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Abstract

In this paper we apply a new method for gain-scheduled
output feedback control of nonlinear systems to current
control of an induction motor. The method relies on
recently developed controller synthesis results for linear
parameter-varying (LPV) systems, where the controller
synthesis is formulated as a set of linear matrix inequal-
ities with full-block multipliers. A standard nonlinear
model of the motor is constructed and written on LPV
form. We then show that, although originally devel-
oped in continuous time, the controller synthesis results
can be applied to a discrete-time model as well without
further complications. The synthesis method is applied
to the model, yielding an LPV discrete-time controller.
Finally, the efficiency of the control scheme is validated
via simulations as well as experimentally on the actual
induction motor, both in open-loop current control and
when an outer speed control loop is closed around the
current loop.

1 Introduction

Gain scheduling is a well-known and common approach
to control of well-behaved nonlinear systems. The clas-
sical approach to gain-scheduling control has been to
linearise the plant model in some set of operating points
and design one or more linear, possibly robust, con-
trollers for the system in said points. The gains of
these individual linear controllers are then interpolated
between the different operating points. This approach
has been used in a multitude of applications and often
works well as long as the scheduling variable, i.e., the
variable according to which the controllers are interpo-
lated, varies slowly. However, as pointed out in [13],
the rate of change of the parameter variation imposes
fundamental limitations on the achievable performance
of classical gain scheduling controllers. Also, the clas-
sical gain scheduling methods are generally somewhat
ad hoc.

More recent work on linear parameter varying (LPV)
control has addressed these issues by devising rigor-
ous methods in which it is possible to compensate for
known, fast parameter variations directly in the con-

trol design [9,11,12]. Linear parameter-varying sys-
tems are linear systems whose system matrices depend
on some time-varying parameter vector that is either
fully known or at least known to be contained in some
known set. In LPV control design this knowledge is em-
ployed to provide systematic gain scheduling in which
stability and performance of the closed loop can be
guaranteed. The controller synthesis is cast as a set of
matrix inequalities based on the varying system matri-
ces and the plant-controller interconnection, along with
a set of multipliers, which must satisfy these matrix in-
equalities.

One problem with these types of approaches has so far
been that it can be difficult to obtain non-conservative
controllers for a given plant if the plant parameter
variations are considerable and restrictions are placed
on the controller synthesis in the form of pre-imposed
structures in the aforementioned multipliers. In [2] a
controller synthesis with structural constraints on the
multipliers was achieved for parameter dependencies
entering the system via a linear fractional transfor-
mation (LFT) description. The structural constraints
were dealt with in case of affine parameter dependen-
cies in [3], but it is only recently that it has been shown
how they can be lifted in case of more general, rational
parameter dependencies, i.e., in LFT descriptions, as
well. The resulting synthesis matrix inequalities yield-
ing the controllers can be solved by using the so-called
full-block S-procedure [12]. In essence, this results in
an automated controller design method for nonlinear
systems which permit an LPV description. To the best
of our knowledge, this paper presents the first actual
implementation of an LPV controller designed via the
full-block S-procedure.

In this paper we will use this novel technique to de-
sign and test a rotor flux oriented current controller
for an induction motor. Several continuous-time con-
trol schemes that take the induction motor dynam-
ics into account have been applied to this problem
[6,7,10,14,15]. A drawback of most of these methods
is, however, that they require a considerable amount
of tuning and engineering insight. In this paper we
will demonstrate that LPV controller synthesis can be
applied to the problem and achieve satisfying perfor-



mance basically without any ad hoc tuning. Another
general problem with these schemes is that it is un-
clear whether or not they will work well when imple-
mented in discrete time at a sampling frequency which
is not considerably faster than the motor dynamics.
This is generally important in connection with prac-
tical implementations if there are limitations on the
sample rate compared to the dynamics of the plant,
since the accuracy of a continuous-time nonlinear de-
sign may not be sufficient if the sample rate cannot be
chosen high enough. If the sample rate cannot be cho-
sen freely, a continuous-time controller synthesis may
result in discrete-time controllers with very high gains
or unstable open-loop dynamics, which could result in
the designed closed-loop behaviour not being preserved
when the controller is implemented. In this paper we
show that the LPV controller synthesis can be carried
out in discrete time and applied to the current control
problem. A few other examples of discrete-time designs
for induction motors can be found in [4] and [17].

The content of the paper is as follows. Section 2
briefly discusses the model of the induction motor on
which the LPV control law is based. It is written as a
complex-valued state space model which can easily be
discretised. Next, in Section 3 we discuss the discrete-
time formulation of the controller synthesis problem
based on full-block multipliers and show that the prob-
lem can be solved with only small modifications com-
pared to the continuous-time version. In Section 4 the
control synthesis result presented in Section 3 is applied
to the induction motor model of Section 2. Section 5
then demonstrates a few simulation results where it is
seen that the controller performs as expected. Section
6 shows practical experiments on an induction motor.
Finally, Section 7 sums up the conclusions of the work.

2 LPV Description of Motor Model

The induction motor setup we are considering in this
paper is shown schematically in Figure 1. An inverter
feeds three-phase alternating current (isa,isp and isc)
to the motor based on the PWM voltages us4,usp and
ugc. The three-phase voltages and currents are trans-
formed from/into a single complex voltage and current
representation in a rotating reference frame, respec-
tively, according to the relations

Ug 3
, N 2/ N
isd + Jisq = 3 (zsA +ispe’ 3 +isce! 3 ) e 7P

where p is the angular position of the chosen reference
frame. usq = R{us}, usq = S{us}, 954 = R{is}, and
isq = S{is} are all real-valued signals. The aim we
will pursue in this paper is to design an inner current

it = 2 (s wneE et S i
Usd JUsq UsA UsB€ Usce €

control loop which can be placed in a cascade coupling
with an outer shaft speed control loop, as indicated in
Figure 1.

im,ref
—
Wr,réT_JContro Ue
UsA,UsB, UsC
\— p Inverte
Current loop
is — -
1sA,1sB,ylsC
Motor()
Speed loop -
Zyp £
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Figure 1: Schematic drawing of the induction motor
setup.

With standard assumptions, the motor model is given
by (see e.g. [8] or [10]):

dis  (Rs+ R, 4iw)i
a I Jw ) b
R’ L . Us
# (5 g A i+ )
i R. R. .
W = le s — (L;n +J(w - prmech)) im (2)

in which us and is are the complex stator voltage and
current, respectively, and i,, is the complex magnetis-
ing current associated with the rotor flux ¥, = L, ip,.
The equations above are given in a reference frame
which rotates with a rotational speed w = p. L, is
the magnetising inductance. R. = (L,,/L,)?R,, L, =
Ly — L% /L, and L/, = L2 /L, are the referred pa-
rameters used in the model, found based on identified
values of the stator and rotor resistances and induc-
tances R,, R,,Ls and L,. Z, is the number of pole
pairs, while wyecn 18 the motor shaft speed. The mo-
tor develops the electromagnetic torque

me = S{;ZPL’misifn}

while the load torque mj, acts as a disturbance via the
mechanical relation

dwmech

= Me — M
dt e L

where J is the mechanical moment of inertia. We
choose a reference frame rotating at the same angle
as the magnetising current, since in this frame the
steady-state signals are constant. Since, in reality, the
magnetising current cannot be measured, we will use
the following simple estimator. Let T, = L, /R and
Wy = Zpwmech and compute the estimate of 4y, %,



based on (2) as

W = Wy + Z’sq/(TT%md) (3)
di, 1 1

W = Eis - (ﬁ +j(w - WT))%m- (4)

In this reference frame, im is real. We choose the com-
plex state vector x = [i} i}, ] “ and insert (3) in (1)-(2)
obtaining

T = (A0+61A1 +52A2)x+Bus, iy = Cux (5)

in which
_RstR, R, 1
’ ’ T
Ay = R%S Lﬁ/ , B= {L@} and C' = [1 0]
I —I 0

represent the nominal model, which is an LTT system,
and
i _iLlm

J jOL; and As =

A =
"o

.
0 Jpir
0 —jz

represent the effects of parameter variations in the lin-
ear system. These parameter variations symbolise the
nonlinearities caused by 01 = w and § = isq/%md,
where all signals vary with time and i,,q > 0 V¢. This
particular choice of parameterisation has the advantage
over the other obvious choice, 61 = w and 6 = w,,
that w will typically be close to w,; the parameterisa-
tion chosen above is a straightforward way to exploit
this knowledge. The system (5) can then be written on
an LFT form and can be meaningfully discretised, for
instance according to the method presented in [1]. By
considering the parameter variations as being caused
by external effects, we are able to employ the LPV
control synthesis that will be described in the follow-
ing section. It should be noted, as already mentioned
in the introduction, that the main reason why we dis-
cretise the model at this point is to be able to address
limitations on the sample rate already in the synthesis
phase, before the actual implementation.

3 LPV Controller Synthesis

In the synthesis, we consider the discrete-time system
M (k):

Th+1 A | Bu Bp B Tk
Zu,k _ Cu Duu Dup Eu Wy, k
“p,k Cp | Dpu Dy Ey Wp,k

yk C Fu Fp 0 UL

with zx € C" ur € C™ and y; € CP representing
states, inputs and outputs at sample instant k, respec-
tively. All the matrices are assumed to be complex,

constant and of appropriate dimensions. wy; € CPv
and z, € CP= are used to specify performance and
Wy, € C*» and z,, € C"# are channels which connect
a set of residual gains collected in the mapping Ay with
the nominal linear system as follows:

wu,k = Akzuyk. (7)

Aj is a time-varying mapping that represents the non-
linearities in the system. We will assume that A € A,
where A is a compact, path-connected set containing 0,
and that the interconnection between the nominal sys-
tem model M (k) and A is well-posed, that is, I — AD,,,
is nonsingular for all A € A.

Zurm A wy
A 0
Zp ‘_: M (k) :‘:_ Wp 0 8.(4)
Y U =
T K(k) [ M.(k)
Zc wc Zp - [— wp
A(A)

Figure 2: The interconnection of the nominal system
M (k), the residual gains A, and the controller
K(k).

We then consider the controller-system interconnection
depicted in Figure 2. The controller is of the form

Le,k+1 Ac | Bcl BcQ L,k
Uk = | Ca | Deair Dero Yk (8)
Ze,k 002 Dc21 Dc22 We, k

s

with we g = Ac(Ag)zer where A, is a nonlinear func-
tion of A. If we interconnect the controller and the
nominal system as depicted in the left part of Figure 2
we get the closed-loop LTT system M. (k) described by

Xk+1 -A ‘ Bu Bc Bp Xk
Zu,k _ Cu Duu Duc Dup Wy, k
Ze,k B C'c Dcu Dcc Dcp We, k
Zp,k Co | Dyu Dpe Dpp Wp, k

subject to the parameter dependency

o e | S

and with the state vector y;, = [z} xzk]* A, and
the controller matrices must be chosen such that the
interconnection with the system and controller is well-
posed, i.e., I — [% AOC] [gzz %zﬂ is nonsingular for all

A € A. More explicitly, the gains of M.(k) in (9) are



given by

A| B. B.|B,
Cu Duu D’U.C Du
Me =1 ¢ | Do D | Dy
L Co | Dpu Dpe | Dpp
A 0| B, 0B,
0 0 0 O 0
— | C. 0[Duw 0D,
0 0 0
L Cp 0] Dpu 0] Dyp
0 B 0
I 0 0 0O I|0 0O
+|0 E, 0|K|C 0|F 0|F
0o o I 0O 00 I|O0
0 E, 0
-Am Bml Bm2
= le Dmll Dle
Cm2 | Dm21 | D2z

where K is the matrix of controller gains given by (8).
It can be shown [12] that the trajectories of (9) are
identical to those of the nonlinear system

Xer1 = A(Dp)xx + B(Ar)wp (11)
Zpk = C(Ar)xk + D(Ap)wp,k
where
C(Ak) D(Ak) Cm2 Dm22

The objective is, if possible, to find a gain-scheduled
control law K (k) and a scheduling function A.(A) such
that the closed loop system (9) fulfills a robust quadratic
performance specification (RQP), which is defined as
follows.

e The interconnection of system and controller is
well-posed.

e The unforced system is uniformly asymptotically
stable, i.e., positive constants K and « exist such
that || x| < |Ixol|Ke=* for k > 0 and all A € A
if wy 1 =0.

e The following performance specification holds for
Xo = 0:

o0 * o0
w w
Je>0: E [ p’k} P, { p’k} < — E Wy, 1 Wy k
k=0 k=0

Zp,k Zp,k
(12)

for some P, = [g” IS{;] , R, > 0, specified a pri-
P

ori.

As can be seen, this formulation is equivalent to the
continuous-time formulation of the notion of RQP
(see for instance [12]). The following result shows
that the discrete-time version of the full-block S-
procedure yields a synthesis procedure that will guar-
antee (discrete-time) RQP for (9).

Theorem 1 Robust quadratic performance is achieved
for the system (9)-(10) if one of the following two
equivalent properties holds.

1. (9)-(10) is well-posed and there exists a Hermi-
tian X > 0 such that

« 1" -x 0] 0 0 I 0
% 0 X| 00 A(A)  B(A)
ko 00 [Q S 0 I
* 00 |S: R, C(A) D(A)
(13)
for all A € A.

2. There exists a Hermitian multiplier

P | P,
P, = [ P P } (14)
which fulfills the matriz inequality
A o ] A0
0 AL 0 AD)
T 0 P, 7 0 >0 (15)
0 I 0 I
for all A € A and a Lyapunov matriz X > 0 such
that
-X 0] 0 0 0 0
0 x| 0 0 0 0
. 0 0 PP, 0O <0
T 00 |P[Pg|l 00 |"
0 0 0 0 | Q@ Sp
0 0 0 0 ]S, R,
(16)
where
[T 0 0 0
A B, B. B,
0 1 0 0
TTl0o 0 T 0 (7
CC DC'U. DCC DCP
0 0
L C» Dpu Dpe Dypp |
Proof: Inspection reveals that the only difference

between the continuous-time case and the discrete-time

<0



case is the upper left block in the central factors in (16)
and (13). The equivalence between 1) and 2) hence
follows from a direct application of the full-block S-
procedure, Theorem 8 in [12].

We thus just need to show that requirement 1) yields
RQP. Let w, = 0 in (11) and choose Vi, = xrX Xk
as a Lyapunov candidate for the unforced system.
The difference from sample to sample is Vypi1 —
Vi = GAA)* XAA)xk — X5 XXk, which implies
that the system is uniformly exponentially stable if
A(A)*XA(A) < X. But this is immediately deduced
from the upper left block in (13), which can be writ-
ten as A(A)*XA(A) — X +D(A)*R,D(A) < 0. Since
R, > 0 it is seen that if X’ renders (13) satisfied, the
unforced system is uniformly exponentially stable.

Furthermore, due to continuity and strictness of (13),
we can add a small perturbation G = [ %] to the
left-hand side of the inequality without rendering it
unsatisfied. Multiplying from the left and right with

&= [x; wj,] then gives

LJAA)XAA) - X AA)XB(A)
5'@{ B(AYXAA) B

S [c‘(A) ﬁ(A)} By {C_(A) D(A) §et8GE < 0
which reduces to

(k1 = xk) " X (X1 — X&) +
Wp,k " Wp,k * <
[Z%J B, Lnk] +ew,, pwpr <0
Summing from £ = 0 to £k = oo with xyo = 0 and
limg—, 00 X% = 0 then yields (12), and hence requirement
1) implies RQP. ]

It is observed that, as in the continuous-time case,
(16) is a Linear Matrix Inequality ! (LMI) in the un-
knowns X and P.. The discrete-time controller syn-
thesis thus continues completely analoguously with the
continuous-time synthesis in [12]. It is not possible to
describe the entire synthesis here, but, referring to [12],
it is simply necessary perform the substitution

23] - [3 8

vol o 10

in Equations (25) and (26). In short the synthesis pro-
gresses as follows:

1LMIs can be solved efficiently using standard software tools.
Refer to e.g. [5] for more information on LMIs in general.

The solution to an LMI problem provides P, and X.
Since (17) is a linear function of the controller matri-
ces (Ac, Be,Ce, D.), this means that (16) becomes a
quadratic matriz inequality (QMI) in (A., Be, Ce, D¢).
A direct solution for the QMI problem (16) can for in-
stance be found in [12] or [16]. The scheduling function
will typically be on the form

A(A) = N_V_(A)* x
(131 P[] - V_(A)N_V_(A)) ' Vi(A). (18)

where V_ and Vj are linear functions of A. To sum
up, the synthesis consists of solving an LMI problem
and then finding the controller matrices and scheduling
function by direct solutions to algebraic problems.

Notice that we have allowed for complex signals and
systems whereas [12] explicitly assumes real values.
However the results can be applied to complex systems
without problems [16].

4 Controller Synthesis

In this section we apply the synthesis method out-
lined in the previous section to the discrete-time motor
model. The model (5) was employed, using the fol-
lowing parameter values previously identified from the
actual motor setup:

—320.7 140.0 42.0
AO_{ 10.5 10.5}’ b= [ 0 ] c=[1 9

and

[ —133; _ [0 140.05
Al_{o 0 } AQ_{O —10.53']'

The contributions of the parameter variations to
the state equation could be described by B,w, =
[A1 As] [g;ﬂ 2u. However, since A; and A, both have
rank 1, we may write

1\*

A = U1E1V1* = [U% U%] [Ul O:| [(vi) }
and

2\ *

Ay = UpXaVy = [U% u%] [02 O} [(Ué) }

and let B, = [u}al u%og]. It then follows that, with

2y = Cyz,Cy = [v] vf]*, the parameter variation
can be written as 61 Ajx+0d2 422 = B, [601 502] Zu, which

is advantageous in terms of implementation. The pa-
rameter variation channel z, — w, was hence defined
as follows:

Wy, = Az = w . OA. Zy.-
0 dsq/tma



The performance and noise/reference channels were de-
noted z, and w,. The performance output

Zp = is - 7f's,ref
OyUs

consisted of the control error and the control signal
weighted by a factor o,. The performance input (or
noise channel)

)
w, = s,ref
Um

consisted of the stator current reference and measure-
ment noise. Finally, the measurement y was defined
as the control error corrupted by random measurement
noise v, € [—o,;0,], i.e.

Y =1ts— is,ref + Um.-

The following nominal system could thus be con-
structed:

T Ap | B, 0 B x
Zw | | Cul| O 0 0 Wy,
zp | | Co| 0 Dy E, Wp
y ¢l o0 F, 0 u

The matrices Cy, D, and E, were used to define the
weightings of the state, noise, reference, and control sig-
nal contributions to the performance and measurement
output, respectively. Correspondingly, F} accounted
for the weightings of the noise and reference contribu-
tion to the measurement output. We chose o, = 1076
and o, = 1078.

The control error part of the performance channel
was augmented by a first-order filter that allowed fre-
quency tuning of the controller; the pole was placed
in s = —100. This system was then discretised with a
sampling frequency of 600Hz, using a bilinear transfor-
mation as described in [1], yielding the discrete-time
nominal system (6). As discussed earlier, this sam-
pling frequency was imposed by the hardware setup.
The eigenvalues of the discretised system matrix were
located at z = 0.5815, z = 0.9903 and z = 0.9990.

The next step was to solve the LMIs mentioned at the
end of Section 3 in order to compute a controller. The
performance specification

—I 0
Py = { 0 1 I] (19)
Y
providing a bound 7 on the induced 2-norm

2ol

wy#0 [[Wpll2 ~

Time [sec]

Figure 3: LPV current control, simulation. The top figure
shows the real and imaginary components, usq
(full line) and usq (dash-dotted), of the control
voltage generated by the controller. The mid-
dle figures show the real and imaginary com-
ponents, isq and isq, of the controlled currents,
plotted with full lines (—) along with their ref-
erence signals, plotted with dash-dotted lines
(— - —). The bottom plot shows 61 (—) and
02 (— - —) scaled to the interval [-1 ; 1]. As
can be seen, the currents track the reference
closely, except when the control voltage satu-
rates (at around 4 sec).

was chosen and a bisectional search for the smallest -
for which the LMIs were feasible could then be per-
formed. We allowed 6, = w and 6y = S{is}/R{im}
to obtain values in the intervals [-800 ; 800] and
[-10 ; 10], respectively. Under these circumstances,
a performance of v = 0.0011 could be achieved and a
controller on the form (8) could be obtained by solv-
ing the QMI (16). When solving the synthesis QMI, it
was found that the controller order could be reduced by
one, yielding a second-order controller with eigenvalues
of A, in z = 0.9990 and z = 0.8202.

5 Simulations

In the simulations the reference sequence was chosen
as a series of steps, each with a duration of 250 sam-
ples. For each step, the reference for 75, was allowed to
take random values in the interval [—10 ; 10], while the
reference for isq was chosen from the interval [1 ; 3].
The system was disturbed by a load torque my,, which
was a sequence of uniformly distributed white noise fil-
tered through a first-order filter with a time constant of
1/2 second. Subject to these external signals, the non-
linear model generated the §; and d2 sequences based
on which the controller scheduling function was calcu-
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Figure 4: LPV current control, experimental results. The
top figures show the real and imaginary com-
ponents, usq (full line) and usq (dash-dotted),
of the control voltage generated by the imple-
mented LPV controller. The lower figures show
the controlled current isq. The reference signals
are shown with dash-dotted lines (— - —), while
the measurements are shown with full lines (—
). The left figures are without load, while the
right figures are recorded with a load torque of
mrp = 4Nm.

lated. Motivated by limitations of the hardware of the
experimental setup, the control voltage us was made to
saturate at 600V.

Figure 3 shows a simulation of the current control sys-
tem. It is seen that the control loop achieves good
tracking, in accordance with the performance value
achieved for all values of the parameter variations, ex-
cept when the control signal saturates. The parameter
variations are shown in the bottom plot in Figure 3,
scaled to the interval [—1 ; 1]. It is noted that the gen-
erated stator voltage compensates for the parameter
variations throughout the allowed range. This schedul-
ing is crucial to successful control; switching off the
scheduling signal leads to instability in certain regions.

6 Practical Experiments

The controller presented above was implemented in C
without modifications on a standard PC. The power
device is a voltage-sourced inverter controlled directly
from the PC. The induction motor is a 1.5kW, two
pole-pair motor with a rated torque of 10Nm. The
first two experiments were open-loop current control
experiments, where the aim was to keep the magnetis-
ing current constant and make the imaginary part of
the stator current follow a series of steps. The first

50

_[rad/sec]
o

T

1
o
o

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Time [sec]

Figure 5: LPV current control in cascade with rotational
speed controller, experimental results. The top
figure shows the real and imaginary compo-
nents, usq and usq, of the control voltage gener-
ated by the implemented LPV controller. The
middle and lower figures show the controlled
current is4 and the rotational speed w,., respec-
tively. The reference signals are shown with
dash-dotted lines (— - —), while the measure-
ments are shown with full lines (—). The cur-
rent reference signal was generated by an outer
loop speed controller.

experiment was conducted without load, while in the
second experiment the motor shaft was subjected to
a load torque of 4Nm. The results are shown in Fig-
ure 4, where it is observed that the current tracks the
reference steps adequately well. Looking at the sta-
tor voltage, it is noted that the imaginary part of the
voltage is significantly different between the two ex-
periments. This is due to the two different disturbance
load torques, which cause the scheduling controller to
yield significantly different control signals. Some vari-
ation can be noted in the real part of the voltage as
well, caused by cross couplings between the stator and
magnetising currents.

In the third experiment the shaft speed loop was closed
using an outer Pl-controller. In this case the stator
current reference signals were thus generated by the PI-
controller, and the LPV controller had to track these
signals. The results of this experiment is shown in Fig-
ure 5. As can be seen, the control loop performs satis-
factorily.

7 Concluding Remarks

In this paper a recently developed procedure for
LPV controller synthesis, the so-called full-block S-



procedure, has been applied to stator current control
of an induction motor, which is a highly nonlinear dy-
namical system. This method required the model to
be written on a linear fractional form, where the non-
linearities entered the model as parameter variations.
Due to hardware limitations on the sample rate, it was
chosen to discretise the system model. It was demon-
strated how the controller synthesis can be formulated
in discrete time.

A controller was constructed such that its dynamics
depended on a scheduling function calculated from the
parameter variation part of the model. The synthe-
sis of the controller and scheduling function was then
achieved by solving a set of linear matrix inequalities
constructed from the model parameters. It was found
via simulations that the gain-scheduled closed-loop sys-
tem fulfilled a robust quadratic performance specifica-
tion throughout the operating range, but that it would
become unstable if the scheduling was switched off.
The gain-scheduling is thus an integral part of the con-
troller. The main contribution of this paper was then
to show that a systematic non-conservative control de-
sign with more than one scheduling parameter could be
implemented on a real-life system with fast dynamics.

Finally, a suggestion for further research could be a
deeper analysis of the robustness properties. The rotor
resistance is known to vary greatly with temperature.
Additionally, it is often desirable to avoid the use of
a speed sensor. Both these subjects can be treated as
robustness issues. Although a few simple tests indicate
good robustness properties of the presented current
controller, a more thorough analysis would be interest-
ing. Alternatively, robustness to specified uncertainties
can be incorporated in the synthesis, but this would be
a non-convex problem, making the design much less
straight-forward than the one suggested here.

Another interesting subject would be the design of an
LPV control design for the entire control system from
speed reference to stator voltage.
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