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Abstract The flight control problem of a flexible air-
breathing hypersonic vehicle is presented in the pres-
ence of input constraint and aerodynamic uncertainty.
A control-oriented model, where aerodynamic uncer-
tainty and the strong couplings between the engine and
flight dynamics are included, is derived to reduce the
complexity of controller design. The flexible dynamics
are viewed as perturbations of the model. They are not
taken into consideration at the level of control design,
the influence of which is evaluated through simulation.
The control-oriented model is decomposed into veloc-
ity subsystem and altitude subsystem, which are con-
trolled separately. Then robust adaptive controller is
developed for the velocity subsystem, while the con-
troller which combines dynamic surface control and
radial basis function neural network is designed for
the altitude subsystem. The unknown nonlinear func-
tion is approximated by the radial basis function neural
network. Minimal-learning parameter technique is uti-
lized to estimate the maximum norm of ideal weight
vectors instead of their elements to reduce the compu-
tational burden. To handle input constraints, additional
systems are constructed to analyze their impact, and
the states of the additional systems are employed at the
level of control design and stability analysis. Besides,
“explosion of terms” problem in the traditional back-
stepping control is circumvented using a first-order fil-
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ter at each step. By means of Lyapunov stability theory,
it is proved theoretically that the designed control law
can assure that tracking error converges to an arbitrar-
ily small neighborhood around zero. Simulations are
performed to demonstrate the effectiveness of the pre-
sented control scheme in coping with input constraint
and aerodynamic uncertainty.

Keywords Flexible air-breathing hypersonic vehicle
(FAHV) - Dynamic surface control (DSC) - Radial
basis function neural network (RBFNN) - Input
constraint - Aerodynamic uncertainty

1 Introduction

Since air-breathing hypersonic vehicles (AHVs) are
most suitable for prompt global response and offer dis-
tinctive air superiority, they have received more and
more attention. With the development of hypersonic
vehicle technology, there are many challenges for per-
formance requirements of modern hypersonic vehicles.
Design of flight control system for AHVs is a chal-
lenging task because the dynamics of AHV are com-
plex and highly coupled [1-3]. Much research has been
conducted on it [4-11]. For AHV, the engine thrust
affects the pitching moment due to the underslung loca-
tion of scramjet engine. The slender geometry and rel-
ative light weight of the vehicle cause the vibration
modes to significantly affect the aerodynamic forces.
It induces that the vehicle must be viewed as a flex-
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ible structure. Moreover, flexible modes may cause
adverse aeroservoelastic effects which lead to poten-
tial structural damage and instabilities [12]. Flexible
effects make control problem more challenging since
the flexible modes are uncertain. It is worth noting that
the integration of the propulsion system with vehicle
and the interactions between the internal and external
flow fields make the characteristics of aerodynamics
difficult to be measured and estimated. The lack of a
broad flight dynamics database suggests that plant para-
meter variations and uncertainties are the main issues
to be addressed at the level of control design [13].
Therefore, the problem about the stability, robustness,
and control performance is still the focus of the flexi-
ble air-breathing hypersonic vehicle control system. At
present, the corresponding data are strictly kept secret
since hypersonic vehicle offers a promising technology
for cost-efficient access to space and exhibits tremen-
dous and important military merit for its quick response
to serious threats around the globe. There is not enough
experimental data on both the longitudinal and lateral
channels, so the control problem of FAHV focuses on
the longitudinal channel. It is important to note that
the longitudinal control is very complex. If the lon-
gitudinal and lateral channels are taken into account
simultaneously, the controller design will become more
complex [13]. It is necessary to make a trial between
the complexity of the model and the rationality of the
controller design under the current technology. More
complex model means more states variables, more out-
put variables and stronger nonlinearity, which induces
that it is more difficult to design a controller that pos-
sesses satisfactory performance. Thus, only the longi-
tudinal analytical model of FAHV proposed in [14]
has been applied in the controller design. The con-
trol system of FAHV is required to have robustness
to tackle uncertainty because of the changeable flight
conditions, uncertain aerodynamic characteristics, and
highly nonlinear nature dynamics. Aerodynamic uncer-
tainty makes the control system design more difficult.

The flight control system design of FAHV has
attracted increasing attention in recent years. Based on
modern control techniques, linear and nonlinear control
systems have been proposed. The reason why feedback
linearization technique could not be applied to design
the controller directly for FAHV was analyzed in [15].
Additionally, linear quadratic regulator (LQR) tech-
nique was combined with the approximate feedback
linearization technique to develop controller to make
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velocity and altitude track their reference trajectories.
In that work, the flexible dynamics and certain dynamic
couplings were strategically ignored. A time-varying
notch filter algorithm was integrated into trajectory lin-
earization control to address the flight control system
design of a hypersonic scramjet vehicle model with
flexible modes in [16,17]. Adaptive notch filter and LQ
technique were synthesized to design controllerin [18],
where an adaptive mode suppression scheme accu-
rately tracked and suppressed an unknown or changing
flexible mode online. Besides, a robust minimax LQR
control scheme was proposed for a control-oriented lin-
earized uncertainty model of a FAHV in [19]. A min-
imax linear quadratic Gaussian (LQG) control strat-
egy was proposed to solve the control design prob-
lem with uncertainties and unmeasured states [20].
However, simulation had been conducted without the
flexible dynamics, so the effects of the flexible states
cannot be evaluated. The Lyapunov-based robust con-
troller was developed in [21] for a linear-parameter-
varying model of FAHV including aerothermoelastic
effects and bounded disturbances. Adaptive fuzzy inte-
gral sliding mode control scheme was designed for the
tracking control problem of a FAHV in the presence
of disturbances and possible sensor/actuator failures
[22]. Recently, the control design problem of a FAHV
was investigated based on adaptive sliding mode con-
trol strategy in [23]. Through solving a system of lin-
ear algebraic equations, a control approach was pre-
sented for a FAHV in [24], in which the suppression
of flexible dynamics was achieved by the combination
of the control approach with Hy, control. For the flight
path angle and velocity tracking control problem of a
FAHV with unmodeled vibration modes, L adaptive
control was employed to achieve the stable tracking
performance in [25-27]. Adaptive dynamic inversion
was combined with nonlinear sequential loop-closure
approach to design controller after the system was
decomposed into subsystems in [28-30].

Although the research mentioned above achieves
good control performance, it is worth pointing out that
input constraint is not considered; it usually appears
in many practical systems because the amplitudes of
control inputs of almost all practical control systems
are limited. The closed-loop system performance may
be degraded severely or even lose stability if the input
constraint is ignored. For the hypersonic vehicle, the
flight control system is in open-loop state under the
occurrence of input saturation. If the output of actuator
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does not return to linear work space, the hypersonic
vehicle may lose stability, or even disintegrate. So it is
necessary to design the high reliability control system
with the consideration of input constraints. In much
research, input constraints were not directly taken into
account at the level of control design. Instead, they were
accounted for manually by tuning the gains to keep the
inputs in their valid operating ranges [3]. The pres-
ence of unavoidable constraints on the control inputs
renders the design of hypersonic vehicle control sys-
tems an even harder endeavor [31] except the afore-
mentioned difficulty and challenge. Only few studies
are concerned about control problem with control limits
owing to the complicated nonlinear dynamics of hyper-
sonic vehicle systems.

An adaptive control strategy was proposed in [32]
for reusable launch vehicles (RLVs) with actuator
displacement limits, actuator rate limits, linear input
dynamics, and time delay, in which input constraints
were implemented by pseudocontrol hedging. In [33],
for a linear roll/yaw dynamic of an F-16 aircraft,
input constraints were addressed by resorting to direct
modification of a reference model (p-modification
approach). In [3,34], a flight control system design
problem of a FAHV with input constraint was pre-
sented through anti-windup control (AWC), but aero-
dynamic uncertainty was not considered. In [31], a con-
trol problem with a constraint on the fuel equivalence
ratio was addressed by a plug-in approach, where a
self-optimizing guidance scheme shaped the reference
to be tracked. It assured that the input constraints were
not violated to an adaptive guidance system. Model
predictive control has been used popularly because of
its inherent capability to implement input constraint
directly at the level of control design [35-37]. However,
it depends on the real-time receding horizon optimiza-
tion, and the main barrier of its application to hyper-
sonic vehicle is online optimization and the determina-
tion of time-domain step size [38]. Furthermore, some
other methods had been employed to design controller
of FAHV. Hy, approach was proposed for a linearized
model of FAHV with input constraints, in which the lin-
earized model with uncertain parameters was obtained
by the feedback linearization technique [39]. It should
be pointed out that high-order derivatives of outputs
need to be computed. Advanced flight control laws
concerned with actuator limitations were designed for
hypersonic vehicle using the differential geometry prin-
ciple and the total energy theory [40]. Three adaptive

fault control schemes were proposed for tracking con-
trol problem of an AHV with external disturbances,
actuator faults, and input saturation in [41]. For the
latter two control approaches, there was no need to
know the upper bound of the external disturbances and
the real minimum value of actuator efficiency factor in
advance.

As a powerful nonlinear technique, backstepping
control has also been used for control system design
with input constraints. In [42], an adaptive backstep-
ping approach was applied to flight control system
design of longitudinal aircraft dynamics that directly
accommodated magnitude, rate, and bandwidth lim-
its on aircraft states and actuators. However, exter-
nal disturbance was not considered. For F-16/MATV
(multi-axis thrust vectoring) aircraft control problem, a
constrained adaptive backstepping control scheme was
proposed where command filters implemented con-
straints on control surfaces and virtual control states
[43]. The constraints were handled by command filters.
The designed approach retained that the state and con-
trol constraints could be enforced while maintaining
Lyapunov stability. In [44], an adaptive backstepping
controller was proposed for RLV with input constraint
and external disturbance, in which the bound of external
disturbance and uncertainty was estimated and updated
by adaptive law. It is well known that “explosion of
terms” problem inherent in traditional backstepping
control constrains the application of backstepping to an
extent. Dynamic surface control (DSC) was presented
to overcome it, where the synthetic input at each step
of backstepping procedure was filtered by a first-order
filter. In [45], an adaptive dynamic surface controller
was proposed for a generic hypersonic flight vehicle
with consideration of actuator constraints including
accommodation on magnitude, rate, and bandwidth
constraints on actuator signals. To improve tracking
performance of the designed controller, a novel integral
term was introduced during DSC scheme design pro-
cedure to avoid a large initial control signal [46]. The
magnitude and rate constraints on the actuator com-
mands were taken into consideration to ensure feasi-
bility. Moreover, a robust adaptive dynamic surface
controller was investigated for a hypersonic vehicle
in the presence of parametric model uncertainty and
input saturation. A compensation design was employed
when the input saturations occurred [47]. Air speed
and flight path angle control problem of a generic
hypersonic flight vehicle was studied in [48], where
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magnitude, rate, and bandwidth constraints on actua-
tor were considered. In that research, an adaptive DSC
scheme based on radial basis function neural network
(RBFNN) was presented. Furthermore, nonlinear dis-
turbance observer and RBFNN were integrated into
sliding mode control to design controller for a near
space vehicle in [49]. Considering saturation charac-
teristic of rudders, RBFNN was constructed as a com-
pensator to avoid the saturation nonlinearity.

The motivation of this paper is to develop a nonlinear
robust adaptive dynamic surface controller for FAHV
based on RBFNN to achieve stable tracking of velocity
and altitude reference commands, in which both uncer-
tain aerodynamic parameters and input constraint are
accommodated. The contribution can be summarized
as follows. Firstly, a nonlinear control-oriented model
(COM) is firstly derived from a curved-fitted model.
It does not need to obtain a linearized model at a trim
condition or to compute the higher-order derivatives of
outputs. The flexible dynamics are regarded as the per-
turbations of COM and evaluated by simulation. The
strong couplings between the engine and flight dynam-
ics are kept in COM. The uncertainty of aerodynamic
parameters is considered. What is more, compared with
the existing results, most of which consider the inter-
connect gain between canard deflection and elevator
deflection certain (i.e., the canard would exactly can-
cel the lift due to the elevator deflection); in this paper,
the interconnect gain is regarded as an uncertain vari-
able from the engineering point. Based on the analy-
sis of the COM, it is reasonable to decompose it into
velocity subsystem and altitude subsystem. Secondly,
the subsystems are controlled separately by the avail-
able control inputs (fuel equivalence ratio and eleva-
tor deflection). The RBFNN is employed to approxi-
mate unknown nonlinear function. The RBFNN-based
robust adaptive controller is designed for the veloc-
ity subsystem. The altitude subsystem comprised the
dynamic equations of altitude, flight- path angle, angle
of attack, and pitch rate. The RBFNN-based robust
adaptive dynamic surface controller is designed after
it is transformed into pure-feedback formulation. Dur-
ing the controller design procedure, a minimal-learning
parameter (MLP) technique is used to estimate the max-
imum norm of the ideal weight vectors of RBFNN
rather than their elements. The computational burden is
largely reduced. Thirdly, by applying the first-order fil-
ters at the level of control design, “explosion of terms”
problem induced by the repeated derivative of virtual
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control inputs is avoided. To tackle input constraints,
the respective additional systems are established to ana-
lyze their influence. States of the additional systems are
employed at the level of control design and stability
analysis. Fourthly, stability analysis of the rigid body
system is performed on the basis of Lyapunov theory,
and boundedness of the flexible states is demonstrated
through simulation. Moreover, compared simulations
are done to present effectiveness of the designed control
scheme in handling input constraints and aerodynamic
uncertainty.

The rest of the paper is organized as follows. In
Sect. 2, the vehicle model and the researched prob-
lem are formulated. In Sect. 3, a nonlinear controller
is developed for the COM with input constraint and
aerodynamic uncertainty based on RBFNN and robust
adaptive dynamic surface control. Then in Sect. 4, the
stability of rigid body system is analyzed based on Lya-
punov theory. Simulation results and analysis are pre-
sented in Sect. 5. The paper ends with conclusions in
Sect. 6.

2 Vehicle model

The model adopted in the paper is originated from
a first principles model developed in [1,14]. It is
constructed for longitudinal dynamics of a FAHV. A
sketch of the vehicle geometry showing the location of
control surfaces is given in Fig. 1, which is accord-
ing to [50]. The equations of motion derived using
Lagrange’s equations which include flexible effects
by modeling the vehicle as a single flexible structure
with mass-normalized mode shapes. In the equations
of motion, the scramjet engine model is taken from
[51]. Since aerodynamic forces and moments are cal-
culated using oblique shock and Prandtl-Meyer theory,
relation between control inputs and controlled outputs
does not admit a closed-form representation. A sim-
plified model has been derived for controller design
and stability analysis in [50]. This model, called as a
curve-fitted model (CFM), approximates behavior of
the first principles model by replacing the aerodynamic
and generalized forces and moments with curve-fitted
functions of rigid body states, control inputs, and flex-
ible modes. Though the resulting nonlinear model is
still quite complex, it offers the advantage of being
analytically tractable while retaining relevant dynami-
cal features of the first principles model.
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Fig. 1 Geometry of an o Canard
air-breathing hypersonic ¢
vehicle
Elevator

The longitudinal dynamic equations of a FAHYV,
which describe five rigid body states velocity V, alti-
tude A, flight path angle (FPA) y, angle of attack (AOA)
o, pitchrate Q, and six flexible states i1, 12, 3, 11, 12,
and 73 are given as

V = (Tcosa — D)/m — gsiny, (1)
h= Vsiny, (2
y =(L+Tsina)/(mV)—gcosy/V, 3)
a=0-vy, 4)
Q = Myy/ Iyy, &)
i = —2&win; — o} + Nii = 1,2,3. (6)

In Egs. (1)—(6), the thrust T, drag D, lift L, pitch-
ing moment My, and three generalized forces N1, N2,
and N3 are complex algebraic functions of both the
system states and inputs that must be simplified to
render the model analytically tractable. Flexible states
n1,n2, N3, N1, N2, and 13 are corresponding to the first
three vibrational modes. The damping ratio and natural
frequency of the mass-normalized generalized coordi-
nates of the flexible structure are denoted by &; and
w;, respectively. The flexible states 11, 12, and 73 are
related to the deflections of the fore-body turn angle
71 and aft-body vertex angle 1, denoted by Aty and
ATy, respectively. The vector n = [n1, n2, 173]T and
the matrix E jeR1><3 depend on the fuel level. They
describe the relationship At; = E;n,j = 1,2.
Approximations of the forces and moments are the
same as those provided in [50], which can be expressed
as

T ~ql¢ Cr¢(a, A1y, Mo) + C1 (e, ATi, Moo, Ag)],
D = gSCp(a, e, b, ATy, ATp),

L '“qSCL(Oh 6615C7A113A12)’ (7)

Myy = zrT +qScCuy(a, 8¢, 8¢, AT1, ATy),
N; ~ GCn, (@, 8. 8c, AT1, ATy), i = 1,2,3.

Engine Inlet ——»

Here, My, is free stream Mach number and g is
dynamic pressure. They are definedasg = 0.50(h)V?,
My = V/Mp.p(h) is the altitude-dependent air den-
sity, and My is the speed of sound at a given altitude and
temperature. The coefficients obtained from fitting the
curves are given below; here, the function arguments
are removed in brief:

-2
Crp = C3 4o+ Cro™ aMP+C 5" aAy

A 2
T,q’; ATl + CTA;; AT+ Cfy,

)
Cr = CM Ag+Cla+Cy~ M2+ CAY Ari+CY,

-2
+Crpy M2 +C

Cp = CO* (44 A2+ COHA (04 A7)
+CE824Cls,
+ O824 Ot Cad,+CLat,
+ ChR AT +CY,
CL = CYa+Cy8+Cysc+ Cr™ ATy
+CrP AL+ CY,
Cu = Ca+Ches,+C5,
+ Oy AT HCY R AT +CY,,
C, = C§a+C 8o+ Cl 8.4+Cy" ATy
+ Oy AT +CY,

®)

The flexible states 11, 72, 13, 01, 2, and 73 corre-
spond to the first three bending modes of the fuselage. It
is obvious from (7) to (8) that the interaction between
rigid body and flexible dynamics occurs through the
aerodynamic forces. The aerodynamic forces/moments
and the generalized elastic forces are influenced by
AT1, A1y and the aerodynamic control surfaces 8., 8.
as shown in coefficient formulation (8). Flexible modes
may cause adverse aeroservoelastic effect degrading
performance which induces potential structural dam-
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age and instabilities. What is more, the aerothermo-
dynamic effects of the hypersonic speed, and strong
interaction between the elastic airframe, the propulsion
system, and the structural dynamics make it challeng-
ing to explicit the characterization of flight dynamics
of FAHVs [52-54].

2.1 Control-oriented model

The CFM described in the above subsection is only
used for simulation. A simplified model, called control-
oriented model (COM), is derived for controller design
as discussed in [15,28,29]. The CFM is obtained by
neglecting the flexible dynamics for the measurements
of the flexible states are not assumed to be available for
feedback [30]. Regardless of the fact that the flexible
dynamics are not considered directly at the level of
control design, their effects are taken as perturbations
of the COM and evaluated in the simulation. The COM
is composed of five rigid body dynamic equations. The
COM retains all the dominant features of the CFM,
including flexible effects (At; and At;) and coupled
propulsive and aerodynamic forces.

It is noted that in the COM a canard is used to
cancel lift—elevator coupling. Canard deflection &, is
a function of the elevator deflection 8, so that §, =
kecSe, where ke = —Ci" / Ci", is an interconnect gain
[15,28]. From the lift coefficient in (8), it is obvious that
if k.. is precisely specified, the canard would exactly
cancel the lift due to the elevator deflection. However,
in practice, it is difficult to achieve an ideal interconnect
gain. It is impossible to obtain the exact cancellation
of the lift—elevator coupling. Hence, it is reasonable to
assume that k.. = keco + Akec 18 uncertain. The prod-
uct of its uncertain part Ak, and elevator deflection §,,
i.e., Akq.é., 1s an uncertain term with a bound on its
magnitude and satisfies an integral quadratic constraint
condition [19,55].

Based on what is mentioned above, the expression
for Cy is written as

CL = Cla+ C) + CY Akeede + C1 ATy
+CP A ©)

Similarly, the drag coefficient Cp is also affected
by this coupling owing to the presence of an elevator,
canard, and AOA cross- coupling terms in the corre-
sponding expression. These coupling terms are mod-
eled as an uncertainty ACy with a bound on its mag-
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nitude and it satisfies an integral quadratic constraint
condition [19]. The expression Cp is given as

2
Cp=Cp ™™ a? + e
2
+Ch+ CTA QaAT + At
n ng+Ar1)AT1 4 CgrzA‘cz + ACy, (10)

2 2
with ACy = [C}) + (keeo + Akee)>C5 187 + [Cls +
C% (keco + Akec)18e + [CozDSe + CocD(S(. (keco + Akec)]ade.
By the same token, the expressions of Cy and Cy,
are given as

Cu = Cipar + (Cy + Chokeco + Cpi Akec)Se

+CY 4 COT AT 4 Cy A, (11)
Cy, = CIO\[II,Ol + (Clavel + Cf\zkeco + C;S\Z. Akec)de
+Cf, + Oy AT + CRP AT, (12)

In this study, the mass of the vehicle m, which varies
due to fuel consumption on a slower time scale with
respect to the references to be tracked, will be consid-
ered constant during each tracking maneuver as all the
other model parameters [29]. But the following uncer-

tain aerodynamic parameters are considered, kqc0, C %
ng’ chn chn, Cgl-i-A‘E])z’ cletam cdn oo Ci;?,
cy, ch, ch, cgjf, ¥, s, chw C;} ey, cu,
NI LARCTIRE s RO R

Ad o M AATL A0 e e e AATI AT
Cy4,C3,Cr> ,Cq ’CT’CN,-’CN,-’CN,-’CN,- ’CN,- ,

C /(3,[. The uncertainty of aerodynamic parameter C7 is
denoted as ACZ‘. Based on it, we can obtain the expres-
sions about the uncertainty of aerodynamic parameters
as follows

ACL = ACYa + ACY + AC;™ ATy
+ACRP AT + CX Akecde, (13)
ACp = ACEDY (04 A2+ ACEH™ (gt ATy)
+ACEP AT + ACY + ACy, (14)

where

ACs = [ACE + (keeo + ko2 ACTS 152
+[ACY + ACY (keco + Akec) 18,
+IACH" + ACH* (keeo + Akec) It
ACy = ACa + [ACY + ACH (keco + Akec)15,
+ ACY" At + ACY™ Aty + ACY,,
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ACry = ACY 0+ ACTIS aM2 + ACYT M2 7= F(r0) + g (@ (17)
= fo(y,a, Q)+ 840, (18)
+ACY, + ACTS AT +ACAT' INT . “
N 0= foly.a, Q)+ gobe. (19)
+ AC, flAtl,
s where
_ Aq o M 5 -2
ACT = AC Aa + ACa + ACT™ My Sy = fro(y, ) + Afy()/, @),

+ AC/T ATy + ACY,
Cy, = ACK a+(ACK v +ACK keco +ACY Akec)Se
+ ACY, +ACK AT +ACR ATy i=1,2,3.
AL ~gSACp, AD~gSACp, AM,y, ~ z7 AT
+gScACy, AT (15)
=q(¢p ACt,6 + ACT), AN; ® GACy;.

Itis worthy to point out that in the vehicle model (1)—
(5) and aerodynamic formulation (7), thrust 7' affects
velocity V and fuel equivalence ratio ¢, so the velocity
is mainly affected by ¢. Moreover, elevator deflection
8. has a dominant contribution to the altitude  change.
Therefore, it is reasonable to implement a separate con-
trol design. So the equations of motion of the COM are
reasonably decomposed into velocity subsystem and
altitude subsystem.

Considering the aerodynamic uncertainty, the

dynamic of velocity (1) can be expressed as the fol-
lowing form

V=fv+gve, (16)
where

fv=Ifvot+t Afv,gv =qCrgicosa/m,Cr g
M2 _ M2
= Cf ya+ Cpy* aM? +Cp5 M+ CP
fvo=¢qCr,icosa/m — gsiny

2
_C—IS(C(DOtJrAfl) Ol2+C(Da+Ar])a+C%)/m,
o Aty AT]
Afy = |:AT+q¢(C @Aty + Cpy AT}
+CAT AT +gCATA
T 1 qCy 71 |cosa/m
2
- [D _gS(ClatAT 2 4 catany
+C%)+AD]/m,
-2
Cri=CiMAg+ Cha + CY~ M2 + ).

Similarly, the dynamics of FPA, AOA, and pitch rate
are rewritten as the following form:

frotv.0) =gssina [y M2+ ] /
(mV)—gcosy/(mV)
4 gsina [(C?dAd + o+ C0
M2 _
+C7~ Mz +3SCy| [ mv),
Afy(y,a) = [AT +q¢ ( ”‘A”aAtl + CAT1 A
+Cp Arl) +gCh ”An]
x sina/(mV) £ AL/ (mV)
+gs (CLA“An 1 CLATZA‘L'Q) / mV),
gr (@) =qsct [ mv)
)
+ gpsina(CYy + Criy M2 (20)
/(mV) +gsinaCy/ (mV),

fa(y,a, Q) = faoly, o, Q)
+ Afa(y, @, Q) — ga(@)a,
Jao(y, o, Q) = = fro(y, @), Afa(y, o, Q)
=-Afy(y,a), 8 =1T
=q(@Cr¢.1+Cr.1),
foly.a, Q) = fooly,a, Q)

+ Afo(y, o, Q), foo(y,a, Q)
=[erTi +gsecga+ )] /1,
Afo(y.a, Q) = [ZTAT 1+ gse (ACM +CAAg
+c,f‘j2Arz)] / Iy,
g0y @, 0) =FSECY; + Clgkect) [ Iy,

InEgs. (16)—(19), functions fv, f,, fo, fo.8&v. &y»
and g are unknown. The respective control inputs for
velocity and altitude subsystems are designed in Sect. 3.

Remark 1 In[15,28,29], the COM is derived based on
the assumption that the canard deflection §, is a func-
tion of the elevator deflection 8, so that ., = k.0,
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Table 1 Admissible ranges

of states, inputs, dynamic State Min.value Max.value State Min.value Max.value
pressure, and Mach number h(ft) 70,000 1,35,000 ) 0.1 1.5
[24,30,50] V(ft/s) 7,500 11,000 5. (rad) —04712 04712
y (rad) —0.0524 0.0524 Se(rad) —0.3491 0.3491
o (rad) —0.0873 0.1746 g (pst) 200 2,200
0(rad/s) —0.1746 0.1746 Ma 7 12
where k.. = —Clsf / Ci". Herein we consider k. uncer- Semax>  Oec = Semax
tainty. It is more reasonable from the practical view- 8¢ = | Secs Semin < Sec < Semax (22)

point.

2.2 Control objective

There are four inputs in (1)—(5) and they are the diffuser
arearatio A, (in this research, the diffuser arearatio Ay
is fitted as Ay = 1), canard deflection 4., fuel equiva-
lence ratio ¢, and elevator deflection .. The output to
be controlled is selected as y = [V, h]T. The control
objective is to design the control inputs fuel equivalence
ratio ¢ and elevator deflection 6, for the COM such that
the altitude and velocity follow their respective refer-
ence commands even in the presence of uncertain aero-
dynamic parameters and input constraints. Here, we
only consider the cruise phase and leave out the ascent
phase and the reentry phase. According to references
[24,30,50], during the cruise phase, states, inputs, and
reference trajectories are assumed to be within admis-
sible ranges as given in Table 1.

In practice, due to physical limitations, the outputs
of the actuator are constrained. One common exam-
ple of such constraints is actuator saturation, which
imposes a limitation on the magnitude of achievable
control input [56,57]. Input constraints studied herein
include the constraints on fuel equivalence ratio and
elevator deflection. The constraint on fuel equivalence
ratio is imposed by the very nature of the propulsion
system, which is required to maintain the conditions
that sustain scramjet operation [31]. If the constraint is
exceeded, the thermal choking will occur, which is crit-
ical because it could lead to engine unstart that could
jeopardize the mission, the vehicle, and its contents
[58]. The constraint on elevator deflection is mainly
imposed by the limits on the control surface displace-
ment. The above input constraints can be expressed as

Pmax Pe > Pmax
¢ =1 ¢c, Pmin < b < Pmax (21)
(pmin, ¢c =< ¢min
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where ¢, and §,. are the desired control inputs to be
designed in the subsequent section. ¢mi, and @pax are
the minimum value and maximum value of the fuel
equivalence ratio, respectively. 8¢min and dmax are the
minimum value and maximum value of the elevator
deflection, respectively.

The velocity is controlled by fuel equivalence ratio
which is designed by combining RBFNN and robust
adaptive control method. The altitude is controlled by
elevator deflection through the stable tracking of FPA
reference command. The elevator deflection is devel-
oped by combining RBFNN and robust adaptive DSC.
The FPA reference command y, is derived from alti-
tude reference command /4 which is generated by the
filtered step signals. FPA is controlled through AOA
(whichisregarded as a virtual control input and denoted
as o). AOA is controlled through pitch rate (which is
regarded as a virtual control input and denoted as Q ;).
Pitch rate is controlled by the elevator deflection §,.
The design procedure is discussed in the succeeding
section.

3 Controller design

As shown in the preceding section, every subsystem
is controlled separately by the available input. It is
obvious that the equations (17)—-(19) possess pure-
feedback formulation which makes the backstepping
technique applicable. Backstepping control is proposed
by Kokotovic [59,60]. It is a systematic and method-
ical approach. The principle idea is that the complex
system is firstly decomposed into the lower dimen-
sion subsystems, and then the Lyapunov functions and
the intermediate virtual control inputs are recursively
designed for every subsystem. Recursive design proce-
dure proceeds iteratively until the actual control input
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is obtained. It is noted that the backstepping approach
suffers from the “explosion of terms” problem induced
by the repeated analytic derivative of the virtual con-
trol input. This problem grows drastically as the sys-
tem order increases. To eliminate it, DSC approach is
presented for nonlinear strict or pure-feedback system
[61-64]. The synthetic input at each step of backstep-
ping procedure is filtered by a first-order filter. Here,
robust adaptive DSC and RBFNN are integrated to
design control inputs for the velocity and altitude sub-
systems. In order to deal with input constraints, addi-
tional systems are developed to analyze the effect of
input constraints. The states of them are utilized at the
level of control design and stability analysis. Moreover,
unknown functions are approximated by RBFNNG. It
should be pointed out that all rigid body states are
assumed to be measured.

3.1 Radial basis function neural network (RBFNN)

Universal function approximation approaches such as
neural networks (NNs), fuzzy logic systems (FLS),
polynomials, and splines have been widely employed
in control design of nonlinear systems owing to their
approximation capabilities under certain conditions.
There are many kinds of NN such as RBFNN and
wavelet neural network (WNN). In the paper, RBFNN
is introduced to cope with unknown functions for its
inherent properties in approximating any smooth non-
linear functions within arbitrary accuracy. The RBFNN
is briefly introduced in this subsection and the detail is
referred from [65-67].

The RBENN takes the form w” £ (x), where w € RV
is the weight vector (N is the NN node number) and
Ex) : R" — RV is a vector function of input
X, 6() = [p1(x), - py )], with p;(x) called a
basis function and is chosen as the commonly used
Gaussian function, which has the form

i) = —exp S <1 YRR
; — 5 =N
(23)

Here, ¢; € R? is the center of the ith basis function and
o is a positive real number representing the width of
basis functions.

Given a continuous real-valued function F(-)
R" — R on a compact set 2, C R", and any §,, > 0,
there exists an ideal weight vector w* € R" such that

RBFNN w*7&(x) can approximate the given function
F () with error §*, and the approximate formulation is

F(x) = w*Tg(x) + 8%, (24)

here |§*| < §,, and §* is the network reconstruction
error. The formulation is

8 = F(x) — w*T &), (25)

the ideal weight vector w* is an artificial quantity
required only for analytic purpose. It is defined as the
value of w that minimizes |§*|, i.e.,

w* = arg min | sup |F(x) — wTE(x)’ , (26)
weR" £€Q

it is clear that w* is usually unknown and needs to be

estimated.

3.2 Controller design for velocity subsystem

In this subsection, the control input is designed for

the velocity subsystem where input constraint (21) and

aerodynamic uncertainty are taken into consideration.
The dynamic equation (16) can be expressed as

V=F/(V)+¢, (27)

where Fy (V) = fy+gv¢—¢ is anunknown function.
We only need one RBFNN to estimate the unknown
function. If the controller is designed based on (16), two
RBFNNS are needed to estimate unknown functions fy
and gy .

The velocity tracking error is defined as zy = V —
V4, where V; is the velocity reference command. The
velocity tracking error dynamic is

tv=Fv(V)+¢—Vy. (28)

Note that Fy (V) is an unknown function. Based on
RBFNN(24), the approximate formulation of Fy (V) is

Fy(V) = wi &y (V) + 83, |85 ] < dm. (29)

Since w@ needs to be estimated online, the represen-
tation w7}, denotes the estimation which is updated by
adaptive law. For the simplicity of writing, the function
arguments are removed in brief.

In order to systematically account for the constraints
during the controller design procedure of FAHV, we
will henceforth benefit from the method presented in
[68]. Inspired by the work in that literature, an addi-
tional system is constructed to analyze the impact of
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the input constraint (21), and the state of which is used
for controller design. The additional system has the
following formulation

—kay0p — (1zv AP
6p =1 +05A9%) /0 — Ap, logl =Y. (30)
0 logl < g

where oy is the state of the additional system. vy is a
small positive design parameter and should be chosen
as an appropriate value according to the requirement
of the tracking performance. A¢p = ¢ — ¢, is the error
between the actual control input ¢ provided by the actu-

ator and the desired control input ¢, designed by the
following control law.

Remark 2 From the backgrounds of FAHYV, fuel equiv-
alence ratio must be positive, thus its constraint is asym-
metric, i.e., ®max 7 —®Pmin. However, the constraint of
elevator deflection can be asymmetric or symmetric.
The method adopted here can tackle asymmetric and
symmetric input constraints simultaneously. Moreover,
from the stability analysis, we can obtain that the con-
trol inputs ¢ and §, produced by the designed control
inputs ¢, and 8. can ensure the stability of the closed-
loop system.

The desired control input of the velocity subsystem
is designed as

Vi (Zy) . W7

pe = —kv(zy —0p) + Vi — Vs
‘ ¢ "3; + 23
(31)
with
1o (zy) = 0.5k3 2%, &
— _ HeGvIEy
_ [ kebo = " vz
0, lzv] < ¥v

Here, ¥y > 0 and it should also be chosen as an appro-
priate value according to the requirement of the track-
ing performance. w* is the estimation value of w*. The
adaptive law for w* is as follows

W} =Ty (Evzy — by}, (33)

where ky, by > 0, and 'y is a positive definite diag-
onal matrix.

Taking the velocity tracking error and estimation
error of w* into consideration, the Lyapunov function
is constructed as

1, 1

Yy = -
Vv Zv+2

N 1
5 Tkl AT AR s¢+ a¢,, (34)
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where W}, = W}, — w}, is the estimation error of w,.

Using the derivative of Yy with respect to time,
Yy = zyiv + wy Iy, w*“, + S¢é¢ + 040¢. Based on
(30)—(33), we have

YV = _kVZV k0¢0'¢ k§¢§¢ + kVU¢ZV + ZVA¢

—lzv Al — §A¢> —0pAP

2
_Z%/MQS(ZV) B M¢(Zv)§¢ ey
"g“(% + 23 Eé +23
+zvwi! &y +zy 8y +zvw} &y —by b} BF,
(35)
since
ZVM¢(ZV) 1o(2y)
3 1%
E¢ +22
2
Mg (zv)§,
— =t v Ad — ey Agl <0,
$¢ +zy
1
Me(zv) = —k%/Z%/, kv%zv —0p AP
< kVZV + o ¢ + A¢
— v &y + zywil &y + 2y 85
+zv o} &y — by b} b}
= Zv3v — bvwiﬁ/Tli)T/
Sm  bv .2, bv 2
s+ - v+ fwi ]
equality (35) becomes
Yy < —(ky — D2y — (koy — Dog — ke, &5
by
5 lav | —+—|| q (36)

where ky, kg, > 1 are the parameters to be designed.

Remark 3 The constraint of fuel equivalence ratio in
control law (31) is shown through the role of the term
ky oy based on the input constraint block (21) as fol-
lows.

If |oy| > ¥ > O, there is input saturation: (a) If
@ > Pmax, the term ky oy keeps changing to decrease
the designed input ¢ until ¢, = Pmax. (b) fd. < dmin,
the term ky o keeps changing to increase the designed
input ¢ until ¢ = Pmin. Thus, ¢ = Gmax Or ¢ = Pmin.

If |O’¢| < V¥, 04 = 0, there is no input saturation,
A¢ = 0. The term kyoy makes the designed input
satisfy ¢min < ¢ < ¢max. Hence, ¢ = ¢.
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3.3 Controller design for altitude subsystem

The altitude subsystem comprised dynamic equations
of altitude, FPA, AOA, and pitch rate. Given an altitude
reference command /4, the tracking error is defined as
zn = h — hy. Since the paper only considers the cruise
phase, without loss of generality, the FPA is generally
small. Using the approximation siny =& y which is
valid for the small value of FPA as shown in Table 1,
the altitude tracking error dynamic is z; ~ Vy — ha
[4,28-30]. The altitude is controlled via the tracking of
FPA reference command y,; which is derived as follows

va = [—kn(h — ha) + hal/ V., (37

where kj, > 0 is the parameter to be designed.

From aerospace engineering backgrounds of hyper-
sonic vehicle, there is a time scale separation between
altitude and FPA. Altitude dynamic can be regarded
as the “slow” time scale dynamic, while FPA dynamic
can be considered as the “fast” time scale dynamic.
The transient dynamics of the fast-state FPA occur so
quickly that they have negligible effect on the slow
states. The “fast” time scale controller attempts to
maintain the FPA close to its reference command y,
actual value in the “slow” time scale dynamic. That is
to say, in the altitude dynamic h ~ Vy, the relation
yq4 = y holds after a very short time, so the dynamic of
altitude tracking error satisfies z, = Vyy — fzd. Sub-
stituting (37) into it yields [6,28]

h = —knzp. (38)

Thus, if the flight path angle is controlled to follow the
reference command y,, the altitude can achieve stable
tracking of its reference command. In what follows,
we focus on designing the controller to achieve stable
tracking of FPA reference command.

In Eqs (]7)_(19)9 fy(% Ol), g}/(yv (X), fa()’s o, Q)v
fo(y,a, Q), and go(y,a, Q) are unknown. Five
RBFNNSs are needed to approximate them. Motivated
by the research in [62], we can rewrite the Eqs. (17)—
(19) as the following formulation

y=F . a)+a, (39)
a=Fy(y.a,0)+ 0, (40)
Q= Fo(y.a. Q) + 5. (0
where the unknown functions F, (y, @) = f, (v, a) +
gy(@a — a, Fy(y,a,0) = —F,(y,a) + a, and

FQ(VV o, Q) = fQ(V» o, Q) + GQ8€ - 86 areé approx-
imated by three RBFNNSs.

Using RBFNN (24) to carry out the approximation,
the above unknown functions can be expressed as

Fy(y, @) = wy&, () + 55,

Fo(y,a, Q) = wil &, (x) + &%,
FQ(V? a, Q) = U)ZT%-Q(_X) + 557

the ideal weight vectors w’, w};, and w"é are unknown
and need to be estimated. Furthermore, adaptive laws
are designed to update their estimations. In order to
reduce the computational burden, the MLP technique
proposed in [69,70] is employed to estimate the maxi-
mum norm of the ideal weight vectors w}, w, and wz
rather than their elements, so only one parameter needs
to be updated online. This parameter is defined as

2 l:y,a,Q}. (45)

Here, ¢ needs to be estimated because w; is unknown.
The estimation is denoted as ¢ with ¢(z) > 0.

*
SV

< dm, (42)

S| < Om, 43)

o = max [

Remark 4 In the paper, only one parameter ¢ needs
to be estimated online by the MLP technique during
RBFNN-based controller design procedure of altitude
subsystem. However, a lot of parameters need to be esti-
mated in the NN-approximation-based control scheme
for AHV, such as [45-48], which requires large com-
putational burden.

In what follows, the controller is designed for
(39)—(41) via synthesizing RBFNN and DSC tech-
nique. Similar to the backstepping control approach,
the design consists of three steps. In the first two steps,
the virtual control inputs (here, states AOA and pitch
rate are regarded as virtual control inputs) are devel-
oped. The actual control input is presented in the last
step. The altitude is controlled through the tracking of
FPA reference command y, given in (37). Thus, the
controller design begins from Eq. (39).

Step 1 We define the first error surface (FPA tracking
error) as S, = y — yy, the time derivative along (39) is

Sy = Fy(y,0) +a —ya. (46)

The virtual control input is designed as

_ 1a a g .

ag = — ky"‘@“r? Sy_75y¢§y$y+yd,
(47

where k,,, a,, > 0 are the parameters to be designed.
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With the tracking error and RBFNN estimation error,
the Lyapunov function is constructed as
;55 + %@2, (48)
where ¢ = ¢ — ¢ and A is a positive parameter to be
designed.
Based on (39), the time derivative of Y, is

Y, = S, Fy(y,a) + S, (e — @a)

Y, =

_ S Nt
+ Sy % = Syva+ £ 09, (49)
using (42) and Young’s inequality, the first term on the
right-hand side satisfies

Sy Fy(y, @) = S, (wi&, (x) +87)
2¢Q2 a2S2

_%w;Tw;g}sy+ﬁ+ oN
+—’2”< 555 £ +—+ %5+i
2a2 = 2 P 2 " 2a2
(50)

submitting (47) and (50) into (49) yields
a2 s2

Y, < Sy —@g) + S, @ — Syva + & V<pf; £,

1 252 2

+ 1/
+2a T +2 2 +1/36¢
S2
< S, (@ —ay) —k,82 - L
<8 (x—ay) 2a72/
2 2 2
1~ A ySy l 8m
- —m. (51
+A<p( ééy +2a% (51)

A new variable oy is obtained by letting oy pass
through the following first-order filter

ToOg + 0g = 0g, 0q(0) = g (0), (52)

where 7, > 0 is the time constant.
The filter estimation error is defined as

X = 0d — 0q. (53)
Step 2 We define the second error surface as
SO[ =0 — 0y, (54)

from (53) and (54), (51) becomes
Yy < Syxa+ SySa —ky S,

52 1 . ra? §2
-5 2 + ¢( b

;+ﬁ
2 2’
2ay 2ay

+ (55)
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it should be pointed out that the coupling term S, S,
will be cancelled in the subsequent step.
The time derivative of (54) along with (40) is

Sa = Foly,a, Q) + O — dq. (56)

The virtual control input is developed as

Ou=—(ret -t +%)s
d — o 2612 2 o
2
o oETE, v ag— S (57)
B aPSy Sa d Vs

where k, and a,, are positive parameters to be designed,
and the last term on the right-hand side is used to cancel
the residual coupling term S, S, in(55).

Taking the error surface into account, the following
Lyapunov function is constructed

Yo Esg (58)
The time derivative of Y,, yields
Yo = SaFa(y,a, 0) + So(Q — Qy)

+ S0 Q4 — Salla. (59)

Based on (43) and Young inequality, the first term
on the right-hand side satisfies

262 ! 252
SeFaly, o Q) = = wil wiky but 5 5 =5
2 242 22 2
m aaSa 1 ag S Sm

— <
+2a‘% — g EOZ_’_ + 2 +_2ag’
(60)

where a,, is a positive parameter to be designed.
Submitting (57) and (60) into (59) yields

Yo < Sa(Q — 0y) + S0 Qy — Saba

2¢Q2 2 2 2
aaso, 1 2825
&, Ea toa + 5t 202
2 2 1 2
< Sa(0Q — Qd) ke S - 2_2Sa
2¢2 2
aaSot ~oT 1 8m
- — S S — + —. 61
2 (péa EO( oy + 2a§ + 2613 ( )

A new variable Qg is obtained by letting Q, pass
through the following first-order filter

1004+ Qa = Q4. 04(0) = 04(0), (62)

where Tp > 0 is a time constant.
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The filter estimation error is defined as

x0 = Qa — Qq. (63)
Step 3 We define the third error surface as
So =0 — 0Qa. (64)
from (63) and (64), (61) becomes
. 1
Yo = Su(xo +S0) —kaSq = 5552
aa
a2 s> 2
S 1 8
a0 SoS — + 65
é 501 ary + 2613 + 2615 ( )

The time derivative of (64) along with (41) is
So =Fo(y,a, Q)+ — Qu. (66)

Considering the constraint on elevator deflection
(22), an additional system is constructed to analyze the
effect of constraint [68]

_kngg 05, — (|SQ AS,|
65, =1 + 0.5A82)/0s, — AS,,
0,
where oy, is the state of the additional system. V5, is a
small positive design parameter and should be chosen
as an appropriate value according to the requirement
of the tracking performance. Ad, = 8, — 8. is the
error between the actual control input 8, provided by
the actuator and the desired control input &, designed
by the control law.

The desired control input elevator deflection is

designed as

. (67)

2
1
Sec = —(— + T)SQ ko(Sg —0s,)

ZaQ
2
. Soms, (Sg) R
+Qd — % - TQSQ%&Q — Sa
5. TR0
(68)
with
15, (Sg) = k2 Sy &s.
oe (S)€,,
_ | ket - S;Ts%; 1So| = vo
0, So| < vo
(69)

where 4 is a small positive design parameter and
should be chosen as an appropriate value according to
the requirement of the tracking performance. In addi-
tion, ¢ is the estimation of ¢.

The adaptive law for ¢ is given below

A 2s2 T
> MRS pipe0=0. a0

S

I=y,a,0

where kg, kg;,, ¥ > 0 are parameters to be designed.

Remark 5 The constraint of fuel equivalence ratio in
control law (68) is shown through the role of the term
koos, based on the input constraint block (22).

If |<75€| > s, > 0, there is input saturation: (a)
IfSec > Semax, the term kpos, keeps changing to make
the designed input §.. decrease until §oc = Semax- (b)
If ¢ < demin, the term kgos, keeps changing to let
the designed input §,. increase until §oc = Semin. Thus,
8¢ = Semin OF 8, = Semax-

If ‘a(;e < ¥s,, 0s, = 0, there is no input saturation,
A$, = 0. The term ko, makes the designed input &,
satisfy demin < Sec < demaxs SO 8¢ = Sec-

Considering the surface error and additional system,
the Lyapunov function is constructed as

lo 1o 15
YQ - ESQ+§§38+EUSC, (71)
the time derivative yields

Yo = So(Fo(y,a, Q) + 8ec + ASe — Q)
+ &5,&5, + 05,55, (72)

using (44) and Young’s inequality, we have

Sy
SoFo(y,a, Q) < wQ Q“EQEQ

2
2 Q2
1 aps 82
o+ S
ZaQ ZaQ
2 Q2 2 Q2
asS asS 52
0°0 .7 0°0
< — —m_ 73
= B (ngEQ-’_ZazQ_'_ ) +22 (73)

where ag is a positive parameter to be designed.
Submitting (68) and (73) into (72) yields

Yo < So8ec + SoASe — Sp 04
4950
+°2C geTeo
1 aZ 2 2

S,
+272+T+272+$8§6£+0-80-8

2 2

1 apSy .
—koSh — —55p — 7Q2Q(/’555Q

22
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SaSo + : + O
a0 T S TS 0

2ay  2ay
_ Spis. (o)

+koos, So+Sg Ade+£5, €5, +05,65,.
552? +Sé Q Q Q e

=A

(74)

from (67) and (69), the term A on the right-hand side
of (74) satisfies
_ SHis.(So)
=-——=——"
&, + 50
- kU(Se Gi - k&e é:32e

s, (S0)&3

+koos,So + SoAé.

— (|SoAs.| +0.5082)

£ +5%
— 05, A8, (75)
) 52,115, (S0) e (S)E?
_2oteo) Hée(90)55,
R T

1s5,(Sp) = 0.5k5S3, SoAse — [SpAs,| < 0, and
kgos,Sg — 05, A8, < 0.5k 53 + 05 +0.5A87, (75)
satisfies

A < —(koy, — Do} — ke, &5, (76)

submitting (76) into (74), the following inequality
holds

1

Yo < —koSh — > S — (key, — Do

2 Se
0
2 2
as S
2 070 ~.T
— ke, &5, — —5 9ok
SuSo 4+ —— + G (77)
— PavQ 2 2"
2aQ 2aQ

Remark 6 This paper contains the following different
aspects compared to the existing results [6,45,46,48]
which investigate the controller design of AHV based
on DSC.

(a) The robustness of the designed scheme in [46] is
evaluated through different fuel levels. However,
the robustness of the scheme developed herein is
shown through aerodynamic uncertainty.

(b) Compared to the research in [6,45,48], we trans-
form the altitude subsystem into the formulation
(39)—(41) which does not need to estimate their
input coefficient functions using RBFNNs. More-
over, MLP technique is used to estimate the maxi-
mum norm of the ideal weight vectors of RBFNN
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instead of their elements. Through combining DSC
and MLP techniques, the control strategy proposed
in this paper can simultaneously solve problems of
explosion of learning parameters and “explosion
of terms” which leads to a much simpler controller
with less computational load.

4 Stability analysis

In this section, the stability analysis for the rigid body
system is given on the basis of the former section. We
can obtain that the respective tracking errors of velocity
and altitude converge to the arbitrarily small neighbor-
hood around zero by appropriately choosing the design
parameters. In addition, stability of flexible states will
be evaluated through simulation in Sect. 5.

From (52)—(53) and (62)—(63), we have
X g =22, (78)

Ta 70

by =

then the filter estimation error dynamics are

. Xe - . Xo =

o= 2% —Gg o =22 —0,. (79)
T, ‘L’Q

o

From (47) and (57), the following can be obtained
@ k, + ! + it S
oy = — — 4+ =

d "2 2 )

2
a, /. . .
—2 (8,086 + 5,665

2 ) T 9 T
_a_yw( G120 @Véy)oz)wd.

2 ay do
(80)

. 1 ag[ .
Qa=—\let gzt )%
o
2
a PO 2
2 (Supb o + Subtl )
aé a@ (aégéa . aégaxd

2

Y +

. _S.
ay do )+ad ¢

(1)
The Lyapuonov function is chosen as
1 2 1 2
Y=Yy +Y,+Y, +Ys+7Yg +§Xa+§XQ.
(82)

Here Y, = %zi
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Using the derivative of (82) with respect to time, ! k 96 P2 Om
. ; ; . . . . . 2a 2 a2 a2 2a?
Y=Yy + Y +Y, +Ye+Y0 + YaXa + x0X0- © e v
2 2 2
® t ot T Ty el
From (36), (38), (55), (65), (70), and (77), it yields the 0
following inequality = -2V +C, (87)
; h
Y < —(ky — Dz — (ko, — Doy — ke, &5 where
by . ) 1, kv>1,kg¢>1,k05€>1,0<ta
5 [y |* = knzp — kySy =575 2 2
Y <5 —-—,0<19< ——75—,
az + aZcq az +a’co
—kaS2 — =582 — koS o © e
o
1 “ a(% ¢ kV_l,kh’ky,koqu‘anLz,
_2_252Q — (koy, — Do) — ke, £, | koy — Lokey oy, — 1 kg,
+SVX(X+S01XQ_19¢¢+XO£X0( o bVZ )\273 R 2 2t
1 82 | 4 Venax (T3 2
TroXet 5r ¥ 27 T o T a2 Lo 8 R B b
« ¢ C=-——+—5+—5 +-5+ +—+—
1 52 S bV ) 261)2/ aé a2Q 2a)2, 2615 aZQ 4
toa Tt 5 el (84) b 902
a a
o o + 2 |wy |+ 22 (88)

according to [62,63], (80) and (81) satisfy |&tq| < ca
and ‘Ed‘ < ¢, respectively. Thus, based on (79), the
following inequality holds

X2 Xé a2 5
XaXa + X0 X0 < —T—Z‘ " + ?“xaca
! + azQ + ! (85)
2a 2 XQ Q ZaQ'
Moreover,
~ 2
A )
P = 5T Sy Xa + Saxo
2 2.2
l a Xa l ao{XQ
<SS+ s+ : 86
- 2ay 2 2a2 2 (86)

submitting (85) and (86) into (84) yields
Y < —(ky — D2y —knzp — ky S5 — koS5

1
(kQ+ )SQ (key — Do
2a3

- k§¢g¢% — (koy, — l)f’i

2
From (87), when Y = ¢, Y < —2ec+C,ife > %,
then Y <0onY = ¢,s0Y < ¢isaninvariant set, i.e.,
if Y(0) < ¢, then Y(¢) < ¢ for all t > 0. Therefore,
the inequality (87) holds for all Y () < ¢ and ¢ > 0.

Standard arguments can now be applied to solve the
differential inequality (87) as follows

C C
0=<Y(®) =< —+ ¥ (0) — —)exp(—2e1),Vr = 0,
2¢e 2¢e
(89)

it is obvious that Y (¢) is bounded by %, i.e., for
t > 0,0 < Y@ < % It can be concluded that
V. 2hs Sy Sus S, 09,84, 05, . €5, Xas X0, WY, and
¢ are semi-globally uniformly ultimate boundedness.

In what follows, it can be shown that the respective
velocity and altitude tracking errors can converge to
arbitrarily small neighborhoods around zero by suitably
choosing the controller parameters.

From inequality (89), the velocity and altitude track-
ing errors yield

lzv] < \/% + (ZY(O) - g) exp(—2et),

lznl < \/% + (2Y(0) - %) exp(—2et), Vt > 0,
(90)
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thus Table 2 [Initial flight condition of the FAHV
. . Stat Val Stat Val
lim |zv| < V/C/e , lim |z4] < /C/e, on = =
—00 —>0o0
h(ft) 85000 m 0
then the convergence domains of zy and z; can be V (ft/s) 7846 m 0
expressed as the following compact sets ¥ (rad) 0 o 0.56196
a(rad) 0.0175 m —0.057072
RV = {ZV ‘lZV| RV C/8 } y (92) Q(rad/s) 0 m —0.029406
mn 0
Ry = {Zh ‘|Zh| =JCJ/e }
From (92), the altitude and altitude tracking errors Table 3 Control input constraints
can converge to arbitrarily small neighborhoods around o - -
zero by increasing ¢ sufficiently large, which can be Control input Lower boun Upper boun
achieved by properly choosing the design parameters é 0.1 12
in (88), ie., ay, aq, ag,by, and ¥ are fixed such 8, (rad) —0.2618 02618

that C in (88) is independent of ¢. Then, we can
choose kv, kn, ky, ko, ko, A, k%, kgd), kes, » and ke,
large enough and 7, ¢y, 79, @, and AmaX(F;l) small
enough to obtain large ¢. In this way, the value of
C /¢ can be arbitrarily small. Therefore, it can be con-
cluded that by appropriately choosing the parameters,
the velocity and altitude tracking errors can converge
to arbitrarily small neighborhoods around zero.

Remark 7 In the above sections, the controller design
and stability analysis are based on the consideration
of input constraint. If it is not taken into account, the
control inputs are designed as

o zvie(zv)
pe = —kyzy + Vg — 5 —iilTey,  (93)
£+ 2y
1 ap )
8ec:_ 2a_2+7 SQ_kQSQ+Qd
0

2

Soms,(So) 90 ¢ o1

- -—=S — Sy 94

5_826 n S2Q 7 Q(péggQ o ( )

In the following section, we will compare the sim-

ulation results of different scenarios where input con-
straints are considered and not considered.

5 Simulations

In this section, the performance of the developed con-
trol strategy applied to the CFM model (1)—(6) is veri-
fied by means of simulations. The vehicle model para-
meters are referred from [50]. The fuel level is assumed
at 50 %. The initial flight condition of the vehicle is
given in Table 2. The limits are deliberately tightened
to explore the capability of the designed controller in
adhering to the limits. The constraints used are shown
in Table 3. Reference commands are smoothened via a
second-order transfer function with a natural frequency
wyr = 0.03rad/s and a damping ratio §y = 0.95.
The parameters adopted for control inputs, adaptive
laws, and additional systems are given in Table 4. The
following four scenario simulations are performed to
test the performance of the designed controller in han-
dling input constraints and aerodynamic uncertainty.
To demonstrate the robustness of the proposed control
scheme, two types of aerodynamic uncertainty are con-
sidered. Casel: 30 % uncertainty of the aerodynamic
parameters is taken into account. Casell: 20 % uncer-
taintyof the aerodynamic parameters is considered.

Table 4 Parameters of the

controller Parameter  Value Parameter  Value  Parameter Value Parameter  Value
ky 20 by 0.01 ko 12 ay,aq,ag 1
ko, 1.2 kn 2 Vv, Vo, ¥e, ¥s, 00001 A 20
ke, 0.0001 &, 5 ke, 2 kos, 2
'y 10 ko 4 T, TQ 0.05 % 0.0002
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Fig. 2 Time responses of velocity, altitude, velocity tracking error, and altitude tracking error in Scenario 1. a Velocity V, b altitude

h, ¢ velocity tracking error zy, d altitude tracking error zj

Scenario 1 Input constraints and aerodynamic uncer-
tainty are considered at the level of control design. In
this scenario, it is a climbing maneuver with longitudi-
nal acceleration, in which the altitude and velocity ref-
erence commands are chosen independently. The alti-
tude reference command %, is generated to make the
vehicle climb from 85,000 to 98,500 ft, and the veloc-
ity reference command V is generated to make the
vehicle accelerate from 7846 to 10,600 ft/s. The time
responses of applying control inputs (31) and (68) to
the CFM (1)—(6) to track the altitude and velocity ref-
erence commands are shown in Figs. 2, 3, and 4. From
the simulation result, we can obtain that the designed
controller can achieve a good tracking performance.

It is apparent from Fig. 2 that altitude and veloc-
ity stably follow their respective reference commands.
The velocity accelerates to 10,600 ft/s and the altitude
climbs to 98,500 ft in about 200 s. In case I, the maxi-
mum absolute values of the velocity and altitude track-
ing errors are less than 11 ft/s and 1.5 ft, respectively.
In case II, the maximum absolute values of the veloc-
ity altitude tracking errors are less than 2.5 ft/s and
1.5 ft, respectively. As can be observed from Fig. 3, the
altitude tracks the reference command via the stable
tracking of FPA reference command. The maximum
absolute values of FPA tracking errors are less than

0.0004 rad in both two uncertain cases. The maximum
absolute values of velocity, altitude, and FPA tracking
errors are much smaller than the magnitude of their ref-
erence commands. The control inputs that realize the
stable tracking of the reference commands are demon-
strated in Fig. 4. The saturation occurs in the fuel equiv-
alence ratio, while elevator deflection remains within
constraint in both the uncertain cases. During the sat-
uration phase, the tracking performance degrades as
given in Fig. 2. As shown in Fig. 4, the term ky oy
makes the fuel equivalence ratio return to the linear
work space after about 53 and 63 s in case I and case
II, respectively. The designed controller recovers its
tracking performance after it comes out of saturation
phase as can be seen from Fig. 2. Moreover, as shown
in Fig. 4, three flexible states converge to their stable
values despite excitations.

Based on the simulation results of Scenario 1, the
following conclusions can be obtained. (a) Under the
same controller parameters and simulation condition,
different types of aerodynamic uncertainty have obvi-
ously different effects on the tracking performance of
velocity. The maximum absolute value of the velocity
tracking error increases as the uncertainty increases.
While in the two uncertain cases, the tracking per-
formance of altitude has no obvious change. (b) The
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Fig. 3 Time responses of FPA, FPA tracking error, AOA, and pitch rate in Scenario 1. a FPA y, b FPA tracking error S, ¢ AOA «, d

pitch rate Q
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Fig. 4 Time responses of control inputs: fuel equivalence ratio, elevator deflection, and flexible states in Scenario 1. a Fuel equivalence
ratio ¢, b elevator deflection §,, ¢ flexible state 7, d flexible state s 17, n3

time of saturation phase increases as the uncertainty

increases.

To show the efficiency of the proposed control
method in tackling input constraints, the controller
without considering input constraint is also employed
in the simulation studies for the purpose of comparison.

@ Springer

Scenario 2 In this scenario, input constraint is not
taken into consideration at the level of control design
but manually included at the level of simulation.

The above-mentioned two cases of uncertainty are
considered. Reference commands are chosen the same



Robust adaptive dynamic surface control design

307
4
15000 10219

. 9.5

E ! = 9

> 5000l ="~ Actual value V: Case I ! === Actual value h: Case |
— Reference command Vd : 8.5 — Reference command hd H
----- Actual value V: Case Il ====x Actual value h: Case Il

00 50 100 150 200 8O 50 100 150 200
time(s) time(s)
5000 100
50}

_ () e = £ 1 stk R e . — i

g E 0 [EYTETTIY -t

= H

= N"50} :

N-5000¢ -
— Case | -100} = Case I
10000l Casell A R | Casell
i 0 50 100 150 200 1507 50 100 150 200
time(s) time(s)
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Fig. 6 Time responses of FPA, FPA tracking error, AOA, and pitch rate in Scenario 2. a FPA y, b FPA tracking error S}, ¢ AOA o, d
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as that of Scenario 1. The controller is designed as that
given in Remark 7. The time responses of applying
control inputs (93) and (94) to the CFM (1)—(6) are
presented in Figs. 5, 6, and 7. It is clear that the system
becomes unstable as the control inputs hit their satu-

ration in both the uncertain cases. Moreover, it can be
observed that the speed of the control inputs which vio-
late their limits increases as the uncertainty increases.

In Scenario 1 and 2, an aggressive maneuver is con-
sidered. Dynamic pressure is changing. In order to

@ Springer



308

Q. Zong et al.

= Case |
Casell

- ¢max

-==

------ of
150 200
50
—— e o
i
-50
— Case | :
------ Casell :
-100, 50 100 150 200
time(s)

0.4
o2 e g
®
= of m— Case |
oom """ Casell
'02 = 6emax
---Bemin
04 50 100 150 200
time(s)
1
0 [*. ] ]
[sp]
CN_ 1 = Case | m,
o | feeees Casel:n
2+ ===Casell:n,
== Casell:n,
A 50 100 150 200
time(s)
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Fig. 8 Time responses of velocity, altitude, velocity tracking error, and altitude tracking error in Scenario 3. a Velocity V, b altitude

h, ¢ velocity tracking error zy, d altitude tracking error zj,

better present the effectiveness and feasibility of the
designed control strategy, we carry the scenarios that
dynamic pressure is constant.

Scenario 3 In this scenario, input constraints and aero-
dynamic uncertainty are considered simultaneously.

@ Springer

Two uncertain cases (cases I and II) are also taken
into account. However, the flight mission is different
from Scenario 1. It is a climbing maneuver at con-
stant dynamic pressure. The altitude reference com-
mand %4 is generated to make the vehicle climb from
85,000 to 98,500 ft, whereas the velocity reference
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Fig. 9 Time responses of FPA, FPA tracking error, AOA, and pitch rate in Scenario 3. a FPA y, b FPA tracking error S), ¢ AOA o, d

pitch rate Q

command V; is computed according to the relation
Vg = 2gexp((hq — ho)/ hs)/po) > to maintain the
constant dynamic pressure at 2075.44 psf during the
entire maneuver. The time responses of Scenario 3 are
shown in Figs. 8, 9, and 10.

From the simulation results, it can be observed that
the designed control strategy achieves the good track-
ing performance. As shown in Fig. 8, altitude and veloc-
ity stably follow their reference commands, respec-
tively. The vehicle climbs 13,500 ft in about 295 s,
while the velocity accelerates about 2,916 ft/s. The
tracking errors of velocity and altitude all converge
to the small neighborhoods around zero. The altitude
converges to its reference command through the sta-
ble tracking of FPA reference command. The maxi-
mum absolute values of the velocity, altitude, and FPA
tracking errors are also much smaller than those of ref-
erence commands. It is obvious from Fig. 10 that the
input saturation only occurs in fuel equivalence ratio.
Moreover, the flexible states converge to stable values
despite excitations.

Correspondingly, for comparison, simulation of the
following scenario is carried out.

Scenario 4 In this scenario, we do the simulation that
applies the RBFNN-based robust adaptive DSC con-

troller (93) and (94) to the CEM (1)—(6). The input
constraints are included manually at the level of simu-
lation instead of at the level of control design.

In this scenario, aerodynamic uncertainty is taken
into account. The time responses are depicted in
Figs. 11, 12, and 13 which exhibit the similar control
performance shown in Scenario 2. It is clear that the
system becomes unstable as the inputs hit their limits.

We can obtain the following conclusions based on
the above simulation results of four scenarios. On the
basis of the simulation results of Scenario 2 and 4, all
the variables under the designed controller tend to be
unstable, which implies that input constraint should
be considered during the controller design procedure
instead of manually implementing at the level of sim-
ulation. It is concluded from the simulation results of
Scenario 1 and 3 that the designed control strategy can
handle input constraint effectively. The input satura-
tion only occurs in the fuel equivalence ratio. Eleva-
tor deflection always keeps in their limits. Though the
maximum absolute values of altitude, velocity, and FPA
tracking errors occur during the saturation phase of the
fuel equivalence ratio, they are much smaller than those
of reference commands.

Although the vehicle climbs 13,500 ft in both two
scenarios, we can obtain that the velocity acceler-
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Fig.10 Time responses of control inputs: fuel equivalence ratio, elevator deflection, and flexible states in Scenario 3. a Fuel equivalence
ratio ¢, b elevator deflection §,, ¢ flexible state 1, d flexible states 1>, 13
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Fig. 11 Time responses of velocity, altitude, velocity tracking error, and altitude tracking error in Scenario 4. a Velocity V, b altitude
h, ¢ velocity tracking error zy, d altitude tracking error zj,

ates to 10 762 ft/s in Scenario 3 from the relation (a) For the two uncertain cases, the maximum absolute
Vi = 2gexp((hg — ho)/ hs)/po)©). It is more than values of the velocity tracking error in Scenario 1
that of Scenario 1, where the velocity accelerates to are all less than those of Scenario 3. However, the
10,600 ft/s. From the simulation results of Scenario 1 maximum absolute value of the altitude tracking
and 3, we can conclude the following three aspects: error in Scenario 1 is nearly the same as that of
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Fig. 13 Time responses of control inputs: fuel equivalence ratio, elevator deflection, and flexible states in Scenario 4. a Fuel equivalence
ratio ¢, b elevator deflection §,, ¢ flexible state 1y, d flexible states 73, 13

Scenario 3. The time of saturation phases in Sce- Remark 8 In Sect. 4, the value +/C/¢ in (92) is only
nario 1 is shorter than that of Scenario 3. a theoretical bound and cannot be computed in prac-
(b) Inboth two scenarios, the maximum absolute value tical applications because of some unknown parame-
of the velocity tracking error and the time of satu- ters such as §,,, w},, and . Since some inequalities
ration phase increases as the uncertainty increases. are employed in the stability analysis, this bound may
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be conservative. However, from the simulation results
in the subsequent section, the bounds of altitude and
velocity tracking errors are very small. Besides, from
the above stability analysis, if the gains are chosen
appropriately, it is possible to make C/e as small as
desired and thus achieving regulation to a small neigh-
borhood around zero. The bound C/e can be reduced
by increasing the gains kv, kp,, ky, ko, ko, A, k%, kg¢,
k%, and kgﬁe or decreasing gains Ty, ¢y, TQ, €, and
Amax (I“‘j1 ). However, from a practical review, it should
be pointed out that increasing the gains can decrease
the bound of tracking error, but it would result in a vari-
ation of a high-gain control scheme. It not only makes
transient performance deteriorate, but also excites any
unmodeled dynamics of the system. So, the designer
should suitably choose the gains to make sure that
the steady-state tracking error can satisfy the practical
requirement, while keeping gains as small as possible
to obtain the ideal transient performance.

The simulation results of the above four scenarios
indicate that it is necessary to consider input constraint
during the controller design procedure. Under the
designed robust adaptive DSC control scheme, though
there are input constraint and aerodynamic uncertainty,
the desired tracking performance can be ensured and
satisfactory system responses can be achieved. We can
conclude that the proposed controller could simultane-
ously deal with uncertainty and input constraints (21)—
(22) effectively.

6 Conclusions

A robust adaptive dynamic surface controller based
on RBENN is developed for a nonlinear longitudinal
model of FAHV, where input constraints and aerody-
namic uncertainty are taken into consideration. At first,
COM is derived from CFM and its equations of motion
are decomposed into velocity subsystem and altitude
subsystem to reduce the controller design complexity.
The flexible dynamics are taken as the perturbations of
the COM, and their effects are evaluated through sim-
ulation. Then the RBFNN-based robust adaptive con-
trol scheme is designed for the velocity subsystem; the
RBFNN-based robust adaptive DSC control scheme is
developed for the altitude subsystem. At the level of
control design, MLP technique is employed to esti-
mate the maximum norm of the ideal weight vectors
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of RBFNN rather than their elements. It leads to the
large reduction of the computational burden. The prob-
lem posed by input constraints is overcome by addi-
tional systems. Their states are utilized for the con-
troller design and stability analysis. By suitably choos-
ing controller parameters, the designed control strategy
assures that the velocity and altitude tracking errors
can be very small even in the presence of aerodynamic
uncertainty and input constraint. The compared simu-
lations illustrate that the designed controller achieves
robust and stable tracking properties. In the paper, we
assume that all rigid body states of FAHV are mea-
sured, but it may be hard to measure some states such
as AOA and FPA. Our further work will focus on the
flight control problem of FAHV with input constraints
and part states unmeasured.
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