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ABSTRACT: This paper proposes a novel hybrid control framework by combing enhanced extended
state observer with trajectory linearization control for air vehicle acceleration tracking problems. First,
based on the tracking error dynamics derived by Taylor expansion for the original nonlinear system
along the desired trajectory, a feedback linearization-based control law is designed to stabilize a linear
time-varying system. To reduce the controller performance sensitivity to uncertainties, with partial
model information, an enhanced extended state observer is constructed to estimate the tracking error
vector, as well as the uncertainties in an integrated manner. The closed-loop stability of the system under
the proposed compound scheme is established. Both numerical simulation studies and an application
example of air vehicle acceleration autopilot design demonstrate the feasibility and efficacy of the

proposed method.
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1- Introduction

In the last few decades, developments in nonlinear
control methods have been made to eliminate perturbations
and uncertainties, but each of these controllers (for example
trajectory linearization control, gain scheduling controller,
backstepping controller, sliding mode controller, etc.)
has advantages and disadvantages over each other [1-3].
In order to improve the performance of the mentioned
nonlinear controllers, Trajectory Linearization Control
(TLC) is used as a new method to control nonlinear systems
in the presence of perturbations. In fact, this method can
be considered the ideal gain scheduling control. Therefore,
due to its specific structure, it provides a certain extent of
robust stability and can be capable of rejecting disturbances
in nature. As for inevitable disturbances, theoretical and
practical investigations show that a basic TLC frame may
be degraded by slightly large disturbances [4, 5]. To enhance
system robustness, one natural idea is to design observers
for estimating and compensating for the disturbances. Such
observers can be based on fuzzy logic or neural network.
However, online fuzzy or neural network estimation is
always time-consuming. One can see that the disturbance
rejection problem for TLC has been converted into parameter
estimation by utilizing NN and fuzzy logic. Therefore,
substantial efforts have centered around the following aspects:
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(1) the construction of neural network structure and fuzzy
logic rules; and (2) the stability discussion of the compound
system based on the estimated uncertainties. Extended State
Observer (ESO), as the centerpiece of the Active Disturbance
Rejection Control (ADRC) technique, is a great solution
to meet this fast computation requirement, which takes all
internal and external disturbances as an extended state [6, 7]

An observer named Enhanced Extended State Observer
(EESO)is proposed to distinguish and estimate the unfavorable
disturbance by just introducing the reference signal into the
feedback term[1]. Besides supplying satisfactory robustness,
the proposed EESO Based Control (EESOBC) that combines
EESO with TLC strategy, is able to force the controlled
output to track arbitrary reference signals. Central to this
novel design framework is the ability of EESO to estimate
both the internal dynamics and external disturbances of the
considered system in real time.

2- Methodology
2- 1- Configuration of trajectory linearization control based
enhanced extended state observer

As shown in Fig. 1, Trajectory Linearization Control
Based Enhanced Extended State Observer (TLC-EESO)
design method consists of three parts. One is

the forward loop is designed by the use of the nonlinear
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Fig. 1. Configuration of trajectory linearization control
based enhanced extended state observer (TLC-EESO)

dynamic inverse method, which changes the trajectory
tracking problem into error adjustment problems. The second
part is the state feedback loop designed by the use of linear
varying system Parallel-Differential (PD) spectral theory,
which ensures the robustness of the system with model errors.
Another part is the EESO observer.

2-2- Trajectory linearization control based enhanced
extended state observer design for air vehicles in the presence
of multiple uncertainties

A generic longitudinal air vehicle nonlinear dynamics
model is described as
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Fig. 2 shows the structure of the proposed novel attitude
control design for an air vehicle with multiple disturbances.
By using the TLC-EESO method for air vehicle system, the
present control system can be separated into an attitude loop
and angular rate loop. The angular rate loop is accounted for
regulating the angular rate by acting on deflection angles
whereas the attitude loop is employed to track the reference
attitude command o, by considering the reference angular
rate command (@ ) as the input control. In a view of
disturbance rejection and high accuracy guaranteed, a similar
structure is applied in each loop, where the estimation error
provided by EESO is constructed. Finally, the compound
controller is implemented by integrating with the nominal
controller for an open-loop system and observed based EESO
controller in each loop.
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Fig. 2. Configuration of TLC-EESO for air vehicle
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Fig. 3. histories in the presence of 50% uncertainties
in aerodynamic coefficients and 10% uncertainties in
structural parameters

3- Results and Discussion

To make the work more challenging, severe parametric
perturbations are considered in this case, namely —10%
uncertainties in structural parameters (includingm ,S
DI Vs and ®,), +50% uncertainties in aerodynamic
coefficients CA and CN, as well as —50% uncertainty in pitch
moment coefficient CM.

The results depicted in Fig. 3 indicate that given parametric
perturbations make almost no difference to the proposed
TLC-EESO autopilot, but excite severe oscillations in terms
of the response curve of the EID-EESO when tracking the
square wave command. Moreover, owing to its superiority
of actively rejecting disturbances, the TLC-EESO autopilot
can even tolerate up to +75% aerodynamic coefficient
perturbations, while in the same case, the acceleration under
the EID-EESO autopilot goes unstable, as shown in Fig. 4

4- Conclusions

In this paper, a novel composite control scheme combined
with the advantages of TLC and EESO observer is developed
to address the attitude tracking problem of the air vehicle.
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Fig. 4. Acceleration histories in the presence of 75%
uncertainties in aerodynamic coefficients and 10% un-
certainties in structural parameters

The Bounded-Input, Bounded-Output (BIBO) stability and
ultimate tracking error bound are rigorously analyzed based
on the proposed robust TLC’s specific structure. It is proven
that the ultimate upper bound of closed-loop tracking error
monotonously decreases with the controller’s and EESO’s
bandwidths. The simulations and comparative study are
carried out to demonstrate that the proposed TLC-EESO
method can obtain better tracking performance for tracking
attitude command systems with internal and external
perturbation.
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Fig. S. Configuration of TLC-EESO for air vehicle
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Table 2. Internal and external disturbances applied to the system in different scenarios

P S92 5t P9° 92 b Jsl 6925t Slasé! g
" ‘S‘D‘]y“g Gy 2222V m ‘S‘D‘é“é W, %o =) ol sl o el )l o coabd pus
CMJCN ‘CA Y JUERRVSR AR CMJCN ‘CA ol o as o VO 50 sl &@35)%1%1;5)0&#-"5‘9-\5
52 IV 5,8 5 az o A atels by (qgis sl 5l s a3
T 4l e ¥ 4l Lo ¥ Slee o by 56

S BLEED (639)5 oS S8 gy (3) JSB L gilae (g wles)S
Sin S 55 sl )3 il diblianegs Sornbie s e Jobeo
Srhin @ Al) Sl £ WS 20y ) e plogd i oS
4 33)5 (oo iyl (S W el ol ped &5 A8 o0 Mg

ol odaliie JoB (o) S5 50 yol

S (sla BLEEl (58,5 J55)3 | (5jlutun —F Y 0
slaplizel joa ) (olddn gy (9 polie (w)p seliteds
dox ) ldle sl cushd pie dop —Ve 3D
Seelipdgnl calps )5 cualad pas wo 340+ o (m,S,D L1 L&, 0,
P Ch yolisS Copd )0 Coxlad pae dopd —0+ (pizmed g C), C
aS amd o i Y S 5o e 0ald s gols Lol e 48 )3 a3
oo Sl s 35S gy slp (Sealing ] g (s pally sacuedad pas
onlizel e gl b (Jaldy oadiyoti dibldrwgs Sodnlin v e
£39)9 OJM.{J)A.AS9)M~0)L»)UJQ> J).ug L)')9) ‘ULLOA Jo Lol .))IJJ gbb
b3y 53 03bygl aBldrwg Sodalie p (e Jolao slailaze]
Pl (gwyp ygaie & ipl 2 ogMle Ngd oo Slugi e gge plo
Guly 3 Cgalad pae woyd Ve e 4 Bl glajpelly

S o s Lol38l Mo VO e 0 (Suolindg ]
spas D oldn by & aad e Gl VY SS mls
S Jb o cwl pylie b ey 90 4 Caws ((JBb sla il
$39)9 08I S gy Sl Jad JyuS gy Qlid s ples
Gl 4 oAby a8l ddldnwy Sodnlin p e Jolee sla il

by d9 s odalie ¥ sy JS5 5l &5 pslailen 3,5 (0 (Slogs

S:_[Kx kd] (Az )e (6%)

b (IS gy onl 2,8des coalodudy J S 39y (2Ll Holatess
abdawgs Sodalin p e Jole glo ilizel 634y oaiS J,uS
dw yokaie pdy Cuwl 0ld dulie [V] a3y 0 ond Ly ey i
o ol oad b5 Jla )3 (J S (o) 93 (b))l Curr Ao (g5l
a8 Cawl S p3Y g o 0310 sl gy sl 1 pluS” ya dllde bl
Soanyliw 1 piww 4 Jlasl ()6 9 JBb o iluicl ¥ g
A o i 1y calises

s BLE) (i85 a5, gy (5 lodands —Y =Y =0

& diuy dils gagw Fuol ()5 9 L gl plicel Cle
ol oadodlylis & S5 )0 upe g (g yloyd

los glj 5 ilon Wl g glo Sl ar g bB lpnss 3529 L
P S 2y CE L) g pe (93909 loyp (el oA S
Glyoul g g dgly Flo das wles aygl; ol Sloj do,b £ S
2 ey jload S8 e Sl dad ST () s sl SUL
Jolee (o BLaiEl (6399 048 S g 0AdCu ol wiBlidnwgs Sornlin
BosSs b ool bl (gl oddico s adldaws Sodnlie p i

by ]y @ e gy dw o () JS sl 0ad dulie

1 Equivalent input disturbance based enhanced extended
state observer ( EESO-EID)

\YYY



Pict acceleration[g]

Mach

25

20

15

WWF BV dorae VY ) Jlo & ojlas O 090 ¢ puS yuol SOl wins 4 puis

TLC-EESO
== == == EID-EESO [1]
m= == == TLC

== == == Command

Time|s]

10

0908 y9xo 30 (2lgp alwg Clh (Jloj dzmsy ,U (A

a. Acceleration histories of air vehicle vs time

2.8

2.6

24

TLC-EESO
= = = EID-EESO [1]

— = == TLC

2.2

Time|s]

o) o  Elo due Ol s azes U (g
¢. Mach number histories vs time

20
TLC-EESO
15 = = = EID-EESO 1] [ 1

Angle of attack|[deg]

-15 :
0 2 4 6 8 10
Time[s]
alos a9l (Sloj azs )b (@
b. Angle of attack histories vs time
60
# TLC-EESO
40 == == == EID-EESO [1] [ 1
4 = == == TLC

Pitch rate[deg/s]

Time[s]

Olo) cans 5 @ Agl) &9 ol ot azes ,U (o
d. Pitch rate histories vs time

(5,15 aofst) (Lo WLise] jgud (193) (o Laal o 33 (o250 9 (wgiomw T9o (loyd & eans Al e Gensly o JSUS

Fig. 6. Configuration of TLC-EESO for air vehicle. (Continude)
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Fig. 6. Configuration of TLC-EESO for air vehicle.
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Fig. 7. a. Acceleration and tail defelection histories in the presence of 50% uncertainties in aerodynamic coeffi-
cients and 10% uncertainties in structural parameters. b. Acceleration and tail defelection histories in the pres-
ence of 75% uncertainties in aerodynamic coefficients and 10% uncertainties in structural parameters.
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