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One of the main challenges in electromagnetic design of synchronous
reluctance motors (SynRMs) is to improve the quality of produced
electromagnetic torque. In this paper, a new technique is presented for rotor
optimization of SynRMs with the configuration of transversally laminated
anisotropic (TLA) based on the response surface methodology (RSM) to reduce
the torque ripple while maintaining the average value of produced
electromagnetic torque. In this method, the radial position and thickness in the
middle region of rotor flux barriers (FBs) with hyperbolic shape are optimized
to achieve the minimum torque ripple and maximized average torque. To this
end, two rotor topologies including 3 and 4 FBs per pole are considered for the
analyzed SynRM. The optimization process is then started for each topology
through designing the experiments in predefined space by using the RSM and
conducting them by using the finite element method (FEM). The analysis of
respone surface design is then done through constructing the polynomial
regression for objective functions to study the effect of parameters on the torque
ripple and the average torque. The optimal results which are very sensitive to
geometry variations show a significant reduction in torque ripple without
decreasing the average torque.

DOI: https://doi.org/10.22075/jme.2025.35451.2736

© 2026 Published by Semnan University Press.
This is an open access article under the CC-BY 4.0 license.( https://creativecommons.org/licenses/by/4.0/)

* Corresponding author.

E-mail address: rezace.fa@lu.ac.ir

How to cite this article:

F. Rezaee-Alam and A. Nazari-Marashi, "Torque Optimization in Synchronous Reluctance Motors Using
Response Surface Methodology," Journal of Modeling in Engineering, 24 84 (2025): 59-70, doi:

10.22075/jme.2025.35451.2736


mailto:rezaee.fa@lu.ac.ir
https://modelling.semnan.ac.ir/
https://portal.issn.org/resource/ISSN/2783-2538
https://doi.org/10.22075/jme.2025.35451.2736
https://creativecommons.org/licenses/by/4.0/

VF-0 e AT o)led oo )loz g S JLo

ke 5 S5l Joe e

-7y ) aJlio

Gl T g 5 3 00k b (il ol 5 (g9 5w (S0 59390 3 59l (5 lwingy

Tl po g i wle Hple Lo, ola s

ol

alio wleMb|

(SYNRM) (oS ), 5,5 slngign (smablii 250 e 5 ol i e 5 5,
Sy mas gy SO i cpl o cwl sads agi swpbliseg Sl 5LiS aasiine Seugn
Py by yse D)3 & 0ol §ygte Gluwal JiSlo L e SynRM. o 455, (55leaige
Al bwgle jsbas s b psliss (J)) Slleg 2al5 ke & (RSM) &uly haws
SYNRM ;5 Lasgie jslias fali8l g jsliss Jo,y (2ol jshaie & obs,y onl 5o 095 o
2 s Jolde )8 (gl )ls a5 55, (FB) cunbline jLo ailse Cucles 5 (olads condse
Siny 39 Gsbiie (p Wgl e 48,5 S 3 (ludinty e Gl 4 GLO Ly 42U
ad,5 s o el e 34 FB 33 FB Jolis 55 4 00l 3JUI SynRM 5l 555, (sl
Shlelad o claglesl ALk Gk 5l siloatte wul® o5, 5 Sislns o ln 2sd e
09 3l ealitl b st (1,2l § RSM jloslisl b (g 5ludinge sl it (sl 00 iy poi iy
9SGy Lyl b ) plate 4 09 g9y (FEM) sguoe (olj2
RSM (s, b olialej] b | ol colss Ul gy bl (8,5 b 5 (gl 550
S 5 it s syn gl han il o ez iz S, Sl G
el g it ) 0 pSedy (palS s 1 o FB cwsis Ol i 4 ol

s e i |, pglisS gt e

DOI: https://doi.org/10.22075/jme.2025.35451.2736

VEY V8 allis 2l
VECEYIYE s o550
VECEP) - alie oy

iSO B3lg
csliS gy (9,5 H5ise
Gy v b,

oL wible

s

© 2026 Published by Semnan University Press.

This is an open access article under the CC-BY 4.0 license.( https://creativecommons.org/licenses/by/4.0/)

adsi 5585 50 (FB) (qublie )L wilse olnl 3,k 5l b doddo —)
sme 530 955 glo FB olal 5 U5 [V-F] 05 o0 S, s slaysise el gladle o
orbliseg 2SIl jolias Sllugi 5 (ol Jlade o s, o ool sl S mals bl 4 (SynRM)
L wlgioo o FB swnin JS [Y-F] wijlo udlss 5 edy S olyie 4 Y ol B> 5 5, oF il
Slojals JS5 &) (sg8 bglas [ V] pris Lol fls [ 50] wlosts ¢ ylae @l lo 350 (sl (g 235l
bobs S5 Loy (V-] Jeda 3] Do [A] Coot] 51 o SYNRM a1, 039 pol e s (ppai 4
FB (b 5l Gua a8ly o ol [W] (cwsd 5 ook 5 56T sy s, sl [F9¥] cal o5 oYU
bl sl it yome 0955 I ediliZie sla S5 Ll Slr et Tk 4 Gty 0 ooe B iledi
sla)li oSt g, aten 0 puebline i SYNRM s il ,5less .auS o iyl s SynRM

rezaee.fa@lu.ac.ir : Jgtuws odins g K9 iSUl sy 5
U‘)" ‘ol.g'lrs)& ‘UL“"JJ oKl « (SN g 6.3 sasiisls
Ol el (ol pmal azles olKisly asli ( Rails slgz o S Sl slo yuiile oimghy 09,5 .Y

o oyl 4y sbow!

OB FIATYE  oign 13 (53 Joe "l s g, 3l oolisil b iS55 slo5550 19 58 (53 it s slye (6,055 oot 5 ol L5, oo 8
doi: 10.22075/jme.2025.35451.2736 Y- -0


https://doi.org/10.22075/jme.2025.35451.2736
https://creativecommons.org/licenses/by/4.0/

3

445“‘5@431)10 Yy )o)...,AJLuu.sl)l c..\md.d)f@l:\.s

59, )l dad e W AFB L siglggs -~
oas 5JUT slo SynRM -\ S

o 5T 5350 (sl el )y -V Jgar

JESRUWRY /N b s
O ol 5L

Forkeo 10 S5 Job
Folaa YO JETI RN
Frordeo <10 lop abold Jsbo
SLa vr Seiliwl led olows
Sreekee ¥ s ailes o e

@GS L aY g S £

S a5 50 o5l

AR WS ;2 590 slaws

\f’& )L@d s,\f O)Lo.:) 4(3)LQ,>5 MJL&

e s ke s,

58 s FB (sl ane IS8 005 oy lp ilisee
owaid JS& VY] o .l sais plxl L SynRM. o
Ll 00 @‘)L’GL*-L’“&’B) O G C;‘o)..a_b sk FB
sl o ol 4L5SE gla)lS s 5l 45 S s
6y b Jslia Ut L o FB a5 el 1) 51 S
e SynRM ,o sodg ,gbisd dasin cuas b
solitl o SYNRM s,Skee sl sl 5 oloisbs,
Gdudiws goae 5 ol IS anis g0 4 gl oo
szl Ghy) o8 odezmn dwdia 4 42 b Ned (o
56T 5 sldae sl B9, e S FEM) sgumme
yoilej 4 a5 L [VFVY F] ool b SynRM o Shae
SBS by, Jold (Llos slaghy, FEM (yog
sy 5 gt by 5 (e @b 4l (msen
Shas Gyme o SYNRM  esbliie iS5l
e el slagig, cnl (Jl e 0 [VASV ]
Aoog, s FB &8s sildae ;o VL Ce s (0l
lossss Fge (Lt (smrbline gl

9 sy bawgio joliaS Lis 5 glisS f) alS
&> o 30 dliewd B SYynRM a1k o Lol Gan
o~ )‘ WelS” B 9o U”‘ A ey aS el s Leol ‘[V]
Sy Gilwaige anl B bl fed 4 g wiius Jiiue
‘[\ c‘] 3o el 00 ﬁl?u‘ o~ )‘ J.L.«.».w MlS” B 99 (J"‘
el iglal e 50 Oj50 4 ileaiy by, Wz
Slp Sz sS 03l SG 0 pgs Al e 50 g ey 03l So
oads oolatwl SynRM S (gl a5k 4 o,
& oo SYNRM s J) sislonss 50 sl llin o
Al g, 5l cdad e ;0 4 FB 53 FB Lol s
Lis 5 olias Sllug als Sus b5, siluaite
Shooslainl b lojen &yge 4 sodsl lawgin jgliid
st Sondge 058 oo plnil (RSM) ks o (2
lsie 4 by axmb s IS5 Jgde slo FB caelies 4
&b polie 5 Wgd oo a3 )5 S5 )3 (gilwaiiy sla el
Wlia li5lo g o dnslone FEM I oolitl L G
93,5 (o0 By TS0 W

sy s e ¥ i 5o st 3l SynRM
Sl ,8 0gh e Byme ¥ iSu 40 oo soliiul (g jluaigs
Db oo S F iz 0 RSM 5l eolaiwl b (g 5luaigs

e ) (S5l Joe dle



gl gl gy 5l eolainl b (ouiliSol) (9,50 (sl ygige jo 55lidS (g5lwaingy Y

29 Gl e la gl )b -V S

& 3lwdings ual,8 -F

alS jglaie a0 RSM 51 eolacul o llin oyl 5o
Oygo & bwgie gl baia> 5 gady slas o,
9958 slp 5 IS Do w ]y Bar wlg el Glojen
by Gle o0 595, S390ns

{ Tave = f(rll rZ; r3; t]_, tz, t3) f
Trlpple = g(rl’r2lr3p tl; tz, t3) ( )

{ Tave = f(11,72,73, 13, by, o, t3, ty) s
Trippie = g(r1, 72,13, Ty, ty, £y, 3, t4) ©

9 olad Caadae 5l alle a5 (iluang oyl
Slp (V) U 50 lsgle 4l o b FB culbks
05» 5»9-&0‘540 OJQMUJQSJQ)QZSFB L)gﬁ‘) 6)5"9"93
(V) 5 (F) 0 i 4 555, S5dnss 90 o Gl b pste
g o0 Ol
(95 <nr <105
65 < ) < 75
30 <7y < 40
5<t; <8
8<t, <15
\ 15 < t3 <25

(105 <7 < 110
85 <1, <90
65 <73 <70
32<r,<36
3<t;<6
6<t,<9
9<t;<13
\ 15 < ¢, <20

*)

D)

\f’& )LQ,.J s,\f O)Lo.:a 4P)LQ,>5 WU-}JLM

oo 50UT ygige (o yze ~Y

5990295 Y L SYnRM G allie ! ;0 ool 5JUT j5590
» U5 Jle 4 FB 53 FB Jols o5 4 )55, sl
osalie (V) SO j0 a5 jsb plas .ol 55, 5l lad yo
3z K, L jgitinl sopaw ol gl o
o 56T SYNRM. Lol (gl ol s ilons sylaio o
Ailoads Bree ) Joux 0

Sl s cos ool 3BT SynRM o Slee callin ol 4o
Sopps bog ail (V) U aliw o5, adsl cusdge a5
s ol b oslel canees slajlé
Dgid (oo

T
L(t) = 45V2sin <100nt + (65 M))

{ Iz(t) = 45V2sin (100nt — (55% )
M

. T
lc(®) = 452 sin <100nt + (185 ﬁ)>

(RSM) by b (95 -Y
Skab, g LS)L"] Sh9y S (RSM) gl o b,
Gildos 9 smiim ¢y wsilwaige Baa b oS Sl
oolaiwl altus (slo e o> 5 Bud i LSS

25 S Dyge 4 ol |y b gl [V-] 098 s
13905 ol

Yy = f(xg, %2, Xg) M

Sl el giluaigy o e Slows kYU akal, o
O R R Y 3 N R
L».a Glwdinge o i s p Bon @IS &l cwlin
(7)) alice JolS p90 ad o slalozaiz S Ygaro 098

g se oolital o, @b ol oo sl

y=by+ Z bix; + Z bixi;?
D)
+ Z bl-jxl-xj

i 5 g5l Joe Ao



Y

el (V) alis pgo ax o S ¢l o i S a5
Bas mlss ol 50 4 p-value 4 t-test jolio
ST 5 Y Jshe s wmse olas | byl a
Aolae 5l Coan! oS slop 3 aS Canl 5 & p5Y Wigds o

g gai 00ld GLES T 5 ¥ ol 50 (g S

3 L SynRM 2596 ey sl LS)L"—‘ @l - Jsor

c53’|1" s,b pwle @‘Lb)

0955 o g b el )l ol anlie j5kaie 4 RSM
Pl pslate & 95 oo edlitul Ll sl aige e
Slaglesl 58, 51 S5l 50 o sl lodinge a2
5 onds >l,b MINITAB 5805 5l eslicl b o3¥
MAXWELL ,l53ls 5 SaS L FEM l oslitiasl b yopes
Sloslitul b (sjlwatagy 4l B &)l sl s aialys loxil

S on 0daline (¥) JSo ,0 RSM

[RSM L el ol |

|SYNRM § FEM e jf esliial b oLkl plosi |

o ey 5y oo ol

‘ 3”&“5%%6&%9&%%»@*@‘

‘ gy polie 03,5 Iy ‘

S e O)largld Y JSCS

3 LSYNRM s Lugie 1sliS ol o,bel b =Y Jsus

i 2 o FB

p-value t-test o oy

YVY/VEY FAA-TY Rt

[+ 4 vISEO RN o

- IVA$ —IYVE Y-8 t

VAIY ¥ ~OFAAY 7

/- 0F -Y4/A t,

VEIOOF SVVFANY T3

[+ ¥ YIVYE “\AY/Y ts

SIEAA VYA 2

“PFE VYA A t,?

AUYYA VAIY 52

- 1OAD - 10OY AN t,?

fa-f a5 32

f[eYY YIFYE Va/y ts?
SY VIFED AA T * by
\ak Y0 T X Ty
“JAYA Y0 Vi T * by
Y -Y/59) VY T *T3
CIYVE RYIRE! - Ty * tg
CIYAY —+IAAS “F1V ty %1y
“JEYA —IA+D —AI$ ty * ty
“JFYA —+IYAY ~¥IY ty *13
“IVYA — YD YV ty *t3
-6V NG -y Ty * tp
OIAVY \o/8 T, %73
e TAVY v T, * tg
- /a8y o F) -y ty * 13
JFYA “JEVY o ty * tg
“IYYD VAV $ T3 * t3
R? =97.2% Rz(adj) =94.1%

Gyl 86 Y 5 ¥ gl o ttest asls

Jry 9 bwsie jglisS Bus wls ) il A
CSOETPS sanlive a5 jshiles RO 0 olas 1y jelas

V0l AT o)leds oo )lor 9 Conn JLo

b 2 o FB

p-value t-test oy 2

VY av/et -Fe ol

S A/AYY -4/0 o

YVO/BVY S\ t

FVIOYA A o

VY- IAY AIF ty

Va/00Y \A T3

08/ -Y/4 ts

-#IV-9 -+ I¥ 1,2

[++A -YIAPY A 32
[+ ¥ \IATN ‘Y T * by
ANAr V/E-Y Y T *t,
IYYY S\YYE A ty * 1y
[\& -Y/0aY Al T, *ty
AN VEAA Y T3 * ts
R? =100% R?(adj) = 99.9%

9, 5l bl 3 FB L o, Sigdng egas 5o
gty dolae il o Lol RSM 1 Juol> s Lol gl

i )0 ke Jae ale



Tl o (g, 5l eoliwl b (cudliS'ol) 15,50 (sl jsige ;0 HoliiS (g5luaigy

#f

(11, t1, 12, 2,13, t3) (b slapy e 9 s

b » 04 FB sl)ls o] 445, 45 SynRM _pguas jo

4 LSYNRM s lawgie j5biS sl s k] s -F Jgax

AR DARA [++¥ Ty %1y
YV “VIYEN —e]oY ty %13
“IYA¥ NG —el-f ty * t3
- /QFY — [ VY —fee¥ t, * ty
-IYEY —Yf —efeeY t, %1y
By V/A-$ /¥ T3 * tg
VYV —+I¥YA —fe¥ tg * ty
<[FAY eARAS =/ t3 *1y
-¥aq < IAOY ooy T3 % ty
-IYPY AN o/ T3 %1y
VAT SV F —e ] Ty * ty
R? = 99.5% R?(adj) = 99%
4 LSYNRM ;o i ysletS (6l 5ol b -0 Jour
kb 2 5 FB
p-value t-test oy £y
YV/AY OIYAF/Y <ol
[+-F -Y/AQ# -Yao/y 12
JAEIN —eleep S ty
OIvY AAld T
</+Y4 YIYOQ -ffa/a t,
[+ -Y/# -YOov/Y T3
<\YY -\/oYF -Yav/y ts
[+\) Y/#0Q AR RSN T
DARNY -\/YA YZNF ty
floY -1 1,2
< IYEY </AYY <Y t12
VA/FAY Y/ 1,2
FINYY /b t,?
/A VA T32
Y/ary YIY t32
V- IOAY A Ta
\ARY Yio t,?
N “/¥-a At Ty * by
INAREA V0 T ETY
SIAYY IYE Ny T ¥ty
-IPFY SAta “INY T Ty
IYY VoYY NS Ty *ts
[+ AR —-+/qY T *Ty
Al -V/AN0 -V/-f Tkt
Iy - ISYY — )Y ty * 7,
- IvaY -IY#P -I¥ ty *t,

ki » o FB

p-value t-test W oy
YEYIO SAYEN Rt

YV 0 A3 41

va/54 /A t

YY/AVY $IV o

W vIY t,

Va/AA V¥ T3

FVIFY ~ol8 ts

SNE Y YA Ty

YY/as - I¥ ty

[+ oY “YIYA ey o
ey Y/YYQ A t,?
—S1EAN e 52

S YVY —+/A%4 —efeY t,?
[+ Y YIYves ey 32
< VY iid [+ oY ts?

IR V508 —ef) Ty
JAOA AV —feef t42
IVAY S\IYEA ey T *ty
SN ViF-a [+Y T kT
YD VOY /¥ T %ty
- OAF - /0¥4 [+-5 T *T3
VAR S YEY [++q Ty * tg
-Ivaa Y OF [+ oY T KTy
Y0 S\ YA RN t, %1y
- v —IASA ¥ ty *ty
-/A0Y —el-04 —ele e t %13
- IAAA —eIVE —efeeY ty *t3
“JAVY T3 [+ A ty * ty
SJEVY —IVYY oY T, * t,
SAY VENO [+Y T, % 13
SNOY V¥ [-¥ T, * tg
- IVEY et [+ - T, %ty

V0l AT o)leds oo )lor 9 Conn JLo

i )0 ke Jae ale



70

St @S -F Jgu
age gxie | 3FBLJow | 04 FBUL Joe

sk s i »
&1 yeogdo AV/Y oskes V4 VIO
t, roskes 1) ol 10
2 Sorkee YYI7 Soukea AYIY
[ ko 414 Siaskes AIY
T3 yroales Y/ Sroskes FAIY
t3 Sroekea Y4 /Y Sroskes VVIY
Ty - ol TYIA
Ly - Sroskes VFIF
9B Jlade | e e VYV | (e Vo AID
Jry slode S e VWYIA | e ies \Y/A
s
ey Jlode S0y \VIFF oo, VY/A
xr )51-"-545

30 2 slp Gileante byl sly e s
alog ;5 a5 Wgd (sl 559k Wb SYNRM 5l (59l 95
Jlaie pgs almg )3 5 098 pesine HoliiS S slade ol
Bed Jol> sudsi bawgie jliaS lp 5 (ool
b el o 1 (V1) ) Lalg 50 lonslons s
o 5l ool sy o yiaST abaii aSy) (gl OIS 5 o3Y
G Jol A oi oliie )l Jol oYl oKiws
alais 1 50 a5 sl (ol 0gd 48 p 3y pesine dlaii lgie
Shde g (H) (ead G pile Gl o o3lail e ST
a5 jehilen il Gt (g00e pg0 AT e 05> Olitie
Il ey 5l el Caway aige mls wed oo samlive
Vo) Lly, 5l Sl b gl L (8 Jsaz) Minitab
Gl wgie Holias dolee oyl JolS callae (V)
Lils; ;o owy <o SYnRM I (555155 90 50 (sl
12 39 n sanlie 45 jhlan g e a3l (1YY
AFB 43 FB o g5 ol e slo Joo 3 o
2oyd > i HolaS Ly hls LayE g0 5o

V0l AT o)leds oo )lor 9 Conn JLo

c53’|)'° s,b pwle ‘_;Lb)

/YD “IVAY -1f ty * 73
“IVY -IYaf Y ty * ts
< IYFY AVARR 34 ty*1y
< ISFY AT < IA t] ¥ty
YIAYY fIvVE Ty * ty

<[+ A¥ SV /Y8R AL T, %13
e ¥ ¥/ FA VgD T, * tg
VY0 -Y/4 T, * b,

S\YIYOP Y5 T, %1y

<IYEY SATARYA i ty * 13
“IYEA -2 “1AA ty * ts
<IFA A4 A ty, *xt,
“1q-Y SARY |8 ty * 7y
feey YIAYY VoY T3 * ts
-/+14 -Y/FYN -YI$ tg * ty
-¥/Y oV -YIY ts %7y

<104 INA AR T3 * ty
- IYEY VAYY Y T3 %1y
YIAAS ¥/ Ty * ty

R? =95.7% R?(adj) = 91.5%

L oS akl, p-value asls a5 cool S5 o3V
Slas 0-Y gl o R? asls o ls t-test asls
J8lam> RSM Lo oo sl | oS Y az 3o Jow oo o
& 69y 1) iloing o i ;56 Wlgs o0 003 10
oddlice 5,90 ;0 (glp aS job len 0,5 b s s
55295 R a3y 5l RE(ad)) asls jlais 04é oo
0 Joe po FleealsS glop i agzg ()] cle o5 ol
ol RSM 5l Jol> JolS™ o9

285 Sidns 50 o sl SYNRM. (giluary mls
Jga= ;o Minitab I35l 6 5 5l eolaxwl L RSM 5l Jol>
50 ;o lp pe Sl SO lgre 4 ailoas a3l F
odal Cowds jgleiS Lo, dolee 4 FB 93 FB (s54)g005
25 B8 50 (A-A) Ly, @illas 1, 0 5 ¥ Jgloo S

i )0 ke Jae ale



gl mlans g 5l eolinl b (cudliS'ol ) 15,50 (sl ysige jo jsliiS (g 5luainge 44

T,_spp = 418032 — 36855 x 1, — 290.6 X t; — 54982 x 1, — 29.8 x t, — 1148.2 X 13
— 19352 X t; + 128x12 + 6.1 X2 + 182 X122 + 4.3 X t,°
+ 9.6 X132+ 192X t3%2 + 88xX1y Xty + 205Xy X1, + 1.1X1m Xty
— 72XTXTy — 6X1y Xty — 4T Xt X1, — 8.6X 1t Xty M)
— 42Xt; X1y — 37Xty Xty —3X1ryXt, + 156 X1, X713
+ 21Xy Xty + 02Xt, X153 + 51Xt Xt + 6X13X1t5

Ty 4pp = 513944 — 643 xt; — 2953 x1, — 4499 xt, — 674.6 X1, — 297.2 X t3

2532 X715 + 268.6 X t, +240.7 X1, +0.7 X ;%2 + 0.9 X 12

55X t,2 + 39xX1,%2 + 32X 132 + 1.8 X132 + 35X t,%2 + 2.1 X7,2

02xt; X1 + 03xt; Xt, —03xt; X1, + 0.3X1t; Xts

04Xt X715 + 08Xt Xt,+ 06Xt X7, + 0.13X71, Xt, )
15X Xr, + 083Xy Xty + 012X7ry Xy — 1.04 X1 Xty

092X1, X1, + 424X t, X1y + 098X t, Xt; — 0.6 Xty XT3

045X t, Xt, — 0.06Xt, X1y, + 1.65X1y Xt; — 048 X1y, X1y

39X, Xt, —3.6 X1, X1, +153 Xt3X1r3—2.6Xt;X¢t,

23Xty X1 + 029Xy Xt, + 03X X1, + 21Xt X1y

L+ 1+ +++ 1

(0T 3 g -0
at,
0T, 3 B -0
on t, = 6.08 (mm) det(H) > 0
0T, =973
L =0 :1 -=993 g:llg 0Ty-srp Tr3rs  0°Trosrs O*Trosrs o ()
Lar S S i R T
0Ty _3rp _ 0 1, = 72.63 (mm) 1 1 B 3 3
or, t; = 20.19 (mm) Tr—3pp = 12.79 (N.m)
aTT—3 FB 0 r3 — 32.13 (mm) Tave—3 FB — 102.7 (N.m)
at,
0T, 3 rp -0
or3
aT‘r—él-FB — 0
at,
aTr—4FB =0
o,
0Tr—arp -0 t; = 4.52 (mm)
at, r, = 107.58 (mm) det(H) > 0
aT,— t, =8.18
g:FB =0 rz_ 87 33((7:;"73) 0°Ty_arp 0°Tr_4rs 0°Tr_4rp 0°Tr_srp S0 ay)
: > oL R R .
0T, _4rB t; = 11.33 (mm) 1 1 4 4
at, 0 3 = 68.29 (mm) Tr—srp = 13.96 (N.m)
0Tr—4rp t, = 16.4 (mm) Tave—a rg = 108.46 (N.m)
o, =0 5 =3384 (mm)
0T _4rp -0
at,
aTr—él-FB =0
or,

VE-0 [l AT o )lod eolyz 5 o Jlo i ) 65bs Jote alone



7Y

0 10 20 30

40

50 60 70 80 90

Gr (Mech. deg.)
wnte sl 5l Jol> (punbolineg 2SN joliS mlis -F IS0

0.9

0.45

B (T)

-0.45

0 60 120

—3FB

180

240 300 360

«a (Mech. deg.)

S @595 ()

.3 FB, THD=75.3%

.4 FB, THD=73.3%

YOOI N AP DDA NP RNDPAEQCAN DL D P
Harmonic order (n)
Seiseyla iz (<)
dioge slo e 3] ol lpp alold bl 5 JIS> slat atlye -0 IS5

odel Coway dige bl j0 a5 0,5 leol ol oo cplplo
gl 3lS o) G2 L Gloses «S3slssd 90 2 sl
HoliS a mlo ol oals Lais 10 lawgle jglaS
4 53 FB slosialyst J oaal ooy grblies 25
adge ogar 10 gl e ol sl (F) S 0 FB
S sl Aol (rbliin L JIS (ele) Lo
5 s S sl 5 @) US55 g slo oo 5| ool

\f’& )l.e,.t J\f O)Lo.jJ 4|B)LQ(>BWJLM-Y

bogie jglas cd) o ladl o5 jshiles (izen
bogie jsliaS 5l i 5 a0 4 FB Juo bawsss oy
3FB (555 92 y2 sl 2wl 3FB Juto awwss (5355
5 >hb Slisles] I edel vty s b awslis 5 4 FB
ol ploo]
({ 90(Nm) < Tave_3 FB = 109(1\[ m) )
\105(N.m) < Type_arp < 112(N.m)
ol ool Candy s Jawgie HgliiS (glp cmwlie jlaie

e 50 S5k Joe alme



Ty gl (g 5l ool b (culiSel ) 19,50 (sl ygige 5o jglidS (g5lwaige ZA

Slgoe poodle ,olaS o, ke g el ool
Olpss 4 glep alold wbloe (Lo Soge )l
9 2 sl ol (S 5 gl alol LS,
ol )L bglas 0555 el Cuwy e SGoln s
2 =5, bl G @l bl )L JBs &5 g

Kgd oo 00l lii (V) 9 (F) sl S

dmlio (Ssigejla Glyizme 5 G @ > (29
55U 5l S mls jo cad cwlie Ju, olie Nigd o
Seise)le Slyixe 59, SYNRM ooz s399ns5
Gl S a3V el olen alold cwblos Lo J&s
o8 jlwainge a1 8 10 0ud ploul sla yiolesl pled (gl aS
L s THD) 5 (Soigejle glagel e
Cawdy 2oy B YL goue plge alold wiblise

Tove—srg = —600.1 — 95X 1, — 173 X¢t; + 319X, + 8.6Xt, + 21 Xr; — 39Xt
+ 0.02X71?% + 0.1xt2 — 02X7r%2— 0.1xt,%2— 01X713%2 + 0.2 X t5?
+ 03X Xt; + 003Xy X, + 013X Xt, + 001X Xy
— 0.03Xr Xt; —01xt;Xr, + 002Xt Xt, — 006Xt X3 aY)

001Xty Xt —02Xr,xXt, + 0003 X1, Xr; — 0.05X1r, Xt;

+ 0.02Xt, X1y — 0.07 Xt, Xt; + 0.13 X153 X t5

Tove—arg = —1241 4+ 59X t; +34 X1 +23 Xt, +6.7X1, =56 Xt;3—73 X1y —04Xt,
—0.05 X7, +0.08 X t;2 — 0.03 x ;2 — 0.03 X t,2 — 0.06 X 1,2 + 0.01 X t5°
+0.03 X 132 — 0.006 X t,2 — 0.01 X 1,2 — 0.03 X t; X1, — 0.04 X t; X t,
—0.025 X t; X1, —0.007 X t; X t3 —0.001 X t; X 13 +0.008 X t; X t,
4+0.04 X7y Xty +0.02%x7 X715 +0.009 X7y Xtz +0.006 X7 X713 av)
+0.003 X1 X1, —0.02X¢t, X1, —0.04 Xt, Xt;3 —0.03X¢t, X713
—0.003 xt, Xt, —0.007 Xty; X1, +0.03 X1, Xt;3+0.02X1, X135
+ 0.007 X1y, Xty +0.004 X1, X1, +0.045 X t3 X 13 — 0.02 X t53 X t,
— 001 Xt3 X1, +0.02X7r3X¢t,+001X7r3X1,—002Xt,Xr,

(REBRARARERRANERL

2 A |
22212

SISt

3FB G39de s ()

-
-
re

. o

v
o

.-

.o
e

v

v -

.-

4FB &3 (<)

1)

§11)

I

3FB 59095 ()

R LT TS R

\f’& )LQ..) s,\f O)Lo.a:) 4|B)LQ,’>5 WNJL«Q

i 5 g5l Joe Ao



#4

S gy
Gl 4 sls ) oBily dcgeme 3l alewy ooy
ol 1) ol 9 ;885 JLoST B s 5l Coles
&L (p,la

Ao cpl jlisl 0y50 0 a5 w0 el Bans g
3l g2y adlie o)l

O waulb

g 5o ) s ool Clllae a5 Wil (oo Mgate (5 i o5
il osil i ol 4 (6,50 aloxs

e 05 5 @li Julow o ddov slo (g5l

5 o sl gile ad plol 1 Lol (g ka5 wle
e 5,5 0 SaS

c53’|1" &k pwle @‘Lb)

S 35 Az -0
hb pegax o (8 Slo o 4 4 blie ol o
CobeS $95 08 Sins etz 2L 5 Lo SynRM
355 Golwaige anl 8 (eudss (cwablineg uSUl jglies
ks 0 03 FB 34 FBL )55, slassdng ¢lp byo
4> o slbl jsliie 4y 03 plosl RSM 5l solinul b
Sygo s LFB o8¢ cunbline L bglas e b iy
5 Cwlbes Gugmime U dazg Lol QB Jolia
69y b p 4 plogle 4l o L FB elad coadye
Ol el g (qubliieg 2SI glliS fo ) g lamgie jlode
CBEIRSM o (g5l loyeiie olsie & byl
Slp JolS 290 40 Jae G ool L RSM o sus
4250 9 b b lapys 5 Bas wlg IS e
) Bas a5, (el hlie Il pge
&5 Jolo az Gl g 0l (o p (oliiS iy 9 Lagie
bgio o 59) (5t 58U (> g Sl slap 5 &S

g o olaws 0 Yb 0gzg L aslo jolias foy g

GJLO &Lw s RSM 5l eolaul b olast s o5l (09 00 s

o (yeli (L ) oIS Lo 5L 3590 (Jlo @alie el ds 0s Lol S3slsisi 55, sl o9 et At

8l el as e VY JINY s b

&l

[1] B. Tawfig, Koth, Mohamed N. Ibrahim, E. E. El-Kholy, and Peter Sergeant. "Performance improvement of
existing three phase synchronous reluctance machine: stator upgrading to 5-phase with combined star-pentagon
winding." IEEE ACCESS 8, (2020): 143569-143583.

[2] Zhang, Shiwei, Hongming Zhang, Chengcheng Liu, Youhua Wang, and Jianguo Zhu. "Design optimization of
a synchronous reluctance machine by using the combined topology-normalized shape method.” IEEE Transactions
on Magnetics 60, no. 3 (2024).

[3] Brun, O., O. Chadebec, P. Ferrouillat, I. Niyonzima, Z. Luo, and Y. Le Floch. "A level-set-based topology
optimization for maximizing the torque of synchronous reluctance machines." IEEE Transactions on Magnetics
60, no. 3 (2024).

[4] Farhadian, Moein, Mehdi Moallem, and Babak Fahimi. "Multimodal optimization algorithm for torque ripple
reduction in synchronous reluctance motors." IEEE ACCESS 10, (2022): 26628 - 26636.

[5] Zheng, Yeming,Yawei Wang, Dayi Li, Xuan Li, Chen Zhang, and Ronghai Qu. "A torque ripple reduction
method for the synchronous reluctance machines with mirror asymmetric rotor laminations." IEEE Transactions
on Industrial Electronics 72, no. 10 (2025): 10497-10507.

[6] Zhang, Shiwei, Chengcheng Liu, Youhua Wang, Feng Niu, Gang Lei, and Jianguo Zhu. "Shape design
optimization and comparative analysis of a novel synchronous reluctance machine with grain-oriented silicon
steel." IEEE Transactions on Magnetics 60, no. 9 (2024).

[7] Rajabi Moghaddam, Reza, and Freddy Gyllensten. "Novel high-performance SynRM design method: An easy
approach for a complicated rotor topology." IEEE Transactions on Industrial Electronics 61, no. 9 (2014): 5058—
5065.

VE-0 [l AT o )lod eolyz 5 o Jlo i ) 65bs Jote alone


https://ieeexplore.ieee.org/author/37089967709
https://ieeexplore.ieee.org/author/37089956233
https://ieeexplore.ieee.org/author/37085401439
https://ieeexplore.ieee.org/author/37281438100
https://ieeexplore.ieee.org/author/37279939600
https://ieeexplore.ieee.org/author/37089850997
https://ieeexplore.ieee.org/author/37427562000
https://ieeexplore.ieee.org/author/688011568208567
https://ieeexplore.ieee.org/author/37085828232
https://ieeexplore.ieee.org/author/498401971356135
https://ieeexplore.ieee.org/author/37426317900
https://ieeexplore.ieee.org/author/37089793678
https://ieeexplore.ieee.org/author/37085395424
https://ieeexplore.ieee.org/author/37290667100
https://ieeexplore.ieee.org/author/37089207065
https://ieeexplore.ieee.org/author/37089452621
https://ieeexplore.ieee.org/author/37278880800
https://ieeexplore.ieee.org/author/37063120200
https://ieeexplore.ieee.org/author/37085906411

Tl el (b9, 5l eolatnl b (udliSel,y (g, sl 5390 j0 oLl (g 5lwaige Ve

[8] He, Tingke, Yawei Wang, Mingyang Bao, Junhao Li, Siyuan Feng, and Ronghai Qu. "Design and validation
of a high-efficiency synchronous reluctance motor." IEEE Transactions on Industry Application 61, no. 3 (2025):
3711-3722.

[9] Tessarolo, Alberto. "Modeling and analysis of synchronous reluctance machines with circular flux barriers
through conformal mapping." IEEE Transactions on Magnetics 51, no. 4 (2015).

[10] Farhadian, Moein, Mehdi Moallem, Babak Fahimi, Behzad Mirzaeian Dehkordi, and Mehdi Sahebzamani.
"Alternate rotor design for line-start synchronous reluctance motor with minimum use of copper.” IEEE ACCESS
12, (2023): 73-84.

[11] Mari, Simone, Andrea Credo, Giovanni Bucci, Fabrizio Ciancetta, Edoardo Fiorucci, Andrea Fioravanti, llya
Petrov, and Juha Pyrhénen. "A methodology for inductance measurement and uncertainty propagation in
synchronous motors under magnetic saturation effects." IEEE Transactions on Instrumentation Measurement 74,
(2025).

[12] Jie Wan, Wen, Ze-Cheng Li, Jin-Ping Lu, Yunchong Wang, Dan Shi, and Jian-Xin Shen. "Fast design
methodology for synchronous reluctance machine rotor with circular flux barriers." IEEE Transactions on Industry
Applications 61, no. 5 (2025): 6951-6961.

[13] Korman, Oguz, Mauro Di Nardo, Michele Degano, and Chris Gerada. "A novel flux barrier parametrization
for synchronous reluctance machines." IEEE Transactions on Energy Conversion 37, no. 1 (2022): 675-684.

[14] B. Tawfig, Koth, Mohamed N. Ibrahim, E. E. EL-Kholy, and Peter Sergeant. "Performance analysis of a
rewound multiphase synchronous reluctance machine." IEEE Journal of Emerging and Selected Topics in Power
Electronics 10, no. 1 (2022): 297-309.

[15] Bacco, Giacomo, Nicola Bianchi, and Hanafy Mahmoud. "A nonlinear analytical model for the rapid
prediction of the torque of synchronous reluctance machines.” IEEE Transactions on Energy Conversion 33, no.
3 (2018): 1539-1546.

[16] Usman Naseer, Muhammad, Ants Kallaste, Bilal Asad, Toomas Vaimann, and Anton Rass6lkin. "Modified
winding function analysis of synchronous reluctance motor for design iteration purposes.” IEEE Transactions on
Magnetics 58, no. 9 (2022).

[17] Farhadian, Moein, Mehdi Moallem, and Babak Fahimi. "Analytical calculation of magnetic field components
in synchronous reluctance machine accounting for rotor flux barriers using combined conformal mapping and
magnetic equivalent circuit methods." Journal of Magnetism and Magnetic Materials 505, (2020).

[18] Liu, Jinpeng, Xiuhe Wang, Wenliang Zhao, Zezhi Xing, and Han Zhou. "An enhanced hybrid subdomain
method toward electromagnetic-thermal performance analysis of synchronous reluctance motor." IEEE
Transactions on Transportation Electrification 11, no. 1 (2025): 2851-2865.

[19] F. Cupertino, G. Pellegrino, and C. Gerada. "Design of synchronous reluctance motors with multiobjective
optimization algorithms." IEEE Transactions on Industry Applications 50, no. 6 (2014): 3617-3627.

[20] Montgomery DC. "Design and analysis of experiments”, 2nd edition New York: Wiley; 1984.

VE-0 [l AT o )lod eolyz 5 o Jlo i ) 65bs Jote alone


https://ieeexplore.ieee.org/author/188475804406526
https://ieeexplore.ieee.org/author/37085395424
https://ieeexplore.ieee.org/author/782030176085317
https://ieeexplore.ieee.org/author/37085810080
https://ieeexplore.ieee.org/author/37090061007
https://ieeexplore.ieee.org/author/37278880800
https://ieeexplore.ieee.org/author/37089334326
https://ieeexplore.ieee.org/author/37288830200
https://ieeexplore.ieee.org/author/37275596900
https://ieeexplore.ieee.org/author/37299299400
https://ieeexplore.ieee.org/author/244444476166624
https://ieeexplore.ieee.org/author/37089249938
https://ieeexplore.ieee.org/author/350720697443028
https://ieeexplore.ieee.org/author/596650186071706
https://ieeexplore.ieee.org/author/37086244719
https://ieeexplore.ieee.org/author/37958486800
https://ieeexplore.ieee.org/author/37086194610
https://ieeexplore.ieee.org/author/37085682904
https://ieeexplore.ieee.org/author/37892781100
https://ieeexplore.ieee.org/author/37086082500
https://ieeexplore.ieee.org/author/37085434507
https://ieeexplore.ieee.org/author/38272755700
https://ieeexplore.ieee.org/author/37300322100
https://ieeexplore.ieee.org/author/37278301300
https://ieeexplore.ieee.org/author/37085345435
https://ieeexplore.ieee.org/author/37088868941
https://ieeexplore.ieee.org/author/38537703300
https://ieeexplore.ieee.org/author/37085368633
https://ieeexplore.ieee.org/author/38246596000
https://ieeexplore.ieee.org/author/37712079100
https://ieeexplore.ieee.org/author/37089965712
https://ieeexplore.ieee.org/author/37407476400
https://ieeexplore.ieee.org/author/37085355201
https://ieeexplore.ieee.org/author/37086131172
https://ieeexplore.ieee.org/author/160622368841848

