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Abstract; To solve the flight control problem for unmanned hypersonic vehicles, a novel intelligent optimized con-

trol method is proposed. A flight control system based on integral separated proportional-integral-derivative (PID)

control is designed for hypersonic vehicle, and an improved shuffled frog leaping algorithm is presented to optimize

the control parameters. A nonlinear model of hypersonic vehicle is established to examine the dynamic characteris-

tics achieved by the flight control system. Simulation results demonstrate that the proposed optimized controller

can effectively achieve better flight control performance than the traditional controller.

Key words: hypersonic vehicles; flight control; shuffled frog leaping algorithm; unmanned aerial vehicles (UAV's)

CLC number; TP273; 0321 Document code: A

0 Introduction

Hypersonic vehicles are designed to operate
over a range of flight conditions from low subson-
ic speeds to flight at high Mach numbers in the
uppermost part of the earth’'s atmosphere. The
research of air-breathing hypersonic vehicles po-
ses unique challenges. Control techniques are one
of the key technologies for these classes of air-
crafts. Several control strategies have been pro-
posed for the hypersonic flight vehicles. A robust
tracking controller was designed, which achieved
global exponential tracking control of a model ref-
erence system where the plant dynamics contained

varying parametric uncertaintiest'.

A controller
was designed for rotation motion dynamics of a
hypersonic vehicle, which contained inner-fast/
outer-fast loops nonlinear predictive control-

lerst.

A tracking controller for an air-breathing
hypersonic vehicle was proposed which used the
aero-propulsive and the elevator-to-lift coupling to

design controllers™.

However, these methods
are a little complex to be realized. Proportional-
integral-derivative (PID) control is still the most
applicable engineering method for flight vehi-
clest!.

Swarm intelligence (SI) is the collective in-
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telligent behavior of decentralized, self-organized
systems. Inspired from natural systems, several
artificial SI algorithms are presented, including
particle swarm optimization, ant colony optimiza-
tion, artificial bee colony algorithm, differential
evolution, artificial immune systems, which have
been widely applied to robotics and other engi-
neering fields. Shuffled frog leaping algorithm
(SFLA) ., originally proposed by Eusuff and Lan-
sey"”™ is another meta-heuristic SI algorithms in-
spired by biotic community. There are two analo-
gies for this algorithm. One is the frogs swarm
leaping on the stones to search for food by impro-
ving its memes. The other is a culture population
such as an earlier culture which develops an idea
such as pottery. Recently, SFLLA has been widely
used in engineering, for instance, parameter iden-
tification™, control of selective and total har-
monic distortion'™™ , fuel management!!®’, loss re-
duction and power generation of distributed gen-

]

erators-',

kinds of modifications for SFLA. To further im-

Meanwhile, there have been several

prove the local searching ability of SFLLA, a pow-
er law external optimization neighborhood search-

ing strategy can be adopted™®. Zhen, et al. pres-

[13]

ented a memetic algorithm and an improved
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SFLAM",

Authors apply a controller design methodolo-
gy here to an unmanned air-breathing hypersonic
vehicle, which uses an integral separated PID
controller to track velocity and pitch angle refer-
ence commands. Moreover, an improved SFLA
(ISFLA) is presented to intelligently optimize the
controller parameters which are difficult to be de-
termined.

The modeling and control problem of un-
manned hypersonic vehicle can be described by
the following equations, defining a non-linear lon-

gitudinal model of the unmanned hypersonic vehicle

v—Teosa =D gy D
m

. L+ Tsing g X cosy (2)
mV \%4
h =Vsiny (3)
a=q—7 o
q=M,/L, (5

where m denotes the vehicle mass, VER the for-
ward velocity, h &R the altitude, o« € R the angle
of attack, & R the pitch angle, ¢ & R the pitch
rate, TER the thrust, DER the drag, LER the
lift, M & R the pitching moment about the body
y-axis, and I,, the moment of inertia.

And

L=0.50V*sC, (6)
D=0.50V"5Ch )
T=0.50V"5Cy ®)

M,, =0.50V*sc[Cy(a) + Cu(8.) + Cul(] (9
where §, is the elevator deflection, and C; the
thrust coefficient
c, =[P L (10)
e trep i g1
Dynamic model of the engine is expressed by
a second-order differential equation
B=—2603 — &' B+ . an
where g is the engine throttle regulator variable,
and g, the throttle angle.
Flight control for unmanned hypersonic vehi-
cles requires a high degree of precision, and even
greater than that for a conventional aircraft in

most cases.

1 Basic Shuffled Frog Leaping Algo-
rithm and Its Improvement

In SFLLA, there is a population of frogs re-

presenting a set of possible solutions. The frog
group is divided into several subsets referred to as
memplexes, and each memeplex acts as an inde-
pendent culture. Afterwards, the selection strat-
egy of a submemplex in each memplex that the
greater coefficients are considered for the frogs
with better fitness functions is adopted. And
then, local search starts from the worst frog to
leap to the best frog in any memplex. After sev-
eral generations of each memplex, ideas are pas-
sed between memeplexes in a shuffling process.
The local search and the shuffling process contin-

ue until the solution criterion is satisfied.
1.1 Memeplexes partition

,F} of

frogs is initialized with position within the search-

A population X = {x;, f;,i=1, +

ing domain and sorted in a descending order ac-
cording to their fitness values where x; denotes
the i-th frog's position, and f; its fitness. The
position of the frog with the best fitness is repre-

sented as xy. Partition the population into m

memeplexes {Y,,Y,, -+, Y, }. Each contains =
frogs, and
Yi - [(Ij ’fj) | Xj — Titm(—1 9fj :fi+m<]—1> ’
j=1,,n] 12)

1.2 Memeplexes evolution

Step 1
around the best frog that may be a local opti-

Since the frogs tend to concentrate

mum, some members in any memeplex are con-
sidered as a submemeplex (including g frogs) to
avoid convergence to the local optimum. The
weights are assigned with a triangular probability
distribution.

_2n+1—19)
n(n—+1)

The frogs with higher fitness have bigger

b s, i=1,yn (13)

weights and will be selected in the submemeplex.
Step 2

leaps towards the best frog in the memplex, and

The worst frog in submemeplex

the new position is thus obtained by a leaping
step.
min{Int] ¥ (2% — 2%) Jsdmu
g =) o= (14
min{Int[ 7 (zf — 2%) ]+ — dmnax
if 28 < 2%

where x, xw denotes the best and the worst
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positions of the submemeplex, respectively,
Int( « ) the rounding function, d,., the maximum
step size allowed, r a random number, and % a
generation number. If the new position of the
worst frog is better than before, the position of
the worst frog is updated by
i =t 4 dt! (15)
Otherwise, the worst frog leaps towards the
global best frog, then in Eq. (14) xy is replaced
by xx. If the worst frog also cannot find a better
solution, a random position is generated for the
worst frog.
Step 3 Subsequently, the frogs are sorted in
a descending order according to their fitness. Re-
peat Steps 1—3 and evolve the submemeplexes

with G, generations.
1.3 Shuffle of memeplexes

After completed local search in each meme-
plex, all of memeplexs are shuffled, and the
frogs are reorganized in a descending order of fit-
ness. The population is repeatly divided into
memeplexs, followed by the local search process.,

until memetic evolution generation G, is obtained.
1.4 Improvement of SFLA
The improved SFLLA (ISFLA) is presented

in three segments as follows:

(1) When the SFLA is to solve continuous
optimization problems, the leaping step needs to
be modified into a continuous form. Hence the

" function should be canceled. Moreover,

"Int
boundary limitation for the leaping step should al-
so be canceled, and the substitute is the boundary
limitation of frog position, in order to guarantee
it in the feasible searching space.

(2) The partition strategy in the standard
SFLA is replaced by a random strategy, which is
realized by the following method: generating a
random number sequence, whose length is the
size of the frogs swarm; sorting these random

numbers, then the order sequence is obtained; se-

lecting in turn a number of frogs in this order se-

Jkp-ﬂ(gd -0+ k,,gj(ﬁd — O dt +kyy

0. =
lk,,,ﬁ(ﬁd — 0 +kag A

d(a/ * (9)

quence to form a memeplex.

(3) The evolution of submemeplexes in SF-
LA is the process of the worst frog to adjust its
position, which is insufficient learning for the
population, especially for the better frogs with fe-
wer learning chances. Therefore, the submeme-
plexes is canceled and accordingly all the frogs in
memeplexes can take part in the evolution. Fur-
thermore, the learning object in standard SFLA is
the best frog in submemeplex or in swarm. This
singularity may cause the algorithm to fall into
the local optimum. Therefore, in ISFLA frogs
can learn from any frog with a better perform-
ance.

According to the above modification, the lea-
ping step of the i-th frog is modified as

A" =t =2 i=1,2,-.n (16)

where x* is a randomly selected frog with the bet-
ter performance than x%. This strategy is benefi-
cial to avoid the local optimum and thus improve
the performance of entire group. And then the
new position of the i-th frog is
_jmin{xf +dv, by
N max{zt +d*", a}

The evolution of memeplexes is essenceially

an

k1
.TI‘

the process of mutual learning among the group.
So the performance of the whole frog group is en-
hanced after the internal evolution and the gap be-
tween the best frog and the worst frog are de-
creased.

The implementation flow of the ISFLA is

shown in Fig. 1.

2 Flight Control Laws for Un-
manned Hypersonic Vehicle

The flight control system of unmanned hy-
personic vehicle is composed of two control
loops. One is the pitch angle loop, and the other
the velocity loop. The control laws of these two
loops are designed based on the integral separated

PID control strategy, expressed by

d@, — o)

ds ‘(9(/_(9|<66

(18)
‘6d_6|>eﬁ
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Jkp_v (Vd — V) + k,,vj(vd - V) dt + kd.,V

B =
\lkp_v (VL] - V) + kd.V dt

To produce initial population and
evaluate fitness of each frog

¥

To sort population in descending
order of fitness

i«

To randomly partition population
into m memeplexes

-
-
o9

=

To update each frog's position according
to evolution strategy

To shuffle memeplexes and to sort in order
to decrease fitness

Fig. 1 Flowchart of ISFLA

It should be mentioned that the parameters
vector K=[k,yskigskagskyvskivskey] should be
determined in advance. Generally, the transfer
functions are established and the root locus tech-
nique is adopted to design the control parameters.
However, it is complex thus being hard to find
optimal or near optimal parameters.

Therefore, ISFLLA is used to optimize the pa-
rameter vector K. The flowchart of ISFLA de-
scribing the optimization process is shown in
Fig. 1.

3 Simulation and Analysis

To study the control performance of velocity
and pitch attitude of an unmanned hypersonic ve-
hicle in climbing flight, the vehicle is trimmed in
level flight at 3 500 m/s and altitude of 30 500 m,
as an initial flight state. The hypersonic vehicle is

desired to track the velocity and pitch attitude ref-

dV, —V)

d(Vd - V)

dz |V<1*V‘<€V

(19
| V,—V ‘>6v

erences initialized at 3 200 m/s, 5°, respectively.

For the proposed ISFLLA, the population size
is set as 50, and the number of the memeplexes is
5 and 10 within each memeplex. Three memetic
iterations in each memeplex and eight shuffling
process in population are performed. The pro-
posed ISFLA optimized integral separated PID
controller is compared with the traditional inte-
gral separated PID controller. For the sake of
fairness, a set of parameters in the traditional in-
tegral separated PID controller is considered as
initial candidate parameters in ISFLA.

Figs. 2, 3 show the velocity and pitch angle
responses by the manipulation of elevator and
throttle, under the integral separated PID con-
troller and ISFLLA optimized integral separated
PID controller, respectively.

The above simulation results show that the
proposed ISFLLA optimized integral separated PID

controller is characterized by a faster dynamic re-
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Fig.3 Pitch attitude response
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sponse, a remarkably smaller error during the en-
tire maneuver, and a higher steady error. Obvi-
ously, the improvement of control responses is
benefit from the optimized controller parameters

obtained by ISFLA.

4 Conclusions

A nonlinear and physics-based model of the
longitudinal dynamic model for an unmanned hy-
personic vehicle is established. An integral sepa-
rated PID control based flight control system of
the hypersonic vehicle is designed for longitudinal
maneuver control. The basic SFLA is modified
into a continuous form, therefore it can be used in
the control parameter optimization problem, and
the learning strategy is improved in terms of sim-
plicity and fast convergence. And then, the ISF-
LA is applied in control parameter optimization
for obtaining a near optimal control gains. The
simulation results demonstrate that the flight
control system can achieve excellent pitch attitude
angle and velocity tracking performance. Parame-
ter optimization problem of the whole flight con-
trol system of the unmanned hypersonic vehicle is

hoped to be solved in future work.
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