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Abstract

Sliding Mode Control (SMC) is a widely used controlling method in the field of current
attitude control of launch vehicles. The effectiveness of reaching the Sliding Surface could
influence the effect of the attitude control. Aiming to derive better control quality of attitude
angles to launch vehicles by investigating the correlation between rise time, maximum
overshoot, settling time, respond speed, and motion smoothness, a novel Comprehensive
Evaluation Index Function (CEIF) was designed for balancing response speed and motion
smoothness. Further, based on this CEIF, both the control characters influenced by the
Constant Reaching Law and those characters influenced by the Power Reaching Law were
used to propose the Constant Power Reaching Law (CPRL). Then, a fast terminal sliding
mode controller was developed. In the simulation, regardless of when the launch vehicle
attitude faults occurred, the CEIF with Monotonic Increase in Each Independent Variable
could clearly and accurately represent the control quality of launch vehicle attitude. The
fast terminal sliding mode controller (FTSM controller) with CPRL could provide better
quality of attitude fault-tolerant control compared with a series of FTSM controllers with
different currently established reaching laws.

Keywords: launch vehicle; fault-tolerant control; reaching law; CEIF

1. Introduction
The launch vehicle is very important in the entire spacecraft transportation system.

Since the fulfilment of orbital insertion accuracy specifications of the launch vehicle is
inevitably influenced by various inner and outer disturbances, flight control of the launch
vehicle becomes indispensable [1]. Finite time attitude stabilization of a reentry reusable
launch vehicle [2] and the attitude control problem of VTVL RLV in the attitude adjustment
phase [3] have been investigated with the help of Sliding Mode Control (SMC). Actually,
Sliding Mode Variable Structure Control (i.e, SMC) exhibits strong applicability, being
suitable for both linear and nonlinear systems, as well as continuous or discrete systems. By
switching the control inputs, it drives the system states to converge toward and then slide
along the predefined sliding surface, thereby demonstrating strong robustness against exter-
nal disturbances. As a model-based control method that is as typical as Adaptive Control,
it has been widely applied in fields including launch vehicle attitude control [4]. The safety
of launch vehicle flight control is still challenged [5,6]. Fault-tolerant control strategies are
increasingly widely applied in the design of flight control systems of spacecraft for their
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ability to implement measures, including regulation of parameters or reconfiguration with
support of information about fault detection. Thanks to this ability, the stability of flight
vehicles is restored and the essential capacity for control is preserved even in actuator fault
occurrence [7,8].

The fault-tolerant controller design has become significant for the spacecraft attitude
control system to effectively ensure the attitude control performance with faults in space-
craft. Adaptive technology, sliding mode control (SMC), control allocation and many others
have been systematically utilized to achieve attitude fault-tolerant control. Especially, SMC
techniques are a popular option in designing controller targeting at spacecraft actuator
faults [9]. Additionally, an adaptive SMC algorithm was applied to Inner-Loop Controller
Design as a vital part of attitude fault-tolerant control [10]. The motion of variable-structure
SMC systems can be separated into a reaching phase and sliding phase. For system tran-
sient process quality to be better, the quality of the sliding phase can depend upon the
sliding surface equation; various reaching laws are designed to improve the quality of
the reaching phase, including Reaching Speed and Chattering [11]. Among traditional
reaching laws, the Constant Reaching Law and Exponential Reaching Law respectively
show invariable reaching speed and increasing reaching speed with system state distant
from the sliding surface, but neither of them can theoretically eliminate chattering. Even
the Power Reaching Law has eliminated chattering with zero velocity when reaching the
sliding surface, and the reaching speed is still too low if the system state is far from the
sliding surface [12]. To raise the convergence velocity of the system state, the double power
reaching law was applied in [13]. Superior tracking accuracy in both position and velocity
was achieved through a new reaching law of SMC formed using both a special power
function and an inverse hyperbolic sine function adopted for an adaptive SMC law [14].
Chattering has been restrained using a novel variable exponential reaching law within a
sliding mode variable structure control strategy [15], and with an improved Exponential
Reaching Law in which the sign function can be adapted using fuzzy controller to design a
fuzzy terminal sliding controller [16]. In addition, reaching the sliding surface with both
high system state velocity and eliminating chattering could be achieved using a two-power
reaching law provided in [17] and a multi-power reaching law of SMC provided in [18],
whose targeted adjustment was implemented in different phases of the reaching process
with three exponents of the Power Function Term.

Regardless of the effective enhancement of some performance indexes of dynamic re-
sponse using the above reaching laws, most of these methods can only carry out qualitative
analysis of these indexes without establishing well-defined metrics for control performance
characterization of these reaching laws. This, along with a lack of compatibility between
Respond Speed and Motion Smoothness, which could be respectively reflected by Rise
Time tr and its Maximum Overshoot σp, is regarded as a significant basis for correcting
inaccuracies and improving steady-state performance of systems [19]. Therefore, a novel
comprehensive evaluation index function (CEIF) F was proposed on the basis of Rise Time
tr, Maximum Overshoot σp and Settling time ts of dynamic variation.

When the parameters of reaching law are given as some specific values, the term
related to sign function in Constant Reaching Law achieved improvement in both Rise
Time tr and Maximum Overshoot σp, which even exert dominant influence on their whole
improvement, especially when the attitude deviation caused by fault is relatively small.
At the same time, the term related to the power function in the Power Reaching Law
also achieves improvement in both of these two parameters. Therefore, when designing
the reaching law, the term related to the sign function in the Constant Reaching Law
and the term related to the power function in the Power Reaching Law are synthesized to
achieve conflict resolution for compatibility between higher Respond Speed and better Fault
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Damping Capability. Shown in the simulation results, through the comparison between
the Constant Power Reaching Law (CPRL) and the other seven reaching laws, the value of
CEIF related to the reaching law with the best related attitude control quality maintains
the smallest both pre-failure and post-failure. Additionally, given specific constraints,
higher response speed and better motion smoothness of the above dynamic variation can
be maintained through a Fast Terminal Sliding Mode (FTSM) controller based on CPRL
both pre-failure and post-failure.

In summary, the launch vehicle dynamics and kinematics are covered in Section 2.1.
Section 2.2.1 covers the sliding surface equation. In Section 2.2.2, a novel CEIF is provided,
and a CPRL is proposed in Section 2.2.3. The equation of a fault-tolerant control law based
on FTSM is given in Section 2.2.4. Section 3 shows the analysis of the simulation results.
Finally, the conclusion is presented in Section 4.

2. Method
2.1. Launch Vehicle Mathematical Model

The Equation of launch vehicle rotation around its center of mass can be expressed
as follows:

Jω̇ = −ΩJω + τ + d (1)

where τ ∈ R3 is the control torque, d = [dx, dy, dz]
T ∈ R3 is the composite interference

term mainly including unmodeled dynamics, external interference and system uncertainty
arising out of elastic mode, J = diag (Jxx, Jyy, Jzz) ∈ R3×3 is the inertia tensor (see Table A1
for details), ω = [ωx, ωy, ωz]

T ∈ R3 is the rotating angular rate (see Table A1 for details),
and the matrix Ω is as follows:

Ω =

 0 −ωz ωy

ωz 0 −ωx

−ωy ωx 0


The attitude angles are defined as ξ =

[
φ, ψ, θ

]T
∈ R3, which includes rolling angle

φ, yawing angle ψ and pitching angle θ, respectively (see Table A1 for details), and can be
represented as follows:

ξ̇ = S(ξ)ω =

1 tan ψ sin φ tan ψ cos φ

0 cos φ − sin φ

0 sec ψ sin φ − sec ψ cos φ


ωx

ωy

ωz

 (2)

where S(ξ) is the coordinate transmission matrix [20].
The launch vehicle dynamic system, at its ascent stage, is mainly composed of four

strap-on launch vehicle boosters expressed from A1 to A4 and two central launch vehicle
engines expressed from B1 to B2, of which the four strap-on launch vehicle boosters can
only make a single-axis motion, and the two central launch vehicle engines can make a
dual-axis motion. The configuration of launch vehicle swinging actuators is shown in
Figure 1.

In this figure, Ra and Rb represent the distances from the launch vehicle central axis
(X-axis of the body frame) to the center of the strap-on launch vehicle boosters and to the
center of the central launch vehicle engines, respectively. The angles of swinging deflections
from their respective swinging centers of the strap-on launch vehicle boosters are expressed
as δ1 ∼ δ4, and the angles of swinging deflections from their respective swinging centers of
the central launch vehicle engines are expressed as δ1 ∼ δ4.
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Applying the Launch Vehicle Swinging Angle Equivalent Principle, the swinging
angles from each of the above thrusters could be transformed into Attitude Control Three
Channel (Pitching, Yawing, Rolling) Equivalent Swinging Angle Command. This command
could be expressed by equivalent swinging angle values δ = [δx, δy, δz]

T in the launch
vehicle attitude control system at its ascent stage.

Figure 1. Configuration of Launch Vehicle Engines (View from Launch Vehicle Tail , mainly composed
of four strap-on launch vehicle boosters expressed from A1 to A4 and two central launch vehicle
engines expressed from B1 to B2, of which the four strap-on launch vehicle boosters can only make a
single-axis motion, and the two central launch vehicle engines can make a dual-axis motion).

This paper chiefly studies the failure about the loss of effectiveness and the failure
about deviation [20]. Therefore, the failure model of the actuator can be expressed in matrix
form as follows:

δf = Eδ + ρ (3)

where E = diag{e1, e2, e3} ∈ R3×3 satisfies 0 < ei ≤ 1(i = 1, 2, 3), ρ = [ρ1, ρ2, ρ3]
T[20] (see

Table A1 for details). If ei = 0, it means the ith equivalent channel in these three ones has
been completely out of control.

In Equation (3), E = diag{e1, e2, e3} ∈ R3×3 satisfying 0 < ei ≤ 1(i = 1, 2, 3) is the
execution efficiency coefficient, and ρ = [ρ1, ρ2, ρ3]

T is the bias fault coefficient.
The real control torque of the attitude control system [21] could be expressed as:

τf = Gδf (4)

where the diagonal matrix G ∈ R3×3 is the torque transformation matrix.
Combining the above formulae, the launch vehicle attitude control system in its

actuator fault condition can be expressed [20] as follows:
ξ̇ = S(ξ)ω

ω̇ = J−1
(
−ΩJω + Gδf + d

)
= −J−1ΩJω + J−1G(Eδ + ρ) + J−1d

(5)
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The tracking errors of the launch vehicle attitude system were defined as x1 ≜ ξ − ξc

and x2 ≜ ξ̇ − ξ̇c. ξc and ξ̇c are the attitude tracking instruction vector and the first-order
derivative of this vector, respectively, so the launch vehicle attitude tracking system [20]
can be expressed as follows:

ẋ1 = x2

ẋ2 = Ṡ(ξ)ω + S(ξ)ω̇ − ξ̈c

=
(
Ṡ − SJ−1ΩJ

)
ω + SJ−1G(Eδ + ρ) + SJ−1d − ξ̈c

(6)

Starting from the above equation, the coordinate transmission matrix S(ξ) was directly
expressed as S, which differed from the mathematical symbol SSMC regarding the sliding
mode control.

Let G1 = SJ−1G, F =
(
Ṡ − SJ−1ΩJ

)
ω − ξ̈c, D = SJ−1d, so Equation (6) was rewritten

as follows: {
ẋ1 = x2

ẋ2 = F + G1Eδ + G1ρ + D
(7)

In the launch vehicle engine swing actuator fault condition shown in Equation (3), by
designing a novel Reaching Law, a Fast Terminal Sliding Mode (FTSM) controller has been
established in order to enhance the fault-tolerant control quality of the launch vehicle attitude
control system, to diminish the negative impact of actuator faults and external interference,
and to preserve the stability of the launch vehicle attitude system (5), which can be shown in
the better parameter convergence in the instruction tracking error system (7).

2.2. Controller Design

The controller structure is shown in Figure 2. Based on the attitude angle information
of the Launch Vehicle estimated by an adaptive fault observer, the fault-tolerant stability
controller, with the help of both Terminal Sliding Mode Controlling, which could be
equipped with a Constant Power Reaching Law (CPRL), and Radial Basis Function Neural
Network (RBFNN), could control the engine actuators to operate the Launch Vehicle
Dynamic Mode to track the Attitude Tracking Instruction. The algorithms still work,
even though the fault information is input in the equation of the launch vehicle engine
swing actuator.

Figure 2. Intelligent fault-tolerant controller structure based on Terminal Sliding Mode theory and
Radial Basis Function Network.

2.2.1. Sliding Surface Design

Firstly, as shown in Equation (8), the fast terminal sliding surface [22] was designed
as follows:

SSMC = x̂2 + l1x̂1 + l2S(x̂1) (8)

In the above equation, SSMC =
[
SSMC(1), SSMC(2), SSMC(3)

]T
∈ R3; l1 = diag {l11, l12, l13},

l2 = diag {l21, l22, l23}. x̂1 and x̂2 are the estimated values of x1 and x2, respectively. l1 and l2
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are the main coefficient of the fast terminal sliding surface. Additionally, l1i and l2i(i = 1, 2, 3)
are positive constants. S̄ = [S̄1, S̄2, S̄3]

T ∈ Rn was defined as follows:

S(x̂1) =


[
sign(x̂11)x̂2

11, sign(x̂12)x̂2
12, sign(x̂13)x̂2

13
]T Si ̸= 0, |x̂1i| < ε[

|x̂11|a0/b0 sign(x̂11), |x̂12|a0/b0 sign(x̂12), |x̂13|a0/b0 sign(x̂13)
]T

others

where i = 1,2,3, and both a0 and b0 are positive odd integers and satisfy 0 < a0
b0

< 1.
The differential calculus equation of the fast terminal sliding surface in Equation (8)

could be shown as follows:

ṠSMC = ˙̂x2 + l1 ˙̂x1 + l2Dx1 x̂2

= F + G1E(t)δ(t) + G1ρ(t) + D(t) + l1x̂2 + l2Dx1 x̂2

= F + G1Ê(t)δ(t) + G1ρ̂(t) + l1x̂2 + l2Dx1 x̂2 + ∆(t)
(9)

where

Dx1 =


diag{2x̂1i sign(x̂1i)} S̄i ̸= 0, |x̂1i| < ε

a0

b0
diag

{
|x̂1i|a0/b0−1 sign(x̂1i)

}
others

where Ê and ρ̂ are the estimated values of E and ρ, respectively, and, i = 1,2,3. In addition,
∆(t) = G1Ẽ(t)δ(t) + G1ρ̃(t) + D(t) represents uncertainties that could be approximately
obtained by the Radical Basis Function Neural Network (RBFNN) [20], where Ẽ ≜ E − Ê,
ρ̃ ≜ ρ − ρ̂ are the estimation error values. Thus, Equation (9) could be rewritten as follows:

ṠSMC = F + G1Ê(t)δ(t) + G1ρ̂(t) + l1x̂2 + l2Dx1 x̂2 + WT
1 ϕ1 + ε1 (10)

where W1 and ϕ1 are the weight matrix and Radical Basis Function, respectively, and ε1 is
approximation error.

2.2.2. Comprehensive Evaluation Index Function (CEIF) Design

According to the dynamic quality indexes in the time response of systems, the control-
ling effectiveness was evaluated by designing a novel Comprehensive Evaluation Index
Function (CEIF) F based on the rise time tr, the maximum overshoot σp, and the transient
time ts.

The expression of the CEIF could be shown as follows:

F =

tr
1
ts σp, 0 < tr < 1

tr
ts σp, tr ≥ 1

(11)

Index One: Rise Time tr

The time during which a step response curve firstly rises to a steady-state value from
0 was defined as the Rise Time.

Index Two: Maximum Overshoot σp

For the maximum value of the step response curse, the Maximum Overshoot was
defined as follows:

σp =

∣∣c(tp
)
− c(∞)

∣∣
|c(0)− c(∞)| × 100%

where c(0), c(tp) and c(∞) represent the variables of the attitude angles of the launch
vehicles in the start-up instant, the overshoot peak instant and the steady-state instant,
respectively.

The higher the value of σp is, the weaker the System Damping Characteristics are.
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Index Three: Transient Time ts

The time during which the step response curse enters and stays in the allowable error
range was defined as the transient time or adjustment time. The above error range was
usually ∆ times the steady-state value, where ∆ is the error band.

The designing principles of the CEIF could be shown as follows:
(1) The CEIF designed in this paper needs to fulfill two purposes: Firstly, the dynamic

response speed of the launch vehicle attitude should be guaranteed; Secondly, the dynamic
response stability of the launch vehicle attitude should also be ensured. Among the three
indexes, the rise time tr reflects the response speed of the system, the maximum overshoot
σp represents the operational stability of the system (i.e., the damping degree), and the tran-
sient time ts can concurrently show both the response speed and the damping degree [19].
Therefore, while designing CEIF, all three indexes are considered simultaneously.

(2) After examination, no matter whether the rise time tr satisfies 0 < tr < 1 or tr ≥ 1,
and no matter whether the transient time ts satisfies 0 < ts < 1 or ts ≥ 1, the CEIF is
positively correlated with the rise time tr. Additionally, the positive correlation between the
CEIF and the transient time ts could be shown, and the positive relationship between the
CEIF and the maximum overshoot σp could also be found. According to the definitions, the
shorter the rise time tr, and with maximum overshoot σp or transient time ts, the better the
control property is. therefore, the smaller the CEIF value F is, the better the effectiveness
the control’s performance.

2.2.3. Sliding Mode Reaching Law Design Resulting in Better Launch Vehicle Attitude
Fault-Tolerant Control Performance

The merit of the Constant Reaching Law and that of the Power Reaching Law has
been synthesized by designing a Constant Power Reaching Law (CPRL), the expression of
which can be shown as follows:

ṠSMC = −ε sign(SSMC)− k2|SSMC|α sign(SSMC) (12)

where ε = diag(ε1, ε2, ε3), εi > 0, i = 1, 2, 3, 0 < α < 1, k2 = diag(k21, k22, k23),
k21 > 0, k22 > 0, k23 > 0, sign(SSMC) = [sign(SSMC(1)), sign(SSMC(2)), sign(SSMC(3))]

T,
|SSMC|α sign(SSMC) = [|SSMC(1)|α sign(SSMC(1)), |SSMC(2)|α sign(SSMC(2)), |SSMC(3)|α sign
(SSMC(3))]

T.
In the revelation of the surface expression of the fast terminal sliding mode represented

by Equation (8), the closer the absolute values of x̂1 and x̂2 are to zero, the closer the value
of |SSMC| to zero. Hence, the convergence process of x̂1 and x̂2 in the fast terminal sliding
mode control is also the convergence process of SSMC.

The design principles of the new reaching law are as follows:
(1) To guarantee that the phase trajectory converges towards the origin of the phase

plane as time progresses in the fast terminal sliding mode control, the phase trajectory of a
single attitude channel should pass through the origin and be located in the second and
fourth quadrants of the phase plane. Its schematic diagram is shown in Figure 3. Therefore,
all the terms on the right side of the equal sign in the reaching law expression represented
by Equation (12) are negative.

(2) The Phase Trajectory Diagram of the Reaching Law of the ith Attitude Channel
is reflected in Figure 3; the red box contains the region where the absolute value of the

change in
dSSMC(i)

dt (i = 1, 2, 3) decreases sharply as the absolute value of SSMC(i) (i = 1, 2, 3)
decreases; the green box contains the region where the absolute value of the change in
dSSMC(i)

dt remains high as the absolute value of SSMC(i) decreases.
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Figure 3. ThePhase trajectory diagram of the Reaching Law of the ith Attitude Channel.

(3) The sign-function-related term of the Constant Reaching Law can ensure that the
system state in the vicinity of the origin of the phase plane approaches the origin with
a sufficiently large

∣∣∣ṠSMC(i)

∣∣∣ value (i.e., maintaining a sufficiently large rate of change of∣∣∣SSMC(i)

∣∣∣), while
∣∣∣SSMC(i)

∣∣∣ is determined by the difference between the system state and
the expected value of the system state (which is the stable value of the system state after a
fault occurs). In view of this, compared with the reaching laws without the term related
to the sign function in the Constant Reaching Law, including the Power Reaching Law,
first, the term related to the sign function in the Constant Reaching Law can ensure that
the dynamic response speed of the launch vehicle attitude towards the expected value is
faster when the distance to the expected value is closer; that is, the rise time tr is shorter.
Second, as mentioned above, once the system state value crosses the origin of the phase
plane,

∣∣∣ṠSMC(i)

∣∣∣ would be assigned the opposite sign to
∣∣∣SSMC(i)

∣∣∣. Therefore, if the
∣∣∣ṠSMC(i)

∣∣∣
value is better guaranteed, it will more effectively prevent the system state from deviating
from the origin of the phase plane, and the dynamic response stability of the launch
vehicle attitude can also be guaranteed; that is, the maximum overshoot (quantity) σp is
smaller than that of the reaching law without the term related to the sign function in the
Constant Reaching Law. Thus, the comprehensive evaluation index function F will likely be
smaller accordingly.

(4) As the exponent of the term related to the power function in the Power Reaching

Law is 0 < α < 1, when SSMC(i) < 0, ṠSMC(i) = −k2i

∣∣∣SSMC(i)

∣∣∣α sign(SSMC(i)) exhibits an
upward convex shape in the second quadrant of the phase plane. When SSMC(i) > 0, it
presents a downward convex shape in the fourth quadrant. Based on the above patterns,
when the state function starts from the same initial point in the phase plane and the value of∣∣∣SSMC(i)

∣∣∣ gradually decreases, the term related to the power function in the Power Reaching

Law causes the value of
∣∣∣ṠSMC(i)

∣∣∣ to decrease from slowly to rapidly. Compared with the

uniform decrease in the
∣∣∣ṠSMC(i)

∣∣∣ value of mathematical terms such as −k1iSSMC(i) including
the exponential reaching law, the term related to the power function in the Power Reaching
Law can ensure that the system state still approaches the origin of the phase plane with a
relatively larger

∣∣∣ṠSMC(i)

∣∣∣ value in the vicinity of its origin. Similar to the principle of (2),
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under the premise of the same other conditions, the term related to the power function in
the Power Reaching Law can guarantee that the dynamic response rise time tr of the launch
vehicle attitude is shorter than the rise time of mathematical terms such as −k1iSSMC(i) of
reaching laws like the exponential reaching law and the maximum overshoot (quantity)
σp is smaller than the maximum overshoot (quantity) σp of mathematical terms such as
−k1iSSMC(i) of the exponential reaching law. Thus, the comprehensive evaluation index
function F is likely to be smaller accordingly.

(5) To superimpose the aforementioned advantages of the Constant Reaching Law on
those of the Power Reaching Law, the CPRL expression designed in this paper incorporates
both the term related to the sign function in the Constant Reaching Law and the term
related to the power function in the Power Reaching Law.

2.2.4. Fault-Tolerant Control Law Design

Considering system (7), the fault-tolerant control law has been designed as

u = δ(t) = −Ê2GT
1

[
G1Ê3GT

1

]−1
(δ1 + δ2) (13)

where δ1 = S
∥S∥+ζ

(
∥F + l1x̂2 + l2Dx1 x̂2 + G1ρ̂∥+

∥∥∥ŴT
1 ϕ1

∥∥∥+ ∥ε̂1∥
)

, δ2 = −ṠSMC = ε

sign(SSMC) + k2|SSMC|α sign(SSMC), and the adaptive updating law of the parameters in
the neural network was ˙̂W1 = − 1

γ ϕ1ST
SMC, where Ŵ1 and ε̂1 are the estimated values of

W1 and ε1, respectively.
Note: In the design of the fault-tolerant control law, a Radial Basis Function Neural Net-

work (RBFNN) is adopted to handle the uncertainties in the sliding mode dynamics [20].

3. Results and Discussion
3.1. Experimental Tools

MATLAB R2023b was used to carry out the design, test and verification of the launch
vehicle attitude control close-loop. This simulation software has shown its functions
of efficient numerical calculation and symbolic calculation to finish the time iteration
swiftly; at the same time, its complete graphic processing function has realized visu-
alization of calculation results and computer programming, being convenient for the
intuitive comparison among the launch vehicle attitude values influenced by different
reaching laws.

For the above reasons, while establishing the launch vehicle model and designing the
launch vehicle attitude control laws, this paper fully applied the functions of the MATLAB
Function in the MATLAB, writing the m function of MATLAB in the Simulink models. At
once, since many different reaching laws has been applied in the launch vehicle attitude
fault-tolerant laws as members of the experimental group or control group, in order to
test and verify the effect of the CEIF constructed in this paper and compare the effects of
evaluation of these control laws, a series of functions in the m file of MATLAB R2023b was
utilized for simulation.

3.2. Experimental Results Analyses

This section focuses on the verification of the CEIF and launch vehicle attitude fault-
tolerant controller designed above to prove their effectiveness. The simulation model
was established mainly by consultingthe literature [20,21]. The moment of inertia was
J = diag

{
2.9 × 106 kg · m2, 5.9 × 107 kg · m2, 5.9 × 107 kg · m2

}
, the initial value of the

launch vehicle attitude control system was ξ = [φ, ψ, θ]T = [0◦, 0◦, 90◦]T,
ω =

[
ωx, ωy, ωz

]T
= [0, 0, 0]T(◦) · s−1, the attitude instruction signal was
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ξc = [−10◦, 15◦, 80◦]T. At the same time, this simulation has considered the influence
of the external disturbance d = 0.05 · [sin(t), cos(2t), sin(3t)]T N · m on the launch vehicle
attitude control system.

As shown in Table 1, in the controller, eight reaching laws were adopted to perform
the simulation and compare the control results. In them, Reaching Law One, Reaching
Law Two and Reaching Law Three represented the Constant Reaching Law, Exponential
Reaching Law and the Power Reaching Law, respectively; Reaching Law Six adopted the
Constant Power Reaching Law (CPRL) designed in this paper; all the rest of the reaching
laws played the role of control group members.

When the parameters of the sliding mode reaching laws were a = 5, b = 7,
k1 = diag{5, 5, 5}, k2 = diag{25, 25, 25}, ε = diag{3, 3, 3}, aa = 6, the parameters of
the failure about the loss of effectiveness were E1 = 0.3, E2 = 0.2, the parameters of the
failure about deviation were ρ1 = 0.6, ρ2 = 0.5, and the parameters of the terminal sliding
face were l1 = diag{1, 1, 2}, l2 = diag{1, 1, 2}. The absolute values of the differences
between the peak values of the attitude angles in three channels after failures and the
objective values of the attitude angles in the three channels could are shown in Table 2.

Table 1. Comparison table of the reaching laws adopted in this paper.

Reference Numbers of
Reaching Laws Names of Reaching Laws Expressions of Reaching Laws

Reaching Law One Constant Reaching Law ṠSMC = −ε sign(SSMC)

Reaching Law Two Exponential Reaching Law ṠSMC = −ε sign(SSMC)− k1SSMC

Reaching Law Three Power Reaching Law ṠSMC = −k2|SSMC|α sign(SSMC)

Reaching Law Four Regular Reaching Law ṠSMC = −ε sign(SSMC)− aaf (SSMC)

Reaching Law Five Compound Reaching Law One ṠSMC = −k1SSMC − k2|SSMC|α sign(SSMC)

Reaching Law Six Compound Reaching Law Two (CPRL) ṠSMC = −ε sign(SSMC)− k2|SSMC|α sign(SSMC)

Reaching Law Seven Compound Reaching Law Three ṠSMC = −k2|SSMC|α sign(SSMC)− aaf (SSMC)

Reaching Law Eight Compound Reaching Law Four ṠSMC = −aaf (SSMC)− k1SSMC

where ε = diag{ε1, ε2, ε3}, εi > 0, i = 1, 2, 3, SSMC =
[
SSMC(1), SSMC(2), SSMC(3)

]T
,

sign(SSMC) = [sign(SSMC(1)), sign(SSMC(2)), sign(SSMC(3))]
T ,

|SSMC|α sign(SSMC) =
[∣∣∣SSMC(1)

∣∣∣α sign(SSMC(1)),
∣∣∣SSMC(2)

∣∣∣α sign(SSMC(2)),
∣∣∣SSMC(3)

∣∣∣α sign(SSMC(3))
]T

, 0 < α < 1,
k1 = diag{k11, k12, k13}, k11 > 0, k12 > 0, k13 > 0, k2 = diag{k21, k22, k23}, k21 > 0, k22 > 0, k23 > 0, aa > 0,

f (SSMC) =
[
f
(

SSMC(1)

)
, f
(

SSMC(2)

)
, f
(

SSMC(3)

)]T
, f
(

SSMC(i)

)
= SSMC(i) − sin

(
SSMC(i)

)
, i = 1, 2, 3

According to the Min-1 normalization of population variance, the differences among
the influence of the different reaching laws on the pitching angles in the pitching channel
comprehensive faults were much smaller than the differences among the influence of the
different reaching laws on the rolling angles in the rolling channel comprehensive faults.
Similarly, the differences among the influence of the different reaching laws on the yawing
angles in the yawing channel comprehensive faults were much smaller than the differences
among the influence of the different reaching laws on the rolling angles in the rolling
channel comprehensive faults. Based on the above consideration, each failure was placed
in the rolling channel in this paper. When the parameters of the slide mode reaching laws
remained constant, by separately observing the rolling channel, the phase trajectories of
the different reaching laws could be shown in Figure 4.
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Table 2. Comparison table of the absolute values of differences between the peak values of the attitude
angles in three channels after failures and the objective values of the attitude angles in three channels.

The Absolute Values of Differences Between Two Values *

Pitching Channel Yawing Channel Rolling Channel

Reaching Law One 0.0020 0.0044 0.0816
Reaching Law Two 0.0019 0.0051 0.0756
Reaching Law Three 0.0055 0.0155 0.1528
Reaching Law Four 0.0022 0.0053 0.0829
Reaching Law Five 0.0051 0.0143 0.1405
Reaching Law Six 0.0017 0.0068 0.0322
Reaching Law Seven 0.0055 0.0155 0.1528
Reaching Law Eight 0.1204 0.5299 1.7765
The Population Variance of the Absolute Values ** 2.954 × 10−6 2.353 × 10−5 1.856 × 10−3

Min-1 normalization of population variance 1 7.965 628.2
* The two values indicate the Peak Value of the Attitude Angles in a Certain Channel after Failures and the
Objective Value of the Attitude Angles in that Chaninenel; ** The Absolute values associated with Reaching Law
Eight are much larger than the remaining values and are therefore excluded from the computation.

(a) (b)

Figure 4. The phase trajectories graph of the different reaching laws in the rolling channel. (a) The
original graph of the phase trajectories. (b) The enlarged partial graph of the phase plane in a small
horizontal coordinate range.

Figure 4a shows the phase trajectories of the eight reaching laws. In the process of
the sliding mode control, the phase trajectories gradually approached to the coordinate
origin as time passed, known in the information in the enlarged partial graph in Figure 4b,
when the absolute values of the phase plane horizontal coordinate SSMC(1) entered a small
range, which means sliding through the area contained by the red box in Figure 4b from the
area far from the original point of the phase plane. This effect was especially pronounced
after this horizontal coordinate was smaller than 0.5, thanks to the term related to the sign
function in the Constant Reaching Law −ε sign(SSMC) in Reaching Law Six designed in
this paper. The absolute value of the vertical coordinate ṠSMC(1) of Reaching Law Six was
obviously larger than the absolute values of the vertical coordinate ṠSMC(1) of Reaching
Law Three, Reaching Law Five, Reaching Law Seven, and Reaching Law Eight without
the term related to the sign function in the Constant Reaching Law −ε sign(SSMC). Even
if there similarly existed the term related to the sign function in the Constant Reaching
Law −ε sign(SSMC), the term related to the power function in the Power Reaching Law
−k2|SSMC|α sign(SSMC) of Reaching Law Six still assisted the absolute value of its vertical
coordinate ṠSMC(1) of Reaching Law Six, being obviously larger than the absolute values
of those of Reaching Law One, Reaching Law Two and Reaching Law Four. Therefore,
when the horizontal coordinate of the phase plane was small enough, Reaching Law Six
could approach to the coordinate origin with the fastest speed, i.e, the rise time of Reaching
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Law Six was the shortest; in the real control, the control system usually appeared as the
maximum overshoot (quantity) σp. This, in the phase plane, could be expressed as the
phase trajectory continuing to enter the other side of the coordinate origin after it arrived
at this coordinate origin. After this occurred, the phase trajectory could return to the
coordinate origin with the largest negative increment with the help of Reaching Law Six,
i.e, the maximum overshoot (quantity) σp of Reaching Law Six was the smallest.

It was assumed that the faults expressed in Equation (14) occurred in the simulation
of launch vehicle swinging actuators. In detail, the faults were defined to occur when the
time of tf came, which could be shown as follows:

E =

diag{1, 1, 1}, 0 ≤ t < tf

diag
{[

E1 + E2 sin
(
0.5t + 2π

3
)]

, 1, 1
}

, t ≥ tf
ρ =

[0, 0, 0]T, 0 ≤ t < tf

[ρ1 + ρ2 sin(0.2πt), 0, 0]T, t ≥ tf
(14)

In the current experiments, the parameters of the failure regarding the loss of effec-
tiveness, the parameters of the failure regarding deviation, the parameters of the terminal
sliding face, and the parameters of the slide mode reaching laws are consistent with those
parameters mentioned above, setting the moment of fault occurring to 2 s. Known in
Equation (14), both the failure regarding the loss of effectiveness and the failure regarding
deviation occurred in the rolling channel of actuators in the simulation at 2 s, shown in
Figure 5.

(a)

(b) (c)

Figure 5. Sketch graphs of the actuator failures in the rolling channel. (a) The compound effect of loss
of efficiency faults and the bias faults for actuators in the rolling tunnel (assuming that the control
input δx for the rolling channel is constant at 5 degrees). (b) The sketch graph of the actuator failure
about the loss of effectiveness in the rolling channel. (c) The sketch graph of the actuator failure
regarding deviation in the rolling channel.
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Before and after the above faults occurred, some of the function indexes—used in
calculating the CEIF in Equation (11)—and the final calculation results of the CEIF were all
arranged in ascending order of their values shown in Table 3.

Table 3. Comparison table of some function indexes used to calculate the CEIF and the final
calculation results.

Compared Indexes
Comparison Results

Before Failures Occurred After Failures Occurred

Rise Time tr
tr16 < tr15 < tr13 < tr17 < tr12 <
tr14 < tr18 < tr11

tr26 < tr24 < tr21 < tr22 < tr23 <
tr27 < tr25 < tr28

Maximum Overshoot σp
σp16 < σp13 < σp15 < σp17 < σp11 <
σp14 < σp12 < σp18

σp26 < σp22 < σp24 < σp21 < σp28 <
σp25 < σp27 < σp23

CEIF F F16 < F15 < F13 < F17 < F11 < F14 <
F12 < F18

F26 < F22 < F24 < F21 < F27 < F23 <
F25 < F28

The following information is reflected in Table 3:
(1) Before the failures occurred, the rise time tr12 of the Exponential Reaching Law was

shorter than the rise time tr11 of the Constant Reaching Law, but the maximum overshoot
σp12 of the Exponential Reaching Law was larger than the maximum overshoot σp11 of the
Constant Reaching Law. On the contrary, after the failures occurred, the rise time tr22 of
the Exponential Reaching Law was longer than the rise time tr21 of the Constant Reaching
Law, but the maximum overshoot σp22 of the Exponential Reaching Law was smaller than
the maximum overshoot σp21 of the Constant Reaching Law. In addition, after the failures
occurred, the rise time tr23 of the Power Reaching Law was longer than not only tr21 but also
tr22, and the maximum overshoot σp23 of the Power Reaching Law was larger than not only
σp21 but also σp22. Since the rise time could reflect the characters of the response speed of a
system and the maximum overshoot could reflect the characters of the operation stability
of that system, the above comparison results illustrated that the difficulty in coordinating
the response speed of the attitude angles with the operation stability of these angles
frequently arose.

(2) Before the failures occurred, the rise time tr13 of the Power Reaching Law was
obviously shorter than both the rise time tr11 of the Constant Reaching Law and the rise time
tr12 of the Exponential Reaching Law. The maximum overshoot σp13 of the Power Reaching
Law was smaller than both the maximum overshoot σp11 of the Constant Reaching Law and
the maximum overshoot σp12 of the Exponential Reaching Law. At this time, the CEIF F13 of
the Power Reaching Law was smaller than both the CEIF F11 of the Constant Reaching Law
and the CEIF F12 of the Exponential Reaching Law. After the failures occurred, both the rise
time tr21 of the Constant Reaching Law and the rise time tr22 of the Exponential Reaching
Law were obviously shorter than the rise time tr23 of the Power Reaching Law, and both
the maximum overshoot σp21 of the Constant Reaching Law and the maximum overshoot
σp22 of the Exponential Reaching Law were also smaller than the maximum overshoot σp23

of the Power Reaching Law. At this time, both the CEIF F21 of the Constant Reaching Law
and the CEIF F22 of the Exponential Reaching Law were smaller than the CEIF F23 of the
Power Reaching Law. Seen in (1), the rise time could reflect the characters of the response
speed of a system, and the maximum overshoot could reflect the characters of the operation
stability of that system. Thus, the value of CEIF could reflect the levels of both the response
speed and the operation stability of a system.

(3) According to the above conclusions, as shown Table 3, before the failures occurred,
among the various indexes of the dynamic process of the launch vehicle rolling angle
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tracking target rolling angle, the rise time tr16 influenced by the CPRL designed in this
paper was shorter than the rise time tr11 influenced by the Constant Reaching Law, the rise
time tr12 influenced by the Exponential Reaching Law, and the rise time tr13 influenced
by Power Reaching Law. The maximum overshoot σp16 influenced by the CPRL designed
in this paper was smaller than the maximum overshoot σp11 influenced by the Constant
Reaching Law, the maximum overshoot σp12 influenced by the Exponential Reaching Law,
and the maximum overshoot σp13 influenced by the Power Reaching Law. The value
of CEIF F16 influenced by the CPRL designed in this paper was smaller than the value
of CEIF F11 influenced by the Constant Reaching Law, the value of CEIF F12 influenced
by the Exponential Reaching Law and the value of CEIF F13 influenced by the Power
Reaching Law.

(4) After failures occurred, among the various indexes of the dynamic process of
the launch vehicle rolling angle deviation value regressing to the stable value again, the
rise time tr26 influenced by the CPRL designed in this paper was shorter than the rise
time tr21 influenced by the Constant Reaching Law, the rise time tr22 influenced by the
Exponential Reaching Law and the rise time tr23 influenced by the Power Reaching Law.
The maximum overshoot σp26 influenced by the CPRL designed in this paper was smaller
than the maximum overshoot σp21 influenced by the Constant Reaching Law, the maximum
overshoot σp22 influenced by the Exponential Reaching Law and the maximum overshoot
σp23 influenced by the Power Reaching Law. The value of CEIF F26 influenced by the CPRL
designed in this paper was smaller than the value of CEIF F21 influenced by the Constant
Reaching Law, the value of CEIF F22 influenced by the Exponential Reaching Law and the
value of CEIF F23 influenced by the Power Reaching Law.

(5) The CEIF represented that in certain conditions—not only before the failures
occurred but also after they occurred—the control performance of the control system
influenced by the CPRL designed in this paper was the best.

The CEIF values arranged in Table 3 could be calculated and shown in Table 4.

Table 4. CEIF values before and after failures.

Before Failures Occurred After Failures Occurred

CEIF Arranged
in Ascending Order

Value of
the CEIF

CEIF Arranged
in Ascending Order

Value of
the CEIF

F16 9.01 × 10−7 F26 2.19 × 105

F15 1.12 × 10−4 F22 3.35 × 105

F13 1.31 × 10−4 F24 3.61 × 105

F17 1.15 × 10−4 F21 1.98 × 106

F11 0.0020 F27 8.88 × 107

F14 0.0022 F23 8.89 × 107

F12 0.0034 F25 8.96 × 107

F18 0.3062 F28 1.03 × 109

The optimal CEIF value drops heavily
to 0.81% of the suboptimal one.

The optimal CEIF value drops obviously
to 65.45% of the suboptimal one.

Values are sorted in ascending order of CEIF.

Figure 6 shows the curve of the launch vehicle rolling angle instruction tracking of the
launch vehicle attitude system. In these graphs, it is shown that:

(1) All of the launch vehicle attitude angles controlled by the fault-tolerant control
laws applying eight reaching laws, respectively, could track to the value of the instruction
signal at about 1 second after tracking, shown in Figure 6.

(2) Two seconds after the start of the simulation, the launch vehicle system started to
experience actuator failures, shown in Figure 6. The tracking character of the launch vehicle
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attitude was clearly affected, and this launch vehicle attitude system showed apparent
tracking errors, but employing the eight fault-tolerant control laws, respectively, applying
eight reaching laws could lessen the lasting effect of failures on the launch vehicle attitude.

(a) (b)

(c) (d)

(e) (f)

Figure 6. The rolling angle of the launch vehicle considering the failures that occurred and the
related equivalent swinging angle values in the rolling channel. (a) The original simulation graph of
the launch vehicle rolling angle. (b) The enlarged partial graph of the launch vehicle rolling angle
tracking near the launch vehicle rolling angle tracking-instruction before failures occurred. (c) The
enlarged partial graph of the launch vehicle rolling angle deviating from the launch vehicle rolling
angle tracking-instruction after failures occurred. (d) The original simulation graph of the equivalent
swinging angle values in the rolling channel. (e) The enlarged partial graph of the equivalent
swinging angle values of the launch vehicle in the rolling channel before failures occurred. (f) The
enlarged partial graph of the equivalent swinging angle values of the launch vehicle in the rolling
channel after failures occurred.
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(3) While the fault-tolerant control laws applying all of these reaching laws—except for
the CPRL designed in this paper (Reaching Law Six)—could still accomplish the tracking of
the attitude instruction over time, before the failures occurred, employing the fault-tolerant
control law applyingthe CPRL designed in this paper could cause the launch vehicle rolling
angle value to reach to the tracking-instruction angle value more swiftly and more evenly
than the seven control laws respectively applying the rest seven reaching laws, shown
in the area contained by the red box in Figure 6b. After the failures occurred, the launch
vehicle rolling angles respectively controlled by those seven fault-tolerant control laws
applying the rest of the seven reaching laws showed a more severe deviation from the
tracking-instruction value than that fault-tolerant control law applying the CPRL designed
in this paper, shown in the area contained by the red box in Figure 6c. Therefore, the
calculation results of the CEIF were consistent with the laws of comparison obtained by
directly observing the launch vehicle rolling angle dynamic variation curves influenced by
the eight reaching laws.

(4) Figure 6d–f represent the equivalent swinging angle values influenced by the
fault-tolerant control law with the the Constant Power Reaching Law (CPRL, Reaching Law
Six), steadily showing the larger absolute value, which means that the fault-tolerant control
law with CPRL could offer stronger controlling ability to restrain the deviation from the
target value with more swiftness and a smaller overshoot.

The parameters of the failure about the loss of effectiveness are defined as
E1 = 0.2, E2 = 0.1, the parameters of the failure regarding deviation were ρ1 = 0.6,
ρ2 = 0.5, which means that the parameters of the Loss of Effectiveness became worse and
the parameters of the loss of effectiveness remained unchanged. The simulation results of
the rolling angle of the launch vehicle are shown in Figure 7a–c.

From Figure 7, even though the parameters of the loss of effectiveness became worse,
before the failures occurred, employing the fault-tolerant control law applying the CPRL
designed in this paper could cause the launch vehicle rolling angle value to reach the
tracking-instruction angle value more swiftly and more evenly than the seven control laws
respectively applying the rest of the seven reaching laws after the failures occurred, shown
in the areas contained by the red boxes in Figure 7b,c. The launch vehicle rolling angles
respectively controlled by those seven fault-tolerant control laws applying the rest of the
seven reaching laws still showed more severe deviation from the tracking-instruction value
than the fault-tolerant control law applying CPRL.

The parameters of the failure regarding the loss of effectiveness are defined as E1 = 0.3,
E2 = 0.2, and the parameters of the failure regarding deviation were ρ1 = 0.7, ρ2 = 0.6,
which means that the parameters of the failure regarding deviation became worse and the
parameters of the loss of effectiveness remained unchanged. The simulation results of the
rolling angle of the launch vehicle are shown in Figure 8a–c.

From Figure 8, even though the parameters of the failure regarding deviation became
worse, before the failures occurred, employing the fault-tolerant control law applying the
CPRL designed in this paper could cause the launch vehicle rolling angle value to reach to
the tracking-instruction angle value more swiftly and more evenly than the seven control
laws respectively applying the rest of the seven reaching laws after the failures occurred,
shown in the areas contained by the red boxes in Figure 8b,c. The launch vehicle rolling
angles respectively controlled by those seven fault-tolerant control laws applying the rest of
the seven reaching laws still showed the most severe deviation from the tracking-instruction
value compared to the fault-tolerant control law applying CPRL.
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(a)

(b) (c)

Figure 7. Enlarged partial graph of the launch vehicle rolling angle deviating from the launch vehi-
cle rolling angle tracking-instruction when the parameters of the loss of effectiveness became worse.
(a) The original simulation graph of the launch vehicle rolling angle. (b) The enlarged partial graph of
the launch vehicle rolling angle tracking near the launch vehicle rolling angle tracking-instruction before
failures occurred. (c) The enlarged partial graph of the launch vehicle rolling angle deviating from the
launch vehicle rolling angle tracking-instruction after failures occurred.

In Table 5, the Two Power Reaching Law was proposed by Mei H. et al. [17] and used
by Zhang H. X. [13]; the Multi Power Reaching Law was proposed by Zhang Y. et al. [18].

Table 5. Comparison table of the CPRL, Two Power Reaching Law and Multi Power Reaching Law.

Reference Numbers Names Expressions

Reaching Law Six Constant Power Reaching Law (CPRL) ṠSMC = −ε sign(SSMC)− k2|SSMC|α sign(SSMC)
Reaching Law Nine Two Power Reaching Law ṠSMC = −k2|SSMC|α sign(SSMC)− k3|SSMC|α2 sign(SSMC)

Reaching Law Ten Multi-Power Reaching Law ṠSMC = −k1SSMC − k2|SSMC|α sign(SSMC)−
k3|SSMC|α2 sign(SSMC)− k4|SSMC|α3 sign(SSMC)

where k3 = diag{k31, k32, k33}, k31 > 0, k32 > 0, k33 > 0, k4 = diag{k41, k42, k43}, k41 > 0, k42 > 0, k43 > 0, α2 > 1,

|SSMC|α2 sign(SSMC) =
[∣∣∣SSMC(1)

∣∣∣α2
sign(SSMC(1)),

∣∣∣SSMC(2)

∣∣∣α2
sign(SSMC(2)),

∣∣∣SSMC(3)

∣∣∣α2
sign(SSMC(3))

]T
,

|SSMC|α3 sign(SSMC) =
[∣∣∣SSMC(1)

∣∣∣α31
sign(SSMC(1)),

∣∣∣SSMC(2)

∣∣∣α32
sign(SSMC(2)),

∣∣∣SSMC(3)

∣∣∣α33
sign(SSMC(3))

]T
,

additionally, α3i =

max
{

α2,
∣∣∣SSMC(i)

∣∣∣},
∣∣∣SSMC(i)

∣∣∣ ≥ 1

min
{

α,
∣∣∣SSMC(i)

∣∣∣},
∣∣∣SSMC(i)

∣∣∣ < 1
, i = 1, 2, 3
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(a)

(b) (c)

Figure 8. Enlarged partial graph of the launch vehicle rolling angle deviating from the launch vehicle
rolling angle tracking-instruction when the parameters of the failure regarding deviation become
worse. (a) The original simulation graph of the launch vehicle rolling angle. (b) The enlarged partial
graph of the launch vehicle rolling angle tracking near the launch vehicle rolling angle tracking-
instruction before failures occurred. (c) The enlarged partial graph of the launch vehicle rolling angle
deviating from the launch vehicle rolling angle tracking-instruction after failures occurred.

Let a = 5, b = 7, k1 = diag{5, 5, 5}, k2 = diag{25, 25, 25}, k3 = diag{25, 25, 25},
k4 = diag{25, 25, 25}, ε = diag{3, 3, 3}, α2 = 2. The simulation results are shown in
Figure 9.

Figure 9 shows the comparison of the attitude fault-tolerant control performance
among the Constant Power Reaching Law (CPRL), the Two Power Reaching Law and The
Multi Power Reaching Law. In these figures, φ6 still represents the rolling angle of the
launch vehicle adopted by CPRL, φ9 and φ10 represents the Two Power Reaching Law and
The Multi-Power Reaching Law, respectively. It is obviously noted that the fault-tolerant
control algorithm with CPRL shows faster convergence velocity and better smoothness,
shown in the areas contained by the red boxes in Figure 9b,c.
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(a)

(b) (c)

Figure 9. Enlarged partial graph of the launch vehicle rolling angle deviating from the launch vehicle
rolling angle tracking-instruction as the controlling performance from the constant Power Reaching
Law (CPRL) compares with that from the Two Power Reaching Law and the Multi Power-Reaching
Law. (a) The original simulation graph of the launch vehicle rolling angle. (b) The enlarged partial
graph of the launch vehicle rolling angle tracking near the launch vehicle rolling angle tracking-
instruction before failures occurred. (c) The enlarged partial graph of the launch vehicle rolling angle
deviating from the launch vehicle rolling angle tracking-instruction after failures occurred.

4. Conclusions
In the light of the difficulty of harmonizing the response speed and operational stability

of the launch vehicle attitude angles in the design of launch vehicle attitude fault-tolerant
control when the launch vehicle actuator failures occurred, by means of investigation into
the mutual relationship between a series of parameters—including rise time, maximum
overshoot, and transition process time—and dynamic system qualities including response
speed and operation stability, a CEIF with the structure including the power exponential
function was designed, and a novel CPRL was devised.

The experimental results showed that the calculation results of the CEIF designed in
this article could conform with the laws achieved by immediately examining the simulation
results. With the help of the CPRL, the fault-tolerant controlling performance indicates that
the response speed and operational stability of the launch vehicle attitude angles achieves
a two-orders-of-magnitude optimization compared with the suboptimal one before the
fault occurred. Even if faults occurred, this performance could still be improved by more
than one-third.
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Appendix A
Table A1. Nomenclature.

Symbol Units Description

Jxx, Jyy, Jzz kg · m2 inertia tensor
ωx, ωy, ωz

◦/s rotating angular rate
φ, ψ, θ ◦ rolling angle, yawing angle, pitching angle

e1, e2, e3 / execution efficiency coefficient
ρ1, ρ2, ρ3 / bias fault coefficient
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