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Abstract: An extensive research activity have been devoted to the problem of induction motor
control over the last decade. Most of the proposed controllers have been designed under
the assumption that the motor is unsaturated. As this is not the case in realistic situations
the expected performances, especially during transient periods, may not be achieved. In
this paper, an adequate model that rigorously accounts for the saturation feature in the
AC machine with uniform air-gap. Then, a controller is designed using the backstepping
technique combined with the usual flux orientation. The obtained controller is shown to meet
its objectives, namely motor regional stabilization, reference speed tracking and reference
flux regulation.
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1. INTRODUCTION This paper focuses on the saturation problem in the
induction motor control. The crucial issues are:

i) how the saturation phenomenon is accounted for in

the machine model?
Induction motor control has been dealt with follow-
ing different approaches. These includes simple lin-
ear techniques such as field oriented control (Vas,
1986) and more involved nonlinear techniques like In (Sullivan and Sanders, 1992) mmodel of the
input-output linearization (Chiasson, 1995)-(Morino magnetic circuit is used rather than the standard T-
and Tomei, 1995), backsteping (J. Hu and Qu, 1996)-model. Furthermore, a current-based control is sug-
(M. Krstic and P. Kokotovic John Wiley, 1996), (Tan gested rather than the usual voltage-based control.
and Chang, 1999), passivity (R. Ortega and Espinosa-Therefore, the pratical implementation of the resulting
Perez, n.d.), sliding mode (J. Hu and Q, 1994). The regulator necessitates a current DC-AC converter with
proposed controllers achieved speed tracking and fluxall the related shortcomings (e.g. torque harmonics are
regulation for unsaturated induction motors. Indeed, generated). These shortcomings are currently avoided
these controllers are designed under the ideal assumpusing voltage-based control coupled with PWM DC-
tion that the magnetic characteristic is linear. To not AC converters. From a theoritical viewpoint, there is
violate this assumption, the user have to choose for theno formal analysis of the achieved performances. In
flux a low reference value, which limits the achiev- (Heinmann and W.Leonhard, 1990), the starting point
able motor couple. Furthermore, ignoring the satura- is thestandard unsaturated moddihis is further sim-
tion feature may lead to a deterioration of the control plified by ignoring the current dynamics (which re-
performances during transient periods. duces the whole model order) and supposing the stator

i) how the saturation phenomenon is deal with in the
control design?



currentizq andiy, to be equal to their reference val-
UeSigrcs andig,. ;. Moreover, the analysis presented i,q = isa+ kiva , g = Gsq+ kiirg 2 0 = i0g+10g
in (Heinmann and W.Leonhard, 1990) lies upon the (2)

crucial assumption that the rotor magnetic fibiy; is . -

; ) ; : The magnetic characteristic has the general form of
a only a function of the current,. This assumption f 11t b imated usi | math-
is not realistic because it ignores the cross-saturation \gure - . Il may be approximated using usual ma

. . . . ematical functions such as arctangent, exponential or
phenomenon; according to thi,q is a function of olynomial. In practice, one can determines points of
both the stator current(;, i,,) and the rotor currents ph' y - N pr " > Pol
Y this characteristic provided that' the machine is un-

charged and controlled by a varying voltage. Actually,

This paper presents a more deep investigation of thein such operating conditions the magnetizing current
control problem for the saturated induction motor. The i, and the flux® can be precisely determined by mea-
controller design includes two major parts. The first suring of the active and reactive power
one consists in building up a model that accounts ap-
propriately for the flux saturation. In this respect, it is
well known that a coupling exists between both axes of
an AC-machine, even in the case of a uniform air-gap 2.1 Flux equations
machine, (Vas, 1986). Such a phenomenon which is
known as cross-saturation, is caused by the nonlineadn (M.S. Garrido and Dejaeger, 1988)-(Embse, 1968)
properties of the magntitude materials. As suggestedit is shown that:
in (M.S. Garrido and Dejaeger, 1988)-(Roberts, 1988),
the magnetic_ characteri_stic is apprqximated in th_is pa- By = Dogring/at + ksns® 3)
per, by anonlinear function(polynomial, exponential,
arctangent, ...) of thenagnetizing current,, (which
includes the contribution of both the stator and rotor
currents). Futhermore, contrarily to (Heinmann and The nonlinearity of the magnetic characterisfit)
W.Leonhard, 1990), the control model is not derived gives rise to a coupling between both axes of the
from the standard unsaturated model. It is rather de-AC machine, this is the cross-saturation phenomenon.
veloped from the more rigorous matricial model due Consequently, it follows from (4) that (M.S. Garrido
to Von Der Embse?). The resulting model turns out and Dejaeger, 1988)-(Roberts, 1988):
to be nonlinear and involves parameters that depend
on the system states. The second part in the controller . . :
design consists in deriving an appropriate control law Dyg = ls.isa + My.iyg + Magiug + ¢a0  (5)
based on the saturated machine model. In the prese%here_
paper, such a control law is obtained using the back- ’
stepping design technique combined with the usual. i;.is4 represents the leakage flux in the stator along
field orientation. The state-dependent parameters ofthe d-axis,
the nonlinear control model are computed on-line. It
is shown that the resulting closed-loop control system
is locally stable with a well characterized attraction
region. In addition, speed reference tracking and flux
regulation are ensured. To the authors knowledge, it is. M4q.7,4 represents the mutual flux between the sta-
the first time that such results are achieved for satu-tor/rotor g-axes, in one hand, and the stator d-axis, in
rated induction motors. the other hand,

=lsis + ksns® = 5.0 + A5 (2y) 4)

. Mg.i,q represents the flux resulting from the stator
proper flux along the d-axis together with the mutual
flux between the stator d-axis and the rotor d-axis,

. ¢qo is an additional term introduced in (M.S. Garrido
and Dejaeger, 1988) to define, and My, as being
respectively: %j and %ﬁ Therefore, ¢qo

undergoes the equations:

2. MODELIZATION OF THE SATURATION
PHENOMENON IN AC MACHINE

The magnetic state of the isotropic saturated sinusoidal

machine is completely described by a single magnetic 0pao ~ OMy . OMyq .
- L — = ————lud — =g (6)
characteristic that relates the fldxto the magnetizing Oipa Oipud Oipnd
currenti,, defined by: Abao oM, . OMg, .
i = -7 lud — y tuq (7)
Lug Diyg Dipg
iy =is + ki, (1)

Similarly, one establishes:
where k= k,.n,/k,.n,. Note that such a current in-

cludes the contribution to the fluk of both the stator

and the rotor currents. Let us denp’];@ andi,, the L All figures have been omitted. They will be presented in the
components of,, along thedq axes, i.e. conference.




Oy =ls.isqg + ksns P, (8) 2.2.2. Induction coefficients All the useful induc-
= lying + Myipg + Mag.ipg + g0 (9) tion coefficients can now be expressed in term of the
the parametem:

Drg=1Ir1rqg + kn . Pg (10)
=l dpg + k(MdZ d+ Myg.i.q + Pa )(11) O o 2
. Iz q-'nq 0 M, = ,‘dzm—l—f,m.,id (20)
Dy =lrirg + krny Py (12) Oipd Oiy iy
=lpipg + k.(Mg.ipg + Mag-ipa + dq0) (13) My, = OXsa _ -\ O™ pd-ipd (21)
T Diyg iy iy
with satifying the following equations: A 2
®q0 fying geq qua'sq:m+ai_m.z_ﬂ (22)
Oipg Oiy iy
0pqo _ 78Mq i 8qui . (14)
diug Diyg " Oipg " with:
a¢d0 an . a-Z\qu .
— ==y — 1 15 »
dipd iy " Oipa pud (15) om ip,-idfd(;“) — f (i)
- = kSnS’,H.—
diy, iz

2.2 Determination of the varying machine parameters

. o , 3. CONTROL MODEL FOR THE SATURATED AC
2.2.1. Static magnetization parameter Following MACHINE
(M.S. Garrido and Dejaeger, 1988), et denote the

static magnetization parameter: The machine state vector is chosen toBgf i,,4, 7,4, |-

The common alternative ibf.4, isq4, isq,w]. The for-

m— ks.ns.g (16) mer choice will prove to be convenient in arriving to a
Ty simple model.
In fact, such a parameter characterizes the operating
point on the magnetic characteristic since: 3.1 Rotor electrical equation in the dg-axes
o . ks.ns.(ﬁd = m.i#d . dq)rd
ksng.® =m.i, = { ho ey = M,y a7 0= R, .ipqg+ 7 (23)

Using @), one gets from (17) that: On the other hand, one gets from (10) and (17) that:

‘ 1 .
Lrd = 7~(<I)rd - k.m.z#d)

m = ks"’j"s-éq — q)sq _ lsisq (18) . . r .
tug tug which together with (23) yields:
This shows that the parameterbecomes measurable,
if the following assumptions hold: d®rq _ — Ry B,y + By » (24)
dt Iy L,

H1: The rotor and stator fluxes are measurable.

H2: The coefficientsk, s, 1., R, Rs are known (as

; . ) . 3.2 Stator electrical equation in the dg-axes
these can be determined performing off-line experi- a a

ments)
. dd,
Indeed, it readily follows from H1 and H2 that, except Vsa = Rgisa + dtd —wsPyq (25)
for 4,4, all terms on the right side of (18) are measur- AP
able. Furthermore2(4) yield: Vieq = Rsisqg + d:q + wsPsd (26)
k After several transformations operated on (26), and
Iug = tsg+k.irg = g+ o (Prg — ki (Dsg — lsisq)) involving most of equations in section 2, one gets:
' (19) y
7 . . . Tud
which, together with (18), implies: Vg = (b1 + abiws).ipg + (abz + biws).iua + bs. di
+(aby + 64ws).¢>rd + a.Vgq 27)
m = CI)sq - lsisq
Z'sq (1 + kffb) + % ((I)rq - k~(I)sq) with: bl = ]:lfS (1 + k:?:n) ; 61 = ls + m +

. . . _ K2 k2lsmR,. . _
where all terms on the right side are measurable. I = —Rs (1 + Tm) + %, bs =



k21 , Lo+ Mg 1+%ls) )
My, ( T, ) + a.b3; a = qu( k2zs) by =
1M (1 ) by = Bk Sl i
and:
R, k
ws =Wt g ﬂjuq (28)
(I)rd lr

It is worth noticing that equation (28) is introduced to
enforce the orientation of the rotor flux along the d-
axis; so doing its g-component turns out to be null.

From (27), it readily follows that,; undergoes the
following differential equation:

di#d b1 + aélws . ab2 + égws .
=— . — . 29
dt by M4 by nd (29)
by + baws
,M@M, a ng+ Vq(30)
b3 b3

Furthermore, combining (25), (29) and others from
section 2, one gets:

d;;q (91 + G1ws) . Prg + (g2 + Gows).ipa (31)

+(g3 + Gaws)-ipg + 94.Vsa + g5.Vsq (32)

with g1 = go.ba(1 — %)7 90 = ﬁ@ﬁ, 0 =

—9o- b3b4 L 92 = goba(1 — %)7 g2 = —9o bgbz,

g3 = ,—9 -bdbla g3 = go-bi(1 — *) gs = 1-— @,
g5 = ba

b3.

3.3 Mechanical equation

dw 1 km .

E = j.(@’rdfzﬂq — TL) (34)
di , , .
ﬁ = (gl + glws)-(prd + (92 + 92ws)~z,ud (35)
+(93 + g,3ws)~7;p,q + 94-‘/5(1 + g5-‘/sq (36)
diud by + aélws . aby + 62“}5 .
=— . — . 7
dt G by BD)
aby + 64ws a
e R A=)
b3 bs
d®.q —R, R, .
at I Dq+ fk.m.z#d (39)
R, km
ws=w+ = dTl“q (40)

4. BACKSTEPPING CONTROL DESIGN

The controller is designed using the backstepping tech-
nique. This is done in two steps: first, the above ma-

chine model is reformulated in terms of appropriate

tracking and control errors. The performance-oriented
model thus obtained suggests a Lyapunov function
which is based upon to obtain, in the second step, a
stabilizing control law.

4.1 Step 1.

Let us introduce the tracking errors on the rotor flux
and speed:

(I)rd -

=W — Wref

(41)
(42)

€1 = (I)ref

21

where®,..; andw,.; denote the corresponding refer-
ence signals. We first focus on the flux tracking error.
In view of (24), time-derivation of (41) gives:

The generated electromagnetic torque undergoes the

same equation as in the unsaturated case, i.e.:

Te = (I)rqird - (I)rdirq

As noticed earlier, conditior2g) ensures tha®,, =
0, that is:

Te = _q)rdirq =
The rotor motion equation turns out to be:

dw_l
J

km .

'((I)TdTZHq — TL) (33)

dt

) R,
é1 = ——

B,q —
I,

(I)ref + T'rk‘.m.iud (43)

where the last term will be considered as a virtual con-
trol input. This motivates definition of the following
control error definition:

= kg — oy (44)

€2
Iy

whereaq; is a stabilizing function to be defined later.
Substituting (44) in (43) yields:
R

. T
é1 = ——® g+ e+

L, (49)

- Cbref

If the virtual control R' k.m.i,q Where effective (in

which case; = 0) then the stabilizing function :

The saturated AC machine model thus developped is

constituted of equations (24), (29), (32), (33), (28). For

convenience, these are rewritten:

R, .
oy = —cieg + —Ppg + (bref (46)

Ly



would force the flux tracking error to undergo the
equationg, = —c;.e; (with any design real parameter
¢ > 0). Unfortunately, ~k.m.i,q cannot be the
effective control becausgd is a state variable. Then
es # 0 and, consequently, the stabilizing function
(46), together with (45), only gives:

é1 = —c1e1 + e2 47

Now, let us focus on the speed tracking errpe= w —
wrey. Time-derivation ofz; implies, due to (34):

kg . .
Z = j.il;.m.zuq — jCT' — Wref (48)
Similarly, we introduce the control error:
k-(I)rd .
29 = Tlr.m.luq -7 (49)

where~; is a stabilizing function to be defined later.
Substituting (49) in (48) gives:

. 1
Z1 =22 +71 — jcr (50)

— Wref

As previously, if Jlﬂi .m.i,, where an effective con-
trol (in which casez; = 0) then the stabilizing func-
tion

1
"= —dy21 + er + wref (51)
would ensure for; the trajectory; =
dy > 0 is any design real parameteAs, Mg
cannot be an effective control (which means thatt
0), the stabilizing control (51) together with (50), only
yields:

—dy.z; (where
k. CI)rd

21 = —d121 + 29 (52)

4.2 Step2

Deriving the errorey, with respect to time readily
yields, due to equation (44):

€9 = k:]li (m Apd +m. dd;;d) — &y (53)

Now, from (17,2) and (46) one gets:

. dm 1 [ digg . diyg
= . e — 54
"= (Z“d ar g ) B8
. , R, . .
Q1 = —c1e + c1e] + —.Oq + (I)ref (55)

Ly

Substituting (54),(55),(36),(38) and (39) in (53) gives:

€ = B1 + M.Vsqg + A2.Vgq (56)

whereg; includes all measurable quantities, i.e.:

By = %Md[_ bl-l‘bl;lws 'i,uq_ b2+bl;2ws 'iud _ b4+bl;4ws ~(I)rd}
4

k. lli (Mag—m).[(91+G1ws)- Prat (g2+Jows)-ipat

(93 + gaws)- Z/Lq]

2 ;
+creg — cret— (%) A(=Prg + Eomiiyg) + Prey

and:
R,
)\1 = —kT |:Md; - (qu - m)g4:| (57)
r 3
R, 1
—_— [ i+ (Mag - m>.gs} (58)

Similarly, due to (49), time-derivation of the speed
control error z gives:

5 _ kK
SR

. di,,
. (@M.m.iuq + (I)Td.m.iuq + ®,q.m. dt> —Y1
(59)

Then, using (39), (36), (38), (54) and (51), equation
(59) becomes

= 52 + )\3vsd + A4'Usq (60)
wherefs includes all measurable terms:

_ _k R,

B2 = ]l Mg 7"
2

dlzl TL

( D,q+ k.m.i#d) + dizo —

W7ef

Jl (I)rd M [(gl + glws)‘@rd + (92 + 92ws)~ipd +
(93 + gSWs) Zuq] +

T

batbaw, P
b3

botbows ;
bs ud

. rd}

and
k a
)\3 = —7.(I)Td. (qu — m)— + ng4 (61)
J.1, b3

k 1
M= —.Dpg | (Magg —m).— + Mygs (62)
]-lr b3

To analyse the error system (47), (52) ,(56) and (60),
let us consider the Lyapunov function:

1
—ef +

V(x) =

1 1 1
3+ 5%

5 5 (63)

with X = [e1, ea, 21, 2]" . Deriving (63), with respect
to time, and using (47), (52), (56) and (60), yields:

V= —c1€3 — cpe3 — dy 2} — do2s
+eo (0262 +e1+ 1+ Avsg + )\g.vsq)

+22 (dozo + 21 + B2 + A3Usq + Aavsq)



This shows that i, andv,, are such that: J. Hu, M. Dawson and Z. Qu (1996). Robust tracking
control of an induction motoint. J. Robust and
Nonlinear Control6, 201—-219.
|:)\1 )\2] _ ['Usd] _ {—0262 —e1— (64) M. Krstic, I. Kanellakopoulos and 1996 P. Kokotovic

Az Ag || vsq —dazo — 21 — [2 John Wiley (1996)Nonlinear and adaptive con-
trol design Wiley. London.
then one gets: Morino, R. and P. Tomei (1995Nonlinear control
design adaptive and robusPrentice-Hall. New
V = —cre? — cpe2 — dy 22 — dy232 (65) JerseY' , )
M.S. Garrido, L. Pierrat and E. Dejaeger (1988).
which clearly establishes asymptotic stability of the The matrix analysis of satureted electrical ma-
origin (e1,es,21,20) = (0,0,0,0). The attraction chines. In:Modelling and simulation of electri-

region is the state domain where the algebraic equation €& machines and power systeifs Robert and

(64) deos have a solution. It is easily seen that such a D.K.Tralj, Eds.). 1$t ed.. Vol. 2. pp. 137-144. El-
domain includes all states where: sevier Sience publishers B.V.. North-Holland.

R. Ortega, P.J. Nicklasson and G. Espinosa-Perez
(n.d.). On speed control of induction motors.
W(X)#0 (66)  Roberts, J. (1988). A simplified method for the stuy
of saturation in a-c machines. IModelling and

with W(X) = A1.Aa — 2.2 In such a domain the simulation of electrical machines and power sys-

control law turns out to be the following: tems (J. Robert and D.K.Tran, Eds.). 1st ed..
Vol. 2. Elsevier Sience publishers B.V.. North-
1 Holland.
[“Sd} - [)‘1 /\2} , {_0262 —e1— [ (67) Sullivan, C.R. and S.R. Sanders (1992). Modeling the
Usq Az Ag —dazy — 21— 2 effects of magnetic saturation on electrical ma-

chine control systems. liProc. IFAC Symposium
on Nonlinear Control System DesigBordeaux,

5. CLOSED-LOOP STABILITY ANALYSIS France.
_ o Tan, H. and J. Chang (1999). Adaptive backstepping
Theorem 1.Consider the control system consisting of control of induction motor with uncertainties. In:

the above model in closed-loop with the backstepping IEEE-ACC San Diego, California.
control law (67). There exist nonzero boundsnd Vas, K.E. Hallenius, J.E.Brown (1986). Cross-

d such thatif: 0 < 6 < @5 < ¢, ’émf‘ < ¢ saturation in smooth air-gap electrical machines.
wres| < ¢ Jres] < c and|T7L’ < ¢ then: I1El§E Trans. on Energy Conversidac-1, 103—
i) the closed-loop system is stable,

i) the flux and the speed errors, ande;, are
asymptotically vanishing.

Proof. See the full version of the paper.
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