I"H$%&
0 * '+ - .0 1. * '

1 23((4 ( , * 56 1$&2 002
$"#$"%2 31/ #778'7%9%

» 3(((

; 0 << 2 <$H2$$HY<A( 2"H#$T2"T8$HI8
= 0 << 2 <$H2S$HY<A( 2"H$T2"T8$HO8>

4 * . ?
0<< .2 22<<0 <6"9"%<
* *.0 I &
Y@ 02 0 A ?
, * 1& < 0, 2/ .0
?2?. 0 0., 07?2 * 0 ,
? ? 0 , '2'0100
0O O 0~ ?.. 0
* 0. < 0 24
2B
? ? .0 ? 0, .24 ?.0.,
* 0<< .2 22<0. 2.
4 , ) ? 1.0 * ?
* 0 0 24 < ?
0 * ? 0. 0. @ ! 0
, C 2&

o

%eq Northumbria : g

University UniversityLibrary

CUSTOMER

SERVICE
EXCELLENCE


http://nrl.northumbria.ac.uk/policies.html

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLELICK HERE TO EDIT) < 1

CostEffectiveand HighEfficiency
Variable SpeedSwitched ReluctancBrives
with Ring-Connected Winding Configuration

Xu Deng,Barrie MecrowMember, IEEEHaimeng WuMember, IEEE Richard MartinandYaohui Gai

and improved fault tolerance in comparison to conventional
Abstract? This paper presents a novel converter topology for machineg18, 19].

six-phase Switched Reluctance Motor (SRM) drives, which  Although the continued development of power electronic
reducesthe number of switches and diodes by half, compared with - jeyjices offers some support for higher phase numbers, the cost
?dedﬁ%r;\;?ngggzyassﬁggﬁgeé”iohrﬁg obr:'edn%fe XOZ\;/?&?;; CbL:; Qg;dzfng and volume Qf the convgrter, and the number of connections to
six-phase SRM is developed in the MATLAB/SIMULINK the SRM, allincrease with phase numtiére continued use of
environment and conventional @rrent chopping and angle asymmetrichalf bridge convertewith higher phases should be
position control techniques are applied to the proposed converter, reconsidered if possibleTherefore, despite the benefit to
demonstrating successful operation across the full speed range torque production, the development of SRM converters has
with modified conventional control techniques, lower converter tended towards fewer switches, fewer energy storage devices,

losses and higher system efficiencympared with the asymmetric .
half bridge converter. Experimental tests comparing two versions fewer connections between teRM and converter, and

of the proposed converter with an asymmetric half bridge are Increased efficiency.
described and verify the predictions of the simulations. Many potential converters exist for SRMs, including the
asymmetric half bridge converf@f], the Hbridge
Index Terms? Control method, High efficiency, Low cost convertef21], the magnetic type converfe?] and the
Power Converter, Switched reluctance motor (SRM) Switch  djssipative converter amongst otH&®}. The asymmetric half
number. bridge converter is most commly employed, exhibiting
excellent phase independence at the expense of a large number
of power electronic devices, requiring twewitches and two
witched Reluctance Machines (SRMs) offer manyiodes per phad€0]. Of the alternatives, the-bridge, bifilar,
advantages including simple and robust construction, lohd dissiptive converters each reduce the number of switches
manufacturing cost, high reliability, high efficiency and ay half, but each has consequent drawbacks and limitations.
wide speed range, and are therefore good contenders f®fe Hbridge converter is only suitable for four or multiples of
electric vehicle traction drivgs, 2]. In recent years they have four-phase machinef1]; the bifilar converter employs an
also been developed for the aviation indufg; 4]. extra inductance for each phase, which increases the converter
However, SRMs characteristically develop pulsating torqugost and volumég22]; the dissipative converter employs extra
which can give rise to significant torque ripple and acoustiesistance to absorb the energy stored @ phase winding,
noise, creatinga considerable Iimitati0|[|5]. Furthermore the giving rise to reduced efficiency and limited scope of
resultinginput power pulsations can necessitate a larger dc lirdpplication [23]. Except all the conventional converters
capacitor.The torque ripple can be 708 morein threephase mentioned above, osne application specific converter
SRMs[6, 7], and 50% or more in fotphase SRM$8, 9]. The  topologies for SRMare proposed24-26], which can also be
reduction of torque ripple is an active research topic angkated as the potential converters
improvement strategseinclude machine design optimization A method for driving a siphase SRM from a thrgshase
[10-12] and advanced caml techniques [13-17]. inverter has recently been propof2d; an unconventional
Fundamentally, the phase number of an SRM sets the num@gfiding scheme was invegtited in this context,and the
of torque pulses per electrical cycle and so directly determingssulting drive demonstrated low torguieple and high torque
the nature of the torque waveform. Higipérase motors have density in addition to a number of substantial benefits arising
experienced some popularity in recent years due to lowgbm the use of a standard convertemparticular, it was shown
torque ripple reduced phase current for a given power ratingow additional steering diodesectified the sinusoidal,
threephase supply to a sjxhase unipolar g suitable for a

Xu Deng, BarrieMecrow, Haimeng Wand Yaohui Gai are with Electrical six-phase SRM However. current control is somewhat
Power Group, School of Engineering, Newcastle University, Uk-mgé: !

xu.deng@ncl.ac.uk, barrie.mecrow@ncl.ac.uk haimeng.wu@ncl.ac.yk decoupl_ed from the machine in thiS anﬁguraﬁon and
y.gail@ncl.ac.uR. conventional SRM control cannot be directly implemented.

Richard Martinis with Nidec SR Drives Ltd, East Part House, Otley Road, The current paper develops the advantages of thetsise
H te, HG3 1PR, UK. {®ail:richard. martin@nidemotor. : . ) A
arrogate {@ailrichard.martin@nideamotor.com) SRM, proposing a ring converter topology which facilitates the
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application of conventional control techniques with someommutation time
adjustmentsBy employing the same number of power devices, Fig. 3 presents a siphase SRM driven by a thrghase full

the novel sibphase 8M drive system can produce lew
torque ripple than the thrgghase SRM drive systemA

bridge convertg29], in which six phase windings are arged
in a delta connection. The thrpbase full bridge converter

dynamic control model for this proposed drive has begiroduces threphase sinusoidal or trapezoidal currents to drive

simulated in MATLAB/SIMULINK and the results are

three pairs of arfparallel phase windings. In this configuration

presented here. On this basis, a second ring converter wath additional six diodes are used to convert the bipolaeot
addtional diodes is proposed for the avoidance of distortion waveform into two unipolar half waveforms. Note that
the current waveforms. Experimental investigation andonventional control strategies for SRMs cannot be applied
validation of the proposed drives is presented through a rangih this converter topology.

of tests on a dedicated0kW prototype SRM. TABLE I.
OPERATING MODES OF T SIX-PHASEASYMMETRIC HALF BRIDGE
Il. CANDIDATE CONVERTERSFOR SIXPHASE SRMDRIVES CONVERTER
Converters for sbphase SRM drives can simply be achieved 6 6 3KDVH $
by extension of conventional thrpbase designs. Three RQ RQ 9% O0DJQHWL]DW
candidate converters are examined, below. RQ RII =HUR 9ROWDJH )U
+ RII RQ =HUR 9ROWDJH )U
sy D1 RII RII -9%¢fHPDJQHWL]D)
Vo= phA phB phC phD phE phF TABLE II.
o OPERATING MODES OF THE SPLIT DC LINK CONVERTER
6 3KDVH $
_ D2| 2
RQ 9% ODJQHWL]DWL
+)LJ $V\PPHWULF KDOI EULGKD FIRG S 6 L RII - 9rHPDJQHWL]DW
s 1

phF
Vdc

phD
phB

T Cac2

J)LJ 6SOLW '& OLQN FRCOMH @50V IR

)
A
phB
% % Pno phA
phE
phC
A
o

Q A
phF

)LJ )XO0OO EULGJH FBRE&DNHWIOVIRU

phE

Ll
»

A

Fig. 1 shows a siphase asymmetric half bridge converter,
which is the most popular converter topology for SRM drives

due to its excellent phase independence. Depending on

onoff states of twoswitches in each phase, there are three -

operating modes for each phase as summarized in Talthes

Ill. PROPOSED CONVERTER TROLOGY AND CONTROLMETHOD

In order to develop the advantages of theiase SRM, the
ideal converter has the following features:

1) Minimal number of switches;

2) Minimal number of diodes;

3) Minimal connections between the motor and converter;
4) No additional energy storage element;

5) Conventional control techniques are applicable.

None of the above candidates are fully compliant and so a
new converter configuration is proposed heéfig. 4 shows a
novel converter for a siphase SRMreatedrom athreephase
asymmetric half bridge converter

+

+Vac

the

converter requires two switches, diodes, and power connections
per phase; there are no additional energy storage components
and themagnetization and demagnetization voltages are equal
in magnitude to the DC Ilink voltage with full phase
independence.

A six-phase split DC link converter is shown kig. 2
referring to a two phase split DC link converter[#8]; this
utilizes two equal capacitors to divide the DC link voltage in
two, and one switch per phase gives rise to only two switching
states per phase as shown in Tdbléhis converter requires
one switch and dide, and potentially seven power connections

yLJ

7KH SURSRVHG UL QSKHRUHY BIRJOVH U

between the converter and the SRM. The capacitors represerthis converter combines many of the advantages of the
an additional energy storage requirement, and thgndidates described Bectionll, requiring only one diode,
magnetization and demagnetization voltages are half teeitch and power connection per phase, having no additional

magnitude of the DC link, which normally leado longr
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energy storage element, and facilitating some form of dl, V. Ri
conventimal SRM current control. Compared to the full bridge dt de TATA (3
converter ofFig. 3, the diodes placed in series with each phase As six-phase SRMs usually have three adjacent phases
are no longer required. Sinceetlsix phase windings are conducting simultaneously, when all these phases have the
connected in a ring, this arrangement is subsequently nameghéne operating mode, they are connected in pargitgl5(b)
3ULQJ FRQYHUWHU" illustrates the magnetization mode of three phases in parallel.
: ' \ Phases A, B and C are magnetized simultaneously. The positive
dc-link voltage #Vqc is applied to the patlel combination of
phases A, B and C through switcheg, s, Ssc and $p. The
voltage equation of this operating mode can be expressed as
. .odl .

Ve S2Ri e Ri S R

Fig. 6(b) illustrates the proposed freewheeling mode of three
phases in parallel. In this mode, phase A circulates throggh S
and Dus, phase B circulates througlacsand Dug, while phase
C circulates throughgs and Dep. Therefore, there is no voltage
applied on the phases. The voltage equation of this operating
mode can be expressed:

-°d : A RA iA
® RB iB

Tq et

Fig. 7(b) illustrates the proposed demagnetization mode of
three phases in parallel. Phases A, B and C are demagnetized
simultaneously. The negative-tlok voltage-Vqc is applied to
the parallel ombination of phases A, B and C through switches
Sea, Sie, Ssc and $po. The voltage equation of this operating
mode can be expressed:

. .odl .
v S&RQ, Seori, Lo R

Whilst positive, zero or negative voltage can be applied to
any group of phases, there are sopwrictionswith regard to
the voltages applied to two adjacent phases. If, for example,

. positive voltage is applied to phase A, then Phase B must also
)LJ 'HPDJQH W\II_V]IEL\JNHiHRIgQ(IgﬁgJ\é g“; SR QYHU  have psitive or zero volts applied: the converter topology does

In the ring converter, adjacent phase pairs share one swift¢f Permit application of positive voltage to one phase and
and one power diode. For example, phase B shares its Rﬁgat_lve voIt_ag(_a_to the adjac_:ent ph:_:lse. The above restrictions
switch S$c and bottom diode g with phase C, meanwhile, give rise tg significant phase |r_1teract|o_ns and so the app_l|cat|on
phase B shares its top diodgsDand bottom switch & with of cqn\en_tlonal control strategles_ requires some _adapta?lon.
phase A The sharing of switches between phases reduces theF19- 8 illustrates the control diagram of the gikase ring
number of switches required but, just as in a standard th/g@'verter using a modified current control methdd.the
phase bridge, it also reduces phase independence, which figgram, the first two steps are similar to that of a conventional
now be explored. converter. _

Like theasymmetric half bridge converter, the ring converter Stepl: compare the phase current with the current reference
facilitates  three  operating  modes (magnetizatioﬁ’,alue to get the.current hysteresis contr_ol result. .
demagnetization and freewheeling) in each phase, dependi_n&tep 2: combine _the current hysteresis co_ntro_l res_ult with the
on the states of all six switches. These three modes #f¥'9 angles to achieve the single phase switching signals.
illustrated with a single phase ébetl inFig. 5(a), Fig. 6(a), and Step 3 is further designed in order to obtain the final

Fig. 7(a) respectively. The voltage equations of these mod&¥itching signals & to Gea. In order to guarantee enough
can be expressed; magnetization egrgy, the switching signalsseto Gea for the

dl, six switches in the ring converter are the logical OR operation

Vie Rila D : . L .
dt results of every adjacent two single phase switching signals as
dl, Ri expressed:
dt ala ()]
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(C GA|| G; ( 601offset between two adjacent phadéig, 10(a). The current

e GB"GC waveforms of the ring converteFig. 10(b), exhibit some
distortion by comparison,namely an increasing current

Go GG midway through the conduction period and a pronedniail

cH GD"GE (10) current after turoff. Although the current distortion increases
the maximum current rating of the DC link, it does not make

Cer GE"GF (11) torqueoutput inferior, converselythe ring converter produces

G, G "GA (12) higher average torque and lower torque ripple as showigin

Where G to G: are singlghase switching signals for phases A11. The torque output difference between these two converters
to F. Hence, if there is a positive demand for either phase A rgenerated by the increasing current midway which helps the

S . : ring converter avoid the lowutputin each conduction period
phase B, then £z is high and switch & is on. (encircled in purple ifFig. 11).

,,,,,,,,,,,,,,,, Step2 P
* ~ <
Iy m . = =
- ? il 8 ~ -
x I on& off < %
i* | = 3
. Is on& off % %
i* = . ke =
_ % - g - =
s le on & off 326 ig,
i = . = -
- ? = z G ” —_
. Ip on & off Goe ht ifj
i* e _ I
_ ? br g )Ge = ~
N e on&: off Ger s(Lf S:If
Iy [ ‘ Ring Converter - =
’ siiggndE)2cs 1 t(s)
IF on&: off = D E
T I - LJ 6LPX WLRQ UHVXOWYV RI VL[ SKDV

D

oD R
G BB DWBHPURIQVLFRQYHUWHU XQGI2|U PBG &L H B HRXWIUH
FRQWURO PHWKRG

yLJ &RQWURO WOl EULGJH FRQYHL

IV. SIMULATIONS

A dynamic model of a siphase SRM was developed in the
MATLAB/SIMULINK environment for simulation of the

proposed ring converter and a-pikase asymmetricalf bridge é
converter. The model used experimentally measured "
electromagnetic parameters from a prototypepsiase, 12/10
SRM, and the parameters are showFiim 9. Same current referencA, 160 Deg
2 o4 _ t(s)
Z s E J)LJ 7RUTXH FRPSDUSVRRREMWIWHERDYBUV
Fo2 N FXUUHQW FRQWURO
£ 014 g'.‘
20 s 180 These distortions arise from thghase interdependence
120 20 . . .. .
10 60 10 o 0 which is characteristic of the ring converter. For example,
Current(A) 00 Angle(Deg.) Current(A) 00 Angle(Deg.) . . .
b £ consider the time when phase B has been conducting for 60
)LJ OHDVXUHG QRQOLQHDU HOHFWURBRDY® and is midway through its conduction perio®hase C

SURWRW\SH D S5HODWLRQVKLS EHWRHBREL
5HODWLRQVKLS EHWEXUbQHORWERQGS R

A. Current Control

commences its excitation period with the closure of switgh S
Positive voltage is applied to Phase C and the state of phases B
and A are dependent upon switche SIf positive voltage is

In order to compare the performance of the converters at IG#Plied to phase A through closure e &nd S then positive

speed, current chopping control strategy is applied at 200rp

The phase reference current is Abthe turron and turroff
angles are O (unaligned positin) and 16Grespectively, an
the DC link voltage is 20V'.

uoltage is also applied to phase B, irrespective of whether it is
required. This situation continues until Phase C reaches its

d demanded current, and so the current in phase B continues to

increase, oless phase A is switched ofin summary,the

Fig. 10shows the six phase current waveforms under currefft/t2g€ applied to the incoming and outgoing phases affects the

control, comparing the asymiie half bridge converter with conduction state of the intermediate phase, owing to the
the ring converter. The phase currents of the asymmetric h&nduction overlap between the three phases.

bridge converter are approximate square waveforms and have "€ @ngle position difference between incoming phase N and
outgoing phase (N+2) isatculated by(13). As analyzed above,
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as long as phase N and phase (N+2) do not overlap, equatieduced, resulting in the tail current.

(14) is fulfilled and the distortion current aroun@ *&an be Since phase A is freewheelingnoring backEMF under
avoided. currentcontro,DSSOLFDWLRQ RI .LUFKKRIITV Y|
T e T %CL(N 2 N) 1200 Ve Up U U U
di i [ i (19
o Ty 1203 LTS LORE O L%

In order to verify how the conduction width affects the

current distortions around 60the following simulations are The distortion current can be expressed:

conducted. Varying the conduction width of the ring converter lg e 1p le s (16)
from 80 *to 1601, different current waveforms can be Substituting (16) into (15)gives:

subsguently observed and comparédg. 12 compares phase , ¥ gt

current waveforms under different conduction widths in i ° d

verification of this analysis. Varying the conduction width of Le( ) Lo( YV Lo( )7TL()

the ring converter from 880 160? it can be seen that currentwhere ,is the original flux linkagexistingin phases B, C, D

distortion is not present whereet conduction width is less than and E.Assuming =0, the distortion current is proportional to

120%s suggested by the analysis. the volt-seconds applied, and it is in inverse proportion to the
Limiting the conduction to 120 can prevent current total inductance of these four phases.

distortion around 6@ however a pronounced tail current after Tablelll gives the switching and phase conduction states for

turn off can still be observed iig. 12and may cause extra lossphases A and F over a slagelectrical cycle, indicating the

for the whole system. The reason for the current distortion afferesence of current distortion.

turn-off is once more the special winding connection topology TABLE I,
of the ring converter. In order to explain this, a control inStanReLATIONSHIPS BETWEENSWITCHES AND PHASESTATE IN ONE ELECTRCAL
of the ring converter is picked oabd shown irFig. 13. PERIOD
60 6s 6s% 3KDVH ) 3BKDVH $ &XUUHQW '
30 [ RII RIl RII - - QR
—lgggeg-}gi RII RIl  RQ - \HV
< — cg. 12A |
T2 A 120 Deg, 14A RII' RQ RII QR
2 — 140 Deg. 16A ™ RIl RQ RQ \HV
g 10 160D‘eg,18A RQ RIlI RII - \HV
2 \\ \’\é \ RQ RIl RQ QR
= og,{.ajié% \_69,425/7 RQ RQ RIl \HV
l l RQ RQ RQ QR
0.05 0.06 0.07 0.08 0.09 0.1 - - - .
s) Since two phases are conducting, three switches are active

yLJ 3KDVH FXUUHQW ZLWK GLIIHUHQW FR caad therefore thewane\eighy switah conguctioneambinations. It
is clear that there is murrent distortion when then conduction
states of the two phases under consideration are the same, since
there is no voltage drop across the four other phases. However,
the conduction states of adjacent phases cannot always be equal
and so the condition®ff current distortion are unavoidable.

A simple way to solve the problem shownFkig. 13 is to
connect a power diode in series with each phase winding
restrict the directions of the phasmirrents. This solution is
shown inFig. 14.

)LJ &XUUHQW ORRSV LQ WISKBYRIBFRYYHUWHU IR

At this instant, only phases A and F are conducting,
assuming application of the 12€bnductiorimit. When phase
F is in the magnetization state (green loop 1) and phase A is in
the freewheeling state (green loop 2), switchesaid $a are
SRQ" DQG DOO RWKHU VZLWFKHV DUH 3RII’
and E are now connected in series with theliDkC(red loop 3).

Phase E has just finished its conduction phase and is now
switching off. Howeverbecause Ipase F has positive voltage ~ )tJ  5LQJ FRQYHUWHO BILW &+BCDRIM GBI

applied via switch & then phase E cannot have negative rig 15 shows the current waveforms in the ring converter
voltage applied at the same time, so its rate of currenydsca
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with additional diodes. Current distortion is no longer presewbunt; this is particularly in evidence in current chopping mode

owing to the conduction width limitation and the presence @it the lower end of the speed range owing t® téduced

additional diods. However, the extra diodes increase thewitching losses. However, when the extra diodes are included,

conduction losses and the component count. the ring converter exhibits increased loss overall owing to the
30 additional continuous diode conduction loBs,

[
— 120 Deg. 10A
on —120 Deg. 15A] |
= 120 Deg. 20A TABLE IV.
g — 120 Deg. 25A SIMULATED CONVERTERPERFORMANCECOMPARISON
10
n
;g? Q U P 7ylP 755 3y 3
=%
0 $V\PPH
+DOI
0.05 0.06 0.07 0.08 0.09 %BULG

t(s)
)LJ &XUUHQW ZDYHIRUP RI WKH ULQJ FRQYH5ULV(\$I3|U ZLWK DGGLWLRQDO GLRGHV

B. Voltage control
In order to compare the performance of the proposed®LQJ Z

conveters under voltage control, an angle position control ({[WU!

strategy is applied at 150pm. The DC link voltage is 204,

the conduction width is 8Dand the advance angle i$ Big. 16 The Torque Ripple Ratio (TRR) is defined:

compares the phase voltage and current waveforms from the

. . . . T T
ring converters with those from the asymmetric half bridge TRR -m&__mh 100%
converter under voltage control. _ a .
S , , , , The asymmetric half bridge converter exhibits reduced TRR
2 200 —— AHB —— Circle —— Circle+Diodes at low and medium spee@uving to the wider conduction width,
§ - PR P whilst the ring converters exhibit reduced TRR at high speed as
& -200 a result of the smoother current waveforms arising from the
= 0.01 0.012 0.014 0.016 0.018 0.02 characteristic Vo|tage ang|es_
< v v v v V. EXPERIMENTAL VALIDATI ON
=20 - ircl ircl iod
E L, ARD - Cirele = ClrclerDiodes In order to test the proposed convertansl compare them
AN N N with a conventional asymmetric half bridge converter, a test rig
£ is constructed with a sighase SRM prototype, a load machine,
0.01 0.012 0.014 0.016 0.018 0.02 ..
s) power converters and a controller as showRig 17. Twelve

yLJ 3KDVH YROWDJH DQ@GHMU wHR@W I fast switching IGBT modules are employed and mounted on the
Some differences in the voltage waveforms may b@p of an air cooling heat sink as shownFig. 17(a). The
observed, since each phase of the ring converters hasf 80components employed in the controller and drive are listed in
positive applied voltage for magnetization, followed by!60TableV.
freewheeling at zero voltage (owing to overlap between

adjacent phases), followed by 80f negative voltage for 18T modes ‘ M:;;l"f “Tm.q,,e
demagnetization. However, the simulation of the ring ‘ gdcer -

converters givereasonable current waveforms indicative of
satisfactory application of Viage contral

C. Performance comparison Gatedrive

Precise control requirements generally mean that SRM
drives tend towards high switching frequencies, which
increases the impact of switching lossader current chopping
control. In order to compare the output perf@nce of the
proposed converter (with and without the additional diodes)
with the asymmetric half bridge converter, the following
simulation parameters are chosen: the reference torque output
Tav0f the SRM is 20N-m at 200r/min, 15N-m at 800/min and yLJ

——— ]

AL

DSP
controller

7THVW ULJ FRQVWUXFWLRQ D 3RZl

10 N-m at 1500r/min. IGBT models are employed for three F (OHFWULFDO SDUW
converters.The control frequencys 20 kHz, the conduction TABLE V.
width is 160twith the asymmetric half bridge converter and the EMPLOYED COMPONENTS IN THECONTROLLER AND DRIVER
ring converters. Comparison restiltsluding switching losses $RPSRQHQ 6HOHFWHG &RPSRC 6HOHFWH(
are shown in &blelV ,*%7 PRGX( 6.0 *$5 7 '63 706 )
i o . ,*%7 PRGX( 6.0 *$/ 7 *DWH G6.<3(5 35:
The ring converter without extra diodes has the smallegixuuHQw ' /(0 /$ -3 (QFRGH+(1*67/(5%&

overall devicelosses owing to the reduced switch and diodeHFRGLQJ I 0%; (8%
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A. Low speed test

the ring converter with additional diodes with 22@nduction

F|g 18 shows experimentaj SiX phase current waveforms aﬁﬂdth. In this case, all theurrent distortions are avoided by

torque waveform of the asymmetric half bridge convertae

comparson with Fig. 19(@). Owing to the conduction

presence Kig. 19(a)) and absenceFig. 19(b)) of any sharp Iimitation,.the TRR inFig. 20(b) is'41.8/o, greaer than the
distortions in the current waveforms at around:6@y be asymmetric half bridge converterfig. 18(b).
clearly observed in verification of the simulation and analysis

work. Extended current tails are in evidence in both cases.

E
)LJ ([SHULPHQWDO ZDYHIRUPV RI WKH LC
XQGHU FXUUHQW FRDWHJROUWDHQW |

E

yLJ ([SHULPHQWDO ZDYHIRUPV RI WKH Ul
D !FRQGXFWLRQ ZARBOGXFWLRQ ZL(

E
yLJ (ISHULPHQWDO ZDYHIRUPV RI WKH Ul
XQGHU FXUUHQUWPLFRN)AW URIBL] SKDVH FXUU

B. High speed test

Fig. 21 shows the phase current and torque waveform,
comparing the asymmetric half bridge converter with the
proposed converters under voltage control at 1504in,
developing 10N-m mean torque in all three cases. The TRR of
the proposed converters is slightly lowerpasdicted, owingo
the characteristic voltage angles givingerito a wider current
waveform.

D E
F
)LJ ([SHULBHKQWHD GEXUUHQW DQG WRUTX
FRQWURO U PLQ 1P D 7KH DV\PPHW

ULQJ FRQYHUWHU F 7KH ULQJ FRQY}

C. Performance comparison
The three different drives are compared o bases of TRR

Fig. 20 shows the phase current waveforms measured wigfid system efficiency at three different average torque settings,
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Tav. System efficiency is calculated from the output mechanicaltimately

rejected due to increased continuous diode

energyPm, and input energl. from the DC power supply. The conduction loss.

By conparison with an asymmetric half bridge converter, the
JRis the system efficiency error between siatidn and proposed ring converter evidences lower converter loss, fewer
devices and higher system efficiency, and is therefore an
attractive proposition for this application.

parameters used and the results are summarizédhle VI.

experimental results.
TABLE VI.
EXPERIMENTAL PERFORMNCE COMPARISON

Q U F7ylP 755 3 :  3y: ¢

$VI\PPH
+DOlI
%ULG

5LQJ

5LQJ Z
(WU
"LRGH

(1]

(2]

(3]

The ring converter (without extra diodes) exhibits the highegt]
efficiency throughout the speed range; this is most pronounced
at low and medium speeds, where the fewer switches give
reduced switching loss. The measurements verify tha
predictions of simuladn and analysis. The asymmetric halfig

bridge converter has lower TRR under cur@nitrol owingto

the increased conduction width allowed, whilst the ring
converters have lower TRR at high speed owing to ﬂm

smoother current waveforms showfFig. 21]

The ring converter with extra diodes suffers from the lowest
efficiency. Although the extra diodes have been shown 8)

successfully eliminate the curretistortion after turroff

[20ta)), the reduced efficiency and extra cost of this option

confirm the ring converter without extra diodes as tefgured
option in this case.

[0

Experimental efficiency measurements are slightly lower
than the simulation results predicted; the difference is ascribﬁ |

to conduction losses in cables and auxiliary ressstand other

anomalous lossExperimental TRRmeasurements are also

slightly lower than the simulation results predicted; th?ll]

difference is ascribed to the effects of mutimaluctance which
are neglected in the simulation.

VI
This paper presentsrimmg convertertopologyfor a sixphase

CONCLUSION

[12]

SRM dive, without recourse to additional energy storaggs]

elements,

requiring only six switches and six power

connections, and facilitating a modified version of standargl,
SRM control. Compared with the asymmetric half bridge
converter, the number of switches axmhnections between the (15]

SRM and converter are reduced by half.

Conventional control methods are successfully modified and
applied with the proposed ring converter throughout the whole

speed range. However, owing to the phase interdepende

arising fromthis configuration, the phase current exhibits two
characteristic distortions, namely a sharp increase of current at

around 60, and an extended current tail after taiffi

(17]

In order to avoid the former current distortion with the ring

converter, a 120conduction width limitation is imposed with

good effect. In mitigation of the latter, the addition of a furtheit8l
six diodes is proposed for the ring converter, but this version is
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