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SUMMARY

In this paper, a nonlinear indirect adaptive sensorless speed and flux tracking controller for induction
motors is proposed. In the controller, only the stator currents are assumed to be measurable. Flux observers
and rotor speed estimator are designed to relax the need to flux and speed measurement. Besides, two
estimators are also designed to overcome drifting problem of the rotor resistance and unknown load torque.
Rigorous stability analysis based on Lyapunov theory is also performed to guarantee that the controller
designed here is stable. Computer simulations and experiments are done to demonstrate the performance of
our design. Copyright © 2000 John Wiley & Sons, Ltd.
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1. INTRODUCTION
1.1. Motivation and related researches

The induction motor is a coupled system with highly non-linear dynamics. In its five states, only
stator currents are measurable in sensorless control problem making it difficult to be solved by
the engineers. Besides, drift of system parameter drifting is also another problem to cope with.
Due to the highly non-linear dynamics, the control of induction motors becomes a popular
problem for investigating the relevant non-linear theory and adaptive control over the past
decade. In the early years, all system states are assumed to be measurable and parameters are
assumed to be known. Under these assumptions, techniques such as classical field orientation [1]
and input-output linearization [2, 3] are utilized to design the controller. Especially, the
controller in Reference [3] was adaptive with respect to both the load and the rotor resistances.
Since in these schemes the flux sensors are required, this makes it impractical for implementation.
Therefore, flux observers are then designed to relax the need of flux measurement [4, 5]. These
flux observers are designed under the assumption that the rotor resistance is known. Generally,
the value of the rotor resistance may drift due to the heating of the rotor, and observers proposed
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above are sensitive to such resistance value. Therefore, efforts have been made to design
estimators of the rotor resistance and/or other system parameters [6, 7]. Following these
researches, further efforts were then to design controllers and flux observers which are adaptive
with respect to both system parameters and/or the load [8-11].

All the schemes above require speed measurement. However, the speed measuring device is
rather costly relative to the price of an induction motor in general. Besides, the measured signals
are usually noisy and difficult to deal with. Therefore, controllers that do not require speed
measurement are obviously preferable for practical implementation. The problem which designs
a speed controller of induction motors without rotational transducers then becomes widely
interesting and is usually referred to as sensorless control problem. The first paper regarding
sensorless control problem can be traced back to 1981. In that paper, the vector control technique
is utilized. After that many research results on sensorless vector control have been proposed
[12,13], in which analyses are mainly based on the steady-state behaviour and only rough proofs
are supplied. On the other hand, in References [14, 15], many researches on sensorless control
were discussed and compared, including vector control and other modern control theory, such as
robust and model reference adaptive system (MRAS). Here, we follow this trend to design a fully
non-linear adaptive sensorless speed controller for induction motors based on flux observer.

1.2. Organization of this paper

In this paper, an introduction of induction motors and related researches are discussed in Section 1.
In Section 2, the mathematical model of an induction motor will be presented. The main part of
this paper is Section 3 in which observers and controller are designed and proved in detail. The
computer simulations and experimental results are presented in Section 4. Finally, we will make
some conclusions in Section 5.

2. PRELIMINARIES AND PROBLEM FORMULATION

In this chapter, we introduce the induction motor model and our control problem.

2.1. Motor model

If the induction motor never goes into the saturation region, and the air-gap MMF is sinusoidal,
then it can be characterized by the following dynamic equations [16]:

Loja

— MR, — pi1,+ Ry, + B0, + B3V,
Lo, = — MR, — Bi I, — Brooh, + Ry, + B3V5
Liju= — Ry + MR, — Broo.s,
Lapy = — Ry, + MR, + Br0,0,
T. = kT (llfalb - lpbla) (1)

where L, i1, ., 3 are constants defined in the nomenclature. The mathematical model listed
above is referred to the well-known stator fixed reference frame. The five equations derived above
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can fully describe the dynamics of the electrical part of the motor-load system. Meanwhile, we can
derive the dynamics of the mechanical part through some analysis based on Newton’s law

Jo, + Do, + T = T, )

where J > 0 is the rotor inertia, D > 0 is the damping coefficient and T is the load torque. After
successfully deriving the dynamics of the whole system, we begin to introduce our control
problems and objects.

2.2. Problem formulation

In this paper, we try to design a speed controller for induction motors, which does not rely on any
shaft sensor outputs and only measures the stator currents. All the parameters of the motor
except the rotor resistance and the load torque are assumed to be known. The only knowledge
about the rotor resistance we have is its nominal value. Given this information about the motor,
for any speed and flux commands which are second-order continuously differentiable bounded
functions, this controller should be able to drive the motor to track the commands.

3. INDUCTION MOTOR CONTROL

Before a thorough investigation on the observers and controllers, several assumptions will be
presented below to make the problem more precise.

Assumption

A1) All parameters of the motor are known, except the rotor resistance R,.

A2) The stator currents are measurable.

A3) The load torque Ty is an unknown constant.

A4) The desired rotor speed should be a bounded smooth function with known first and
second-order time derivatives.

(
(
(
(

Assumption (A1) comes from the uncertainty of the rotor resistance. Its value may vary up to
100 percent during the operation due to the change in the temperature and/or working condition.
Assumption (A2) is a realistic consideration in the actual application of the induction motors. The
reason why we only measure the stator currents is stated in the introduction of this thesis. Finally,
assumptions (A3) and (A4) are also quite realistic in practical applications.

Control objective: Given the desired rotor speed trajectory w,q(t), our control goal is to design
control laws such that the rotor speed w, and the rotor flux ¥ can track their respective desired
trajectories asymptotically in time with all internal signals being bounded, subject to assumptions
(A1)—(A4).

3.1. Observer design

In order to measure the rotor fluxes, sensors have to be inserted into the air gap. This requires
re-designing or re-assembling of the motor. Obviously, this contradicts to the advantages of the
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induction motors, i.e. low cost and easy fabrication. Therefore, here we design observers to
observe the rotor flux and relax the need to flux sensors. Besides, as mentioned in the introduction
of this paper, the rotor speed is not measured, either. This leads us to construct a speed observer
as well. In addition to the rotor flux observers and the rotor speed observer, we build observers to
observe the stator currents despite they being are readily measurable signals. These additional
current observers provide us extra information useful for designing our non-linear adaptive
subsequently. We then have five observers in total in our system to reconstruct the five system
states. Moreover, since variation of the rotor resistance may cause undesirable deterioration of
performance, a rotor resistance estimator is built as well. These observers and estimators will be
discussed in the following contents.

The system model is shown in Section 2. We set R, = R, + 0, ®, = w4 + 0, where 0, stands
for (unknown) difference between the actual resistance value and its nominal value, and 0,
denotes the speed tracking error. For easy reference, we define the notations for the observed
values and the observation errors as I, =1I, —I,, Iy =1, — Ip, Wa = W0 — Yay W =Wy — Wy,
R, =R, —R,, &, = o, — &, where the symbol ~ denotes that it is an observed value and the
symbol ~ denotes an observation error. According to the structure of the dynamics in (1), the
observers are proposed as in Reference [8]:

Lofa = kOTa - (MRr + ﬁl)la + ﬁrl]]a + ﬁzd)rl/;b + ﬁ3Va + Uy + Us
LI, = koI, — (MR, + B1) I, — B2 + Ry + B3Vi + 05 + 6

Lr‘;a = - R\rlz;a + MRrIa - ﬁZd)rlpb + U3

Lrle = - ﬁr{pb + MRrIb + ,BZCf)rlpa + Uy (3)

where R, = R,, + 0,, &, = w,q + 0, and the constant k, > 0 is a control gain. Finally, the speed
observer and the rotor resistance estimator, which are not shown here, will be presented toward
the end of this section based on Lyapunov stability analysis.

3.2. Analysis of the observer

With the observers designed above, in this section we will proceed to analyse their stability. First,
we derive the observation error dynamics by subtracting (3) from (1) to yield

Lja = — kol + R, + Rhy — MR, 1, + Bro. 1y + B2@ihy — 01 — vs

Ljh = —koly + Ry + Rl — MR 1y — Broo W — B2l — 03 — v6

Lij,= — R, — Rofy — Pl — B2y + MR, 1, — v,

Ly = — R, — Ry + B, + B2, + MR I, — vy 4)

After a careful review of the above equations, an interesting property of these observation errors
can be found, i.e. there are a lot of common terms in the error dynamics of the stator currents and
in those of the rotor fluxes, but they are with opposite signs. In fact, this phenomenon also
appears in the system model (1). In order to utilize this property to cancel the unmeasurable
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terms, we design two auxiliary observation errors [8]:

d

N
Il

LI,

(v}
(o}

N

+ L.,
LI, + Loy (5)

<

b Ib
Another interesting characteristic is studied here. Although the auxiliary observation errors, Z,
and Z,, are not measurable (because they are composed of T and , and  is not measurable), their
first-order time derivatives are measurable. This special characteristic comes from the cancella-
tion of the common terms mentioned above.

Two additional error signals 5, and 7, are then defined as follows:

na :Z~a - ga
nh:Zb_Cb (6)

where {, and {, are auxiliary control signals. Again, 5, and #, are unmeasurable errors but with
measurable first-order time derivatives. It will be clear later that the use of these two signals will
bring help to cope with the coupling terms of the unmeasurable signals, such as w, .

Motivated by how the coupling terms can be cancelled, we design the observer inputs v; and v,
to be

& . s
oy = —iwgza—ca)—ﬁ;‘:" (LT, — )

R - B, -
11N A SR TN A )

by (5) and (6), which can be further rearranged into

ﬁr T B d)r T Rr B Wy T T
Uy = Z (Lola - Ca) + ir (LoIb - é’b) - frnu - ;q Moy + er//a + ﬁ2wrl7bb
R?r T ﬁZd)r ﬂZa)r

(Lofa - éa) - &’71; + Na + erpb - ﬁzwrl;a (8)

L, L, L,

Uy = — (Lol — {p) —

il

Substituting (8) into the first two equations of (4), we get the error dynamics about current
observation as
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F ﬁ ﬂZ(I)r
L, = —koT, ;
b= olp + 5 L Ny — L n
~ [~ L, -~ 1
+Rr<lpb_MIb =T, +— Cb >

L, L,
o 2Ly ~ 2
(I)r<_ﬁ2l//a+ﬂLr I _%C _ﬁ_r”a>_v6 (9)

and we define

L,- 1
) _
a L a+L

r r

1
Ca+7

Q. =9, — MI
11 l//a Lr

Ha

~ L, -~ 1
Quy =y — MI, — 2T, + —
12=VYp T b+LCh+

r T r

~ L,
Qy1 = Bty — ﬁZL 1b+&5b+%’7b

Pa, P
L la— e (10)

ﬁZLo ’I"a _

Q,, = — ﬁzlza +

r

After investigation on the error dynamics of the stator current observer, we now turn to study of
the error dynamics of the rotor flux observer. It is noteworthy that the rotor flux error dynamics
will not be analysed directly, but instead the analysis on Z, and Z, will be made.

Let v3 and v, be designed as

L, ~ ~ o~
U3 = — kOIa f (RrIa + ﬁZwrlb)
~ Ly ~ ~ o~

Uy = _k01b+f(RrIb_ﬂ2era) (11)

So far, we have derived the error dynamics of the observed stator current and the auxiliary errors.
Now, we are ready to perform the Lyapunov stability analysis to examine the stability condition
of these observers. First, we define a Lyapunov function candidate as

2

a

T %knn(% +%ki1’1§ +%kw(;)3 —i_%kRR.’r2

N\'—‘

VO=

Sl

where control gains k,, k,, and kg should satisfy

ky, ke kg >0
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Taking the time derivative of V,, along the system trajectories, we obtain

: - = v - R~ ~ B - -
Vo= —kol; —koly — Ivs — Ive + L.L (Uadla + Lpjp) + LZLr (Upila + 1a1js)
ﬁr 4 ﬁZd)r . ﬁr 4 ﬁzd)r 4 .
P 1, — I ko1, 1 I,+k,
o [L,Lo L, " } e [L,Lo L, e
R . - . - < B A o+ A = .
+ I [Qi1, 4+ Qio0y + kgL, R, ] + I [Qo 1, + Qopdpy + ki Lo, ] (12)

via definitions of four additional functions Q,,, Q;,, Q,; and Q,,:

N ~ L, - 1 1
O =Y, —MI,— 2T, +— (o +—ij
11 lpa a Lr a+Lr (a +Lr Na

L L. 1 1
lezl//b_MIb_frIb+fer+frnb

ﬂZLo T BZ ﬂZ A

0, = g, Poleg  Pay B
21 = B2 L »+ L b+ L. My

A ~  Bale = B B2 .

0,, = — I, —P2e P2 13
22 ﬂZWa + Lr a L,— Ca Lr na ( )

Note that Q,4, Q,,, Q,; and Q,, are combination of all measurable errors, observed values and
auxiliary control signals, and hence are known functions. Here, to complete the final analysis an
additional assumption is required.

(A5) The speed tracking error and the change of the rotor resistance from its nominal value, i.e.
0, and 0, varies slowly so that its first-order time derivative can be negligible, i.c. 0; ~ 0,

0, ~0

Again, if 4, 7}y, ﬁr and &, are designed properly, those terms in the last four brackets in (12) can
be cancelled out, which then leads to the design of those signal as

. 1/ R . B~
1= 7%, <L,L0 l=T1 1, I”)

o= = o )
by
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where 7], and 7, are estimated values of 5, and 1, respectively, satisfying

A

la =T 1a(0)=0
iy = ity 5(0) = 0
Evidently, if the estimators 7, and #, are designed as above, the estimation errors can be easily
found to be
ﬁa = '7a(0)
1y = 115(0)

By substituting the rotor resistance estimator and the rotor speed observer, we can re-assess V as

y T T T T ﬁr T ~ T ~ ﬂd)r~~ T o~
Vo= = kol = koli = Lows = Twe + 1 (T + Toff) + = (Tofla + o)

o T By -
< —kol?2 —kol? —Ts — 1 —— | LR + =1, | &,
ola olp als bU6+LL AL rna|+LrL0| al | Oy |

T o

1 - s Ba =~ =
o | B Rl + 71Tt

Clearly, the upper bound on V on the right-hand side (RHS) of Equation (15) still does not have
definite negative sign. To cope with that, we incorporate the variable structure design (VSD) into

our controller. Let us first assume

5
5 (15)

and derive the four functions Fy(t), i = 1, 2, 3, 4 which satisfy

(t alﬁrla FZ(I)>5b|a~)r|

Fi(t) =0
F5(t) = 65| R.l,  Folt) = 6, &, |

It is not hard to choose the functions F; (¢) and F;(t), whereas in Appendix A we show that the
bounds F,(t) and F,(t) are calculable. Accordingly, we design the four control signal v5 and ve as

1 ~
Us =7 sgn (L) (F1(1) + B2F2 (1)
1 ~
Ve = sen (Ip) (F3(1) + B2Fa(1)) (16)
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where sgn(-) is the sign function defined as

1 ifx=0
sgn(x)={0 $x <0 VxeR

From (AS5) and (14), we can in turn design an observer for the rotor speed tracking error, an
estimator for rotor resistance change, and the auxiliary signals as

T I}, 0,0)=0
kR Lo a + Lo b>a 1( )
= I 1
2= <L0 ot L,
Ca = Zﬂ '/’ﬂ
Zb = Zb - ﬁb (17)
As a result, V, becomes
V,< — Ky (T2 +13
o LO a b

It follows that I,, T, R, &, 5, and n, are all bounded. We now impose that 0,(t) + R,, >
R,,/ 2 >0, Vt > 0, by means of incorporating a projection algorithm into the adaptation law
given by the first equation in (17). Denoting by 0,,(t) the modification of 0, (t) given by the
projection algorithm, 0;,(¢) is chosen such that

[(an + 01) - (an + 91(t)):|2 = [(an + 91) - (an + glp(t))]z (18)

which guarantees that the value of ¥, does not increase when 0, is replaced by élp given by the
projection algorithm. Since R, = R,, + 0; is positive, a simple projection algorithm which
guarantees that (18) is satisfied is obtained by reinitializing the estimate 04 (t)

_an )

0,(t) = 0,,(t) = St if 0,(t) <R,

with ¢ > 0 a positive constant such that
e<2(Ry, + 01) = 2R,

Let us for the time being assume that (I, I,) are bounded in finite time, i.e. (I, I, € L), then from
Appendix A, (Y., ¥, »,) are also bounded in finite time. Since (Y., ¥, 1., I, @,) are bounded, if
R,=R,, +0,>R,,/2 >0, it follows that }, and ¥, are also bounded according to (3), and
therefore Z, and Z, are bounded from (5). This implies that {, and {, are bounded and that vy, v,,
v3 and v, are bounded as well. According to (9), I, and I, are bounded. On the other hand, I, and
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T, are L, signals, since

t N ko
f (120 + T (@) de =12 (V10 = V)

0

<—V(0), V=0
Lo
By Barbalat’s lemma, it follows that
lim It =0, lim I() =0, (19)

We can rewrite (9) and (14) in matrix from as

I=AT + W)X + B(t)
X = — AWl +ACT (20)

in Wthh T= [~a9 Tb]Ta X = [ﬁra 0~)ra naa nb]a A = dlag[l/kna l/kna 1/kRa 1/kw] and

rk
_L_° 0
A= °
0o _K
L L,
_Qll QZI Rr ﬁzd)r
L L L.L L.L
WTI — o [ r 0A r~o
® Qi Qy; _ B2y R,
| L, L, L.L, L.L,
B(t) = “5]
| Vs
Lnla_, an 00
Cl=| " e (21
Mp Na 0 0
L L.L, L.L,

To analyse the asymptotic condition of system (20), we introduce the following important
working lemma.

Lemma 1.

If there exist two positive constants T and & such that
+T
f WE)WTt)=el >0, V=0 (22)
t
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then the equilibrium state X = 0, I = 0 of the following system:

T=A0T+ W )X
X=—wnl (23)

are uniformly asymptotically stable.

The proof is shown in Appendix B.

We can get T asymptotically tending to zero from (19), and the matrix B(t) in (20) is bounded.
Motivated by Lemma 1, when T is small, we supply small control signals (vs, v) in matrix B(t), but
if I tend close to zero, we set vs, vg zero. As a result, we can make Equations (20) and (23) virtually
the same. Then, the equilibrium point (I = 0, X = 0) remains asymptotically stable for such kind
of hybrid set-up according to Lemma 1, namely R,, &, 1., 1, I, and T, tend asymptotically to zero.
By now, let us rewrite the last two terms in Equation (4).

b _[—R/Le =B/ L [Wa] | 5 [(MI =)/, —

HE B e o A FA A
l//b ﬁZwr/Lr - Rr/Lr lpb (MIb - lpb)/Lr lpa Uy
where v;, v4 are the function§ of I, Z,, as shown in (11). Since I, and I, are assumed bounded in
finite time and the fact that i, and ¥, are bounded (to be clear in the following remark), we can
conclude that y, and i, also tend asymptotically to zero. In conclusions, Equation (3) with (vy, v,

Us, Dy, Us, Ug) given in (7), (11), and (16) and 0, 0,, 5, and n, updated according to (17) and (14)
constitute a convergent adaptive observer provided that (22) is satisfied.

Remark

According to (3), we can rewrite the dynamics of the observed flux in the form

lZa - ﬁr - ﬁZd\)r {p\a MRr 0 Ia U3
G-l RS L] L

Because (1, I, vs, v4) are bounded, we only need to check the convergence of the form as follows:

G-l 1]
D Paide = R: | [ ¥y

Consider that

then
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which implies the exponential stability condition of the homogeneous system and hence the
bounded input bounded state (BIBS) property of the forced (non-homogeneous) system.

3.3. Controller design

In the previous section, observers and parameter estimator are designed and their stability
properties are analysed based on Lyapunov stability theory. We then use the observed or
estimated values in designing a proper controller as if they were true values. In this section, we
propose a state feedback control for induction motor system which is adaptive with respect to the
unknown constant load torque T, assuming all states (I, I;, Y, {;) are measurable and the rotor
resistance (R,) is a known constant. The controller objective is to guarantee asymptotical zero
convergence of rotor speed tracking error and rotor flux tracking error. The dynamics model of
the induction motor is expressed as (1). And, we define the speed tacking error, flux tacking error
and load torque estimation error as e, = o, — Wyq, €y = Y2 + Y3 — W2, er = Ty, — Ty where
W2 = Y2 4+ Yk, W2 =2 + Y2, w.q and W, are the reference signals and Ty, is a time-varying
estimation of Tj.

With the tracking errors and load torque estimation error defined above, their dynamics can be
derived from (1) as

Jéw = kT(lpalb - lpbla) - Dwr - TL - Jd)rd
Lré‘l’ = - 2quj2 + 2M Rr(‘//ala + lpblb) - 2quj§ (24)

By designing the input signal I, and I,, we first consider a Lyapunov function candidate defined
as

Vi =% (riJes, + roLe) + ryer)

where gains ry, r, and r3 are positive.
Taking the time derivative of V;, we then get its time derivative according to (24) as

Vl =rieo(kr (W dly — Ypl,) — Doy — T — Jadyg)
+ Iey (_ 2erP2 + ZMRr(l//aIa + ‘//blb) - 2Lrlp<%) + rSeTéT (25)

If we let I, and I, be chosen such that

kr (Waly — Ypl,) — Doy — Job, — Jabyg = — Kpe,, + T,
— 2R + 2MR,(Yuls + Y1) — 2L, Wi = — Kyey (26)

with K, > 0 and Ky > 0. From (26), the choice of the currents I, and I, are equivalent to the
following:

1
Ia = @ (91% - Qsz)

1
I, = p2 Q0 + Qi) (27)
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where

_2RW? + 2L, YE — Kyey
B 2MR,

Q;

Doy + Jdg— (K, —D)e, + Ty

Q
2 r

(28)

But, the currents are not directly available as control inputs. They are related to the actual
controls (stator voltages) by the first two equations in (1). To design the actual control inputs V,
and V,, we thus let currents in (27) to be the desired currents.

1
Iad = @ (Ql Wa - QZWI))

1
Ibd = @ (Qz Wa - Qle) (29)

Define the current errors, namely, the differences between the actual currents and their desired
values, as follows:

ea:Ia_Iad
ey =1, — Iy

Then, the error dynamics involving (e, ey, €, €3) can be summerized as follows:

Jéw = kT(lpaeb - lpbea) - Kwew — e
L.éy = 2MR, (Y8, + Ype,) — Kyey
Loé,= — MR, — 11, + Ry + By + B3Ve — Lol ,a

Loéy = — MR.I, — By 1, — By + Ry, + BaVy — Lolpa (30)

The derivatives of the reference currents computed from (29) are found as

. Loy, (K, — D)
Iyg = Q4 + Ow\},z—k‘] er (31)
T
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where
d Wa lpa S d wb lpb
Q3=LO<<E@>Q1+—291 _Lo &@ QZ_@QS
d lpa l//a d wb lpb -
Q4 = Lo <<d[ \P2> QZ + @ Qs> + L0<<dt @ Ql + @ Q1 (32)
in which
g wa _ l/}a\P - 2'~pa\P
de \w?2) p3
d (W _ ¥ — 2
de \ P2 p3
o = 4RPY + 2L, W W, + 2L W, ¥, — Kyéy
! 2MR,
X K,—D
Q, = % er — Qs (33)
with

— Dibeg — Jideg + [(Koy — D)/T] (ke(Praes — ) — Kueo) — T
=

QSZ

Only the expression of Q, depends on the unknown signal er, but others are all made up of known
signal. Finally, we chose the control input terms V, and V}, as

1
I/a =5 (MRrIa + ﬁllu - erpa - ﬂZwrlpb + Q3 - Kaea + ua)

3

1
Vo=— (MR I, + 11, — Ry, + B, + Q4 — Kpey + uy) (34)

3

where K,, K, > 0, and u, and u, are to be designed later. Given such design arrangement, the
error dynamics of I, and I, become

. Loy (K, — D)
Loea = — Kaea +u, + !{;Zﬁ er
. Lo a(Kw - D)
Loeb = — Kbeb —+ Uy — l//\_PZﬁ er (35)
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3.4. Analysis of the controller

Note that the dynamics of the state tracking error (e,, e, ey, €,,) have been explicitly derived in (30)
and (35), where the desired signals W4 and w.q4, are a priori known, and the desired currents are
specified in (29). Then, under these circumstance, we can proceed to check the performance of the
controller.

The analysis is also based on the Lyapunov stability theory. First, we define a Lyapunov
function candidate for the controller as

V=% (rJe2 +ryL.ed + rye? + ral,(e? + e?) + cere,) (36)

for some positive constants ry, r,, r3 and r, and for some sufficiently small €( > 0) such that the
quadratic function

Vi(ew er) =3 (r1Je, + r3et + gere,,)

is positive definite. So, the Lyapunov candidate function V' is indeed positive definite. Using the
state tracking error dynamics (30) and (35), we can obtain the time derivative of ' as

V= —rKy,e2—r,Kyed —r,Ke? —ryKye?
Lolpb
+er|lry —e, + 16, (K, — D
T< 1 €4 ( ) W2 J

Lowa
Y2kt

—ruep (K, — D) + ryér + 8éw>

+ e, ( - rlewkTWb + 2726‘PMRrwa + r4ua)
+ ey(rieq ki, + 2reg MRy, + raup) + eére,, (37)

In order to make V < 0, what is left to be decided is ér and V,, V. After a careful choice, we follow
the payload estimation algorithm for é; as

A

TL = — éT
1 + Lolpb(Kw _D) Lolpa(Kw_D)
=— | —rie rqé — T4€
rs 1Fe 4ra lI’ZkTJ 47 LIIsz‘]
&
+ j (kT (lpaeb - lpbea) - Kw ew) (38)

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. 2000; 14:109-140



124 Y.-C. LIN, L.-C. FU AND C.-Y. TSAI

which updates V into a slightly different form as

. & ¢ [eK
2 2 2 2 2 o 2
V=—riKye, —rKyeyg —rsK,e; —r,Kypep — jeT + — (J + r1> e,
rs

T4l LoWy(Ky, — D e
+ e [mua — riepky + 2raeg MR, — &rae ¥ ) ee ]

%o ok
s Wokg g

&ra€,, Lo‘//a(Kw B D) &rae,,
s Y2krJ r3J

+ e ["4% +rieqkrp, + 2reg MRy, + 8leﬁa]

(39)

By examining the structure of (39) and completing the stability analysis, we now design the
auxiliary control terms u, and u, inside the control input terms in (34) to cancel the sign-indefinite
terms in (39). If u, and u, are chosen as

. ge, Loy, (K, — D) ge,,
U, = a <rlewle//b - 2r28\yMRr¢a Tl TS lprZkTJ> B 7'37'] 8kT"Db

1
Up = — <— rieokrWa — 2reg MR, — 1y

Iy

&€y Lolpb (Ka) _ D) €€y
o ZoWb 2o 7)) L Lo, 4
o Wik )ty (0

Then the control laws given by (34) and (40) together with the payload update law given by (38)
will readily imply

. ¢ eK, er e
V=—rnK,————+ s e2 —r,Kyed —ry K e2 —r Kye2 — = é2 41)
ry J r3 J

Let ¢ be sufficiently small such that

e eK, er
<r1Kw_+1>>0

rs J 3
then there exists K, > 0 such that (41) implies the following:
V < - KU H [ew: €y, €4, €p, eT]T H2

Consequently, we know the signals (e,,, ey, €,, €5, er) in the closed-loop system approach to zero
exponentially in time ¢ via Lyapunov exponential stability theory.
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3.5. Stability of the overall system

According to the above observer and control design, the following theorems will formally state all
the detailed design procedure seen so far. Also, the consequences of the developed mechanism are
clearly summarized and all the proofs can in fact be referenced from the previous sections.

Theorem 1

Consider an induction motor whose dynamics is governed by (1) under assumptions (A1)—~(AS5)
If the stator current observers and the rotor flux observers are designed as

LT OTa_(Mﬁr+ﬂ1)1a+ﬁrlﬁa+ﬁ2d)r‘ph+ﬁ3n+Ul
L], I, — (MR, + ;) Ib_ﬁzd)rlpa"’_ﬁrl/;b + B3V, + v,
Llp = _ﬁrl;a_MRrIa_ﬁZd)rlpb_i_US
Ll/; = _R\rlﬁb+MRrIb+ﬁzcar$a+v4
where
R, =R, + 0,
By = g + 0,

then the observed speed and fluxes of the rotor &, will be driven to approach to actual speed w,
and fluxes (y,, ¥), and the estimated rotor resistance will be also driven to approach to actual
rotor resistance by the following primary law:

R, - B, -
1= = Lol — L) =T (Lol = )
RSr 7 BZQA)r T
= — — (LI, — —— (L,I, —
%) Lr ( olb gb) + Lr ( ola Ca)
~ Ly A~ L~
v3 = —kol, + — (Rl + B2 1)
Lo DT A
vy = — kol + IR (Rely — B2, 1,)

1 ﬁr T ﬁZd)r T
.a = — 3 Ia - I
1 K, <L,L0 L.L, ”>
1 Rr T ﬂ2d)r T
= T, — T,
"o K, <LrLo " LI, >
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with k, > 0, and the adaptation laws are designed as

i Q4 I~a+Q12 Tb o

A kR Lo Lo lf Hl(t) > —

01 =
& lf 01(1?) <

A 1 (Qy = Qo) 2

0, =—(—"1 I

2 kw (L() a Lo b

for some constants

ke kg, € >0

If we use Y, Y, o,, and R, estimated values provided by adaptive observer in Theorem 1, we

obtain the adaptive feedback control theorem as follows:

Theorem 2

Consider an induction motor whose dynamics are governed by (1) under assumptions
(A1)-(AS). If the rotor flux observers and the rotor resistance estimator are designed as in
Theorem 1, then the mechanical angular speed of the rotor &, and the rotor fluxes ¥ will be
driven to approach to a bounded smooth speed command w,4 and fluxes command ¥y with

unknown load torque by the following primary control law:

L s 5 S .
Va = — (MRrIa + ﬁlla — erpa — ‘Bz(ﬂrlpb + Q3 — Kuea + Mu)

B3

1 5 IS . .
Ve =— (MR I, + B11, — Ry, + B, + Qq — K&, + up)

B3

for some positive constants K, Ky, K, and K,, where Q3 and Q, are defined as in (32), the

auxiliary control inputs are designed as follows:

1 JRP s~ €6, Loy (K, — D)
U, = r—4 <rlewk]‘lpb — 2rze\yMerpa —+ rq r—3 W

1 I PO e6 Loy (K, — D)
Uy = 74 <— rlewle//a — 2r26\yMer//b —I4 TS W
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with some positive constants ry, r,, r3 and r,, and the payload adaptation law as

1

. Ly, (K, —D . Lyy.(K,—D
TL=—<—r1e‘m+r4éa Y ( ) Yl )

G2 T W

rs

> + ; (kT(‘zaéb - lﬁbéa) - Kwé“’))

NO'[e that éw = d)r - wrd, é\p = \,P - lPd, éa = Ta - Iad) éb = fb - Ibd) \:I\ll = &3 + l///\l%, le all the
variables which are not measurable are all replaced by their observed values or estimates.

Remark

Referring to the error dynamics (30), (38) with proposed control (34), we can express the
closed-loop system dynamics in a very concise manner as

X =F(X,y) (42)

where X = [e,, ey, er, 4, €,]7, and y = [R,, Y., Vs, »,], and X converges to zero exponentially.
However, since y is not known a priori, the realistic controller shown in Theorem 2 adopts the
estimate of y, namely, y so that the closed-loop system (42) becomes

X=F(X, 9

and | F(X, ) — F(X,y) || <k | X || |7, where § = y — y is always bounded from analysis of the
observer. Therefore, by the following rearrangement

X=FX,y+(FX, )—-FX,y)

and the fact that X satisfies exponential convergence in (42), one can easily verify that X remains
to satisfy exponential stability provided || y | is small enough.

Through the observer and controller design procedure, we have the actual currents approach
to the desired ones, i.e. I, — I 4, I, > I,4. Because the desired flux (W) and the desired speed (w,q)
are bounded trajectory, the desired currents are bounded. So, it can be verified through
arguments of contradiction that the actual currents (I,, I,) are indeed bounded at any time.

4. SIMULATION AND EXPERIMENTAL RESULTS

4.1. Simulation results

In this section, computer simulations of the controller designed above are done by SIM-
NON™PCW 20. The induction motor is set initially at rest with load torque
(Ty, = 6 + 2 =*5sin(0.5t)) and is required to follow the various desired speed and flux trajectories
with uncertainty in rotor resistance. The desired flux trajectory is described by the function
(Wg =0.5(1 — e~ ") WD), and the nominal value of rotor resistance is 0.53 Q. We assume that the
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variation of the rotor resistance is up to 50 percent. The simulation results are shown in Figures 1
and 2. In each figure, part (a) shows the trajectories of the desired and the actual speed, whereas
part (b) demonstrates the speed tracking error between the desired and actual speed. In a similar

Copyright © 2000 John Wiley & Sons, Ltd.
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Figure 1. w,q = 8.8496 sin (0.5¢)rad ~!/s with 6 + 2sin(¢) Nt -m load.
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Figure 2. w,q = — 128.496 sin(0.5t)rad ~!/s with 6 + 2sin(t) Nt-m load.
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way, parts (c) and (d) show the trajectories of the desired and the actual flux and their error value,
respectively. In addition, parts (e) and (f) respectively, depict the two phase stator currents and
input voltages. Finally, part (g) and part (h) demonstrate the real and the estimated values of load

Copyright © 2000 John Wiley & Sons, Ltd.
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Figure 3. Benchmark test with 6 + 2 = sin(¢) Nt-m load.

torque and the rotor resistance, respectively. From the simulation results, we can see that the
controller can control both the rotor speed and the rotor fluxes simultaneously without measur-

ing the rotor flux and rotor speed signals.
In Figures 1 and 2, one can find that the tracking error and the estimation error do grow a

little bit larger when the peak speed is higher. The reason is that the speed tracking error
0, = (0, — my) 1s actually not changing slowly.
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4.2. Simulations with benchmark specification

We also perform computer simulations for the benchmark example. The rotor speed is required
to change between those values: ®,om, 0.1 ®Wpom, 0.25 Wpom, 1.5 0hom during t = [0, 10] sec, where
®pom = 700 rev min ~ . The rotor flux is required to change from || Y || om t0 0.5 || ¥ || nom When the
rotor speed is 1.5 w,om, Where || Y [lnom = 0.5 Wh.

The modified benchmark assumption is shown below:

(B1) Measurable signals are the stator currents (I,, I).

(B2) Load torque Ti is constant, though unknown.

(B3) All parameters are known, except the rotor resistance R,.

(B4) Stator and rotor currents and stator voltages are constrained by 12 A and 300 V.
(BS) The system begins with all zero initial conditions.

The speed tracking of the rotor speed and rotor flux for the benchmark test are shown in parts
(c) and (d) of Figure 3. The parameter adaptation is shown in parts (g) and (h). The adaptation is
achieved under the restriction of the stator currents and the stator input voltages from assump-
tion (B4) of the benchmark test, which is also shown in parts (e) and (f) of Figure 3.

4.3. Experimental results

Experiments are done with a three horse power induction motor which is manufactured by
TECO Co. Ltd. Taiwan. Parameters of the motor are listed in Table 1.

The 3-HP induction motor used here is mounted with a 2000 pulse rev™! encoder. The
controller is implemented by C language on a Pentium™ based PC. And the motor driver is
implemented by MOSFET whose gate signals are generated by a 10 kHz SPWM with 2-2 ps
dead-time. The currents are measured by two NANA™ hall sensors. In order to check the
performance, we have conducted three experiments with various kinds of sinusoidal speed
commands as shown in Figure 4-6.

From the three figures, one can see that the speed tracking objective is achieved with different
kinds of precision. In Figure 4, since the peak value is low and hence our previous assumption

Table I. Specifications and parameters of the motor.

Specification Parameter
Poles 4 R, 0.83Q
Rated current 8.6 A . 0.53Q
Rated voltage 220V L, 86.0l mH
Rated frequency 60 Hz L. 8601l mH

Rated Speed 1720RPM M  82.59 mH
Rated power 22kW J 0.033 kg m?
D 0.00825 Nms
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(a) Desired & Actual Speed
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Figure 4. w4 = 80sin(t) RPM with no load.

(AS) is more easily satisfied, the tracking error is quite moderate. But, in Figures 5 and 6, the
tracking error is clearly larger but acceptable because the peak speed is higher. But it is
noteworthy that Figure 6 demonstrates that the controller developed here indeed can serve as
a speed servo, i.e. it is able to drive the motor to follow any kind of smooth speed command.

5. CONCLUSION

In this paper, we have presented a partial-state feedback adaptive sensorless speed and flux
tracking controller for induction motors with fifth-order non-linear dynamic model which is
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(a) Desired & Actual Speed
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Figure 5. w,q = 1200 sin (0.5¢) RPM with no load.

actuated by a voltage source. We use an indirect adaptive control algorithm. First, we design an
observer to get the actual values of fluxes, speed and rotor resistance. Then we design controller
to achieve speed and flux tracking. The main contribution of the controller is that asymptotic
tracking of rotor speed and rotor fluxes are achieved without the measurement of both the
rotor fluxes and the rotor speed. Moreover, the variations of the rotor resistance and load
torque are also taken into account. That is, only with the measurement of stator currents,
this controller drives the induction motor to track given twice differentiable bounded speed and
flux commands.
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(a) Desired & Actual Speed
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Figure 6. w4 = Hybrid function with no load.

APPENDIX A

Here, we derive an upper bound for the observation error of the rotor speed. First, from the

mechanical part of the motor-load system
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then
e’ w, =% L [ke(Waly — Ypl,) — Ti] €7 dt + ,(0)
% % (1 —e®"r) ‘[; (balp — Ypl,) €7 dr
or
o, = ;L (e Pt —1) —I—J (Waly — Ypl e =P = D de
Since

% (ef(D/J)t —1)<0, Vi=0

and the torque can be expressed in the vector form

(l//alb - wbla) =®JI

where the matrices are defined as

D= [%’ lpb:l
J 0 1
-1 0
I
=11
I
we can obtain the upper bound of the rotor speed as
k _ O —
loo| < (l// Iy — L) e P02 de
kT ' — (D))t — 1)
<7 dre (@l - 1L llo)
0

gum) o 10, c)

where the subscript t denotes a truncated function which is defined as

S 0<ti<k
fk(t)—{o ok Vk=0

Copyright © 2000 John Wiley & Sons, Ltd.
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In the above, we see that the upper bound on the rotor speed is determined by the norm of
rotor fluxes and the norm of stator currents. However, the rotor flux is unmeasurable, and
therefore we try to find its upper bound associated with the currents. From the mathematical
model of the motor in (1), we can write the dynamics of the rotor flux in the form

Vo | _[ = R/Le —Boon/L| [Wa | [MRJL. 0 I,
[mJ:[ﬁwwu —Kﬂ«][%}+[ 0 MRJL]LJ
Consider
V=3 Wi+ s)
then
Vy = Valba + Ui
= ¢u< —%t//a b, | MR Ia> + %( Ry, 4 Loy, MR Ib>

L, L, L, L, L,

TR R L U + L)

R, M?R

R, 2 2
W2+ 99+ 51

— LR+

S(I2+ 1)

N

R, M?R,
= =5 Wa + ¥i) + 57 (2 + 17)

so that

. R M?R
Vo+ =V, <—— 2+ 1}
'//+Lr v L (a+ b)

r

Following the procedure as that in the derivation for the upper bound on the rotor speed, the
upper bound on V), is

M?*R, ("
Vy < 7L L e R0 (12 4 J2) dr + ¢~ R 1, (0)

M?R, [
<E | e AR e 12 4 Y, 0
2L, J,

2

M
S5 1L )12 + V,0) Vi=0

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. 2000; 14:109-140



INDIRECT ADAPTIVE SPEED CONTROL 137

Since V), is the norm of the rotor flux, then we can find that

@2, < M? [ L% + 2V,(0) (A2)
where
Vil0) = % (U2(0) + Y30) < 71 (63 + )
2 2L;
where

Ya(0) < o7
Vi (0) < 33

(S

Then from (A1) and (A2), we can associate the upper bound of the rotor speed with the norm of
the stator currents as

k
|0 <5 I /M2 L +2V,(0)

kM kr 1
<o I+ /00 + 07 I

Since the upper bound on the rotor speed is found, the upper bound on the observation error of
the rotor speed can be found as

|wr_('6r| <|CO,|+|CLA)r|

<7 1 2 o 2 2 1 A A
D H t”oo+2(D)Lr\/5a+5b H tHoo+|wr| ( 3)
APPENDIX B

Theorem Al [17]
The second differential equation has the form

Xy () = A()x1 (1) + u' (6)x,(t)
(B1)
Xa(t) = — u(t)x,(t)
where x;:[0, c0) = R™ x,:[0, co)—> R", A(t) and u(z) are, respectively, n x n and n X m matrices
of bounded piecewise-continuous functions, and A(t) + A" (¢) is uniformly negative definite, that

is, A(t) + A"(t) < — Q@ <0. Let x = [x], x3]". The equibrium point x = 0 in Equation (B) is
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uniformly asymptotically stable if, and only if, positive constants Ty, do and ¢, exist with a ¢, € [t,
t + Ty] such that for any unit vector w € R",

1 t, + 0o
— ut(ywde|| = ey, Vt=tg B2
T
0Jr¢

2

When | 4(t) || is uniformly bounded, the condition in Equation (B2) in Theorem 1 can be relaxed
as given in Corollary 1.

Corollary A2

If u(t) is smooth, u(t) is uniformly bounded, and u(t) satisfies the condition

1 t+ T,

— | uT (t)w]ldt = &9, Vt=to
Ty J,

for t, € R™, and positive constants Ty, and ¢,, and all unit vectors @ € R”, then the solution x = 0
of Equation (B1) is u.a.s.

Proof: Let || x1(t) ]| < c |l x(t) | Vt € [to, to + Tol, where ¢ € (0, 1). Since u satisfies the condition
in (B2), there exists a t, € [tq, to + To] so that

ty + 0o
J luT (1) x2(c) [ dt = &0 To || X2(t2) | — tmax 05 sup x4 (1) |

T€[ts t2 + o]
53

Integrating the first equation over the interval [¢,, t, + do] in (B1) it follows that
I x1(t2 + 30) | = [eo To /1 — ¢* — ¢ (Umax 03 + Amaxdo + DI [ X1 (2 + o) || (B3)

since || x5 (15) | = /1 — ¢ [ x2(t2) [| and || x5 (¢2) | = || x2(t2 + o) || If

2.2
2 TG &o

CTTIZ (11 by

b= uﬁmx 5% + Amax 50 +1
we have from Equation (B3)
1 (t2 + 00) | = ¢ | x(t2 + d0) | (B4)

which is a contradiction of the assumption regarding || x; (¢) |-
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Integrating V (x) over an interval [ty, t; + T] < [to, to + To], we obtain that

ty+ T
Vit = Vity + T) = Jgomn f 1 x:(0) |2 de

31

Jo—mi L+ T 2
> ([ ) o)

where 49— mia 1S the minimum eigenvalue of Q. Further, by integrating the first equation in
Equation (B1) over [, t; + T

t,+ T
J Ix1 (@) [ de = T | xy (1) — T*d/V(t1)

ty

where d = Apax + tmaxs [| A0 | < Apax and [ u(0) || < timax.

Choosing t; =t, + dy, from Equation (B4), it follows that

Vite+T)<(1 =) V()
where
7= Jg-min T (c— Td)?
Let T = min(ty + T4, ¢/d), we have
Vito+ To) <Vt + T) < (1 =)V (1) < (I =)V (to)

Since Zg—min <2, ¢ €(0, 1) and Td(c — Td)* < 4c¢*/27, it follows that 7 € (0, 8¢?/27) and hence
x = 0 in Equation (B1) is u.a.s.

NOMENCLATURE

{V.,, Vi}  stator voltages in the stationary reference frame
{L, L} stator currents in the stationary reference frame
{Wa Wy} rotor fluxes in the stationary reference frame
mechanical angular speed of the rotor

stator resistance

rotor resistance

stator self-inductance

Rotor self-inductance

mutual inductance

number of pole-pairs

rotor inertia

damping coefficient

-

®

»

SR mE

SRS
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T,
ke

B1
B2

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

22.

load torque
(-3%)
torque constant | = ——

2L,
L? M?
— (L, ——
M < Lr>

RSL,2
M

pL,

L2

M
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