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Abstract

Using backstepping, which is a recursive nonlinear design
method, a novel approach to control of induction motors
is developed. The resulting scheme leads to a nonlinear
controller for the torque and the amplitude of the field.
A combination of nonlinear damping and observer back-
stepping with a simple flux observer is used in the design.
Assuming known motor parameters the design achieves
stability with garanteed region of attraction. It is also
shown how a conventional field oriented controller may be
obtained by omitting parts of the nonlinear controller.

Keywords : Nonlinear control, backstepping design,
induction motors.

NOMENCLATURE

a complex spatial operator eI2m/3
ts4,B,c  stator phase currents A,B and C

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
Lo, Ly self inductance of the stator and the rotor

Lm magnetizing inductance

Ty rotor time constant (T = Ly /R;)

o leakage factor (1 — L2, /(LsL,))

R! referred rotor resistance (R!. = (Lm/Ly)2Ry)
L’ referred stator inductance (L), = oL,)

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

Zy 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 (¢ = 1.5Z,L1))

1 Introduction

The development of the design of high-performance con-
trollers for drives using an induction motor as an actua-
tor 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 rele-
vance of field oriented control is witnessed by a large num-
bers 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, sig-
nificant advances have been made in the theory of nonli-
near state feedback control [3], and particular feedback li-
nearization 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 sy-
stems with uncertainties. The recursive design methodo-
logy developed is called backstepping. With this method
the construction of nonlinear feedback control laws and
associated Lyapunov functions is systematic and guaran-
tee that the designed system will posses desired properties
globally or in a specified region of the state space.

While feedback linearization methods require precise
models and often cancel some useful nonlinearities, back-
stepping designs offer a choice of design tools for accom-
modation 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 mea-
sured rotor speed and stator currents and voltages. The
control objectives are tracking of

e the amplitude of the estimated flux

e the estimated electrical torque

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

The key items in this paper are

e a model assuming the speed as a parameter

rotor field orientation

a simple flux estimator

control of torque and rotor field amplitude based on
nonlinear feedback

e stability analyzed by a Lyapunov function

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

2 Induction motor model
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Figure 1: Definitions of transformation angles and symbols

The motor model is described in a rotating reference
frame e/” with w = ‘;—f, having the d-axis in the direction
of ¢7? and the g-axis orthogonal to the d-axis.

For the currents and voltages given in stator coordinates
(isa,1sB,1s¢) 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, q)-
coordinates:

1s = tsq + jisq =
Us Usd + JUsq =

(isA + aisB + azisc)e‘jf"
(Usa + ausp + a?ugc)e™?

[SSIINV [N

The motor model is then given by:

L;isd Usd
i Liigg — Usg \ _
dt Linimd 0

L img 0

Ryigq — WL{«;isq + R;«(isd - imd) - prmechL;nimq
Rsisq + WL;isd + R;(Z‘sq - imq) + prmechL;nimd
R;«(isd - imd) + (w - prmech)Linimq
R(isg = img) — (@ = Zpwimecn) L ima

and the developed electrical torque is:

3 L. ..
Me = inLﬁn(zmdzsq — Umglsd) (1)

The mechanical equation is:

dwpmech

J
dt

+ fOWmech =m, —Mmy

Because the rotor magnetizing current T = imd + Jimg
is not measured an estimator has to be constructed. A
common method used is based on the current equations.
Introducing 7, = L/ /R, and w, = Zpwmecp in the equa-
tions gives

i imd TLT(st — imd)
%imq T%(isq imq) (W - wr)imd =0

gives for tma # 0 and 2y = 0

lsq

Welip = W — Wp = ——=
P Trlmd

The estimation error i, = i, — i,, has the dynamics
ﬂ{ zmd } _ _T%Emd +Wslip§mq
dt Z.mq _TLrimq - wslipimd
The convergence is based on the Lyapunov function
Vops = l(22 +i2,,)
obs — 9 md mq

whose derivative along the solutions is

Vobs = imd(_ﬁimd +wslipimq) + imq(_iimq _wslipimd)
' L = =2
Vobs = _?(lmd + qu) <0

3 Backstepping
The control objectives are tracking of

o the amplitude of the estimated magnetizing current

imd

e the estimated electrical torque %Zp Ll imdlsq



Step 1.

We first consider the tracking objective of the magne-
tizing current. A tracking error z1 = %md — tmdref 18
defined and the derivative becomes

. . A dimd ref
2] = —(%sqa — 2 -
1 Tr ( sd md) di
To initiate backstepping, we choose is4 as our first virtual
control. If the stabilizing function is chosen as

. . dimaq
Isdref = tma — c1Tr21 + Trmdit’w
we get
21 =—ciz1 + _(isd - isd,ref)

1,

Due to the fact that is4 is not a control input an error
variable 23 = 1,4 — #54,rc; is defined and we have

71 = —C12 —z
1 121 + T 2
Step 2.
The derivative of the error variable 25 = ;g — 1sdref
becomes

_%(isd - imd)

. . dima,re dima,re
_ﬁcl(zsd _1Zmd _ Tr . ;t’ f) - Tr .Z dtdﬁ j’
L_’SUSd - L_/S(Rszsd - WL{glsq + R;«(st - Zmd))

1~ o~

Zo =

R~ L'~
+L_/Zmd +wrfz/n“lmq

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

A (Ryiyg — wllisg + RL(isq — ima))
(2= — e1)(isa — ima)
dima,ref d*ima,res
+61Tr dat + Tr c}ﬂ ,
—Co29 — :,%21 - d2{(%§)2 + (Wr%f‘)2}z2

1
L., =
L’ sd

Defining ¢; = 1;—,:, ¢y = wTLL—’,: and ¢ = ¢? + ¢2 inser-
tion of the control function in the dynamics for the error
variable z5 gives

: 1 , . <
Zs = —C223 — ?21 — 20?29 + G1ima + ®20mg
r
Step 3.
We now turn our attention to the torque tracking ob-
jective. A tracking error is for %,4 # 0 defined as
23 = isq — mey,.ef/(%ZpL;nimd) and the derivative is

s 1 1 - s s RS
23 = Trlusqg — L_/(Rslsq + Wlesd + R,-qu + Werlmd)
°Rl~ N A
- L_lrzmq ‘I‘ Wr LTIn Imd
+ML(' —3 )
37 L1 2 T 1sd Imd
24P mma T
_ dme,ref
2ZyL ima dt

| md,ref

]
Q¥ (cHd@)L, )

usd,ff+usd.nl

LN
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Figure 2: Nonlinear Field Oriented Control

Viewing imd and ;mq as unknown disturbances we apply
nonlinear damping [11] to design the control function

1 —_ 1 ; !y !y ! 3
I Usqg = L_/(Rslsq + Wlesd + R,«qu + ermZmd)
Me,ref

12t 1 (isd = ima)

dme,ref
+ %Z},L’mfmd dt

—eaza — da{(77)? + (wr 7)) 2

Insertion of the control function in the dynamics for the
error variable z3 then gives

Z3 = —C323 — d3¢223 - ¢1imq + ¢2imd

The combined controller is shown in figure 2 where we
have

_ . /- ). -
Usd ff = Ryigq — stqu + Rr(lsd - Lmd)
— y !y !y 13
Usq ff = Rslsq1+ Wlesd +ersq +W{“Lmlmd
_ / P A ) N
Usd nl — Ls{(T_r - cl)(lsd - zmd) - T_r(lmd - zmd,ref)}
_ Meyres Ly 5
Usgnl = —Fz 1152 7= (isd — ima)

Figure 3 shows a conventionally field oriented controller.

Imd,ref isd,ref usd
imd Isd usd,ff
M.« 1 Mg u

—= % (L.5Z,L i) 1i>$_—> — 4$—§q
I Ugy

Figure 3: Conventional Field Oriented Control

Often the current controllers are of the PI type and the
feedforward terms uyq ; and wusy pr are omitted. If we
compare figure 2 with 3 it is seen that the conventional



is a special case of the nonlinear controller, with omit-
ted feedforward terms from the references and nonlinear
feedforwards usq,n1 and ugg ni.

4 Stability Analysis

Combining the above transformations give the system dy-

namics
—e121 + 1,
21 C121 T, %2
1 2 ~ ~
29 —C223 — 21 — d29° 23 + Prima + P2img
d "9 ~ ~
7\ =< —c323 —d39°23 — G1img + Paimad
< 1~ ~
1md _Trlmd + Wsliptmg
tmg _T_rimq - Wslipimd
(2
This system has an equilibrium at z; = 29 = 23 = iyq =
tmg = 0

Furthermore the derivative of the function
V=t 4 T+ )+ )
2 dy  d3” "™ me
along the solution of (2) is nonpositive

, 3.1 1.

V= —clzf — czzg —c32; — Z(d_Q + d—S)(imd —1—2?,1(1)
—ds (12 L 0)? —do(dozy — =—1my)?
2 \@P1<2 2d2 m 2\P2<2 2d2 mq,
da(6125 — ——img)? — da(6223 + ——ima)?
3(P123 2d32mq 3(P223 2d32md,
It is seen too that V' < —W <0 with

1

3
W = clzf + 6225 + 63z32, + —(—
4 ds

1 - -
Assuming boundedness of the reference values and a stable
control for m. r.; based on wmecn then we have for 2,4 > 0
a solution giving lim; ... W — 0. Hence, the torque and
field magnitude tracking objectives are achieved for any
initial condition 2,,; > 0.

5 Simulations

In this section sensitivity against change in rotor resi-
stance and magnetizing inductance 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:

%mR(t)

0

T isalt)

t
Zylmeon + | 72T
which is defined for ip,g # 0.

The rotor resistance and the magnetizing inductance
change considerably due to variation in temperature and

magnetic saturation. For our test motor, a GRUNDFOS
1.1 kW induction motor, these variation can be calcula-
ted. The magnetizing inductance is minimal when the
motor 1s unloaded. In that case the motor is very close
to saturation. The magnetizing inductance is maximum
when the motor torque is maximum. The minimum. and
maximum. values for the rotor resistance is obtain for cold
and hot motor respectively. The analysis of the sensitivity
against variation in R, and L,, is based on a simulation

study.

i;]L, N Uy EWE"
eref O 'Bref
—— u >

E e Uscer
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Figure 4: Field Oriented Control System with decoupling of
torque and field amplitude

In the control systems the speed controller and field
weakening function will be omitted as shown in figure 4
The load is simulated as

dwmech
dt

J

= Me — fOWmech

and the reference signals iR ref, Me rep are chosen as:

0 for t<0
imRre; = 0.8 for 0<t<1
0.4 for 1<t
_ 0 for t<05
Meref = 0.4 for 05<t

The parameters used for simulation are J = 0.00077,

Z, =1, ay = 0.04, Ty = 0.0005.

R, R, Lpn Ly-L, L.—Ln,
Nominal 9.20 6.61 0.5353 0.01228 0.01865
Cold motor 9.20 4.79 0.5353 0.01228  0.01865
196% load  9.20 6.61 0.6601 0.01228 0.01865

Figures 5 and 6 show the sensitivity to changes in rotor
resistance and magnetizing inductance. The subfigures in
the first and second column show the simulation results
using the Nonlinear Backstepping method and Rotor Field
Oriented Control method respectively. The dashed lines



LR (nominal values dashed) LR (nominal values dashed)

a) Magnetizing current iyp (NC) ¢) Magnetizing current iy,g (RFOC)

o1 o0z 03 05 06 07 08 o1 o0z 03 05 06 07 08
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b) Dev. elecirical torque m, (NC) d) Dew. electrical torque m. (RFOC)

04
time [s]

Figure 5: Sensitivity to change in rotor resistance for Nonlinear Control (a and b) and
Rotor Field Oriented Control (c and d). Dashed line (nominel motor) and solid line (cold

motor)

LR (nominal values dashed) LR (nominal values dashed)

a) Magnetizing current iyg (NC) ¢) Magnetizing current iyg (RFOC)

o1 o0z 03 05 06 07 08 o1 o0z 03 05 06 07 08

04
time [s]

b) Dew. elecirical torque m, (NC) d) Dew. electrical torque m, (RFOC)

04
time [s]

Figure 6: Sensitivity to change in magnetizing inductance for Nonlinear Control (a and
b) and Rotor Field Oriented Control (¢ and d). Dashed line (nominel motor) and solid
line (196% load)



correspond to equal parameters in the motor and the mo-
del (hot motor, 100% load). The solid lines correspond to
the case where motor parameters change due to tempera-
ture (cold motor) and load variations (200% load).

As the figures show the two methods demonstrate nearly
the same dynamic behavior. Both methods are sensitive
to changes in L, and R,. In the case of a change in L,, it
would have been expected that the Rotor Field Oriented
Control method would have been less sensitive due to the
internal current loops.

6 Conclusion

A new method based on nonlinear control theory has been
compared to the traditional Rotor Field Oriented Con-
trol method. Compared to other strategies evolving from
the nonlinear control theory reported in the literature this
method do not need an adaptation of the motor load. Eli-
mination of this need for adaptation implies that servo
performance is present even at momentary load torque
changes. Both methods are sensitive to motor parameter
variations. In the case of a change in L,, it would have
been expected that the Rotor Field Oriented Control met-
hod would have been less sensitive due to the internal cur-
rent loops, but the simulation studies show that the two
methods have nearly the same sensitivity. The nonlinear
method has the advantage that it opens for a systema-
tic way of compensating for nonlinearities like magnetic
saturation effects.
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