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Nonlinear Adaptive Speed and Torque Control
of Induction Motors with Unknown
Rotor Resistance

An-Ming Lee, Li-Chen FuMember, IEEEChin-Yu Tsai, and Yu-Chao Lin

Abstract—in this paper, we propose a nonlinear adaptive speed to the control problems with full-state feedback, and either ob-
and torque controller of induction motors with unknown rotor re-  tained the approximate stator—rotor flux decoupling or achieved
sistance. All the system parameters except rotor resistance are as-qy oot input—output linearlization. So far, there have been sev-

sumed to be known, and only the stator currents and rotor speed I thods devel d h as th i tric tech
are assumed to be available. The desired speed and torque shoul ral methods developed, such as the nonlinear geometric tech-

be a smooth bounded function. A complete proof of the global sta- iques [5], [8], or their adaptive version [9]. Although these
bility without singularity is given, and the output error will con-  control schemes could achieve satisfactory performance with

verge to zero asymptotically. Finally, the simulation and experi- mildly complex calculations, they have exhibited the problem
mental results will be given to demonstrate the effectiveness of the with singularity and, in practice, the full-state feedback is unde-
proposed controller. . . -
sirable since the rotor fluxes are very difficult to measure accu-
Index Terms—Adaptive tracking control, induction motors, par- rately.
tial-state feedback, unknown rotor resistance. In recent years, due to the great advances in nonlinear con-
trol theory, the observer-based controller has become one of the
NOMENCLATURE most commonly used schemes in induction motor control and
an enormous amount of results on this have been published. In-

_‘I/G(IVI)) a-axis @—ax!s) s:a:or voItag?. stead of measuring the rotor fluxes directly, the flux observers
o(b) a-axis @—ax!s) S ? orﬂcurren ’ were constructed to furnish flux estimates needed in the con-

) a-axis @.'aX'S) rotor fiux. troller. First of all, Kanellakopoulost al. [4] proposed a non-

Wy Mechanical angular speed of rotor.

linear flux-observer-based speed control with known motor pa-

Ry Stat_or resistance. . rameters. Thereafter, a variety of related research has also been
R, Equivalent .rotor resistance. presented [1], [10], [14].

L, Statpr self—mductancg. All the control schemes mentioned above, whether full-state
Lo Equalent rotor sef-inductance. or partial-state feedback, are greatly dependent on the exact
M Mutual mductance._ knowledge of the motor parameters. However, these are very
P Numb_er of_pole pairs. sensitive to the variation of temperature and the environment
d Rotor _|nert|a. - of operation. Therefore, to attain the high control performance
D Damping coefficient. with sufficient robustness, the contemporary design of the in-
I, Load torque. duction motor controller should take the uncertainties of motor
kr Tc2)rque constangz[: (3pM/2L.)] parameters into account. In [11], Mariebal.proposed a clever

Lo L,,/J\Q/[ [Lo — M*/L,]. adaptive observer scheme which could compensate for the un-
M R Ly /M. known but bounded rotor resistance. Later,ddal.[3] slightly

Pa pj;“"' modified the above observer structure and provided a rigorous
3 LI/M.

proof for speed/position control with an uncertain mechanical
subsystem. However, it was still subject to a singularity problem
. INTRODUCTION when the magnitude of the estimated rotor flux is zero.

UE TO THE highly nonlinear dynamics, the control of an For the torque control problem, many results have been pre-
induction motor has become the benchmark of nonlineg¢nted and they have obtained satisfactory performance. In [2],
control theory and has been extensively explored over the p&sPinosat al.proposed a globally stable output-feedback speed

decade. In the early years, much of the research was devdtégking controller for induction motors without any estimation
of the rotor fluxes. However, this scheme needs to know exact
values of the motor parameters.
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The simulation as well as the experimental results are also preA3) The rotor resistanc&,. is unknown but its upper and
sented to demonstrate the performance and effectiveness of the lower bounds are priorly known, i.e.,
hereby developed controller. _

The organization of this paper is as follows. Section | briefly R, <R. <R,
gives an introduction about induction motors and surveys some
related research. In Section Il, the mathematical model of an in-
duction motor will be presented in detail. The state observersA4)
and controller design are developed in Section Ill, in which the . . . - .
asymptotical speed and torque tracking will be proved, and theAS) Th? load torqud’’, is a function Wh'c.h satisfies that, if
simulation results of the control performance are given in Sec- T. is bounded, then the rotor spee,_d|s also bgunded.
tion IV, Finally, we will make some conclusions in Section V. ~Remark 1:1n general, the load torque is a function of the

rotor speed. In this paper, we will assume that the load torque

Il. PRELIMINARY AND PROBLEM FORMULATION can be expressed in the following form:

for some known constans, and R,..
The desired torque should be bounded continuously
differentiable, i.e.l; € BC!L.

A. Mathematical Modeling T = po - sk, wp) + pws + phay

If the induction motor is assumed to be linear, i.e., itis nev?rr some constants 0. and the siamoidal func-
in the saturation region, and the waveform of air-gap magn(?-n X — : Ngak.lii, u21> anee llghi lf rml}ln
tomotive force (MMF) is nearly sinusoidal, then the dynamit® s(k, wp) = (1—e7%“r) - (14 ¢7>r)™". This form in-

equations of the induction motor can be expressed as follofli!gdeS the viscous friction, coulqmb friction, ar}d mechanical
61, [31: oad. From the torque—load relatidy — 7;, = Juw, + Dw,,

whereJ is the rotor inertia, and is the damping coefficient.
Lol, =—MR.I, — i1, + Rythg + Powriby + B3V, Due to the fact that the flux signals are not measurable (be-
Lok, = —MR, I, — Buly — Bawntbe -+ Rothy + BVi cause lack of practical f!ux sensor.s), the nonlinear adap't|ve con-
. troller proposed here will have to involve state observation and,
L’“/fa = —Retpe + ME, Lo — fowr iy hence, the observer design.
LTP(/}b it —RT?/)[, + MRrIb + /32(4)1‘1/}0,
T, = ky(haly — 1) (1) B. State Observer Design

h 5 3 4 defined in th From the dynamic equations in (1), it is clear that many
V\{ ereL,, /rll’ /26 andfs are constants defined in t fe Nodmenferms on the right-hand side (RHS) of the expressions involving
clature. In the above equationd,, Iy, %., %) are referred to Lol,, LoI, and those involingL, v, L., are the same.

as the well-known stator fixed— model as presented in [3]. Therefore, motivated by the observer scheme in [3], in addition

Moreover, to facilitate our subsequent controller design whiglj 4, )y observers, we construct the current observers which

intends to relax the need of the knowledge of the rotor resistange .« 1he unknown rotor resistance into account. Define the
R,., the terms associated with, are separated from the other ’

. : ; observation errors as follows:
terms in the system dynamic equations.

I,=I,-1
B. Problem Statement aoTe
. . o ILy=1, -1
Given the above equations, the control objective is now to v -
design a nonlinear adaptive speed and torque servo controller of 1/1”' =1a = 1{”“
the induction motor with unknown rotor resistance which guar- Py =ty —
antees the asymptotical stability of the closed-loop system. In R. =R, - R,

this paper, we will focus on the speed and torque tracking con-

trol, or, servo control with satisfactory performance, i.e., giveand the following auxiliary weighted observation quantities:
the desired speed and torque trajectories, the controller should - - - - ~

be able to control the induction motor to track those trajecto- Za = Lolo + Litpa Zy = Loy + Lyt @)
ries as closely as possible. Moreover, we only need to know
upper and lower bounds of the rotor resistafganstead of its
exact knowledge.

tlt'gt the state observers be designed as follows:

Lo}a = k'Oja - MRrIa = pila + er/;a + /32(4),&/3(, + B3Va

I1l. INDUCTION MOTORSCONTROL + Uo1 + Ucr

Before we proceed with the controller design and its analysis, T oz F ez

some practical assumptions will be made as follows. Ly, = — Retpg + MR, 1, — Bow,thy + oz + Uez
ASSUmptlonS: L1’1/;b = - R?‘z/;b + MRrIb + /32(4)1‘1/30, + Uoq + Uca (3)
Al) All the parameters of the motor except the rotor resis-
tancelRz, are known. whereky > 0 is a design parameter which is quite important
A2) The stator currents and rotor speed are measurable $@-subsequent stability analysis, amg, v, 1 < ¢, j < 4, are
nals. some auxiliary signals to be designed subsequently.
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Combining (1) and (3), we can obtain the following sets of Zb _ P2 N A
dynamic equations of observation errors: r

. . . - N - Now, construct a Lyapunov function candidate as follows:
Lolg = _kOIa -MR.1I, + R?‘z/}a + R?‘z/}a + /32(4)1‘1/%

1 ~ 1 ~ 1 -~ 1 -~ 1
— Uol — Uecl Vo = 5 Lolg + 5 LoIbQ + 5 Zg + 5 Zb2 + 5 RT(T]Q — Ga)2
Loly = — kol — MR, I, + Rytby, + Ryt — Bow,idg 1 1 N
b oy b Py hy — Powyy L R — )24 iR, r='>0
— Upz — Ue2 2 2
Lip, = — Retpg — Retpa + MR Iy — Powrily, — g3 — ez and substituter, , woa, 13, andu,, into its time derivativel;,

LMZ(, = _ Roty — Rothy + MELT, + Bowrthe — tios — s then, we can obtain the following result:

(4) ‘/0 = —kofg - kObe - U/clja - U/c2jb - U/c3Za - U'c4Zb

2 : > 17 ’ 1
wherebyZ, andZ, can be straightforwardly derived as + Ry (Qo = TR + Re(1a — o) <77“ T I“)
S ~ 1 ~
Za =—kolg — Uo1 — Uct — Uo3 — Uc3 + R (m — &) <77b + I Ib)
Zb = —koIb — Up2 — U2 — Upq — Uecd (5) "
where

which clearly are computable sinde=1I, — fa are both avail- } X 1 }
able signals and,;, u.;, andl < ¢, j < 4 are all design signals. Qg = 1, <—MIa + 1y — — (Lol — Ca)>
Comparing (4) and (5), it can be easily seen that the RHS of (5) L

does not depend on any unknown parameters or signals, unlike +1, <—MIb + ey — L (Lody — Cb))
the situation for (4). This motivates us to build an observer for L,

Z., Zy, which leads to additional observation errgts 7, de-
fined as follows:

r

T

andu. , ez, Ues, Ues, Ta, M (infact,é, &) are some auxiliary
inputs yet to be specified.

a:Za_ o T €a :Z_ + € . . )
! ¢ K et C. Nonlinear Adaptive Controller Design

wheree,, ¢, indicate the errors caused by the initial conditions, pefine the state variables in a more compact form as follows:
ie.,

*’ )= L)
J— _ U = =
o =1a(0) + 6u(0) = Z4(0) ) T Ly
e =m(0) + G (0) — Zp(0). . I,
BecauseZ,(0), Z,(0) are not priorly knowne, ande, can be | |
regarded as some unknown constants. r= 23| | ta
Using the related terms presented above, we now design the | x4
observerinputs,,;, u,2 to achieve the necessary stability prop- ] b
erty as follows: €1 lo = laa
N e Iy — I
3, ) i ) o= 2| _ b bd
Uyl = —E eroIb — — (Lo_la — Ca) [64:1 r‘/)a - r‘/)ad
_ P - R, - Ley Py — Pd
o2 = L, wrlola L, (Loly = G)- (©) then, the state equations can be written concisely in a matrix
Remark 2: Note that the terms introduced in the design Ofprm as follows:
1,1 andu,2 are to cancel the unmeasurable terms in the observer i = (Ao + ALz + Bu
error dynamics so that a well-known Lyapunov stability analysis
can be made. whereA,, A, andB are defined at the bottom of the next page.
Likewise, the input signals.; andw,4 are designed as fol- Remark 3: From the foregoing compact redefinition, we can
lows: observethatd, is anegative-definite matrix, so thef Aoz < 0.
.3 y 1) Torque Control:
U3 = —koly — L—2 wrly — o1 — Uel Lemma 1: If the desired torqué’; can be expressed in the
/3” following form:
Uo :—kf—l——Qw,ja—uo — Ueo. 7
* T LL 2 2 % Ty = kr(tadlva — Poalad)
Given the input design of,;, i = 1, 2, 3, 4, for the observer, then the bound on the difference between the electrical torque
we can simplify the dynamic equations (5) as and the desired torque can be expressed as follows:
5 /32 T ]CT
Zo =T wrly—uea 12 = Tal < 5 (lell? +21lell =l t)
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R, 3 : M 3
where 2= Py — é—i wrthg — Loq — <L_o R, + 2—1) Iya
Z1d Lod
B3
ZTad Ipg + L_ U2
= " | paa | Y R A
L3d Vad ; 7 2
3 =—VPoa+ — Ry ly — — Poq — =— Wy
Tyd Pbd 3 =~Yad JI\Z -gfr Vaa L;% Ve
Proof: Please refer to [14]. 4 =—pq + I R.Iy + 2—2 wrthg — L_7 Pbd.-

With this lemma, it is quite obvious that the following corol-

lary will naturally hold. In the above equations, the input voltagesindu, can be used

Corollary 1 If the state erroe — 0 ast — oo, thenTe — completely eliminate the terms of andc,. However, there
Tyast — Oﬁ lize that the obiecti ‘ K are not enough inputs which can be used to caaca@ndc,.
Asaresult, we can realize that the objective of torque trackiRg,o efore, we will regard the desired currents and fluxes as the

will be achieved once the state tracking is achieved. This, th Seudo inputs and design them properly so as to make the error
allows us to concentrate on the dynamics of state tracking er, Stem asymptotically stable

as derived in the following: Now, choosing the desired fluxes and currents as follows:

- — ; 3 MT; -
¢ = (Ao + Ar)e — g + (Ao + Ar)zg + Bu thog =— </_2 w4 T R,,> s
=Age+C 9) L, YLk
. B MT, -
= (2w, +—2 R )¢,
where Vb <L,, Yrt T hr Yad
Ty 1
: Loy =——5— — ta
C:Ale—xd—i—(Ao—i—Al)a:d—i—Bu: [Cl Co C3 C4]T d ’}/QkT WYoa + M¢ ¢
Ty 1
with Lya = Py Pad + i Pba (20)
R, 3 . M Jé; for some constant > 0, we can directly get the following
c1 = L—o r‘/}a + L_j wrz/}b - Iad - <L—o Rr + L—];) Iad result:
Bs  MI - M By
+ L. U1 3 = —m Ryippa + I Rye; — L. wreq
B M /31 ]
—|— R, +— 0 0 0
(274 12)
M 3
0 — <L_ R, + %) 0 0
AO — (el (el
0 0 ! 0
L.~"
1
0 0 0 -—R,
L L, "
r 1 B
0 0 L—O R,, L—O (,d,,,
1
o o P, g
A L, L,
1 =
M Bs
— R, 0 0 — = w,
L, L,
M By
0 — R, —uw, 0
L L, L, i
r s
— 0
L,
B- Ps
L,
0 0
L O 0
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MT, M Bo L, 1 . Bo M
= R a R r = — _— — WpPq -
4 ~2Lokr z/)d‘f‘L (32+Lrw €3. U2 [33< LOR 1b+LOW?/1 +Ibd+LoRIbd
i £ 1 i 3
It can, in fact, be verified that the choice (10) will satisfy the + /_1 Ipg — kicy + U2> (12)
condition inLemma 1 namely,Ty = kr(Yaalss — Voalad)- L,

Besides, the desired fluxes and currents are also subject to
following condition.

Corollary 2: If T, is a bounded function, then.
o, Tvas Yaa, Poa), Namely, the desired fluxes and cur-
rents, are all bounded functions.

Proof: Please refer to [14].
Now, we are ready to introduce our control law as well a

fg}esome constarit; > 0, wherev; andv, are another auxiliary
control inputs to be defined later, then itis clear that such control
is indeed realizable.

Therefore, by substituting; andu, into (11) and using the
inequality of XY < (1/2)(X?+Y'?), we can attempt to derive
the upper bound ofr; as follows:

to analyze the resulting system stability. Select the Lyapunqv 3 1 M2
function candidate as follows: 1 £— <gl <L R+ L—l + /€1> ~ g2 —5 L2 R,) (e +¢3)
17 .
== = R, 3y
Vi 5 ¢ Ge, G =diaggi, 91, 92, g2} — <L ) (2 +e2) + g1 2 w1y
for some constantg,, g> > 0, then its first-order time deriva- By . o
tive can be found as follows: —nT wreathe + gre: <L e + vl)
YA\ R, - 1 - 1 -
Vi=ee +g1e2 <— hy + UQ) + = 20® Koy + = god® R2P2,
=cTGAge + TGO 2 2
M .
ICTGAOG +aien +qgea < Yo — I ad) R,
[2 [31 [33 o
d ot wethy— I I R T Haat T . .
° ; ° ; o + giez <L_ Py, — I Ibd) R, (13)
+ gie2 <L_1 hy — 2—2 witha—Ipa— <L R.+ 21>Ibd
P N ¢ where one has to beware that the term&®fy), andbR,.1), are
+ 2 m) not measurable. Following a similar way of designing and
Lo 1,2, We let the auxiliary control inputs; andwv, be designed
+ gocs <—af3r1/)bd + M Ryej — P2 wr64) mainly to cancel those terms with either positive or uncertain
L, L, sign.
M 32 Supposes; andw, are designed as follows:
+ 9264 <GR Pad + I ERres + 2 Wy 63) (11) pPosan 2 g
1 . .
wherea = MTd/’y L,.kr. From the definitions of ,; and{q, v = L.L, Re(Lola = Ca)
itis clear thatl,,;, andl,, are both measurable since they can be 1 . _
expressed as follows: v = (Loly — Cb) (14)
Iog = Ta Ypa — Ta P + £ Pad which again is a realizable design. After somewhat ingenious
vk V2l M . .
. ; manipulation, we have
= 21;1 <i_2 w7*+aé7> z/}ad 1 ) 1
Y T' - vi+— Rppy = — RT(LOLI — Ca)—i—— Rr(na — ea)
Ty Bo T, - L, L,L, L,L,
— 2]6' +ML W1*+72Lk Rr wbd U—I—iR’(/; _ 1 ~(Lj—C)+ 1 ( —6)
Y RT r rRT 2 L. r WPy = L.L, ridiody b L.L, T [
. T, T, . 1 .
Toa ey Vad + kg Vad + 37 Vba which along with the relatiog?, + 17, = ~°, derived from the
Ty ( fo R proof of Lemma 2can allow us to rederive the upper bound on
=73 <_ wr + aRT) wbd V as
2k \ L, 1
1y Pe Ta 4 , M 3 1 M2 _»
* <72kT + ML, " + v2L, kr R”) Vad: i <— {91 <L_ R, + 2—1 + k‘1> — 59277 R,} (e +e3)
Let the control inputs,; andu, be designed as follows: — g <% — 1) (2+e2)+q /L} wre1y
Lo 1 B 5
T, <_L_0 Frtpa = L, Y+ g —g 2—2 wreatq + L L e1 Ry (0 — €a)
M R.I P I k 9 1 2 252
+ L ad+L_0 ad — k1er +v1 + 7 L’egRr(m—eb)—i-RrQl—i—Qggfy a’R;.

Authorized licensed use limited to: National Taiwan University. Downloaded on January 13, 2009 at 21:02 from |IEEE Xplore. Restrictions apply.



396 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 48, NO. 2, APRIL 2001

where 1,10, T,

O =ges (o= Pt o (Lo = G) l |

d— (
L, fe LoL, LDy | Controller | u,u, Model | L@
A M
+ g1e2 L_ Py — I

o

1
1 Lol .
W (Lody — Cb))
. : L, I

So far, we have presented the design of control inpytand G
v;, ¢ = 1, 2, as well as the previous observer design, namely, & Observer
Ui, © = 1,2, 3, 4. In order to complete the whole adaptive
control de5|gn and to analyze the overall system stability, We

choose a natural Lyapunov function candidate as follows; ~'9- 1 control block diagram.

V=V+VW. wheref,. = Qy + 1, and for some constantg, g; > 0. By
Lyapunov stability theory, all the signals involved in the system
To evaluate its time derivative, obviously we only need to supj|| pe bounded provided the RHS of (16) can be established to
up the time derivatives df; andV; as follows: be nonpositive. Clearly, it is not the case now simply because of
oy . the last term on the RHS of (16).
V=" +~;/1 - - - - - Remark 4: In general, the value dR,. is severaf? andL,. is
< —koly = koly —uerle — uezly — ucaZo — ucaZy hundreds of millihenrys and, therefore, we can directly make an

3 1 M? i -
3 <g1 <L R4 +k1> - —R2> (24 ¢2) assumption thak,/L, — 1> 0

L, 927z Since R, is not measurable so that the last term on the RHS
R, s o B> B2 of (16) cannot be easily canceled, we can design a projection
AU L) (s +ep) +o1 7 L wrerty = g1 7 L law to eliminate it as follows to serve this purpose:
- ~ 1 ~ A . . o
“wreathg + Iy <Qo +h+ g 927’ a*R, — T, er> L, <Qr + %gzv2a2(ﬁ,, - Rr)> , ifR. >R, +6&
+ R (1)a — €a) 7‘7a+if NI b2, if R, =R, + 6
L, L,L, )
1 a1 where the initial condition ofz,. should satisfy
+ Re(m — &) I. I.L

R,(O) > FT + 61

which with the following design of auxiliary inputs: for some constants, 6, > 0, so that (16) can be further sim-

2 plified as
Ue3 = —4g1 L WrC2 )
rdio . - - M 3 1 M-
fBa V < —kolZ—koli - [gl <— R4 kl) —~ g9 5 Ri}
Ued = g1 L wrel L, L, 2 L?
™ 0 R,,,
Uer = —Lote3 (el 4e3) — go <L_ - 1) (e3+ei). (17)
Ue2 = Louc4 "
S i 9, By assigningg:, g» properly, V' > 0~andf/ < 0, it can be
o == \te T, A shownthatl,, I,, Z,, Z, andn,, n, R., e1, ez, es, eqare all
1 /- 0 bounded. FronCorollary 2, 1,4, 14, Yau, e are bounded
T = L. <Ib + L, ‘32> and, hencel,, I, a, v, are also bounded. By definitions of

) 1 /. o R Za, 7y, it is obvious thah/;a andz/;b are also bounded. Since
Co =— <Ia + T e1+ /32w7,1b> — U3 the true states apd tAhe estimated errors are all bounded, then the
° state estimationg,, I, 1., ¥, are also bounded. Therefore, all

<jb + 9 ey — /ng,ja) — Uy (15) the internal signals and, hence, the sigfiabs well asv, are

Lo bounded and, especially by assumption A5), I, from (9) and
apparently leads to a much more concise form for the estimate €2, ¢3, ¢4 from (9) are all bounded as well.
of V As a consequence, all the input design is, indeed, a feasible

design and by Barbalat's Lemma, it can be shown that

b=

V < —kol? — kol P
M 8 1 M2 I, I, e1, e2, e3, ¢4 — 0, ast — oo (18)
(o (B i) - )

- R,
L, L, ey L2 and, according to the results bémma 1
R,
«%waw4f—ﬁ@+@ LT, o (19)
~ 1 45 55 1A This shows that the objective of torque tracking is, thus,
+ By <Q” tyoya k=T, R”) (16)  achieved. The following is a summarization of this result.
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Desired and Actual Rotor Speeds A-axis and B-axis Currents

800f---#-1------q--mmmammom 8
f ! ! ®
g 6007~/ RS SR HE g
x ) ) I g
400 f----- IR 1 H <
Pl IR S
00 5 10 15 20
TIME (sec) TIME (sec)
Speed Error Estimation of Rotor Resistance
50 T T T 4.5 T 7 ¥
s : ' ' £ ! ! !
& ° . T R
-50 : : - 35 : . .
0 5 10 15 20 0 5 10 15 20
TIME (sec) TIME (sec)

Fig. 2. wrq = 1000(1 — exp—°-5*) r/min.

Theorem 1: Consider an induction motor whose dynamics 2) Speed Control:For the rotating machines, such as in-
are governed by (1) under the assumptions A1)—-A5). Then, ttiection motors, the rotor speed is the function of electrical
output electrical torqué&’. will approach the desired torqe, torque and load torque, which can be expressed as follows:
asymptotically by the following controller:

L, < 1 . . By - . M . Jop,+ Dw,. =T, — T (20)
U =——\\ -5 R?‘r‘/ja - T w?‘r‘/jb + Iad + — RrIad
Pa Lo Lo Lo whereJ > 0 is the rotor inertia and> > 0 is the damping co-

1 P Ly —kies + v1> effici_ent. Therefore, in ordgr to achieve speed pontrol of the in-
L, duct!on motor, we should first Fake the effgcﬂgf into account.
ke (i B R R e e
+ % Iyg — krea + U2> T, = (J 4+ p2)i + (D + pp)wr + po - s(k, wy). (21)
for some constant; > 0, where subject to (4) Define the desired torqug; in the following form:
v = LolL,, R(LoI, — ¢) Ta=(J +p2)ora+ (D + p)wra+ po - sk, wra)  (22)
vy = L(,lL,, }?.,,(Lo_fb - &) wherew, is the desired speed trajectory. Subtracting (21) from

(22) with T, as specified ilRemark 1we can obtain

and the auxiliary control inputs,;, u.;, ¢ =1, 2, 3, 4, and,,

v, Ma, @ndeta, are designed according to (6), (7), and (15) withJ +p2)és+(D + p1)es+po[s(k, wy) — s(k, wpa)] = T =Ty
the following parameter adaptation law: (23)

1 . on — . .
. L, <Q,, + 3 g27v2a? (R, — R,,)> , ifR.>R,.+6 wherees = w, — wyq. If w.q is an arbitrary bounded second-
= order continuously differentiable function, th&j from (22)

r

b2, if R, =R, +6& obviously satisfies the assumption A4). In the following, we will
. present a theorem which describes conditions under whjich
subject to . .
will approachw,., asymptotically.
R,,(O) >R, +6; A6) The desired rotor speed should be a bounded, second-
order continuously differentiable function, i.exq €
for some constants;, é2, g2, v > 0. B(C?, such thafl,; satisfies A4).
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Fig. 3. wrq = 1000 sin(0.5¢) r/min.
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Fig. 4. T, = 3 sin(0.5¢) N-m.

Before the theorem is presented, a useful working lemma witherep(¢) > po > 0, andq(t) is a bounded function, which
be introduced first, which helps to establish the fast speed capproaches 0 asymptotically. Ther(#) approaches 0 asymp-

vergence. totically.
Lemma 2: Consider the following linear time-varying equa- Proof: Please refer to [15].
tion: Theorem 2: Consider an induction motor whose dynamics
() + p(t) - z(t) = ¢(t) (24) are governed by (1) under the assumptions A1)-A3) and A5). If
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Fig. 5. Benchmark specification for simulation.
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Fig. 6. Simulation of the benchmark test.
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the desired rotor speed is a bounded, second-order continuoUsign, the rotor speed, will approachw,q asymptotically by

differentiable function and’; is defined in the following form: the controller the same as thatTfieorem 1

Proof: Please refer to [15].

Ty = (J + p2)org + (D + p1)wrag + pio - s(k, wrq)- Finally, the control block diagram is shown in Fig. 1.
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Fig. 7. Simulation of the benchmark test under the rotor resistance variation.

IV. RESULTS AND DISCUSSIONS specifically given asv,.q = 1000(1 — exp~%3%) r/min and, in

Fig. 3, the desired rotor speedus,; = 1200 sin(0.5¢) r/min

with the maximum tracking errat:20 r/min at the positive and
The experiment consists of a Pentium PC, one power bipolgggative peak speeds. Both figures apparently demonstrate the

junction transistor (BJT) inverter with sinusoidal pulsewidtBatisfactory speed tracking performance. For torque control,

modulation (SPWM) which switches in 2 KHz, one 16-b D/Ahe successful torque tracking is illustrated in Fig. 4.

board, and a decoder board. A six-pole 1-hp three-phase induc-

tion motor with a squirrel-cage rotor is used and is equippd& Simulations with Benchmark Specification

with a 1024-pulse/rev encoder. The motor is manufactured bywe also perform computer simulations for the benchmark
ELMA Motors Company with delta-connected stator, and thgxample. The rotor speed is required to change between these

A. Experiment Apparatus

specifications are as follows: values:waom, 0.1nom, 0.280n0m, 1.50m0m duringt = [0, 10]
rated power—0.75 KW, s, where thev,o,, = 700 r/min. The rotor flux is required
rated current—4 A; to change from|?||nom t0 0.5|%||nom When the rotor speed
rated voltage—220 V; is 1.50p0m, Where||¢|lnom = 1.22 Wb. The load torque is
rated frequency—60 Hz; 0.51;,"™ att = 0 s and changes to 0.2 att = 4's
rated speed—1120 r/min; whereT},"™ = 7 N-m, and the rotor resistance variation is
poles—six; +30%. The benchmark specification is shown in Fig. 5.

R, = 3.745 & The benchmark assumptions are as follows.
R, = 3.583 ; B1) Measurable signals are the stator currefits {;) and
L, = 163.3 mH; rotor speedo.
L, = 163.3 mH; B2) Load torquely, is constant, although unknown.
M = 154.67 mH; B3) All parameters are known, but the rotor resistafice
J = 0.05 N-m2. will change.
To demonstrate the performance of our controller persua-B4) Stator and rotor currents and stator voltages are con-
sively, we will make a variety of experiments on the induction strained by 12 A and 300 V.

motor. The test cases include speed control for desired (asymB5) The system begins with all zero initial conditions.
totically) constant speed and desired sinusoidal speed, and’he simulation results for the speed tracking are shown in
torque control for desired constant torque. All the results aFégs. 6 and 7. In order to comply with the theory developed in
illustrated in Figs. 2—4. In Fig. 2, the desired rotor speed fhis paper, especially the assumptions on the smoothness of the
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desired speeds, we adopt a smooth function to approximate thg! J.-H. Yang, W.-H. Yu, and L.-C. Fu, “Nonlinear observer-based adaptive

step function so that the desired speed is continuously differen-  tracking control for induction motors with unknown loadEEE Trans.

. P . P . .. y Ind. Electron, vol. 42, pp. 579-586, Dec. 1995.

tiable. One can f|r_1d that the speed tra_ckmg is insensitive to thRs) A-M. Lee, L.-C. Fu, C-Y. Tsai, and Y.-C. Lin, “Nonlinear adaptive

load torque variation. The speed tracking error will converge no  speed and torque control of induction motors with unknown rotor

matter what the desired values of the rotor flux norm and rotor ~ fesistance,” Dept. Elect. Eng., National Taiwan Univ., Taipei, Taiwan,
. . T . R.O.C., Tech. Rep..

resistance are. When the rotor resistance variation is considered,

the error convergence for speed tracking will be slightly slower,

which is shown in Fig. 7.
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