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" ABSTRACT e

Ay

A complete DC-DC motdf arive'(batfefy, chopper and hotor)v
-is investigated wifh 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
modelléd for the purpose of computer simulation.

The computer model is used to investigate the possible
efficiency saving if both field ana armature‘current are
controlled. An optimum control systeﬁ is develcped and

compared with other control systems. \
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SUMMARY

N

When investigating the efficiency of a dc to dc motor drive
it is important to consider the system as a whole, including’
the dc source, the chopper converter, the motor and the method

of control.

In this thesis the lead-acid battery, the éhopper and the dc
motor are examined in detail with the two-fold purpose of mini-

mising losses and modelling the system4accurately for computer
5 |

\

A

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 in 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‘bbth armature and field
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b
current are controlled. The overall system model is aﬁalysed

by computer to determine the relationship between field 'and
armature currents for optimum efficicncy. The efficiency of.
the optimum control system/is also compared with various other

control systems.

It is shown that the efficiency improvement of an opti um con-
troller is less than 1% compared with a shunt motor and about
0.25% compared with a series motor for a typical electric
‘'vehicle test>cyc1e._ A permanehf magnef motor is about 0.8%
more efficient over the same test cycle. This efficiency
saving is very dependent on the chosen test cycle and will vary

with the barticular application.

Finally, a practical design for an optimum controller based on

a microprocessor is developed.
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POWER CONVERSION

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

needs to be controlled. That is the rate of power flow from
asfixed 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

reguired. This can be implemented using a bank of switched

resistors or a transistor used as a controlled resistance (as

in Class A, B and 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 converter is simple and inexpensive but is very
inefficient. Electromechanical converters provide excellent
conversion but can be I%rge and costly. The switching con-
veftér option’is'becoming increasingly attractive since it

theoretically provides lossless conversion.

The topic of this thesis falls into the general field of

"switching power converters".
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SWITCHING POWER CONVERTERS

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 mercury-arc rectifiers and grid-controlled mercury-

arc tubes were used. These suffered from many limitations
such as cost, reliability and efficienqy. In the 1950s high
power mercury-arc devices were develope%. 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 convertors. This led to the
J

development of the thyristor in 1957 and these devices were

available by 1961 with ratings of about 200A and 1000V. It

then took about five years before most of the initial problems

~ were solved and wide spread use became a practicélitY~

The need for forced commutation was a major limitatiom in
thyristors and toward the end of the 1970s, improved power
transistors began to challenge the thyristor in medium and

low power applications.



The most recent development in semi-conductor switches.has
been the development of metal-oxide semiconductor field-effect
transistors (MOSFETS) in 1978.  These devices ére currently
available with ratings of about 100V and 30A. They are
easily paralleled, to provide higher currént ratings. They
have many advantages'including absence of second breakdown and
very high switching speeds. MOSFETS are likely to become in-
creaéingly significant in switching power converters.

N\
Other than the development of switching devices, there have
been very few significant developmenté in converter topology

1

over the past twenty vyears.

Unified Theory of Switching Converters

In a recent book, "Switching Power Converters" (P.Wood)l,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 1s 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
R ‘s\\\\\\\\\\
single-phase ac to polyphase ac polyphase ac to single-phase ac
l , . .
dc to polyphase ac _ polyphase ac to dc
dc to single-phase ac ' single—lhase ac to dc

~§~\\\N\\ac‘to dE’“’/"/’t
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The converter can then be regarded as a matrix of switches

‘and its behaviour mathematically described using existence

functions and Fourier series.

Motor Drives ' v \

. : ' . .
Switching power converters are useful in many applicatjions,

one of the most important being motor drives.

Converters are availlable to drive both ac and dc motors. There
is a wide variety of ac motors available, the most common

. . . . 2
being induction motors and synchronous machines.

~Dc motors are generally either shunt or series wound. Recent

~developments are making the control of both field and armature

currents :in a separatély excited machine a possibility.
Development is taking place on permanent magnet motors as well
as motors with disc-shaped rotors. Tests have been dode
on controlling speed by varying the field only, this being

done usually in conjunction with a gearbox.

Converters have been deveioped for each of these machines from

polyphase, single phase and dc sources.

bC TO DC MOTOR DRIVES

S

The subject of this investigation has been limited to the most

" specialised case of power switching converters listed in Table

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

limited to the particular application of dc-dc 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 v with few other creative innovations.

|
|
i
3

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

3,21, 22

alternative to the internal combustion engine. 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 vehiclesvand public transport.

vThére are éﬁgreﬁtly‘tﬁg méjor limifationé to tﬁe Qidespreéd
use of electrical vehicles. The weight and speed of charging
‘of the lead acid bat£ery anq, secondly, the initial capital
cost is likely to be between 50 and 100% greater than the
Internal Combustion vehicles.l22 There is presently little

difference in the efficiency of the two systems when traced

back to energy source.

The dc motor hasltrqditidnally been used for electric vehicles

but other possibilities are also being considered. Electronic



dc ~ac converters are making the use of induction motors a

“viable option. Tests on hybrid vehicles, containing both

electric and Internal Combustion motors have.been done.23

Efficienéy is oné of the most important considerations in the
design of an electric vehicle drive,. It canvbe shown that

in the case of a commercial One—tonbtruck a 1% efficiency im-
provement makes it possible to reduce baptéry mass by 12-15 kg;
hence the need for an efficient control system‘including_regene—

rative braking.20

\ | ‘<
\

DC ~Sources 3

The lead-acid battery has a long history gf 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 given to reducing the Weight of containers

and grids.

Much research is being done to devélop alternatives. = Many
poséibilities have been proposed, each with limited success
and their own problems. A useful survey of the state of the
art of some main contenders is given in reference.21 These
include metal-aqueous batteries (nickel~ziﬁc, nickel-iron,
nickel-cadmium), metal-oxygen batteries (zinc-air, iron-air)
and‘high temperature batteries (sodium-sulphur, lithium-

sulphur). Fuel cells are a further option for use as a dc

source.
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The future of electric vehicles is largely linked with?ihe
development of alternative batteries. However, it is‘diffi—
cult to predict which will be tﬁe most likely candidate. |

i
The lead-acid dc source was chosen for iﬁvestigation in fhis
thesis, sinée it is the only battery which is cohmerci‘ily

available at present and it currently has the most wid'spread

use.

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 96V 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% < 0.3%

TABLE 1.1




1.5 SCOPE OF THESIS

Many factors need to be considered when designing high perfor-

mance dc-dc converters.23 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
(£) 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 1is 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 dc machine.

The chopper désign is first examined in detail with a view to
minimising losses. The motor and battery are then investi-

gated. These are régarded as given components which are not



" open to design changes ana,-therefore, the goal of these two
chaﬁeré is tovmodel the motor and battery as accurately.as
poésible for computer simulation. The possibility of con-
trolling both £uﬂd and armature currents is then analysed with
respect to the effect on efficiency of the whole system. Ah
optimum control system is proposed and this is comparea to

other options. Finally, a practical design is developed.
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PRINCIPLES OF OPERATION

2-1 ¥
2.1.1 Circuit and Waveforms
A circuit using a simple two-way switch can be used to des-
' ' | ‘
cribe the operation of a two quadrant DC-DC chopper controlling
‘the armature current of a DC mdtor.l’ 24, 25
>
Ib
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 Lqg.
Ib | Ig teh
' SWITC
B A B A B A B A pos;hon
‘Iqave
Ibav f-----}--------
be

| «— Tg—|<Tph—|
) FIGURE 2.2
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If TA equals the time the switch is in position A and TB the
time in position B, then the mark space ratio (M) is_definéd

as

M o= B | C(2.1)

As the mark space ratio is increased, the average current

through the -motor (Iq) increases.

hd L4 . . . e

Regeneration

t

1

In order to cause the current to flow from the motor into the
battery sburce,‘a voltage step-up. mode is required since

t

Eq< EB.
The circuit in Figure 2.1 will enable this. If the time TB is
sufficiently long, the voltage Eq'will cause Iq to flow nega-
tively. When the switch is changed to position A, the induc-

tance L will attempt to maintain this negative current.

Current will then be delivered to the battery in pulses.

The critical value of mark space ratio at which regeneration

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

armature voltage varies with the machine speed and flux.

Transfer Equation526' 27'28

The relationship between I (average) and Iq (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 Iq
will flow but zero current will flow through the battery.
What is the greatest éurrent which can be regenerated and at
what mark space ratio?

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

ve
in Appendix .1.1. The constants in the equation are armature
resistance (Rq), armature inductance (HJL battery voltage (EB)

armature voltage (Eq),VChopping Period (T). Mark space ratio

is defined in Equation (2.1). \

|

: R R -
E, - E E L e M)T\‘ ~T MT
g Bqg (e = 1)(e -1)
I = —3 M+ (2.2)
Bave R 2 R,
-9 (e -1)-
. L
This equation tends to a limit as the ratio 7?- tends to
‘infinity, i.e. for a very large inductance or very high
chopping frequency (see Appendix 1.2).
E E :
= _B y2 q
IBaVe, = 5 M - g M , (2.3)
q , q

This equation is verified in Appendix 1.3 using 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.

M . | | |
Tqave —_— (2.4)
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b
This equation is seen to.be independent of inductance value
' ‘ ot
(Lq} and chopping frequency (%). :

m -

Equations (2.3) and (2.4) are normalir~d with respect to

|

and plotted in Figure 2.3.

Equations for Regeneration

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 2.3 it can be seen that this critical value

occurs when

Tgave = ®. BgM - EBg) = O
d
Eg
therefore, regeneration will begin to occur when M = N (2.5)
: . 5
The maximum value of current which can be regenerated is also
found from Equation (2.3) .
leave _ Py, P9 _
d M - R ~ R B
q d
| | | Eq
therefore, maximum regenerated current occurs when M = > (2.6)
B
and will have a value-
: _ % P Eg Eg
Bave Rq 4EB2 Rq ZEB
—_ E 2

R N (2.7)
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2.1.5 A Practical Circuit

. ' &
The circuit in Figure 2.1 assumes a bidirectional switch,

whereas most semiconductor devices are uni-directional.

During motoring (positive Iq), it can be seen by inspgction
that the required switching function along path B-C cln easily
be performed using a.diode perhanently in the circuitja With
the switch in position A the diode across B-C will be.reverse
brased'énd.will_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.

N
L1

, JA

FIGURE 2.4

Switches A and B are always 180° out of phase.



2.1.6

17

Clhk _Converter29

A novel adaptaticon of the ideas deve

been suggested in reference (29).

vof cascaded step up and step down st

‘tor to transfer the energy between t

loped in this section has
Conceptually, it consists
ages with a large capaci-

he two.

" Step Up

Step Down

FIGURE 2.

5

This can be implemented using a sing

switch. Each end of the capacitor

The main advantage of this system is

input and output currents. Further

if the two inductors are transformer

This converter together with several

cussed extensively in the literature

le pole double throw

is alternately grounded.

the continuity of both
improvements are obtained

coupled on the same core.

other adaptations are dis-

by Slabodan Cuk. .
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SWITCHING DEVICES

v,
B

Various semiconductor devices are available to perform the

.switching operation.

Thyristors4'25' 30,31

'~ The thyristor is the most commonly used switching devilce

because of its robustness and high current and voltége capabi-

lities.

The major disaavantage of fhe thyristor is the need for forced
commutation, since the device will not turn off until the
current 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.

Power Transistors32'33' 34, 35

Power transistors eliminate the need for forced commutation.
However, these are limitedbby their relatfvely 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

Power Field Effect'Transistors36

| : '
A recent development in power semiconductors is the HEXFET

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

national Rectifier). ' , D

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 28 A (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
represenfed 5y a reéistor;- Therefore, paralleling of devices

reduces the on-state resistance, thus reducing losses.



THE USE AND PROTECTION OF HEXFETS

- 20
drain

gate  O————r!

OSOUFCE

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
\>
the device and can be used as a free-wheeling diode if neces-

\

sary. : .

\

HEXFETS were used in this thesis because of their high
switching speed capabilities, (therefore, low losses) and ease

of use.

36

Three values need to be investigated:gate/source voltage,
drain/source voltage and drain/source current, with particular

reference to transient spikes.

Gate /Source Voltage

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

cause damage.
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Zsource

<> » N = s

FIGURE 2.7

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

as transient on the gate

1
vV = X [&V
1 + CgS/Cdg . DS

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

3Ss
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.

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.



2.3.2.1 Free wheel diode . -

$2.3.2.2

2.3.2.3

22

- A free wheel diode connected across the inductor to provide an

"alternative path for the current being switched is essential.

stray cctL ) ‘}

— 3 ¥ T A

R 1 freewheel 'J

Eb 0 ;
R

FIGURE 2.8

The diode has a finite switch on time, during which the voltage
will rise: fherefoge, ;rdgh';péed.échottk§ diode is desirable
Qith 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

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

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

Layout

There is a small stray inductance in the leads of the circuit.
This is:sufficient to-cause-véltage spikes. when switching at
high speeds. It is important that the diode is physically
located as close to the HEXFET as possible and that leads to

the battery be kept short.

vSnubbers

Despite the above precautions, there still remains a finite
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circuit inductance and reverse recovery time for the ffée wheel

diode. A protection snubber circuit is, therefore, re@uired.

Three possibilities are described.

+— + + —

o L) *

13 Z{S;b I R =

r ' - r Ec
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. Dburing the on period

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

R. The value of C is calculated from.
c = dtg
\Y

where I is the full load curreht. V the supply voltage and
the value of to is discussed in Section 2.4.2.4 and optimised

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

stant

1
RC << =

X
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o i
where f is the chopping frequency. The value of R mus& be

high enough to keep the sum- of load and capacitor diséhérge
~current below the peak ratedvalue of the hexfet.

| : - |
In Figure 2.11 the capacitor is charged to a value gréater
than the supply voltage. Thus diode D is reverse biJsed
except when a yoltage spike of greatér than Ec appearshduring

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

charge the capacitor while maintaining the required voltage Ec.

Bofh Figure 2.9 and 2.11 are vqltége clambingidevices‘which
dissipate energy only when aﬁ over-voltage appears. The load-
liné 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)

Ic o I

Ve ' —Vc

FIGURE 2.12 - | ' FIGURE 2.13

The load line characteristic in Figure 2.13 enables 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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. i
The diode in Figures 2.10 and 2.11 and the zener in Fiéhre 2.9 .
must be chosen for their fast forward recovery characteristics.
Snubbers should be mounted physically as close as possible to

the hexfet terminals to aveid circuit inductance. .

Drain Source Current . |

The total continuous RMS current rating should not be exceeded.
The hexfet also has a peak current rafing 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.

——H—s <tp t30
- - =V

FIGURE 2.14
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During time tl the value of ID‘decreases and IH increases,

With a perfect diode, commutation should be complete after tl.

However, owing to minority carrier reverse recovery, the diode

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

reverses direction. The value of IH also increases because

I = I, -1I

H L D° After time t2, the diode begins to support -

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

I,). Thevvpltagé \Y

L

g remains high till the end bf time t2 and

then begins to drop.

Parasitic capacitance will also tend to increase this current
' |

\

\ ;

\
!

peak..

There are four ways of reducing this effect.

1. Slowing down the gate drive»signai.

2. Using a fast recovery diodé.

3. Using a small linear inductance in series with thé 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.

35, 37

SWITCHING AND SNUBBER LOSSES™ "' . 38

Switching Losses With No Snubber

" Assuming zero stray inductance and zero recovery time for

the diode, the following simplified waveforms are obtained:



N
~J

—OFF— —0 N—
| Vi . / '
LA —
l oA 'I \
y
gl |
L |
- Y |
M } Vo
vy
O L
A I
Iy | |

€« h -~ fz—» (—f3—> <—1'q—»

FIGURE 2.15

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

H
becomes forward biased. At this point the diode current

begins to increase and the hexfet current begins to decrease.

The power loss in the hexfet.

t t t t

AP 2 3 4
P = — VHIHdt + 4VHIHdt + VHIHdt + VHIHdt

O O o} o

=1/2VSIL[tl + t2 + t3 + t4] x £ v ) (2.8)



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

2.4.1.1

2.4.1.2
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where f is the chopping frequency. | o S

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

|

switching losses are zero in the diode. ' ‘ !

|
From the equation 2.8 it can be seen that switching lgsses
in the chopper can be reduced by decreasing the switching

time or decreasing the chopping frequency.

’

Switching Speed

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

. — 1
P = LV.I t. f < .00l v.I,

therefore, f <

where £ is the chopping frequency and tS is the total on

and off switching time t, + t2 + t3 + t4. Using hexfets a

1
tS of about 300 nS was achiewved. Thus with a chopping fre-
quency of less than 6.6 KHz, the switching loss will be negli-

gible.

Achieving High Switching Spéeds36

~The gate drive signal is an important factor in providing

high switching speeds and, therefore, low losses.
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[ TR —

: - g - . i
During steady state operation, very low drive current is

1
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 impedence.

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

5
+15v

input o gate

FIGURE 2.16

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

8085 micro-processor. The following circuit was used.

N

\ /

schmitt buffer

trigger
”?‘E ;ZE;BV |
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"Turn-Off" Capacitive Snubber

L et

-~

Snubber and switching losses35

Equations for the energy loss when using a capacitivelsnubber
(see Figure 2.10) are developed in Appendix 2. Thesg equa~ 
tions assume zero stray inductance and dipde recover time.
Power losses are obtained by multiblying by chopping ‘reqen—

cies.

Switching turn off power loss in the héxfet (symbols are

defined in Appendix 2.3.1)

VSIL ts2
. . _ 9
PR (tum off) 7 s, -ty " (2.9)
P. = Eixg (t. - ts
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 .
period and has a value of 7; . 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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.VSIL - ' .
Py(turmn-off) = T2 by +t,) . £ N '- (2.11)

where f3 and t4

are described in figure 2.15.

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

therefore - period T = 2ﬂ]/LSC_ S (2.12)

where L is the stray inductance and C is the snubber capa-

S

citor.

The peak voltage

AV = III.lZ-’ = IWL and W = —-——-—
e VI
therefore AV = IH,Eﬁi - (2.13)
By ‘ )
(See Figure 2.17 overleaf.) IH is the load current through

the Hexfet.

Effect of diode recovery time

At furn—off, the forward recovery time of the diode will have

the effect of delaying the rising edge of ID at time tC by a

small constant. This will also cause a fgrther overshoot in W.
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«——0FF— | «—0ON—>
. — 3
AV
. . : = 1(
W / S
' "’/7};/\,‘,\ _
Iy
Id '
Ic :-
\ |<—f3—> éfﬁ
I | ;

waveforms neglecting stray L+D.recovery
-------- including stray L

7777777 Teverse recovery

FIGURE 217
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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 élightly increasing the power loss equations developed

above.

Compdrison of "turn off" losses with and without capacitive

§£pbber35

The total turn off powervloss with a snubber is given by ‘equa-

\

tions 2.9 and 2.10. o ‘ \
VI, t 2 g
g = - flem ey e T )| (2.14)

If the voltage rise time and the current fall time are assumed
to be egqual in Figure 2.15, then the turn off power loss with-

out a snubber is

P = LV.I. (t

‘ P .
therefore P (51qce ty, =ty = tg)

]
<
4]
-
R
'—h
t
n

(2.15)

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 tc which is determined by the value of capaci-

tance.
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t '

Equation 2.14 is rearranged so that the quantity FS ié the
S :
equation variable. = This eliminates the need to know the
value of t
. N | :
Therefore P, = V. I .t .f 1 + c _ L1 (2.16)
S SL°"s” t 2t 4 = :
1225 - 1) S
t
S

Equation 2.16 is normalised with respect to P’ since these

are the two quantities being compared.

P c 1
. S = . 1. + T - T
Therefore p’ tC 2 s (2.17)
12(2 T - 1) : :
S
. PS
The normalised values - are then plotted on a graph (Figure
P P
2.18). The area where —; <1.0 'is the region where

, p
efficiency is improved by using a snubber.

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

efficiency is improved when

Tt < 2.5 t | o (2.18)

-
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Figure 2.18
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—

Zener "snubber"

] . : h
The zener is a voltage clamp which absorbs voltage peaks but

does not affect the load-line switching characteristic.

- Therefore, no part of the switching loss is dissipated in the

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

n

due to stray inductance and diode forward recovery atJturn off.

'bed in

The switching loss equation is the same as that descri

Section 2.4.1.

Ve +
Vi
i v i
e——turnoff —
Iy
FIGURE 2.1°9
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 further voltage overshoot.

*The maximum loss in the zener is
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2 sex

In practise tz is very small and P is negligible in a well

designed,circuif.

It should be noted that a well designed capacitive snubber
réduces switching losses whereas a zener clamp does n?t alter

the load-line switching characteristic.

“"Turn On'" Snubber and Switching Losses35

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 revérse recovery
current spike and also reduces the overall Switch—on loss By
altering the load-line switching characteristic. The
switching waveforms and load line of a linear

series inductor are shown in Figure'2.20(overleaf).

The switching loss without a turn-off snubber was found in

Section 2.4.1.

v.I

PH (no snubber) = —%T— (t3 + t4) . £ - (2.19)
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The loss in the hexfet with a linear inductance

t
1 S J VHILtsf
PH (linear L) = ‘T“f_ Vlbgyltlde = ———=— = | (2.20)

o)
o

The power dissipated in diode DL at turn off owing toienergy

stored in L - g
S b

Nt VIt f
P = = %}tﬁL&kk

O

(2.21)

If, for example, t3 + t4 in equation 2.19 equals tS in
equafion 2.20 and equation 2.21, then the total loss with a

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

If a small saturable inductance is used instead of the linear
inductance, then the waveforms shown in Figure 2.21 are

obtained.

Iy I

Im-

Vu_

FIGURE 2.21

If a well defined saturable inductance is used, both hexfet

and snubber switch on losses become negligible.
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C

" The “switch on”snubber can return the snubber energy'through a

. small step up transformer. In the 'switch offusnubber, energy

absorbed by C is discharged through Dl and the resonance of

I, and C reverses Vc for the next cycle.

/ot

{{C : N r
;€ VC . . “ §; J
, L

Switch off snubber Switch on snubber

FIGURE 2.22

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 (less than a few centi-
meters). Fast recovery Schottky diodes can be used. The
peak current of a hexfet is about 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. °



40

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 circuits.

ON STATE LOSSES

Hexfet | - | B

\

JURFIESIEN

The on state of a hexfet is approximated\by a resistance,

\

therefore ; _ i

i

_ 2 '
PON = IHRD(on) (2.22)
L
where I,. is the RMS value of the hexfet current and R is
H o : D(on) _
. {
the ON-resistance of the hexfet at 25°C. A typical RD value %

for an IRFI50 hexfet is 0.055.1..

A more accurate expression which includes temperature effects

is-

e nArem vm S b ten A8

A
Py = IH;RD(ON).[:I +0.007 (AT, + T, - 25)] | (2.23) ,

whenaTk is the ambient temperature in °C and IZXTJA is the

junction-to-ambient temperature rise.36 . :

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

much as is required. " If N hexfets are panﬂjela%the loss in



n

each one will be

- (—Hy»

PN o= N ) RD(ON)
where IH is the total current. The total on state loss is
thus

I.R
. A _ H2 "D (ON)

PON = N ‘x PN = ————N——w— (2.24)
PON is thus reduced by a factor of 'N. This will require a
smaller heatsink ahd losses will be further reducéd since
AFJA is smaller. (See Equation 2.23 ) However, although

it is efficient to use the hexfets at wéll below their rated

3

current values, it is also more expensiv?.

Freewheel Diode

Unlike the hexfet 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 Sthottky diode (SD51), for example, has a maximum forward
voltage drop of 0.60 V compared to 1.70V in the hexfet's

(IRF150) own integral reverse diode.

HeatsinkADesign39

The effective value of R is increased if the junction

D (ON)

temperature is allowed to become too great. This, therefore,
is a source of ihéfficienéy. The heatsink must be designed

“to keep ZXTJA as small as possible.
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INDUCTOR LOSSES

The Inductor

"An inductor is required to keep the output current continuous
when motoring and is also used as a storage element when the
chopper is in the .step up mode. The armature inductarice of

i
the motor may be sufficient, but in some cases an extegrnal

"~ 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).

Losses Owing to Form Factor

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

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

a high ripple.

>time

FIGURE 2.23

Therefore, if %% # 0 then a loss will result because of the

current form factor:
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i
5.

This loss is analysed in Appendix 3, and normalised wigh

respect to Ep /Rq, it is shown to be. ;y

| PN(loss)

A
3

- ]
This per unit loss is plotted in Figure 2.24 against | T for

: TC
. various values of mark space ratio M.
The loss is seen to be greatest when M = 0.5 and has a
‘maximum value of
I
‘ -2TC
-1 (e - 1) ‘ .
PN(max) = 4 Y T (2.26)
wo (e 2TC  + 1)
004
M= .5
M='3,'7
Px{loss)
[ S M='2"8
M=, 9
— i 1
1.0 TC

FIGURE 2.24

The chopping frequency must, therefore, be high enough and

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

A power loss of 0.1% of EBZ/Rq can be assumed to be negli-
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gible. Therefore, a value of o < 0.4% ycould 5@

adequate.

Output Current Discontinuity v |

In a unidirectional chopper, discontinuous current byEthe
inductor being too small will decrease the form factor land
will be a further loss in the chopper. The effect of this

discontinuity 1is 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 .)

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 1is expréssed by4l

P. = K.VfB"
H ma

H X

where KH is a constant of the material, V the volume, f the
chopping freguency, 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 the wave

shape of the flux.

PR S
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which decreases Bm
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The maximum ripple current when using pulse width modulation

is shown in Section 2.7.3.1 to be

: . E :
Al = T.. B _ B . L
- max I.7C R = Z.f.L Ssince TC =4—
q g
.also : ‘
B _ ¢max - Llhax _ Ep (2.27)
max - A - A.N - 4 ANf : °
where A is cross-sectional area and N the number of turns.
The hysteresis loss is-tﬁus
EB
P = K.V n> 1 (2.28)
H H 4Aan‘l

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

ax*

Eddy Current Loss
The eddy current loss is expressea by41

= 2
‘P = KEV (FF.f.t.Bmax)

where K_ is a constant of the material, V is the volume, Fo

E
is the form facfor of the flux wave, f is the chopping fre-

quency, t is the thickness of the laminations and Bmax is the

peak value of flux density.
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Using the value i *
g value of Bmav from Equation 2.27 | .

A

 F_.t.E, ,
P, = K.V (= B )

E E 4 AN o . (2.29)

It can be seen that eddy current loss is independent of
frequency. To reduce this loss it is importént that |a lami-

nated core is used with t as small as possiblét

Copper Loss

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

tance which will be an additional copper loss

Choice of Inductor and Chopping Freguency

There are six factors which affect the choice of inductor and

chopping frequency.

(a) Switching loss: (Section 2.4.1) - This increases in

proportion to frequency.

- .

(b) 1Lloss owing to output form factor (Section 2.6.2): This favours a low
value of-é%—,ﬁtherefore, a high value of frequency and inductance.
(c) Hysteresis loss (Section 2.6.4) ~ This favours a high

‘chopping freguency and is independent of inductance

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

dent of freguency 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 onhkféchx‘ that increases with frequency.

If switching losses are minimised using snubbers, then the

highest practical 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) ' : |

\

I R < o0.45 | | (2.

CHOPPING STRATEGIES(ZG’ 3)

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 chopping, strategy is to

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

the required mark space ratio.

The choice of chopping strategy will affect the size of the
ripble currentjand chopping frequency for any required motor

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

30)

highest frequency (see Section 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 (PFM)

3. ‘Two-level control (TLC)

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

and a strategy particularly suited to microprocessor imple-
mentation is proposed in reference.43 These two methods are
not examined. Each strategy is investigated with respect to

ripple vs motor current and frequency vs motor current.

Ripple Current26

Using eqﬁatim12.2 a formula for the peak ripple current AL

can be derived.

MT T
N T .
(1 - e_ﬂ:)
E T
B “ON
where IN = T and M =-¥—

By applying Taylor series, a first approximation can be

obtained.

JAN T :
= TC - .32
IN TC M(1 M) , . (2.32)
Iq Eq
from equation 2.3 .M = -T— + T
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therefore

I E .
—%—-I- = %(39+—‘1)(1-21—f3 '
N N Fp I E
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——

The ripple current, therefore, depends on fréquency, time

constant, back EMF and the required motor current.

Pulse Width Modulation

ratio is varied.

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

Ripple current vs motor current

Using equation 2.33 with TC

constant, ripple current is

——

plotted against motor current.

Al
In
A
I .1 .
LI'TC ’/” ‘«\
// \‘
/i \\
K \\‘ Eg- -0
/ L\
incr.=5- <=/ \
Eb < / . \
: 1 \
/ \
] t
1‘ ‘« >Iq

FIGURE 2.25

From this graph it can be seen that the maximum ripple-

current is

—
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N. max
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From equation 2.32 it can be -seen that this occurs at

(by differentiation). -

Freguency vs motor current

Frequency is constart and independent of motor current.

FIGURE 2.26

Pulse Frequency Modulation

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

Ripple current vs motor current
Since TON = MT, equation 2.32 becomes
T
Al ON
== = = (1 - M)
-IN TC
_ Con (1 - EL _ Eﬂ)
T¢ - IN'. EB

(2.3¢)
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T I~ E_
9; IN EB

Therefore, ripple current can be plotted against'required

motor current.

FIGURE 2.27

Frequency vs motor current

Frequency increases with motor current.

o .
ON %3
T M I

Therefore f =

{2.35)

(2.36)
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FIGURE 2.28

2.7.5 Two Level Control

A1 'iﬁ'this case two current leveis are set a fixed amount.'zil
.above énd below the required éverage current. The output
current is monitored and switchingbtakes 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.

- ' FIGURE 2.29

'2.7.5.2 Frequency vs motor current

In equation 2.33 f? L is a constant and by rearranging the
. N
'_formula,
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= At S te) - - g 2.37)
A IN EB IN

FIGURE 2.30

'2.7.6 Selection of Control Strategy

'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 1s constant and the ripple parabolic
and for TLC the ripple is constant while the fregquency 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.
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INTRODUCTION

In the chopper there is much room for efficienéy iﬁprovement

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

and the only possibility for efficiency improvement'is in the

appropriate control of field and armature currents 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

T = K(If)IfIq and gq = K(If)IfW + IqRq (3.1)
Need to be modified. to include all losses.

The losses in the machine are listed below.2? ™39

(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 constant, is first measured and then each loss is

discussed in general terms. The experimental determination
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. kif
- of the losses in a 3. 7I@v30004rpm motor are then descrlbed

1

The ratlngs for the motor are listed in Appendlx 4.
“Finally,,torque and speed equations'arevpropoéed and their

relative and absolute accuracy discussed.

3.2 THE MACHINE CONSTANT

The machine constant is a cohstanf definiﬁg the . total forque
_produced by the motor as function of arhature ctrrent_and the
 inducea back EMF as a function of speéd (K(If) in eqﬁation'

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 generafing there are no I?R losses on open circuit. Therefore

: Eq = K(IZ)IW , K (3.2)

And thus K(If) can be calculated for various values of If.
It was shown (within experimental error) that K(If) is indepen--

e L

dent of speed. : : ' ' o

Values of open circuit voltage for increasing and then
decreasing values of field current are plotted in Figure 3.1.
The effect of remnant magﬁetism and hyétéresis on the value of
K(If) can be seen. Remnant vbltage is reflected in the fact

'that
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To correct for this, the values of K(If) are .split into two

cemponents
_ . rem
K(If) = kK (If) + -3
f
. v
where k = _m
o rem W
measured

Substituting this into equation 3.2 gives the correct value
of Eq at If = 0. A table of k'(If) values and the value of

kremvls listed in Appendix 4. |

5

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 selécted.

Discussion on Accuracy of K(If)

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

ment was estimated to be within 3.0% at If = ().l and 0.7% at If = 1.2.

The error due to hysteresis is over 10% 1in 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‘machihe.constant K(If) is a set of discrete values rather
than a continuous functioh'and this results in a‘quahtisation
érro:. .This is.virtually eliminated in the final hodel by

| regarding the K(If) cﬁrve”as " a piecewise line;r gfaph.

This is illustrated in Figure 3.2.

Actual Function Quantised Approximation

Piecewise Linear Approximation

FIGURE 3.2

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

okideAlayer between the brush and commutator displayed a semi-

conductor characteristic. However, no evidence of this was

discovered during experimentation.
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COPPER LOSSES

= e

Theory

" The resistance in all wires carrying current will cause an

"I’R loss. This will occur in the armature, interpole!and

field windings.

p = I 2(R + R ) + IR

cu Ko armature interpole F " field - (3.3)
"Resistance is temperature dependent, and if measured at
temperature Tl it can be corrected for temperature T2 by the
equation

R, = Rl(-K+T2) - (3.4)
K + T,
where R2 is the resisfance at T2. The value of K for copper
is 234.5.41

Equatibns describing the heating and cooling of the copper and

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

Experimental 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. This is the condition under

which the machine would mostly run.
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The position of the armature affects the reading of arﬁéture

Y

resistance.  In Pigure 3.3 it can b t -

| | g § seen that Rarmature con
sists of two parallel paths which are not exactly equal, owing
" T™¥¢° variance in solder resistance, wire thickness and number of
 turns(ﬂL'In addition the brush may contact one or two commutator

segments and thus a winding may be short circuited(QL The

solution is to average a set of readings at various armature

positions.
brushes---l
fi
R armature

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 terminal.

;mmggsqlts are Shown in Appendix 4.
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3.3.3 . Accuracy of Results

- Appendix 5.1.

Accuracy estimates are based on the procedure described in.

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, anm inaccuracy of less than 2% can be assumed.

The model used for copper loss was '

_ 2 \
Py = Ip2Ry + IZR

\

A
{

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.

Skin Effect

The armature resistance is measured with direct current.
However, individual conductors experience a large a.c. com-
poﬁent. The equivalent a.c. resistance is greater than the
d.c;'fesistance owing to the skin effect (this reduces the

effective area of the conductor by concentrating currents on

the circumference)fzl

q *t g Rp (3.5)
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The skin effect is proportiocnal to the aﬂmre:of the é;d. 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 the stray load
loss term which is also a function of (Iq.W)z. (See Sec-

tion 3.7.)

BRUSH LOSSES50 22 T ;

Brush Voltage Drop

This guantity is very difficult to model accurately since it
depends on several variables which are difficult to determine.

(These are discussed below.)

Interface Film

A thin layer of coppér oxidé develops on tﬂe surface of the
commutator segments and is covered by a thin deposit of
graphite from the brush. Water vapour and'an'oxygen'film
provide boundary lubrication (hence the short brush life at
high‘éltitudes). 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

B N ‘
than. 80°C. Losses thus decrease as temperature increases.‘

! -

3.474 Brush Pressure : v : '

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 ihcrease electrical losses and

a valve which is too high will increase mechanical wear -

¥

3.4.5 Other Factors , . ;

.

The brush drop is also dependent on area)vgrade.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 statiocnary. The graph in Figure

3.4 was obtained.



1.6}

- BRUSH: DROP  LV]

o

/ |

-/

BRUSH VOLTAGE DROP

1.2

—

1 . i 1

20.8 . 48.9
~ ARMATURE CURRENT[A]

AN

FIGURE 3.4




64

I
|
_ by

A constant value of Vé =-1.4V was used in the model. " This

» . ) - : r
will be inaccurate at low values of current.

The accuracy of this approximation is difficult to determine
since conditions change greatly ' during rotation (especially

the interfacévfilm).

" machine iron is subjected to variations of magnetic flux.

NO LOAD IRON LOSSES

Bysteresis and eddy current losses are present since the

Hysteresis Loss44

Hystefesis loss is dependent on the range and frequency of flux

variation

H

P.. = K, fBY
v H max

where KH is a constant, f is the frequency, Bmax is the mag-

nitude of flux density variation and n is the Steinmetz T T~

exponent.

The frequency f is proportional to speed W and the flux

density B is proportional to field current If.

Therefore PH = KWI? (3.6)
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~eddy currents.
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Eddy Current Loss44

Vet

A loss is caused by I?R losses in the core owing to induceA

P =  K_f2t2B?
E max

Frequency 1is proportional to speed W and Bmax is proportional

to I and t is the lamination thickness.

£

therefore, P = KW IZ - . ' (3.7)

.

,Léakage fluxrcauses eddy currents to be induced in the arma-

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

'

- since leakage flux is normal to the plane of %amination. Burrs on the edge of

stampings increase éddy losses since laminations then have an electrical 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 pole face and thus induces

. o
eddy currents in the pole.  The frequenc¥/df~the ripple is

the product of motor frequency and number of slots. In this
thesis a 3000 rpm motor was used with 36 sléts; giving a ripple

frequency of 1.8 KHz.

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

should be considered separately from the rest of the core losses

since flux distributions are greatly different.??
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3.5.3 Experimental Determination of Constants :

PN

[
-

From an efficiency point of view, there 1s no need to separate

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

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

variable
fregxvoltage

M

PN

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

I, constant. The results in Figures 3.6 and 3.7 were

obtained.

Using a dc driving motor, it was found that the input current
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An ac induction motor with a more complicated speed con-
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b
:
i
3
varied with time even when running at exactly the same §peed

N . . . ‘
and torgue. The cause of this effect was not established

but may possibly be linked to the brush voltage charadtefistic;

troller was, therefore, required.

Discussion on Results

An expression of the form

P = kHWIf £

2 ' ,
I + kEW I (3.8)

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

fitted the results obtained. The effect of If was not as

pronounced as expected by the theory.

Probable errors were estimated using the procedﬁre in Appendix

5.1, and are discussed in three sections.

(1) Measuring instruments - At low values of field
current the difference fﬁxpower readings is small.
Thus an inaccuracy of 14% can\be expected at léw If
and this reduces to.l% at fulf\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 represéntative for other values of field

current. The accuracy of the model may, therefore,

decrease at other values of If.

Similarly, the relation between iron loss and field
current was investigated at a constant speed of 1500

rpm.

A random set of test values (If £1.5 ampé and W‘# 1500
rpm), showed that the model was always within 5 watts

of the results obtained. : |

MECHANICAL LOSSES47’48

The mechanical loss has three main components.

Brush Friction Loss

. . . / .
An expression. for brush friction' loss is

P = kupPg&vV : (3.9)
{ Cc .

Br

i

. where k is a constant, u is the coefficient'of_friction, P is

the brush pressure, A is the contact area and VC is the peri- -
phal speed of the commutator (which is proportional to motor

speed W).

‘The coefficient of friction varies with brush grade, surface

speed and brush faceltempefature.

P D
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Bearing Friction Loss

An expression for journal or sleeve bearing friction Msss is

1.5 : ' Co _.,}.:_A

b (3.10)

PB = kDLV

where k is constant, D is the diameter of the shaft, L is the
length of the bearing and Yy is peripheral shaft speed in the

bearing.

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

expressed in a simple formula. Howevér, using well lubri-

I
‘cated roller or ball bearings these losses are so small com-

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

as negligible.

Windage

Windage loss depends on many variable factors. For a large

motor with no fan, a rough expression is
P = KAV, -~ B o (3.11)

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

n : . .
Py = kVi '(3.:.12)

where n varies between 2 and 3.
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Mechanical losses are all largely independent of load. o

gfggrimental Determination of Mechanical Losses

Mechanical losses were all measured’together. Brush gosses
may be separated if required by measuring the difference in
input power of a driving motor with the brushes up and |{then

f

down.

Similar apparatus was used to that used‘in determining no load
iron loss (see Figure 3.5). No field current was supplied
énd,power.readings were taken with the.twq motors alternatively
coupled and uncoupled, the differénce being the windage and
friction loss. Readings were taken at various speeds and

the results are shown in Figure 3.8.

The expression,

- 2 '
ow = kle + kf2W B (3.13)

with kfl and kfz listed inwgppendi{\4, accurately reflects thé

results obtained.

Using the procedure in Appendix 5.1, teogether 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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STRAY LOAD LOSSES

Additional losses exist which are dependent on load.

Distortion of Flux Wave

The effect of armature reaction causes the space distribution

of the flux density to change with load. Iron losses,“there—

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

core is increased. Eddy current losses caused.by flux

leakage also increases with load.

Experimental Measurement of Stréy Load Losses

For the purpose of modelling the motor, all additional losses
{i.e. other than those élready measured) are included in 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 torgue is extremely difficult. 1In

this thesis a sophisticated strain gauge torque transducer

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

used. Torgues of up to 20 Nm could be measured to an aécuracy

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

Ty

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 obtained
v _ I

therefore, P = k W IS | (3.14)

and k_ is listed in Appendix 4. = : : e

Discussion on Results

The térque 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. |

, ”\\\\\ _ |
This error is very significant when expressed as a percentage
of the stray load loss. The abové equation 1is, therefore,
not very helpful in predictihg the absolute value of the stray

load loss.

However, for the purpose of this thesis, the relative value of
stray 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 ﬁsed to predict the relative change in efficiency
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with certain criteria. The relative 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 torgque owing to stray load loss
is

K(If)I I - k

s Tmeasured f7q

where k 1s the sum of all calculated losses. The iﬁaccuracies
of the constants used to calculate'Ts.should be kept in mind,

especially K(If). S . \

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. Hdwever, this will not affect

the calculation of efficiency which is the purpose of the

model. The basic machine equations, therefore, become

E = K(IJNIW + IR __+ S,V (3.15)

£ f - B

g 94

where S = +1 for a motor
S = -1 for a generator

. _ : . .
and T = ‘K(If)IfIq - (kﬂw + Keo) -(kH + kW ~ (KW Iq ) | (3.;6)
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| j
(These equations may be compared to those used in reference

(20).) Using these, efficiéncy can be calculated. B

. - 2 ) ..‘
EI + I_ R_|-S . .
F 'F .
N = [q T } | | (3.17)

|

For regeneration the efficiency is defined as the batte}y power

divided 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-

45, 46,which

ment are available such as the Kapp-Hobkinson test
'employ" two identical motors. However, this is inadequate for
the purpose of this thesis since the motors will have different

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

equivalent.

The inaccuracy of the model probosed in predicting torgue is
‘analysed in Appendix .5 and is shown to be less than 2% (except

at very low torques).
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" THE BATTERY
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INTRODUCTION

Battery losses have a significant effect on the efficiencv of

g |

the system and therefore cannot be neglected.

DISCONTINUITY IN BATTERY CURRENT

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 Smoothing the current was available (thus reducing
IBrms to IBave)' an efficiency 1mpFovement would result.
The battery losses over a standard electric vehicle test cycle
(Figure 5.21 ) are thus shown in Appendix 6.2 to be reduced

]

by a factor'of 2. This amounts to an oierall efficiency

!

saving of about 3% (see Table 1.1).

This peak load smoothing can be achieved using a flywheel
coupled to the motor shaft. Altéfnatively a Nickel Cadmium
battery connected  across the terminals of the lead acid

battery could be used. This has a lower internal resistance

\

" and should be lafge enough to supply the peaks of power

demand;

The practicalities of this method of efficiency improvement

~were not fully explored in this thesis and hold possibilities

for further development.
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Battery Losses With Chopped Current54

The battery is initially assumed to be an internal EMF EB'
The loss in the

with an internal series resistance, RB.

battery is

P = 2

B = Ig(rms):Fp (4.1)

If the battery current is rectangular with a mark space ratio
M, then the RMS current will be greater than the average.55
It is shown in Appendix 6.1 that

A

I = L‘I
B(RMS) — fu "Blave)
\
| ‘ 1.2 \ S |
‘thergfore ~ PB = M IB(ave)‘BB | | (4.2)

Thus the effect of discontinuous curreht is to. increase
battery losses by a factor-%“. Methods of reducing this

extra loss are discussed in the following sections.

)

Capacitive Filtering32

. value I

Using a large enough capacitor at a high enough chopping fre-
guency, the battery current can be smoothed to a continuous

and the RMS battery current is reduced to I

Bave B(ave)

with a resulting reduction in battery loss. However, there

will be an additional loss in the capacitor owing to its

eguivalent resistance (ESR) R, -



..MIPR
| I
I To
Iq' L
R R
¢ chopper q |
Ih Iave
C Sm——
*7:""
Ipk
k-
- s
: -lave
FIGURE 4.1
It is shown in Appendix 6.3 that
1 - M
Ic(rms) M IB(ave)

~ The total power loss with a capacitor is thus

' 1 - M,
+ (——ﬁ——) I

P = I B(ave)Xe

2
BC . B(ave)'RB
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Thus using a capacitor represents a net per unit saving

p R '
= = M+ - o (4.4)
B _ B '
Fof'example if RC/R = 0.1 losses will be reduced by 46%

B ’

at M = 0.4 by using a capacitor. 1In this thesis, two 14 000 pF

capacitors were connected in parallel, each having an ESR

rating of 0.025a and 25A ripple current.

For a more accurate analysis of efficiency saving the
1

_behaviour of the capacitor at high freqgiuencies should be con-

sidered. It is also shown in Section 4.2 that the approxima-
tion of losses using an internal battery resistance is
simplistic.

o

Sequentially Switched ChopperslB' ///

Battery losses can also be reduced by using a chopper with

several switches operating sequentially.l8’19

The circuit
in Figure 4.3 using two switches is compared with a normal

single switch chopper.,

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

and they are switched alternately with a phase difference of

T . . .
5= It is shown in Appendix 6.1 that

1 .
Is(rMS) = /Z/% 1B(ave) ' (4.5)
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Comparing this with equation 4.2 it can be seen that losses are
;|
halved under all conditions. This reduction in losses will only
be realised when M is less than 0.5. However, this may repre-
sent a significant portion of a typical drive cycle.
The main disadvantage of this system is the need for e&tra

inductors.

Battery Switching19

Several batteries are usually used, Battery losses can be

reduced by paralleling batteries when a lower voltage would

be sufficient.

In a lossless chopper

1B (ave) "Ig(ave) (4f6)
also, for any reguired motor current Iq, M can be found from
eguation ' \\gy/i//,M-
I R + E '
Moo= 29 . d (4.7)
B .
Substituting 4.6 and 4.7 into 4.2
i R
2 B
PB = (IqRq + Eq)Iq ‘.g (4.8)

SWinﬁhg<1mseria5celkswhélnotrequired reduces RB and EB by the

same factor resulting in no net efficiency improvement.

Switching N cells from series to parallel connection, reduces



8l

' 2 . .
EB by N and RB by N7, resulting in a net reduction in losses
by a factor of.%ﬁ This analysis is based on Equation 4.2 and
. ] L

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

Cuk Convertor29

The Cak convertor is discussed in Section 2.1.6 éhd more
extensively in reference (29). 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

to I and thus results -in a reduction of losses

IB(RMS) B(ave)

i

N\

A
Al

(as in Section 4.1.3).

However, it should be noted that the capaéitor in Figure 2.5
carries full load current and, fherefofe, has the same losses

as the capacitor in Section 4.1.3._ Thus from an efficiency

-

. . ~,
point of view, it is unlikely that the CUk converter will be
much more efficient than a standard circuit with a capacitive

input filter.

MORE ACCURATE MODEL OF BATTERY56' 7

In most applications, the battery is modelled by an internal
EMF and a serieé resistance. However, for a detailed
analysis of efficiency this is insufficientL The battery is
in itself a very complicated electro-chemical system and is

difficult to model accurately.
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Equivalent Circuit.

A simplified equivalent circuit for a lead acid battery is
proposed. in reference (57) and is shown in Figure 4.4.

\ A
. A |
D1 /N Vp» SZ 02 o ==
L v, Vi

—< —
{
-
1

—

FIGURE 4.4

The basic electrochemical storage element is represented by

an extremely large capacitor Ci. ~ The value of this capaci-
for_a 300 Ah cell

tance 1is of the order of lO5 farads/. /\IRB is the ohmic

resistance in the plate conduction path (electrolyte and

58

The diode D

plates). represents shunt dissipation and

3
accounts for over-charge current losses. This amounts to a
loss of battery capacity of about 1% per day59 and can usually

be neglected.

‘An important effect in the battery is known as activation

which causes a terminal voltage drop

polarisation59‘60'6}

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
. » »

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

PR

modelled as a pair of back-to-front diodes Di and D2.
v i
In addition the double layer also has the effect of storing
: |
charge. This can be represented by a capacitor C2 which is
' for a 300 Ah cell :
of the order of 100 Farads/]. It should be noted the activa-

tion polarisation has the effect of decreasing terminal vol-

tage on discharge and increasing it on charge.

'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.

~—
\\\ )

spike

Vierminal double layer discharge

time

FIGURE 4.5

The presence of RB was confirmed by the instantaneous voltage
drop IRB,‘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 C By inspecting

2"
the_circuit'diagram we see that C2 initially supplies all the
current as it discharges. ‘When the'voltage differénce
between the capacitorsvis sufficiently ﬁigh, current is forced
through the diode Dl. and Cl begins to supply current. This
is observed as a tailing off of terminal voltage to a constant
value. When fhe voltage is obseerd over a long period, the
slow discharge of Cl can be Seen.

When the load was disconnected, C2 was charged via Cl' As

2 approached.vl, the charge current decreased logarithmically.
C2 eventually charges infinitely close to Vl but it takes a
long time, about 20 timesnlonger than when it is discharged.

~ .
This observation helped to Gérify the proposed model.

Battery Losses

There are two main sources of loss. The I2R:loss in Ry and
the loss caused by the voltage drop Vp across the diodes Dl
and D2. The latter is calculated as the preduct of voltage

Vp and current.

Experimental Results

All tests were performed with a specific grawvity of 1.26

per cell and an electrolyte temperature of 20°C.
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)

P

Battery resistance

b

" . The instantaneous voltage drbp was measuraed and the value of

4.2.4.2

RB listed in Appendix 4 was obtained. The inaccuracies due

to the instruments was about 1%. Results were taken at

|

different times and under a varietgof circumstances. :The
standard deviation from the value quoted above was 18%.|

b

Activation potential Vp

It is assumed that the open circuit terminal voltage Vt will
eventually settle at a value equal to Vl in Figure 4.4. A

step load is applied. Sufficient time is allowed for C, to

discharge (see Figure 4;5) but not sufficient for the dis-
: AN

Y

charge of Cl' At this stage

From this, Vp/pan be calculated since the other variables are

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 Dl’ D2 can be reduced to

-

sinh~1 (K—;—) (4.9)
Bl B2 .

1
v = X

-

This function with values of KEl and Kg, listed in Appendix 4,

described the experimentally obtained results to within 4%.
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[
The standard deviation between results at various times’'was
Ly

approximately 15%.

4.2.4.3 Discussion on results

The electro-chemical sYstem of a battery is difficult to
!
model accurately. Variables such as specific gravity}’

temperature and ageing59 affect the results. For example,
the variation of battery resistance with discharge is demon-
strated in reference (59).

e

If moré detailed studies were undertaken as to the effect of
. /

the temperature and specific gravity, it may be) possible to

incorporate these factors in a feedback system.62 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 anmtim1'4.9, 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, .especially when the load current

1

is reduced, are not included in the model.
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INTRODUCTION

‘'To control a DC motor, both armature current and field current
may be controlled to produce the required tofque and speed.
This section will investigate the effect on efficiency of

being able to contrcl both these variables.

If no saturation or losses occur, the torque equation becomes

T = KIfIq ‘ (5.1)

Clearly there are many combinations of If.énd Iq which will

produce the same required torque. The question is how the
£

selection of this combinatioqfaffects efficiency. Alter-

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

f

consistently provides the optimum efficiency.

Control Equation

The relationship between T

£ andVIq can be arbitrarily defined.

However, most control systems relate these two variables by a

control equation -

I = f(I-q)

The control equations of three special cases of this general

rule are listed below.

shunt motor _ I = - constant

series motor If . constant X Iq
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' EE R
fiel = (—) - (4
ield conﬁrolled motgr If (KW) (KW)Iq

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

Vterminal-

is kept constant at the battery voltage EB.

The effect of the different control equations are illustrated

p

in Figure 5.1. The machine/equation for any given torqgue

/

and Vterminal-

T is plotted

€I

x L
K * T

q
Foranyqﬁva1tonnw‘ﬂelf, Iq combination must be somewhere on
this curve. The control equaticon determines the particular
point on this curve for various torgue values. Therefore,
'the If, Iq'operat;ng point is determined by the intercept
bétween the motor torque equation and the control equation.

If o if If
T
I, ='qu-\ 9
i "

shunt series field-controlled

FIGURE 5.1
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[

If a microprocessor is used to control field énd armature
currents, it is possible forény other control equation %o be
implemented. The problem is, therefore, to .find the appro-
priate control equation thch provides optimum efficiency under
all conditions and also to find to what extent thé above

special cases differ from the optimum efficiency.

Torque Speed Characteristics

Fixing the control equation relating field and armature

[ .
currents also determines the shape of the open loop torque

speed characteristic. ///

/
/

/

. This is illustrated with the torque speed charactériStics

of the three special‘cases deséribed 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 = kI
d
Y - IR ¢
- g9
k)
kK E 2
B k'
therefore T = (-R ) B (TT_)W
“q a

(See Figure 5.2 overleaf.)
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In a series motor:

2 i
T = KkK'I
q
Vv, - IR
W = _t _Tagq
KT l
q
Vt ‘
' ’ — ' 2 !
therefore . T = k (k'W TR )v h
'q
T

V, (controlled , .
T variable) :

.. /ﬂV {controlled
N variable

FIGURE 5.2 : FIGURE 5.3

In a field controlled motor:

_ B q
Ir = % ~ & g
T = K;fIq
, 2T 2
| KI_Eg K21?
therefore T = | ) - | )W
: R R
q
T
If(controlled variable)
------ S
:\\‘\l----
VTl

W
max @ FIGURE 5.4
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It should be noted that the curves in Figures 5.2‘to.>;§4
describe what happens to speed if the load torque is cﬂgnged
and the coptrol variable is kept constant.. -However, in a
feedback system the control vériable’is continuously a?justed
to_maintain the desired torque speed operating point. 1 There-~
fore in a feedback system, any\required overall torque|speed
characteristic may be impléménted by the controller. l%‘or

" example a constant torque (Figure 5.5) or constant power

characteristic (Figure 5.6) may be realised.

!
/

An attractive torqué speed charactegiétic combines those in

. . 2 . // . -
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 fromthe ratings but using tempera-

ture feedback from sensors near the field and armature.

T T T rated power
Ly | S Tlimit

br = — = e h e e e e - omo.

imit

W 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 the operating point is set by the required speed and the load

on the motor. The torgue speed characteristic merely describes what happens

- to the speed as load increases and this is overridden by the cohtroller-

~ 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 I_. increases (since the ratio

f
Eq/EB 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.

OPTIMUM CONTROL EQUATION

The goal of this section is to find the control equation which
relates field current and armature current to give optimum
efficiency. Insight is initially gained py'making simplifying

assumptions and the system is then analysed more accurately

using a computer.

First Approximation

Several éssumptions are made during the first stage of inves-

tigation. It is assumed that no saturation occurs and,
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R s

Ly
i
)

-

therefofe, the machine constant is truly constant. ‘On#y
field and armatufe copper loéses 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 efficiency is
‘ l
ii

when

1 = 21 - - (5.2)
Rf q

This control equation has the same form as the series motor

with a constant equal to Rq/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.

5,

A

T~

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 current with torque. Also

it is not illogical that the optimum condition appears when

the armature and field copper losses are equal. That is,
IRy =, Ig2PRg . (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

£

Ifrated

|

opt.slope

normal slope
- I¢ rated
Iq rated

>1qg

FIGURE 5.8 A

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 assumed that the losses do not affect the relationship

between If and Iq defined by .

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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. T |;
Ia combination chosen ‘for any

i f

independent of the particular Ie,

given torque and speed. AlthodghAnot immediately obvious, this is a valid
assumption because power into the chopper is equal to the motor output power

divided by efficiency.
' _ W
B™B - efficiency

i
Since EB is constant, I, will only vary by the percentdge that

B

efficiency changes.

With these three assumptions it is shown in Appendix 7.2 that

the control equation for optimum efficiency must satisfy.

l v 2 - 2
Z(Rq + kSW) Iq + VBIq = 2RfIf + (kEW2 + kHW) If .(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 . . .
d1iq is shown in Appendix 7.2 to be
Initial Slope = - Vg (5.5)
.ksz + ky W A :

The graph tends to a final slope.

Final Slope = [ == ' (5.6)
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Comparing with the first assumption, this graph is fairiy

[

similar because brush and iron losses are of similar magnitude

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

~that using a slightly lower value of Rq had a large effect on

the influence of speed.

4 -

Effect of assumptions

This second approximation is useful in gaining insight into
the nature of the optimum control equatiod, particularly the

shape bf the curve and the effect of speed.

It is shown in Section 5.1.1 that the I, - 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

mofor torque equation. This is shown in Figure 5.10. At

very low torgues the assumptions are seen to be reasonable but

this is not true as the torque increases.
N

™

As a thirdvapproximation, all losses are included and the

Computer Model

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

tions are that the equations in Section 5.2.3.1 are accurate.

Equations used in model

The symbdls used aré defined in Figure 5.11



- Effect of assumptions in 2nd approx.

a=500rpm
b=5000rpm

N

“
~.

‘fbrqye equation T=KIf Iq
N

—-—.- torque equation incl. losses+saturation

e confrol equu'fiovn

figure 5.10
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Rb 15
T
A
Alb 4
1 1, | Chopper
ey Eb
| l | M=mark space
If
Y
Field Chopper
M¢ :
FIGURE 5.11
. v ‘ . j e .;; 2
Motor: 1. T = K(If)IfIq - (ky + KW)Ig —3(kflw_+ kfa) - (kshuq,)
2. Eg, = K(I)IW + IR, S.Vg
3. E, = IR = ME,
' / K(I_)I_W + SV,
Chopper ; 4. Iy, =~§-E—El - £ Ef .M
R 4
T I
e (1 - =1 - MTC -M TC |
— J
(1 -e” :
5. M = E_,
q'/Eg,
' | - 6‘ ) : - 1 -1 IB
Batter;;. . EE." | = EB- IBRB - —=— Sinh ('ZkBZ)
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TW.

TsPs

Algebraic manipulation with these equatidné is not possible

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

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

numerical analysis on a computer.

The

The

the

and

may

computer program A

program must be able to find the optimum efficiency and

\ :
corresponding combination of If and Iq for any given torgue
speed. The block diagram in Figure'5.12 shows how this

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

mark space ratio of the field chopper is repeatedly incremented

until the optimum is found.

[ B)F(lEf MfED) |

; [ BYFUIfEf)] ]
[0 F(Tq 1t TWIk-* y

NP |
(2)FIEQ W If 1q)
Eq

/.

, BB

Eb + O If

(S)F(M Eq EB)
M
(4L)F(15 MED Eq)

Ib

LIy F (b £6)

(7 F(N IbEb)|  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. The computer

used was a Hewlett Packard HP8564:

start

|

input constants

input T,W values

iniﬁalise Mf, N(previous)
> find If
finc|l qu
finld Eq
let Elb'zEb
find 11
let Ib:ItL’**Mf'If
.fintlj Eb’

no

is Ebf(previousJ-Eb‘<,O1 ?
y |
findN

decrement Mf— M0 _is N< N {previous)? -

- 'd‘isplaly result

I

figure 5.13
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It should be noted that values of K(If) and Sinh—lx 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.

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.

!
i

\

The optimum control equation can be apprd;imated fairly well
by the straight line series characteristié. However, the
slope is less than that predicted in Sections 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 discontinuocus series con-
trol equation approximates closely to the optimum. The slope
of this equation can be determined by using the program in this

section.

EFFICIENCY COMPARISONS USING VARIOUS CONTROL EQUATIONS

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 efficiency
and several systems are quantitatively compared with the

optimum.

(a) Shunt machine -~ constant field current
(b) Permanent magnet motor

(c) Normal series motor - slope of control equation

Ifmax

I
gmax

(d) Series characteristic with equation as in Section 5.2.1,
= , _
slope = =4
R
f : {

(e) Series characteristic with the slopé of a straight line

\

through the graph of optimum efficiepcy in Figure 5.14.

Computer Program

The program listed in Appehdix 8.1l is used with several minor
changes for the various systems. These changes are listed in

Appendix 8.2.

Results

The results obtainea are 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 tgrque 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 optimum cantrol strategy represents.
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Discussion on Results . ' ‘ : y

O

The shunt motor is very inefficient at low torques and the

efficiency difference is virtually independent of speed.

The normal series motor is much more efficient than the shunt motor at low
torque and slightly less efficient at high torques.  The

series characteristic with If =M Rq/RfIRq keeps the fficiency

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 macﬁine under all conditions
except low torgque and speéds. This result is debendent on the
assumption that the field éan be directly replaced by a per-
manent magnet motor with a flux density equivalent to full

field current.

-

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’vﬂhicle

65 “

(SAEJ227a) is shown in Figufe 5.21. Other possible stan-

dard cycles are mentioned in references (55, 66 and 63).

accelerafeL cruise idle
Wmax4+ - - - b
——— speed
Imax ------/-
PN e torque
| - fime
ot ) I A A

FIGURE 5.21

It is assumed that each stage requires a constant torgque (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 f(e.qg. Woax’ Tmax and t, to ts) hés a large effect

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 T , T and T, . The
max cr br

permanent magnet motor is influenced by the chcice of both

torque and speed profiles. The times tl to t5 also influence

the result. Ideally the torgue 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 tl to ts‘are suggesfed in reference
(65); A deScription‘and listing of the computer program is

contained in Appendix 8.3 and the results obtained in Table

5.2,
W ek Thax T Tor 8 t t3 ty %
- 3000 rpm 11 Nm 4 Nm -4 Nm 29 sec 51 sec 11 sec 9 sec 26 sec
TABLE 5.1

Efficiency saving over

Strategy. optimum strategy
Shunt = ‘ ~-0.75%
Normal Series ' ~0.25%
Permanent Magnét - +0.78%
TABLE 5.2

'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. .

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 torgque-speed operating

~point is determined by the load presented to the machine 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.

ThisgxmsibilIQIié extensively investigated invreferedces (20,
66, 67, 70) and has potential for more significant efficiency

improvement (about 10%).

Field Control

"It is possible to cqntrol the motor speed by varying the field

while maintaining the armature voltage constant.68

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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6.1 REQUIREMENTS

It has been shown in Chapter 5 that the control eguation shown
in Figures 5.14 and 5.15 appréximate closelyito the optimum..
This is the same charactérisfic asra 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 torqﬁe~speed
characteristic. It has been suggested in Section 5.12 that a
Combination of constant torgque and consFant power.characteristic

“is an attractive option. . \

It is possible for the set-point controlled by the operator
to be either torquea, speed or a combination of both.43’ 78

- it was decided in this design to implement torgque control.

It should be noted that the permanent magnet motor provides a
greater overall efficiency than the optimum field controller
and should benconsidered 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 practical
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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IMPLEMENTATION

Series Motor

An adapted series motor may be used with a chopper acrpss the
|

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

+Ve
S~
/c
BAY.VVV ig I
?/51_— It q
Ov
FIGURE 6.1
Switch Sl represents the operation of a standard bidirectional
chopper és described in Section 2.1. Switch 82 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 implementéd 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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Separately Excited Motor

The series characteristic can be simulated on a separately

excited machine as in Figure 6.2.-

+V

If

A

Ov

FIGURE 6.2

Both If and I_are mohitored and S2 is switched so as to main-

tain the correct relationship between field and armature

currents.

.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-

processbr for the controller in this design.

Using a microprocessor minimises the component count and this

~increases reliability. Greater flexibility is allowed and



111 ,
o ;,
!
L
there is potential for a more complex and higher perforﬁénce

control system.

The main limitations of a microprocessor are speed and»accuracy
(particularly in an 8 bit systém). These may be important in
. H

v X t
applications requiring fast response times and high ledgls of

L
;

accuracy, for example, rolling mill or paper machine drﬁve

motors.73

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

HARDWARE

The diagrams of all circuits discussed are listed in Appendix
9. Figure 6.7 giVes an overview of the system components. (See

Appendix 9.)

The Microprocessor

An SDK 85 microprocessor system désign kit79 was used to develop
the controller. This is based on the INTEL 8085 micropro-
cessor.80 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/0 ports are available and these are used for tHé A-D
. ' P
converter and for supplying control signals to the chopper

switches.

Analogue to Digital Conversion
The A-D contained an 8 channel multiplexor with decodi g’
addresses listed in Table 6.1 outputed together with a'4—bit
address. An end of conversion bit is returned -once conver-
sipn is complete. Conversion time is .about 10 pS. The A-D
was adjustéd to accept input voltages 0-5V and to yield a

digital output (OO—FF)h. Details of operation are described

in reference (76).

Multiplexor decoding

Channel | X0 X1 X2 X3 X4 X5 X6 X7
Address I 18 19 1A 1B 14 15 16 17
TABLE 6.1

Interface Buffers (Figure 6.8)

The microproceséor ports are buffered and isolated from the
chopper using an open collector bufferkchip 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 wifh a separate ground
reference; All other voltageé used are referenced with

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

The armature and field currents need to be measured for both

motoring and regenerating. Resistive 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.

The circuit for the measuremént amplifier is shown in Figure
6. 9. A single chip containing four op-amps was used. An

inverting amplifier was used for motoriqg current and a non-
inverting configuration for regeneratind\and field currents.

?
i
'

Chopper Circuit (Figure 6.10)

The chopper was required to switch 80V at 50 A. The hexfet
armature switches consisted of two 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, since 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 2.4.3) 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 énsure that the two are not simul-

taneously operational.
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Two 14 000 uF electrolytic capacitors were used to smooth:ithe
v o

battery current. .
o

The circuit layout was carefully designed to minimise circuit
inductance. This is shown in Figure 6.3. The heatsink was

over-designed and could have been much smaller. (Figure 6.3

is shown overleaf.)

SOFTWARE

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

program listing in Appendix 9.2.

Operafbr setpoints are required for motoring torque (TMO) and

~ regenerating (braking) torque (TRO). These are read through
channels X0 and X1 of the A-D. They. gre then compared and.
the grgater becomes the current torque setpoint (TO). At the
same time TS; (stored in register C) is set to 1 for motoring

ign
or . for regenerating.

Since T = KIfIq, the current setpoint (Iq&) is proportional
to\/TO in the linear region and proportional to TO in the cut-

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

fore, used to find the setpoint Iqo corresponding to To'






start

read Tmo{motoring)

“read Tro (.rége nsetp.)

is Tmo>TRo ?
b no
| I- — 1
let To= Tmo , leszmo
let Tsign|=1 | | | let Tsign=0
» " llI
X

!

tookup Igo correspondingtoTo

read Iq

. no

is Ig>1qo ?

let%Sswitch'=armature ON | let"switch'=armature OFF

T
lookup Ifocorresponding to Ifo

read If

!

N0 is If > Ifo?

let "switch''=field on lef “swi’rc'h"zfield OFF

output switch to chopper

figure 64
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The armature current is read through A-D channel X2 or X3
.E‘y

). This

(motoring or regenerating current depending on Tsign

value is then compared with the setpoint and a decision is

made whether to switch the armature'chopper switch ON ?r OFF.

\

i
An 8-bit output port is available and the three lowest its
. g 1“
are used for switching the. chopper. The variable "SWITCH"
(stored in register D) is set according to Figure 6.5. Arma-

ture ON is defined as either SM or S_ ON, depending on T

R sign*

¢ ' ! .
\ sm /s
\ s
(e
FIGURE 6.5
S, "ON" bit 0 = 1 switch - ’(01)H
Sy "ON" bit 1 =1 switch = (02)H

i

S, "ON" bit 2 =1 switch

. (04,

The optimum control equation is also stored in a lookup table
(locations 8200 to 82FF). Thus the field current setpoint

(1 6).corresponaing to I is found. The actual field

£ go

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. The inverse logic of the chopper requires

h

that "SWITCH" be first inverted.

DISCUSSION ON DESIGN

The controller and chopper described were built and tested.
i

i

The microprocessor was able to switch up to a frequencﬂ of

2KHz. The fieldlwas shown to track the armature current in
‘a manner described by the control egquation. Since the con-
trol equation is stored in a lookup table, it should be noted
that it is eaéily adapted for any control equation and, there-
fore, the exact optimum eguation 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.

read speed (W)

-

_ power® rated
limit — ]

calculate T

no .
. _—6-———— . N
is T, > Tyinit

yes

let T - Tilimit

FIGURE 6.6
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This would requiré the measurement of speed and a standard
divide routine. Alternatively, the speed could be calculated

by the microprocessor from

-

Rq) /KIf

W = (E_ -1
| g g

Another possibility is to have the constant torque controller
limited by a temperature feedback signalll instead of the

rating P d/W. This would ensure that optimum powér'is

rate

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. 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 practiéal design would require an
interrupt signal and corresponding software to stop the pro-
gram. The reset button c¢n the SDK 85 kit fulfilled this and

simultaneously switched all the hekfets OFF:

ANALOGUE ALTERNATIVE

A block diagram for a possible analogue alternative is shown

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

the circuit in Figure 6.11b.
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The switches SM and SP in- Figure 6.5 are always switched in a

HE |
complementary manner. Thus a single armature control signal

is required.  Regeneration will automatically occur when

required (see Section 2.1.2). - o i

|

]

|

It should be noted that this circuit gives optimum cur ent

) Moo .
control but does not give the required torque-speed chdarac-
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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REVIEW

Each element of a dc motor drive system'hasbbeen investigated
in detail with regard to the criteria of effiéiency.v The
goal has been to minimise losses at each stége and also to
model each component as accurately as possible in order to

analyse the overall system using a computer.

Chopper

The chopper is designed in this thesisvand thus has poténtial
for efficiency imperement. A well designed circuit can reduce
chopping losses to hegligible proportions;

Chopper losses fall into four cétégories: 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 élter tﬁe switching'load
line characteristic and optimising component values can furthe£
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. 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 current

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

losses. ' o

[
The choice of chopping strateqgy affects frequency and rnipple.
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.

Motor

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

tigated. - It is important, however, to use a motor 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%.

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 ére
describea and the method proposed is the use of a largewéapacié
tor in parallel with the battery. In addition it is pbssible to
reduce the losses by smoothing the current over the operational cycle.
An aproximate model and equivalent circuit is describeg,.a.

simple resistance and EMF being insufficient.

4

Field and Armature Current Control

Efficiency can be improved by controlliﬁg both armature and
field currents. The control equation is defined as the rela-
tionship betwéen the two currents at various torgque values.
lThe optimum efficiency control equation is similar to a discon-
tinuous series characteristic, where field cufrent is propor-
tional to armature current and field current is limited at

its rated value.

This optimum contrpiler can bé implemented using a micro-
processbr.

' <~
For a typical electric vehicle speed-torgque test cycle, the
saving of the optimum controller 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
fmore significant. It should be noted that a permanent magnet
motor is more efficient than the optimum field controlled motor

over a,standard test cycle.
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7.2 . .CONCLUSION

The overall efficiency of a dc-dc drive systeh has been inves-
tigated in detail and minimisation of losses is discussed. A
computer program is described which can bé used to find the
characteristic optimum gontrol 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 also the use of a
gearbox or torque converter. The latter possibility is dis-

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

~ Problem

Derive expressions for average battery and motor currents in
terms of mark space ratio M. Constants are inductance L,

resistance R, battery voltage EBIand armature voltage_Eq.

Assumptions

(1) Continuous current is assumed.  This will alwaysAbe

the case when a bidirectional chopper is used.

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

reached. Steady statewoperation 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.

Solution

Differential equations

(1) Time interval Tp:
R di
Eg = Eq + Ri(t) +—IJdt
| By - E By
solutlon; gy = —g— * Ae L (a)
note: Both time and voltage origins are chosen as the

commencement of time interval T,.



1 } .r
T
(ii) Time interval Ty

' R
L : ~ —(t = T_)
0 = Eq + RI(t -~ TA) + B_-L, A

l\ »
R . .
lution: i = _ES Be:f(t ) ?A) (b)
solution: (t) = "® * \

note: The origin of this equation is offset from zero

by the time TA'

E
Eb-Eq v
R -7
Ta X8 | 5 t
{ i o
-Eg.
R

7 1.1.3.2 Boundary Conditions

(i), Voltage at end of period T, must egual voltage at

A

for continuity.

'beginning of TB



. EB - E :IETA
therefore i(tA) =}——7$—£l-+Ae
R
E: =T, =T,)
- .9 ,p-CL AT A

R
: EB -_}L%TA :
therefore B = = ° Ae : (c)

(ii) Voltage at beginning of TA must equal voltage at end

TB for steady state operatioh.v-

, \
Therefore i(o) from equation (a) = i(TA + TB)

from equation (b)

. R
-E E =T, + T, -T,)
Therefore ——Trig +A = -§~ + Be D B B A
. R
-E _FE E. Xp Rir, +T.)
Therefore —_49 + A = S| + —I~3e—LB +A_L A B
R R - R
(eliminate B using (c))
Es e_-ETB -1
Therefore A = == , (a) .
- R Rir, + 1)
LA™

"1.1.3.3 Final eguations

Boundary conditions (c) and (d) are substituted in D.E. solu-

tions (a) and (b).
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(1) Time interval T, - ' .
. " ) o

_ R, R
i -2 B P - 1 I (e)
(t) ~ R - R R :
:E(TA + TB)
e -1 i
(ii) Time interval Th %&
R Rp R
I T T WO s S T
() = R : S, + 1)
-L'’A7 B C
-1
R .
=T "R
E, Eg LA _ gl = Ty)
R o e e (f)
K R Rir, + 1) '
-L A B
e o= 1

Average value of battery current

Referring to figure (22) the battery current is zero during

interval T, and equal to armature current during interval TA‘

B

T
l .

Iave - Tfoi(t)dt "where T = period of chopping cycle

T —

A R

_ 1 E. - E E 1L°B —t

Therefore Ip, .. =T 37 L9 _ Bl =1 ye | at
A Bo | R R R +1y)
' -L A B

e -1
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By gy T B Ty
T g - A 1 B (e - 1)
Therefore I, = '= R T 1t T T T R O® @)
. A B A B = (T +Té)
~L A
-1
| | S |
1.1.3.5 Average value of armature current
: _ %
v N TA N TAA+Tb
o ave Tf i{t)at + T ;(t)dt
o TA
E. - E T E_L -é%h «%TA
_ _B q A, B (e ~ -1)(e" -1)
R T, + Ty R (T, + T,) R 41
-L " "A B
(e - 1)
E T E :ETA A —%TB
q B .'B L (e -1)(e - 1)
-
RT@) +Tg) BTy + Tg) 2T, +T)
-L A B
(e - 1)
E T : E '
-2, A 49 ()
R Tk'+TB R

CURRENT EQUATIONS ASSUMING INFINITE INDUCTANCE AND FREQUENCY

Problem

Does the equationfor average battery current simplify if the
inductance (Lq) is yery'high or if the chopping frequency is

very high (i.e. small period T)?

T

Described mathematically, find Linlas L —> 0 of I (TE)

TC Bave
for any given mark space ratio (M) where T = chopping period

and TC = electrical time constant = Lq/Rq.



1.2.2 Solution

: T
Taking part of equation (2.2) let x = TC

_and y = (

. ' : lim  £(x) _ lim £'(x)
according to the flna; value theoren, x>0 g(x) “x—>0 §7{x)

v, = £'(x) _ e X 4 Me ~MX + (1 - M)e—(l-M)x

1l g-(x) *X.e-x + e—x 1

y - f"(X) _ e—x - MZ e“MX - (1_M)2 e-(l—M»)X
2 gn X xe_x ~ e_x ~ _x

lim- _ 1 - M2 - (1 - M)2

x—>0 yz - - ) -

= M(MA~ 1) : (a)

substituting (a) back into equation (2.2)

EB - E E
IBave = -——E-~9 M + r - M(M - 1)
g d
E E
— B 2 g
= M - g M (b)



1.3 VERIFICATION OF CURRENT EQUATIONS ASSUMING POWER IN AND OUT

ARE EQUAL

" Problem

Verify equation 2.3 by using the fact the power in and power

out of the chopper are equal.

Assumptions

(i)

{ii)

The chopper is lossless.

If the time cohstant-%=is 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
Ib A Ta
A | M= Ta+Ts
+ - - - Eb
Eb |chopper
> “Th—> <To—
T =] —- -——-1-ave
= = =3

fig. a Co fig. b




From Figure (b) it can be seen that average E

(Note: This is true even without assumption ii )

14

Equating powerlin and power out:

EBIB = Eq
therefore EBIB
therefore IB

= ME Iq (eliminate Eg' using (a))

Average current through R

Eq - Eq
Ig = —=%x
g
IB ,MEB - E
therefore o = "“E——‘gL
q.
E E
_ By _ _49
therefore IB = R M R M
: °| °|

which is the same

as equation (23)

(a)

(b)

(c)
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PROBLEM

Determine the losses in the capacitive snubber circuit shown

in Figure 2.10.

ASSUMPTIONS

It is assuhed that thé current:in the hexfet decreases linearly
and the cabacitor current increases linearly such that the sum
of the two currents remain constant during the éwitching |
interval. |

\

It is assumed that the'switching time is\short enough and the

A

capacitor large enough so that it is not éharged to the full

supply voltage duringrthe switching interval (ts).

The diode is also assumed to switch instantaneously and 'stray

inductance is neglected.

SOLUTION

Formula for Vc(t}

e
v - Eflc(t.)dt (a)
where VC = VacrOSSCapac1tor and tS = switching time
and i(¢) = 1 -t (b)
: ¢ L tS

where I; is the current being=switched and i (t) is the capacitor

current.



2.

3.

2

iy

the charge on ¢ at tC

t
. s
C\@ = ILLTT + tC - tS)
| I, ty
therefore, C = V; (t - TT)
substituting (b) and (c) into (a)
1
S 2
v = t
C tS(ZtC - tsi -
1
— |
. j;)
m(t)=IL(1- e
i(t)
i
’ : =
F e
ic(t) Le(t= g

Vc(f)

(c)
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A RSt .

PSR

s

| “(1,'-%).t2d£ O
. 'S

_ 'V'VSIL

. FS(Ztc-~ tc?

O

“Vé IL”tSZ -_:_.» e e S |
12(2t . - t ). T SR R (d)‘

n. -

2.3.313Energy LdsSes in the Snubber

- eliminate C using equation.(C)
V.. ot

_ _'_t‘hvere.fo;.-e“_v o ‘Es- = = ..(tc -5 T '»(e)
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PROBLEM

Find an equation for the loss in the inductor owing to form

factor caused by the value of-frequehcy or inductance'being

too low.

SOLUTION

The chopper input power is PIN = EBIB

From the equation 2.2 in Section 2.1 for IB' an expression for

A . . 2
P is obtained and normalised with respect to EB /R

IN
: q
\.
T T
p . E -(1 -M) TC M TC
po= i -0 =L+ L8 =R L) (a)
N~ (E ) E . T
B /R B T A
9 _ . TC(e - 1)
where M is the mark space ratio M = _—————ﬁ——— ., T is the
TA + TB

chopping period and TC is the

time constant L/Rq;

The ideal situation, assuming L is infinite. or é%—-——§0

"if foundusing equation 23

P. ‘ E_.
P = xdeal e Sy (b)
N(ideal) - zEBz/R )y Eg

q



‘The power ‘lvoss dué to form fa‘ctbr :is, _therefore, ‘the differen"ce_' .
. between equations (a) and. (b)."

L L(1-mTC M,
Mo oy S )

[(c)_.

~TC, -

-1) (e
C (e °7

O Py(ioss) = —
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" CONSTANTS
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 Speed’

TEST MOTOR RATINGS
Voltage - 96V
Current - 50A
Power - 3.7 KW

3000 rpm

MACHINE CONSTANT

, -1
If(A) K(If) (WA )
0.02 .2228
0.02 .2865
0.06 .3077
0.08 .3024

1 0.10 .3247
0.12 .3236
0.14 .3320
0.16 .3382
0.18 .3395
0.20 .3406
0.22 .3444
0.24 .3448
0.26 .3428
0.28 .3433
0.30 L3417
0.32 .3402
0.34 .3389
0.36 .3360
0.38 .3334
0.40 .3295
0.42 .3259
0.44 .3212
0.46 .3169

. 0.48 .3130

10.50 .3069
'0.52 .3024
0.54 .2983
0.56 .2922
0.58 .2876
0.60 .2822

150

K .
remnant

-1
If(A) K(If) (WA )
0.62 .2731
0.64 .2726
0.66 .2643
0.68 .2640
0.70. .2592
0.72 .2546
0.74 12503
0.76 .2463
0.78 .2442
0.80 .2387
0.82 .2352
0.84 .2319
0.86 .2280
0.88 .2243
0.90 L2214
0.92 .2180
0.94 .2147
0.96 .2115
0.98 .2085
0.00 .2063
1.02 .2028
1.04 .2002
1.06 ©.1976
1.08 .1951
1.10 .1927
1.12 .1904
1.14 .1882
1.16 .1860
1.18 .1834
1.20 .1820
0.0232 (Wa~!
A7)
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The quantity K in the equation E = K@W is a dimensionless

guantity, therefore, in E = K(If)IfW, the units of K(If) are

Webers per amp. is the part of the machine constant

K
remnant

caused by remnant madnetism.

OTHER CONSTANTS

friction constants . kfl‘g‘ = 4.577.x 107%  Nm rad™d sec
ke, = 0,125 Nm
beddy lossv constant kg = 3.02 x 10'.4 Nm rad L sec A'l.
hyvsteresis loss constant kH = 0.138 - Nm At
stray load constant k, = 7.1% x 1077 Nm .rad—l snec A~ v
battery activation pc;tential k}32 = 2.61 A
kBJ_ = 1.10 V-l
battery resistance RB = 0.0217 ohms

armature resistance _ Rq = 0.0846 ° ohms
interpole resistance Ri = 0.042 ohms
field resistance Rf = 28.3 ohms

i

brush voltage drop : VB 1.44V
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S
54' - K ) .
2]

chopping period .   _f:' T

' Time constant . .TC =. 3mS
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DETERMINING ERRORS

Given a function of several variables the comblnud standar+d

~deviation can be determined 1f the standard dev1at10ns of the

individual components are known.slA
" If the function is
X = f(xl, Xy, X3, eaa)
then
dX
— 2 2 —_tr Y2 2
0 (X) \//* ) o xl) + (d ) oixz) + ...

\

This eguation is used to determine the error\in calculating each

\

of the motor constants.

Using the equation in 5.1, the standard deviation of the pre-
dicted efficiency from the actual motor efficiency can be

estimated.

+ Ti + Ts) / (K x If)

(a) Iq = (T + Tf
F«(va + o(T, )2 + o(T_)2
" therefore oI ) = : =
' q L KZ IfZ
d.
)
| 2 2
| (Tf-+Ti-+Ts-+T) . .o(K)
+
kK*1°
f

(b) E = KILW + IR +V_ .
qa - f ag " B
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PP

therefore, OKEq) =\/r(WIfor'(K'))2 + (Rq.é%Iq))z + or'(VB)2 +(IéoTRq))zl

() N = g5+ 17w

: : TW ) vll 1
therefore, O(N) = = i./(;rqqu))z + (BoT )P b (I20MR))

(EI_+ I.2R.)
q9'q

A computer program was used to evaluate o(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-
dicted 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.

Estimated standard deviations

(in corrésponding units)

Tf Ti Ts K Rf Rq vVB
2/W 5/W 0.1 0.005 x K . 0.5 005 x Rq 0.3
Table a
3.

2.of- If=1.2

%, efficerror

1‘0_; i v If=-2
0 : Speed ‘ 3000 rpm

figure a



30T

" %efficerror |

LB g

o Tfigurevb_'-:' ' o
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" RMS VALUE OF A CHOPPED WAVEFORM



6.1. PROBLEM

158

.

Find the RMS values of the waveforms in Figures (a) and ().

I
— -1
2
Iuvg"’ - - - - i - - - - - "‘%&Ve
—| MT I =l MT |
- T l le—T/2—>|
FIGURE (a) \ FIGURE _(b)
6.1.1 SOLUTION FOR FIGURE (a)
T
I = = i(t)dt = MI (a)
average T
o
I, =X Zdt = VM1 = A1 (b)
N p /W' “average »
6.1.2 SOLUTION FOR FIGURE (b)
I = ——j i(t)dt = MI (c)
average T P
- 0
- T ' - . .
- [ Al a2k _ M L 1 .
Ioms = Tf i2tt) = V.Z_Ip = I?_\WF Iaverage (D)
. o _ :




6.2

2.1

188 a

o e RS e 3

4

REDUCTION IN BATTERY LOSSES FOR SMOCOTHED CURRENT OVER DﬁIVE

CYCLE

This analySis is based on the suggested standard test cycle

in Figure 5.2iwith the numerical values in Table 5.1.

. : T
For an ideal chopper IBEB = IqEq where Iq = ET; ;
TRq' |
and Eq = KIfW + IqRq = K;fw +‘Ef£-
2
| | o, TRe |
—_ ) 2 — =
Therefore Iy = Ej (KIf).EBwhere Ep = 72V, Rq = 0.1266xn ,
-KIf = +2013 wWebefs
Therefore IB = 0.0139 T™Ww + 0.0434 T2
(a) Accelerate: T = 11 Nm, W = %%gt

it

therefore IB 1.582t + 5.251

(b) Cruise: T = 4 Nm, W = 300 rad/sec
-thérefore IB =17.37
{c) Brake: T = -4 Nm,” W = 7%§§t + 225

therefore IB = 1.39t - 11.82

Average Battery Current

L 2 : : 51 9 |
I = (1.582t + 5.25)dt + 17.37 dt + (1.39t - 11.82) 4t
Bave 126 0 - 0 0

=13.12 2 - . : ' (e)
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6.2.2 RMS Battery Current

51 9
Brms lZGJL (1.582t + 5.251)*4dt +kf l7.372dt'+kf (1.39¢ - 11.82)2d;1
0 0 ]
therefore IBrms = 18.67 A ‘ 3 o (f)

Reduction in Losses

The unsmoothed losses are greater by a factor of

2 , :
P unsmoothed TB(rms) "R - = 2.03 (g)
P smoothed IB(ave) RB ‘ -
\

RMS CURRENT THROUGH SMOOTHING CAPACITOR

If a large capacitor is used as a filter across the battefy,

the current waveform shown below is obtained

A RERREES Tb(ave)-J—'M—M-
e
Ipk
0 ' A : : Ielave)=0
o w1 hes ggc

The current wave reaches a peak value of,

I
M) since I _ . _Blave)

_ - 1 -
ka'— Tg(ave) = TB(ave) TF



Therefore - I

‘»Therefore I

158¢

Clrms) ~ % riﬁ : ‘1:@1 , lr -
'l‘, S g d 0 ]LB(ave) M | TJ MT B(ave)

C(rhs)'

B ke g eI

(h)



Csg

© CHAPTER 7

R

. OPTIMUM CONTROL EQUATION
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NEGLECTING SATURATION AND ALL LOSSES EXCEPT COPPER LOSSES

Problem

Neglecting saturation and all losses except armature and

field losses, find the relation between Iq and If for optimum

efficiency.

Solution

For any given torque and speed efficiency is maximised when

losses are minimised. The losses are \
— 2 T 2 \\
P, = ISR, + IR \
TR ' : |
- —a- 2R i I
therefore PL = w12 * If Rf . since Iq = K
£ h
dPL -ZTQRq
—L _ I « .. ,
therefore dIf = 0 = K21f3 + ZIfRf for minimum loss
therefore 2I 2R = 2I? R. - since T = KI_I
a q ff fq
Rq %3
therefore If = —ﬁg-

OPTIMUM CONTROL EQUATION ASSUMING T = KIfI

Problem

Using the assumptions in Section 5.2.2, find the relation

between Iq and Iy for optimum efficiency.
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2.2
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Solutioq

For any given torgque speed, the losses are

- 2 2
PL = aIf + be + ch + qu +e+f
—_ — 2 -
where a = Re. b = (kEW + kHW)' c = (Rq + kS
—_ 2
e = kflw + kfzw and
constant.
Therefore P, = za'I,: +BL Lcrz oy +e+ s
L KI KI q o]
g9 g \
ap '
' L ~2aT? bT
therefore T 0= 13 "kt 2ch + d
q q a :
—2aIf2 bl )
= - + 2cI + d
I I q
q a
therefore 2cI 2 4+ dI_ = 2aI 2 + bI
q a £ £
| b ¥ co, .4 %
therefore I = 22t (Ggz + qu + 53 Iq)

2 -—
W), d = vg,

f = battery losses which are

o T
since I = —
g9 KIf

for minimum loss

since T = KI_I
g

by changing the

subject of the
formula

The slope of this function is found by implicit differen-

tiation of equation.

dﬁ’ dI

4CIq EI_ .

(a)



162

b e T

i ome

dI 4aI_ + b .
therefore . = _f Ly
| - dIg dcI_ ¥ d : 4
dI lGa(ch2 + 8qu) + b? :
therefore =37 — = |{gc{cT 7 7 3aT 7 + &2
£ g 9 _
' . . . Y )
. by eliminating If withpand rearranging. !
. ‘E
dI ' b
The initial —4a as I —_— 0 is =
dIf q d
. dI a
The final —4 35 I —> 00 is = since terms b?* and
. dIf q C

d? become insiginificant.
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APPENDIX. 8

PROGRAM TO FIND EFFICIENCY

-~
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8.1 PROGRAM LISTING

1199 RERD 3¢z
1118 MEXT 2
1120 RETURH L ]
5 1138 ! dkdfrbd kb as it brsx
1a
23 ! PROGRAM TO FIHOD APTIMUM 1153 ¢ .
EFFICIENLY 1168 IMNITIHLISATIONS
44 1 1174 !
SE OV ddddiddrddirdvreidesecierel 129 Hi=-53 @ Di=1 2%¥R1-EZ
% 1133 IF T<® THEN S=-1 ELSE S=1
€3 ! 1260 IF T=8 THEHW LET T=1
T3 ! MAIN RIOUTIHE 1238 RETURN
38 1240 1 drddrdbdrhd i isint ey
g | ' 1254 |
188 OISP " FILE MAME® 1268 | SHUNT FIELD CURRENT
165 INPUT H¥ | DATA DESTIMATIOH [1274 !
1286 I4=D1%E3-R1
119 ASSIGHE 1 TO M# 1238 RETURHN A
128 ! 1235 | Reedddddr kbR e R yivy
132 Gu UE 198a | REARD DATA ; '
135 1388 1 ' '
1483 FOR H=Z080%Pl-28 T2 60%PI-i31s | SERIES FIELD CL!RF.ZEHT+ICL
38 STEF SAaB*FI-30 1328 1
1S3 FOR T=-12 TO 11 1328 Ji=0 @ Jz=1.2 \
155 ! 1335 I4=CJ1+42y72
163 GOSUE 1158 ¢ IHITIALISATIOHS|I3Z36 DISP J1; .12
178 GOSUE (2548 | FIWD IF 1248 GOSUEB 1588 1 FINMD 10
189 GOSUE 1588 + FINHD 1@ 1359 J3=11 ® 14=42
2R3 GOSUR 2088 | FIND EQ 1260 GOSUE 1588 ! FIND IR ‘
218 EZ=E2 ! LET EBE'=ER 1278 J4=11 .
222 GOSUE 2508 + FIHO IB! 1328 IF (RY¥JITRS-CA1+12> -2 ﬁtf'¥P¢
&30 IZ=12+D1%I14 ' FIND 1B Jd-12248 THEN J1=(J1+.]2
243 GOSUE F@8a t FIND EB ELSE J28=(J1+42>-2
25a IF RESCK~-EZ22> . 085 THEN GOTo (1398 IF AEBSCUI2-J1><.881 THEH I4=
28 ! I EE' RCCURATE EHOUGH], CHM+123/2 ELSE GOTO 13325
260 r0~u5 28R ! FIMD EFFICIENHCY|1488 [1=(J3+ 1452
273 IF HM1-H» .5 THEH GOTO 256 11485 IF BESCI1)<5% THEN 1410
273 IF NXH1I THEM GOSUE 4668 | 1437 I14=1.2 & GOSUBE 1584
STORE YALUES FOR THIS IF 171 1418 Di=144%R1/E3
288 Di=D1~ G125%1 2¥R1-E3 1423 RETURH
DECREMEHT FIELD #H-S FHTIO 1430 | RE¥EdEERrRes Y e st eiesty
293 GOTO 178 1558
288 GOsSUE Saga v OISPLAY FESULT 11513 ' AREMATURE CURREMT ID
265 ! : 152@ 1
J1@ MEXT T 1548 LET Z=IHT(S@%I4)
228 HEXT W 1550 E=(KCZ+10-KiZ) 0 ESaEI4+K ()~
a3 | i (K{2+1)—K(2))$2
I4@ ASSICHE 1 TO ¥ 1S3 K=K+K3-14
358 EHD 1578 R=KSiH
ZeR 11528 B=-(K*I4)
SR ) AEFEEEERRRFEEFEARR R R e 1590 CsT+H (K 1XM+REI+(K2+K %M %14
1525 IF B~2-4%R[4C>6 THEN 1588
1R 1 1537 DISP I4 ® I1=58 @ GOTO 161
1gie 1 READ DATH 1630 J1=C(-B-SOR(E~2~4FRIC 3/ C2ER
1z} T ) ,
1629 READ K1,EZ2,.KI,KE4,KS5, K6, K7, 1l1619 RETURH
KR RILEZ,RZLTILTEV.EZLR (1620 | ddt ey e v k¥ by e e %
10493 DIM K(7ay : cean |
1650 FOR =0 TO &1 Zglo | RRMARTURE VOLTRGE Eq
1853 REARD K62) ' K VALUES cgzn |
}gég H%ﬁTc?lﬁﬁ, 240 LET E1=KEI4¥M+113R2+5HY
1438 FOR 2= TO 189 ! ASIHN VRLu| 259 RETURN
ES
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RETURH

SRS S EE R EES TSRS F P 5 &4

!
P OISPLAY LOSZES
!

FRIMNT USING 6048 5 K1tHEd+K
C2FM, CKS+HE4RM I EI4FU, KSEENE

1~2, G23d2~-Gl¥J1

IMRGE ~," FRILC IEOH JTPR

CHOFFER® . ~,30.0,40.0. 40.
400

FRINT USIHG 68
Ja4~ZER1, JI2ER
IMAGE " QCU Fou IRE
OF  YER",7.30.0,40.0,40.
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CHANGES FOR DIFFERENT CONTROL EQUATIONS

Shunt characteristic -~ add .. 265 GOTO 2303

255 GOSUB 4000

!

Permanent magnet motor same as shunt

change 230 I3 = I2

same as shunt

Series Characteristic
~ eliminate line 180
- change 170 GOSUB 1300
- the slope of the characteristic

is entered as variable R.

COMPUTER PROGRAM FOR STANDARD TEST CYCLE

Introduction

A computer program is required, which will compare the energy.
supplied by the source for various control strategies with

the optimum strategy.

General

The torque-speed profile in Figure 5.21 can be reduced to
that in Figure{a) since no energy 1is required during

coasting and idling. (See Figure a overleaf.)
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P

N _I_rJ_I—r‘
| ' S
«—Taccel—s «—Teruise —————s' «Throke —s

FIGURE a

\
\

~ The speed curve is approximated by a stspped function, the
stepped shape of the efficiency equatioﬁ\follows from this.

This approximation is valid, particularly when time tcr is

N /
dominant.

The energy supplied by thevsourcévis

W _N I
E =det -.ZN._At

Since regeneration efficiency is defined as

power from shaft

hfregen. power to source

the values of n must be inverted during braking.
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8.3.3 Prograh

The values of efficiency for various strategies were read

from a data file and then the energy used was calculated.

[ -

TEST CYCLE . - S

8.3.3.1 Listing | READ EFFICIENCY VALUES

DIH H1C1S8), H201568)
AS IFH# 1 T!J "OFTH"

PEQD# 1 T,tfu1<1>,J1 Jz
HICI3=H1C(I)~ 100

NHEXT 1

I

R AT R e T R e Y]

WA
e

READ HE
ASSIGHS 1 TO M$
FOR I=1 TO ZI%6

U T LN

FERD# 1 : T.W,H2CId.d1.42 :
Nz \I)—N_fl)/luﬁ ! '
HEXT 1 S

ASSIGHE 1 TO &\

T S S S )

—~—
'oa

F'LEULHTE EHEEG? USED

= 00 NN B PO e D 00 S LB g D W A0 OO g T (RO e D
15

RN RO LU LR CROn G B PP PO PO O P PO bt bt et ot et b et 2 s e

!
i
1ot |
i Ii=8 E;I& gt INITIALISE
8 RERD T1., Th-TE,H,E,C
(% B | o
5 | RCCELEERATE .
ot .
S FOR Y=1 TO 6 !
8 I1=I1+R¥Y¥SQBFFI/305T1 S H1C
(Y—1XYE23+A+123
528 I12=1C2+A%YYSOOEFPI 203 TL-5-M2C
CY=12%23+H+12)
61 HEXT. Y
6zg !
f38 | CRUISE
544 1 :
£5a 11=II+E#’HBDfPI/3E*T2/H1(5*2
2+12+A) ,
el IZ=12+B42008% FI/?B*T“/N (5%2 i
' I+iz+A0 :
83 ! . :
€93 ' BRRKING i
Yo | !
723 FOR ¥=5 T 1 STEP -1
o Il=Il+C#YiSBB*PIf3EfT7f 1 H1
CY—12X234+13240)
AR I2=IC+CEYESEOEPI 303 T S¥HEC
(VY=10%23+1324+0C)
el HEXT ¥
ree ot
red 1 DISFLAY EMERGY SAVING
Fac1s I
sen PRINT 1-11-712
S8a EMD
Seyp v
Spia t DATH
Spza ' )
SE3n ORTA "HFERM®
SE49

DATR 22.51.,%,11.,4,-4
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- APPENDIX 9

DESIGN DETAILS




i

microprocessor

lolmoIr Im If

AD

OVERALL BLOCK DIAGRAM

+5 +15  +15isolated +72
Output T T T T
Sf | o If
Sm ' buffer | driver |20 chopper motor Frans-
: , Ig ducers
Sr R Sr
Input
+5 +15
Jf Iq'
In measure- N
ment amp If
Ir
R
5 -45 figure 6-7

swoJdboip 41N 16

691



TTL PORTS

+15

o tg Sf

BUFFER

this ealr:rp rgusf
DRIVER . . be isolate

figure 6.8



'MEASUREMENT AMPLIFIER

1K -

- . > AD(If)
ETK - . | - |
1P B |

Veshunt © &w 324
A 100K
> 10K
Vgshunt o — N

. — . ADUI)
0L )

- =
1 ‘ V>AD(1RA)A.
Pk

figure 69



CHOPPER

A

L=
[

C— 1400072

field

Vishunt €

IRF150

_ |
_ 3
Sm .

A

“:g;iisolafed)

2 snubber
AN fj“
L
NAAA

figure 610



ANALOG IMPLEMENTATION

< vf'shuvnt
absolute + ;éé N | N ) <
. : 2
value » %fﬂmp l/

imit of

- ' - 1" seefig. 6.S,for_S

| _7|£ o comparator |
'\ ‘\ >, Sy
L L~ |

e - @

e e e e e et el e e e : erroramp
__b_.___' ' : +limit
L FL

absolute value - fiqure 616 | - - figure 611
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SOFTWARE LISTING
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Label Address Code Mnemonic Description
Start 80 00 F3 DI -
initialise stack and
01 31 00 83 LXI SP command / status
04 3E-0D MVI A, OD register
0" 06 D3 20 OUT PORT 20—
08 3E OD ‘MVI A, OD | set interrupt mask for
, 0a 30 SIM A-D e of conversion
Setpoints 08 3E 18 MVI A, 18 7 '
0D CD 4E 80 CALL read I:ead,TBO and store
10 47 MOV B, A in register B .
11 3E 19 MVI A, 19 7
13 D 4E 80 | CALL read | 1o THO and store
in register C
16 4F MOV C, A :
MOT. / REGEN: 17 90 SEB B compare T and T,
18 D2 21 80 JNC A .
1B 68 MOV L, B ]
1C OE 00 MVI C, 00 i Tpo € Ty then
move memory pointer
1E C3 24 80 JMF B ('HL pair) to T, on
A 21 63 MOV L, € the look wp table and
22 OE 01 MVI C, 01 let T . (C) =0 else -
. _ ‘ . sign :
let =T, and C=+
B 24 26 81 MVI H, 81 _ store setpoint ID in
26 46 MOV B, M reg. B
Read IQ 27 3E 1A MVI A, 1A read either I, or
29 81 ADD C T :
IM depending on
2A CD 4E 80 CALL read md o
| 4 walue of T _;
( . sign
{register C)
Q switch 80 2D 16 00 MVI D, 00 I£ Iq S Iqo then let
2F 90 SEB B switch (D) =00 else
. 30 D2 37 80 JNC (IF SeTp) et switch =01 for
) regeneration or
33 3E 01 MVI A, O1 switch =]0 for motor
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35 81 ADD C
36 57 MOV D, A |
If setpoint 37 26 82 MVI H, 8 | lockup I £o COrTe-
' 39 68 .| MoV L, B | sponding to Iqo'
Read If 3A 3E 14 MVI A, 14 |
3c D 4E 80 CALL read - read field current
F switch 3F | %0 SBEB M .
40 D2 47 80 INC (output)| If I ¢ I then
43 7A S MOV A, D let switch =switch +O4%
44 c6 04 - ADI, 04 '
46 - |- 57 - MOV D, A |
output 47 A .| mova D ]
' . Output chopper con-
A .
- 48 2F CMA trol signal
49 | D321 OUT PORT A _
4B ~ C3 0B 80 JwP setpojnté] return to beginning
Read | 80 4E D3 23 QUT PORT C output channel
50 FB EI { address and start
conversion bit
¢ 5L 00 00 idle for end of con-
52 a3 51 80 JMP C version interrupt
20 c8 C3 55 80 JMP D _
D 55 F3 DI _
56 F1 POP PSHW Jrestore stack
. - ‘polnter
>7 3E 00 MVI A, 00 7 reset start conver-
59 D3 23 OUT PORT C | sion bit
5B DB 22 IN PORT B | .
5D 9 RET ] read digital rgsult
Igo Table 8.1 00 _ _ a table bf values
to relating setpoints
8L FF o _ 1 To @ g




o Table

I 82 00
to
82 FF
1 5DEC 1983

A table of values
relating setpoint

IfQ to Iqo

f

SR o A" B L e it AR s 4

T TRy





