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Abstract

In this paper, a multiple sliding surface (MSS) controller for a twin rotor multi-input-multi-
output system (TRMS) with mismatched model uncertainties is proposed. The nonlinear
terms in the model are regarded as model uncertainties, which do not satisfy the standard
matching condition, and an MSS control technique is adopted to overcome them. In order to
control the position of the TRMS, the system dynamics are pseudo-decomposed into horizontal
and vertical subsystems, and two MSSs are separately designed for each subsystem. The
stability of the TRMS with the proposed controller is guaranteed by the Lyapunov stability
theory. Some simulation results are given to verify the proposed scheme, and the real time
performances of the TRMS with the MSS controller show the effectiveness of the proposed
controller.
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1. Introduction

In recent years, there has been an increasing interest in unmanned aerial vehicles (UAVs)
in both industrial and academic research. Because of their hover capability, they are useful
for many civil missions such as the video supervision of road traffic, surveillance of urban
districts, and building inspection for maintenance. Designing the guidance navigation and
control algorithms for the autonomous flight of a UAV is a challenging research area because
of their nonlinear dynamics and high sensitivity to aerodynamic perturbations.

A twin rotor multi-input-multi-output system (TRMS) is a laboratory prototype of a flight
control system, which is a nonlinear multi-input-multi-output (MIMO) system. Because of the
similarity of certain aspects of the aero-dynamics of a TRMS and real helicopter-type UAV
[1-3], the control of a TRMS has gained much research interest [4-7]. The dynamic modeling
and optimal control of a TRMS was presented in [8]. The decoupling control of a TRMS can
be found in [9], which used the deadbeat control technique. A novel proportional-integral-
derivative (PID) control has been designed to obtain the desired tracking performance [10].
To stabilize the TRMS toward the desired position, a fuzzy logic-based linear quadratic (LQ)
regulator controller has been presented [11].

There are two main challenges that must be considered for a TRMS. First, the TRMS is a
nonlinear MIMO system. This causes a significant cross-coupling effect between the main
rotor and tail rotor. Several studies have been conducted to solve this problem. A multivariable
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nonlinear controller was designed in [12] for the angle control of
a TRMS. Based on different linear models, LQ controllers were
constructed at different operating points for a similar TRMS in
[13].

The second challenge involves the model uncertainties. In
order to deal with these highly nonlinear and uncertain systems,
the sliding mode control technique, which is conceptually sim-
ple and very effective at attenuating the effect of uncertainties,
has been considered [14, 15]. However, there are two significant
issues with the sliding mode control technique: the chattering
problem and matching condition. This control technique uses
a discontinuous controller structure, which causes a chattering
problem in the control input. In addition, it only works for a
class of systems that satisfy the matching conditions, which
means uncertainties appear in the same channel as that used
for the control input [16]. However, the nonlinear terms in the
TRMS model, which are regarded as model uncertainties, do
not satisfy this matching condition.

Hence, in this paper, a multiple sliding surface (MSS) con-
troller for the TRMS is proposed to directly counteract the
mismatched uncertainties present in the system and simultane-
ously solve the problem with the highly nonlinear characteristic
of the MIMO system. In addition, the chattering problem is
attenuated using the nonlinear damping term. Simulation re-
sults show that the proposed MSS controller can effectively
overcome such problems.

This paper is organized as follows. The non-linear modeling
of the TRMS is described in Section 2. In Section 3, the de-
sign process for the MSS controller for the TRMS is presented.
Section 4 shows the simulation results and the real time perfor-
mances of the TRMS with the proposed controller. Finally, in
Section 5, the main conclusions are summarized, and the future
developments are described.

2. Modeling of TRMS

The nonlinear TRMS primarily comprises the main and tail
propellers, which are driven by independent main and tail DC
motors, respectively. As shown in Figure 1, the propellers are
perpendicular to each other and are joined by a beam that can
rotate freely in the horizontal and vertical planes, in such a way
that its ends move on spherical surfaces. The pitch (yaw) angle
can be changed by adjusting the input voltage of the main (tail)

motor to control the rotational speed of the main (tail) propeller.

www.ijfis.org

Vertical thrust

Pitch motion

3
I

i Hhou
! Vertical plane -
I

I

1
N\ " i
\\Yaw motion - .
N\ Pitch motion |, [Vertical Y-axis I
3\ [ Vertical I Horizontal !
i

Horizontal thrust

I
Tower plane

{\,\Cmmlw weight /—=a-axis
Horizontal )
Z-axis

|
|
i
'
1
= i !
|
L Horizontal plane

—__ TRMS stand

Figure 1. Twin rotor multi-input-multi-output system.

2.1 State Space Model of TRMS

The state space model of the TRMS is described in the follow-
ing. For the vertical movement, the momentum equation can be
derived as follows:

L., = My — Mpcg — Mpa, — Mg, (1)
where the nonlinear static characteristic
M = ay.7{ + by.71, 2)
the gravity momentum
Mpg = My.sin oy, 3)
the friction forces momentum
Mpa, = Bia,-Gy — 00326 i 20,647, @)
and the gyroscopic momentum
Mg = kgy. M. . cosoy,. (®))

The motor and electric control circuit are approximated by a
first-order transfer function. Thus, in the Laplace domain, the
motor momentum is described by

kq

T = ———————— . Uy. 6
T Tys+ T ©

Similarly, the momentum equation for the horizontal movement
is given as
Iy = My — Mpaq, — Mg, (N
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where the nonlinear static characteristic

My = a2.7'22 ~+ by.79, ®)
the friction forces momentum

MBpa, = Bia, - o, ®

and Mp, is the cross-reaction momentum approximated by

kc(T()S + 1)

M =
T (T,s+1)

M. (10)

The DC motor with the electrical circuit is given by

ko

To= ——— .
T515 + Too

D

The complete dynamics of the TRMS system Egs. (1-11) can
be represented in the state space form as follows:

do, .
— = Oy,
dt
il = a—lTQ—i— b—lr — My sin v, — 1a’”0’4
a I, "I, Y P
0.0326 k
57 sin(2a, )ds — Iiv‘yal cos(avy )y e
k
— %blcos(av)dhﬁ,
dop, .
2h
dt hs
dan _ a3 5 b2
a I, % 1,7
Bra, keai. . o 175
— L vy, — 1.7577 — ——k.bi7,
In I, T T e
dr T k
SR AL Uy,

dro _ T k2
d  Tm 15,

The output is given by

12)

T
y = [aU ah] )
where,

Q. : pitch (elevation) angle,
Q. : yaw (azimuth) angle,
71 : momentum of main rotor,

To : momentum of tail rotor.

The system parameters of the TRMS are listed in Table 1.
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Table 1. TRMS model parameters

Parameter Value
I, Moment of inertia of vertical rotor  0.068 kg m?
In Moment of inertia of horizontal 0.02 kg m?
rotor )
ai Static characteristic 0.0135
b1 Static characteristic 0.0294
as Static characteristic 0.02
by Static characteristic 0.09
M, Gravity momentum 0.32 Nm
Bi,,  Friction momentum function 0.006
N-m-s/rad
Bi,,  Friction momentum function 0.1
N-m-s/rad
kgy Gyroscopic momentum parameter 0.05 s/rad
k1 Main rotor gain 1.1
ko Tail rotor gain 0.8
T Main rotor denominator 1.1
Tho Main rotor denominator 1
15 Tail rotor denominator 1
Tho Main rotor denominator 1
T, Tail rotor denominator 2
To Tail rotor denominator 3.5

TRMS, twin rotor multi-input-multi-output system.

The state variables can be defined as follows: 1 = «,, is
the pitch angle, 3 = ay, is the yaw angle, zo = €2, is the
pitch angular velocity in the vertical plane, x4 = O, is the
yaw angular velocity in the horizontal plane, x5 = 7 is the
momentum of the main motor, and xg = 75 is the momentum
of the tail motor.

The complete state equations of the TRMS can be derived as

follows:
dl‘l
— = T2,
dt
diy oy b Myl B
a L, 1,7, o, 7
0.0326 k
o1, sin(2x9)x3 — Z}yalcos(xl)$4x§
k
— by cos(xy)xaas,
dl’g
&3
dt 4,
dI’4 - az o b2
ﬂ = 51’6 Eﬂfﬁ
Bla; kcal 2 1.75
— —lx, — 1.750: — —k by x5,
I I, 0T T T, ten®s
dvs _ _To, o k1
dt Ty > Ty
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13)

2.2 Decomposed Models of TRMS

To simplify the position control complexity, the TRMS is de-
composed into a vertical subsystem (TRMS-VS) and horizontal
subsystem (TRMS-HS). Using the linearization method, we ob-
tain the linear dynamic system followed by a static nonlinearity.

For the convenience of description, the next symbols are used
defined as follows:

f f2 ST f3
dac da: dcjct (14
aTyq axs aZs
fa=——, fi=—1, fe=
The complete state equations of the TRMS are now separated
into )
XU :AUXU —|—BUUU+AF1; (15)
Xn = Ap Xy + Brup + AF,
for the TRMS-HS and TRMS-VS, respectively, and
0
Xv — [ 1 T2 Ty ]T, AFU = AFh(XU,UU) 5
0
(16)
0
Xp=[a2s 24 w6, AFy=| AF(Xp,up) |, (A7)
0
I ay11  Gp12  Qp13 gTﬁ ng gTé,
A, = Ay21  Gp22 Q923 = 37’:? 37’2 (%i
L ay31 ay32  Ay33 gii gi\; giz | X=0
[0 1 0
_ —Mg  —Bia, by
I, I, 1 ’
0 0 -1
L 11 (18)
[ Gp11  Qp12 Gp13 | % % gT)ccz»
Ap = | an21 an22 an23 3%{3 % 27:{2
| Qh31 Qh32 Qp33 | %ﬁ gf{fl gT{fa |X=0
[0 1 0 |
_ Bia, by
Ih Ih ’
[0 0 22
(19)
www.ijfis.org

bor1 oh 0

By=|ba |=| 52 1= 0|, 0
R - B vl
(o | [ 22 ] [ o ]

By=|bwn |=| 82 |=| 0 1)
| bn31 | L % | i %21 |

From Egs. (I2) and (I3)), we can find the static nonlinear terms
in each subsystem plane:

b o
Afy( Xy, uy) = %x% + 1—115 ) sinx; — 7} Y 2
0.0326 kg,
5] sin(2z)z? — Igy a1 COS T1)T4T2

k.‘]y

by cos(x1)Tas — Ay2121
v

— (2272 — Ay23T5,

(22)
and
b2 Bla k c1
Afn(X L — h 1.7523
rn(Xn,up) = I 566+Ih 6 I, T4 — i
1 75
I ——kcbixs — ap21T3 — ap22Ts — ap23Ts.

(23)

3. Design of MSS Controller for TRMS

This section will present the MSS controller design for the
TRMS. The nonlinear terms in the model of the TRMS are
regarded as mismatched uncertainties, and an MSS control tech-
nique is proposed to overcome them. The reaching conditions
and stability of the TRMS with the MSS controller will be
discussed in this section.

The design procedure for the MSS controller for the TRMS
is divided into two tasks. The first task is to design an MSS for
the vertical subsystem, and the second is to design an MSS for
the horizontal subsystem.

3.1 Design of MSS Controller for Vertical Subsystem

The design of the MSS controller for the position control of the
pitch angle is presented in this section.
From Eq. (I3), we have the state space equations for the
vertical subsystem:
1 = Gp1121 + Q1222 + Gy13T5,
Ty = ay21%1 + Ayp22T2 + 2375 + Afo,

T5 = 3171 + Qp32T2 + G433T5 + by31Uy

(24)
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with
ay11  Gp12  Qp13
Ay, = Gy21 (22 Q923 (25)
ay31  Gp32 Q933
0 1 0
_ —I\/fg _Blav bil
- I, L, I
_Two
0 0 T

Therefore, we can obtain the reduced equation form of the

vertical subsystem as follows:

-il = T2,
To = 2171 + Ap22T2 + Gp23%5 + Afy, (26)

T5 = 0y33T5 + by31Uy.

The goal of the controller is to make x; track a desired tra-
jectory x14(t). As Eq. (26) shows, the nonlinear term of the
vertical subsystem is under a mismatched condition. Therefore,
applying the MSS control to this system, the first sliding surface
is defined as follows:

Sy = 1 — Z14. 27)
Hence,

Sty = T2 — 14 (28)
A second sliding surface is defined as follows:

;20 = T2 — Tad (29)

Soy = @3 — F2q = Q211 + Q222 + Au23Ts + Afy — G4

(30)
The synthetic input zo4 is chosen to make Sle‘lv < 0. A
reasonable choice for xo4 is

Toq = T14 — K151, (€29)
where K1, is the first sliding surface gain. Hence,
F2q = 10 — K10510- (32)
The third sliding surface is defined as follows:
S3v = T5 — Tsd, (33)
Ssp = d5 — T30 = Qu33T5 + bustty — dsq,  (34)

where the synthetic input x54 is chosen to make S, SQU < 0.
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A reasonable choice for x5 is

2,5
i 2
Tsd = (Izd — K9,S59, — ay21T1 — ay00%9 + ph;iv)’
ay23 %10
(35)
T5d = (i9q — Koy Say)
ay23
1

= {[-%21 — ay22(K1y + ap22) — Kau] S20 (36)
ay23

2
Plv
+251v } '

K, is the second sliding surface gain. The control input u,, is
designed to drive S3, to zero:

1

val

Uy = (€54 — K3y S30 — ayp33T5), 37

where K3, in Eq. (37) is the third sliding surface gain.

3.2 Design of MSS Controller for Horizontal Subsystem

This section presents the procedures for designing the MSS con-
troller for the horizontal subsystem. The principle procedures
are similar to those shown in the last section.

We have the following state space equations for the horizontal

subsystem:

T3 = ap11T3 + Ap12T4 + AR13T6,

T4 = ap21%3 + ap22Ta + an23te + Afp, (38)
T = ap31T3 + ap32T4 + ap33T6 + bpzi1Un
with
p11  GRr12  GR13 0 1 0
—Bia, b
Ap=| anz1 anz2 anzs | = |0 —p= P
T
ap31  GRp32  AR33 0 0 — 7
(39

Therefore, we can obtain the reduced equation form of the

vertical subsystem as follows:

T3 = @4,
T4 = ap22%4 + an2z®e + Afy, (40)

T = ap33Te + bp3iun.

The goal of the controller is to make x3 track a desired trajectory

z34(t).
sliding surface is defined as follows:

Applying the MSS control to this system, the first

Sin = x3 — T34. 41)
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Hence,
Sih = T4 — T34 (42)
The second sliding surface is defined as follows:
Son = T4 — T4d, 43)
Sop = 4 — Faq = Ap2ots + apasve + Afy, — iag.  (44)

The synthetic input x44 is chosen to makeSl;LSm < 0. A

reasonable choice for x4, iS

T4q = T34 — K1nS1n, (45)
where K1}, is the first sliding surface gain. Hence,
d4q = E3q — K13,S1n. (46)
The third sliding surface is defined as follows:
S3n = T — Ted, 47
Ssp = @6 — T6q = an33Te + bhz1un — Fga,  (48)

where the synthetic input zg4 is chosen to makeSg;LSQh <0. A

reasonable choice for zgg4 is

1. p3.Sap,
Toq = — (Taqg — KopSon — an2exs + ), (49)
anp23 €h
. 1 . .
teq = —— (Zaq — KanSon)
ah23
1 2 (50
2 : 2h
- - Kon] Son + 220\
ap23 {[ Ahzz + 2h] 2n 2e9p }

Ky, is the second sliding surface gain. The control input wy, is
designed to drive S3j, to zero:

up = — (64 — KanSsn — an3ste), (51

bn31

where K3, in Eq. is the third sliding surface gain.

3.3 Stability of TRMS with MSS Controller

The stability of the TRMS with the MSS controller is examined

in this section.

3.3.1 Stability of vertical subsystem of TRMS with MSS
controller

Theorem 1. If we assume that synthetic inputs xozand x54 are

shown in Egs. and (33), respectively, and control input

www.ijfis.org

u, is shown in Eq. (37). Then, the vertical subsystem of the
TRMS will be asymptotically stable.
Proof.

Choose a Lyapunov function candidate:

_ S, + 53, + 55,

Ve 5 > 0. (52)
The derivative of V,,will be
Vi = 810810 + S20520 + S30530.- (53)
Then, with the assumed values of x5, and 54,
S10810 + S2y:S2, < 0. (54)

By substituting the value of w,in Eq. into Eq. (34), we
have

S3y = T5 — T5q

1 .
—— (&34 — K30930 — Qu33%s5)

= ay33%5 + by31 5
v31

- (tf)dv

SB'U = _K3USSU~ (55)

Hence, S3,S3, = —K3,5%,< 0, with K3,> 0. When com-
bined with Eq. , we have Vv< 0. Then, we can conclude
that the vertical subsystem of the TRMS is asymptotically stable
with the MSS controller.

3.3.2 Stability of horizontal subsystem of TRMS with MSS
controller

Theorem 2. If we assume that synthetic inputs x44and xgq are
shown in Eqgs. and ([@9), respectively, and control input
uy, is shown in Eq. (51), then the horizontal subsystem of the
TRMS will be asymptotically stable.

Proof.

Choose a Lyapunov function candidate:

_ St t 53, + 53,

Vh 5

> 0. (56)

The derivative of V},will be

Vi, = S1nS1n + SonSan + S31.S3h- (57)
Then, with the assumed values of x4 and x4,
S1nS1n + SonSan, < 0. (58)
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By substituting the value of uy,from Eq. (51)) into Eq. @8)), we
have

Szn = T6 — Ted

1 .
—— (L6a — K3nS3n — an33ts)

= ap33Te + bp31 5
h31

— T,

Szp = —K3,S3h. (59)

Hence, Ssp, 93, = —K31,52, < 0, with K3;,> 0. By combining
with Eq. @, we have Vh< 0. Then, we can conclude that
the horizontal subsystem of the TRMS is asymptotically stable
with the MSS controller.

4. Simulation and Experimental Results

The performance of the TRMS controlled by our proposed MSS
controller is next investigated in relation to the position control
problem.

4.1 Simulation Results

In the MSS controller for the vertical subsystem of the TRMS,
the values of the three gains are selected as follows:

Ky =175, Kop =10, K3, = 4.6.

In the horizontal subsystem, the values of the three gains are
chosen as follows:

th = 105, th = 7, KBh =25

to satisfy the condition mentioned in Section 3.

For the angle tracking, a step function and sinusoidal function
are used as the reference commands for the pitch and yaw angles
of the TRMS, respectively. The tracking responses depicted in
Figures 2 and 3 demonstrate that the MSS controllers are able
to track the reference pitch and yaw angles satisfactorily.

4.2 Experiment Results

The real time performance of the TRMS with the MSS con-
troller will be shown in this section. The TRMS is set up in
the laboratory as shown in Figure 4. The controllers are im-
plemented in Windows XP using Simulink, and a proprietary
real-time kernel is included with the TRMS system.

The reference signals for the vertical and horizontal parts
are fed to the controller, together with the actual position of
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Figure 2. Step responses of twin rotor multi-input-multi-output sys-
tem with multiple sliding surface controller. (a) pitch angle and (b)
yaw angle.

the TRMS. The output from the controller is the voltage to
the DC motor and is transformed by the voltage mapping be-
fore it is sent to the real-time task, which takes care of all the
communication with the TRMS.

The real-time control input signals of the MSS controller for
the two rotors of the TRMS are depicted in Figure 5. As can be
seen in this figure, the pitch rotor control signal does not have
much of a chattering effect, while the tail rotor control signal
still has fluctuation, but within an acceptable limit.

In Figure 6, the position tracking performances of the main
and tail rotor with the MSS controller are shown. There is not
much overshoot and oscillation when these two rotors track the

desired position.
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Figure 3. Sinusoidal responses of twin rotor multi-input-multi-output
system with multiple sliding surface controller. (a) pitch angle and (b)
yaw angle.

5. Conclusions

In this thesis, an MSS controller was proposed for a nonlinear
TRMS with mismatched uncertainties. The stability of the
horizontal and vertical subsystems with the MSS controller
was guaranteed by the Lyapunov theory. The proposed MSS
controller was applied to control the pitch and yaw angles of
the TRMS and overcome the mismatched uncertainties. It was
observed in the results of both a simulation and experiment that
the proposed MSS controller showed effective performance in
tracking the desired pitch and yaw angles.

For future development, we can use another robust nonlinear
control technique called dynamic surface control (DSC) [17].
The DSC method is basically composed of an MSS and a series

www.ijfis.org

Figure 4. Twin rotor multi-input-multi-output system in laboratory.
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Figure 5. Real-time control input signals of multiple sliding surface
controller. (a) pitch rotor and (b) tail rotor.
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Figure 6. Real-time step responses of twin rotor multi-input-multi-

output system with multiple sliding surface controller. (a) pitch angle
and (b) yaw angle.

of first-order low-pass filters. Because of the characteristics
of the MSS, DSC avoids the mathematical difficulties of an

explosion of terms when obtaining the control input.
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