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ABSTRACT

Thlz paper gives the design procedure and testing reaulte of an eronoaical unlpolar inv-
erter clrruit., This clreuit tngether with a simple but rellable position transdurer had
been uped to drive a 2-phase variable relurtance diac motor, The prototype switehing clr-
rutt has one blpnlar pawer transistor per phase and an extermal resistor for dumping the
stored magnetic cnergy. The dlfferent romponents of the main switching rlreult, the inte=
rfare circult, the rontrol logle rirruit and the electronic protection cireuit have been
worked out., The running performance of thie drive system hae been investigated through
several experimental reeults. Different torque-apeed rharacteristirs ara ahown to be obt-
ainabla by controlling both awlteh-on angla and rondurtion angle, The overall parformance
of the syatam is still rather poor but it ia consldared to be satiafactory for this astage
of develament.,

1. IRTROTAKCT 1NN

Power electronie rireuzits have besn developed so fast such that asmiconductar devicss
having higher blorking voltagea, wore rurrent carrying rapability, shortar turm-of time,
lower Ariving aignals, wider safe aperating areas, higher avitching frequencriea and lower
roat are available. The progress la very fast and many new typas of statlc awitrhing dev-
ices are emerging from time 10 time, Nowadays there are diffarent switrhing devicea sult-
able far slectrical machinee, surh as: thyristora {SCR), bipelar junctlon transistorm
{BJT} , Iarlingtona, gate turmn off (GT0O)}, matal oxide asmiconducrtor field effecrt transis=—
tora (MUSFET) and insulatad gats tranmistors {ICT). Each switching device haa lte own
dlatinct features whirh make it sultable for certaln application more eronomically than
other typea.

Many novel power elertronir circutta heve besn introduced to drive the different types of
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the well known marhines (dc machinea, synchronous machines, and indqurtion machlnea), Aleo
a considersble research effort has been devoted to the deeign of new, forme of special
elertrical marhines and thelr apprepriste swltching circuite euch me 3 Stapping motors,
Switched Relurtance Drives {(SHD) and Permanent Magnet brushlees machines (PM), But, in
rantrast with the conventional marhines, Steppere and SBD do not work without employling
euitable types of elertromic cireulte. Also, theee eperinl machinee and their driva cire~-
uits are completely interacrtive and ithe whole ayatem characterietica are greatly affacted
with the type of the awitrhing circuit ueed.

It must ba noted that the power electronic deamigner wmuet rhoose the proper switching
devire whirh eatiafise the required appliration mors economirally and due to the rapid
development in this fisld he must develop the comparison criterion from time to time.

As an example, at the begining of 1670, with the devices available at that tims, 2 compa-~
rison showed that transiafors repreeent the most rost effective solution for inverter
~lreuits up to 2 KW rating and abeve this leval the SCR wae dominated. Nowadayas the pict~
ure is rompletely different. -

The maln concern of thie paper is to demonetrate the deeipgn and building of a switching
circuit which can be ueed to energise an SR diac motor. The next Section reviews the dif-
ferent components of a switched reluctance drive system (the varisble reluctance motor,
the position esnsor and the complets switching circuit). A prototype awitching circuit
consisting of the main ewitching circuit, interface circult, control logle ecircult and
protection circuit, is describad in detaile in Section 3. The experimental running perfo-
rrance of the whole drive aystem is given in Section 4,

2. AN SHD SYSTEM

& Switched Reluctance Drive asystem is ons of the recsnt development in ths field of elec-
tyonically controlled variable speed drive ayatems, 1t has many advantages over the conv-
entignal types auch asi

1) Being brushless which makes it enitable for hazardoue areas.

2} 1te terque is independent of the current direction so, a eimpls and reliable unidirec.
tional ewltching cireuvit ie required in contraet with the most complicated and costly
bidirectional switching circuits required by AC or PM machinse.

3} The syatea is completely controllable in the four quadrant of operation,

45 It is & highly efficlent system and can produce more than 50% higher in output torgus

than a conventional system in the ssme frame size,

An SAD conslste of a variable reluctance machine (cylindrical or dise), pesition sensor
and switching circuit. A brief deecription of these different components will ke givem

2.1 The Hotor

The variable reluctance motor uvesd in the work presented here ia a diac type which ie
slaply congtructed from two fixed diacs carrying ihe excliting coile wound on a number

of poles. The rotor is & disc mounted on a shaft and has a related number of polss on
both sides but it dees not carry any winding of any type, The number of rotor poles
dependa vpon number of stater poles and number of phases. 1t must be noted that the rotor
diec is made of a non~magnetlc materisl which makes this motor suitable for mervo applic-
-atione (very good dynamic performance). The detalls and design method of this motor is
given in /1 /.

The disc mator ie a 2-phase motor with 4 stator poles for each stator disc and 2 rotor
poles on each slde of the rotor dlec. Thie motor ie inherently non-selfatarting as at
least 3 phases are required to obtain a eelf-sptarting motor. 3o, B gpecial means is requ-~
ired to give the 2-phase actor its etarting camability. The msthod used was to rashape
the palea and create a etsp in the air~gap araa to extend the poeitive inductance variate
ion angle / 1 /. ’
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2.2 Position Senser

The main functlon of the position sensor ie to detect the positlion of the rotor poles
relative to the stator poles and tranefers 1t to an electronic signal. Thls slignal le
used to contrel the switehing of the sppropriate translstor. Two optical heads were moun~
ted an ong of the fixed discs with the facility to control the angle between them {thias
angle i defined ma the conduction angle). Also the two opbical heade can be moved toget-
her in erder to awitch on the phase winding hefors the start of the rieing inductance
region (this is called the early turn-on angle}. A ¥ans with two asctors each of 90 deq.
waa fixed on the rotor shaft to interupt the two optical heads, The vane waa fixed in

a position such that ite leading edge coincides with the leading edge of one of tha
rotor poles / 2 /. output signals of ths optical heada are shown in Fig. 1, whare both
awltch-on angle and conduction angle can ba controlled,

2,3 Switching Circuits

There are saveral switching circuit configuratione suitable for energleing s variable
reluctance’motor working ae an SHD ayatem; =ach hae its own merite. The maln factors whi-
ch determine the choice of the right conflguration are the pawer rating of the driva eye-
tem, ths de link veltage, cost, and typa of application / 3,4 /.

It must be noted that in all the ewitching circults required by an SHD, a phase winding
ig connected in series with the maln ewitch{a) thus preventing the "shoot-through" fallu-
re whicrh ts usually unavolidable in most bipolar switching circuitsa,

The most commonly used circuits ara:
{1) External resistance-dump circutt / 3 /.

Thia clrcuit is shown in FPlg, 2, Each phase winding ls comnected in aerlea with one
BJT and in parallel with a branch consisting of a diode and an sxternal resistance

{r ). ¥hen the BJT 1s conducting, the de link voltage ie applied across the phass wi~
ndfng and when 1t la awitched of{, its collector voltage rises until the dlode becom~
en forward blased and the winding current clrculates in the circult consisted of the
winding resistance {§}, the external reaietance {re), and the diaodey thus dissipating
the stored magnetlc emergy as heat in thaae resistances, Thia cireuit ie simpls,
cheap, and auitable for low powar application, The voltage rating of the BJT depende
on the value of the external reeletance used., The efficiency is low as soma of tha
input energy ia wasted in LI also it is not capable of regeneration.

{ii)asymmatric bridge circuit / 5,6 /.

Thie circult is shown in Fig.d. It is identical to that used by AC motora or ‘PM
motors except that with 3RD's phase windinge are connected in aerlea with top and
bottom awitches of the same leg rather than connecting the windings betwaen the ald
poirts of the different legs. The circuit is cosily requiring drivers leolation for
the top [loating ewltches, Two poesible control strategies could be employed, sither
current regulator control {wide-bandwidth current aeneor is required in serles with
mach phase winding) or voltage-PWM contral {only ons low-bandwidth current senscr is
required for over current protection), For currsnt control, there are three modes of
operation: the first ia the conduction mode where both awitches are closed and the
current bullds up in the phase winding with + V_ impressed. The second 14 the freewh-—
esling mode, where one switch le opened and the other ia closed allowing the current
to cireulate with zero applied voltage through the closed ewitch, the phaee windlng,
and a diods. The third ls the switching off mede, where both ewitches are opened and
a -ve voltage {- ¥ _} 15 applied allowing the current to decsy fast through the phase
winding, the two diodee and back to the eupply. Voltage rating of each ewitch is equ-
al to the dc link voltage (vs).
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3, PROPOYYPE INVERTEN CIRCUIT

After careful ldentiflestion of the different ewltching clrcult topologles; the external
resistance—dump conflguration was chosen to drivae the Z-phase SR disc motor, whoss detals
13 and statlc performance ave given in Reference [ 1 /.

The following conditione have to be met:

a)} The drive should be connscted to the aingle phase maln aupply in order to be used in
domestic applicationsa.

b) The ronversion process {from AC to DC) should be carried out in ag few astages as pose=
Ible,

¢) The number of main switcrhes should be kept to minimum,

4} The motor should be of the simplest poasible kind in order to reduce the ceost and mai-
nlenanca.

e} Torgue should bs available at standstill from any position and the motor 1s unidirect-
fonal.

£} Overall efficiency of the system is of low importanca.

The designed switching clrcuit can be devided into the following four parta:
l- Main ewitching clreuit,

a2~ Interface clrculi,

3= Protecticn clrecuit,

4= Control logle circult.

The design procedure of each circuit will be given in the following pub-Section,

3,1 Main Switching Cireuit

A3 the required rating is low {less than 500 W}, transietors are the best solution to ba
used as the maln awltches. For the two phasea, 2 traneistors are reguired. One for each
thase. Translstor type 2scliil, 1ite blocking voltage, ¥ _ . equals to 400 V, and ite
average collector current (1. ) is equal to 44, le CBonsidersd to be suitabla comp-
ared with what was available if the local market.

Two fast recovery diodes (IKi2/06 sK) ware gmployed to glve the facility of freewhseling
the stored magnetic energy.

The single phase main supply is rectifled using a full-wave bridge (S5VB 1043) and the
output is smoothed ueing an electrolytic capacitor {1200.4F), Thla value is celculated
to smooth the ripple, leaa than 10% , and high reliabllity 1s achleved by correctly
rating the capaclitor for lts rms current ripple according to the published data, Ths
dz link woltage Vs is 150 ¥olt,

The main switching circult for tha 2-phass disc motor with the value of each component
indicated ie ehnwn in Fig, I,

The voltage equation of a phase winding when it i3 conducting is given by,
d
L (L)

dt

¥ =i R+
8
Where; 19 is flux~linkags; 01 le phase winding resistance; i is the ilnetantansous curr—
ant and ¥ is the dc link voltage.

During swltehing-off the voltage equation is glven by

‘”" (2)

0 =1 (R+ L )+
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At suitching on the main tranaistor is driven in the quaal-saturation region whare the
collector-emitter voltage is the maturation voltage, When the main tranalstor ile awitched
off {ita coilector woltage risem and 1t dependa on the value of ths external resistance r
and the commutated current at the inatant of awitching off ( I_ ), thus the voltage rmti<
ng of the transistor used ls given by: ¥

Yee " Ve T iy T (2}
Thia implles that in order ito reduce the voltage rating of the mailn transistor 1+ is nec~
easary to use the minimum poasible valus of r . On the other hand, higher rate of change
of flux-linkage {good commutation) regquirea higher value of r (see equation 2 %,

30, the external rasistance has to be deaigned for a good comsromiae between thesa two
confllcting requiraments.

As the phase winding resistance { R ) is 10 Chm, and the peak current at awitch-off has

- been required not to be higher than 2 Amp, amd accordlng to the above two conditions,
ths external resistance has been chosen to be 25 Ohm , & W realator,

3,2 Interface (ircult

In order to operate the maln tranaisior in the eaturatlon region, 1t muet be over-drlven,
So, sach translstor has to be driven by an interface clrcult whlch operatee from signale
obtained from the control logie circult. The output of thle control loglec elrcuit e in
the order of 200 MA, which 1a not encugh to drive the main translstior. For thils reason tha
rireuit shown in Flg. 5 has been deslgned and bullt. it consiste of two etages of amplifi-
cation, each conslata of two iransistors connscted in Darlington { 230 945, 2501104 ).

The diffsrent valuea of the resistors appeared in this circult are calculated in auch a
manner to switeh on the main traneistor hardly into saturation,

3.3 Nontrol logic Circuit

The alm of thle circult ia to energlse ths interface clircult connected to the main trane-—
letor of the appropriate phase according to signalas from the twe optical heade, Aa ehown
in Pig. 6, it conslsts of tuc optical heads compriaing a gallium arsenlde Infrared emiti~
ing diode coupled to a silicon photo-transletor in a plastic housing, and a loglec clreult,
A 5 volt supply is used to supply this clrcuit. The logic can be reconstructed to catter
for both starting signals and running signale, but at thls stage ths control of iheae two
mode of operations wers made manually. Also a mlcropreocessor can be used to perform the
control lawa.

1,4 Protection ciroult

Protection of power tranmistors is not an sasy task because usual fusea are not fast enow~
ugh lo remove the faully part of the elrcuit without damaglng the main transistor, 5o, an
electronle protaction method must be employed. The resistancs detectlon method la used to
protect the power tranaletora of the main switching circult, In thle method the maln tra=~
naietors are protected from overcurrent by comparlng ths voltage drop across a realator
comnscted in serles with the main windlng with a refarance voltaga ueing a comparator, as
shown in Flg. 7. Thla reference value rapresenta tha maximum allowable current that the
trausiator could handle withaut fallurs. When the voltage drop exceeda tha raference vel-
ue, the comparaler goee low and the mailn tramslstor is ewltchad off,

It must be noted that the 2-phasze SR motor requirea only ons resistor for proteciing both
translatore ae there la no overlap between phases could happen.
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b, EXPERIMENTAL TEST RNESULTS AND EYALUATION

tne of the main advantage of S motors is that they can be dasigned to have different
_characterietics to sult the required application. Also, an SH motor can run in two daif-
farent modes of operation, these arer / 7

1} The chopping mode of operatlion, normally at low speed and the torque is controlled
thraugh the adjustment of the chopped current level. Fig., 8 shows a chopped waveform.

2) The single-pulse mode, at higher speeds whars the metiaonal emf' prevents the rapid bulld
up of the current at the stari of the rising inductance, thus reducing the positive
torque and slowing down ite decay. Hence, incrsasing ithe negative torque. Through thim
mode of operation it 43 necessary to switch on earlier and change the conduction angle
to produce the cptimum current wave~form which maximise the output torque or give bet-
ter efficlency. & single pulse current waveform is given in Fig. 9,

Thers is an optimun speed to switch over from mode (1) to mode (2). Determining this
spead les beyond the scape af thie paper.

The experimental rig used in the work pressnted here is shown in Fig. 10. The main results
of the extenaive tests are summarised sa follows:

1) The effect of both sWwilch-on angle and conductian angle on the voltage-apeed charact-
eristic at 0.5 Hm ls pgiven in Fig. 11, As depicted it is a linear characteristic.

2) Fig. 12 ahows the tornue-speed characteriptice at different switching angles, Both
constant torque region and canstant power reglon are clear, Also, the effect of the
awltching angles on controlling the speed of the motor in the constant power region is
shown,

3) optimieing the system efficlency is depicted using Fig. 13 (a), (b). The maximum over~
all efficiency for an output of 0.5 Nm at 300 rmm ia 42 %,

5. CONCLUSTINS

A unipolar switching circuit which has one main transistor per phase winding and an exte-
tnal resistanca to dissipate the stored magnetlic energy has been dssigned and built, The
aifferent comporents of this cirecuit have beem given in detalls. This prototyps circult
hae been used to drive a 2-phase 90 disc motor. The torque~speed charmcteristica of this
drive system have been experimentally investigated. The effect of itwo contreol parameters,
namely the switch-on angle and the conduction angle, on volt-spsed relation and speed
range haa heen shown, This switching circuit ie cheap, simple and suitable for driving
SN motors used in domestic applications, But it suffers from being low effleclent circuit.
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Fig. 10 The cxperimental rig showing lcading Inatrument,
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