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Abstract

A switched reluctance (SR) machideve has many advantageser other competondrive technologietn terms of
reliability and fault tolerance, which makes it particulaalyractive forsafety critical aplicationsin more electric
aircraft technologies However, an SR machirdrive requires a large Diink capacitor to buffer thele-fluxing
magnetic energy during a phase commutation period and todiilterc harmonic curreatfrom contaminating the DC
supply. This paper describes a switching technique for minimisafi the DClink capacitance irSR machinarives
and presentsxperimental results from a laboratory demonstrator. The proposethisgiimethod aims to maintam
constant average Dlihk current over a switching cycle, theminating commutatiofinduced low frequencgurrent
harmonics Consequently, the D{nhk capacitance can be minimisethe effectivenesof the proposed techniqus

assessed through filter design aleanonstrated by experiments witldSPACE control platform.

List of Symbols

C DC-link filter capacitance, F
lc Capacitor current, A

lgc DC-link current, A

ldc.ave Average DGlink current, A
loh Phase current, A

l phrms Rms value of phase current, A

Is Supply current, A

Is,p2p Peakto-peak phase current, A
L DC-link filter inductance, H

P Power, W
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Tozp
Vdc
Ve

Vep2p

DC-link filter resistancef2

Periodof a pulse width modulation cycle, s
Electromagnetic torque, -k

Average electromagnetic torque;ni
Peakto-peak electromagnetic torque;ml

DC supply voltage, V

Voltage across D4ink capacitor, V
Peakto-peak voltage acss DClink capacitor, V
Nominal DGIlink voltage across capacitor, V
Demand speed, r/min

Motor speed, r/min

Rotor angular displacement, mechanical degree



1 Introduction

A switched reluctance (SR) machine drive ipatenial candidate for safety critical applicationsy more electric
aircraft technologiessuch as a starter/generatorteys, due to a numlreof desirable features which includgatively
high power densitgompared to induction machindsgh speed, simple construction and their abilityoterate faults
and tooperate in high temperature and in harsh environmer$. However, due to doubly salient stator and rotor
poles, and discrete phase commutation, significant torque ripple ragdparadial force pulsation will be generated.
Careful electromagnetic and mechanical design is required to miniesedtantnoise andvibration. On a different
aspect, te defluxing magnetic energy released from an outgoing phase winding wheg $&witched off causes
significant voltage and current ripples in B€-link capacitor. The capacitanbas to be designed sufficiently large
orderto reduce the ripple contents to an acceptable level. Consequently,dinkR&pacitor is one of the most bulky
and unreliable g#s in an SR machindrive system, and seriously compromises the attainable system reliability and

compactnesb].

It is possible to employ an actlyecontrolled frontend converteror power factor corrector (PFG) reduce the
capacitor sizeas has been proposed for both SR and other types of drive syétdrfjs However, thisincreases
system compldky, size costand weightas well as compromisesystem efficiency An auxiliary winding and a
capacitor are adopted ind] to buffer and dissipate the -flexing energy. In this scheme, a part of thefldging
energy is absorbed by the auxiliary winding éimelcapacitor, instead dfy the DGlink capacitor. The converter circuit
is specially designed to cope with seechanges The average torque is increased since the energy in the auxiliary
winding is utilized However, theextra winding incresesthe costalters the machine desigmd reducepower density.

Two techniquesvhich do not require additional winding and circuit componeotsniinimsation of the Ddink
capacitanceén an SR machine drive have been reported. The duty ratio of #se phrrert is controlled in [13] to
balance the power transfer between the outgoing phase and the incomingyshesa phase commutatievhilst the
voltage across the Diihk capacitor is controlié within a hyseresis band in [14 When the capacitor voltage igher
than the upper voltage band, thefllxing current of the outgoing phase will not be allowed to flow bacthéoDC
supply. However, both techniques are only effective in reducing-ogaéak DClink voltage ripple when the DC
power supply is déved from a diode rectifier and when there is no inductive compdretnteen the DC power source
and the D@&ink capacitor. In many applications, however, the DC supply is deriesd & DC power network and an
inductive filter is often necessary to m@etwer quality and EMCQequiremerg or the inductive effect afables is not
negligible.In addition, the current drawn by the SR drive from the DC sowittethese techniques contain significant
harmonics at integer multiple of commutation freque@gnsequentlythe power quality may beompromisednd do

not meet certain standards



This papelproposes a newwitching technique for miniméion of DGlink capacitance in SR machine drives. This
is achievedy maintaininga constant average Dlthk currentover a switching cycle. fie proposed techniqimas been
implementedn a laboratory demonstratand validated experimentallyhe rest of thepaperis organized as follows:
Section 2describes the ptiple of operation. Section Bresents simulation reks andcomparisons with typical
techniques in the current staiéthe art Section 4assesses the impact of the proposed techniques on the reduction of

capacitorand filtersize. Section presents experimental results before drawinglusion in Section 6

2 Principle of operation and control modes

Figure 1(a) shows the schematic of an SR machine drive in which asymmetsiadgles are connected to the DC
power source via a LRC filter which represents the combined effeat chttle and filtedn someapplications, the DC
power is derived from a diode rectifier, and a simplified representitivgt is shown in Fig. 1 (b)

When conventionahysteresis current conlris employed the resulting DItk current, 4 contains high frequency
switching farmonics as well as commutatiorduced low frequency harmonics which are caused by fluxing of the

incoming phase and dkixing of the outgoing phase during a commutation period
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Fig. 1 Schematic of SR drive supply circuits and-ID capacitor voltage (dpC bus bar supply circyi{b)
Simplified diode rectifier supply circyi{c) DC-link capacitor voltages

The DGlink current harmaic is therefore composed bigh frequency switching harmonics and low frequency
commutation harmonics. This causggnificant voltage ripples acrofise DClink capacitoras shown in Fig. 1 (dpr
the two supplfilter circuits in Figs. 1 (a) and (b)and current ripples in the filter inductor oretfdC supply. The

frequency of the commutation harmonics decreases with machinesspiteldw speed, a large D@Aink capacitor is



necessary to limit the voltage and current ripples below their permissitds.|éfhus, commutatieimduced low

frequency arrent harmonics are the fundamental cause of the large capacitor size in SR drives.
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Fig. 2 Control diagram of proposed method

However, f the power transfer between the Hitk and theSR converter iskept constant, the voltagend current
ripples can be greatly reduceéthe new switching technique for SR machine drives is based on thigptdhoe DG
link current is measured and integ@ over a switching period. The resultamerage Ddink currentis compared to
the demand and the output of the comparisarsed to control the switching processeasematically illustrateth Fig.
2.

To keep a constant average {1k current during the operation, the proposed switching technique opgrates

modes: onghase active mode and commutation mode, depending on the status of theSR dr

21 One-phase active mode

This mode arises when a phasenmutation has been completed and only one phase is excited in a dwell period.
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Fig. 3. One active phase mode (a) turn on (b) turn off in freewheeling r
At the beginning of a switching cycle, tvaativeswitches of the converter are turned on, as shown in [&y.3The
phase current rises and so does thdirdkccurrent. The ddink current is inégrated to obtain the average ik

current PC,,g as follows:

1 t
DCyy == [1t (1)

avg
co

whereT, is the pulse width modulation (PWM) period. Sirlgds constantDC,,q increases witlthe time integration

of ¢« When it reaches the demand valD€yng One of theactive switches, e.g, 5, turns off and theonvertemow



operates in a fre@heeling mode, as shown in Fidl®. The resulting Ddink current becomes zero, and the integrator
output is mairdined atDCyng¢ The switching process repeats in each PWM cycle by resetting the integrdterstart

of each cycle.

2.2 Commutation mode
A commuation mode takes place when amtgoing phase is switched off, releasing thelaéing energy and an
incomingphase is switched on. In this mode, the switches of both the incomingudgang phases are controlled by

comparison of the demand and thetput of the D@ink current integrator in the similar manner as those described

previously.
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Fig. 4 Commutation modand resultant waveforn{a) incoming phase turned on, outgoing phase in freewheeling mode, (!
incoming phase turned on, outgoing phaseedrwif, (c) both incoming phase and outgoing phases in freewheeling (dpde
waveforms of phase current,-tick currents contributed by incoming and outgoing phases, Agtldcurrent and integrator
output

However, if the current in the incoming pkads less than that of the outgoing phase, the outgoing phaseeid tffn
in the freevheeling mode, as shown in Fig(&). Otherwise, it is tued off inthehard svitching mode as shown in Fig.
4 (b). The defluxing energy of the outgoing phase is #fere fed to the incoming phase. Whitse output of the
integrator or the average DDk current reaches the demab@,,,q both the incoming and outgoing phases are turned

off in the freevheeling mode, as shown in Fig.(d). The process repeats in each PWM cycle. Thus tHkixiag



energy released by the outgoing phase is either dissipated byhtseljh freewheelingr fed to the incoming phase.
Consequently, the average Bi@k current over a B/M cycle is maintained constant during phase commutstion

The resultant waveforsnof the phase currents and Bi@k currens in one phase active mode and commutation
modeareshown in Fig. 4 (d)In one phase active modéhere the rotor angl@is less than 18 mechanical degrehe
DC-link current flows to the active phase when the integrator output has néiedettte demandDuring phase
commutation, the DAInk current is contributed by the incoming phase onlyemthe current in the outgoing phaise
greater than that in the incomiphase Whenthis cordition is reversed, the efuxing energy of the outgoing phase is
allowed to feed into the incoming phase, and the netifldCcurrent drawn by the converter is reducdthe DGlink
current becomes zero in both modes when the integrator output reachesahd @amsequently, the average Bigk

current over a switching cycle is kept constant.

3 Simulation studies

The proposed switching techniqueferred to as Ddink current integration control (DLCIC)s further investigated
by extensive simulationsm MATLAB/Simulink environment in conjunction with SimPowerSyst&' Toolbox. The
schematic othe simulation block diagram is shown in Fi§. For the purpose of comparison, simulations was®
performed foithe conventional hysteresis current con{dCC), thepower balance control (PBC) [[L8nd the volage
hysteresis control (VHC) [14The parametersf the SR machine and the Diters used in the simulation are listed in
Table 1 The SR machine model is derived from electromagnetic finite eleamahisis.The switching frequency is set

at 10 kHz and the machine speed@®90r/min.
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Fig. 5Schematic of simulation block diagram
TABLE 1
Parameters of SRiachine and filter
SR Machine Filter

Number of phases 3 Resistance(®) 0.1
Number of stator poles 8 Inductance (mH) 0.46
Number of rotor poles 6 CapacitanceyF) 1000
Rated power (kW) 15 DC voltage supply (V) 270
Rated torquéN-m) 20 Maximum speedr(min) 12000




Each technique wasmulated with twosupply circuits, DC bus bar circuit, and diodectifier circuit,asshown in
Figs. 1(a) and (b)respectively.

Fig. 6 (a) showsthe simulation results of the HCC with tldéode rectifiersupply circuit. As will be seen, the
negative DGlink current as a result of dlixing during the commutationgpiod gives rise to a significant increase in
the capacitor voltageConsequently, the diodectifier will be reversebiased and the supply curreht becomes zero
during the commutation perio8oth the capacitor voltag&/., and supply currents, contain significant harmonics at
the commutation frequen@nd its integer multipleS'he peako-peak voltage ripple is 4.82.V

Fig. 6 (b) shows the simulation results of the VHC with the diode rectifier sugiptuit. Due to voltage hysteresis
control, defluxing energy is not allowed to feed back to the-IDM® when the capacitor voltage is greater than a
specified upper band. As a result, the capacitor voltage is kept within tleedsys band, but harmonics in the supply
current is still very significat. In addition, the current tail of the outgoing phase is slighttyeiased as compared to
that of the HCC due to the fact that the outgoing phase is turnedfadinheeling mode when the capacitor voltage is
greater than the specified upper band.

Fig. 6 (c) shows the simulation waveforms of the PBC when supplied byidde dectifier. The resultant voltage
ripple is much lower than that of the HCC as duty ratio of the @se currents is controlled to balance the power
transfer between the outgoing phase and the incoming phasey commutation. Similar to the VHC, significant
supply current harmonics is present, and the commutation period tydiigiger than that of the HCC.

The simulation results of the proposed DLCIC supplied from the siéde rectifier circuit are shown in Fig.(d).

It is evident that both the capacitor voltage and supply current only edr@ainonics at switching frequency and the
harmonics at integer multiple of the commutation frequency have betrmllyireliminated. Another noticeable
difference from the other three techniques is that the current tail ioutigeing phase is much longer and the phase
current is not constant, being larger in the first half of the dwell peBoth are due to the fact that theftlex energy

in the outgoing phase is only allowed to feed into the incoming phase undet@e€.O his eliminates negative DC
link current, but gives rise to longer commutation periods.

Table 2 compares the performance indicators among the technigongsshelied. It is evident that the DLCIC
yields the lowest voltage ripple, being 5 times and 3 times lower than that o€tent! the other two, respectivelty.
is also evident that the pe#&dcpeak torque ripples which result from all the technicaregjuite high, due to relatively
lower number of phases being employed in8Ranachine. Nevertheless, the torque ripple of the DLCIC is lower than

that of the HCC and VHGnNd slightly greater than that of the PBC.
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Fig. 6 Simulated waveforms of four switching control schemes of SR coevart1000 r/minsupplied from diode
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The supply current ripple frorthe DLCIC is also much lower and mainly due to PWM switchinghe high
frequency current harmonics can be easily filtered as will be discusseelqeahly. While the capacitor voltage
ripples ofthe VHC and PBC are lower than that of the H@@r current ripples arstill as high as that of the HCC.

From Table 2the rmsphase current, the average Bi@k current, and the average torque of all techniques are close
exceptfor the PBC whose values askghtly lower. The torque per rms phase current which is indicativéicieacy

is alsoclosealbeitthe value othe DLCIC is marginally lowerdue to itdonger current tail inthe outgoing phase

TABLE 2
Comparison of performance_ ind_icator from diode rectifier supply
circuit
Performance HCC VHC PBC | DLCIC
Ve p2p (V) 4.82 2.68 2.35 0.89
Is,p2p(A) 18.56 | 18.56 18.86 8.77
ldc,avg(A) 9.74 9.98 8.77 9.83
Tavg (N'm) 17.08 | 17.54 15.73 | 17.03
To2p (N'M) 19.24 | 17.24 13.35 | 15.93
I oh,rms (A) 40.41 | 40.75 37.18 | 40.77
T/ lph,rms( N'MV/A) 0.423 | 0.430 0.423 | 0.418
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Fig. 7 Simulated waveforms of four switching control schemes of SR conart€00 r/mirsupplied from DC bus ba
(a) HCC, (b) VHC, (c) PBC, (d) DLCIC

Simulations were repeated with the DC bus bar supply circuit showigi 1(a) under the samoperating condition.
Fig. 7 (a) shows the resultant waveforms of the HCC. As will be seen, the dngl, the phase current, thelidk
current and torque waveforms are essentially the same as those in Figuevelr] the absence of diodes allows the de
fluxing energy being stored in the filter inductor or exchanged vighC supply. The resulting capacitor voltage
ripple is increasg and the supply current)lalso contains commutation induced low frequency harmonics.

Figure 7 (b) andFigure 6 (c)show the waveforms which result with the VHC and PBC, respecti@gnpared to
the waveforms in Fig6.(b) and (c)obtained from the dibe rectifier supply circuit, the capacitor voltage ripple is
increased while supply current ripple is reduced, due to the fact that tigg @ntlre DClink can be either stored in the
inductor or exchanged with the DC supply. This implies that theyabilithe VHC and PBC to minimise the capacitor
voltage ripple in the DC bus bar circuit is not as good as that in the diddiereacuit. In addition, the commutation
period of the VHC is also noticeably increased.

Fig. 7(d) shows the simulated wafeems of the DLCIC from the DC bus bar circuit. They are virtually tieesas
those with the diode rectifier circuit except that the switching harmamittee supply current is significantly reduced
by the filter inductor.

Table 3summarises the perfoance indicators of the simulated techniques. Due to the filteringt edfethe

inductor, the supply current ripple of all techniques is reduced, cechpdth those from the diode rectifier circuit. In

11



particular, the current ripple of the DLCIC is mohan an order of magnitude lower than those of the other three. In

contrast, the capacitor voltage ripple has been increased except for the prop@$€d Dhe voltage ripples of the

HCC and PBC are similar while the voltage ripple of the DLCIC is alswr@er of magnitude lower.

The average torque per rms current of the DLCIC is slightly low than thhediCC and PBC because the longer

current tail of the outgoing phase. However, the difference is very,drealg around 2%.

TABLE 3
Comparison of performanqe indicator from dc bus bar supply
circuit

Performance HCC VHC PBC | DLCIC
Ve,p2p (V) 10.96 7.70 9.62 1.03
s p2p(A) 8.73 511 6.94 0.33
lde.avg(A) 9.75 9.82 8.77 9.86
Tavg (N-m) 17.10 16.99 15.73 16.99
Tpzp (N-m) 19.24 17.90 13.88 16.44
lohrms (A) 40.42 | 41.09 | 37.18 | 41.06
T/ lonms(N'MV/A) | 0.423 | 0.414 | 0.423 | 0.414

It follows that theproposed technique igry effective withboth the diode rectifier addC bus bar supply circuits in

minimising thecapacitor voltagand supply curremnipples.

Fig. 8 (a) compares Ddink current spectrums dhe HCC ad DLCIC. The commutation &quency of the machine

at aspeedof 1000r/min is at 400 Hz. It is evident thahe current spectrum of the HCC contains harmonicthat

integer multipls of the commutation frequency while the harmonics of h&€IC at these frequencies are virtually

Zero.
Harmonics of DC-link current at 1000 r/min
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Fig. 8 Comparison of D&ink current harmonics and average torque per rms phase current between &dCHTC.
(a) DC-link current in the commutation frequency rani® average torque per rms phase current
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The average torque per rnphase current of the proposed technique can be improved by optimizingrtos tand
turn-off angle as has beatone for the HCC and other two techniq{Es][16]. Fig. 8(b) compareshe averagetorque
per rms ampereof phase currenbetween the DLCIC rad the HCC.As can be seenyhen the speed iselow 3000
r/min, the torque per ampeie rms phase curremf the DLCIC is higher than that of the HCC because the optimal
dwell period of the DLCIC albw speed is now shorte than that of the hysteresBetter torque production capability
of the DLCIC can also be understood from the fact that a signifimanaiunt of ddluxing energy is fed into the
incoming phase. Consequently, the torque is boosted.

When he speed is greater than 300@in, however, lhe torque per ampere of the DLCIC becomes lower than that of
the HCC because the current tail of the DLCIC is longer with further advariee turnon angle. This leads to a small
negative torque due to longer current tail, and hence reduction in ttagaverque. Therefore, the proposed technique
can be used in conjunction with thlCC. When speed is below 30@®nin DLCIC will be used otherwise the HCC

used. The change of the switching techniques can be easily managed by aatityitdler.

4 Capacitor sizing

Since frequencies of commutation induced voltage and current rippldseceéery low at low operatingpeed, the
SR drivewill require a very bulky filter to satigfpower quality requiremesitn aerospace applicationsuch as those
specified in[17] and [1§ when employinghe HCC. By combining the DLCIC witthe HCC, theminimum operating
speed of HCC has been increased to 30®ih for the SR drive under studynd the resulting comntation frequency
of the driveis 1200 Hz. Further, since éhvoltage and current harmonics of the DLCIC is at a much high PWM
frequency (10 kHz), a filter designed to satisfy power quality at 1200 kHihéad CC operation will beufficient for
DLCIC operation at lower speeddence the worstscenaridor the fiter design is HCC operaticat 3000r/min for the
SR driveunder study.

It is essential thaEMI noiseof a SR converter is sufficiently attenuateda filter. However, such a filter design also
needs t@nsure drive system stability, e tightly reguatedconvertetbehaves likea constant powdoad and exhibits
negative impedance at the inperminal of the converter [}921]. The representativeircuit with the 2 order LRC
filter is illustratedin Fig. 9 (a), where the constant power load is represented by the current spurbe transfer

function of the system is expressed by

Vo _ %_c
Ve » (R P 1 PR (2)
LV LC VALC

whereP is theinput powerto the drive

13
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Fig. 9 Stability and power quality constraints for filter design Eajuivalent circuit with constant power load, (
Stability lines with varied input resistanc¢és) Stability line and power qualityoundarywhen R = 0.1Q.

The stability requirement of egn. (2) can be expressed by a liekdionship between the filter capacitance and
inductance for a minimum system damping of 0.03 [22] for a given R abthéal supply voltagef@70V, as shown
in Fig. 9(b) where the filter resistance R is varied from 0.01, 0.05, 0.1 an@.(0F2r a giverR, any combination of C
and L above the corresponding line will satisfy the stability requrtm

To satisfy he power quality the variation of thminimum capacitancas a function of inductance for a given R,
which meets 3 conditioristed below:

(i) peakto-peak capacitor voltage is letbmn 10% of the supply voltage;

(i) harmonic spectra of normalized capacitor voltage are within-$MD-704Fstandard [1], and
(iii) harmonic spectra of normalized supply current are within{8TMD-416E standardl@].

was obtained by simulations.

The powemuality linefor HCC operation at 300@min is plottedtogethemwith the stability linefor R =0.1Q in Fig.

9 (c). The intersection otfhe two lines represents the best combination which satisfies both the powely caralit
stability requiremerst

To obtain a filter design wittminimum weight, thefilter weights which results with the four resistealuesare

estimated The resistor weight is estimated byamge of power dissipation from suitablecommercidly available
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power resistorseries The inductor weight iminimized and then calculatdny an optimaddesignprocedure described
in [23 - 24]. The capacitor weight is estimated according to the data shaetuidhblecommercially availablenetal
film capacitor seds which has good reliability at the nominal voltage for safety critigaicapions.

The weights of all filter components are given in Table IV. If thedBiRe employs the HCC and op&ra at a
minimum speed of 10@/min, the resultant filter parameteand weights which satisfy both the power quality and
stability are given in Table V for comparison purpose. From Tabesd 5 the minimum filter weight is obtained with
R =0.1Q. Itis also evidenthatthe proposed technique in combination with#H@&C yields a minimum filter weight of
3.74 kg, which is almost 20 times less than that of the HCC operktsbrauld also be noted that the smaller filter size

with the proposed control is conducive to significant cost reduction.

TABLE 4
Filter Component Weight witiCombined DLCIC and TABLE 5
HCC Control Filter Component Weight witHCC
Component Weight (kg.) Totzal(év)mght Component Weight (kg.) Totzal(év)mght

R 0.01Q 0.05 R 0.01Q 0.05

L 0.048mH 0.25 9.55 L 0.89mH 4.56 172.2
C  3760pF 9.25 C 68870uF 167.60

R 0.032 0.19 R 0.032 0.19

L 0.134mH 0.60 4.2 L 0.25mH 16.19 77.13
C 1361pF 3.41 C 24934uF 60.75

R 0.1Q 0.51 R 0.1Q 0.51

L 0.195mH 0.86 3.74 L 3.60mH 26.80 69.17
C 933uF 2.37 C 17170uF 41.86

R 0.2 1.22 R 0.2 1.22

L 0.282mH 1.25 4.16 L 5.17mH 42.88 72.89
C 653uF 1.69 C 11797uF 28.79

5 Experimental validation

The proposed switching technique for minimising the DC link capacitaas®denmplemented antksted Fig. 10
shows the testing rig of the experimental SR motor drive syatemseparameters are given in TaldleThe objective
of the experiment is to verify that the proposed switching technique aalibed in a practical system for an effective
reduction of the Déink voltage ripple hence minimising the required Idk capacitance when comparedth the
conventional hysteresis control. The motor is loaded in the experbyeant induction machbased dynamometer at

its ratedtorque of 4N-m.

15



SR machine

Fig. 10Experimental setip

The SR converter is comprised of §andardGBT modules. Each module us2sactive switchesrad 2 diodego
form an asymmetric Hhridge. The phase current transducer andifielink capacitor are also integrated in the
converter module TheDC-link capacitor bank contains eigh®-pF metal filmfoil capacitos with a total capacitance
of 320 pF. The capacitors are installed beneath the IGBT modules via twarpbarsbars. The DGlink current is

reconstructedrom phase current measurements and coavenitching states aocding toeqn.(3):

lae =D (oSt~ Son) + (ipn - Sun - Son) &)
This signalis fed irto a resettable analogirgegrator forthe DLCIC operation.

A 270V DCpower supply is connected toet convertervia 25m cable with estimated parasitic inductance of 100 uH
[25]. The proposed technique is implementedd8PACE systenat 10 kHz PWM fregency. For comparisonthe
hysteresis control is also implemented andetést

During the tests,hie SR driveoperatedin closedloop speed contrchat a constant speethd theload torque ws
controlledby the dynamometefSince the proposed method is md&&ive when operating in spegat orbelow 3000
r/min, the experimental results are presented for them &hd 300 r/min operating conditionThe experimental
waveforms for voltage, current and logical sigraake measured by high bandwidth voltagd aarrent probes and they
are recorded in Yokokawa Digital Scope DL750 with a sampling rate of 10 MHz

The dwell signalthe phase currentyf), the DCIlink capacitor voltage (Y, thesupplycurrent (L), and the machine
torque (T) obtained from the conventional hysteresis currentral are shown in Fig. 14a) and those from the
propo®d technique are shown in Fil (b). Both the experiments have the same tworednd turneeff angles,

being 3 and 18 respectively.
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Fig. 10. Expemental waveforms at 4-kh, 3000r/min. (a) HCC, (b) ProposedLCIC

As can been seethe peakio-peakcapacitor voltagevhich results from the hysresis control is 20.67V ansl much
higher than that from the proposed method 11.33V. More importaimiyproposed switching technique prevents the
negative DC current during the-flaxing period of an outgoing phase and hence effectively removes the catiamut
induced low frequency harmonics

Not only the capacitor voltage ripple is reduced, ripple in the supply currenivhich results from the proposed
switching technique is much lower compared to that from the legi¢econtrol. The peak-peak value ofJfrom the
hysteresis control is 22.08A while that from the proposed technique is.5I18Aould also be notetiat although the
commutation period of the proposed technique is longer than that of the higsterdsol, the rms phase currents of
both the techigques are very close, being .Q8A for the hysteresis and 17.97A for the proposecdhiqak.

The measured torque waveforms for both the hysteresis and proposedtechtrimjues appear to be smooth. This is
due to the fact that the output of the torque transducer is processed hyim lbui pass filter with a cubff frequency

of 40 Hz.Thus the torque ripple of the SR machine is smoothed out by the filter.
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6  Conclusion

A new switching technique aimed faninimising the DGlink capacitancein an SR machine drive has been
described. By maintaining a constaverage Dink currentover a RVM switchingcycle, the commutation induced
low frequency harmongcin the DClink currentcan beeliminated.Thus, the proposed technique can significantly
reduce the capacitor voltage ripple ahd supply currentipple in the DCGlink of an SR drive whe operating at low
speedslt has been shown that by combining the proposed technique with the donakht/steresis current control,
the capacitor size and filter weiglein be 18 timefessthan that of the conventional hysteresis control for the same
power qualityand stabilityrequiremerg. The utility and effectiveness of the proposed switching technique beare
validated by experimental resulithe developed switching technique facilitates size and cost reduction of @R, dri

and removes one tifie barriers for the realisation of its full potential in safety critical apptios.
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