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Abstract

In this paper we develop a complete dynamic model of the Twin Rotor MIMO System (TRMS) using the
Euler-Lagrange method. Our model improves upon the model provided by the manufacturer in the user manual
and upon previous models of the TRMS which can be found in the literature. The model is tuned and validated

using experimental data.

1 INTRODUCTION

The Twin Rotor MIMO Systems (TRMS) is a beam
rotating freely in the vertical plane (pitch) about the
end of a pivoted beam, which in turn rotates in the
horizontal plane (yaw) about a fixed point. The beam
is damped by a perpendicular counterbalance beam
rigidly fixed in its centre. The beam is driven by two
mutually perpendicular propellers located at its ends
and driven by DC motors. The larger propeller with
vertical axis is called the main rotor, and the half of the
beam to which it is attached is called the main beam.
The second propeller, and its corresponding half of
the beam, are called the tail rotor and tail beam re-
spectively. The pitch angles of the propeller blades
are fixed, thus the propulsive force is governed by
the propeller speed of rotation. The TRMS laboratory
setup used in this work is manufactured by Feedback
Instruments and is shown in Fig. 1.

The TRMS modelling and control problems have at-
tracted a great attention during the last decade due
to the highly non-linear and cross-coupled dynamics
of the system. The application of the Newtonian ap-
proach to such system requires taking into account
a variety of fictitious forces, the parameters of which
are not readily available, while the Euler-Lagrange ap-
proach provides a rigorous and natural way to obtain
dynamical equations. The simplified Newtonian mod-
els provided by the manufacturer in [2] and [3] do not
capture the system’s dynamics precisely. An exten-
sive attempt to overcome the limitations of these mod-
els was made in [8], where an updated version of the
Newtonian model of [2] and a more accurate model,
derived using the Euler-Lagrange method, were pre-

Figure 1: Twin rotor MIMO setup

sented. However the models obtained in [8] still have
a number of drawbacks. In these models, the pro-
pellers reactive torques, which are the main source of
cross-coupling between the pitch and yaw angles, are
not considered properly. In the Newtonian model, the
use of the law of conservation of angular momentum
to relate the rotors and body dynamics (see egs. (8)
and (12) in [8]) is not justified. In the Euler-Lagrange
derivations, the kinetic energy of the rotors is not in-



cluded in the Lagrangian, instead, terms containing
the rotors acceleration are included, without justifica-
tion, as external torques (see eqgs. (39) and (41) in
[8]). Finally, all the vector quantities, used to calculate
the kinetic energy of each part of the TRMS in [8],
are expressed in terms of global inertial frame, which
leads to unnecessarily complicated calculations. An-
other application of the Euler-Lagrange approach to
the equations of motion of TRMS was reported in [6]
but, unfortunately, the authors did not disclose the
details of the derivation and presented only the fi-
nal equations, in their most general form, and with-
out specifying the numerical values of the parameters.
Here we adopt the modelling methodology presented
in [7], where it was applied to a similar system called
Toycopter. The main advantage of this methodology
is that the vector quantities characterising the trans-
lating parts are expressed in the body-fixed frame of
reference, which significantly simplifies calculation of
the kinetic energy. The main structural difference be-
tween the Toycopter and the TRMS is the presence of
the pivoted beam, of the counterbalance beam, and of
a flat cable, in the latter, which result in more complex
derivations and final dynamical equations.

2 TWIN ROTOR DYNAMICS

We will first obtain the equations describing the DC
motors and then the equations of motion of the me-
chanical parts.

2.1 DC motors

The main and tail DC motors are assumed to be com-
pletely identical, therefore, all the equations in this
section will be given in general from and can easily
be applied to the considered motor by adding the sub-
script “m” or “t”. The voltage of the DC motor, denoted
as v, is set in Simulink through the control signal w.
The entire channel from the control signal to the mo-
tor voltage is assumed to have a constant gain, i.e.
v = kyu. The DC motor itself is described by a simple
first-order differential equation

di
(1) LmiZ =vU—=

7 kyw — Ri

i is the motor current,
L,,: is the motor inductance,
R: is the motor resistance,
k,: is the motor back EMF constant,
w: is the motor angular velocity.

By comparing the numerical values of the elec-
trical and mechanical time constants of, for example,

Figure 2: TRMS notation
the main rotor
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(where I is the rotor's moment of inertia, which value
will be calculated below), we note that the dynamics of
the motor’s current can be neglected, resulting in the

following algebraic equation for the DC motor circuit:
(3) v—kyw— Ri=0.

=3.38s

2.2 Rigid Body

The Euler-Lagrange method involves the following

steps [1]:

1. Define a set of generalised coordinates q =
{qlv KRN qn}

2. Find the kinetic energy T (q,q,t), the potential
energy U (q,t), and the Lagrangian L (q,q,t) =
T-U

3. For each coordinate find the generalised force
FQi

4. For each coordinate compute the Euler-Lagrange
equation

d (0L oL
“) dt ((%i) dqi Fai-

The set of generalised coordinates is selected as q =
{4, &, pm, pt}, Where 1 denote the pitch angle, ¢ the
yaw angle, p,, and p; the angles of the main and tail
rotors as shown in Fig. 2. The steps used to derive
the Lagrangian are very similar to those used in [7] to
model the Toycopter, with some differences which will
be pointed out at the end of the section.

2.2.1 Kinetic energy

Consider a rigid body, performing an arbitrary motion
in three dimensional space. Let A denote an arbitrary



point fixed in the body, M denote the mass of the body
and I, the inertia matrix with respect to the point A.
Furthermore, let vao denote the instantaneous linear
velocity vector of A, Q the instantaneous angular ve-
locity vector and rag the vector between the centre
of mass G and A. The kinetic energy of the rigid body
can be obtained using the following general formula
[71,[9, eq. (5.2)]:

1 1
(5) T = §MVXVA + MVX (Q X I'AG) + §QTIAQ.

In order to calculate the total kinetic energy the TRMS
will be considered consisting of four separate rigid
bodies, namely: a) main rotor; b) tail rotor; ¢) body,
comprising the main beam, tail beam, rotors shields
and counterbalance beam with weight; and d) pivoted
beam. Each rotor is formed by the corresponding pro-
peller and DC motor rotor. In order to simplify the
calculation of the kinetic energy, all vector quantities
associated with each body are expressed in its body-
fixed frame, i.e. reference frame attached to the body.

Let the body-fixed frame (x.,, Ym, zm) Of the main
rotor be attached to its centre of mass O,, so that its
Tm-axis coincides with the axis of rotation of the pro-
peller and is directed upwards, and y,,-axis coincides
with the propeller blade (Fig. 2). The main rotor angu-
lar velocity is determined as the vector sum of three
angular velocities of rotation along p,,,, v and ¢ angles
as shown in Fig. 3:

(6) Qn = @sin Pm — q%cos P, SIN Y

pm + ¢ cos ]
1 €O Py, + G sin py, sin g

Let I, denote the distance between the points O,
and O,,, (which is also the length of the main beam)
and d,, the distance between the points O and O,,.
Translation of the point O,, is due to the rotation of
the main beam along the ¢ and ¢ angles, therefore,
the instantaneous linear velocity vector of the point
O, with respect to the body-fixed frame is (Fig. 4):

L)
(7) Vm = [—qu.bcosw sin (o, + 9)]
—dpm ¢ cos 1) cos (pm + 0)

where 6 is a fixed angle determined as arccos é—

Under assumption of high rotational speed the tensor
of inertia of the main rotor is diagonal and its compo-
nents corresponding to the y,, and z,, axes can be
taken equal:

I 0 0
(8) Im=|0 I, 0 |.
0 0 177123

Due to the choice of the body-fixed frame, the position
vector (corresponding to rag in (5)) vanishes.

Let h denote the distance between the points O,
and O. Applying the same approach to the tail rotor
we obtain:

Q) Q=[b+p dsin@+p) deos(®+p)]

) lt(ZBCOS_?b
(10) vy = —ltqy sin p; + h(?coswcospt
—l cos pr — ho cos ¥ sin py

(11) Iy =

0 0 s

Iy O 0
0 Iz 0 |.

Let the body-fixed frame (x, y», 2) of the TRMS body
be attached to point O, as shown in Fig. 2. The angu-
lar velocity vector of the TRMS body with respect to
the body-fixed frame is (Fig. 5a)

. . . T
(12) Qp=[ ¢sing ¢eosy]
and the linear velocity vector of the point O, due to
rotation of the TRMS body along ¢ angle is (Fig. 5b)
(13) Vp = [0 hé cos 1 fhgzgsinq/)]T.
Let G, denote the centre of mass of the TRMS body.
Due to symmetry G, lies somewhere in the plane
formed by the main and counterbalance beams. The
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Figure 3: Calculation of the main rotor angular veloc-
ity (Q2m)
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Figure 4: Calculation of the main rotor linear velocity
(Vn)

corresponding position vector, to be used in equation
(5), is:
(14)

robeb = [0 Y Zcb}T

It can be easily demonstrated that the tensor of inertia
of the TRMS body is diagonal of form:

Iyin O 0
(15) I, = 0 Tpao 0
0 0 Iys3

Let M,,, M,; and M, denote the masses of the main
rotor, of the tail rotor and of the TRMS body respec-
tively. Expanding eq. (5) for each of the rigid bodies
using the equations obtained above yields the follow-
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(a) Calculation of Qy,

(b) Calculation of vy,

Figure 5: Calculation of the TRMS body angular ve-
locity (©2,) and linear velocity (viy,)
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Figure 6: Vertical position of the centre of mass

ing equations for kinetic energy:

1 . 1 .
(16) Tm - 7Im23¢2 + = (Im23 + Mmlgn) 1/)2

2 2
1 .
+ 3 (Im1 — Imas + My d2,) ¢° cos® ¥

1 .
+ ijmlpin + Iml(bpm COSQZ}

1 : 1 :
ﬂ:amﬁ&m§¢+§@ﬁwmbw

1. o1
+ §It23¢2 + Invps + iltlth

(17)

1

2
1. 5 B . . -

+ 2Mb¢ h Mypoh (| zap cos Y + +yap sin | .

. 1 . 1 .
(18) Ty = —Iy1¢* + 511)22(752 sin ¢ + §Ib33¢2 cos” ¢

The kinetic energy of the pivoted beam is simply:

(19) T, = % B2

2.2.2 Potential energy

In order to obtain the total potential energy we con-
sider the aggregate body of mass M, consisting of
those parts which have a variable potential energy:
the main rotor, tail rotor and body. Let G, denote the
centre of mass of the aggregate body. Due to sym-
metry, the position of G, with respect to the body-fixed
frame can be defined by two coordinates yg, and zg,.
Expressing the vertical position of G, relatively to the
stationary point O in terms of y¢, and z¢, (Fig. 6) the
potential energy takes the form:

(20) Vo = Mag (2Ga o8 + Yga Sinw) :

2.2.3 Lagrangian

Expanding the Lagrangian L = T,,, + T1 + T, + T, — V,
and grouping the constants in the resulting expression
yields

1 . 1 . 1 .
(21a) L= 140 + §IC¢2 cos? ) + 5],“!;2

2



1 : 1. . .
+ il’rnlpgn + 5 tlp? - Gc COS¢ - GS SIHw

+ Itlr(/'}/.)t +Im1¢.7/.7m COS 1;0 - Hcd)w COS1/J - Hsgbdj Sinl/f

where:

(21b) G = Mug2Ga

(21c)  Gs = Magyca

(21d)  H.= Myhzgp

(21e) Hs; = Myhyay

(211) Iy = Loz + Iy + Iioz + Iyoo + Myh®
(219) I = Iyss + L1 — Imos — Tooo + Mpd2,+
(21h) + Myd}

(21i) Iy = Iy11 + Iipog + Iy + M2, + M7

Let us recall that in the equations above h denotes the
distance between the points O, and O, d,, denotes
the distance between the points O and O,,,, and d;
denotes the distance between the points O and Oy,
and that d2, = 12, + h* and d} = I} + h*.

2.2.4 Generalized forces

The following forces are external to the TRMS: 1. the
aerodynamic forces created by the propellers; 2. the
electromechanical forces generated by DC motors;
3. the viscous forces due to friction in ball bearings;
and 4. the elastic force created by the cable.

According to blade element theory [4], each rotat-
ing propeller generates the propulsive force (or thrust)
T and the load torque @ which are both proportional
to the square of the angular speed. The load torque
@, generated by air resistance on the blades of the
propeller, is exerted on the corresponding DC mo-
tor’s rotor, but has also the effect of rotating the TRMS
body in the opposite direction to the spinning blades.
Thus, the main propeller creates three different vec-
tor quantities, namely: the thrust torque of magnitude
CrmpPm |pm| lm, acting along the ¢ angle, the torque
of magnitude —Crupm |pm| cosp, acting along the ¢
angle, and the torque of magnitude Cq,,pm |pm| act-
ing along the p,,, angle. Similarly, the tail propeller cre-
ates the following torques: Cr¢p. |pr|l: cost on ¢ an-
gle, —Crep: |p¢| on 9 angle and Cq.p¢ |p1| ON py @ngle.

The electromechanical torque generated by the DC
motor is equal to ki, where k; and i stand for motor
torque constant and current respectively.

Friction is a complex phenomenon which encom-
passes a variety of effects. However, a simplified fric-
tion model, which takes into account only two major
components, namely viscous and Coulomb friction,
is usually utilised in the control of mechanical sys-
tems [5]. Assuming high rotational speed of the ro-
tors, the Coulomb friction term for the correspond-
ing coordinates can be neglected. Thus, the mag-
nitudes of friction torques for each coordinate are

given by - (me/J + fcz/) sgn 1;[}) [ (f’uqﬁd) + fcd> sgn (b) s
*fmnpnu 7fvtpt-

The flat cable, connecting the electrical equipment
located on the moving parts of TRMS with the elec-
tronic board at the base of the setup possesses a
certain stiffness and acts as a spring along the yaw
angle. The magnitude of the torque exerted by the
cable on yaw angle is taken as —C.. (¢ — ¢o).

Summing up all the forces mentioned above for
each of generalised coordinates yields:

(22) F’L,D = CTum |pm‘ lm - CRtpt |pt|
- fv'gﬂ[} - fcw Sgnd‘)
(23) F¢ = CTtp’r |pr| ly COSQ/J - CRmpm |pm| COSQ/J

— Oy — Cyosgn$ — Ce (¢ — o)
(24) Fpm = ktmim - fvmpm - CQmpm |/377L|

(25) F,, = kv — forpr — Cqepr | ptl

2.2.5 Equations of motion

Finally, by computing eq. (4) in terms of each of gen-
eralised coordinates, we obtain the following equa-
tions of motion
(26) Iyt = —Inwy + Hedcostp + Hopsingp
1 .
+ G.siny — G cosp — §IC¢2 sin (2¢))
- mldl)wm Sinw + Cmem |wm| lm - CRtWt |Wt|

- fvwd} - waSgnd)

(27) (I¢ + 1, cos? w) b = —Ip16om costh + Ho) costp
+ Hytp sinyp + Hy1)? cos p — Hea)? sinp + I, sin (2¢) o
+ Ipywmth sin g + Crywy |we| Iy cos 1

~ Crmtm |win| 08 = fupé— fup 5806 = Ce (& — d0)

(28) Imlwm - *Im,lécosw + ktmzm - fvmwm
— ComWwm |wm| + Iml(;% sin ¢
(29) Iy = —Int) + keis — forws — Coiwy |wy] -

In the rotors’ equations, i.e. (28) and (29), the terms
involving the angular velocities and accelerations
along ¢ and ¢ angles can be omitted assuming that
their magnitudes are negligibly smaller than the ro-
tors’ accelerations. Thus, the simplified rotors’ equa-
tions are:

(30)

Imlwm = ktmlm - fvmwm - CVQme ‘Wm‘



(31) Tywi = ks — forws — CQtwt |Wt| .
It can be shown that for the particular case h = 0 one
recovers the equations of [7], with the additional term

for the flat cable.

3 PARAMETERS

The next major step in the construction of the sys-
tem’s model is the estimation of the numerical values
of its parameters. The initial parameters of the TRMS
are provided in the User’s Manual [3] and given in Ta-
ble 1.

Table 1: TRMS parameters

parameter | value unit
Iy 0.282 m
Im 0.246 m
Uy 0.290 m
lep 0.276 m
Tms 0.155 m
Tts 01 00 m
T 0.145 m
Ter 0.090 m
h 0.06 m
M, 0.221 kg
M,, 0.236 kg
M 0.068 kg
my 0.015 kg
Mo, 0.014 kg
my 0.022 kg
My 0.119 kg
Mims 0.219 kg
mp 0.01 kg
R, Ry 8 QO
me! Lmt 0.86 mH
kvms kvt 0.0202 Nm A_:l
Etm, ki | 0.0202 | Vrad~'s
kum 8.5 No units
Kt 6.5 No units

3.1

The propellers thrust and reactive torque coefficients
were measured experimentally using the methodol-
ogy described in [2]. The experimental setup con-
figuration for measuring the main propeller thrust is
shown in Fig. 7 as an example. Electronic scales with
a weight are placed under the beam and are attached
to the main rotor as shown in Fig. 7. If necessary, a
counterweight is added so that the measurements are
taken when the system remains in horizontal equilib-
rium. In addition, the yaw angle must be fixed to avoid
the effect of the reactive torque. The thrust of the

Propeller forces

Figure 7: Measuring propellers thrusts for positive an-
gular velocities

main propeller is obtained from the measured lifting
force from the following relation: T,, = F}, (;rir)
The corresponding coefficient can be obtained using
a least squares fitting of the experimental curve with
a function of the form Cw |w|, separately for positive
and negative values of the rotor’s speed (Fig. 8). The
other coefficients are obtained in a similar way. Note,
that in order to measure the tail rotor thrust and main
rotor reactive torque the beam should be turned by 90
degrees. The measured values of the coefficients are
given in Table 2, superscripts + and — denote the val-
ues corresponding to the positive and negative rotor
speeds respectively.

157

Polynomial fit

+  Experimental

Main rotor thrust, N

-100 0 100 200 300
Main rotor speed, rad/s™

_1 L
-300 -200

Figure 8: Main propeller static characteristic

3.2 Friction coefficients

The measurements of the friction forces requires
high-precision equipment and therefore they will not
be considered in this work. The coefficients provided



by the User’s manual on the TRMS [3] and by [8] are
used instead.

3.3 Cable spring constant

0.04
0.02¢t
€
z
g Of
>
g
=}
2L -0.02¢
o]
]
(@)
-0.04¢ p +  Experimental |
ya — — — Linear fit
_0.06£ : : :
4 -2 0 2 4

Change in yaw angle, rad

Figure 9: Cable characteristic

The stiffness coefficient of the cable is estimated

experimentally using the procedure described below.
First, the beam is locked in the horizontal position.
Then, various values of the tail motor voltage are set
in Simulink, and, after a constant yaw angle is at-
tained, the tail rotor speed and change in yaw angle
are recorded. The corresponding tail rotor thrust is
calculated using its static characteristic. Taking all of
the velocities except for the tail rotor angular velocity
in eq. (27) equal to zero, we have a static equation
governing the motion of the system during this exper-
iment:
(32) Crwy lwi| Iy = Ce (¢ — do)
i.e. the torque created by the cable at a stationary yaw
angle is equal to the one generated by the tail rotor.
The resulting experimental plot is shown in Fig. 9. The
estimated value of the cable spring constant obtained
by linear least squares fitting is C,. = 0.016 Nmrad—!.
The steady yaw angle is taken as ¢y = —0.4602 rad.

3.4 Parameters calculation

All the parameters considered in this section will be
derived assuming that the system consists of simple
geometric objects [2]. The main, tail and counterbal-
ance beams are considered as thin rods, the main
and tail shields as thin cylindrical shells with open
ends, and the counterbalance weight as a point mass.
The inertia matrix of the main rotor is diagonal due
to its symmetry with respect to the body-fixed frame.

Furthermore, the main rotor is assumed to be: a thin
rod of length 2r,,,,. and mass M,,, regarding to the axis
of rotation, and, assuming high rotational speed, a
thin disk of same mass and diameter regarding to the
axes perpendicular to the axis of rotation [7]:

1 2 1 2

(33) Iy = ﬁMmT Iyo3 = ZMmrmr .

mr

Similarly, for the tail rotor we have:

(34) Iy = %Mtrfr, Lios = thrfr.

Clearly, this estimate of the moments of inertia is
rough, and it will be adjusted further using a parame-
ter optimisation procedure.

According to the superposition principle the inertia
tensor of the TRMS body about the body-fixed refer-
ence frame is equal to the sum of inertia tensors of
all constituent parts about the same frame. Thus, the
TRMS body inertia tensor is given by

1 1
(35) Iy = gmblg + mcblfb + gmmlfn + mmsl?ﬂ

1 1
+ gmtl? + mtsth + §m7rbsr72rLs + mts’r?s

1 1 1
(36) Ipoo = gmblf +meplZ, + immsrfns + §mtsrfs

1 1
(37) Ib33 = gmmlzn + mmslfzn + gmfl? + mtsltz

1
+ mmsrgng + imtsrfs .
The pivoted beam is assumed to be a thin rod of
length » and mass m;,, thus the moment of inertia
about the vertical axis through its end is given by
1

(38) Ip = gmhhz.

The total mass of the TRMS body is given by
(39) My = mpy +my +mp + My + M5 + My,
and that of the aggregate body by:

(40) M, = My + M,, + M.

The coordinates of the centre of mass of the TRMS
body are determined as

1 1
§lmmm + lmmms - §ltmt - ltmts

M,

(41) Yoy =

1
—5lemy — lepymey

42) i

2Gb =



Similarly, for the aggregate body we have:
(43)

Table 2: Model parameters

Lt + LMy, + Ly tms — Llemy — 1M, — 1,m,, Parameter | est. value | tuned value unit
YGa = 7 . 413x10% | 1.72x 102 kgm?
@ In 1.49 x 10~* | 3.24 x 105 kgm?
¥ z I, 0.0651 0.0656 kg m?
(44) gy = 20T T bebMeh I, 0.0113 0.0113 kgm?
M, I. 0.0537 - kg m?
Expanding egs. (21b)~(21g) and (21i) using the fou 0.006 0.0024 | Nmrad™'s
results of this section yields the final equations for Jeu 0.001 5.60 x 107 Nm
the model parameters. The numerical values of the fos 0.1 0.03 Nmrad~s
model parameters are given in Table 2. feg 0.02 3x107* Nm
fvm 45 x 1075 3.89 x 1076 Nm rad71 S
. fot 23x107°% | 3.43x107® | Nmrad~!s
3.5 Model tuning ch 1.53 x 105 - N s2rad—2
_ — 2 -2
The steady state pitch angle predicted by the model %T m 38'285>;1100f6 H:z ;2372
differs slightly from one displayed by the real plant C@ 1'72 « 10-5 i N s2 rad—2
o = —0.5093 rad. Clearly, the steady state pitch o T(tﬁ 49 ”10-7 i Nms2 rad-2
angle is determined solely by the coordinates of the Rm> >~ Qm : 77 > o
centre of mass of the aggregate body estimated in Crm> Cm | 41x10 ) Nms*rad
egs. (43) and (44). In fact, the centre of mass of the Cri, Cqe | 9.70 x 107° - Nms?rad~?
main rotor lies below y-axis, while in eq. (44) we as- Ce 0.016 - Nmrad~
sumed it lying on the y-axis, so the value of z¢, should Yo —0.6663 —0.5093 rad
be tuned. Taking all the velocities in eq. (26) equal to bo —0.4602 - rad
zero, we have the following static equation revealing Ge —0.1954 —0.275 Nm
the steady state pitch angle Gs 0.1536 ) Nm
H, —0.0012 - kg m?
(45) G.siny — G4 cosy = 0. H, 0.0012 - kg m?

Combining egs. (21b), (21c) and (45) yields: zg, =
Yaa cOt g = —0.0307 m. The updated value of de-
pending parameter G, is —0.2750 N m.

Some of the model’s parameters were optimised
using a parameter estimation technique. The objec-
tive of the parameter estimation procedure is to find
optimal values of the parameters under considera-
tion according to some cost function, which is typi-
cally the least squares error between the experimen-
tal and model responses. In this work the Simulink
Design Optimization toolbox was utilised. The optimi-
sation of the parameters was carried out separately
for the following four subsystems: the main rotor, tail
rotor, pitch angle and the yaw angle. In each case
considered, the subsystem was treated in an isolated
and simplified mode of operation to avoid the effects
of cross-couplings and of parameters not of interest.
For example, the pitch angle subsystem was treated
in 1DOF free response mode, i.e. with stopped rotors
and fixed yaw angle. As a result, the following param-
eters were optimised:

e Main rotor: the moment of inertia I,,,; and friction

coefficient f,,.
o Tail rotor: the moment of inertia I;; and friction
coefficient f,;.

o Pitch angle: the moment of inertia I, friction co-

efficients f,, and fey.

e Yaw angle: the moment of inertia I, friction co-

efficients f,4 and feq.

The final parameters of the mathematical model are
summarised in Table 2.

4 SIMULATION

The conformity of the mathematical model with the
real plant was assessed qualitatively using a set of
tests, in which the open-loop responses, of the model
and of the real plant, to the same inputs were com-
pared. Note that, in the TRMS setup, the actual yaw
and tail rotor angles are measured in the opposite di-
rections from those used in the model [3]. Hence, the
relevant signs were changed accordingly. By inspect-
ing the obtained results (Fig. 10 to 13) we can say that
the model captures fairly accurately the behaviour of
the real system. The obtained mathematical model
was used in the synthesis of a non-linear H,, control
law [6]. Some closed-loop responses are displayed in
Fig. 14 to 15.

5 CONCLUSIONS

In this work we have developed a complete dynamic
model of the TRMS. The parameters of the model
were estimated and tuned using experimental data.



The model was subsequently used to design a con-
troller for the TRMS. Further details about the imple-
mentation of the controller will be reported elsewhere.
The object of future work will be the design of an anti
wind-up scheme to compensate for inputs’ saturation.
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Figure 10: Model vs. plant responses to square input
along pitch angle
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