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Abstract

In this paper, a brand-new adaptive fault-tolerant non-affine integrated guidance and control method based on
reinforcement learning is proposed for a class of skid-to-turn (STT) missile. Firstly, considering the non-affine char-
acteristics of the missile, a new non-affine integrated guidance and control (NAIGC) design model is constructed.
For the NAIGC system, an adaptive expansion integral system is introduced to address the issue of challenging
control brought on by the non-affine form of the control signal. Subsequently, the hyperbolic tangent function and
adaptive boundary estimation are utilised to lessen the jitter due to disturbances in the control system and the
deviation caused by actuator failures while taking into account the uncertainty in the NAIGC system. Importantly,
actor-critic is introduced into the control framework, where the actor network aims to deal with the multiple uncer-
tainties of the subsystem and generate the control input based on the critic results. Eventually, not only is the stability
of the NAIGC closed-loop system demonstrated using Lyapunov theory, but also the validity and superiority of the
method are verified by numerical simulations.

Nomenclature

LOS line of sight

Vv velocity

q pitch rate

n, normal accelerationl reference length

S reference area

m mass of the missile

I, moment of inertia around the pitch axis

T, turning rate time constantr range along the LOS

V. projections of relative velocities along to the LOS
v, projections of relative velocities orthogonal to the LOS
Ag projections of target acceleration along LOS

Ap, projections of target acceleration orthogonal to LOS
Xy x-coordinate of the missile

Yu y-coordinate of the missile

Zu z-coordinate of the missile
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Xr x-coordinate of the target

Vr y-coordinate of the target

Zr z-coordinate of the target

STT skid-to-turn

IGC integrated guidance and control

FTIGC fault-tolerant integrated guidance and control
NAIGC non-affine integrated guidance and control
FTC fault-tolerant control

RL Reinforcement learning

RBFNN radial basis function neural network

BS-FTNAIGC  backstepping fault-tolerant non-affine integrated guidance and control
ABE-FTNAIGC adaptive boundary estimation fault-tolerant non-affine integrated guidance and control
RBF-FTNAIGC radial basis function fault-tolerant non-affine integrated guidance and control

Greek symbol

o angle-of-attack
0 pitch angle

VY track angle

0 the density of air
A the LOS angle

1.0 Introduction

The integrated guidance and control (IGC) design method has gained significant attention since its ini-
tial proposal due to its ability to maximise the missile’s flight performance [1] and overall operational
effectiveness. By leveraging the coupling relationship between the guidance and control systems, it com-
bines the advantages of low design cost and robustness. Numerous research studies have been dedicated
to exploring this method by scholars. Several approaches have been studied for the design of integrated
guidance and control, including sliding mode control for designing sliding surfaces [2], optimal con-
trol methods [3], feedback linearisation [4], backstepping control method [5], adaptive control [6], and
active disturbance rejection control [7]. During the flight of the missile, various failures, such as rud-
der surface failures, sensor failures, and other mechanical failures, are commonly encountered in the
missile systems. Recent research works have focused on fault-tolerant control (FTC) challenges [8—10].
For instance, an adaptive barrier fast terminal sliding mode control method was proposed to mitigate
actuator failures in unmanned aerial vehicles [11]. In multi-intelligent systems with node failures and
switching topologies, a distributed adaptive fuzzy fault-tolerant control method has been suggested [12].
While there are few FTC-related studies in IGC systems, one literature review has addressed elevator
and rudder section failures within strict feedback IGC structures [10]. Asghar et al. [13] considered a
burned or broken tailplane failure and developed an IGC system for a ground-to-air missile. Zhao [14]
proposed a fault-tolerant control method for handling rudder surface effectiveness loss failures in the
vehicle.

Overall, the fault-tolerant integrated guidance and control (FTIGC) design method has attracted
extensive research efforts, and various approaches have been explored for the integrated guidance and
control system design. Nevertheless, the fault-tolerant controls discussed above are based on the trans-
formation of the vehicle model into an affine input form. The cases where each order of subsystem input
to the system is fully non-affine is not considered. In reality, the system is more realistic represented by
a non-affine projection. In addition, there is currently no fault-tolerant control design for the non-affine
form of the IGC model, with only the literature [15] considering non-affine aerodynamic characteris-
tics to build the IGC model of the STT missile. Undoubtedly, in practical engineering applications,
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many parameters of the missile flight and guidance system, such as torque, exhibit non-affine char-
acteristics. Therefore, in this paper, we aim to address the aforementioned problem by developing
a new NAIGC scheme for missiles that experience rapidly changing actuator failures and multiple
uncertainties from different sources. We describe the missile dynamics and interceptor target kine-
matics as a non-affine non-linear IGC system, which is more consistent with practical engineering
applications.

Reinforcement learning (RL) has gained significant attention as a learning control method due to
its ability to deal with unknown uncertainties and has been extensively researched in recent years [16—
20]. In Ref. [21], RL was introduced to address the distributed leader-follower output synchronisation
problem for linear heterogeneous systems with activities. Moreover, actor-critic structures are frequently
employed in reinforcement learning for uncertain systems [22, 23]. The critic network receives infor-
mation about the system from the task environment and gives a cost function to evaluate the control
performance. Based on the cost function, the actor network is used to generate the next control policy
for the actuator. Ouyang et al. [24] designed an actor-critic adaptive control method for tracking con-
trol of an uncertain elastic joint robot. The critical neural network was used to approximate the cost
function, while the actor neural network was used to handle system uncertainty and generate control
inputs for the actuator. Liu et al. [25] proposed an incremental reinforcement learning control method
with adaptive learning rate to improve the success rate of flight controllers. A distributed reinforce-
ment learning guidance strategy under angle-of-attack constraints was investigated in Ref. [26]. Pei
et al. [27] used the deep deterministic policy gradient algorithm to integrate guidance control into a
reinforcement learning framework to intercept targets using reinforcement learning-generated intelli-
gences, and numerically verified the effectiveness and robustness of the method. In the literature [28],
the IGC system was modeled as a reinforcement learning process based on a three degrees of freedom
motion model of the hypersonic vehicles in the longitudinal plane, and a proximal policy optimisation
algorithm-based IGC system was designed. It can be seen that the performance of reinforcement learn-
ing actor-critic is satisfactory for controlling the vehicle or guidance system. The model of the IGC
problem exhibits intricate nonlinear dynamics, encompassing non-linear relationships, non-affine terms
and uncertain disturbances. Simultaneously, the IGC problem necessitates a high level of certainty in
the control scheme, demanding precise system control in accordance with predetermined planning tra-
jectories. The reinforcement learning actor-critic approach has yet to be investigated for its applicability
when dealing with such complex models.

The sensor measurement bias, as well as the actuator effectiveness failure and bias failure generated
during the flight, can disturb the attitude control system, which makes the controller design more chal-
lenging. In addition, external disturbances and structural uncertainties should be considered, which can
also cause troubles during the controller design process. Inspired by the above, this paper will focus
on the FTIGC problem for a class of non-affine forms with structural uncertainties, actuator failures
and external disturbances in the NAIGC system. The main challenges of this paper are how to model
the NAIGC system and how to deal with the non-affine problem and various unknown uncertainties
and time-varying fault variations. By introducing an adaptive expansion integral system to deal with the
non-simulation problem and fully combining the reinforcement learning actor-critic architecture and the
approximation capability of radial basis function neural network (RBFNN), the unknown uncertainties
and fault problems can be well handled by using bounded adaptive control techniques. Compared with
existing results, the method proposed in this paper has the following contributions:

« To the best of the authors’ knowledge, the method applying actor-critic to the design of adaptive
fault-tolerant NAIGC is proposed for the first time and can be an effective solution of solving
multiple uncertainties.

« A new type of non-affine integrated guidance and control design model is established for a class
of STT missile with actuator failures and multiple uncertainties and can be extended to other
aircraft with non-affine structures.
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« Benefiting from the combination of adaptive boundary, RBFNN, and actor-critic, the missile’s
ability to respond to actuator failures and formulation and preliminaries of target manoeuvers
problem can be greatly improved.

2.0 Problem formulation and preliminaries

2.1 Non-affine IGC model

Consider the following nonlinear longitudinal model of the missile where the gravity and the coupling
between the longitudinal and lateral channel are neglected:

—0.50V*Sc (o) sina + 0.50V%S (c.i(a) + c.,(a)M,,) cos o

a=q+
mV
Ve 0.50V2Sc () cos a + 0.5p VS (¢, (o) + c.()M,,) sin o
- m
. OS,OVZSZ (le(a) + CmZ(Ol)Mm + Cf;,)ae)
q= 7 (H
»y
0=gq
. —n, + Vg
n=—
T,
Yvm=0—a
where ¢, C.1, C., Ciut» Co2» €’ denote the aerodynamic coefficients.
The kinematics of a planar missile intercept target can be described as [29]:
=V,
. 2
Vr = -+ +ATr - Sin ()\' - )/M) np
r
.V
A= )
r
) V.V,
Vi=— . +Ap —cos (A —yu) nL

Considering the actuator fault, u(#) is defined as the actuator inputs. Then the output of the actuator
fault is expressed as

8e=hs () u (1) +d, (1) 3

where d; represents the error of the actuator malfunction. A; represents the scale factor of the actuator
gain fault. Assume that d; is a bounded unknown variable, A; takes values in the interval [0,1]. According
to the corollary of Ref. [10], when V; — ko/7, where k, > 0 is a constant, the direct hit can be obtained.
Thus by defining x = V, — ko+/7, we can obtain the time derivative of x.

ViVi koV,

(= — +Ar, —cos (A — np — 4
X T ( Yu) 27 4)
Meanwhile, according to the kinetic eqnarrays of n; and g, we can obtain
. np + 14
n=—-——+—
L T, T, q
. V2S1 (Cp (@) + Cpo(0)M,,, V2SicPe
q:p (Cmi(a) 2(a) )+p ns, 5)
21\‘ 21}’)’
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Figure 1. The relationship between the outer and inner loops of the guidance and control integration.

Define x, = X, x, =n;,x3; =g and

V.V, KV,
fl=_ , _2_\/;781=COS()L—VM) (14 Ab) x2,dy =Arp,
—n Vv V2Sic
f= TL,82=T—(1+Ab2)x3,d3=%(1+Ab3)da ©6)
V281 (Cppi (@) + Cop()M,, V2Sicde
f3=p ( 1(2)1 2(@) )’ng 5 B (14 Abs) Ay

We can get the following non-affine system,

X1 =fi (t,x) + g1 (¢, x1, %) +di () + Afy (t,x1)
Xo =/ (t, x1, %) + g2 (8, X1, %2, X3) + Afa (8, X1, X2)
Xy =f (6, X1, %2, X3) + &3 (8, X1, X2, X3, 1) + d5 (2) + Afs (8, X1, %2, X3) N

y=x

where x; € R',i =1, 2, 3 are system state variables. y = x, is the system output. Af; and Ab;,i =1,2,3 are
the uncertainty caused by the measurement error, in fact, Ab; € [—0.5,4-0.5]. Obviously the integrated
design model of guidance control is a third-order non-affine system, and the relationship between the
outer and inner loops is shown schematically in Fig. 1.

Remark 1. The non-affine IGC model established in this paper is more general, and the aerodynamic
characteristics of the missile and the rate of change of deflection are considered in the form of non-affine
functions, so that each subsystem contains non-affine inputs, which has great reference significance for
practical engineering applications, but also makes the design of the controller more difficult.

The design goal of this paper is to design a class of RBFNN and actor-critic based adaptive con-
trollers such that the control converges to zero in the presence of multiple factors such as actuator failure,
simultaneous changes in unknown target acceleration, and coupled multi-source uncertainty, and that
the relevant gain parameters in the controllers converge with bounds.

In this article, the following assumptions are necessary:

Lemma 1. [30] The following inequality holds for any € > 0 and z € R, we have
0= Jel — ztanh (£ ) <xe ®)
e

where « is a positive number satisfying k = e, i.e., k =0.2785
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Lemma 2. [31] (Cauchy inequality) || e || is the Euclidean paradigm of the vector, i.e. ||x]| = v/X'X.
For Vx,y € R", the following inequality holds:

|| y[| < Tyl ©)
Lemma 3. [32] (Young inequality) Given normal numbers p and q that satisfy 1/p + 1/q =1, to any
X,y € and any ¢ > 0, the following inequality is true:
&P 1
byl < — [xl” + — Iyl* (10)
4 qe?
Lemmad4. [33] The Lyapunov function V(t) with initial bounded condition V(0), if the derivative of V(t)
satisfies
Vi =—CV@®+Ey 1n
where Cy and Ey are positive constants, V(t) is bounded.

Lemma 5. [34] For any constant ¢ > 0 and any variable 7 € R, the following relationship holds
2

Z
|Z| < —m +é& (12)

Assumption 1. There exist positive constants g and g, the following inequality holds
0gi (Xiy1)

o>
g_‘ ox;

where Xi .y = [x1,....,xql,i=1,..., 0%, =1u

>g,i=1,...,n. j=1,...,n+1. (13)

Remark 2. This assumption is introduced to make the whole system controllable.

2.2 Neural networks for approximation

In this paper, we require to approximate the system uncertainty and unknown cost functions. System
uncertainty is estimated using RBFNN, which is a three-layer network. The first layer is called the input
layer, the second layer is called the hidden layer. RBFNN generally contains only one hidden layer, and
the weights of all neurons from the input to the hidden layer are 1. The third layer is called the output
layer. In this paper, we use the following Gaussian function, denoted as ¢(x), as the radial basis function:
; is the function centroid of the j-th node of the hidden layer, and o, is the width of the j-th node:

2
 (¥) = exp (—”xz—””) (14)

j

The final output is defined as

3 3 |ESAl
D W) exp <_ 25]2] )

=W'd (x) (15)

where x € R" and y € R are the input and output of RBFNN, respectively. W=[w,... w, "
denotes the output layer weight matrix, m represents the number of hidden nodes in the hidden layer.

O(x)=[P,(x),...,P,.(x)]", where:
; exp( L

" |xi ull
€X 252
1 i=1 J
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Figure 2. Integrated guidance and control design block diagram.

It has been shown that for the smooth function, there exists an optimal weight [35], such that
fFO=Wd((x) +e(x) 17

where ¢(x) is the approximation error, which can be made arbitrarily small by increasing the number of
nodes in the hidden layer.

Assumption 2. For the basic functions used for fitting in the actor-critic neural network mentioned later
V. (Z,) and ¥V ,(Z.), they sa{isfy Ba <.l <V B; < |V,|| <, and for the derivatives of V (Z,) and

W ,(Z,), they satisfy A, < |V || < Vo Ay < |IWVS]| <y, In addition, the derivatives of the estimation error
and the estimation error are bounded when using neural network fitting approximation simultaneously,
led(2)| < ¢, |€4(Z)| <E&;, where ¢,&; are positive numbers.

3.0 Main results

To solve the problem of non-affine inputs in the system (7), an auxiliary integral system is introduced,
and as an auxiliary control input, the augmented system is expressed as

Xi=fi (t,x) +g (t,x,x%)+d () + Afi

)‘CZ =f‘2 (t’ xlax2) + 82 (t7 xlax27'x3) + Af‘z

X =1 (6, X1, X2, X3) + 85 (8, X1, X2, X3, u) + d5 (t) + Afs (18)
l:l:l/if

Remark 3. By adding an auxiliary integration system, the original third-order non-affine input system
is transformed into a fourth-order affine input system, which effectively overcomes the non-affine input
problem in the system (7).

The backpropagation design process, influenced by the non-affine input, consists of four steps, and
the actual control is given in Step 4, and the control box is shown in Fig. 2.

3.1 Design steps of the reinforcement learning adaptive fault-tolerant IGC method
Define the error variables as follows

21 (1) =x, (1)

(1) =8 (1) — &u (19)
(1) =8 (1) — gu

24 (1) =83 (1) — &
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where g;4,i=1,2,3 is the filtered signal of the virtual control law for the i-th subsystem. We introduce
a new variable g;. obtained from

T8 + 8 = 8ic» 8ia (0) = gic (0) (20)

Remark 4. By introducing dynamic surfaces, the derivatives of the controllers in the simulation
programme can be transformed, which in turn reduces the complexity of the operations.

The boundary layer error is defined as
Yi = 8ida — ic 21
where g;. is the virtual control law designed for the i-th subsystem. 0 < t; < 1,i=1, 2,3 is the filtering

time constant to be designed. Then combining Equations (20) and (21) we can obtain that

. . . Yi .
Yi:gfd_gic:—f — &ic (22)

i

Furthermore, for the unknown nonlinear function, we define

=0

0; = max {sup||W,»||:i=1,2,3} (23)

Let 6 be the estimations of 6. The corresponding estimation errors are defined as 6 = 6—6.

3.1.1 Step 1
Define D, = sup;lld;(?)||. Denote D, as the estimate of D,. Moreover, assuming that the disturbance
error &p, estimated by the tanh function bounder is bounded:

dl _bl tanh (Z—l>
&p,

where ¢p, >0 is a parameter to be designed. Combining Equations (18) and (21) and the first formula of
Equation (19), we can get that

<&p, (24)

=X =fi+2+g.+y+d +Af (25)
Hence, it follows that
uz1=z2 (h+ 22+ g +y +di + Af) (26)

RBFNN is introduced to approximate the nonlinearity Af, in Equation (18). Obviously
Af =W T®,(x)) +€4,(1), €4, (x;) is the RBFNN estimation error with an upper bound ¢,,;.
Based on Lemma 2, Lemma 3 and Lemma 5, we can obtain that

2 Afy :lechbl (x1) + 2184, (x1)

_ 1 1
<[[W!|| Iz @y DIl + Nzl & < 12 P11 + Ezf + =¢2 27

2 ml

_ 7197 (x)) ©, (x

@]lz 2IT1(]) l(l) . +81|
VZOT (x) @, (x)) + 2,

where ¢, >0 is a parameter to be designed.

Remark 5. In this paper, in order to reduce the computational burden, so the upper bound of the neural
network weight parametrisation is used for adaptive compensation, or it can be solved directly with a
multi-dimensional vector without the upper bound, and the final controller as well as the form of the
adaptive update law are similar to this method.

https://doi.org/10.1017/aer.2024.86 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2024.86

The Aeronautical Journal 9

The virtual controller can be designed as follows
- - Z
gic=—kizy —6,®,;, — D, tanh <€_1> —fi (28)
Dy

where k, >0 is a parameter to be designed.
Combining Equations (26)—(28), we can rewrite Equation (26) as

. ~ z ~ - 1 1
2121 < _klz% +z2 (2 +y)+n (dl — D, tanh (8_1>> - 20,9 + EZ% + 58,2,,1 (29)
Dy
Define the adaptive update law of D, is
X z ~
D, = np,z tanh (—‘) — 1,00, D, (30)
p,
where np,, 0 p, >0 are parameters to be designed.
3.1.2 Step 2
We define the cost function as follows
T T
s=[ eir= [ @ gurar G31)
0 0
ie, c =J.

Critic network: Due to the non-deterministic nature of the cost function, the neural network can be
used to estimate as

J()=0,¥,(Z) +e (32)

where ©; € R" is the ideal critic network weight. [. represents the number of hidden nodes. ¢, represents
the estimation error. Z, =[z,] is the input to the critic neural network. Define the estimate of the cost
function as

J(=0"v,(Z) (33)

where © ; is the actual critic network weight and we have €) ;= 6} ; — 0, with €) ; being the critic neural
network weight error. Then we define a critic error as

Ecriic = (1) + O, (Z,) (34)
The function of the critic error can be designed as
E.ic = lgz iy (35)
~ eritic

In the framework of o- modification, using the gradient descent method, we can obtain the update
law of ®; as

a Ecritic _ a Ecritiz: a E critic

O=-m 00,  Mdeom 090, bt (Z) —euns®; o
Actor network: with Equation (18), Equation (21) and the second formula of Equation (19), we can
get that
Zz = g 11— g 1d
ag . ag; . .
_s O (37)
8)61 8)62

dg dg %
za_xl(f1+gl+d1+Afl)+8_xl(f2+Af2+Z3+y2+g20)_gld
) 2
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Thus
. 3g1 3g| .
2 =2 5 (fi +1 +di + Af) + E (a+ 23+ 8 + 2+ Af2) — X4 (38)
1 2

By using Lemmas 2, 3 and 5, we have

2Af 212W1Tq>1 (x1) + 2284, (xp)

1
&, (39)

lay
222

= ||WT|| 22 @1 )] + [zal| €mi < 6122P12 + 5

_ 2,07 (x)) D, (x
&, = 22T1(1) 1 (x1) 2+£12
\/Zz(bl (x1) @y (x)) + €7,

where €, >0 is a parameter to be designed. Based on the approximation of the neural network, the
uncertainty Af, in Equation (18) is approximated as

Afz (t’ xl’x2) = ®quu (Za) + &4 (le) (40)

where ©, € R" is the ideal critic network weight with [/, denoting the number of hidden nodes,
Z,=1[x,,x,]" is the input to the actor neural network, and ¢,(Z,) denotes the function reconstruction
error. Additionally, @a is the actual actor network weight, and (:D,, = (:Da -0, (:)a is the actor neural
network weight error. Then we design a actor error as

0g ~ A
8acmr = ﬁ ®Z;"I'[a (Za) +J (4 1)
3)(2
We define the actor error function as
1 2
Eactur = Esacmr (42)
According to the gradient descent method, we can get the update law of 0, as
;\ 8EaL‘l{)I' 8Eacmr agl]L‘I{)V 8g
®a =—Na = : = nagaclmqj (Z ) (43)

~ Na ~
8®a agucmr 8@,, ox X2

However, since O, is unknown, so that we let @a replace Q,. Substituting Equation (41) into Equation

(43) yields
A a1 agl T
0,=—— @ U, (Z)+ | v, (Z) (44)
0x, x,
By introducing o correction, Equation (44) can be rewritten as
X 0 0 ~
®a=—8—g1na< Lorg, <Z>+J) W, (Z) = 01,0, (45)
X2

We design the following virtual controller

1 —kyzo — dgl (fl + g+ D, tanh ( ) + 91(1)12>

8= 75— (46)
AT (G)T\I' Z)+5) -2
8)C2
where k, > 0 is a parameter to be designed. With the aid of Equations (3 8)—(46) we know that
. ad A b4 0
20 = — kzzi + ﬁZz <d1 — D, tanh <_1>> - ﬁ22‘91@12 + . (Z% + )
8)61 &p, 8
08 6w, Z,)+ Z)+i24 Lo 7)
- — ——2:&,
o, 6 o, e 2%+ 5o
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3.1.3 Step 3
Define D; = sup; - olld5(0)l], 133 is the estimate of D;. Furthermore, assuming that the disturbance error
&p, estimated by the tanh function bounder is bounded

) 9
ds (1) — D; tanh <8ﬁ : Z—3> ‘ <, (48)

X3 Epy

where ¢p, >0 is a parameter to be designed. In view of Equations (18), (21) and the third formula of
Equation (19), we can get that
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B3=82—8u= —2)51 + —2x2 + _2x3 — 8
0x, 0x;, 0x;3

082 082
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3

Thus
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+22 (i + 2+ g +y3 + ds + AFy)

ox3

_ 2 (fi+ g +d+ M)+ (h+ 8+ AL) — &u
333 =23 - (50)

RBFNN is introduced to approximate the nonlinearity Af; in Equation (18). Ideally
Af3 = W3T ®3(x;,00,%3) + €4, (X1 ,%2,X3), and €4, (x,%2,x3) is the RBFNN estimation error with an
upper bound ¢,,;, then combining Lemmas 2, 3 and 5 yields

B Af :Z3W1TCD1 (x1) + 2384, (x1)
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Ho = 2P (X1, Xp, X3) D3 (X1, X2, X3) ¢

3= 33
\/qu)g (X1, X2, x3) D3 (X1, X2, X3) + 8?3

where €3 > 0, £33 > 0 are parameters to be designed. Design the following control signals

—kyzy — 22 (fl + & + D, tanh (j) +9A1&)13>
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where k; > 0 is a parameter to be designed.
Combining Equations (50)—(52), it can be known that
g

. 0 - z
223 < —ksz3 + 8—;23 (za+y3) + a;f;zzs <d1 — D, tanh <8_1>>
3 1 Dy
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Define the adaptive update law of D, as

X 0 d Z A
Dy =1y~ tanh (=22 2} _yy, 0, Dy (54)
B.X3 BX3 81)3

where np,, 0 p, >0 are parameters to be designed.

3.1.4 Step 4
In view of eqnarray Equations (18), (21) and the forth formula of Equation (19), we have

Z4=g3_é.’3d
d0gs. 08y, 08y, 08 . .
_ gy Os Osy. D&, .

X, 0x;, 0x;3 ou

9 9
=28 (gt d+ A+ 2 (it g + Af) (55)
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Thus
. 0g ag ag og .
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axl axZ 8X3 ou
(56)
With the aid of Lemmas 2, 3 and 5, it is obvious that
ZAfi =Z4W1Tq>1 (x1) + 2484, (x1)
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where €4 >0, £54 > 0 are parameters to be designed. Select the final actual control law u, as

| _g% (fl +g +D1 tanh (;}11 ) + élq_)m) - g% <f2 + &+ é)aT\IJa (Za)) (58)
W= A 0, d
B\ =2 (f g+ Dytanh (B2 2) 4 6,85) — kiz - 2

ax3 ax3

where k4 > 0 is a positive parameter to be designed.
In view of Equations (56)—(58), it can be known that
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Last but not least, we select the following adaptive update laws of 6, and 6,

X g, 08, 083 ~
0 =mn Zlcbu + —qu)lz + Zz‘bla + —14(1)14 — 10,6,
ox; ox; ox;

A 0g = 0g3 A
0 =13 a—Z3<D33 + 8—Z4q334 — 1130305 (60)
X3

where 1, n; > 0 are the gains of the adaptive update laws and ¢, 03 > 0 are parameters to be designed.

3.2 Analysis of stability

Theorem 1. Considering the NAIGC system (7) in the presence of actuator faults and unknown uncer-
tainties, the controller (58), the parameter update laws (30), (54), the gradient descent update laws (36),
(45) and the adaptive update law (60). Suppose that Assumptions 1, 2 are satisfied, and the error of the
hyperbolic tangent function estimation disturbance is bounded. Then the following conclusions hold

o The output guidance strategy of the system eventually converges to near zero, i.e., precision
guided interception can be achieved.

o The boundedness of all signals can be guaranteed and the tracking error converges to zero.

We construct the Lyapunov function

y= Z, 12Z +Z )’ +Z +Z —D2+;®T ‘]®(,+2®,17]'®, (61)

i=1,3 =13

Combining Equations (22), (29), (53), (59) we can take the derivative of V(¢) as
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According to Lemma 1, we can obtain that

z d z
z1d, < |zidy| < D, | z; tanh il + Kkéep, ﬁ@ dy — D3 tanh gz Rl
&p, 0x3 3x3 Ep,

- 0 d
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ax 3x3 Eps
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Consequently, the sixth and eighth items of Equation (62) satisfy the following inequality

2 (dl — Dl tanh (Z—1>> < —Dlzl tanh (Z—1> + D ép,
€p, &p,

a A a ~ 0 a
ﬁz_g d3 — D3 tanh ﬁ . Z—S < _D3 ﬁZ3 tanh ﬁ . Z—3 + 1)3/({;‘[)3 (64)
3x3 a.X3 Eps a.X3 3x3 Eps

Combining Assumption 1 and Equations (24), (48), the seventh and ninth items of Equation (62)

satisfy
981 08> 083 A 2 1_ 1_ 1_ 3_
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With Equations (64), (65) and the update laws (30), (43), (36), (54), Equation (62) can be rewritten
as
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In view of inequality 2ab < @* + b* and Assumption 1 we have
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According to Lemma 3, we can get that
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Substituting Equations (67), (68) into Equation (66) yields that
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Based on Assumption 2, we can know that ||W, || < v, ||V,|| < ¥,. The sixth term of Equation (69)
can be calculated that
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Based on Assumption 2, we can know that IIli/ Il <vy,1é,1 <&,. The seventh term of Equation (69)
holds
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Based on Assumption 2, we can know that |¢,| < g,. The eighth and ninth items of Equation (69) can
be formulated that

3 9 g \ - 9 9 5
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Considering the following inequality
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Combining Equations (70)—(73), we can finally draw the following conclusion
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Table 1. Target location in different situations

Target location The range along theline of sight (LOS) Line-of-sight angle
Case 1 x7 = 6,000, y; =7,000 r(0)=9,219.54m A =0.86rad
Case 2 xr =7,000, yr =8,000 r(0)=10,630.14m A =0.85rad
Case 3 xr =8,000, yr =9,000 r(0)=12,041.59m A =0.84rad

Table 2. The actuator failures in different situations

)\8 dB
Case 1 Ay=1 d; =0.01
Case 2 X =0.95+0.01cos (6.28xt) ds; =0.01sin (3.14x%t)
Case 3 t>2,1s=0.540.01cos (3.14x1) t>2,dy=0.02sin (6.28x1)
t>4, Ay = 0.4+ 0.02sin (6.28x¢) t>4,d; =0.01cos (3.14xt)

Table 3. The target accelerations in different situations

An, Az
Case 1 Apn =10 Ap=5
Case 2 Ap, =104 5sin (6.28x1) Ag = 15sin (3.14x%1)
Case 3 t>2,Ar =20+ 5sin (6.28/0.22xt) t>2,Ar = 15sin (62.8xt)
t>4,An =154 2sin (1/0.22xt) t>4,Ar = 10sin (10x7)

According to Lemma 4, V(¢) is bounded. Hence, the parameters in V(¢) are bounded. Furthermore,
the control signals are convergent and bounded so that we can draw the conclusion that the NAIGC
system is stable. The proof is completed.

4.0 Simulation

In this paper, the validity and effectiveness of the proposed method are verified by numerical simulations.
The effectiveness of the proposed method is verified by designing simulations considering the time-
varying maneuver acceleration of the target and the time-varying actuator failure of the missile flight
control. The robustness of the proposed method is also verified by comparing it with actor-critic without
reinforcement learning.

The initial conditions of the missile kinematic eqnarrays and the initial velocity of the target are
given in Ref. [10]. The aerodynamic and body parameters of the missile are given in Ref. [10] and
the angle of the elevator is limited to [—30°,30°]. The initial position of the missile is set as follows:
x(0) = 0m, y(0) = Om. The flight path angle of the target is initialised y;(0) = 0. The initial conditions for
the actuator fault output are as follows: 1;(0) = 1, u(0) =0, ds(0) = 0. The initial values for the adaptive
parameters and neural network related parameters in the control step are as follows:

D1(0) =10, D5(0) =0, 6,(0) = 6,(0) = 6;(0) =0
(:)a (0)=10.2,0.6,—0.3,0.1, —0.5,0.8, 0.15, —0.23, 0.35]
@, (0)=10.3,0.1,-0.7,0.5, —0.64,0.28, 0.85, —0.23, 0.35, —0.11, —0.92]

Different initial positions of the targets under different conditions, different actuator failures, different
time-varying target maneuver acceleration Ay and Ay,. Specific parameters are shown in Tables 1, 2
and 3, respectively. The control gain is set to k; =5, k, =20, k3 =40, k, = 150; The parameters of the
bounders of the tanh function are chosen as 5, =500, ¢, = 100; The parameters of the actor-critic
network weight gradient descent update law are chosen as n,=0.1,0,=50,n,=0.1,0;, =50. The
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Figure 3. Simulation profiles for Case 1. (a) The x coordinates of missile and target. (b) The y coor-
dinates of missile and target. (c¢) The guide variable ¥. (d) The normal acceleration n; of missile. (e)
The pitch rate q of missile. (f) The actuator output §,. (g) The estimate of the upper bound of the inter-
ference norm D,. (h) The estimate of the upper bound of the interference norm Dj;. (i) The paradigm of
the parameter 0, estimate. (j) The paradigm of the parameter 0 ; estimate. (k) The actor network weight
norm. (1) The critic network weight norm.

parameters of the adaptive update law are chosen as np, =0.01, 0, =20,1p, =0.001,0p, = le4,
11 =0.001,0,=50,n;=5¢—7,0;=10; The parameters of the filter are chosen as
1, =0.2, 1, =13, =0.1, The other parameters are ¢, =0.1, &), =¢p=¢€3=€33=e,=€n=1.

The simulation results for Case 1, Case 2 and Case 3 are shown in Figs 3, 4 and 5, respectively. The
horizontal coordinates of the missile and the target in the two-dimensional plane are shown in Figs 3(a),
4(a) and 5(a). The vertical coordinates of the missile and the target in the two-dimensional plane are
shown in Figs 3(b), 4(b) and 5(b). Figures 3(c), 4(c) and 5(c) show the system output y (guide variable
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Figure 4. Simulation profiles for Case 2. (a) The x coordinates of missile and target. (b) The y coor-
dinates of missile and target. (c) The guide variable ¥. (d) The normal acceleration n; of missile. (e)
The pitch rate q of missile. (f) The actuator output 3,. (g) The estimate of the upper bound of the inter-
ference norm D,. (h) The estimate of the upper bound of the interference norm D;. (i) The estimate of
the parameter 0,. (j) The estimate of the parameter 0;. (k) The actor network weight norm. (1) The critic
network weight norm.

x)- Figures 3(d), 4(d) and 5(d) display the normal acceleration n; of the missile. Moreover, Figs 3(e), 4(e)
and 5(e) show the pitch rate g of missile. The actuator outputs with validity faults and deviation faults
are depicted in Figs 3(f), 4(f) and 5(f). The estimate of the upper bound of the interference norm D,, Ds
are given in Figs 3(g), (h), 4(g), (h), 5(g) and (h). The paradigms of the estimate of the parameter 6, and
05 are shown in Figs 3(i), (j), 4(i), (j), 5(1) and (j). The weight paradigms for actor-critic neural network
are depicted in Figs 3(k), (1), 4(k), (1), 5(k) and (). In conclusion, the results show that the interception
strategy x converges to zero and maintains accurate hit-kill interception even when the target possesses
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Figure 5. Simulation profiles for Case 3. (a) The x coordinates of missile and target. (b) The y coor-
dinates of missile and target. (c¢) The guide variable Y. (d) The normal acceleration n; of missile. (e)
The pitch rate q of missile. (f) The actuator output 3,. (g) The estimate of the upper bound of the inter-
ference norm D,;. (h) The estimate of the upper bound of the interference norm D;. (i) The estimate of
the parameter 0,. (j) The estimate of the parameter 0;. (k) The actor network weight norm. (1) The critic
network weight norm.

time-varying acceleration and the missile has an actuator fault. As a result, the effectiveness of the
proposed method can be verified.

At the same time, we compare the proposed control method of this paper with the backstepping
fault-tolerant non-affine integrated guidance and control (BS-FTNAIGC) method, the adaptive bound-
ary estimation fault-tolerant non-affine integrated guidance and control (ABE-FTNAIGC) method, and
the radial basis function fault-tolerant non-affine integrated guidance and control (RBF-FTNAIGC)
method. The initial conditions are as follows : the relative distance between projectile and target
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Figure 6. The guide variable ¥.
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Figure 7. Actuator output 3,.

along line of sight (LOS) r(0) =10, 816.654m, the angle between LOS and the horizontal reference
line A =0.588rad, the target location x; =9, 000, y; = 6,000, the target acceleration Ay, = Ssin (45x1),
A, =104 4sin (7.8/0.022x¢). The actuator faults happen at ¢ > 2s with A; =0.8,d; =0.05 and at t > 4s
with A; =0.6,d; =0.12. Other initial conditions are the same as above. The specific comparison is as
follows: Fig. 6 displays the system output in the four methods of the NAIGC system. The actuator fault
outputs in the four methods of the NAIGC system are shown as Fig. 7. According to the simulation
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results, it can be seen that the output of the controller and the control target of this paper are finally
stable and convergent. At the same time, the overshoot and oscillation of the control method in this
paper are smaller. Compared with other methods, the control method proposed in this paper can make
the variables more quickly stable, and the steady-state error after stability is smaller. It can be seen that
the actor-critic RBFNN has great advantages in the application of non-affine IGC systems.

5.0 Conclusion

In this paper, the NAIGC system is established for a class of STT missile with actuator failures, tar-
get acceleration variations and coupling multi-source uncertainties. The non-affine problem of the
established model can be solved by the newly introduced integral expansion system. By introducing
hyperbolic tangent function, RBFNN and reinforcement learning actor-critic neural network architec-
ture, different adaptive laws and gradient descent update laws are constructed, which can reduce the
deviation of actuator fault and target acceleration change, and effectively compensate the influence
of multi-source uncertainty. Therefore, this paper not only designs a non-affine IGC model which is
more suitable for practical application, but also pro-poses a new control method to apply reinforcement
learning actor-critic to NAIGC, which can achieve accurate hit guidance. Finally, the effectiveness and
superiority of the proposed method are verified by numerical simulation. In the future, we will study 3D
IGC and add constraints.
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