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Abstract: A novel adaptive control design based on the immersion and invariance (I1&I) theory is presented for the non-minimum
phase hypersonic vehicles with parameter uncertainties. The vehicle dynamics are first divided into the velocity subsystem, the
altitude/flight-path angle subsystem and the angle of attack/pitch rate subsystem. Then three 1&I based adaptive controllers are
designed for each subsystem respectively. The key feature of the proposed control scheme lies in the construction of the estimator,
which can be used to assign prescribed dynamics to the estimate errors. The interaction of the flexible modes with the rigid
dynamics is considered in both the synthesis of the controller and the analysis of the closed-loop system. A complete stability
analysis of the closed-loop system is presented using Lyapunov theory. Simulation results show that the proposed control system
provides precise and robust tracking of the velocity and altitude commands, as well as accurate regulation of angle of attack.
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1 Introduction

The nonlinear control problem associated with
air-breathing hypersonic vehicles (AHSVs) has been
discussed widely during the past decades. The main
attraction of these vehicles resides in their significant
potential in both military and civil applications [1-2].
Despite years of research, there are still many challenges for
designing practical AHSV control systems.

Airframe-integrated engine configuration is widely
preferred in AHSV, which yet results in strong interactions
between the aerodynamics and the propulsion system.
Considerable modeling uncertainty and dramatically varied
aerodynamic characteristics also deserve special attention.
Besides, the non-minimum phase behavior stemming from
elevator-to-lift coupling and the significant flexible effects
present further obstacles for control engineers [3-5].

Several results have been presented in the literature for the
linearized versions of AHSV models [6-7]. But the design
methods applied to the linearized AHSV models must be
added with a step of gain scheduling, which
increases the design complexity due to the extremely wide
range of operating conditions. Feedback linearization
method is widely used to avoid this problem [8-9], yet a
precise vehicle model is needed. Furthermore, the vehicle
angle of attack cannot be always guaranteed to a
predetermined point in this way, which is negative for the
operation of scramjet engines. Adaptive backstepping is
applied to AHSV control system design in [10], based on the
decomposition of the vehicle dynamics into velocity and
altitude subsystems. Following the same architecture, many
other adaptive control methods have been used in the
literature [11-13]. But these traditional adaptive schemes
generally design parameter update laws by careful
cancelation of terms in the time-derivative of Lyapunov
function, which can only ensure boundedness of the
estimation errors, but hardly adjust the dynamical behavior
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ofthe errors [14]. Besides, several studies on distinct focuses
of AHSV control design are reported as well [15-17]. A
remarkable work among them is [15] which presents an
nonlinear adaptive equivalent control based on
interconnection subsystems for the non-minimum phase
AHSYV model. However, this inspired strategy neglects the
flexible effects in both synthesis and analysis of the control
system.

Immersion and invariance (I&I) theory is one of the latest
advances in adaptive control [14]. This new method does not
require knowledge of a Lyapunov function priorly when
designing parameter adaptive laws. By adding a new term to
the classical adaptive law, the dynamic behavior of the
parameter estimate errors can be adjustable. This paper
presents an adaptive &I based control design for the AHSV's
with parametric uncertainty. Benefiting from the
convenience of stability analysis when using I&I method, the
flexible effects on the vehicle dynamics are easily taken into
account both in controller synthesis and analysis. The rest of
this paper is organized as follows. The longitudinal model of
AHSYV and the control objective are presented in Section 2.
The nonlinear controller for the AHSV model based on
adaptive 1&I theory is designed in Section 3, along with a
complete analysis of the closed-loop system stability.
Section 4 demonstrates the performance of the proposed
control system via numerical simulations. Finally,
conclusions are offered in Section 5.

2 Vehicle Model and Problem Formulation

The first-principle model (FPM) developed by [18] is
used here. Its longitudinal dynamics can be expressed as

V =(Tcosa—D)/m—gsiny (1)
h=Vsiny (2)
y=(L+Tsina)/(mV)—gcosy|V 3)
a=0-y “4)
0=M/I, (5)
i, =2 o0, -o'n+N,, i=1,2,3 (6)
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This model comprises five rigid-body state variables,
namely, velocity V', altitude %, flight-path angle (FPA) y,

angle of attack (AOA) « and pitch rate O, as well as six
flexible states 77 =[77,.,7},,77,.71,,77;,77,]" corresponding to the
first three vibrational modes. The fuel equivalence ratio ¢,

elevator deflection o, and canard deflection 5, are the

control inputs, which affect (1)-(6) through the thrust 7', lift
L, drag D, pitch moment M and generalized forces N,.
The aerodynamic forces and moment, as well as the
generalized forces are determined by AOA and the
aerodynamic control surfaces, as described in [10]

T'=gS[Cy 4 (@) +Cr () +Cr] ™
L=gSC,(,6,,6,,1) ®)
D =gS8Cp(a,6,,6,,1) ©)
M =z,T+gSC, (,6,,5,,1) (10)

N, =gS[N“ &’ + N°a + N*5,

+N*S +N'+N'nl, i=123
where the coefficients are expressed as
Cryla)=C a* +Cf* a” + o+ C}
C,(a)=Cia’ +Cra® +Cra + Cy
C, (@,5,,8.,1) =C% a*> +Cla+C:5 +C%5. +C’ +Clq
C,(a,5,,6,,1)=Cla+Cx5 +C*56 +C)+Cln
Co(,8.,5.,1)=C > +Cla+C¥ 5>+ Cx5, +C¥ §°

+CX8, +C+Cln

7 =[CT,0,C1%,0,C7,01,j=T,M,L,D
N =[N,0,N"*,0,N",0],j=1,2,3

(11)

12)

Generally, there exist various uncertainties in AHSV
model, especially for the aerodynamic coefficients. To
present the robustness with respect of the model parameter
uncertainties, all the aerodynamic coefficients of equation
(12) are assumed to be unknown in this paper and a control
system is designed under that assumption to achieve accurate
tracking for the velocity and altitude commands, as well as
precise regulation of angle of attack.

3 Adaptive Immersion and Invariance Based
Controller Design

An adaptive 1&I based controller for AHSV is derived in
this section. The whole control system is divided into three
subsystems, namely, the velocity subsystem, the
altitude/FPA subsystem, and the AOA/pitch rate subsystem,
as shown in Fig. 1. Motivated by [15], the terms related to the
canard and elevator in both altitude/FPA subsystem and
AOA/pitch rate subsystem are treated as two virtual control
inputs, E, and E,, respectively. Thus the relative degree
between the output and the virtual control in each of the two
subsystems is changed to two, which removes the
zero-dynamics from the model. The actual deflections of
elevator and canard can then be derived via E, and E, .

Adaptive I&I
Based Estimator —‘
V. Velocity ¢
—
Controller
/ Adaptive I&T Air-
Based Estimator Breathing
A :
h. | Command |7 FPA | S Hyper.somc
Transfer Controller E, Decouple Vehicle
/ > 45. Model
a Adaptive &I ¢
| Based Estimator
a” | AOA/Pitch Rate
Controller E
2

4

Fig. 1. The configuration of the whole control system

3.1 Controller for the Velocity Subsystem

The dynamics of V=v- V_can be written as
V=F'8,4+G, 8, —gsiny—V +gS(C? cosa~Cit/m
(13)
where 6,, and 6,, are the vectors of unknown constant
parameters, 77 = 77— with 7" steady flexible states of trim
condition, and
F, =gScosdle’,o a1 [m
6,=1G".G".G".GT
G, :ch[a'3 cosa, o cosa,acosa,cosa,—az,—a,—l,cosa,—l]r/m
0V2 :[C;scﬁsc;’cgacgananaC;]ﬂ*anﬂ*]T
According to adaptive 1&I theory, the full estimates of
6, and 6, can be respectively defined as 6, + 8, and

0,,+pB,, , where 6, is generated by an update law

6, = o(V,8,)and B, is a nonlinear vector function to be
determined. Notably a new term f, is added to the

estimates here. The advantage offered by this additional term
will be shown in the following design. The estimate errors
can then be written as

L% :éV+ﬂV_0V (14)
3y :[zmrszmr]r > 6, :[0V1T>0V2T]T >
ﬂV = [ﬂV]T ’ﬂVzT ]T and 91/ = [0V1T90V2T ]T :

The stabilizing signal ¢ can be chosen as
FVT(éVl +B,)¢= _GVT(éVZ +ﬁV2)+gSin7+Vc _kVI;(IS)
where k;, > 0. Substituting (15) into (13) yields
V =k -@ 7, +(gS/m)(C] cosa—Ci  (16)
where @, =[F,"$,G,"".

Next consider the design of the parameter estimator.

Differentiating (14) and then substituting (16) yield the
dynamics of the estimate errors as

29 " 7S i
i =0+ ;;V (k7 -@ s, +%(c," cosa—C)A) (17)

where

In view of (17), the update law é,, can be specified as

0, =(0p, /o7 )k, V) (18)

Then the dynamics of the estimate errors are changed into
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3= (aﬂV /617)(_¢VTZV J"E(C;’ cosa_cg)ﬁ) (19)
m

Now p, is chosen to drive the dynamics of gz,
asymptotically to zero. The introduction of S, allows
construction of the z, dynamics, which actually adds an

extra degree of freedom in designing parameter estimator.
One choice for G, is

0B, oV =1, @, (20)
where r, =diag(n, 1, ,,%,,1,,] and r, >0, r, >0 .
Substituting (20) into (19), we have

i =1,9,8, 7, +1,8,(qS/m)(C} cosa—C])i (21)

3.2 Controller for the Altitude/FPA Subsystem

The FPA command y, can be generated from the altitude
command £, by using
7, =—arctan(k, (h—h_)+k, j (h—h,)dr) (22)
where k, >0 and &, >0.
Then the dynamics of 7 = y —y, can be written as
7=F0,a+G'6,-gcosy[V-7,
+E1T6’y3 +F,(C7 sina+C7)q

0,, and 6, are unknown parameters, E,is the

(23)

where 6,

equivalent virtual control input for the altitude/FPA
subsystem, and

F, =gS/(mV),
8, =[C}" .CI . Cl.C},C1.CL.Cl. e, L. T

0,=C/>0

G, = F[d’¢sina,a’psina,apsina,¢sina,
a’sina,a’ sina,asina,sina,sina, 1,11
E =Fl5,0], 6,=[C".C/T
Similarly to the design for the velocity subsystem, the full
estimates of 6, , 6, and @, are defined

72 73

as@,+p,,0,+
estimate errors are given as
z7:07+ﬂ7_9y (24)

Next design the equivalent virtual control input E, as
ElT(éyfa +ﬂ}/3) = _Fy(éyl +ﬂy1)a* _G;/T(é;/Z +ﬂ}/2)

+gceosy/V+y, —k,7

where k£, >0 and a’is the desired trim value of AOA.

and 573 + respectively. Then the

72 732

(25)

Notably the value of ¢ should be generated to satisfy an
admissible range, which corresponds to the actual project of
the scramjet engine. Substituting (25) into (23) yields

7: _k;/};_G}/szz _Esz” _Fy(éﬂ +ﬂ71)a*
+F,0,a+F,(C] sina+C /)i

Define the reference command for the angle of attack

(26)

asa, =a -7 [10]. Considering the angle of attack tracking
error & =a —«a, , (26) can be changed into
752 _kﬂ;_G;/szz _Elrzy3 _F:/Z;/la*

T o @7)
+F,0,(a-7)+F,(C{ sina+C /)i

Now the parameter estimates used in (25) are designed.
Following the same procedure as the one in Section 3.1, the

update law éy and the additional function B, can be selected

6,=(0p, /o7)k, 7). OB, |07 =r,®, (28)

where r, =diag[r,, .1, 1,4, 1,1, @, =[F,a .G, E'T

and r,, >0, r,, >0, r,, >0. Using (24) and (28) yields the

dynamics of the estimate errors z, as
i =r1®D'z +rDF 0, (a-7) 29)
+r,@ F (C sina+C )i

With B, and éy obtained from (28), the equivalent

virtual control input E, can be derived from (25).
3.3 Controller for the AOA/Pitch Rate Subsystem

The dynamics of AOA tracking error & can be simply
given as follow

a=q-y, (30)

For convenience, rewrite the dynamics of pitch rate from
(5) and (12) as
G=G0,+E, 0, +(qS/1,)(zC7 +cCp)i  (31)
where 6, and 6, are unknown parameters, E, is the

equivalent virtual control input for the AOA/pitch rate
subsystem, and

Gq = q_SE[¢ZT0!3 > ¢Zra2 Pz, Pz, Zra3 >
5@z a2z, 2,00 cae,el 1
6,, =[C}*.CI*.Cl.CL.C).CLChLCY,
Crn'.Cy, .Cyy.Chy.Com T
E, = g5¢l0,,5.1 /1,
6, =[Cy;.C T
Introduce a surface as follow
S, =a+id (32)
Notably if Sa_q =0, it follows that the AOA tracking

error ¢ converges to zero. Differentiating (32) yields
S,,=G0,+E 0, +q-2y. —7,

+(S/1,)(z,CF +cCo)i

Define the estimates of 6, and 6, are 6,+ 8, , and

(33)

éq3 + B, , respectively. The estimate errors are
z,=0,+B,-6, (34)
In view of (33), E, can be defined as
EZT(§q3 +ﬂq3) = _qu(éqz +ﬂq2)_ﬁq+}”}}c
+ j/'(,‘ - k(l*q

where k, , > 0. Substituting (35) into (33) yields

35
S, ., —a G

Sy =—ko S

a-q - oa—-q

~@'s, —&+‘j—5(zrc," +2C )i (36)
|

where @ =[G,",E,"]".
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Next design the parameter estimates éqz +pB,, and

0,,+pB,; . As Section 3.1, the update law éq and the

additional function g, can be selected as
6,=(a8,/0,.,)(,.,S,., +@).0B, /oS, , =r,® (37)
where r, =diaglr, 1,;,;,7,,1,,] and 1, >0, r,>0.

Substituting (34) and (38) yields
¢, =180 7, +1,®,(gS/1,)(z,C7 +cCi)i  (38)

With éq and B, from (37), the equivalent virtual control
input E, can be obtained from (35). Finally the deflections
of elevator and canard can be derived from E, and E,.

3.4 Stability Analysis for the Closed-Loop System

Rewrite the rigid-body dynamics of the closed-loop
system

V=—k,V-& 7 +3S(C; cosa—C)ii/m
& =1,8® 7, +355,®,(C] cosa—CP)ij/m
y=-k7-®'z, +F0, (a-7)+F,Cfsina+C])f
a=Ss, A
S, =k, S, ,~® 7, -a+gS(z,C] +cCI/I,
zq = —l‘qd?{@fzq + qSl‘qQ?[(ZTC.;' +EC;,',)77/1},

(39)
According to [10], the stability analysis for the flexible
states at the point 7=7" can be converted into that at the
origin for the following system
7=(A,+A,n+Bj+Ba (40)
where A, A ,, B and B, can be obtained from [10].
Particularly, there exists a positive-definite matrix
Q satisfying QAn1+A§1Q:—IM for A, is a Hurwitz
matrix, and the matrix §=IM—(QAHZ+A£2Q) is also

positive-definite for each element of A, is small enough in

i, =1 @@ 7 +r,®F 0, (a—7)+r,®F C sina+Cl)i

the AHSV flight envelope [10]. Therefore, the dynamics of
the overall closed-loop system can be established by (39)
and (40).

Assumption I: The actual velocity value is bounded for the
physical limits of the engine thrust, which also guarantees the
boundedness of the related term F,0,, = gS6,, / (mV).

Theorem 1: Consider the system given by (39) and (40),
and such that Assumption 1hold. Then there exist adaptive
control laws described in Section 3, which guarantee the

errors X =[V,®"z, 7.9'z,.4,S

T ~T T
wq D 2,M ] converge
to zero asymptotically as the time tends to infinity, i.e.,

limx =0, with all signals bounded.

t—o
Proof: Consider the following Lyapunov candidate
function
1~ 1, _ 1., 1 - |
W= EVZ +EkV1zVTrV1zV +E}/2 +Ezyrr71z7+—0'2a2
| | 41)
+=0,8,  +—o,k,

1 T_.-1 ~T ~
5 z, 1, 2, to.n Qn

2 a-q7q

where o, >0, o, >0 . Differentiating (41) along the
trajectories of (39) and (40) yields
W= _kVI;2 _Q/TZVI} _kl;l |¢VTZV|2 _(ky +F:/€;/1)772
2 - - -
_|¢7sz| - (1 + F7071)¢7Tz7}/ + Frgylya + F7971¢7TZ7a

+o,[-Aa’-@'z.S, , —k, ,S:

~ 2
g a—q a-q a-q _kal—q |¢quq| ]
+VC+@,"2,Cip+7Ci1+ B 2,C, + S, ,Coff

+@"z,Cifi— 0,7 Pii+20,7' QB,j + 20,7 QB,a

where
CI:CYS(CT"cosa—Cg)/m , C,=F,C/sina+C/) ,

C,=4qS(z,C; +cC ,"’,)/Iy are used for notational
convenience.
Then by Young’s inequality, we have
W< -%"Px (42)

where o, >0 and

ke 0 0 0 0 0 _G
2 2
0 ! 0 0 0 0 _G
2k, 2
2k, +F,0,2-0,)-0 F o c’
0 0 r v/ L - 0 0 -— 5 QB)"
2 2 ( 2 QB
0 0 0 2071288, _E% 0 4
20, 2 2
P= F0, E0 ,
0 0 -5 - Ao, 0 0 o,B,Q
o,k
0 0 0 0 2ea G
2 2
0 0 0 0 0 T2 -5
2k, 2
CT CT T CT CT _
o e R Sl i I
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Let A, denote the i-th order leading principal minor of P .
Obviously A and A, are both positive. For

1 1
AS :Z[k}/ +F;97] —EUI (1+F:/€71 )] >
|
A4 :[I—EO'] 1(1+F;/9}/1)]A39

there  exist ky* >0 and o, >0 such that

x | |
k, +Fy6ﬂ—501 (1+F,6,)>0 , 1_501 '(1+F,6,)>0

by Assumption 1. Therefore, there exist &, >ky*

and o, >0, satisfying A, >0 and A, >0 . Additionally,
since (A,,A,,A;,A,) are independent of o, , there exists

o,” >0 such that A, >0 for o, >0, . Then it can be

directly concluded that the value of o, , which ensures
A, >0, could simultaneously ensure A, >0 and A, >0,

because A, =0k, ,A;/2 and A, =A;c,’A[4 . Finally,

there  exists o;]* >0 such that A, are positive

wheno, >0, forA,(i=1,2,--,7) are independent of o, .

Therefore, the matrix P can be made positive-definite by

proper selection of these parameters. It then follows that all

states of (40) and (41) remain bounded and limx =0 by
t—o

Barbalat’s lemma, which completes the proof.

4 Simulation

To evaluate the proposed control system, a series of
simulations are presented in this section. First, the control
law is tested on the nominal AHSV model, serving as the
baseline for the subsequent comparison. Then, parameter
uncertainty is considered for robustness verification. A
step-velocity increment of 1000ft/s and an altitude increment
of 10000ft from the initial are used as the command. Notice
that as [10], the step commands have been filtered to
generate the reference trajectories of the velocity and altitude
through a second-order prefilter.

The first simulation will test the proposed control law on
the nominal AHSV model. Precise tracking of the altitude
and velocity reference trajectories, as well as rapid
regulation of angle of attack to the desired point is observed
in Fig. 2, which is the basic objective of the AHSV control
system. Stable and damped behaviors of the flexible states
n are shown in Fig. 3

Parameter uncertainty is introduced in the following
simulations to illustrate the robustness of the proposed
control system. Two most common uncertainties in AHSV
dynamics are considered here. One is the uncertainty of the
aerodynamic coefficients, and the other is the structure
parameter variation due to fuel consumption. For the
aerodynamic coefficients, a maximum variation within 30%
of the nominal has been considered. The structure parameter
variation due to fuel consumption reported in Table 1of[19]
has been used here, which presents different structure
parameters corresponding to the 0%, 30%, 50%,70% and

100% fuel level respectively. Simulation results are shown in
Fig. 4 and Fig. 5. It is observed that in each case the tracking
errors of the velocity, altitude and angle of attack remain
small during the entire maneuver and vanish asymptotically.

Q
9000 5 4
0 I
£ 8500 1 1 25
-‘§ i Actual Value *g
=2 8000
© Reference =
> T T > of=
0 100 200 300 8 o 100 200 300
=
x 10 =
8.5 ] ' o
¢ s |/
° j=2)
= ® Actual Value £ 5
= o
< Reference
8.5 , - =10
0 100 200 300 § 0 100 200 300
<
0.06
_ 1 -
8 0.04 i ; B
< Actual Value 3
S 0.02— A 3 -0.02
< Trim Value o 3
0 L L -0.04
0 100 200 300 0 100 200 300
t(s) t(s)

Fig. 2. Velocity, altitude and angle of attack tracking performance

s 4 T
3
E N4
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& 2 ny
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0 50 100 150 200 250 300
% 60 T
v
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>
£ 20 nydot H
2 o ngdot
]
£ 20
5
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E 60
0 50 100 150 200 250 300

t(s)

Fig. 3. Time histories of flexible modes and their time derivative
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= 8500 — Fuel Level 0% g ) Fuel Level 50% ||
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E Vs Fuel Level 50% -
8000 7 Reference ‘;3' 0
T T 8
0 100 200 30 2 o 100 200 300
x 10 =
.5 f o f g oA~
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£ / o
Fuel Level 0%
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0 100 200 30 < 0 100 200 300
0.06 0.01
L 0
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0 100 200 300 0 100 200 300
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Fig. 4. Velocity, altitude and angle of attack tracking performance
((fuel level 0%, 30% and 50%)
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0 100 200 30 2 0 100 200 300
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85 s : Referen::e 2
0 100 200 30 < 0 100 200 300
0.06
0
5 004 - ]
g Fuel Level 7 g
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< 0.02— Fuel Lewel 50% [| 3 ’
Fuel Level 50%
Reference -0.04 3
0 - L : l
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Fig. 5. Velocity, altitude and angle of attack tracking performance
((fuel level 70%, 100% and 50%)

5 Conclusion

In this paper an adaptive immersion and invariance based
control system is designed for a non-minimum phase
hypersonic vehicle model with parameter uncertainty. The
architecture of the whole control system is constructed by
decomposing the vehicle dynamics into three parallel
subsystems, namely the velocity, altitude/flight-path angle,
and angle of attack/pitch rate subsystems, where 1&I based
estimators are applied to estimate the unknown parameters of
each subsystem on-line. Notably the flexible effects on the
rigid dynamics are considered in controller synthesis.
Representative simulations are conducted and the results
illustrate the effectiveness and robustness of the proposed
control system.
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