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Abstract
Journal of Nonlinear

. . This paper presents a novel speed control strategy for a Permanent Magnet Synchronous Motor (PMSM) based on Field-Oriented
Systems in Electrical bapep P &y gner sy (PMSM)

Control (FOC) combined with a Fuzzy Fast Terminal Sliding Mode Controller (FFTSMC). The proposed approach aims to achieve

Engineering high-precision speed tracking, finite-time convergence, and effective chattering suppression in the presence of external load
Vol. 11. No. 2 disturbances and parametric uncertainties. In the proposed structure, the conventional FOC framework is employed to decouple

> torque and flux components, while a fast terminal sliding mode control law ensures rapid convergence of the speed error. To mitigate

Autumn and Winter 2024 the inherent chattering phenomenon of sliding mode control, a fuzzy logic compensator is integrated into the terminal control law,

adaptively regulating the discontinuous control gain. This integration improves robustness and smoothness without increasing

ISSN: 2322 - 3146 computational complexity.

http:// jnsee.sut.ac.ir The effectiveness of the proposed FFTSMC strategy is evaluated through comprehensive MATLAB/Simulink simulations in both
time and frequency domains under different operating speeds and load torque conditions. The results are compared with classical PI
control, conventional sliding mode control, and fast terminal sliding mode control. Simulation results demonstrate that the proposed
method significantly reduces speed ripple, overshoot, and total harmonic distortion (THD), while providing faster settling time and
superior disturbance rejection performance.
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1. Short Introduction

Permanent Magnet Synchronous Motors are widely used in industrial and electric vehicle applications due to their high efficiency,
fast dynamic response, and compact structure. Conventional PI-based FOC schemes suffer from degraded performance under model
uncertainties and load disturbances. Sliding mode-based controllers offer robustness but introduce chattering. This paper addresses
these limitations by proposing a fuzzy-assisted fast terminal sliding mode speed controller within an FOC framework.

2. Proposed Work

This study develops a speed control scheme for PMSM drives using FOC combined with a Fuzzy Fast Terminal Sliding Mode
Controller. Classical PI, conventional SMC, and FTSMC are first designed for comparison purposes. Then, a fuzzy logic
compensator is incorporated into the FTSMC law to estimate disturbances and reduce chattering. The proposed controller guarantees
finite-time convergence and robust speed tracking. Extensive simulations are conducted under different reference speeds and load
torque conditions, and performance is evaluated in both time and frequency domains using speed response and THD analysis.

3. Conclusion

The proposed FFTSMC-based FOC strategy significantly improves PMSM speed control performance by achieving fast
convergence, high robustness, and reduced chattering. Compared with PI, SMC, and FTSMC methods, the proposed approach
provides smoother speed response and lower harmonic distortion under load disturbances. The results confirm the effectiveness of
integrating fuzzy logic with fast terminal sliding mode control for high-performance PMSM drives.


https://jnsee.sut.ac.ir/article_733767.html

Ao J 87 51 oolitul b @310 (S i T 09 5 sgign (57— Uil J 5™
S @ g Sl y (o 3H

*T (5ilg9d esme

Ol ed 58 5UT e ¢ ol 13T o8l o 8™ sLT e doly ¢ 5y gwrligo 09 S

Ot ed S LT e e oDl 13T ol oJ 5587 5UT e ol o5 5l Sl 570 "

m.divandari@ian.ac.ir :_J g ot g8 (Suig I Sy (g3 T 3

VEegl) e ib oy ol VEe8/Ye/E 98- EIAINY 15,53k gl

s N eslinal b (315 (gl 2T 0 S o) 5 g0 S J ST (Sl 5 ST S walllan ) o
S SRS Sl (g 1 8 =0le J A8 a5 ol s 411 536 g o Jlin 3 (358 e J 28
Ol 35 51,0 dole SLalazsl j e 45 1y o 5 Shes (g3lgiin o,y 058 o0 48 8 L 4 550 ol
el ) i ) S o g3y (8l 3o Olo) 43 ol Sad b il 53 (SILL s osdle das
(WSS (P Kb ool (laoiS I 287 sy cal ecsaltin Sy (i 31 (g 81t Sl 0k
05 3 ozl U (bt s ol ok alin e Jlion 5 (3530 Ao 257 5 Uglien G530 e J 8
JAS oy Sl o 11 5 pskiS 5 o Calien Loyl 5 3 5 (IS5 5 Ole 05 53 53 e 13!
sl gl el 5 (SOl (55 2l el b sksS o 53 pllaal DI 2l L (golniy
.s‘,.i@q.lﬁu‘_;uuﬂpg;;ﬁjﬂl:&f):df

VECEIEITY i byl &b

o>

L4

Sls™ (svolg



https://jnsee.sut.ac.ir/article_733767.html

38 g e 7 (B30 o I Sl oslinal L o513 (sl T 09 S 5 590 | S=0n J 287

Yo Skl > deea

dodo —)

S i by (258 claglpm o S S 288 A5l ilibs wlis s (PMSMD) il (gL aT 05 S (gla 5 5 50
53 (IMD) Q&1 (gl 5550 b tslin 53 5550 ol ool o 8505 51 (6 ¥V ] i) oo DT 0 (g 5 BB sbay ST
5 g s W p e 5 4y 3B (Gl 595 0 03 S (S5 50 a0 (b el el i T 5 55,5 b
WS 835 O rapaz o0l 1 Ly sse ol DIl bl e sdle disls (g5 e gl 5 YL Ol b 55 e
g il S5 s Wl o OT bimes Jlo (Sealys s Shae 5 Vb Oled (07 (o 1l Olos (03 28 Glles oo s 03 51dna
Wil oste gl )8 8 Sl s S S rled Sty slay g0 5 Il 15 Gla s Lo ol slas 1) 1
LF] A8 o onlinal 5L adl oy Sy 51 el a3 5 oy

33055 RIS 550 Gl 555 ) S p (e DS 5 SISl IS s 353 S a5 55 e il 25 53
2 [F0] ks o 43 5 S 4 sols 2 J S el y (DTC) s 55ksE J 287 5 (FOC) 15-0le J 287 S50 i)
S Opk il L5 sl s IS 5 CSVPWMD Las 51, PWM U S Ljls ol 5 2,5 06 V]
S50 4 Tl o313 O s iles S awglae (V/E) 8 5/515 J 8L g slgiy 1y 550 o) 51, CMSVPWMM)
OLan 5 (Gl jall .5 5 gaes [A] 53 das o a1yl (Sals Jb Lol 5 Il Il a1y (S8 b6 s Shes T (oalgiiy
Sl o S sl elanidn T (bt 55501 60 w0k 2 (B Ssa s 03 5550 a1 b 1 S0l I 58
oslizal b1y 18- 0ls J 287 50153 &G [4] 53 o s sYs 5 Clrly ool 5550l 53 sl 5 p 5 g8 0387 pal 3
b b 55 gm grl3 53 St g S o3zl a3 S e 5 g5 Saxdgn b3, 6l (SMO) 3530 i Soalis
s enS (U153 Ale Wna )87 55 1 53 el s a3 on I s (Slae o 53 1y st o 5 s o (208 Dliabl
oo [V ke 5550 n) 5l 1 Wl or K 09 180l J 8 S5 6 (Vb s J 2S5,
Ol glaazals ;5 AMPC) i e J 287 5l Oue J 157 slas Sy o U1, OT Slidos & ol S Oldes g
[0V] Wles S awslae PMSM 4153 (sl 428 5 g

il oyl DLz b gl e 3 Jomoly o i Ll 5 god (PT) 1 S ol oS J 287 Jghotan 1,5~ 0o J 257
5 Sonlad oo (e D3 o 8 b ablie (gl oS 2T ki SL g ) (b e Gl el Zoalid pe
o oS J xS ilodd oslial 50 e J 287 5 (656 S ¢ omae $Laad ¢t IS (it J ST ke slaze
D] s by g0 6501 slagalps o (S 500 sl sl by o e 51 S (SMO) 53
Syt 35 gn Ly Sl ki 5 53liE oy bl Eol &S w8 o I 35 613 boT da SMC 0l 5 sblje »osdhe
oS S S ol 5550 0l Sla s 1 e 2SS OIS 5 68 Jeplys s Shae 55 5 53 08
IS oy Jlesl sy [0] 555 o0 Codle b o Sl 5 508 gy w0 0T 5 487 los §7 slgriy o 3530 o

! Permanent Magnet Synchronous Motors
2 Induction Motors

3 Field-oriented Control

4 Direct Torque Control

5 Space Vector PWM

6 Sensor-less Modified SVPWM

7 Sliding Mode Observer

& Mode Predictive Control

o Sliding Mode Control

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VE Y Ola 9 ol ¥ opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5



36 g i3 (5530 e J 28 51 eslinal b o3l (5l T 05 S 5550 18 =0ken J 257
SR PN vEA \id
2

3B sy o 1y o35 e oS U 5S7 0SCSS S carBs 55 500 Fren VL Sl u IS s A e euS
S 8T il oy S ol S5a0dn (g sk S0 51 35 g S Gl b 5 pss a8 e
Sodalin 1 e JoSa o8 Lo 0t J 28 DIV] o 53 OLKen 5 5 Sy ommen [17] ol 0 slgiiy
o e SIS S50 2 15 636 Gl sy Oliises (S diled ST S as L e ST S Ly il
Sl sy Qlikms Lo coriomen [VA] Llo3 S 5550 ol s (1 sl Slalizel Comd diehpn slagn s S 0 Kol
Sl (el (5 e (gla oS J ST L1 ile (6,550 sla rs) 5 s orae (SUaaSTE (3B slate sle it sa
Ly Slwlos Ol il Sy bl ools Ol g g0 ¢SCalis 53 1y o5 3 Shee domss diles S S 5 5550 ol o
LYY=va] 5,0 50 G Sedisls 4 g el osls 21531

S el g Sl o S s IS ) K Ol ¢ 30 e (sl oisS J 28705 (35 ) 08 e oDl
ool p3lin Lo al )l ol ple 5 sl DL ol 55 2S5 s e e 3 G2 e oS ST ol (gl S0
Ll 5 g0 oS iyl gr o (Salys Gl 5 im0 IS5 ld 35 0l o e |y e (2 S DT ) 053k
Sy 5 ol s BL 5 je slls e (sla eyl oS gt ¢ o (Sl pans 53 [YOYYT S 0357 1, VL oL, s Shas
P3P RIP e oS s e I Cadle w8 e SMC gy 15 Jsb 5> Ok cite il (551 poandS
Wl s s 5" (KSS S o a5 (580 e sl oS S8 5 ol sla 3l 51 (S Y8 58 e
> Shoe 3 Wlo S slgiy 1) (NFTSMO) (15 1 o oo Jlin 3 (353 e oS J 287 liies 5 1 JSC00 1L ablie 51
35t St Jslze (slo SMC wlie [YA-YV] Wlos S el Jolas 4l (S5355 93 1y o e (3530 e oS J 8
(o 3 Blods 3 8 SIS 4y o g SIS o Jlisn 5 (553 L sl oS U 57550 pl sla g3 5 Shes
0135 J 87 i b g Sl 1y oy 228 o b5 (B3 e oS 58T g5 O 5 52 015 Ke Y4
o a5 e 08 RS gy 0 o (20T (2l Sead O3 o7 ool 0387 il oS o b5 (5530 o
il gles

51215 o SMOUY ] o o 3 Oliioms 51 (5 1 ¢ o o Jlion 5 (3530 o (sl oiS J 2871 oy 5 S 7 oDl
o2 518" 4y o Jlicn 3 (55380 e oS U257 (6l 1) idor (o5 Doy 056 8 503,87 S OSSR (pnind 350
Lo Jomol s 31 (6 48 55 g0 gLl o Sl 3 (3580 e ouisS” U287 sl 8 (5 03 ol ok o ) R g i
A Ol 51 (ol ¢33 o (55 53 685 87 08 &K a8l ol A peS b b 2Bl w0 0 Sl
3 S S g a5 Al S S sl lps e IS 61 L (FFOTSMOC) LelS 45 50 Jie 5 o258 e
Sl 1y 483 gy ks JalS7 a3 0 58 e K55 oS 01)80n 5 gL 65205 YV gm0 (YT Wles ) 4 s
gl 53 815 o (5 S 45 pm 5 VU 5 0 853 e sla Bt blen Mgty Wb e 03 a5 5 | S D5k 110
o4 LFOASMC I oslizal ¢ puioman dins (2alS o 55 b6 ysb a1y Sodalive o g comb 45 0 358 o sla Koy b
—9 o e J S oS oL 5 &Kl S (Y] o 0> IPF] A8 s 1) Slalaztl 5 O 1) hgr WIS on oS
il 2, SKer 058 0T les S slgiiy (S S slagys g5 53 5550 cnl 52103 SRS (Sln 5 6 mS 3 b (51 ok

.M@JﬁbG-JsC_,.G‘/.wizuibiwh)UJ.L_:J)QLAJ'AS&labﬂ)\f@L;ff@fg;ﬂ-L:awd‘,’fL;‘J.!‘Jng\é

! Second-Order Super-Twisting SMC
2 Singularity

3 Non-Singular FTSMC

4 Full-Order TSMC

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VP Ol 5 5l ¥ oslad VY 0,95 (3 owikige 5> (b 8 aileln 4,25



38 g e 7 (B30 o I Sl oslinal L o513 (sl T 09 S 5 590 | S=0n J 287

v Skl > deea

0 Ooen 5 KI5 Sl b5 e Kb e 5550 00l Gl e 5 8 450 S5 2 FSMC oS
el 0 sty 55 V7]

S ose A e oS IS 18- 0ln U8 555 10300 55 m ) St RS Slabs) ol sl casdles ) b
b oS VL a0 SRS Sl 5 e pn slaen s SN ol o pslie J 28T slaeSSS b a8 a5yl ol
g o Js Calides (glas )8 53 5550 ol (b 13 65 5 Ol Sl ¢ Salis 5 Shes 2531 Coda b las S5 !
Gy 5 ondle 6,850 Sl sy io oS 5 Jals ol (Seos 0l T Sliios (5ls s &8 as o Ol | Sl
o (a0t J ST Ly lie 53358 o 4 iy 05T (Slags 1l ol Sk SRl 4 e o8 3l ST, Sl
o5 el BOT 3 gdome 0L )3 (I Son 7 Jlom 3 s i o ¢S 000 b Jlin i (3530 o oS J 287 ¢ 530
oT oS 5 a8 Jom 3 edzsl 53 e sla Sodalie )3 og (slaat 5 515 o (6 S 45 0 5 VL a5 o sl gy .o
Lo oS J S O 3 Shes yosdhe s Rl 1y plys 4y s KI5 e mae SeSd 5 m i ke W ig, S b
cardllan ool 55k p 00 gy 13 35 51 55 0T dba eyl Cnid e 5 (sl SlaLizEl O S w55 Jle 5 sle (A
(B L 0128 27 5 SIS PL Jolt cp sn o (slaociS U 28Tl sl S aze 50 pl S J 28T  Gind 2s)
S S 0 033 dn 5 e Mo 5 (B Lo oS S e 5 o 55 e J S s 01
b b 5 3n 8\n 63l CFFTSMO) (56 m o e 5 (5540 e

Jin s (5530 Lo i U 28 Lol | 5=00n S8 1 e St J 287 Sl 0 W) By ol ol (65T 5
(S35 ) 33 AR 0 3 s 3 g0 S8 Bs5 & Lo 5 5355 Olge 5 U ST o Sen ot Ol jon sboa &7 ol (536 e
23 g SO 5 b AT L) 5 Caalaipits ST G el o el Jlae 5 J ST 056 55 656 Sl oS
SlaediS J Sl (85 5 0l o) 53 55 ($lging oS I 28T SIS (ol e sde 35 Ladem Lo s Caliies (Slaes gl
(THD) JS' SSsnsle glryel f2als 5 28 fuy o oba) 5 51 0T 6555 5 ot awlia FTSMC , SMC (PI
RO PREPINIIEY

s 1, FOC iy, C,m,:-.s.{,PMSM U die 0 p s ide Tl odd alilejle 5 s 4 Allie ol L
O e Jela 8 555 oa Oly Cos oS 27 o gy ol s 63lgiiy Gl (ol 305 el iSw 53 AS o0
4 (S o 5 Lo (Sileand b5 «ulg 53 .l FFTSMC 5, s FTSMC 25, SMC 25, ¢ Ploazs’d 8

'“U‘°“w°-’|-"‘5|)‘g'3‘5"J"."l)g"‘:“’;‘f".”.‘r?‘if".”.ﬁ‘ﬁsf

PMSM oL Jow -Y
ol o3 el odbe3ls 0L (1) IS 53 (dq) L5, O 2 e e o&as 55 36 4w PMSM ¢S Uslre S SISl
Sl ke ol 355 on a3 Sb AT L LA ) pomn 5 it e @ (S S o b 5 d sl o o o8

! Fuzzy Fast Terminal Sliding Mode Control
2 Total Harmonic Distortion

3 Interior PMSM

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VE Y Ola 9 ol ¥ opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5



3 e a5 (B30 o I8 Sl ealinal b 3l sl T 05 S ) g g0 | S=0ls J 28

Sl 5> deea YA

. R L

l({ s (I
1% w L i
([ e qq9
O

; R L

1 s q

q
oy +Li )

v([ e m dd
O

(dq),):),ol,zﬁ.@.fy\;);;,uMIPMSM Jabee ,lde 2(V) &

o;,,T[M]C?f;l‘dqc,,.c\i:,u,;mbu;ﬁ};muufwuomwcju,amw&uU:ydf_\ oy Je
3,8 o o8 ealizal 3530 05 S Sladle 511 I 28T Slapns s S 1l s o 53 63 28 jsba S ol o
:[¥4] wlﬁjcf&d\{w}m}sdﬁd—ﬁa@:): 5 e SY¥slre
Va=Ryig- 0eLgig+Ly 3t )

. . di
vq=RS|q+we(Ld.ld+¢m)+qu ()

\B

ol 0k 0315 O (Y) K 55 55 90 (SUa ) gee (55155 415 505 sl

PMSM&L&J}M szbﬁ )‘J}a} :(Y) ﬁ

w310 (mmmen. Lzud oSy (b aaT Hli 5 "0 Sl ) g a1 o Slul (glise SLE Ly S 54 0 s Py OT a8

(o) s ol 5 el HLa 5 odls sl T SLa agl3 L Ol

Ya=Wn+ Lyig \p
Pg= Ly g *)
v W,
6§ = tan™! (—q> = sin”' (=) )
llJcl lljS
P353T iy 15 g 4 Ol |y s g pmbliins U1 58
Te=2 (X1, ®)

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VP Ol 5 5l ¥ oslad VY 0,95 (3 owikige 5> (b 8 aileln 4,25



38 g e 7 (B30 o I Sl oslinal L o513 (sl T 09 S 5 590 | S=0n J 287

9 Skl > deea

oS 5 155 o&iws 53 e gmeblivag S 58 (LSl (Gilesle 5, Sll O 2 5 5La Sl (3luldar S g
D35 a5 D) g 4 OIS 1y B
Te=2 P(giq-Wg o) )
T e Sy 35 oy g 530 (mablie s U158 (V) 53 (F) 5 () o P 5 W palae o Sl b
Te=2 Plg [+ (Lo — Lo) ] )
P T Sy 25 5 Ol b bliin s S35 528 5 L o ot 153 o8iws 5 55 S¥slae [¥4] 3

Te= jfws [2YLg.5in6+(Ly — Ly)Ws.Sin28] @)
qu

S Gy 3 Sge 4 Ol |y (Sealus ol culg s

dwe
Te=TL+] ;)t
JS s ¢ 5 g0 (Salys OVslas g a9 b ien g a5 Sy 5 ol Olos b p3ki8 s 5B J (T 0T 5o o

+Bw, ()

.&fbia.h_,&.p@))dmdbjégi)zs@mé}Q)}.péb'bLsilié‘);;ugé-ijﬁwrefgjn)‘u\inycdbdh%ﬁrd&
@‘)Q&ﬂ)))h‘.&f})j)jjjléuC)UL‘A}J)aJ;.Ej:-\)M%Lsﬂ.bgl.;.\*i\{)bgu\il{dj&kaﬁ-Lﬂcd‘jojW

(FOC) 1 57-0lowo J 58~ b9y =Y
sh Ol adlge a Jits J S U Sl 53228 5 Hls oS U 5 slaail 3o (g5luld |5 -0lis J 287 ol Cods
o g o slin 53 A 0L o S5 Gl 3y g0 58 sl (12 G 0L s Sl Dle S ST s co sty a5
)b@ﬂ#)@lﬂb})aéﬁiﬂﬂ ‘)uﬂdbw.a\abb FFTSMC jFTSMC cSMC cPI 6\»54..5;}_}2.\5

ST el ) e 5L Lyl
JiS a4 glaws @y Sl J 28 LB skl 0L o g5 At delate 55555 5 )kl GO ¢ ACla uile o
S Sy skl ol o bay opl 3sh e eslimal | F-0lts J 28 ¢SS 5 AC gla ubile 5o Ll 5 5kiS 8 1
J})u,_{‘ Ul‘é‘ksll’-‘f J.S@J.l-uQbﬁgfo&wbdgi):)l&})}t&fow@jLSLAM.‘}AUQUgfalilué
&g;@guu,,,uﬁwdﬁsmu&&w&”Mu&;,a%ACJ,uaiidi,g:[/\-h];tw.;
.‘YL:ObuU‘)ij@ﬂ)byL:)jh}:fccﬂ
.gjbt@;T&ﬁJi,\g@;Lg,@\@fa@;MJAuJ':,Jw
o) s o BS o) e 53 alate ol mr e oSas & 4 b 4w 51 (@, b, €) 5550 OL 2 SIS s 5o
Dyhe Ok 5 Sspe 4 JidS
Ia:Ia
(Ia+21)
I~ ()
L+, +1.=0
Wjﬁj@)yqi{ﬂ.;&@.b}&@bkvt;)\j:@-fe&»JQa)?u)bMWL{U@-ﬁ@&uchJ\iJﬂv\.ﬁ)J
:J}idﬁ
Ig=1, cos(8) + I sin(6)

I4=Ig cos(8) — I sin (8) %

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VE Y Ola 9 ol ¥ opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5



3 e a5 (B30 o I8 Sl ealinal b 3l sl T 05 S ) g g0 | S=0ls J 28

Sl 5> deea ¥.

5 05T Sk (gl 5 s o &1l l9s s s ad jo PT glaoaS'd 28 o F- ol J 287 ¢SS5 s
&-L:sbj:ojjmjéulﬁwﬁqu@-JA‘U.J‘)Q@-JAOKZWJJ{'AT:L.)K&“ .:ﬁwjgnﬁpc@u@fe&wéjégf
a0l 5 SVslan b e sSan S5 s 3 g g plnil e sSre &S5

Ve=V4 cos(8) — V, sin(6)
V=V, cos(8) + Vysin(6)

o 21 53 83 (g0 0L 15 150l J 287 51 eslizad L PMSM 550 K o J 287 (STl s s () JSCa
O slaadl jo ¢ s ol Sl s & g on 3,05 SIS s JsSle a5 o (6,8 o510 5 5 50 5B 3 a0l 2 oJ S

d-d‘iﬁ-ﬁgfa&w.}):isq}isdQl)L@JTAfM&fJH&#&LA&J})}‘B)aQgﬁéu@-)ﬁal.mﬁj

)

b5 5555 W G5 g0 ol 53 s gr amlie ()51iS o) Qref 5 L por o) dref Lsg 5 sd 487 o 15 (isa- sq)
Ol 58 o0 oS o (555 Oref o gsm cpl J 287 o0 (nlply o OT A5 & (55 iy €358 0 Sl ol T
Lz VSQref 5 VSrer Ob o (slaodiS J 287 (sla o5 5 135 Joate oo o i J 287 s 5 4 015 o0 1 Qref L5ksS
A5 15 VSpref 5 VSaref Jols cnl o o 015t 0 55755 5o Camd g Sl oslitnl b s o dlesl o sSan &S Jools 4 8
oS o My sl J S 6ty bl S Lsd e oslizal SVPWM (gl 655,55 Olgie 4 il cpl oo .S
e 038l L 05 Saw 55 5m g5 rlol 2 48 ol 5L 3550 555 Sl Cambge ¢ sSan S 5 SL (gls s o
Jis 55k 4 L1550 DC 550 K 5 Shae wlio 5750 S 5 55kiE IS G550 ) 55 sl FOC s 58
o T S 55 o ge DM Lol stz o S uSS 51 0L o 5 5518 slaadl 3o K5 jle & 353 G5luesly

Q\d)jﬂdbﬁ)@U@f&ho&wé

: Inv. Park Tr. lv"c
Wref N 9 , Speed Isqref VSQM Vsm-l
i bl '-‘ ~ - SV 3-phase
i v v PWM Inverter
e _.I PI e a.p e
i i i
= 4.q . o.p =
i i b
% a3 2 ab
Park Tr. Clarke Tr.
)
w

(FOC) 36 J =5 5t eslizwl L PMSM 5 50 s J 257 2(F)

SOlguny Gaid 9y ¢
1 > 6tsl SMC 5 &St P Jols p gm0 (slaodiS I 287 okl ool S 020 5 55 g0 ol St J 287 1 oo
L§|fL§J%FFTSMC awdﬁja&ab‘bijTSMC owd‘;ﬁs«w‘: xﬁ@@‘})‘,}'}»@ﬁd‘,‘;{

D (S P

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VP Ol 5 5l ¥ oslad VY 0,95 (3 owikige 5> (b 8 aileln 4,25



38 g e 7 (B30 o I Sl oslinal L o513 (sl T 09 S 5 590 | S=0n J 287

fy Skl > deea

PI cuuis™ J s —1-¢
Sl Bss o 85 5505 s 5 52555 Ol 4 w5 4 Ol g o 5 e sl Pl s 257 5o
el 55 )50 4 PLadiS 8 s il 5 o0 O o 5550 (mdly Lo 5 o o Lo o (i 55 Ol i 4y s
1340 g0 030>
1
G(s) =K, (1+;) (\F)
G(s) = K+~ (1)

[PV s ISt Sloj ol s K0 g ¢ ol 0,0 o 5 4 Ti=Kp/Ki s Ky (K 0T 55 o8

SMC _$9,-Y-¢

. =
DS il g e w0l el S dbi =0 X =0 LR

X1 =X,
X, = f(x)+Af(x) +d(t) + U* (%)
Yy =X

HNoslitul b ks (s 5 Ul 4 Y 562555 05 4 U (ot Dl slojite Y ER 5(n=2) x €R™ 0T 5 &8
R R O e LRV € RIS EPRVA
fG) =~"x, (W)
|Af ()] < & dier )l 3 5udoms Quu;;b|,>}4>a¢1&b§¢u\;am>gwg,§;@d(t)}Af(x) (ol o
U* = bu (OA) dslre 53 .kt ol azld Coe S\l S 85,8, € RT 0T )5 a8 WS s 03,57 5 1,8, |d(8)] < 6,5
55 0k 55 Syse 4 018 0 d(1) b Elazsl ol e dil o d 1S (635,5U € R sb=1T 0T j3 &5 (ol
d(e) = -2 (\A)
a3 e o dlslas c(V9) dslae 55 i 5 oo Jloel Lo (sllast 5 Lt S (535 2 s o (5253 o (sl oS 28

Pyh e Ol 5 Dol a

X, = f(x) +Af(x) +d(t) + U” (1\9)
S 5o b Ol e ) SN el € () = X2() — X2 () ooy sl 5 Xap(8) oshles Sl Sloslinal b
S
s=(G+ ) le (Y+)

‘)Jﬂc@ucnzlg’,ﬁjsb}("')jlaﬁw‘bJMJJ&S?J[&:‘}J_}’JGJ@;%;Mn}AER+ ‘QT)J‘\{
Qﬂ‘ﬂj@)ﬂ@é)%g}f‘iucuJ;a)bszed{)jﬁé‘bd‘f@
_1.2

v==s (xy)
S EYE NP PO RN

v=ss=ee<0 (¥Y)
MBSl 25 A b sl e 81

s$ < —nls| (Yy)
T 53 5 Sosea Ji5A b cslael ol (5lweslu b € RY (0T jo o8

(X = Xaz)sign(s) < -7 (YF)

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VE Y Ola 9 ol ¥ opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5



36 g i3 (5530 e J 28 51 eslinal b o3l (5l T 05 S 5550 18 =0ken J 257

Sl 5> deea £y

T Sy 25 Sy 4 J S 056 b3 ol 3 AF () 2 Sl L

(FO)+Af(x)+d(t) + U — x4p)sign(s) < —n (o)
sd o ol s J S & U =u/b oSl L
u= —%(l sign(s) + f(x) — x42) (Y%)

o) e el ST Sl s e (F) ISKasL I >0+ 6 + 6, S:ﬁggl&.ﬁlé\df@lERJr‘QT):Af
olas bu.".-)J:"-u:Tref Jj:fdti':‘”}mué’})}@'}“}@é‘}LSLAC"QJW‘J"}*JJ‘):'M"@QW‘J(’WJ“

.J.A.:L;a

g v
xZ(t) &

Isign(x,(t)-x42(t))

xa2(t)

PMSMﬁ‘JQ&‘ﬁC}aﬂf SMC u’f}l{)\:}»i!(i)ﬁ

FTSMC _j9,-¥-¢
w5l J S SIS (OLalaze) 5 Jde Conbad pde 1y 53 Caaslie dle (5530 e oS J 287 Ll 05Dl
S s el pesdle S O S il gllasl 5 g oyl uué&duwétﬁ@|§“6b5};,m;@
383 g0 61 gn g ol FTSMC iS5 o 330me 03 &5 55 1y o Kon ool (Son 3530 e oS 287 &8
sl 51y 5sn ol o IS 55 [F1] 5 [YA] das o 2alS laoalsd pite 5 SLaLazel ) g 3 o SKen 0l
S el pl SRS Ooda o pd o ealitl e S L gl X = [ (D), x, ()] € RZS> s, 51 FTSMC
pde 5 Slalizzl el 5 1y Xg =[x (0), XD 5 a0 Sl sy o Sl Sls & 555 ol Ol

e(t) = x(t) — x4 (t) = [e1(1), €2(O)]" = [x1(t) — 241 (8), %2 () — X2 (D)]" v)
DS 0k g e 4 OlF ey IS s
limlle®Il = limllx(®) = xa (Il > 0 (YA)

S oy daly L OIS o ) obs) sl Sl
él =€, (“q)
e =f)+Af(x)+d(t)+U"

25 Soge S e FTSMCESUSS b ol (Y4) dlan s st Sl s (3l o 287 Coda ol

P g o
mo

S, = Sg + aySy + BoSy™
1 0 0°0 ﬁOOm1 (‘....)

S; =8+ aysy + fisi™

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VP Ol 5 5l ¥ oslad VY 0,95 (3 owikige 5> (b 8 aileln 4,25



38 g e 7 (B30 o I Sl oslinal L o513 (sl T 09 S 5 590 | S=0n J 287

fy Skl > deea

jf_)u.d, ﬁo = 0, m; > ni,Jmi,ni(i = 0,1) So = €1, Qg >0 c(“') S e G&J’J C)JG.M Sz 9 Sl QT B 4.{
5l ealizal b s sdses Oloj ¢S5 53 A5l 5 o (VF) dalas 53 0l o35 T e I ol it (ulal ol bz Coe 3
Mgk gy 25 RS 06
. d d/ ™ ) ]
Ur=—f(x) - a’oa(so) - ﬁo&(sono) + %42 — Lsign(sy)
. mo . (m—l) . .
= —f(x) = oSy = Bo—~SoSo ™0/ + Xqp — L sign(s;) V)
0
= Ugq — I sign(s;)
Obe 53 (V8) dsles Low 5 o d‘:"}:r:‘*“?‘”‘(ﬁ‘ﬁtf' l>6,+ 9, S:}fudﬁ ey L;\AS;?@ZER+ QT):‘S
Db s 2 p ) Sy w ity 3 gdes Ol .th&é\{OTd})}Jﬁ@\jiAsl =0 @ﬂcbmtn 3 gdowe
Is1(0)]
t, Sm (*Y)
Jos Slalazl 5 b pie L o 18 slaptun J 257 ol Ol S eSS w0 1, of FTSMC g el
S S s Slae L1550 5055 wosllasl SISy (SKealis Joo 4 Sawls e o sla il i ol b .S s
Pl (536 Bt (slapt 5 ae A Al et pr (LSS 1 015 gn cla e ol L ablie (s )1
S eslamal J S T8

Solgiw FFTSMC g9, -£-¢
L;ug,:aa;r.xp};)L:L;;al,-\s:uu;,ﬂg,m,u@mu;};@;%@u‘;&gFTSMCaﬁ_‘hd\,;
33 (FLC) (556 Glaie s iSOl 63555 Olsie a0 (F) dslas 51 §7 b= 2 E A g (pmen AST S e |y e
L1 T 015 or 4 Sl 3lael 5 Soalad pde (51 SToke Jols (M) dslan 53 Upg J 287 056 350 0 Jlesl J 287 0 56
ns oo 2l S 050 3 L a sl e J ST o San ssb aplesl cpl 3) o B (656 (shate 0 iSOl o Sl eslinud
b (636 Bhte iSOl LS o Ol (F)) sl 3 1y ilizl 5 Coalad pude o7 L SIGN(S1) ol el osde
38 Glate o iSOl o (525,55 Ol 4 1 (L33 o S (0 S e g 5 JB sk |y a5 Dl A 50 5050 o0
S by oy pie w5 L (P)aie 5 (Z) o c (N) it 355 (oo G 05 (355 00l 610 (650 45 s0ms s ST 0 Jos

g e S ) A 655 ol Lo esls 0L (8) K s
Rulel: If s;is N,then y; =1u,,
Rule2:If s,isZ,then y, = k,. s; (*v)
Rule3: If s;is P,then y; = u,,

L

09
0.8
0.7
0.6 -

0.5

TINZ

03+

FLC oy e o5 :(0) Js&

gk o W ) Dy 4 (6 J S 056 e s S coolgiin FLC js il St o, 6Kk, 0T 388

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VE Y Ola 9 ol ¥ opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5



36 g i3 (5530 e J 28 51 eslinal b o3l (5l T 05 S 5550 18 =0ken J 257

SyUlg5 daes £f
Xy ey
Ufuzzy(sl) - m (\‘\c)
50 S <1 S
0 <Xii(k) < 1,5, (—00, +00) (¥0)

Dsdr Ol 25 S 4 FLO Ll 5 5gy J 287 056
U* = Upyzzy(s1) — Lsign(sy) (%)
Tl s 5 lal 4 4 350 b 6 4 L (636 e oI L ot plnil 1
|ueq + Af (x) +d(t) — Ufuzzy(51)| <e ")
Do i S 5 Dt S R g San S Ol (sl el € € RTOT o o
V= %slz (¥A)
8L 51 5 b B 58 et FLC b5 W15 o 4l 5 504 J 57 056 o5l
V=55 <0 (*4)
D3sh gnosls 55 Dy 4 S G lF)) dslas Sl eslizl |
m
$1= 8o + apSo + Bo 1:_25050(71_0_1)

m,
L W ION ¢ e (F)
=Xy — Xq2 + Ao + B o SoSo

= Uy (50) = Lsign(sy) + £ () = AF () — d(8) — a2 + s + B " 5p50(70 )

DS 0k g o 4 Olg el ST grie (FY) wlis

$1 = —Ueq + Upyzzy(s1) — Af (x) — d(t) — Isgn(sy) (FV)
Ll el (5L @b g Sobe s G L
V= (_ueq + Ufuzzy(sl) — Af (x) —d(t) — lsign(sy))s, (fY)

= (—teq + Upuzay (1) = Af (x) = d(®)) 5, — |
el
V < (|=tteq + Upuzzy (1) — Af (x) = d(@®)| = 1)Is4 ] (F¥)
Bahpesle 55O 4 O Wb ke (YA) G
V<(e—=D|sy] <0 (FF)
sb e 0305 53 g0 4 FFTSMOC ail 5 5 J 287 056 (ol 5l
u= %(Ufuzzy(sl) -1 sign(sl)) (£0)
s 5y b gn (e 863555 ¢ S pl )3 s e O |y eolgiiy FFTSMC S5k Jlsses (8) S
FFTSMC oS J 28 55wty 5 (1l S 020 Qs U = Trpp J 8 IS (s 5 5 oo Sombso o o
Il ok 230kl 5Oy s
U3 50k dnloes ((19) dslae) 5 55 g0 (Sl s SV sle 3 ol )l (o o5 bl 5 OT Grie 5 sy sllas 1) Al 0
23,8 3 G5 s e e
Dl (51465874 Jlion 7 (Sl elyly 23 55 gn e (1) alaly 53 (53lgig sl Lol oliztd L Jlin 3 i3 o 2l 30

.:ﬁwﬁ:}woujjsdlﬁﬁx:;@

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VP Ol 5 5l ¥ oslad VY 0,95 (3 owikige 5> (b 8 aileln 4,25



38 g e 7 (B30 o I Sl oslinal L o513 (sl T 09 S 5 590 | S=0n J 287

fo Skl > deea

Sl U o s e gl Al (1) dal)y Gills 5 oty 05 A mlaw sl s FTSMC 4 J 257056 5F o> 0
s patia J 2

JSC Gillae by o el 5 5 (556 (laas samn 5 oukd 8 8 i 55 (636 (thate e (63555 Ol ety 33 law 1€ Al 0
.»de,v;as(wmg\,ﬁ

Caslaipde 5 GLAEl Soke 05 0m3 Olsiods 5 ookl anlons (F0) 5 (FF) Lasly ) Gb (656 SLul om (s 5 20 > w0
23,8 o sl o3kl 54

o G5 g oo LS5 (FD) dbaly b (656 s 5 s 4l J xS 056 S 5 LFFTSMC Ll J 28 056:1 dl> g0
35 dgdoea 959 9 4Bl talS atw sl ide

=02 (PP B (OFV) Loty 53 oyl Lol 5 o 5 e o 5lLS b 5 eolisl b i dil s (5l 1Y Al 50

..ssjfdncgjl.wa.slﬁ.FOC Cs o adtl 3 0 iS I ST e 9 355 o0

"'2(‘)+
S | ro——y |
| Isgn(s,)
gnis, '

Xa2(t)

x2(8) —pp!

x; ()
+ : So
Xﬂl('-)

Eq. 31

&algis FFTSMC (S5 Jls 505 2(1) S

Sl b5 .0

Lyl 8 5 s e o eie Sl p 5 e 1 80l J ST s Sl ealinel 5 g0 oS5 e e J S 035 5 0l 2
A (s Caliee 5528l

255 ol JAS (S5l (V) IS ks ot a5 e Y0 (555 Tis (15 16505 0 3 plomil 45 05 g 53 (5lwacds
oS U S 3 ph 0 5 (Ored) S g o S5 b (55l (IS Hsb 4 s gn DL 1) 18 =0l J 87 S eslinal |
S o 5 s s e a6y S 588 a5 L s e

. Discrete
m :'J * PID(z) | T Inverter

ido
PID Controller2 / gate_A1
_—
gate_A2
: PID| -{ | . gate_B1 ‘ .
Wref_r :D / :[:l ’I"'D(!)I SasbSc \Vdciz =
= Speed controller gate_B2
Torque Controller
gate_C1
_C2 | .
Inverse Gate driver o2,
vdel

Rotating Stationary
park clark

FOC jl eslizul L PMSM J z5™ (6 5luans :(Y) S

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VFor Ol 5 5l o oslad VY 0,55 63 5 (owikige 5> (s o slaailol 4 25



36 g i3 (5530 e J 28 51 eslinal b o3l (5l T 05 S 5550 18 =0ken J 257
SR PN vEA \td
2

(25 Sl S ks S o ol 1) ) 5 g 558 dq e DL SRS skiS oS S canlsl s
ol g n 03Uzl PWM sl dt&e W 5 (51, SVPWM &S ok Lo g o 457 4 o o5 0P & 1, dq sl LK
e LS o 5510ty 1y 500 5035 s AC w1, DC & W55 e oslizal i, 50l g510ly 5l PWM gladi&ew
S oIS S S (Sl 535 gn 0kl S5k U ST slail 4 385 ST Bad (s ) 5 50 (o88ls SOk
Bl o L) (0rer) o e 2SS 38 5 mbsT s, FFTSMC JFTSMC SMC PI
30l o5 53 3 Silutnd i A o 5 Lo sl Al sl J S I &S 5 AT s dslie 5 pa(0m)
T a5 S e 53 Sy o S b L 53lES 53 5 e 03 e US4 gl (61 e T s 4 IS5
onl (ol Gl el ins oa DS 0555 93 53 1y (sSlwaned gl (4) 5 (A) G S, ai5s 3 553 10+ 5 akds 55 55 VO
cllodds S g0 (V) Jgdm 53 55 90

IPMSM bl (V) Jgde

ol A
350V DCjus
42.44mH L s sl
79.57mH Lq-ts 5l
1.930 Ry oo S slie
330Q Ress anslin
0.316H A gobline 5Lo
2 Nplebs sl
4N.m Tref b 5528
0.01* Trer 2318 5 fcn il
0.4681Wb ¢ refe o L
0.01% ¢ rer Lo ) e AL
1800rpm Om b s o
0.003kgm? J o sal Olon
0.0008ML'T-! B S

Ol ojge Juki —1-0
43D 4 490 10+ YO Sk g fJiS~ @
Ol FETSMC Lias o Ol 4ids 55 553 V0 e 33 ) s S 5 Shas () 5 () (M) gl SIS
L 55 0T Oliabl Sl 5 S (godiasilis ol 5 Lo o ol Caltdes Slhas Glals ju j3 oS J 287 5 Shos a3 oo
F3h osb 4 g 48 s 00 0L (0) (M) S 53 VU 55 b ey sl 5VL Glas o 3 (o S e (385 IS
S o et 1y 0L 5 Ses 5 ST o Cni | Sl l Ol 655
3D 9 190 V0 YO Sk g ST @
a5 455 )3 )53V (g om0 L oS aln 1 5 pm ot ey () 5 () () (gl ST 55 (gl ol
e S o 2l @ e Rl Ol 5 Shgrl B Bl L1y e s e S50 5 5b 4 FETSMC s e 0L e 0
J{a,w.g.wbl{cﬂ)ksl;ygiﬁm@)glsaazfdjz;fuuasu.aaw&»;@owu@fc..pﬂgpsdu:.;hc.&ﬁ
3 FSMC 5 go dis o5 o8 a0 0L 15 555 b oS Sbley () () K8 55 Vb b5 b Sty ey 00

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VP Ol 5 5l ¥ oslad VY 0,95 (3 owikige 5> (b 8 aileln 4,25



38 g e 7 (B30 o I Sl oslinal L o513 (sl T 09 S 5 590 | S=0n J 287

Vv Skl > deea

l;;,,‘,uf&s;mjam)SMC Q}JG.’U‘}S'@L;}Bd.‘a;cgf.;jJMJ@OL&JQ‘)J?EJ‘.@‘JMFFTSMC
.M;u:i\p\bwgfwwg,.xmuulf

Speed control in 750rpm Speed control in 1500rpm
£00 = 1500
600
€ 'E 1000 -
= g
B 400 =2
(3] @
Q. Q.
2 @ 500 -
200 ¢
0 : : ' 0 ;
0 0.1 0.2 0.3 0.4 0.5 0 0.5 1 1.5 2
Time(s) Time(s)
(adh ()
Speed control in 750rpm Speed control in 1500rpm
752 1506 |
1504
3 3
5750 8 1502
T =3
Lo} o)
;J.J_ 748 (%’_ 1500
1498
e 1496
0.24 0.245 0.25 0.255 0.26 1.6 1.61 1.62 1.63 1.64 1.65
Time(s) Time(s)
(o) (&)
3 105Total Harmonic Distortion of the Speed 1r<01 0* Total Harmonic Distortion of the Speed
—pI —Pl
—SMC —SMC
—FTSMC 8 —FTSMC
Loy ~—FFTSMC|| © | FFTSMC
38 T 6
= =
E <
05/ 2y
{ 0
0 Y . 0 2
0 2 4 6 8 Frequency(Hz) %10*
Frequency(Hz) %104
@ @
><3105 Total Harmonic Distortion of the Speed 0 Total Harmonic Distortion of the Speed
—pl ="
L —sMc |/ —SMC
25 —FTSMC 5600 —FTSMC
a5 B ——FFTSMC|) 2 ——FFTSMC
2 S 6000
8 =
=15 a
g £ 4000
T 4
2000
05+
ol— =
0() 2 4 6 8 . -
Frequency(Hz 4
Frequency(Hz) %104 L X10
(s) (s)
o) 5>) 4id> 55 53 VOe )éuﬂdjf‘_;jbw@\ﬁ!(i)d:& 3> 53 55 V00t 3 s U ST (Ghleat (A) <o
(C)YL Cy}\:@&ﬁ cﬂb‘ (u) o cw\g (). (uﬂ-'l{‘)ﬂ}dlﬂ) C}'ﬁj \a [argen cwlg, (u) v cw\g (). (‘J“"KI’ E) Ol e)?)
YL Coos e THD (s) ¢ ,.THD YL Cros e THD (s) c¢ ,. THD (C) i

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VFor Ol 5 5l o oslad VY 0,55 63 5 (owikige 5> (s o slaailol 4 25



36 g i3 (5530 e J 28 51 eslinal b o3l (5l T 05 S 5550 18 =0ken J 257
SR PN vEA A
2

el P 0> i V-0
435D 93 190 10+ 43 s yld Zl>gc! .
15 ol THD Olomes FFTSMC .ot ot 31> 0L (3) 5 () W) S 534S 5 shailen caids 53 595 V00 Cs w53
UyJ:La:,41}?&.M;d,om@ﬂdmuéuwwﬁégwuCt?f\dus,up};dt,tf}.\;f@zb
Lis 55 8L oCs gbo) 50 S & olgiiy J ST (05 tul ST AT e o ) am pl YL Cs e ol s WilS 3
s 35 3 THD j2als 5 Ol el 68 SO la i 5 350 0l il a0 b 55 5 5 50 5 Shas oS
2 3 FFTSMC 5 Sles Calies glacs o o dmlis cdas o 0L 1) FFTSMC 5 S5 0laebl Sl 5 (g b Gues
S SUles ol 3l sy (b 53 0diS U ST ol 48 das e OLES 43 55 593 VOt 5 4RSSy 53 553 VO S o
Dbl s S ke 53 15 0SS Q1S (e T 93 8 03 ol (S sele gl el 5 Cub S ol el S e
ks o, ol clie sl 4 ) FETSMC (g 5 ks ol s oo 0Lii 3 Shas il st 4 05 Calises
ol s o 1 ey b 53 o 585 J 1S 4 5L 4SS
438D y0 193 V0 4O Sigosld gl @
30 el ok 0305 0L () 5 () (A) Sl S5 53 aids 3 553 YO+ 3 5 se o THD (il 5 055 s
oxb THD 1 558 0wl THD Slie a0 oeie 5 das o 2alST 1) SG g0l gl gies x5 6 5k « FFTSMC
Slaily a3l 5 5550 e dsb (il 6l 487 (SOKe Sl )l 5 35 JBliom b 55 50 457 s o OUS |25 Sl g lons
jﬁ)fﬁfgv\:ﬁt}é(ﬁ*Jgiﬁ\“fcﬁﬂfTHDW-w@)KO‘J)J%@MLsuﬂxUJW
S g S AT 5 i 5ed 2, 4 il Bl ) 5V 4 e S5l Jise 5 5b o FFTSMC

o

053V Calibee o jo S s 53 o |y 550 S J S 5 0kd Jlesl FFTSMC (o351l 5 Slas ¢ 23 0] 50
S S1 3 58 oo plawil IS5 5 O3 oj g 93 g 53 Jebous pl Leans e 5l o 3)se 4iES 53 553 VO 5 4> o
6;u¢:;@u.;,z$g5)|¢§gy)uGtﬂp\,s,l.\igcuﬂ@gg,augﬁgﬁwéu,gﬂbPFFTSMC
lodds S g3 (F) 5 (V) Jglir 55 uilS 3 5 Olej (slas) >

s FTSMC (laousd 287 caids 5 555V0r Coo 53 45 das oo Ol (V) g o 10k 039> s .
- gllas glyls PI oS Jl 55 clilodnny oo sl S gl 4 5 Lilazsls |y Joy 5 igerl 3 o 2SS FFTSMC
5ol p S ) PLoaS 8 55 aids 553100+ S y3 .Sl o VL il 5 5 sy slyls SMC 5 sl
e A Ll Sl L;Uaﬁ-)rf‘}:) ol S 5 0L LFFTSMC &8 Jl- 55 el osls Ol 1 Hlasly - (gllas
(g p 0le o5 Jsls FFTSMC JFTSMC caiss 5 555 VOt ol S 53 o IS sbay .l eals &51,1 1 5 Shes
L) 83 5 fraly L (gl S FETSMC 5 Sles caids 5 553 100+ Ce o s Lol elazsls 5 Obej 5 o)
Cwlon g 5

Ul g asls o S FTSMC 0aiS7J 287 4285 55 595 VO Cas o 53 e(F) g bl s 1 gl B 0382 s O
CAREs 535 100 ey 5 el 03 S sloul |y il Slley o i SMC a8 Jlm ys el azils |y atels 5 5ka 5
4idd p 595 VO sy 4 Cand (65,000 Ly 5wl ialS FFTSMC 5 SMC ¢ PIcloniSd 28 Sblu 5 als

ol YL lals w3 0T 8 ol rals JiL:v S sl 0315 Ol 1y asals L2l 3 FTSMC Ll 0338 0 odalin

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VP Ol 5 5l ¥ oslad VY 0,95 (3 owikige 5> (b 8 aileln 4,25



38 g e 7 (B30 o I Sl oslinal L o513 (sl T 09 S 5 590 | S=0n J 287

fa Skl > deea

GYL C.&Jw DL J} EMQ@ 45‘)‘ CJL:Lw"a PV RN )b.a ‘)‘ Lg.wLA JL’LéJ FFTSMC 9 FTSMC ‘U‘Z’i"ﬂ g;&f.v DL CCM BL

o 2l St g 6Ok 5 S Dlle g aels e b S 5 LFFTSMC 25,

Sl s 53 Silwant s H(Y) Jgde

750rpm
Control method  Overshoot (rpm)  Rise time(s)  Ripple (rpm) Error in steady state (rpm)
PI 0 0.11 1 1
SMC 3 0.08 9 0
FTSMC 0.5 0.165 2 0
FFTSMC 0.5 0.175 2 0
1500rpm
Control method ~ Overshoot (rpm)  Rise time(s)  Ripple (rpm)  Error in steady state (rpm)
PI 5 1.42 1 5
SMC 0.1 1.41 1.5 0
FTSMC 0.25 0.75 3 0
FFTSMC 0.2 0.7 2 0
S B ojs 93 Sl 5 (V) Jo
750rpm
Control method  Maximum amplitude (rpm)  Average amplitude (rpm)  Frequency peak (Hz)
PI 2.45e+05 3.81e+03 1.41e+4
SMC 1.77e+06 7.15e+03 5.24e+4
FTSMC 2.86e+04 2.16e+03 2.54e+4
FFTSMC 2.94e+05 2.47e+03 1.10e+4
1500rpm
Control method Maximum amplitude (rpm)  Average amplitude (rpm)  Frequency peak (Hz)
PI 6.83e+03 327.7962 7.21e+4
SMC 6.99¢+03 306.5269 6.11e+4
FTSMC 9.09¢+04 1.01e+03 7.36e+4
FFTSMC 6.41e+03 313.53 5.25e+4

oS 287 51 (los 8 b 4 o 3lgiig FFTSMC 25, 87 555 or sdalie codaTmsey gl 4 a5 L

Al G Olgeas 5955 VY] 53 0l 1S 5,1kl SMC (gla sy 53 as o a1yl (55 5 3 Shas 5 50 553
b sl i o Bl s 534S Jl 03555 e e 5 5kiS 55 O llasl Sl g g 5 o ile 3L ol
%Jf\[m—n‘],;@\,FTSMC G sy ¢ mmmats ol 4l 28l 555 Olae 5 ok ol (656 Sluisl o o 5 Ak
P e (K55 53 bl a5 s el 6 el Slaanlsionts 4 Dliomen Ll (S e a1 3 6 S 2] o
Wl 038" onl 35k ALEE) 5 gl 53 (5 (M (636 e Sl eslinal b (ealgity sl o Jl 3 el o 21 S
sz (sla eyl oo 4 5L s (Flbe (St Y4] 5 W] V] s Yl o 5 shoms s SLaSTST 3 ¢l o sDe
G psy s (2l 1) THD 5 Sble s ol wudl g o S oy 2130 05 FFTSMC & Jls s ¢l o T
Co by oS ssbar 1y 5a5s alins bl clilanl 35 0SS &6l w81 55 [YA] 5 [WV] s NFTSMC ki S5 8
S gy sl sulS Col adl s 656 g5l e b & Jlss 5 bl OS5 457 s o0 Ol andllas oy = Lles S5
YRS DIV s s 318 e iy & Comd a8 gl 5 5V (65 ¢ 0055 el 5 00l 2alST 1y 5 g e 353

s o Ol ealgii oy bl e ol Gy oA e GLESEST e (F) Jgil . as 51,1 1

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VE Y Ola 9 ol ¥ opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5



36 g i3 (5530 e J 28 51 eslinal b o3l (5l T 05 S 5550 18 =0ken J 257

Sl 5> deea g
S e S gt 1(6) J9r
@-‘ja h:% L@,‘L_{b}u\m LL‘J" @ﬂéﬁ.{&})
A.Ia‘wb«:. J})ﬁu"}“""’gf—"hl{ o Ol g ch S 5959 ‘5‘)‘!%“"‘“‘."“63&“;1‘” &»%SMC
[\Y—V¥] I el 50 436 5Lt 4 Sl (51228 Jue glacabiioe
ilaze!
Lol LFTSMC Cans ) (ilizbl 4 ol b Ol e o San FTSMC
[Yr—Yo] j:)\.u_gd_biﬂeoﬁszrwmm} iS5 a5 Sl oS
P e 5
I S 350 5 555 S w5 Gass 0l SL 5 S ¢ SoSs ol NFTSMC
[Yv=YA] S o, I3 s J S 333l ol A e 55 e
¥l b b alie s Sles 4 olaws w5 (Gl o (6,5 i palS Super-Twisting
¢
Somb THD 5 28 Loy sdaze gla el ol pslin 3 Slas SMC/HOSMC
[\ #1V]
SO 2 s Jais (656 3l eslizal Sl S (A a3 5 sFuzzy—SMC
[VA=YY] 5858 AR (gl ¢S g enl PR R W P e W E gszf‘l’:r-‘l“; Ladsn gla by,
=3
dlis 6ol « THD j2alS (555 talS ol o5 4 5L AR e ol Kan s FFTSMC
Lg:l.g,‘..i._.; 4@f&“,§ah‘)\iu2u.:bl)}.‘l:-): Euiﬂ%\}.pl)&)'\é D52 € )09 L gees (AJLE.AJ:D
VS;.A.?&.: s\{bﬁ.ﬁ&b AC,.GJwJ.;;_J)THD
o1y e Sl Szt S YU Il

L Gl 80 pie llone Sy 5,k

S ST e

S5 axs Y

Lo S 28 3l oslinal b o8l (gl T 05w 5550 612 1S 0lon U287 1 (e S U257 sy &S5 el ) 53
23 e SO SR 5 5055 ey S (s e gy S35 s (ol Sda A 811 (656 e b 5 53 5H
Jolze oS’ 87 4w b 0T 35 ecsolgiiin s 3 Shee (b3l pshitens .55 6 bl laaabiipde 5 5L Slilizel gy
3 8 e e Jlin i (35 e ST Jpemn 58 e 58 SN I K ol oS 28 Juls

NL s Ly & Sl 536 (ealguiny odiSJ xS a5 sl Olid LS 3 g Ol slas) e 5y (iluand @Lﬁ
Jeo oS U287 5l b aslie 53 gy ool eopomen ST lis Caliiee Glals v 53 0B ST el Olej 5 oS g9
Sk gl 53 15 Sk 5 SOl (Salos faly 5 ooty 2l g guoms s sba 1) IS (SSseols zlr el 5 o
PR gl i o g (el @l o e o 2SSl 53 (656 st SLeOl Sl eslizal sl 63 87 wal 3 L 5 skiS
b I 5 BB bt e Sl (S by 0T sty e 0 5955 o sllanl S 1

315 513 sy 3550 SRS G IS 5y 5 1) 3\ oS U 1S Jas (giluesly 015 s ol T Sla 87 Ol e as

L;hJLﬁ-uLg\jdb%jjjchW.:;L;:LL)'JILgﬁfaj\vul;i};)ri‘;-):jLgél)lq\ﬂjs\)QTsﬁwj

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VP Ol 5 5l ¥ oslad VY 0,95 (3 owikige 5> (b 8 aileln 4,25



o)

38 g e 7 (B30 o I Sl oslinal L o513 (sl T 09 S 5 590 | S=0n J 287

Skl > deea

S en Gt b oy a3 1) 4 OT S 5 50 sl Ll s 55 0T 5 S oy 2 ¢ S 05 25

(1]

(4]

(3]
(6]

(7]

(9]

[10]

[11]

[12]

[13]

[14]

[15]
[16]

[17]

B L :l.\:ﬂ\Js‘s?Td;ujji Sla s Ll 5 o 4 g

&y

Khalaf S. Gaeid, Takialddin Al Smadi, Ukashatu Abubakar, “Double control strategy of PMSM rotor speed-
based traction drive using resolver” Results in Control and Optimization, 2023, vol. 13, pp. 1-12.

Tanja Zwerger, Paolo Mercorelli, “Optimal control strategies for PMSM with a decoupling super twisting
SMC and inductance estimation in the presence of saturation” Journal of the Franklin Institute, 2024, vol.
361, pp. 1-30.

Amel Kasri, Kamel Ouari, Youcef Belkhier, Adel Oubelaid, Mohit Bajaj, Milkias Berhanu Tuka, “Real-time
and hardware in the loop validation of electric vehicle performance: Robust nonlinear predictive speed and
currents control based on space vector modulation for PMSM” Results in Engineering, 2024, vol. 22, pp. 1-
17.

Attila Simoa, Simona Dzitacb, Flaviu Mihai Frigura-Iliasaa, Mihaela Frigura-Iliasaa, Dragos Meianub,
Virgil Marian Ionescua, “Fuzzy-Logic Controller for Smart Drives” 9th International Conference on
Information Technology and Quantitative Management, 2022, vol. 214, pp. 1396-1403.

Pham Quoc Khanh, Ho Pham Huy Anh, “Advanced PMSM speed control using fuzzy PI method for hybrid
power control technique” Ain Shams Engineering Journal, 2023, vol. 14, pp. 2-9.

Andrei Oprea, Dan Floricau, “Field Oriented Control of Permanent Magnet Synchronous Motor with
Graphical User Interface” 12th International Symposium on Advanced Topics in Electrical Engineering
March 25-27, 2021, vol. 11, pp. 305-311.

Irfan Qureshi, Vikas Sharma, “Analysis of different control schemes of PMSM motor and also a comparison
of FOPI and PI controller for sensorless MSVPWMM scheme” e-Prime - Advances in Electrical
Engineering, Electronics and Energy, 2023, vol. 6, pp. 2-10.

Mahmoud F. Elmorshedy, Kotb M. Kotb, “Field-Oriented Control for PMSM in Electric Vehicles Based on
7-level CHB Multilevel Inverter” 23rd International Middle East Power Systems Conference (MEPCON),
2022, pp. 1-7.

Emil Rachev, Vladislav Petrov, “Reducing the transient in switching from scalar to field-oriented control for
smooth ramp start of a permanent magnet synchronous motor” 11th Electrical Engineering Faculty
Conference (BulEF), 2019, pp. 1-4.

Tolga Odabasi, Alper Tap, Lale T. Ergene, “Simulation and Design of a Sensorless FOC Driver for a PMSM
used in Compressor” 3rd Global Power, Energy and Communication Conference (IEEE GPECOM, 2021,
pp. 97-102.

Yuanqi Li, Peng Zhang, Jun Hang, Shichuan Ding, Lu Liu, Qunjing Wang, “Comparison of Dynamic
Characteristics of Field Oriented Control and Model Predictive Control for Permanent Magnet Synchronous
Motor” 13th IEEE Conference on Industrial Electronics and Applications (ICIEA), 2018, pp. 2431-2434.
Bartosz Jereczek, Igor Maciejewskia, Tomasz Krzyzynskia, Tomasz Krolikowskia, “Implementation of the
SMC control strategy to an active horizontal seat suspension system” 27th International Conference on
Knowledge-Based and Intelligent Information & Engineering System (KES2023), 3023, vol. 225. pp. 3527—
3535.

Qiming Wang, Changhong Jiang, Niaona Zhang, Yanbo Wang, “Disturbance observer-based sliding mode
control strategy of PMSM against mismatched disturbance” Franklin Open, 2024, vol. 7, pp. 1-12.

Kanthi Mathew K, Dolly Mary Abraham, Ani Harish, “Speed regulation of PMSM drive in electric vehicle
applications with sliding mode controller based on harris Hawks optimization” e-Prime-Advances in
Electrical Engineering, Electronics and Energy, 2024, vol. 9. pp. 1-10.

Li Feng, Meng Deng, Shuiqing Xu, and Darong Huang, “Speed Regulation for PMSM Drives Based on a
Novel Sliding Mode Controller” IEEE Access, 2020, vol. 8, pp. 63577-63584.

Li Dong, Pei Jiang, “Improved super-twisting sliding mode control strategy in permanent magnet
synchronous motors for hydrogen fuel cell centrifugal compressor” Heliyon, 2024, vol. 10, pp. 1-12.
Yong-Chao Liu, Salah Laghrouche, Daniel Depernet Abdesslem Djerdir, and Maurizio Cirrincione,
“Disturbance-Observer-Based Complementary Sliding-Mode Speed Control for PMSM Drives: A Super-
Twisting Sliding-Mode Observer-Based Approach” IEEE Journal of Emerging and Selected Topics in Power
Electronics, VOL. 9, NO. 5, 2021, vol. 9, pp. 5416-5428.

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VE Y Ola 9 ol ¥ opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5


https://ieeexplore.ieee.org/xpl/conhome/9017926/proceeding
https://ieeexplore.ieee.org/xpl/conhome/9017926/proceeding
https://ieeexplore.ieee.org/xpl/conhome/8388183/proceeding

36 g i3 (5530 e J 28 51 eslinal b o3l (5l T 05 S 5550 18 =0ken J 257

Sl 5> deea oy

(22]
(23]

[24]

[25]

[26]

[27]

(28]

[29]

[33]

[34]

[35]

[36]

Jaehyoung Gu, Sesun You, Wonhee Kim, and Jun Moon, “Fuzzy Event-Triggered Super Twisting Sliding
Mode Control for Position Tracking of Permanent Magnet Synchronous Motors Under Unknown
Disturbances” IEEE Transactions on Industrial Informatics, VOL. 19, NO. 9, 2023, vol. 19, pp. 6432-6444.
Yongfeng Qiao, Kai Wang, “Fuzzy sliding mode speed control strategy of permanent magnet motor under
variable load condition” International Journal of Dynamics and Control, 2024, vol. 12, pp. 1616—1625.
Omar Makke and Feng Lin, “Supervised Learning in Model Reference Adaptive Sliding Mode Control”
International Journal of Control, Automation, and Systems, 2024, vol. 21, pp. 889-901.

Zhang Zhang , Xiaodong Yang , Weiyu Wang ,Kaiwen Chen, Norbert Chow Cheung, and Jianfei Pan,
Enhanced Sliding Mode Control for PMSM Speed Drive Systems Using a Novel Adaptive Runhui Yao, Jin
Zhou, Jinwei Shi, Yangyi Ling, Qiqi Jiang, “An Improved Adaptive Full-Order Sliding-Mode Observer for
Sensorless Control of High-Speed Permanent-Magnet Synchronous Motor” Journal of Electrical Engineering
& Technology , 2024, vol. 7, pp. 1007-1018.

Sliding Mode Reaching Law Based on Exponential Function” IEEE transactions on industaial electronics,
2024, vol. 71, pp. 7254-7266.

Nguyen Tien Dat, Cao Van Kien3, Ho Pham Huy Anh, “Advanced adaptive neural sliding mode control
applied in PMSM driving system” Electrical Engineering, 2023, vol. 73, pp. 1-13.

Wei Xu, Abdul Khalique Junejo, Yi Liu, Mohamed G. Hussien, and Jianguo Zhu, “An Efficient
Antidisturbance Sliding-Mode Speed Control Method for PMSM Drive Systems” IEEE Transactions on
Power Electronics, vol. 36, no. 6, 2021, vol. 36, pp. 7435-7448.

Hao Huang, Chunfeng Yu, Zhonghua Sun, Yuanfeng Zhang & Zhibin Zhao, “Sliding mode control strategy
based on disturbance observer for permanent magnet in-wheel motor” Scientific Reports, 2024, vol. 14, pp.
1-14.

Wei Xu, Abdul Khalique Junejo, Yirong Tang, Muhammad Shahab, Habib Ur Rahman Habib, Yiliu, and
Shoudao Huang, “Composite Speed Control of PMSM Drive System Based on Finite Time Sliding Mode
Observer” IEEE Access, 2021, vol. 9, pp. 154321-154333.

Wengqing Zhang, Juan Kong, “A novel fast and chattering-free speed control method for PMSM motor drive
based on sliding mode control” International Journal of Dynamics and Control, 2024, vol. 13, pp. 1-13.

Bo Xu, Lei Zhang, and Wei Ji, “Improved Non-Singular Fast Terminal Sliding Mode Control with
Disturbance Observer for PMSM Drives” IEEE Transactions on Transportation Electrification, 2021, vol. 7,
pp. 325-337.

Junjie Jiang, Housheng Zhang, Duo Jin, Ao Wang, Longhao Liu, “Disturbance observer based non-singular
fast terminal sliding mode control of permanent magnet synchronous motors” Journal of Power Electronics,
2024, vol. 5, pp. 100-112.

Mingyuan Hu, Hyeongki Ahn, and Kwanho You, “Speed Tracking of SPMSM via Super-Twisting
Logarithmic Fast Terminal Sliding-Mode Control” IEEE Access, 2023, vol. 11, pp. 100257-100270.

Xin Guo, Shoudao Huang, Kaiyuan Lu, Yu Peng, Haixin Wang, and Junyou Yang, “A Fast-Sliding Mode
Speed Controller for PMSM Based on New Compound Reaching Law with Improved Sliding Mode
Observer” IEEE Transactions on Transportation Electrification, 2023, vol. 9, pp. 463-475.

Mohammad Divandari, Behrooz Rezaie, Abolfazl Ranjbar Noei, “Speed control of switched reluctance
motor via fuzzy fast terminal sliding-mode control” Computers and Electrical Engineering, 2019, vol. 79,
pp. 1-12.

Youcef Belkhier, Rabindra Nath Shaw, Miroslav Bures, Md Rabiul Islam, Mohit Bajaj, Fahad Albalawi,
Amru Alqurashi, Sherif S.M. Ghoneim, “Robust interconnection and damping assignment energy-based
control for a permanent magnet synchronous motor using high order sliding mode approach and nonlinear
observer” Energy Reports, 2022, vol. 8, pp. 451-462.

Meng Luo, Zhichun Yu, Yang Xiao, Liyong Xiong, Qiang Xu, Li Ma & Zhihong Wu, “Full-order adaptive
sliding mode control with extended state observer for high-speed PMSM speed regulation” Scientific
Reports, 2023, vol. 13, pp. 1-14.

Liguo Zhang, Hang Li, Liqun Shan, Lingxi Zhang, Lingxu Zhang, “Double-hierarchical fuzzy exponential
convergence law fractional-order sliding mode control for PMSM drive control in EV”’ Engineering Science
and Technology, an International Journal, 2023, vol. 11, pp. 1-15.

Jinliang Zhang, Dunbin Zhu, Wei Jian, Wentao Hu, Guosheng Peng, Yufeng Chen, Zhihu Wang, “Fractional
Order Complementary Non-singular Terminal Sliding Mode Control of PMSM Based on Neural Network™
International Journal of Automotive Technology, 2024, vol. 25, pp. 1-13.

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VP Ol 5 5l ¥ oslad VY 0,95 (3 owikige 5> (b 8 aileln 4,25



oY

38 g e 7 (B30 o I Sl oslinal L o513 (sl T 09 S 5 590 | S=0n J 287

Skl > deea

[37]

Meng Shao, Yongting Deng, Hongwen Li, Jing Liu, and Qiang Fei, “Robust Speed Control for Permanent
Magnet Synchronous Motors Using a Generalized Predictive Controller with a High-Order Terminal Sliding-
Mode Observer” IEEE Access, 2019, vol. 7, pp. 122029-122041.

Maoyun Zhu, Yong Cao, Zhiqin He, Qinmu Wu, Jiaqing Ma, Bing Qiu, Chunshan Luo, “Research on
Fractional-Order Sliding Mode PMSM Speed Regulation Based on Load Observer” Journal of Electrical
Engineering & Technology, 2024, vol. 5, pp. 1-14.

Yunfeng Kang, Lina Yao, “Sliding mode observer-based fault diagnosis and continuous control set fault
tolerant control for PMSM with demagnetization fault”, Measurement, 2024, vol. 236, pp. 1-12.

Qasim Al azze, “Field-Oriented Control of Permanent Magnet Synchronous Motors Based on DSP
Controller”, Thesis: Master of Science in the field of Electrical Engineering, Southern Illinois University
Edwardsville, 2014.

M. Divandari, B. Rezaie, E. Amiri, “Robust Speed Control of Switched Reluctance Motor Drive Based on
Full Order Terminal Sliding Mode Control” IEEE Applied Power Electronics Conference and Exposition
(APEC), 2020, pp. 1876-1883.

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VE Y Ola 9 ol ¥ opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5


https://ieeexplore.ieee.org/author/37698194100
https://ieeexplore.ieee.org/author/37718358800
https://ieeexplore.ieee.org/author/37855526800
https://ieeexplore.ieee.org/xpl/conhome/9121924/proceeding
https://ieeexplore.ieee.org/xpl/conhome/9121924/proceeding

