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Abstract

This article addresses the attitude stabilization control of reusable reentry vehicle subjected to parametric variations and
environmental perturbations. The nonlinear kinematic model of the vehicle is discretized and bluethen linearized using
the global feedback linearization. A discrete time linear quadratic regulator with proportional-integral gain and disturbance
rejection (LQRPI + D) is proposed to stabilized the system. The control formulation is based on convex optimization feasibility
problem in terms of the linear matrix inequality. As illustrated by numerical simulations, the proposed technique provides

better results compared to some existing methods.
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1 Introduction

Reusable reentry vehicles are capable of carrying out tasks
by flexible maneuvering on orbit [1]. The reusable reen-
try vehicles can be launched repeatedly, and have a lot of
advantages such as cost effectiveness, speed and so on [2—4].
Because of these advantages, the vehicles are of high impor-
tance in civil and military aspects. Nevertheless, during the
reentry process, the vehicle exhibits complicated coupling
effects, strong nonlinearities, uncertainties and external per-
turbations which bring challenges to the development of the
vehicle’s attitude control [5—7]. Furthermore, several strin-
gent constraints, such as dynamic pressure, heat flux, and
structured loads add more challenges to the control design
[8-10].

Over the past years, various control methods have been
suggested for the vehicle’s flight control. Earlier flight con-
trol problems were based on the linearized model of the
aerocrafts at a particular operating point. In [11-14], a LQR
has been designed to stabilized the reentry vehicle. How-
ever, this method is unsuitable for the multivariable and
highly nonlinear model of the vehicle. A more effective
control can be achieved by linearizing the model at dif-
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ferent operating regions based on gain-scheduling [15-18].
Although gain-scheduling approach can solve some vehi-
cle control problems, robustness and global stability of the
system can not be guaranteed, particularly in the event of
sudden parametric variations. In order to improve the nonlin-
ear performance of the gain scheduling method, a trajectory
linearization control was proposed in [19-22] and dynamic
inversion control method was utilized in [23-26]. Nonethe-
less, the downside of these approaches is poor robustness
against parametric uncertainties and modeling errors if built
poorly.

A good robust control performance of the reentry vehi-
cle has been achieved using the robust backstepping method
[27,28]. A command filtered backstepping control of a hyper-
sonic vehicle with dynamic perturbations has been studied
in [29]. A robust attitude control of reusable reentry vehi-
cle has been realized using the sliding mode control [30].
A fractional order sliding mode controller optimized with
pigeon-inspired optimization has been developed for attitude
control of the reentry vehicle [31]. In [32], a chattering-free
sliding mode control of the reentry vehicle has been pre-
sented. A high-order sliding mode control was proposed for
an uncertain space vehicle in the reentry period [33]. In [34],
a robust model predictive control of the reentry vehicle has
been investigated.

When the space vehicle is subjected to time-varying dis-
turbances, an adaptive backstepping controller was utilized in
[35]. In [36], an adaptive super-twisting sliding mode control
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was proposed for the vehicle in the reentry period. In [37], an
adaptive fast terminal sliding mode control with disturbance
observer has been designed for the reentry vehicle. In [38],
a sliding mode based disturbance observer was designed for
attitude control of a reentry vehicle with constrained inputs.

It is worth noting that the aforementioned control tech-
niques are in continuous time domain. Recently, the appli-
cations of computer controlled systems are increasing due
to the emergence of cheap micro-controllers with very fast
sampling rates [39]. Dynamic systems such as reusable reen-
try vehicle requires controllers with very fast sampling rates.
Therefore, discrete time control of reusable reentry vehicle
is an important area to explore. In [40], attitude control of
reentry hypersonic vehicle was achieved using a discrete time
backstepping technique. In [41], a discrete time sliding con-
trol of reusable space vehicle vehicle was studied.

Motivated by the aforesaid discussion, this paper inves-
tigates the attitude optimal control of the reusable reentry
vehicle subjected to external disturbances and parametric
variations. Contrary to [1,2,6-38], the nonlinear kinematic
model of the vehicle is transformed into a discrete time form
using the Euler method. Unlike [11-18] where the nonlin-
ear kinematic model of the vehicle was linearized near a
particular operating point, we linearized the model using
global feedback linearization. During the reentry phase, exact
linearization is not possible due to parametric variations, cou-
pled dynamics and disturbances. We modelled these effects
as constant disturbances and a robust LMI based LQRPI +
D is designed to tackle the problem. Unlike the robust con-
trol methods [27-41], a convex optimization is formulated
to compute the optimal controller gains. Comparing with the
conventional LMI based LQR, the innovation points of this
article are as follows:

1. We proposed a robust LQRPI + D based on LMI to sta-
bilized the reentry vehicle. This controller combines the
advantages of convex optimization, disturbance suppres-
sion and quick convergence.

2. The impact of the disturbances is penalized by including
a new cost term to the cost function.

3. In addition, a cost term representing the integral of the
deviation of the output from the equilibrium is added to
the objective function to minimize the deviation of the
output from the equilibrium.

This paper is arranged as follows: The kinematic model
of the reentry vehicle is provided in Sect. 2. In Sect. 3, the
LQRP, LRQP + D and LQRPI + D are designed. Numerical
simulations and discussions are given in Sect. 4. The research
is concluded in Sect. 5.

2 Mathematical modelling

The complete model of the reentry vehicle is shown in Fig. 1.
The attitude kinematic model of the reentry vehicle consists
of three degree of freedom translational kinematic subsystem
and three degree of freedom rotational kinematic subsystem.
The nonlinear model is obtained under the following assump-
tions [34,35]

1. The vehicle is unpowered rigid body.
2. Rotational effect of the earth is ignored.
3. Slow movement of the vehicle is neglected.

Then, the nonlinear dynamic model of the reentry vehicle
can be described as [34,35]
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Fig.1 The complete model of the vehicle [42]
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(-]xx - Jyy)-]xx + szz
Jxx-]zz - Jx2z
(Jyy - Jxx - JZZ)sz
Jxx-]zz - Jx2z

{x{y

¢y&z. (6)

where o, B, and p stand for the attack angle, sideslip angle
and bank angle respectively, g, L, m, 7, Y, and § denote
the gravitational acceleration, aerodynamic lift force, side
force, reentry velocity, flight path angle, and mass respec-
tively; Jyx, Jyy, Jzz, & Jy; denote the moments of inertia.
u=Iuxuyu Z]T represent the control torque. The kinematic
equations can be simplified as follows

2 = [ +s@)%. o

Ji =—c*JC +u.
where ¢ = [¢y ¢y ¢.]7 denote the angular velocity vector
and 2 = [ B u]7 is the attitude angle vector, < € RH3<3
is the skew-symmetric operator.

(=L 4+ mg cosé cosp)/(mV cosp)
(Y +mg cosé sinp)/(mm)
(tanB + tané sinp)L/(mm) — g cosd cosp tanf/m
+Y tané cosp/(mm)
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2.1 Discrete time model

The nonlinear model (7) can be transformed into a discrete-
time model using the Euler method [42]. If the sampling
interval is chosen as Ty, an approximate discrete time model
can be derived as

Q2(k+1) = (k) + T; f(£2(k)) + T58 (L (k) (k).

—1sx —1 (8)
Sk+1) =¢k) —J7 5% (k)JE (k) + Ts J ™ u(k).

2.2 Feedback linearization
Selecting the attitude angle vector, £2, as the output, and u
as the control input vector, the relative degree of the system
(7) is (2,2,2). By using the approach presented in [43], the
following equation can be obtained
RUk+2)=Q2*+ 1)+ T, f(2(k+ 1))

+ T8¢ (k + D)¢(k + 1).

@ Springer

=Qk+1)+Ts f(2(k+ 1))
+ Tyg(C(k + D)[E(k) — T e (k) I ¢ ()]
+ T2 (¢ (k + 1)J " u(k). ©)

Then, (9) can be rewritten as
Q2(k +2) = F(82(k), £ (k) + G (& (k)u(k). (10)
where

F(Rk), ¢(k) = 2k + 1) + T, f(2(k + 1))
+ Tyg(C(k + D)[Etk) — T~ o> (k) I ¢ ().
G(c(k) = Tg((k+1)J 7"

From (10), the following discrete-time strict feedback sys-
tem is derived

{X1<k+ 1) = Xa (k). an

Xo(k + 1) = F(£2(k), £(k)) + G (& (k)u(k).

where X (k) = 2(k), Xp(k) = 2(k + 1). Equation (11)
can be completely linearized using the following feedback
control law

uk) = G (k) [=F(R(K), (5)) + v(k)]. 12)

where v(k) = [vy vy vZ]T is the vector of the new inputs
to stabilize the linearized system. Using (12), the exact lin-
earized system is as follows

Xo (k).
v(k) + A.

(13)

X (k+1)
Xo(k+1)

Remark 1 In real situation, exact feedback linearization is
not possible due to the parametric uncertainties and external
disturbances affecting the vehicle during the reentry phase.
As such, A is added to (13) to account for the bounded dis-
turbances.

Equation (13) can be rewritten as

{X(k+ 1) = AgX(k) + Bov + "' A. a4

y(k) = CoX(k).

where X(k) = [X; (0T Xo(h)T1T € ®Ix0, Ay e RO*O,
By € RO3, ' e ®93 and Cp € M3*© are given by

A0=[g(l)}; Bo=[(1)]; F:[(I)}; Co = [10];

I =diag{l,1,1}.
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Remark 2 Using Matlab, rank([B AB])=6 which is the same
as the order of the system. Therefore, the linearized system
is controllable.

3 Control design

In this section, LQRP, LQRP + D and LQRIP + D are formu-
lated in terms LMI for the system (14). The block diagram
of the closed loop system is shown in Fig. 2.

3.1 LQRP design

In this section, a LMI based LQRP is designed for (14) with
A = 0. Consider the following cost function

J =Y "Iyf Oy + v{ Ruel. (15)

k=0

where QO > 0 and R > O represent the output error and
the control weighting matrices respectively. We go a head
to establish the linear optimal control law u (k) = LXj that
stabilizes (14) while minimizing (15). Assuming that the Lya-
punov function Vi has the following properties:

Vi =X MXy, M > 0. (16)
There exists ¥4 > 0 such that Xg MXy < 94.
Vi < —[XIcT QCX; 4 vl Rug). (17)

Then, (14) under vy is asymptotically stable and Jo, <
V(Xp). Using vy = LXg, one has

XI'[M(A + BL) + (A + BL)" MT1X;
< -X/1cTQC + LT RLIXy. (18)

Fig.2 The block diagram of the
optimal control of the reentry
vehicle

OPTIMAL
CONTROLLER

O, O

w=[wy v vz

If there exists L and M such that X; # 0, one gets

MA+BL) +(A+BL)MT +cToc+L"RL <.
(19)

The upper bound on the cost Xg MX can be minimized
for a given ¥ as

in ¥ bject to (19
ﬁf};{gL + subject to (19)

Equation (19) can be expressed as

v cTQ LTR
T=|%—-0x%0 <0. (20)
* * —R

where ¢ = M(A + BL) + (A + BL)" MT . Pre- and post-
multiplying (20) by diag{Y, I, I} and considering ¥ = M~!
and S = LY, the convex optimization of (19) is expressed
as

(AY + BS) + (AY + BT YQ YLTR

* -0 0 <0,
* * —R
9y g
|: I 0. (21)
The bound of the Lyapunov function is thus
19.;,_ Xg 19_;,_ T}g
|:* ey >0<s Y > 0. (22)

After attaining a feasible solution, one has L = SY Ly =
Y—l

3.2 LQRP +D

The LQRP designed in Sect. 3.1 does not consider the effects
of external disturbances and unmodeled dynamics. In order

FEEDBACK

REENTRY
LINEARIZATION VEHICLE O, Qe .
M CONTROUER |\ v =it
Y
O, et
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to account for these problems, a new cost term is added to
the cost function (15). The modified cost function is given
by

o]

T ="yl Oy + 2vf v — 4247 A). (23)
k=0

Letting R = diag[2 — A*]and Uy = [v] AT]7, we

get
o0

T =Y "Iy Oy + U RULL. (24)
k=0

We define the following Lyapunov function to ensure
closed loop stability

Vi = X! PX;, Vi >0. (25)

There exists © > 0 such that Xg PXp < 94+. Then, it follows
that

Vir1 < —[X! OXi + UT RUL. (26)

Equation (14) under Uy is asymptotically stable and Jo, <
Vi (Xp). Substituting Uy = HX}, into (26) yields

X/ [P(A+GH) +(A+GH)" PT1X;
< -X/10 + H"RHIX,. (27)

where G =
becomes

[B I'].If there exist H and P with Xy # 0, (27)

P(A+GH)+ (A+GH)'PT + 0+ HTRH <0. (28)
The minimization problem can be written as

min ¥4 subject to (28)
94, P.H

Using the same approach as the foregoing section, we have

(AZ + BT) +(AZ+ BT)" zCcTQ ZFTR
* -0 0 <0.

* * —R

9y 14
[* ZO] > 0. (29)

On reaching feasible solution, one gets H = TZ~!, P =
z-L

@ Springer

3.3 LQRPI+D

In this section, the LQRP + D formulation is modified by
including an extra cost term denoting the integral of the
deviation of the output from its initial state, 6 = fo y(T)drt
(6 = Cx). The discrete time equivalent of the integral of the
output can be expressed as

Ek+1 = CXk. (30)

where €;+1 = Or+1 — 6. The new cost function is given by

o
T ="y + el ex +ovf v — A2AT Al (1)
k=0
Introducing Uy = [vk AT, X = [Xk ek] we obtain
. AQ B r
X = C0X+ 0 v + 0 A,
= Ax + By + A, (32)
Equation (31) can be rewritten as
o
T =>"1x! Oxx + Ul RU). (33)
k=0
where
N cfc o A ol 0
Q‘[ 0 191]’ R‘[o AZI]
We consider the following Lyapunov function
Vi =X!I'PXy, Vi > 0. (34)

There exists ¥ > 0 such that Xo P xo < ¥4. Then,
Vigr < = Oxx + UL RULL. (35)

Using Uy = I:IXk, Vx # 0, we have

A

PA+GH)+(A+GH)TPT + 0+

A

HT'RHA <0. (36)

where G = [é r ]. The minimization problem is thus

min ¥4 subject to (36)

Oy P.H
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Based on convex analysis, problem (36) is converted to

(AZ+BT)+ (AZ+ BT)T 2zcTQ ZFTR
0

~

* -0 <0.
* * —R
D nT
Tl >0 (37)
x Z
A feasible solution gives H = Tz 1, p=27"1
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Fig.4 Side slip angle response

4 Simulation results

Numerical simulations are presented in this section to illus-
trate the efficacy of the proposed scheme. The simulations
are carried out using the LMI MATLAB toolbox. Moreover,
a comparison is made with an existing discrete time back-
stepping [40], discrete time sliding mode control [41] and
LMI based Hy, control [44]. The parameters of the reen-
try vehicle are adopted from [34]. The external disturbances
and parametric uncertainties are modelled as constants A =
[0.10.40.3]17. The weight matrices are chosenas Q = cfc
and R = 0.01.

The simulation results are presented in Figs. 3,4 and 5. The
response of the angle of attack is depicted in Fig. 3. Due to the
presence of the disturbances, the LQRP struggle to stabilized
the attack angle. The LQRP + D, Hy, sliding mode control
and backstepping are able to suppress the disturbances and
improve the performance of the LQRP. The LQRPI + D has
the least overshoot and converge to zero at a quicker rate. In
Fig. 4, the bank angle response is plotted. It can be seen that
the LQRPI + D provides superior performance compared
to the LQRP, LQRP + D, Hy, sliding mode control and
backstepping with respect to overshoot and settling time. The
sideslip angle response is shown in Fig. 5. The sideslip angle
is stabilized to zero at a faster rate under the action of LQRPI
+ D compared to the LQRP, LQRP + D, Hy,, sliding mode
control and backstepping. The superior performance of the
proposed LMI based LQRPI + D is due to its optimal gains,
disturbance rejection capability and integral action.

%10

T T I
LQRP
15 LQRP+D .
LQRPI+D
H-infinity
SMC

10F { Backstepping

4 (deg)

0 5 10 15 20 25 30
Time (seconds)

Fig.5 Bank angle response
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5 Conclusions

This paper presents LQRPI + D based on LMI optimization
to stabilized the attitude angle of the reentry vehicle, by con-
sidering the external disturbances and parametric variations.
The stability of the proposed controller is proved by Lya-
punov function. Simulation results illustrate that the LQRPI
+ D can mitigate the effects of the external perturbations and
enhance the vehicle robust control action. In addition, the
proposed LQRPI + D outperforms LQRP, LQRP + D and
Hoo.
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