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Aggressive maneuver oriented robust actuator
fault estimation of a 3-DOF helicopter prototype
considering measurement noises
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Abstract—This paper presents a robust actuator fault
estimation strategy design for a 3-DOF helicopter prototype
which can be adapted to aggressive maneuvers. First, considering
large pitch angle condition during flight, nonlinear coupling
characteristic of the helicopter system is exploited. As the pitch
angle can be measured in real time, a polytopic linear
parameter-varying (LPV) model is developed for the helicopter
system. Furthermore, considering measurement noises in the
actual helicopter system, the dynamical model of helicopter
system is modified accordingly. Then, based on the modified
polytopic LPV model, a robust unknown input observer (UIO) is
developed for the helicopter system to realize actuator fault
estimation, in which both measurement noises and large pitch
angle are considered. Robust performance of proposed fault
estimation approach is guaranteed by using energy-to-energy
strategy. And the observer gains are calculated by using linear
matrix inequalities. Finally, based on a 3-DOF helicopter
prototype, both simulations and experiments are conducted. The
effects of measurement noises and large pitch angle on the fault
estimation performance are sufficiently demonstrated. And
effectiveness as well as advantages of the proposed observer is
verified by using comparative analysis.

Index Terms—fault estimation, measurement noises, aggressive
maneuvers, 3-DOF helicopter, comparative experiments.

. INTRODUCTION

s one kind of typical rotor unmanned aerial vehicle
(UAV), unmanned helicopter is widely used in many field,
which can provide wireless coverage, search and rescue,
delivery of goods, security and surveillance[1][2][3]. Because
the helicopter is a highly complex system, system failures are
generally hard to be averted. In addition, as the helicopter is an
nonlinear and unstable system, any actuator or sensor fault will
result in disastrous consequences[4][5]. Therefore, in order to
get the fault information at an early stage, it is of great
importance to conduct fault estimation (FE) for helicopter
system[6][7][8].
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Nowadays, many fault estimation approaches have been
presented, such as proportional integral observer (PIO)[9],
adaptive observer [10], unknown input observer (UIO)[11][12],
learning observer[13], sliding mode observer (SMO)[14],
Kalman filter (KF)[15], and etc. For the fault estimation design
of helicopter system, an adaptive fault estimation approach for
a quadrotor in [16], by using which invariant faults can be
estimated. Zhong et al.[17] presented an interacting multiple
model algorithm for unmanned quadrotor helicopter to detect,
isolate and estimate multiple actuator and sensor faults
simultaneously. Abbaspour et al.[18] developed a neural
adaptive observer to achieve sensor and actuator fault
estimation of UAV systems, which can estimate abrupt,
intermittent, and incipient faults accurately. Nian et al.[19]
proposed a robust adaptive fault estimation approach for a
quadrotor considering external disturbances. Chen et al. [20]
develop an adaptive SMO for actuator fault estimation of a
non-linear helicopter system. A radial basis function neural
network based disturbance observer is proposed in [21] to
realize actuator faults estimation, in which system uncertainties
are taken into consideration. Similarly, a high order sliding
mode observation is developed in [22] for a 3-DOF helicopter
prototype to realize actuator fault estimation. An adaptive
nonlinear observer is designed in [23] to simultaneously realize
actuator and sensor faults estimation of 3-DOF laboratory
helicopter, which can accurately estimate abrupt faults under
square and sinusoidal references trajectory tracking. A
non-linear UIO is presented in [24] to simultaneously realize
state and actuator fault estimation. These fault estimation
approaches are proven to be effective and show good
performance for helicopter system. However, they are all
limited to numerical simulations, in which experimental
verifications are expected to be further exploited. However, as
actual helicopter platform is costly and fragile, and more prone
to accidents in the event of failure, sufficient validations for
various fault estimation methods are generally difficult to
conduct[25][26]. Thus, to solve this problem, some specially
designed test benches have been developed, such as Quanser’s
helicopter platform. These test platforms are easy to operate
and have the basic dynamic characteristics of an actual
helicopter system. A comparative fault estimation study of
3-DOF helicopter is presented in [27], in which both simulation
and experimental tests are given. However, the measurement
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noise is not considered.

In practical engineering applications, measurement noises
are generally inevitable, which has a great impact on the
performance of model-based fault estimation methods.
However, measurement noises are generally not considered in
many fault estimation approaches[12][13][14]. Thus, it can be
concluded that performance and even effectiveness of these
fault estimation approaches will be largely affected when
applied to practical systems. In order to deal with the
measurement noises, some theoretical research works were also
proposed. Gao et al.[30] presented a modified PID observer to
realize simultaneous states, input disturbance, and
measurement noise estimation. Based on which, a high-gain
observer is developed in [31] to further realize actuator and
sensor faults estimation simultaneously. Considering output
noise, a modified L; adaptive descriptor observer is presented
in [32] to realize simultaneous system state and output noise
estimation. These fault estimation approaches are expected to
be further validated by using experimental tests, which also
provide good reference to the fault estimation design of 3-DOF
helicopter system considering measurement noises.

Helicopter  system is  characterized with  high
maneuverability, which often operates in aggressive missions
and harsh environments[33][34]. However, most of existing
researches on fault estimation of 3-DOF helicopter always
assume that the helicopter system works in mild maneuvers,
that is, the pitch angle is very small[22][24][35]. The 3-DOF
helicopter platform has many of the characteristics of real
helicopters, which can also easily realize aggressive maneuvers
by using large pitch angle. As there is nonlinear coupling
between the elevation and pitch axis, the nonlinear coupling
effects will largely increase with large pitch angle. Thus, it will
be more challenging to conduct fault estimation of the 3-DOF
helicopter porotype under large pitch angle. As the pitch angle
can be measured in the 3-DOF helicopter platform, linear
parameter varying (LPV) modeling approach is adopted to
handle the interaxis nonlinear coupling problem in aggressive
maneuvers[36][37]. And the main contributions of this paper
can be summarized as follows

(1) Aggressive maneuvers are considered in the robust fault
observer design for the helicopter system. A polytopic LPV
model for 3-DOF helicopter is established to deal with the
interaxis nonlinear coupling, which caused by the large pitch
angle during the flight.

(2) Measurement noises are considered in fault estimation
design of the 3-DOF helicopter. Based on the polytopic LPV
model of the helicopter system, a robust UIO is developed to
realize actuator fault estimation, in which both measurement
noises and large pitch angle are considered.

(3) Based on a 3-DOF helicopter prototype, comparative
analysis with high gain observer and modified PID observer are
conducted. And the effectiveness as performance of proposed
fault observer design is validated by using both simulations and
experiments.

The rest of the paper is structured as follows. A polytopic
LPV model is built for the 3-DOF helicopter prototype in
Section Il. Robust fault estimation is developed in Section III.

Simulation and experimental results illustrating the
performance of proposed observer design are demonstrated in
Section 1V, and conclusions are given in Section V.

Il. PROBLEM FORMULATION

Counterweight
Travel axis

M,9

’\ - -
Elevation axis

Fig 1. 3-DOF helicopter porotype from Quanser Company.

The 3-DOF helicopter porotype from Quanser Company is
presented in Fig 1. Two DC motors are adopted to drive the
front and back propellers respectively, which control the three
dimensional rotational motions, i.e. the evaluation, pitch and
travel motion of the helicopter. The body frame and the
counterweight are jointed via the arm, and are supported by the
base. The counterweight is used to decrease the motor thrust
needed to lift the helicopter.

The dynamic model of the helicopter system is developed as
follows[28][29].

J, & =KL, cos p(Vf Jer)—(MhLa -M,L,)gcose+w,
3,0=K, L, (V, -V, )+w, @)
3t =K, L,sinpeose(V, +V, )+ K, L sing(V, -V, )+w,
where J, and w, are inertia moments and external
disturbances, where the subscript i=g¢,p,t represent the
elevation, pitch, and travel respectively. V, and V, are the
respective voltages applied to the front and back motors, K, is

propeller force-thrust coefficient, M, is the mass of the

helicopter, including the fuselage, two propeller components
and encoder, M, is the mass of the counterweight, L, is the

distance from elevation axis to helicopter body, L, is the

W
distance from elevation axis to counterweight, L, is the
distance from each motor to pitch axis.

Considering the elevation and pitch motion only, dynamical
model of the helicopter can be rewritten as
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&=h,cos(p)(V, +V,)+0,(x)+d,
p=b,(V, -V, )+d,

b, =K,L,/J,.d =w/J, @)
b, =KL, /J,,d, =w /J,

M,.L, -M
gl(x):_( h™a J WLw)g COS(S)

&

where d, is the system uncertainties, where the subscript
i = &, p represent elevation and pitch respectively.
Define the system state vector as

x=[x % X% x] =[¢ p & p], the output vector as
y=[¢ p & p] andtheinput vector as u=[Vv, Vb]T.

The fault vector is f, =[f, f,] , where f, and f,,
respectively represent the unknown faults of the front and back
motors.

Assumption 1: The faults f,, , f,, and their first-order

al ?

derivatives are bounded and belong to L, [0, «].

Considering actuator faults and measurement noises,
dynamical model of the helicopter system can be further written
as

X(t) = Ax(t) + B(u(t) + f,(t))+ g(x,t)+ Dd(t)
y(t) = Cx(t) + oo(t)
where o(t) e R* is the system measurement noise vector,

d®)=[d, d,] and

@)

0010 0 0

0 0 01 0 0
A: y = ,

0 00O b,cosp b, cosp

10 0 0 O] b, b,

10 0 O] 00 0
0100 00 0
C= ,D= ,g(x,t) = .
0010 10 g,(x,t)

0 00 1) 01 0

Assumption 2: The nonlinear term g(x,t) holds the following
Lipschitz condition[24]

a0, t) =g (%, O] <B[[x, —x, |, v, x, € R*
where 0 is the Lipschitz constant.

Remark 1: It can be seen from (3) that the nonlinear term
g(x,t) satisfies the condition of Assumption 2, and the
Lipschitz constantis 6 =(M,L, -M,L,)g/J,.

As the pitch angle of 3-DOF helicopter platform is
mechanically constrained within [-rn/4,7t/4] , following
constraints are used in this paper as

minSpgpmax’pmin:O’pmax:ﬂ-/4 (4)
The scheduling variable is chosen as a(t) = cos(p)
Oin SO S U Oy =0.707, 0, =1 (5)

Since p=p,, for a=a., and p=p., for a=a,, , the
new parameter o can be used to describe the variation of p

within its range.
Then, the LPV model of the 3-DOF helicopter system can be
represented by

X(t) = AX(t) + B(a)(u(t) + f, () + g(x,t) + Dd(t)
y(t) = Cx(t) + o(t)
The matrix B(o) can be written as polytopic matrices and
given by[38]

(6)

2
B(a) = zpi (2)B, )
i=1
where p, (o) are the weights of the LPV subsystems, it holds

ipi(a)ﬂ,OSpi(a)ﬂ

i=1
The polytopic representation of the system (6) becomes
2

X(t) = Zpi (@)(Ax(t) + B, (u(t) + f, (1)) + g (x,t) + Dd (1)) ®)

y(t) = Cx(t) + o(t)
where B, is the time invariant matrix, the scalar membership
functions are given by

l-«
pla) :mnoz(a) =1-p,(a) ©)

Remark 2: Different from the work in [27] and [35], a
polytopic LPV model is developed for the 3-DOF helicopter
system instead of linear model, which can better present the
dynamical characteristics of the helicopter system.

I11. ROBUST FAULT ESTIMATION DESIGN

Based on the polytopic LPV fault model of 3-DOF helicopter,
the U1O approach is adopted to estimate actuator fault.

A. System Augmentation
Define the augmented state as:
x=[x ] (10)
And the related augmented system model can be developed
as follows:

X(0)= 3 2 (AX(0+ Bu®+ AL+ DI()
y(t) = CX(t) + w(t)
where d = [d fa ]T , and

A B|- [B|= |D
) Bi = ) D=

0 0 0 0
[C 0].A=[l, 0]

Remark 3: Different from the work in [27], measurement
noise is considered in the fault estimation design of the 3-DOF
helicopter system.
B. LPV Model based UIO Design

Considering the augmented system (11), the LPV model
based UIO can be developed as following

(11)

A= IO },g(mn{g(g’t)]
C=
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2(t) = Zpi (M;z(t) +Gu(t) + N, g(AX, 1) + Ly (1) (12)

X(t) = z(t) + Hy(t)
where z e R®is the system state of the dynamics (12) and
X € R® is the estimation of X € R®, observer gain matrices
M,,G,,N,, L, H are to be designed.
And the estimation error can be represented as
e(t) = X(t) - X(t)
= X(t) - z(t) - HCX(t) - Hoo(t)
= (I, —HC)X(t) - 2(t) - Hao(t)
According to (11)-(13), the derivative of e(t) is
é(t) = (1, — HC)X(t) — 2(t)

—zp.[u\ LC)e(t) + (B, -G, )u(t) + =D (1

(13)

(14)
+EG(AX, 1)~ N,G(AX, 1)+ (A - L,C —M,)z(t)
+((EA ~LC)H -L,)y(t) - Lyo(t) - Ha(t)]
where Z=1,-HC,L, =L, +L, .
If one can make the decoupling conditions hold at Vi=1,2
i = :Ki - L1|6

N‘ -= (15)

G =EB

L, = (EA -L,CO)H

Under these condltlons the state estimation error dynamics
(14) is simplified as

é(t) = 2_p[(EA ~L,C)e(t) + EAg +ED (1)
~Lo(t) - Ho)]

where Ag = G(AX,t)— G(AX,1).
Proposition 1: For augmented system (11), there exists an LPV
model based UIO in the form of (12) such that [le(t)] < y||51|| :

if there exists the positive definite matrix P and matrices

(16)

Q,,Q,.i=12,---,r,and scalar &> 0such that
'® PD-QCD P-QC —Q, -Q|
* —°1 0 0 0
* * —¢l 0 0 |<0 (@7
* * * 1 0
| % E3 * * —7/2| |
where

0 =(PA -QCA -Q,C)+(PA —QCA -Q,C)" + (0> + I ,
Q =PH,Q, =PL, , d, =[JT @' a')T]T , and y is a
performance index.
Proof: Select the following Lyapunov function for state
estimation error dynamics (16)
V(t)=e'Pe
Using (16) and (18), one has

(18)
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V(t)=e'Pé+é'Pe
= Zpi{eT [PEA -L,C)+(EA -L,C) Ple
i=1
+2¢" PEDd — 2" PL,0— 2" PH®
+e"PEAgJ +Ag' E' Pe}
For any matrices X , Y , and a positive scalar ¢ , following
inequality holds[38]
XTY +YTX <eXTX+&YTY (20)

Applying (20) to the last two terms in (19) and using
Assumption 2, one has

(19)

e'PEAT+AG = Pe<eb’e’e+ce'PEE"Pe  (21)
Substituting (21) to (19), getting
V(t) < Zpi{eT [P(EA -L,C)+(EA -L,C)'P
+60%1 +&'PEE" Ple + 2" PEDd (22)

—2¢"PL,o»—2e" PH o}

To guarantee the robustness of the designed LPV model
based UIO against unknown external disturbance ch(t) , define
the H_ performance index as

J=[ (ee—y"d) d))at (23)

Using zero-initial condition (i.e. V(0)=0,V(x0)>0 ),
getting

— [P(eTe—
J= jo (e'e

<[ (€Te—ydd, +V)dt

d,"d, +V)dt +V (0) -V ()

- -[owipi G (P(EA - I-ué) + (EA - LHC)T P

+(€0? +1)1 +*PEE"P)e + 2" PEDd

~2¢"PL,w—2e" PH—v2d," d, ]dt (24)
el [Q P=D -PL, -PH][e
s (A x =20 0 ||d
0 & ® * * -y | 0 ®
O] |* * =%l || o
el[Q PED -PL, -PH][e
o d| [ =20 0 ||d
=2nl [ dt
= O | * * —v°l 0 ®
o |* x x| o
where
Q=P(EA-LC)+(EA-LC)'P
+(e0* + 1)1 +&'PEE"
If the following inequality holds:
Q PED -PL, -PH
2
b0 0 g (25)

* % =1 0
—Y2|

* * *
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then one has [le(t)], < y"&l”w
Applying the Schur complement lemma, inequality (25) is
described as
® PED PE -PL, -PH
* -’10 0 0

* *  —l 0 0 |<0O (26)
* * x —y?l 0
® * * * -l

where © = P(ZA - L,C)+(EA —L,C) P+ (e6° + 1)1 .
If let Q, =PH,Q, =PL,, it follows that (26) is equivalent to

(17), thus completing the proof.

For the purpose of ensuring the convergence rate of the
proposed robust LPV model based UIO, pole placement
technique is futher introduced to configure all the eigenvalues

of matrix (A —L,C) into a stable circular area, D(c,7) .
Thus, the following inequality is added as an additional
condition along with inequality (17).
{—P PA -QCA —QZiC—aP}
) <0
* -°P
i=1--,r.
where o is the centre of the circle to be designed, and t is the
radius.
Based on Proposition 1 and condition (27), a robust LPV
model based UIO (12) is implemented and the augmented
estimate X is obtained, leading to the fault estimate as follows:

f,=[0,, 1,]x (28)

@7)

IV. SIMULATION AND EXPERIMENTAL RESULTS

Simulation and experimental tests are all conducted to show
the effectiveness and performance of the proposed fault
estimation design. High-gain observer (HGO)[31] and
modified PID observer (MPIDO)[30] are selected for
comparative analysis. The experimental platform is shown in
Fig. 2. A data acquisition board Q8-USB is adopted to collect
analog signals from the helicopter and convert them to digital
signals, and a power amplifier VoltPAQ-X2 is adopted for the
power output. Two encoders with high resolution are used to
measure the elevation and pitch angles[39]. The controller and
proposed fault observer are implemented via Matlab 2017a
with Quarc 2.7, which are taken as Simulink programming
environment. The simulation and experiment adopt a fixed step
size, and the sampling time was set at 0.001s. The system
parameter of the 3-DOF helicopter is not presented here, which
can be found in Quanser’s 3-DOF helicopter user manual or
some existing papers[39][40].

|
Ii S
Power outputs | Power Amplifier :
——

| 4 -
| data | === | Feedback I Control System
3-DOF Helicopter J' | Data Acquisition Board |~ signals L and observer _

— T

Fig 2. 3-DOF helicopter experimental system

In the 3-DOF helicopter prototype, initial value of elevation
and pitch angles are -27.5°and 0<respectively. Assume that
both the front and rear actuators of the helicopter have additive
faults in the following form

0, 0<t<20

] 0.4(t-20), 20<t<30
® 7 |-0.4(t-40),30 <t < 40
0, 40<t<80

0, 0<t<50

-0.4(t-50), 50 < t < 60
£, = (t:50) < (30)
0.4(t—70),60 <t < 70

0, 70<t<80

Remark 4: The fault signals considered here are continuous, but
not differentiable at the mutation point, which is inconsistent
with Assumption 1. Assumption 1 is strict because there is no
known prior knowledge of the fault signal bound in practice.
However, we can determine that there is an upper bound on the
fault signal.
(1) LPV model based unknown input observer design
Choosing y=0.1, €=0.001, 6=-10, and t=5, the

observer gain matrices are calculated as follows

(29)

[-7.93 0 0 0 0 0 ) 0
0 -7.93 0 0 0 0 0 0
0 0 -7.93 0 0 0 0 0
|\/|1 = le =
0 0 0 -7.93 0 0 0 0
0 0 -1.50 -0.18 -2.32 0.60 -2.32 0.60
Y 0 -150 018 060 -2.32] | 0.60 -2.32
[-7.93 0 0 0 0 0 ) 0
0 -7.93 0 0 0 0 0 0
0 0 -7.93 0 0 0 0 0
Mz = sz =
0 0 0 —7.93 0 0 0 0
0 0 112 -0.18 -190 1.02 -1.90 1.02
| O 0 -112 018 1.02 -1.90] | 1.02 -1.90
00 0 0 00 00 0 0 00
00 0 0 00 00 0 0 00
00 0 0 00 00 0 0 00
N, = N, =
00 0 0 00 00 0 0 00
0 0 -1005 -251 1 O 0 0 -730 -251 1 0
0 0 -1005 251 0 1 0 0 -730 251 0 1
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0000 0 0 0000 O 0 1 0 0 0 00 0 O 0 0]
0000 0 0 0000 O 0 0 1 0 0 00 0 0 0 O
0000 0 0 0000 © 0 0 0 1 0 00 0 0 0 O

“=loooo o o ["“loooo0 o o 0 0 0 1 00 0 0 0 O©
0000 -17.33 -7.34 0000 -646 —7.34 .0 0 0 0100 0 0 0
0000 -17.33 7.34 0000 646 734 0 0 0 0 01 0 0 0 O

10 0 0 00 0 0 0 00100 0 0 O

01 0 0 0 100 0 0 00 O 100 0 O

00 1 0 0 0 100 0 00 O O 100 O
H=10 0 o 1 /0 0 0 1200 00 0O 0 0 100

0 0 730 251 (3) Modified PID observer design

0 0 730 -251 The augmented system state can be defined as

(2) High gain observer design X = [XT Py T (34)

Define an augmentfd sysTtem s':ate af A augmented system can be obtained from (3) and (34)

X=[x'" f o] (31) E% = AX + Bu-+ Noo+ B, + Dd + G(AX)

The equivalent system established by (3) and (31) is as y=Cx (35)

follows
where

EX = AX+Bu+Dd +M(af, + f,) + No+g(AX)

L S L LR HAS

where « is a scalar and -
“ C:[C |4]'A2:[|4 O]'

I, 00 A B 0 B D . . - . .

_ _ _ _ Consider the following modified proportional integral
E=0 1, 0,A=|0 —al, 0 |B=/0,D=10], derivative observer:

0 0 o 0 -l 0 0 (E+LC)é=(A-KC)&+Bu+A(E +LC) 'Ly + Bf, + §(AX)
I R f,(=-KC& (36)
V=1 .N=l0l.C=[c 0 L]A=[1 0 o] ) -+ (4 10) Ty

0 | .

. o i . where & is the system state of the observer (36), X is the

Consider the following high gain observer: R
5= (A-KC)é+Bu-Ny+g(AR) estimation of X , f, is the estimation of f, , and
N _ (33) r T T . . va
X=£+50y L:[L1 L2] , the gain matrices L,L,,K,K, are to be

where & is the system state of the observer (33), X is the ~designed.
o . ] _ o _ _ In this paper, choose
estimation of X, and the gain matrices S =E+LC, K,L are r

0 0 0 0 ]
to be designed. 0 0 0 0
In this paper, choosing « =0.01, the gain matrices are 0 0 0 0
calculated as follows: Ty 0 0 0 0
[0 0 0 0] [ 0.01 0 00003 0 ] '-:L_j: 10000 0 0 0
0 0 0 O 0 0.01 0  0.0003 0 10000 O 0
0 0 0 O 0.0001 0 0.03 0 0 0 10000 O
0 0 0 O 0 00001 O 0.03 0 0 0 10000
_lo o o o] _ 0 0 58303 0.8598 = = . . .
L=l o o ol K =10°x 0 0 58003 _0.8605 such that (E +LC) is nonsingular. Then, the design matrices
100 0 0 0 00002 0 0 0 are obtained as foII_ows: )
0 100 0 0 0 00002 0 0 0.4499  0.0400 0.0542 -0.0539
0 0 100 0 0 0 00003 0 0.0129  0.4464 0.0091 -0.0196
0 0 0 100 0 0 0 00003 -0.4210 -0.0794 0.8707 -0.0739
K _107 | 00982 05051 00573 1.0856

“| 0.0442 00017 00014 -0.0018|
0.0005 0.0433 0.0003 -0.0028
-0.0109 -0.0014 0.0533 -0.0014
| 0.0042 -0.0133 0.0019 0.0592 |

-2.0261 -0.5634 2.6330 -0.0404
-2.0733 0.1738 25563 -1.0767]"

K, =108{
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To verify the fault estimation performance of proposed
method, two simulation cases and two experiment cases are
conducted.

Remark 5: In 3-DOF helicopter platform, when the pitch
angle is greater than 15°, actuator saturation will occur in the
system, which will seriously influence the performance of the
fault observer. Furthermore, when the pitch angle is set too
large, the helicopter rotates too fast in the experiment, which is
dangerous to some extent. Therefore, the pitch angle is
constrained within [0°,15°].

A. Simulation test under mild maneuvers

To verify the performance of the designed observer in
eliminating measurement noises, a comparative simulation test
is carried out when the pitch angle is 0°. In this simulation, a
Gaussian noise with form N(0,0.001%) is added to the helicopter
output.
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Fig 3. Estimation results of fa11 ( p=0°, simulation results)
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Fig 4. Estimation results of f_, ( p=0°, simulation results)

fa2 and its estimations

From Figs. 3 and 4, the fault estimation results of the high
gain observer are seriously affected by measurement noises and
contain many high frequency components. The modified PID
observer and UIO can handle the negative effects of
measurement noises and result good fault estimation results.
However, obvious estimation errors of actuator fault in both
front and back motor can be found during 20s-40s by using
modified PID observer. From 50s-70s, it can be seen that the
performance of modified PID observer is also very poor. And it
can be concluded that actuator faults in front and back motor
are interacted with each other. Comparatively, the LPV model
based UIO is only slightly affected by the measurement noises,
which results best fault estimation performance in the three
fault estimation approaches.

B. Experimental test under mild maneuver

To further verify and compare the performance of three
observers in eliminating measurement noises, experimental
tests are conducted under mild maneuver, in which the pitch
angle of the 3-DOF helicopter is very small.
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Fig 5. Estimation results of f_, ( p=0°, experimental results)
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Fig 6. Estimation results of fﬁ12 ( p=0° ,experimental results)

The experimental results of three fault estimation approaches
are shown in Figs. 5 and 6. The experiment results of the high
gain observer are consistent with the simulation results, which
are seriously affected by measurement noises. The modified
PID observer can well eliminate the influence of measurement
noise. However, it has a large fault estimation error. Consistent
with the simulation results, the LPV model based UIO can
effectively suppress the influence of measurement noises, and
the fault estimation error is also minimal. Thus, the
effectiveness of the LPV model based UIO in actuator faults
estimation under measurement noises is well verified.

C. Simulation test under aggressive maneuvers

To further validate the effectiveness of the proposed robust
fault observer under aggressive maneuvers, comparative
simulations are conducted. The performance of the proposed
approach is demonstrated when pitch angle is 0°, 10° and 15°
respectively. Furthermore, a comparative study is performed
with a UlO adopted in [24] to highlight the advantages of the
proposed observer.
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Fig 7. Estimation results of fal with UIO[24] (simulation results)

fa2 and its estimations
N

considered in the conventional UIO design[24], which can
deteriorate the fault estimation performance. However, as it is
shown in Figs. 9 and 10, LPV model based UIO is capable of
addressing the interaxis nonlinear coupling. Small estimation
error can be still restrained in spite of pitch angle change.

D. Experimental test under aggressive maneuvers

Experimental tests are carried out on the 3-DOF helicopter
system. From Figs. 11 and 12, it can be seen that the UIO adopt
in [24] can estimate two faults well when the pitch angle is 0°.
However, because the interaxis nonlinear coupling is not
considered in [24], there is obvious steady state error when the
pitch angle is large, and the error will increases as the pitch
angle is becoming larger. Figs. 13 and 14 demonstrate that LPV
model based UIO can accurately estimate two faults, even at
large pitch angles. Therefore, LPV model based UIO can obtain
good fault estimation performances when the helicopter system
operates in aggressive maneuvers.
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Fig 8. Estimation results of faz with UIO[24] (simulation results)
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Fig 10. Estimation results of f,, with LPV model based UIO (simulation
results)

From Figs. 7 and 8, it can be seen that actuator faults in both
front and back motor can be well estimated when the pitch
angle is 0°. When the pitch angle increases, obvious steady
state error can be found in the fault estimation results, and these
error increases as the pitch angle increases. This is mainly
because the interaxis nonlinear coupling effect is not

Fig11. Estimation results of fal with UIO[24] (experimental results)

Fig 12. Estimation results of faz with UIO[24] (experimental results)
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Fig 13. Estimation results of fal with LPV model based UIO (experimental

results)
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