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Neural Dynamic Surface Hypersonic Flight Control Using
Minimal-Learning-Parameter Technique
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Abstract— This paper presents dynamic surface control for
longitudinal dynamics of a generic hypersonic flight vehicle in
presence of unknown dynamics. For the attitude subsystem,
the minimal-learning-parameter technique is combined with
dynamic surface design. The uniform ultimate boundedness
stability is guaranteed via Small-gain Theorem. The singularity
problem is removed and the simpler adaptive algorithm is easy
to implement since the online updating computation burden is
greatly reduced. Simulation result shows the feasibility of the
proposed method.

I. INTRODUCTION

Hypersonic flight vehicles (HFVs) provide a promising
and cost-effective technology in need of commercial as
well as military applications for space access and prompt
global reach capabilities. However, stemming from the highly
coupled and nonlinear nature of its dynamic behavior, the
design of flight control systems for hypersonic vehicles poses
many challenges. Different from traditional flight vehicles,
due to the high mach numbers and high altitude, the flight
control is extremely sensitive to changes in atmospheric
conditions as well as physical and aerodynamic parameters.

Adaptive control is widely studied for the dynamics since
with large envelope the control system has to adapt to the
environment. High gain observer based neural control [1]
are implemented on hypersonic flight dynamics. In [2],
robust flight control schemes are proposed for the hypersonic
vehicle with uncertainties and external disturbances using
disturbance observer [3], [4] and neural networks (NNs).
In [5], the longitudinal dynamics of the vehicle are studied
using time-scale decomposition to reduce the complexity of
T-S modeling. Similar design is studied in [6] by considering
possible sensor/actuator failures.

Back-stepping design [7], [8], [9] is an explicit tool for
systematic nonlinear design and it is widely applied on
control of nonlinear systems [10], [11]. There exist many
results on hypersonic flight control such as [12], [13].
The hypersonic flight dynamics are written in the linearly
parameterized form [14] and then robust adaptive dynamic
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inversion with back-stepping arguments is conducted in case
of actuator constraint. Improved DSC design [15] is studied
by taking the constraints on system states with adaptive
gain design. Since the dynamics cannot be known exactly,
intelligent control with universal approximation [16], [17],
[10], [18] is widely studied. In [19], [20], [21], the neural
back-stepping discrete design is studied on the longitudinal
dynamics of HFV.

In this paper, we study the NN based adaptive DSC control
for the longitudinal motion of an airbreathing hypersonic
vehicle [22]. To avoid the singularity and the computation
burden, we focus on direct dynamic surface control with
minimal learning parameters. To reduce the computation
burden, we took the similar idea from [23], [24] where
the “minimal learning parameter” technique is proposed in
view of the estimation of the norm information of NN
weights [25], [26].

This paper is organized as follows. Section II describes the
longitudinal dynamics of a generic hypersonic flight vehicle.
Sections III and IV present the adaptive controller design
and the stability analysis. The simulation result is included
in Section V. Section VI presents several comments and final
remarks.

II. HYPERSONIC AIR VEHICLE MODEL

The control-oriented model of the longitudinal dynam-
ics of a generic HFV considered in this study is given
by [22]. This model is comprised of five state variables

Xy =1[V,h,a,7, q}T and two control inputs U = [5e,d>}T.
. T —-D
v o= 19977 sin(e, - a) 1)
m
h = Vsiny (2
. L+Tsinoe gcosy
= — 3

Y iy % 3

a = qg-—v 4)
M

g = = 5)
I,

For the altitude subsystem, the tracking error of the altitude is
defined as i = h— h, and the flight path command is chosen
as

—ky (h—hy) — ki [ (h—hy)dt +
\%4

Y4 = arcsin (6)
if k, > 0 and k; > 0 are chosen and the flight-path angle
(FPA) is controlled to follow 7y, the altitude tracking error
is regulated to zero exponentially [1].



Define X = [xl,xz,x3]T, x1 =7, xp = 60,, x3 =q where
0, = a+v. The attitude subsystem can be derived as

o= filx)+g(x)x
X = X3
X3 o= f3(x1,x2,x3) + 83 (x1) O
y = X1 (7)
where
A= Pl(posinxd+SV(C2—x1) gCoSX|
b 1% 2m v
4
81 = m
fr = Poo+PgV?
g3 = RV’
with
1 3.2
P, - d d d CO
1 m[ 7 brbrHbr
3 2
P2 = Zi Tda Td7 Td7C§)"
1y,
Sc | 2
P = 2[}y|: A/‘Il,xd7 A/lli,xd’cg/l,xd:|
P = pSce,
21,
For the velocity subsystem, we have
1% fv (V,x1,x2) +gv (x1,x2) P
w =V (3

with fy = Bp@ocosxy — PopiV? — gsinxi, gy = Ba@ocosxy,
N 2 T
P = lz)im |:Cg[7clglﬁcgj|’ Po Xy 1] > P

X35,y
[5.x4.1)", Ba = = [Br.Bs.Bs.Bal. By = — [B2. Ba. Bo. Bl:
Xqg = .

Assumption 1: There exist constants b, and bp,x such
that bmax > |gi| > bmin >0, i =1,3,V.

The goal pursued in this study is to design a dynamic
controller §, and P to steer system altitude and velocity from
a given set of initial values to desired trim conditions with
the tracking reference h, and V.

Lemma 1: [27] For any given real continuous function
f(x) with f(0) =0, if the continuous function separation
technique and the RBF NN approximation technique are
used, then f (x) can be denoted as

f(x)=6(x)Ax 9)
where 6 (X) = [1,6 (X),0,(X),--,6,(X)]", AT = [e,07],

1 1
m m

el =g, &, &) is a vector of the approximation errors,
and
* * *
W O o,
x * *
Wy Wy 5,
o= . : : (10)
* * x
W W oy,

is a weight matrix.
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ITI. CONTROLLER DESIGN FOR ATTITUDE SUBSYSTEM

Attitude subsystem (2)-(5) is represented by strict-
feedback formulation in system (7) that is suitable for the
DSC-based design procedure.

Step 1 The FPA surface error is defined as z; = x1 —x14.

Taking the derivative of z; and using (7), we have

21 X1 —X14
= f1(x1)+g1(x1)x2 — %14 (11)
According to Lemma 1, we have
fitx1) = 61 (x1)Arx
= 01 (x1)A1z1+ 6 (x1)A1x14 (12)
A A
Let Cg; = ||A1]|, the normalized term A7 = S = 2L and
_ [A1]]  Cer
o) =AT'z1, vi = 0; (x1)A1x14.
Define zp = xp — ;. So we have
21 X — X4
= g1(x1)x2+ 01 (x1)Cor01 + Vi —x1g  (13)
It is known that
(161 (x1) Arx1a|| < bminAi1 @1 (x1) (14)

where 411 = br;}n ||A1)C1d|| and ¢ ()Cl) =1+ H01 ||

Define oy, as the virtual controller and let it pass the first-
order filter oy.

T0n + 0 = 0, 0o (0) = 2 (0) (15)
Define y, = @ — 0y, then we have
. . . 2.
y2=O€2—062c=—y*—062c (16)
(%)

Referred to [25], [28], ¢y is continuous function and has a
maximum value M>.

Define 2,12 = br;ilncgl and 111 = )Ll] - 211, 112 = )42 - 212
where 111 and 112 are the estimation accordingly.

Consider the following Lyapunov function

1
V[ZE

where 711 and T are positive design constants.
Calculate the derivative of V]

(Z%_FY% +bmin7ﬂlilzl +bmin717211122) (17)

V] = 21z +y2y2—bmin7ﬂ1/illi]1 —bminfﬁlilzilz

21 [g1(x1)x2+ 6y (x1) Cor 1 + Vi — %14

2 ) 1z A = A
+ » (-iz - 062c> — brnin T MiA 11— Prain Ty A2A 12
~ 4 g1(x1)z2 + 81 (x1)0c + g1 (x1)y2
+61 (x1)Co101 + Vi —X1g
y2 .
_7_(1 .
+ yz( o z¢>

bminrﬁli]lil] —bmin’ffglzlzilz (18)



It is worth noticing that

Celél (xl)a)1Z1 = Celél (xl)ahZ] —lewlTah +712a)1Ta)1

- ¢l ~ Ca161 (x1)z1 2
1 1 2}/12

2,07 (x1)6; (x1) 22
L G [ (x1) 61 (x1) L4 2ol o
4}/1
Cs,07{ (x1) 01 (x
< 5101 (x1) 61 (x1) 7] ol o
4}’1
1> _
< bm1n4y2 91 (xl)el (XI)Z%
A2 5
+ bm1n4y291 (xl)el (xl Z1+')f20)1 (O]
2vi < b @1 (01) |21 + bminAr @1 (x1) |21 |
< gih@r (xn) [[z1 ]| + PminAr1 @1 (x1) [|z1 ]
b
gi(x)ziza < bmaxzi+ “;ang
b
81()61)21)’2 < bmaxz%"‘ Izdxy%
1 1
FARSP IS ZZ%‘FX%CJSZZ%‘*‘MlZ
. 1 _
o < 5(pzy§+p2 'M3)
Then we have
Vl = lel+y2y27bminfﬁlillill*bminfﬁlilzilz
A2
< gl(Xl)Zla2c+bm1n472 6! (x1) 6 (x1)2
Mo
+ bmm4y =07 (x1) 6y (x1) 21 + 17 0] o
i

+ gl(xl)jm(Pl (1) Nz || + Brmin A1 @1 (x1) |21 |

b b
+ bmaxZ%'i_ rzax 2+bmdle+ rzax 2

1
+ 1z%+M2——+ (p2y3 +py 'M3)

bminfﬁl/llllll — bonin Ty AnAi (19)
The virtual control is proposed as
. = —kizi+Ya— —léélT (x1) 01 (x1) 21
4
R A :
— A1 @i (x;)tanh <]‘¢%EXI)Z'> (20)

where ki, 71 and ) are positive design parameters.

Substituting (20) into (19), then we have

~

. Ao - _
V1SAM%MMWM*Mmﬁ%fWW@W%
1
1 2 2
+ Z (bmax+ l)zl + (bmax + ])Ml
A y) x1)z
—  gi1(x1)ziA1 @1 (x1) tanh (11%5(11)1>
Ain
+ bmm4y2 91 (xl) 91 (xl 1] +')/2(D1 [0}
+ g1 @r (1) [zl + brmin A @1 (x1) 21 |
b
+ bmaxz%+ n:lx 2‘i»bmale
b 3
+ -2 (pzyz +p; ' M3)
- bminfﬁllnln — brnin Ty 112112 (21)
. 2
Define zz1 = A11¢4 (x1) ||z1]|| — tanh (W)
1
Since we have the following inequality
g1(x1)zz1 < g1(x1)01 < bnax 01
The adaptive law is proposed as
A = [901 (x1) ||zt — o1 (in —lf)])} (22)
A 1 - _ N
Az = T2 [47/29{ (x1) 8y (x1) 2] — O12 (/112 —lf)zﬂﬁ)
1

where ;1 and &) are positive design constants, A and 1{,
are initial values of A;; and A;, respectively.
The following conclusion can be derived

~ /a 2
111(111—/1?1) < lu"’ (111 )T 24
A 2
A2 (112 - l?g) < 112 +5 (112 As)”(25)

Finally

. 1
Vl < - {klbmin - Z (bmax + 1) 2bde:|
1 bmax 1 2
l:‘Cz 4 P12
b
ol
1 % 1 P
- Ebmin511/1121 - Ebminfslzllzz + P
b
< —061V1+7126017601+P1+%Z% (26)
where
1
2 klbmin - Z (bmax + l) - 2bmax) )
04 = min b (27)

1
2 Tz_rz-ax_pl> 761171“5127]2



and
Dmin /4« 2 bmin /4 4 2
P = I;m(ln—lf)l) ‘*‘7;111(112—1102)

+ 7p1 1M2 +(bmax‘i’l)lwl +bmax61

(28)
Step 2 Taking the derivative of z; and using (7), we have
Zz Z)Q—az ZX3—O£2 (29)

Define z3 = x3 — 03 and o0g.is the virtual controller and let
it pass the first-order filter o;.

7303 + 03 = 03¢, A3 (0) = 03 (0) (30)
Define y; = a3 — 03, then
Y3 =l dae = — 2 — i, 31)
3
The virtual control is designed as
e = —knto (32)
The derivative of z; is calculated
L = -0t =nB+y3+03—
= —khontzt+y (33)
The Lyapunov function candidate is selected as
B=Vit s (@B+3) (34)
The derivative of V5 is calculated as
Vo = Vi + 252 + 33 (35)

It is worth noticing that

niH = n(—kn+z+ys)
1 1 1 1
2 2 1.2 2 1.2
< —kzp+ §P212 + Epz 3+ §P312 + Epg Y3
. y3 .
y3y3 = )3 <— - 053c)
T3

1
< —*ya +3 P4)’3 + P4 M3 (36)
Using the conclusion (26), we have
Vi = Vit 4y

b
< —061V1+712001T0)1+P1+%Z%
I DN LR T S T S S
- k222+*P222+*P2 BT 5P T5P3 )3
1
- *)’3+ P4)’3+ P4 M3

1 1 b
—ouVi+ 7o o — (kz — P2 5P max) )
.
(%) 2P3
where P, = P| + p4 Mz

Step 3 Similarly, taking the derivative of z3 and using (7),
we have

IA

1 I _
- 2P4> i+ 5P2 'Z+P @37

23 =x3— 03 = f3(x1,X2,X3) + g3 (x1) 0, — 03 (38)

According to Lemma 1, we have

fr(xnx,xs) = 65(X)AsX
~ 21 +Ya
= 6(X)A3 | ntm
B+
= Ce305(X) w3+ vs (39)
A A
where Cg3 = ||A3]|, the normalized term A% = i A
143] Ces
21 B
and w3 =A% | 22 v3 =03 (X)A3 (yg+ o + 03).
23
The Eq.(38) could be derived as
23 =43 — 03 =Cp3603 (X) 03+ Vs +g3(x1) 8 — 3 (40)
Similarly we have
HV3|| Sbminz@l%(x) 41

where ),31 —bmm lva + o2 + 05| and @3 (X) =1+165]| and

/132 mmC63
The controller and adaptive law are proposed as

~

0 = kyz+03— 93( )01 (X)z3

Az
47/2

—  As193 (X)tanh <}”31(P3(X)Z3

5 ) (42)

Ay = 13 [<P3 (X) ||z3]l — 631 (131 —191)} (43)
A 1 - _ N
132 = 132 |:4’}/§ 93T (X) 93 (X) Z% — 532 (lj;z — 7L§)2>}44)

where k3, 03, T31, T32, V3, 031, O3 are positive design
constants and QLH and 7L32 are initial values of 131 and 132,
respectively.

Theorem 1: Consider the closed-loop system composed of
system (7), virtual controllers (20), (32), controller (42) and
adaptive updating laws (22), (23), (43), (44). All the signals
in the closed-loop system are uniformly ultimately bounded
(UUB).

Proof The following Lyapunov function is considered

1 s
Va=Vat 3 (F+buinty A +bmnti AB)  @45)

The derivative of V3 is
V3=V +2z383— bminfilial a1 — Bmin T3, dadsy  (46)

where 131 = )‘31 — 131 and 132 = 132 — 2,32.
Similar to the analysis in Step 1 and Step 2, the derivative
of V3 is

Vi < —W+rolo+polo+P (47)



b .
where P = P2 + P3, P3 = bmax& + r;m (A;l

bmin %
2 ()’32 - A'302) 2‘

-4’

1 1 b,
2 k) — —pr — — 0 — DX
o, (2 2P2 2P3 4 )7
Brax + 1 1
a3 = min 2| k3bmin — 21 5_§p2 ’
l l -1 l bmax+1 —1
n 2P TP T s )
bmin53l 7bmin832

By selecting appropriate parameters [25], a3 > o > 0 where
0 is positive constant.
Then we have
Vs <

oV + Pl + P (48)

where y= \/m, o = [0 a]'.

From (13), (29), (40), we begin with the } Z® subsystem
as

21 =gi1x2+Co161 (x1) 01 + Vi — X4
22:)52*062:)@,7 )

23 =830, + Co363 (X) 03+ V3 —
Z=H(z)=z

According to Definition 2 in [25], the conditions of ISpS
for the system ) Zw could be satisfied with the functions
i3(s) = % and &4(s) = y*s® of class K and we can get a
gain function ¥ (s). On the other hand, the } @7 subsystem
could be expressed as

ZZ(D:

(49)

o = Az
Y ws: a (50)
=A% | 2
<3
leading to
ol < v |l (51)

where y/ < 1. Then the condition of small gain theorem could
be satisfied by choosing ¥y < 1 so that the closed-loop system
is UUB. This completes the proof.

IV. CONTROLLER DESIGN FOR VELOCITY SUBSYSTEM

From (8), define the velocity tracking error z, =V — V.
Similar to Step 3 in attitude controller design, we design
the following controller

. A
d = —kav + Vd — 4}/2 GT ( ) 61 (XV)ZV
v (X0) 2y
— Aoy (X,) tanh (W) (52)

where @, =1+6,|, X,
j~vl

= [V,xl,)Q,Vd]T.
w00 (0 2] — 8 (A1 =23 )|
Ay = T széf (X,) 6, (X,) 22 — 61 (ivz—xfzﬂﬂ)

(53)
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Fig. 1. Altitude Tracking

where k,, 0,, T,1, T12, }/v, 1, Oy are Posmve demgn constants
and A°, and A} are initial values of A,; and A2, respectively.

V. SIMULATION

In this section, we verify the effectiveness and perfor-
mance of the proposed controller. The initial values of
the states are set as vg = 7850ft/s, hg = 86000ft, oy =
0.00645rad, 1 = 0, go = 0. The velocity tracks the step
command with 300ft/s for every 100 seconds. Meanwhile,
the altitude follows the square command with period 100s
and magnitude 1000ft. The reference commands of A, and
V, are generated by the following filter

he 0.16
he — (s240.76s+0.16)
Ve 0.16>
V. (s240.76s+0.16)2

The control gains for the dynamic surface controller are
selected as k, =5, k;, =1.2, k; =0.1, k; =20, kp =5, k3 =20.
Parameters for adaptive laws are selected as 7;; =0.1, §;; =35,
the initial values of A;; are set to be zero and ¥ = 0.6,
i=1,3,v, j=1,2. The filter parameters are selected as
7 = 73 = 0.1. The number of NN nodes are set as N; =5,
N3 =53, N, = 5* with their centers x;, X and X, being evenly
spaced in [—0.1;0.1], [—0.1;0.1] x [—0.3;0.3] x [—0.1;0.1]
and [7850;8450] x [—0.1;0.1] x [—0.3;0.3] x [-5;5].

The system performance is depicted in Figs.1-2 and the
control inputs are illustrated in Figs.3-4. It shows that with
the proposed controller the altitude and velocity can follow
the reference very well. The elevator deflection demon-
strated in Fig.3 exhibits larger input in the first period
than the second period since the system is not responding
at trimmed state. The simulation results shows that with
“Minimal Learning Parameter” the controller could achieve
good tracking performance for HFV in presence of unknown
system dynamics.
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VI. CONCLUSIONS

This paper presents the neural dynamic surface control
of hypersonic flight dynamics. The “explosion of complex-
ity” of back-stepping design is eliminated. The highlight is
that the attitude controller could greatly reduce the online
updating computation burden and it avoids the singularity
problem. Thus the algorithm is easy to implement. For

the

velocity subsystem, similar direct neural controller is

designed. Simulation with control oriented model of hyper-
sonic dynamics is presented to show the effectiveness of the
proposed algorithm.
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