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Abstract. A high performance moter dave requires fast step-tracking responss ith acceptable svershoot. mimmum speed-dip and restore-time
following 4 step boad change, =nd Zero steady-state error in the comemand tracking snd load regulation. In this paper, a comparitive study is
carfied out betwesn two outpul-faedback contral technigues to achieve o high performance isduction mitor. The first, named Discrete-Time
Dyramic Progranmoig (DT ouipat feedback, wsea historical data from the eontrallad inputs and outputs of the motor and an optimzation
technique, dynamic programming algorithim, to obtain an optimum design of the needed constant output feedback gain malrix, In fhe last, named
Linenr Matrix Inequeslities (LMD} outpant-feodback. the reduction of the disturbance on the motor specd is done threagh the minimeation of the H-
infinity {Hat) nerm wsing Lineor Matres Inequality. The desyn procedure s hassd on the linearization of the motor nonlinear cument-mode|
arovgid & selected operating pomt The systen performance of the metor equipped with DTDE and LT armtrollers iz analyzed wsing diverse Lests
narrily, lead disturbance [regulation and tracking) and parameters varation Fur comppleteness, dhe performance of o conventional Proportional-
Tntiepral (FT) controller are also included for comparison purposes. The results ire Very encourngmg o pursue fiarther this sdy,

Kepwawrds: Output Feedback, Linear Matrix Inequalities (LMY H-nfinity (Hel Comrol, 3peed Contral, and Tnduction Moter

List af Symhbals
3 y = \|'le+ X;

iy Number of Poles ¥r rorbar flux:

K. Rator Resistance Tr rotor time-constant

| P Rotar Indoctance ynlr d-axis rotor flux

R, stator Resistance Yy q-axis rotor flux

Ly Stator Inductance [ds d-axis stator current

| P Mutoal Inductance Ligs g-axis stator carrent

J Inertia ®r rodor speed

0 Viscous Coefficlent Tm Ivud {mechanicaly torgue
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1. Introduction

Induction motors (IM) 1] tepresent the workhorse of the industrial drive svatetns. They are less costly, more
rugged, and more rehiable than DC motors. The problems related 1o the induction motor are-

1. Stator and rotor parameters variation during motor operation

2. Difficulty in measuring the rotor time constant becanse of the temperature effect

3. Samration effect on the rotor inductance and on the decoupling process between the rotor fux and
lomue

4. Monlinear behavior and time-varying dvnamics

Because of these problems, classical control design could not be done properly espzcially when parameter
variation and load disturbarcs occur. To reduce the nonlinear coupling and fasten the transicnt response, usually
ficld-priented technique 1s used where a decoupling process between the torque and rotor flux is done.

In general, a high performance motor drive system is characierized b 2]

» Fast step tracking response without overshoot

= Minimum speed dip and restore time, due to a step load change

¢ Achievement of zero stcady-state error in the command tracking and load regulation

However. if’ regulation characteristics with small speed dip and short restore time following a step
load change is tequired, relatively large overshool, and shor seling timg in the speed tracking may result.
S0. to improve the system performance. the controller must be rabust against speed variation and external
perturbation.

Comventional Proportional-Integral-Derivative (P1D) controller has been widely used im industrial
applications due to its simple control algorithm and easy implementation. However, Tt is difficult and complex to
desizn a high performance PID-controller [3] for induction motor drive systems hecause of system paiameters
variation and load disturbance change,

Modern control strategies invelving intelligent technigues such as fuzzy logic control [4-5] and neural
netwerks [6]. represent altractive approaches. Besides, variahle-simcure control [7-%] is a robust technigue
but has a main drawback, the chattering. The later appears in the control input and makes such controller
not attractive unless remedies are applied but at the expense of lowering the controller robustress.,

State feedback [9] control requires all states to be measurable that is usually not the case unless
observers are used that add to the complexity of the overall system. The output-feedback [10-12], however,
requires only measurable system outpuis 1o be used and thus made aitractive in industrial control
engineering area.

Linear Matrix Inequalitics (LMIs) [13-14] have emerged as powerful design tools in areas such as control
engineering. Three factors make LMI technisues appealing:

L. A varicty of design specifications and constraints can be expressed as LMIs.

2. Once formulated in terms of LMIs, a problem can be solved exactly by efficienl comvex optimization
Algorithms

3. While most problems with multiple constraints or objectives lack aualylical solutions in tarms of marrix
equations, thev often remain tractable in the LMT framework. This makes T.MI-baszd design a valuable
alternative to classical “analvtical” metlods,

Many control problems and design specifications have LMI formulations. This is especially true for
Lyapunov-based analysis and design. but also for optimal LG control, H,-control. covariance control, elc.
Further applications of LMIs arise in estimation, identification, optimal design, structwal design, marmx scaling
problems, and so on. The main strength of LMI formulations is the ability to combine varions design constrainis
or objectives in a numerically tractable manner.

In this paper, two output-feedback design strategies are presented. In the first. Discrete-Time oultput-
feedback [10] optimized vin Dy namic Programming ((DTDP) and uses hestorical dara from the system control
inpuls and outputs. In the second, Linear Matrix Inequalities output-feedback (LMI) where a minimization of
the Hee-norm 1s done using linear matrix incqualitics technique, The design Stratcgies are based on a linearized
madel around a selected aperating point and severe tests, namely load distusbance (regulaion and tracking) and
parameters variation, were applied to both controlled systems and fo the conventional Proportional-Integral (PI)
controller for comparison purposes. MATLAR routines and LM toolbox [15] were extensively used.
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2, System Modeling
Fig_ (1) shows the block diagram of a current controllzd induction motor circuit [3]. The state space model
is given by
gy ;
— =f(x}+B_ R +Bu (n
al 1
Wherc 5
b o LTFAA T/ |
R= Ty
=l L)°
And
dx 1
] . ST
— = = — N+ D (g — Xq ) Xy +—1
dt Tr | P 5¥N ¥ 2 Tl' ds
dx L
2 I : . sr
= ——Xy+ R {~Ogun + X2 )X +—1 (2)
2°7P 50 1 s
dt T; e Tr
dx n Ls D T
3 — r r{x]lq;"xllﬂs}_'—x}__m
dt IL. ] J

Raotor flux: . = -‘,"xf + x§

Motor speed: @,=x;

The rotor time-constant T.=L/R. !
The speed of the synchronously reference frame is taken 2s @,.=2 50 rad/sec. The svsiem data arc given

in Tahle (1).
- Filter
I el Rixctifiier L PMw
- — “T‘ Irverter|;

T

I
273 phase S Hysteresis

Idsé- Transformation M_
/I\ :a |B‘ I
“syn oy

TG: TachoGenerater
Tig. (1} Induction moter block diagram.

Table (1). Model Parnmeter Values.

Parnmelers Valucs
Mumber of Poles. i, I poles
R, 1805 @
Rotor Inductance, 1, 0274 H
Btater Resiatonce, Ry 485 Q

Ly

L.

Rolor Resislance,

Stater Inductance, 0274 H

Mutual Inductance, 0258 H
Incrtia, | 0031 Xgm'
Viscous Coelliciem, D 0.008 Nisec
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3. Discrete-Time Dynamic-Programming (DTDP) Output-Feedback
The state-space mwodel given in (1)-(2) is first linearized around an operating point then a discrete-time

madcl [1] is derived as
i =
X @xk-i-eiuk &
Vier1 = C% DY,
where,

% =x%(kT,). the state variable specified at kT,. k=0.1, .. efc

w=u(kT,), the control inpur specified at kT, k=01, ... etc.

¥.=¥(kT,). the control input spacified at kT,. k=01, ... ete.

&, A are the state transition and input driving matrices. respectively.

The DTDP bleck diagram is as shown in Fig. (2) with K{s}=F;, a constant mairix, v the measured putput,
and u is the control input.

i

R P(s) _
B O b

K(s)

Fig. {2). Block dingram for DTDD.

The state prediction cquation of the discrete-time lincar model described in [10,12] can fake (he Tomm:

X :F,‘S“:ﬁr + I"qll P 4]

The output-prediction equation has the form:
Vs =07 Y )

The prediction equation of the augmenied veclor wy, is

Wiy v AR !
Where
I;r:[!"k Y1 Fk—N*'l]r
v;;zluﬂ.-—l -2 Y% i'*"llr
wk:{lg "’;Jf

With {)"; matrix/vector transpose.

The matrices o, B, 8, 2 are defined in [10.12]. N is the measurement number of the outputs and the inputs
from t=kT. back to t=(k-N+1)T.. The minimum number of previeus measurement vectars W is selected such it
Nezn'p where "p" is the mumber of cutputs and "n" the dimension of o,
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Equation {3} completcly defines the process dynamics without reference to the state vector x.
A state feedback optimal conirel law “k :sti’ is determined from the minimization of the quadratic-
performance index of the form:

— .
I Ter ]

wia | G |

I5= T 1% 1% % e B

Where r represents the last stage in Dynamic Programming,
Similarly. an cutput feedback optimal control law

u L = F{'}“‘k (#)
is determined from the minimization of the quadratic-performance index ol the form:
r i
T ! :
— "? L
J kfﬂ[wk” nwk+j+“kHﬂ“kJ (9
The two performance indexes given by (7) and (8) are equivalent if (4) is substituted into (7) to get
d.= j‘j ‘mf Qw, il R 4 uTS (107
o Bk T
k=0
Whera
(T
Q=T ¥s
i R=2FIQF, ()

il
S=E, Q.F,+H,

To reach the global optimum of Ju given by (10). the weight matrices H, and Q, are assumed to be
symmetric positive definite matrices [10]. For stability analysis, the closed loop eipenvalues of DTDF can be
determined from (6), On the basis of assumed sampling time interval T, the optimization problem is thus
defined as: i

r g
Find F; that minimizes J = % W Gw [
6 L2h k= k |

with respect to ltk = ank

where G=Q+F R+F RF .
o oo

To evaluate the output feedback control gain matrix F,. Dynamic Programming (DP) technique is applied
here to minimize J, for several stages starting from initial stage k=0 and moving backward until stage k=r. If r is
large enough, the DP algorithm converges to a constant feedback matrix. The multi-stage dynamic programming
algorithm [10] 15 summanzed as;
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Stepl: Initialization process

o=l
Compute
n=R+20"af
oo=8+ 2" a0
F=-05%'n
o1

Step 2: Iterate while k>0 & |F-Fy > tolerance, do
{ F—F
a=0+0 o+ F g+ F" uF
=84+ " a2
n=R+ 20 20
F—l3%'y
k=k+1

St

4. Linear Matrix Inequality (LMI) Hobust Output Feedback Control

Fig. (3) shows the standard representation of the output-feedback control block diagram for the LMI-based
robust control where P(s) represents the plant while Kis) represents the controller,

w_— —Z5
P(s)

n

hy

L

S JC[E)

Fig. (3). Block diagram for LM] Bobust output feedback conirol Let,

i=Ax+B,w+B,u

P(s)iqz, =Cx+D, w+D,u (12}
y=Cx+Dw
and
K(s) :ch = Agl+Byy (13)
u=Cyl=Dyy

be state-space realizations of the plant Pis) and controller K(s). respectively, and let

Jf‘-ﬂ, =Ap X TB W

{14}
|2, =CqXg +D W
be the comesponding closed-loop state-space equations with
T
xs =l & :
The design objective for finding K(s) is to optimize the H..-norm of the closed-loop transfer (G{s) from w to

P Ly
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G{5)=Cpy, (sl - Act) ' BeptDer. (15)

using LMI technique [14]. This can be fulfilled if and only if there exists a symumetric matnx X such that
the following lingar matrix inequalities are satisfied

A‘L‘Lx +X T'I.. B’L’L X{L
B, -1 D, |<0 -
. CLLX D, -11
X=0

The IL-norm of a stable transfer function G(s) is its largest input/output RMS gain over all u with the
random Mean Square (RMS) different from zero, i.e., RMS#0,

1G llop= sup —2-L an
u=l, | w ”L
u=l

whete I is the space of signals with finite energy and z is the output of the sysiem G for a given
disturbance w. It is one of disturbance rejection, i.c.. minimization of the effect of the worsi-case disturbance on
the output. Equations (16) are being sohved using the Matlab routing HivefTmi,

5, Simulation and Test Results

The model of the induction motor is a linear one obtained using a sampling time selected using trial-and-
ermor technique. 1t is selected neither too small to induce a large amount of computations nor too large to end up
in a numerical instability. The value, T, =0.01 second, was found adequate. The following tests are carmied oul
for the three cascs mamncly, the machine is driven by a conventional Proportional-Integral (PT). a Discrete-Time
Dynamic Programming (DTDP) and finally a Linear Matrix Inequality (LMI) based conirollers:

e Siep changes in load torque

e Tracking behavior in load torque

s Change in syslem parameters

The continuous open-loop linear state-space system of the machine (or plant P (s)) are:

1

i up [r,-:nS > .1:”(3_3} - npng_lj].
r
Ap— —npf_ms~:~cﬂ{31} :1"1. !1px0(1}]
i]:I_L_Sl'_lqEO _npl.m_ldsﬁ E
IL IL ]
T T i
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> L
0 . .5 0
T
I
B =0 0 gt
p T
5N IIFLSIXDI:E:I np]_.srxn{ 1!
] L iL
L T T |
0 0 11
R g x. (2}
el P oo 0o
] [ 2 2
\ng(1}+r§(2] J00+2)
Where
i 55, %] T yb, wl
!_L"ﬂfr qu &JJ'J “-"[Tm ]ds ]qs___ Lh I
Or,
-13.89 157 0.06] 0 358 0
Ap: -157 -13.89 5.70 Bp= 0 0 358
0 -671.3-0.26 -32.26 1.83 173
0 0 1
. — 00 n“
P |1 -0010 P00 0
x,=[285 —0030 785)

Caye I: Conventional Proportional-Integral (PI) Controller
The system driven by a PI controller is shown in Fig. (4) where

=k u:[Ids ]qu ¥ =!mr wrF.

The comtroller gains used are:

|
K JKF! % Jﬁ:j F}
| p2 |_ i2
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Fe—
P(s)

PI

Fig. (4). System driven by a Proportional-Integral (PI) Coantroller

Case 2: Discrete-Time Dynamic Programming (DTDF; ouiput feedback

AnDTDP is designed with;

N=5 number of histoncal data

=351 number of stages before DP convergence

p=2 dimension of n=|1y 1|’

=2 dimension of v=[v, w,]".

and

F=i

w=T,,.

The discrete closed-loop eigenvalues are:

A= -0.09£0.87, 07, 06, -0360.24, 0,06+j0.4, 0.34=)0.15,

6¥107, 9% 10 "Lj6*107, 1841075 -1 3%10°° £§1.8%10°7, -1.8*10°,

6*107 }

With j*=-1

The magnitude of the discrete dominant one is: 0.876
F,, =[0.0002 -0.0013 -0.0134 00016 -0.0098 0.0005 ..

0.0005 -0.0013 -5.9*107° -5.9*107 -0.0035 -0.0362 ..
-0.0005 -0.0164 -597*10° 00008 -6%10° -0.0001]
F,, = [-0.0606 -00026 -0.0412 -0.0070 -0,0707 0.0024
-0.0616 00040 0.0028 -0.0078-0.0365 -0.2442 ..

-0.0215-0.2048 -0.0036 -01035 1.9%107 0.0048]

o m o
0= with dimension: 2x18
Fﬂl
Case 3: LMT Cutput Feedhack (LMI)
A controller K{s) is designed by reducing the H.-norm below some specified value v, The selected value
was I but it was reduced to =53,
The obtained controller Kis) matrices ang;

-153 458 317 420 250
A= -526 -518 86 B, = 526 815

975 510 -228 -540 —261
. _[00ss 0239 0099 o oo
{K__lﬁ?l ~0134 299 K‘[n n]

Its eigenvalues are: LK:[ 342 -114 —242;T

The closed-Loop system matrices are:
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—139 157 006 019 085 035 0
-157 =139 57 922 048 107 0
A | @ -671-026 445 -227 sig| |32
ol | 250 -26 -420 -152 458 317 e | o
-814 0086 526 -526 -518 850 0
|-261 277 -540 975 510 -228) | 0 |
C,=[0 01000 D, =[]

The closed-loop cigenvalues are;
LEI=|—255- J666 —256+ j666 —394 72— 15T —72+ 7157 -3

Test 1; Load torgue step changes:
The load rorgue T, is varied i a step-wise fashion as seen in Fig. (5 a). The time responses of the motor
speed @, for CPI, DTDP and LMI, are depicted in Fig. (5 b).

=

o o
g B

o ]
=
=
T
1

fum
5]
E'—]

=
T

=

=
=
T

1

Mechanical Torque, Ty
5 & &
5]

b o
E B

i i i

o 1 2 3 4 & B 7 & O 10
Time (5)

h

{a) Load torque variation
Fig. {5). Respanses to step changes in Ty,
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n. 15 T T T T T T T T T
D1t
=
=2 005+
-% LMI
=% DTIDP
[ 7] u | 1
g o
=]
a4
L J
L0651 |
Pl
0.1 1 1 1 1 1 1 1 1 1
1 k: 3 2 B ¥ ] 9 10

{1} Rotor speed
Fig. [5). Responses to step changes in Ta,

Test 2: Tracking befavior: ) ;- o _ o
The motor is being disturbed from its steady-state with a variation in T, (fracking) as depicted in Fig, (6).

The time responses of the motor speed. w,. for CPL, DTDP and LMI are depicied in Fig. (7).

I:I.‘I - T T T T T T

0.08 ]

A i

=
=
&

=1

=

=
¥

[}

o |

(]
1

3

8

Mechanical Torque, Tim
o ¢
|

o 6O
2 =B

411!] 1 2 3

Fig, (6. Load torque tracking behavier.
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=4
Mj

8 g 02k N o/ -
g : —— ¢ —— l\ DIDF > /:;—”‘_ »—
‘35' 202+ LMI / LMI A

o _ N, /!

P 004 F -——T -
-0.06 F Pl -
-0.08 i

_ﬂ‘ I I 1 1 1 1 '] 1
1 2 3 A 5 3 7 i g
Time ()

Fig. (7). Reaponses to tracking behavior,

Test 3: Parameters Variation:

Three motor parameters were increased by $0% from their nominal values. They are: the wlor time
constaut T, the damping coefTicient D, and the inertia constant J. This large parameter change that might not be
realistic is used to demonstrate how far the proposcd design is valid and acceptable. Tt is motivated by the
practical difficulty encountered in determinimg the exact values of the rotar parameters especially in a squirrel
cage induction motor with deep-bar double-cage rotor desi £ns.

In this test, the load torque T, is increased by 5% and the time responses of the motor speed, o, for CPL
DTDP and LMI arc depicted in Fig. (8).
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Fig. (§). Responses {0 Parameters Yariatiom.

Remarks on the Results

From the simulation results, it is clear that the system equipped with each of the three controllers shows
good response, However, LMI shows superiority over DTDF and Pl frem deepirise of the motor speed o,
following the distarbance in the load torgue T point of view thal is it shows the lowest amount in dipsmises in
.. Besides, the controlled system shows fast Tespanse without oscillations or overshoots, The LMI controller
can be made faster by proper selection of its parameters.

f. Conelusion

This paper has presented the design steps for two output-feedback controllers. The [irsl uses the
Discrete-Time Dynamic Programming (DTDP) whereas. the second uses the Lincar Matrix Inequalities
(LMI) techniques. The Caonventional Proportional-Integral (PI) case results are also presented  [or
comparison purposes. The two controllers are used to improve the transient response and 1o minimize the
induction motor speed dips and rises following load torque disturbances and system parameters variation.
The tests have shown improved performance for both controllers. It was scen that LMI is much robust as
compared to DTDP and PL

As an extension 1o this work, the LMI can be investigated deeply to improve the system response more by
a better selection of v and/or the use of pole placement technique. The test on the nonlinear model and other
nonlinearities such as limitation in the control input will be further investigated. Finally, on-line identification
will be also looked inte,
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