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Abstract. Considering the potential unstable problem using Euler angle, the quaternion is used to
take its place in proposed method. What is more, A partial integrated guidance control (PIGC) model
is derived based on six-degree-freedom model to solve the guidance and control problems of
hypersonic vehicle in dive phase, the desired body rates is calculated in the outer loop as virtual
control signals by making use of the information of the state of vehicle and the relative motion
between vehicle and target, and the fin deflection signals is obtained in inner loop by using the sliding
mode controller to track the body rate commands. And the results of the simulation demonstrate the
effectiveness of the proposed method.

1. Introduction

Hypersonic vehicles have drawn various attention due to its high speed and maneuverability, and
have high value in military affair and civil area [1]. However, because of the complex aerodynamic
shape, high speed, and complicated flight environment, the aerodynamic and motion models of
hypersonic vehicles are highly nonlinear and rapidly vary in time, exhibit severe coupling and contain
various uncertainties. As the result, designing a guidance and control system may face great
challenges [2].

The dive phase is the last phase for hypersonic vehicles, so it is of great importance for whole
mission. The existing literature has done a lot of research on the guidance and control problem, and
applied so many theory on it. For example, optimal control [3], sliding mode control [4], backstepping
[5] ,dynamic inversion [6], nonlinear control methods, as well as Fuzzy control 1, predictive control
81 and neural network ! and other modern control methods. But most of them only focus on one side
of the guidance and control problem, this article tries to solve them together.

Traditional guidance and control system designing for missiles is always based on separation
theory 1% which means that the coupling between the guidance and control loop is neglected, and the
design of the two circuits is carried out independently, so the guidance loop doesn’t include the
information of attitudes and body rates. When the missiles and target have high relative velocity, the
guidance command may exceed the constraint of the control loop. At the same time, the control loop
also exclude the information of the relative distance and speed between missiles and target, which
leads to it unable to adjust the response speed according to the relative distance of the target.

This structure can’t adapt to the situation when the relative velocity between vehicle and target is
high. Integrated guidance and control only use single loop to realize the guidance and control system,
of course. it simplifies the structure and makes full use of the information of vehicle. However this
method fails to take the inherit separation between translational and rotational dynamics into account,
which brings the difficulty in application. IGC formulations ignore this fundamental feature by being
overambitious to generate the control surface deflections directly. Because of this, the tuning of
design parameters also becomes extremely difficult in IGC and quite often becomes engagement
specific as well, which is strongly undesirable. This is because the tuning process must be done in a
blind manner in such a way that it must lead to the generation of sufficient moments to turn the vehicle
toward the target without destabilizing the body rates. The preceding difficulty can be solved by
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retaining one the good features of the IGC framework. Note that to retain the philosophy and
advantages of IGC, this should be done by manipulating the 6DOF model directly, and there should
not be any lateral acceleration generation loop via an equivalent kinematic or point mass dynamics. In
fact, the proposed PIGC design concept does exactly that and hence, one can interpret it as an attempt
to combine the best of the two methods.A 6DOF PIGC scheme of the hypersonic vehicle in the dive
phase is proposed. The 6DOF dynamic and motion models are established, and a two-loop controlled
structure is applied in the deduction of PIGC algorithm: the outer loop get the desire body rates signal,
and the inner loop get the command fin deflection commands by tacking the signals from outer loop.

2. Mathematical models

2.1 Six DOF Model of Hypersonic Vehicle
The 6DOF dynamic model in the body coordinate system is given as follows 12131
U=wo,V-oW+F, /m-1t,9

V=ao,W-o,u+F, /m-t,g

W= o u—o,v+F, /m-t34

i, =(0SaC, + (1, —1,,)@,0,) 1

o, :(anCn +(1, - 1), )/Iyy

i, =(SCCy + (1 — 1)y, ) /1,

Where, F, = Lsina— N cosasin #—Dcosacos 3, F, = Lcosa+Nsinasin f+Dsinacos 3,

(1)

F,=Ncosfg—-Dsinfg, u v, w are the hypersonic vehicle velocity components, m is the mass of
the hypersonic vehicle, 9 is the gravity acceleration,« , £ are attack angle and slip angle, D, L, N are
the aerodynamic drag, lift, and side force, and are given as follow: D=0SCp, L=0SC,, N =qSCy |

Where, 4=050V is the dynamic pressure, 2 is the atmospheric density,V =u? +v2 +Wis the
velocity of the vehicle, S is the aerodynamic reference area Co,CL,Cn,Ci,Chand Cn are the
nominal aerodynamic drag, lift, side force coefficients, and the nominal aerodynamic roll, yaw ,pitch

moment coefficients respectively. Ix, Ly and I are the roll, yaw, and pitch moments of inertia,
respectively. a, c are the lateral and longitudinal reference length. All the basic data of the

hypersonic vehicle used in this paper can be found in[12]. @x , “y and @; are the body rates components
in body frame: Uz, 2, %2 are the elements of matrix Tei ,where Tei is the time varying
transformation matrix expressed by quaternion 9, %, 92,9 .The quaternions are given by [14]:

[do & Q3]T=%T1[a’x Wy a’zT (2)
Where:
0 0 O3
T, - o —Oz O
Gz Qo —%
O G G

The centroid kinematical equations of the hypersonic vehicle depicted in the ground coordinate

system are given below:
. . T T T
(% Vg 2] =Tglu v w]' =Tg[u v w] 3)
Where XgsYg1Zq Qe the components of the position vector of the hypersonic vehicle with respect

to the ground inertial frame system.
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2.2 Engagement Dynamics in the 3D Space
The strategy that makes the LOS angular rates converge to zero is adopted in this work to get signal
from outer loop. The 3D relative dynamics [* between the target and vehicle can be denoted as

follows:
r=yx2+y2+2?

Ap =arctan(z, /x,)

Jg = arctan yr/«fxr2 +2,° @)
I'=X, COSAg COSA, + 2, COSAg Sin A, + Y, SinAg

Ap =(2,COS Ay — X, SiN A, )/¥ COS g

Ag = (Y, COS Ag — 2, Sin g Sin A, — X, Sin Az cos 1, ) /1
Where: X =% —Xg, ¥y =Y: =Yg ,Zr =Z —Zg , % =% —Xg , Yy =¥ =Yg ,Zr =% — 15 ,and X, Y, Z are
the components of the position vector of the target in ground inertial frame system., r is the relative

distance between the vehicle and target, 45, Az are the azimuth and elevation angles of the line of
sight, respectively.

Z;

Figure 1 Geometry of the relationship between vehicle and target

3. Loops design
Figure 2 shows the structure of the partial integrated guidance and control method which adopted in

this work.
3D Oser Dy Oy 01010y Actuator 0y 0,10, Hypersonic
Engagemen Outer Loop Inner Loop Model Model [T
t Model
0y, 0, 0,
Information of States

Figure 2. Structure relationship between the outer and inner loop
3.1 Outer Loop Design
Differentiate Eq.(3) with respect to time once:
(% V5 23] =2l & 6 ] +Tglu v W] (5)
Where:
QoU —QgV+ QoW QU+ Qv+ QW —CU+ GV + oW —CsU — GV + W
Ty =| GgU+QeV—CgW  QoU—QV—CoW QU+ 0,V + W GoU —QaV + W
QU+ QV+ QoW QeU+ oV —QyW  —(QoU + 0V — QW QU + oV + QW
Substituting Eq.(2) into Eq.(5):
Tl & 6 &l +Te[u v W] 2T, o, o] +Telu v W' (6
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Where:
my; My My
Ty=| My My My
Mg Mgy Mgy

My = 2( 003 — G40z )V + 2( G0z + G0 )W

mlz=—2(qoqz+q1q3)u—(q§+q1 o -} )w
My = 2(40, — Ul )u — (g +7 — a3 — 3 )v
Myy = 2( 0,05 — Gt )V — (5 — o +a3 — a3 )w

My = 2( Qo0 — 00 )U + 2(Cols + Gyl )W

Myg = (0 — o + 07 — o )u—2(0g0s + G, )W
Mgy = (0 — o — a3 + 03 )V - 2( o0, — 0,05 )W
Mg, =(~05 +of +0 -

05 )u -+ 2( 0405 — Qo )W
Mz = 2( 0ol + 0,03 )u +2(

0ol — Gyls )V
From Eq.(4) we have:
[lA /IE] =T, +T5[xt—xg Ve — Vg zt—zg] (7
Where:
. . 2 . . T
T, =| 24pde tan 2g —2¢4, /v A% sin A cos A — 2¢ g [ |
| —=sinA,/rcos g 0 —C0S A, /rcos Ag
> | —sinAzcosA,/r cosAg/r sinAcsind,/r
To make the LOS angle converge to zero, the sliding mode surface is designed as follow:

. . T
s =[Sy S21]T = [AA AE] 8
And adopt the following terminal sliding mode reaching law:
.
S1g=— kS — ki, [|5‘11|dl sgn(syy) |512|dz sgn sy, )} (9)

Where, ki, , k, e R*?, 0<d,,d, <1need to be designed manually. Differentiate Eq. (8) with

respect to time once:
glz[gll S'21]T ZI:/.{A /.ﬁL.E]T =T, +T5[5<t Yt ZI]T _Ts[xg Vg Zg T

Substituting Eqg. (6) into equation above:
. o e T T L T
$=T,+Ts[% ¥V 2] -Thle, o, o] -TTglu v W] 2A-Blo, o, o]

Where:

A=T,-T,Tg[i v w]',B=TsTy, Thiswork aims to the fixed target, so % =y, =7 =0. Combine
Eq.(9) we get:

[a)xc Wy Wy ]T =B (A-3y) (10)

We can get the desired body rates signal which guide the vehicle to the target from equation given

above.

3.2 Inner Loop Design
Eq.(1) can be rewritten as

(&, &, ] =[al an am]' +E[5, & &] (11)

Where:
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KX 0 0 CI,l C|,2 C|,3
E = O Ky 0 Cn,l Cn’2 Cn,3
0 0 K, Cn1 Chz Chs
Sa . . .
K, = qISa , K, =c:— , K, _ a5 ,Cij i=l,nm, j=123are the coefficients respect to the first
XX yy 7z

power of fins deflection of the left elevon, right elevon and the rudder.
Al=(ly, =15, )@y, /1, +K,AC,
An=(1, -1, )o,0,/1, +K,AC,
Am=(ly =1y o0, /1, +K,AC,
Where, AC,,AC,,,AC,, are the remaining terms in the aerodynamic moment coefficients.
To track the desire body rates signal generated by outer loop, we design the following sliding mode
surface:
T T
Sy, = [521 Sy S23] =|:wx — Wy WOy — 0Oy O, _a)zc] (12)
And adopt the reaching law as follow:
. T
S2a=—KxS; — Ky, [Sgn (S21) sAN(s) sgn(sy )] (13)
Where, k,, , k,, e R>® are the design parameters. Combining Eq.(10) we can obtain the desired fin
flection command:
T 1 - . . T T
[0 O O] =E 1(32d +ae @y @] —[Al A0 Am] ) (14)
Considering the response delay of the fin actuators, the actual left elevon, right elevon, and rudder
deflections J, , J¢ , S, are treated as the inputs of the second-order fin actuators that yield the actual
fin deflections &,,5,, Sr applied to hypersonic vehicles.
5 + 2w, 5, + 025, = 5, i=a,er (15)
Where, o, =20Hz the natural frequency of the fin actuator, £ =0.7 is the damping ratio .the domain
of the fin flection is (-2o°,20°) ,and the maximum fin deflection rate is1gg° /s -

4. Simulation

4.1 Simulation Conditions and Parameters
All the initial conditions and the design parameters are listed in table 1.
Table 1. Initial value of the flight

Xgo /M Ygo /M Zyo /M .
casel 4000 22500 2000 5
case2 0 25000 0 5

w, ! 7o ! V,/m-s™ al’
casel 2 -5 2400 3
case2 -5 -10 2500 0

B,/ oyl s ol s oyl st
casel -2 -6 6 4
case2 0 5 5 3

The initial value of the quaternion [0 %o o ng]T can get from the following equation,

where ¢ ,, , 7, are the initial pitch, yaw and roll angle.
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cos 22 cos 0 cos 22 — cos 20 cos X2 cos 20
2 2 2

90 05 Y0 5in 70 4 gin 20.5in Y0 cos 20

oS
;
[%o Oio Y20 Q3o] = o " Y% 0 v y
cos—2sin =2 cos £ 5 +sin22 cos —2sin 2%
smﬂcosﬂcosy2 —cos 2sinYosin 7o

The initial velocity components of the vehicle[UO Vo W ]T are given by the following equation:

o Yo Wo] =Tay[Vo O O]T, where:
COSa,COS iy  Sine —COoSay,Sin 3
Tgy =| —Sinaycos B, cosey  Sinagsin £y
sin 3, 0 Cos 3,

Set the target position as follow: x, =150000m, y, =0m, z, =30000m ;the design parameters in this
paper are given by: d, =d, =0.6, k;; =diag(0.015,0.02) , kj, = diag(0.005,0.005) , k,, =diag(1.5,1.5) ,
k,, =diag(0.0015,0.0015) .

4.2 Simulation results

Three-dimensional trajectory

><104 [
Case 1
2.5 Case 2
+ T t
2 L * arge
- )
15 —
E || ;
> 1. -l !
] |
05 H {
|
% |
0 % [
o~ 3
N AN £ ~ 2
10 0
x 10" 4 x 10"
Z(m)
X(m)

Figure 3 Trajectories of the vehicle in 3D space
In Fig.3 the red and green lines represent the projection of the two dimensional trajectory of

hypersonic vehicle on XOY and XOZ surfaces respectively.
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Figure 4. Curves of the angle of attack and Figure 5. Curves of the body angles.

sideslip.
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Figure 6. Curves of the fin deflections.

Advances in Computer Science Research, volume 70

Relative distance
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Figure 7. Curves of the relative distance.

Fig.4-6 give the simulation results, and we can find the states of the vehicle are steady, and the fin
deflections are small and within the limitation of the actuator.

Th

is paper gives different initial conditions, through the simulation we can see the hypersonic

vehicle to the accuracy of the 3.484m hit the target in Fig.7, and the same GHV model and using the
IGC method based on literature [16], the accuracy of 6.562m, using this method can improve the
accuracy, and the state of aircraft and the rudder angle changes stable during the flight.

5.

Conclusion

In order to solve the guidance and control problem of hypersonic vehicle, the model of six degrees
of freedom of hypersonic vehicle using quaternion to avoid the instable problem in maneuver flight is

establ

ished .And this paper uses full information of the relative motion, PIGC method is adopted to

make the whole flight stable and reach a high accuracy.
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