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Abstract—The description of a comprehensive design method- A, h..

ology for switched reluctance machines (SRMs) is reported here. 7, =]
. . . php, ~“rms

The magnetic properties of the iron, the number of phases, and
the number of poles per phase all have a nonlinear effect on an g
SRM’s performance. These effects, along with the sizing of the K, Ses
machine envelope and internal dimensions, make the machine de- Iy
sign an insight-intensive effort. Maximization of torque density,
power output, efficiency, speed range, and first critical speed and 4,_,
minimization of torque ripple, temperature rise, acoustic noise,
and overall cost are among the many design objectives and crit- Noo N
ical issues that must be addressed during the design process. A de- Yph *Yrep
sigh methodology that maximizes the desired features and mini- Lgti, Np
mizes the unwanted effects is presented here. Static and dynamic
system-level simulations and finite-element analysis have been car-p, . P,
ried out for a four-phase 8/6 1.0-kW SRM as a design example to P, Pf
support the efficacy of the proposed design procedure. ’

Npar

Index Terms—Switched reluctance machines. Rangt, By
NOMENCLATURE Ry, Ry
Dimensiong, Configuration, and Parameters Rout, Ry,
Ape, Apm Electrical and mechanical area product, respec-
tiVEly. Pms TS
Agn, K Net window area for each coil side and windowZz,, Z:ated
factor. ts, tr
Ayire Cross-sectional area of each wire in the poléé‘
winding. o
Bty g Saturation flux density and air-gap length, reW:, Vius
spectively. Wh, Wmrate
B, Br Stator and rotor pole-arc width for each repetiys, ¥
tion.
AT Temperature rise halfway along tlig;;, on the wms
coil side. oy,
fm(=0,2,4y  Circumferential mode frequency for mode = 7
0, 2, and 4.

Stator and rotor pole height, respectively.

Peak phase current and rms current density, re-
spectively.

Inductance overlap ratio and stacking factor.
Spacing between unaligned stator and rotor pole
tips.

Number of series and parallel paths in the
winding.

Number of phases and repetition, respectively.
Stack length and number of turns per pole, re-
spectively.

First critical speed and maximum rated power.

Pole pitch = W.Rout.Np_hl.Nr;é and power
factor.

Shaft radius and radius to rotor yoke, respec-
tively.

Radius to rotor pole tips and the radius to stator
yoke.

Machine outer radius and resistance of each
phase.

Material density and hoop stress, respectively.
Maximum rotor torque density and rated torque.
Stator and rotor lateral pole width, respectively.
Critical rotor position for flux density.

Critical rotor position for current.

Total weight of the machine and bus voltage.
Base and maximum rated speed of the machine.
Thickness of the stator and rotor yoke, respec-
tively.

Ratio of rms to peak phase currents.

Ratio of unaligned to aligned flux linkage.
Efficiency of the machine.

Design Ratios

CYhrlrly; Xhrhsy; Qyrys
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Powertrain Engineering Group, Visteon Corporation, Dearborn, M1 48120 USAl  testant for a number of applications that require high reli-
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1Dimensions are shown in Fig. 2. plication’s requirements and objectives. The specific weighting
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of the numerous design objectives, common to all applications
is application specific. Therefore, various objectives need to b

compromised to achieve an optimal design. Various SRM de Specifications: o

sign aspects have been studied and reported in the literatu Lratets @, @rater Vous, Loy P, Fff 2 acoustic noise level.
[1]-4], emphasizing the parameters, the number of phases, tt l@—

number of machine repetitions, and a few design ratios (the re > Conﬁgua%%'mnem.

tios between various internal dimensions of the machine). How Or o m

ever, a comprehensive design methodology is nonexistent i
the literature. The present research describes a design methc

Sizing:
Sizing envelope and Ratio-ing internal dimensions.

ology and sets design guidelines to encompass the effects of m L
. . . 1 H .
chine geometry, configuration, and parameters on the overa Quipur Checklist: i
. . ) Tonears Poun, Leoit, Ar, N, Ape, Apm and mode frequencies.
performance of the SRM. Torque ripple, acoustic noise, ant

wide speed range are considered as critical issues during the ¢
sign process. The existing body of SRM design knowledge ha
been utilized whenever possible. The proposed methodolog
has been applied to design a four-phase 8/6 (single repetitiol

Output Checklist
satisfactory?

Static Performances:

1.0-kW SRM. The overall performance of the designed SRM Plots of A=A(i, §), T=T(8,i), T=T(8,4), Determination of 6/ 6;* .
has been verified with static and dynamic system-level simula T
tions. Finite-element analysis (FEA) has also been carried out t Dynamic Performances: Torque-speed characteristics.

verify the static characteristic curves of flux linkage and torque 2

Performance
satisfactory?

Il. DESIGN METHODOLOGY

A. Design Steps

Fig. 1 shows a comprehensive flowchart describing the de
sign steps that constitute the SRM design methodology. Thes ~
steps include the initial selection of the SRM configuration, pa- | Prediction of acoustic noise |
rameters and design ratios, validation of autput checklist, :
verification of overall performance, and FEA. The design spec
ifications may include all or some @ sccd, Wi, Wimrater Prmasx
Pf’ Vius. IPhP' tor_que ripple’ aco_ust?c noise, and ambient tem_ | Final outputs: Dimensions, Coguration and Pafameters. I
perature, depending on the application. The selection of confic m
uration encompasses selectiiVgy,, Niep, Mger, aNA7p,;. The End
parameters’, Te,, Jims, and Bg,, are the major contributors
o the env_elope sizing a_nd temperature_ _rise of Fhe machine. TI’—rl-Ige 1. Flowchart of the overall design methodology of SRM.
design ratios are associated with specific requirements of mean

torque, torque ripple, acoustic noise, and efficiency. B. Specifications for a Design Example

Although a complex SRM model [5] is used for static and _ _
dynamic performance analysis, simplified output equations are> four-phase 8/6 1.0-kW SRM is to be designed for an ap-

used for the initial sizing anddutput checklistto simplify the plication requiring minimum acoustic noise, wide speed range

back and forth adjustment of the design variations. Configurgpera“on' and minimum torque n_pple. _The speC|f|cat|ons_ ano_l
tion, parameters, and design ratios are changed within their \graue—speed requirements for this design example are given in

0 C oS
limits to obtain a satisfactorydutput checklistfor the design. ﬂbe |. The general geometry of the machine is shown in Fig. 2.

In the next step, static and dynamic performance of the canélj! of the plots given in the following sections are for this de-

date design are verified, ultimately using FEA, to check Whethglgn example.

the critical machine parameters meet their requirements. The de-
sign steps are continued in an iterative manner until the design N
requirements are met. Most of the design iterations fall with#fy. Hoop Stress and Critical Speed

the shaded blocks shown in Fig. 1, where the forward and back-The concentrated stress due to a hole in a plane sheet is called
ward design equations and guidelines are used. the hoop stress. The rotor lamination ring can be treated as a
Other inputs to the design process are the design ratios in fii@ne sheet having a hole in the middle. The centrifugal forces
Nomenclature. These design ratios are ultimately determineddtextremely high speed cause hoop stress in the rotor yoke. This
a combination of experience and more detailed analysis, soiwe tensile stress in a direction tangential to the circumference
of which is given below and some of which is in the literaturef the lamination ring to resist the strain causing the ring to lift
[5]-[12]. off the shaft as shown in Fig. 3. During the design, it must be

No

Noise within limit?

[ Yes

I1l. SELECTION OF PARAMETERS AND CONFIGURATION
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TABLE | 15
SPECIFICATIONS OF THEFOUR-PHASE 8/6 DESIGN EXAMPLE SRM £ o R, (x5)m
— shft (\5) m
Speed (rad/sec)  Torque Battery Dimensions & ot Lot (25) m
and (rpm) (N.m) specifications Temperature " e Ry x Lo
0 3.0 Supply voltage L =0.0508 m g 10 81, (x05.107%) rpm
@,=157.1 (1500) 3.0 Vous = 42 volts; and 5
261.8 (2500) 2.5 Battery current Rouw=0.0381 m. )
523.6 (5000) 1.5 | Iy <40 amps and _;-
Omrare =837.76(8000) 0.5 Total external All at ambient £ p
1570.8 (15000) 0.1 resistance = 0.1 Q. | temperature 90°C. 0.5
I a7 |
10108 10107 2+107 3e107 4*107

Rotor hoop stress T (N/m?)

Fig. 4. Plots ofR,, L., product ofR, and L.y, Re.e andn. with 7.

sions), Rqyet, andn,. as a functionZ; when other parameters
(wo, Prmax, Trated, Apm, Ape @aNdAy,) remain constant. From
these plots, it is clear that envelope dimensions and volume
of the machine decrease &s increases. It can be shown that
the rotor power density increases as the square root of the
rotor iron’s yield strength [5]. Because the rotor envelope
(R4 x Lgy) decreases more slowly &3 is increased beyond
a certain limit, it is possible to design a high-speed high-power
machine by increasing., and decreasingz, for a reduced
rotor hoop stress. The setting of the valuépfdepends on the
Fig. 2. A.f‘r’]“r'hpha;\e 8/6 SRM geometry where the rotor poles are in unaligngdsjn tradeoff between the rotor envelope dimensions and the
position with phasé first critical speed in order to optimize the operating speed and
the power density.

Once all of the SRM dimensions have been chosen, the effec-

"All these arrows i . .
‘‘‘‘‘‘‘‘‘‘‘ represent force tive hoop stres®;, can be recalculated in thettput checklist
........... due to hoop stress. as

These arrows represent

.................................. {m a

due to excessive speed. 7

. Br
Pm [Q(Rg — R.y) - Rysin <? + N

(ng - RStht)

R‘hﬁ rep
................................. R 4. cos T U(R +R}f)_l'w_2 .
’ 2- (Nph - 1)Nrep i 9 shit mrate
< R, @

. o _ To ensure that the hoop stress of the designed machine is
Fig. 3. Rotor lamination ring of a four-phase 8/6 SRM showing hoop Stres%Nithin limit, the value ofZ.;, from (2) should be less than or

] ] ~equal to the initial hoop stre€s used in (1).
insured that the hoop stress generated in the rotor lamination

rings is sufficiently less than the rotor iron’s yield strength. Thg Rotor Torque Density
rotor hoop stresq’; and maximum rated speeg,,;»; Of the

machine determine the maximum allowed valugigfas An important parameter is the rotor torque densfty,

(torgue per unit rotor volume), which depends strongly on the
1 T, B, of the iron used. Becausg., depends on the type of
Ry, = wmeare V K (1) enclosure and the cooling process employed in a particular
] ) ] _application, its value can vary from 2.5 ki/m® to 250
The hoop stress constal}, is a function of the material density, . /e [6]. Without any forced cooling, the value ff,, is
its P0|sson'§ ratio, and some design ratios [5]. about 100 kNm/m? for SRMs employing cobalt—iron (&.)
The rotor’s first critical speed.. is higher with largefRsnr.  gng 52 kNm/m? for SRMs using silicon—steel {B,). The

and with lower rotor weight and stack length, because theyior torque density varies inversely with the stack length as
maximize the lateral stiffness of the rotor [6]. This speed is to

be kept well above the maximum rated speed. Fig. 4 shows Lo — Prax 3)
R, Ly, the product ofR, and L (rotor envelop dimen- stk = g - R2-T,,
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O

ASOO N
0009000

30
- Apm (x2.109m* - 1, (x10%)rpm
—: Ape (2209 m* -8 AT (degrge centigrade)
o0

5\ =X Lo (x50)
20 \

With proper units

10

0 540° 14107 15+107 20107  25+10"
[ egend: Sole Rms current density Jyms (A/m?)
|Area ABCD = Window area ‘ poe

IArea AGEF = Net window area, 4u» _\ Fig. 6. Plots ofd,., Apm, Le, andAT with rms current densityms.
1> Ayire = Copper area

design constraint ofl,,;,, >= Ape. Fig. 6 shows the effect of
Fig. 5. Partial cross-sectional view of two adjacent stator poles showing the “on 7, ., Apm, Ape, AT, andn.. In this figure, the param-
slotfillfor phase windings. etersI}, 1., and the ratio of iron to copper area in the windows
L . . are held constant. The value bf;, must satisfy both the back
In the des_|gn iterations of Fig. 1, the value of the mean ro'[%Tectromotive force (BEMF) and maximum torque density re-
torque densitylye..i:y recalculated by (4) should be greaterthaauirements of the machine. The value fby,, is always higher
or equal toZ.,, than A, for any value ofLg [5]. However, Ay, starts di-
verging fromA,. when L attains its minimum value and the
) critical speedr. reaches its maximum. For an optimal utiliza-
] o . tion of mechanical and electrical loading of the geometyy,
K is a constant containing the ratios between the peak and r@%nosen to be somewhere near this divergence subject to the

values of phase current and torque, given by constraint that/,.,, iS not so large as to cause excessive copper
Peak phase current/Rms phase current losses. The values for optimdl,. and A, are determined by
7 - Peak phase torque/Average total torgue trial and error to get the required machine performance. Fig. 6
. _ _ . _ also shows the dependence of the allowable maximum rms cur-
The peak to rms ratios are determined from detailed simulatiogs density o!\7", which is a function of thermal conductivity

of the proposed design. The constapidoes not have a large of the coil sides, shape of the conductor, and cooling process
variation and is typically equal to about 0.59. of the wires [6]. If the rise ofAT” above the ambient is higher
L . than the insulation limit, the loading inequality,,,,, > A, is
C. RMS Current Density in the Coils maintained by increasing the SRM’ESJ envqelopu?j‘imensi(;ns by de-

The rms current density,.,s is an important design param-creasing/,...s in the coils.
eter that affects a number of design outputs. The area product¥he other parameters associated with,, are the mean
Apm and Ay, representing mechanical and electrical loadingrque densitylensity, the number of turnsv,,, and the peak
of the machine, obey the design constralpt, > Ap. [5]. The phase currenf,,;,,. The variations of these parameters with
expressions for these area products are Jems @re shown in Fig. 7, where the window areas of coil sides

have been kept fixed. As expectétli.,si;, increases with an

(5) increase inJyy,s. Although I, remains the samey, must
increase to maintain higher ampere-turns (magnetomotive
force) with the increase of,.,s. With a lower Jims, Tuensity
Fig. 5 defines the net window are,,, and the window factor @ Well as mean rotor torque are maintained by increasing the
K, which is the ratio between the window area and the Coppeépvelope dimensions without violating the loading inequality
area. The stacking factd, ; is the ratio between actual statoiconstraint.
length and the effective length of the iron. The actual length
of the stator is greater than the length of the iron due to spdde Number of Phases and Poles per Phase
between the stacked laminations and the insulation (often oxide)he selection ofV,,;, and N,,, depends primarily on the ap-
on the laminations. plication. The multiplicity of the basic SRM configuratid¥i.,,

The efficiencyn used in (5) to calculatel,. accounts for is equal to the number of pole pairs per phdgg, and.V,.,, to-
the iron loss of the machine. If the iron loss is high, the efyether set the numbers of stator and rotor poles. Having a higher
ficiency becomes low and, consequently,. increases. This number of rotor poles gives a smaller stroke angle and leads to
eventually will require a higher machine geometry to fulfill thdower torque ripple at the cost of a decreased saliency ratio (ratio

ers -Awn-Bsat -Stf MNger -npar
R .

Tdensity = Kt-
g

kt:

8-7r-04rms--Pmax
Sff(]‘ - Oé'ur)'Pf'n'BSHt'erS'K'wb
Apm = 47r,Rg.LStk.Nrep-Nph-Awn- (6)

Ape =
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120 A
S~ : Ticnsly (x0.05) Nonf/m’  — e .
= Iip [Amp) g (6-6)= Stroke Angle;
290 [—_1M 2 g (6-6)= min(B, B) and
g -§ (6:+-6,)= Rotor pole pitch.
5] = i Phase-A
-3 ﬁo,@e @ >
£ 60 i
:- 556 6 66 ) Rotor position @
= m_‘// Fig. 8. Variation of phase inductance with rotor position.
30 Ei=as; I cacioazacas =R=Ai=h=R=i=s=a=i=a=adl
666 / 0.8
— -©- : N4, Nip=1 22.5° 45°
0

6 7 7 7 7 —— N4, Npy=2
0 510 110 1.5 «10 210 2.5 «10

Rms current density J,m»s (A/m?%)

60°

Fig. 7. Plots ofTyensity, Ipnp @andN, with rms current density s

0.6
o1/
/ ¥

between the maximum and minimum inductance levels). The § ¢, /
decrease in saliency ratio will increase the controller volt-am- —4  Npi3, Nep=1
peres and decrease the torque output. The number of stroke = = N3, Nogy=2
per revplution can be increased wit.h a hﬁgher number of pha;es °0 10 20 20 20 50 60
to alleviate the problem of torque dips with a smaller penalty in Stator pole width , (Degree)
the saliency ratio [6]. Because of the lower torque dips, the av-
erage torque of the machine will increase. It would appear tHag. 9. Inductance overlap ratio versus stator pole width.
doubling V.., (While other parameters are held constant with
all the coils of each phase connected in series) doubles the an 1 ]
gular rate of change of phase flux, resulting in doubled torque & 0.9
at a given speed and current since the maximum and minimum.g 0.8

Inductance overlap ratio, K.

inductances are unchanged. However, to a first order the tota\i 0.7

torque does not depend on the number of repetitions bedguse % 06 pod

will have to be halved to keep the BEMF the same wh&gg, E 0.5 /

is doubled. Further consideration of the rate of change of flux é g'g a4

linkage, available coil area, saliency ratio, split ratig§ rou:), 2 0'2 r /

variation in the magnetic circuit reluctance, saturation behavior, & [/ _-_;_—?’J”P:
and the iron loss due to the increase of the repetition modifies oz—éﬁ/ T

4 6 8 10

this simplistic conclusion. Doubling the number of repetitions Number of phases Nye

will not contribute to the mean torque produced unless the pole
width is made more than 50% of that for a single repetition magy 10 Inductance overlap ratio versus number of phases.
chine. To maximize the co-energy both under high- and low-cur-

rent conditions, the optimized stator pole width for a t\No-req- an the other takes torque away from the aligned position.
etition machine is found to be approximately 70% of that

the sinal it 31 This ai bout 404 th hen one pole is wider than the other, there is a region around
€ singie-repetition one [ ]'. IS gives abou o more teke aligned position where the stored energy (and inductance)
mally limited torque and horizontal force for the same copper

I d acti | The ab q d p ¢ oes not change and, thus, the torque is zero. Thus, the pole
0SS and aclive volume. The above dependency of mean torqiyes qpq1q pe wide enough to insure that there is torque

ar;]ql Lo_rq?r? d'pt_"‘””]fyvg ar:dNrep canl be (?iplalnggl W'tb{(LH roduction for all rotor positions. Figs. 9 and 10 pkot, versus
which is the ratio of inductance overlap of two adjacent p as&; (assumingd, < f3,) and K, versusN,, (assuming3, for

to the angle over which the inductance is changing [1]. Equati — 210 be 70% of that of3, for N,., = 1). The higher
H n&r rep — S rep — .
(7) and Fig. 8 together defink the K, the lower will be the torque dip and the higher will

Stroke Angle be the mean torque as well. Fig. 9 shows that the minimum
Kp=1-— stator pole widths to start the machine (f&f, > 0) are
min(fs, £r) _

where approximately 10 and 30 for a “Npn = 4,_ Nyep = 2" and _

a“Npw = 3, Nwep = 1”7 machine, respectively. Therefore, it

- can be concluded that higher valueskf are achievable at

Stroke Angle= Now - N (N = 1) (7)  relatively low values of3, for a machine with more phases

ph rep ph

and/or repetitions. These same machines have better starting
The rotor pole arg’,. can be made slightly larger than thecapabilities. Figs. 9 and 10 also show that the improvement
stator pole argl; to accommodate some of the fringing statoupon the problem of torque dip is noticeable in the lower
fluxes. However, making either the rotor or stator poles wideange of3, and lowerV,;,. Thus, the number of phases or the
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0.75 T
4-physe, N,p=2 0.1 6 N4, Noop=1
0.7 e = ==} Npi=4, Npoy=2
IO P e ot Npi=3, Nogy=1
I e B I = 2 — Npy=3, N2
& N T = !
S 06 ["4sphase, Np=1" ] == P 3-phase, Njp=2 ; 0.01K
B 055 == §
o / 51
£ 05 -] £
L o
0.45 2 \e
./ﬂ- ase, Npep=1 & =5
0.4 = = g
6 8 10 12 14 16 = o Do
Number of stator poles Ny (= 2(Npi-1)Nep) = Tboos SDoe - Ta
0.000 ‘

Fig. 11. Variation of split ratio with the change 8f,;, andN,.,,. 1 2 3 4 5
Ratio apirs (r/l1)

;tator pole width should not pe increased too much, since A0 12. Unaligned inductance versus the rafig.;.. .
increased number of phases increases the converter cost and an
increased stator pole width decreasksg,.

Another perspective on selectif,, and V., is that the in- . FOURBASICD RAT/-\BLE ”T FOURPHASE SRMS
crease inVy,;, andV,,, requires a smaller pole width and, thus, -7 ©F "OUR BASIC DESIGNIRATIOS FOR THREE AND FOUR-PHASE
gsmallerstator back_—lro_n width. ConsquertﬂunRout can b_e T e v Ry T A R YA e R A
increased as shown in Fig. 11 while keeping the other design _Ratios

tios and envelope dimensions constant. A highgfrou; pro- 2""" ()Zé)5-2657 02655:3607 01 655-2607 ()2605-2657
v?des space _for a larger rotor diameter within the given fran ;" : 0.5-0.67 0.5-0.67 0.5-0.67 0.5~0.67
size, which, in turn, produces more torque. Gy 0.75-0.85 0.75~0.85 0.75~0.85 0.75~0.85

The higher theV,., and V,;, of the machine, the less time
there is available for the rise and fall of the phase currents. It
is true that if V,;, or V., is doubled, the time for the phaseB. Design Ratios

current to rise is halved; fortunately, the current to be reached.l.he design ratios are defined to be the ratios between

is also halved. Thus, unless the inductance has increased, t 8% us internal dimensions of the machine. The objective
will no change in the total power due to all of the phases. Jt '

i unctions of saliency ratio, unaligned inductance, torque,
turns out that the BEMF does not depend on the pole width tc‘oc}que ripple, torque per ohmic loss, efficiency, acoustic noise,

that the total number of turns is the samié,(decreases if pole ; . .
o . ; . . and torque—speed range [4]-[7] are taken into consideration
windings are in series), eveniNy;, is doubled. The unaligned 9 b ge [41-{7]

inductance stays the same then because the path length ha‘\\?ﬁ%hoosmg the design ratios. A good understanding of the

oo F profiles inside the machine geometry helps significantly
but so does the area of the coil sides. The two effects cance choosing the appropriate design ratios. The four basic

leaving the unaligned inductance the same since the numb%ggign ratios ar@ir1, Qhrhs, on andaoy,,.,s as defined in the
turns are the same. Thus, there is no more difficulty reacmﬂ%menclature

the required (1/2) phase current with twice as many phases Ohe ratioay,,,-1 IS chosen based on the desired saliency ratio

repetitions if and only if the pole width with twice as manystatognd unaligned inductande, . Fig. 12 Showsl,, Versusay.

poles is halved. If the pole width has not been halved for ﬂi’gr3and A-phase SRM’s. The higher the ratige, 1, the lower
tvvo-repet_ition machine, then it is harder to get the current in}g the L,,, which gives a higher saliency ratio. 1Tr'1is ratio need
the machine and lower performance results. not be greater than a certain maximum, singdevels off after

Machines withN..,, = 2 have short_er flux paths, Whlc.h "€ that maximum. The objectives for selecting optimal values for
duce the core losses and the absorption of magnetomotive force

. . (, Qrehs @Nday,,,, are to maximize the stator mode frequen-
(MMF) n th_e stator yoke. _Shorter paths are ac_:hleved by me s, to minimize the envelope dimension (produckf; and
of the winding configuration and the lamination geometry.

: : - . o , to containu , anday,,,-1 Within limits and to
higher inductance ratio in machines with higher phase numbﬁjéﬁ)re 2 critical S}:)g:é’ét \C/)évtesllljabojeh?tlr;é rated Speet ..
c mrate

is also advantageous for sensorless operation. [7]. Table Il gives a list of these design ratios for three- and
four-phase SRMs.

IV. SIZING OF ENVELOPE AND INTERNAL DIMENSIONS C. Sizingh, andh
. ™ S

A. Envelope Sizing The values ofh,. andh, are calculated using the following

. . . . ion after choosingy,,;-1 anday,.,s from Table 11
The selection of envelope dimensiod,(and L) iS gov- equation after choosingy.,1 anday,., from Table

erned by (1)—(6) in Section Ill. All other stator and rotor dimen-
sions are determined as functionsff and the following four ortrl T By

. ) : hs = 2.R,. . sin -—=1. (8
basic design ratios. Chrhs 4(Npy — )Ny, 2
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D. SizingRqys TABLE I

. i LIST OF av;, AND @t4,-1, s FORLOW ACOUSTICNOISE SRM
Outer radiusi,,, is calculated from, andh, as

Design Npw=4, Nyyp=1 Npw=4, N;op=2 Npw=3, Nygp=1 Now=3, Noop=2

3 Ratios
Row, = hs + (Ry + g). <1 + 2.y, sin </—S>> . (9) o 1.0~1.3 1.0~2.0 1.0~12 1.0~15
2 pris 1.0~1.5 0.7~1.2 1.0~1.5 0.7~12

It is important to note here that, if a maximuly,; is given
as a design constraint, the ratig;,;z.: Should be as high as TABLE IV
possible to provide larger rotor diameter within the given framedESIGNRATIOS «v.; p AND @ reg rrout» TORQUE AS ANOBJECTIVE FUNCTION
to produce more torque. However, this will shrink the availablr
window area for the windings, thus reducing the available MM} Obiective function sp OtRgRout
of the machine. Torque 0.27~0.47 0.57~0.63

E. Sizingt, andt, for the windings decreases and the thermal diffusion distance for

Dimensionst,. andt, are the lateral length of the rotor ancheat transfer from the windings to the outside frame increases.
stator pole arcs, respectively. The rotor pole drcshould be  Therefore, the design choice for a low-noise machine requires a
slightly larger than the stator pole aft; to ensure the pro- yradeoff among the desired quantities. The rangesfoand

aligned inductance. This is achieved by allowingo exceed. Taple I1I.

by a length betweep and2.g [6]. The choice of the stator pole shape can play a small but ef-
o fective role in reducing acoustic noise. A method known to be
F. Sizingy; andy; effective is to taper the stator pole from the top towards the air

In an SRM with a two-pole flux pattern, the main flux di-gap and to round the bottom of the slot. Analysis also shows
vides into two equal parts when it leaves the poles and entéhgt the greater the number of phases or repetitions, the lower
the yoke. Again, the sections of the yoke are shared betwdBf acoustic noise power level.
different overlapping phases, especially during high-speed op- )
eration. Hencey, andy, should be more than 50% of and B- Torque Ripple
t,, respectively, to prevent back-iron saturation. The ratig,of ~ The application of an SRM in a servo system requires re-
overt, (o) is also important from an acoustic noise point ofiuced torque ripples. One method of reducing torque ripple is
view. The other consideration for choosipg is the machine to increaseN,, and N,.,, as explained in Section IlI-D. In-
weight limit. Dimensiony; is calculated as creasings, andg, also reduces torque deadband between adja-

cent phases and, thus, reduces torque ripples, assuming a suit-
able control design is used [2]. The dynamic torque ripples of

o Qhrirl the machine are reflected in the amount of torque dip found
Ys = Rowy — |Rg +9+2.RK;.—— . . .. .
Chrhs in the static plots of torque versus rotor position, as shown in
Fig. 15. Reducing the torque dip may result in a lower mean
_ - B, torque, and a compromise solution must be sought. The ratios
sin <m - §> Qs anda ry Rout _shpuld lie within the range given i_n T{:\ble I_\/
3 (10) [4]in orderto maximize the mean torque. In the design iterations
cos <§) of Fig. 1, these two ratios are checked in tloeitput checklist
evaluation.

C. Wide Speed Range [8]

V. CRITICAL ISSUES
, ) A wide speed range with adequate torque capability at higher

A. Acoustic Noise [7] speeds is desired in electric-propulsion-type applications. An

It is desirable to minimize the acoustic noise in SRM driveSRM can satisfy this requirement only with efficient torque
for many applications to avoid environmental noise pollutiorsharing between phases, which can be determined by two crit-
The design objectives for noise reduction are to make the nital rotor positions. The critical rotor positio#é andé? rep-
ural mode frequencies of the stator geometry as high as possigleent the two crossover angles where two neighboring phases
and to decrease the harmonic components of the magneticpeduce equal values of torque at equal values of current and
dial force acting on the stator. A good design can be achievitalx linkage, respectively. The design strategy is to extend these
if the dominant mode frequencies can be made higher than théor positions, enabling the controller with dwelling flexibility.
audible range frequencies. The design ratigsand a5, I The SRM drive thus obtained will have wide speed range, low-
Table Il, need to be increased to have a thicker stator yoke to @red torque ripple, and extended constant-power range of oper-
crease the mode frequencies. A thicker yoke reduces the SRBItion. The higher the ratios,,,. andas,.»., the wider is the
power density, resulting in a lower utilization of the iron. Furseparation betweeff, and6?. The same objective can also be
thermore, ifR.y iS constrained, the net available window areachieved by making the air-gap length as small as manufac-
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TABLE V

DIMENSIONS, CONFIGURATION, PARAMETERS, AND SOME OUTPUTS Legend: . . . o
OF THE DESIGNED FOUR-PHASE 8/6 SRM ~—v-— : Analytical @ unaligned rotor position (6=-30")
—e— : Analytical @ aligned rotor position (6=0")
Di ions (m) Configuration/ Parameters Outputs . . .. 0
L=0.0308; Toa=1; 1072, N;=35  AT=6.5° C, Ry=03 1, —8-- : Analytical @ rotor position .6f=15
Renagr=0.009; B.,~1.8 Tesla n=2.10° pm; T : FEA @ unaligned rotor position (9=-30°)
23=gg;?)51§§=082(?33§ M19 Sti7) , Jou-= 14200 Hz —— : FEA @ aligned rotor position (6=0")
=U. sou—\. Awire=7~1-10- m fm(=2) =1600Hz ... R [y 0
and g=0.000254 W=1.135 kg Fur-p="1961 Hz 0.06 : FEA @ rotor position =15
:=22.5% £=22.8° 6r=-13"% g/=9° Mean Noise=36.75 dB :
0.05
T
YLUXZD 7.30/8 A10SUALPHYSICS 02/07/00 23:30 lnalysis Display lsovalues Zqui flux Time : 1 8 Teta : 31 deg. g 004
.... =
— 5 0.03
e g
1 Plot E
2 5up eleamnce . 0.02
3 Velues E
- =
0.01
0
P 0 10 20 30 40
3 ‘:."' e Point: 2 (stator pole-tip) Phase current / (amps)
g0 PV ) h Point: 1 (rotor pole-tip) . . . .
-30 : Fig. 14. Plots of flux linkage versus current for various rotor positions.

Fig. 13. Geometry of the designed four-phase 8/6 SRM.

Legend:

. L ) L —e— Analytical @ 40 . =——:FEA @ 40 amps.
turally possible. This criterion matches with the criteria to max- ytical @ 40 amps @

imize the SRM’s power density and torque density. Changing —&—: Analytical @ 20 amps.  wwweeerens : FEA @ 20 amps.
Bs, Bsar @and N,, have conflicting effects of? and#é.), which phase-4
suggests that these parameters should be selected together T’”

order to optimize the overall performance of the machine. /

i=40 A LN

dip-onbio] —

i : Phase current

VI. FINAL OUTPUTS OF THEDESIGN EXAMPLE

The final results for the design example are summarized in
Table V. This is a four-phase 8/6 (single repetition) 1-kW SRM
as shown in Fig. 13.

Torque produced 7 (N.m)

A. Static Performances

.

Using the dimensions, configuration, parameters, and output:
from Table V, thg static plots of flux Iinka_gé\l and torqueT) 0 20 _1'0 0~ _ 10 15
are checked to insure that they are satisfactory. Fig. 14 show: Pole unaligned position for phase-A Pole aligned position for phase-A
the \—i—f characteristic curves for the designed SRM calculated Rotor position & (degree)
both by the analytical and the FEA methods. The maximum flux
linkage at the pole-aligned position reaches a value of about O 15.  Plots of torque versus rotor position for various current levels.
W at the maximumi,y,,, of 40 A. This gives a saturation flux
density of 1.89 T, whereas th&,,; for the M19 SF. used for down from a higher value tg, which causes a discontinuity for
this SRM is 1.8 T. Therefore, the machine geometry is utilizingie analytical calculation of static torque.
the core material maximally up to its saturation level. .

Fig. 15 shows th&'—i—¢ characteristic curves for the sameb- Dynamic Performance
SRM. Both the analytical and the FEA methods are employed toSystem-level dynamic simulation to investigate the
generate torque profiles for two adjacent phases. The maximtomue—speed characteristics of the designed SRM is done
torque is about 3 Nn, which is sufficient to meet the torqueusing the control algorithm described in [8]. The optimal phase
requirement of the application. commutation angle is varied froffi and6? as a function of

The torque profiles of Fig. 15 show similar characteristics faperating speed, torque, and phase current to maximize the
the analytical and the FEA methods. The only significant diffeterque—speed envelope. The computed torque—speed character-
ence in the characteristics is around the rotor position2# istic for the design example is shown in Fig. 16.
where rotor pole tip (pointl) reaches stator pole tip (poirft) Comparing the torque—speed requirement in Table | and the
as shown in Fig. 13. At this position, the effective air gap steg®mputed characteristics in Fig. 16, it can be claimed that the
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