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AUTOMA TIC CONTR OL OF MECHA TR ONIC SYSTEMS

Kur t SCHLA CHER , Andreas KUGI

This contribution deals with di erent concepts of nonlinear control for mecha-
tronic systems. Since most physical systems are nonlinear in nature, it is quite
obvious that an improvemert in the performance of the closedloop can often be
achieved only by meansof control techniques that take the essetial nonlineari-
ties into consideration. Nevertheless,it can be observed that industry often hes-
itates to implement these nonlinear controllers, despite all advantages existing
from the theoretical point of view. On the basis of three di erent applications,
a PWM-controlled dc-to-dc converter, namely the ,uk-con verter, the problem
of hydraulic gap control in steelrolling, and the design of smart structures with
piezolelectric sensorand actuator layers, we will demonstrate how one can over-
come these problems by exploiting the physical structure of the mathematical
models of the considered plants.

Keyw ords: medhatronic systems, di eren tial geometry, nonlinear H -control,
passivity, input/output linearization

1. Intro duction

This paper preserts di erent conceptsof nonlinear control for mecdatronic systems,
with special emphasison the practical implementation in an industrial environment.
Di eren tial geometry and di erential algebra will serve as a common mathematical
basis for the controller design problem whilst the concepts of passivity and dissi-
pativity will be usedto take the physical nature of the to-be-cortrolled plants into
accourt.

It turns out that in industrial applications large potential for improving the prod-
uct quality and increasingthe e ciency liesin the automation systemand the cortrol
techniquesused. Sincemost physical systemsare nonlinear in nature, it is quite obvi-
ousthat an improvemen in the performanceof the closedloop can often be achieved
only by meansof control techniquesthat take the essetial nonlinearities into consid-
eration. Moreover, the increasingavailabilit y of low cost digital signal processorsand
the useof symbolic computation guarantee the applicability of the proposednonlinear
cortrol strategies. Nevertheless,it can be obsened that industry often hesitates to
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implement thesenonlinear controllers, despite all advantages existing from the theo-
retical point of view. There are se\eral reasonsfor that, but they follow mainly from
the fact that a straightforward application of nonlinear corntrol methods producessat-
isfying results only in an idealized simulation environment. However, in the industrial
reality one has to cope with seweral restrictions, e.g., only some state variables are
measurable,signalsare corrupted by nonnegligibletransducer and quantization noise,
sensorsand actuators have a limited accuracy someparametersare known only inac-
curately or are slowly varying dueto, e.g.,aging processesand, last but not least, the
controllers can be implemented only on a hardware platform with limited sampling
time. To our knowledge, a systematic approach to solving all these problems is not
available and, of course,we do not intend to presen a generalsolution in this paper.
But on the basisof di erent applications, we will demonstrate how these restrictions
can be tackled.

We presen the controller design for the ,uk-con verter, a special dc-to-dc con-
verter, in the rst example. This exampledemonstratesa typical medcatronic design.
The electrical circuit is kept as simple as possible,which causessomeinappropriate
behavior of the device. Therefore, one tries to eliminate these shortcomings by the
improvemert of the cortroller. As a real-world hydro-medhanical application we will
dewvelop the position/force control of a four-high mill stand in a cold rolling mill with
the hydraulic adjustment systemacting on the upper badkup roll. Although herethe
design problem looks quite simple, the industrial ervironment corrupts the signals
with noise sud that the state is available by measuremem in principle, but one can
useonly a subsetof the signalsfor the feedbadk law.

Apart from the demandson the controller designdue to the implementation in
an industrial environment, a second feature, mainly stimulated by the philosophy
of medhatronics, will be preserted. Here, we proposeto leave the classicalway of a
separationbetweenthe constructional and the cortroller design.Wewill rather regard
the design of the actuators and sensorsas part of the control loop synthesis. With
this, we gain additional degreesof freedom. Furthermore, the right choice of sensors
and actuators can often drastically simplify the control task. By meansof piezoelectric
smart structures we will demonstratethe potential and the feasibility of this proposed
integrated design.

Throughout this paper, we considerse\eral systemsof ordinary and partial di er-
ential equations. To avoid additional technical problems, we assumethat all functions
are smooth or either cortinuously di erentiable as many times as needed.Roughly
speaking, we are more interestedin an approac that allows usto implement the de-
rived equationsin a computer algebraprogram than in functiofgal analysisargumerts.
To avoid long and messyformulas, we usethe abbreviation = [_, ab = a'h = ab
for any vector or tensor under consideration, wheneer the range of the index i is
clear.

2. ,uk-Con verter

Dc-to-dc cornverters are often usedasinterfacesbetweendc systemsof di erent voltage
levelsin regulated power suppliesfor electronic equipmert and in dc-motor drive ap-
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plications (Kassakianet al., 1992;Mohan et al., 1989). By meansof feedbad cortrol,

the averagedc-output voltage of the dc-to-dc converter must be controlled to a desired
operating level and the dc-output must be kept at this level, if there are any variations
in the load or uctuations in the input voltage. In the so-calledhigh-frequencyswitch-
mode corverters, the averageoutput voltage is cortrolled by adjusting the on- and
o -durations of a semiconductordevice switching at a rate that is fast comparedwith

the changesin the input and output signals.In the PWM (Pulse-Width-Mo dulation)

casethis switching frequencyis constart and herethe ratio of the on-duration of the
switch to the xed switching time period, alsotermed the switch duty ratio, is used
for controlling the system.

Figure 1 shows the circuit scheme of the ,uk-con verter with the supply voltage
Uqc, the internal resistancesR;, R, of the inductors L, L, the capacitors Cq, Cy,
and the load conductance G,. Variations in the load will be consideredin the sense

Fig. 1. Circuit scheme of the ,uk-con verter.

of a Norton equivalent circuit (Kassakian et al., 1992)in the form of changesin the
output current i,, and uctuations in the input voltage will be denotedby  Ugc.
The switch S is assumedto have ideal characteristics, which meansno lossesand
zeroturn-on and turn-o  times. The coordinates x" = il;ud;i2;u2 (seeFig. 1)
form a chart of the network and we can derive the network equations for the switch
S in position A:

d. ”

Lla@ = Riif Ui+ Ug+ Uqge

d :
Claué =il;

@)

L gi2 = iZRy U%;

Zdt L L2 C:

d 2 i2 2 H
Co—-ug =if Gaug io;

dt
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and in position B:

Li St

at't Riif + Uge +  Ugc;

d .
Claué iZ;

2)
L d'2 — 1 2R 2.
ZEIL = Ug IgR2 Ug;
d », _ o 2 ;
Czauc =if Gaug io.

The ,uk-con verter belongsto the classof pulse-width-controlled networks. Since
we choosethe nonlinear H; -approad to the cortroller design,we start with a short
introduction to PWM controlled networks and repeat someresults of the nonlinear
H, -designwith full information. Finally, we nish this part with a description of the
experimental setup and the experimental results.

2.1. PWM Controlled Networks

A PWM cortrolled electrical network like the ,uk-con verter with one switch S (see
Fig. 1) is described by two systemsof di erential equationsin the form

%x:aA(x); t2 0T;(i +da)T ; S in A
g 3)
ax:aB(x); t2 (i+da)T;(i+2)T; S in B

for i = 0;1;::: with smooth vector elds as, ag and da + dg = 1. Here, dg,

0 ds 1 denotesthe so-calledduty ratio, which speci es the ratio of the duration
of the switch S in position B to the xed modulation period T. Let e?*'(x) and
e?st (x) denote the ows of the network for the switch S in positions A and B,
respectively. Then a solution X (t) of the network ful lls the relation

X (i+1)T =¢e¥Tde gaTda x T (4)
for t = iT, i = 0;1;:::. The averagemodel (see, e.g., Kassakian et al., 1992; Sira
Ramrez, 1989) of the PWM cortrolled network

d

axa = aa (Xa) + dg ag (Xa) aa (Xa) )
is nothing elsethan the rst-order approximation of X by X, and

d . . :

G Xa(T) = lim @e*Te Tl ) X, (iT) (6)

for iT = t. This follows directly from the Campbell-Baker-Hausdor formula (Sastry,
1999)

geTde  qaaTda — fas ds +aada)T+ 1[ap ;an]dads T2+ ) (7)
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Note that the samesymbol x is usedherefor (3) and its approximation (5). Further-
more, the assaiated averagemodel (5) is bilinear in the caseof linear vector elds
an and ag.

2.2. Nonlinear H i -Design for Al-Systems

The system under considerationis described by the model

%x' =ax)+b0 x)u +k x)d ;
(8)
y =c(x),
with the state x' 2 U(0) ", i = 1;:::;n, where U(0) " is an open
neighborhood of the orloqm with the control mput (u)y2 ™, = 1;:::;m, the
disturbance d 2 = 1;:::;m% and the output (y ) 2 ', = 1;:::;I.

We assumefor the free system that the origin is an equilibrium and that the set
fx2Ujy = 0g doesnot determine an invariant manifold of (8). Let k k denote
the Euclidean norm. The goal of the nonlinear H; -designisto nd a cortrol law

u=u(x), u()=0, )
such that the objective function
Zq
J= sup inf sup | dt (20)

T2[0;1 )u2Ly [O;T]dZLZmO[O;T] 0
with
21 (x; u;d) = kyk® + kuk®  kdk® (11)
is minimized with respectto u and maximized with respectto d, where > 0 must
be chosensud that the problem is solvable. In a secondstep, one can try also to
minimize
One can show (see,e.g., Isidori and Astol, 1992;Knobloch et al., 1993;van der
Sdaft, 1993;2000) that the nonlinear H; -design problem can be converted to the

problem of determining a positive de nite solution V (x) of the Hamilton-Jacobi-
Bellman-Isaacs-equaliy

min max @@+bu +kid)+1 =0 (12)
u
or HJBle for short. Assuming that such a solution exists, we derive

¢ = Hb@v, d =k @V (13)

with optimal choicest, d of u, d. Inserting the optimal choice d = d of (13) into (11),
we can rewrite (12) in the form

2

min 2@V a +bu + kuk®+ kyk® = a . (14)
u
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Therefore, a positive de nite solution V (x) of (12) is alsoa Lyapunov function of the
closedloop, since kyk2 is a positive semi-de nite function of x. Asymptotic stability
follows from the assumption that the set fx 2 Ujy = 0g does not determine an
invariant manifold of the free system.

Unfortunately, it is a well-known fact that neither the HIBle (12) nor the cor-
responding set of Hamiltonian equations can be solved easily. But sometimesit is
possibleto nd a positive de nite solution V (x) of the HIBI-inequality

2@Va + kyk®> kak’+ d° 0 (15)
and the optimal choice u = o, d = @& of (13). Of course, this approach leads to
suboptimal solutions only. Furthermore, it is worth mertioning that one gets the
nonlinear H,-designfor the limit ! 1 in a straightforward manner.

2.3. Mathematical Mo del

The averagemodel of the ,uk-con verter follows directly from the precedingtwo sub-
sectionsin the form

d

axi = Al+Aldg S @v+B'd (16)
with
2 3
il
L " #
4 ul Uge+ U
xi = ;3 , [d ]: dc - dc (17)
It lo
ug
fori;j =1;:::;4, = 1,2, with the two skew-symmetric matrices Ag, A1,
2 1 3
.G, 0 0
1
0 0 0
hAij '8 LG
0o ~ 1 ;
0 0 0 .G,
1
0 0
L.C, 0
(18)
2
1
0 [.C 0 0
1 1
h i 0 0
Al =g LG . L.Cy ,
0 .G 0 0
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the symmetric matrix

2 3
R
— 0 0 O
L
0 0 0 O
R , (19)
0 0 = 0
L2
G2
0 0 O 2
the input matrix
2 1 3
— 0
Ly
0 0
20
E o o (20)
1
° G
and the stored energy function
V:1 L4 Ii 2+C1 Ué2+L2 iEZ"'CZ U%z. (21)

2
Let Ug =0, io=0 and dg determinethe operating point {};ul;{?;u2
of the ,uk-con verter. We shift this operating point to the origin via the simple trans-
formation

it = it+{, ui= ul+ug;
(22)
t= B ui= weud
with dg = dg + dg. In the new coordinates, (16) can be rewritten as
% x=Al@v dg+B d+ Al +Aldg+Al dg S @ Vv (23)
with 5 3
it
1 ' U #
. Uc dc @
x' = _ , [ d]= _ . @= 2 (24)
i2 io @ x
ug
V=VX+ @YX+ Xj,, X, V=V+ V (25)

and the matrices of (18){(20) and V of (21). Note that V is a positive de nite
function of x and that the relation

%v:@VAi@v g+B d S @ve Vv (26)
is satis ed.
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2.4. Controller Design for the ,uk-Con verter

The aim of the controller designis, on the one hand, to keep the output voltage
uZ very closeto an operating level uZ in the presenceof disturbances i, and/or

Ugqc and, on the other hand, to track any referencetrajectory in a prescribed family
of exogenousinputs  uZ. ; as well as possible.In order to reach these goals, the
model (16) is augmerted with an integrator-lik e-system

d
2= az+b U2 o U . (27)

Clearly, (27) describes only a pure integral action for a = 0. Again, the relations
Z=2z+ 7, Ui = U+ UE 4 allow usto rewrite (27) as

% z= a z+b Ul u . (28)
Obviously, we additionally have
H=( 2=
d ) , , (29)
o H= a( z)°+b z UG ug

Sincefor a xed duty ratio the ,uk-con verter canbelocally stabilized by an integrator
with negative gain, we choosethe control law of the form

dg = Z+V (30)

with a new plant input v. In the next step v is designedby meansof the nonlinear
H, -cortroller designto render the closedloop L;-stable. Therefore, we introduce
the output y and new inputs u, d,

2 ) 3
_ ky U(Z: ki UG: ref
, d= ko Ugc ; (31)
u=kyv _
ks o
with real numbers ky, ky, k >0, =1;2;3.
The controller design for the system (23), (28), (30) and (31) is basedon the
HJBl-inequality (15). We choose V. = V + H with V from (25) and H

from (29), see(Kugi and Sdlacher, 1999). Now, minimization with respect to u
leadsto

w= k,toue £ w i il (32)

and maximization with respectto d generatesthe relations

d=k'z, @E=k?til, &= k' ud. (33)
Sincethe function
dy-9 v, 9y (34)

dt dt dt
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with d V=dt from (26) and d H=dt from (29) is a quadratic form in the vari-
ables x' and z by construction, one can ched the positive de niteness with the
Sylvester criterion. A straightforward calculation leadsto the inequalities

2
2G; > kg, (35)
2R1k5 > 1, 2G; ki ki >1 (36)
and
2
? L le. LA (37)
2k 2 2 2Gy ki K3 1
For the nonlinear H,-design,or ! 1 in (12), we have to meetonly (35) and
1 1 P
K2+ S —
¢ 2973256, K (38)
Summarizing (27), (28), (31) and (32), the cortrol law takesthe form
G 7T azrb W @ -
ds = k,? ug € & uw i i z
and the corresponding closed loop has an L ,-gain with a lower bound for

from (36). Furthermore, the cortrol law is linear and can be easily implemented
evenin the form of an analog circuit. This is sometimesof great interest for low-cost
implementation, where digital processorsare not available. The parameters a, b and
ky, are usedto adjust the performance of the closedloop, where the choice of these
parametersresults from heuristic considerations(Kugi and Sdlacher, 1999).

Apart from the nonlinear H; -cortroller designwith the objective function (31),
various other possibleobjective functions weretakeninto accourt. However, the reason
for the proposedchoice can be summarized as follows. In this approadc the tracking
task is actually performed by the integrator-lik e corntroller (27) and (28), and the
outer-loop nonlinear Hy -cortroller (32) is designedto render the closedloop system
dissipative. In this manner it is also guaranteed that the ,uk-con verter can operate
on di erent operating levels which are not known a priori. This was also supposed
to be a technological demand on our design. Another successfulapproach where the
integral part is systematically included in the nonlinear H,-cortroller designcan be
found in (Kugi, 2000).

2.5. Exp erimen tal Setup

To ched the feasibility of the proposed controller, a laboratory model has been set
up for performing the experiments of the ,uk-con verter with the parameter values
L;=L,=109 10 3H, Ri,=R,=13, C,=220 10 GF, C,=229 10 6F
and Uy, = 12V. The capacitor C; is located in an external pin baseand can also
be exchangeddue to experimental requiremerts. The load can be chosento be either



140 K. Sdlacher and A. Kugi

a resistor with a xed conductance G, = 1=22:36S or via a programmable load
simulator, and the load conductance can be set to an arbitrary value in a range
GL 1=6:4S. The value of the programmable load simulator can be de ned by a
control voltage ujaq . The switch S is realizedwith a standard MOSFET (BUZ11) in
combination with the MOSFET-driv e-IC S19910DJand a Schottky Diode (MBR1060)
with a low forward voltage drop. The modulation frequency for the PWM actuator
(either IC SG35240r internal PWM of the DSP-unit) is chosenas 25kHz in order to
keepthe total lossesin the corverter at a minimum. The two inductor currents i}
and i? are measuredby meansof 0:1  shunt resistorsand instrumentation ampli er
ICs (Burr Brown INA2128/2) with low o set and drift. The capacitor voltages ut
and uZ are alsodirectly measuredby meansof instrumentation ampli er ICs and all
the measuremenm signalsare ltered with 4th-order analog Bessellow-pass lters with
a cut-o frequencyof 10kHz. The ,uk-con verter experiment operatestogether with
a DSP-system (dSpace) integrated in a PC running WINDO WS NT which enables
usto usethe Matlab/Simulink  ernvironment to test the cortrollers. This hard- and
software con guration allows the sampling times to be reducedto 2 10 “*s. For
more details concerningthe experimental setup the readeris referred to (Kugi, 2000).

For analyzing small-signal dynamics, the ,uk-con verter system (23) is linearized
around an operating point x" = {l;ul;{?;uZ . The symbol indicates the lin-
earized quantities. We considerthe transfer function

0(2: =G S;dB 63 (40)

at an operating point dg asa function of the Laplacevariable s. The symbol " indi-
catesthe corresponding Laplace-transformedquartit y. Now, it is possibleto calculate
the poles and zerosof the transfer function as a function of dg. For the laborato-
ry model the zerosand poles are depicted in Figs. 2 and 3, respectively, where the
square indicates the point dg = 0 and the circles represen the results for dg in

imaginary part

-1000

-1500

-2000

0 200 400 600 800 1000

real part

Fig. 2. Zeros of the transfer function G s;ds asa function of the duty ratio ds.
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Fig. 3. Polesof the transfer function G s;dg asa function of the duty ratio dg .

0:1 stepsfrom dg = 0 to dg = 1. An important feature of the ,uk-con verter is
the fact that from dg = 0:227 upwards the zerosof the transfer function lie in the
closedright half s-plane or, in other words, the ,uk-con verter shows a bifurcation
of the zero dynamics. This fact can also be seenin Fig. 4, where the measuredand
simulated transient responsesof the nonlinear model for a step input of the duty
rato dg = 0:2 t 5 10 3 for two operating points dg = 0 and dz = 0:5 are
illustrated. In the caseof dg = 0:5 the step responsesof iZ and uZ exhibit a typical
non-minimum phasebehavior.

2.6. Measuremen t and Simulation Results

For the experimental investigations the operating point of the duty ratio is xed
at dg = 0:49 and hencewith Ug. = 12 V and G_ = 1=22:36 S we get x' =
{t;ul;{#;u2 = [0:44,2201; 0:45 100]. The parameters of the cortroller (39)
are chosenas k, = 10, a= 0:001 and b= 8 and a samplingtime of 3 10 4 sis
used.

Figure 5 shows the simulated and measuredoutput voltage uZ and the corre-
sponding duty ratio dg for the referenceinput

=8 t 09 102 18 t 49 102 +8 t 89 10 % (41)
with  (t) asthe unit step.

Figure 6 depicts the simulated and measuredtransient responsesof the output
voltage u2 and of the corresponding duty ratio dg, when the converter is subjected
to aload variation G = 1=22:36+ G with

1 1 1 1
90 2236 90 75
One can easily corvince oneselfthat the proposedcortroller hasan excellen tracking

and disturbance rejection behavior, and that the duty ratio dg remains within the
admissible boundaries.

GL = t 09 10 2 t 49 102 . (42)
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in Vv

capacitor voltage of Cc,inVv
output voltage

inductor current of L in A
inductor currentof L in A

Fig. 4. Step responsesat two di erent operating points ds = 0 and dg = 0:5.

3. Hydraulic Gap Control

In rolling mills, there is a strong tendencyto improve the quality of the rolled product,
especially concerningthe thicknesstolerance. Apart from the medanical equipment,
the actuators and sensorsbig potential for ensuring good quality liesin the automa-
tion systemand the employed cortrol techniques. Especially in the caseof revamping
an existing mill, the medianical equipmert is not always of the state of the art but,
nevertheless,the automation systemhasto satisfy the customers'requiremerts. Since
the time limits for the start-up time of a mill are very short, it is alsonecessaryto test
the cortrollers in advanceon a mill simulator in addition to the standard integration
tests of the automation system.Here, it is of great importance that the mathematical
models of the mill simulator take into accoun all the essetial e ects of the dynamic
behavior of the mill stand and that they match the real plant aswell as possible.

Throughout this section, a position-controlled hydraulic adjustment system is
assumed.It is a matter of fact that the hydraulic adjustment systemis nonlinear in
nature and therefore, in order to guarantee that the closed-loop systemhasthe same
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Fig. 5. Measuremert and simulation results for the tracking behavior.

dynamic behavior over the operating range, the essetial nonlinearities have to be
taken into accourt in the controller design. Furthermore, the cortrol task becomes

more di cult

becausenot all quartities are available through measuremei, and the

measured quartities are corrupted by transducer and quantization noise. Figure 7
preserts the schematic diagram of a four-high mill stand with the hydraulic adjust-
ment system acting on the upper badkup roll system. Subsequetly, we assumewith
no lossof generality that the hydraulic adjustment system consistsof a double acting

hydraulic piston cortrolled by a critical certer three-land-four-way spool valve.
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@

-10

-12

outputvoltage in V

-14

-16

duty ratio

Fig. 6. Measuremert and simulation results for the disturbance behavior.

We will usethe well-known input/output linearization for the controller design.
Therefore, we give a short review of this method, after presering the mathematical
model along with its properties and restrictions for the controller design. Then we
continue with the controller designand discusssomesimulation results.

3.1. Mathematical Mo del

For the derivation of the mathematical model of the hydraulic piston the following
aspects are taken for granted: The serw valves are rigidly connectedto a constart
pressurepump and the supply pressureremains constart during all possible opera-
tions. The temperature of the oil is constart and the oil is supposedto be isotropic.
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servo valve

hydraulic piston

hydraulic ram

m ill housing ‘
|
upper backup roll chock ‘

|

upper backup roll é

upper work roll

strip entry
low er work roll pass-line
low er backup roll

low er backup roll chock

pass-line adjustm ent

basement — ,

Fig. 7. Schematic diagram of a four-high mill stand.

From the last two properties we may deducethat the massdensity of the oil

oil

dependsonly on the pressure p of the corresponding chamber. Hencefrom Fig. 8 the

cortinuity equationsfor the two chambersread as

d
g o pt Vg+Alxk = i pb b gne @y s
d
g p2 V& A2 Xk = oi P* Gt B &
e
—
T Al int 2
p et A ze” 4

| 1

= !

q Jexl P ' v? P ' ve

Fig. 8. Double-ended, double-acting hydraulic ram.

(43)
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with volumes V¢ and V¢Z of the forward and the return chamber for xx = 0, respec-
tively, e ectiv e piston areas Al and AZ , the displacemen of the piston xy, the
ow from the valve to the forward chamber o', the ow from the return chamber to
the valve ¢?, the internal leakage ow ¢, and the external leakage ows @i, and
o, Inserting the relation for the isothermal bulk modulus of oil Eq (Merritt, 1967)

Eoil @ail _

@ oil (P) (44)
in (43), and using the fact that the leakage o ws are laminar, we obtain
d
V01+ Aé Xk apl = Eqil q1 Aé Vi Cint pl p2 Céxt pl ;
d
V& AZ Xk P°= Bar @+ AL v+ Cine p1opT Cop i (45)

with vi = dx,=dt and the leakage coe cien ts Ci,¢, Ci, and C2,. The ows ¢!,
¢ from and to the valve can be calculated by

¢ =Ki p5 Plsgix,) K2 PL P sg( x):
b - (46)
¢=KJ p? prsg(x) Ky pS p?sg( xv);
with the supply and the tank pressure p® and p', respectively, the valve displace-
mert Xy, the function 5g(x) = x for x > 0, and sg(x) = 0 for x 0 and the
coecients K| = C4A, 2=, I = 1,2, where A}, is the orice areaand Cy the
discharge coe cien t (see,e.g., Merritt, 1967).In this description the leakage charac-
teristic and the friction of the valve have beenneglected,although they are included
in the simulation model, and it is assumedthat the valve is closed-ceter with zero
e ectiv e lap. Since the dynamics of the spool valve are much faster than the other
componerts of the system, we will neglectthem and considerthe valve displacemen
Xy asthe plant input to the system.

For testing the cortrollers on the mill simulator, the mill stand is modeled in
the form of discrete massesssprings and dampers. One hasto take into accourt the
roll force F, as well as the friction forces between the work and the backup roll
chocks and the mill housing, see(Kugi, 2000). The deformation processof the strip
is consideredin the form of static roll force models for cold or hot rolling. As long
as no spatial distribution of the roll load and no dynamic e ects of the deformation
processare taken into accourt, we can reducethe deformation modelsto systemsof
implicit nonlinear equations of the form

froII (Ffa heX1 hena exs ens ! roll » Tsty F) =0

with exit and entry thicknesseshex and hen, Specic exit and entry tensions ex
and ¢n, the angular velocity of the work or backup roll ! o, the strip temperature
Tst, and the yield stress g. Howewer, the setting up of these deformation models
consistsin solving various di eren tial and integral equationsaswell asthe de nitions
of many parameters,e.g., the friction coe cien t betweenthe rolls and the strip (see,
e.g.,(Henseland Spittel, 1990)or morerecertly, (Fleck et al., 1992)and the references
cited therein).
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3.2. Prop erties and Restrictions of the Plant

There are certain features of the plant that must be taken into accourt for the con-
troller designand must beincluded in the mill simulator in order to obtain a cortroller
that can be successfullyimplemented in the plant.

(@) Only the pressuresp! and p? of the two chambers of the hydraulic cylinder and
the displacemernt of the hydraulic piston xy are directly measurable.

(b) The measuremen signals p', p> and xx are corrupted by transducer noiseand
nonnegligible quantization noise.

(c) Dueto dierent leakage o wsof the valve, the pressuresp® and p? in the forward
and return chambers may have a considerableo set value from symmetrical
pressureconditions. These o set pressureshave a dominating in uence on the
dynamic behavior of the hydraulic system, especially if the piston is near one of
the two edgesof the cylinder.

(d) The velocity of the piston vk cannot be directly measuredand an obsener for
the velocity, which is basedon the position signal, fails due to the transducer and
guantization noise.But the velocity-dependert term on the right-hand sideof (45)
cannot be neglectedin the dynamic case.Furthermore, the parameters of the
stand model are known rather inaccurately and the roll force F,, or at least the
roll force deviation from the nominal value, hasto be consideredasa disturbance
on the system. This is also why the controllers basedon the knowledge of the
state variables of the stand or on an obsenation of these state variables cannot
be usedin practice.

(e) A very important fact for both the commissioningengineerand the maintenance
sta isthat the dynamicsof the hydraulic actuation systemcan be easily adjusted
and that the stability of the closedloop can be guaranteed over the operating
range.

3.3. Input/Output Linearization with Constrain ts

Now, the systemunder consideration is the simple SISO-system

d . _ _
ax' =a(xX)+ b X)u 47)
with the state x' 2 U (0) ", i=1;:::;n, where U (0) is an open neighborhood

of the origin, and with the single control input u 2

Let us recall shortly the input/output linearization approac (e.g., see,lsidori,
1996; Nijmeijer and van der Scaft, 1991). We assumethat there exists an output
y 2 with y= c(x) such that the relations

bad 2(c) (x)=0, bd ! (c) (x)60 (48)

are met in a neighborhood of a point x for k 1. Here a(c) = a' @c denotes
the Lie-derivative of a function c¢ along the vector eld a. Furthermore, we usethe
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abbreviations ak*! (c) = a a¥(c) , a°(c) = ¢, k 1, aswell as ba(c) = b(a(c)).
One can show that there exists a state-transformation

Z' = w (x) (49)
such that (47) takesthe form

Z_j =7 +1;

Z¥= a0 w2 + bd (9 wl(z)u (50)

Z=1'(2)
in the new coordinates z with j = 1;:::;k 1, I=k+ 1;:::;nand 2 = a 1(0).
Obviously, the input transformation

v ak(c
= 1

UZ b& 10 (51)
leadsto a linear behavior betweenthe newinput v and the output y = ¢ in a neigh-
borhood of x. Now, we imposethe additional constraint that the part z';:::;z¥

and (48), we get the additional conditions

ad@ (=0, j=121::k
h i (52)

|
add 'b;@ ()= o0

Here [ ; ] denotesthe Lie-bracket [a;b] = b a @ a Ui @ and adgb stands for
the repeated Lie-bracket with ad’b= b, ad{** b= ad‘b;b .

3.4. Controller Design

Sevweral dierent control strategies have beenpresened in the literature for the non-
linear control of hydraulic systems.Nevertheless,in industry one will often nd the
classical approach of a P cortroller, sometimeswith a static servo compensation.
One of the main reasonsbehind this situation is that many of the proposednonlinear
controllers can neither be implemented in practice, due to the lack of measuremeis
or due to the sensitivity to quantization noise, nor improve the results obtained by
the classicalapproach.

Let us take as a basisfor the controller designthe continuity equations (45) and
assumethat the internal and external leakage o ws can be neglectedwhen compared
with the other ows. Then (45) takesthe form

d
Vgt + AL x apl = Eai o8 Al v ;

q (53)
V@ A2 x apzz Eot A2 v o ;



Automatic cortrol of medatronic systems 149

with g and ¢® from (46). Furthermore, for the cortroller design, we neglect the
dynamics of the mill stand and then the equation of motion for the piston takesthe
form

dx = W
Xk = Vi,
dt (54)

d
Mg Vi = Fn myg dkvk  Fa;

where F, = Al pt  AZ p? and my denotesthe sum of the piston massand all the
massegigidly connectedto the piston, dix isthe damping coe cien t, and Fq4 signi es
the external force on the piston, which is assumedto be constart but unknown.

Previously we discussedn detail that the control law must not cortain the piston
velocity vi. Therefore, we are looking for a description of (53) where the dependence
on vk vanishes.This can be achieved by the following state transformation (Kugi et
al., 1999b):

zt=pl+ EgiIn Vg + AL x¢ ;

(55)
z2=p?+ EgiIn V@ A2 xg
Then (53) can be rewritten as
gzl - E0i| 1.
dt Vg + AL xi (56)
gZ2 = iqz

dt” T V@2 A2 x

One can immediately seethat z! and z? remain constart aslong asthe o ws from
and to the valve q' and ¢? are zero. Clearly, (55) is nothing elsethan the pressureof
the chambers p! and p? plus the deviation of the pressuredue to the changein the
chamber volumes.However, assumingthat the compressibility of oil E; is constart,
we directly obtain (55) by solving (44) with o = M=V, where V is the considered
volume and M the massof the oil in this volume. Now, we apply the input/output
linearization of (51) to the output function vy,

y=Alzt AZ 22 (57)

From (48) we get k = 1, and a short calculation shavsthat we obtain for all operating
conditions a linear input/output behavior from the new input u to y by applying
the input transformation

Al Eg P A2 Egj P——
Xy = —o— S 1+ & 2 p2 p' u 58
VS OVEE AL P P A K PP (58)
for x, > 0 and
Al Ei P == 2 Eoi pP—— !
X = e T ol + e 2 pS p2 u 59
\ V01+ Aé Xk \% p p V02 A(zE X \% p p ( )
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for xy < 0. Thus the system (53) and (54) takesthe form

Ez = u
dt™
d
- = - 60
thk Vi (60)
d

MWk = 2 Mig dkvk  Fa f(Xk);

with
V1+ Al X Aéff
f (xk) = Eqi In —2— ¢ 7K (61)

(V@ A2 xp)ler

Obviously, the conditions (52) are met. For the subsequeh considerationslet us as-
sumewithout restriction of generality that the hydraulic cylinder is built up symmet-
rically, i.e., Al = A2 = Ae and V§ = V§ = Vy. For cortrolling the position of the
hydraulic piston xx we usethe control law (58), (59) and

u= f ( x) (62)

with the function f from (61) and Xk = Xkref Xk, Where Xy.ef denotesthe
referencevalueof xx and 1 > 0, see(Kugi, 2000).Now, if weformulate (60) with (62)
around a stationary point, then the closed-lmp systemwritten in deviations  from
this stationary point readsas

d
g 2= Cxs
d
— = : 63
ot Xk \3 (63)
mE V= 2z dc w f( xk);
kgt kT k Vi k)

with the nonlinear function

Vo  Ae Xiref Vo+ Ae ( Xk + Xigref)
Vo Ae ( Xk + Xk:ref) Vo + Ae Xkref

f( Xk)= EgilAe In (64)
The key obsenation here s that the static nonlinearity f ( Xx) satis es the sector
condition

0 o x2 f( x) xk<1 (65)

with ¢ = 2EoiIAg =\p for Xi;min < Xk < Xk;maxs  Xk;min = Vo=Ae Xk;ref
and  Xk:max = Vo=Ae Xk:ref - NOow, the mathematical model (63) and (64) can
be represenied as a feedbak interconnection of a reachable and obsenable linear
subsystemwith the transfer function

S+ 1

G(s) =
(s) mys3 + dgS2+ oS+ Ck 1

(66)
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and the static nonlinearity
( x)=f( X)) & Xg (67)

with f ( xx) from (64). By meansof the Popov criterion (see,e.g., Khalil, 1992), it
can be shown that the closedloop is absolutely stable if the condition
R« P o
0< (< mn —/—;— 68
1 e G (68)
is satis ed (Kugi, 2000). At rst sight, this result seemso be local becausethe sector
condition (65) holds only in the nite domain Xk:min < Xk <  Xk:max. BUt it
can be shown that theset =f z, X, V2 | Xcmn < Xk <  Xgkmax0 IS
positively invariant, i.e., every trajectory starting in remains for all future time
momerts in (Kugi, 2000). Therefore we can deducethat ewvery stationary point
de ned by Xy.ret is globally asymptotically stable in

3.5. Simulation Results

We considerthree di erent operating positions of the hydraulic piston, namely when
the piston is in the middle of the cylinder (CaseA), when the piston is in relation to
the length of the cylinder 5% from the top edgeof the cylinder (Case B), and when
the piston is in relation to the length of the cylinder 5% from the bottom edgeof the
cylinder (Case C). The simulation results for the position control with the reference
input

Xkref =50 10 62 (t 01) (t 0:3) (69)

arepreserted in Fig. 9. Here Xy denotesthe displacemernt deviation of the hydraulic
piston from the nominal operating position, X, is the corresponding spool valve
position, and  stand for the unit step. For this simulation an operating point for the
roll force of 5.4MN, an o set pressurefrom symmetrical pressureconditions of 50bar,
and a quarntization of the position of the hydraulic piston of 5 m were assumed.
As can be seenfrom Fig. 9, the most important feature of this cortroller is that
the dynamic behavior of the hydraulic piston remains the sameover the operating
range. Furthermore, it can be implemented by using only measurablequartities and
various simulation studiesand eld testsprovethat it is robust againsttransducerand
guantization noise and varying leakage parameters. It is worth mertioning that the
only restriction for the state transformation (55) is the fact that the compressibility
of oil Egj is constart but it doesnot rely on its speci ¢ value.

4. Smart Structures

Smart structures basedon piezoelectricity represernt an important new group of ac-
tuators and sensorsfor active vibration control of medanical systems.In contrast to
convertional techniques, this technology allows us to construct spatially-distributed
devices(see, e.g., Tzou, 1992). This fact requires special control techniques to im-
prove the dynamical behavior of this kind of smart structures (see,e.g., Kugi et al.,
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Fig. 9. Simulation results of the position control concept.

1999a;Schlacher et al., 1996; Schlacher and Kugi, 2000), sincethe design of the spa-
tial distribution of actuators and sensorsadds an additional degreeof freedomto the
design of the cortrol law. Therefore, the controller design hasto be consideredto-
gether with the design of actuators and sensors.Although the sensorsand actuators
are spatially distributed, the number of cortrol inputs and outputs always remains
nite.

Let usremind someresults on nite elasticity. The description hereis basedon a
three-dimensionalEuclidean spacewith standard orthonormal basisB = f @; @; @g,
metric g= jdx' dxl, and coordinates x', i = 1;2;3. In the following, the time t
is alsodenotedby t = x°. The symbol  denotesthe tensor product. Now, it is well-
known that the dynamical equations of elasticity in this special coordinate system
take the form

rRef@u' = fl+d; p' , i=123. (70)
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Here u = u' @ denotesthe displacemen of a point X, ger iS the massdensity in the
referencecon guration, d; denotesthe total derivative with respectto x/, f''s are
the body forces,and p is the rst Piola stresstensor p= p! @ @. Furthermore,
we assumethat p meetsthe assumption

plh=FR M, T=1J F= @'+ @ dx (71)
with the secondPiola stresstensor = 1 @ @ and the deformation gradient F.
In the caseof hyperelasticity, the relations

pl = Ref@} We, u} = @ui (72)

with the stored energy function W, (x; F) are met additionally. Any function W,
is not suitable, because W, must meet additional conditions concerning the frame
indi erence and the symmetries of the body (seeGurtin, 1981).If the body force can
be derived from a potential W,

fl= Rer@ Wi, (73)
then (70) can be put into a Lagrangian form with the Lagrangian
Z
L= %k@ukz W ger dxtdx2dx3 (74)

B

with W = W, + W; becauseof (71){(73). The integral is taken over the reference
con guration B of the elastic body. Therefore, the next part is concernedwith an
intro duction to in nite-dimensional Lagrangian systems.

In the caseof piezcelasticity, the potential (73) must be replaced by a more
complex one. Since we deal only with simple structures like beams, we are able to
derive this function in the secondpart under the condition that large deformations
but only small strain are taken into accourt. Basedon this assumption, we presen
solutions for a smart beamin the third part. All stability considerationsrely on the
simple assumption that a decreasein the total energy implies the stability of the
cortrolled system. The collocation of sensorsand actuators is the price which one has
to pay, but this can be achieved by special con gurations of piezcelectric sensorand
actuator layers.

4.1. Lagrange Formalism

Before we considerthe action principle in detail, it is advantageousto intro duce some
useful notation (Olver, 1993). The systems of partial dierential equations under
considerationinvolve p+ 1 independert coordinates denotedby t;x' 2 X pri
i = 1;:::;p, and g dependert coordinates (u ) 2 U a9, = 1;:::;q. The total
spaceis the spaceE = X U. Let us considera smooth section f of E. The k-th
order partial derivativesof f will be denoted by

Lf:@f:h

@a@ @
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with J = joij1;i:5jp, and k = #J = P ip:O ji- Roughly speaking, J is a multi-
index. The n-th jet spaceof E is denotedby J("E, where we usethe coordinates
tx;u™  with u™ = u;, = L9 #J = 0;:::;n. A smooth section f,
u = f (tx), hasa unique n-th prolongation u(™ = f M (t;x) from E to J(ME,
which is givenby u; = @f

Let ' denotea one-parametergroup acting on the variables (t; x; u) suc that
the independert variables are not a ected or

(txpu)=" (txu) (75)
ismet. Then ' (M =t x;u( denotesthe prolongation of (75) to J(MWE. Let us
considerthe Lagrangian functional

Z
L= 1 txu®™ dx (76)

D
with a Lagrangian density well-de ned for t 0. The abbreviation dx denotesthe
form dx = dx!~ N dxP, and D P stands for a su cien tly nice domain of

integration. The action principle statesthat a solution u = f (t; x) to the equations
of motion of a dynamical systemwith Lagrangian L satis es the condition

iA = A=0;
d -0
z (77)
A= I M x fM  dx A dt
[t1;t2] D
for any group (t;x;u) ="' (t;x;u) with ' =i for t 2 fty;t,g. Furthermore, A is

called the action integral (Frankel, 1997).Let v 2 TE be the in nitesimal generator
of ' or

d

v=v @, V =d—' , v =0 for t2fty;tsg.
Then its prolongation to TJ(ME is given by

viv=v @ +dv @, (78)
where

di= @+ UJ+1i@J (79)

denotesthe unique vector eld that meetsthe condition

@ txfM™M@tx) =dv txum .
u(n)=f(n)

Here, the abbreviations J + 1; = jo;:::;ji + 1;:::;jp aswellas dj = d{)‘)dil1 d{)”
have beenused. Fr%m

A= viM (1 dx ~ dt)
[t1;t2]D
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and the application of the integration-by-parts formula, it follows that
q z
—A = v ldx~dt+ d,
d [t2it2]D

where denotesthe variational derivative or the Euler-Lagrange operator
=( v da,. (80)

Imp osing boundary conditions such that the term d! vanisheson [t;;t;] @D, we
seethat the equations of motion are given by

I tx;u™ =0 (81)

Now we present a very simplied version of Noether's theorem (Olver, 1993).
Applying the special eld do= @+ u;,; ,@, to ldx " dt, we obtain the identity

do(ldx~ dt) = @I+ do(e+ 1) dx~dt+ uy ., | dx~dt+dl;
X o -

€= uk;jl;:::;jp( dO)]0 @JI I
J k=1

Now, d! vanisheson the boundary becausethe imposedboundary conditions and
| = 0 are met for any solution of (81). Therefore, we get
Y4
(e+ @l)dx =10 (82)
D

and
E = edx (83)

as a constart of motion, whenewer
@ =0 (84)

is ful lled. Of course, E is the total energyof the system,and (82) together with (84)
is nothing elsethan the principle of consenation of energy for time-invariant La-
grangian systems.

Finally, considerthe time-varying casewith the special Lagrangian density 1,

=1+, @ _I=0,

I+l

@°= @l =0
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and arbitrary functions U; = U; (t), j = 1;:::; m. From the identity (82) we get
Z

z
do lo+ U, dx = P @U;dx;
D D
z z
do(lo)dx = Ui dolldx;
DZ ZD
do(e) = Uj  dolldx;
D D
and derive directly the relation
d d z
—Eo= U =Y, Y= dx, 85
dt °~ Tt o (85)

where Eo denotesthe energy of the free system with Lagrangian density 1° and
d=dt being the time derivative taken along a solution to (81). A natural choice for

elsethan the ow of power causedby the input U;.

4.2. Piezo electric Actuators and Sensors

The design of piezcelectric sensorsand actuators is basedon fundamertal relations
of linear piezeoelectricity. Again, we use the three-dimensional Euclidean spacewith
standard orthonormal basis B = f@; @; @g and metric g= j dx' dx! to describe
the constitutiv e relations. Furthermore, we require that the strain tensor " = " dx'
dx!,

i = FlaaF (86)

remains small, or we have j"j j 1. We use the bar symbol to indicate the lin-
earizedquantit y. This assumptionallows us to identify the linearized rst and second

Piola stresstensorsor p (see(71)), and to set 2" = u} + u{ . Neglecting
temperature e ects, we may write for the constitutiv e relations of piezoelectricity

ij = CIJ kIukI aE Dk, (87)

E; = a}‘"‘k| + dLDk. (88)

Here D denotesthe electric ux density and E standsfor the electric eld strength
(Nowacki, 1975).Equation (87) describesthe indirect, and (88) the direct piezoelectric
e ect. From the assumption concerning  (71) and the de nition of " (see(86)), it
followsthat ¢l k' = dk! = ¢i'k g} = a' and (72) implies additionally ci* = ¢k
Since the free volume charge density is zero inside the piezoelectric lamina and we
con ne our considerationsto the quasi-static casewith respectto Maxwell's equations,

we get the additional eld equations
@'=0, Ei=@P (89)

for D and E with electric potential P.
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Piezoelectric actuators have a structure which is highly di erent with respect to
the spatial dimensions.They are usually plates or beamsconsisting of seweral piezo-
electric layers which are covered by metallic electrodes where a voltage is applied.
Although it is possibleto derive the stored energyfunction We (x; F) (cf. (72)) from
the relations (87), (89) for the linearized scenario(see,e.g.,Kugi et al., 1999a;Sclach-
er et al., 1996), we pursue another, more axiomatic approad here. For the sake of
simplicity, we restrict our considerationsto the beamswhich are consideredas one-
dimensional structures moving in a two-dimensional Euclidean spacewith standard
metric g. Let

xt="1(sit), x*="'2(S;1) (90)
describe the position of an idealized beam such that S is the arc length of the beam
at the referenceposition given by x! = S = '1(S;0), x> = 0 = ' 2(S;0) for

0O S L. The independert variablesare t and S, while the dependert onesare
ul and u? with '* = x*+ ul, ' 2 = x2+ u? Now, it is well-known that the arc-
length and the curvature of ' (S;t) determine the position unambiguously up to a
rotation. Furthermore, let us assumethat the energycan be stored only by stretching
or bending. Then we may set

We = Wen (S;"m; m;U) (91)
with
n 2 _ — 1 2 v 2 2
A1+"m)" =" @@= "51 * "61 (92)

where U denotesthe voltagesapplied to the di erent layers. Furthermore, we get the
additional relations

@s= 1+ "n; .
@ = m(1+"m);
1
Pron g,y S0 (94)
Ug;1 sin( )

with the angle  between' ¢.1 (S;0) and ' .1 (S;t). To get a further simpli cation,
we assumethat such a deviceis built up symmetrically with respect to the mid-plane
and that the di erent piezoelectric and structural layers are perfectly bondedto the
substrate. Although we assumesymmetry with respectto the mid-plane, we canapply
the voltage U; of the layer i symmetrically or anti-symmetrically with respectto this
plane. A choicefor the function W, that meetsall the requiremerts preserted above
is given by

z z - -
RetWen dS = ;ef k"2 +k 2 dS UAL , UBLg;
L ZL =1 =1
LA = Ref A (S)"m dS; (95)
ZL

Lg = Ref g (S) mdS:
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The index A denotes couples of layers with symmetrically applied voltages
and the index B corresponds to the coupleswhere the voltages are applied anti-
symmetrically. The functions , (S) and g (S) depend on the special form of the
electrodesand/or the piezoelectric laminates. They will be designedlater depending
on the requiremerts of the control problem. The following facts are worth mertioning.
If one simpli es the new stored energy function with respect to the small strain as-
sumptions, then this simpli ed function is derivable by classicalbeamtheory basedon
the relations (86){(89), see.e.g.,(Kugi, 2000;Sclacher et al., 1996). Within this small
strain scenario,the function ' (S;t) describesthe movemert of a coordinate line and
doesnot describe the movemen of the physical mid-line in general.Figure 10 sketch-
es a possibility of creating a speci ed spatial distribution, 5 (S) and g (S), by
meansof shaping the corresponding electrodes. At this point it should be explained
that the poling direction in the piezcelectric layer can only be up or down, due to
polarity. The voltage supplied, UA or UB, is either positive or negative. Figure 10
shows all of the dierent possible combinations for creating a symmetrically or an
anti-symmetrically supplied piezcelectric layer couple. Figure 11 shows another pos-
sibility, where the thicknessof the piezoelectric lamina varies over the length of the
layer. Of course,a combination of thesemethods is also possible.lt should be empha-
sizedthat Figs. 10 and 11 depict only the ideasrelating to the design of a speci ed
shaping function (Kugi et al., 1999a).In a practical application, one will use more
sophisticated surface patterns of the electrodes for achieving the shaping functions
(see,e.g., (Lee and Moon, 1990) and the referencescited therein).

3
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Fig. 10. Principle of surface shaping of the electrode for an actuator layer couple.
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Fig. 11. Principle of shaping the piezoelectric lamina for an actuator layer couple.
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The designof piezoelectric sensorsfollows a proceduresimilar to the one applied
to the actuators. The corresponding electrodesof a layer are short circuited. Within
the small-strain scenario,the derivation of the sensorequationsis basedon the rela-
tions (86), (88), (89). The output of such a sensoris the charge Q of the capacity built
up by the electrodesand the piezcelectric laminate. Again, we assumethe symmetry
of the devicewith respect to the mid-plane and we can take the sum or the di erence
of the corresponding charges.The analysis of the modeling problem yields

Z

Ya = A (S)"m RetdS;
z (96)

Y B (S) m RrerdS,

L

where the index A denotesthe couplesof layers with the sum of the chargesand
the index B corresponds to the coupleswhere the dierence is taken. Again, the
functions A (S) and g (S) depend on the special construction of the layers, and
they can be designedwith respectto the cortrol problem. The principle of shapingthe
sensorlayersis shavn in Fig. 12, see(Kugi et al., 1999a).Here the right choice of the
polarization pro le within ead layer of one sensorlayer couple o ers an additional
possibility to create the shaping functions A (S) and g (S) too.
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m easurem ent mid-plane

\nslrt\m ent
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v ! T ‘ \ .
5 : \
!
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o—
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8

g poling
Fig. 12. Principle of surface shaping of the electrode for a sensorlayer couple.

If we compare (95) and (96), then it can be seenthat this design allows us to
collocate the actuators and sensorsin a straightforward manner.

4.3. Design of a Smart Beam

Let us considerthe cartilever beamof Fig. 13 moving in a two-dimensional Euclidean
spacewith standard orthonormal basis B. Again, the independent coordinates are
t, S = x' and the dependert coordinates are the displacemens ul, j = 1;2. L
denotesthe length of the beamin the referencecon guration with u' = u? = 0 for
S 2 [0;L]. Furthermore, we assumethat the line massdensity gres iS constart in
this con guration. The beam is equipped with seweral piezcelectric actuator layers
to courteract the gravity with acceleration g and seeral sensorlayersto supply the
cortrol systemwith the required measuremets. The designof the spatial distributions
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Fig. 13. The considered smart beam.

of these layers is part of the controller design itself. The map from the reference
con guration to the current oneis again denoted by ' (cf. (90)). The derivation of
the ewolutionary equationsof the smart beamis basedon the consenation of massand
on the balancelaws of momertum, aswell asthose of momernt of momertum (Marsden
and Hughes,1994). Furthermore, we neglectthe rotational inertia. According to these
assumptions,we get the kinetic energy density W,

W = ;ef ubo “+ uZo . (97)

The e ect of gravity, which acts like a body force on the beam, is taken into accourt
by the potential
Wi =g Refu1 (98)

and the stored energy function We.m, of the beam with piezoelectric layersis given
by (95). According to (74), one getsthe Lagrangian
Z

L= (Wk  Wem  Wf)dS. (99)
L

To complete the problem, we have to add the kinematic boundary conditions which
are in this casegiven by

u©;t)=0 and (0;t) = 0,

seeFig. 13. The dynamic boundary conditions follow directly from the Lagrange
formalism.
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Now we are able to formulate the designproblem: Find a cortrol law with suitable
actuators and sensorssud that the referenceposition is stabilized and sucd that the
in uence of the gravity is eliminated at least in this position. The controller design
takesplacein two steps.In the rst step, we changethe potential energyfunction such
that its global minimum occursat the required position. In the secondstep, we inject
damping to achieve asymptotic stability (see,e.g., (Schlacher, 1998)). Furthermore,
we haveto distinguish two caseslf the beamis sti enoughsud that there existsonly
one equilibrium (of course,with = 0), then we skip the following step. Otherwise,
we choosethe control laws

Uf = keLL, j=L:::;m

and the actuators (cf. (95)) with

1 ifsS2 Si;si+ S ;

0 otherwise,

and0 S!, S+ S<sSi* j=1:::m 1,S"+ S L, S> 0 ofthetype

z
L]B = JB Ref mUS = Ref j1 (100)

L

i= s+ s s, L=1
Let s denotethe arc length at the actual position. Then (100) follows from (93)
and @ = . Theseactuators canbe realizedwith patchesof piezcelectric layersin
a straightforward manner. In addition, this type of control law is derivable from the
potential

becauseof
T r{zﬁ} B S

and of (80). For a su cien tly large kg > 0 and a su cien t number of patches,
we can always obtain that there exists only one equilibrium with = 0.

To get a closerinsight into the in uence of the gravity on the beam, we rewrite
the form Ws =g res (cf. (98)) as

Y=ds (S L)ut + (L S)ug,

u

(L S(("m+1cos 1)+ds (S L)ut

becauseof (94). Sincethe rst term on the right-hand side vanisheson the boundary
S2f0;Lg, it is easyto seethat the cortrol law UA = g with the actuator (95)
VA

La= (L S)"m rerdS (101)
L
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cancelsthe in uence of the gravity on the beam at the equilibrium = 0. The
collocated sensorsfor the actuators (100) and (101) follow directly from (96) as Yé =
LJB and Ya = La.

According to this construction, the global minimum Wp,, of the function W =
Wi + Wen occursat = 0, " = 0. To nish the cortroller design, we have to add
damping to the system. According to the previous results, we choosethe control laws

. d .
B _— J ).
UP = keYs oY

d
Uar = gVYa dAaYA;

where day > 0, dg > O.

Finally, the set of ewolutionary equations of the closedloop in Lagrangian form
can be derived from the potential preseried above. The Euler-Lagrange operators are
given by (80) for #J = 2. It is worth deriving these equations using a computer
algebra program due to the enormouscomplexity of this set of equations. Of course,
we can only show that

d d, >  Xm d; ?
—E%= dn —V, d —VYy 0

dt Aot A By dt B

is met for the proposedcontrollers (see(85)). Asymptotic stability cannot be proven
here, but it follows from the insight into the physics of the smart beam. It is worth
mertioning that, although the piezcelectric beamis an in nite-dimensional dynamical
system, the control law usesa nite number of sensorsand actuators only.

5. Conclusions

This contribution is concernedwith dierent cortrol strategiesfor mecatronic sys-
tems. The physical nature of the plants to be cortrolled in combination with a strong
mathematical formulation basedon di eren tial geometryand di erential algebraserve
asa common basisfor the controller design. Moreover, for the control conceptsto be
practically feasible some special features and restrictions of the plants have to be
taken into account already within the control synthesis task. Thus, for example, in
most of the cortrol applications only somestate variables are measurable,the signals
are corrupted by transducer and quartization noise, the sensorsand actuators have
a limited accuracy and some parameters are only known inaccurately or are even
varying slowly due to, e.g., aging processesFurthermore, it turns out that by an ap-
propriate designof actuators and sensorsthe cortrol problem itself can be drastically
simpli ed. Of course,this paper doesnot intend to give a generalsolution to all these
problems. But by meansof three di erent applications, namely a PWM-controlled dc-
to-dc converter, the hydraulic gap cortrol in steelrolling, and an in nite-dimensional

smart beamstructure, it is shown how corntrol theory can be usedto solve the cortrol

design problem by considering special features of the plant and, what is even more
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challenging, how an interdisciplinary designcanimprove the existing products and is
able to lead to new ones.
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