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ABSTARACT

The battery electric vehicle is presented as a pollution-
free sltermative to the internzl combustion engined vehicle es
a form.of commuter transport in city centres. To conserve battery
energy as much as possible, an efficient drive system, consisting
of a chopper controller and a permanent magnet motior, is described
and tested in four modes of operation --- two modes of motoring
and two of regenerative breking.

From the experimentzl results, it was estimated thet approx- .
imately 10% of the energy expended by the vehicle during motoring
could be returned to the battery if regenerative brzking is employed
under stop-start driving conditionms.

The )iperstion of transistor and thyristor choppers is described,
and their suitasbility for use in a vehicle drive system is discussed.
A proposed vehicle control system, incorporating a thyristor array
and associated logic for implementing the mode selection, is described
and evaluated. , : ' :
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CHAPTER 1

NTRODUCTION

The project is asn investigation of an improved electric drive
suitable for use in a small, battery powered commuter-type vehicle.
The requirements and components of the electric drive are considered

and the system is comparec with existing drives.,

1.1 THE CASE FOR THE ELECTRIC CAR

There .is a very real need for an alternative to the internsl
combustion - engined vehicle as a Torm of commuter transport.  The
pollution of our enviroment is gaining more attention each day. 1In
particular, air pollution cawsed by gxhaust fumes of internzl com-~
bustion - engined véhicles Nas poisoned the air in large cities to
such an extent that it has producea a healih hezard. In Johannesburg,
the level of cerbon monoxide has recently been measured [?i] as |
high as 90 p.p.m. during the morning rush hour. Exposure for long
periods of time to levels of over 50 pP.p.m. is considered
undesirable.

A pgrfiai solution to this problem would be to prsvent all non-
essenfial:vehicles from entering the\ﬁity centre ¢Omplex for the
major portion of the day -~ this has recently been effected in
Tokyo with some degree.of success. However, the use of a battery-
operated thicle.offers a more complete‘énd efféctive remedy to the -
poilutidh.ﬁggblem.

It can be expected tnat the initial cost of an electrice vehicle

o
-

will be significantly higher than the initisl cost of a comparable

petrol - engined vehicle. Ffor an electric vehicle with full

electronic conirol, this difference may be as high as 100% ﬁéj .
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However; this increase in cost is offset tc some extent hy the
increése in the operating life of the vehicle, and the reduced
running costs, which Hender [15] gives as being HD%nless than for
a petrol - engined vehicle, |

A recent survey [}5} showed that at'preéent, about 80% of the
cars which are used for commuting each day travel less than 35km.
per day. Therefore, a car which is able to travel ét normal traffic
speeds of 60 km/h with a range of 50 km, would satisfy a large

’

percentage of the population, if only as a second car.

1.2 THE IMPORTANCE OF AN EFFICIENT DRIVE SYSTEM

The gre;test single problem associated with bsattery powered
vehiclés is the relatively low speci?ic output {kWh/kg) of the
§t0fage batteries which is epproximately 1000 times less than that
obtainable from chemical fuels used in internzl combustion -
engined vehicles. The maximum range and spéed capability of any
battery powered vehicle is therefore grsatly influenced by the
efficiency of the dfive system, including the speed zdntiroller,
motor and transmission. . The dc storage battery suggests the uss
of somé form of dc motor, although a system using a three - phase

induction motor as the powex unit has been built asnd tested [}B,de.

An analysis undertaken by Murphy {?9} indicates that such an ac
drive system is not an econcmic proposition below 15 kW output
pocwer. . As.:ithe power required to drive a 600 kg vehicle at speeds

of 60 km/h is less than TkW YSl? , a dc drive system was decided

upon,

(1) The Advantaqes of Chcopoer Controllers
As the speed of a dec motor is a2 function of the applied armature
voltage, some converter capakle of producing an variasble voltage:

. PR
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must be placed between the motor and battery. This converter must
have a high part-load efficiency, as a vehicle cesigned toc operate
in urban tfaffic méy be used for long periods zt a fraction of its
maximum speedl Resistive controllers shéuld Se avoided hecause of
the large amounts of energy wasted in the resistors, especially
under conditions of low speed and high forque, A switched battery
system, as uéed on.one commercially aveilable vehicie [;g] offers
loQ losses, bﬁt fails to provide smooth control between speed
notches. A.chopper—type controller, incorporating a high - speed
semicénductor switch that cylically connects the motor to the battery,
is able to offer an efficiencybof the crder of 95%, infinitely
variéb;e speed control and freedom from maintain;nce.

(ii) The Suitasbility of the Permanent Magnet Motor

%he use of a chopper controller ihfluences the choice of the most
suifable type of thor.ZfThe natural choice for a dc drive system
would be a series motor, which is a.robust mechine with suitsble
characteristi;s for traction, and is widely wused in electric vehicle
drives {;—9, 28, 32, 45] . tHowever, the pulsating flux causead by
the on/off action 6f the chopper produces a treansformer - emf in the
cemmutated coil, increasing the armafﬁre Coppervloss [l] . Tﬁis
ipdicates an advantege in using a constent flux instesd of s series
machine.- ,

Becéusé thé flux of a sepasrately excited mdtar is at a maximum,
the values’é?ltorque/amp and volts/rad/s are as high as poséible,

enabling the separately excited moctor tc operate more efficiently

1

than a comparable series machine. Typical experimentsl results zre
shown in figure 1.1 for the two types of motors aperating in the

regenerative braking mode. The motor and chopper controller may be



R{wW)

7504 100+

6001 80

\
]

. A}__————’E;"-— A i e

? a : Power regenerated, series

| connection.

b : Efficiency of regeneration,
series connection.

O

¢ : Power regenerated, shunt
connectiaon.

o
(R
O
ICIENCY (%

60 - | | | _—8 - ,
- & 7/4:1
~ a X
o ' ////x”E//’$
% | .
. - . x/' . a

POW

: . d : Efficiency of regeneration,
shunt connection (with field
losses) ’

8
<
EFF

5

e : Efficiency of regemneration,

. i
: |
150 - 20+ //// el ' § shunt connection (neglecting
: ;

N field losses)
¥
%

/
3

s

1 l i i
0 600 8GO0 1000 1200
SPEED (rpm.) |
FIGURE 1,1 : COMPARISUN BETWEEN SERIES AND SHUNT CONNECTION _ _
UNDER REGENERATIVE BRAKING AT G,75 TF’ { F=70Hz) | ?



used in this mode for retarding the vehicle by re@ﬁgningvenergy X
to thé battery. The results were obtained from a 1100 ¥ series
motor with modified_field connections, enabling it to be operated
either as a»serieg or separately excited motor. Far -the separate
excitation, & 0,2H inductor was connected in series with.the armature,
replacing thé series‘Field.

The resuits indicate that, for a particular speed and torque,
the constant flux connection is approximately 15% more efficient,
and this figure may be increased by a further 10% if the field loss
Wt 2ha tda adied : : X
is neglected, as would be the cese if a permanent magnet motor were
uséd. Another adventege of the constant fiux‘connecticn is that
regeneration is possible at lower speeds than if the series connection
were used,

fherefore, this thesis will invéstigate the fessibility of using

v,
a peﬂmenent_magnet motor in place of a series motor in a battery X

powered vehicle drive.

1.3 THE FOUR DESIRED MODES OF OPERATION OF THE MOTOR.

To implement an efficient drive system, using the permanent
magnet.motor and the chopper controller, the following four modeec
of operation are proposed. In each case, the motor back-emf is
éivgn 5y EM and the battery voltasge bhy VB.

(i) Motoring over the range O é:EM é:VB

This is the conventional mode of operation of =211 nattery
vehicle systems. The motor is accelerated from rest to base spsed,

which is when EM = VE'

(ii) #Motoring aver the range EF'E Vg
. ]

If EM = VB, and the vehicle travels down a slight decline, so



that the torqué demand en the motor decrcases, it‘w0qld be
desireable to further increase thé maximum speed of the vehicle.
This may be achieved by weakening the flux of the motor. However,
vto obtain maximum efficiency at all times, the.flux of the machine
is kept constant and the speed is increésed by raising the terminal
voltage abové thebbattery voltage, usinjg a voltage step-up

techniqgue.
~
m= Vg

Consideration should also be given to the best method of braking

(iii) Regenerative bfaking over the range, £

the vehicle, because of the significaht amcunt of stored energy
involved at normal traffic speeds of 20 ~ 70 km/h. The range of
vehicle‘can,be improved if this Sfored energy 1s returned to the
battery, instead of being waétefully dissipated as heat, as occurs
_wheé mechanical or dynamic braking‘is uéed. When the back-emf is
greater thean the_ba£tery.voltage, energy may be returned directly

to the battery, using the chopper to cortrol the energy flow.

= vy

(iv) Regenerative braking over range 0 = EM 5

energy can still be returned to the battery if the

wWhen E, <V

M B’

voltage s{epfup technique is again used. This braking wouid be
effective down tc speeds of about 8 k;/h, where the mechanical
b:akes would take‘over. With existing systems, it has been found
that, when régenerative braking is employed in stopnstaft driving
conditions, ld% increase in tange can be_bbtaihea [ié] , although
thié figure depends on the driving conditions. |

The performance of the machine in these four modes Zs describec

in chapters 2 ~ 5.
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1.4 OTHER ASPECTS OF THE VEHICLE CDNTRGL SYSTEM

Thyristor and transistor choppers, which may be used as motor
controllersy are described and evaluated in chapters 6 and 7;
A method of mode selecticn, Qsing a hyb:id transisto#/thyristor‘
chopper, is presented, enabling the-maﬁhine to be operated either
in the mode of motoring or braking when EM<:VBG
The power and energy required by the electric vehicle to achieve
a specified top speed and range are congidered in chapter 8.
Finally, Qsing the knowledge gained from previous chapters, a

complete control system for an electric vehicle is proposed and

evaluated in chapter 9.
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REALIZATION OF THE FOUR MODES

The advantages of providing efficient control of the motor
during motoring and braking have been outlined. This chapter will
examine in more detail the four modes of operation that are suggested

to achieve this.

2.1 MOTORING OVER THE RANGE 0 £ E, £ V..
1 =

The speed of the motor may be controlled using a system such as
that shown in figure 2.1(a). The semiconductor switch, represented
by S; is operated cyclically, connecting the motor to the battery
for a #ime,tm, and disconnectiﬁg the motor for a time ts. The |
average voltage applied to the motor is given by:

V =V t /(t +t) 0.‘0“9!.00000..c..oa-locloow.-(Zol)
m m S

M B

By altering the duty ratio, tm‘/ (tm T ts), the average voltage
may be varied over & wide range; s shown in figure (2.1(b).. -
When the switch is opened, the diode D provides an alternative
péth for the stored electrical energy associated with the inductance
of the afmature, so avoiding large voltage transients appeéring
across the switch. This diode is therefore refered to as tﬁe
ﬁfree—wheel-diodg". If the armature i@ductance is very low, the
motor Furrent will rapidly fall to zero during the periqd ts, causing
energy to'be supplied to the motor in the form of discrete puises.
To achieve maximum torque at low speeds; Qery high current pesks
would then be necessary to ré;lise the required average value of
motor currént. This may bé avoided if the motor curremnt is
maintained throuéhaut'the off périod té; by increasing the value of

the inductance associated with the wmotor., This may be accemplished
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by inserting additiﬁnal inductance in series Withlthe armeture, ss
shown in figure 2.1(a). If the inductance does not saturate at the
levels of current present in the armature, and if the inductance
is sufficiently large to maintain the mofor current during ts, for
a given chopper freguency, the chopper acts as & dc tfansformer.
Assuming the-chopper to be lossless, the average cutput power fhen
equals the average input power, or |
Vuly = Vplg crerreviriiiiiiii i (2.2)
IM and IB ére the average values of the motor and battery
;urrents respectively,
From equation (2.1), it follows that
Iy /1y = (tm + )/ ..;.;,...,.,...,......<2.3)
The ratia IM/IE is known as the "curreﬁt multiplication retioc™,
and“in 2 lossless system varies wifh‘the inverse cof speed, from
pnity at maximum spéed to infinity at stall, for a given torgue.
Under conditions of high torque and iow speed, a3 high current is
maintained, whiie the current drawn from the battery is in the form
of short'pulses of duration tm, as shown in figure 2.1(c). Current
'multiplicéﬁion reduces the zverage current drein on the bsttery and

allows better utilisation of the svailable battery energy.

2;2 - REGENERATIVE BRAKING OVER THE RANGE O é=£Mfé VB

Alfhoﬁgh tHe motor back-emf is lower than thé'battery volteage,
enérgy may be returned ta tﬁe battery by using a valtage step-up-
techniqué as shown in figure é;2. The essential element of this
converter is the inductor L, which is used as an energy storage
device, When the switch S is clﬁsed, the motcr current incresses

at @ rate determined by the back-emf and the time constant of the
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ciicuit. When the switch is cpened, the stored energy in the
inducteance causes the voltage across it to rise until the Diode D
conducfs9 and energy 1is returned to the battery. If the stored
energy is suffiﬁiently large, current will be.returned to the
battéry in the form of & pulse of duratian ts' as illustrated in
figure 2.2. _To achieve this, the inductance must be large enough
for a given frequency to meiﬁtain the motor current throughout the
period ts. Thé motor cu;rent then rises and falls with a time
constant L/R, as in the cases of motoring when EM-éVB.

In the ideal case of a lossless system, the chapper and induct-
ance act as a perfect step-up converter so that the average power
supplied by the motor equals the average power returned to the
battery.

-

EMIM =VBIB 000.‘!'-.-..00....----olalo‘-c.co.(é-d)

Therefore, for a given motor and vehicle speed, the power
returned toc the battery is proportionzl to the braking torque of -
the motor. From figure 2.2, it is seen that

= Cceeercanencoreieena 2.5}
IB - IM ts / (tm * ts) v ; (2.5

It is theoreticelly possible to' achieve regeneration over the

entire speed range, however, in practice, this is not pessible at

very low speeds because of the chopper voltage drocp, and the armature

resistance.

2;3 MOTORING OVER RANGE E,=V..
At higher cpeeds of motoring the motbf back-emf increases above

the batlttery voltége. To dfive the motor in this region, a step-up

converter similar to that described above in section 2.2 is used.

Figure 2.3(a) shows the basic circuit. E&Energy, supplied by the

battery when the switch S is closed, is stored in the Inductltance L.
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When the switch is again opened, the enerqy is transferred to the
motor, causing its terminal voltage to rise. Diode D prevents
energy fldw in the reverse direction.
: , )
The motor current is therefore supplied in the form of pulses
of durationvts,’whiie the battéry current is continuods, provided
the value of fhe inductance is large enough for a given ffeqyency
of'operatioh. From figure 2;3(b) it cahvbe seen that the average
motor and battery currents are related by:
IM = IB ts / (tm + tS) cecreccosesrrenereconcessl2.6)
If the chopper is considered as being lossless, the motor back-
emf, for a fixed value of motor current is given by:
£, = Vo (4 £ / £ eeriieiiiiie e (207)

This equation shows that a high speecd and high torgue of the

motor (E, arnd IM large), a high battery current is demended. A

M .
heavy drain would be imposed on the battery if the motor was
operated under these conditions continucusly. This mode is there-
fore intended tovachieve a high speed at s low torque, for instance
when the vehicle is proceeding down & sliéht'decline,ﬁor to achieve
a high.sﬁeed at a high torque for short durations, when overtaking

-

slower vehicles.

Bc

This fourth mode of operation would be used to .brake the vehicle

2.4  REGENERATIVE BRAKING OVER THE RANGE EM‘E Vo

from the high speed mode of motoring, described in the previous

~section. As the back-emf of the motor is greater than the battery
voltage, regenerative breking may be achieved with the circuit shown

in figure 2.4(a). This circuit ic identical to theat of figure 2.1(s],

except that thaz motor and battery are interchanged.
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When the switch S is closed for a time tm, current is réturn@d
to the battery via the inductor L. When the switch is again
opened for a time ts' this current is maintained in the battery
circuit by the free-wheel diade D. Providing.the inductance does
not saturate at the level of current uéed, ana that the inductance
is sufficiently large for a given frequency of operation, a
continuous battery current is maintsined throughout the period ts,
as shawn in figure 2.4(b). The motor current is then in the form
of pulses of duration tm.
The average motor and battery currents are felated by the eduation:

IA=T t /(t +t) oou,.o;-nospww-csco-(Z-B)
m S .

M B

To allow the motor current to flow, and sc brazke the machine,

m

the per unit mark, t / (tm + t ), must satisfy the condition

EMvtm /_t

This equation implies that the average value of the back-emf

'*'tc))-éVB ootco.o.otloooc.ooaott(v2b9)

[}

obtained via the chopper must exceed the bpattery voltage for Braking

to be effective.

2.5 THE EFFECT OF THE FORM FACTOR OF THE MOTOR CURRENT
ON_THE COPPER LGSSES AND COMMUTATION, IN ALL MODES
OF OPERATION.

In”all four modes described, the motor current is nat constant,
but,Va;ies periodically witﬁ the opening and closing of the switch S.
This cﬁrrént‘can be resolved in terms of”the avérage value, produc-
ing the average torque of the machine and the RMS valué, which
generates the copper loss in.£he armature. As the form factor is
greater than Qnity, the copper loss is larger than for normal dc
,oﬁeration of the'motof, when the average and RMS values of the

current are identical. The armature copper loss, Pru’ for normal

dc operation is given by:-
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) .
PCU - IM Ra L A 2 I A Ay} L L A ] t.c‘...oo.oo 00(2010)'
wWhe— R = armature resistance >

a

For chopper operation, the copper loss is expressed as:-

P2
- t . 5
CU: -— (IM) Ra 'l'..‘.‘(‘...o.f.‘..f“‘.'.o’f.".(z.ll)
S Iﬁ = RMS value of motor curfent.
The fractional increase in copper loss is:-
2 2
' — U -
Pcu - (IM) Ra IM Ra
2
IM Ra
= (form factor)2 s ceeeceeeeal2.12)

‘As thic expression is a function of the square of ferm factor,
it is neceséary to keep the current excursions as low as is
practical. " For instance if the form factor is 1.1, the copper
losses will be 21% above the dc value, causing a corresponding
" reduction in efficiency of the motor. in addition, the high current
peaks associated Qith a.form factor much greasater than unity lead to
- poor commutation and sparking [5, lil , particularly in the regiod

of half speed where the form factor of the current waveform is greatest.

2.6 CURRENT RIPPLEvANﬁ FORM_FACIOR FOR THE VARIOUS MODES
IN TERMS OF THE CHOPPER FREQUENCY AND INDUCTANCE.

In tﬁe pfevious section, the effects ef a high form fa;tér of
tﬁe mofbr current waveform were describéd. Ta redu;e the fdrm
facto;;“it is mecessary to k;ow the factors that influence the
current ripple (or the form factor), and theix relafionéhip'to the
current fipple. The equétioné expressing the ripple factor in
terms of the chopper ffequeﬁcy and inductance will now be dérived
for each of the four modes.

To simplify the analyses in this and the next section, the

following provisians are nNeEcessary: :



(a) “The inductance must not saturate at the levels of
current pzresent;

“(b) The inductance must be sufficigntly large for a
given chopper frequency to ensure that the current
is'maintained in the inductive circuit throughout
the‘chopper "off" time;

(c) The period of operation of the chopper, tm + ts,

must be much less than the time constant of the

circuit, i.e.

T, KL/R
(i) Motoring over the range OZE < VB
il
The ripple fector, r, is defined as:
' I -1
(%) = B x 100 ..eiieieieeioia...{2.13)
_ Ip + Iv

i and IV are instantaneous maximum and minimum currents
reached under stéadynstate conditions.

The fo;m factor (f.f.) may be expressed in terms of the
ripple factor i.e.

£.f. = 141/32° g ' (2.14)

=V ceeevseccsvane cevoessctaoas

[ﬁppendi{]

When steady-state is reached, the“peakmto-peak ripple,

~

~.

Ip - IV, is given by:
' _ _ " 2 - : '
I hnd I = (\’B-.EM) (tm) + [:[\4 (tS) 00100'00405(2015)
PV LT -

o .
[ﬁppendii]

I - iv is referred o as the current bandwidth, K, and has
p .

- . 1
a maximum value when t =t =5 T
m s n}

From equation (2.15),

K ::VBTD &l"...I.'..."'.....‘D"“‘Q.".d(2.]-6)




N
No

Substituting this equation (2.13),

VB
rmax:E.i---fT[ ..0..’.."00"'0.0..'0.".".".'.‘t’(2l17)
M
where lM = 3 (Ip + Iv)

thé riphle factor far mark/space other than 1/1 ié.given bys

r =4 T ex (tm/TO) (1 - tm/TO) ccccccesasaens ceeeesh2.18)
The dependence of form factor, tﬁé ripple factor and tihe
‘copper losses on the ratiolv/lp is shown grahhically in
figure 2.5,

A number of important points are illustrated by equations
(2.17) and (2.18). Ffor a given motor current, the ripple
factor is controlied mainly by the chopper freguency and
inductaﬁce; the maximum ripple occurs at mark/spacg ratio of
‘1/1, which corresponds approximately to half speed of the

motor; and the ripple factor is inversely proportional to'the

average current,

(ii) Regenerative braking over the range 0 % Ey é:VB
When steady~-state conditicns exist,
. ( 2 V_~F (¢ 2
I -1 = EM tm)' + B~EM) s) ceenoes cesersenn cee.12.19)
BV LT
T, .

[ﬁppendix]

- This leads to an identical expression for thg ripple factar
as_;ﬁ the case of motoring (equation 2.18). Therefore, the
value>of inductance, selected for use in the motoring mads,
will broduce exactly the same amount of current ripple when used
in the braking mods, provided the same conditions éf torgque and
chopper freguency exisé.

.(iii) Motorirg and Braking oveér the range EME:VB

As the circuit configurations of thece two modes are similer
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to those of the previous two modes, as seen in figures 2.1 - 2.4,

the derivation of the eaquations may he simplified. The two groups

of connections (EM-< VB and EM >§VB) are identicsal gxc&pt foi the
battery and motor being interchanged.  In each cese, the ripple
factor of the battéry current may be found from the relavent eouation,
and. from this the corresponding form factor for the motor current

- deduced. The form factor is used instesd hare, as the ripple Tector

is meaningless for & non-continuous current waveform.

The form factors of the motor and bsttery curcents (f'.f.)iv
: i

and (f.f.)B, are related by the equation:
- : ‘ iw
(f.f.)M = Tc/ts (fef.)B f.n............(ZQZL,
Eﬁ.ppendixl
for motoring, and
- ' .21
(f.f.)[‘q = To/t—m (f.‘rl)B ou.u-lo-.ol..o.l‘(dr_—u)
} Eﬂ.pgandix]
for braking
(it) Factors sffecting the selection of = perticuler

form factor.

Achieving the rated torque of the moﬁof when tﬁe current form
factor. is greater thén unity, means exceeding the RMS current
rating of the machine, and reducing its efficiency; The amount of
overléad that 1s permissible depends on the design-.of the motor .
being uééd. A 100 kW traction motor tested Ey Sie and Maser ES]
was run at full lead with a form factor Bf l,ﬁZS, which caused an
edzitional armature temperature rise of 10 degrees C, corresponding

to an increase of 10 - 15%. The efficiency of the moter was reduced

by 0,5%, compared to the efficiency when it wes operated on pure dc.
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Aé the form factor at s given torque varies with the mark/space
ratio, the fresction of the duty cycle that will be spent in the
region of half-speed, where the losses in the mechine are greatest,
must be determined.

The improvement in efficiency of the motor must be caonsidered
in relétion to the incresses in chopper frequency and size and cost
of the inductance that will be necessary to achieve the desired
form factor. However, by using the maximum practicable frequency,
the size and cost of the choke may be kept to 2 minimum. This
upper limit of the frequency is determined by the switchirg losses
df theisemiconductor used im the chopper, and the hystéresis and
eddy current losses in the choke,

Altﬁough the battery voltage has no direct influence on the
motor efficiency, the significence'of tﬁe chopper voltage drep may
be reduced by increésing the battery voltage. Howsver, as a battery
‘system of a given capecity is more econmmicaliy rezlised by h;ving
a small number of cells of high amp-hour capscity, instead of =
large number of cells of lower amp-hour capacity, some compromise

is necessary,

2.7 AVERAGE MOTOR CURRENT IN THE FCUR MODES.

Asuthe output torque of the permanent magnet motor is proportional
to tﬁe éverage maotor current, it is impartanf to investigate the.
relationship between the éverage current“and othgr paramefers of
the chdpper system. .
Under steady-state conditions, the average molor rurrent for

each of the modes is given by:

g £
Motoring when QO EM VB

I - -
M - l/R (VHtm/TO - LM) ‘ c e s



~

where R = total circuit resistance.

Regenerative braking when 0 < £, £ V

IM = l/R‘(EM - VB tS/TO) SRREEREEREE ceceveccacrcel2.23)
[Appendix]

fotori ¥ >
Motoring when EM VB

—
N
nN)
Ja

——

: 2 2
= 1 / i
In -—/R (\BtS/TO Ef‘f‘ts /TO L A e A L I N Sy}

i
s
Appendlxj

Regenerative braking when EM = VB

2 2 '
= / T - ! 'Qteoeoovl'o‘ceol’?o—r
1 1/R (E,t ’To MBtm/TO) Y { 2 ?q)

M M™m
{}ppendié]

The abové equations show that, providéd the conditions ststed
in the.previous section are adhered ta, the aversge motor current
is independant of the chopoer fregdency and value of inductance,
but is determined by the_motmr back-emf and the per unit mark.

In addition, the eguetions indicete thaﬁ fer a given velue of EMg,
a certain ber unit mark, tm/TD, must be achigvéd before any motor
current will flow., The vealidity of this wili be verified by

experimental results, which will be discussed in leter chapters.
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CHAPTER 3
THE PERFORMANCE Of THE MACHINE WHEN MOTORING

DV 1. .-\: \é—E é
ER THE RANGE O M VB

3.1 INTRODUCTION

The operation of the chopper in the four modes has been outlined,
and basic equations for each mode have been presented. This chapter
will deal with the experimental results obtained in the mode of

motoring over the range 0 £ EM &V The correlsticn between the

9
predicted and the measured values of the average current and the

current ripple will be investigated, and the perfoxmance of the mode

will be evaluated from the load tests thst were ccnducted.

3.2 EXPERIMENTAL DETAILS

(i) The Permanent Magnet motor used

The motor used in the follcwing tests is a de permanent magnét
machine with & rating 0% Skw at 150V and 3000 r.p.m. The combined
effect of lower mass and high speed capability, both due tc the |
novel construction of the motor, gave the machine a high specific
output of 167W/kg, instead of the value of 11l0W/kg for conventicnal
“machines. vThe inductance of the disq-type armature was very low,
being approximatély D,lmH.

Further specifications of the motoer and details of thé.performance
of fhe'macﬁine under normalldc conditions may be found in {he

appendix of chapter 10.

(ii) Measurement Techhiques

.- To evaluate the pexrformance of the chopper and motor, it was
necessary to measure average voltage, average current, RMS current,
power and energy. To ensure sufficient zccuzacy at the high choppex

frequency used (400 Hz), high gquality electrodynamic instruments
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were used wherever possible. Details of the instruments used,
and the procedures adopted for checking their accuracies are
described in the appendix:

(iii) Selection of a battery voltage and value of inductence

The ratea value of 150V for the motor voltage was considered to
be too high for the type of seﬁiconductor choppers used, and also
an unreelistic voltage for use in a small battery vehicle, because
of the large number of éells that would have to Se provided. The
voltége chosen was 84V, which then also limited the maximum speed
to approximately 1800 r.p.m.

The yalue of the inductance mzy be kept to a minimum by using as
high a chopper frequency as possible. However, & compromise is
necesséry,.as a high frequency causes additionel laosses in the
‘circuit, such as switching losses in the Semiconductors.of the
Chopper, and iron losses in the choke. A value of 400 Hz was chosen.
as being the highest précticable frequency.

Traction metors czn tolerate = ripple factor of 30% in their
current wavefcrm, és shown by Sie and Mosexr {ﬁ] . But, the manu-
facturers of the permanent magnet wotor warned thet the RMS rating
of the machine should nct be excesded, 2nd as the,motur could be
run for leng periods‘in the laboratory at half speeag when the
éurrenf_ripple ié at its grestest, the\designed riéble f;ctor wase
kept low. A maximum value éf lS%'at-ful} load torque‘wés éhusen,
as'this“increases the copper losses by qnly 2% above the pure dc
value. Tﬁe value of inductance reguired ﬁo aéhieve tﬁis is

calculated by:
B
IM rmax f

84

8x37x0,15x400




giving L = 4, 7mH.

Two chokes, each of 2 mH and 40A rating, were used in series.

3.3 THE CORRELATION BETWEEN THE THEGRETICAL AND MEASURED
VALUES OF THE AVERAGE MOTOR CURRENT.

In the previoué chapter, it Qas shown fhat the average value of
the motor current was independent of the chapper frequency and
value of inductance, but was determined bLy:

(i) The back-emf of the motor
(ii) The per unit mark (tm/TD)
{iii) The circuit resistance
The average motor current was then given by:

I, = 1/R (V

" )

B

t /T - E,
m o M

The esbove equation also indicates that for a fixed value of EM’

" there is a value of_tm/TD for which IM = 0.

The correlation between the predicted and experimental values

of IM is shown graphically in figure 3.1. The curves agree to with~

in 5%, except at low values of current, where the inductance is
insufficient to maintain a continuous current im the motor. By

increasing the inductance from 4 mH to 12 mH, & hetter correlation

.

is obtained, however only for very large values of inductance will

the curves agree better at low currents. -

3.4 . THE CORRELATIGN BETWEEN THE THEDRETICAL AND MEASURED
VALUES OF THE CURRENT RIPPLE. : :

The ripple content of the motor currert is determined by the
chopper frequency and vzalue of inductance used. In the previous
- chapter, it was shown that the ripple Tactor was given by the

equation:
VB
r = TBT FL

MAX . Iyt
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It was on the basis of this equstion that the value of the
inductance to be used was calcmiated. The.correlation between the
predicted and experimental values of ripple factor are shown
graphically in figure 3.2. The curves agree to. within 3% for
Iy = 37A, and to within 7% for I, = 20A. However, the agreement
between the éurvés IM = ldA is ﬁot goaod, as the aspproximations

used in deriving the above equation are not sufficiently correct

Tor large retios of Ip/IV.

3.5 EVALUATION GF THE PERFORMANCE OF THE CHOPPER AND MOTOR

“Te evaluate the performance of both thé chopper and the motor,
load tests were conducted and the results are shown in figures
3.3 - 5.8. These loed tests served s dual purpose:

(a) They allowed the investigation of factors such as
efficiency.of qﬁeration, form factor and current
multiplication,

(b) They enabled the totasl losses Uccurring in the motor

and checpper to be separated into their constituent parts.

(1) Efficiency

The performance of the chopper and motor when operating at

constant torque is shown in figures 3.3 and 3.4. Although the

results indicate that the chopper and choke reduce the outpuf
efficiency at maximum speed by approximately 8%, this figure would

be reduced to 5% if the motor was operated at its rated voltagé of

150V.

(ii) Form Féctor of the Motor Current
The variation'of the form factor of the motor current with the
per unit (p.u.) mark at the loadings of the motoxr (IM = 3TA, 20A4)

is shown in figure 3.5.
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From these results it can be deduced that the maximum temperature
rise in the armature will occur when the motor is operated contin-
uously at full load torgue in the regicn of half speed, i.e. for
values of p,u. mark from 0,3 to O,7. Ho@eVar, a vehicle uperating
in urban traffic may spend only a minof portion cf its duty cycle

in this speed region. Therefore, if the same hettery/motor

Q

combination were used in a vehicle drive, the value of inductance
could be reduced by as much as 50%, without causing the mean
armature temperature to rise above the maximum value thsat would be
. Al
-

recorded in a test such as that of figure 3.5.

(1ii) Current Multiplication Ratia

The ratio IM/IB is shown as a2 function of speed in figure 3.6.
The low valges at stall (4.3 for 374 and 8.1 for 2CA) can.be
aséfibed to the motor being supplied from 84V instead of 150V.

At a higher voltage; smaller vealues of tm/T0 could be used to
attain the'sam; speed and torque, théreby increasing EM/IB by at
leest SD%J However, the results presented here do demonstrate e

high ratio of mator ts battery current that is peossible at low speeds.

(iv) Power loss in Choke

In evaluating the efficiency of the motor and chopper, it is
essential that the amount of power lost in the choke is known.

These losses are shown as a function of the RMS current im figure

‘

3.7. To breéte the maximum possible ripple in the current waveform
at any given load, the chopper was set ét 0,5 p.u. mark.

4THe ﬁower ioss of 8B0W at §7A corresponds te 3% of the input
powéf to thé motor and half speed, - At full speed; this percentage
will be approximétely halved. As the choke tested wes designed Yorx
50 Hz operation, the power loss could bhe reduced by 5 - 10% by using

thinner laminetions in the care.
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(v) Separation of the total lesses occurring in the
Chopper and. Motor.

To assess the contribution of the individuasl losses, 1t is
necessary to separcte the.totalvlosses occurcing in the moter,
choke and chaopper. The motor was run at approximateiy hal? speed
to obtain the maximum current ripple and the mctor current was set
at 20A to erhance this effect. Ta anzlyse the effect of the chopper
on the losses cccurring in the mbtor, it is necessary to deduce the
individual losses that occur when the motor is supplied directly
from a battery. These losses are shown diaéramatically iri figure

BDBA'

The quantities represented by the abbreviations are:

PM = input power tc motor
PCU + PBR = copper and brush losses
Pw + F’FR = windage and fricticn losses
-_—; 1 a.. t H —' { lr .t(
PMECH mechanical nutput power of meoter

Next, the losses occurring in the moctor when supplied via a choppex

{4}

are showrn in figure 3.8B. Go that these results would be comparabl

o

h

m

with those of figure 3.8A, the input power to the motor was kept
same in both cases. All the losses occurring in the motor,chopper
and choke are shown in figure 3.8C (PB = power supplied by the

battefy; P_. = power loss in the chopper). From this it is seen that

c

thé‘éddiiional losses occurring in the motor due to the current form
factor amount to only 0,2% of the total inpﬁt power from thé hattery,
whereas the choke éonsumes 3,6% of this pewex. This shows that the
designed f0r¢ factor is toa conservative, énd to optimise the over-
all efficiency, there should be more of a compromise betwéen these

two losses, by reducing the value of the inductance and by using

thicker wire for the windings of the choke to recuce iis series
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resistance. However, the cost of such improvements should be
_taken into sccount.

from figure 3.8C, it is also seen that ths chopper caonsumes
9,4% of the input powef. This is becéuse the semiconductors of the
chopper have a constant forward voltagevdrup, causing the choppexr
power loss to be more appreciable, ir tTelation to the total pawer

consumed, at low motor speeds.,

{vi) Voltage and Currsnt Waveforms
Figures 3.9 - 3.11 show voltage and current waveforms recorded

during motoring with hoth low and high velues of the per uni® mark.
It may be seen from the figures how closely the real wavefcrms

resemble the theoreticasl waveforms which were described previously.

o

It is interesting to note how the peak-to-psask ripple of the motor
current remains constant as the aversge current is increesed

(figures 39(z2) and (b)).
. 3.4 .

3.6 SEPARATION OF LOSSES DCCURRING IN A BATTERY
VEHICLE DURING ACCELERATION AND CONSTANT SPEED.
MOTORING.

From the results of the load tests given in the previous section,
it is possible to predict.the lusses dccurring in & vehicle control
system. Two cases will be considered: )
(1) The energy consumed during an scceleration from rest up to a

maximum speed of this mode, taken as 50 km/h (14 m/s);

(ii) The power losses occurring while motoring at 50 km/h.

The tctal vehicle mass is taken as 600 kg, the rolling resistance
for this mass is 132 Newtons, snd the wind resistance is given by

2 . . .
0,5v N, where v is in m/s. These figures are assumed at presenti,

but will be dealt with in more detail in chactex 8.
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2 LT L ‘4
Energy consumed during a single scceleration.

24

It is assumed that the vehicle accelerates uniformly from rest,

at maximum motor torque, attsining the speed 14 m/s in 20 seconds.

The distance covered during this acceleration _will therefore be

140 metres./ X 0.7 h{g
(a) Vehicle kinetic energy achieved: |
1 2 .1 , 2
EV = 3 MV = 5 X 600 x 14 /3600
= 17wh
(b) Energy lost by overcoming rolling resistance:
ER = 132 x 140/3603
= 5SWh
(c) _Energy lost by overcoming wind resistance:
Ew = U,Sv2 ds (s = distance covered)
140 '
= 2 x 0,5 x a s ds (a = accelerstion)
: ~EO
~ 0,7 x 0,5 x 140°/3600
= ZWH
(d) Tran

(e)

smission energy loss:
Assume 10% of the energy that is transmitted is
absorbed in the transmission.

Energy transmitted = 24Wh

Energy lost = 2,4uWh

Energy loss occurring in motor:

The zverage motor efficiency et maximum torque over the

entire speed range may be calculeted from figure 3.

The

3

value obtained was 65%.

Therefore, the energy loss occurring in the motor

= 3% » 26,4/65

4.
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(€) Chopper energy loss:
- The average power loss in the chopper is proportional to the
per unit mark, which is proportional to speed, and in turn,

to time.

x\"-‘

Therefore, L[, = P x t
C c

x 5 x 37 x 20/3600

!
o=

=.0,5HH
\g) Battery eneroy supplied
EB = total of the individual ;nergies'
= 41kh

(h) ~ Comments

The energy distribution for a single acceleratica is shown
disgrematically in figure 3.12. Once again, it mustvbe pointed ocat -
thaf the efficiency of the motor aé low speeds is degraded beceause
the motor was not oherated‘over its rated speed rarge of 0 - 30008

-

5
Ty -

aQ

.r.p.m.' This accounts for the value of averasge efficiency of
65%, given in (a) above. ‘Had the machine heen accezlerated frqm
0 = 3000 r.p.m., this value would have béen closer to 75%.

From figure 3.12 it is seen that the major hortion of the
battery energy that is supplied is consumed by the lcsses cf itie
system. Less than 50% of the battery energy is converted into

kinetic energy of the vehicle.

(11) Power losses occurring at a constant spe=zd of 50km/h,

=g

‘Using the same values of wind and rolling resistance
given previously, the individusl power losses occurring in a

vehicle drive sysiem may be predicted.

(a) Power loss occurring in the chopper and motoxr:
From figure 3.4, it is seen that epproximately 5% of the

input power is consumed in the chopper and 15% in {the motor.
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(b) Power loss occurring in the transmission:
A figure of 10% is assumed.
(c) Friction and wind losses;
The remaining 70% of the input powér may be diwvided iﬁ the
ratio of the rolling aéd wind resistances at 50km/h.
.Rolling resistancé = 132N
Wind resistance = 1 x 142 = 98N
Therefore 40% of the input power is required %o overcome the

friction losses, and 30% is required to overcome the wind resistance.

The above datas are shown diagramatically in figure 3.13.

3.7 , COMMENTS.

The test results presented in this chapter show that the measuréd
and-calculated values of average current and current ripple agree
to within 10% over a wide range of load current. | |

The chopper. and choke cause a loss in overall efficiency of 8%,
"of which 3% is ettributed to the choke. To optimise the efficiency.
and cost of the system, there must 55 a éompromise in the battery

voltage selected, and between the losses in the motor and in the

choke.
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THE PERFORMANCE OF THE MACHINE IN THE MODE
OF REGENERATIVE BRAKING OVER THE RANGE

< <\
==Yy

4.1 INTRODUCTION

The aavaﬁtaéés of a regeneratiQe braking system over a
mechanical or dynamic braking system were discussed in chapter 5nea
The princip;i/of operation of the circuit, whereby it is possible
to return energy to the battery from a lower voltage source, was
explained in chapter two. This cﬁapter will present tﬁe.experiu

mental results of this mode and show that it is possible to increase

the range of a vehicle if regenerastive breking is used.

4.2 THE CORRELATION BcTWEEN THE THEORETICAL AND
MEASURED: VALUES OF THE AVERAGE MOTGR CURRENT.

Equation 2,23 indicated that the sverage current was detarhined
by the per unit mark, tﬁe bhack-emf of the machine and the circuit
resistance. The average motor current was measdred.as a Tunction
of the p.u. mark with the motor speed kept constant, and the
correlation between therXperimental and calculated valués is éhown
in figure 4.1, The agreement is better than 5% with both the 4mH
andlemH.chokes,vbutAwith the i2mb choke, bettér correlation is
obtained at the lower currents, ss the current ripﬁle is rezduced by
a fécﬁdr of 3. However, ovér the majer pdrtion of the current range

the value of IM is independenit of the value aof the inductance.

4.3 THE EVALUATION OF THE PERFORMANCE OF THE MOTOR AND
CHOPPER IN THE REGENERATIVE BRAKIMG CONFIGURATION.

To study the performance of the motor and chopper in this
configuration, load tests were conducted, and results are shown in

figures 4.2 and 4,.3.

X
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(i) Efficiency

The efficiency of regeneratiaon (meschanical to electrical), and
thg amount of power returned to the hattery are shown as functions
of speed at_constant torgque, i.e. consﬁant armature current. The
efficiency rises uniformly for speeds sbove 1000 f.p.m., reaching
almost 80% at 1600 r.p.m. As the battery voltage rises when high
charging eurrents are passed intc it,vthe upper speed could have
been extended tomapproximately 25300 r.p.m., at wBich point the
motor back-emf onld.have exceeded tbe battery voltzge, and the
control of the motor current by the chcpper would have been lost,
At speeds in excess of 2000 r.p.m., efficieﬁcies greater than 80%
are possible. The motor was restricted to the range illustrafed
in figures 4.2 and 4.3 so as to relate the results during braking
Wifh those during motoring (figures 3.3 and 3.4).

(ii) Brakinn at low speeds

To brake the machine when the vehicle is proceeding slowly, it
may be necessary.tq keep the chopner cleosed in order to.-achieve the
aesiréd braking torque. Under these pdnditions, all iegenerative
capability is lost. The back-emf 2t which this occurs cen be
célculéted from the following equation:

EM = IMR + VC ceeiceenn EEEEEEEET ...t.....,....(d.l)
' wheée VC = chopper vclﬁage drop
for example, at 3TA: .

EM = 37 x 0,45 + 3 = 19,6V

-

ar N = 468 r.p.m.

From curve (b) of figure 4,3, N = 457 r.p.m., an agreement of 4%.

o0

It is important to note that this speed is not a function of the
battery voltage, but is a characteristic of the chooper and_motor

combination. If the motor were operated over its rated speed range



of 0 - 3000 r.p.m., regeneraztive braking would be effective down
to 13% of the maximum speed. In terms of road speed, & vehicle
with a top speed of 70km/h, would bz sble to regenerate down to

9km/h.

(iii) form factor and circuit lﬁsseé when braking.

The foém-féctor of the motor current waveform, and the individual
losses in the circuit were investigeted, but as the resulis are
very similar té those obteined in chapter 3 for motoring, the results
are not shown here.

(iv) Waveforms

Typical veclitage and current waveforms are shown in figure 4.4,

4.4 THE ADVANTAGES OF REGENERATIVE ERAKING AS ILLUSTRATED
BY CYCLIC ACCELERATION AND ERAKING TESTS.

(i) Using a2 flywheel to store energy

In order to evaluate the amount of energy returned to the battery
during regenesrative brsking, in relation toc the energy expended
‘during acceleration of a vehicle over some specified gpeed range,
it is necessary to have some means available of storing energy.

A flywheel coupled to the motor does provide such a means, if ths
flywheel has kinetic energy comparable with that of the vehicle.
‘An indication of the amount of kinetic energy required is shown
by the following calculations:

Consider a vehicle with a mess of 600kg and a top speed of
50km/h (14 ms).

) . 1 1 - 2

At this speed, E = + M =+ x 600 x 14

. 4
= 5 x 10 Joules.
If at this speed the motor was running at 1500 r.p.m., the

mament of inertiszs (J) weguived-by the flywheel would be
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4

J wo

M
1]
o=

12 x 104/2,5 x 104

2

—
i

= 4,8 kgm
A flywhegl of cutside diameter 0,62m énd-mass 100kg would fulfill
these requifements. A flywheel of this éize could not be found and
a smaller oné, of the type used an alternatoré; wes used. This had
a mass of 64kg., a moment of inertia of D,95kgm2, and anvoufside
diameter of 420mm,

(ii) A ccmparison of the energies used by resistive,
chopper and regenerative controllers.

Resisiive and éhopper contrallers were compared by measuring the
émoUnt of battgry energy required to sccelerate the permanent magnet
motor and flywheel up to. a given sﬁeed; The difference bétweenvthE‘
reedings weuld indicate the saving in energy gaining by using the
'chopper.controller.' A similar measurement, taken during regenerative
braking, would indicate the peécentaoe of the energy used during
acceleration that could be returmed during braking. During bo£h'
Aacceleration:and braking, the motor torgque was kept constant,

Figurg 4,5 shows the results for twe mbtor torgues and two speed
ranges. The amount of énergy is répresented by the height of the
blocks, those blocks above the horizontal axis indicating acceler-
ation; and thése below indicatiﬁg braking. For sdme of the_tests,
~the épeed was restricted to the range 500 - 1500 r.p.m. This wes
to achievé full benefit from the regenefétivé syétem, which becumes
inoperétive below 500 r.p.m., as was explained in section 4.3 (ii}.

By using the chopper instead of the resistive controller, the
energy consumed ering acceleration is reduced by approximaiely 35%.
‘Under severe étop—start conditinons, a chopper controller Qould offexr

a greatly increased renge for a vehicle., The results indicate thet
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the regenerative braking scheme is ahle to return spproximately
40% of thé energy used during the chopper-controlled acceleration.
Over a complete acceleration and braking cycle, a regenerative
chopper system used approximately 60% less battery energy than a
resistive controller. All thése results indicate the outstanding
advanfages of fered by a chopper controller incorporating regenexr-

ative braking.

4,5 AN ESTIMATE OF THE EFFECTIVENESS OF REGENERATIVE
BRAKING WHEN USED IN A VEHICLE,

The‘effectiveness of the uce of & regenerative breaking system
in a vehicle may be predicted by considering a vehicle in traffic
such that it accelerates and brakes three times in each kilometxe
travelled., After accelerafidn up to S0km/h aver a distance aof ldﬂm?
. the vehiclé travels for a while at this speed, then brakes to rest
over a distance of SOm. " The vehicle therefore covers a2 taotel distance
of 430m at 50km/h. The energy per kilametre supplied by, or
returned to, the battery during each stzage may be estimated by>the

following calculations:

(i) Acceleration from rest to up to S0km/h.
The enérgy supplied by the battery during e single such acceler-
ation was investigated in section 3.6, and was found tc be Alwh, o

Three accelerations would then consume 123Wh. v

”

(idi) Motoring at constant speed.

The power losses occurring in & vehicle drive system were
‘ﬁalculated in section 3.7, and it was shown theat at 50km/nh, the
rolling resistance is 132N, and the wind resistance 100N.

(a) "Work done égaiﬁst rolling resistsnce

-

= 132 x 439/3600 = 15,0Wuh.



(b) Work done against windAresistance
= 100 x 430/3600 = 12Wh
(c) Energy supplied by battery.
| Considering the motor, controller and fransmiSSion
70% efficient, |

£

g = 27,8 x 10/7 = 40wh.

(iii) Braking from 50km/b tc rest.

/
At 50km/h, the kinetic energy of the vehicle is 17Wh. Aftex

some of this energy is lost overcoming friction and wind resistance,
it is passed via the transmission to the mator snd chopper, where

it is transformed and returned to the batfery.

(a) .Rolling resistance energy loss
ER = 132 x 50/3600 = 1,8Wh,
(b)) . Wind resistance erergy loss
§ Y 50
‘Ew = 2 x a x 0,5 s ds
‘ 0
= 3,3 x 0,5 x 502/3600 = 1,1Wh
tc) Transmission energy loss ~
Energy received by the transmission = 17 - 1,8 - 1,1.
= 14,1Vh
Energy lost im transmission = 1,4Wh.
Energy transmitted to motor = 12,7Wh.

(d) Moto; and chopper energy loss B}

‘From‘figure 4.3, the average efficieﬁcy of the motor and cheppex,
over the entire speed range = 46%. This value for braking at
maximum térque is low because of'the fact that regeneration fails
below 400 r.p.m. (13km/h).

Energy loss in metor and chepper = 6,9Wh.



(e) Energy returned to battery

Ttotal energy lost = 11,2Wh.

Therefore, EB = QLQHﬁt=I7- H,m\) | {TW&' .

In relation to the vehicle's kineticienergy{¢this’is 3?%;/

Three suéh b;akings will return 17,4%h toc the battexry. \
(£} Nett energy supplied by the battery.

Total energy supplied by the pattery

= 123 + 40 = 163Wh.
Total energy returned to the battery = 17Wh.

As a perc:ntage, this is 11% returned. This figure compares VETY

- . o el
well with field tests conducted on & basttsry-powered vehicle [lbj .
mﬁ,;
4 T
which indicated that 10% of the battery/cculd be recovered under
i ] . . o

re

Q

similar “stop-start' drivirg coenditions. The ahove figures
o Y

shown diagramatically in figures 4.6 and 4.7,

4.6 COMMENTS.

The measured and calculated values of av&ragé mﬁtor current
éhowed a correlétion_of»better than 5% over = wide range of loads.
\It was predicted that, by using .a regenerative braking system

_ ;
in a vehicle, sbout ;O% of the battery energy could be retu:ned

under "stap-start® driving conditions. Such a system would consume

ively controlled

w
o

resl

w

only 55% of the battery enesrgy needed by =
and mechanically braked system under the .seme drivimng conditions.
The advantages of the regenerative braking mode are significiant

when seen in terms of a decreased battexry size for a vehicle.
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CHAPTER 5.

THE PERFORMANCE OF THE MACKHINE I THE MODES OF MOTORING

AND REGENERATIVE BRAKING OVER THE RANGE EM > VB.

3.1 INTRODUCTION

The desirébility of having higher speed modes of motoring and
braking weré outlined in chapter one. These modes would allicw the
driver to have full ccntrcl overvthe veﬁicle when trevelling faster
under conditions of reduced torque. As the circuit configurations
for these two modes are very similar to thoée for motoring and
braking over the range O é:EM-é-VB, no comperison has been‘made
between the calculated and measured values of average current for
thase of_cu;rent ripple, this having been dane iﬁ chaptefs three and
four. |

This.chapter will investigate the performance of the permanent

magnet motor in the modes of motoring and breking over the range

N
EM = VB.

5.2 THE PERFORMANCE GOF THE MOTOR AND CHOPPER
' IN THE MDTORING CONFIGURATION.

(i} The limitstion placed on the maximum battery current.

As the form factor of the motor current of this configurétion
is much greater than unity at increaséd speeds; care must be taken
~to avoid the RMS current rating of the srmature being greatly
exceeded. This was achieved by limiting the maximﬁm battery current
to the %uli lcead rating of the armatur&.éf the gotor, i.e. 37A.
In this way, the average value éf the motor current will fall with

increasing speed and so will compensate for the rising form factor

(14i) Efficiency and power relaticenships
The efficiency of the motor and chopper were investigated as a

function of speed with the battery current kept constant at 37A and



63

at 204, ahd the results are shown in figures 5.1 and 5.2 respectively,
for the tests presented in tﬁis chapter; it was necesséry to reduce
the battefy Vo.tsge to &0V, to keep the veoltage asppearing escross the
semiconductor switch to a safe level when the speed of‘ﬁhe machine

was increaséd. The speed renge then extends from base speed, which

is when £, = V_, to 50% above base speed.

M B’ _
It is seen from the results tﬁat the efficiency of the motor is
virtuelly unaffected by the non-continuous current that is flowing
in it, and remains essentially caonstant sbove 80% aver the speed
range investigeted. The overall efficiency of the motor and chonper

is approximately 1C% below this figure.

(111) Form fector of the motor current

Asvfhe autput power of the motor remains essentially constant
cver the speed renge investigated, the average motor current, =nd
together'with it the terque, decresses as a linear function of soeed,
s shown by curves "a" of figure 5.3 and 5.4. P cheracteristic
similar to that of fiéld weakening is thereby obtained. It 1is

ent

H

important tc note that, althcough the feorm factor of the motor cur
Aincreases to as much as l,2, aﬁﬁ/the RMS wvelue of the motor current >(
remains below the average velue of the hattery current. Since the
farm facfor of the battery current'is much lower than that of the

motor current, s simplified expression Tor the RMS value of the
' o '
IW can be given by: -
| ’
' . - .
I, =./1.1 PP (5 A B

M B M

It is therefore possible to zvoid overioading the mctor at these

motor curxent,

increased spesds by limiting the average valus of the battery cuzrent

to that af the current rating of the motor.

{iw) The effect of the inductance of ine armeture

To allow efficient trensfer of energy from the inductor L to the
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.
motor, the.inductancé of the armature should be as low as possible.
The permanent magnet mofor was suitable for use in this mode of
éperation, as & low value of armature inducisnce wss achieved by .
nature of the-disc-type construction of the armature. —

(v) Voltage and current waveforms

Typical waveforms for this mode of motoring zre shown in figure

3.5.

5.3 . THE COMPARABLE PERFORMANCE OFFERBED BY A SEPARATELY
EXCITED MACHINE, USING FIELD WEAKENING

Field weakening may be employed in a2 sepearetely excited machine
‘to obtain an increase in maximum speed ot reduced torque. It is
therefore interesting to compare the performance of this machine
with that of the'permanent‘magnet motor/chopper cambirniation of the

.previous section., The machine tested was a 3kW, 1530 r.p.m. meior.

The armature current was kept constant at the rated value of 202,
while the field was progressively wezkened. Comparing the resultis
o

shown in figure 5.6 with those of the previous section (figures 5.1

- 5.4), it is seen that the characteristics of the permanent magnet

motar/chopper canfiguration are very similer to those of conventionsl

~

field weakening,

5.4  THE EVALUATION OF THE PERFORMANCE OF THE MOTOR
AND CHOPPER IN THE REGENERATIVE HBRAKING _MODE

(1) Practical difficulties.

As the battery voltsge rises by about 20% when large charging
currents are flowing into it,vﬁhe upper speed cf the machine had
to be increased to 2000 r.p.m., end the battery voltage reduced to

48V in order to achieve suitable motor currents during brasking,

Even under these conditions, it was not possible to realise thea

s
+

g e
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rated current of 37A.

(i1) The results of the tests.

It was possible té conduct tests in the regenerative brakingvmude
fqr a motor current of 20A only. The resultis are shown in figures
5.7 and 5.8. It is seen that Unly'a very limited veriaticn in the
p.u. mark waé possible ---0,682 to 0,97-~- in spite of the reduced
battery voltage and increased speed. Consequently fhe maximum. form
factof realised Qas only 1,1. |

(iii) Voltage and Current Waveforms

Typicai voltage and current weveforms are shown in figure 5.9.

The p.u. mark was approximately O,8.

5.5 " COMMENTS ON _THE MOTORING AND BRAKING MOBES

The performance of the motor and chopper in the mode of motoring

is very similar to that obtainable by field weakening

B

in a comventional shunt motor, and the overell efficiency of the

hen £ >V
WEV M

motor/chopper combination is virtually constant for speeds up to
50% above base speed.
However, in the case of the regenerative braking mode, the

performance is far from satisfactory, as it is not possible to

-
v

Q

achieve sufficiently high braking currents in the motor, gveh
iﬁc;easéd speeds.‘ As mentibned previously in section 4,3, it iz
possibi; to extend the speed range covered by the mode of regener-
~ative bfaking when EM<:VB, to cover a spéed range up to'SD% -above
base speeﬂ. The other configdiation for schieving regenerative
braking when EM7 VB' which Qas gvaluated in this chapter, msy be
discarded.

The complete speed range of the vehicle may then be covered by

3 modes: (1) a mode of motoring from standstill up to base speeds
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(2) & second mode of motoring covering the range from base speed to
50% above base speed; (3) one mode of regenerative braking

cocvering the range from 50% above base speed to a few km/h above

standstill.



CHAPTER 6.

THE CHOPPER SWITCH.

6.1 INTRODUCTION.

In the preceding five chapters, the cﬁopper was described
simbly as being & semiconductor switch which operated cyclically,
passing currentiin a series of shart pulses. It is naow necessary
to study in detail the use o% various semiconductor.devices as
choppers, as well as the methods of varying the mark/space ratio.

This chapter will describe the operation of one type of

semiconductor chopper using the thyristor.

6.2 .THE THREE BASIC FORMS OF SWITCHING

(i) Fixed freguency, variable pulse width E},25,27,29,36~a

As shown in figure 6:1, the speed of the motor (fcr a given
tquQe)_is increased by'increasing the pulse width tm. The average
value of the motor voltsge is given by:

VM.z VB tm/ (tm + ts) cesenes e cerecetanan e e (6.1)

As the chopper can be opereated at high frequency, near <he
maximum permissible frequency, (limited by switching lcsses in the
choppér end by reductiomn of the limits of the M/5 ratio obtainasonle),
fhe currént barndwidth K, for a given torque end inductaence is
maintained at a2 low level and has its gaximum when‘tm = ts, viz
at half speed.

.

(ii) Fixed pulege width, variable freguesncy r4 y9,25,27, W

By fling the pulse width at tm and varying the frequency to
obtain a variable veltage, it is pnssible to simplify the

igure 6.2 the eguatian

b

circuitry ot the chopgcer @;27}. From
desrrlblng thP average voltage of fhp chopper in terms of the

frequency can be derived and is given by:
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Vy = Vgt f o,.,.....,,,,..,!........:,...(6.2)

It is seen from equation 6.2 that low speeds will result in low
frequencies. As the maximum operating frequency is determined by
the same critérion as for the variable ﬁulse width (v.p.w.) |
chopper, the use of the variable frequéncy (v.f.) chopper will
result in a larger fippie in the motor current at low speeds for
a given torque. This is illustrated graphically in figure 6.4,
whefe the fipple factoréof the two types of chopper are compared
for a motorkcurrent of 40 amps, from a battery voltage of 80V. In
order to reduce the ripple factor at low sﬁeedé to a2 level compzr-
able to that of the v.p.w. chopper, it is necessary to increase
the value of the inductance significiantly, wviz from 2mH to 10mH.

(1ii) Current bandwidth controlled chapoer [},3,4,?] .

In.chdpper circuits, where the fregquency or pulse width are
varied independently, the ripple of the motor current at a given
torque varies considerably over the épeed range. By making the
bandwidth K the controlling element, it is possible to obtaim a
variable'oufput voltage from the chopper by varying both frequency
and pulse width, |

 The frequency of operation is givéh by the expression [l] :

£ 21/ (5 4 £ weeeenerannnnenonen (6.3)
whe;e
to= L 1 BT BT R, L6
R VB - EM - RIV

The pfinciple of the chopper is easily explained with reference
to . figure 6.3. The controller is set for some bandwidth K, gnd the
switch remains closed for = time'tm, until the predetermined current

maximum is reached. The switch then opesns for a time ts until the

current falls to the predetermined minmimum value. I& this way
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complete control of both form factor and torque is exercised.
However, this type of chopper is correspondingly more complex as
both minimum and maximum current values must be mcnitored, whereas
v/ | '
current control Yan be applied to v.p.w. and v.f. choppers by X
monitoring the maximum value alone.

(iv) The method of switching chosen for use with the
permanent magnel motor.

While the current bandwicdth control is attractive, it is considered
unnecessarily complex, as similar current control can be applied to
either the v.p.w, or v,F.'choppers by monitoring the peak velue of

the current waveform alone. O0Of the two remaining types, the v.g.w.

was chosen because of its lower ripple characteristic.

6.3 THE THYRISTOR AS A CHOPPER SWITCH

(1) The basic thyristor chopper

~Figure 6.5 illustrates the basic thyristor chopper'and motor
circuit. Thyristor Th, replacés the switch S of figure 2.1 and
represents a hypothetical device that can be turned cff at will.
As a thyristor, im practice, can only be éommuteted by either
allowing the forward curfent to drdp Qelaw the value of the holding
current, or by applying e revefse-VOltage bias to the device foz the
duration of the turn-off time, it is necessary fo pfovide.same
external éircuity to commutaﬁe the device.

(i1) Forced caommutation

Various techniques of forced commutatioﬁ sre availaﬁle [?5~29] .
bhut the method most commonly used, and one of.the simplest, is that
showg in figure 6.6. This chopper was designed for operaticn orn
100V, with a current capability of 20A, and iS'descfibed in detail

by the author in another thesis (?Bj , but the theory of operatiaon
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will be briefly described now in the following steps:

(a) Before the main thyristor THl is triggered, the commutating
thyristor TH2 must be triggered,.charging up the capacitor C
through the load in the polarity shown, When € is fully charged,
VTHZ extinguishes.

(b) THl is triggered, sllowing the main load current. ta fiow, and

at the same time closing loap IHl, c, L2 and'Dz. C and szrasonate,

so that the polarity of C is reversed, D, blocking any further

2

resonance.

(c) After the required delay (tr)’ TH, is again triggered,

2

connecting C across TH., and so extinguishes it, after which C

1

recharges.
C must be sufficiently large so as to reverse bias THl’ snd
to supply the maximum expected load curremt, for the duration of the

turn-off time of TH (t )

1 off

>~ .
C —.tfo IM/\!B cesoriesersessrbcentsnonn (6.5)

A factor of safety of 1,5 - 2,0 is allowed for in the value
of C. L must be large enocugh to reverse hisas THZ in a time 8qﬁal

to a quarter cycle of oscillation.

o .2 2 ‘ _ -
L_tOff/ C ¢ ® 200 e 0 ee 0 0o o&aoo'oo...o-(6¢6)

D2 must be able to withstand the repetitive peak  resonant

current. THZ must be able to withstand the reoétitive peak turn-off

current. As the duty cycle of TH2 is very low,-it can he of

substantially lower current rating than THl.

(i13) Wavefarms of the thyristor circuit

Veltasge and current weveforms are shown in figure 6.8 for

the thyristor chopper that is illustrated in figure 6.6.
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6.4 TRIGGER CIRCUIT FOR THE THYRISTOR CHOPFER
The complete circuit, shown in figure €.9, is described in
detail in reference 23. £ ramp generator, consisting of a UJT

relexation oscillator (TR,) is used in conjunction with the Schmitt

1

trigger (TR3 and TR4) to produce variahle width rectangular pulses.

IHl and TH2 are triggered in time with the leading and trailing

edges of the rectangular pulses respectively.

6.5 SUGGESTED STATIC SWITCHING SYSTEMS USING THYRISTORS,
FOR SELECTING DESIRED MODES OF OPERATION.

(1) A _static controller covering two modes of aperation
A thyristor network, which would allow control in the modes of

motoring and braking when Eméé v is shown in figure 6.10.

B’
THZ, Cl, L2, D2 form the coﬁmutation circuit for THl, which 1s the
main thy;istdr during motoring, with D3 being the "free-~wheel” diocde.
THd, C2, L3, D4 form thé commutation circuit for TH3, which is the

main thyristor during regenerative breking with Dl being tHe
free-wheel diode,

" This circuit may be simblified if both commutetion circuits shere
one capacitor, as shown in figure é.ll. The forward voltage drcp
for either circuit during motoring or braking would be less than 2V. -

(ii) A Static controller covering three modes of operation.

.Ih’chapter 5, it was shown that full control for the entire speed
range of a vehicle could be obtained byv;sing three modes of operast-
ion of fhe motar : motoring below base speed; motoring above baée
speed; and one mode of regehérative hreking. A thyriétof switching
network which would cover these three modes is shown in figure 6.12.

This ecircuit is considerably more ccemplex than those shown in figure

6.10 and 6.11, because to include the moae of motoring sbove base
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speed, the motor must be separated from the inductance to achieve
the voltage step~up. Each thyristor shown would.have & commutation
circuit, such as that shoyn in figure 6.10, and the méximum focrward
voltage drop of the network would he eitﬁer a £hyrist0: and s dicde
(2,5V) or 2 thyristors (3V).

The path followed by.the main current during each of the modes

is as follows:

(2) Motoring below base speed:
"on! peripd = B, THl, Ll, D4, Me
"free-wheel” period = Ll’ Dd’ Mg DZ'

(b) Motoring above base speed:
"pnu period =,B’ THl, Ll, THBf:
"free-wheel" period = B, THJ, tl' 54, M.

A{c) Regenerative braking:

"gn" period = M, TH,, Ll,>TH2.V
"free-wheel" period = M, THA' Ll. Dl' E.

is commutated and £, V_)
{

(D3 is a free-wheel diode when TH4 . B

6.6 COMMENTS ON THE THYRISTOR CHOPPER

The £hyristor as & device is robust and is well suited for use as
a chopper switch in an electric vehicle drive. However, some of the
characteristics of the thyristor chopper should be noted:
(1) The.reliability of the chopper operstion dépends on the ability
of.thevcépacitor to successfully commutate the main thyristor.
(ii) Froﬁ figure 6.7, it is s;en that the ocutput voltesge of the
chopper will be load dependent, for, slthsough the pericd tl is fixéd
by the mark/spéce‘ratio, the peribd t2 ~~=-~ the discharge and recharge

of the capacitor ~--- is varieble, dependent on the loed current.
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(iii) Sirﬁilarlyi the mark/space retio will be restricted at high

L

" frequencies, because the minimum "space" period will correspond to

time t although this limitation may be avoided by usimg more

59
cémplex circuitry to enable the rechargihg of the capacitor to be
independent of the load [?5] . |

It was decided to investigate other types of choppers and to

compare them to the thyfistor chopper in terms of efficiency of

operation, circuit simplicity and reliability.



CHAPTER T

TRANSISTCR AND THYRISTOR-TRANSISTOR ARRAY SWITCHES

This chapter will describe the basic transistor chopper, and a
static mode selection system using a combination of thyristors and

transistors.

7.1 THE BASIC TRANSISTOR CHOPPER

To opefate thé bésic frénsistor chopper illustrated in figuré
7.1; the base of the transistor must be driven sufficiently hard to
ensure saturatiﬁn, which reduces the forward veoltage drop to less
than one vqlt (see figure 7.2), and then by removing the base drive,

“the transistor is turned off. As the voltage appliéd to the motor
will be = ;ectangular waveform, it will not be load or ffeguency”

dependent, as wes the case with the thyristor chopper.

1.2 THE TRANSISTOR_CHOPPER FOR THE PERMANENT MAGNET MOTOR.

As tﬁe 150V voltage rating of the permanent magnet motor was too
high for éafé opq;ation with & trensistor chopper, the battery
voLtagé was decreased by 84V, which reduced the maximum speed of
the machine from 3000 r.p.m. to 18C0 r.p.m. As single‘ﬁransistors
capablé of handling the full load mgtocr current of 37Abere expensive,
the chopper consisted of a number of dgvices in nerallel. A factory-
hatchea array of 3 germanium transistogs (MP9D2) with 150A and 120A
ratingmﬁas tried, but this older type of trensistor witﬁ-its lack
of éecond breakdown capability (see section 106), wes not suitable
for use with inductive loads»gnd the transistors were damagec by
voltege breakdown in spite bf protective zener diodes placeg between
collector and emitter,

Modern silicon transistors intended for switching operation have
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FIGURE 7.1 : BASIC TRANSISTOR CHOPPER
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FIGURE 7.2: BASIC TRANSISTOR CHOPPER WAVEFORMS
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"high secand-breakdown capability {?7, 3@& , and are more suited
to inductive circuits. An array consisting of four 2N3773 in

. v ' 5
parallel was used for the chopper. Each of these transistotis hqg%

rating.

@ :
a 30A peak current capability with ﬁ'ldD volt VCE

(see reference 37 for detailed specifications).

7.3 PARALLELING OF TRANSISTORS.

The four transistors, placed in parsllel, were selected fré; a
batch of 30, and were matched on the basis of their éaturation
voltage at a continuqus collector rurrent of 10A. A grdup with
their saturation voltage spread over the range 520 - SGD.mV wes
chosen, |

In order to assess the current sharing of the transisto;s when
_conﬁected in parallel, it wes necesséry to measure tHe individual
transistar currents.. This was done by connecting 2 304 ammeter
shunt of 3,3. m.ohm resistsnce in series with each collector as shown
in figure 7.3. The emitters were directly coupled together anc the
collector leads were kept as short and as equal in length as possible.’
- The transistors, mounted on a common heatsink, were ssturated by
providing a 1A base drive for each deQice, and with a total of 4GA
 being d;awn from éhe battery, the individual collector currents héd'
a spread.of oniy 6% =bout the mean value of lDA.

As thé éaturation voltége is proportional to Both the collector
;Qrieﬁt and the cese temperature, {(see specification sheets -
reference'37) a.setisfactory c;rreﬁt sharing was achieved withcut.'

the addition of current sharing resistors.
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7.4 - BASE DRIVE TECHNIQUES

Consideration must be given to thé most suiteble method of
driving thg bases of the individual transistors of the chopper, sc
that each transistor will carry an equal.share of the total loed
current. Becasuse of the method in which the transistors were matched,
each traﬁsistor must be supplied with an equal base drive. The
base drive methods must also be evaluated in tgrms_of their ability
to saturate the transistors in tHe array; s this minimises ﬁhe
losses in the chappers

(i) Darlington Pair

Figure 7.4(a) shows a basic Darlington configuration for
achieving & high current gein for the trensistor base drive. The
"main transistor, TRp, is turned on by connecting the bsse resistor

of the driver trensistor, TR to a voltage source greater than

D!

2V = 1,5V, However, the disadvantage of this connection.is

BE

that TRp will not saturate as TRD maintainsrthe colliector of TRj
: f

at a higher potential than the base (see appendix for definition
of.éaturation), causing increased losses and heating of TRp.
This hay be overcome-by the addition of a series resistor in the

collector of TRp (figure 7.4(b)), sd'TRD will drive TRp fully into

saturation. The value of RC to ensure saturation is given by:

> o ‘9. -
vCE (Sat)p'+ Icp RC = vBEp + VEE (Set)D ce.(T7.1)

However, for parallel operation of pdwer transistors, there

must be @ driver for each main transistor, to ensure that there is

equel bese drive in the power transistors.

{ii) Modified Darlington Pair

The main transistor (TRp) can be driven fully into saturation

by connecting the driver transistor to a separate supply (figure 7.3)
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By keeping V., as low as possible, the power loss in RCD is

2
very.little, and for V? = 6V this loss is approximstely equal ta
that in R. of figure 7.4(b). This configuration will allow TR

C

13
v

to go fully into saturatiaon, pfovided sufficient base.driVE’is
provided. However, as with the previaus cecnnection, this config-
uration is ﬁot suitable for a parellel array of transistors zs ane
driver is required fof eéch power transisﬁor¢ if egual base drive
isAto be assured. |

(iii) Comolementary driver

With a PNP driver transistor and a NPN power tran;istor (figure
7.6) the advantages af the;preQidus connections are maintzined, while
at the same time providing equal base drive yia‘RBl,.RBZ, ec. to 2ll
transistors. in a parallel arrey (RBL = RB2 ....).

However, when the transistor chopper was built, medium power PNP
silicon transistors'were difficult to obitain, and so the PNP driver
of figure 7.6(a) was.replaced by a PNP/NPN Derlingtan peir as in
figure 7.6(b) which gives similar characteristics. It is unimportant
that TRDl will then not saturate, as the power consumed by the base

drive of -the main trznsistors is not large. It should alsa be

noted that using the circuits of figure 7.6(a) and (b) the base

must be imverted to produce the same output im TR

waveform of TRD 5

as previously.

-

7.5 THE TRAENSISTOR CHOPPER POWER CIRCUIT

(i) Circuit description

The implementation of a practical chopper .for the permanent
magnet mctor is shown in'figure 7.7. Although the chopper is shown
connected for the mode of motoring below base spéed, it may egueally

' well be used in thg other modes by appropriate reconnection of the
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chopper, motor, inductance and battery. The bases of the 4 ﬁarallel
2N3773 trénsistors were driven by a single 2N3855_transistor through
3,3 ohm resistors, from a separaste 6V supply, providing lA peak
base current for each transistor. The basse drive transistorsAwerev
connected in the complementary con%iguration described in section
7,4(iii); Circuit details of the mark/space generator zre given in
’secfion 7.7,

Protection for each transistor fram voltage transients was
provided by a 100V, 2W Zener diode connécted between each collectox
and emitﬁer, and a diode connected in anti-parallel with each base-
emitter junctién provided reverse voltage protectiﬁn. fhe 130 ohm
;esistor connected between bese and emitter was chosen frdm the
specification sheets [?71 as giving both increased VCE rating end
secohd-breekdcwn,Eapability.

Kii) Switching'waveforms of the transistor choopex

o~
Scme difficulties WETE encount%d withlthe swiﬁching

characteristics of the chopper shown in figure 7.7. From the
switching waveforms Shown.in figure 7.8 for s collector current of
ZUA,_it is seen that during turn—off, é step occurs in the collector-
emitter voltage that isﬂnot presenf in the basévcurrent wavef”orm°
‘As this causes the turn-off losses to be approximately three times
the turn-aon losses, the tétal losses 1in thé transistors, including
switching and saturation losses, will be increassed by aspproximetely
25% above the calculéted values of TW pé; transistor {(see Appendix

for the calculations).

7.6 A SOLID STATE POWCR CIRCUIT FOR SELECTING TWG
MODES OF OPERATION

To change from one mode of operxation to another when using the
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transistor chopper just describhed, it is necessary to physically
reconnect the circuit components. A power circuit will.now be
described which enables the motor to operate in either of two modes
by appropriate gating of solid state switches;

(i) Circuit descripfion

Because of the low leakage currents of silicon transistors when

in cut-off (I = 2'6A for 2N3773), it is possible to use the

CED
parallel array of transistorsdescribed im the previous section as
a line switch for thyristors, which have & holding curreﬁt in the
range 8-80 mA [;4] . Figure 7.9 illustretes how two thyristcrs end
tHe transistor arrsy may be used as a fully electronic changebvéx

switch for the modes of motoring snd regenerative braking when

B'> Changeover is effected by the appropriate triggering of

<
EM—-V
‘either IHl or TH2 once the "on" thyristor has been commutated by the
trensistors. Rl and R2 are inserted to supply the thyristor being

triggered with latching current.
The principle of operation of the circuit may be followed by
'cénsidering the main current path for esch of the two modes:
(a) Motoring:
on period = B,TH,, L, M, Dyr TRy«
‘free~wheel'period =L, M, D3, D2.
‘ (b} Brezking:

on period = M, L, TH TRl, b

2’ 4°

free-wheel period = M, t, Dl' B, Dd'

(ii) The losses in the semiconductor components

During the %on" period in either the motoring or braking modes,
the load current flows through the transistor, a diode and =

thyristor. The meximum power loss in the semiconductors will cccur
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at full loeac current and et 2 p.u. mark close to unity.

The calculated power loss in each of the semiconductors is:

3

Transistors 22W  (19%)

Thyristor : 55W (48%)

Diode : 37TW  (33%) )

7

The total power loss is therefore 114%W, corresponding to 3,7%

of the input power from the battery.

7.7 CONTROL CIRCUIT FOR THE SOLID STATE CHANGEQVER SWITCH

To imnrlement the operation of the solid state changeover switch,
the necessary control circuitry which consists of a mark-space
generator,  thyristor trigger circuits and interlocking logic, must

be incorporated into the system.

(1) Block diagram

The complefe blo;k diagram for the two mode motor control system
is shown in figure 7.150. The relaxation oscillator, Schmitt trigger
and inverter cpmprise the mark-spasce generator, which sets the
on/off ratioc of the power transistors. The gating of the correct
thyristof for a particular mode is controlled by the logic and timing
pulses from the mark-space generatnr;

(ii) i‘qMark/Space Generator

A variable freguency saw. tooth generator is produced by varying
the charging current of a capacitor in & UJT relaxatiom oscillator
59 1 Rll and RlZ were chosen from the manufactu
urer's data sheets [4!] for the UJT used. When opereting off a

(TR figure 7.11). C
10V supply, the vbltage #CTross Cl varies linearly hetween 1V and
.6V as shown in figure 7.12. If the capacitor is charged with

constant current

_ ‘ { 1
IC»CdVC/dt 2 % ¢ ¢ 6 0 & 8 8 0 e s v w0 ooeauirt ----------- \5-.‘.)
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where Ve is the voltage scross the capacitor.
fFor a freguency of 50 Hz, IC = 55 microamps
For a freguency of 500 Hz, Ic = 550 microamps
© This current is regulated uéing en emitter follower circuit

consisting of TR6 and Rl and a potential divider consisting of

3

Rl4 and Rl5 and Rlﬁ'

The switching level of the Schmitt trigger (TR8 and TR9) is

variable between 0 amd 6 volts, by mesns of R As the output

20°
of the Schmitt trigger, taken between the 10V reil and the collector
of TRg produces voltage pulses of limited and vérying amplitude as
shown in figure 7.12; it is necessary to teke this output through

an inverter to obtein the full voltagye swing between the rails.

The output‘of this inverter is then passed on to the drive; stage
(TRlz - TRla)and.tD an RC differentiator that producés‘trigger pulses
for the thyristorsf

The output of the inverter is = convenient point to generate a
clock puise for the logic which is fully described in secfion T.7.(1iv)
Making R22 = R,y = 680 ohms the level of 5V recuired by the TTLl
is obteained. As the normal state of TTL logic is the "1" level,
it.is necessary to h;ve the transistor switch TRll to éwitcﬁ the
clock to the "O" level.

The driver stage was. supplied from a 6V battery; in oraer to
keep the base drive losses at a hinimum.; The PNP/NPN pair of TRLB
and TRl4 was used to replace a2 medium péwer silicon FNP>transistor.
Assumingla forced beta of lD,Jthe main power transistoars (TRl -

TR ) were each supplied with just over one amp (pezk) base drive.

4 .

TRl? is then required to carry épproximately 50 mA. 5? completely

isolates the last stages of the driver circuit., keeping the main

transistors on the off state.
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Dld’ a. 12A 200V silicon diode, protects the power transistors

against reverse V damage and D a 50V 2W Zener diode, protects

BE

TRlA against any excessive voltage spikes between the cecllector

and emitter.

(1ii) Trigger circuit for thyristors-

Thyristors 1 and 2 of figure 7.9 ere triggered by voltage pulses
generated from the sguare wave transistor driver, obtained from the

collector of TR Pulse triggering of thyristors requires that the

10°
- gate be overdriven by & pulse of currernt much lerger than the dc
gete current required to trigger the device. The use of a large
current pulse redﬁces varigtions in turn-off time,‘minimize?
effect of temperature variations on triggering chearacteristics,
and mages possible short switching.times. The minimum requirement
for the pulse width is thatvit should be wide enough for the
thyristor anode current to achieve latching value. HoWever,va
more conservetive design would require the pulse width to @e at
ieast equal to the turn-on time of the thyristor‘[3j] .

Square weves with fast rise and fall times applied’ to C2
of figure 7.13, prqdute voltage pulses across R29 with time
constént RC. 4s the turn-on time of the thyristors used was 2
micrdseconds, a time constant bf 10 microseconds wo&ld'ensure
triggering. With R = 2K7 ohm and C = é,?nF; a time constant of
13 microseconds was ocbtained.

As only the positive pulses, as shown in figure 7.14 are
»required, (this being when the pbwer transistofs are being
switched from the "cff" ta "on" state) the negative pulse is
Veliminated by Dlé' The paréllel connection of D16 used here was
found to be mcfe efféctive thzn the more common series connectian.

The spacing between the positive a2nd negative pulses is
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important as'it determines the upper and lower limits of the
mark/space ratio (tm/ts).  If the spacing between the positive
and negetive pulses is less than 6 RC (i.e. befﬁre the capacitor
cuf;ent has effectively reached zero) the amplitude of the pulses
is reduced, this reduction becaoming more marked as the spacing is
decreased. fhe minimum off-time (ts) at 400 Hz was set to 100
microseconds, giving an upper mark/spaﬁe ratio of 19:1, or output
voltage = 95% of maximum. The lower m/s was similerly determined
vby the value'of tm such that the positive pulse wés of sufficient
amplitude té turn on the iespective thyristor. Thus a range of
voltége from 5% to 95% of the battery voltage can be.generatedc

To provide d; isalation betwee; the trigger circuit snd the tQQ' 
thyristors, pulse transformers were uséd. These were wound on
fefrite pot-cores with 180 turmns of 42 SWG wire on bath‘primaryJ
‘and secondry. Low impedance dripe was prbvided for the trensformers

by TRl5 and TR and the selection of the desired. thyristor fer use

17’
is determined by the state of switches TRlG and TR,y which are
driven hy.the output of the logic. Dl6 and Dl7 provide reverse
voltage protection for the thyristor gates and R3D and RBl provide
a low impedance (220 ohm) link between gaté and cathode. The sheape

- and magnitude of the gate pulse is shown in. figure 7.15.

(iv) Logic contrscl of the triggering of TH, and TH,

For the proper functioning of the staﬁic changeover switch,
consisting of the two thyristors and the trensistor commutator, the
following requirements are necessary when chaenging fcfom one mode

to another:

(a) The thyristors must not be triggered simulteneously, otherwise

a direcfxy short will be placed across the hattary. - ¥
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{b) The second thyristor must not be triggered until the thyristor
thet wes conducting, has‘been commutated.,

By using the J-K flip-flop in the circuit in figure 7.16, both
these requirements ere satisfied.The desired mode isaseletted>by
connecting the "J" input of the flip-flop to a "I" for motoring,
or to a "O" fbr braking. Identical levels cannot appear at the
outputs of the flip-flop, énd in addition, the flip-flop cannot
change state until the clock level fezlls to zero, which corresponds
to the main transistors being turned off. The outputs of the two
NOT gates are connected via 5K6 rasistprs to the bases of TRlG‘aud

figure 7.13, which control the operation of the pulse trans-

-
Rigs

former; Tl anlez.

7.8 A COMPARISON BETWEEN THYRISTOR AND TRANSISTOR/

THYRISTOR HYBRID CHOPPERS.

| The principles of operation, and the basic design procedures

have been outlined for the two types of chappers --- the cepacitor-
commuteted fhyristor chopper, end the chcpper which uses both
thyristors and trsnsistors as switching elements.. The two types.af
choppers will now be.coﬁpared in terms of their power loss and
‘output voltage chasracteristics, and their suitability for use in a
motor controller will be evaluated. .
(1) >_.'_Power loss «

Figures 7.17(a) and (b) show the losses in é transistor/thyristar
hybrid chopper snd in a capégitor commutated thyristor choppér as
a function of the average choppeg‘cugrent.

From the power.loss at 0,8 p.u. mark shown in figure 7.17{za)
"the losses of thé individusl semiconductors in the hybrid chopper

shown in figure 7.9 would be:
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THl :_40%; TR : 30%; D3: 25%; D2: 54
From the measureménts of thé power loss_iﬁ the thyristor chopper,
_it may be deduced that the commﬁtation and switching losses account
for approximztely half the total power lDSSES,‘if a forward voltsge
»diop of 1,5V is assumed. At the seme current and pexr unit merk, the
transistor/thyristor chopper has approximatély 50% more power loss
than the tﬁyristor chopper., This is because the Eybrid chopper has
3 semiﬁonductogs_in series during the "ON" period, causing a voltage
drop of 3V as compsred to aspproximately 1,5V for a similer thyrister
chopper, as showﬁ im figure 6.10, which also enzbles twovmodes of

operation to be selescted.

(i1) Qutput voliage charascteristics

The effect of the capacitor commutation pulse in the voltage
,wavéfcrm of the thyriétor chopper is shown in'Figurés 7.18 - 7.20.
The width of the coﬁmutation pulse is dépendent on the loasd current -
i,e. the rate at which the capacitor recharges. 0Over any one period
then, the chopper output voltage has two compon;nté.—’one proporiionsl
to the p.u. mark, and the other inversely proportional to the load
current.

vThe'output valfage'of the hybrid éhopper, on the other hand, is
virtuaily uneffected by load current Dr\frequency of operation, bhecause
of'recténgular shape of the output vdltége.

7.7 THE APPLICATION OF THE TRANSISTOR/THYRISTOR
. CHOPPER IN A VEHICLE DRIVE SYSTEM.

The use of a two mode transistor/thyristor hybrid chopper in a
vehicle drive system instead of a two mode thyristor chopper would
reduce the overall efficiency by approximately 2%, for a battery

valtsge of less than 100V,
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" No simple circuit could be‘devised for selecting three modes of
operation using a tfansistor 2s & line switch for thyrisfors, as in
the two-mode changeover's@itch describéd in this chapter. The only
method of accomplishing static switching f0r 2ll 3 mades is to use
the thyriétor swit;hing array shown in figure 6.12.

The transistor as a device is not as..suited to traction drives
as is the thyristor, es the transistor has a lower breekoown voltage
and a lower peak/average current capability than the thyristor.
Although the surge current capability of-a chopper containing
transistors can be resised by increasing the current réting cf the
transistors, this creates an average current reting which 1s much
higher thah is required.

WEbér [bé] suggests a factor of safety bf 3 in the current réting
of the transiétors. For a 200A motor circuit, he uses 10 transiétors
of 60A rating in parallel, This still does not match the surge
curfent rating of thyristofs which is usually 10 times that cf the

average current rating. -
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CHAPTER 8

[

ENERGY AND POWER EDNSIDERATIDNS FOR_THE ELECTRIC VEHICLE

8.1 INTRODUCTION

In designing = drive system for an electric vehicle,-the‘maximum
speed and rangé must be selected, as these determine the power and
energy reauirements of the motor end the storage system respect-
ively. -As the energy demsity(kWh/kg) of storage cells is at present
1000 times'less than that obtaineble from chemicezl fuels, careful
consideratiaq should be given to the choice of the most suiteble
energy storage afrangement. |

This chapter Qill therefore inVestigate‘the various storage
systems, and an esttempt will be 5ade to estimete the size of the
motor énd battery suitable for a small vehicle which has an eﬁpty

mass (mass of vehicle without betteries) of approximately 400kg.

8.2 TYPES OF ENERGY STORPGE SYSTEMS

The ﬁoét widely used secondary cells at present are the lesd/acid;
nickel/cadmiuﬁ (or irom) and silver/zinc, of which the leed/=cid is
by fér the most populasr, for 2 number of reasons which wiil be
discuséed later. Recently the fuel cell has mede'é compet%ﬁe stand X
in this field and high temperature cells, sodium/s?lphur (Ford Motor VX
Co.) and lithium chlorine (ngeral Motors); offerigé greatly in--

creased enerqy densities, are under development, but as yet have

not been produced commerciszlly [éD, 45} .

8.3 FUEL CELLS

Although the seme besic laws of electro-chemistry epply to
storage batteries and fuel cells, one major point of differerice is

+h~+ wharese in atnrane brtteries the axidant and fuel zre kept
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inside the reaction cells, in the case of fuel cells, both of these
materials are stored oufside and aré f;d in continuéu;ly when
current is required. Arrangementé are also made to remove the
reactién products from the site of the reaction as rapidiy as
possible, thereby eliminating one of the main factors causing
polarisétion in storage batteries. Figure 8.1 shows the femily of
‘discharge voltage curves st different current ratings for a coﬁvenw
tionel lead/zcid battery. The effect of polarisation is shown in
the "knee" of the dischzsrge curves.

Since the oxidant and the fuel, usually oxygemn and hy@roqen or.

hydrazime (N, H are held outside the reaction cell, when

2 4)’
exhausted they can guickly be replenished in much the same wey ég
fpel is added to the tank of a motor car. In this respect, fuel
cells have an obvious advantage over storage batteries, which'
gemerally reguire several hours of recharge, however, energy caennot
be returmed to the fuel.cell with z regenerestive braking scheme as
in the case with other cells. The life of the fuel cell is largely

-determined by the rate 2zt which the electrolytes deteriorate, zs is

the cese with storage batteries [?D, 2%} .

8.4 COMPARISON OF STORAGE SYSTEMS

The open—ciréuit terminel voltages of the cells consideréd are
noteworthy: 2.0V for lead/acid; 1.3V for nickel/cadmium; 1.6V for
silver/zinc; amd 1.2V for the oxygen/hydrogen fuel céll. This
means to obtasin & battery of~any given voltage, the number of cells
required is in the ratio /136:5;77 indiceting & precticel advantage
,of the lead/acid system,

Figure 5.2 shows the erergy densities at different rstes of

discharge of the various systems. These curves indicat=z that, for
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durations of less than 1 hdur; the lead/zcid and nickel cadmium
batteries have a higher energy density then fuel cells. At discherge
~rates of about 4 hours, i,e; those cumﬁonly associated with traction,
the fuel cell begins to show superiorty. A detailed analysis of the
possible applidatiqn of fuel cells to electric carslhas.beenvmade

by Poulston and Kirkley [?é] . Although the silver/zinc battery has
an énérgy density four times that of a leed/acid hattery, the high
cost and limited reVersi5ili£y rules out the silver/zinc system for
‘most commercial applications. Therefore; the low cost, high degree
of feversibility and high current densities possible, mske the
'lead/acid system e popular choice, and fhe use of this battery will

_ be =ssumed ihvthe calculztions to follow.

8.5 THE RELATIONSHIP BETWEEN THE VEHICLE &ND BATTERY MASSES,

The faﬁge of a vehicle travelling at s constent speed is a

function of the stored energy contained in the battery{//As the
stored emergy capacity is inc#eased, by adding lagéer cells, the
range is progressiﬁely increased until e stage is resched when the
range/unit vehicle mass:becomes a maximum, end any further inc;easa
in the.size of the batteries doess not aschieve a corresponding incresss
in range. This optimum size of the bettery occurs approximately
Qhen the battery-and vehicle messes aré equel. This may be
illﬁstfated as follows: | |

"If we have vehicle mass = MV' and battery mass = MB

Rolling friction is proporticnal to the total mass

F~=k‘(MV+M)

R 1 B
. Assuming the €nergy capacity of a bettery is proportionel

to mass (i.e censtant kWh/kg)



At slow speeds, wind resistance may he neglected, therefore
‘the work done against friction over a distence d is

Ep = ky My ,

1f the energy of the battery is fully expended

+MB) d

L k MB
kl (MV + MB)
k. M
Range/unit mass d‘ = g“'%M B " )2
, 1 WMy T g
this is a maximum when
MV - MB

This meens for a vehicle with a mass of 400 kg for instence, the
battery mass should alsoc be 400 kg to achieve optimum enexgy
utilisetion. However, a battery of this size would be very
unwieldly in a small vehicle and in commercielly produced vehicies,
the battery is considerebly smaller; usually about helf the mass
of the vehicie aldne. The approximete ranges obtainable with the

two sizes of batteries will be investigated in the next section.

8.6 ESTIMATION OF THE MOTOR POWER AND BATTERY CAPACITY

(1) The values chosen for ¥Wind end holling Resistances

To celculate the power requirements of the motor, it is mecessary
to know suitable values for the Rolling Resistance (FR) ahd wind
Reéistamée (FW)° .
Rolling Resistance: Lindgreen [;d] and ﬁills EY} give values of
220N/t (47 1bf/tan) and 150N/t {33 lbf/ton) respectively. The
former was chosen for cslculations |

Fp = 220 N/t e e, cee..(8.1)




i

Wind Resistamce : Both Hill and Lindgreen give velues of

(ii)

(a)

(b)

F, = 0,05 AST R v, e ee..{(8.2)
v .

. . 2
where A i1s in m

and S is in km/h

Czleculation of the Motor size

Battery amnd Vehicle masses equal

Mg = M, = 400 kg.

Therefore, FR = 220 x 0,8 = 176N

Consider maximum continuous wvehicle speed to he 60km/h.

If frontal area = lm2, Fw = 0,05 x (60)2. = 1BON.
Qutput power of motor = 356 x 60 x 1000/3600
= 5,9 kW

‘Allowing for motor and controller efficiemcy of 80%,

Imput power = 7,4 k¥

.Energy stored in Eattery = 25 wWh/kg x 400 kg
' = 10 kwh '
Discharge time at 68 km/h = 1,35 hours
Rénqe = 80 km

Battery mass half that of-vehicle

M, = 400 kg, MB. = 200 kg

 FR = 200 x 0,6 = 132N .

At 60 km/h, F = = 180K

Qutput power of motor = 312 x 60/3}6 = 5,2 kW

Allowing for motor and controller efficiency,

Input power = 6,5 kW.
Emergy stored in battery = 25 x 200 = 5 kWh
'Discharge time = 0,77 hours

Renge = 46 km
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The results of the calculeted performance of the vehicle using
the smaller battery agree closely with the specifications of electric
cars in use at present ‘}9, Si}

(iii) The influence of the Vehicle Speed on the Power requirements.

Figuré 8.3.shows the drive pawer required by the vehicle as a
function of rosd speed. It can be seen that the power required to
propel the vehicle &t lDD.km/h is,nearly four times that required
at 60 km/h, due mainly to wind resistence. It/EEUId seem then; that
in order to keep the cost of the vehicle low by keeping the size of

the motor and batteries to a minimum, the meximum speed of an urban

commuter-type vehicle will be in the region of 60 - 80 km/h.

(iV) The Effect of the Bsttery cepacity on the Vehicle renge

Froﬁ the above formulae, the vehicle range may be célculated as
a function cof the bsttery capecity. If the energy density of the
battefy is teken as a fixed value of 25 Wh/kg, the caﬁacity and mass
may be taken ss being synonymous. from figure 8.4, it is seen that
an increase in..the battary‘mass does not produce a corresponding
incre=se in the vehicle fange, because the rolling redistance is
proportionzl to the gross vehicle mess. The maximum velue of rznge/
unit gfoss mass 0CCurs approximately when the vehicle and bzttery masses
are equal. If the battery mass is increased beyond this point,
extra range is obtained by secrificing gpergting ef%iciencyo‘ A"
useful range of 70 - 110 km ;t S50 km/h méy he ecomomicélly obtained
by using e batte;y system with a mass between 200 and 400 kg.

This fange will be reduced by 20 - AQ% when the vehicle is used
in urben stop-stert treffic; becruse of the lower snergy conversion

efficiency thet is obtzinable during ecceleration. This was

illustrated in chapter 3.
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8.7 FUTURE IMPROVEMENTS IN STDRAGE SYSTEMS.
The maior disadﬁantage of the electric vehicle is the low renge
that'isAbbtéinable from g single charge of the battery, es showﬁ
in the above celculations; Although the shecific ehergy density
of lead/acid batteries has risen‘recently from 25 to 33 wh/kg [?j].,
Barak-predicté that this figure is unlikely to rise above 44 Wh/kg,
which would give a range Uf no more than 103 km at 60 km/h, |
The use of Sodium Sulphur céils offers aﬁ increase in the enexgy
density to asbove 100 Wh/kg. A drive system using these batteries

a
has beem tested inlvehicle {}8] s but there must be much improvement

before such 2 system cah be produced ccmmarcieliy. Another methed
of improving the range is %0 edopt 8 hybrid éystém XEZ, 53, 54]
where 2 cleen running i.c. engine, such as‘a Stirling engine,
. supblemehts the battery energy. Becamuse of the spsce reguirements
and cost of such syétem;.this method is ususlly limited to lerger
vehicles such as buses.

For the urban commuter, simpler methods of improving the range
would be to provide recharging facilities in cities, for example
st perking meters, or a battery exchange scheme at garages, where

it would be possible to obtain e fully cherged set of batteries in

return for the discharged set.

-~
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CHAPTER 9

A PROPDSED VEHICLE CONTROL SYSTEM
AND ITS EVALUATION "

The individuai elements af a vehicle drive system have been
examined in the previous chaptiers: the operation of the motaor and
chopper in each of the modes; the design and performance of thyristor
eand transistar choppers; and the energy and power considerations for
a required vehicle ramge and speed. The results obtained ir these
chapters will mow be used in the propaszl and evaluation of =
practicel vehicle control system, for z small vehicle with empty

mass of approximately 400 kg.

9.1 ‘THE MODES OF QPERATION DF THE MOTOR

From the results of the experimentel tests of the proposed modes,
presented in chapters 2 to 5, it was found thet 3 modes of operation

could provide efficient control of the motocr over & wide speed renge.

IN

V,)

(i) Motoring below base speed (0% EM 5

This mode would provide control at the rated torque o7 the moter,
fram standstill up to a.speed where EM = VB.  At this point, fhe -
vehicie speed would be 60 km/h, which would enable the vehicle tec
move with the other urban traffic, which is usu=lly restricted tﬁ
this sbeed in builtfpp areas. |

(1id) Motoring above hase speed (EM"? VB)

The speed of the vehiclé may be increased sbove the base speed
of 60 kﬁ/h by employing this second mcde of motoring. {owever, as
the fofm fector of the motor current in this mode incresses with
speed, the aversge current must be progressively decreased with
speed to avoid exceeding the RMS current rating of the motor.

fherefore this mode is primarily intended for allowing the vehicle
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to travel zbove 60 km/h down a hill, or wherever the torgue demaﬁd

{
on the motor decreases. The speed can be increased to 90 km/h, 5@”+
which is the upper speed limit for the braking mode.

(iii) Regenerative Breking

By using & regenerative braking system, the stored vehicle energy
may bhe converted into baftery.energy instead of being wastefully
digsipeted as heat if mechanical or dynemic braking was emploved.
Regenerative breking enables the range of the vehicle to be incrsased
by approximately 10%, depending on the driving conditions. Eé the
terminal voltsge of the batteries rises by 20% under charging, one
mode of regenerative brieking would cover the speed range from S0 km/h
down to 10 km[ﬁﬁ where it would be necessary to use the mechanical
brakesicf the vehicle. 1If the tep speed is not limited to 90 km/h,
the back emf of the motor will be so much greater than the battery
voltage that this mode of braking will no longer‘have control avesr
the motor current.

The renge of operation of eech of the modes is shown

diagramatically in figure 9.1. o -

9.2  THE MOTORS AND BATTERIES

From'figﬁre 8.3, it is seen that the pawer recuired to propel
2 600 kg vehicle at 60 km/h is 5 kWw. To provide differentiazl sction

for the reer wheels, two motors, each with an output power of

Ny

s 5 k%, should be connected in series. . If permanent magnet motorgs
are used, their full losd efficiency would be over 90% and their

combined mass agpproximately 30 kg.

A lead acid battery system with a mass of 200 kg has been chosen for

the 400 kg vehicle a2s a trede-off between vehicle range end
Cﬂwme&AA '
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battery cost and volume. The capacity of this battery system would
then be 5 kWh, for an energy density of 25 Wh/kg. If the battery
voltegeris'increaséd abave 100V, too mény cells are required, which
increases the price of the batteries. Onithe other hand, if the
-valtage is reduced below 60V, the loed current becomes excessivé
and the voltége drop of the chopper and choke (5 -6V) is
approximately 10% of available voltasge. A system voltage of B8OV

is a compromise between these two limits. The battery cepacity
would then be 70 Ah 2t a two hour rate, giviné the vehicle a range
of approximately 50 km at a.continuoﬁs speed of 60 km/h.

To sssist the driver in détermining the.state of charge of his
batteries, it is useful to equip the vehicle with some sort of
"fuel gusge™. This may tzke the form cf an energy meter or e
‘simple elecfronic circuit [Ei} . These indicetors mey alsc be used
for swifching off fhe charger whén the battery is fully charged.

To facilitate charging, the vehicle is fitted with & battery charger
which %ay be connected to the mains outlet in the owner's garsge,

or to e recherging point located neer a pasrking meter in the city
centre.

Summarv of drive specificetions

Vehicle and Tatal mass 600 kg
Jrive system Chopper controlled
: Regenerative breking :
Maximum speed st full load: 60 km/h
Maximum speed at reduced ,lced: 90 km/h
- Renge: 50 km at 60 km/h '

Motors : 2 dc permenznt megnet motors in series,
" one on each rear wheel; each motar 36V,

2500w, 3000 r.p.m.

Mass: 15 kg each.

_Batteries Lead-acid accumalators
gov, 70Ah at 2 hr.rate
Mess: 200kg.



9.3 THE CHOPPER POWER CIRCUIT

A solid state changeover éwitch, which enabled either the moces
of regenerstive braking or motorimg below base'épeed to be
selected, was described and eveluated in chapter 7. "By using a
trensistor as a series commutator for two thyristors,'either mode
could be selected by the ‘triggering of the éppropriate thyristor.

A4
The necessary logic was incorporated to pre?ent the felse triggering

of either thyristor. Although this chopper proved relieble, and the

circuitry wes simple, this method had several disadvantages:

(1) The farwasrd voltage dro~ was higher than that of a

comparable thyristor chopper, causing unnecessary
westage of energy.
(i) The methed of using a serieé commutator for the thyristors
could not essily be extended to a three-mode selector,
(iii) Beceuse of its voltage and current ratings, the trensistor
is not es suited for use in traction drives as is the
thyristor.
Therefore, to implement the modes of oneration suggested in

section 9.1, 2 thyristor switching metwork, as shown in figure 5.2,

~

is proposed.

(1) Principle of Operation

The principle of operation of the chopper shown in figure 9.2
may be outlined by considering the path followed by the mein lozd

current during the "ON" and "free-wheel" periods in each of the

. 1
three mades. N
N
(a) Motoring (above)bsse speed.
N\

YON" perioc: B, THl' L, D4 and M.

ffree-wheel” period: L, de M ond D2

S
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(h) Motoring ebove bese speed

"ON" period: B, TH

pv Ly oend T
"free~wheelﬁ period: B, THl, L, D‘{1 and M.
() Regenerative bresking '
“D&" period: M, TH4, L and THé.
“free-wheel®™ period: M,’TH4;'L, D, end B.

In addition, D3 is a free~wheel diode used when TH4 is commutated.

The maximum forward voltsge drop due to the semiconductors would
be either that of two thyristors (3V) or else that of one thyristor
and one diode (2,5Y).

(ii) Commutatian Circuits

Fiqure 9,3 1llustrates the basic chopper circuit of figure 9.2

with the commutation circuits added. Cepacitor Cl commutates both

and THd' The cperation of the

THl and TH2 and C2 thyrlstors TH3

circuit may be outlined as follows:
Consider the left-hand bank of semiconductors. All the thyristaors

are off and the motor is statianary. THlC is triggered, charging

up capacitor Cl through Ll’ D4 anu the motor. Plate a is therefore
charged pdsitive with respect to plete b. When THl is triggered,

El resonates with L., reversimg the polarity ort the cepacitor.
. [

4ch prevents any futher resonance. THl‘may then be commutated by
triggering THlC which connects Cl 2CTross THl’ reverse biassing 1t.

Cl then reéharges through THlC. Once Cl Has rechaxged, it may be

used tb commutate TH by triggering TH

2 2Cc”’

Simalarly, beafore TH3 or TH4 are triggered, C? must be charged

by triggering TH3.
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(1i1) The Thyristor Trigger Circuits

Figure 9.4 illustrates the trigger circuits for the mein and
commutation thyristors. The main thyristors are turned on by

connecting the "ON" pulse to the bases of the transistors TR, - TRA'

1

This allows a pulse of current to pass through the primaries of the
isolating transformers, which have their secondaries connected to

the gates of TH

1 THd’ Those thyristors which are not reguired

for & particular mode a2re prevented from receiving a trigger pulse

by the inhibit trsnsistors, TRS'— TRS’ which are turned on by

rzising the respective inhibit input to a logic "1" level.
Similarly, the commutastion thyristors are triggsred by the "0fFf"®

pulse which is connected to transistors TR, - TRl?. This pulse 1is
s -

gated to the coxrect thyristors by transistorszRl3 - TRl6.

(iv) Forwerd and Rzverse (ontrol

A practical vehicle control system should include a method of pusers €

—_—
enabling the vehicle to move forwerds or backwards. Figure 9.5
illﬁstrates a method of achieving this. The motor is connected
between two changeover contzctors F and R. When the solencid is de-
energised, the contacts Fl and F2 are closed, as shown in the
diegraﬁ, and the changeover switch is in the forward position.
Therefore the solenoid will consume no power when the vehicle 1is
tfavelling forwards, If the solenoid is eﬁergised; contacts Rl
R? will close and the metor will turn in the opposite direction.
Contactors were chosen in place of semiconductor devices because
their forwerd Voltage drop is epproximately 10% of that of a
édmparable semiconductor device., 8As the contactors are switched
Ghly a few times during each vehicle trip, the wear on them will

be low and they should not require msintainance during the life cf

the vehicle.
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The interlocking citcuitry for controlling the contactars ¢ and

R is desscribed in section 9.6.

¢

() The Retings of the Chopper components

The Main Thyristors and Diodes

The current rating of thyrisﬁorsvTHi - THA and diodes Dl - D4
would need to be approximately 120A fo carry the full loaa motor
current.of 804, plus the peak caused by the current ripple. To
protect the devices agzinst voltege transients, the voltage ratihg
of the thyristors amnd diodes should bé 400V. The thyristors should
have fast turrn-off times to allow a wide rengelin the-mark—sﬁece ratio.

The Commutation Circuit

As the dufy cycle of the commutating thyristors is low, the
current rating of these devices can be much lower than that of the
mgin thyristors., A device, capablé of 25A average and 400V, would
be suitable. The cﬁmmutating capacitor must be able to supply the
full load current while reverse biassing the mein thyristor, for

the duration of the thyrister turn-off time,

&

N & 100 x 20 x 10~
T Vg 80

i

= 25 pF
Allowing factor of safety of 2, a SD/LF, 200V capacitor would be
suitzble. The capacitor must be able to withstand the peak rsscnsnt
cuirent,“and must have low internal losses.

. To enable %He per unit mark to be red;ced to 5%, the ;ommuteting
capacitor must be reversed in approximately 2% of the chopper periad.
The value of inductance fhat will achieve thié when the chopper
frequency 1is 4DD'Hz'is SpH.  The peak resonant current is then

approximately 240A. The commutation circuii diode must have &

rating of not less than 25A, 400V.
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form fector, choke and chopper freguency

These three parameters are selecté? together because of their

- effect on each other. By increasing the chopper freguency, the |
value of the inductance for achieving & particuler current ripplg_
i1s proportionately reduced. .HOWEver,‘és the switching loss of the
chopper and the iron losses of the choke increase with frecuency, =
compromisg must he found between these two conflicting requirements.
A value of 400 Hz was chosen as being the highest practicable
fréquency.: |

To optimise the overall effiéiency, there must =2lso be 2 com-
promise between the losses im the motor armature due to the current
form factor end the losses in the choke, besring the cost and mass
of choke in mind. For amn inductance of 1 mH,‘the maximum Torin
fector at %ull load cuzrrent will be 1,015, which will cause the
efficiency of the ﬁotor to drop by eppreximately 0,5% st half spe
when the'form'facfor will bhe greetest.

By using "C" cofes with thin laminations and heavy guage wire
for the windings, the losses of the choke may be kepf o epprox-
imately SDW at full load curremt, corresponding to less then 1%
cf the input power to fhe motor. A choke with this performance

will cost in the regiam of 10% of the cost of the motars.

9.4 CONTROL CHARACTERISTICS

A most important aspect of the vehicle drive system is the corxrect
choice of the control cherxecteristic, as this forms the interface

between the driver and the power circuitry which controls the motors.
Fither of two cheracteristics may be chosen --~ constant speed or

constant torgue.

A constant speed charecteristic is sttractive for motering as it



allows the driver to maintain an even vehicle speed, even though

the gradient of the road may change. However, the driver has no
direct control over the torque of the motor, except by virtue of
the current limit which must be provided to protect the motcor from
overlozd. fherefcre to achieve a uniform accelerztion rev , the
driver would have to continuously elter the speed demand setting

until the desired speed was reasched., A targue controller, on the
/ ° .

tian

m

other hand, would provide both a dirgct control of the ecceler
rate, so affording 2 smooth ride for thé driver and passengers, and
an inherent current protectiom for the motor. A particular torgue
setting would meintein e constant vehicle speed providing the

grsdient of the road did not change.

Simiiarly, for passengér comfart, it would be desir%able to have

a2 uniform retardation rate., This is most ezsily achieved by heaving

a torque control and not a speed control cheracteristic. The driver

woulq select the desired rete of retardation, snd not the speed to
which he wished to slow down. The characteristic of 2 toroue
controller would be very éimilér‘to that of a mechanical bkrsking
system, as is nérmally used in an i.c. engined vehicle.

1t is desiréable from the driver's poimt of view to hasve the
same cheracteristic fbr both motoring and braking, for ﬁhen the
controls_of the vehicle would have the.same "feegl" during>acceler—

ation and braking. It is therefore proposed thst 2 torque control

characteristic be used for =all modes of operation. Evidence of the

suitability of this charscteristic is to be found in the litersture

1,6,28,46] .

h . T < -



9.5  IMPLEMENTATION OF THE DESIRED CONTROL CHARACTERISTIC

(i) Accelerator and Breke Pedals’

It would be an advantage if both the zcceleration and breking

demands could be controllea by means of a single pedal, es suggested

by Bermanm [}6] . However, this would be very difficult to implement,

~

if one considers that 1t is essential to have a mechanicel braking
system which is coupled to the controlling pedal. This is neceasexy
tor the following reasoms: to provide sdditional braking in emergen-
cies; to provide braking at very low speeds (less than 10 km/hj,
when the electricsl brakes will hesve little effect; to praovide a
back-up system in the case of failure of the electricel brakes.
It\iS'fherefore proposed thet there be two separate control
ped%ls ~ one for motoring and one for brakiné. Each pedal will be
ganged to & potenticometer, so that the torcue demand will be
proportionel to the‘angle.of the pedel, with the meximum setiing
of each pedel corresponding tc the rated torque of the motor. In
addition,'near the end of the trevel of the brzke pedel, the
mechznical brakes of the vehicle will be brougnt into =sction. fox
safety, éctuation of the brake pedsl will override any commesnds

from the accelerator pedel.

(ii) Cfurrent Momitor

As the motars proposed for the vehicle drive are cogstant flux
machines, thé motor torgue may be determined by the meésurement
of the average value of the armature current, which mey be obtzin-
able from the instantazneous ;alue by simple prdcessing in =
wave shaping circuit Eﬂﬂ -

A low resistance, non—inductive shunt mey be used for this

purpose, but it is considered undesiresble because of the power

dissipation; lack of isolatian from the power circuitry, and the



dependence of the polarity of the output voltege on thé direction
of current flow, therefore making it necessary to invert the voltage .
when in the braking.mode.

Other devices which may be used are tge Hzll effect device

BZ, 58, 59, 6@1 and the magnetoresistor [EB, Gi] » two semi-~
conductor devices which react to the absolute value of magnetic
" flux density, and consume negligihle powar..The Hall effect devicea
is a 4 terminal package, two terminzls being for the power sunmply
and the other two for‘the voltage output. Sensitivities of the
order of iD - 60 r_n.V/Wb/m:2 are obtainabie.

The magnetoresistor is a semiconductor device which has its dc
resist;n;e Proportiomal to the magnetic flux density. The zero .
field resistance is typically 500 ohm end en increase of the order of
. 20% is possible in a flux density of D,wa/mz, By passing 10 m4
through the device, & voltage variation of.mare than 1V is therefore
possible. In addition,.as the magnetoresistor is a3 two terminal
device, 1t does not require any bias supply, and 1is particularly
suitable for remote sensing. This device wes therefore considered
to be the most suitsble for use as a current monitor.

Figuré 9;6 shows a practicsl methdd.of mounting the magnetoresistar.
The device is placed in ‘the agir-gap of the core of the series choke L
which‘carries the main load current. By connecting the megneto-
resistor .to é constant current source, as shown in figu;e 9.7,
thé voltage change scross the device is directly properiional io
the resistance chenge caused éy the application of Llhe magnetic
field. " A thermistor compensates for the temperature coefficient of
the magnetoresistor. The positi§e voltage offset cdue to the zero

field resistance of the magnetoresistor may be adjusted by the

eamplifier Ay,
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(1iii) Imolementation of Torcue Feedback

To implement a constant.forque characteristic, the average value
of the current, obtesined from the current monitor, is compared
agminst the demand signal, set by the position of the accelexrator
or pedal brake, in a current error ampiifier. The output of the
amplifier controls the mark-space ratio.éo that thE'desiréd value
of torgue is maintained. As there are two torque demands thaf may
pe connected to the current error amplifier - ons from eech of the .
pedels - the correct demsnd must be chosen by the legic after
examination of the various paremeters in the control circuit.

To achieve steble operation of the feedback system, the correct
.signal must be obtained from the current monitor fox each of the
three proposed modes. for the modes of brzking #znd motoring below
base speed, this preﬁénts no praoblem, as the motor current is X
continuous and the average velue may easily be obtsined. Hawever,
when motoring above base speed, the motor current is no lqﬁgsr
continuous, but in & series of pulses of duration tm, ceusing the
form factor to increase. To avoid exceeding the RMS current rating
of thg hbtor, the available torque must be decressed zs the s;eeq is
increased above base speed. If the motor Is supplied with constznt
power fram the batteryg the output torpue will fall lineerly with
speed., As the battery voltage is fixed, this constant powzsr
characteristic may he reelised by monitoring the éverage value of
the battery current while motoring above bese speed. If the current
monitoring device is maunted"in the series inductence, which is
positioned in thehchopper circuit as shown in figure 9.2, this
changeover will he accomplishedAautcmaticallvahen the mode af

motoring is changed. As the average values of the motor ard bet

currents are equal at the base speed, no discontinuities in the
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feedback signal will occur. The feedback arrangements for motoring
are shown diagramaticelly in figure 9.8.

{(1iv) Markb— Sbace Generator

.~ The block diagram of the mark-space generator is shown in figure
9.9; ‘A saw-tooth wsveform, with a repétition rate of 400 Hz, SWEEPS
between two Voltage levels Vl and V2. A Schmitt trigger switches
on.anywheré‘on the rising edge of the saw-tocth, set by the voltege
output ofvthe current error amplifier, and switches off on the
falling edge. The "ON" trigger pulse for the main thyristors is
triggered by the positive édge of .the Schmitt output, and the "QfF"
trigger pulse for the commutating thyristors is triggered by the

negative edge of the.Schmitt sutput.

9.6 IMPLEMENTATION OF MODE SELECTION BY MEANS OF THE
ASSOCIATED LOGIC.

(1) Principle of operstion of the comolete control system

A complete drive system, showing both the power unit and the
éssociated controls and lﬁgic, is given in figure 9.10., Ffor the
sake of simplicity, the commutatioh circuits for the main thyrisiors
have been amitted. A typical cyclé, starting from rest, may be
described ass follows:

vThe key switch Sl’ is closed. Thisxoperates the sequencing
circuit shown.in figure 9.1) which closes the main contactor,
connecting the battery to the power cont;ol unit. Simultaneausly,

a second . pulse 1is passed to'the logic circuits which inhibits the
friggering of 21l the main thyristors and triggers the commutetion

thyristor TH allowing the commutation capacitor C, to charge up.

ic’ L

The vehicle is naw ready to move off., If the bruke pedal is rele

0
u}

‘
ed,

52 will be closed and the logic circuit will commarnd the feedhback

\\ ! c ¢
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switch S to be set to the motoring position. A torque demand

39

from the accelerator pedel is compared with the ciérrent fesedback
signal from the magnetoresistor, MR and produces &n output from

the error amplifier A which controls the ON/OFF ratio of the

l.,

mark/space generator. THl is cyclically tarned on and off so that

the current remains at the desired level.
I1f the vehicle asccelerates to base speed, N,, the circuii mey
change over into the mode of motoring above base speed (LM——\B),

Thyristor TH, is left on, while TH? is operated 1n a chopper mcde.

¥

The vehicle can gccelerate in this mode until the meximum battery

current is resched. If the vehicle slows down because of a change

Y

of gredient of the road, the motor will remain connected in this
mode until the current rises to 10% above the reted value, at which
~point the logic will change the configurastion back to motoring below

base speed.

If instead, however, the vehicle travels down 2 slope sc that it

continues to accelerate, THA will be triggered when a speed NB’

corresponding to 90 km/h,is reached, limiting any further acceleratiaon.
The reason for deoing this was explzined earlier.

If at anytime the breke pedal is dépressed, S, is opened, and the

2

and TH‘4 to be triggered once TH and.THq<have

2 1

been commutated., Simulteneously, the feedback switch 53 is changed

logic will alliow TH

to the braking position and the torgue is- controlled by means of. the
brake pedal. Near the end of the travel of the brake pedal, the
mechanicel brakes are activated, assisting in the braking effort.

(1i) Operation of the Forwsrd and Reverse Switch

Figure 9.12 shows a method of implementing the forwsrd/reverss

Switcp. The solenoid for the contsctor is ariven by the output of -

the flip-flop F/Fl, which follows the setting of 5, - I state
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for forward, 0 stete for reverse - when the F/F is clocked by the
"OFF" pulse. However, this pulse will only be gated through to

the F/F wheh.the output of speed comparator 1 is high, which occurs
when the speed is below 5 km/h. Wherever F/FL changes state, =
monostable is triggered whicﬁ inhibits the triggering of the main
thyristors for a period of 100 ms, to allow the contactors to
change over.

(1ii) Implementation of the Assaociated Logic

The conditions necessary for the triggering of each thyristor’

are defined as follows:.

Brake Pedal Off

)
And 2) Speed below N2 (base speed)
) TH2 of f

) TH4 off

1) Speed below N

vAnd 2) THl on
And 3) TH3 off

2

TH
., . 1) Brake pecesl on
And 2) TH, off

"And 3) TH% of f
TH.. -:

2C'l) TH2 on
TH3:

1) Breke pedel off
And- 2) Speed above N
And 3) Current below I
And 4) TH, off .
And 5) TH4 off

And 6) Speed below N3 (Maximum speed)

1 (10% abdve rated current)
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TH, .=
3 1) TH., on
OR 2) THl on {te allow the commutating capascitor

to cherge up)
CTH, | ' -

. 1)Brzke pedal on OR speed shaove N3

AND Z)THl off o

AND 3)TH3 off

TH, 2 .
at 1) THZ aoff

AND 2) TH4 Gn

AND 3) Speed below N2

From this, the various inputs to the logic msy be defined.
Using positive logir notaetion, where the "or" state corresponds
to .a logié 1, the eight inputs required are:

Brake pedal an
Speed below N
= Current below I
TH. on

= THl on

TH3“on

TH, on

Speed below N

o

1

i

i

Ta ~-ho A0 oo
1]
1

3

The conditions for triggering of each thyristor may therefore

be rewritten as:

. : 3. €. g . ¥
THl : a. f@ E. h ; THlC : b. d. f
THZ s 8. do T | : THZC . e
TH,3 : a. b. Co . g. h - 3 TH3C . f.4 d
TH4 ? ae doe ¥ + he do T ;: TH4C : B. Y. h

A logic scheme for implementing these conditions is shown in
figure 9.13. The state of each of the main thyrisfors ig indicated
by the state of the relavent flip~flop {(F/F1L - F/F4), which are

clocked by the "ON" pulse from the mark-space generator. These
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1

flip~flops are all reset to the off state by the monostable Ml
which is triggered when the key switch is closed. This reset pulse
also inhibits the triggering of the main thyristors while allowing

the commutating Capacitor C, (figure 9.3) to charge up.

1
When changing from motoring to braking, and vigé verse, there is
no frée-wheel period tc allow the current to decay to zero before
triggering the next set of thyristors, vThis is to achieve the
changeover as quickly as possible. The system used by Bermen [ﬁ?] s
where there is a deley of 350 ms when chenging from mctoring to
braking is undesireable, because if the vehicle is traueiling L
60 km/h, a distance of 5,8 m will be covered before thevbrakes take

effect.

(iv) Speed measurement using a digital tachometer

As three inputs to the logic circuit zre outputs from speed
compsrators, it is hecessary to have a techometer connected either
to one of the motors,.as shown in figure 9.10, or to one of the
rosd wheels.,

A simple and inexpensive tachometer may be constructed by using a
magnetoresistor and a toothed disc, ss.shown in figure 9.14. The
magnetaresistor is glued t0~a small pexrmansesnt magnet and piaced
1 - 2 mm away from the surface of the disc. When a tooth passes
the maénetoresistor, the resistance changes, causing TRl to switch
on and ﬁff, which triggers a monostable multivibrator. The voltage
appearing across Cl is the average voltage of the traim of pulses.

A system such as this offe;s an advantage over & pnotc-transistor
system, because it is insensitive to dust and dirt which may interfere

with the operation of photo~tranéistar.
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9.7 EVALUATION OF THE PROPOSED SYSTEM

(1) Power loss in_the chopser circuit.

As the battery voltage is only 80V, any voltage dropé caused by
the choppexr circuit, consisting cf the semiconductor devices and the
choke, will have‘a'significant effect on the overall efficiency of
the drive system. Thérefore one criterion for eveluating the
proposed control system is the estimated power loss imn the chapper
circuit in éach of the three modes of operation,

From the circuit diagram of the chopper power ;ircuit shown 1in
figure 9.2, it'can be seen that in each of the three modes, the load
current in the "ON" state passes through the inductor L and two
semiconductors (two thyristors or one thyristor and one.diode).

In the "off" state the free-wheel current also passes through L and
) two.semiconductors {2 diodes or on; thyristar and one diode).

If thg motor was producing its rated output power, the chopper
power circuit would consume 7,5 - B,0% of the pocwer being passed
through it. This power loss may be divided amoyngst the Components
of the power circuit as follows:

Swi?cﬁing thyristor:4,0%; Choke 2,0% and the remeining semi-
conductor 1,5 ~2,0%,depcnding on'wheéhér it was aAdiode.or a
'thyristor, The'bogresponding power loss in 2 basic one mode choﬁ;er
circuit consisting of a single switching thyristor, as series choke
and z freewheel diode, would be aporoximately 6% of the input power.

Therefore, the proposed three~-mode controller will consume only

1,5 - 2% more power than the simplest chopper circuit.
(i) Efficiency of the proposed chooper and motor cembination.

The efficiency of the choooer and motor combined will he

‘approximately 85 - 90% in esch of the three modes. From the results
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of the tests described imn chapters 3 to 3, it is estimated thast this
value of efficiency will be nearly constant over the speed range of
50 - 90 km/h.

For the motorimng configuration, this éfficiency is very close to
that obtained by using s series motor and chopper controller X}E] .
However the merit of the proposed system will be appreciated in the
regenerative brakimg configuration where the overszll efficiency will
be aporoximately 20% greater than thet obtainable by using a'sefies
motor; This will allow 2 corresvondingly larger amount of energy
to be returned to the battery, which will incresse the meximum range

obtaingble for a given size battery.

(iii) Economic Consideretions
In assessing the merket potentisl of an electric vehicle for

commuter use, its price should be compared with that of a similar
sized internal combustian engined vehicle, &s this will be one of
the deciding fectors for most consumers wishing to purchase s vehicle.
The cost of an electric vehicle with the proposed control scheme will
be in the regioh of R3000, as compared with R2000 for a similar sizecd
i.,c., engined vehicle, The cost of the electric vehicle may be
divided as follows:

Batteries : 13%

2 Motors : 27%

Chopper power circuit : 12%
‘{power semiconductors and choke)

Controller (pedals,vlogic, etc.) : 6%

The remaining 42% covers the cost of the body structure =znd the
mznufacturing costs. As the potential market for an electric car of
this type is very large, the development costs may be recoversd with

little effect on the selling price of the vehicle.



From the division of costs; it is seen that the cost of the
c%opper power ciréuit and controllervform a minor por£ion of the
total price. Therefore a change in the cﬁmplexity of the control
 and power circuitry would not alter the overall price of the. vehicles
by more tﬁan 10%. The price differéntial between the electric and the
conventional car will'decréase as manufacturers are fof;ed to meet
anti-pollution requirements. Because of the longer expected life
- of the electric vehicle, the selling price of a second-hand vehicle
7
Zbe proportionately higher than for a conventiocnzl car. The price X
differential will also be offset by the ever increasing running costs
of the i.c. engined vehiclé, because of price rises of fuels and ocils
due to world-wide shortages. At present, the runhing costs of‘elect:ic
vehicles is 30% helow that of conventional vehicles [ij] .
Apart from fhe motor brushes, the only component of the electric
drive system thnat shoﬁld need replscement is the batteries, which have
a life of approximetely 1030 chearge/discharge cycles. Therefore,.

every 4 to 5 years the batteries will need to ke replaced at a cost

of approximately R250, =llowing for the scrap veslue of the batteries.

(iv) Summary

The pérmanent magnet motors, combined with the proposed 3 mode
controller, offer a high efficiency sygtem which will operste over
a wide speed range. The addifional power lost in the chopper cixcuit
due to its complexi£y is fully compensatad for by the improvead
performance in the'regenefative braking“mode.

As the cost of the choppef‘circuit forms é minor portion of the
total cost of the vehicle, the implementation of the proposed system
will cause only a slight increase of the price of am electric vehicle.

Although the initial cost of an electric vehicle will probably be
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50% greater than that of abcomparable petrol engined car, this
will be compensated for by the lower running cost and longer life

of an electric vehicle.
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CONCLUSTI QN

The results of fhe load tests onbthe permenént magnet motor
in each of the four proposed modes indicate that the.speed ronge
of the mode of regeneretive braking when Ey£Vy may be extended
up to 50% above base speed, thus dispensing with the mode of
regenerative braking which was proposed for operation above base
speed.,

The efficiency of the motor and chopper in the remaining three
configuratians is greeter than 80% at full load. By using = .
permanent magnet motor in place of a conventional series motor,
the mass of the machine may be reduced by 33%, and a higher
cpereting efficiency is possible, especislly in the mode af
reéenerative brzking, where the efficiency may be increassed by
up .to 20%.

The zdvantazges of 2 regenerative bhraking system were illustrested
when the motor wés coupled to s flywheel to simulzte the inertis

_ N 4441%%A‘o
of a vehicle, and it was feound thet ;pprgximatel%ifD% of the enexgy -~

: A oy, 4T
used during acceleration could be .returned to the battery @uring_},
TS ST bt 3474, "L tosded (g
breking. Allecwing for the additionsl losses occurring in s vehicle
drive, it is estimeted that approximately 10% of the axpended enerqgy
_ could be recovered by the battery, resulting in & greater vehicle
range for 2 given hattery cepacity.

In order to improve the averall efficiency of the drive system,
and to awoid an unnecsssary incresse in cost, there must be a
caompromise between the addition=zl motor copper lasses (due to the
current form factor),; the losses in the choke and the chopper
frequency.

A system of mode selection, using @ series transistor switch



,

for an érray of thyristors, wss found to he unsetisfactory
because df‘the amount of power lost in thé semiconductors. A
more efficient method, using a group of capacitor - commutated
thyristois, was suggested. A proposed vehicle control scheme
il;ustrated how. power semicondﬂcto: devices mey be interfaced
with low powef logic to form a complete system.

The long term éconamic advantages of electric cars would be
appfeciated most hy the fleet owner who hires vehicles to the

public for travelling short distances in the city centre. Unles

7]

the stored energy cepscity can be s'tbstantially increased by same
revolutionary development in storage bhatteries, the electric car

F

will not appesl to the general public as e replacement for the

smell internal combustion engined vehicle.

58



CHAPTER 10 : APPENDIX

10.1 MATHEMATICAL ANALYSIS OF CHOPPER OPERATIOM.

10.1 (i) MOTORING
(a) In figure 10.1, the hattery voltage and motor

back-emf are represented by \/l ana \/2 respectively, wi.th

In series with the back-emf of the

\/l greater than V2.

~mctor is inductor of value L henries, with resistante

RLohms, and the armature resistance Ra. The total circuit

resistance 1s then R -+ R[ = R.,. If the switch § is closec

a
at t=0 when 1(0+) = 0, the current will rise exponentially

according to equaticn:

V.o - Vo -Rt/L

\\/l - \\/2

(b) IT § is now apensd when I = —= 7 , the following
differential eguation exists

gi .

- ¢ iR = V

dt T 2

. V.-V

with initial conditian i(04) = - == : =

Taking laplace transform:

sL-i(s) - L 1{(0+) + R i(g) = VZ/S

sL i(s) + {V, - vs,) (L/R) + R i(s}) =,V,/s

giving
i(s) = 2 1 _,l__;_) (Yi_:_XZ) ( l___”)
TR s s + R/L R ‘' s + R/L

v |
ilt) = ﬁg R e (10.2)
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FIGURE 10.1¢ CIRCUIT CONFIGURATION FOR MOTQRING.

FIGURE 10.2: CURRERNT

i

Vi-\y

vIAVEFORMS FOR OPENING AND
CLOSING OF SWITCH S FOR MOTORING.
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Teking Vl as the reference voltage,

_ -Rt )
V Rt/L \2

i(t) = “% e ~ R

The curve af equation 10.3 illustrated in figuxe 10.2(b),
shows that the current will fall to zero after a time t'

and then reverse in direction. The reversal will be prevented
by the diode D. Time t' is given by

t' o= L/R In (V] /V)) e (10.4)

() The switch is claosed for an interval tm when

i(0+) =1 , where
oY

_ V. -V -th/L
] =~ (l-—e )

During this interval tm, the current will increase

byAim, as shown in figure 10.3(a) from I to I,

[ = V-V R(t_ + t }/L
17 R (1 - e
Aimtll-la
ﬂ.i' oY (e~’Rto/L) --------------------- (10.5)

m R
This 1is as-expected. The term

-Rt /L
l - e m

is an exponentially increasing term, dependent on tm and
“ }
the term

V-V -Rt_/L

"R e
is an exponentieslly decreasing term, dependent on'to.

therefore, for a given tm, the closer we move to the

-

(O
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zera axis (i.e. the smaller t is), the larger i ig, but
' m
the smaller IO and 11 are, - i,e., the smaller the average

value of 1 over_the time tm.

(d) The switch 1s apened for an interval tcS fiéure 10:3(b)
when i (D+) = 1;, given by
/ +! /
o e b
o R e R

Efter an interval tS, IS will decrease to 12, where

- ; [4 AY .
o Xi éﬁto +t /L XZ
“27 R e R
. o
AlS = IO 1.2
SV Ry _Rt_/L
Als :-F\T-— e ' (41 - & ) ________ (lG"D)
(e) If 5 is operated cyclically, with periocd (t + t ),

the current waveform will beccme repetive, and the sverage
- . 5 -
value will reach steady-state when Ajh_: yi_, as shown
3

i

in figure 10.4

To find IV in terms of tm and ts’ consider first

curve 1
. \Y;
1 = Vl =2 : - RtO/L
a R (L - e )
REL | RI |
giving e - Ty, ot e (10.7)
1 2
considering curve 2,
R R R VA
2 R e R
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r : e
Gn'c
{a) S CLOSED
g
I \
Bl

1, :
Lo .
- L

{(b) S OPENED

FIGURE 10.3 : TRANSIENT OPERATION

{
IP = I'SIO
K=zl =Als -

T,=1=1,

) oo

FIGURE 10.4

STEADY-STATE CYCLIC OPERAT!ON



Rt /L RI, | v,  Rt_/L
-giving e = — I = (10.8)
1
V. - V, -Rt /L ~Rt /L
Now Akim = —in 2 e © {1 - e m ) e frop(10.5)
-RtO/L/
substituting for e from (10.7) gives
V. - V. ' ' -Rt /L
1 2 - . . ‘ /
Ai = (4= -1 ) (1-c¢ My cmeeee e {10.9)
v, -Rtg/L —RtS/L
A i = == g (1 - e ) from 1G.6
s .- R ‘
Rt /L
substituting for e from {10.8) gives
| A | v, Rt _/L
3 — —_) R T U T S M
4i_ = (12 + ) (g 1} {10.10)
for steady state conditions,
(1) Ai = A
m 5
(ii) I0 = 12 = IV,
Hence equating (10.9) and (10.10)
V., -V ~RE_/L ‘ V., Rt /L
1 2 -1 m 2 S
(— _ v)(l-e ) =1, +77) (e -1)
‘Solving for IV gives
vy - Y e /L Y2 Ri_/L
- R- (L -e - " )~ Rie 7 = 1)meccoe——- (10.11)
v Rt /L -Rt /L -
S m
e - e
() To fand Ip when S is operated cyclically, consider
first curve 1:
\ -
;o A Vo -R(t + t )/L



4 -Rt /L I.R Rt /L .
giving: e ° O T S (10.12)
V. - vl-
1
considering curve 2,
/
S R V2
o R e TR
—Rté/L RI; Y
1 v 3 : = e ——— e 1
giving e v + V. (10.13)
A £L
Naw Ajh]:» - =~ e (1 - e ) From (10.5)
«RtO/L
substituting for e from (10.12) gives
V., -V - Rt_/L
1 2 m \ N
C (el = 1) e a.
Ai = (= 1) (e 1) (10.14)
SV, =REL/L -Rt_/L
Similarly, 'Ais = T s (1L - e ° } from (10.6)
: -Rté/L
substituting for e from (10,13} gives:
- v, -Rt /L
Als = (Il + 35 (1-e  J --(10.15)
For steady state conditions
(1) A= Ai_-
m S
(i1) kl = Ié = Ip
equating (10.14) and (10.15)
V. -V Rt /L v | ~RE_/L
1 2 T m’ _ _2 : -
( R - lp) (e - 1) = (Ip f R y (1 - e )
solving for ID givés_
Vy - V5 Rt /L Xg -Rt_/L
. R (e " -1) 7 R (e o 1) e (10.16)
I, = : ;
Rtm/L —RtS/L

e - e
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(g) As the periocd of the chopper is much less than
the time constant of the circuit (T K L/R), 1t is
: 0
possible to simplify equatiens (10.11) and (10.16)
by using a Taylor expansiocn for exponentials, where
e PE/L L) L Re/l 4 (Re/L)? oo (10.17)
eRt/L =1 4+ Rt/L + & (Rt/L)" —cmmmmmmmeee (10.18)
Substituting equations (10.17) and (10.18) into
(10.11) and (10.16), we have
Xl~v2 Rt /L - = (Rt_n/L)2 »Xg Rt /L + + (Rt_/L)°
i i ey
1= —F& . - - ~~(10.15
. Rt /L + Rt /L + % (Rt_/L)" - % (Rt /L)
S m : S m
- ' ‘ Y
e ke 4wy (e /0f 0 =l2 ome (Rt /)2
: R = - R ¢ s’ TT-(10.20)
:: N . . 2 : 4 f 2
P Rt /L + Rt /L + % (Rt /L)° - & (Rt_/L)
(h) The average vslue of the current flowing through
R, L and \/2 (motor circuit) over the period tg + t_
is given by
T Tl VSV £10.21)
AV 2 ‘
assumes that the waveform can be considered

This

‘linear over these intesrvals
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Neglecting the terms

¥ (Rtb/L)z - % (Rtm/L)2 and
i ' 2 , 2
+ (Rtm/L) - (RtS/L)
V t
1, 1°m V. . ,
IAV R (tmd_ t Z) ______________________ \10-2‘)

It is interesting to note that this is independent

of the value of L end is proportional to tm (for fixed

(i) The current bandwicth is given by the difference
between current maxime and minima

K o1 =1 —ommemcmcmmmmeme (10.23)
P v

From (lD°19) and {10.20) the bandwidth is found

to be

2 2
(Vl-Vz) (tm) + V2 (ts)
K = = T e (10.24)
L (t +t )
m° s
This is a maximum when © =t =+ T
m S Q
\ \ T
Conpy T (10.25)
MAX T 4 L ’
and
T Vl
MAX =, —F—"_ =—=c—mrmeem e (10.26)
8 I,y fL
‘where r o= ID - v - X
lp + IV ZIAV
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10.1

(a)

(ii)

REGENERATIVE BRAKING

In figure 10.5, the battery voltage and motor

back-emf represented by Vl arnd V2 respectively; with

1

and the cheke are R and R
a

ist = R, .
resistance, R Ra + R

V. greater than VZ. The resistance of the

respectively, the total

I1f the switch S is closed when 1{(0+) = G,

the currert will rise exponentially according to

the equation

i(t) = VZ/R'

(1 -

7)

This is illustrated graphically in figure (10.6(a))

If S is now opened when 1

differential equation exists

di .
l_.. % +lR:Vl—
with initial condition i(D+):~mV7/R

Taking laplsce transform,

sLi(S) - L i(0+) + Ri(s)
sli(S) + V2 L/R + Ri(s)
giving
V., -V
i(s) = = 2 (X
' R s

R (1-

-Rt/L
e

[V -
\hl VZ)/S.
Y )
(v, \2/8-
N R N
s + R/L R ‘s + R/L
S (10.28
TR

V7/R, the following

The curve of equation 10.28, illustreted in figure

10.6(b), shows that the current falls to zero after

a time t' given by

armature .

168
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FIGURE 10.5 :~ CIRCUIT CONFIGURATION FOR REGENERATIVE BRAKIKS
bt L
A
Ve Va
R R

(a): S CLOSED -~ - R (B) S OPENED

FIGURE 10.6; CURRENT WAVEFORMS FOR OPENING AND CLDSING OF
: SWITCH S FOR BRAKING )
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1 Vv 1
t = L/R In (== )  comemm e (10.29)
VAR, .
1772

The current then reverses, in direction, but this

is prevented in the circuit of figure 10.5 by diocde D.

(e) The switch is closed at a time to for an intervsl
t when i(0+) = I where
m o
Io :_V2/R (1 -6~ RtO/L)

During this interval the current will increase by

Ai from IO to 1, {figure 10.3 {a) )

m 1
L - R(t +t ) /U
Il = VZ/R (1 - e o' m )
Ai :
m = IO - Il
| Y5 Rt /L Rt /L
1 = - - bv; —————————— ( oqa
AJ.m 3 o a (1 - e m ) 130.30)
(d) The switch is opened at time t! for an interval t_
when i(0+) :_Ié, where
Y
A B - REI/L
~ R R (1 - e )

During this interval, the current will fall by l&is

from 15 to 12‘ (figure 10.3 {(b) )

<
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If 5 is operated cyclically, with period (tm+ ts),
the current waveform will become repetitive, and the
average value will reach steady-state when A im = A;is,
as shown in figure 10.4.

To find Iv in terms of tm and ts, first consider

curve 1:

v, - RtO/L
I = = - & C)
"o TR (3 '
giving
- Rt_/L 1 . RIg
e T e e e (10.32)
\/2 :

rext, consider curve 2:

Vv \
[ .2 _ 1 - R(E! + £ /L
2 R R (1 - e T
giving
- Rt! /- RI
- REN/L V- R, REL (10.33)
e (1 - ——=} €
V]
vé -Rt_/L ~Rt /L
Kow Zsi = == g (1 - e m ) - - from {10.30)
m R
-Rt /L
substituting for e from (10.32) gives
Vo Rt /L |
‘Alm :(ﬁ— - IO) (1 - e it y TTmTTmmeees (10.34)
' Vl Rt'/L Rt /L
imi L = == . - ~ o 0.3
51mllarly,Als = R . o’ (1 - e sy from (1 1)
- Rté/L .
substituting e from (10.323) gives
V., -V Rt /L
s’

.v l ~
Als :(-—R < + 12) ( e - l) --------- <lD,35)
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For steady-state conditions

Hence equating (10.34) and (10.35)

V. Rt /L V. =V Rt /L
2 -~ 1 . mtTy 12 ' 8
(ﬁ* v) (1 - e ) (*““ﬁ +I ) (e - 1)
giving
- Vo ke LT Y Re L
vi R (1 - e ) R (e - 1) ~-={13.36"
Rt /L - Rt /L
S m
e - B2 :

(f) To find I.p when S is operated cyclically; consider

first curve 1 (figure 10.4 ' ;

/
[ 2 SR (e, 4t )L
1R (1 - e )
-Rt /L I.R Rt /L
.. 0 1 m :
giving e =(1l = =) & 7 emme————— (10.37)
Vo

next, considering curve Z:

V

R B At /L
o R R (1 - e )
, -Rté V2 + RI&
giving e = ] - e e ~~=-{10.38)
v ,
- l v
V, - Rt /L S - Rt /L |
i == e ° {1 - e ) Tfrom (10.30)
m R
_ - Rt_/L _
substituting for e from (10.37), gives
' -V Rt /L
. 2 m ) o . .
i = (R - Il)(e e R (10.39)



V, =~ RE!/L - Rt /L
alsao, "iS =q e . | (L - e 7 ) {(from 9.31)
- Rté/L
substituting for e (from 9.38), gives
v,o- v, ~ Rt_/L
g =(~ R & Ié ) (1 - e ) e (10.40)

Solving for Ip gives

2 Rt /L “1 - Vz ~Rt /L
m - T S

D B (e - 1) ] (1 - e ) JE— (10.41)
Rtm/L - RtS/L '

e - e

As the period of the chopper (TO) is much less than

the time constant of the circuit (TD L/R), it is

possible to simplify equations (10.36) and (10.41) by
using Teylor expansion for exponentials, as given in

equations (10,17)and (10.18)

Substitution intoc (10.36) and (10.41) gives

. - -
\ Rt /L - %+ (Rt /L)2 -V /5 Rt /L + 5 (Rt /LZ)
. _— m m ’ - S S
1 R R ,
Vo= 2 2
t 4 R - % (F : + ¥ (Rt / -~ (10.
R m/L : PtS/L : (Rtm/L) . (HLS,L) (10.42
Vv Rt /L + ¥ (Rt /l)2 -V, -V Rt /L - F (Rt /L)Z
2 " R 1”2 7 AREG L
I R ' R
p = ‘ ' : . 2 s 7 . s
Rtm/p + HtS/L + o (Rtm/L) - (RtS/L) - {10.43;
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The average value of the current flowing through R, L
is given by

(h)

neriod t o4+
m

and VZ (motor circuit) over the -
fw]
1 =5 (I 4 1 ) e 10.4¢4
A \ll 2 (N p "*' v / ( )
that the riss and fall of the wavefcrm can

This assumes
1ls

he considered linear over these interva

Neglecting the terms

FRE_/)C -

«

(Rt /L)% and
m

[

)2

N

+ (Rt /L)% =1 (Rt /L
m S.

the. average value of the current i1s given by

Equation (10.45) is similar in form to that for motoring
4
and is likewise independent of the value of L.

(10.22)

The current bandwidth is. given by the difference

between the maximum znd minimum current values.

= I T o (10.46)
From (10.42) ,anc (10.43) the bancwidth is found to be
Y t 2 v V £
¢ -2 m 401 - 2) T p—— (10.47)
B Lo(t_ + t )
m 5’
This is a maximum when t = t_ = 3 TO
v, T
l o
= 10.48
Vl B
FL e e (10.49)
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o

4

It is interesting to note that although
eguations (10.24) and (10.47), for the current bandwidths

in motoring and brakin differ slightly in their form
X g iR ] J y ¥

\

——

the eguetions for the maximum ripple factor -~ {10.26)

and (10.49) are identical.

This shows that under thne same conuitions of
load current and m/s ratiao, identical waveforms exist

in both motoring and braking.
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10,2 CALCULATION OF IAV ARD T, FROM
i Vi
THE CURRENT WAVEFORM.
10.2(1) Continuous current
Referring to figure 10.7,
Mo T
t Kt.
(3) I,, =1/(t +t) (1 + 58 a0 ° (1 - K
AY m S D t o t
-t m s} 8

—_ o T ) e e e e e e e e e e e e 2 e o o o e e o e o 3 [
IAV Z (Ip s ]V) (10.50)
a] t. -
' Kt 2 2 Kt, 2
— /{+ FAR.S adt = -4
(b) Tpyg = e+ tQ {\f , (Ip+ el + (Ip _?}
-~ m 0 s
. o
\.,2 ‘(273 + O
= /(% { [I t 4 +— |
m A't~~ -t
m m
KED 2,3 at,
[120 - 2y K277
S 3t o
s
/. ) .51
RMS = 1/3 (I + I I -+ Iv) i e e e (210.51)

(¢} Form Factor (f.f.)

£, o= 1. /1 e (10.52)
et = Toue /Iy _
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- FIGURZ 18.7 : CONTINUDUS CURRENT wAVEFOR®™

- To —
T
K ,
Ty ‘ {
carnd v bin
- —f T

FIGURE 10.8 : NON-CONTINUCUS CURRENT WAVEFORM
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2 2
Fofe = Toms/Tay
5 1
1§ + 11, + I
=/ 4/3 - B> ;
(I + 1 )"
Vv
] 1 IV 1 '
= \fd/3 [ 1 - 22X i
- (I _+1 )
\Y
.
e /14 1/3 12 e (10.53)
10.2{ii) » NON-CONTINUDUS CURRENT

In order *tc distinguish between the currents for
for the two wavefarms, the average and éMS values
of the non-continuous current will be referred te
as I; and I respectively.

AV RMS

Referring to figure 1U.8,

FO s a!
tg, .
—_— . I 543
IAV 2T (lp + Iv), : (10 )
o .
t
e I .
T AV e (10.55)



t
s
; 1 ( Kt 2 .
(b) Tpus = 7 R
s} ja S
5 Kljtz Ka‘t3 ts
= 1310t - 2 J
—=|"n t 3t o
T s S
o
-t .
— S 2 2 110 564
= ,J}.ﬁ (Ip - IDI\ + IV ) B WAL 50,
t
I - 57)
¥ RMS (10.57)
0
(c) Form Factor (f.f.)
IP
. { if
f.f. = ———»IF‘{”S‘
AV
_ 8 RMS ) _
= - e e e e e 10.58)
b1 €10.58)
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3]

A 5WITCH {31 - 34]

10.3 . | THE TRANSISTUOR Al
lU.B (1) THE COMMCN EMITTER (CE) CHAKACTERISTICS.
The transistor, when used as a switch can
be divided‘intﬁ~3 regions of operztion
(i) the seaturation region
(i1) the cut-off region
(iii)the active region
These regions are illustrated in figure 10.9

cn the common emitter charecteristics of a3 typical

power trensistor, 2N3773 r3s]

4]

The regions of particular interest are th

ion. th

M

saturation region and the zctive re

0
0]
b.,,l

transistion through the active region in switching

operation should he accomplished as quickly as

— 4

possible to avolid excessive dissipation (see

section 1

£

~3{iv)

10.3(1i) THE CE SATUQATION REGICN
The saturation region may be defined as the
one where:

{i) both the collector and emittexr junctions
are forward biassed ' .

{ii)the collector current is approximately
independent of the Dasé current.,

When a trsnsistor is in saturatiaon, further

increases in base current affect the saturation

u]

voltage only slightly



I(, (A) ’ 3o

—tp| B SATORAT(O

5.4 oo
(o0
\ Ia = Somk R
kh:ﬂvé— LcuffoFF
Vee f i

FIGURE 10.9 : THE THREE REGIONS OF TRANSISTOR.OPERATION

120 4

4

1 + 1
o oi o Lo o oo
L)

FIGURE 10.10 : VARIATION OF DC FORwWARD CURAZENT TRAWSFER
RATIO WITH COLLECTOR CURRoNT

I% J TQV%FG jﬁw@“ﬂ
Tt i\ | /!
-LCEx -‘—--—.—_._.‘l_.__\ l l
T l %|
< bt To -—T-ﬁa»:
Vel _ Lt L
Vee t L/ '\ b
]
Vegbpr) { f | \i
S L €. A

FIGURE 10.11 : SWITCHING W:VEFURMS OF A TRANS1STOR
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10.3 (i3i) d.c. CURRENT GAIN
A parameter of interest in connection with

the switching transistor is the ratic of coeolliector

to base currents (IC/Ib), known as the d.c.

forward—éurrent transfer ratio,hFr' . It is
C
thie ratio which determines the base drive
necessary to ensure saturation for e given
céllector current. A conscrvative design is to
provide the corresponding base drive. The
variation Of}}FE with IC is shown in figure {(10.13)

for 2N3773 power transistor.

10.3 (div) Power dissipation of a2 transistor in switching

v

 service [3ﬂ

Dissgipation can be divided into four sections
(1) average dissipation

(ii) saturation dissipation

(iii) cut-off dissipation

4]
n
I
c
il
(-l.
b
o]
3

(iv) switching transient di

Average dissipetian is the ave

ower that

~
m
o]
[]

1 (3

must be handled over a complete cycle of ocperastion,
_énd basically determines the heatsiﬂk requiremznts
for a given transistor csse temperature. Whers
a transistor‘is continicusly turning on and off,

o

the average pewer can be expressed hy the following

equation



tl
= . /r-—ﬁ o -
Pay = /T, .E Vie (sat) I _(sat) dt
t?
T [T Veg(Blgee T8 gpp Ot
. t
1
.t3
+ /T [ Vglaff) I _(off) dt
t
2
TD
+ J./T0 [ VCE(t)Gm Ic(t)on dt
t3
Where T_ = total switching time (perind)
g - tl = transistor on time
t2 - tl = turn-off time
t3 - t2 = transistor off time
T - t. = turn-omn time
o 3

In order to simplify the above expressicn to calculate
the averasge power, some assumptions can be made (the idealised
waveforms are shown in figure 180,11):

(i) -base power is neglible

(ii) Collector voltage and current waveforms

vary linearly with timé during the switching

intervsls.
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tJ
— B { o -
Pay = /T, 17 1 v (sat) at
G
. .
2 / t : t
& lT j— — -
Mo 17 3 - 775055y Yy (T Toee)) ot
tl W - Sw
t3
1 /
+ 1/7 [ Tegx Y, dt
tZ
t
4 t t
+ 1/7 ( I {(=—— )V (1 -= ) dt
‘I
2, Tgylomd™ p - Tgyton)
3
simplifying, this gives
Pav = YTy U Veglsat) Ty + Teey Vo Tarr )
1 ’ r\ N VoOT fean) Yo 1y 5,’\: ’
+ l/GTO (Ip_Vp TSW(OTf) i Ip kp TSW(Dn) ) (10.58)
IfT in addition, TSW(cn) - TSW(OTT) = TSH’ then
S ( ! \ '
PAV = l/TD ‘Ip VEE\Sat) TDN'4 ICEX /p TDFF + 1/3 Ip Vp TCW )



10.4  HEAT_TRANSFER [40] .

(i) Basic principleas

In a-semiconductor power device, heat is generated
in the semiconductor material, and from there is transfered
to the outside case of the device, then viz heatsink to the

surrounding air.

The heat flow through heat conductors is anzlagons
to the flow of electric current through electric comductors.

In this analogy, the thermal resistance (R

+
-5

corresponds to the electrical resistance (B in ohms).

Figure 10.12 shows the heat path from the junction
to the ambient air as a series connection of 3 thermal resistenceas:

Rth j C:Thermal resistance from junction to case. Its

value is found in data sheets of the particuler

semiconductor device.

Rth ceh? Thermal resistance from case to heatsink, resulting
from imperfect contact between case and heatsink.

its velue can also be found in data sheets.

Rth h : Thermal resistance between heatsink and the
-3

:

-surrounding air. Its value depends on the

- -

design of the heatsink and whether forced
ventilation is used or not.
According. to figure 10.12, the fzollowing formula can
be used in heatsink cslculations

T, - ¥

3 amb P (Rth } T

J—.

(9]

Rth c-h th h-s ) (10.50)
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(ii) Power losses and heetsinking for the semiconductors
of the two mode transistor - thyristor chopper.

(a) Transistors

Considering sach transistor slone:

= 7 g T ({ o= \ . 3

PAV" TQ Ip VCE(Sat) TDN %+ ‘CE(Qct) JP TUFF + 1/3 IprTSw
= 400 leO,5x2,5x10~3v+ 1/3x10x84x20x10‘6'
= 400 _‘L2,5><l(]mj + 5,6xlD—J ignoring the cut-off lossses

= [,24W

50 mm of type 56290 heetsink (Phillips) 40 . has

R = 3,3 deg.c/w for 7W dissipation

th h-a

gach transistor fitted with =2 mice washer with

'Rth,z 0,5 deg.c/W

With an ambient temperature of 50 deg.c,

T. - 50 = 7,24 (3,5 + 0,5 + 1,17) = 37

J

Hence Tj = 87 deg.C., which is safe

(b) Diodes (type ST440, 40A)

= 1,0 deg.c/W; R = 0,2

Rth j-c th c-h

deg.c/W

At 374 averasge current, forward vecltage drop

i

IV (i.e. P = 37W)
Consider worst case of Tj = 200 deg-.c

-— }
TAMB = 50 deg.c

200-50 = 37 (1,0 + 0,2 + Ry

~giving R = 2,8 deg., c/W

th h-a
100 mm.of.Phillips type 56290 hes Rth he s
(c) Thyristors (type 2N3898)

The specificatiaom sheets for the fhyristur
for a thyristor mounted on 100 mm. of the above

"ambient tempersture of 40 deg.c, the maximum safe

is 1BA. This appesred to be very conservative, es

2,1 deg.c/W (2t 37w)

44 indiceted that
heatsink, and in an
forward current

the case tempsrzture

of the fhyristors at an average forward current of 35A was lower than

that of the other semicondusctors.
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10.5 VOLTAGE BREAKDOWN IN TRANSISTORS

(i) Avelenche breskdown [34, 35] .

Avalanche breekdown is a charactericstic of the transistor alone
.and occurs at high voltages beczuse of the avalanche.multiplication
of the leakage current. The breakdown region is attained when this
current rises abruptly, and large changes in current accompany smell
changes in apolied vdltage. The ¥ransistor is then destroyed
by exéessivg dissipeatian in the'péllet.

(ii) Reach - Through [34, 35, 41] .

Anofher mechanism by which e transistor's usefulness may be
terminated is known as reach-through and results from the increzsed
width of the collector-junction traznsition region with increased
collector-junction vaoltage. As the voltage applied across the
junction incresses, the transition region penetrates deeper into the
collector end base. Since the bese is very thin, it is possible,
that at moderate woltages, the transition region will have spread
completely ecrosé the base to reach emitter, effectively shorting
the collector and emitter. Reach-through does not result in permanent
damage to the transistor, provided there is sufficient scurce
impedénce to limit the transistor dissipstion to safe values.

In 8 particular transistor, the vdltagg limit is.determined by
reach~through or breakdown, whichever occurs azt the lower voltage.

Silicon deVices, as typified by grown diffused, mesa, planar
and nlanar epitaxial structures do not éxhibit this characterisfic.
The phenamenon of'reach_throﬁgh is most prevalent in zalloy devices
having thin base regions.

(iii) Second Breskdown [34, 35, 39)

Second Breakdown {s/b) is a potentially destructive phenonemom

that occurs especially in large-area power ftransistors operated at



high vpltage and currenf levels. S/b results when the energy
absorbed by the transistaor ié focussed into a small area, causing
locelised heating that may melt a minute hole in the transistoxr
pellet. Thé start of S/b is charactérised by an abrupt decrease
inAcollecﬂor—to—emitter voltege, with-a‘small dynamic .resistence
in the breskdown region.

This phenonemon may be caﬁegorised into two classes:

(a) forwerd-biassed emitter-to-base second brezkdown, which

occurs when the trensistor is operated in the active region.

(b) reverse-biassed emitter~to;base second'breakdown, which occurs
during the turn~off mode of transistor operstion.

{a) Forward-bizsed second breskdown {FB S/b) [}5, 3?] .

'The severity of S/b in the active region depends on the opéréting
collector—to—emittgr voltage, duretion ot applied voltage and
transistor temperasture.-

{b) Reverse second breakdowni(RB S/b) [?5, 37, 3%] .

This form.of 5/b is of gleater importance as the energy requiréd
to induce S/b when the transistor is turﬁiné off is much lewer ihan
that ;eqﬁired in the forward-biss mode. RB S/b usually occurs in
circuits that involve the switching of inductive.loéds (inverters,
switching regulators), and the RB. 'S/b energy capebility incresses
with & decreasse in inductance. Protection for the tramsistor is
afforded by the additicn of Zener dindes), diode'clamps and R - C

networks., An analysis of the sction of each type i1s provided by

Locher .[39] ‘..



10.6 VOLTAGE BREAKDOWN IN THYRISTORS (257 .

(i) Reverse Voltege Brezkdown

In the reverse direction (znode negative with respect to
cathode), the thyrister behaves like a2 cecnventiel rectifier dicde.
1f the reverse voltage ratings (repetitive PRV or non-repetive PRV)
are substantizslly exceeded, the device will go into avalanche
breakdown end may destroy itself.
(1ii) Forwerd Voltage Breskdown

A thyristor can be turned on in the absence of gate drive by
exceeding the fofward voltage ratings for s given tempersture.
The thyristor will not be dameged under these conditions unless

the forwerd current rating or the sllowable di/dt rating is exceaded.



10.7 CALIBRATION OF METERS

(i)

TABLE 10.1

Energy Meter.

FREQ. CURRENT SPELD ERROR
“(Hz) 'y (r.p.m./AY) 7

0,5 13,20 - 4.0

1,0 13,65 - 0,8

d.c. 2,0 13,50 - 2,6
4,0 13,85 + 1,5

6,0 14,20 + 3,0

0,5 13,25 - 3,0

1,0 13,608 - 253

70 2,0 13,30 - 3,4
4,0 13,85 + 0,7

6,0 14,10 - 2,2

Q0,5 13,35 - 3,0

- 1.0 13,95 + 1,5
500 2,0 14,0 + 1,8
4,0 14, 30 + 4,0

6,0 14,30 + 4,0

Rated speed = 13,75 r.o.m./A

CALIBRATION OF D.C. ENERGY METER

(see figuxe 10.13 for procedure)

191

(Siemens - Schuckert, 220V, 5&, 1kWh = 3750 revolutions

of disc).
Wattmeter
MANUFACTURER ¢ WESTOR
RANGES : VOLTAGE: 50v (75 ma#)/lGGV {150V max)
CURRENT: H50A (754 max)/100A (1504 max)
SPECIFICATICONS: MEASUREMENTS OF POWER FRGM.
DC TO 133 Hz AT ACCUgﬁtY OF

1/4% OF FULL SCALE VALUE



FIGURE 10.13(a): CALIBRATION OF WATTMETER AT DC.
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Wattmeter Volts Amps Watts % diff
X Calc. from Wattmeter

read S.F.

(W) (W) (W)

500 250 35,8 7,0 250,46 + 0,2
1000 5C0 33,72 15,1 501 + 0,2
1500 750 30,1 25,1 755 + 0,6
2000 10400 25,1 40, 3 1000 + 0O
2500 1250 63,2 19,86 1250 + 0

TABLE 10.2

RANGES (2;5 kW) FOR d.c.

CALIBRATIOMN OF WATTMETER AGAINST
VOLTMETER/AMMETER ON 50V, 50A

Wattmeter | Volts | Amps | Watts % diff
Cale from Wettmeter
read X.5.F. _
(v) () (V) (A) (W)

1640 520 15 35 525 + 1,0
1080 | 1040 30 35 1050 + 1,0
3100 | 1550 45 35 1575 + 1,3
4170 | 2085 60 35 2110 + 1,3
TABLE 10.3 CALIBRATIOK OF WATTMETER FUOR CONSTANT

dc CURHENT,

CHOPPED VOLTAGE (400 Hz,

S0V, 2.5 kW FULL SCALE)
Wattmeter Volts Amps Watts % diff
read |.X.5.F. Cealc from Wattmeter
(W) (W) (V) {A) (W)
580 495 50 10 500 + 1
1970 985 50 20 1C00 + 1,5
2950 1475 50 30 1500 + 1,3
TABLE iU.d CALIBRATION OF WATTHMETER FOR CONSTANT

VOLTAGE,

CHOPPED CURRENT AT 1:1 m/s

RATIO, 400 Hz, 50V, 50A&, 2.5 kW FULL SCALE

4
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10.8 COMPARISON BETWLEN SHUNT AND SERIES
CONNECTIDAS UNDER REGENERATIVE HRAKING

(1) Description of motor

Two identical matofs of the following specificatibns were
mounted back. toc back

Manufacturer: Veritys Ltd., Aston

Voltage: 220V

Amps: 6,64

HP: 1,5

Speed: 1450 r.p.m.

As there was no means cof obtsiping & direct meassurement of
shaft torque, this was done indirectly by summation of losses.,

For each machine the field‘and'armatu;e recistance (hot) were:
4,7 ohms, and 4,6 ohms respectively.

As the machineé_were considered identicel, it was assumed that
the total friction, windage and iron loss would be equally sherecd.

These losses for one machine at various speeds are shown in Teble 10.5.

(i1). Tests performed

As no dynamometer was avallable, the mechsnical power PMEEH’

was evaluated by a summation of losses

Puecs = im ™ o~ Per 7 Fo
where
%N = the input powe?
Pey = the armature copper loss
-~ =3 h
PBR bru loss
PU = the no load losses

As the battery voltage is fixed, the power returned to the



—
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A, J-I

battery is the product of the battery voltage anc the average value

of the battery current.

(a)

- V.1
P =V Iy

The connection diagram for the tests is shown in figure 10.14

constant torque (D,?ST by keeping the drive motor Tield and

FL
armature currents fixed: oower zno efficiency were msasurad &5
functions of speed,

Constant speed (600 r.p.m.); power and efficiency were measured

as functions of torque.

The results of these tests arc shown in figure 1.1.

SPEED 'NO LLOAD LDSS FOR
, ONE MACHINE

(r.p.m.) . (W)

980 . 30

800 22

610 K 16

420 . 10

250 5

160 : 3

TABLE 10.5 FRICTION WINDAGE AND IRON LOSS A5 A FUNCTICN

OF SPEED.
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10.9

(1)

- THE CHARACTERISTICS

OF THE PERMANENT MAGNET MOTOR

Specificatians

MANUFACTURER: Cie Electro-Mechamigque, Dijon, Frence.

TYPE:
VOLTAGE:

CURRENT:

TORQUE:

SPEED:

QUTPUT POWER:

E/Ne

T/1:

MASS :

SPECIFIC OUTPUT:

ARMATURE RESISTANCE:
=t 25" c

INERTIA:

MECHANICAL TIME:
CONSTANT ;

DUTSIDE DIAMETER:

OUTSIDE LENGTH:

Gerneral Description

MV26/500057
150V

37A (continuous)
200A (pulse)

16 N.m.

300D r.p.m,

5,0 kW

42,0 volts/1000 r.p.m.
0,397 Nm/A

30 kg -

167 W/kg

0,28 ohms

36000 g cm2

4 ms

312 mm

134 mm

The unusual shape of the motor is shown in the photograph of

figure 10.19.

The frame consists of a short, finned cylinder and

two flet circulacr end—plateﬁon which are mounted the permanent

magnets.

These are short and

cylindrical and there are

approximetely 6 on each‘endwplate‘ The zrmature, in the form of

a disc only 4mm thick, passes between the megrets. The brushes
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FIGURE 10.18: FRICTION AND WINDAZE POWER LOSS AT NO LOAD

FIGURE 10.19 : THE 5kW PERMANERT MAGNET 1OTOR
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bear directly on the exposed copper conductors.

(iii) Open circuit cheracteristics

The open-circuit voltage of the machine, when run as a generatar,
was measured with a dc volimeter., This voltege, as a function of
the speed is given in figure 10.16. The baeck-emf per 1000 r.p.m. =
42,0 volis.

(iv) Torgue - Amp characteristics.

The shaft torque, as measured on a dynamometer brzke, is given
as z function of the dc current inm figure 10.37. The test wes
conducted at 1000 r.p.m, and the mzchine was supplied from a
Ward-Leanard system. The torque per unit current = 0,397 Nm/A,
which is lD% less than the guoted value.

{(v) No-lced loss

With the machine uncoupled from the kbreke, the no-load input
power was measured as a function of speed, and the results ares given
in figure 10.18. The copper loss at the levels used, was neglected

as it amounted to less than 5% of the no-load power.

(vi) lLoad tests at constant toroue
The speed of the motor - the lesitter heing driven by a
Ward-Leonard system, - wes varied while keeping the motor current

i.e. torque) constant. The input power, PIN' was meassured using
a wattmeter and the output power, PNFCH = Torgue x Speed., The
tha

connection diagrem is shown in figure 10,15, and the results are

shown in figures 10.20 snd 10.21.
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10.10 MOTOR CUARENT PREDICTIONS DURI%G‘MDTDRING AND TRAKING

(Chopper frequency = 400 Hz)

(1) Prediction of average motor current during motoring at
a fixed speed. (refer to figure 3.1 for results)

‘Measurement: The average motor current (as measured on a

dc ammeter) was plotted as a function of the peu. mark (megesurcd cn
an oscilloscope) for both a 4 mH and & 12 mH choke connected in series
with the motor, with the speed of the motor fixed et 1330 r.p.m.

Calculstion: The total circuit resistance,

R = Ra + RL + R Leads’ whgre

R = 0,30 ohm; R ., .= 0,10 ohm

3 leads .

R = 0,05 ohm (4mH choke); R = 0,15 ahm (12 m_ choke)

N =1330 r.p.m., therefore £ = 54,0V.

\/B = 79V, .and ellowing for semiconductor voltzge drops,
= } (7 / - 54

IM 1/R (76 tm/TD 54)

I‘, =0 for t /T = 54/76 = D,?l

g m o .

(i1) " Prediction of average motor current for braking st a fixed

gpeed.
(results given in figure 4.1)

Measurement: The average motor current {as measured oun a

dc ammeter) was plotted as a function of the p.u. mark (measured on

an oscilloscope) for both a 4 md and a 12 mH choke cornected in serie

41

with the motor with the speed of the motor hele constant at 620 ».p.m,

Calculation: N = 62U r.p.m., therefore E = 25,2V.
Allowing for semiconductor voltage drops, VB = 90V

i

0 4+ - {90 - R
I, = 1/R (90 % /T - (90 - 25,2) )

I

y U when tm/TO = 64,8/9C = 0,72



(ii1) Prediction of motor cuirent zipple during mctoring.
(Results ghown in figure 3.2)
The peak-to-peak motor current.(bandwidth K) was manitored

on an oscilloscope while the p.u. mark was varied, keeping the average
value of the motor current (measured oﬁ a ¢.c. ammeter) constant.
Three values of averege current was chosen -.37A, 204; 18 The
percentage ripple was found from r = K/IM'
This value of ripple wss compared to that obtained by calculsastion,

usingAequations 2,17 and 2.18

10.11 LOAD TESTS ON MOTCR QITH-CHF?PER (BELOW BASE SPEED).
All tests conducted at 400 Hz.

(1) Efficiehcy test during motoring.
(Results shown in figures 3.3 &and 3.4)

The input power o the chopper'(VB x 1.), the input power to

B

the motor (P_.), and the output of the motor (Terque XN) were measurec

M
as functions of speed with the armsture burrent constant (conestant
torque). I

Two va;ués of armature current were chosen - 374 (14,5 Nm) and ZDA
(7,8 im)

The torque was measured using the dynamometer brake, shown in figure

10.22. The efficiency was calculated from the power curves.

(i) Form faétarvduring motoring.

(Results shown in figure 3.5)

With the motor current kept constant, the peak to peak current
riﬁple was measured on an oscilloscope for various speeds. From this,

the form factor was computed as a function of speec,
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{1ii) Current multiplicaticn
(Results shown in figure 3.6)
These curves were computed from the readings taken during the

load tests described in ssction 10.11 (1).

(iv) Power loss in a AﬁH choke.

(Results shown in figure 3.7).

Firstly, the dc IZH powervloss was measured at various currents
using the wattmetér. Secondlyf the choke was connected to the chopper
(bperating on 400 Hz), as shﬁwn in figure 14.24, and with the p.u.
mark set to $,5, R was varied to ootezin the reguired current. The
power loss in L is the difference between the wattmeter readingsgwifh
the onme eno of the voltsge coil connected alternstely to 1 and 2.

{Pl & P2) then: PL - Pl - PZ'

{v) Efficiency during regeneraztive braking.

(Results shown in figures 4.2, 4.3).

The shaft input power, motor ouitput power snd power réturned
to the battery were measured as functions of spséd, with armeture
current kept cdnstant, uéing the connection shown in figure 1G.23.
The two vaiues of armature current chosen'wefe 374 (15,5 iWm) and

20A (8,5 Nm). The efficiency was calculated from the power curves.

'10.12 ~ LDAD TESTS FOR EDTDQING AND BRAKING ABOVE BASE SPEEDS.
{Tests conducted at 400 Hz)
(1) ~ Power measurements during metoring
(Results shown in figures 5.1, 5.2)
The chopper input power, motor input and cutput powers and
tﬁe o.u. mark were measured as functions of the motor speed, using the

connection shown in figure 10.25. The speed was varied from base
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CHOPPER.
f’_[_\ : N o .
& T P> » .
\/ b N l 1+ INPUT POWER

. B3R J)! 9« oUTPUT POWER

.I W N\
| 84V \jy o-(SoA

_l T
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speed (where thg motor was connected directly to the bettery, with
the chopper open) to 55% zbove base speed. The efficiencies were
computed from the power curves, and the form factor and RMS current
were computed from the curves for p.u. mark and average current.

(ii) Pawer measurements during bhraking

(Results shown in fiqure 9.7)
The input and output pqwer§ of the motor, the power regemer=zted
to the battery end tﬁe p.u. mark were mezsured as functions of
the speed with the cénnection shown in figure 10.26. The efficiency
was cﬁmputed from the power curves, and the form factor and RMS

‘current were computed from the curves p.u. space and average current.

10.13 PERFURMANCE OF CHOPPERS

(i) Power loss of transistor and thyristor chopoers
(Results shown in figures 7.17(a) and (b)

Power losses were measured using the connection dizgrem of
figure 10.27 for the transistor chopper and that of figure 10.28
for the thyristor chopper. In each case, fhe power loss in the
chopoer was calculated as the difference between the inpuil and

output powers, measured on the wettmeter.

istor end thyristor chopbers

e —_

]

(ii) | OQutput voltage of the trans

(Results shown in figures 7.18 - 7.20)
The output voltage, a2s a function of the p.u.mark, chopper
frequency and loed current, was measured:using a d.c. voltmeter,

positioned as shown in figures 10.27 and 10.786.
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