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SUMMARY

This paper addresses the output feedback tracking control problem for induction motor servo drives with
mechanical uncertainties: rotor angle, rotor speed and stator currents are assumed to be available for
feedback. A robust adaptive learning control is designed under the assumption that the reference profile for
the rotor angle is periodic with known period: it ‘learns’ the periodic disturbance signal by identifying the
Fourier coefficients of any truncated approximation; ¥, and ¥, transient performances are guaranteed
in the ‘learning phase’. It is shown that, for any motor initial condition belonging to an arbitrary given
compact set, by properly setting the control parameters: (i) the rotor position and flux modulus tracking
errors exponentially converge to residual sets, which may be arbitrarily reduced by increasing the number
of terms in the truncated Fourier series; (ii) when the unknown periodic disturbance can be represented
by a finite Fourier series, the rotor position and flux modulus tracking errors exponentially converge to
zero. As in field oriented-control, the control algorithm generates references for the magnetizing flux
component and for the torque component of the stator current leading to significant simplifications for
current-fed motors. Copyright © 2008 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Induction motors are widely utilized in servo applications as an alternative to hydraulic or pneumatic
drives, thanks to their reliability, ruggedness and ability to turn large mechanical loads. Neverthe-
less, induction motor control constitutes a rather difficult problem due to the highly nonlinear and
multivariable nature of its model and to the non-measurability of all state variables: while rotor
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position and speed along with stator currents can be easily measured, flux sensors are not available
in standard induction motors. Solutions to the problem of controlling robot manipulators actuated
by induction motors are presented in [1-5]. A local partial state feedback link position tracking
controller is proposed in [1], while global output feedback position tracking is obtained in [2]:
exact model knowledge is required. By assuming linear parameterization of manipulator inertia
matrix determinant, global asymptotic link position tracking is guaranteed in [3] despite para-
metric uncertainties in the mechanical subsystem. Robust control algorithms for uncertain robot
manipulators driven by current-fed induction motors are proposed in [4, 5]: an arbitrarily small
link position tracking error can be obtained by properly setting the design parameters. In the case
of periodic reference trajectories, system parameter uncertainties may cause periodic disturbances
in motor servo drives so that learning control techniques may be successfully applied. Even though
several (finite and infinite interval) learning control strategies have been developed to compensate
for periodic disturbances in robot applications requiring repetitive tasks (see [6—8] and references
therein), the servo drive electromagnetic dynamics have been only considered in [9, 10]: back-
stepping, robust and repetitive learning control techniques are applied in [9] to design an output
feedback control scheme (formally requiring infinite memory) for rotor angle and flux modulus
tracking of current-fed induction motor servo drives with uncertain mechanical model, while a
global output feedback rotor angle and flux modulus tracking control for current-fed induction
motor servo drives with mechanical uncertainties is presented in [10].

In this paper, the rotor angle and flux modulus tracking control problem by output feedback
is addressed for uncertain voltage-fed induction motor servo drives under the hypothesis that the
reference profile for the rotor angle is periodic with known period: no simplifying assumptions
on the stator current dynamics are invoked. The non-structured unknown periodic disturbance due
to mechanical uncertainties is developed in Fourier series and the estimates of its coefficients are
continuously adapted using the robust adaptive control techniques proposed in [11]. For any motor
initial condition in an arbitrary given compact set, by properly setting the control parameters, the
guaranteed rotor position and flux modulus tracking errors are reduced as the number of such
Fourier coefficients is increased, while exponential rotor position and flux modulus tracking are
obtained when the unknown periodic disturbance is represented by a finite Fourier series expansion.
P> and ¥ transient performances on the tracking errors are guaranteed during the learning
phase. When compared with the commonly used Internal Model Approach (see for instance [12]),
the adaptive design proposed in this paper (inspired by Del Vecchio ef al. [13]) allows to deal with
periodic disturbances/uncertainties admitting infinite Fourier series expansion and to solve the
problem of the controller robustness with respect to the truncation error. On the other hand, even
when the tracking problem with unstructured uncertainties can be reduced to a tracking problem
with linearly parameterized uncertainties (so that standard adaptive techniques can be applied),
persistency of excitation and exponential tracking are, in general, not guaranteed (in [14] only
asymptotic convergence is assured when the external disturbance can be modeled as the output
of a finite-dimensional linear exosystem). Simulation results for a digital implementation of the
control algorithm illustrate the effectiveness of the proposed solution. A preliminary version of
this work was presented in [15].

2. SYSTEM DYNAMIC MODEL

Assuming linear magnetic circuits, the electromagnetic dynamics of a balanced non-saturated
induction motor with one pole pair are given in a fixed reference frame attached to the stator by
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(see, for instance, [16] for its derivation and [17] for modeling assumptions)

d .
% = —O(lﬂra — wlprb +oMis,
dy .
dtrb = —O(lﬁrb+wwm +oMigp
. 1)
di R. oo 1 (
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where (,,,Y,,) are the rotor fluxes, (iy4,i5p) are the stator currents, w is the rotor speed and
(usq,usp) are the stator voltages. The electromagnetic constant parameters are: rotor and stator
windings resistances (R;, R;) and inductances (L,, L), mutual inductance M. To simplify nota-
tions we use the reparameterization: «=R,/L,,f=M/cL,,0=Ls(1— M2/L3Lr). The motion of
the induction motor rotor shaft connected to a generic one-degree of freedom mechanical system
is described by the Euler—Lagrange equation (see [9, 18])

w_,
dii 10J(0) @
JO 57 =mWyaish=Vrpisa) =5 — =" =b(O)w

where 0 is the rotor angle, J(0) is the equivalent total inertia, b(0)w is the equivalent total
linear viscous friction torque and m=3M /2L, with J(-),b(-) typically being the uncertain

functions. The output to be controlled is yz[@,,/l//fa—i-l//fb]T while the measured output is

ym:[O,co,im,isb]T. If we introduce an angle &y(¢), whose dynamics deg(¢)/dt =mg(¢) will be
later defined (eo(0) is an arbitrary initial condition) we can equivalently consider the vectors
[V,q, qu]T, lisa,1 Sq]T, [usq, u Sq]T, which are obtained multiplying the corresponding (a, b) vectors

Wras W) Ty lisas isp] T, [sas tsp]T by the matrix

cosgy  singy
R(g0) = [ ) } 3)
—singy coségp
They represent the direct and quadrature components of rotor flux, stator current and stator voltage
vectors, respectively, with respect to a time-varying (d, ¢) reference frame rotating at speed wq(¢)
and identified by the angle &y(¢) in the fixed (a,b) reference frame. In the new state coordi-
nates (0, w, .4, l//,q, isd,lsq) and new control coordinates (usq4, its;) the motor dynamics become

(see [9]):

do

— =

dt

dw 10J(0)

JO)— =m isg —Wrgisd) — = ——— 0> —b(0)®
( ) dr (wrd sq lprq Ad) 2 30 ( )
= m(lprdisq - lprq lSd) - f(es CU)
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d‘gt’d = —o,q+ (W0 — )W, , +aMisq
dﬁ% =~y — (@0 — Wy + 2 Misg “
d(ifd =— (& +[}ocM> isd+ lusd +woisg + Poif g+ P,
t 4 o
d(i% = (% +ﬂaM> isq+ éusq —0oisd + o g — P,y

3. PROBLEM STATEMENT AND PRELIMINARY COMPUTATIONS

Consider the induction motor (4) with the non-structured uncertain scalar function f (6, w) under
the following assumptions:

(A.1) m,a, M, Ry, g, f are known constant parameters;
(A.2) the functions J(0) and b(0) are of class %/ (s;>6) and %*» (s,>5), respectively;
(A.3) there exist known positive reals J,,, Jyr, kji, kpi (i=1,2,3) such that for all 0cR [i =

1,2,31: () J(0) €[, Tnr]; Gi) 16 T(0) /007 |1<k ji; Gii) [0 b(0) /00" | <k

We address the problem of designing an output feedback control for system (4) in order to
track an output reference signal vector y,(t) =[y,1(?), yrz(t)]T which is assumed to belong to the
following class:

(A4) y1()=0"(@) _is periodic with known period T, of class *¢ (sy=>7) with bounded time
derivatives |y (1)|<cg; (i=1,2,3,4) for all 1 [0, T);

(A.5) yrz(t)zlp*(t)}cw >0 is of class €*v (sy>2) with bounded time derivative |yr(;) OI<cyi
(i=1,2) for all t>0.

Define the tracking errors (kg is a positive control parameter)
0=0-0"
D=w—0" = o+kid—0*
so that
O=—kpD+6
and express f (0, w) as
F0, 0)=qo(0%, 0%, 0%)— J (0)0* +g(0, @, ») + J (O)kgid— J (0)k20
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with
e 1 0 . . .
a0, 0%, = LN g2 pomyie 4 s 00y
2 00 |p_pr
~ - 10J(0 y .
9(0,, ) = —J (Okgdr+ J(H)k§6+§% [k30% —2kg00* +@?
0=0*
, - 1[aJO) 0J(0
+29*@—2k99@]+_[L_L }wz
21 o0 00 |g_p

+b(0%) (D — k) +[b(0) —b(OF) |+ [T (0) — J (0°)]6*

4. FOURIER SERIES EXPANSION AND PROJECTION ALGORITHM

By virtue of assumption (A.4), ¢(¢)=qo(6*(¢), 0% (1), o* (1)) is periodic of known period T and
can be approximated according to Fourier approximation theory (see [13,19,20]). Let p[N]=
[pgs---»pP N,l]Te RN be the vector of the first N Fourier coefficients of the function q(t)e®?
(p=min{sp—2,5;—1,5}): for any N>1 (N is an odd number) we can write

N-—1
gt)="Y p;o;(t)+e(t) with |e(t)|<en
=0
where (I=1,...,(N—1)/2, p=2)

Qo) =1, §021(t):«/§cos(lt27n), (le_l(t):x/zsin<lt2%) )

21\” p—1/2 - p—1/2
eEN = (?) (N=1) 2 Byp) (6)

with B, being the upper bound on |d”g(¢)/dt?|. Moreover, from assumptions (A.3) and (A.4), a
bound for ¢ (¢) is given by

Iq(t)|<%k‘,~1c§1 +kp1co1 +JImcor =By @)

so that by virtue of the Parseval identity, we obtain
N, o 1 g 2 2
Y pP=lpIN]I <—/ ¢*(®)dt < B
=0 T Jo

Hence, for any choice of N, we have

pIN]lI<By ®)

Define an estimate g[N](z) of the Fourier approximation for ¢ (¢) as g[N](t) = Zzli 61 01D ()=

PINI(®)T @ (1) in which @y (1) =[@g (1), ..., py_1 (DT and PINT(2) =[Pg(?), ..., py_1 ()" with
p;(t) being the estimate of the /th Fourier coefficient p; in g (¢), 0<I<N —1.
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Before stating the main result of this paper, we recall the projection operator Proj[¢, PN
defined in [21], which will be used in the adaptation algorithm. We will define p[N]=Proj[&, p[N]]
with ¢ being a suitable function and Proj[&, p[N]] being the Lipschitz continuous function given by

f if (g*l

if €.
Projlé, pINT] = | © B0

[1 s(ﬁ[zv])grad[s(ﬁ[N])]grad[s(ﬁ[N])]T} ;o
- — E o if i3
llgradls (PINT)]I|2
X IPIN1)I? — B2
SPIND = =5 o5
q

@1 s(PIND<O
%x2 : s(pIND>0 and (grad[s(p[ND], £)<0
%3 : s(IND>0 and (grad[s(p[ND], &)>0

in which v is an arbitrary positive real and B, is the radius of the closed ball (0, B,) in R
(with center the origin) in which p[N] is constrained. If p[N](0)e#(0, B,), then the
following properties hold: (1) [|p[N]()[I<B,+v, ¥t=0; (2) [[Proj[&, pINTII<IEN; 3B) (p[N]—
PINDProj[&, pINTI=(p[N]—pPINDTE.

5. ROBUST ADAPTIVE DESIGN AND STABILITY ANALYSIS

5.1. Control algorithm

Define the stator current tracking errors:

. -
eqd =lsqd—lyy

e
eq =lsqg—lg

in which i}, and i ;"q are the reference signals for the stator current vector (d, g) components. The
proposed control algorithm, whose design relies on back-stepping and robust adaptive techniques
(involving, as we shall see, the choice of suitable Lyapunov functions), consists of: (i) a modified
indirect field-oriented control (see, for instance, [16])

- /8 'P* Misq (D

17, =
sd M

oM JoM
. €)
. n aM ; Migg®
g0 =wo= O+ —isg——5—
lp* sq ;\’w*
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containing stabilizing feedback terms; (ii) two outer rotor angle and speed cascaded control loops

b kBt k Kk ok, K )
i;kq= ™ |:—kwa)—kU0—|—p[N]T(DN_<?0+ 81 +g__2+_+ Ko o jl1 2>w:|

mys Dkoky,  2kg 4 4 4k,
PIN1 = Projl—u®yd, HINTI, ||ﬁ[N](0)||<ﬁ (10)
VN
e min{2~ kg, ke J3;" 47, 2k} ok
2

containing the estimate p[N](z) of the Fourier coefficient vector p[N] and suitable robustifying
terms taking into account the state-dependent disturbance due to mechanical uncertainties; (iii) an
inner stator current vector control loop

R
Ugd = 0|:<?S+06Mﬁ> isd—cooisq—o&ﬁl// +Tos—k ed—vdled—vdg—i—i—f/lww ]

(11)
R
Usg =0 [(f —|—ocMﬂ) isq —}—a)oixd—}—ﬁa)lﬂ*—i-roq —keeq —Vg1€4 —qu]

in which the terms (I'oq, I'og, a1, V41, va2, v42) containing feed-forward actions and suitable stabi-
lizing and robustifying feedback terms are given by

xp l//* migg | ma R; . . 1
rOd__+ +)»ocM S JaM | F—H(Mﬁ lsq_wolm—i_gusq

1 ) o (R
roFW[kwa)*—kvw+kvk99+p[N]TcI>N+p[N]TcDN+(—"+ 8L 82

2 " 2koky | 2Kkg
/;w k? 1 2 70 0 l//*
+—+-Lo o'+ )| — i
4 4k, (Zk()ku 2k9> /A

1 mpB . \* T P A 4
- it 2 (—+4=-Tyi+—T
Va1 =~ [( B M w) (ﬂw+)Mw) +I7, (2an1+kw w1+k9kv w2

k
4

4g1 28> 2
— F r F —_— 200M 2 12
1 2 2 2 k 2 4
Vg1 = a[(“ﬁ) +(Bw) ]+F1q 2]2 +k | | +k9k rw2+ (rw3+rw4)
k 481 282
r 2 1
+2 o5t It e 2 )T
v = —T140"*
Vg2 = —qud)*+mlp*cb
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with

Yo = 4k3,kg0(d—kob) — 16k3 k™, Fo=—2k7,@ir*

1 k k k k2 5 k2
PR PR TR TR DS (TR . TP P
m 2 2koky 2ky 4 4 4k, 2koky  2kg 2k

71 = 16kj0+8k5,0° +16k7 kg, 5 =2k7,®
81 = 8 kg + 215 k0> + 8K kjic + 83, kg d* +2k3, 00 + 8k k§ + 8k, 00 + 8K ¢,
82 = 4Ty kG +15, & +4Kk7 ) +4kp)

2 2 2kgk, 2ky 4 4 4k,
2:2 2:2 2
Lo = ﬁ | % ™ s Fpa= M L 5 mzw*
JZ’ Jz J2 J2

The proposed control law depends on: the arbitrary odd integer N >1, the orthogonal basis functions
Dy () =1[p(r), ..., (pN_l(t)]T in (5), the positive control parameters kg, kg, ky, /Eg, lzw, k, 2, g, ke
with py>1, the positive reals Jy,, Jy, kji, kpi, co; (i=1,2) in assumptions (A.3), (A.4) and B,
defined in (7).

5.2. Stability analysis

Let z(t)=[z1(t)T,z2(t)T]T be the solution of the closed loop system witht z; = [é, O, W,g—
1/ w,q, Isd =15 isq —i;“q]T and zp=p[N]—p[N]. Let Z(0; m ;) the closed ball in R with center
the origin and arbitrary radius m >0. Let

c1 =max{ky, Jyr, 2, 1}(min{ky, J, 4, 1}) 7!
¢y =min{27 kg, ke Jy, ' 47 0L 2k}, c3=6(camin{ky, S, 2, 1)
c=cic;', es=c3Be)”. c6=3""(2c3)

be positive reals. The main result of the paper is stated in the following theorem.

f According to the field-oriented control strategy, the control objective

Jim [ /Y2, () +97, () =¥ (0] =0

Jm [y () =y ()] = 0
i g ) =0

which imply that the flux vector (., (¢), y,,(¢)) to asymptotically rotate at speed wo(#) and the d-axis of the (d,q)
reference frame (rotating at speed wo(?)) to be asymptotically coincident with the rotating flux vector.

is achieved by guaranteeing

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2009; 19:1745-1759
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Theorem 1

Consider system (4) satisfying assumptions (A.1), (A.2), (A.3), an output reference signal y,(¢) =
[yr1 (), yro O =[0% (), y*()]T satisfying assumptions (A.4), (A.5) and the output feedback
control (9)—(12). Then

e z)(1) satisfies, for any >0, the following inequality: ||z2(¢)]| < /2B§+2(Bq +v)2;
e 71(¢) satisfies, for any >0, the following ¥, and .¥; inequalities [¢y is the approximation
bound in (6)]:

(P1) z1 @ 2<cillzi(0)[12e = + (c3/ k) [e3 + maxo<r<i {1 22(D)12}];
(P2) [y lz1@ 1> dr<eallzi (01 + (cs/K) 122 (0) |2+ (co/ k) [y [€3, + I z2(D) 121 d1;

e for any initial condition [0(0), w(0), ¥, ;(0), lﬁ,q 0),i54(0),isq (0)1T € B(0; m ), there exists
an explicitly computable positive real k}(N,m.) such that for any control parameter
ke>k3(N,m),z(t) satisfies the following properties [p=min{sg—2,s; —1, s5}]:

(P3) z(¢) is exponentially attracted, as t — +oo, into a closed ball of radius r(N), with
r(N)=0 (N*7/2) for N — +o0;

(P4) if there exists an odd integer N* such that q(t):ZlN:* 071 p1¢;(t), then the control
algorithm with N>N* guarantees that ||z(¢)| exponentially tends to zero.

Constructive Proof
The first part of the theorem follows on inequality (8) and property (1) of the projection algorithm.
Define the rotor flux tracking errors:

Vg =g — V"
Vg =Vrg
so that we can write
J(O) = my*i, +myeq+mh, gisqg —V,qisa) — pINI Oy —e—g(0. @, w)
Urd = — g — " + (00— Wy +aMi%y +xMeg — "

lqu = _O“qu - ((DO _(D)lz,d — (CO()—UJ)!,D* —|—aMisq

Design the reference signals i}, i;"q for the stator currents iszq,i54 and the speed wq of the rotating
(d, q) frame as in (9)-(10) so that the quadratic function

1 5 5 5 2
W= 5 (kvez+J(0)@2+A(xp§d+xpfq)+ ”Z;” )

admits time derivative along the trajectories of the closed-loop system satisfying

o kokg SRS N - &
WS = =22 0% = ko = a7y +7,) +my" g +oaM i gea+
Compute
. R ) 1 ) diy,
ég=—| —+PoM )isa+—usq+0oisq+ Py, g+ pory,, — —=
o o dr
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. R; . 1 . i;(q
g =— ? + oM Isq+ E”sq — Wolsd +ﬁ°ﬂﬁrq _ﬁw'nbrd - ?

and design the stator voltages uyq, 54 as in (11)=(12) so that the quadratic function
V:W—i—%(eczl—i—e;)
admits time derivative along the trajectories of the closed-loop system satisfying

kvkgzo ko .o 0h 25 a5 2 o 2 Dzl
—“TH —7“’(3 —§(¢,d+lﬁrq)—ke(ed+eq)+7+T

265, 2l|z2]?
<—oV+—Ny=
evTT k

on which inequalities (P1) and (P2) follow.

V<

The remaining part of the theorem can be proved by considering the quadratic function [ap, s«
are suitable positive reals]

1 s
V=Wt 2ap| Q022 = Q0. &,y 0 1112+ (e +¢)

in which
-0 0
%o _PN-1
ol=| JO J(0)
0 0
- 0 0 -

and Q(z) is generated by the filter [/ is the identity matrix]

T
0O)=—71

M

0t =—0@1)+Qn)Q (1),

and by applying arguments similar to those used to prove the Persistency of Excitation Lemma
in [13]. O

6. SIMULATION RESULTS

We tested by simulation a digital implementation of the proposed adaptive learning control algo-
rithm with reference to a mechanism similar to the one reported in [9, 10] (see Figure 1), in which
the rotor shaft of an one pole pair, 1.1 kW, 2850 rpm (50 Hz), 3.5 Nm induction motor is connected
to a sliding mass. The equivalent total inertia J(6) and linear viscous friction coefficient b(0) are:

8x(0)]2

o7 B
; } and b(@)_b0+bv[ 4

Ox
J(9)=Jo+mo[

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2009; 19:1745-1759
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Figure 1. Mechanism.

Slider position reference x" Rotor angle reference 8"
30
— 06 =z 20
LSRN I I SRR SO I N £ 10
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Rotor flux reference \y* Rotor angle reference time derivative
1 S S—S— 100
= S 0
§ 05 7[*-----; ----- RREED $mnne- S 0
p== . » ] 1 E
0 — -100
0 02 04 06 08 1 0 02 04 06 08 1 12
time [s] time [s]

Figure 2. Slider position reference x*(¢); rotor angle reference 0*(¢); rotor flux modulus reference Y™ (¢);
rotor angle reference time derivative 6*(¢).

The kinematic relation x(0) between the slider position x and the induction motor rotor angle 0 is:

x(@)=acos <Q> + [¢2—a?sin® <Q>
r) \ r

The system parameters are: Ry =104Q, R, =4.5Q, Ly=L,=047H, M =0.434H,a=0.25m,c=
0.5m,r=10,mo=16Kg, Jo=0.005 kgmz, bop=0.025Nms/rad, b, =16Ns/m (mq, Jo, bo, b, are
uncertain parameters with a +20% uncertainty).

After a flux excitation phase (the rotor flux modulus reference starts from 0.21 Wb at t =0 and
grows up to the rated constant value 0.86 Wb), the slider mass displacement x (6) is required to track
a periodic (with period T =1.2s) reference signal x*(-), which starts from ¢—0.94=0.275m at
t=0.4s and grows up to ¢+0.9a =0.625m with maximum speed and acceleration modulus equal
to 2m/s and 15m/s?, respectively. The rotor angle reference signal 0* is computed by inverting
the function x*(6*). The reference signals are shown in Figure 2, while the torque disturbance and
its Fourier coefficients are reported in Figure 3, showing that the harmonic content of function
q(t) is approximately up to the 13th harmonic (10.8 Hz).

A simplified discrete-time version of the proposed (N +1) order dynamic adaptive learning
control algorithm (9)—(12), in which the robustifying terms (v41,v41) are set to zero, is obtained
by the Euler discretization method with a sampling time 75, =200 ps and then tested by simulation.
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Function q(t)
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Figure 3. Function ¢(¢) and its Fourier coefficients p; (0<i<40).

Rotor angle tracking error 6-6" Rotor speed reference o
0.05 : : . 100

[rad]
(]
[rad/s]
Q

-0.05 i : i -100 i : i

0 2 4 6 0 2 4 6
Estimate of function q(t) Rotor speed tracking error w-c

; : 5 ; ; ;

E z Lk | ; |
£ 3 0 b o MWMM .\,5,4»h,,,1k,.)n,ﬁ|lr 1}"‘; q}ﬂ)r,h}rw,‘

; 5 ; ; i

0 2 4 6 0 2 4 6

time [s] time [s]

Figure 4. Rotor angle tracking error é(t); rotor speed reference w*(r); estimate g [19](z) of the torque
disturbance; rotor speed tracking error (¢).

The control parameters, which were chosen according to suitable tuning rules for controllers
with cascaded structure, are (all values are in SI units): kg =20, k., =0.12, k, =30, k9 =0.25,k, =
0.01,k=0.01,1=100, u=5, k. = 1000, N =19. All motor and controller initial conditions are set

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2009; 19:1745-1759
DOI: 10.1002/rnc



&

d-axis rotor flux tracking error \ymo\y*

0.2

(A]

(Al

100

0 2 4 6
d-axis ref. stator current i;d
0 2 4 6
d-axis stator current tracking error e
0 2 4 6
d-axis stator voltage u_,

0F

-100

ROBUST OUTPUT FEEDBACK LEARNING CONTROL

(=]
N
f=S
(2]

d

(A]

(Al

0.2

g-axis rotor flux tracking error Ve

A LA 0" i i
o 2 4 &

time [s]

Figure 5. Rotor flux tracking errors (,,(t) —y* (1), 1//,.q (1)); stator current refer-
ences (i}, (1), i;"q (¢)); stator current vector (d,q) components tracking errors
(eq(),eq(t)); stator voltage vector (d,q) components (usq(t), usq(2)).
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to zero excepting for 6(0) = 6*(0) =25.2rad. The rotor angle measurement is provided by a 5000
ppr encoder, while the rotor speed is obtained by using a discrete-time filtered time derivative
of the measured rotor angle, with a 500rad/s cut-off frequency of the first-order low-pass filter.
The stator current signals are sampled by using a 12 bit ADC with 5 mA quantization amplitude.
A time delay of one sampling period is introduced in order to take into account delays due
to acquisition, computation and actuation. The tracking errors, the disturbance estimation, the
controller internal signals along with the stator voltage vector (d,q) components are reported
in Figures 4 and 5. The Fourier coefficients p; and their estimates p;,0<i<3, are shown in
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Figure 6. Fourier coefficients p; and their estimates p; (¢) (0<i<3).

Figure 6: good disturbance estimation and rotor position and flux modulus tracking precision are
achieved while non-zero asymptotic tracking errors are due to truncation of the disturbance Fourier
series, discrete-time implementation of the controller, rotor speed filtering, measurement noise,
200 us time delay. High-frequency noise on the reference currents and stator voltages appears due
to the encoder quantization error superimposed to the rotor angle and speed. The estimation of the
torque disturbance and its compensation by means of feed-forward actions allow the controller to
obtain satisfactory rotor angle and flux modulus tracking precision along with field orientation in
the presence of mechanical uncertainties. The presented simulations for the digital version of the
controller demonstrate that it is suitable for implementation on a real induction motor servo drive.

7. CONCLUSIONS

Under the assumption that the rotor angle reference signal is periodic with known period, an output
feedback learning control has been designed for induction motor servo drives with mechanical
uncertainties. #» and %, transient performances for the rotor position and flux modulus tracking
errors are guaranteed in the learning phase while, for any motor initial condition in an arbitrary
given compact set, by properly setting the control parameters the following properties hold: (i) the
guaranteed rotor position and flux modulus tracking errors are reduced by increasing the number
N in the truncated Fourier series; (ii) when the uncertain function ¢ (¢) is represented by a finite
Fourier series, it is exponentially reconstructed while the rotor position and flux modulus tracking
errors exponentially converge to zero. Further research will be devoted to deal with rotor resistance
uncertainties, which may have a detrimental effect on rotor flux tracking.
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