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ABSTRACT

This paper proposes the angle tracking control atefor Twin rotor multi-input multiple-
output (TRMS) using the input-to-state stabilitedhny (ISS) for nonlinear systems. To apply
this theory, the model of TRMS is rewritten by amdf-Lagrange forced model with uncertain
parameters and input disturbances. The uncertaameders are the potential energies depended
on the mass of TRMS’parts and the input disturbsrere the considered friction force, flat
cable force, and effects of the speed of the n@tior on the horizontal movement and the speed
of tail rotor to the vertical movements. Using niadited model of TRMS, we designed the
adaptive controller for angle ISS stabilizatiorattenuate the influences of uncertain parameters
and input disturbances to the angles of TRMS. Dheistness of the closed system is shown by
the the stabilization of the angles with the yawl gitch external disturbances, the simulation
and experimental results help to proof the righdradproposed method.

Keywords: adaptive tracking, Twin rotor multiple-input miple output, ISS stabilization, robust
adaptive feedback control, uncertain systems, Hidgrange forced model.

1. INTRODUCTION

The Twin rotor multi-input multiple-output (TRMS)ystem was manufactured by
Feedback Instrument as shown in Fig. 1. TRMS ullg &ctuated mechanical system with two
links, a horizontal link connected to the towermtgh a pivot and another link is perpendicular
to the horizontal link connected through a rotaigoint with propellers attached at both ends.
TRMS is a nonlinear system including the vertigad &orizontal movements which is driven by
the propulsive forces due to the main rotor and hbezontal tail rotor respectively, the
propulsive forces can be changed by the voltagpkeaito the DC motors [1]. The yaw and the
pitch angles are measured by tachometers. The TRbE&I is used to test the control law in
the laboratory, the important application of theM&model is experiments of control problems
for the helicopter [2] because it is an experimen#&-up that resembles with the helicopter
model

The angle stabilization control problem for TRMS difficult because of the dynamic
characteristics of TRMS, high nonlinear systemshwitgh coupling between the horizontal
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motion and vertical motion, the friction momente ttable moment and gyro moment influence
to the propulsive moments as input disturbancesclhwician not be modeled exactly in the
practice. As the rotor speeds are varying, highwuarhof cross coupling creeps into the system
which no longer keeps systems flat.

F

@

Figure 1. The TRMS setup in the Instrument and Control Lablwdi Nguyen University of Technology.

In addition, there is very difficult to get the exanodel of TRMS because many physical
parameters can not be measured exactly, the paemstpplied by the manufactory are
changed by the time when TRMS is used in pracespgecially the inertia constant, friction
coefficient, viscosity constant, the sign functionthe propulsive forces that influence the
performance of system and the angle tracking errors

Many tracking control strategies applied to the TRMave been investigated during the
last decade. In the references [3],[4] the authbogsented the using controller PID and PID with
derivative filter coefficient. With uncertain paraters and external disturbance, the closed loop
driven by PID controller keeps the undesirable oesps including large overshoot, oscillations
and large setting time. The references [5],[6] epned the control for TRMS using fuzzy logic
controller and PID controller. By using the fuzzyntroller, the performance of system is better,
so to capture the uncertainties there are so mamgstto try and try the fuzzy laws, the
membership functions. Reference [7] considerd thieguthe LQR controller based on the
linearization model of TRMS in the hover mode andoatimal state feedback controller based
on linear quadratic regulator (LQR) technique haerbapplied for TRMS. The difficulty to
apply for tracking problems and how to choose roe#iQ and R are the disadvantages of this
method. The reference [8] refered to TRMS contdbbg the terminal sliding mode control that
keeps the system to be stable to disturbancedh pitd yaw, this method used the linearization
and analysis of zero dynamics to control TRMS a tperation point, the sliding mode
controller responds quickly in attenuating the wtisances. Using artificial neural networks and
genetic algorithms, the adaptive model inversiantid approach was presented in [9],[10].

This paper applied the input-to-state stabilitgyaty (ISS) to design the adaptive controller
for stabilizating yaw and pitch angles for TRMSe presence of all disturbances and uncertain
parameters for the angle tracking problem. Firgtg, mathematical model of TRMS is rewritten
in Euler-Lagrange forced model with uncertain pagters and input disturbances that are
respectively the energies depended on the mas&bfSIparts and the friction force, the flat
cable force, the effects of the speed of the matior ron the horizontal movement and the speed
of tail rotor to the vertical movements. The outpfithe controller are the rotation speeds of two
DC motors which are the desired set points of tireeri control loop by the input voltages
applied to the DC motors. By choosing appropriatggptive controller parameters, the effects
of the input disturbances to the yaw and pitch esiglill be attenuated.
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The paper is organized as follows. Next sectiorisdeéh the rewriting the model of the
TRMS , followed by the design of adaptive contnofler TRMS based on ISS stabilization, the
proof of robustness of closed loop are given i gection. Section 4 deals with the results
obtained from simulations and experiments, andslastion consists of conclusions.

2. EULER-LAGRANGE FORCED MODEL OF THE TRMS

Accurate modeling of the system is very importamtdeveloping the control law for TRMS.
Authors in the [11] presented the dynamic modelRMS using the Lagrangian method which
is took all the effective forces into account. Nave consider (see notation in Fig. 2):

a,,a,: Horizontal and vertical angles (measured outputs)

a,,w, . Rotational speeds of tail rotor and main rotor.
Kinn s Kivp » Kn 1 J1,d2,:d3.MT b, miTo e g hle | and ki, kg Ky, are the physical parameters
and defined parameters of the TRMS listed in theeagdix of this paper.

ay
7 A
UV

Figure 2. The denotations of TRMS used in the model forniorest

From [11], the model of TRMS is rewritten in Euldragrange forced model as follow
M(a)a +C(a.a)a +G(a)=0 1)

where a =[a, aV]T is state vector, the matrixed (@) JR*?, C(a,q)0R*? ,G(a)OR*®
are the system matrices defined as

. |
JcoSa,+J,sifa, | h(mrllTlsmcrV
|
M (Q): +h2(mrl+m"2)+‘]3 i _ml'2|T2 COSO’V) (2)
S L 22 !
h(mrllTl sina, = |, cosav) i J+J,
|
1 h{m | cosa,
- 12(3,-3,)sina, cowm,d, | ( v
Ca.a)= | +me b sina ), ®)
(9,-3;)sina, coma, |« o
0
C@=| [ cncr 2l airy B 4)

g(mrllTl cosa, +m ., simfv)

and Dz[zirih ziriv]T OR* with the elements Y .7;,,> .7, are the sum of applied
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torques in the horizontal and vertical movements@m be summarized as
Zi Tin = Tproh ~ Ttrich ~ Tcable (0h) * Ty %)

r =|,F,(w,)cosa, is the propulsive force due to the tail rotay,y, implies the torque of

proph
the friction force, r . (a,) refers to the torque of the flat cable force, tlast term
1, =k,a,cosa, of (5) represents the effect of the main propelpeed on horizontal
movement.

Z, Ty =Toov ~ Thriev Tt T oo (6)

T oo = ImFy (@) represents the torque of propulsive force due értiain rotor, 7., is the

torque of the friction forcer,, =k, denotes the effect of the tail propeller speed/enical
plane movement of the beam,,, =k, F, (), cosa, refers to the torque of the gyroscopic

effect.
The functionsk, («,), F, («,) are given by the following equations

()= Kip|@h| 4,20 -
" Kim|e|t, e, <0
R (@)= ooledlea @20 ®)
’ Kanlod|@, @, <0

where w,,w, are the rotational speed of tail and main rotespectively.
We rewrite the matrixM (a) of the (1) as below
h(mrllTlsinafV —-mp L, cosav)c‘r'v
M (@) +C(@,d)d +G(@) = 0| 7 =r=mo=-mmmm ot (9)
h(mrlITlsmaV —-mp L, cosnv)ah
where the matrix
J,cosa,+J,sita,

\

o
M (@) =| +h?(m; +m; )+, | (10)
"""" 0 """";”31' +J,
is defined positive matrix.
The model of TRMS now becomes
M,(@)d +C(a,a)d +G(a) =Ty + (12)

where U, = [meph meva is input torque vector applied to the TRMS, is considered
the input disturbance torque vector
“Thich ~ Teae( ) + Ky COSY,
7, = —h(mrITlsina —m, |, cosx )c‘? (12)
rm+k(a14+ (n}l sina, —m} cosa')ah
From the matrixM ;(a) we conclude that the dynamics of anggsa, are strongly effected
by J;,J,,J; but in the practice, we can not get the parameigs®,,J, exactly, so we assume it
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to be unknown constant parameters. This unknowanpeters is adapted in the performance to
keep the tracking errors of the system. In thisepape consider the constant uncertain vector
defined by

é’:[‘91 6, HS]T =[J1 J, Js]T (13)
Therefore, the Euler— Lagrange forced model of itRMS perturbed by input disturbance and

contained constant uncertain parameters is refezseg
M,(a,0)d +C(a.a,0)d +G(a.f)

= Dprop + Ty Q ) (14)
—_— D
input torque vector disturbance torque inpu

The equation (14) can be expressed by affine wighcbnstant uncertain vector as follow
M, (a.8)d +C(a.a.0)d +G(a.0)=F,(a.a.d)+F(aad)d (15)

where the matrixF, (a,d,d) is written

f, 0 f, 1 f
F(ggg){;lflf—} (16)
with the elements of th&, (a,d,d) are formulated as follow:
f,, =cos a,d, - 2,4, sim, cog, f,= sfa,d,+ ®d, sm cos
f.=d,, f,,=d, +a,°sina, cosr, (17)

— L 2 o _
f,, =d,-a, sina, cosy, ,f,;,= 0

The equations (12),(13),(14),(15) and (17) repreten TRMS in Euler— Lagrange forced
model perturbed by input disturbance and contagwtstant uncertain parameters. Using these
equations, next we proposed the design of adaptim&roller based on ISS stabilization to drive
the angles of the TRMS tracking to the desiredesgl

3. ADAPTIVE CONTROLLER FOR TRMSBASED ON ISSSTABILIZATION

The dynamic of the system (14) depends on the tainemparameters and input
disturbances which are inputs considered the exagersignals. The closed systems is
asymptotic stability of the original if:

lim(a(t ) ~a,(t.5))=0 Oz ¢) (18)
and uniform asymptotic stability of the original if
|c_7(t11£d)_gr (t, 74 )|<|c_7(t21£d)_gr (tzil'dj Ot,>t, andOzy t( (19)

There is difficult to drive the closed system megtithe performance criteria (18) or (19),
Sontag in 12[12] proposed the extra stabilizatiefinition that is Input to State Stability (ISS).
The closed system called ISS stabilization if thera attracto= of the original such that all

trajectories of vecto(q(t,gd)—qr (t,_rd)) always tend t&. For the tracking control problem of
model (14), the input disturbance vector is assutodx bounded:

d=sufry t) (20)
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Based on [13], in [14, 15] and [16] we proposedaaaptive controller for the input
perturbed uncertain systems to tracking contrathim sense that the tracking error has to be
bounded for allt=0 and asymptotically convergence to the origin. gsthis proposed
controller, we apply to the TRMS with model (14)caculate the input torque vector applied to
the TRMS, the adaptive feedback linear controfier i

a6 (oF)" Px
dt

Oorop = Dp(@,0)[d, + Kie+K,€] +C(a,d.8)d +G(a.f)

(21)

wheree=a -a, is the tracking errorsg, is any desired angles, the<2 matrix® is defined
by:

€]
b= "7 = 22
M Y(a.0) (22)
in which © is the %2 zeros matrix,K;,K, are any two selectedx2 matrices such thatx4
matrix:

A © ! 1 23)
=\ - 23

_Kl : _Kz

with the 22 identity matrix I, will be Hurwitz, and the syminie positive definite 44 matrix P
is the solution of the Lyapunov equation:
1/ .1 _
EU\P+MQ_ Q (24)

where Q is also an arbitrarily chosen symmetrigtpesdefinite 44 matrix.

The adaptive feedback controller (21) given abolweags drives the tracking errors
x=col (gg‘:) of the closed loop system depicted in Fig.3 asgtigally to the neighborhood

of the origin defined by:
[Po]o
X < 25
|_| Amin (Q) ( )

Since the feedback linearization controller (21)ntems in it some freely selected
parameters such as two matridesK, and the symmetric positive definite matrix P, tbbust
tracking performance defined in the equation (2&)ve of the closed loop system depicted in
Fig.3 could be evidently improved further, if tegsarameters have been suitably chosen. And
next, we will present a methodology to determinégrites K,,K,,P for adaptive linearization
controller (21) so that the tracking behavior of thbtained closed loop system satisfies any
desired arbitrarily small attractat .

E={5DR4
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Equation (14)

r4(t) Jl’Jz'Jsl

IR

Adaptive prop
controller

’_> (29)

Figure 3. Structure of the closed loop system obtained bygugie adaptive controller (21).

Body of
TRMS

v

Y

Also according to the suggestion of [13], both meas K;,K, of the adaptive controller
(21) could be chosen diagonally:

K, =diag(k;), Ko =diag(k4),i=12,... n (26)
and appropriately the matrix Q of the form:
o- K? IL ) diag(kf)i <) )
p— ___I _____ - = —_— - | __. ________ -
© | K3 -K, © | diag(ks —kq)
In this circumstance the matrix A is Hurwitz if arahly if &; >0, k%l >k for all
i=1,2, ... np and the Lyapunov equation has the following unispl@tion:
2K1K, | K
3 s (28)
K 1K,

which is obviously symmetric and positive definikdoreover, it is easily to recognize from the
equation (25), that the measure=fdefined as follows:

Q(E):maxig—y‘ forall x,yO® (29)
xy " = =

is an intuitive value to appreciate the robustradsthe closed loop system. The small@(E)

is, the better robustness of the system is, thexdfe closed system which contains the model
(14) and adaptive controller (21) is called IS®#ization.

Theorem 1. For the system (14) perturbed by input disturbance and contained constant
uncertain parameters and any given >0 always exits two matrices K;,K, such that the

proposed feedback dynamic controller Error! Reference source not found. satisfies the desired
robustness:

Proof: ChosenKy,K, diagonally with:

K, =diag(k), k>1 and K, =diag(ak), a>+/2 (30)
as well as Q from the structure (27), then theeeohtained:
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7 -1
2KiK, | Kp)(_©@ KiMp
Po| =l =242 | =g [l =[]l =m === [l < ymax(ky ks 31
o= et o = iyt ) @
and
o- S diag(kf) | )
=S| == — = ——-—- i —
© [K3-Ki) | © |diag(k] k) (32)

Amin (Q) = miin(k]? ) k% - ki)

where I5p is the short expression of the matN?kp(g,Q) = (dij (c_r,Q)) and

N 2 _
y=|Wip | =maxS ) @ 2] (33)
lkis2jx
Hence, it deduces:
Anin(Q) min(k? ,a%?-k)  min(k? a%2-k]
i | (34)
yoak _ yoa
< =
min(k2  @2- 1)<2) k
|
and from which to find out:
lim yoa =0 (35)

k - o0

Therefore, by any givers >0 always exists a sufficiently large number 0 such that:
=(z)< % <p (36)
which affirms the rightness of Theorem 1. O

Finally, the desired rotational speed of tail andirmrotor are calculated by following
equations:

U
proph
O >0
) \/kfhp xly x cosa,, proen
h = = (37)
“Hproph
- O <0
\/ K X Iy X COSQY, proph
U
propv
W |:lpropv 20
fwp 7'm
W = (38)

v -0
proph
- |:lpropv <0
kfvn X Im
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From the equations (37) and (38), the input volagfethe tail motor and the main motor
can be calculated by the inner control loop. Thistiol loop, the PID controller is designed to
give the input voltage$),,,U,, applied to the two motors from the rotational speerors. The

structure of control system is described in the4zig

a
——>

Adaptive
controller
(21), Eq (35),
Eq (36)

\ Al

| PID

@@,

IR

TRMS

:

4

Figure 4. Structure of the closed loop system with two cdrntops: angle control loop and

rotational speed loop.

3. SIMULATION AND EXPERIMENTAL RESULTS

In this part, we show the simulation and experitaeresults obtained by applying the
adaptive controller (21) to TRMS with physical atkefined parameters listed in the appendix.
The simulation results are plotted in Figs 5-13y using Matlab-Simulink R2007, in this
simulation the friction torques of two channels emasidered

Tticn = Sign(dy)(0.03xary + 3¢ 10%) )

Tfricv=sign(dv)(0.0024><|dv|+ 5.6% 104) Nm

and the cable torque is

Yaw angle(rad)

Pitch angle(rad)

0.5

-0.5
0

Teapje =0.0016¢ @, + 0.0002) Nim

|
I
I
I
1_
I
I
I
I
I
|

—————— k=0.15
setpoint

70

setpoint I
k=0.372

time(s)

920 100

(39)

(40)

Figure 5. Simulation angle responses of yaw and pitch of TRiMd&rolled by adaptive controller (21)
with k = 0.15 and k = 0.372.
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Yaw angle error(rad)

Pitch angle error(rad)

Figure 6. The errors of yaw and pitch angle with k = 0.15 &nd0.372.

In Figs.5-10, there are the simulation resultsedriby adaptive controller (21) with k =
0.15 and k = 0.372 in the case no external disturbacting on the TRMS, the system is only
influenced by the uncertain parameters and thet idigsturbances.

The Fig.5 and Fig.6 represent the responses ofydlae and pitch angles tracking and
tracking errors to the desired pulse signals (dreldst situation) whose level changes repeatedly
between -0.5 rad and 0.5 rad with period 30 secoffier transient period of 5 seconds, the
yaw and pitch angles track smoothly to the dessigghals, with k = 0.15 and k = 0.372,
maximum angle errors are 0.1 rad and 0.05 radeotisply.

Yaw propulsive force(Nm)

Pitch propulsive force(Nm)

time(s)

Figure 7. The yaw and pitch propulsive forces applied tot#ikrotor and main rotor.
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o

Rotational speed of

-1500
0

Rotational speed of
mainl motor(rad/s)

Yaw input disturbance(Nm)

[

o
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S
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Pitch input disturbance(Nm)
o
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IN]

o

w

o
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o

o

o

o

o =
-~

o
ol _
o
ol _
o

=

o

o

Time(s)

Figure 9. The yaw and pitch input disturbances.

The yaw propulsive force and the pitch propulsivecé shown in the Fig. 7, the Fig. 8
refer to the rotational speed of tail motor and nmiaiotor, respectively. To track the desired
signals at level changing times, the maximum roteti speed of the tail motor is approximately
1000 rad/s and of the main rotor is 250 rad/s.impat disturbances caused by the friction force,
the flat cable force, the effects of the speedefrhain rotor on the horizontal movement and the
speed of tail rotor to the vertical movements igicked in the Fig. 9. The adaptive parameters of
the controller are updated by the time as shovtherfig.10.
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The Fig.11 to the Fig. 13 show the response oftiges of TRMS attenuating the external

disturbances acting on the yaw and the pitch araflébe time of 35 seconds and 80 seconds

respectively.
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Figure 12. The varying of adaptive parameters.

Fig. 11 represents the responses of the yaw aol aiigles in the case the yaw and pitch
acting to the TRMS, the yaw external disturbanae loa attenuated with the overshoot in the
response of the yaw while there is no overshogitoch response. Fig. 12 depicts the varying of
the adaptive parameters, this parameters are adiaptiee transient periods and the periods with
external disturbance acting on the TRMS, in thbletatate they are the constants.

200

o

tail motor(rad/s)
N
o
o

Rotational speed of

-400

N W W
a o ua
o O O

N
o
o

T

|

|

0

[
S &
o o
T
\
|
|
i
|
|

Rotational speed of
main motor(rad/s)

Time(s)

Figure 13. Therotational speeds of tail and main rotor in caseetkternal disturbance acting

To validate the performance of the controller, éxeerimental systems is depicted in Fig.
14 at the Instrument and Control Lab (310-TN, Elmuts Faculty) of Thai Nguyen University
of Technology (TNUT). To obtain the response of #RMS we use the DSP 1103 PPC
controller board supplied by dSPACE, control altjon is installed in the computer with
matlab/simulink R2007. After compiling, the contrfde is transferred to the DSP 1103 and
angles of TRMS are monitored by Control Desk softwa
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Figure 14. The setup of the experimental system,

Figure 15 refers to the experimental results, the gngle response tracks to the desired yaw
angle formed in 0.45 rad step signal at 40 secwnitiserror 0.01 rad (1%). The pitch angle is
kept at O rad, there are high peaks at the timesy#tw angle changing suddenly, so after
transient period the pitch angle error is about@@. Comparing with the methods in [4],[7],[9]
and [17] performance of closed loop system is belitethe future works, we modify the ways to
implement this controller in practice in order teduce the angle errors by choosing

appropriately the signal filters, simplifying thentrol algorithm and calibrating the input/output
signals.

Yaw angle
Reference

I
N}

Yaw angle(rad)
o
S
T
|
|
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|
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[T R e i S N I
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I
|

[

|

0.05Hf}-1--- J‘
1

4

time(s)

Figure 15. The closed loop step responses of yaw and pitclesng

5. CONCLUSION

This paper introduces the adaptive controller deb@sed on the ISS stabilization to angle
track problem for TRMS. In order to design the colher, the mathematical model of TRMS is
rewritten in Euler-Lagrange forced model with utiaigr parameters and input disturbance. By
conssidering carefully the model, we found that #mergies depended on the mass of
TRMS’parts are uncertain parameters, the flat cédree, the effects of the speed of the main
rotor on the horizontal movement and the speedibfdtor to the vertical movements are the
input disturbances acting on the inputs of TRMSe &ldaptive controller is designed based on
the ISS stabilization with the bounded input disturces. By choosing appropriately adaptive
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controller parameters, the effects of the inputudizances to the yaw and pitch angles will be
attenuated. The robustness of closed loop with rteioeparameters and input disturbances is
shown by proofing the proposed theorem togethdr thié simulation and experimental results.

APPENDI X

The physical parameters supplied by the Feedbaskuments Limited and defined
parameters of TRMS.

Table 1. The physical parameters supplied by the Feedbestkuiment.

m, Mass of the counter- | 0.022kg Kg Gyroscopic constant 0.2
weight beam

My, Mass of the counter- | 0.068kg K, Positive constant 2x10*
weight

m, Mass of main part of | 0.014kg K, Positive constant 2.6x10°
the beam

m,, | Mass of the main DC | 0.236kg l; Length of tail part of 0.282m
motor the beam
Mass of the main 0.219kg I Length of main part of | 0.246m
shield the beam

m Mass of the tail part of 0.015kg Iy Length of counter- 0.29m
the beam weight beam

m, Mass of the tail DC | 0.221kg lep Distance between 0.276m
motor counterweight and joint

My Mass of the tail shield| 0.119kg Kinp Positive constant 1.84x10°

Ms Radius of the main 0.155m ki | POsitive constant 2.2x10"
shield

fs Radius of the tail 0.1m Kivp Positive constant 1.62x10°
shield

h Length of the offset | 0.06m knn | POsitive constant 1.08x10°
between base and joint

g Gravitational 9.8m/$
acceleration

The defined parameters of TRMS model:

My, =M+ My + My + My + My + My (0.5my, + My + My )l = (0.5m +my, +my ),

ITl =

My, =M, + My, M,
0.5myl, + myl
Iy, = S'Tbrbnr Tl 3, = (my /3+my +m(s)|t2+[%+mm +mJl%+%rni+msrf
2

J2 =%|§ +mcb|czbv‘]3=%h2
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