s = +l for a motor 

s = -1 for a generator 

and T (3.16) 
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(These equations may be compared to those used in refer~'nce 

(20}.) Using these, effici~ncy can be calculated. 

(3.17) 

For regeneration the efficiency is defined as the batt ry power 

divid€d by the shaft power ( TW) and hence the need for the s 

term in {3.17). 

It should be noted that other methods of efficiency measure­

ment are available such as the Kapp-Hobkinson test 45 ' 46 which 

employ· · two identical motors. However, this is inadequate for 

the purpose of this thesis sirice the motors will have different 

field current settings and, therefore, iron losses will not be 

equivalent. 

The inaccuracy of the model proposed in predicting torque is 

analysed in Appendix 5 and is shown to be less than 2% (except 

at very low torques). 
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CHAPTER 4 

BATTERY 

.. 
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INTRODUCTION 

Battery losses have a signif ican~ effect on the efficiency of 

the system and therefore cannot be neglected. 

· 4.1 DISCONTINUITY IN BATTERY CURRENT 

4.1.l Current Discontinuity Over A Standard Test Cycle 

Over a typical operational cycle the current will not be 

smooth, and there will be periods of peak current demand. If 

a method of amoothing the current was available (thus reducing 

IBrms to IBave), an efficiency improvement would result. 

The battery losses over a standard electric vehicle test cycle 
I ~ 

(Figure 5. 2 1 ) are thus shown in Appendi\x 6. 2 to be reduced 
\ 

by a factor·of 2. This amounts to an o~erall efficiency 

saving of about 3% (see Table 1.1). 

This peak load smoothing can be achieved using a flywheel 

coupled to the motor shaft. Alternatively a Nickel Cadmium 

battery connected across the terminals of the lead acid 

battery could 

and should be 

demand. 

be used. This has a lower internal resistance 

\ 
lar~ugh to supply the peaks of power · 

The practicalities of this method of efficiency improvement 

were not £ully explored in this thesis and hold possibilities 

for further development. 
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4.1.2 Battery Losses :'Jith Chopped CurrentS4 

The battery is initially assumed to be an internal EMF EB, 

with an internal series resistance, RB. 

battery is 

= 

The loss in the 

( 4 .1 ) 

If the battery current is rectangular with a mark space ratio 

55 M, then the RMS current will be greater than the average. 

It is shown in Appendix 6.1 that 

IB(RMS) = !_ T 
fM B(ave) 

therefore = 

Thus the effect of discontinuous current is to increase 

1 
battery losses by a factor M" Methods of reducing this 

extra loss are discussed in the following sections. 

4 . 1 -- C . t. F. 1 . 32 •. ~ apac1 ive i ter1ng 

{ 4. 2 ) 

Using a large enough capacitor at a high enough chopping fre-

quency, the battery current can be smoothe& to a continuous 

value I 8 and the RMS battery current is reduced to IB( ) . ave · ave 

with a resulting reduction in battery loss. However, there 

will be an additional loss in the capacitor owing to its 

equivalent resistance (ESR) R . c 

( 
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FIGURE 4.1 

It is shown in Appendix 6.3 that ( 
I c(rms) = {Y7 1 B(ave) 

The total power loss with a capacitor is thus 

= 

[ 
lave 

~ 

Ipk 
I 0 ...• 
• . 
• 
~ -

-fo.ve 
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Thus using a capacitor represents a net per unit saving 

= ( 4 • 4 ) 

For example if RC/RB = 0.1, losses will be reduced by 46% 

at M = 0.4 by u.:;ing a capacitor. In this thesis, two 14 000 pF 

capacitors were connected in parallel, each having an ESR 

rating of 0. 025JL and 25 A ripple current. 

For a more accurate analysis of efficiency saving the 
\ 

behaviour of the capacitor at high freq~encies should be con-

\ 
sidered. It is also shown in Section 4~2 that the approxima-

tion of losses using an internal b~ttery ~esistance is 

simplistic. 

18 1.9 
Sequentially Switched Choppers ' 

/' 
I 

Battery losses can also be reduced by using a chopper with 

several switches operating . 18 19 sequentially. ' The circuit 

in Figure 4.3 using two switches is compared with a normal 

~ingle switch chopper. 

In Figure 4.3 (overleaf) each switch carries half the current 

and they are switched alternately with a phase difference of 

T 
2. It is shown in Appendix 6.1 that 

IB(RMS) ( 4 • 5 ) 
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' 
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figure 4.2 

-~ 
: 2 

' 

' 
t-T f2-..::;., 

' ' 
.Jpk '. 

[2 ~ 

I 

figure 4.3 
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Comparing this with equation 4.2 it can be seen that lo~ses are 
, I 

halved under all conditions~ This reduction in losses ·will only 

be realised when Mis less than 0.5. However, this may repre-

sent a significant portion of a typical drive cycle. 
i 

The main disadvantage of this system is the need for e~tra 

inductors. 

4 1 5 B S . h. 19 . . attery witc 1ng 

Several batteries are usually used. Battery losses can be 

reduced by paralleling batteries when a lower voltage would 

be sufficient. 

In a lossless chopper 

I B (ave) = MI q(ave) ( 4. 6 ) 

also, for any required motor current Iq, M can be found from 

equation ~-· 

M = 

Substituting 4.6 and 4.7 into 4.2 

= + ( 4 • 8 ) 

Switchirig cut series cells whEn not required reduces RB and E8 by the 

same factor resulting in no net efficiency improvement. 

Switching·N cells from series to parallel connection, reduces 

I 



.. 

'. 

81 

EB by N and RB by N
2

, resulting in a net reduction in losses 

by a factor of~- This analysis is based on Equation 4.2 and 

is thus only valid if a capacitive filter is.not used. 

4 1 'k 29 •• 6 Cu Convertor 

The Cuk convertor is discussed in Section 2.1.6 and more 

extensively in reference (2~). Here the author claims con-

version efficiencies which are substantially greater than 

those of conventional design • Presumably this. is because of 

the continuous nature of the input current which reduces 

IB(RMS) to IB(ave) and thus results -in a reduction of losses 

(as in Section 4. l .'3). 
\ 

However, it should be noted that the capa~itor in Figure 2 .. 5 

carries full load current and, therefore, has the same losses 

as the capacitor in Section 4.1.3\'-- Thus from an efficiency 
---------, 

point of view, it is unlikely that the CGk converter will be 

much more efficient than a standard circuit with a capacitive 

input filter. 

4.2 MORE ACCURATE MODEL OF BATTERY56 • 57 

In most applications, the battery is modelled by an internal 

EMF and a series resistance. However, for a detailed 

analysis of efficiency this is insufficient~ The battery is 

in itself a very complicated electro-chemical· system and is 

difficult to model accurately. 
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4.2.1 Equivalent Circuit 

A simplified equivalent circuit for a lead acid battery is 

proposed in reference {Sj) and is shown in Figure 4.4. 

Rb 

i 
Yp 02 C2 

1 Y2 Vt 

t 
03 C1 "1 

1 
~ 

FIGURE 4.4 ~--

The basic electrochemical storage element is represented by 

an extremely large capacitor c1 . r The value of this capaci-
S fo56a 300 Ah cell 

tance is of the order of 10 farads/. /\. RB is the ohmic 

resistance in the plate conduction path {electrolyte and 

58 plates). The diode n3 represen.ts shunt ,dissipation and 

accounts for over-charge current losses. This amounts to a 

59 loss of battery capacity of about 1% per day and can usually 

be neglected. 

An important effect in the battery is known as activation 

polarisation59 • 60 • 6 ~ which causes a terminal voltage drop 

with load. This is due to the effect of the double layer at 
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the surface of the electrodes. The polarisation voltage, V 
p 

I 

is logarithmically related to current. It can, therefore, be 

modelled as a pair of back-to-front diodes Di and D2 • 

i 

In addition the double layer also has the effect of stbring 

for a 300 Ah cell ' 
charge. This can be represented by a capacitor c2 wh~i ch is 

of the order of 100 FaradsA. It should be noted the a ~iva-
tion polarisation has the effect of decreasing terminal vol-

tage on discharge and increasing it on charge. 

4.2.2 Experimental Verification 

From tests on a 72 V lead acid set, the model was shown to be 

fairly accurate. Using a digital storage oscilloscope the 

graph in Figure 4 .5 was'- obtained for a step current load. 

IR drop 

Ytermina.l spiKe 

FIGURE 4.5 

The presence of R8 was confirmed by the instantaneous voltage 

drop IR8 , .and its value was calcualted from this. A brief 

voltage spike caused by lead inductance was observed at switch on. 
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The subsequent linear voltage drop is assumed to be the dis-

charge of the double layer capacitance c2 . By inspecting 

the circuit diagram we see that c2 initially ·supplies all the 

current as it discharges. When the voltage difference 

between the capacitors is sufficiently high, current is forced 

through the diode D1 and c1 begins to supply current. This 

is observed as a tailing off of terminal voltage to a constant 

value. When the voltage is observed over a long period, the 

slow discharge of c1 can be seen. 

When the load was disconnected, c2 was charged via c1 . As 

v2 approached v1 , the charge current decreased logarithmically. 

c2 eventually charges infinitely close to v1 but it takes a 

long time, about 20 times longer than when it is discharged. 

This observation helped to~rify the proposed model. 

4.2.3 Battery Losses 

There are two main sources of loss. The r 2R loss in RB and 

the loss caused by the voltage drop VP across the diodes D1 

and D2 . The latter is calculated as the product of voltage 

V and current. 
p 

4.2.4 Experimental Results 

All tests were performed with a specific gravity of 1.26 

per cell and an electrolyte temperature of 20°C. 
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4.2.4.1 Battery resistance 

. " 
The instantaneous voltage dr6p was measured and the value of 

RB listed in Appendix 4 was obtained. The inaccuracies due 

to the instruments was about 1%. Results were taken ~t 

different times and under a variet~ of circumstances. \The 

standard deviation from the value quoted above was 18%. 

4.2.4.2 Activation potential V 
p 

It is assumed that the open circuit terminal voltage Vt will 

eventually settle at a value equal to v1 in Figure 4.4. A 

step load is applied. Sufficient time is allowed for c2 to 

discharge (see Figure 4.5) but not srifficien~ for the dis-

charge of c1 . At this stage 
'-. 

= 

From this, V can be calculated since the other variables are p,,.. 

known. The results obtained are shown in Figure 4.6. 

It is shown in reference (57) that the voltage and current 
. 

relationship in the diode pair D1 , n2 can be reduced to 

v 
p = ( 4. 9 ) 

This function with values of K81 and K82 listed in Appendix 4, 

described the experi~entally obtained results to within 4%. 
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The standard deviation between results at various times'was 

approximately 15%. 

Discussion on results \ 

The electro-chemical system of a battery is difficult io 
model accurately. Variables such as specific gravity r 
t d . 5 9 ff h 1 emperature an ageing a ect t e resu ts. For example, 

the variation of battery resistance with discharge is demon-

strated in reference (59). 

~ 
If more detailed studies were undertaken as to the effect of 

I 
the temperature and spec1fic gravity, it may b€\ possible to 

62 incorporate these factors in a feedback system. However, 

to predict them for any given situation is very difficult 

since they are determined by the history of the system. 

It is important to note that equation 4. 9, assumes that voltages 

have settled to a steady state. This is valid if the 

smoothing capacitor suggested in Section 4.1.2 is used. The 

results are not valid for discontinuous current. The rela-

tively long time constants, ~specially wheQ the load current 

is reduced, are not included in the model. 
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/' 
CHAPTER 5 
,/ t 

\ 
\ 

- RELATIONSHIP BETWEEN FIELD . AND ARMATURE CURRENTS 

. . 

l 
1. 
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5.1 INTRODUCTION 

To control a DC motor, both armature current and field current 

may be controlled to produce the required torque and speed. 

This section will investigate the effect on efficiency of 

being able to control both these variables. 

If no saturation or losses occur, the torque equation becomes 

T = ( 5 .1 ) 

Clearly there are many combinations of If and Iq which will 

' produce the same required torque. The question is how the 
# 

selection of this combination· affects efficiency. 
/ 

Alter-

natively, is there a constant combination of If and Iq which 

consistently provides the optimum efficiency. 

5.1.1 Control Equation 

The relationship between If and Iq can be arbitrarily defined. 

However, most control systems relate these two variables by a 

control equation 

= f (I• ) 
q 

The control equations of three special cases of this general 

rule are listed below. 

shunt motor 

series mbtor = 

constant 

constant x I 
q 
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field controlled motor 
~ R 

= (- ) -- (_g_) I 
KW KW q 

The series motor condition can be simulated on a separately 

excited motor using the appropriate control equation to con-

11 63 trol field and armature currents. ' The field control 

equation is derived from 

v . 1 termina I· R 
q q 

and V . is kept constant at the battery voltage EB. terminal 

I 
The effect of the different control equations are illustrated 

... \ 
in Figure 5.1. The machine

1
equation for any given torque 

!' T is plotted 

= _Ix 1 
K I 

q 

For any given torque the If, Iq combination must be somewhere on 

this curve. The control equation determines the particular 

point on this curve for various torque values. Therefore, 

the If, I operating point is determined by the intercept 
q . 

between the motor torque equation and the control equation. 

If If 
T 

=KI q 

lq 

If 

Iq Iq 
shunt series fi~ld-controlled 

FIGURE 5 .1 
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If a microprocessor is used to control field and armature 

currents, it is possible forany other control equation ~o be 

implemented. The problem is, therefore, to .find the appro-

priate control equation which provides optimum efficiency under 

all conditions and also to find to what extent th~ ablve 

special cases differ from the optimum efficiency. 

5.1.2 Torque Speed Characteristics 

Fixing the control equation relating field and armature 
t·. 

currents also determines the shape of the open loop torque 

speed characteristic. 

This is illustrated with the torque speed characteri§tics 

of the three special cases described above, shown in Figures 5.2 

to 5. 4. The actual torque-speed operating point is found 

from the intercept between these curves and the T-W charac-

teristic of the load. 

In a shunt motor: 

T = k
1 ·r 

q 

\7 t I R 
w q q 

= 
k/ 

k
1 

E k'2 
therefore T = (--B} (-)W 

·R R 
q q 

(See Figure 5.2 overleaf.} 
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a motor: ~ II 

l), 

2. : I' 
T = ·k I I 

q 

Vt - I R 
w = q q 

k'I 
q 

therefore T k I (k I w 
Vt 

)2 = + R 
·q 

T 

1 
Vt(controlled 

variable) 
i ' . ) 

/' 
'., )"Vt (controlled 

'... variable 

! -- - -- -- . - -
~ -.. - .. -

... 

w 
FIGURE 5.2 FIGURE 5.3 

In a field controlled motor: 

therefore· 

T 

= 

T = KifI 
' q 

KifEB 
T = ( R ) 

q 

R _g_ 
KW . Iq 

K2 I i. 
f 

( R 
q 

) w 

If(controlled variable) 

----- "" - - - - I -- --1- --- - -

... - ......... - - - ... l_ 
.i ..... 

'-------i-~---------------~w 
max C/J FIGURE 5.4 
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It should be noted that the curves in Figures 5.2 to 
. r 

describe what happens to speed if the load torque is changed 

and the control variable is kept constant. ·However, in a 

feedback system the control variable is continuously adjusted 
! 

to maintain the desired torque speed operating point. ! There-

fore in a feedback system, any required overall torque speed 
t ~ 

characteristic may be implemented by the controller. For 
I 

example a constant torque (Figure 5.5) or constant power 

characteristic (Figure 5.6) may be realised. 

/ 
An attractive torque speed characteristic combines those in 

,./' 

/~ 
Figures 5.5 and 5.6 in Figure 5.7. This has the advantage 

of using maximum power available and giving maximum speed 

range. It is easily implemented if a microprocessor is used. 

An interesting idea is described in reference (11) which deter-

mines maximum power, not from the ratings but using tempera-

ture feedback from sensors near the field and armature. 

T T T rated power . 
' !limit 

t ___ i _______ _ _____ ,,, 

I ____ i _______ _ 

- - -
w w 

FIGURE 5.5 FIGURE 5.6 FIGURE.5.7 
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It has been shown in this section that the choice of control 

equation affects the open loop torque speed characteristic. 

The.efficiency is not affected by the torque ·speed charac-

.teristic since theoperatin;r .ooint is set by the required speed and the load 

on the motor. The torque speed characteristic merely qescribes what happens 

to the speed as load increases and this is overridden by the controller . 

characteristic. It is true, however, that the efficiency at a given torque 

speed operating point is dependent on the choice of control equation. 

Regenerative Braking 
) 

( 
Referring to Figure 2.3 it can be seen that the regenerated 

battery current increases as If increases (since the ratio 

E q/E8 increases). On inspection it seems that the field 

current should be kept at a maximum since this is the condition where maxi-

mum current is regenerated. However, the next section will show that this is 

not the optimum control equation. 

5.2 OPTIMUM CONTROL EQUATION 

The goal of this section is to find the control equation which 

relates field cur~ent and armature current to give optimum 

efficiency. Insight is initially gained ~y making simplifying 

assumptions and the system is then analysed more accurately 

using a computer. 

5.2.1 First Approximation 

Several assumptions are made during the first stage of inves-

tigation. It is assumed that no saturation occurs and, 
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therefore, the machine constant is truly constant. 

f 
/ .. 
l: ;:1 

Only 
. I 

field and armature copper losses are considered and all other 

losses are neglected. The machine torque equation is, there-

fore, the same as equation 5.1. 

It is shown in Appendix 7.1 that the optimum 

when 

I 
I 

efficienc·1 is 
11 
1, 

, 

This control equation has the same form as the series motor 

( 5. 2) 

with a constant equal to J Rq I Rf . The constant in a normal 

series motor is determined by the number of field turns and 

this can be optimised. In a simulated series characteristic 
-~ 

the constant is determined by the controller·. 

The above result is not unexpected, since it is wasteful to 

have full field current when low torques are required and the 

series characteristic reduces field cµrrent with torque. Also 

it is not illogical that the optimum condition appears when 

the armature and field copper losses are equal. 

I 2 R 
q q 

That is, 

(5.3) 

which is the same as the equation above~ This result is noted 

in references (44 and 50) when they state the constant losses 

must equal load dependent losses and also more specifically in 

references (10 and 63). 

The slope of a normal series control equation would be the 
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ratio of rated field current to armature current as in Figure 

5. 8. However, the optimum slope described above means that 

a discontinuous function is preferable. 

If 

lf rated -+---

FIGURE 5.8 

normal slope 

If rated 
= 

Iq rated 

\ 
\ 

5.2.2 Second Approximation 

During the second stage of investigation, all losses are 

included but three simplifying assumptions are made. 

Saturation is neglected and the 
' __ / 

machine constant 

/ 
K is assumed 

to be truly constant. 

It is as~umed that the losses do not affect the relationship 

between If and Iq defined by 

T = 

This means that all losses are included, but they are assumed 

not to be reflected as a reduction in torque. 

\_ 

Thirdly, it is assumed that battery current IB is constant and 
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independent of the particular If, Iq combination chosen, ;.for any 

given torque and speed. Although not immediately obvious, this is a valid . 

assumotion because oower into the chopper is equal to the motor output power 

divided by efficiency. 
TW 

= efficiency 

Since EB is constant, IB will only vary by the percent ge that 

efficiency changes. 

With these three assumptions it is shown in Appendix 7.2 that 

the control equation for optimum efficiency must satisfy. 

(5 .4) 

Again, this can be seen to mean that the losses caused by the 

armature current must equal the losses caused by the field 

current, where the copper losses are weighted by a factor of 

two because of their higher powers • 

. ~· 
,..-- ' 

Equation 5.4 is plotted in/Figure 5.9. The initial slope 

dif 
diq is shown in Appendix 7.2 to be 

= kE wz B + kH W 
v 

Initial Slope ( 5. 5 ) 

The graph tends to a final slope. 

Final Slope ( 5. 6) 
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1 
Comparing with the first assumption, this graph is fairl,y 

similar because brush and iron losses are of similar magnitude 

(coefficients of If and I in equation 5.4). It was noted . q . 

that using a slightly low~r value of R had a large effect on 
q 

the influence of speed. 

5.2.2.1 Effect of assumptions 

This second approximation is useful in gaining insight into 

the nature of the optimum control equation, particularly the 

shape of the curve and the effect of speed. 

It is shown in Section 5.1.1 that the If - Iq operating point 

is found from the intercept between the control equation and 

the motor torque equation. The first two assumptions in 

Section 5.2.2have the effect of altering the shape of the 

motor torque ~quation. This is shown in Figure 5.10. At 

very low torques the assumptions are seen to be reasonable but 

this is not true as the torque increases. 

~ 
5.2.3 Computer Model 

-As a third approximation, all losses are included and the 

effect of saturation is taken into account. The only assump-

tions are that the equations in Section 5.2.3.1 are accurate. 

5.2.3.1 Equations used in model 

The symbols used are defined in Figure 5.ll 
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Efficiency: 7. N = 

Algebraic manipulation with these equations is not possible 

and in addition a smooth function for K(If) is not available. 

For these two reasons the only way to proceed is to perform a 

numerical analysis on a computer. 

5.3.2.3 The computer program 

The program must be able to find the optimum efficiency and 
\ 

the corresponding combination of If and I for any given torque 
\ q •. 

and speed. The block diagram in Figure\5.12 shows how this 

may be done using equations (1) to (7) iri Section 5.2.3.1. The 

mark space ratio of the field chopper is repeatedly incremented 

until the optimum is found. 

T W 

Eb' 

·lb . l6 ) F (I b Eo) 1<=------1 

(7) F( N Ib Eb) 

If 

_figure 5.12 
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A flowchart describing the program is shown in Figure 5.13.· 

A full program listing is given in Appendix 8.1. 

used was a Hewlett Packard HP8s 64 : 

start 
I 

input constants 

input T,W values 

initialise Mf l N(previous) 

...-------- find If 
I 

find Iq 
I 

find Eq 
I 

let Eb':: Eb 
I 

find Ib' ----~ 
I 

let lb= Ib'+Mf-If 
I 

find Eb' 

is ,Eb'.(previous}-Eb'< ,01 ? no 

f inld N 

decrement Mf--n'-'-0-is N l N {previous)?· -

- ·· d'isplat result 

The computer 

figure 5.13 
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-1 . 
It should be noted that values of K(If) and Sin h x are stored 

in an array with discrete values. To improve accuracy a 

straight line between points is assumed and the values cal-

culated from this. 

5.2.3.3 Results and discussion 

The results obtained are shown in the graphs,in Figures 5.14 

and 5.15. In addition the control equation using the approxi-

mation in Section 5.2.1 is plotted as well as the control 

equation for a normal series motor. 

\ 
The optimum control equation can be apprd~imated fairly well 

by the straight line series characteristic. However, the 

slope is less than that predicted in se'ctions 5. 2 .1 and 5. 2. 2. 

This is accounted for in the discussion on the effect of the 

approximations in Section 5.2.2.1. 

Therefore, for any given machine, the discontinuous series con-

trol equation approxfmates closely to the optimum. The slope 

of this equation can be determined by using the program in this 

section. 

5.3 EFFICIENCY COMPARISONS USING VARIOUS CONTROL EQUATIONS 

5.3.1 Introduction 

The optimum control equation relating field and armature 

currents has been discussed.' This section will investigate 
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the amount by which the control equation_ affects ef~iciency 

and several systems are quantitatively compared with the 

optimum. 

(a) Shunt machine - constant field current 

(b) Permanent magnet motor 

(c) Normal series motor 

1fmax = I qmax 

slope of control equation 

(d) Series characteristic with equation as in Section 5.2.1, 

slope = g 
(e) Series characteristic with the slopk of a straight line 

\ 

through the graph of optimum efficiepcy in Figure 5.14. 

5.3.2 Computer Program 

The program listed in Appendix 8.1 is used with several minor 

changes for the various systems. These changes are listed in 

Appendix 8.2. 

5.3.3 Results 

The results obtained ar~ shown in Figures 5.16 to 5.20. The 

differences between the optimum efficiency and the efficiency 

of the strategy being considered are plotted against torque for 
- . 

various values of speed. The X-axis may, therefore, be con-

sidered to be the optimum efficiency and the graph shows the 

saving which this opiimum control strategy represents. 
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5.3.4 Discussion on Results 

The shunt motor is very inefficient at low torques and the 

efficiency difference is virtually independent of speed. 

The nonnal series motor is much more efficient than the shunt motor at low 

torque and slightly less efficient at high torques. ~~e 
series characteristic with If = J Rq I Rfl Iq keeps the 1f ficiency 

within 2% of the optimum at all times. 

The series control equation with a slope approximating the 

optimum results in Section 5.2.3 yielded efficiencies within 

0.5% of the optimum with the exception of very low torques and 

speeds. 

The permanent magnet motor showed a significant improvement 

over the optimum field controlled machine under all conditions 

except low torque and speeds. This result is dependent on the 

assumption that the field can be directly replaced by a per-

manent magnet motor with a flux density equivalent to full 

field current. 

5.3.5 Efficiency Comparisons Over a Standard Test Cycle 

Figures 5.16 to 5.20 show the efficiency differences for 

various torque-speed conditions. A more useful comparison 

would be to compare the energy used by various control strategies 

over a standard test cycle. 
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An example of such a standard cycle for an electrical vehicle 

(SAEJ227a) is shown in Figure 5.21. 65 I· 

Other possible stan-

dard cycles are mentioned in references (55, '66 and 69). 

accelerate cruise coast brake idle \ 

--sJ!ed Wmax 

Tm ax 
------torque 

·- -. ------ --- ·- . ---- ------· . 
I 

• • • 
L-~~-+-~~~------~------~L=-·=--=-=·-=--~~~----------~-~--~-~-~--~-~-~-~time 

FIGURE 5.21 

. . -----------· 

It is assumed that each stage requires a constant torque (this 

being an approximation) as shown by the dotted line in Figure 

5.21. 

It is clear that the choice of test cycle and corresponding 

constants (e.g. W , T and t 1 to t 5 ) has a large effect' max max 

on the efficiency comparison of various strategies. For 

example, a shunt machine, which is inefficient at low torques 

will be dependent on the choice of Tmax' Tcr and Tbr" The 

permanent magnet motor is influenced by the choice of both 

torque and speed profiles. The times t 1 to t 5 also influence 

the result. Ideally the torque speed profile of the proposed 

application should be known to give an accurate comparison. 

However, despite these variations, an example of a particular 
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application is analysed in this thesis. The torque-speed 

profile in Figures 5.21 is used with the constants listed in 

Table 5.1. The values of t 1 to t 5 are suggested in reference 

( 6 5 ) • A descriptio~ and listing of the computer program is 

contained in Appendix 8.3 and the results obtained in Table 

5. 2. 

w 'l max 

3 000 rpm 

T· T 
max er 

11 Nm 4 Nm 

Tbr 

-4 Nm 

TABLE 5.1 

Strategy 

Shunt 

Normal Series 

Permanent Magnet 

TABLE 5.2 

Efficiency saving over 
optimum strategy 

-0. 75% 

-0. 25% 

+O. 78% 

From these results it can be seen that the choice of control 

strategy does not have a very significant effect on a typical 

electrical vehicle test cycle. However, other applications 

which require more time at low torque and speed will realise 

greater efficiency savings. 

·s.3.6 The Use of a Gearbox 

From the graph in Figure 5.22 it can be seen that efficiency 

-is dependent on torque and speed. The torqu€-speed operating 

point is d~termined by the load pr~sented to the ~achine and 

the required speed. However, it is possible to alter the 
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torque-speed condition as seen by the motor by the use of a 

gearbox. 

This possibility is exte·nsi vely investigated in ref er enc es ( 20, 

66, 67, 70) and has potential for more significant efficiency 

improvement (about 10%). 

5.3.7 Field Control 

· It is possible to control the motor speed by varying the field 
.. 68 

while maintaining the armature voltage constant. For this 

system some form of armature control is required for start-up 

(e.g. resistance controller). A high motor speed and gearbox 

may also be necessary. 

The motor used in this thesis was not suitable for this type 

of control and so no direct comparisons could be made. The 

control equation for this system is mentioned in Section 5.1.1. 
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CHAPTER . 6 \ 
\ 
\ ' 

PROPOSED CHOPPER AND CONTROLLER 
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6.1 REQUIREMENTS 

-

It has been shown in Chapter 5 that the control equation shown 

in Figures 5.14 and 5.15 approximate closely to the optimum. 

This is the same characteristic as a series motor with the 

field current being limited at a specific value of armature 

current. 

In addition to providing the optimum control equation, the 

controller must also implement the desired torque-speed 

characteristic. It has been suggested in Section 5.~2 that a 

combination of constant torque and constant power characteristic 

is an attractive option. \ 

It is possible for the set-point controlled by the operator 

to be either torque 3 , speed or a combination of both. 43 • 78 

it was decided in this design to implement torque control. 

It should be noted that the permanent magnet motor provides a 

greater overall efficiency than the optimum field controller 

and should be considered if at all practical and economical. 

This would require a straight-forward armature current con­

troller. 

The purpose of this chapter is to investigate the praqtical 

realisation of an optimum field and armature control system. 

Several possibilities are described and a design proposed 

which uses a microprocesor. 
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6.2 IMPLEMENTATION 
: j, 

6.2.1 Series Motor 

An adapted series motor may be used with a chopper acr©ss the 
I 

field as in Figure 6.1 to provide the optimum control equation. 

\ 

+Ve 

Iq 

Ov 

FIGURE 6.1 

Switch s1 represents the operation of a standard bidirectional 

chopper as described in Section 2.1. Switch s2 is controlled 

by a current feedback signal and is closed when the current If 

exceeds a pre-set level. The number of turns on the field 

winding must be calculated to give the correct slope for the 

control equation at levels below the field current limit. 

This system is easily implemented using either analogue or 

digital approaches. However, it has one major drawback in 

that the field winding needs to be reversed. for current regenera-

tion. This can be done either using a mechanical or a solid 

state change-over switch. 8 
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6.2.2 Separately Excited Motor 

The series characteristic can be simulated on a separately 

excited machine as in Figure 6·.2. 

Iq 

\ 
Ov 

FIGURE 6.2 

Both If and Iq are monitored and s2 is ~witched so as to main­

tain the correct relationship between field and armature 

currents. 

6.2.3 .Microprocessor Based Controller 

Both of the above two proposals can be implemented using either 

analogue or digital circuitry. It was decided to use a micro-

processor for the controller in this design. 

Using a microprocesso! minimises the component count and this 

increases reliability. Greater flexibility is allowed and 
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there is potential for a more complex and higher performance 

control system. 

The main limitations of a microprocessor are speed and 
1

accuracy 

(particularly in an 8 bit system). Th~se may be impo~tant in 
l 

, I 

applications requiring fast response times and high levliels of 

accuracy, for example, rolling mill or paper machine dr~ve 
73 motors. 

Since 1980, several papers have been published on the use of 

microprocessors in de drives (see references 12 and 70-76). 

This is likely to become an increasingly attractive option, 

particularly with developments such as including the A-D con­

verter, RAM and ROM on a single chip. 77 

6.3 HARDWARE 

The ~iagrams of all circuits discussed are listed in Appendix 

9. Figure 6. 7 gives an overview of the system components. (See 

Appendix 9.) 

6.3.1 The Microprocessor 

An SDK 85 microprocessor system design kit 79 was used to develop 

the controller. This is based on the INTEL 8085 micropro-

80 cessor. Machine code instructions are entered via a hexi-

decimal keyboard and stored in RAM for ease of alteration 

during development. . The final software could be stored in an 

EPROM. 
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Three I/O ports are available and these are used for 

I. 
L 
I 

~ 
•·I 

the A-D 
; I• 

converter and for supplying ~ontrol signals to the chopper 

switches. 

\ 
I 

Analogue to Digital Conversion \ 

The A-D contained an 8 channel multiplexor with decodiJ~ 
I 

addresses listed in Table 6.1 outputed together with a 4-bit 

address. An end of conversion bit is returned .once conver-

sion is complete. Conversion time is .about lOpS. The A-D 

was adjusted to accept input voltages 0-5 V and to yield a 

digital output (OQ-FF)h. 

in reference (76). 

Multiplexor decoding 

Channel XO Xl 

Address 18 19 

Details of operation are described 

X2 X3 X4 XS X6 X7 

lA lB 14 15 16 17 

TABLE 6.1 

6.3.3 Interface Buffers (Figure 6.8) 

The microprocessor ports are.buffered and isolated from the 

chopper using an open collector buffer chip and an opto-

isolator. The circuit described in Section 2.4.1.2 is used to 

enable high speed switching at the correct voltage level. The 

motoring hexfet ·requires a power supply with a separate ground 

reference. All other voltages used are referenced with 

respect to the microprocessor OV reference. 
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6.3.4 Feedback Measurement (Figure 6.9) 

The armature and field currents need to be measured for both 

motoring and regenerating. R'esisti ve shunts· were used for 

this purpose. Other possibilities are the Hall effect trans-

ducer or the magnetoresistor. These alternatives may be 

preferred since they consume negligible power. They do, how-

ever, require additional circuitry for use. 3 

The circuit for the measurement amplifier is shown in Figure 

6. 9. A single chip containing four op-amps was used. An 

inverting amplifier was used for motoring current and a non­
\ 

inverting configuration for regenerating\and field currents. 

6.3.5 Chopper Circuit (Figure 6.10) 

The chopper was required to switch 80 V at 50 A. The hexfet 

armature switches consisted of tw6 IRF 150s in parallel. 

Schottky diodes were used for freewheeling. Protection cir-

cuits as described in Section 2.3 were used. 

A difficulty is encountered when using two capacitive turn 

off snubbers in a bidirectional chopper, sipce the snubber 

on the non-conducting switch provides a momentary short cir-

cuit path across the supply. One solution is simply to use 

zener diodes for protection. Alternatively a turn-on 

snubber (see 2.4.3f could be included in the circuit. A 

further possibility is to insert a fast ·switching transistor 

in the snubber circuit. The snubbers could then be inter-

locked to the controller to ensure that the two are not simul-

taneously operational. 



114 
L 

f 
} 

Two 14 000 uF electrolytic capacitors were used to smooth1the 

battery current. 
: I. 
'I 

The circuit layout was carefully designed to minimise circuit 

inductance. This is shown in Figure 6.3. The heatsink was 
I 

(Figur'e 6.3 
1 

over-designed and could have been much smaller. 

is shown overleaf.) 

6.4 SOFTWARE 

A flowchart for the software is contained in Figure 6.4 and a 

program listing in Appendix 9.2. 

Operator setpoints are required for motoring torque {TMO) and 

regenerating (braking) torque {TR0 ). These are read through 

channels XO and Xl of the A-D. They .. ere then compared and 

the greater becomes the current torque setpoint (T0 ). At the 

same time T . (stored in register C) is set to 1 for motoring sign 

or . for regenerating. 

-Since the current setpoint (I ") 
qo is proportional 

to {T';' in the linear region and proportional to T
0 

in the cut-

off region. A lookup table (locations 8100-81FF) is, there-

fore, used to find the setpoint I corresponding to T • qo o 





( . 

start 

~ 
read Tmo(motoringr 

1. 
read TRo (regensetp.) 

I 
is Tmo > TFW? 

I 
t 

I 
no 

let To= Trno let To= TRo 

I . 
let Tsign= 1 

I 
let Tsign=O 

U x II 
I 

lookup Iqo correspondin\g to To 
J \ 

read Iq i . 
is lq >lqo? 

no 

I 
let''swi tch"=armature ON let''swi tch" =arm a tu re OFF 

lookup Ifo corresponding to Ifo I . 
read If 

no l 
. ~

1 
-----is If > Ifo?-----

let "switch"=field on let "switch"= field OFF 

output switch to chopper 

{"----____ ____, 

figure 6-4 
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The armature current is read through A-D channel X2 or 

(motoring or regenerating current depending on T . ). sign 

'I.: 
'' 
I,, 

! '.\ 
X3 

This 

value is then compared with the setpoint and a decision is 

made whether to switch the armature chopper switch ON or OFF. 
. I 

I 

An 8-bit output port is available and the three lowest ~
1

,its 
1, 

are used for switching the chopper. The variable "SW TCH" 

(stored in register D) is set according to Figure 6.5. Arma-

ture ON is defined as either SM or SR ON, depending on T . sign 

Sm 

Sr 

FIGURE 6.5 

SR "ON" bit 0 = 1 switch = (Ol)H 

SM "ON" bit 1 = 1 switch = (02}H 

sf "ON" bit 2 = 1 switch = ( 0.4} H -

The optimum control ~quation is also stored in a lookup table 

(locations 8200 to 82FF). Thus the field current setpoint 

(If
0

) corresponding to Igo is found. The actual field 

current is read and compared with the setpoint. The variable 

"SWITCH", containing the correct control signals is outputed 
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to the chopper. 
::1 

The inverse logic of the chopper requires 
'I' 

that "SWITCH" be first inverted. 

6.5 DISCUSSION ON DESIGN 

The controller and chopper described were built and tes ed. 

The microprocessor was able to switch up to a frequenc I of 

2KHz. The field was shown to track the armature current in 

a manner described by the control equation. since the con-

trol equation is stored in a lookup table, it should be noted 

that it is easily adapted for any control equation and, there-

fore, the exact optimum equation could be used rather than the 

series approximation. 

The controller provided a constant torque characteristic. 

The constant torque-constant power combination suggested in 

Section 5.1.2 can be implemented using the flowchart in Figure 

6.6, inserted at point "X" in Figure 6.4. 

r 
read speed (W) 

calculate T1 . . t 
lml = 

power rated 
w 

~n_o_~-- is T 
0 > Tl .. t im1 

yes 

let T
0 

· = Tlimit 

FIGURE 6.6 



117 

This would require the measurement of speed and a standard 

divide routine. Alternatively, the speed could be calculated 

by the microprocessor from 

W = ( E - I R ) / Kif . q q q 

Another possibility is to have the constant torque controller 

1 . . d b f db k . 1 11 . d f h 1m1te y a temperature -ee ac s1gna 1nstea o t e 

rating P t d/W. ra e This would ensure that optimum power·is 

available from the system. 

A further adaptation could be the use of a single A-D converter 

to measure positive and negative armature currents and a single 

torque setpoint for both motoring and regenerating. 6 This 

would increase the speed of the program since only one set-

point need be read. The speed could be further increased by 

only reading the setpoint every 10th cycle for example. 

It should be noted that a practical design would require an 

interrupt signal and corresponding software to stop the pro-

gram. Therese~ button on the SDK85 kit fulfilled this and 
. 

simultaneously switched all the hexfets OFF. 

6.6 ANALOGUE ALTERNATIVE 

A block diagram for a possible analogue alternative is shown 

in Figure 6.11. The absolute value of I can be found using 
q 

the circuit in Figure 6.llb. 
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The switches SM and SR in Figure 6.5 are always switched in a 
. ' 

complementary manner. Thus a single armature control signal 

is required. Regeneration will automatically occur when 

required (see Section 2.1.2). 

It should be noted that this circuit gives opti~m cur~ent 
control but does not give the required torque-speed ch,~ac~ 
teristic. A square root transfer function would be required 

which is difficult to implement. It may be possible to do 

this using the fact that 

x = antilog (~logx) 

and using the diode characteristic as in reference (63}. 
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7.1 REVIEW 

Each element of a de motor drive system has been investigated 

in detail with regard to the criteria of efficiency. The 

goal has been to minimise losses at each stage and also to 

model each component as accurately as possible in order to 

analyse the overall system using a computer. 

7.1.1 Chopper 

f. 

The chopper is designed in this thesis and thus has potential 

for efficiency improvement. A well designed circuit can reduce 

chopping losses to negligible proportions. 

Chopper losses fall into four categories: switching, snubber, 

on-state and inductor losses. Switching losses are mini­

mised by using hexfets with high speed switching drivers. 

Careful component choice and circuit layout eliminates the 

need for snubbers. However, snubbers alter the switching load 

line characteristic and optimising component values can further 

reduce switching losses. With these measures, switching and 

snubber losses are negligible. 

The on-state loss is the most significant chopper loss. It is 

reduced by paralleling hexfets and using a large heatsink 

since the on-state resistance is reduced if temperature is 

reduced. 

loss. 

Using Schottky diodes reduces the on-state diode 

If the inductor is too small an additional loss will be caused 
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by the increased form factor owing to the output curren~ 

' 
ripple. In addition hysteresis and eddy current losses will 

be caused by the high chopping frequency. A higher chopper 

frequency reduces the ripple and thus reduces all inductor 

I losses. 

i 
The choice of chopping strategy affects frequency and ipple. 

PWM and TLC are shown to be equally good while PFM is seen to 

be unattractive. 

Transfer equations are developed to model the chopper. The 

on-state loss is modelled by a small resistance which is 

included with the armature resistance (this being an approxi-

mation). Other losses are regarded as negligible in the 

final model. 

7.1.2 Motor 

The motor is regarded as a given and its design is not inves-

tigated. It is important, however, to use a mcitor with 

laminated iron poles. 

The copper, brush, no load iron, mechanical and stray load 

losses are modelled and the constants determined experimentally. 

The model is able to predict efficiency to within about 2%. 

7.1.3 Battery 

The battery losses can be reduced by reducing the form factor 
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of the battery current. .Several methods of doing this' "are 

described and the method proposed is the use of a large capaci-

tor in parallel with the battery. In addition it is p::>ssible to 

reduce: the losses by smoothing the current over the operational cycle. 
I 

An aproximate model and equivalent circuit is described, a 

simple resistance and EMF being insufficient. 

7.1.4 Field and Armature Current Control 

Efficiency can be improved by controlling both armature and 

field currents. The control equation is defined as the rela-

tionship between the two currents at various torque values. 

The optimum efficiency control equation is similar to a discon-

tinuous series characteristic, where field current is proper-

tional to armature current and field current is limited at 

its rated value. 

This optimum contrpller can be implemented using a micro-

processor. 

"-
For a typical electric vehicle speed-torque test cycle, the 

saving of the optimum contro!ler is not very significant (less 

than 1 % ) • However, for applicationswhich operate for long 

periods at low speed and torque this saving will be more sig-

nificant. The saving in larger motors is also likely to be 

~ore significant. It should be noted that a per~anent magnet 

motor is more efficient than the optimum field controlled motor 

over a 1standard test cycle. 
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7.2.~CONCLUSION 

The overall efficiency of a de-de drive system has been inves­

tigated in detail and minimisation of losses is discussed. A 

computer program is described which can be used to find the 

characteristic optimum control equation for any motor if the 

machine constants are measured. 

The only further possibilities for efficiency improvement lie 

in the redesign of the motor and battery and al~o the use of a 

gearbox or torque converter. The latter possibility is dis­

cussed in references (20, 6, 67, 70). 
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1.1 EQUATIONS FOR BATTERY AND MOTOR CURRENT 

1.1.1 Problem 

Derive expressions fQr average battery and motor currents in 

terms of mark space ratio M. Constants are inductance L, 

resistance R, battery voltage EB and armature voltage Eq. 

1.1.2 Assumptions 

( i) Continuous current is assumed. This will always be 

the case when a bidirectional chopper is used. 

(ii) It will take several cycles before a steady state is 

reached. Steady state operation is assumed here. 

The circuit is shown in Figure 2.1, the mark space ratio is 

defined in equation 2.1 and TA and TB are defined in Figure 

2.2. 

1.1.3 Solution 
' 

1.1.3.1 Differential equations 

(i) Time interval TA: 

= 

solution: 

. 

di 
Eq + Ri(t) + Ldt, 

!t 
= + Ae L (a) 

note: Both time and voltage origins are chosen as the 

commencement of time interval TA. 
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E 

Eb-E~t--~~~~~========= 

R 

t 

(ii) Time fnterval TB 

R 
0 = E + R!

0

.(t T) B _:y;-(t ~TA) 
q - A + e ' 

solution: 
(b) • 

note: The origin of this equation is offset from zero 

by the time TA. 

E 
Eb-Eg_ 

R 
- - --

-Eg_L___:_~~~~~~============== 
R 

1.1.3.2 Boundary Conditions 

(i). Voltage at end of period TA must equal voltage at 

beginning of TB for continuity. 
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therefore 

R 
E- -L (TA ~ T ) . 

= -i +Be A 

(ii) 

therefore B = + 

Voltage at beginning of TA must 

TB for steady state operation. 

Therefore i(o) from equation 

from equation (b) 

Therefore 

Therefore 

E_ - E 
L3 g 

R 
+A 

~ - E -E 
--~q +A = __g 

R R 

(eliminate Busing (c)) 

equal 

\, 

(a) 
\ 

Therefore A = 

R 
-LTB 

e - 1 

1.1.3.3 Final equations 

voltage 

= i(TA 

(c) 

at end 

t TB) 

(d) . 

Boundary conditions (c) and (d) are substituted in D.E. solu-

tions (a) and (b). 
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( i) Time interval T 
l'. 

Rm 
~t EB - E ~ -L.1.B 

1 
i(t) 

q e -L = R -T R e 
-L(TA + TB) 

e - 1 

(ii) Time interval TB 

E EB 
R 

i(t) 
q T7A 

= -R + R e 
-~B e - 1 

R 
~(t E EB .:[,TA 

1 q e -L = -:F +-
R 

e 
R 

-L(TA + TB) 
1 e -

1.1.3.4 Average value of battery current 

e 
Bt 

-L 

- T ) A 

\ !; 

Referring to figure (2~l the battery current is zero during 

(e) 

(f) 

interval TB and equal to armature current during interval TA. 

Therefore I Bave 

where T = period of chopping cycle 
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1.1.3.5 Average value of armature current 

\f 

I qave 

= 
E - E B q 

R 
- 1) 

- 1) 

R~ . R 
..;'}' . -T 

( -L A · ) ( -L B ) e -1 e -1 

(e-L (TA + TB) 
- 1) 

(g) 

= 
E 
q 

R (h) 

1.2 CURRENT EQUATIONS ASSUMING INFINITE INDUCTANCE AND FREQUENCY 

1.2.1 Problem 

Does the equationfor average battery current simplify if the 

inductance (L ) is very high or if the chopping frequency is q 

very high (i.e. small period T)? 

Described mathematically, find Lim ~ i: -7 0 of I ( _! ) 
Bave TC 

for any given mark space ratio (M) where T = chopping period 

and TC = electrical time constant 
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1.2.2 Solution 

T 
Taking part of equation (2.2) let x =TC 

and f (x) 
y = g {x) = 

{e-(1-M)x 

{ -x x e 

- 1 ) ( e -M x 

- l) 

- 1} 

lim f(x) lim f' (x) 
according to the final value theorem, x ~o g(X) =x __:;..Q <J'lX) 

= 

= 

lim 
x~O Y2 

f I ( X) 
g I ( X) 

f II ( X) 
g II ( X) 

= 

= 

= 

= 

X Mx ) - (1- M) x -e- + Me- + (1 M e 

-x e 

-x -x 
~x e + e - l 

Mx - (1 - M) x M2 e - - ( l - M ) 2 e 
-x -x -x 

xe - e - e 

l - M2 - ( l - M ) 2 

-2 

M(M - 1) 

substituting (a) back into equation (2.2) 

I Bave = 

= 

EB -·E q 
R 

q 

E 
~M2 
R 

q 

(a) 

(b) 



140 

1.3 VERIFICATION OF CURRENT EQUATIONS ASSUMING POWER IN AND OUT 

ARE EQUAL 

1.3.1 Problem 

Verify equation 2.3 by using the fact the power in and power 

out of the chopper Qr"e. equal. 

1.3.2 Assumptions 

1. 3. 3 

(i) The chopper is lossless. 

(ii) If the time constant ~-:i;s small compared with the 

chopping period (T), there will be an additional loss 

in the resistance due to the form factor of the arma-

ture current. 

Here it is assumed that ~ >> T, so that this loss is 

negligible. 

Solution 

The circuit is represented in Figure (a) 

Eq 
lb •Jq 

I I ---Eb 

" Eb chopper 

I 1 . ,, 
ve . 

fig. a fig. b I 

I 
i 
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From Figure (b) it can be seen that average Eq' = MEB (a) 

(Note: This is true even without assumption ii 

Equating power in and power out: 

= 

therefore 

therefore 

= 

= MI q 

Average current through R 

Iq = 

therefore 

therefore 

E I - E 
q q 

R 

= 

= 

q 

MEB - E q 
R 

q 

E 
~M2 
R q 

(eliminate Eq' using (a)) 

which is the same as equation (2:3) 

(b) 

( c) 
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CAPACITIVE-SNUBBER LOSSES 
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2.1 PROBLEM 

Determine the losses in the capacitive snubber circuit shown 

in Figure 2.10. 

2.2 ASSUMPTIONS 

( 

It is assumed that the current in the hexfet decreases linearly 

and the capacitor current increases linearly such that the sum 

of the two currents remain constant during the switching 

interval. 

It is assumed that the switching time is\short enough and the 

" 
capacitor large enough so that it is not charged to the full 

supply voltage during the switching interval (t ). s 

The diode is also assumed to switch instantaneously and stray 

inductance is neglected. 

2.3 SOLUTION 

2.3.1 Formula 

where 

and 

for V (t) 
c =· 

= 

V = V Capacitor c across 

i - ( t) c 

J:ri (t)dt CJ C · 

and 

= 

t = switching time s 

(a) 

(b) 

where IL is the current beii'ng~·switched and ic (t) is the capacitor 

current. 
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the charge on C at tc 

therefore, c 
I 

= _.!:! ( t v c s 

t 
2.) 
2 

substituting (b) and {c) into (a) 

= 
v ___ s __ ~ t2 

t (2t - ts) s c 

L 

ic(t) 

0 ts tc 

2.3.2 Energy Losses in the Hexfet During Turn-Off 

( c) 
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V IL I ts 
= t (2~ - t ) 

s c c 
0 

= 
V IL t 2 s s 

12 (2t - t ) c s 

2.3.3 ~Energy Losses in the Snubber 

E c = 

eliminate C using equation (c) 

therefore E s 

2 
!.;cv 

2 s 

u - ;- ) . t 2dt 
s 

,·' 

1~ 

:.r. 

I I ~ 
\ _· ·, _.· 

(d) 

(e > 
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3.1 PROBLEM 

Find an equation for the loss in the inductor owing to form 

factor caused by the value of.frequency or inductance being 

too low. 

3.2 SOLUTION 

The chopper input power is 

From the equation 2.2 in Section 2.1 for IB, an expression for 

PIN is obtained and normalised with resP,ect to 
2 

EB /R . 
q 

PN = (E~ /R ) 
q 

\ 
\. 

T T 
E ( e - ( l - M ) TC ~ l ) ( e -M TC _ 1) 

-· (l - E q )M + --------=------
B T _1'_ 

- -TC TC(e -1) 

(a) 

where M is the mark space ratio M = T is the 

chopping period and TC is the 

time constant L/Rq. 

T 
The ideal situation, assuming L is infinite. or TC --? 0 

· if found using equation 2 .3 

PN(ideal) = 
Pideal 

( EB2 IR ) 
q 

(b) 



_ .. • "'"' L.~-------·-------- ·-- ... 

·.148 

The power loss due to form f~ctor is, therefore, the differenc~ 

between equations {a) and {b). · 

p . 
· N{loss) 

··T T. 

( e - (l - M) TC _ 1 ) ( e -M ifC _ 1) 
= M - M2 + 

T -1'._ 
.TC(e-TC - 1) 

I 

( c} 
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4.1 TEST MOTOR RATINGS 

Voltage 96 v 
:• .. 

Current 50 A 

Power 3. 7 KW 

Speed' 3 000 rpm 

4.2 MACHINE CONS~ANT 

If (A) K(If) (W A-l) If {A) K(If) (W A-l) 

0.02 .2228 0.62 . 2 731 
0.02 .2865 o.64 .2726 
0.06 . 30 77 0.69 .2643 
0.08 .3024 0.68 .2640 

. 0 .10 . 3247 0. 70' . .2592 
0.12 .3236 0. 72; .2546 
0.14 .3320 0.74 ;2503 
0.16 .3382 0 :76 .2463 
0.18 .3395 0.78 .2442 
0.20 .3406 0.80 .2387 
0.22 .3444 0.82 .2352 
0.24 .3448 0.84 .2319 
0.26 .3428 0.86 .2280 
0.28 .3433 0.88 .2243 
0.30 .3417 0.90 .2214 
0.32 .3402 0.92 .2180 
0.34 .3389 0.94 . 214 7 
0.36 .3360 0.96 .2115 
0.38 .3334 0.98 .2085 
0.40 .3295 0.00 .2063 
0.42 .3259 1.02 .2028 
0.44 .3212 1.04 .2002 
0.46 .3169 1.06 . .. 1976 
0.48 .3130 1.08 .1951 

. 0. 50 .3069 1.10 .1927 
0.52 .3024 1.12 .1904 
0.54 .2983 1.14 .1882 

/ 0.56 .2922 1.16 .1860 
0.58 .2876 1.18 .1834 
0.60 .2822 1.20 .1820 

K remnant = 0.0232 (WA-l) 

• I 
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The quantity K in the equation E == K0W is a dimensionless 

quantity, therefore, in E == K(If)IfW' the units of K(If) are 

Webers per amp. K is the part of the machine constant remnant 

caused by remnant ma~netism. 

4.3 OTHER CONSTANTS 

·,, 

friction constants kfl+ 
-4 -1 

== 4.577 x 10 Nm rad sec 

kf2 == 0.125 Nm 

kE 
-4 -1 -1 

== 3.02 x 10 Nm rad sec A eddy loss constant 

hysteresis loss constant kH = 0.138 Nm A-l 

k -7 -1 -2 = 7.17 x 10 Nm rad sec A s stray load constant 

battery activation potential k82 = 2.61 A 

battery resistance ~ 

armature resistance R 
q 

interpole resistance R. 
1 

field resistance Rf 

brush voltage drop VB 

= 0.0217 

:a: 0.0846 

= 0.04-2 

= 28.3 

= 1.44 v 

. 

-1 v 

ohms 

ohms 

ohms 

ohms 
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chopping period T = 0 . 2 ms 
. ;, ...... 1.~< ;. 

Time constant TC = 3 ms 

. . ~: 
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5.1 DETERMINING ERRORS 

Given a function of several variables the combined stand~rd 

deviation can be determined if tbe standard deviations of the 

. d. . d 1 k 81 in ivi ua components are nown. 

If the function is 
.I 

x = 

then 

()'{ x) 

This equation is userl to determine the error\in calculating each 
I 

of the motor constants. 

5.2 Using the equation in 5.1, the standard deviation of the pre-

dieted efficiency from the actual motor efficiency can be 

estimated. 

(a) I ::: 
q 

therefore, 
+O'{Ti)2 +O'(Ts)~ 

K2 I/ 

. oiKl'J 
I 

2 
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' ' <" 1 . 
. . , 

therefore, cY{Eq) =V {Wifo-(K))2 + (R .o-(I ))2 + o-{V
8

)2 +{I O"(R ))2 
- q q q q 

( c) N 
TW 

= 

{I o'{E ))2 + (E o-{I ))2 
ff-, (If2 0'{Rf)) q q q q 

therefore, <J'(N) 'IW 

A computer program was used to evaluate a'(N) for various 

values T, W and If. The standard deviations of the indivi-

dual components are listed in Table A and the results plotted 

in Figures a and b. 

The probable error in the predicted efficiency can be seen to 

be dependent mainly on torque and is relatively independent 

of speed and field current. 

The effect of temperature on resistance and the effect of 

hysteresis on the machine constant have been neglected. 

These results describe the absolute error of efficiency. 

The relative error will be much smaller. For example the 

point of maximum efficiency will be very close to the pre-

dieted value whereas their absolute values may differ by a 

greater amount. Relative error is more important than 

absolute error in this investigation. 
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The rounding off error of the computer in the final model may 

become significant since the arithmetic involves quantities of 

greatly differing magnitudes. 

2/W 

2.0 

0/o effic.error 

1.0 

0 

T. 
l 

Estimated standard deviations 

(in corresponding units) 

T s K 

5/W 0.1 0.005 x K 0.5 

Table a 

.005 ·x R 0.3 
q 

If= ·2 -------
speed 3000 rpm 

figure a 



2.0 

0/o effi c.err or 

1.0 

0 
·. ' torque · 12n.m. 

figure b 

..... 

I 
I 

·.h, ,, 
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6. l, PROBLEM 

6.1.1 

6.1.2 

Find the RMS values of the waveforms in Figures (a) and (r). 

Ip-

~---1~ 
2 

lave ___ ------- --t---- ---lave 

-
--J MT 1(-

1 T--~ 

FIGURE (a) 

SOLUTION FOR FIGURE (a) 

I = average ~L i(t)dt 

I ~s: i(t) 2 dt = rms 

.SOLUTION FOR FIGURE (b) 

-

= 

VM I 
p 

MI 
p 

... 1 MT 1-
IE-T/2~1 

\ FIGURE (b) 
\ 

= _1_ I 
i/M1 average 

I = u: i(t)dt = MI 
p average 

I rms = 
. T

1_roT J, i 
2

. t t rat = ifif I 
VT P 

1 

~ 
I average 

(a) 

(b) 

( c) 

. ( D) 

. .... 
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6.2 REDUCTION IN BATTERY LOSSES FOR SMOOTHED CURRENT OVER DRIVE 

CYCLE 

This analysis is based on the suggested standard test cycle 

in Figure 5.21with the numerical values in Table 5.1. 

For an ideal chopper I 8 E8 = I E where I q q q 

and E = KifW + I R = Kif W q q q 

Therefore IB = 

T 
= Kif 

TR 
+-q 

Kif 

Kif = • 2013 weber$ 

Therefore 1 8 = 0.0139 TW + 0.0434 T2 

(a) Accelerate: T = 11 Nm, W = 300t 
29 

therefore r 8 = l.582t + 5.251 

(b) Cruise: T = 4 Nm, W = 300 rad/sec 

therefore r 8 =17.37 

(c) Brake: T = -4 Nm, - W = - 2
9
25 t + •225 

therefore r
8 

= l.39t - 11.82 

6.2.1 Average Battery Current 

1 ~29 . 151 . J9 
IBa~e = 126~ O '.1.582t +.5.25)dt + O 17.37' dt + O 

= 13.12 A 

(l.39t - 11.an at] 

(e) 
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!i'.?9 
12 _ i 11 . s1 9 
Brms - 126[o (l.582t + S.25l)'dt +I 

0 
17.37'dt + J 

0 

therefore 18 rrns 

6.2.3 Reduction in Losses 

18.67 A 

(l.39t - ll.82)2 d~ 
j 
(f) 

The unsmoothed losses are greater by a factor of 

P unsmoothed 
P smoothed = 

12 R B(rms) · B 
I 2 R B(ave) · B 

= 2.103 

\ 

6.3 RMS CURRENT THROUGH SMOOTHING CAPACITOR 

(g) 

If a large capacitor is used as a filter across the battery, 

the current waveform shown below is obtained 

le l 
Ipl< 

0 

0 MT T 

The current wave reaches a peak value of, 

Ipk - I B(ave) 
I (1 - M) 

= B(ave) M since 

. 

------· lb{av~)· l - M 
M 

Ic(av e) :Q 

.. -lb(ave} 

I B(ave) 
M 



Therefore I~{rms) 

Therefore = 

158c 

·. . . I I 
. .· 1-M. 
IB(ave) • '-J M 

( h) 

t 
f 
~ l 
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. CHAPTER 7 · 

OPTIMUM . CONlROL EQUATION. 
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7.1 NEGLECTING SATURATION AND ALL LOSSES EXCEPT COPPER LOSSES 

7.1.1 Problem 

Neglecting saturation and all losses except armature and 

field losses, find the relation between Iq and If for optimum 

efficiency. 

7.1.2 Solution 

7.2 

For any given torque and speed efficiency is maximised when 

losses are minimised. The losses are 

PL I 2 R . 2 = +If Rf q q 

r_re R 
therefore PL = -q- + . 2 

If Rf 

therefore 

therefore 

· therefore 

2I 2 R q q 

K2 I 2 
f 

= 0 

JR;; I 
=~Ri" q 

-2rre R 
= __ q_ + 2IfRf 

K2 Jf3 

since T = 

\ 
\ 
I 

since I = _I_ 
q Kif 

for minimum loss 

OPTIMUM CONTROL EQUATION ASSUMING T = Kifiq 

7.2.1 Problem 

Using the assumptions in Sect ion 5. 2. 2, f in_d the relation 

between Iq and If for optim~m efficiency. 
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7.2.2 Solution 

For any given torque speed, the losses are 

e = kf1 w2 + kf 2 w and f =battery losses which are 

constant. 

Therefore 

therefore 

therefore 

therefore 

aT2 bT I CI z PL =K2r.2 +- + + dI + e + f KI q q 
q q \ 

\ 

dPL 
= 0 

-2aT2 bT + 2cI +d dI = Kz I 3 KI 2 

q 

2cI 2 
q 

= 

= 

-2aI 2 

f 
I q 

q q 

bif 
I + 
q 

+ dI = 2aI 2 
q f 

q 

2cI 
q + d 

b b2 c d ~ + ( + -I· .2 + - I ) z 
4a 16a2 a q 2a q 

since T I = Kif q 

for minimum loss 

since 

by changing the 
subject of the 
formula 

The slope of this function is found by implicit differen-

tiation of equation. 

diq. dI 
4cI dI .. + d. diq 

q f f 
= 

( 0.) 



therefore 

therefore 
dI 

g 

= 

= 

162 

4aif + b 

4cI + d q 

[

16a <er 2 
q 

16c \CI 2 

q 
.(Q) 

If withAand rearranging. by ·e_liminati ng 
'i 

The initial 

The final as I 
q 

0 

d 2 become insiginificant. ,,, 

b 
is ·a 

is 
a, 

c 

11 
I 

since terms b 2 and 
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APPENDIX· 8 

· PROGRAM TO FIND EFFICIENCY 
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8.1 PROGRAM LISTING 

5 
10 
2•3 

40 
50 

60 
iO 
:3•3 
90 

10•3 
105 

110 
120 
130 
135 
140 

150 
155 
16(1 
17•21 
180 
200 
210 
22(1 
23(1 
24(1 
25•3 

26(1 
270 
275 

280 

290 
3(H) 

::;05 
310 
32l3 
33fj 
34~;:1 
35(1 
360 
37~3 

1 (H)(1 
1(11(1 

1020 
1030 

1 (140 
1050 
1060 
Ht70 
1 (1:=a) 

1090 

1100 ~~EAD S(2) 
1110 NEi-::T 2 
1120 F~ETUF:H 

1130 ! ****t***************i**** 
PROGRAM TO FIN~ OPTIMUM EFFICIENCY 1150 

1160 
1170 

************************** 1180 

* 
MA IN F.:OUT I NE 

I 

OISP " FILE NAME" 
INPUT Nf ! DATA DESTINATION 

ASSIGN# 1 TO M$ 
I 

119(1 
'1200 
1230 
:1240 
11250 
1260 
1270 
1280 
1290 
1295 

GOSUB 1000 ! READ DATA 
! ·1200 
FOR W=3000*PI/30 TO 3100tPI/ 1310 
30 STEP 500tPI/30 
FOR T=-12 TO 11 

1320 
133[1 
1335 

GOSUE: 1150 INITIALISATIONS 1336 
GOSUE: 1250 FINO IF 1340 
GOSUB 1500 FINO IO 1350 
GOSUB 2000 FINO EQ 1360 
E2=E3 I LET EB I =EB 1371) 
GOSUB 2500 ! FIND IB' 1380 
I3=12+DltI4 ! FINO IB 
GOSUB 3000 1 FINO EB' 
IF A8S(X-E2)).005 THEN GOTO 1390 
220 ! IS EB' ACCURATE ENOUGH; 
GOSUB 3500 ! FIND EFFICIENCY11400 
IF Nl-N>.5 THEN GOTO 300 i1405 
IF N>Nl THEN GOSUB 4000 ! !1407 
STORE VALUES FOR THIS IF~ IQ '1410 
Dl=D1-.0125*1.2*R1/E3 ! 1420 

OECPEMEt·H FI ELD M.··'S RAT I 0 1430 
GOTO 170 1500 
GOSUB 5000 ! DISPLAY RESULT 1510 
! 152(1 
NEXT T 1540 
NEXT W 1550 
! 
ASSIGN# 1 TO * 1560 
ENO 1570 
! 158(1 
! <Lt::t.:t::t::t.:t.:t.:t.tt*:t.t:t.:t:t.*:t:t.l*:t.1::t.t 159~) 

! 
! READ DATA 
I 

1595 
1 C'C47 ,..,_. ' 

READ K1.K2~K3~K4.K5,K6,K7,~ 1610 
8 .• K9, F.'.1, F.:2, F.:3 .. T 1, T2, V. E3 .. F.: 1620 

It-IITIALISATIOHS 
I 

Nl=-50@ 01=1.2:tR1/E3 
IF T<0 THEN S=-1 ELSE S=l 
IF T=0 THEN LET T=l 
RETURN 
! ************************* 
! 
! SHUNT FIELD CURRENT 
! 
I 4=01:i:E3/F~1 
RETUF.'M 

! **************i********** 

:::E~: IE::: FI ELD CURf<:EMT + Tq 
/ ' 

J1=(1 I~ J2=1.2 \ 
I4=<.J1+.J2)/2 
DISF' Ji; .J2 
GOSUB 1500 ! FINO IQ 
.J3= I 1 I:! I 4= . ..12 
GOSUB 1500 ! FIND IQ 
J4=I1 . . 
IF CR*J3tS-(J1+J2)/2)*<S*R* 
J4-J2><0 THEN Jl=<J1+.J2)/2 
ELSE .J2=<J1+.J2)/2 
IF A8S(J2-J1)<.001 THEN 14= 
<J1+J2)/2 ELSE GOTO 1335 
I 1 = ( J 3 + ._14 )" ,... 2 
IF A8SCI1)(50 THEN 1410 
14=1.2@ GOSUB 1500 
D1=I4tR1/E3 
F.:ETUF:H . 

************************* I 

! ARMATURE CURRENT IQ 
I 

LET Z=INT<50*I4> . 
K=<K<Z+1)-k(2))%50*I4+K(2)-
0((Z+1 >-K(Z) >:t:Z 
K=K+K9/I4 
A=K5:t.t·l 
8=-<K:t.14) 
C=T+CKltW+K2>+CK3+K4tW)tI4 IF 8A2-4tA*C>O THEN 1600 
DISF' 14 ~ 11=50 @ GOTO 1610 
11=(-8-SQR(8A2-4tAtC))/(2~A 
) 

F~ETURN 

************************* DIM K(70) 2000 I 

FOR Z=0 TO 61 2910 ! ARMATURE VOLTAGE EQ' 
READ. K(Z) ! K VALUES 2020 ! 
HE::<T Z 
Dlt1 8(100) 
FOR Z=0 TO 100 ! ASIHN VALU 
ES 

2040 LET E1=Ktl4tW+IltR2+StV 
2:0~50 RETUF.:M 



2(160 
25~)(1 

2510 
2520 
2540 
2550 

*************************·6080 
BATTERY CURRENT IB' 9010 

1

90Cu) 
DATA 

9020 
LET O=E1/E2 '9030 DATA . (H~H::14:i7678, . 12.5 ... 13::: 19 

56 ... (H)03(122 ·' . 0000007166 I 1. 1 
12.607 .. ~3, .0232,2:::.: ... 1266 ... 
04232 

LET Y=T2/Tlt(1-EXPC-C(1-D>t 
T1/T2)))tC1-EXPC-(0tT1/T2)) 
)/(1-EXPC-(Tl/T2))) 

2560 LET I2=E2/R2*C<1-CK*I4tW+St 9040 
V),·'E2)i:0-Y) 

DATA . (1002 ... 003, 1. 44, 72 I . 06. 
6881694 

2570 
25:::0 

RETURN 9100 DATA (1 J" 228 I • 28651 . 3077 J • 3f1 
24, .3247, .3236, .332.- .33E:2 .. ! ************************* 3000 I 3395, .3406, .34441 .34481 .342 

3010 ! BATTERY VOLTAGE E8 1 8 
3020 ! 9110 DATA .3433, .3417, .3402, .338 
3~140 ~<=E2 9 ... 336, . 3334 ... 3295 _, . 3259 ... 3 
3045 IF I3>50 THEH. LET 1=50 ELSE 212, .3169, .313, .3069, .3f124 

LET I=I.3 . 9120 DATA . 2983,. 2922,. 2876 ... 282 
3050 Z=ItH<AE:S(1(1tJ)/(2:t.K7)) 2 ... 2731, .2726 ... 4643, .264, .2 
3Ct55 G!=(:3(Z+f>-·:::<z> >t<ABS<5tl/K7 592,. 2546,. 2503,. 2463 ... 2442 

)-Z)+:3(Z) 
3060 E5=St1/K6tQ 
3065 E2=E3-I3tR3-E5 
307(1 RETU~:N 

3080 ! ************************* 350(1 
3510 
352(1 
3540 
355(1 
3560 
4~)(10 

4010 
4(120 
4030 
4(140 
405i~1 
4(17(1 
4(180 
5(10(1 
5(110 
5(12(1 
5030 

5(150 
5(160 
5(190 
6(1(H) 
6010 
6(120 

. 6(130 

6040 

! 
! FINO EFFICIENCY N 
! 
LET N=(TtW/(I3*E3))ASt100 
RETUPN 
! ************************* 
! StORE OPTIMUM VALUES 
! 
J4=I4 @ J2=I2 @ Jl=Il 
Gl=El @ G2=E2 m J3=I3 
03=0 @ Nl=N ~ Y1=K @ G5=E5 
RETUF~t-l 

************************* 
! ' 
! DISPLAY RESULTS 
! 
PRINT USING 5040 ; T,W,N1,J 
1 J ·-' 4 
IMAGE 30.0 .. 40.20,30.30,40.2 
0,2D.30 
PRINT# 1 ; T,W,N1,J1,J4 
RETUPN 

************************* 
! DI ::;PLA'l LOS::: ES 
! 
PRIMT USING 6040 ; K1~WtW+K 
2tW,CKJ+K4tW)tJ4tW,K5tWtWtJ 
1 "'2, G2:t.J2-G 1:t..J1 
I MAGE /, II FR I c I F.:ON '.3l'RA\' 
CHOPPER",/,J0.0,40.0.40.D. 

4D.D 
6050 PRINT USING 6060 ; J1A2tR2, 

J4A2tR1,J3A2tR3,G5~J3,Jl*V% 

6(16(1 I MAGE " G!CU FCU I RB V 
DP V8R",;,30.0,40.D,4D.O. 
4D.D,40.D 

6070 RETUF~t-l 

... 23:37 
9130 DATA .2352, .2319, .228, .2243 

I , 2214 ,• . 21 :3 J • 214 7 I • 2115 
9140 DATA . 20:35 I • 2063} . 2~::128} . 2(1(1 

. 2 •. 1976 ... 1951 ... 1927, .19(14,. 
1-::::::2, .186, .1834 ... 1:::2 ... 1:::f15 ; 

9200 DATA (1, .1 •. 199, .296 ... 39 ... 48: 
1 ... 569} . 653} . 733, . 809 

921~3 DATA .8:;;:i, .95,1.016,1.078.1 
, 1, 3 f: I 1 . 1 9 5 J 1 . 2 4 9 I 1 . 3 0 1 I 1 . 3 5 

922(1 

9230 

DATA 1.444,1.487,1.53,1.57, 
1.609,1.647.1.684.1.719,1.7 

.. 

DATA 1. 818, 1.85. 1.88,1. 909 .. 
1.938.1.966.1.993.2.019,2.0 
45 .. 2. ~~17· 

9240 DATA 2.095,2.119,2.142,2.16 
5.2.187.2.209.2.231,2.252.2 
.27212.293 

9250 DATA 2.312,2.332,2.351,2.37 
12.388 .. 2.40612.424 .. 2.441 .. 2~ 
458 .. 2.475 

9260 DATA 2.492.2.508.2.524,2.54 
12.555.2.57112.586,2.601.2. 
615 .. 2.63 

9270 DATA 2.644,2.658,2.672,2.68 
612.699.2.712 .. 2.726,2.739,2 
. 751, 2. 764 

9280 DATA 2.776,2.789,2.801,2.81 
3 .. 2.825.2.837,2.848.2.86.2. 
871.:2. :::!::2 

9290 DATA 2.893,2.904,2.915.2.92 
612.937,2.947 .. 2.958,2.968.2 
. 978, 2. 9:::8, 2. 998 

930(1 I , 

9999 ENO 
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8.2 CHANGES FOR DIFFERENT CONTROL EQUATIONS 

8.2.1 Shunt characteristic add 

8.2.2 Permanent magnet motor 

8.2.3 Series Characteristic 

265 GOTO 300 

255 GOSUB 4000 

same as shunt 

change 230 I 3 = I2 

same as shunt 

eliminate line 180 

change 170 GOSUB 1300 

the slope of the characteristic 

is entered as variable R. 

8.3 COMPUTER PROGRAM FOR STANDARD TEST CYCLE 

8.3.1 Introduction 

A computer program is required, which will compare the energy. 

supplied by the source for various control strategies with 

the optimum strategy. 

8.3:2 General 

The torque-speed profile in Figure 5.21 can be reduced to 

that in Figure ta) since no energy is required during 

coastinq and idling. (See Figure a overleaf.) 
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T 

w 

N 

-Taccel~ ~ Tcruise----- ~Tbro.ke~ 

FIGURE a 

I 
I 

The speed curve is approximated by a stepped function, the 
\ 

stepped shape of the efficienc~ equatio~ follows from this. 
I 

This approximation is valid, particularly when time t is 
er 

dominant. / 

The energy supplied by the source is 

E -JTW dt - N 

Since regeneration efficiency is defined as 

N·regen. = 
power from shaft 
power to source 

the values of n must be inverted during braking. 
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8.3.3 Program 

The values of efficiency for various strategies were read 

from a data file and then the energy used was calculated. 

8. 3. 3.1 Lis ting 

12~3 TE:::T CYCLE 
130 
140 
150 READ EFFICIENCY VALUES 
160 I 

165 DIM H1<150),N2(150) 
170 ASSIGN# 1 TO "OPTN" 
180 FOR 1=1 TO 23t6 
190 READ# 1 ; T,W,N1(!),J1,J2 
195 Hl(I)=NlCl)/100 
20(1 NEXT I 
235 ~ 
240 READ N$ 
250 ASS I Gt~# ·1 TO M$ 
260 FOR I=l TO 23t6 
270 READ# 1 ; T,W,N2C!),J1,J2 
280 N2(I)=N2(l)/100 \ 
29(t NE~n I 
300 ASS I Gt·Ht 1 TO :t. \ 
5(H) ! \ 
510 ! CALCULATE ENERG~ USED 
520 ! ! ' 
53~3 11=(:1 t! 12=(1 ! !NITIALI::;E 
540 READ Tl I T2 .. T3, A~ B. c 
55~) ! 
555 ! ACCELERATE 
56(1 I 

565 FOR Y=l TO 6 
570 Il=I1+A1Y:t.500tPI/30tT1/6/N1( 

<Y-l)l23+R+12) 
580 I2=I2+AtY%500~PI/30tT1/6/N2C 

<Y-1 );t:23+A+12) 
610 HEXT-Y 
620 ! 
630 ! CRUISE 
640 ! 
650 I1=I1+Bt3000tPI/30tT2/N1<5:t.2 

3+12+A) 
660 I2=12+8t3000tPl/30:t.T2/N2(5t2 

3+12+A) 
680 ! 
690 ! E:RRK I t~G 
7(H) ! 
720 FOR Y=5 TO 1 STEP -1 
730 Il=Il+CtY:t.500tPI/30tT3/5tN1C 

<Y-l)t23+13+C) 
740 I2=I2+CtYt500tPI/30tT3/5tN2C 

(Y-l)l23+13+C) 
760 NE>~T Y 
77~3 ! 
780 ! DISPLAY ENERGY SAVING 
7'90 I 

800 PRINT 1-Il/12 
:::H:.HJ ENO 
~i(1(H) ! 
5010 ! DATA 
5020 ! 
5030 DATA "NPERM" 
5040 ORTA 29,51,9,11,4,-4 
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Yfshunt o--------1 
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figure 6-9 



CHOPPER 

snubber 

field IRF150 

lK 

L 
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J 
80v 

Vfshunt 
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figure 6.10 



ANALOG IMPLEMENTATION 

,-----------------~-Yfshunt 

Jc· 
absolute + 

va.lue 
s 2 

OP 

- .Hf" see fig. 6. 5 for S 

* comparat.or 

lq + 
S1 

I 

- ... - ... :.. . - - - - - . error nmp 
+limit 

"--------:-----------~;....._ Vqshunr-:··-:-· 

absolute value - figure 6·11b figure 6·11 



9.2 SOFTWARE LISTING 

Label 

Start 

Set points 

MOr. /REGEN: 

A 

B 

Recd IQ 

Q switch 

Address 

80 00 

01 

04 

(). 06 
08 
OA 
OB 
OD 

10 

11 

13 

16 

17 

18 

lB 

lC 

lE 

21 

22 

24 

26 

27 

29 

2A 

80 2D 

2F 

30 

33 ., . 
, 

170 

Code 

F3 

31 00 83 

3E OD 

D3 20 
3E OD 
30 
3E 18 

CD 4E 80 

47 

3E 19 

CD 4E 80 

4F 

90 

D2 21 80 

68 

OE 00 

C3 24 80 

69 

OE 01 

26 81 

46 

3E lA 

81 

CD 4E 80 

16 00 

90 

D2 37 80 

3E 01 

Mnemonic 

DI J LXI SP 

MVI A, OD 

our PORT 20 
/MVI A, OD J 

SIM 

MVI A, 18 ] 
CALL recd 

MOV B, A 

MVI A, 19 J· 
CALL recd 

MOV C, A 

Description 

initialise stack and 
command I status 
register 

set interrupt mask for 
A-D erd of conversion 

read.TRO and store 

in register B 

r·ead TM'.) and store 
in register c 

SBB B 

JN: A 
J compare TRO and TM'.) 

MOV L, B 

MVI C, 00 

JMF B 

MOV L, C 

MVI C, 01 

-

-

i£ TRO ( TM'.) then 

move memory pointer 
~~ pair) to ~0 on 

the look t.p table and 
let T . (C) = O else 

sign 
l·et fL ~ TM'.) and C = +l 

MVI H, 81 

MOV B, M J 
store setpoint I

0 
in 

re;J. B 

Mvt A, lA ] 
ADD C 

CALL read 

MVI D,00 

SBB B 

-

JN: (JF SE'TP 

MVI A, 01 

read ~i ther 1p,q or 

I,,.,· depending on 
:1•1q 

value of T : sign 
fregister C) 

If I ') I then let 
q qo 

.switch (D) = 00 else 
l:et switch = 01 for 
regeneration or 
switch = 10 for · motor 



If setpoint 

Read If 

F switch 

output 

Read 

c 

D 

I Table go 

35 

36 

37 

39 

3A 

3C 

3F 

40 

43 

44 

46 

47 

11, 48 

49 

4B 

80 4E 

50 

51· 

52 

20 ca 

55 

56 

57 

59 

SB 

SD 

81 00 

to 

81 FF 

81 

57 

26 82 

68 

3E 14 

CD 4E 80 

171 

ADD C 

r.K)V D, A 

MVI H, 82 

MOV L, B 

MVI A, 14 

CALL read 

90 SBB M 

J 
J lockup Ifo corre­

sponding to I 
qo 

] read field current 

D2 47 80 Jf\K: (outp.it ) If If.< Ifo then 

7A ' MOO A, D let switch =switch +04-

C6 04 ·.ADI, 04 

57 MOO D, A 

7A 
2F 

D3 21 

MOO A, D 

CMA 

our PORT A 
] 

output chopper con­
trol signal 

C3 OB 80 JM? setpoin~J return to beginning 

D3 23 

FB 

00 

G3 51 80 

C3 55 80 

F3 

Fl 

3E 00 

D3 23 

DB 22 

C9 

our PORT c 

EI 

00 

.:JMP C 

JMP D 

DI 

POP PSW 

MVI A, 00 

our PORT c 

IN PORT B 

REI' 

output channel 
address and start 
conversion bit 
idle for end of con­
version interrupt 

J restore stack 
'pointer 

J 
J 

reset start conver-
sion bit 

read digital result 

] 

a ~able of values 
relating setpoints 
T and I 

o qo 



rfo Table 82 00 

to 

82 FF 

1 5 DEC 1983 

172 

.. ·•. 

\ 
\ 

A table cf ~~lues 
relating setpoint 
If~ to Iqo • 

I 




