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ABSTRACT

Using backstepping, which is a recursive non-
linear design method, a novel approach to con-
trol of induction motors is developed. The re-
sulting scheme leads to a nonlinear controller
for the torque and the amplitude of the field. A
combination of nonlinear damping and observer
backstepping with a simple flux observer is used
in the design. Assuming known motor param-
eters the design achieves stability with guaran-
teed region of attraction. It is also shown how
a conventional field oriented controller may be
obtained by omitting parts of the nonlinear con-
troller.

Keywords: Nonlinear control, backstepping de-
sign, induction motors

NOMENCLATURE
a complex spatial operator e
isA,B,c  stator phase currents AB and C

jon/3

UsA,B ,c stator phase voltages A,B and C

s stator current complex space vector

Us stator voltages complex space vector

Rs, Ry resistances of a stator and rotor phase winding

Ls, Ly self inductance of the stator and the rotor
Lm magnetizing inductance

T, rotor time constant (T, = L, /Ry)

o leakage factor (1 — L2, /(LsL;))

R, referred rotor resistance (R, = (Lm /Lr)2Ry)
A referred stator inductance (L, = o L)

Ly, referred magnetizing inductance (L}, = (1 —o)Ls)
p time derivative operator (p = d/dt)

Zyp number of pole pair

Wmech angular speed of the rotor

WmR angular speed of the rotor flux

imR rotor magnetizing current

p rotor flux angle

Cm torque factor ¢m, = 1.5Zpom

Nyef rotor speed reference

1 INTRODUCTION

The development of the design of high-performance
controllers for drives using an induction motor as an
actuator is shortly stated by Leonhard [6] as ”30 Years
Space Vectors, 20 Years Field Orientation and 10 Years
Digital Signal Processing with Controlled AC-drives”.
The relevance of field oriented control is witnessed by a

large numbers of investigations carried out both from
a theoretical and a practical point of view [5]. The
scheme works with a controller which approximately
linearizes and decouples the relation between input and
output variables by using the simplifying hypothesis
that the actual motor flux is kept constant and equal
to some desired value.

In the last 10 years with digital signal processing,
significant advances have been made in the theory
of nonlinear state feedback control [3], and particu-
lar feedback linearization and input-output decoupling
techniques have been successfully applied for control of
induction motor drives [7], [4], [1], [2], [8], [9] and [10].

In Krstic, Kanellakopoulos and Kokotovic [11], a
view is opened to a largely unexplored landscape of
nonlinear systems with uncertainties. The recursive
design methodology developed is called backstepping.
With this method the construction of nonlinear feed-
back control laws and associated Lyapunov functions
is systematic and guarantee that the designed system
will posses desired properties globally or in a specified
region of the state space.

While feedback linearization methods require pre-
cise models and often cancel some useful nonlinearities,
backstepping designs offer a choice of design tools for
accommodation of certain nonlinearities and can avoid
wasteful cancellations.

In this paper the method is used for design of a field
oriented controller for an induction motor assuming
measured rotor speed, stator currents and voltages.
The control objectives are tracking of
e the amplitude of the estimated flux
o the estimated electrical torque

A Lyapunov function for the designed system guar-
antee desired properties in the state space region where
the motor is magnetized.

The key items in this paper are
o a model assuming the speed as an input
« rotor field orientation
e a simple flux estimator
« control of torque and rotor field amplitude based on
nonlinear feedback
o stability analyzed by a Lyapunov function
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Fig. 1. Definitions of transformation angles

The paper also shows how a conventional field ori-
ented controller may be derived from the developed
nonlinear controller by omitting some terms.

2 INDUCTION MOTOR MODEL

The motor model is described in a rotating refer-
ence frame e/? with w = %f, having the d-axis in the
direction of e7? and the g-axis orthogonal to the d-axis.

For the currents and voltages given in stator coordi-
nates (isa,isp,isc) and (usa,usp, usc) the following
equations based on the angle definition given in Fig.
1 give the transformation from stator coordinates to

rotating (d, g)-coordinates:

(isA + aisp + aJQisC)eijp
(usa + ausp + a?usc)e 9P

is = isd + jisq =
Us = Usq + JUsq =

wlnolno

The motor model is then given by:

L/sisd Usd
i Liig, _ ) usg |
dt L;niwwl n 0
L img 0

Rsisd - WL/S/I:S(I + R;(lsd - imd) - prh’LeChL;niﬂ’Lq
Rsisq + WL;isd + R;’(qu - 7:7nq) + prmechL;nimd
R;«(isd - imd) + (w - prmech)L;niWLq
R;’(isq - imq) - (‘U - prmech)L;nimd

and the developed electromagnetic torque is:

3

Mo = 52,1, (imaisg — imgisa) 1)

The mechanical equation is:

den’bech — . —m

At e L
Because the rotor magnetizing current Ton = Bmd +
Jimg 1s not measured an estimator has to be con-
structed. A common method used is based on the

Introducing 7, = L},/R, and

current equations.

Wy = ZpWmech 0 the equations gives
d» 1/; A
atmd T_r-(ZSd - Zmd)
d» 1 /: A A
Gimg = 7 (lsg = img) — (W — Wy )ima =0

r

gives for i,,q # 0 and 2,0 =0

_ _tsq
Tr%nd

Wslip = W — Wy
The estimation error %, = %,, — %,, has the dynamics
d — A Td + Walind,
- T, md sliplmg
l — - N
dt _Trlmq — Wsliplmd
It is now shown that the estimation error dynamic

is stable. The convergence is based on a Lyapunov
function candidate

lmd

g

1 . »
Vobs = §(Z$nd + Z%nq)

whose derivative along the solutions is

. N 1. N N N N
Vobs = Z7nd(__Z7nd+wslipl7nq)+lmq(__Z7nq_wslipl7nd)
T, T,

Vips = — (2, + 2. ) <0
obs — (l7nd + Z7nq) =

T,

The time derivative of the Lyapunov function candi-
date is negative so the candidate is indeed a Lyapunov
function and the estimator is stable.

3 BACKSTEPPING

The control objectives are tracking of
« the amplitude of the estimated magnetizing current
imd
o the estimated electrical torque %ZpLﬁnimdisq

The philosophy in the Back Stepping method is to
split up the system into disjunct subsystems, assuming
that the complementary dynamics reacts as a distur-
bance on the subsystem. Proof of the stability for the
subsystem can only be fulfilled if some nonlinear de-
coupling terms are introduced, these terms are called
nonlinear damping.

Step 1.

We first consider the tracking objective of the mag-
netizing current. A tracking error z; = g — imd,res
is defined and the derivative becomes

él - Tir(iSd - 'Z7nd) - %
To initiate backstepping, we choose is, as our first vir-
tual control. If the stabilizing function is chosen as

dimd,ref

isd,ref = tma — 1 Tr 21 + T dt
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Fig. 2. Nonlinear Field Oriented Control
we get

_(isd - isd,ref)

r

2 = —c1z +

Due to the fact that i,4 is not a control input an error
variable 2o = i59 — isq,ref is defined and we have

2 =—cxn+ ==
1 121 T 2
Step 2.
The derivative of the error variable z9 = i4q —
becomes

isd,ref
. . 1 . ~
29 = _T,,-(Z‘Sd - Z7nd)
+c1 (isd
1
L/ d -
L,
+ L’ Z7nd + w7 L’ Z7nq

T d? imd ref

T dtz
wLllisy + R.(tsqd — tma))

~ di
— lpg — T ij Wf)

I}’ (R isd

/o~

Viewing gmd and fmq as unknown disturbances we
apply nonlinear damping [11] to design the control
function

Ll, Usq = Fr(Rsisg — wllisg + Rl(isq — ima))
(%—ﬁﬂw—%w
ey Ty Lomteret 4 7, & “";.“f
—cozg — —21 dz{(L, )2 (wr i ) tzo
Defining ¢, = 4%, ¢, = w52 and ¢* = ¢} + ¢}

insertion of the control function in the dynamics for
the error variable zo gives

2 ]‘ ~ ~
=tz = - da® 20 + Prima + Doimg

.
Step 3.
We now turn our attention to the torque tracking
objective. A tracking error is for 7,4 # 0 defined as

i

'md,ref

—> (l 'SZpI‘lmimd)r

1 sq,ref : Sq
1 U,

Fig. 3. Conventional Field Oriented Control

Viewing %md and qu as unknown disturbances we ap-
ply nonlinear damping [11] to design the control func-
tion

1 1 : I /g /A
77 Usq = L_/(Rslsq + Wlesd + ersq + ermZmd)
el el
Me,ref 1 /s >
—g——— 7 (lsd — 1,
T2 L 7; (isa = Una)
1 Me,ref
+ %ZJ)L;ni7n,zi R?t L/
r\2 m \2
—C323 — d3{(L/S) + (wr 12 )*}z3

Insertion of the control function in the dynamics for
the error variable z3 then gives
2.3 = —C323 — d3¢223 - ¢1g7nq + d)an’Ld

The combined controller is shown in figure 2 where
we have

o . ’ - ;. ~
Usd,ff = Rszsd - WL;qzsq + R;« (st - Z7nd/)
Usq,ff = R lsq + wlL stsd T ersq + wlerZWLd
; . ~ A ~
Usd,nl = L {(_ - Cl)(lsd - Z7nd) - _(Zmd — Imd,re )}
Ty

_ Me,ref L; . A~

Ugg = —gprrar 7 (lsa — 1
sq,nl EY ) 2 T, ( sd 7nd)

Figure 3 shows a conventionally field oriented con-
troller. Often the current controllers are of the PI type
and the feedforward terms usq ;5 and ugg, ;¢ are omit-
ted. If we compare figure 2 with 3 it is seen that the
conventional Rotor Field Oriented Control does not
contain the usqn and ugq,n; terms but has a PI type
controller instead of a P type as in the nonlinear con-
troller. In equilibrium the effect is the same in the two
situations if an exact motor parameter knowledge is
present, if not the Rotor Field Oriented Control will
perform better. Normally the P type controller will
be tune to a level where the stationary error will be
negligeable.

4 STABILITY ANALYSIS

Combining the above transformations give the sys-
tem dynamics

23 = lgq — meyref/(%ZpL;nimd) and the derivative is 2 —c121 + —22
3= Drtlag — A (Raing + WLing + Rlisg +wyLhima) 4 | 22 2% = 125 = 2+ rima + daimg
i /s:] L s/ sg sts rlsq rimimd) 23 = —0323 — dgqb 23 ¢1lmq + ¢21md
L, dt ¥ 17

L’ Z7nq + w7 I Z7nd Imd Z7nd + wsllplmq
+ me ref 1 ( ) i 1T‘Y 5

ER I P T, isd — md mq 7Trl7nq — Wsliplmd

mm,
dm,,ﬂ.,,f (2)

3 Z,Ltma At

m



:Fhis system has an equilibrium at z; = 2o = 23 =
lind = imq =0

Furthermore the derivative of the Lyapunov function
candidate

1 1. ..
{21 2+ 25+ T+ ) (ma +img)}
along the solution of (2) is nonpositive
. 3.1 1, .
V= et ek S D@,
—da(py 2 N )2 — dy(pyz N )2
2\P1~2 2d2 md 2\ P2 <2 2d2 mq
As(6120 — 5 ma)? — ds(a23 + 5ima)?
- 23— =—Umg)” — 23+ —im
3\P143 st q 3\P2<3 st d
It is seen too that V < —W <0 with
3.1 1. .

=2
W = C121 + 0222 + 0323 + = Lond T+ qu)

Assuming boundedness of the reference values and a
stable control for me s based on wyecn then we have
for #,,4 > 0 a solution giving lim; .., W — 0. Hence,
the torque and field magnitude tracking objectives are
achieved for any initial condition 2,,q > 0.

5 SIMULATIONS

In this section sensitivity due to temperature vari-
ations will be analyzed based on a simulation study.
The nonlinear control method will be compared with
the traditional rotor flux based Field Oriented Control
method with d-q current control loops. Both methods
will use the following flux estimator:

imp(t) = T iSd(t)
o) = Zemecwf T

which is defined for i,,p # 0.

The stator and rotor resistances changes consider-
ably due to variation in temperature. For our test
motor, a GRUNDFOS 1.1 kW induction motor, these
variation can be calculated . The minimum and max-
imum values for the resistances are obtained for cold
and hot motor respectively. The analysis of the sen-
sitivity against variations are based on a simulation
study.

The complexity of the simulation model is the same
as assumed in the controller design so saturation ef-
fects, iron losses and other second order effects are
omitted. In order to get realistic control conditions a
200us delay is introduced in the voltages applied to
the motor.

In the control systems a speed controller is intro-
duced which is not shown in figure 4. In the nonlinear
control strategy the pure differentiations in the decou-
plings are omitted, because differentiations are numeri-
cal unrobust operators in a control system due to noise.

u

mRref

m

sdref

eref

u
sqel u

=Z— =202

Fig. 4. Field Oriented Control System with decoupling of torque
and field amplitude

In stationarity the operators do not contribute with
any corrections.
The load is simulated as

dwmech

Jdt

=Me — ML

The references in the simulation are changed as follows

t<0.1
01<t

for

0
Noes { 2000 for

with the load torque my, equal to 0. The parameters
used for the simulation are J = 0.00140 and Z,, = 1.

R, R, L, L,-L, L.—L,
Nominal 6.50 6.48 0.535 0.0134 0.0190
Cold motor 4.49 4.70 0.535 0.0134 0.0190

The parameters in the controllers are based on nom-
inal parameters for the motor.

Figures 5 and 6 show a comparison between the Non-
linear Backstepping method and the Rotor Field Ori-
ented Control method for cold and warm motor.

As the figures show the two methods demonstrate
nearly the same dynamic behavior. The Nonlinear
Backstepping method shows distorted torque response
for cold motor compared to the Rotor Flux Orieted
Control strategy. This deviation is due to incorrect
decoupling in the Nonlinear Backstepping method. In
the RFOC strategy the PI controllers compensate for
the modeling errors.

6 EXPERIMENTS

The simulations of the Nonlinear Controller is veri-
fied by experiments. Figure 7 shows the experimental
results for heated motor. It is seen from the figure
that the simulated response for the control strategy is
close to the experimental result. The speed response
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fits exactly, while there is a deviation in the torque es-
timation response. This deviation is due to the fact
that friction loses are not included in the simulation
model.

7 CONCLUSION

A new method based on nonlinear control theory has
been compared to the traditional Rotor Field Oriented
Control method. Compared to other strategies evolv-
ing from the nonlinear control theory reported in the
literature this method do not need an adaptation of the
motor load. Elimination of this need for adaptation
implies that servo performance is present even at mo-
mentary load torque changes. The new method does
not outperform the traditional Rotor Field Oriented
Control method, but shows a systematic way of devel-
oping the strategy. The Backstepping method opens
up for including second order effects into the control
strategy, actually it is possible to assume that some
parameters are unknown and an adaptive strategy for
estimating the parameter will evolve from the theory.
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Fig. 7. Nonlinear Control experiment (dashed) and simulation

This feature is not shown in this article but will be the
topic for future work.
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