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Abstract: Aimed at addressing the strong nonlinearity and strong external disturbances that cause
flight control issues in conventional guided projectiles, as well as the slow response and structural
vibrations that often occur in sliding mode control systems, which have a detrimental impact on
the control effect and ultimate hit precision, a new type of fast and robust control algorithm with
a unidirectional mode has been designed. The objective is to design an optimized aerodynamic
shape for the projectile and to establish a dynamic model of the roll channel and a motion model
of the entire trajectory. The dynamics of a new global terminal sliding mode are proposed, and an
adaptive parameter term is realized by calculating the state of the critical sliding mode surface, which
ensures that the tracking error converges within a finite time. Its combination with an adaptive
approaching law is used to further speed up convergence while damping the structural vibration of
the system. The bias error of the roll angle is constructed as the controller and simulation calculations
are conducted on the basis of the aforementioned framework. The stability and time convergence
of the control system are demonstrated through Lyapunov theory. The results indicate that, in
comparison to the conventional terminal sliding mode controller, the designed controller exhibits a
markedly rapid convergence rate and stronger robustness in tracking the command signal. Moreover,
it also maintains a stable motion attitude of the projectile throughout the entire process. The superior
control effect under different guidance schemes and the strong external disturbances also further
reflect the anti-jamming capability and tracking performance of the system.

Keywords: guided projectile with tail rudder; unidirectional global terminal sliding mode; nonlinear
robust control; adaptive coefficient item

1. Introduction

The two-dimensional trajectory correction projectile represents the integration of a
precise guidance kit with a conventional projectile. The dispersion of the impact point
is reduced through a limited number of corrections, thereby ensuring that the projectile
falls within a small area centered on the target [1–3]. This approach not only achieves
the same striking effect as precision-guided munitions but also significantly reduces the
manufacturing cost, thereby facilitating the development of a universal module, caliber-
compatible system, with efficient destruction capabilities.

In a conventional trajectory correction projectile, the guidance kit is typically situated
in the bullet area, thereby generating the requisite normal force that enables the rudder
to roll through the aerodynamic force [4–6]. Although this structure has certain control
advantages, it will be subjected to strong airflow shock and unpredictable external distur-
bances under the high-speed and high-rotation motion state. The motor that drives the
control flaps will also be designed on the basis of the structural dimensions of its location,
and the roll rate and motion state of the rudder will directly affect the flight attitude and
control effect of the projectile. Based on this requirement, the control device and special
engineering constraints mean that choices and sacrifices will have to be made in terms of the
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robustness of the control system and the corrective capability of the actuating mechanism.
In addition, since the correction projectile only relies on the rolling motion of the structure
of the control flaps to realize the trajectory correction, it is difficult to adjust the error in a
single direction to satisfy the range and lateral deviation of two motion directions, so it is
not possible to precisely control its motion trajectory while realizing the steady flight state.
Therefore, in the face of a nonlinear and time-varying dynamical system, how to design a
reliable projectile model, and a control method with high precision and strong robustness,
has become a research hotspot among scholars.

At present, various control theories are applied to the attitude control and trajectory
correction of guided projectiles. Among them, the sliding mode control theory has attracted
the attention of and recognition from scholars at home and abroad, due to its superior
robustness. Xue Fang et al. [7] designed a sliding mode control method using a multi-power
approaching law, and the results show that the controller maintains a good control effect
during aerodynamic parameter disturbance. Cheng Wang and Xugang Wang [8] designed
a terminal sliding mode controller by decoupling the pitch and yaw channel of the projec-
tile, and the simulation results confirmed that the controller has good robustness under
parameter perturbation. In addition, Cheng Wang et al. [9] demonstrated the application
of an inverse sliding mode control strategy on the basis of disturbance compensation for
projectiles in hypersonic motion, and the results confirm that the control system has a
strong anti-jamming capability and tracking accuracy. Jiang Shang et al. [10] designed a
non-singular terminal sliding mode controller using an exponential approaching law, and
the method confirms better guidance control performance when attacking targets with dif-
ferent maneuvering forms. Jixia Han et al. [11] designed a controller by combining sliding
mode observers with sliding mode control methods, which significantly reduced the uncer-
tainties in the system. Comprehensive analysis reveals that the main methods to weaken
vibrations and to improve the control effect in the sliding mode control system are elimi-
nating the discontinuous functions in the control input and reducing the switch frequency
of the controller. Although replacing the sign function with the saturation function [12–14],
or combining dynamic control methods with various observers and differentiators, can
enhance the gliding property of the signal input, it is easy to facilitate the amplification
of disturbances within the system, which can lead to the stimulation of forced vibrations
and an increase in actual energy consumption. The computational process of a high-order
sliding mode control system is cumbersome and requires differential information of a
certain order [15–17].

In summary, this study takes into account the strong nonlinearity brought about by the
drastic changes in aerodynamic parameters and the practical control problems that make
guidance kits vulnerable to external disturbances. This study details our efforts to establish
a structure with enhanced aerodynamic characteristics and a system model. In light of
the challenges posed by dynamic coupling and flight control, a UGTSMC (unidirectional
global terminal sliding mode control) algorithm with adaptive coefficients is proposed.
The combination of a roll angle command in the guidance strategy and the design of a
roll torque controller for the control flaps is also considered. Finally, the efficacy of the
designed controller is validated through numerical simulations, demonstrating enhanced
roll channel control and model performance under different guidance input signals and
strong equivalent interference.

2. System Modeling of a Conventional Guided Projectile

The projectile model studied in this paper is a high-spinning guided projectile, with a
diameter of 0.122 m, and the structure of the control flaps positioned at the tail section of
the projectile. As shown in Figure 1, M f , MF, and Mc are the friction moment, aerodynamic
moment, and control moment of the projectile, respectively. A and B are the control flap
positions of the conventional and designed projectile, respectively. Ma and Mb are the
corresponding acting moments by the airflow. When it undergoes high-spinning motion
at a small attack angle of Q◦, the torque from the airflow will result in the projectile being
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in a low-head state. The rear-positioned structure makes the pressure center of the whole
projectile (that is Point C) move back, which is conductive to ensuring the motion stability
under nonlinear changes in terms of aerodynamic parameters. The total length of the
projectile is 0.666 m; the lengths of the main body part and the control flaps of the projectile
are 0.567 m and 0.099 m, respectively. Taking the vertex of the bullet as a reference point, the
distance from the center of mass of the main body and the control flap component is 0.375 m
and 0.614 m, respectively. In addition, the motor that drives the rudder will be designed in
accordance with the structural dimensions of the projectile. The space dimension at the tail
area is much larger than that of the bullet area. Therefore, the output controllable torque
can be significantly enhanced in the actual design, and the same correction effect can be
achieved while shortening the length of the kit.
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Figure 1. Control flap location diagram of a different projectile.

2.1. The Dynamics Model of Projectile

During the whole motion process, the main body and the control flaps part of the
projectile are two independently existing rotating structures, so it is necessary to establish
their dynamic models. Firstly, the ground coordinate system OE, the ballistic coordinate
system OV (it rotates with the change in velocity vector, which is a rotating coordinate
system), the projectile axis coordinate system OA (its X-axis is the projectile axis, which
is a dynamic coordinate system that rotates as the change in the position of the projectile
axis; its spatial orientation is determined by the pitch angle and the azimuth angle of the
projectile axis), the projectile body coordinate system OB, and the second axis coordinate
system OA2 (which is mainly used to determine the azimuth of the projectile axis relative
to the velocity and to calculate the aerodynamic force) are established. As documented
in the literature [18] and in the related project of our research group, in accordance with
the established coordinate system, the model of X, Y, Z axis motion or rotation established
in this paper is transformed from a projectile body coordinate system to a projectile axis
coordinate system. The main body component of the projectile model has been established.

.
ωxf =

Mxz−M f
Ixf.

ωy = (M2+Mc2)−(ωxf·Ixf+Ixa·ωxa)·ωz
Iy

+ ωz
2 · tan φ2

.
ωz =

(M3+Mc3)+(ωxf·Ixf+Ixa·ωxa)·ωy
Iy

− ωy · ωz · tan φ2
.
γf = ωxf − ωz · tan φ2

(1)

where ωxf is the rolling angular velocity of the projectile’s main body around the x-axis;
ωy and ωz are the rolling angular velocities of the projectile around the y-axis and z-axis,
respectively; Mxz represents the polar damping moment caused by the rotation of the
projectile around the x-axis; Mk and Mck (taking 2 and 3) represent the components of
the aerodynamic moment of the projectile’s main body and the control moment in the
y-axis and z-axis directions, respectively; M f is the frictional resistance moment; Iy is the
equatorial moment of inertia; Ixf represents the polar moments of inertia of the projectile’s
main body; φ2 is the azimuth angle of the projectile’s axis; γf is the roll angle of the main
body, which is used to observe whether the main body component of the projectile can
sustain a high-spinning state throughout the entirety of the control process.
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The control of the ballistic trajectory relies only on the rolling motion of control flaps
under different phases. It comprises four rudders with fixed rudder deflection angles, as
shown in Figure 2.
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The model of roll control channel is established:{
.

ωxa =
Mxza+Mxw+Mc+M f

Ixa.
γa = ωxa − ωz · tan φ2

(2)

where ωxa is the rolling angular velocity of the control flaps around the x-axis; γa represents
the roll angle of the control flaps; Mxza and Mxw are the gyroscopic moment and the polar
damping moment of the control flaps component; Mc is the control moment acting on the
rudder. Here, Mxza and Mxw are:{

Mxza = − 1
2 ρ(vr)

2S · L · Cxa · δa
Mxw = 1

2 ρvrS · L · D · CLpa · ωxa
(3)

where ρ, vr, S, L, D, δa are the air density, the velocity of the projectile relative to the air, the
cross-sectional area, the length of the projectile, the diameter of the projectile, the deflection
angle of the control flaps, respectively; Cxa and CLpa are the coefficients for gyroscopic
moment and polar damping of the control flaps component, respectively.

2.2. The Frictional Torque Model

It is assumed that various weak frictional torques can be neglected. The effects between
the control flaps and the main body of the projectile during the relative rolling motion can
be expressed as follows

M f = F′
f · sgn(ωxa − ωxf) · [ks + kv · (ωxa − ωxf)] (4)

where ks and kv are the coefficients of frictional resistance and relative motion resistance,
respectively, ks, kv ≥ 0, and they are fixed values, in which F′

f =
(

Fx + Fy + Fg
)
· ℜ. The

three variables represent the total amount of aerodynamic drag, aerodynamic lift, and
self-gravity of the projectile, respectively. These are expressed as follows

Fx = f1(Cd, Cd0, δa, v, ωx2, ωy2, ωz2) (5)

Fy = f2(CLa, vr, δ2, δ1, vp, ωx2, ωy2, ωz2) (6)

Fg = f3(m, g, θa, φ2) (7)

where f1, f2 and f3 represent 3 × 1 matrices related to the variables; δ1 and δ2 represent
the high and low attack angle and the directional attack angle; ωx2, ωy2 and ωz2 are the
components of the wind speed in the velocity coordinate system along the x-, y-, and z-axes,
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respectively; transformation matrix from the OA to the OV and OA2 is OAV and OAA2; ℜ
can be expressed as follows

ℜ = OAV · OAA2 ·

1
0
0

 (8)

2.3. The State Space of Whole System

In summary, considering the internal and external uncertainty disturbances in the
system, such as the modeling error and aerodynamic parameter variations, the state vari-
ables of the system are defined as [x1, x2]

T = [γa, ωxa]
T, the control variable is designed as

u = Mc, and the system model of the control channel model is transformed as follows:{ .
x1 = f1 + ∆ f1 + (g1(x1) + ∆g1(x1)) · x2 + d1.
x2 = f2 + ∆ f2 + (g2(x2) + ∆g2(x2)) · u + d2

(9)

where d1 and d2 represent unknown comprehensive disturbances; ∆g1(x1) and ∆g2(x2) rep-
resent parameter uncertainties in the model. The control channel model can be simplified,
and its specific form is given by the following{ .

x1 = f1 + g1(x1) · x2 + ED1.
x2 = f2 + g2(x2) · u + ED2

(10)

where the error disturbance terms are transformed into equivalent disturbances ED1 and
ED2, ED1 = ∆ f1 + d1 + ∆g1(x1) · x2, ED2 = ∆ f2 + d2 + ∆g2(x2) · u, where fi and gi( ) are
functions defined as follows:

fi =

[
f1
f2

]
=

[
−ωz · tan φ2
M f +Mxza+Mxw

Ixa

]
gi(x) =

[
g1(x1)
g2(x2)

]
=

[
1

1
Ixa

] (11)

Here, the following is assumed:
(1) The rolling angle and angular velocity of motion attitude for the guided projectile

can be measured, and the transmission of the command signal is smooth and continuous.
(2) The equivalent disturbance EDi(i = 1, 2) and its first-order derivative are assumed

to be continuous and bounded EDi ≤ EDmax.
According to the defined coordinate system and forces, the kinematic parameter model

of the ballistic trajectory is established as follows
dθa =

1
mv·cos φ2

(Fx + Fy + Fg
)0

1
0

+ Fc · cos γa


dψ2 = 1

mv ·

(Fx + Fy + Fg
)0

0
1

+ Fc · sin γa

 (12)

where θa and ψ2 represent the flight-path inclination angle and flight-path azimuth angle,
respectively; Fc =

1
2 ρ(vr)

2SL · Cnd, where Cnd is the lift coefficient of the control surface.
This study takes the system model as the research object under the preconditions of

limited state variables x1, x2, the saturation and limitations of control variables u, as well
as unknown bounded conditions φ1, φ2. The control quantity Mc is obtained through
the design of a sliding mode dynamic and a controller with optimal performance, which
facilitate the rapid convergence of the roll angle and rolling angular velocity to a small
neighborhood around zero within a finite time, thereby ensuring that the system is in a
balanced and stable state ultimately.
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3. The Design of Robust Roll Control System Based on Dynamics Model

A two-layer control architecture is constructed for the nonlinear roll control of the
projectile model. Among them, the upper control is based on the dynamics model of the
roll channel, and the control torque of the control flaps component is used as an input.
The controller is constructed by designing the new global terminal sliding mode control
algorithm and an adaptive approaching law to obtain the desired roll angle and rolling
angular velocity. According to the desired impact point, the lower layer outputs the desired
command control signals of the projectile in different stages of the whole trajectory.

3.1. The Relevant Lemmas

Lemma 1. Consider a nonlinear system
.
x = f (x), and assume the existence of a Lyapunov

function V(x) and parameters α > 0, β > 0, 0 ≤ κ ≤ 1, satisfying the following conditions:
(1) V(x) is a positive definite function;
(2) The inequality

.
V + αV + βVκ ≤ 0 holds.

If the system state converges to the origin within a finite time and the convergence time depends
on the initial state, then it satisfies

T(x0) ≤
1

α(1 − κ)
In
(

αV1−κ + β

β

)
(13)

3.2. The Design of the Upper Control Algorithm

The high-frequency vibration and the approach rate of rapid advance in the traditional
nonlinear sliding mode control will influence the application of the control method and the
control effect [19–21]. Accordingly, an adaptive sliding mode control algorithm is proposed
based on the roll characteristics of the designed model, which is capable of achieving a
rapid convergence rate while damping the vibration significantly.

The general nonlinear control system is as follows

.
x = fi(x) + g(x) · u + d (14)

where f (x) ∈ Rn, g(x) ∈ Rn×n and the elements in f (x) and g(x) are continuous,
x = [x1, . . . , xn]

T ∈ Rn denotes the state variables of the system, and d = [d1, . . . , dn]
T

denotes the composite equivalent disturbance.
The theoretical framework of this proposed control theory is based on the assumption

that a positive invariant set, designated as Q, exists within the process of the system
approaching the origin. Furthermore, it is postulated that the acting scope of this region
can be adjusted by tuning the parameters at any time. The whole convergence process is
divided into two stages: The first stage involves the rapid approach of the system from an
unknown direction to the critical buffer sliding surface. After reaching this surface, the final
global sliding mode surface will adjust the parameter terms adaptively by calculating the
state of the system. The second stage involves the motion process from crossing the critical
surface to the final sliding mode surface. Due to the rapidity of the UGTSMC dynamics and
the adaptive parameter, the system reaches the sliding mode surface accurately within the
region Q until it moves to the origin on the sliding surface. This process design can alleviate
the back surge caused by the fast approach rate to the sliding mode surface, which is “the
unidirectional motion”. The structure of the UGTSMC also ensures a fast convergence
process and improves the robustness of the system. The whole control process is shown in
Figure 3.

The critical sliding mode dynamics are first given as follows{
sn1 =

.
x + k1 · xn

p1/q1

sn2 =
.
x + k2 · xn

p2/q2
(15)
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where x = [x1, . . . xn]
T ∈ Rn, the condition k1, k2 > 0 is used to ensure the stability of

the critical sliding mode surface, and k1 ̸= k2 is used to avoid the overlap of the critical
switching surface; p1 > q1, p2 > q2.
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Taking suitable points p1q, p2q, p3q, p4q on the critical sliding surface so that the origin
and its inclusion are inside the region, the system space within the critical surface can be
sn1, sn2 divided into four subspaces. In this case, it is known that sn1

(
p1q
)
= 0, sn1

(
p2q
)
= 0,

sn2
(

p3q
)
= 0, sn2

(
p4q
)
= 0. Now, the region of the positive invariant set can be expressed

as follows
Q =

{(
x,

.
x
)∣∣pnq, n = 1, 2, 3, 4

}
(16)

Within each subspace, the control system is forced to approach the sliding surface in a
unidirectional motion. The adaptive parameter term is designed as follows:

C1i =


C11, sn1 ≤ 0, sn2 ≤ 0
C12, sn1 ≤ 0, sn2 ≥ 0
C13, sn1 ≥ 0, sn2 ≤ 0
C14, sn1 ≥ 0, sn2 ≥ 0

C2i =


C21, sn1 ≤ 0, sn2 ≤ 0
C22, sn1 ≤ 0, sn2 ≥ 0
C23, sn1 ≥ 0, sn2 ≤ 0
C24, sn1 ≥ 0, sn2 ≥ 0

(17)

where C = [C1i, C2i] represents the set of adaptive parameter terms for the global terminal
sliding mode dynamics. Here, i denotes the number of subspaces i ∈ (1, 2, 3, 4), and each
basic parameter term is assigned a value based on the corresponding calculation. One set
of these can be represented as follows{

C11 = − ∆I
B2−∆I·B1

C12 = − ∆I
B1−∆I·B2

(18)

where ∆I = (D2 − B2) · (D1 − B1), (B1, B2, D1, D2) are determined based on the values
of the subdivided subspaces, such that each set of parameter terms corresponds to its
respective subspace; K1 · B1 · B2 = −1, K2 · D1 · D2 = −1, K1 and K2 are constant values,
where K1, K2 > 0. Here, X(O) = [(A1, A2), (B1, B2), (C1, C2), (D1, D2)], where each array
of parameters is used to calculate the corresponding adaptive parameter terms, so the four
subdivided subspaces have eight basic parameter terms.
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In order to realize better control performance and compensate for uncertain equivalent
disturbances effectively, the new sliding mode dynamics is designed as follows:

sc = x + α
.
x +

1
β
· xp/q (19)

where α and β are designed as the adaptive parameters, β ≥ 0; p, q are positive odd
numbers, p ≥ q.

Theorem 1. For the control channel model in the system space, the sliding mode dynamics designed
is adopted. When the error term e(t) in the control variable is in the sliding mode surface, it can
approach zero with a faster convergence rate and stronger robust performance in a limited time, so
that the whole control system reaches a stable state.

Proof of Theorem 1. When the control error term is completely convergent, that is, e(t) = 0,
it can be written as

sc = e(t) +
1
β
· e(t)p/q + α

.
e(t) = 0 (20)

It is assumed that the convergence time of the error is Te, that is eTe(t) = 0, and the
initial error term eT0(t) is bounded and non-zero. After moving the item and integrating it,
we can obtain the following

TEE∫
T0

x = −
TEE∫
T0

1
α
· 1

β
xp/q (21)

This sliding mode dynamics ensures that the velocity at which the system state deviates
from s = 0 is mainly determined by

.
x = − 1

α · 1
β xp/q. The dual coefficient setting of α and β

guarantees the rapidity and stability of the convergence process. Therefore, the convergence
time is as follows

Te = −αβ

(
q

q − p
· e(t)1− p

q − C
)

(22)

Combined with Equation (19), the UGTSMC surface in the balanced state can be
written as follows:

scc = x1 + C1ix2 +
1

C2i
· x1

p/q (23)

In addition, in order to ensure that the control process has a smoother trend while
ensuring a fast convergence speed, a proportional coefficient between the velocity and the
relative distance is proposed. This can be expressed as follows

.
sq = −k · sgn(scc)− ∆V · 1

∆R
r · (scc) (24)

where ∆R represents the relative distance between the projectile and the target, and it can
be expressed as ∆R = f (x, y, z, xc, yc, zc), where (x, y, z) and (xc, yc, zc) are the positions of
the projectile and the target at the current time; ∆V represents the current velocity of the
projectile.

The controller has a better control performance and can theoretically be realized by
increasing the value of r or decreasing the value of k within a finite time. The effect of
−k · sgn(scc) is to drive the control variables to approach the sliding mode surface at a
faster convergence rate while damping the step characteristic of the sign function. The
setting of the proportional coefficient also allows the system to relatively suppress the back
surge caused by excessive convergence speed, thereby reducing the disturbance impact on
the control system. The aforementioned factors contribute to the overall robustness of the
system. □
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3.3. The Lower-Layer Control Command

The lower control outputs the command signals in different motion stages by cal-
culating the motion state and relative position of the projectile according to the different
target sets.

Fn =


n1, T < Tc1

f (n2), Tc1 ≤ T < Tc2
...

f (nn), Tcn ≤ T < Tn

(25)

where T represents the motion time; n1 is the output instruction when it is uncontrolled;
Tc1 and Tn represent the time points of the starting controlling and ending control state in
the whole control process, respectively; Tci and f (ni), i = 1, 2 . . . n represent the end control
time points and the control command output in different control stages, respectively, which
can be function items or fixed values according to the different motion states.

3.4. The Designed Robust Autopilot Based on the Control Algorithm

The dynamic trajectory of the projectile during its motion is controlled by the roll
angle of the control flaps. A robust roll autopilot is designed by combining the sliding
mode surface with the adaptive parameter items, so that the roll angle can be quickly and
stably tracked to the guidance command. Set the commanded roll angle of the control flaps
as γc and the commanded rolling angular velocity as ωc. The process is shown in Figure 4.
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Therefore, the tracking error of the roll angle is defined as e1 = γa − γc, e2 =
.
γa −

.
γc,

and the error model of the roll autopilot can be represented as follows:{ .
e1 = e2

.
e2 =

Mxz+Mxw+Mc+M f
Ixa

− ..
γc

(26)

Based on the reconstructed error dynamic model of the control channel, a global
terminal sliding surface is designed, and its derivation can be expressed as follows:

.
ss = C1i(

..
γa −

..
γc) +

.
γa −

.
γc +

1
C2i

· p
q
· (γa − γc)

p/q−1 ·
( .
γa −

.
γc
)

(27)

The controller for the roll channel is designed in combination with Equation (24) as
follows

u = − 1
C1i · g2

[
C1i ·

(
f2 −

..
yc
)
+ k · sgn(ss) +

.
x1 +

C2i · q
p

· ep/q−1 · .
e + r · ss −

.
yc

]
(28)

Proof. Consider choosing the following Lyapunov function

V =
1
2

ss
2 (29)
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The derivation of the time using V and substituting in

.
V = s2 ·

.
s2 =[

γa − γc + α(
.
γa −

.
γc) +

1
wk2

· (γa − γc)
p/q−1

]
·
[
wk1(

..
γa −

..
γc) +

.
γa −

.
γc +

1
wk2

· p
q · (γa − γc)

p/q−1 ·
( .
γa −

.
γc
)]

≤
[
γa − γc + α(

.
γa −

.
γc) +

1
wk2

· (γa − γc)
p/q−1 + ∆φ

]
· [−ktanh(s2)− r · (s2)]

= [s′′ 2] · [−ktanh(s2)− r · (s2)]

(30)

Therefore, it follows that from Lemma 1:
.

V +
√

2r · V1/2 + 2h · V ≤ 0 (31)

Thus, the control system can converge to any small neighborhood near zero in finite
time, with the convergence time being:

T(x0) ≤
1
α

In

(
2α

√
V +

√
2β√

2

)
(32)

□

Theorem 2. For the dynamic model (10) and (11) of the roll channel of a guided projectile, the
designed sliding mode controller (28) can make the error of the roll angle and rolling angular velocity
converge to zero in a very short time. There will be no instability or vibration, so as to achieve steady
tracking with the command signal.

4. The Simulation Verification

This section focuses on the model of the roll channel and the whole motion trajectory.
Considering the modeling errors and unknown internal and external disturbances, the
control effect of the system and the motion attitude of the projectile are simulated and
calculated during the control process. In addition, the aerodynamic parameters of the
projectile under different operating conditions were obtained using the computational
fluid dynamics software Fluent 2022. The simulation model is shown in Figure 5. Here,
only the parameter values at 1.0M are provided. Cd, Cnd, Cd0, CLpa, Cxa and CLa are set
as 0.4978, 0.7581, 8.0112, −0.006068, 0.0578, and 2.5485, respectively. The values of the
basic parameters of the projectile and the guidance control parameters are presented in
Tables 1 and 2, respectively.
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Table 1. The basic parameters of the projectile.

Parameter Value Parameter Value

m/kg 22.15 Ixa/(kg · m2) 0.0034
L/m 0.668 Ixf/(kg · m2) 0.041

D/m2 0.122 Iy/(kg · m2) 0.5069

Table 2. The setting parameters for the guidance control strategy.

Parameter Value Parameter Value Parameter Value

k1 2 p 5 q1 9
k2 1 q 3 q2 7
p1 7 K1 2 k 1
p2 5 K2 1 r 4

4.1. The Control Effects of the Roll Channel

Considering the special structure and motion characteristics of the projectile, the
guidance strategy is designed to initiate the controlled state of the guidance signal input at
20 s of motion (that is, when it moves near the highest point of the trajectory). In addition,
the CTSMC (conventional terminal sliding mode control) method with no switching term
and effective chatter suppression is designed to compare the control effect with the new
method. The figure illustrates the variation curves of the control variable and the roll angle
error for the UGTSMC and CTSMC. The sliding surface and controller of the CTSMC are
designed as follows {

st = x2 + r2 · x1
zq/zp

ut = − 1
g2

·
[

f2 −
..
yc +

zq ·r2
zp

· e(zq−zp)/zp · .
e + A

] (33)

where r2 > 0 and is set to be 3; both zq and zp are positive odd numbers, zq > zp; the zq, zp
and A are set to be 7, 5 and 3.

It is evident from Figure 6a that both control methods can achieve a stable state on the
control variable for a period of time after starting control. However, compared with the
CTSMC (Hsinchu, Taiwan), the UGTSMC does not produce large singular values or strong
vibration in the whole control process, reducing the high energy consumption or system
instability caused by it. The control torque is kept within 2.0 NM during the whole motion
process, and the control torque is only 0.9 NM in the steady state. The limited input of the
control variable also makes the control system more suitable for the actual engineering
applications of the projectile. As shown in Figure 6b, the guidance control error of the
proposed control algorithm converges smoothly to zero within 0.9 s after starting control,
and the error is basically kept at 0◦ during the remaining movement time, which ensures
that the roll angle of the control flaps is always in high agreement with the roll angle of
the guidance command. There is no fluctuation or large error in the whole convergence
process, which further ensures the accuracy of the control effect. The new sliding mode
dynamics here plays a role in accelerating the convergence rate, and the introduction of
adaptive parameter terms and adaptive convergence law after crossing the critical sliding
mode surface also converge to the sliding mode surface in a relatively stable state.

4.2. The Control Effect Analysis of the Motion Attitude

Figure 6 shows the variation curves of two state variables, namely the roll angle
and the rolling angular velocity of the control flaps. As illustrated in Figure 7a, it can be
observed that the actual roll angle achieves a stable control effect within 0.9 s after starting
control. Throughout the entire process, the projectile rotates less than four cycles, which
significantly improves the response speed to achieve a stable state. During this period, the
rolling angular velocity of the control flaps is also reduced from 118 rad/s to 0.18 rad/s due
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to the control torque, and it is basically maintained at zero in the remaining motion time.
This guarantees that the control flaps will not exhibit any sudden or erratic movements,
while also determining the actual direction of motion based on the output value of the
roll angle.
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The change curves of motion attitude with the projectile during the control process
are also given, as shown in Figure 8. As can be seen, the change trend of the attack angle
and the direction deflection after starting control are smooth and slow. And the maximum
value of the attack angle and direction deflection is 4 degrees and 8 degrees, respectively.
The positive and negative values only indicate the movement direction of the projectile,
and the changes in the values are within the controllable range of the ballistic deviation
correction. In the second half of the motion, the values of the two variables are finally in a
relatively steady state, maintained at −2 degrees and 6 degrees. The smooth change trend
and the final steady state mean that the projectile will not be destabilized or dropped in the
control process.

In addition, considering that excessive modeling errors and unknown strong exter-
nal disturbances may cause the system to diverge or lead to significant deviations, it is
important to verify the anti-jamming capability of the designed controller under large
disturbances. Therefore, the strong disturbances added to each stratum of the control
channel are designed as follows{

ED1 = 0.3 sin(4t) + 0.15 cos(3t)
ED2 = 0.2 cos(2t) + 0.4 sin(t)

(34)

where ED1 and ED2 are the equivalent perturbations for the angular velocity channel and
the roll angle channel, respectively.
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Figure 9a shows a partial estimation diagram of the model equivalent disturbance.
From the figure, it can be seen that the two sets of disturbances vary over time within a
range of ±0.6, and both are in a relatively strong disturbance state. However, it can be
observed from Figure 9b (that is, the error graph of the roll angle based on this disturbance)
that the entire control system begins to approach the stable state at 1.0 s, and it is not until
6.0 s that the actual roll angle is fully matched with the command, at which point the
steady state is realized. The required time is relatively long, and the convergence speed is
relatively slow, which can be attributed to the unknown strong disturbances in the model.
However, there are no vibration or control divergences throughout the process, and the
convergence process is also in a relatively smooth change.
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4.3. The Simulation Calculations under Different Control Parameter and Guidance Strategies

Considering the special engineering constraints in this model and further aligning
with practical design requirements, the limitation of the control torque was designed as
1.5 NM and 0.8 NM, respectively, so as to observe the change in the control effect under
different values.

As seen from Figure 10a, the roll angle undergoes convergence motion with a steady
state after the spin reduction effect of the control torque and then floats within a small range
of the steady-state neighborhood. The time required for the system to reach the steady
control effect is 6.6 s. The long time required and the inability to precisely control the roll
angle show the influence of the weak output control torque on the actual control effect. In
addition, compared with the curve of the roll angle when the control torque is 2.0 NM, it
can be seen that due to the reduced output control torque, the projectile rotates one more
cycle during the control convergence process. Therefore, when it is close to the steady state,
the roll angle has a convergence process of reverse roll and then reaching the steady state.
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A partial change curve of the roll angle and the rolling angular velocity change rules
are shown in Figure 10c,d. It can be clearly seen that in addition to the above situation,
at the end of the trajectory (when T is greater than 64 s), the projectile suddenly appears
to make 360◦ of continuous rolling movement. The rolling angular velocity at this time
increases from stable near 0 rad/s to 36 rad/s in the corresponding time. At this point, the
projectile has transitioned from a controlled state to an uncontrolled state. This instability is
a consequence of the insufficiently sized set control torque, which is unable to be replicated
in the model at the conclusion of the motion.

The varied guidance strategies pose a greater challenge to the effectiveness of the
control system and better match the actual motion of the projectile. Therefore, the design
scheme is as follows: Before the projectile reaches its highest point, the control moment
is maintained towards the range direction at 180◦. In the second half of the trajectory,
the guidance command signals in both directions of deviation and range are adjusted
successively and simultaneously. Accordingly, the Tc1, Tc2 and Tc3 are set to 20, 35 and 60.
The f (n2), f (n3) and f (nn) are set to 270, 180 and 135. The simulation results are shown
in Figure 11. It can be observed that the roll angle remains stable in a roll state before
control initiation. After starting control, the actual roll angle consistently aligns with the
guidance command signal, and the tracking error is found to be negligible. As a result, the
final hit accuracy of the projectile is guaranteed. The transition between different setting
stages also achieves tracking of the command signal within a short period of time, with no
phenomenon of angle fluctuation back and forth.
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5. Conclusions

In this study, a system model of a projectile structure with superior aerodynamic
characteristics is designed. To address the nonlinear control issues resulting from the
model dynamic coupling and the conventional sliding mode vibration, a global terminal
sliding mode control algorithm with a uniaxial approach state is proposed. The sliding
mode controller is designed by combining the guidance command signals. The numerical
simulation results indicate the following:

(1) This control method can achieve tracking of the command signal within 0.9 s and
then maintain a continuous and stable control effect during the remaining movement. There
is no vibration or instability during the whole motion process and the large equivalent
disturbance state, which confirms that the designed controller has both better rapidity and
stronger robustness. In addition, the control system can still realize the precise control effect
under different guidance strategies, which is conducive to ensuring the smooth attitude of
the projectile while greatly improving the precision hitting efficiency of the target.

(2) During the whole control process, the attack angle and directional deflection of
the projectile are basically kept at about −2 degrees and 6 degrees, respectively. The small
change amplitude and smooth change process ensure that the projectile has a good motion
attitude, so that it will not cause a large impact or uncontrolled state on the projectile in the
control stage.

(3) Based on the design model, the optimal value of the control torque is 2.0 NM; the
limited and small input of the control torque during the whole motion process ensures that
the designed control system has a certain practical engineering value.

The designed control method has absolute superiority compared to traditional terminal
sliding mode methods and solves the problems of “slow response” and “difficult control” in
the roll control channel of guided projectiles under disturbance conditions, which confirms
that it has superior rapidity and strong robustness.
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Abbreviations

OE ground coordinate system
OV ballistic coordinate system
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OA projectile axis coordinate system
OB projectile body coordinate system
OA2 second axis coordinate system
Ma,Mb the corresponding acting moments by the airflow

ωxf
the rolling angular velocity of the projectile’s main body
around the x-axis

ωxa
the rolling angular velocity of the control-flaps around
the x-axis

ωy,ωz
the rolling angular velocities of the projectile around
the y-axis and z-axis

Mxz
the polar damping moment of the projectile around the
x-axis

Mxza
the polar damping moment of the control-flaps component
around the x-axis

Mk,Mck

the components of the aerodynamic moment of the
projectile’s main body and the control moment in the y-axis
and z-axis directions

M f the frictional resistance moment
Mxw the gyroscopic moment of the control-flaps
Mc the control moment acting on the rudder
Iy the equatorial moment of inertia
Ixf the polar moments of inertia of the projectile’s main body
φ2 the azimuth angle of the projectile’s axis
γf the roll angle of the main body component
γa the roll angle of the control-flaps

ρ,vr
the air density and the velocity of the projectile relative to
the air

S,L the cross-sectional area and the length of the projectile

D,δa
the diameter of the projectile and the deflection angle of the
control-flaps

Cxa,CLpa
the coefficients for gyroscopic moment of the control-flaps
and polar damping of the main body

ks,kv
the coefficients of frictional resistance and relative motion
resistance

Fx the total amount of aerodynamic drag
Fy the total amount of aerodynamic lift
Fg the total amount of self-gravity

ωx2,ωy2,ωz2
the components of the wind speed in the velocity coordinate
system around x, y, and z axis

d1,d2 the unknown comprehensive disturbances;
∆g1(x1),∆g2(x2) the parameter uncertainties in the model
ED1,ED2 the equivalent disturbances

θa,ψ2
the flight-path inclination angle and flight-path azimuth
angle

Cnd the lift coefficient
p1q,p2q,p3q,p4q the suitable points on the critical sliding surface
k1,k2 the coefficient of the critical sliding mode surface
Q the region of the positive invariant
sn1,sn2 the critical sliding surface

C = [C1i, C2i]
the adaptive parameter terms for the global terminal sliding
mode dynamics.

(A1, A2), (B1, B2), (C1, C2), (D1, D2)
eight basic parameter terms on the four subdivided
subspaces

Te the convergence time of the error
eT0 (t) the initial error term
α,β the dual coefficient setting of the sliding surface
∆R the relative distance between the projectile and the target
∆V the current velocity of the projectile.
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T the motion time
n1 the output instruction when it is uncontrolled

Tc1,Tn
the time points of starting controlling and ending control
state in the whole control process

Tci the end control time points in different control stages
f (ni) the control command output in different control stages
γc the commanded roll angle of the control-flaps
ωc the commanded rolling angular velocity
e1 the tracking error of the roll angle
Cd the drag coefficient
Cd0 the zero-lift drag coefficient
CLa the lift coefficient
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