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Abstract. This work deals with the development of a feedioacdkroller for an active suspension system to jygliad

in a high performance elevator. The elevator hatoable-deck cabin and will be used in a 200 [m]rseuguide in a
skyscraper of almost 500 [m]. The elevator’'s steathte velocity is 40 km/h. The development ottmroller is

based on the use of a linear state space modelrépaiesents the system’s dynamics in two orthogpteades. The
synthesis of a state space feedback controllerdesr® using the poles placement method with a faté sobserver.
The parameters of the real system were measureddandified and a computational model was constdcResults
of passive and active system simulations are ptedeand discussed.

Keywords: active suspension, elevator dynamics controlhlggrformance elevators, state feedback contrdé po
placement.

1. INTRODUCTION

This work introduces the development of an activgpsnsion system for high performance elevatoitsatinas to
reduce the lateral vibrations in the base of tlegatbr’'s cabin. The oscillations are caused maiglgisturbances that
come from the contact between the rollers partthefsuspensions with the alignment guides fixeth# building
structure during the elevator's movement. Theselagyialthoughmodern processes of manufacture and installation,
present inherently small misaligns that are causedmally, by disturbances in the installation msges, thermal
dilatations and long period effects of the matsriaehavior, among others. The movements causedhése
misalignments, mainly for the high speed elevatdrsigh building (skyscrapers), can compromisergwuirements of
security and comfort. Consequently, high technologmpanies are spending resources in the develdpshemodern
systems, as active control, to improve the perfowwaaof the elevator’'s suspensions without increpdi size and
weight, as occurs with the traditional passiveeyst This situation can be proven by the elevatedber of patents in
the area since the middle of the last decade. kample, Ohet al. (2006) uses a suspension system based on the
control of repulsive forces of electromagnets tooed lateral disturbancedtsunomiyaet al. (2004 and 2006) patented
an active suspension system that uses the meaacceterations (using accelerometers located orcehéer of the
elevator) to compare the cabin vibrations with tlesired values and thus applying lateral forcesntmans of
electromagnetic actuators. Husmann (2005) descabextive vibration damping system for the stradttrame based
on the measurement of the deformations of the fraftiee elevatorThe acceleration is measured with electro-resistive
sensors fixed to the main frame in the perpendicdieection to the movement. Linear motors applg forces
requested for the control system.

It was found in the bibliography few specific worlibout active suspension control of commercial &lere. For
example, Istifet al. (2002) useBond Graphsto construct a states space model of a activeessgm system. The
control project is carried through a proportiondfedential (PD) scheme to command a hydraulicatesm in the
vertical direction of the elevator. The active gystis used to control the acceleration and ded@eraf the elevator
aiming the reaching of comfortable behavior of ¢ghevator. Naiet al. (1994) takes in account 20 differential second
order equations to obtain a model for an elevafbie dynamics is invariant in time and depends @ pbsition,
amount of passengers and the axis being considérex). use two different strategies for the conth@lsed on the
variation of the speed to control the frequenciksilbration of the cables and of the insulatorstlud elevator (low
frequencies), and employ another one based ingbeftiactuators in the suspension system to cathiealesonance in
the cables and insulators through the uses of plaleement method with the project and implementatiba states
observer. Schneidat al. (2001) models the system’s dynamics of an elevdtoe control strategy is based on neural
networks and is used to control acceleration armkldeation of the elevator’'s cabin. Skaal. (2002) presents a
dynamic model of an elevator with hydraulical systasing the classic equations of Newton and thdimea flow
laws. The different frictions involved in the systalso are taken in account. The model is usee@timipn simulations



via Matlab/Simulink. The solution proposed for tbentrol is an Adaptive Sliding Mode Controller (AS¥) for
discrete SISO systems. This control strategy coewmbinonlinear feedback control based on the diresthod of
Lyapunov and an adaptive sliding mode scheme. &fegance dynamics for the system is specified thighuse of and
the pole placement method. The proposed contrategly is compared with a classic PID and the reshbw an
improvement due to the proposed control techni@kalski (1984) presents and compares two methoeld atsthis
time to carry through the control of the speedgearation and deceleration of elevators. The metloadnpared are the
Silicon-Controlled Rectifier (SCR) Velocity Contraind the Motor Generator (MG) Velocity Control. Bativolve
basically a Pl control acting directly on the motdrthe elevator. Experimental and simulation ressahow that both
systems achieved good results, but with SCR-Dswhbwn a better performance.

In the present work, aiming the development oflgoridhm to control an active suspension systenetham the use
of linear electromagnetic actuators, a simplifieddel for the dynamics of the elevator suspension tafen into
account using the classical methods of the rigidybdynamics. The controller was developed basethemmethod of
pole placement (Ogata (2003), Friedland (2005)nkna et al. (1994) and Preumont (2002)). The concepts and
methods used in this work are of ample applicaitiaiiie project of systems to control active susparssof automotive
vehicles (the available bibliography on this apgiicn is far more extensive). Through the develomnpeesented in
Section 2, it can be observed that the model censitifor the elevator is similar to the classic edad half car, widely
studied. Thus, the theoretical considerations fomrtthe bibliography for these systems were extdrfde the case of
the active suspension of elevators. In the fieldefelopment of automotives suspensions, @tua. (2004) presents a
suspension system that uses a magneto-rheologitahtar that increase or decrease the damping amnsin
accordance with the disturbances of the road. Ghel. (1999) developed an electronic controller basea anicro
controller unit for a hydro-pneumatic active suspien with 2 degrees of freedom. The control strategnsists of a
combination of a variable structure control (VSQ)ma PID scheme. For the control of the verticlrations it was
used a Linear Quadratic Regulator (LQR) projecte Tésults presented were considered good. Ikeeggh (2000)
and Campo®t al. (1999) use a control strategy based on the Staliligmentation System, classically used in the
control of airplanes. In this method, the problendivided in two parts: one part isolates the bofithe car from the
vibrations of the road and the other part conttiedsmaneuvers of the vehicle. Moreover, in a défiferapproach to the
previous one, Ben Gaiet al. (2004) present a linear quadratic regulator (L@RY isolates the mass of the vehicle
from the external disturbances and optimizes ther@ameuverability. The car’'s model is based onftitie7 degrees of
freedom introduced by lkenagd al. (2000). The results are obtained through simufatiith Matlab/Simulink and
compared with a passive suspension model results.

2. DYNAMIC MODELING
2.1. Introduction

In this section the development of the dynamic rhofléhe elevator is presented.
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Figure 1: Suspension system



The elevator’s cabin is modeled as a solid pasglipked. According with the objectives of the actiuspension (to
reduce the oscillatory movements of the base otc#i®n, where would be located the passengeris),nécessary to
take in account the displacements in two plans & YZ, defined in accord with Fig. 1). In this \kponly the XY
plan problem will be approached. In Fig. 1a theeseh of thesuspension systeis presented. Four of these sets are
used to align the elevator, as it's shown in thge FFb. Eachsuspension systera composed of three arms, each one
made up of an independent suspension (articulabediexting rod, spring, roller, linear motor, etcThe vertical
guides, attached to the civil structure, are plagatically, aligned with the X axis. The rollejsifit + wheel + wheels
roller band) are aligned to the XY plan (four) dridder the movement in the direction of the Y amel totation around
the axis parallel to Z. The rollers are aligne plan (eight)and tend to hinder the movement in the directioZ of
and the rotation about an axis parallel to X.
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Figure 2: Scheme of the suspension system andteteva

Figure 2 shows the suspension system, its locatiohe elevator and a schematically drawing ofstfstem. In Fig.
2, the variable and parameters are defined asifsiligt) (i=1,2,3,4) are the forces applied by the afitgY;(t) are the
displacements of the rollers which contact the @sidThe suspensions sets are considered equalmihaee the
equivalents masses of each roller apdare the mobile mass of each linear actuddbis the total mass of the elevator
(car weight + capacitypi, p, andps are, respectively, the length of the arms of tikers, the gyration radius of the
connection point of the springs related to the diymint of the arm of the suspension, and the imtatadius of the
mobile mass of the actuator to the pivoting poikis the total inertia moment of each suspensiorredated to the

fixed pivoting point (@, =m,p,° +m,ps° +J,,, Wherel, is the moment of inertia of the arm’s structure tioé

suspension referred to the fixed pivoting poit) = K ;= Kg = K7 are, respectively, the spring constants of theelghe
of the roller's tires anK, = K4 = Kg = Kg are, respectively, the stiffness constants of ftekcal springs of the
suspensions. Finallyl is the elevator’'s moment of inertia referred te thp rotation center pivoting, where the cables
are connected to the structure. In Figp & the rotational angle of the elevator refer@thte connection pivoting point
of the cables in the top of the caligy = (Y,, —Yup)/L Og= ¢ =(Y, —Yup)/L wherelL is the length of the cabin.

2.2. Definition of the basic variables

The present work consists of an initial approacth&project of the active suspension. Thus, dmyrhovement in
plan XY is considered in this study. It is stillrgddered, aiming at the simplification of the moftelthis problem, that
the comfort and security of the passengers arecia$ed mainly with the pendulum rigid body movemeitthe
structure of the elevator, as shown in Fig. 2. Kemsing the hypothesis of small displacementsptbeement in the
base of the cabin, considering the interactions/éen the components and the gravitational effestse approached
by the system represented in Fig. 3. This simplift®nfiguration models the system as a concentratadlational
mass where two passive suspension sets are codraradetwo actuators are symmetrically located anlihse of the
cabin, as shown in Fig. 3. Therefore, a simplifiedresentation of the pendulum system is neces$aey torsional



spring effect caused by gravitational effect rekatio the movement of rotation around the fixedbping point of the
cabin (where the cables are connected) was coesidsr mean of the incorporation of a torsionalrgptio the model
(Kigo =Mgly ), wherel, is the length of the cable of the elevator thategates the pendulum movement referred to the

top rotational pivoting centel is the total mass of the elevator anid the gravitational constant.
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Figure 3: Translational equivalent model

In Fig. 3, Ks are spring translational constant of the rollevseels bandsK,, = Kz(pz/,ol)2 are the elastic
stiffness constants of the suspension’s helicahgpr so that the spring effects were considereapatied directly in

the contact point of the roller's wheels bands vitte guides,mareq:m2p32 +mlp12 +Jar/,032 = Jt/p32 are the
equivalent mass of the arms referred to its rataficentersK; =M g,gL is the torsional spring due to the rotational
movement of the elevator around the connectiomefcables in the top of the cabMg is the equivalent mass of the
car Mgy = Je/LZ )-Kg = th/L2 is the equivalent translational spring constaférred to the gravitational effects.

The forces of the actuators were transferred tqtsition of the contact point between the banthefrollers wheels
with the guides and were defined &g(t) = f5(t)(0,/01) and f, (t) = f,(t)(0,/p1). Finally, the displacement of the

left arm was defined a¥g(t) while Yz(t) was for the right one. It was also considereel Ibsses by friction effects
through the introduction of equivalent viscous darggerms (damper€ andB).

2.3. Formulation of the motion equations

For the formularization of the motion equations ttee system presented in Fig. 3, is still necessastipulate the
direction of the forces applied for the actuat®im: the situations of application of positive sibogcontrol, the closing
movement of the actuators was specified (thahiy spply attractive force). On the other handafaregative control
signal, it was stipulated the opening movemenhefdctuators (that is, they apply a compressiatefto the elements
in its edges). Through the application of the Seldosw of Newton, the resultant equation systerhésfollowing one:

mareqY.I +BYI +KY + Ky Y =Ky Y =KYg + (1)
—KaY, +KaY + MY +K Y +CY +K, Y =K, Y, = f, +f, (2)
- KarY + KarYr + marequ + BY.r + KsYr = KsYrR + fr (3)

The real system uses potentiometers sensors toursethe relative displacement between the armstlaaabin
(usually, in the literature, it is presented the o$ accelerometers - the use of potentiometers #ie development of
an alternative system). The main objective of thetiol will be the regulation of the dynamic betanof the states in a
way that the responses of the degrees of freedotheo$ystem, mainly the trajectory of the cabimvarge fast and
smoothly for the central equilibrium position, piding a comfortable and safe travel to the passsnge

By, =Y, =Y Y =0y, +Y (4)
Ay, =Y, =Y = Y, =4y, +Y )
Thus, deriving once and twice the Egs. (4) anda(is) substituting them in to Egs. (1) up to (3js ibbtained,

1

V=t [f + 1, +K oAy, —K Y —CY +K Ay, | ©)
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Substituting the derivatives of Egs. (4), (5) aéyif the expressions diy, and Ay, , results

Ay, = [KSYIR +f| - BAY, -BY - Kby, _KSY_KarAyI]_
areq %
[fl +f, + K, Ay _KgY_CY+ KarAyr]
eq
.. 1
Ay, = [K Yg + T, —Kg Ay, —BAy, - BY -K Ay, —K Y]—
areq
8
. ®)

[fl +f, + K, Ay _KgY_CY+KarAyr]
eq

2.4. State variables

Equations (6), (7) and (8) rerresent the systethenstate space format, where the state variales slefined as

x=|oy, Ay, Y Y Ay, Ay, |= [xl X, X3 X4 Xg x6] . The representation in states-space matrix format
X =Ax+Bu is:
0 1 0 0 0 0
X _ (Ks + Kar) _ Kar _ B Kg _ Ks c _ B _ Kar 0 X
)'(2 mareq M eq mareq M eq mareq M eq mareq M eq Xo
" 0 0 0 1 0 %
el Ka o K < Ko 3
“ Meq Meq Megq Megq X4
X5 0 0 0 0 0 1 X5
X6 _ Kar 0 K c B — Kar_i_Kar"'Ks __B X6
M eq M eq mareq M eq mareq M eq mareq mareq (9)
0 0 0
1 1 1 Ks 0
Mayreq Meq Meq Mareq f|
0 0 0 0 f
+ 1 1 I
Meq Megq IR
0 0 0 0 [Yr
1 1 1 0 K
M eq mareq M eq mareq

3. PROJECT OF THE SUSPENSION CONTROL

In this section it will be applied the pole placemeethod, following the steps of Ogata (1996) @yhta (2003)
for the project of the feedback control system. Plode placement method is analogous to the roatephaethod,
because, as in that method, the poles of the closgdare placed in the desired positions. Thishoeis also known as
modern method because of the contrast with theiclasethod (based on frequency domain analysig.imhportant to
remark that the main advantage of this methodisfully controllable systems, the possibility dfaosing the location
of the dominant poles as the not dominant onesdkes this method to be very powerful, becausdldtva the
designer usually to obtain a closed response taés@ed one (Ogata (1996))he desired closed loop poles can be
determined based on the requirements of the respohshe transient regimen and/or on the frequemesponse.
Through the appropriate choice of a gain matrixtifier feedback states, it is possible to force yis¢esn to have closed
loop poles in the desired locations. However, tlig@e cost associated with the allocation of &l ¢losed loop poles. It
is due to the fact that the placement of all poéggiires the measurement of all the states vagaisi¢he inclusion of a
state observer in the system. Also, the system beistompletely controllable so that the closed lpofes could be
situated in arbitrarily chosen localizations.



3.1. Considerations for the application of state fxback control method

Considering the control system as=Ax+Bu and y=Cx+Du wherex = state vector (vector of n order),
Y =output signal (scalar)y =control signal (scalar)A = constant matrixixn, B = constant matrix nx1C = constant

matrix 1xn, D = constant (scalar). The matricés and B are obtained from the Eq. (9). The methodologyiagpn
this work follows the steps given in Ogata (200Bhe control signal is chosen as being-Kx , where matrix

K (1xn) is called gain matrix of state feedback. Nib& the control signdll is chosen in a way that the control signal
is determined through the instantaneous value efstiate vectorX. In the following analysis, it is admitted the
inexistence of restrictions for the value @t The methodology will be applied for a regulatimoeblem.

3.2. Determination of the characteristic equation bthe system

Inserting the parameters of the system, experirtigntkentified, in the Eq. (9), the characteriséquation of the
original system (passive one) (détfs)) results:
s°+7346398° +32125.1998" +1160007.70.2s° + 238436053287%% + 474717373713685%+882454264072369. Thus, the
poles of the passive system are=R7.904 + 122.545i, £-17.904 - 122.545i, £-17.907 + 122.535, B-17.907 —
122.535, B=-0.922 + 6.055i, £-0.922 - 6.055i. All of them have its real pargagve (so the system is stable) and the
system is verified as controllable (due to the fhat the rank of controllability matrix, given 8ection 3.5, is 6).

3.3. Choice of the desired parameters for the cortled system (Mp, tp e ts)

To simulate the original system (passive) withiaitonditions of displacement for the elevatonvis defined a
left guide displacement ofly, =-0.004646369eh1 which results in the cabin initial position 8f=0.005m and right

arm position of Ay, =-0.004646369&. The chosen parameters for the controlled systiemired ones) were taken
considering the following transient parametersirsheotM , <5% and settling time of (1%) [J1.5s.

3.4. Determination of the parameterg and ®

Based on Frankliet al. (1994), the parameters in the time domain Widmdw, were obtained by:

-
M, <5%- = e Yo (z=07
100 ={w, =438 = p=s”+6.1325+1918

46
p=s? +2{w,s+ W’

t, (criteriol%) 01.5s=
{w,

n

3.5. Determination of the dominant poles of the dégd system and the desired characteristic equation

The roots of the equation p=s®+6.1325+1918 are the dominant poles

(p,=—307+4978 , p, =—307-+978 ). The others four poles must be arbitrary chosea way that they do not

influence the desired dynamics. Due to the nunmsi@itioning of the matrix of the system (see Ledn@d992)), the
positioning of the not-dominant poles was not &ivin a first attempt to allocate the poles, whoseitjprs were
defined from a desired dynamics, it had resulteduge gains that have produced a very large poesiadd from the
electrical actuators, exceeding the maximum fohe¢ they can provide (120N). This can be demoretrtitrough the
curve of control force in this situation (Fig. 6-d)o reduce the power demand it was adopted sgirdtased on the
allocation of the poles through the use of LQR rodtiogy (see Rivas and Perondi (2007). The LQR @agr gave
adequate results, because the power demand retatittee new poles positions could be supplied ley abtuators,
(therefore, with the LQR approach, the problemanitool signal saturation was solved). The hypothdsat the force
saturation were originated by faster poles positi@s then investigated through the following tés& original position
of the dominant poles were maintained (aiming tafydf the project conditions could be attendedjd the not
dominant poles were placed in the positions obthimih the use of the LQR. This solution showedcudge results in
terms of the project requirements as well as ofgrdevel of the actuators. It must be remarked thatsolution using
the LQR also presents good results, however, wigtindt transient parameters of those defined oaly by the
project made with the time domain parameters. Sd¢vmapers present strategies for the use of LQR fuil pole
placement constraints (Misra (1996), Sehitoglu @)9%hiehet al. (1988) e Shielet al. (1990)) and partial pole
placement (Fujinaka e Omatu (2001) e Sugimoto (})998



The calculated not dominant poles were determireetiedng -33.65+119.39i and -17.91+122.54i (see KRivad
Perondi (2007)). According to the methodology giwei®gata (1996) and Ogata (2003), the matriceoofrollability
(M), the auxiliary matrix (V) and the transformation matriX) are determined through the following steps. As the
method demands that matBmust be n x 1 thatl be a scalar (actually " :[f, f, YR YrR]), considering that

the problem is taken in the linear operation coods, so, superpaosition principle is valid, theigesvas developed

using just one of the controlled forces, thatiisf;. Thus,B" =| 0 1 1 0 1 0 _Ml

Myreq M eq M eq eq

The controllability matrixv =[B AB A’B A°B A“B A5BJ has rank 6, then the system is controllable.

ag a, az a, a 1
a, a3 a, a4 1 O
. . L ag a, a 1 0 O . .
The auxiliary matriXW is given byw = , Where,a, are the coefficients of the original
a, ¢ 1 0 0 O
aa 1 0 0 0O
1 0 0 0 0O

characteristic equation. The matrix of transformmatis T = MW. The following step is to obtain the desired
characteristic equation using the mattjhich is a diagonal matrix formed by the poleshaf open loop system.

3.6. Determination of the state feedback gains

Also, based on the pole placement theory presertgd Ogata (1996), it is obtained the matrix
K=KT'=[ag-ag as-as a,-a, az-a; a,-a, a;-aJT %, where ¢ are the coefficients of the desired
characteristic polynomial and tt& are the coefficients of the characteristic polyranof the original system. The
gains are:

Table 1: State feedback gains

K, 3.462 x168 Ka 4.974 x18
K, 0.559 x168 Ks 0.787 x18
Ks | -15.648x16 | Kg 0.005 x18

The new system isx(t) :(A—BK)x(t), thus, the poles of the controlled system are33.654 + 119.392i, B-
33.654 — 119.392i, £-17.905 + 122.540i, P-17.905 - 122.540i, 2-3.07 + 3.127, §&-3.07 — 3.127i. All of them
have its real part negative so the system is eerifd be stable. Note that in the process of dagighe pole placement
control method it was assumed that the stétleis completely known and available for the feack of the system, but
in the reality this does not happen. So, it wasgiesl a full order state observer to observe thgestand allows the
actual application of the methodology presentetthig section.

4. FULL STATES OBSERVER DESIGN

The system model given by the Egs. (6), (7) anat@Bsiders the state set given by the positionvatatities of the
system’s massexE|Ay, Ay, Y Y Ay, Ay, |). These variables are not accessible for measutethat is, only
the relative positions of the arms of the suspengiy,, Ay,) can be measured. Then, it was projected a fdiostates
observer to allow the application of the full pgdeacement method for the control of the active sasmn. The
methodology adopted follows the steps of Ogata §),.99gata (2003) and Friedland (2005). The metkahalogous
to the pole placement design; hence the followegdssare similar. The former step is to determimedhservability
matrix for verifying if the system is completely s#yvable. The observability matrix is
N=[C' A'C (A)’C' (A)3C (A)*C (A')5C'I, with C=[1 0 0 0 0 0]. So, as the matfikhas rank 6, the system is
completely observable and using the matriseand W, it is obtained the matriQ= (W.N)™. The next step is to
determine the desired characteristic polynomiat thes to response to the desired conditions ofptiogect. The
observer must have a response between two andirfies (Ogata (2003) recommendation) or betweenama eight
times (Friedland (2005) recommendation) faster thaembserved system. Therefore, the error of bserwver will tend
quickly to zero. The chosen dominant poles @g,;=—65.7, Pgps2=-65.7, with 15 times faster response than the

poles of the controlled system. The chosen not-danti poles are the same ones that had been usébefatates



feedback project presented in Section 3. The absirecharacteristic polynomial is

Pobs :(s2 +9198s+431649)(s+3365-11939)(s+3365+11939)(s+1791-12254i)(s+1791+12254i) . Then
the observer gainsdare shown in Tab. 2:

Table 2: Gains of the observer

Kopss | 161.054 | Kpes | -4342.735
Kopsy | 7043.211| Kpes | 138.043
Kopss | -148.157 | Kpes | 4053.939

The estimated states will be used in the placéeforiginal state set. The control law is now —K X , remarking
that X(t) =K gpex(t) and X=(A-K ,C-BK )X +K opey . The complete system is of twelfth order and haracteristic
polynomial is |sl —A +BK||sl —A +K 4, C|.

5. SIMULATION’S RESULTS

The simulations results are not compared with athEEpers because lateral active suspension oftetevaere
found only in patents (Husmann (2005), €thal. (2006), Utsunomiyat al. (2004) e (2006)) while elevators velocity
controls were found in some papers (lstifal. (2002), Naiet al. (1994), Shat al. (2002) e Skalski (1984)) and vehicle
suspension were also found in articles (Ben @a&idl. (2004), Campost al. (1999), Giuaet al. (2004) e lkenagat al.
(2000)).

In Fig. 6 it is presented typical control force wes of both cases: original projected gains (with poles allocated
arbitrarily) and for the re-projected case (with titon dominant poles allocated with LQR).

Actuator force Actuator force
. . 2.000 : : .
1.000F :
s S Brme- _
i O oo0f :
-2.000 1 2 g -
-3000; 100 200 300 400 500 -3.000, 100 200 300 400 500
Time (10%s) Time (10%s)
a) Control force for original projected gains ) @ontrol force for the re-projected gains

Figure 6 — Control force

The control force for the re-projected case istiahito 120N (at the same level as the real actslatenile the
original case has the upper limit about 1750N @atban the actuator capacity of 120N).
The time response to the initial conditioAy, =—-0.0046463696, Y =0.005m and Ay, =-0.004646369&, and

for the impulse function obtained through the us®latlab/Simulink are presented in Fig. 7.
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Figure 7 — Cabin position time response for initi@hditions and impulse function

From the Fig. 7-a) it could be observed that thetmlled response reaches the desired design ptaesn The
response overshoot is about 4.58% and the setilimg (ts) was reached within the range of 0.92%e Trhpulse
response of the controlled system presented in7ip). shows an overshoot of about 4.56% and théngetime was
reached in the range of 0.88%.

In Fig. 8 the observer to estimate the model cpbsition is presented and compared with the cabsitipn for the
initial condition case obtained from simulationgwé Simulink model.
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Figure 8 — Observer results

Figure 8 presents the response to initial conditidor passive and active cases, (a and b, respbptilt could be
verified that although the observer response caavéy model response, there is an initial deviatiaased by the fact
that the initial conditions of the observer ardatiént of the model initial conditions. Based og tkesponse presented
in figure 8-b), it is possible to conclude that,spite of the observer response presents somelitttyphase lag in
relation to the model response, the closed loopamese using the observer is within the design fipations. In this

work, the values of the parameters used in the rebseroject are the same used in the model. Tkectef of
parametric errors are now being studied.

6. CONCLUSION

The pole placement method applied with state fegldbantrol and full state observer has demonstridechpacity
to control the elevator's active suspension syst@sngemonstrate the results obtained by simulatibris shown in
Section 4.1 that the design parameters establish#te Section 3.4 were reached at all for bottighcondition and
impulse function cases. Also, the estimated staltiégined thorough the use of a full state observached the model
response. But to obtain better results, improveménthe observer design are being accomplished.iihportant to
remark that in the cases, as the present one, whatrices are bad conditioned (huge and small gatuesent), the
arbitrary (try and error) positioning of the dedirelosed loop poles could be a hard task, mainbabse the gains



obtained in the state feedback control design cbeltbo elevated, resulting in control efforts tbatild overcome the
power system’s capacity. Therefore, methods to &fiodeptable locations for the not dominant closeg Ipoles, like
LQR method, are very useful (see, for example, Karad Perondi, 2007).

7. REFERENCES

Ben Gaid, M., Cela, A., Kocik, R., 2004, “Distrileat Control of a Car Suspension System”, In Procggsdof the 5th
EUROSIM Congress on Modeling and Simulation. P&niance.

Campos, J., Davis, L., Lewis, F. L., Ikenaga Sull$cS., Evans M., 1999, “Active Suspension ContblGround
Vehicle Heave and Pitch Motions”, 7th IEEE Meditarean Control Conference on Control and Automatgragl.

Chen, Z., Jin D., Huang, X., Zhao, L., Ma G., 1999esign and development of an electronic controlte active
hydro-pneumatic suspension system” Vehicle Eleatso@onference, Proceedings of the IEEE Internatiqmp 52
- 57 vol.1.

Fujinaka, T., Omatu, S., 2001, “Pole Placement &$iptimal Regulators”, T.IEE Japan, Vol. 121-C, N°1

Franklin, G. F., Powell, J. D., Emami-Naeini, A9, “Feedback Control of Dynamic Systems”, Additiasley
Publishing Company, pp 118 — 138 and pp 469 - 540.

Friedland, B., 2005, “Control System Design, Arrdadiuction to State-Space Methods”, Dover Publicetjdnc., pp
222 — 254, pp 259 — 267 and pp 290 - 298.

Giua, A., Melas, M., Seatzu, C., 2004, “Design o€antrol Law for a Magneto-Rheological Suspensicdbntrol
Applications. Proceedings of the 2004 IEEE Intdome Conference on
Volume 2, Issue, 2-4, pp 1467 - 1472 Vol.2.

Husmann, J., 2005, “Elevator car frame vibratiomgag device”, Invention AG, patent US6,959,787B2.

Ikenaga, S., Lewis, F. L., Campos, J., Davis, DQ®@ “Active Suspension Control of Ground Vehickséd on a Full-
Vehicle Model”, American Control Conference, Pratiegs of the 2000, pp 4019 - 4024 vol.6.

Istif, 1., Sagirli, A., Kutlu, K., 2002, “Bond grdp modeling and position control of an electrohyticaelevator”,
Proceedings of ESDA: 6th Biennial Conference oni@gying Systems Design and Analysis, Istanbulkéyar

Leonard, N. E., Levine, W. S., 1992, “Using MATLAB analyze and design Control Systems”, pp 14 - 15.

Misra, P., 1996, “LQR Design with Prescribed Dangpiand Degree of Stability”, Proceddings of the IEEE
International Symposium on Computer-Aided Contrgdt8m Design.

Nai, K., Forsythe, W., Goodall, R. M., 1994, “Viltien Reduction Technics for High Speed Passengevabrs”,
IEEE.

Ogata, K., 1996, “Projeto de Sistemas Linearesat@rGle com MATLAB”, Prentice-Hall do Brasil LTDAp 21 - 74.

Ogata, K., 2003, “Ingenieria de Control Moderna® Ed., Prentice Hall, pp 779 — 871 and 882 — 8837- 8

Oh, J., Peng, P., Winston, H., Finn A., 2006, “BElev active suspension utilizing repulsive magnétice”, patent
US2006/0175150A1.

Preumont, A., 2002, “Vibration Control of Active r8ttures, An Introduction”, 2dn Edition, Kluwer Agdamic
Publishers, pp 137 - 163.

Rivas, S. M., Perondi, E. A., 2007, “Desarrollowdecontrolador para um sistema de suspension guanaelevadores
de alto desempefio”, 8vo. Congreso |beroamericandngenieria Mecéanica, Cuzco, Peru, Oct. 2007. @o b
published)

Sehitoglu, H., 1993, “Optimal Eigenvalue Placemasing Linear Quadratic Performance Index”, The tFIEEE
Regional Conference Proceedings Aerospace Cdbysiems. Page(s):638 — 640.

Sha, D., Bajic, V. B., Yang, H., 2002, “New modeidasliding mode control of hydraulic elevator vetgdracking
system”, Simulation Practice and Theory 9 pp 3@5-2002 Elsevier Science B.V..

Shieh, L. S., Dib, H. M., Yates, R. E., 1988, “Seqtial design of linear quadratic state regulatashe optimal root-
locus techniques”, IEE Proceedings, Vol. 135, RINPA.

Shieh, L. S., Zhang, J. L., Ganesan, S., 1990,UtRseontinuous-time quadratic regulators with poligcement in a
specific region”, IEE Proceedings, Vol. 137, Pt.ND5.

Schneider, P., Huck, E., Schwarz, P., 2001, “A MiodeApproach for Mechatronic Systems -Modeling &ichulation
of an Elevator System”, XI. Intern. Symposium inebhetical Electrical Engineering, Linz, Aug. 122.

Skalski, C. A., 1984, “"High-Performance elevatontrol system”, Elevator World.

Sugimoto, K., 1998, “Partial Pole Placement by L€gRators: An Inverse Problem Approach”, IEEE Testi®ns on
Automatic Control, Vol. 43, N°5.

Utsunomiya, K., Okanamoto, K., Yumura, T., 2004ui@ for elevator”, Mitsubishi, patent US6,786,3@4B

Utsunomiya, K., Okanamoto, K., Yumura, T., 2006,ctike horizontal vibration reducing device for ed¢or”,
Mitsubishi, patent US7,007,774B2.

8. RESPONSIBILITY NOTICE

The authors are the only responsible for the palimt@terial included in this paper.



