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Abstract— In order to solve the problem of insufficient
aerodynamic moment caused by thin air in the re-entry stage of
hypersonic vehicle, this paper establishes an attitude angle
model of hypersonic vehicle with reaction control system (RCS),
and derives its affine linear model to decoupled the internal and
external loop. According to the dead zone and saturation
characteristics of RCS thruster, a control method to convert
continuous moment into discrete switching instruction using
pulse width modulation (PWM) is proposed. Since the number
of thrusters is usually redundant, the installation matrix of
thrusters in the body coordinate is established, and the
command moment is coordinately distributed to the individual
thrusters. Then a double-loop sliding mode controller (DSMC)
is designed to achieve attitude stability and trajectory tracking.
Finally, the simulation results show that DSMC has higher
maneuverability, fewer thruster switches and stronger
robustness to interference.

I. INTRODUCTION

The reentry hypersonic vehicle(HV) flies across the
atmospheric space of 25km~100km above sea level and at a
hypersonic speed more than Mach 5 with high maneuverability
and large flight envelope, which plays an irreplaceable role in
both martial attraction and low cost transportation between
space and the earth [1,2]. However, due to the low density of
the upper atmosphere and insufficient aerodynamic moment,
the jet thruster is necessary to provide extra moment.
Therefore, Reaction Control System (RCS) of reentry aircraft
should be taken into consideration [3].

In recent years, researchers mainly design the HV
longitudinal model's control system. Literatures [4,5] use
backstepping sliding mode control to finish the maneuvering
task by using the pneumatic rudder surface, but the thin
atmosphere has not been considered. In literature[6,7], both of
them mention terminal sliding mode control (TSMC) method,
while the former detailed calculated longitudinal model of
TSMC surface coefficient and control, which realize the fast
track of longitudinal velocity and height, the later one fully
demonstrated the HV 6-DOF model, taking attitude angle as
the controlled target and finally the error is reduced to 0.03<

At the same time, many scholars considered the shortage
of aerodynamic force, they use rudder surface and thruster
together, designing hybrid RCS and to reasonably distribute
moment. Through engineering experience, the distribution law
is sufficiently demonstrated in literature [8] by using fuzzy
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logic control method. In literature[9], a segmented function is
designed to distribute moment, and the RCS gradually exits
with the reentry process, so that the pneumatic rudder works.

In addition, [11,12] mentioned that the installation position
and angle of thrusters have different influences on the moment
generated by the center of mass, and the components of each
thruster are obtained to the HV through the decomposition of
thrust. In [9] it also discusses the hysteresis characteristics of
the discrete switch of the thruster, therefore PWPF is adopted
to optimize and reduce the switching times.

The purpose of this paper is to maintain the attitude
stability of HV reentry segment with RCS. Based on the
former mentioned assumptions, the following assumptions are
made [10]:

(1) The RCS thruster is installed in a fixed position and
provides a constant thrust, with only two switching states.

(2) Through the model simulation state ,50 km above the
upper atmosphere, air density is lower than 0.01 kg/m3 which
leads to the aerodynamic moment is far less than the thruster
(less than 0.1%).

(3) The HV attitude angle change rate is seriously coupled,
and the triaxial rotation must be considered comprehensively
for attitude stability.

According to assumptions above, analysis of HV RCS
dynamic system and controlling strategy for thrusters are
necessary for reentry segment stability. The remainder of the
paper is organized as follows. In section 2, attitude angle
model with RCS for HV is established. In section 3,
installation matrix and reform PWM for RCS are proposed to
convert expected moment to discrete moment on each thruster.
In section 4, the double-loop SMC algorithm is introduced to
stable the altitude angle. In section 5, verification simulation
analysis results are shown. Finally, Section 5 draws
conclusions.

Il. HYPERSONIC VEHICLE MODEL WITH RCS
A. Nonlinear Model for HV

The Winged-Cone model of HV is obtained as the basic
aerodynamic layout. Its airfoil contains triangular wing,
vertical tail wing, folding horizontal canard wing and
longitudinal lateral thrust vector [12], as figure 1.

On the basis of aerodynamic force, the aircraft model is
changed into RCS model, and only attitude Angle and angular
velocity are considered for description. The form is shown in
equation (1):
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Figure 1. Top and side views of the Winged-Cone aircraft
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Six state variables for the dynamic equation are x =
[a, B, 1, p,q,7]7, respectively as the angle of attack, sideslip
angle, roll angle, roll angle rate, pitching angle rate and yaw
angular rate. 1., represents the moment of inertia in the X-axis
direction in body coordinate system.

Different from the general model, the control force of this
model is divided into two parts,: aerodynamic moment and
RCS moment in which L, Y, Drepresent lift force, lateral force
and resistance, while T,..,T,,, T, represent the integrated
discrete force in the X, Y and Z directions of the body system.
Correspondingly, l,, my,n, and ly,., mp,., ny,. represents the
aerodynamic and RCS torques on the three axes of the system
respectively. The aerodynamic moment calculation is as
follows[3]:

D = qSCD

Y =qSCy

L= qSCL

lA = quC[
my = Myye = XegZ @)
Ny = Nypre = XegZ

1
q=5pv*

Where, Z represents the distance between
barycenter and press center while m,. and n,..; are
moment from thrusts in Y and Z direction.

B. Affine Model for HV
It can be clearly judged from the HV RCS model that the
system has strong coupling and is a complex nonlinear system,
which undoubtedly causes many difficulties in analyzing its
stability and designing control methods. Therefore, in this
paper, affine linear model is obtained by affine transformation,
and the attitude angle and triaxial angular rate are taken as state

variables to separate the fast and slow control loops. The affine
linear form is as follows:
= fs + gsw + gsl(s + gsZTr (3)
w = fr+gsM,
Where, 02 =[a,ful" . w=I[pqr]" and &=
[8.,8,, 5, ]Tare the pneumatic rudder surface deflection angle,

T, = [T, Try,TrZ]T represents the vector of control force
provided by RCS. In the model, M, = [luero, Maero» Maerol”
are the roll, pitch and yaw moment , including Mgcs =
(Leert, Metri Neer )T @8 RCS moment vector control, which
shown as equation (4):

M, = g5 56 + Mgcs @)

Specific expressions of each coefficient g can be referred
to[13]. The main target of reentry control system is to assure a
suitable rudder angle 6 and RCS control strategy, to improve
the speediness and accuracy of the attitude angle 0 track its
expected value (2.

The pneumatic actuator and control of RCS for &, 3, i are
relatively smaller, which can be ignored in the affine model.
Eventually, the equation (3) can be simplified as equation (5):

N=f+gw
w=fr+grM, ®)

The two formulas have an obvious speed difference on the
time scale. With the theory of singular value perturbation, HV
reentry attitude control are divided into fast loop and slow loop,
serving attitude angle 2 = [, 8, u]7 as the slow system state
variables, and w = [p, q,r]" as fast system state variables.
Consequently, it is necessary to design separate control
instructions for two separate loops.

The target of slow loop is to obtain command angular rate
w,. based on expected attitude angle 2, and using £, to design
suitable control moment M, in the fast loop. Finally, moment
is distributed to rudder deflection angle §. and RCS thrust
M,.sto generate attitude control for the HV. The double-loop
structure is shown in the figure 2 below:
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Figure 2. HV controller double-loop structure
I1l. RCS THRUSTERS DESIGN

The RCS thruster is solidly connected to the aircraft body,
and there are only two states of switch. Therefore, thrusters
need to be installed in multiple directions in the HV to provide
triaxial moment. Meanwhile, the thrusters cannot provide
continuous moment, so the control law design is necessary to
make the continuous moment equivalent to discrete form.

A. Analysis of thruster installation mode

Due to the different installation Angle and position of
propeller, different thrust and moment will be generated.
Multiple thruster combined provide triaxial moment.

As shown in the figure 3, along the yoz plane of the body
axis, the thrust F and the Y-axis angle is a, and the vertical
distance from the center of mass is d. In the xoz plane, the
distance between thrust F and the center of mass O is L.
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Figure 3. Thruster installation model
According to the trig function, the thrust and moment of
the three axes can be obtained as follows equation (6):

FE, =0
E, = —Fcosa
F, = Fsina
M, =Fd (©)
M, = FLsina
M, = FLcosa

As can be seen from the above equation, when « is not zero,
control force will be generated on Y and Z axis, which not only
changes the flying attitude, but also makes the HV subject to
deflection force. Therefore, when controlling the X-axis
moment, a set of thrusters symmetric about the origin can be
used to eliminate the impact of additional Y-axis and Z-axis
thrust. However, when Y and Z-axis moment control is carried
out, thrust to the center of mass must be introduced, which
needs to rely on the self-stability of the HV or compensation
by symmetrical thruster. This part can be solved by control
algorithm.

Suppose the total number of thrusters of HV is N, where i
represents the label of the thruster. The Y-axis angle of each
thruster is a;, the center distance d;, the distance from the
center of mass L;, and the thrust F;. T,.si is the thrust
installation matrix for each thruster, shown as equation(7):

T.si = [0 —Fcosa; F;sina;
, . ()
F.d; F;L;sina; F;Licosa;]
T,cs is the installation matrix of the entire HV:
Tres = [Tresl  Tres2 TesN ]T (8)

At the same time, the state of the switch thruster only has
two states-on and off,, set the state matrix w,.; component
Ui Of each thruster can only be 0 or 1, where:

Upes = [Ures1  Upes2 Upcs 3]T 9)

Then, the triaxial thrust and triaxial moment generated by
the jet thruster are set as:

FMy.s =[Fe B, F, My M, M,]" (10)
The three matrixes are related as follows:
FM,cs = TrcslUyes (ll)

Thus, given the current thruster switch state, corresponding
thrust and moment can be obtained. In fact, in the process of
designing the control system, the expected moment will be
obtained firstly and the actual switch control will be solved in
reverse. However, a highly reliable RCS system thruster
design is redundant for the number of thrusters more than
degree of freedom, namely N>6. The installation matrix T..,
is irreversible, and the least squares solution can be acquired
by solving the pseudo inverse, as equation (12) shows:

uTCS = (TTCS)T [TTCS (TTCS)T] _1FMT'CS (12)

Finally, the expected moment of control is transformed
into a continuous thrust instruction for each thruster through
the installation matrix, and afterwards the continuous
instruction is decentralized by the method of pulse width
modulation.

B. Reformed thruster moment PWM

The RCS use thrusters for attitude control, which solves
the problem of insufficient aerodynamic force in the early
stage of reentry. Since thrusters can only provide constant
thrust and cannot provide variable torque, in order to meet the
output of command moment, switch instruction needs to be
divided into discrete cases. Continuous moment is converted
into discrete moment through pulse width modulation (PWM)
[14,15].

The basic principle of PWM control is that narrow pulses
(rectangles or trapezoids) with equal impulse but different
shapes have the same control effect when they are added to the
system with inertial link. The continuous moment is M (t), and
discrete moment is M. The width of the pulse for the n
sampling period is t,,, thus the principle can be explained as
following equation (13):

nT
M(t)dt = Mt
f(n—l)T " (13)
However, the solenoid valve, through the relay power on
and off leading to solenoid valve suction and release, mainly
controls thruster switch. Therefore, there is a delay between
opening and closing instruction.
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Figure 4. The thruster switching characteristic curve
As shown in the figure 4, each instruction period is T. In
the current period t=0s time to open the thruster, because the
relay is energized to attract the solenoid valve needs a certain
time 8T, the thrust F in a very short period of time from 0 to
the peak M. Afterwards, the thruster is in the on state until
the instruction opens at the time of instruction = + 8T, and the
instruction to close the thruster is issued. After the same
shutdown time, the thruster will return to O and end the
instruction cycle with the shutdown state.



According to the thruster response curve in figure. 4, it can
be obtained from the impulse equivalence that the area
surrounded by the moment profile and the time axis is the
impulse, So we use formula (13) to derive formula (14):

M, cs[(x + 6T) + (v — 6T)]
2

=M, T
(14)

c

M‘I"CS

The repeated opening and closing of thruster in each
instruction cycle is easy to cause fuel waste and mechanical
failure, so two special cases are considered to reduce the
number of repeated opening and closing.

As for the dead zone, when the aircraft is in the vicinity of
the command attitude angle balance, the command moment
obtained by the control rate may be very small, and the
propeller instruction finally obtained by pulse width
modulation will be opened only for a short time T < 6T as in
figure 5:
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Figure 5. The dead zone condition
In this case, the thruster moment has not reached the
maximum, and the modulating moment has not reached the
command moment requirements. Therefore, instructions need
to be set to open the time dead zone. Improved instruction
opening time as shown in the equation (15):

M. _T0,6T<T0<T
T T‘{ 0,7y < 6T

Secondly, we consider the condition of thrust saturation. In
the reentry HV design process, it is necessary to consider
whether the RCS thruster can provide sufficient control
moment. If a single thruster fails to meet the moment
requirements, multiple thrusters will be turned on and the
thruster will be kept continuously open, which is the
continuous opening state generated by the saturation of the
thruster.

When the instruction opens the time T, > T — 8T, it can
be used to prevent the thruster from being closed in the current
period and there is no instruction to open the thruster in the
next period. However, the instructed opening time t should
also be calculated for the next period to determine whether the
signal to close the thruster should be given within this period.

Considering the dead zone and saturation problems
comprehensively, the instruction opening time is divided into
three nonlinear functions according to the instruction moment,
and its expression is shown in formula (16):

To = (15)

MTCS

Ty ,0T <19 <T
0,79 <8T
T ,to >T —6T

M
To=—"-T 1=
MTCS

(16)

After installation matrix solution and improving PWM
method of thruster, the command moment M, is decomposed
into the opening time t; of each thruster in each period, which
can be directly used for the computer to send control
instructions.

IV. DoOuUBLE-LOOP SMC FOR HV

Sliding mode control (SMC) is a variable structure control
algorithm proposed in 1950s. Sliding mode control is a kind of
variable structure control method of nonlinear model. The
difference between this control method and other control
strategies is that the system structure is not fixed, but the
dynamic process intentionally forces the system to follow the
"sliding mode" trajectory set previously when the current state
of the system changes[16].

A. Asymptotically convergent SMC

The most traditional sliding mode control is the first order
sliding mode[17]. Considering the following nonlinear system,
a first-order sliding mode controller is designed to make the
system approach the equilibrium surface:

x=fx)+b(x)u, u€eR 17)

In this system, s(x) € R of the sliding mode surface is the
most commonly used linear function, and s(x) = cx. In this
case, the derivative of s(x) on the track surface of the system
is taken. If partlal P b(x) is non-singular, the SMC law

based on the approach law can be adopted. The surface and
derivation shown as equation (18):

$(x) =cx

(x) s ( )b( Y ] (18)

s(x)=c

fG) +

Constant velocity approach law $(x) = —nsig(s(x)),
n > 0 is adopted, we transform equation (17) into (18) to get
control strategy u as:

d
[ s@) flx)+ Lb(x)u] —nsig(s(x))

(19)

u= (65()() b( )> [OS(X) f(x) + = Slg(s(x))]

It is proved that the sliding mode surface can be reached
and the system is asymptotically stable by means of lyapunov
function.

Select lyapunov function V = 252, the derivation is V =

s$ = —n|s|, thus the motion of the system is always close to
the sliding mode surface, and can reach the sliding surface in
finite time. The system dynamics after reaching the sliding
mode surface will be uniquely determined by the equation
s(x) = 0. When using the linear sliding mode surface s(x) =
cx, the system state is asymptotically stable with respect to the
equilibrium point.
B. First order SMC for affine model

According to the HV affine model mentioned above, the
first order sliding mode control based on the constant velocity
approach law is made for the fast and slow loops respectively,
and the control law is designed.

The system equation as (20):



-O=]Cs+gsw+(Ps
W= fr+grM; + @f

@s and ¢, respectively perturbation interference in the
slow and fast loop, caused by uncertainty. Their upper bounds
are M, and My

C. Slow loop design
Select the integral sliding surface:

t
aszes+csfesd‘r
0

(20)

(1)

In the formula, e; = 2 — 0, is the error of attitude angle,
£, is control angle signal in the slow loop, ¢, is a weight to
adjust. We take the derivative of the sliding surface, and we
get equation (22):

05 = €5 + Cg€;

Ozs:(fs'i'cses_ﬁc)"'gsw-l'(ps
6s = F + gsw + ¢

(22)

Where, F; = f, + cse; — Q..

According to the control law of first-order sliding mode
control, the command angular acceleration is taken as the
control quantity of the system's fast channel, and the solution
is equation (23):

We = gs_l(ﬂc — fs —Cses — nsSig(o-s)) (23)

In the equation, n, > M, . It can resist the influence of
model perturbation interference and ensure the slow loop to
track the sliding surface movement.

D. Fast loop design

The design process of the fast loop is similar as above.

Firstly, we select the integral sliding surface:

t
O'f=ef+Cff
0

erdt
Where e; = w — w, is the error of attitude angle rate, w,
is control angle rate signal in the fast loop, c is a weight to

(24)

Roll Angle(y)

Angle of Attack(c))

adjust. We take the derivative of the sliding surface, and we
get equation (25):

df = (ff+cfef—o')c)+ngc+(pf (25)
df = Ff +ngc + (pf

Where, Ff = ff + Cfef - d)c.
Take the command moment as the control of the system's
slow loop, and get equation (26):

M. = g5*(ac = f; — crep —nysig(oy) (26)

Finally, the double-loop SMC control angular velocity and
control torque based on HV affine model are given by
formulas (23) and (26). Specifically, the . in (26) is derived
from (23) w, with direct derivation.

V. SIMULATION AND ANALYSIS

The reentry stage of hypersonic aircraft requires a
maneuver on the attitude to maintain a high angle of attack
attitude to restrict the speed, and to keep lateral attitude
stability. According to this requirement, RCS control system
of reentry HV is simulated and analyzed.

The initial condition of the simulation is:

x =y =1000m, H = 60km, v =4800m/s,
x=v=0, a=6° f=1° u=3° p=q=r=0,
Tox =Ty =T, =0, Iy =my =ng =0,

6, =0,=0,=0°

The reentry HV needs a high angle of attack to reduce the
flight speed, so the control command is:

a =45, B=0° pu=0°

In this paper, Simulink is used for simulation. Firstly, it is
assumed that HV is not subject to external interference and
only the thruster is used for attitude control. The simulation
results of its three axes are shown in figure 6. And the control
process is divided into two stages: approach sliding mode
surface and surface tracking.
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Figure 6. Double-loop SMC reentry HV simulation
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Figure 7. Double-loop SMC reentry HV simulation under interference

In the approaching period, the three attitude angles reach
the expectation within 0.7s. The angle of attack and sideslip
angle appear overshoot and immediately rebound to
equilibrium. And in this time, the thruster performs frequent
switching operations to complete the task of rapid maneuver.

In the sliding period, the attitude angles keep still and the
thrusters open occasionally to adjust tiny errors. Due to the
reformed PWM, the short period of opening control is
neglected, which reduce the meaningless short-time opening.

In order to compare and analyze the anti-interference
ability of double-loop SMC, the interference moment that
obeys gaussian distribution is set in all three axes, and the
simulation is carried out in this case. The results are shown in
figure 7.

In the disturbed state, the insensitivity of the sliding period

near the equilibrium state to disturbance and rapid recovery
are very important.

While HV meets interference, the attitude changes, and the
system state is far away from the sliding mode surface. The
control command is generated to quickly stabilize the state.
Therefore, the thruster will be turned on repeatedly to resist
interference. According to the analysis in the figure7, the
attitude angle can always keep convergence and does not
enlarge with the coupling of the three axes, so it has good
stability

CONLUSIONS

This paper studies the reaction control system (RCS) of
hypersonic vehicle (HV) reentry segment. Based on the Wing-
cone model, we establish the attitude angle motion and
dynamics equation, and constructs its affine linear form,
giving the control system designing scheme of decoupling
control of fast and slow loop.

According to the characteristics of RCS thruster, the
thruster installation matrix in this system is obtained, and the
scommand moment is distributed to each thruster with
quantitative redundancy in the form of pseudo-inverse solution.
An improved PWM algorithm is adopted to calculate the
continuous command moment as the opening time of the
thruster. After optimization, invalid opening and closing
operations are reduced.

Then, Double-loop SMC algorithm is designed, and
control instructions for fast and slow loops are calculated
respectively, using integral sliding mode surface based on the
affine model. Under the condition of no interference and
interference, the simulation of the reentry RCS shows that it
can approach quickly in the approaching period and has the
ability of interference resistance in the sliding period.
Therefore, double-loop SMC algorithm designed in this paper
can complete the HV reentry attitude maneuver and attitude
stability tasks excellently.
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