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Nonlinear and Adaptive Back—Stepping Speed Control of IPMSM

Yong—-Ho ]eonl, Seung-Hwan JungZ, Ick ChoyT, and Whang Cho?

Abstract - In this paper, a nonlinear controller based on adaptive back-stepping method is proposed for
high performance operation of Interior Permanent Magnet Synchronous Motor (IPMSM). First, in order to

improve the performance of speed tracking, a nonlinear back-stepping controller is designed. In addition,

since it is difficult to achieve the high quality control performance without considering parameter

variation, a parameter estimator is included to adapt to the variation of load torque in real time. Finally,
for the efficiency of power consumption of the motor, controller is designed to operate motor with the
minimum current for the required maximum torque. The proposed controller is tested through experiment

with a 1-hp Interior Permanent Magnet Synchronous Motor (IPMSM) for the angular velocity reference

tracking performance and load torque volatility estimation, and to test the Maximum Torque per Ampere

(MTPA) operation. The result verifies the efficacy of the proposed controller.

Keywords: interior permanent magnet synchronous motor(IPMSM), maximum torque per ampere(MTPA),

adaptive back-stepping control (ABSC)

x
T

=

of, oot
32

b

s

oo
pasd

x
u K

)

S

NEORTECTI
=i

2 r|r

o
-

71K 7]
(IPMSM Interior Permanent Magnet Synchronous
Motor)&= A4 o] 3xdx} ol AFdelo] oA
FTANE A BESE dF ANALI A BE
A @ gF A7IARE] Aol TRtk ol E54%
2 Qs d%3 oF Afole] A7IAF Aolol vt wh
b s Bask EAsH H8, ol ol 4

- =271 e

Paper number: TKPE-2013-18-1-3 ISSN: 1229-2214
Corresponding author: ickchoy @kw.ac.kr, Dept. of
Information and Control Engineering, Kwangwoon Univ.
Tel: +82-2-940-5157
! Jungwon Industry Academic Cooperation Foundation.
i Jungwon Univ.
“Dept. of Information and Control Eng., Kwangwoon Univ.
Manuscript received Sep. 28, 2012; accepted Nov. 16, 2012

o

oJA] A€ 9]
k= Alol7|E

;O

L
R



IPMSMe] B A3 A&

0% A7 Fad P& zste] FYEAS A

= TZEolth o3t He AFA7IE AAs 4

7<1 ‘3%71 e B dAelMe AAR dFe 71EA
2 0 [A]lZ AAsl] Aosta, qFo AR

b q
E%Eﬂ~ AASAEH o] mhge qFel Aoy
o] ¢ Edd e FHE Wagg Aorjs A
o] ks o}xm AEaE T AT

A 8t7]

HAaAF = dFe AF7E 00] obd oA E 73
Az a&7Q0 H99 *}%Oﬂ AeshA] e W ol
ﬂ' %L v/[: 9)\]4_[5] [6]

2 =EdAE IPMSMe] A4S &4 9e vy
g WMAagy Aoj7] AAE Akt 28 A= gF
of 7T VIEAERE FFo] flete] oS
EAs WAstes A7t o dF VEdFE 99
FoR AAFoR dF9 AFVE 25 W 4FE 2T
st qF 7|EdFE AAg d5% oF9 ARV 74
7] AARE VedRE FEEE NaHg 7S o
g3to] AFAol71E AAg 739 A7 E wEoe
2 HEY o] 2 FolEAY 2k Ao wE W
b & A A da A8 & e g
Bl 3475 AAstaL, AR A8HEs Aljbeth

ol 3o 9o gor AAE dF 7IedTY

o

28AE Kol 5’4311"1 A EAG AN A S] MTPA
(Maximum Torque per Ampere) £7o| 7}538l=% d
% 7ledRwE AAse. 18a 44

A" A7]e] 84S 7SR

3 Ragzol WEd tigt HS$AT
AFoz JFe)

)

2.

il

S WAHE Hoj7| HA

flo
>,

d-q 3A=d E7]3t" IPMSMe| <=strd
(Dol A 4 (4)9F 2ol AFeHch

o 1 Bm 1
L A A D
: R, vl 1
iy 7, iyt waTZq + I, v, 2)
R, pLy Yy 1
i,=——1,— w, iy~ ——w,+—7V (3)
! L L, L, L, "
3 . .
T, = gp(l/ffzq-%([/dfllq)zdzq) 4)
oA7IM, v, V= d=3 gFol dEAs) i dS
B g% AT, v & AAA AALEE, 3= A4
Hog t”’/‘gﬂl: EEL -8— l‘i—'&}Ei, RT 1AL

FAH ] A%, pi
5709 SaAe] BAEuE,

A whaA gl .
A%7) 7184
el

2
&% w, ol

pud

404 3

19

-

TR
m

el =S8, 7,2 A
A
2 -

off
A}
tot
23
N
Lo

2

42 A (DA NALEE w9 7]F
3 9 o, & 2 (52 QeHr)

Cu = Wry Ty 5)
2 5)e A&roate] At i WMshge A (1)
S olgate] v A (6)3F ol & F Atk
€=, 0,
-1 m 1 6)
—w,,—TTG-i- 7 wr—FTTZ

w3, PIHED oo WER AFY] 0G4 4 AF
9 W3 A ANA sebie oS e 4

N A @)= et

ESZ }/E\S_ RS

=TT

_%_
9] 334 ole, 7 FIE
S apol T},

445 3% % A
V:éeiﬂ-%ez (eT Tor =T,

A O AS bed AFFeR HA

gate] e H7heol
gl g 4 (10), 4 (1)

21 (10), 4 (11)01]/\1 a(iy)

Holv, epe, = d-qF 7HEA

Az Aol@, NEEEE
A QA A (6)9)

@
®

A (A R A AAZe FAA M, R
Ao AA ghatel eAtolnk A (B)elA 7 FIlE

28] F4Ash AA gt

Z 49 oAZE Hrlsk £ e IdE

S = MR m =

o B B e 2

)

JgEe A

Aeg FpgAlel g el
2ol 032 Aogt

10)

11

,a(z )= d-gF 7HIAI9



20 The Transactions of the Korean Institute of Power Electronics, Vol. 18, No. 1, February 2013

(10) ze)a 4 (D<= ol&ste] Aeletd, v 4 (12)
9 2.
: 1
e,=w, + mu),_JrZ (1/)f (L, 7Lq) ( ))a(?q)
oy (L~ £ oy e, (12)

N
o4
— T

il

i

1o,

e U
ol
o,

o rlr

o
vl
2

U )
)
rlj
LB

0 [Al7}
Aol
olmf a(i,)=

rC do
ol

=2
R

oF shth, webAl, e
%k iy, 2= 3}
=3

e
S aAE 0 AFE 0
A
e

:Lﬁ&iu?in%gﬂﬁ
= ~ ¥

a; foy L

o

Lo,

fil

dlo o
1>
=
@
&
i
o
e
%
?L
>4

.+ B,w +7:l+k? Jne,
) _. -2 m=r wYm-w (13)
a(lq) Yq. 3p (7/1f +(Z, d Lq)ldﬂ‘)

ol
-

A 13)lA RatE=] FAA & ALgste] A7)
A, ol AAle] BeEA ne ARESte] A (13)
TAE {7 wEelt ada k=
A7 Aojol5elty. 4 (13)F ol&at 4 (12)5
s v A (149 2.

Z _1&.)4
H
Lo
"
ox, OW
M o o

3] . 3]
e, ke, + 2Jp (L, Lq)v/q_red-‘r—?}) (wf-‘r(l)d Lq)zd7 )eq
Sp m 3p m _ 1 (14)
- 2] (Ld Lq)edeq 2] (Lzl Lq)eu'Tl 77—[

3 Yo r AAT
s ek vl A (159 2

EETPRNS UPUS U B VU

V—2e +5e +26,,+2%?R5+2%rZ 15)

2 (15)9] Alzbell digh Wsh&2 2 (16)3 2t}

. . . . 1 ~ = 1~

V=ewew+eded+eqeq+/TRsRs+leTl (16)

R T

4 a6l & mel U FHol50ln, L g

R T

of W3t FAol5olth 2] (159 HIIEE o] AN
E(Posmve Definite) & 2t grolar, Alzkel] oigk W
slg-2l 2] (16)°] &9 X”'%i(Negatwe Definite) 2 7}
]‘:i *4741?5}3}“4 AR S Al Hrh

A (160 &9 AFEE 7HAA g d59 Zﬂ‘ﬂo’gﬂ
Vd@r aF AAYgy V% AAE7] 98 A (1007 A
(1D)2] Alzbel tigt WekgS b o 2 173 4
(18)¢] ¥t}

O

€a=Vvar g

zdr+%(szd quwrzq Vd) (17
d
€q= i @ _iq
. 1 . (18)
=i, T(RJ‘] +pderzd+p1/wa7, — V;)
E5h g, > A (13)9] ARbel] digh WskE R thg 2
(19)¢} Zt}
. Bw,+k,J
Z- 2 w w 771611/ (19)

w:%wf T, L))

2 A4 A ADA 4 (195 AHgskel 4 (16)=
ol HA sh= Ad= v v,E T g 4

2009 2 (217 Zrh
Vy=Ri,—pLyw,i, + kLo, + 37pLd(Ld —L)i, e, (20)
v, *jfi +pderid+p1/war+quqeq+L i
' @1
3p L (wf ( Lq)idm)ew 23,] L (Ld L )edew

2003 A 2D A 173 A (18)¢ W AdEEy}
2 (149 eAdEs AAStES PSR 28,
getele] tidt FAHAANEZ APE S AASIAH. o
I ke dF ARl digk Alojo]Solal, k= gF A
stol g Aol 5ol

21 (194,00 2 @QDeAA Y A Sl the
2122004 2 249k 2ol TeHEl FHAE X3t
=5 s

: 9 Bw +k, J e

. __“ m T (22)
Yr = By Ty (L= L))

T 3 . . . B’"L :7\—
wT—ﬁi(z/)fzq—k([/d*l}q)zdzq)*zm.* JnlL (23)
° 3 m :7\—
€p=W,,— 25) (wfqur(Ld L )zdz )+Twr+ JI (24)

m m m



IPMSMe] B A3 A&

2200004 A (24) = AddEE AT
/\150137_y o] é]v‘é—o] 337}6‘1—3,: 1“%

- =14 (e} =g fE4 ju
AYYAAE 4 (16 AH WAstel FHT + Yok
woh digdstel Aeshs BN A 16)9 V& &

shepuete] F4mo] frg,
4 (82 A (994 A @) ALgatd]
4 ()5 4 (@)o.2 el

. ~ 3 .
e, =Ry, —ke,— %(Ld*Lq)Zwew (25)
. ﬁ . § N 9 7f;l+kw;l
€q = gty TRE 3p U+ (Ly— L)y, (26)
3p : 3p
~ o (v +(Ly—L,)ig,)e, + 2 (Ly—L,)ege,

21 149k 4 (2D)ellA 2 (2605 AREste] 4 (16)=
deletd, v A @203 2.

S (L,—L,) -1 -
LF €y wCw F:]m(wf+([/d7[’q)id,r) €qTy Jm T
+ k A,
Ca| ™ RaCa ™ 7
Li @7
k RS . k’lﬂ _BTTL/G]”L ~
teg|~ oLt Bp(0+ (L= L)ig,)
+LZBSRQ+ T
’yR T
21 @270 wo] e ZEE Sede FAd dd
g5 Aeshd, v A (28)ol4 A (3007}
I/"LF:*kuew ke —ke (28)
Ao tey 1L,
R, ==, 17 + I, (29)
» €w (Ld - Lq )edeuz (ku. - 13177/‘]777 )eq
L AR o e AT R T o e AT Bt

4 QN A G o5 k,, ky, kT AdET
W, V7t SO FAREE W A 1 4
A9 A F ee uAd wd A4 )= 17
A AAZe) FAYHo L, 4 G0 PR g
F4 o]}

3 HUEIS ¢7| 9o HLHF 4

oS 2NN HgWAY AIE FAY W, d
Ho| NFAFE QAT E WYl NFAEES &
Fahva 2Rl FAA0R AsEE Alolv)E

21

1
k1

x
2

32

ot mgh seteete] FA I FelEAY)
SE=Y] W] 2SskE AorE T

oX, -1)1‘ —Ll

L% ox o
o ofit
2 % 50

2o

4y o

dlo
|o
f ¥

1o,
2o
=~ 5

tu qo

2
B
&
it

ol
<
_>|~l_,
RO
}:o{t
o
)
ro
[
)

[J
j}f o,
o Do
rir

—

e

N
4o

o du
oo 5

R
2
jinss

WA, &7 BEAE W] A8 283 HAaHRT

-1
ol
ol
N
f
:OL_I‘
1>
=
1o
)
~
2
ro,
Tl
H
oL
oxl
1>
1o

3, 4 3

k)
tlo
1>

] (32)

(32)

Adaptive
Parameter 7
Estimation R

e

| adeptie >
- Back Stepping
I Control

T

LU o, Ila‘ I.q

N

( auis referance
current design

Fig. 1 Block diagram of the adaptive back-stepping

controller
@, g .
ey Adaptive
i Farameter |2 4
1 Maximum |7 e 1
2 Torgue/Ampere 4y Estimation | ! Rs} . ¥
Operation Adaptie  [—*
- » Back Stepping | 17
14, Control |43
Brt ~ 1 | Qads reference
‘??—’ current design T T T T
B !
m‘,rm Ia‘ Iq

Fig. 2 Adaptive back-stepping controller included the
maximum torque per ampere operation



22 The Transactions of the Korean Institute of Power Electronics, Vol. 18, No. 1, February 2013

AU 4 @) F oA e Y
qel Ea¢] AFat 4 (D AF ;T Lol o
N

A%l Aers Eag &4

a% 29 7 AljEYe] ds Ry VELEES
FZ387) 98 2ad BEas wE7] 3 oF 7|=A
i, A 122 etk veA oF 71EdT A
AL 714w 0,0 7EdE5EE FF87] 9%
B3] WAEks st MTPA 292 2] (32)& AHE-
o 4 (329 AF i, oFe NFAF i, T FF
duA 2= AF i, 5 2P AF i, 5 V1EAF
i, 2 AHERORA MTPA 28 7&ng F33s
a=9 Afel gt dF9] HardFE = TS v

4, A|E8o|M
AEYold EZRa#ogE PSIMS  ARgsHaith

IPMSM®] E&-2 PSIMoIA Al &s e BES o] 8319
o 7o veiel= % 1S ARSIt A%
o] detuel= AAZ Ao Alg&H HE o veidEl

= ARgetsith dAdel H= Alefr] &2 DLL A4

A AlEEol e Y AfolollM B

27 o=
AE A5 EHTh
AYS 3 AAA| 28 13 33 o] FASATH
71 EAnE 9} d|xEEAx Far|E AAsH,
y]

=
Baa o] 7hse 2R AAEo] Q)

o] uwj, Wxglg Aoj7]e] AFoI5E kiks= 5000 ©]
B, &5 o|5e k- 10002 §9r) el debue
g RSES FAS] AT HEol52 4= 001 ©]
9, ~,= 0.00005 |t}

Ae7)e $AdAnE a9 49 % 39 2o ¥ 32
&4 230wk A EAe] A g 58 A
ojth. 1§ 4] Ul MA ZA&EE QHFE flo]

Fig. 3 IPMSM system for experiment

Table 1 IPMSM parameter

Motor Rated Power 3-phase 1lhp
Motor Rated Speed 1200 RPM

Pole Pair Number  (p) 2

Stator Resistance, R, 0.048 @

D-axis Inductance, L, 042 mH

Q-axis Inductance, Lq 1.2 mH

Moment of Inertia, ./, 0.0002 Kgm®
Friction coefficence, B,, 0.001 Nm/rad/s
Magnetic Fulx Constant,t; | 0.04135 volt/rad/s
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Table 2 Condition of IPMSM driving

Times (s) | 071 | 1715|152 273 | 34
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Table 3 Simulation result of adaptive back-stepping

controller
Time(s) 071 1715 1572 273 374
w, (rad/s)| 12499 | 124.95 | 124.99 1625 1625
iq(A) 0 0 -3.0 -3.3 -15

i,(A) 9.1 139 131 134 89

1, (A) 9.1 13.9 135 139 9.0

7tl (Nm) | 1.002 1.599 1.600 1.604 | 1.006
]/i’\s (Q) | 0.030 | 00330 | 0.0329 | 0.031 0.029
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