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Abstract: A fault-tolerant control law based on adaptive super-twisting sliding mode control (SMC) is designed for
the attitude command tracking problem of a launch vehicle with actuator faults, considering the uncertainties arising
from unknown external disturbances, fuel consumption of the launch vehicle, and the perturbation due to the change
in rotational inertia caused by tank sloshing, as well as the potential system model changes due to actuator fault and
unmodeled dynamics. This control algorithm integrates the super-twisting SMC, the fuzzy logic control, and the
adaptive control. First, a super-twisting sliding surface is selected to mitigate the “chattering” phenomenon inherent in
SMC, ensuring that the system tracking error converges to zero within a finite time. Second, building upon this
sliding surface, the fuzzy logic control is used to approximate the unknown system function, which includes fault
information. Adaptive parameters are used to approach the system parameters and enhance disturbance rejection. The
stability and finite-time convergence of the launch vehicle attitude tracking control system are verified by the Lyapunov
method. Numerical simulations demonstrate the effectiveness and robustness of the proposed adaptive super-twisting
SMC algorithm.
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0 Introduction

In aerospace science, launch vehicles are key
tools for exploring deep space and have become a
strategic focus of scientific research and technologi-
cal advancement for many countries. Examples in-
clude NASA’s Ares series and China’s Long
March series' *'. These vehicles perform crucial mis-
sions such as manned spaceflight, scientific experi-
ments, and satellite deployment. Mission failures
can cause substantial economic losses and signifi-
cantly impact a nation’ s military strategy and diplo-
matic standing'*’. Therefore, ensuring the stable
and reliable operation of launch vehicles in the com-

plex and dynamic space environment is critical to
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aerospace engineering.

In control system design, launch vehicles face
several technical challenges, including significant
external environmental interference, complex and
uncertain dynamic models, and potential actuator
faults. To address these challenges, an efficient, ro-
bust, and highly fault-tolerant flight control system
is crucial. This system must ensure reliable launch
vehicle flights under various extreme conditions for
mission success.

Sliding mode control (SMC) , known for its
simple implementation, rapid response, and strong
robustness, has been widely used in areas such as

robot control, chemical process control, and aero-
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°71 However, SMC has drawbacks. Primari-

space'
ly, it uses a switching term based on a sign function
to suppress uncertain disturbances, often requiring a
large switching gain to cover the uncertainty bound-
ary. In practical applications, actuators possess sys-
tem, time, and space inertia, which prevents the
system state from strictly moving towards the equi-
librium point along the switching surface. This can
lead to high-frequency oscillations in the closed-loop
system, resulting in chattering. Chattering can sig-
nificantly impact control accuracy and, in severe cas-
es, even destabilize the system. To mitigate chatter-
ing, researchers have developed techniques such as
boundary layer control®’ and super-twisting con-

trol*’.

Boundary layer control, as described in
Ref.[8] , uses a saturation function, instead of a
sign function, to reduce chattering with compromis-
ing robustness, because the system state converges
only within the boundary layer. The super-twisting
algorithm (STA) , a well-known second-order slid-
ing mode algorithm introduced in Ref.[10], hides
the high-frequency switching function in the higher-
order derivatives of the sliding variable. This causes
the switching control law to consider an integral
term based on the switching function. Since the inte-
gral acts as a filter, it effectively suppresses the
“chattering” inherent in SMC'”. In Ref. [11], a
novel adaptive super-twisting global integral termi-
nal sliding mode control algorithm was proposed for
trajectory tracking of autonomous robotic manipula-
tors with parametric uncertainties, unknown distur-
bances, and actuator faults. The system’ s stability
was demonstrated by the Lyapunov method, and
simulations confirmed the control scheme’ s effec-
tiveness. In Ref.[12], an adaptive proportional-inte-
gral-derivative (PID) SMC technique, combined
with a super-twisting algorithm, was used to stabi-
lize a rotary inverted pendulum under external distur-
bances. The Lyapunov stability theory verified the
system’ s stability, and simulations provided valida-
tion. In Ref.[13], an adaptive gain super-twisting
SMC method was employed to address the tracking
control problem of an unmanned surface vehicle
with twin hulls. This method was verified to have a

suitable control performance despite uncertain loads

and external disturbances. In Ref.[14], a new type
of disturbance observer was combined with super-
twisting sliding mode technology to enhance the per-
formance of a permanent magnet synchronous mo-
tor speed control system, forming a composite con-
troller with feedforward compensation and state
feedback control. This composite controller estimat-
ed and compensated for the lumped unknown distur-
bance. Simulation experiments also fully verified the
effectiveness and robustness of the proposed com-
posite control scheme.

This paper introduces an adaptive super-twist-
ing sliding mode nonlinear control law for the atti-
tude control system of a launch vehicle with actuator
faults. A key contribution is a novel control scheme
with reduced requirements. This is achieved by in-
corporating the virtual parameter estimation error in-
to the Lyapunov function candidate. This approach
eliminates the need for detailed system parameter in-
formation for both control design and implementa-
tion, which is a significant advantage. The control-
ler strategically focuses on the relationship between
the actuator compensation magnitude and the actua-
tor performance, thereby circumventing complex
and costly fault detection and identification process-
es. This directly overcomes the limitation of fault-
tolerant control relying on the accuracy of fault diag-
nosis. Consequently, the proposed controller en-
sures the same level of precision in both fault and
fault-free conditions, demonstrating robustness.
Furthermore, the developed method demonstrates
rapid responsiveness in the event of abrupt failures,
which is a featured advantageous for practical appli-
cations and highlights its practical relevance. The
main innovations are as follows.

(1) The control law is designed directly for the
nonlinear attitude dynamic model of a launch vehicle
without the need for linearization of the model.

(2) In the design of the control law, not only
unknown external disturbances are considered, but
also the perturbation caused by the changes in the
moment of inertia due to fuel consumption and tank
sloshing of the launch vehicle, as well as the uncer-
tain terms and potential system model changes

caused by actuator faults and unmodeled dynamics
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present in the model.

(3) SMC has the advantages of rapidity and ro-
bustness, but traditional SMC contains a sign func-
tion, requiring high-frequency switching of control
signals, which not only imposes high hardware re-
quirements but also causes chattering in the system.
Super-twisting SMC incorporates integral action to
obtain the actual control value, without high-fre-
quency switching, thus avoiding system chattering.
Moreover, based on Lyapunov functions, it is prov-
en that the system can reach the sliding surface in fi-
nite time and ensure that the tracking error converg-
es to zero along the super-twisting sliding surface in
finite time.

(4) The super-twisting sliding mode nonlinear
control law, which is applied to single-input single-
output systems, 1is extended to multi-input multi-
output systems.

(5) This method primarily uses super-twisting
SMC and utilizes fuzzy logic systems to handle un-

known functions in the model.

1 Problem Statement and Prelimi-

naries

1.1 Launch vehicle attitude control system

model

A large launch vehicle is equipped with eight
engines, including four booster engines (actual de-
flection angles J87, &5, 85, &) and four core stage
5, 00,

as shown in Fig.1. The blue nozzles are fixed noz-

engines (actual deflection angles &7, &3,

zles, while the others are deflecting nozzles. The ar-
row direction indicates the direction of engine deflec-
tion. The launch vehicle has a three-channel decou-
pled control system. R represents the distance from
the booster engine to the rocket’s central axis and r
the distance from the core stage engine to the rock-
et’s central axis.

The relationship between the equivalent deflec-
tion angle of the three channels of the launch vehicle
and the deflection angles of the booster engines and

the core stage engines is

Fig.1 Configuration of rocket engines (view from tail)

5 o [
o=|o,|=0+o=Q|| |+ (1)

0% P

s, .

o 0}

where 0° represents the equivalent deflection angle
vector of the booster engine and ¢ the equivalent
deflection angle vector of the core stage engine; J,
d,, 0, represent the equivalent roll, yaw, and pitch

angles of the launch vehicle, respectively, and

L
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The control torque can be expressed as
u= B0 = — Pdiag((4R + 2r),
3(Xp—X,),3( Xy — X)) (2)
where B€ R*"° is the torque conversion matrix be-
tween the equivalent pendulum angle and the con-
trol torque; Xy the distance from the engine nozzle
to the top of the rocket; X, the position of the cen-
ter of mass; and P the thrust of each engine.
The attitude motion equations of the launch ve-

hicle can be obtained as

1 tan¢sing  tan¢gcos¢
Q=7(2)w=|0 cos ¢ —sing w (3)
0 sec¢gsing —sec¢gcosg

where Z (82) is the coordinate transformation matrix

Q=[¢ ¢ }/]TER3 the attitude angle vector, ¢
the roll angle, ¢ the yaw angle, and y the pitch an-
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gle; and w=[w, ®, w,] ER® the attitude an-
gular velocity vector of the launch vehicle.

For a certain large launch vehicle, by ignoring
elastic modes and considering fuel sloshing and aero-
dynamic torques in the disturbances, its rotational

motion model can be represented as'"”

0 —w, w,
Jo=—| w, 0 —w,|Jo+u+D (4)
—w, Wy 0

where J=diag(J,, Ju, J,,)ER*"’ is the inertia
matrix of the launch vehicle; « € R® the control
torque vector; and D=[D, D, D,]" the un-

known disturbance vector, including uncertain
terms and external uncertainties caused by unmod-
eled dynamics of the system, changes in the mo-
ment of inertia due to fuel consumption of the
launch vehicle and sloshing in the tanks, etc.
Letz, =8, 2,=Z(82)w, then the dynamics
model of the launch vehicle can be represented as
T, =X,
z,=fi(x,x,)+ fo(x))u+d ®)
where the specific forms of fi(x,,x,), fo(x,) and d
are
fl(xl,xz)ZZ'(xl)Zfl(xl)x2+Z(xl)
F(Z (x))x,)
fla)=2Z(z)J !
d=7Z(x,)J'D

1.2 Launch vehicle attitude control system

model with actuator faults

1.2.1 Launch vehicle actuator fault model
This article primarily considers the two most
common types of actuator faults: Actuator efficien-
cy loss fault and bias fault. The fault model of the
actuator can be represented as'”
0,=p0+ 0 (7)
where p = diag( 0, p», p3) € R*"*° represents the ef-
ficiency coefficient matrix of the equivalent actuator,
oi=1,2,3) is the efficiency coefficient when the
actuator experiences efficiency loss, and 0<Zp,<1;
0=[0, 0, 0, ]T the equivalent bias vector for bi-
as-type faults, 0(7=1,2, 3) is the bias amount of

the three channels when the actuator experiences a

bias-type fault. The fault model in Eq. (7) repre-
sents three scenarios: (1) No-fault condition: p =1
and = 0; (2) bias-type fault condition: p =1 and
07 0; (3) efficiency loss fault condition: 0<Zp<CI
and = 0.
1.2.2 Launch vehicle control system fault model

According to Egs. (2,7), the fault model for
system (5) is

T, =X,

i2:fl(l'1yxz)+fz($1)3(3\f+d (8)

where the specific forms of fi(xy,x,), f:(x,) and d
are as shown in Eq.(6).

Remark 1 The fault issues considered in this
paper are of the limited type. Due to the redundancy
of the eight engines, after a fault occurs, the equiva-
lent three-channel actuator still possesses a certain

degree of control capability.

1.3 Launch vehicle attitude tracking system

model with actuator faults

This paper studies the command tracking prob-
lem of the attitude control system of a launch vehi-
cle with actuator bias and efficiency loss faults. The
attitude angle tracking command is denoted as x,,,
and the corresponding tracking error as e, —
X, — X4, thatis e,=é,=x, — x,,. Therefore, the
system (8) can be transformed into the command
tracking error system

e =e,
6= =Xy — T1y— (9)
fl( «lexz) jsz( Iy ) Bb‘f+ d— T4

Remark 2 This paper takes the control sys-
tem of a rocket with eight engines as an example to
describe the modeling process of the launch vehicle
control system, and ultimately derives the com-
mand tracking error system model. In reality,
whether it has eight or six engines, the main differ-
ence is only in the specific transformation matrix in-
volved in the control torque, and the rest are the
same. Therefore, the command tracking error sys-
tem described in this section is universal and appli-
cable to the attitude fault-tolerant control problem of
launch vehicles with different numbers of engines.

Throughout this paper, the following assump-
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tions and lemma are introduced, which are needed
in the sequel.

Assumption 1 The attitude angle command
signal 1s continuous, and its first two derivatives are
uniformly continuous and bounded'*".

Lemma 17" Define a function F(A) in a
compact set {2, for any positive number e, there ex-
ists a fuzzy logic system that satisfies

F(A)=W'S(A)+ E(A) |£(A)]<e (10)

where £(A) represents the approximation error;

T . .
W=[w, w, - w,] €R"thedesired weightvector;

[51(A) s2(A) e

ﬁsx A)

T

su(A)]

S(A)= the fuzzy basis

—(A—z;)" (A—z;)

J J

&

)

function vector ;s,( A)=-exp

.
m>1, j=1,2, ,m; z,=[21 2p 2, ] and
¢ represent the center and the width of the basis

functions, respectively.

Lemma 2 (Young’s inequality) a,b>0,
1 1
—+ —=1, then
r g
» b
ab<“+ (11)
b g

where the equality holds if and only if «* = 4.

Lemma 3 Consider a nonlinear system
a(t)=/f(x(r)), where x(¢) represents the system
state and f(+) represents the nonlinear function. If
there exists a positive definite continuous function
V (x(t)), which satisfies

V(iz())<—mV'(x(t)) (12)

where m >0, 0<»<T1, then the system is said to
be finite-time stable.

Lemma 4%

Consider a nonlinear system
a(t)=/f(x(r)), where x(¢) represents the system
state and f(+) represents the nonlinear function. If
there exists a positive definite continuous function
V (x(t)), which satisfies
V(iz()<—mVi(x(t))+v (13)
where m >0, v>0, 0<{y<{1, then the system is

said to be semi-globally practically finite-time stable.

2 Main Results

The objective of attitude tracking control for a
launch vehicle is to design a controller that ensures
the attitude angle tracking error e, can converges to
zero within a finite time. For the system defined by
Eq.(9), this paper proposes an adaptive super-
twisting SMC law. By employing the super-twist-
ing SMC method, system chattering is eliminated.
Furthermore, to address system parameter varia-
tions, fuzzy logic control is utilized to approximate
the unknown system terms. Adaptive control terms
are introduced to compensate for disturbances and
approximation errors, thereby enhancing closed-
loop system stability and improving transient perfor-

mance.

2.1 Design of adaptive super-twisting sliding

mode fault-tolerant controller

The form of the super-twisting algorithm is as
follows.

According to the instruction tracking error sys-
tem of Eq.(9), the sliding mode surface is defined
as

s=cee, T e, (14)
where s=[s, s, ss]TGR3 and c=diag(cy, ¢, ¢5)E
R*** are the parameters to be designed, satisfying
c,>0,1=1,2,3.

The sliding mode approach law is selected as

§=—2A+S-sign(s)+w=—a-sign(s) (15)
where A and a are the parameters to be designed,

A:diag(/l], /12, /13)6R3><3, a:diag(al, s, ag)e
1 1 1
R**°, with A;, a,>>0, S=diag||s,|%, |s.|?, |s:]% |E

RS, v=[v, v, v ] ER?, sign(s)=[ sign(s,),
sign(s,), sign(s;) ]"€R".

Based on the above information, a fault-toler
ant control scheme is proposed to ensure the asymp-
totic stability of system (9). The adaptive super-
twisting sliding mode fault-tolerant control law is
designed as follows.

For the attitude control system of the launch
vehicle (9) , if Assumption 1 holds, the adaptive

super-twisting sliding mode controller designed ac-
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cording to Eq.(16) ensures that the system tracks
the reference signal within a finite time, with the

control law as

o=(f(z)B) ( — ASsign(s))+
(fz(.Tl)B)l(l/ceg ;é;s)+
(fla)B) (—filana.)+
(fLx)B) (—filx)BO—d+ i) (16)

where
5iPSIT(A)S,(A)
E=|5P.5,"(A)S(A) (17)
5:P,S,"(A)S,(A)
The adaptive laws is defined as

P=s'S(A)S(A) i=1.2.3  (18)

2.2 Stability analysis

In the previous section, a new fault-tolerant
control scheme is developed. Then the stability of
the fuzzy system (9) with the designed controllers
(16—20) will be analyzed in this section.

Definexi=[¢ ¢ y] €R%er=[ey ei €],
6=[d, 4. 6,] and d=[d, d. d,] . The follow-
ing theorem provides the asymptotic stability analy-
sis for the system (9) with the proposed controller
and the adaptive laws in Eqs.(16—20).

Theorem 1 Consider the closed-loop system

(9). Suppose that Assumption 1 and inequalities in

Egs. (10—13) , command tracking error e,(7), 4,

and d of the system are uniformly bounded. More-
over, e,(7) converges to zero asymptotically within a
finite time.

Proof

Step 1 For the sliding mode approach rate
shown in Eq.(15) , the following Lyapunov func-

tion is defined
1 .
V,= ESI s (21)

It can be seen from Eq.(21), V,>>0 and by

taking the derivative, we can get

V,=s's=

1
.s‘,(/11| 51| ?sign(s,) — Jal-sign(sl )dzf)+

S

—

1
— A5, |2sign(s,) — Jaz'sign( ) dz) +

1
53( _/13| 83 PSign( S3 ) - Javsign( S3 ) df) -

*f91|51‘* 192‘32|* l93| 53|<
7(9]5] - l92527 19g53<

1 1
1 2 1 2 1 . 2

1

| =

—_

1 1 2

)

(22)

1

1
where A,>0, a,>0, so !9,:/1,.|s{|5+ja,.dz> 0,
9=min{J,,J,, 95} >0. Moreover, in the design

1
of the control law, V< —9V{, according to Lem-

ma 3, we can ensure that the attitude tracking error
converges to zero in a finite time along the super-
twisting sliding mode surface.

Step 2 For system (9), the Lyapunov func-

tion 1s defined as

1 . 1. -
V:ESIS"—EeIe"_

[
—_

3T 7 S R
~d'd+—Pi+—P;+—P:
de—O—4 1+4 z+4 3

(23)
where é:g— és d~:d— c;'and Pi:Pi_P,., “yr
represents the error between the measured value

wny

and the observed value; “¢” the measured value;
the observer.

Then the derivative of V satisfies

. IO - A 1 . = 1 - = 1 -~ =
V:ST‘\:*aTaded*E 1P1*E zpzii BPS

Do

(24)
The derivative of the sliding mode surface s in
Eq.(14) takes the derivative of 7 to get
s=ce,té;=ce,+fillx,x,)Hfolx))u+d— 3y
(25)
By inserting Eqs.(6, 7) into Eq.(25), we get
s=coe, T fillx,x,)+ folx)u+d— 3=
ce,tfilx,x,)+folx)B(pd+0)+d—i,~
ce;, + filx),x,)+ fol x,) B6 +
Fla)Blp—1)0+fx)BO+d— iy=
ce;+ filxy,x,)+ folx,) BO + F(A)+
F£lx) BO+d— iy (26)
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where
F(A)=[F,(A)) FJA,) F{A)] =
f(x)Blp—1)6 (27)
where
A=[A, A, A,]=

[-1'11, Ty, Iz, Ty Tias -71?1[(1]
In Eq.(27), F{A,;) is an unknown nonlinear
function, which this paper approximates using the

fuzzy logic control as
F(A)=[F(A) FJA;) F(A)] =
S(A)+s0.(A))
[ A)+ s,0,(AY) (28)
WiS(A)+ s505(AL)
Substituting Eq.(26) into Eq.(24) yields
VTS 06— dTd PP PP PP —
s"(cerstfil xy,x,)+fol ) BO)+
s'T(F(

A)+f2( I])Ba+d7‘i1(1)70~Tai

Lp.p, (29)
PRELE

By substituting Eqs.(16—20), we get

1
2

- x 1 - =z 1 -~ =
de*EPlP17§P2P27

V=s" (A°S-§1gn( $)+v— é’)+

s“(—ﬁ(xﬂBé—cZ—és)-f—
"F(A)+s" folx,)BO+s"d—

D S S IV 1 -~ = 1
4

7EPIP17§P2P27 PBP.%:

1 ~
sT(—AsSesign(s)+v)— ZsTE*

- ~ a1
slfz(.rl)Bﬂ—sld—Esls-ﬁ—
TF(A)+s" folx,)BO+s"d—
éTBszT(xl)s*czTS*

1 - 1 -
5 PisiSi(A4)S,(A) = P.siSi(A)S.(A)—

1 -~
EPg.s'ﬁsg(A)Sg(A) (30)
According to Lemma 2 (Young’s inequality) ,
we have
s'F(A)=s"[Fi(A)) F.A,)

51W1 (A1)+310'1(
5252(A2)+53W3 (

1)+52W7 (

)] =
A,)+
s)TL‘sU( )<

Sgp:ssg( A

where in an unknown variable P, = || W, || is defined.

Substituting Eq.(31) into Eq.(30), we get

V<_s"(— AS-sign(s)+v)— —s"E—

N N O
s‘fz(xl)BH—sId—Esls—O—

siPiST(AL)SI(A)+— $P.S:(A,)S(A)+

l\')\»—l

sTs el e+ €l
+—+
2 2

s"fi(x,)BO+ sTd — éTBTﬁT(II)s —d"s—

S;Z;P;;Sg( A:s)S:s( A:s)+

Do | = N\»—A

1 - ) ~ .
EPl-S%S:-(Al)S](A|)77[)25%5;(/12)52(112)7

1 D .2
EPL;SSSLI(As)Ss(As):

ite+e
-"T(*A'S°sign(s)+v)+¥ (32)

e+ el

where 1s a positive real number, denot-

ed as ¢.
Combining Eq.(22), Eq.(33) is
V<s"( — AS=sign(s)+v)+ <

1
1, 1, 1.\
— (2.?]+2.§§+25;§ +§<
1
i§vz+aj (33)
1
where 2, >0, a >0, so ¢ = Als]? +

Jafdz>0, 9 =min{Jd,, 9,9, >0, and there

must exist a real number @ makes @ =

1

1
1 1 B 1 2 1, 2
J|Vi:— (Z.s'f) +(25§) +<2.\‘§) +c.

That 1s,

1
—J9V?2+ @, and according to LLemma 4, it can be

in the control law design, V<

guaranteed that the system is semi-globally practical-

ly finite-time stable. Therefore, the sliding surface
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is reachable in a finite time, and due to the super-
twisting sliding mode characteristics, the attitude
tracking error converges to zero in a finite time.
Theorem 2 The system (9) is semi-globally
practically finite-time stable at the origin, with the
tracking error converging to a small neighborhood
around the origin in a finite time, and the upper

bound of the convergence time ¢, is

2 | 2 @
L, KO&[ (1=0) (1%)&} (34)

where 0 <<k, << 1.

Remark 3 The conclusion of Theorem 2 is

mainly based on Lemma 4 in Ref.[ 15]. The specific
proof process can be found in Ref.[15], and will

not be elaborated here.

3 Simulation Examples

This section presents simulation experiments
to verify the effectiveness of the proposed adaptive
super-twisting sliding mode fault-tolerant controller
for the launch vehicle. The experiments demon-
strate the controller’ s performance in the presence
of actuator faults and unknown disturbances.

In the simulation example, the total simulation
time 1s 60 s and the step length is 0.001 s. The spe-
cific parameter settings of the launch vehicle are
shown in Table 1'**'. The initial value of the attitude
angle and the initial value of the attitude angular ve-

locity of the attitude control system of the launch ve-
hicle are set as =[¢ ¢ y]TZ[O" 0° 9O°]T
and w,= w,= w,=0/((")=s'). The attitude track-
Ty =R,=

G(s)=

ing command

[—10° 10° 70°]", and the filter
0.04

s+ 0.4s +0.04

value of the attitude tracking command signal is the

signal 1s set as

1s used to smooth it, and the initial

same as the initial value of the attitude angle of the
attitude control system of the launch vehicle.

During the flight of a launch vehicle, the per-
turbations caused by unmodeled dynamic system be-
haviors, changes in rotational inertia due to fuel
tank sloshing and consumption, and other factors
are not necessarily constant disturbances. These un-
known disturbances may have fluctuations at any

time. Therefore, in simulations, considering the im-

Table 1 Parameters of the launch vehicle' >

Parameter Value
r/m 3.47
R/m 6.025
T/N 1200 000

I../(kg *m’) 2900 000
I,.1./(kg*m? 59 000 000
Xo/m 56.74
X,/m 66.667 8

pact of various unknown disturbances on the launch
vehicle’ s attitude control system, and based on the
common disturbance models of launch vehicles in
Ref.[21], the expression for external disturbances

such as effects 1s set as D=

0.05[sinz cos(2¢t) sin(Bz‘)]T.

aerodynamic
The controller pa-
rameters are set as ¢, =diag(1, 1, 1)ER***, 1=
diag(88, 88, 88)ER***, a=diag(5, 5, 5)ER*"",

To verify the effectiveness of the proposed
adaptive super-twisting sliding mode fault-tolerant
controller under different actuator fault situations
and types, two distinct fault conditions are consid-

ered.
3.1 Multiple engine actuator faults situation

During a launch vehicle mission, in addition to
the possibility of a single engine actuator fault, multi-
ple engine failures may occur simultaneously. For po-
tential multiple engine actuator faults, the following
fault scenario is considered. The system operates
fault-free before 20 s. After 20 s, booster engine 4 and
core engine 1 experience bias faults of —3° and —1°,
respectively. After 40 s, booster engine 2 experiences
an efficiency loss fault of 50% . The simulation results
are shown in Fig. 2. Figs. 2(a—c) depict the tracking
trajectories of the roll, the yaw, and the pitch angles,
respectively. Fig.2(d) shows the attitude angle track-
ing error curve, and Fig.2(e) displays the angular ve-
locity variation curves.

Regarding the aforementioned fault, analysis
of the engine layout indicates that the engine actua-
tor fault at =20 s and =40 s affects the three ax-
es of the launch vehicle to varying degrees. Simula-
tion results show that all three axes exhibit tracking
errors with amplitudes below 0.004 at the time of
each fault. Compared with results in Refs.[7,15],

the fault” s impact is less significant, and the pro-



No. 6 WANG Kejun, et al. Adaptive Super-Twisting Sliding Mode Fault-Tolerant Control of--- 697
— Roll angle referen(;e signal | — Pitch angle reference signal
B - -Roll angle actual signal B B - Bitch angle actial sighal
e Ay Eis = & <85t
g - \E 3 of g
%0 —6 - 3:“; .00 20.05 20.10 20.15 20; 3;6: R g 4 = g 80 i
= <
3 g : S
~ -8t ~ 2f — Yaw angle reference signal| = 75
- -Yaw angle actual signal
-10F 0 70F
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time /s Time /s Time /s
(a) Tracking trajectory of roll angle (b) Tracking trajectory of yaw angle (c) Tracking trajectory of pitch angle
2910 Roll angle T B ™ o W
~ - - Yaw angle 10 AN I ¢
< 0005+ —-Pitchangle | < 1077 o -7,
o T s N -7,
g o & 05 :I N \\ T N
S 0.000 Vs g R \
3 < 00 R
§ > C>\ o0
= -0.005 é) ~05F s
) e
-0.010 L 1 L L 1 < -1.0 1 1 L 1 1
0 10 20 30 40 50 0 10 20 30 40 50 60
Time /s

Time / s
(d) Tracking error of attitude angle

(e) Curves of angular velocity changes with time

Fig.2 Multi-engine actuator faults

posed adaptive super-twisting sliding mode fault-tol-
erant controller demonstrates superior control accu-

racy and robustness.
3.2 Engine actuator time-varying fault situation

For the engine actuator, given possible time-
varying faults due to external disturbances and
mechanism aging, we consider the following actua-
tor fault scenario. The system operates fault-free be-
fore 20 s. After 20 s, booster engine 3 experiences a
of 3+

0.5sin(0.5¢). The simulation results are shown in

time-varying bias fault, with a bias

Fig.3. Figs.3(a—c) depict the tracking trajectories
of the roll, the yaw, and the pitch angles, respec-
tively. Fig.3(d) shows the attitude angle tracking er-
ror curve, and Fig.3(e) displays the angular veloci-
ty variation curves.

Based on the identified fault and engine layout
analysis, the failure of booster engine 3 primarily
impacts the roll and the pitch axes. Simulation re-
sults show that both the roll and the yaw channels
exhibit tracking errors with amplitudes less than
0.003 upon fault occurrence. Compared with results

in Refs.[7,15], the fault’ s impact is less signifi-

Fig.3 Time-varying actuator faults
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cant, and the proposed adaptive super-twisting slid-
ing mode fault-tolerant controller demonstrates su-

perior control accuracy and robustness.

4 Conclusions

This paper proposes an adaptive super-twisting
sliding mode fault-tolerant controller for the attitude
control system of a launch vehicle, addressing un-
certainties arising from unmodeled system dynam-
ics, perturbations in rotational inertia due to fuel
consumption and tank sloshing, actuator faults, and
external disturbances. The designed controller en-
sures finite-time convergence to zero. Furthermore,
it mitigates system chattering using the super-twist-
ing SMC. In the presence of system parameter varia-
tions, a fuzzy logic system approximates unknown
system terms, and adaptive control terms compen-
sate for disturbances and approximation errors, en-
suring good robustness. Simulation results validate
the effectiveness, robustness, and good command
tracking performance of the proposed controller.
However, the method has limitations. This paper
considered only certain types of uncertainties, and
its robustness could be further improved for more
complex nonlinear uncertainties and time-varying
disturbances. Furthermore, the control method can
be combined with advanced techniques such as mod-
el predictive control to further enhance the system
performance and robustness. Moreover, the simula-
tions are based on ideal actuator models. Future
in more realistic

work should involve validation

hardware-in-the-loop simulations or even flight tests.
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