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control, adaptive control, Lyapunov method ing an adaptive observer based on the magnetic dynamics of
the IM. The following assumptions are made: the estimation
Abstract of the rotor flux is performed by means of pure integration of

the stator winding electric model, the load torque is assume
In this paper a sensorless controller for induction motqrés  known. In [12] sliding-mode technique has been exploited to
sented. It provides local exponential stability propertigith develop a speed-flux observer and a torque controller, which
an explicit estimation of the convergence domain since Lyare used in the speed control assuring local asymptotidistab
punov direct method is adopted in the design/investigairon properties.
cess. Full-order model of the induction motor is consideured
no simplifying assumptions on the speed dynamics (as riegli
bility of the speed time-derivative) are introduced. Thado
torque is assumed constant but unknown. Simulation res
are provided.

In this work the sensorless control scheme proposed in [9] is
Qeeply revised in order to achieve stronger theoreticapaack

tical results relaxing some hypothesis on the speed error dy
Lfltas‘mics. A flux controller based on indirect field oriented-con
trol and a speed controller designed assumingnown con-

stant load torque are realized. Since the latter contsotier

1 Introduction pend on the estimated speed, an adaptive speed/flux ohserver

based on the current regulation error dynamics, is desjgned

High performance drives based on induction motor (IM) can tf:‘)‘f'oviding an exponential speed estimation convergences It
implemented by means of a speed/flux controller which religg, noting that the speed estimator is realized in a closed
on field orientation concepts [1, 7]. This control algoritigan loop way, since it is integrated in the current regulatorthiis
output feedback controller based on the measured Curmedts gay, reduction of the dynamic order of the speed estimator is
rotor sp_e_ed/posmon, normally obtained with a shgft e!‘*"""Odobtained. A model-based flux observer, similar to those jn [3
The position sensor redL_lces the robustne;s and reliadfilie g [8], is added to speed-up the speed estimation dynamics,
IM drive and increases its cost. Hence, in recent years spegfl it js not used in flux control or to obtain direct field ori-
sensorless controllers for IM (i.e. without the speedAdwsi entation of the reference frame. In the controller desiga; m
measure) have become an attractive task from the industgjgl parameters are assumed constant and exactly known and

perspective and as a benchmark for different nonlinearrobnty, o jnitial conditions of IM state-variables are assumetéo
techniques. known.

Excellent surveys on different control techniques appbed The proposed solution provides local exponential speatktra
sensorless control of IM can be found in [10, 11] and [4]ng and local exponential flux amplitude regulation and field
In [3] a sensorless control algorithm which guarantees sergjientation, with an explicit estimation of the domain dfat-
global exponential rotor velocity/rotor flux tracking féwt full- {jon of the zero equilibrium point of the error model. The Bve
order nonlinear model of the .IM is presented. In partlculaé_“ system stability is proved using Lyapunov-like techréq

an observer, designed assuming known mechanical dynamjgdjied to two feedback interconnected subsystems: speed
and external load torque, provides the speed estimatiadm Wity cking and flux regulation dynamics on one side, and ctrren
assignable convergence rate. The initial conditions f@0rro reqation dynamics with the speed/flux observer on therothe
fluxes are assumed to be known and the rotor flux is estimagqge_ The stability proof is carried on proving the exporent

by means of an on-line pure integration algorithm. In [8] gpility of the above subsystems and taking into accout fe

sensorless controller for the current-fed IM, which gu&es yres of the coupling terms in order to evaluate the progerti
local exponential stability and global asymptotic stapitif the ¢ the whole dynamics.



The paper is organized as follows. In Section 2 the IM modele|ocity w and the rotor flux amplitud%/z/;g + 2. In the pro-

the control objectives and the regulation/estimation redies- posed scheme an explicit estimation of the mechanical speed

initions are reported. The proposed solution is presemedy,q |5ad torque are adopted. Let define the following natatio
Section 3. In 4 the stability properties of the closed-logg-s ¢, regulation errors:

tem are analyzed. In Section 5 some simulations are reported .

particular attention is devoted to the robustness witheetsip g =iq— 1} Vg = g — Y~ v=w—w"

mechanical parameter uncertainties. - . -

g =1 — 14 Vg =g

2 Induction motor model and control objectives and for estimation errors of speed and torque correspolyding
formulation

En

Zw—fu:@—tf} TLZ ——TL

Assuming linear magnetic circuits and balanced operatimg c

ditions, the induction motor (IM) model expressed in an-arbivherey ™ is the constant reference flux; is the smooth refer-
trary two-phase rotating reference fraifigq) is given by the €nce speed signal, with bounded time-derivativeso™. Ref-

fifth-order model [7]: erence currentsy;, i;, estimated speed tracking ertomnd es-
timated (normalized) load torqug, are signals to be defined
& = p(hgiq — Vgiq) — 1r later. Th(_a estimated speed i_s dgfinedLa& w* + @._ The
J asymptotic speed tracking objective corresponds to imfiese
iq = —iqg + woiq + aBa + Bty + lud convergence to zero of the speed tracking edrawhile the
asymptotic flux regulation and field orientation of tlkq) ref-
iq = iy — woiq + By — Bwiby + luq erence frame correspond Fo im_pose the convergence to zero of
_ o ¥4 andy,. Asymptotic estimation of the mechanical speed is
Ya = —0q + wathg + aLpyiq achieved iff the speed estimation ertotends to zero.
Vg = —0t)pg — wathg + oLy i, Q)

3 Controller definition
where the state variables are the rotor spegthe stator cur-

rents(iq, iq), the rotor fluxegvy, 1,); the control inputs are 3.1 Flux and speed controller

the applied stator voltag€s,, u,); the load torquely, is an L . . .
~ 9e d.’ul) . d L Considering indirect field orientation as the framework, fibl-
unknown constant external input, i.€; = 0. The slip fre- . . ]
lowing flux and speed controllers are designed:

qguency is defined as, = wy — w. Parameters of the above
model are related to the mechanical and electrical IM parame 1

ters as: =7 (V" + ™)
~ ol
L? L R, wo =w* + o+ —24F
:Lg(l— L) —Im = i
7= L) P e T L ¥
R, 3L, and
= — Lm ’ =5
V= Tokmbn= g0 L1 A
iy = W(—kwarTLer )
where R, R, Ls, L, are stator/rotor resistances and induc- ) H
tances/,, is the magnetizing inductancé,is the rotor inertia. T, = —kyiw

The rotating reference fram, ¢) has angular spe.edo and wherek,, , k,; are control gains and the estimated speed track-
relative angular positiony, with dynamics given by, = wo, ing errora will be defined later. The controller stafe is in-

with respect to the stationary reference frafaeb). The fol-  troduced to compensate for the unknown constant load torque
lowing relations are introduced to link variables in theista ) ) ) )
ary reference framéa, b), where physical variables are deThe magnetic and mechanical regulation error dynamics are

fined, with the corresponding ones expressed in the rotatingz/;}

reference framéd, q): a = —ag + (wo — w)tg + aLimia
il yeo lia] Twal e [ia Vo ==ty = (o —W)atalniy +9"0. @)
|:Zq:| -° |:Zb:| ’ |:ub:| -° |:’Lq:| w= _kwaj - TL + kw(:} + (bl (ida iq7 ¢d7 Q/an &7 ‘Da TL)
where fL = i — ki@ 3)
e‘]EO _ |:Cf)S o —SIn 50:| ) with
SN €¢ COS &g

. ¢1(gd7gq7’(/‘;d71/;qa§)aa}7TL) =
In sensorless control, the measured variables are the stato e e - Y s
rents(iq, i), While the variables to be controlled are the rotor 1(Yaiq — heta) + p iq + pigha — pigq.  (4)



3.2 Current controller and speed/flux estimator
The current controller is defined as
Ug =0 (zZl + i — kigiq — woiq — B + Vd)
ug=o0 (z;‘ + iy — kiig + woiq + BY*o + vy)

wherek;, k;q are controller parameters angl, v, are auxiliary
signals to be defined later.

Hence, the current error dynamics is

ta=—(y + kia)ia + afihg + 5“’1/;(1 + Vg

%q =—(y+ ki)%q + Oéﬂizq — Bwibg — B + vy (5)

In order to design an adaptive speed observer, definingghe si L

nal, let introduce the following variables
Zd:id‘f'ﬁ'(/)dv Zq:iq""ﬁwq-

From (1), the dynamics of the z-variables are expressed by

. S .
Zd = ——1g + Wozq + —Uq
o o
. s . +1
Zg = ——1g — Wo2d + —Ugq.
q o 9 o @

Hence, current error dynamics (5) is rewritten as

%d = —ktﬁd + azqg — Oéﬂ’(b* — ai; + w(zq — iq) + Vg
iq = —kriq + azg — il — w(za — ia) + BYO + v,

with kg = v+a+k;q, k1 = v+a+k;. Let define the auxiliary
signals:

Vg = —aZq+ afYt + aiy — o(2, —ig)

Z
Vg =—0Zq — PP+ Oziz + & (2q —iq)

which are based on the followingg, z,) estimator:

P Rs‘ A ]-
24 = ——1d + wWoZq + —Uq

o o

A S . ~ + 1
2g = ———1g — WoRd T —Ug-
q o @ o 4

Define the estimation errog§ = zq — 24, 2y = 24 — 24 Whose
dynamics is

Zd = W()éq

Zg = —WoZq. (6)

Assuming known initial conditions for the IM state variable
and imposing that

24(0) = 24(0) = i4(0) + B14(0)
24(0) = 24(0) = iq(0) + B14(0)
from (6) it follows that
Zq(t) =0

Z,(t) =0, V.

Defining the speed estimation law

2 1 w7 2 n
w=——p01 Zq_kww+¢1
Y1

b= | (5 =0 )iy = S i
iy (25— 0) = B, - i)

with the positive gainy;, and recalling the definition afy, v,
the current and speed estimation eteatynamics are rewritten
1d

-F B L]

2 1 w ~
w=—pyY i, —T1r.
Y1

—ky
0

0
—k;

Bipg@
—51/%0151] (")
(8)

It is worth noting that the z-variable estimator is a sort okfl
estimator based on an on-line pure integration algorithimiglw
may suffer from drift problems due to measurement offset, pa
rameter uncertainties and numerical implementation. ahees
solution is adopted also in other works [3, 8] and still remsai
an open problem for sensorless control. Different techisica
lutions have been proposed in order to reduce the sengitif/it
the open-loop estimation algorithm[6, 5].

4 Closed-loop system stability

The full-order error dynamics is represented by e order
system given by: a) the “outer” magnetic and mechanical-+egu
lation error dynamics, described by (2), (3); b) the “inndy*
namics given by the current regulation dynamics and thedspee
estimation law, represented by (7) and (8). The subsysteens a
interconnected by means of linear and bilinear terms, as syn
thetically depicted in Fig. 1.

System stability is investigated, first considering siabprop-
erties of the isolated outer and inner subsystems, themigxpl
ing the features of the coupling, by means of a composite Lya-
punov function.

Let assume the following technical hypothesis, in ordeine s
plify the stability proof:

2 2 2, /%2
2 2 2 get
Defineyy = (vq,4,)" and
w1=%@ wQZ%@+TL w = (wy, wz)"
k’ ~ k ~ *~ 7
6=, =" £=(@60)"

Full-order system dynamics is rewritten with respect tortee
state variables as

Vg = —atbg + wathy + aLmia



ST ! hencew, is bounded if the state variables are bounded. Consid-
‘ ‘ ering the following Lyapunov function for the flux regulatio

o Ty, error subsystem (2)
(vaL)
. 1 ~ ~
| Bt | | Vo(t) = 5 (93 +42)
the following inequality holds for its time-derivative:
(ia,1q A Vi (t) < —all |2 + Cullllg]
aL,y,| o (tha, dly)
G - (Ya,%q) | with onl )
! ? | kr B
777777777777777777777777777 Hence, the isolated flux regulation error dynamics is gligbhal
- T exponentially stable.
w ]
(i ) Ty, Let define
- 1dy g, W
(id,iq) q Ak k)—Q_/“L+ +% 4> L E—F'*
1\ hw, M) — ]f] 1 ﬁw*ga 2 /’[’ld QZ)* w
Figure 1: Closed-loop system structure. (solid lines: lirsuch that
ear/bilinear interconnection, dashed line: bilineariico@nec-
tion) 1] < Al(kuvk1)||77[}||||€”+A2H1/}||+ ||£||+ (| ll[w]]-
L ~ ~ 2aL Let consider the following candidate Lyapunov functiontfoe
Vg = —aty —watha + — G+ 5(52 —&) mechanical subsystem:
k ke, k2 k
P w w 1
wl——7w1 w2+2ﬁw*(§2_§1)+7¢1 Vw(t)—i(w%+w§).
. ke ke, ke
Wy = 5 W1 = W 7(%51 The time derivative o/, () along the trajectory of (3) satisfies
= k 1/; )
=Tyt %(52 e Vilt) < —1 52?4 ke Aol o]+
: k1 a ko  2uap*
=——& & ————(&— A
h=-to-Bg Bl g b, ( g+ 2 ) ) e .
b = *51 - *52 - wai(ﬁz — &) — Byt (wa —w;)  Hence, the isolated linear system (3) (i.e. with null inputs
29 (&,v¢) = 0, and hence, = 0) is globally exponentially stable.

whereg; is defined in (4). Recall tha?f— + w* is bounded. In Let define the candidate Lyapunov function for the inner sub-

the following, let assume that the Euclldean ndfm|| of the system

flux regulation error is bounded, i.e. suppose thaft)| < ¥, 1 ~
0 Ppose (ha)| Velt) = 5(& + &+ 1)

where0 < U < min | {58y (= 52)¢*),where51,sg are

T+ with time-derivative along the trajectories of (7), (8) givby
chosen such thdt < 1 < 1,0 < g9 < 1. At the end of the
stability proof, it will be shown that this hypothesis isisfied Ve < ELyen2 280"
with proper initial conditions of the state variables. €= 72 €1 + 2607 €l

First, let consider the two dynamics which represent theroutence, the inner subsystem is globally exponentially stabl
subsystem. For the flux subsystem, it is worth noting that thete that this property is achieved if the flux reference is-po

following inequality holds forws: itive (¢»* > 0), in accordance with the results presented in [9],
related to a condition on persistency of excitation thattbdme
| < By + ( 2 | 204Lmkw> el + 2L ) satisfied to obtain the estimation convergence.
pyr  ppyYrd w*2

Let consider now the full-order system, whose state vaggbl
where areX = (7, w?, 7). Let define

aLm, TL
B> <—+ ) V(E) = Vi (8) + 1 Vi (8) + meVe(t)




W|th nw’ ,'75 > O tO be defined |ater. EXplOI'[Ing the unidi_ Speed reference and load torque (*10) Flux reference
rectional linear interconnection between the magneticraad 0
chanical subsystems and the freedom in the choice of the 1£

. .= 205
of convergence of the inner subsystem (through the setegfio §
the control parametek;), and applying Young's inequalities, .
after some lengthy computations the following relationdsol ~ ° Yoimes * 0 Y oimes ¢
for the time-derivative o/ (¢):
V(1) < —au||[ D) — awlwl|? — ag €] Figure 2: Reference trajectories and load torque profilst(fir
=~ P w 13 test)
where,d; > 0, i = 1...4, nu,m¢, ay, ay, ae and control
gainsk,, k; are chosen in order to satisfy the following rela Speed and speed reference Speed tracking error
tions 100 : 10
5
ko A 55C1 (k1) 3 2
Q= g™ = g 2 ay >0 g 50 g >
2 * _
ok (9= 252 = % (e + 22+ Ay(ho, k1)) ) - ¥ 7SS SRS S B S Y SR
Estimated speed tracking error Speed estimation error
_5477£ﬁ¢* Z Qi > O 10 4
nee2kr  noke [ ke 2up” 5 2
2 o (ﬁw* TR +A1(kw’kf)‘1/> o g
ne BY* Ci(kr) - -2
e T o, 2 >0 10
L 1 1 0 1 2 3 o 1 2 3
Def|n|ng a, = §m1n (17 News /,75), as = §max (17 Nws ,,75)1 as = 0 d & q axis current o1 Flux regulation errors

Jmin (ay, aw, ag), noting thatas | X|[* < V(t) < a2l X ) H py oos
andV (t) < —ag|| X||? if |4 (t)|| < ¥ and applying standard . 0@@“@ p—
techniques from Lyapunov stability analysis, it followsith . 005

a2 as % 1 2 3 oL 1 2
X t < — ——t X ime,s ime,s
X < |/ Zewp (~520) 1500 t 1

whereX (0) = X are the initial conditions for the state vari-Figure 3: Transients during speed tracking, with load terqu
ables. Hence, imposing thafo|| < /&2 = Xy, it fol- T =6Nm.

lows that||¢|| < ¥ and hencé’(t) < 0. Therefore, the state _ _
variablesX () of the error model is bounded and tend expo- 2- the unloaded motor is required to track the smooth speed

Wb
=)

o
w

nentially to zero. The local exponential stability of thégan reference trajectory, starting at t = 0.3s from zero initial

of the full-order system, with estimated domain of attraati value, characterized by two time intervals with constant

X (0)|| < X1, has been proved. reference speed respectively equal to 55 rad/s and 100
rad/s,

In the stability proof, due to intensive use of inequalité®l
implicit conservative nature of Lyapunov-like method,icgttr
conditions on control parameters and initial condition éhav
been obtained. Nevertheless, from a practical point of view
itis possible to use a set of control parameters which does @mulation results are reported in Fig. 3. The speed is ctiyre
satisfy the given conditions but that still achieves locgd® estimated, and speed tracking, flux amplitude regulatiah an
nential stability. field orientation are obtained with unknown load torque.

3. attime t=1.8s a constant load torque, equal to the 100% of
the motor rated value (6Nm), is applied; at time t = 2.4s
load torque is set to zero.

. . In the second test, the same flux reference trajectory iseppl
5 Simulation results The speed reference, reported in the first graph of Fig. 4 wit
Examples shoving the performance atiainable with the pIT21> 1 0 D Jadhs 0 5 adis i Mt acteinatio
posed controller are illustrated. The parameters of the 6 i rac/s abyas Protii¢
: . , . qguency equal to 40 rad/s, is applied to the IM, with null load
induction motor tested by means of simulation are reported . ) .
torque. Since the controller is based on the mechanical mode

the Appendix. The tuning parameters of the controllers an o .
the observer aré, = 40, k; = 800, ki = 250, kig = 3, of the IM, it is interesting to evaluate the performance @ th

~v1 = 0.0025. In the first test, the operating sequences, report(é(amr.o'Ie.r with respect to uncertainties on th.e fotor iRet,
in Fig. 2, are the following: F:orl5|der|ng 20% e2rror (the value of J gsed in thg controller
is J = 0.012kg - m*). Results are depicted in Fig. 4. Due
1. the machine is excited during the initial time interval Gto uncertainties in the feed-forward actions in the coterol
0.28s using a smooth flux reference trajectory with steadspeed tracking error is non-null, but it still remains boedd
state value equal to 0.9Wb, Since the mechanical dynamics bandwidth is 28 rad/s, while



Speed reference Speed and speed reference |M paramete Is

60 60
a® 2% rated power 1.9kW rated voltage 380V
€ , L ‘ rated speed  3000rpmrated current 4.1A
rated torque 6Nm magnetizing current  1.4A
% 05 1 15 2 % 05 1 15 2 pole number 1
Speed tracking error Estimated speed tracking error
5 5
Y Y Rs =6.60, R, = 5.3,
B o B0 L,=L,=0.47H,L,, =045H, J = 0.01kg - m?
v =233, =11.2,0 = 0.0487, 5 = 19.5, u = 142
0 05 1 15 2 0 05 1 15 2
Speed estimation error d & q axis current
5 10
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