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Nonlinear Vibration Control for an Aircraft Vertical Tail by Using
Operator-based Estimation

Taiki Nakagawa, Yuta Katsurayama, Mingcong Deng, Shin Wakitani

Abstract—In this paper, vibration control is performed by
using piezoelectric elements which are one of the smart actuator.
An operator-based robust nonlinear control system by using
robust right coprime factorization approach and a nonliliner
property of hysteresis model is proposed. Considering the
hysteresis in the piezoelectric actuator, assuming that an aircraft
vertical tail is forced vibration model the response of the
plate. Finally, the effectiveness of the proposed nonliner control
system is confirmed by simulation results.

I. INTRODUCTION

In recent years, with the use of reinforcing materials such
as carbon fiber, the vertical tail becomes light and strong. A
tail plays an important role in order to ensure the stability of
the yaw direction of the aircraft in the aircraft wing. Gener-
ally, it is said that the stability of the aircraft is improved Fig. 1. The experimental system
by increasing the area of tail. However, the influence of

turbulence and wind is strong. Therefore vibration that occurs ) ] ) )
the tail becomes increase. This vibration may break the tail In this paper, hysteresis property of piezoelectric actuators

and accident of it have occurred in many places. The@® considered by using Pl model [6]. Setting positions of
with the development of smart materials, smart materidli€zoelectric actuators are selected by ANSYS. Then, the
based actuators such as piezoelectric actuators have attradtgglinear control system to the vibration of the plate structure
attention of the researchers. The piezoelectric material had@t simulated the aircraft vertical tail is designed by using
characteristic that not only can convert mechanical energperator theory [7], [8]. The vibration control simulation
into electrical energy, but also can convert electrical enerd)f the plate structure are done and the effectiveness of the
into mechanical energy. Therefore, they have been used B@Posed vibration control method is verified. _
actuators and sensors. Furthermore, its response is fastefNe rest of this paper is organized as follows. In section
and power consumption is small, they are widely used iH: experlme_ntal dewcegs, mO(_jeI of the exte_rnal force, the
vibration control. However, a piezoelectric actuator has Blodel of aircraft vertical tail, Pl hysteresis model and
nonlinear characteristic that called a hysteresis. So, theP@Sitions of piezoelectric actuators are introduced. The pro-

is a possibility that the output expected results can not HPsed vibration control method is discussed in section Ill.
obtained for input, can not be precise control. In section 1V, numerical simulation results are shown and

In [1], the distributed ctuator was applied to performve”fy the _effectiver_less of the proposed method. In section
vibration control of cantilever beam. The models of moré/, conclusion of this paper is presented.
complex skew plates have also been analyzed in the field
of aerospace industry [2]. In [3], the hysteresis property of a
piezoelectric actuator was considered and described by usiAg Experimental devices

Prandlt-Ishlinskii (PI) model. The vibration control for the |4 this section, experimental devices that are composed
plate with piezoelectric actuator was considered in [4]. I, Fig. 1 are introduced. The plate is vibrated by the recip-
this paper, robust nonlinear control method is proposed @pcating movement of the servo motor. If the piezoelectric
suppressing vibration using a piezoelectric element. In [Skensor that is stuck on the plate structure detects a vibration,
setting positions of piezoelectric actuators are selected Bygenerates an electric charge. In order to process on the
gsing ANSYS. And, in the_case of free \_/i_bration, the vibrapc, that charge is converted to a voltage signal by using
tion that occures at the tail can be stabilized fast. Howevey, charge amplifier. This signal is transmitted to PCI board
there is a possibility that the vibration is continuously raise¢hat has functions of digital-to-analog and analog-to-digital
forces, such as movement of the body, the air resistance afghversion by passing through the charge amplifier and

Il. PROBLEM SETUP

turbulence to aircraft in the flight. the inverting amplifier circuit. Then, the control input is
The Graduate School of Engineering Tokyo University of Agriculture an(FalCUlated by the de5|gn§d Comro'_ler' After that, the (?oerI
Technology, 2-24-16 Nakacho, Koganei, Tokyo, 184-8588, Japan input is transmitted to piezoelectric actuators that stick on
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the plate by passing through the direct voltage amplifiedescribed as follows:
from PCI board. The output of the direct voltage amplifier dey(t)
is limited between -100 V and +100 V. F(t) = pts o

B. Model of the external force C. Model of the plate structure
Apply force to a plate by reciprocating movement of the N .
servrc))p%otor This sl?assionyanalfses thegforce applied o t eThe controlled object is the plate structure that is simulated
plate. To begin analysing the force, coordinate axes a ac a|rcraft_vert|cal tail. In Fig. 2-a,n = 1,2,3) represent
transformed to the, y and z-axis of the plate in Fig. 2-b p!ezoglectnc actu_ators and, b represent length ot, 1
from the g, { and n-axis of it in Fig. 2-a. The coordinate direction, respectivelya represents an angle between

i ; : . axis ande-axis. Positions of the actuators are best arranged
Of the micro volume of fe plate structure in a certain pomg using the finite element method. A piezoelectric actuator
(€, ¢, n) is referred to (1). y g AP

generates moment, when it is impressed a voltage. This
( X ) 1 0 comx ) ( n ) moment is represented as (5) by the Heaviside function

(n+ecosa +1) 4)

y |=({ 01 o0 4 H(-). mg, m, represent the magnitude of the moment of the
z 0 0 sina € piezoelectric element, n direction, respectively.

(§)_ X/j') e = My =My[H (e — £15) —H(e — £2)]

z r4 [H(N —n1p) —HN —n2p)] ()
n+&cosa +| My is the moment from piezoelectric actuatops=1,--- ,3).
- Z @) A detail of My introduces at section 1I-D. The equation of
esina motion for the plate structure that is considered piezoelectric

where, the plate structure is @nn-axis and is the distance actuators is represented as (6). A detail of the external force
to the tip of the plate structure from the axis of rotation othat applied to the flat platE(t) was introduced at section
the servo motor. Force is given to the plate by rotating thd-B.

z-axis. When the angular velociigy (t) = (0,0, w,(t)) from A 32w dw
the servo motor, the accelerati@ft) of the micro volume ~— DsH'@+pls—o 7 +Cs— -
of the point &, vy, 2) is derived as follows: a2m (t) o"'zm,, (t)
Xy 3 = &2 an2 ‘H:(t) (6)
dax) ) 1
a = dt xT=10 0 = where,
X'y z
3 2 2
day(t) . dw(t) __Es 2 o
=g KT q 9 Ds 12(1-v2)’ . 032+0n2
day,(t
= %()(r] +ecosa +1)y (2) p,ts, E, v andcs show the density of the tajkg/mq], the

o . thickness of the platém], an elastic constariN/m?], the
where,X, y andZ represenk, y andz direction, respectively. pojsson’s ratio and a damping ratio, respectively. The right
It is considered to return Fig. 2-a., then (2) is derived as (3}jge of (6) finds to partial differentiation of (5). The response

- day(t 2 of the tail is supposed to represent (7).
y(t) = (:;Zt( )(n +ecosa +1)¢ ©)) PP P (7)
t) = - f(t
So, the force that act on the micro volume of the plate w(e:n.1) a;(s,g) ®)
structure by reciprocating movement of the servo motor is = Z Z @n(e)Wn(n) - (1) 7
=1n=1

é-z where,w(g,n) is the mode of characteristic vibration. Ac-
o cording to the theory of thin plate [9], eigenfunctiogg(¢)

wg(t)
' and Yn(n) are described as follows:

a @n(e) :coshﬁs—cosﬁs—sinhﬁﬁrsinﬁs
a a a a
/* Y Yi(n) =1
«@ n 2
- — wa(m) =v3@- )
a: The standard coordinate b : The transformed coordinate an(n) :COShy—nr] " cosy—”n
Fig. 2. The controlled object b B Vi
—sinhF"r’ —sin g n, (n>2)
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andwhere y; = (2m—1)11/2, y;, = (2n—3)m/2. Substitute D. Model of the piezoelectric actuator

(7) into (6), @n(e) and Yn(n) satisfy as follows : Prandtl-Ishlinskii hysteresis model based play hysteresis

0, (M my) operators is used to describe the moméfy from the
/ @n(€)@mi(e)de = 1 piezoelectric actuator. The play hysteresis operator is defined
jO (9121( g)de, (m=mmy) as [6]
(n#ny)
0 . K —
[ nmgnat { Uz, (e F((OO)) = ()0}
Fa((u)t)iu) = fa(u@),m((U)t);uy)  (10)
from the orthogonality of the natural vibration mode. After
multiplying @n(€)Wn(n) at both sides of (6), integrate it in (ti<t<t1, 0<i<N-—1)
[0, a] , [0, b] and have
dzf(t) df( ) fh(u,q) :max(u—h,min(u+h,q)) (11)
ki The—g Tkef(t) = kaMp(t) +ksd(t)  (8)
O=tg<t; < - <ty=tg, [0t
where ( o<ty <--- <tn=tg,[0,tg] )
a b where O=tp <ty < --- <ty =tg is a partition of][0,tg] such
ka :Pts/o ‘Iﬁ(f)ds/o Yn(n)dn that the functioru is monotone on each of the sub-intervals
a b [ti,tir1]. uj € Ris an initial value,h is the threshold of the
ko :cs/ (pr%(s)de/ Y2(n)dn play hysteresis operator.
. 7D' Ez/a dz%((;) (S)dg/b dZLLln( )w i Here, the play hysteresis operatgi(u)(t) is given by
T\l ez O, " ut)+h,  ult) <Fa(u)t)—h
ad“fnn(«E) b 2 Fn(u)t) = ¢ R(u)t), —h<u(t)-F(u)t)<h (12)
+Jy e le)de [ uRman ut)~h, ) > R()) +h
b f4 wn n) o
+/ @ (€) / Yn(n)d > where Fy(u)(t) is instead of F,((u)(t);u;) and
Fn((u)(0);u;) = max@(0) — h,min(u(0) + h,u;)). h is
Ky = (d%(€2pi) _ d%(flpi)> /”ZF" Wn(n)dn the threshold value of the play hysteresis operator.
de de Nip Based on the play hysteresis operator, the Pl model is
. . &2p; represented as [6]:
+ (dwfg";zﬂ) B dLl'r:j(le.)) /  n(€)de P [6]
&1n:
" u*(t) = Dpi (U)(t) +Api (u) () (13)
ks =pt / de / d
° Ps( 0 o 0 Yn(m)ndn where Mp = u* and parameters of (13) are represented as
a b follows.
+/O q}n(s)scosade/o Wn(n)dn
a b Dei (u)(t) =Ku(t) (14)
+I/ mn(e)de/ wn(n)dr7> h
0 0 K=/ p(h)dh (15)
0
Then, (7) represents (9) by solving (8). hy
Be(u)) =~ [ Shp(ydn
Omn(t—T) _ H
w(e,n.t) Zlnzl U Fnn SN Bt = T) + [ PR (16)
- (kaMp(T) + k5d(r))dr] 9) Sh=sign(u(t) —Fn(u)(ti)) a7
h where hy is the maximum number that satisfibse [0, hy]
where, andh < |u(t) — F,(u)(t)| whenh= [h,hy]. p(h) is the density
3 (&) Yn(n) function and satisfies (lI-D).
mn— —
K K2 0
ki /& — 4% p(h)>0 /0 hp(h)dh < e
ko
Qmn = ke
WhenH existsh > H, the density functiomp(h) satisfies
8 ks K2 (18).
mn e ph)=0 (h>H) (18)
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E. Position of piezoelectric actuator

In this section, optimal setting positions of piezoelectric
actuators are shown. In order to select the optimal position,
we use finite element method (FEM). FEM is one of the
numerical analysis method that obtain an approximate sol =
tion of difficult differential equations. Firstly, the object that
has a complex form divides simple and optional part. Here,
simple and optional parts are called elements. Secondly,
differential equations of elements are solved. Then, solutions
of differential equation combine, and the whole behaviour is Fig. 3. The proposed control system
estimated. At this time, we use ANSYS as the software of
FEM. ANSYS is the software that can analyse a structure,

a vibration, a heat transfer, an electromagnetic field, timbrg Rignt factorization of the model

and a crash at the same time. Th|s “mei A.NSYS ED 10.01is All of the control objects are expressed at time domain
used as FEM software. There is a restriction to the number .

ar{d designed controller based on operator theory [7]. The

of elements,_ but_lt can be used to analyse the dlsplacemenr]]c)deI of the control object is expressed (9).
of the plate in this time.

. . . . In this paper, we consider the nominal vibration mode with
The effectiveness of control for a piezoelectric actuator is .. . , .
estimated by (19) a first and the uncertainty with second and third order modes.
y ’ So the plant is considered the following equation.

)
g— WU 29  [P+AP)(U)(®)+(d) (1))

-~ {uo} (o} C s
=(1+4) (J e 1 sinyy(t —
where, {up}, {u} and g arethe displacement vector of the (1+8) [ ll./o nfu(t =)

plate, the displacement vector generated by actuators and the . .

ratio of displacement before and after control, respectively. (u(7) +d (T))dT} (21)
And considering the voltage of actuators, estimated equatio
is represented as (20).

E’?antP+AP is factorized following equations.
P+AP =(N+AN)D~((u*)(t) + (d*)(t))
zM (20) (N+AN)D LR (u)(t) +d*(t)) (22)
{Vo}" {Vo}
oy 1Yo [N+ ANJ(W)(t) =(1+A)

The right second part of (20) is the ratio of the criterial t (t-1)
voltage V) to the voltage of actuatorg;. Where,V; is the : {311/0 e M Usingy(t—1) 'W(T)dT} (23)
D(w)(t) =l(w)(t) (24)

impressed voltage of thg¢-th actuator.Z is the parameter

considers the effect of control and voltage.afbecomes

large, the effect of the voltage is small. In the oppositevherel(-) is the identity operator.

side, the effect of the control is large, Zf becomes small.

WhenZ = 0, the effect of the control is maximum. Here, if ) ] . 4 .
Consider the nonlinear planD = Dp;'D, and Ap; is

the parameter ofl is minimum, there is the most effective . .
position of the piezoelectric actuator to control the vibration?0unded uncertainty. In this case, the output of the plant
is represented following equation.

The position of actuators are chosen in this way by usinY;(t)
ANSYS. y(t) =(N+AN)(A(N+AN) +BD) 2

-(r*(t) + BDpt(Ap +d%))  (25)
The controllerA andB are decided to satisfy bezout identity

MN=g+

B. Controller design of a stability

Ill. THE PROPOSED DESIGN SCHEME

In this section, a design of the nonlinear system wit

L . : . 26).
hysteresis is proposed by using robust right coprime factot- .
ization condition. The framework of the considered system is AN+BD =M (26)
shown in Fig. 3r €Y, e €Y are the input of the controller 1K
Cpi, & € U is the input of the controlleB~%, be U is the — ( - m) v y 2 2
output of the controlled, d* is external forceu € U and A Ji1Bu1 (y+2011y+(all+ﬁ11)y) @7
u* € U* are the input of Pl model and input of the nonlinear  B(u)(t) = KmKu(t) (28)

plant, respectlv_ely. Wherd) is the input space of the Pl whereKn,, M are design parameter and unimodular operator,
model, andU* is the output spaces of the Pl model. Letrespectively AndK is represented by (29)

output space of original nonlinear plant and quasi-state space .
beY andW, respectively. Then a detail d@;s is introduced K — X p(h)dh (29)
at section IlI-C.

406



TABLE I

In the simulation, the uncertainty is known and considered
PARAMETERS OF PIEZOELECTRIC ACTUATORS

second and third mode of the tail's vibration. Then, robust
stability is represented as following equation.

Younds modulus EP = 6.2x 1010 [ N/m?
3
ANN-+AN) —ANMYp < 1 30 Length a_ = 50x 10 m
I[A(N+AN) IM™|Lip (30) Lendt a_- SOIOT] om
C. Design of a controller on vibration compensator Thickness th = 05x10° m
Piezoelectricconstant| dg; = —210x10 2 [ m/V

The stability of the system is guaranteed by designing
controllersA and B. However, if there are controlleis and

B, the outputy(t) will not track the target value(t). TABLE Il
y(t) :(N —|—AN)I\7I*1(r*(t) + BD|;|1AdiS) (31) PARAMETERS OF SIMULATION
Agis :(API +d*(t)) (32) designedparameter| kp = 065
From (32), the tracking controlleZp, is designed as follow: |I<(:n — g:ég
t - samplingtime 0.01 S
Cpi(e1)(t) = kpew(t) +k / e (T)dr — BD|§|lAdis (33) simulationtime 60 s
0
wherekp, ki are design parameter&jiS is the value that
estimated\yjs. Agis IS calculated using estimated mechanism
shown in Fig. 3. consideredn ¢ direction, and second and third order modes
F~>*1(y) () :(P+AP)*1(y) (t) of it are contained as uncertaintiA®. So, we choosen=3

~ - 5 » and n =1 to describe the considered aircraft vertical tail.
=Dpi(U)(t) +Apr +-d"(t) = T°(1) (34)  And use density function of piezoelectric elemepi$) =
Agis is estimated by taking the differences between calc®.00032x e000088h-1)% whereh ¢ (0,100}
lation results ofu™(t) and Dp;(u)(t). Where, Dp| is com-
putable.Cp, performs disturbance rejection and improve
tracking performance. So, the tracking performance of the In this simulation, the servo motor is reciprocated at an
system is guaranteed to satisfy (35). angular velocityws (t) = 0.0085sin@rtfyis-t) [rad/s] as a pe-
~ _ riodic external forcefyis is assumed that the eigenfrequency
y(t) =(N+AN)M~*(Cpy + BDp; Adis) (35) fyis = 5.21 Hz of the plate structure. Start to control of
The control system that is represented as (35) is the sar@gced vibration 5 sec later after adding the vibration. If the
system of [3] and [4]. In [3] and [4], output of the systemnominal plant defined a first order mode of the vibratifiis
was confirmed to track(t). So, the system represented a<onsidered as second and third order modes of it. Parameters
(35) tracksr(t). of simulation is shown in Table Ill. The simulation results
of vibration control for the plate structure are shown in
IV. SIMULATION RESULTS following figures. In Fig. 4, the simulation result without
In this section, simulation results are shown by usingontrol shows a dashed line. At the full line in Fig. 4, we
designed controllers. show the result of simulation using the controlkerand B
that designed in section Il without the tracking controller

A If’aram.eter setting o Cpi. The condition of robust stability is represented at (30).
Simulation results show the vibration control performancgopyst stability is shown in Fig. 5. In Fig. 5, condition

of the tail. Parameters of the plate structure and piezoelectig ropyst stability is less than 1, so the proposed system
actuators are shown in Table | and Il, respectively. can be confirmed robust stable. Furthermore, making the
improvement of the damping performance by using the
tracking controllerCp in Fig. 6. The corresponding control
input of piezoelectric actuators are shown in Fig. 7.

oB. Simulation results

TABLE |
PARAMETERS OF THE PLATE STRUCTURE

Youngs modulus E = 294x<10° | N/m? Fig. 8 is the output of the system with and without
Poissofs ratio v = 0.38 - the tracking controlleCp,. In Fig. 8, the simulation result
Density p = 1430 | kg/m3 without the tracking controlle€p; shows a outside line. At
Lengthof ¢ direction | a, = 0.31 m he inside line in Fi he simulation r [t wi
Lengthof n direction | by, = 0.27 m the inside line g. 8, the simulation result wil.

i — —3
Thickness s = 2xi0 m C. Consideration
Bendingstiffness Ds = E-: Wi\ﬂ) N-m ] ) )
Dampingraio ro— 06 = Fig. 8, good damping performance was shown by using

the tracking controlleCp,. In results, it is understood that
In simulations, the vibration oa direction is just consid- the control system is stabilized by using the designed con-

ered. Onn direction, the only first order mode of aircraft trollers A and B in section Il and that control on vibration

vertical tail is used. And the first mode order of the tail isperformance is good by using the tracking controllgr.
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V. CONCLUSION

In this paper, the model of the vibration of the plat
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Fig. 8. The output with and without the tracking control(@s

vibration. Therefore, it was confirmed to realized desired
vibration control performance.
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[4]

(3]

(6]

i

structure and the piezoelectric actuator are constructed. 1

order to control the vibration of the plate structure by using

piezoelectric actuators, control design method based on

operator theory was proposed. And periodic external force
was applied to the plate structure, the effectiveness of thig A. W. Leissa, Vibration of platescoustical Society of Amer, 1993.
proposed method was verified by simulation of the forced
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