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ABSTRACT The thrust loss fault of the space launch vehicle is quite different from that of ordinary actuator
efficiency loss. Focusing on the attitude tracking control problem of the launch vehicle with thrust loss fault,
the special impacts of that fault on the control system are explored, and a two-stage control reconfiguration
strategy based on the cascaded pseudo-inverse allocation method and the neuron adaptive gain scheduling
method is proposed for faults with different severity. Meanwhile, a practical reconfigurability analysis for
the faulty system based on the control state reachability is presented for some representative fault scenarios.
Based on the nonlinear dynamical model of the faulty system, lots of numerical simulations under various
fault scenarios are finally carried out. The results indicate that the designed control reconfiguration strategy
not only can effectively deal with the thrust loss fault with high practicability but also is easy to implement.

INDEX TERMS Space launch vehicle, thrust loss fault, control reconfiguration strategy, cascaded
pseudo-inverse allocation, neuron adaptive gain scheduling, reconfigurability analysis.

I. INTRODUCTION
Space launch vehicle (SLV) is an indispensable vehicle for
aerospace activities. Due to its complicated structure and
harsh working environment, faults will inevitably occur in
it. Literature [1] investigated the launch failure cases of SLV
around the world during the period of 1984 to 1994 and
showed that the fault of rocket power propulsion subsystem
was the most frequent, the most prone and the most harmful
fault source. In recent decades, the number of the launch
failure case causing by the fault of the rocket power system
is still increasing [2]. For examples, in 2012, after the launch
of the SpaceX’s Falcon 9 carrier rocket in the United States,
the thrust of the No. 1 engine was abnormal, and redun-
dant engines were started in time to narrowly avoid a crash
accident; in 2017, after the launch of China’s CZ-5 launch
vehicle, one of the core engines failed to operate normally,
which caused the launch mission failed eventually. The con-
trol reconfiguration technology for SLV in the presence of
a faulty power subsystem is a key way to realize the soft
redundancy of SLV, which is of great significance to improve
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the reliability and safety of SLV and ensure the success of the
launch mission.

At present, the control reconfiguration is generally stud-
ied from the perspective of fault-tolerant control (FTC),
which has been widely applied to some safety-critical sys-
tems, especially in the field of aerospace engineering [3],
a large number of FTC methods have been proposed. The
most popular ones for control reconfiguration can be roughly
divided into the categories as: adaptive control [4]–[6],
control allocation [7]–[9], sliding mode control [10]–[12],
multi-model switching [13]–[15], and other nonlinear control
methods [16]. And the fault types considered in most studies
mainly fall on sensor fault, actuator fault and the fault of
structural damage. From this point of view, the fault of the
power system of SLV belongs to the actuator fault, which
can be further divided into some certain types: jammed,
floating swing and efficiency loss. Currently, there are a
variety of researches on the fault of the jammed or floating
rocket servo mechanism [17], [18], while the fault of thruster
efficiency loss that referred to as thrust loss fault (TLF)
later has been paid less attention to, which is quite different
from the fault of rocket servo mechanism or that of ordinary
actuator efficiency loss (the widely studied control surface
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fault of aircraft [19]–[21], for example). The common adverse
impact of TLF of the rocket engine is the reduction of the
actuators’ efficiency, resulting in slower dynamic response
and easier actuator saturation, while its different peculiarities
are described in detail as follows:

1) First of all, for the programmed guidance that generally
used in the design of rocket flight trajectory, the TLF is
bound to lead to a considerable deviation between the
actual flight path and the predetermined path, in which
case, an online reprogramming of flight trajectory is
indispensable to generate a new set of attitude control
commands to guarantee a successful entry into orbit.

2) Secondly, because of the change of flight trajectory
in the fault condition, the original flight parameters
(such as flight altitude, flight speed, and aerodynamic
parameters, etc.) greatly change accordingly resulting
in considerable variation of the system model, which
makes the controller design and the control parameter
tuning based on the nominal model have an unsatisfac-
tory performance or even invalid in some severe fault
cases.

3) Besides, in a faulty system with TLF, some special
external disturbances can be brought into the SLV
control system due to the imbalance between differ-
ent thrusts and the skewing of the SLV’s centroid,
which will exert tremendous disturbances on the atti-
tude tracking control system.

4) The last relevant point worth mentioning is that,
as the actuating component of the control system,
the rocket engine is more of a crucial component
of the power subsystem of SLV, therefore there are
many independent and elaborate researches on the fault
detection and diagnosis (FDD) technology of the aero-
engine [22], [23], which pay more attention to the
data-driven methods (statistical analysis or neural net-
works, etc.) rather than the model-based methods (state
or parameter estimation, etc.) using in the conventional
FTC systems [3], [24]. Therefore, it is unnecessary
to concern too much about how to obtain the fault
information to realize an active fault-tolerant control
(AFTC), which reduces the difficulty of reconfiguring
the control system of SLV to some extent.

In the above analysis, the special impacts of the TLF
are presented from the aspects of online updating control
commands, uncertain changing control model, considerable
external disturbances, and dissimilar fault detection meth-
ods, indicating that it is necessary to study the TLF of SLV
specifically. Unfortunately, there are few studies to place
emphasis on it. Literature [25], [26] focused on the impacts
of TLF on the flight path and compared various flight states
of SLV before and after TLF in the Matlab/Simulink envi-
ronment, but did not cover anything about attitude control
reconfiguration of the faulty system. Literature [27] utilized
the control allocation strategy based on pseudo-inverse and
fixed-pointmethods to reconfigure the attitude control system
of SLV when the actuators fail, but the obvious drawbacks

were the neglect of the special impacts of the TLF due to the
insufficient analysis of the dynamics of TLF, and the incom-
plete fault simulation for verification, in which only a less
severe fault scenario was simulated. Apart from the problems
in the current study mentioned above, to the author’s best
knowledge, most FTC methods for the over-actuated system
are mainly reconfigured from the perspective of control allo-
cation solely [8], [9], [28], namely, the idea of combining
multiple reconfiguration methods is rarely applied.

Therefore, focusing on the attitude tracking control system
of SLV with TLF, the specific impacts of the TLF on the con-
trol system are demonstrated from the perspective of time and
frequency domain through dynamics analysis and numerical
simulations, and a two-stage control reconfiguration strategy
combining the cascaded pseudo-inverse allocation (CPIA)
method and the neuron adaptive gain scheduling (NAGS)
method is proposed for TLF with different severity from
the aspects of the dynamic control allocation and the recon-
figuration of controller. Furthermore, by using the concept
of state reachability of the control system, a practical idea
of reconfigurability analysis for the faulty SLV system is
presented for some representative fault scenarios.

The rest of this paper is organized as follows. In section II,
the nonlinear dynamical model of a certain SLV is established
in consideration of the TLF. In section III, a two-stage control
reconfiguration strategy is designed and formulated. And
a number of numerical simulations of SLV under different
fault scenarios are presented in section IV. Finally, a brief
conclusion and future work are summarized in Section V.

II. DYNAMICAL MODEL OF THE FAULTY SLV
Fig. 1 shows the layout of the SLV’s first stage engines from
bottom view. Oxbybzb is the rocket body coordinate system
(CSYS). The four strap-on engines are symmetrically dis-
tributed around the rocket on yb and zb axises in Oybzb plane
and can be used for tangential swing. The two core engines
are diagonally distributed in the second and fourth quartiles

FIGURE 1. The bottom view of the engines of a certain SLV.
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inOybzb plane and can be used for two-way cross swing. The
actual oscillation angles of corresponding engines are labeled
by δact = [δzt1, δzt2, δzt3, δzt4, δxj1, δxj2, δxj3, δxj4]T and the
positive direction of each angle is indicated by the arrow
shown in the figure [17], [26].

Consider that the actual thrust produced by the faulty
engine is proportional to the rated thrust, and then the TLF of
the rocket engine can be described by the coefficient matrix
K=diag{kzt1, kzt2, kzt3, kzt4, kxj1, kxj2}, in which, ki ∈ [0, 1],
and ki = 0 and ki = 1 respectively mean the ith engine is
completely shut down and fault-free, and 0 < ki < 1 means
the ith engine’s thrust partly lose. In this way, the thrusts of
the faulty engines Pf can be given by

Pf = KP (1)

where Pf = [Pzt1,Pzt2,Pzt3,Pzt4,Pxj1,Pxj2]T , and P =
[Pzt ,Pzt ,Pzt ,Pzt ,Pxj,Pxj]T , in which, Pzt1 ∼ Pxj2 are the
actual thrusts of the corresponding engines respectively;
Pzt and Pxj are the rated thrusts of strap-on engine and core
engine at the current moment respectively.

To focus on the impacts of TLF on SLV’s dynamical char-
acteristics in the boosting flight phase, the modeling process
follows some reasonable assumptions:

1) Ignore the rotation of the earth;
2) The sloshing of the liquid fuel, the elastic vibration

of the rocket body and the wind disturbances are not
considered;

3) The fault cases involve the leakage of the rocket pro-
pellant are not considered;

4) The fault cannot be repaired automatically and will last
until the end of the flight mission.

According to the Newton’s second law and the moment
of momentum theorem, and considering the special impacts
caused by the TLF, the six DOF rigid body nonlinear dynam-
ical model of the faulty SLV is well deduced:

mV̇=−ωh×V+HB(Pf +F
f
C+F

f
ec)

+HAGf
+HV (R+Rd )

J�̇=−�×J�+Mf
P+M

f
C+M

f
ec

+Mf
G+MR+Md

ξ̇ = 0�

(2)

where m is the total mass of the SLV, V = [Vhx ,Vhy,Vhz]T

is the velocity of the SLV in the half-velocity CSYS; ωh is
the rotational angular velocity of the half-velocity CSYS
relative to the launch inertial CSYS; HB,HA and HV are
the transformation matrix from rocket body CSYS, launch
inertial CSYS, and velocity CSYS to half-velocity CSYS,
respectively; � = [ωx1, ωy1, ωz1]T is the angular veloc-
ity of the rocket body rotating around the center of mass;
J = diag{Jx , Jy, Jz} is the moment of inertia matrix;
ξ = [ϕ,ψ, γ ]T is the vector of attitude angles (pitch, yaw,
roll); 0 is the transformation matrix between the attitude
angular velocity and the rotation angular velocity of the
rocket body; Pf ,FfC ,F

f
ec,Gf ,R,Rd are the thrust force, con-

trol force, eccentric disturbance force, gravity, aerodynamic

force and aerodynamic damping force acting on the rocket
body, respectively; Mf

P,M
f
C ,M

f
ec,M

f
G,MR,Md are respec-

tively the torques corresponding to the above mentioned
forces.

Utilize the small deviation hypothesis to simplify the above
dynamical model, and then based on the theory of small
perturbation linearization, the linearized dynamical model of
the pitch control channel at some selected ballistic feature
points can be deduced as (3). (The control of pitch angle is
emphatically analyzed since the guidance instruction of the
SLV is given by a sequence of varying pitch angles, and the
same goes for subsequent analysis.)

1θ̇ = cϕf1 1α + c
ϕf
2 1θ + c

ϕf
3 1δϕ + F̄

f
Y1

1ϕ̈ = bϕf1 1ϕ̇+b
ϕf
2 1α+b

ϕf
3 1δϕ+b

ϕf
4 1ϕ+M̄

f
Z1

1ϕ = 1θ +1α

(3)

where ϕ, θ, α are pitch angle, inclination angle and attack
angle, respectively; cϕf1 , c

ϕf
2 , c

ϕf
3 , b

ϕf
1 , b

ϕf
2 , b

ϕf
3 , b

ϕf
4 are lin-

earization coefficients of the pitch control channel under fault
condition, F̄ fY1 , M̄

f
Z1

are the equivalent disturbances.
Notably, in the case of fault, those quantities with super-

script f (such as Ff,Mf or cϕf1 , etc.) are related to the fault
coefficients K . For convenience, define the fault influence
factors of the strap-on engines and the core engines for three
attitude angle control channels as follows:

ρztϕ
ρztψ
ρztγ
ρxjϕ
ρxjψ
ρxjγ

 =


0 −kzt2 0 kzt4
−kzt1 0 kzt3 0
kzt1 kzt2 kzt3 kzt4
0 −kxj2 0 kxj1
−kxj1 0 kxj2 0
kxj1 kxj2 kxj2 kxj1

 (4)

The special forces and torques caused by TLF are analyzed
detailedly as follows. First of all, the thrusts of engines that
are symmetrically distributed around the rocket cannot cancel
each other out if some of them are faulty, which will generate
a constant disturbance torque called the unbalanced thrust
torque Mf

P. The magnitude of Mf
P can be determined by (5).

It can be known that Mf
P crossly acts on the pitch and yaw

control channels, but make no difference to the roll control
channel. 

M f
Px = 0

M f
Py = [ρztϕPztrz, ρxjϕPxjrx]I

M f
Pz = [ρztψPztrz, ρxjψPxjrx]I

(5)

where rz, rx are the corresponding force arms; I= [1 · · · 1]T1×8.
Secondly, the propellant consumption of the faulty engine

is slower than that of other normal working engines, resulting
in the mass distribution being no longer symmetrical, which
means the location of centroid of the SLV will gradually
deviate from the longitudinal axis. Therefore, the eccentric
disturbance torque Mf

ec and the eccentric gravity torque Mf
G

have to be considered. Assuming the position of the instan-
taneous center of mass in the rocket body CSYS to be rib,
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FIGURE 2. Schematic diagram of attitude reconfiguration control system of the faulty SLV.

the disturbance torques caused by the centroid skewing can
be formulized as (6). Because of the large proportion of the
mass of propellant accounts for in the total mass of the SLV,
these eccentric torques will be considerable in the severe fault
condition.

Mf
ec = mrib×

[
dωb
dt
×rib + ωb×(ωb×rib)

]
Mf

G = rib×Gf (6)

where ωb is the rotational angular velocity of the
rocket body CSYS relative to the launch inertial CSYS.
rib = [0, yib, zib]T , which is important for fault analysis, and
a estimation method for it is given as follows.

The total mass of the SLV at a certain time can be supposed
to consist of the masses of current remaining fuel of each
engine mzt1∼mzt4,mxj1,mxj2 and the mass of other stationary
components mr , which is m = mzt1 + mzt2 + mzt3 + mzt4 +
mxj1 + mxj2 + mr . The fuel consumption flow of the faulty
engine ṁc is considered to be positively correlated with the
thrust, then the residual mass of the faulty engine at any time
can be deduced as:{

mzti = me0 − ṁctzti − ṁckzti(t−tzti) i = 1∼4
mxji = me0 − ṁctxji − ṁckxji(t−txji) i = 1, 2

(7)

where me0 is the initial mass of each engine (we consider the
core engine to be the same mass as the strap-on engine), and
tzti, txji are the fault times of each engine, respectively.
Based on the above ideal mass model, the position of the

instantaneous center of mass can be estimated easily accord-
ing to the layout of the rocket engines:

yib=
1
m

[
dzt (mzt3−mzt1)+

√
2/2dxj(mxj2−mxj1)

]
zib=

1
m

[
dzt (mzt4−mzt2)+

√
2/2dxj(mxj1−mxj2)

] (8)

where dzt , dxj are the distances from the center of mass of the
strap-on engines and the core engines to the longitudinal axis
of the SLV, respectively.

III. ATTITUDE RECONFIGURATION CONTROL
For the control of the over-actuated system, the control sys-
tem is generally divided into two relatively independent mod-
ules: the baseline controller module for generating virtual

equivalent control commands and the control allocation mod-
ule for assigning equivalent control commands to every actual
actuator. Therefore, the reconfiguration control strategy can
be designed from either controller reconfiguration or control
reallocation, or both of them.

A. CONTROL RECONFIGURATION STRATEGY
The principle of attitude reconfiguration control system of the
faulty SLV is shown in Fig. 2. The FDDmodule observes typ-
ical parameters (such as nozzle pressure, turbopump speed,
combustor pressure, fuel consumption rate, etc.) during the
operation of the engine to identify the fault conditions of
engines and obtain the fault coefficient matrix K , which will
be used to reconfigure the faulty system. (As analyzed in the
introduction, the detailed implementation process of FDD is
beyond the scope of this paper.) Besides, some disturbance
torques caused by TLF are estimated and directly introduced
into the control allocation process as compensation to elimi-
nate their interference.

Faults with different severity affect the attitude control sys-
tem differently. When there is no fault, conventional attitude
control methods for the SLV, for example, the scheme of
selecting a fixed oscillation angle relationship shown in (9) as
allocation principle and a PID correction network as baseline
controller, can make a good performance.

δequ = T 0δact = [T 0
zt ,T

0
xj]3×8δ

act (9)

where δequ = [δϕ, δψ , δγ ]T is the equivalent oscilla-
tion angle vector. T 0 is the fixed allocation efficiency
matrix for the oscillation angles of engines, and T 0

zt =

1/4[0,−2, 0, 2;−2, 0, 2, 0; 1, 1, 1, 1] is the allocation effi-
ciency matrix of the strap-on engines, T 0

xj = 2T 0
zt is the

allocation efficiency matrix of the core engines.
When the TLF occurs, due to the control forces become

smaller and unbalanced, the power subsystem will be unable
to produce desired control torques by the fixed allocation
method, which will result in poor control performance.
Therefore, a dynamic oscillation angle allocation method is
supposed to be applied firstly according to specific fault
situations. Furthermore, as severe faults have great impacts
on the dynamical model of the SLV, the control performance
under the original controller parameters may still deteriorate
even if the virtual angle commands are dynamically assigned.
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FIGURE 3. Schematic diagram of the two-stage control reconfiguration
strategy.

In this case, the controller parameters are supposed to be
further adjusted adaptively to deal with severe faults. In this
way of thinking, a two-stage control reconfiguration strategy
shown in Fig. 3 can be naturally got. The work procedure can
be described as: if the TLF is detected, the control allocation
scheme will be switched from the fixed allocation to the
dynamic allocation according to the specific fault condition,
and then the attitude angle tracking error is further inves-
tigated for whether exceeding the preset acceptable error
threshold to determine if it is necessary to use the adaptive
tuning parameters generated by the standby controller. This
two-stage control reconfiguration strategy implemented step
by step according to the fault severity not only reduces the
design difficulty of the faulty system but also improves the
reliability of the SLV system to some extent.

B. CASCADED PSEUDO-INVERSE ALLOCATION METHOD
The primary objective of the control allocation module is to
provide a set of control input to ensure the desired virtual
control can be met by the joint working of all the actuators.
As for the SLV with TLF, assume the state equation and
output equation of the fault-free system to be (10) and that
of the faulty system to be (11).{

ẋ = A0x + B0δequ = A0x + B0T 0δact

ẏ = C0ẋ = C0A0x + C0B0T 0δact
(10){

ẋ = Af x + Bf δequ = Af x + Bf T f δact

ẏ = C f ẋ = C f Af x + C f Bf T f δact
(11)

Consider that, for a particular state x∗, in the fault-free case,
the expected oscillation angles outputted by the controller
is δact0, and the output of system is y0, while in the case
of the fault, new oscillation angles δact are wanted to make
the output of the faulty system as close as possible to the
fault-free system, which is yf ' y0. This problem can be
described as [7], [29]:

min
δact

J =
[
(yf − y0)T (yf − y0)

]
/2

s.t. |δacti | < δmax (12)

where δmax is the saturation value of the oscillation angle in
the actual system. For the minor faults, the model param-
eters of the faulty system have little change, which means
Af' A0,Bf' B0,C f

'C0. Therefore, the objective function
of the above optimization problem is translated to:

min
δact

J=
[
(T f δact−T 0δact0)T (T f δact−T 0δact0)

]
/2 (13)

Take no account of the saturation of oscillation angle,
the (13) has an exact solution:

δact = T fe δ
act0
= T f+T 0δact0 (14)

where T fe is called the equivalent allocation efficiency matrix
in the case of fault, and T f+ is the pseudo inverse of T f .
According to the allocation relationship (9), the allocation
efficiency matrix of the faulty system can be expressed as
T f = [λztT

f
zt , λxjT

f
xj]3×8, in which, T fzt and T

f
xj can be deter-

mined by:

T fzt =

[
ρztϕ

kzt2+kzt4
;

ρztψ

kzt1+kzt3
;

ρztγ∑4
i=1 kzti

]
3×4

T fxj=
[

ρxjϕ

kxj1+kxj2
;

ρxjψ

kxj1+kxj2
;

ρxjγ

2(kxj1+kxj2)

]
3×4

(15)

and λzt , λxj are respectively the proportional coefficients
of equivalent oscillation angles distributed to the strap-on
engines and the core engines, whose optimal values depend
on the remaining control capacity of the faulty engines and

can be determined by solving the problem min
∑4

i=1(δzti +
δxji) if needed.

A cascaded pseudo-inverse allocation (CPIA) method is
used for the saturated case [28], [30], whose implementation
is shown in Fig. 4. The initial value of T fe is obtained firstly
according to the information of the FDD module, and then
the oscillation angle of each engine can be obtained by solv-
ing allocation formula (14), in which process, the saturated
oscillation angles, if any, will be marked and their magnitude
will be set as the saturation value, and at the same time
the corresponding column in equivalent allocation efficiency
matrix T fe and the corresponding term in control variable δact0

will be respectively removed. Subsequently, the updated T fe
and δact0 are used to solve the allocation equation again to
obtain the remaining unsaturated oscillation angles. Cycle the
process until there is no more saturation or the number of
remaining control variables is less than the dimension of the
control target.
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FIGURE 4. Schematic diagram of the CPIA method.

C. NEURON ADAPTIVE GAIN SCHEDULING METHOD
In the case of the severe fault, the model parameters Af,Bf

and C f vary greatly from the normal situation. In order to
make the output of the faulty system still similar to that of
the normal system by using the same allocation formula (14),
the expected oscillation angle δact0 is supposed to be adjusted,
which means the controller parameters need to be adjusted.

The NAGSmethod uses the learning law of neural network
to adjust the controller parameters online so as to make the
system adaptive to different external conditions [31], [32].
The schematic diagram of control reconfiguration based on
the NAGS method is shown in Fig. 5. It should be noted that
the control allocation is thought to perform ideally enough to
integrate into the SLV system for the analysis of controller
reconfiguration, which is reasonable in the practical system.

For the incremental PID controller, convert the control
error of the closed-loop system e(t) into a new set of state
variables as the inputs of neuron, which isX= [x1, x2, x3]T =
[e(t) − e(t −1), e(t), e(t) − 2e(t −1) + e(t − 2)]T . In this
way, the synaptic weights of neuron will be respectively
corresponding to the proportional, differential and integral
coefficients of the controller, which is W= [ω1, ω2, ω3]T =
[kp, ki, kd ]T . Select the s-type function (hyperbolic tangent
function) as the activation function of the neuron, the output
of the neuron can be derived as (16), which can be thought of
as equivalent to the output of the PID controller, which means
the adjustment of neuronal weights will change the controller
parameters accordingly.{

ug(t) = umax(1− e−u(t))/(1+ e−u(t))
u(t) = u(t − 1)+ KuWT (t)X(t)/ ‖W‖

(16)

where u(t) is the equivalent control variable and umax is the
equivalent control saturation value.

Select J (t)= [r(t)− y(t)]2/2=e2(t)/2 as the performance
index function, the updating of neuronal weight 1ωi(t) =
ωi(t)−ωi(t − 1) can be derived as:

1ωi(t) = −hi
∂J (t)

∂ωi(t−1)

= −hi
∂J (t)
∂y(t)

∂y(t)
∂ug(t−1)

∂ug(t−1)
∂u(t−1)

∂u(t−1)
∂ωi(t−1)

(17)

where hi is the step size. As ‖W‖=
∑
|ωi(t)| varies slowly,

it is considered to be a constant in the derivation process,
and the symbol information sgn[∂y(t)/∂ug(t−1)] is used to
approximate ∂y(t)/∂ug(t−1). In this way, (17) can be further
written as:

1ωi(t) = hie(t)xi(t − 1)sgn
[

∂y(t)
∂ug(t − 1)

]
· umax[1− u2g(t − 1)/u2max] (18)

According to the above weight adjustment rule, the incre-
ment of control error of the closed-loop system 1e(t) =
e(t+1)−e(t) can be deduced as:

1e(t) =
(
∂e(t)
∂W

)T
1W (19)

If we set Q = [∂e/∂ω1, ∂e/∂ω2, ∂e/∂ω3]T and H =

diag{h1, h2, h3}, according to the (17), the above equation can
be rewritten as:

1e(t) =
(
∂e(t)
∂W

)T
H
∂J (t)
∂W

= −e(t)QTHQ (20)

In order to analyze the stability of the system, the Lyapunov
function V (t) = e2(t)/2 is selected, and then:

1V (t) = e2(t + 1)/2− e2(t)/2

= [2e(t)1e(t)+1e2(t)]/2 (21)

Substitute (20) into (21), it can be derived that:

1V (t) = −
1
2
[e(t)Q]T (2H−HQQTH)[e(t)Q] (22)

From the above equation, it can be known that 1V (t) < 0
when 0 < H < 2(QQT )−1, in which case the system is
closed-loop stable. It indicates that when the step size hi is
small enough, the control error of the closed-loop system
will converge to 0 by using the designed rules of parameter
adjustment.

D. RECONFIGURABILITY ANALYSIS
In order to have a general knowledge of the fault conditions
that the system can tolerate in advance, it is necessary to
perform a reconfigurability analysis for the system with TLF.
The understanding of the system’s reconfigurability referred
to here is that: under some certain faults, the faulty system
always has the available control force to adjust system under
the condition of saturation constraints of the actuator during
the whole flight process after the occurrence of TLF. It can
be described by the control state reachability problem under
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FIGURE 5. Schematic diagram of the control reconfiguration based on NAGS method.

constraints as follows. The attitude control system of the SLV
can be formulated as a nonlinear dynamic system:

ẍ(t) = f (x(t), ẋ(t), ω̄(t), t)+ u(t)
x(t0) = x0
‖u(t)‖< umax

(23)

where t0, x0 is the initial time and state of the system and ω̄(t)
is equivalent unknown disturbance. Assume te to be the end
time of the boosting flight, and then t ∈ [t0, te]. Starting from
the initial state, the forward reachable set of the system at time
te can be defined as:

S(t0, te, x0) =
{
ζ ∈Rn

:∃u(·) s.t. x(te) ∈ ζ
}

(24)

Use Tf and Kf to relabel the time of fault occur-
rence and the value of thrust loss of each engine, which
are Tf = [tzt1, tzt2, tzt3, tzt4, txj1, txj2]T and Kf =

[kzt1, kzt2, kzt3, kzt4, kxj1, kxj2]T . In the case of fault, use a
double element a(Tf ,Kf ) to describe the certain fault, and
then the first expression in (23) becomes:

ẍ f(t) = f (x f(t), ẋ f(t), ω̄(t), a, t)+ g(Tf ,Kf )u(t) (25)

In this case, the reachable set of the faulty system becomes:

O(t0, te, x0,Tf ,Kf)=
{
ζ ∈Rn

: ∃u(·)s.t. x f(te)∈ζ
}

(26)

And it is easy to understand that due to the impacts of the
fault, the reachable state range of the system becomes smaller,
which means O ( S.
Supposing there is no fault or disturbance, the nominal

flight state generated according to the guidance commands
is ζn. For a certain fault a∗(Tf ∗,Kf ∗), if ζn is in the reach-
able set O(t0, te, x0,Tf ∗,Kf ∗), which is ζn ∈ Oa∗, the faulty
system can be considered reconfigurable. According to this
definition, in the simple schematic diagram Fig. (6), system
with fault a1 is reconfigurable, and system with fault a2 is
unreconfigurable.

Therefore, for a given set of guidance commands,
the actual system has a tolerable fault limit, in which case the
system reaches its limit of control capability. For the fault at
time Tf ∗, the limit of the fault can be solved by the following
optimization problem:

min ‖Kf ‖

s.t. ζn ∈ O(t0, te, x0,Tf ∗,Kf ∗) (27)

FIGURE 6. Schematic diagram of the reconfigurability of faulty systems.

However, it is complicated to directly solve this problem.
In fact, it is unnecessary to find the exact value of the fault
limit. Therefore, a simple idea is to use the system control u(t)
as a bridge: if the remaining control Ur of the faulty system
is sufficient, the system will definitely reach the desired state
following the predetermined commands. Therefore, define
Uτ is maximum control required by the faulty system at
sometime τ , the problem (27) can be translated to:

min ‖Kf ‖

s.t. Ur (τ,Kf ) ≥ Uτ (Kf ) (28)

Since the essence of the control is to generate control
torques, the control Uτ can be divided into two parts: the
control Uc to maintain angular velocity to follow the angle
commands, which is supposed to have a upper bound Ūc for
the given guidance commands, and the control Ud to elimi-
nate external disturbances, which can be roughly estimated
by the fault model in the second section if ignoring other
unknown disturbances. Therefore, a conservative estimate of
Uτ is finally obtained:

Uτ = Ūc + Udmax (29)

Another thing to consider is that, due to the many attributes
of the TLF, such as the type of engine (strap-on or core
engine), the position of the engine, the amount of faulty
engines, the severity of the fault, etc, the fault conditions in
the real system can be extremely complicated. To simplify
this problem, it is necessary to select representative faults.
Valuable conclusions can be drawn by analyzing the dynam-
ical model (2): the effect of the core engine’s fault is of the
same properties as the strap-on engine’s fault, and the effect
of simultaneous fault of multiple engines at any position can
be equivalent to the simultaneous fault of two engines at
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different control channels. Therefore, the focus can be on the
case of a single strap-on engine’s fault and the simultaneous
fault of two strap-on engines at different control channels (for
example, No.1 and No.2 strap-on engines).

IV. SIMULATION RESULTS AND ANALYSIS
A simulation platform is built in the VC++6.0 based
on the dynamical model of the faulty SLV to simulate
the flight under different fault conditions. Simulations are
mainly carried out from the following aspects: the simulation
analysis for TLF, the CPIA based control reconfiguration,
the NAGS based control reconfiguration, and other additional
simulations.

A. SIMULATION ANALYSIS FOR TLF
According to the reconfigurability analysis method described
in III-D, we first figure out the ultimate fault conditions
that the system can tolerate. The numerical calculations are
carried out on the representative two types of fault, namely,
the fault of No. 1 strap-on engine and the simultaneous fault
of No. 1 and No. 2 strap-on engines. As predicted, the system
has sufficient redundancy for shutdown fault of one engine
at any time, while for the simultaneous fault of two engines,
the result is shown in Fig. (7), which indicates the relation-
ship between the faults of two engines that the system can
withstand (kzt1, kzt2) and the time of fault occurrence (tzt1=
tzt2= tf ). The figure implies that if a serious fault occurs too
early, the system will lose its reconfigurability, for examples,
the fault of kzt1=kzt2=0.1 that occurred in the 30s is beyond
the reconfiguration capacity of the faulty system, while
the system is almost able to cope with the shutdown fault
(kzt1=kzt2=0) that occurred after 60s. Although this estimate
for the fault severity may be somewhat inaccurate, it still has
great reference value. Based on the above simulation results,
the time of fault can be set at the middle point (the 80s) of the
entire boosting flight phase, which lasts for 160 seconds.

FIGURE 7. Reconfigurability analysis result of the simultaneous fault of
No.1 and No.2 strap-on engines.

When the thrusts of the faulty engines are reduced by 30%,
60%, and 90% respectively (kzt1 = kzt2 = 0.7, 0.4, 0.1),
the special disturbance torques acting on pitch control chan-
nel are investigated as shown in Fig. (8), in which, (a),
(b), and (c) represent eccentric torques, unbalanced thrust

FIGURE 8. Torques of the pitch channel under the faults with different
severity.

torques, and control torques respectively. It can be seen that
the unbalanced thrust torque is a constant disturbance with
large amplitude, and the eccentric torque is a time-varying
disturbance with nonlinear increase, and the more serious the
fault is, the disturbances are greater, which is the main reason
for the poor control performance of the faulty system.

B. CPIA BASED CONTROL RECONFIGURATION
For the faults of 30%, 60%, and 90%, the curves of the
pitch angle tracking error without reconfiguration are shown
in Fig. 9. It can be seen that the tracking error is around zero
before the TLF occurring, while it does increase sharply to a
big level and be adjusted to zero with a very long time when
the TLF occurs, and with the extension of the fault acting
time, the control errors start to diverge in different degrees in
the later stage of the simulation (around 150s), which means
that at the time of the fault occurrence, the faulty system
without reconfiguration can deal with the fault despite a very
poor control performance, however, due to the time-varying
of the TLF, the system cannot bear the influences of the fault
and start to lose its stability with the extension of the fault

FIGURE 9. Pitch errors without reconfiguration.
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acting time. It is because of these poor performances that the
reconfigurable control is definitely necessary.

FIGURE 10. Pitch errors using the CPIA method under the 60% fault.

Use the CPIA method to reconfigure the control system
of 60% fault, and the curves of the tracking error are obtained
as shown in Fig. 10, which indicates that the maximum error
goes a bit smaller comparing with the original system, and
what should be noticed is that the system still maintains its
stability in the later stage of the simulation, which is very
significant.

FIGURE 11. Comparison of the allocation errors of the control torque.

Moreover, the comparison of the errors between the
expected control torque and the actual control torque gener-
ated by the engines before and after reconfiguration is pre-
sented in Fig. 11 and the comparison of the actual oscillation
angles of the strap-on engines before and after reconfigu-
ration are shown in Fig. 12. From these two figures, it can
be concluded that for the control system reconfigured by
CPIA method, the engines’ oscillation angles are properly
distributed to meet the expected torque with a smaller oscil-
lation angles, which not only reduces the error between the
actual control torque and the expected control torque but
also avoids the oscillation angle saturation in some degree,
which greatly improves the control performance of the faulty
system.

C. NAGS BASED CONTROL RECONFIGURATION
The pitch angle tracking errors of the reconfigured system
using the CPIAmethod under the faults with different severity
are shown in Fig. 13. It can be seen that with the aggra-
vation of the fault severity, the tracking errors of the faulty

FIGURE 12. Comparison of the actual oscillation angles of the strap-on
engines before (δzt ) and after (δ∗zt ) reconfiguration.

FIGURE 13. Pitch errors using the CPIA method under the faults with
different severity.

FIGURE 14. Amplitude-frequency curves at the feature point of 100s
under faults with different severity.

system become larger and the rates of error convergence
become slower. For further research, the open-loop frequency
characteristics of the SLV with TLF at the ballistic feature
point of 100s are investigated, and the amplitude-frequency
curves at this feature point are got as shown in Fig. 14,
which indicates that the open-loop cut-off frequency of the
faulty system reduces gradually with the aggravation of the
fault severity, making the system’s ability to track com-
mands weaker. Therefore, aiming at the severe fault (90%),
the NAGS method is further used to adjust the controller
parameters on the basis of the CPIA method, and the sim-
ulation results are shown in Fig. 15 and Fig. 16.

As can be seen from Fig. 15, after the control reconfigura-
tion by further using the NAGSmethod, the adjustment speed
of the pitch angle tracking error is significantly accelerated
and the tracking error converges to zero quickly even if the
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FIGURE 15. Pitch errors of the faulty system after adding the NAGS
method.

FIGURE 16. Adjustment process of the controller parameters.

fault is very serious. And the controller parameters are seen
to be adjusted quickly to adapt to the current fault situation
as soon as the fault occurs from the process of parameter
adjustment as shown in Fig. 16.

D. ADDITIONAL SIMULATIONS
On the one hand, the simulated fault scenarios mentioned
above mainly revolved around the typical faults with different
severity, in order to verify the reconfiguration strategy more
comprehensively, some other influencing factors of the TLF
are considered:

1) According to the reconfigurability analysis of the TLF
in III-D, the occurrence time of fault is thought to be
a critical factor. Therefore, the 90% faults occurring
at the 60s and the 100s are further simulated, and the
comparison results are shown in Fig. 17.

2) For the running time of the FDD module, the latency
time of fault detection has to be concerned inevitably
in the real system. Therefore, the 90% faults occurred
in the 80s with the latency time of 1s and 1.5s
(td = 1s, 1.5s) are further simulated, and the compari-
son results are shown in Fig. 18.

From Fig. 17 and Fig. 18, it can be seen that the designed
control reconfiguration strategy still performs well for faults
with different occurrence times or latency times, which fur-
ther demonstrates the effectiveness and practicability of this
method.

On the other hand, in addition to the method of adaptive
adjustment of controller parameters, we try to use the new
method from the perspective of system robustness to reduce

FIGURE 17. Pitch errors of the faults with different occurrence times.

FIGURE 18. Pitch errors of the faults with different latency times.

the impacts of fault on the attitude control system. Consid-
ering the main impacts of the fault are to generate some
special external disturbances and bring about large model
uncertainties, the more popular active disturbance rejection
controller (ADRC) will be a good choice, which treats all
the unfavorable factors as disturbance, and uses an extended
state observer to estimate the magnitude of the unknown
disturbance so as to compensate for the disturbance using the
observations. It has the advantage of independent of accurate
control models and resistance to complex disturbances, so it is
widely used in some practical engineering systems [33]–[35].
Aiming at the attitude control of the SLV, in the literature [36],
an ADR controller based on differential-algebraic approach
is designed, which has good fault-tolerant ability for the fault
of engines’ servo mechanism. Therefore, an anti-disturbance
controller based on this method is further used to simulate the
faulty system with 90% TLF, and the comparison results of
the pitch angle tracking error and the actual oscillation angles
of the core engines are shown in Fig. 19 and Fig. 20.

It can be seen that the system using ADRC scheme has a
relatively smaller attitude angle error when the fault occurs,
indicating that it indeed has a better performance to reject
large disturbances, however, the curves of the oscillation
angles of the new scheme are not so satisfactory, namely,
the oscillation angles change too frequently rather than
smoothly, which is a potential hazard to leading a fault of the
engines’ servo mechanisms. Another disadvantage of ADRC
is that its parameters are usually difficult to tune, making it
not easy to implement. In contrast, although the system using
NAGS scheme has a large error at the moment of the fault,
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FIGURE 19. Comparison of the pitch error of the two control schemes.

FIGURE 20. Comparison of the actual oscillation angles of the two
control schemes.

it can be adjusted quickly, and the design and implementation
of this scheme are also much simpler.

V. CONCLUSION
In this paper, some problemswith the attitude tracking control
of the SLV under TLF are studied. A dynamical model of the
faulty SLV was firstly established by analyzing the specific
impacts of the TLF, and then a two-stage control reconfigura-
tion strategy based on the cascaded pseudo-inverse allocation
method and the neuron adaptive gain scheduling method
was proposed for faults with different severity. Afterwards,
to figure out the tolerable fault limit of a certain faulty system,
a reconfigurability analysis based on the concept of control
state reachability was presented for some representative fault
scenarios. Finally, through the simulations of the boosting
flight process under various fault scenarios, the result of
reconfigurability analysis for a specific fault scenario was
presented, the internal mechanism of the impact of TLF was
parenthetically analyzed, and the effectiveness and practica-
bility of the designed reconfiguration control strategy were
also verified by some comparative simulations.

However, there are still some shortcomings in the current
research: 1) the CPIAmethod is not themost effectivemethod
to solve the saturation constraint and rate constraint problem
existing in practice. Some methods worthy of trial are given
in the literature [7], [29], such as the fixed point method;
2) the reconfigurability analysis in this paper shows that
the system does not have reconfigurability for some severe
faults, the research on how to deal with this situation to
avoid system instability is necessary, the tentative solutions

may fall on three aspects: the real-time evaluation of system
stability [37], [38], the appropriate adjustment of the thrusts
of normal engines to reduce the fault interference and the
reprogramming of the flight trajectory to reduce the burden
of the control system. These unsolved issues will be studied
in the future.
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