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Abstract

This paper presents support vector regression
(SVR)-based adaptive controller for the longitu-
dinal dynamics of a generic hypersonic aircraft.
SVR has been proven to generate global solutions
contrary to neural networks, because SVR basi-
cally solves quadratic programming (QP) prob-
lems. With this advantage, the nominal dynam-
ics of the input-output feedback-linearized hy-
personic airplane is trained off-line. In order
to compensate the offline-training error and un-
known uncertainties in the control process, and
to avoid the controller singularity problem, an
adaptation algorithm of the offline-trained SVR
is proposed using the concept of virtual control
input. Stability of the overall system is analyzed
by the Lyapunov stability theory. Numerical sim-
ulations validate the performance of the proposed
approach.

1 Introduction

Dynamics of hypersonic aircrafts has highly non-
linear characteristics because flight conditions
are set at high altitudes and Mach numbers. This
means that there exist modeling inaccuracies and
uncertainties in the generic hypersonic air vehi-
cle model, and they can significantly deteriorate
the control performance of the aircraft. As a re-
sult, adaptive or robust control, which compen-
sates the effects of the uncertainties and model-
ing inaccuracies, respectively, has been studied

with various ideas such as adaptive sliding model
control [1], neural network (NN) based adaptive
control [2] or nonlinear dynamic inversion (NDI)
with stochastic robustness analysis [3].

In this study, support vector regression
(SVR)-based adaptive controller is proposed.
SVR transforms the original problem into a
quadratic programming (QP) problem whose
global solution can be obtained by QP solvers,
thus, it can be solved without the issues of the lo-
cal minima [12, 13]. Furthermore, it is straight-
forward to design the parameters of the SVR
since it has a fixed structure. With this advan-
tage, the nominal dynamics of the input-output
feedback-linearized hypersonic airplane can be
trained off-line. In order to handle the offline-
training error or uncertainties and modeling inac-
curacies, an adaptation rule of the offline-trained
SVR is proposed using the concept of the virtual
control input [5, 6]. The proposed adaptive al-
gorithm enables the controller to avoid the singu-
larity problem by utilizing the affine property of
the hypersonic aircraft dynamics [7, 8]. Stability
of the overall system is also analyzed by the ul-
timately bounded property in the nonlinear sys-
tem theory. Finally, numerical simulations vali-
date the performance of the proposed approach.

2 e-Support vector regression

Support vector machines have recently become
popular learning tools for the classification and
regression [12, 13]. Typically, SVM classifica-
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tion is used to build a function that predicts bi-
nary values. On the other hand, SVM regression,
or SVR, generates functions whose outputs are
scalars. Unlike least-square or empirical meth-
ods, SVM regression maintains the same motiva-
tion as SVM classification: minimizing a bound
on the expected error for future test data. Thus,
SVR inherits interesting generalization proper-
ties and sparsity from SVM. This section briefly
reviews €-SVR algorithm [4].

Consider the training dataset D =
{X. Y }Y_,, where X; is the k™ input data
in the input space 2" C R" and Y; is the
corresponding output value in the output space
% C R. e-SVR model is trained by the following
relationship between the input and output data
points:

F(X) =< w,®(Xp) > +c (1)

where w is a vector in the feature space .# C R”,
®(X;) is a mapping from the input space to the
feature space .%, c is the bias term, and < -,- >
stands for the inner product in ..

The &-SVR model based on Vapnik’s &-
insensitive loss function can be formulated in the
primal space, as the following[12]:

N
min J; = ||w||2+cZ (&+&) @
w,c 75 g* i=1
subject to the constraints
Yi— < W,CID(X,‘) >—c < 8—|—€i
<w,P(X;)>+c—-Y; < e+&f (3)
éiv éi*ZOJ i:1727"'7N

where € is the maximum value of tolerable error,
&’s and &*’s are slack variables, || - || is the Eu-
clidean norm, and C is a regularization parame-
ter that represents a trade-off between the model
complexity and the tolerance to the error larger
than €.

The dual form of (2) becomes a quadratic
programming (QP) problem as follows:

minJ? = 3 K(X:, X;)(ni —n;)(nj— 1))
n,n* :

subject to0<n,n <C, YN, (ni—n)=0,i=
l,---,N where x(X;,X;) is a kernel function
given by K'(Xi,Xj) = q)(Xi>Tq)(Xj) = Kijj. Moti-
vated by Mercer’s condition, the kernel function
handles the inner product in the feature space and
hence the explicit form of ®(X;) does not need
to be known [12]. In this study, the Gaussian
radial basis kernel function is used k(X;,X;) =
ex (_ (Xi—X;)" (Xi—X;)
P p) .

The solution of the QP problem (4) is the op-
timum values of n;’s and 7;"’s. The value of the
bias ¢ in the model can be determined by the con-
dition that at the point of the solution the prod-
uct between dual variables and constraints has to
vanish [13]. When only the support vectors are
considered, the model becomes

Nsy

F(Xk)z‘ )

i=1,(iesV)

GK(Xi, Xi)+c  (5)

where {; = 1; — 1/, and Ngy denotes the number
of support vectors in the model. The obtained &-
SVR model is sparse in the sense that the whole
training data are represented by the support vec-
tors only and many of {;’s are zero.

The control design presented in this pa-
per employs the &-SVR model (5) to ap-
proximate any nonlinear function G(Xj) over
a compact set 2 C R The nonlin-
ear function G(Xj) is expressed as G(Xi) =

N
L (iesv) G KX Xi) + ¢+ & = w (X)) +
T
Gy ] is ideal
weights, € is the approximation error in the

sense of g-insensitive model, and ¢(X;) =
(KX, X1) k(X Xo) -+ k(X Xng,) 1]

Assumption 1 There exists an ideal constant
vector of weights w* that minimizes |€| for all
X, e 2

€, where w* = [Cl & o

w* £ arg min { sup |G(Xk)—wT¢(Xk)}}.
WweRM | x, e 9
(6)

where N,, = Nsy + 1. The ideal weight vector,
which consists of the ideal Lagrange multipliers
corresponding to the support vectors and bias
term, is required for the stability proof.
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3 Hypersonic air vehicle model

Let us consider the longitudinal dynamics of the
hypersonic aircraft [1, 2, 3]:

Tcosao—D usiny

m r
. L+Tsino —V2Zr)cos
v = SV
mV Vr
h = Vsinvy, )
a = q-7, (10)
q = Myy/lyya (11
where
1 2
L = 3pVisCy, (12)
1 2
D = pVSCp, (13)
1 2
T = 5pV SCr, (14)
1
My, = 5pVZSE[Cu(e)+Cu(8)+Cu(q)],
(15)
r = h+Rg, (16)
C. = 0.6203a, (17)
Cp = 0.6450a”+0.0043378c +0.003772,
(18)
c 0.02576 if B<1
T 7 1 0.022440.003368 if B>1 "
(19)
Cu(a) = —0.035a+0.0366170 +5.32617°,
(20)
Culg) = %(—6.796a2+0.3015a—0.2289)q,
(21)
Cu(8,) = co(8—a). (22)

The engine dynamics are modeled by a second
order system:

B=-20w,p—-0f+w;B. (23)

In the dynamics of the hypersonic aircraft, states
variables are composed of velocity V, angle of
attack o, altitude h, pitch rate ¢ and flight path

angle 7, and control inputs are throttle setting 3.
and elevator deflection &,. The interested outputs
for the input-output feedback linearization are V
and h.

As shown in [1], the above dynamics (7)-(11)
are input-output feedback-linearized as in the fol-
lowing manner:

& = &,
&L = &,
& = fi(E)+gn(&)u+ga(E)ua,
& = &,
& = &,
& = &,

& = HE)+81(E)ur+gn(E)ua, (24)

where & =V, & = h, uy = B¢, up = 8, and
the detailed materials on the above input-output
feedback-linearized system are given in [1]. For
the sake of the simplicity, (24) is represented as:

§ = AS+B(f(&)+g(6)u), (25
where & = [§1 & 8384 &5 &6 &7 1T u=[uy up]”,

01 00O0O00O0 00
0010O0O00O0 00
0O 00O0O0O0OPO0 1 0
A=|loo0oo00100|.B=|00],
0O 00O0O0T1PO0 00
00 0O0O0OO0OT1 00
(000000 0| [0 1|

_ | f6)

&= 4 |

and

21(8) g2(8)

In this study, it is assumed that f(£) and g(&) are
unknown smooth function and matrix function,
respectively, and their nominal functions f(&)
and g(&) are known. Then, (25) is represented
as:

§E =AE+B(f(&)+Ar+ (3(8)+Ag)u) (26)

where Ay and A, are unknown uncertainties.
Since g(§) is a smooth matrix function, it is

2(E) = {811(5) g12(&) }
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bounded within some compact set. Therefore, the
following assumptions are satisfied as commonly
made in the literature [7, 8].

Assumption 2 The sign of the eigenvalues of
g(&) is known, and there exist positive constants
gub and gy such that g, > ||g(E)|| > g > 0,
vEé € Q CR. Infact, g(E) in (25) has 2 positive
eigenvalues for all £.

Assumption 3 There exists a constant gib >0
such that ||¢(&)|| < g4, V& € Q C R,

Assumption 4 The nominal dynamics in (26),
e, &,E3.E5,E6,&r, T(E) and §(E) are known.

Assumption S The uncertainties Ay, A, are
generated by the following modeling inaccura-
cies

m = mo(l+Am), L, =1I(1+Al),

S = So(1+AS), ¢=co(l+A7),

p = po(1+Ap), ce=ce(l+Ac),

where the maximum values of all the additive un-
certainties are set to 0.1.

4 Control system design for the hypersonic
aircraft

4.1 Offline training of the input-output
feedback-linearized hypersonic aircraft

In order to design the velocity and altitude track-
ing control system, we define e; and e4 as

ey = 51 - Vr7 (27)
es = &—hy, (28)
where V, and h, are reference signals for V and 4.
Then, if (26) are represented as the known f(&)
and g(&) only, error dynamics is given by
él = ey,
ér = es3,
é3 = fil€)+au(&)ur+gn(&ur—Vr,
ey = €s,

€s = €g,
6 = ey,
é7 = f(&)+821(&)ur+g20(&)uz— ks,

(29)

where ¢; = & — v = 23 and ej =& —
Y, =567 k=234
If the control input u(= [u; u]") is designed

in the following manner
u=g (&) (- F(&)+v) (30)
where v = [v; wy|7,

Vi = —kiej —kyer —kzes+V,
Vo = —kgeq—kses —kgeg+ "ﬁ'r,

and k;(>0,i=1,---,7)’s are properly chosen,
then the final error dynamics is given by

¢ =Ae 31)
where
0 1 0 0 0
0 0 1 0 0 0
_ —ki —ky —kj3 0 0 0
A=l 0 0o o0 0 1 o | =0
L0 0 0 —ky —ks - —ki |
(32)
e = [e] ey -+ e7]T, and (31) becomes an

asymptotically stable system.

Since the control input (30) is based on the
nominal model only, it is not possible to control
the real plant (26) using (30). In order to compen-
sate the unknown uncertainty included in (26),
the control input (30) is trained offline using the
SVR algorithm and then, adapted online.

The SVR-based offline-training for (30) is
performed as:

ZHE(E) = Wiore(&) &g (33)
g7 = Wiog(E) ey (34

where & ,, & , are inherent offline-training er-
rors. Then, (30) is rearranged as:

u = —g "(EFE)+z (&)
= —WieBrs(E) + e Bg(E)v. (35)
The reason why the offline-training of

g 1 (&)F(E), g71(&) is performed instead of that
of f(€), g(&), which has been studied in [5, 6],
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is that g(&) can be singular in the adaptation pro-
cess if we do not add some manipulation on the
adaptive rule. The above approach has been stud-
ied originally in [7, 8] under the backstepping ap-
proach. In this study, it is applied to the feedback
linearization framework by introducing the vir-
tual control for each &;.

4.2 Adaptive feedback linearization for the
hypersonic aircraft

Even though the error dynamics in (31) is com-
monly used in the feedback linearization-based
control literature, it is not applicable in our study
because the uniformly ultimately boundeness of
the error dynamics and the controller singularity
problem cannot be considered simultaneously us-
ing the error dynamics (31). In order to settle
these two issues concurrently, the new error dy-
namics is reformulated by introducing the virtual
control [6].

Let z; = & —V, and z4 = &4 — h,. Then, the
derivatives of z; and z4 are given by

i o= E-V, =5V, (36)
4 = §4 —h, = éS —h,. (37)
In order to control z; and z4, a new variables z»

and zs are defined as z) = & — &, 7o = & — &s,
respectively. Then, (36) and (37) become

1 = 52—Vr=Z2+5:2—Vr, (38)
2 = & —hr=2z5+& —h,. (39)

If 52 and 55 are defined as

& = —kizi +Vy, (40)
& = —kaza+ hy, 41)

and used as the virtual control for z; and z4 dy-
namics, then 7Z; and Z4 are obtained by

i1 = —kizi+22, (42)
24 = —kqza+25. 43)

According to the definition of z», 7 is ob-

tained by

= &L-&=&— (~khu+V,)
= §3—(—k1(—k1Z1 +22)+Vr)
= —k%zl +kizo+ &3 -V,
—kzthiztn+E -V, (44)

where z3 = & — &;. &3 is defined as
& =kiz1 — (ki +k2)z2 + V. (45)
Using the virtual control 53, 2o 1s derived as
2= —kazp + 3. (46)
Similar to the above, Z5 and z¢ are derived as:
5 = —kszs+ 26, 47)
26 = —kez6+27, (48)
where z6 = & — &, 27 = & — & and

& = Kiza— (ka+ks)zs+hy, (49)
& = —kiza+ (k] + kaks +k2)zs
+ (kg + ks + ko) 26 + Tr r- (50)

Finally, the time derivatives of z3 and z7 are de-
scribed as

o= &G-&=fi+tgnm+gnmtkz
— (ki +kika +K3)z + (ki +ka)zz3 — Vo,
(51)
77 = 57 —& = fH+gnur +gnun —kﬁa
+ (k3 + kks + kak? 4 k3)zs
— (kG + kaks + k3 + kake + kske + k¢ ) 26
+(ka+ks +ke)z7 — R ). (52)

Then, the transformed error dynamics is given by

21 = —kiz+a,

= —kyzo+2z3,

3 = fit+gnui+gnur—ciz1 —
—c3z3 =V,

4 = —ksza+zs,

s = —ksz5+ 26,

26 = —keze+ 27,

27 = frtgaur+gnuy —caza — 575
—ce26— €727 — h ry (53)
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where
cp = —k3,
) = k%—f—klkz—Fk%,
c3 = —(ki+kp),
cy = kﬁ,
cs = —(ky+kiks+kak3 +k3),

ce = ki+kaks+ k2 + kyke+ kskg + k2,
c7 = —(k4—|—k5—|—k6).

For the sake of the simplicity, (53) is rearranged
as:

7, = Az

7, = f(&)+g(§)u—TII
= g(&) g (&) f(&)+u—g ()M

(54)
T T
where 2y = [z1 20 24 25 26) - 22 = |23 77 »
k 1 0 O 0 0O O
0 -k 1 O 0 0O O
A=| 0 0 0 <k, 1 0 0],
0 0O 0 0 —k; 1 O
0 0O 0 O 0 —k¢ 1
and

- I | _ c1z1 +C222+C323+V‘r””
I, C424+C525+Co26 +C127+ hy |

Then, the control input u is defined as using (33),
(34)

u= -0} 0r () + W 0o (E)T—Kozy (55
where 0
. 3
e[l 0]

By applying the above control input to (54), we
obtain

7, = Az

7 — g<e:->[g-'<5>f<é>—w§g¢fg<é>

Tl ¢g<5>n—z<zz2—g—1<é>n]

_ 58 [w§g¢fg<5> T 04 ()T Koz +e]
(56)

where 17, = Wiy — Wrg, W £ Wy — Wg,
_ T
g (&) = wiy 0re(&) +Eas

— xT
g (&) = Wi 9g(&)+Eag
Ea.fg — E.1g t (€. — €ag) 1

™
I

w¥, and wy are the ideal weights for g (&) f(E),

g (&), respectively, and &, r¢, €, are the inher-
ent online-approximation errors.

Theorem 1 The error states 121,Zy and the
weight estimation error w g and wg are uniformly
ultimately bounded in the following compact set

D:

D=_2z R,z € R?, Wre € RVsv.retl

We € RNe2t | glz) +2l g1 (&)zy

~T ~ C
+max{yfg7yg} tr[wfngg} +tr[w Wg:| < ?}
where

kfg g ||<‘3||2
€ = "Ll + i+

and subscript F is the Frobenius norm, if the fol-
lowing adaptation rule is chosen

Wre = YreOre(8)z2 — Kpe¥pobpe  (57)
B = —Yebe(E)Izy — Ky Y (58)

with positive constants ;,

Proof. Consider the following Lyapunov
function:

1 1 _ 1 T
V = §Z1TZ1 +§Zgg 1(5)Zz+—2yfgtr[wjzgwfg]
1 T
—tr| W, We . 59
+2}/g T [ Wy We| (59)

Let us first differencitate the Lyapunov
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function (59). Then

where k1 = Amin(K>1) and A(+) is the eigen-
values of (-). Then, k; is chosen as

6
= —Z kiz —zizivt) = Y, (kjzf —22j41) o
i=1 1 j=4 1 I, 2 ( : “dz) > 0. (62)
—2,7 g7 (E)8(E)g 7 (E)ma+ 22" g(€) ' 81b
—I—Ltr [W]Tcgﬁfg] + ltr [WgTvT/g} The term —z) K25 + 24 € is bounded in the
Vre Ve following manner:
< K -n"e  E)eE)s ©)m .
1 . T T, ~ _ 2 €
—2 (K21+K22)12+Wtr[wfg(wfg nKntze < kzz(HZzH 2
g
I JrHf‘JH2 +||8H2
+Yfg¢fg(§)12)} + ?gtr[wg (Wg - ’}/g(Pg(é)HZZ)} 4k§2 4k22
il _ el )
= —5 Kz - (Kn+g '(§)&)e " (§))zn 4k
1 T [~ where k22:Amin(K22)-
+Etr [0 (Wrs + V15975 (8)22) Then, with the adaptation rule in (57) and
1 s (57), V satisfies the following inequality:
-I-?tr[wg (W — Yo 9g(&)TTz,) | o -
; r V. < Kz =K |z - gHngHF
—Z> K22Z2 + 7, € (60) r kf ||S H2
CKguoon2 g kg
where > 1Wgl[7 + =5 Wl + HWgHF 4y
K 0 0 0 0 64
0 klz 0 0 where
K=|0 0Kk 0 0
0O 0 O k,S (2 tr [kfgv'f/;gwfg] = f{r [kfgWJTcg (W}g — ng) :|
0O 0 0 0 k
6 < kralllelhog kgl (65)
< W lIF — S el
ki = ki+1/2, ki>0, i=1,4, WrgllF rellE
/ !/ .
b = K+l k>0, =256, e[k 0] = tr{k W (w5 — )
K2 = Kn + K22, < el e~ el well7
ka0 ks 0 < Flwgllr = F eIz
K> = , K= , = WellF — 2 lIWellF
2! [ 0 k71] 2 [ 0 k72] (66)
and and k| = Amin(K7). Note that w; = w} — w; =

ki=ki+kip+1/2, ki,kip >0,

i=3,7.

In the above, 1 and 1/2 are used to cancel the
cross terms z;zi+1, i = 1,2,4,5,6.

When Assumptions 2 and 3 hold, the fol-
lowing inequality is satisfied:

~2" (K21 +87'(§)8(8)s ™' (§)z

_<k1

281

“d2> 2%,

(61)

—w; (i = fg,g) is used to derive (64)
In order to derive uniformly ultimate

boundedeness, we choose
K> (67)
8ib

for some u > 0, by designing k»; in the fol-
lowing manner:
B, S

kyy > —+

. (68)
g 28’
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Then, the time derivative V of the Lyapunov
function (64) is given by

: u kpg -
vV < —k’leHz—gEHZzHZ——gHngH%

2
kg .
= |iell}+C
/ 2 T —1 kfg ~ 2
< —Hilm | - kg (E)m — L2 i I
kg .
S well3+C (69)
where
krg w2 ke o, lENP
C=-== = —
5 [Wrell™ + = lwgl +
and
k k
O<‘L’<min{ _ %y‘ gTyz} (70)

Therefore, the error states z;,z, and the
weight estimation error Wy, and W, are uni-

formly ultimately bounded in the compact set
D.

5 Numerical simulations

This section presents the numerical simulation
results for the proposed SVR-based adaptive con-
trol scheme. As explained before, the proposed
control scheme consists of two steps: first, the of-
fline training of the nominal plant and second, the
online adaptation with the offline-trained model.

In order to train the nominal g~! (&) (&) and
g (&) offline, input-output data pairs are ex-
tracted from the response of the nominal plant
about the sinusoidal reference signal with the
controller (30). The simulation for the offline
training data is performed for 100 seconds with
0.01 sampling time, thus, the length of data is
10,000. The offline-training has been performed
using LIBSVM [14].

Figs.1-3 show the results of the offline-
trained W, @ (§) and W ¢ (§), and the number
of the support vectors for each SVR is given in
Table 1. As shown in Figs. 1-3 and Table 1,
the offline-trained wjig%(&) and Wg ¢4(&) show

Table 1: The number of support vectors for

g 1(&)f(&)and g 1(&)

Wrg 1| Wrga| Weil| We 12| We 12| We 12

# of

SV 46 | 96 | 63 | 44 | 52 | 44

R 1 1 1 L 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

2
15 . . . . : . Real output
—— Estimated output

10 + R
ey i
T

0, |

| | | | . | | | |
0 10 20 30 40 50 60 70 80 90 100
Time(sec)

Fig. 1 : Results of the offline-trained g*l f

the sufficient approximation performance, and do
not need the total input data in order to learn the
nominal system, thanks to the sparse property ex-
plained in Sec. 2.

In the online process, the offline-trained
g Y(E)F(E) and g~ (&) are adjusted to compen-
sate the difference Ay, A, between the nominal
model f(&),&(&)and real system f(&),g(&). In
order to validate the performance of the proposed
adaptive rule, the simulations are performed on
(25) without any uncertainties. The reference
commands V,., h, are given in Fig. 4. As shown in
Fig. 5, the performance of the proposed adaptive
control is better than that of the offline-trained
control only even when there is no uncertainty,
because the exact or global estimation of the non-
linear function cannot be achieved by the SVRs
trained over some extracted domain. In Fig. 6,
7, the weights of the vf/;g@cg(ﬁ) and W} ¢, (&) are
adjusted to learn the nonlinear term which is not
trained offline exactly.
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Fig. 4 : Reference commands V,., h,
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Fig. 5 : Tracking errors with no uncertainty
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Finally, the additive uncertainties in Assump-
tion 5 are added to the nominal values. As shown
in Fig. 8, the performance of the SVR-based
control is improved with the adaptation, while
the non-adaptive control (i.e., using the offline-
trained SVRs only) degrades the overall perfor-
mance. The boundedness of the weight norm and
control input are shown in Figs. 9, 10 and 11.

6 Conclusions

In this study, an adaptive feedback linearization-
based control algorithm is presented using sup-
port vector regression for hypersonic aircraft con-
trol. The main idea of the proposed algorithm is
that the offline estimator is designed by the SVR
algorithm and the adaptation rule for the weight
value of the offline-trained SVR is derived by
defining a virtual control. By introducing the vir-
tual control, online adaptation rule of the offline-
trained SVR is derived using all the error states,
and by utilizing the affine property of the sys-
tem dynamics, the controller singularity problem
can be avoided. Uniformly ultimate boundedness
of the overall error dynamics is analyzed by the
Lyapunov stability. Finally, numerical simulation
was performed in order to validate the effective-
ness of the proposed algorithm using the longitu-
dinal dynamics of the hypersonic aircraft.
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