Proceadings of the
American Control Confarence
Seattle, Washington e June 1995

FM4 - 1:55

Exponentially Stable Nonlinear Field-Oriented PI-Controller for Speed
Regulation of Induction Motor

Jaion-Shea Chang! and Li-Chen I'u*2
1. Department of Electrical Engineering
2. Department of Computer Science and Information Engineering
National Taiwan University, Taipei, Taiwan, R.O.C.

Abstract

A sin ple control law for speed regulation of induction
motor is proposed in this paper. This controller is de-
signed based on the concept of the field orientation and
the property of linear Pl-controller, and is shown to be
rot &5t with respect to variation of system parameters and
Joad structure. In fact, the local exponential stability of

the system around any desired speed can be proved by a

simple iterative criterion derived in this paper. Numeri-
cal simulations are also given to show the eifectiveness of
the presented control law.

Nomenclature
tqs (1ds) q-(d-)azis stator current
Vas (Vao) q-(d-)azis input stator voltage
Xor (Aar) q-(d-)azis stator fluz
wy ¢  rolor speed
T. electromagnetic torque

T. :  mechanical load torque

R,(R;) : ststor (rotor) resistance
L,(Ly) stator (rotor) inductance
Ln : mutual tnductance
P number of poles
Jm @ inertia of the rotor
D = (Ld.-1I2%
iy = (Rr/Lr)
Gz = L,
b = Ln/D
i = (ReLy)/D +1hbis
i = ba
i =
ol,
. 3PLm
feo= =5
ey = L.R,/D
az = LnR,/D
a3 = LmR./D

a4 = L,Rr/D
as = Kie/(Um+J1)
f(z-')) = fL(IS)/(Jm +JL)

1 Introduction

Pioneered by Blaschke (2], field orientation is the most
widely used method for servo control of induction motor,
just the same as the PID controller for linear systems. In
most of the existing nonlivear controllers for induction
motors [4][7], the rotor flux is made to converge asymp-
totically to a fixed constant, which is to prevent the sat-
uration of the magnetic circuit. But, the flux saturation
remains due to the resultant flux in the stator and the
rotor [5], and hence the control schemes still can hardly
achieve their origional goal satisfactorily.

The nonlinear adaptive control schemes are also ap-
plied when some imprecisely known parameters are con-
cerned [6][7], such as the rotor resistance, changing with
temperature variation, and the coeflicients of the load
characteristics. But since the:control law will normally
depend on the type of load structure, the form of the
adaptive schemes will have to be changed when the load
type is changed.

Given the above observation, here we try to devise a
simple controller for the speed regulation problem of in-
duction motor driving a more general class of load. The
flux tracking is not considered here. With the robustness
of gencral Pl-control, the unknown parameters in the sys-
tem as mensioncd previonsly need not be estimated. Be-
cause the transformation between the actual input volt-
ages and the d-q-axis voltages is stationary, which can
be done easily by some appropriate analog circuit de-
sign, and because the computation time needed in the
control process is relatively little, the proposed control
scheme has a higher promise to be successfully imple-
mented with more ease. So far to the best of the auther’s
knowledge, this is the first paper which analyzes the sta-
bility propertly of the field-oriented linear Pl-controller,
though it is already widly used in industry applications.



2 Field-Oriented
PI-Controller

(A) Dynamical model of induction motor:

As being well-known, the dynamical model of an in-
duction motor can be simplified by a d-q-axis coordinate
transformation to some rotation-reference frame [5]. But
for implementation feasibility, the stationary-reference
frame is more popularly used. Thus, here we adopt
the following d-g-axis coordinat-transformed dynamical
equations of an induction motor [4):

igp = —drigs + a2 Agr — b dar + &Vl
tae = —d1ide +bwrdgr + F2)ar + EVa,
Sor
Aar = daiqs — WrAgr — @4 Aar
Jmwr = Te-T
T. = Ke(arigs — Agrids), (1)

asiqa - Aqr + wrdar

where the states and the parameters are defined as shown
in the nomenclature.
(B) Analysis of mechanical load:

In many mechanical system, the load torque is a
strictly increasaing function of the speed w if the inertial
part does not exist or were to be neglected. For example,
the ioad torque of the fan-load system can be modeled as
" bo +brw, + basign(w, )w? ? which is a strictly increasing
function of w,. For this reason, thronghout the paper we
will con.ider the class of mechanical loads wluch satisfies
the following assumption:

(A1) Tr = Jr@r+ fr(w,) with 28L0) 5 ¢, v, €
R, and fL(0) =0, where J is the mechamca] inertia
of the payload.

(C) Field-oriented control:

The basic concept of a field-oriented control of an in-
duction motor at steady state is to find the input volt-
ages Vy,, Vi, such that [\, Adr]T[Vd, Vgr} is maximum
under the constraint that V2 + V7, is a fixed constant,
where Ay (or Aar) is the g- (or d-)axis rotor flux(1][2].
Applying such a control concept to the input voltages
design of an induction motor, an intuitive realization of
the field-oriented control law is the following:

Vo = by
V Ag" + A?{r
N v

—_—V
V "3" + '\gr

which clearly satisfies the voltage constraint » (V2

72} = (V/E)® ” at any time instant. Of course, at present
V i$ no longer a constant. Instead, it offers one D.O.F.
(degree of freedom) control to the system, but normally it
will converge to a constant when the system approaches
to the steady state.

On the other hand, we would like to show that, given
a desired speed wy, there exists a proper constant V such
that the steady state of the system exactly achieves the

purpose of speed regulation, i.e., wy = wq. To this end,
we forther simplify the dynamics shown in (1) by intro-
ducing a nonlinear state transformation as follows:

v o= B33, 4 45,) + BPRP(AL, 4 A%) + 283 (igsAgr + fasAar)

T2 = N+ \a

r3 = bR, + %) + (igeder +idsAar)
4 = h(igsdar — tdedgr)

Trs = Wy,

where h = D/L,, under which the dynamical equations
shown in (1) can be transformed to the following ones:

. 2z4

T = \/EV

£2 = —2a4z2+ 2a3z23

3 = aazy +axx2 — (a) + a4)za + 574

f4 = —zsz3 — (a1 +a)ze + 22V

Ty = ast4 — f(=s), (2)

where the parameters a3, a2, a3, a4, as and the function
f(zs) are defined in the nomenclature. Thus, it can be
verified that the system (2) has [z). 72, Z3: T4 z5.] as
its unique equilibrium point, where

m
Tye = (;;)2(013 + 2%)

2
m

T2,
T3e = —m

Ty = Wd, (3)

- provided

= (%)[ﬂwd + (a1 + a4)z]
d = aja4 — azaz

22+wdz=d

m= E{{;(?l. (4)

In order to make the conditions in (3) plausible, addi-
tional assumption is nceded as shown in the following:
(A2) ay <3a4.

To justify this assumption, we can use a linear current
feedback to reduce the stator resistance R,, and hence
to reduce the parmeters a; and a>. The details about
the reason why the stator resistance can be reduced by a
linear current feedback can be found in reference 5].
(D) Pl-controller for speed regulation:

Controller design based on the system structure often in-
volves complicated algorithms which may likely lead to
high implementation cost. This fact thus motivates the
need of designing a simple Pl-controller that can be ap-
plicable to a vast class of system structure. Now, we con-
sider the load which is modeled as in assumption (A1),



and let the amplitude of the input voltage V be designed
as:

e = ki{wa — zs5)
V = z¢+ kp(wa —zs), (5)

By combining systems (2) and (5), we can readily con-
clude that £, = [214, T25, T34, Tas, T5s, Tes]", Where z4,'s,
i=1, .., 5, are defined in (3) and

Tes = (g:—)[a.;wd + (a1 + a4)2}, (6)

is actually a unique equilibrium point of such an aug-
mented system. In order to analyze the stability of the
property of this eqlilbrium point, we will require some
mathematical preliminaries which will be shown in the
next ection. In fact, later in Section 4, we will show
that under the following assumption:

(A3) 0.8L.L. < L%,

the equilibrium point z, is exponentially stable under
proper design of the gains k; and k,.

Remark: The air gap between the stator and the ro-
tor is generally made sufficiently small so as to increase
the efficiency of energy conversion between the electrical
part and the mechanical part, and to reduce the reluc-
tance (mainly caused by the air gap) significantly, which,
in turn, implies that the ratio 1%%; will approach unity.

As a conggquence, the above assumption is quite reason-
able.

3 Mathematical Preliminary

In this section, we will develop a simple criterion to check
whether a matrix A. is Hurwitz or not, where the matrix
A. is extended by a given Hurwitz matrix, two vector,
and a scalar under a strictly positive real constraint. This
result will be frequently used throughout the paper.

Propasition 1 Given a matriz A € R™*", two vectors
be R™', ce R'™", and a scalar d € R, if the matriz A
is Hurwitz and Re{—d—c(jwl—A)~'5} > 0 forallw € R,
A b

d

then the extended matriz A. = is Hurwitz.

By some simple calcnlations, we can obtain the fol-
lowing corollary whose proof is omitted here.

Proposition 2 Given polynomzals P(s), @h(s), and
Q2(s).  If both Re{ 27} and Re{%}gj—sl} are

lasger than zero for all w € R, then we have

’R"{Q—l(J—J)—({i%QLn(TuT} >0 for allw € R and any ¢ > 0.
4 Stability Analysis

Referring to the closed-loop ststem (2) and (5), which is
rewritten as:

£; = =2ai1%1+ 2axz3 + —2—z—4-V

V72

T3 = =272+ 2aazs

3 = aaz1+axz2 — (a1 +a4)za + 2534

T4 = —2Is5T3 —‘(m + n.4)1:4 + ﬁ;V

iy = asra —~ f(z5)

g = ki(wa— zs)

V = ze+ kp(wd - 1:5), (7)

with the equilibrium point =, as defined above, for any
given wg € R, we are going to prove that the equilibrium
point z, is unique and is exponentially stable. The fol-
lowing theorem will give a complete statement of the con-
ditions under which the aforementioned properties hold.

Theorem 1 For arbitrary desired speed wa € R, suppose
that the assumptions (A1), (A2), cmd (A3) are satified.
If the controller (5) satisfies 35 led < 7«"' < @ifed phen g,
is the unique exponentially q!ab’e cqmlzbnmn point of the
system (7).

Proof:

Since 2 = A2, 4+ A%, and 0.8L. [, < L2, we always have
d > 0.2a1a4 and m > 0. Without lose of generality, we
assume wq 2 0.

(1) Proof of nnigueness

For any given desited speed wg, the equation m =

‘/ﬂﬂ—d and the assumption on f, i.e., f(0) = 0 and

asz

%&“l > 0, imply that wgz > 0 and 2 = (~wa +

Vw% +4d)/2. Then the equilibrium point z, is unique
if g, is a one-to-one function of wq.

Define g1 (wa) = S%+(01+ 21)V/z, then we have the
following relations:

= (%, L@y Mz
zo = (T HNZ + 1+ 2OVA

a J{w,
= &/ H)gw0),
g o= B -z
dwa ([0 ad’
' - d.‘ll(wd)
gi{wa) = “dwon
1 'wdz

z
= \/—)[ ———'\/—1—4-—‘1 1+ 4)(@;))-
Since a; < 3a4 from (A2), we have

o2z
wg +4d

\Y

gi(wa) 2 (\/—)( )

wd
a0

Becanse gj(wq) > 0 for all wa > 0, g1(wa) is a strictly
increasing function of wy. Given the strictly increasing
property of g1{wq) and f(wg) with respect to w4, we can
infer that z¢, is also a strictly increasing function of wq.




As a result, 7¢. is a one-to-one function of wq and hence
7. is uniquely determined by wq.

(2) Proof of exponential stability:

Let J be the Jacobian matrix of the overall system at the
equilibrinm point z, for an arbitrary desired speed wq,
then we define J' = LJL~! where

Iixa 04 x2
L= 1 0 . Now, define A, to be the
02x2 —k, 1

n’th principle minor of the matrix J’, then we want to
prove that J' is Hurwitz through following steps based
on the results of Proposition 1 and 2.

Step 1: A, is Hurwitz for any given wgq.
This result can be checked easily.

Step 2: A; is Hurwitz for any given wq.

Az IN

ca —(a1 +a4)
have the following inequality by assumption (A1) (A2)
and (A3):

Reay + as — c2(jwl — Az)—ibz >0 YweER.

Rewrite the matrix A; as , then we

By virtue of Proposition 1, we can conclude that the
matrix Aa is Hurwitz for all wqs € R.
Step 3: By the same procedures, we can find that J'
and A, are Hurwitz for n=4, 5.

By Lyapunov’s direct theorem, the equilibrinm point
z, is locally exponentially stable for any desired speed
wga € R. The proof is hence completed. Q.E.D.

5 Computer Simulation

In this section, the performance of the presented con-
troller, as it is applied to an induction motor, will be
demonstrated by a numberof simulation examples. The
characteristics of the motor are listed below:

R, = 3.745, R, = 3.583, L, = 0.1633, L, = 0.1633,
Ly = 0.15467, P = .6, J,,, = 0.0284, 6 poles, 220V AC,
1Hp.

The mechanical load torque is chosen to be Ti(w) =
Jrw 4 by + hw + b;.qign.(w)w2 + T4 whose parameters
are listed as follows:

Jp =0.1, bo =7, by = 0.061, b, = 0.005, Ty = 12 at
the time interal [0.4 0.6].

For practical implementation, the amplitude of the
input voltage is limited. In our case, the upper bound
of the input voltage is 300 V. The desired speed wy is
40 (yad/sec) (about 382 Srpm)) and the control gain k,
is selected as k, 3“:‘ As shown in Fig. 1, if k;
i¢ designed to be 0.04, it will induce significant stator
currents and rotor fluxes which may cause the magnetic
circnit to be saturated and hence, greater power rating
of the driver is required. Moreover, the disturbance re-
jection is much worse. Hence, we modify the control gain
according to the criterion in the conventional Pl-control

- a
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approach, in which case the gain k; is designed as 0.25.
It is shown in Fig. 2 that under such gain selection the
disturbance can be rejected perfectly, although the stator
currents and rotor fluxes are still large. Hence, we pro-
pose a strategy to reduce the stator currents and rotor
fluxes. This is similar to the so-called ”soft-start” prob-
lem in industrial applications. Since the large transient
currents are caused by the large initial speed error, we
construct a modified speed command wgq, by virture of
Theorem 1 as follows:

Step 1: Select a Aw > 0,

Step 2: Find the integer p that pAw < w4 < (p + 1)Aw,
Step 3: At any time, let m(t) be the integer such that
(m@@) — DAw < wr(t) < (Mm(t)Aw — 0.3),

Step 4: Choose the modified speed command wg, as:

Aw, ifm(t)<p
Wde = { wd, if m(t)=p
(m(t) + V)Aw, if m(t)>p

After replanning this new speed commend wq. with Aw =
2, the stator currents can be redunced significant, but at
the expense of larger rising time, as shown in Fig. 3.

6 Conclusion

In this paper, we have presented a ficld-oriented PI-
controller for an induction motor, which can drive wide
class of loads. Though it is difficult to prove the gloabl
stability of the overall system through Lyapunov anal-
ysis, we have proposed a simple iterative algorithm to
prove that the system has a locally exponentially sta-
ble equilibriumn point at any desired speed. Moreover,
the control law is independent of the rotor resistence (a
parameter which normally varies with the temperature)
and it only uses the speed of rotor and the orientation of
rotor flux as feedback, which made it more feasible.
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