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control of non-Gaussian stochastic
attitude hypersonic vehicle

Kai-Yu Hu"™, Kun Zhu & Wenjing Sun

This study investigates an adaptive fault-tolerant control (FTC) for hypersonic flight vehicles (HFVs)
with incipient faults and non-Gaussian stochastic output attitudes. In the nonlinear HFV dynamics,

a hybrid fuzzy approximation method achieves the linearization, then the stochastic outputs

are transformed into probability density functions (PDFs) via rational square root B-spline. The
disturbance and faults are estimated simultaneously by an adaptive augmented observer. Then
actuator faults are compensated by an bionic adaptive fault-tolerant controller to ensure that the
output PDFs accurately track the expected PDFs, thereby matching actual attitude angles with

the desired ones, the bionic prey adaptive law can make FTC accurately repair the incipient fault
deviations. Lyapunov theory proves the robust stability of the scheme, and simulation illustrates the
effectiveness.

In recent years, some new advances in modelling, fault estimation and fault-tolerant control (FTC) for hypersonic
flight vehicle (HFV) or other kinds of spacecrafts have been achieved!=. Where the study of uncertainties can
improve the algorithm reliability, which mainly focus on the uncertainty of parameters, actuator faults and envi-
ronment. In®’, the disturbance observer (DOB) was investigated to deal with the HFV system with disturbance or
uncertain wind effects. Various subsystems of HFV have a variety of fault types®-°. In'!, an estimation algorithm
was proposed to estimate the time-varying bias and gain faults. In'2, a fault tolerant strategy was designed for the
re-entry HFV with mixed aerodynamic surfaces under uncertainties and faults. In'>', a novel adaptive FTC was
proposed for HFV with input constraints and uncertain parameters. This paper simultaneously studies the FTC
method for the approximated nonlinear HFV with attitude output uncertainties and actuator faults.

Laser weapons can counter HFV but require time to accumulate energy to burn obstacles'>!°. Hence, one
anti-laser method is attitude active randomization. Output uncertainty should also be investigated because of the
harsh environment. Given these uncertain outputs, FT'C for non-Gaussian stochastic systems can improve the
HFV reliability, and linear B-spline interpolation is a method to obtain stochastic distributions'”. Other complex
interpolations meet the high reliability are also useful. For example in'®, the rational square root algorithm was
presented for the non-Gaussian output probability density function (PDF).

New progress is achieved in the reconstruction and tracking control of systems with singularity, time-delay
functions and non-Gaussian stochastic outputs. Complex fuzzy approximation theory is an effective tool for
solving complex nonlinear problems!*?. In?!, T-S fuzzy theory was used for non-Gaussian stochastic systems,
whilst a sliding-mode algorithm compensated for the fault impacts. In?, the measurable premise variables and
estimations of the immeasurable premise variables were used for fuzzy controllers. In?*?*, the state feedback
robust controller and output feedback dynamic control strategy were designed for complex singular systems.
In%, algorithms were proposed for the singular time-delay systems with non-Gaussian stochastic output and
PDF approximation error. The time delay problem was investigated in’®?’, in which the adaptive-robust delay
controllers were used to solve the problem of the Euler-Lagrange systems. An adaptive observer and fault-tolerant
PI controller were designed because of the singular and delay of non-Gaussian systems®. In*, the enhanced
robust observer and neurocontrollers were presented for the systems with output uncertainties to repair faults
and shield disturbance. The main considerations in this paper include fuzzy linearization, singularity, exogenous
interference and non-Gaussian stochastic FTC.

We use PDF as the algorithm variable to enable the controller to receive accurate internal information of the
attitude angles, then the output PDF shape can perfectly match the expected value when the fault occurs, finally
the FTC of HFV with non-Gaussian stochastic attitudes is realized. The contributions and innovations of this
study are as follows:
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Figure 1. Simplified structure of HFV.

1. Proposing a non-Gaussian stochastic HFV system to solve the problem of stochastic attitude angle model-
ling and real-time statistics of the distribution information. Displaying the fault information using PDF
deformations is more accurate than the conventional attitude angle signals.

2. Proposing a multi-fuzzy approximation scheme to linearize the HFV and disturbance interconnect systems,
then designing an adaptive DOB and proving the robust stability.

3. Designing an improved adaptive fuzzy fault estimation and FTC scheme by mimicking animal predation
behavior, which are better than the traditional method when diagnosing and compensating for incipient
faults.

Section 2 introduces the HFV model with non-Gaussian stochastic attitude angles. Section 3.1 presents an
augmented estimation observer to estimate the incipient deviation fault and disturbance. Section 3.2 proposes
a improved adaptive compensation controller. Section 3.3 designs the bionic prey adaptive law. Lastly, Sect. 4
verifies the methods.

System and fault models
The rudders of HFV are shown in Fig. 1. The stochastic attitudes are generated by the deterministic rudder com-
mands combining with uncertain environment or stochastic jet rudders. Fixed rudders can achieve stochastic
attitude tracking control.

With reference to'%, the following reentry HFV model with non-Gaussian stochastic attitude angles is
designed:

Ex(t) = A(x(£)x(t) + Ag(x(t — T(1)x(t — T(1))
+ B(x(t))u(t) + NFeom(t) + Bad(t)
x(t) = ¢ (1)t € [—1,0] (1)
V(t) = D(Ex(t))
Y (p,u(t)) = ®*(C(p)V (1))

where x(t) = [p(t) g(t) 7() 1T and p(t), q(t) and 7(t) are the pitch, roll and yaw rates, respectively;
p=[p1 P2 p3 17 and P> P2 and p; are the bank, sideslip, attack angles, respectively; u(t) = [ 8. 84 8, ]T is the
control surface deflection and §,, §, and &, are the elevator, aileron and yaw rudder deflections, respectively;
V(t) ER? is the weight vector and 7(¢) is the time-varying delay function that satisfies 0 < 7(¢) < ; ¢(¢) is an
initial rudder rate function and F,,,,(t) € R? is the rudder fault vector and set F,,,,(t) as follows:

Feom(t) S {F1(8), F()} )

F1(t) is the incipient rudder deviation satisfying (3) with reference to*’. F(¢) is the standard deviation fault,
which does not meet (3).

IF1(®)/u@®)] < 10% (€)

The incipient deviation is characterised with three features®”: (1) from the qualitative aspect, the deteriorated
degree is insufficient to trigger any pre-set fault alarms; (2) from the quantitative aspect, the deviation percent
ranks from 1 to 10%, these slight abnormalities are easily affected by the systems; (3) it will develop into a cata-
strophic fault or the fault like F(¢).

A(x(t)) and B(x(t)) € R*** are the nonlinear matrix functions that satisfy the following equations:

A(x() =] 'O ()] (4)

B(x(t) =] 'G (5)

where J € R*3 is the inertia matrix, G is the control allocation matrix distributes the control torque to the control
surfaces:
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0 ?(t) tq(t) gP»fSe gp,ﬁa gP"SV
@(X(t)) = _?(t) 9 p(t) > G= g‘l>5e g‘%‘su gq»‘sr
q(t) —p@) 0 8rd. &rda 8rd

E, B;, NE R¥? are the parameter matrices, where rank(E)=q<3. D(-) € R3*3 s a transformation matrix func-
tion contains an equivalent integral and a linear transformation functions. Ex(t) = [ 1 02 03 17 represents the
angular rates and Z satisfies (6).

=
o=

sinp3 0 —cosp3
0 1 0

{cosm 0 sinp3 }
= (6)

Output (7) describes the non-Gaussian stochastic attitude angles, whilst its PDFs are approximated by the
rational square root B-spline functions. The re-entry HFV model has three outputs. Thus,

y (o, u(®) = [ 7101 u()) y2(p2u(t) y3(ps,u(t) ]

(7)
= [@2(CuV(1)* DACpaV(1)? P*(CpsV(1)?]"
where
Co1 o11(p1) ... o13(01)
Clp)=|Cpr2 | = | @21(p2) ... ¥23(p2) |,
Cp3 ©31(03) ... 933(p3)

Vo=1[wp, ...,ws]l,

®=1/\/VIH) =, V()
b
% = / CT(p)C(p)dp.

And ;)i =12, 3,i=1,2, 3) are the predetermined basis functions; w; are the tracking weights; y,, y, and
y5 are the PDFs of the bank, sideslip and attack angles, respectively. Compared with the traditional models, (1)
describes the microscopic stochastic details of the output attitude angles. The PDF deformation can display
additional information that the classic outputs cannot show using mean and variance, thereby improving control
accuracy.

Remark 1 The mean of the non-Gaussian attitude angles reveals the overall performance and is an important
reference for the HFV full-process tracking control and task execution. Our model can calculate and control the
mean in real time using (8). Arithmetic * is the matrix Hadamard product.

b
Wmean = / o *xy(p,u(t)dp (8)

The nonlinear external disturbance is expressed as follows:
w(t) = Q(Hw(t)
d(t) = T(Hw(t) ©)
where w (1), d(t) € R¥*L T(t), Q) € R¥*3,Q(¢t) is the functions describe the distance between disturbance
source and HFV.

Systems (1) is linearised using double fuzzy approximation. The ith rule: IF @ (t) is Bi1,and...,and
@, (t) is Big, THEN:

Eix(t) = Aix(t) + Aigx(t — T(t)) + Bju(t) + NiFcom(t) + Biad(t)
V(t) = D; E;ix(t)

x(t) = ¢(), te[—10] (10)
v (p,u(1)) = ®*(C(p)V(1)*
The wth rule: IF Ay (t) is By1,and...,and Ay (t) is Byy, THEN :
a(t) = Quo(t)
{d(t) = Tyo(t) (n)

where in (10), @;(j = 1,...,0) are the prerequisite variables and $;(i = 1,...,7) are the fuzzy sets; in (11),
Ay (9 = 1,...,v) are the prerequisite variables and B,y (w = 1, ..., m) are the fuzzy sets.
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Figure 2. Block diagram of fault-tolerant control.

hi@ () = [[ B )/ > [[ Bi@®) =0

j=1 i=1 j=1

ho(A@) = [] Busa®)/ > T B (A®) = 0 (12)

=1 w=1 =1

Yo hi@®) =) h(A®) =1

i=1 w=1

Figure 2 shows the overall block diagram of the HFV system fault-tolerant scheme.
Assumption 1 |[Fy ()|, IF(t)I| < My, |ld(t) | < Mg. Myand M, are two positive scalars.

Assumption 2 There exist two reversible matrices L, and L, such that: L;; AL = [A;4 05 0 Ap], Ly EiLp=[1, 050
0], Ly AL, =[A; 0,0 137.1]'

Remark 2 The disturbance source cannot have infinite power, so the amplitude of the electromagnetic wave
transmitted by it is bounded. Therefore, setting bounded external disturbance can better reflect the real war scene.
The rudders of HFV have a software and hardware dual limiting scheme. Even if there is a very small probabil-
ity that breaks the two limits, the aerodynamic effect of the deflection angle beyond 180 deg is the same as the
effect of the remaining angle after subtracting 180 deg. Therefore, it is reasonable to set the rudder fault to be
bounded. In engineering, the decoupled HFV system reflects a flight environment with directional disturbance,
it slows down the response speed of some control channels, while the control channels facing away from the
disturbance source or away from the interference direction still maintain fast response. Hence the undisturbed
channel is decoupled from the other channels. For example, the roll rudders is another set of independent execu-
tion system, if it is undisturbed, it is decoupled obviously. Therefore, it is reasonable to set up a singular HFV
system that can be uncoupled.

Given the singularity and Assumption 2, systems (10) and (11) can be transformed as follows:

)= hi(@m O)h (AW Anxi (£) + Agrx1 (E — T(1))
i=1 w=1
+ Biu(t) + NitFeom(t) + Bijgi Ty (£)]

() =Y hi(@ (O))h (AWM —Aipxa(t — T(1)) — Bpu(t)

i=1 w=1

— NioFeom(®) = Buo Ty ()] (13
V() =YY hi(@ () hy (A®) (D Einxi (1) + D Binxa (1))

i=1 w=1

n m
b)) =Y > hi(@ () (AD)) Qo ()
i=1 w=1
where B, By, Niy € R?3, B,y, Bjyp, Ny ERC D3, D, B, € R™4, D,E,;, € R**9, which satisfies: L;,B,=[B;;; B,,],
LipBig=[Biai; Biaol: DiEiLiy = [D8iy DipBiol, LpNi=[Njj; Nl
This study is dedicated to providing the fault-tolerant control scheme for the faults with different deviation
amplitudes in the HFV with stochastic attitude angles. The following sections are the scheme design process.
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Fault compensation control scheme
Fault estimation. Disturbance and singularity lead to system uncertainty and inconsistent response. Dis-
turbance can contaminate useful signals to severely distort system information, and the observer cannot accu-
rately estimate faults, which can lead to instability. Singularity is an inherent property. Neglecting singularity can
lead to poor tracking performance of the control scheme and difficult to be widely applied at the engineering site.
To solve these problems, two state error functions of fast-slow subsystems and one disturbance error function
are constructed. By substituting these three functions into the performance indicators, new methods ensure that
the system is Heo stable.

Definition 1 To simplify the expression, we set the double fuzzy approximation superposition function shown
in system (13) to satisfy:

Ay (@, 8) =Y Y hi(@ () (A(t)) (14)

i=1 w=1

If there is only one type of linear weight mode in a double fuzzy approximation process, (14) will degenerate
into a single fuzzy approximation superposition function, that is, satisfies:

Ay (@, 8) =Y (@ (1) or Y hy(A1) (15)
i=1 w=1

This definition enables the simplification and unification of symbols in the derivation process.

The following system is obtained by combining systems (1) and (9) and letting 5 (t) = [ x{ (t) 0™ () 1%:

S = Agw) (@, D) [Aiwos (t) + Aigos (t — T(t)) + Biou(t) + NioFeom(t)]
X2 = AGw) (@, A)[—Ajgx2(t — T(t)) — Bpu(t) — NioFeom(t) — Biga Twa (1)]
V(t) = Agw) (@, A)(Din Einx1 (t) + Dz Einxa (8))
= AGw) (@, A)(DipEios (t) + Din Einx2 (1))

where Aj,0=[Ay Binn T3 0 Q,,], Ajgo=[A;g1 05 0 0], Bg=[B;;; 0], Njo= [N;; 0] and D;oEjo=[D;,E;; 0]. The full-order
DOB is designed as follows:

(16)

S(t) = Ay (@, M Ao (t) + Ao (t — T(8)) + Biou(t) + Kne(1)]
X2 = Ay (@, A)[—Aigp X2 (t — T(t)) — Bipu(t) — NipFeom (t) — Bign Ty ()]

V() = Aw) (@, A)(DigEio & (t) + DipEnnda (1)) (17)
b
e(t) = / W7 —VPdp

The derivation process of &(t) is expressed as follows:

{ w1 (t) is Bir,and ..., and wy(t) is Bis

, THEN :
A1(t) is Byr,and ...and Ay (t) is By

e(t) = Do[®(DigBios (1) + D Binxa (1)) — ®(DjoEiné(t) + DinEinZa(t))
+ ®(DipEig (t) + DinEinxa(t)) — ®(Dig Biog (£) + Dz Einxa ()]

. R (18)
= &35 (DigEioes (£) + DipEinez (1)) +P X (Dio Eio s (£)
+ D Bixa (1)) (/P — 1)
On the basis of (19), error function (18) is derived as (20):
1/d—1/0 = )vl(H\A/'(t)H - HVT(t)H) (19)
e(t) = Aiw) (@, AP, (Dj Bioec (1) + DinEpzex(t))
(20)

+ B2 (DoZis (1) + DaBax ) e (| 70| - [V

By combining (16) and (17), the full-order observer error system is established as follows:
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() =¢—2¢
= Aiw (@, A){[Aiw()eg ) + AidOeg(t — (1)) + NioFeom(£) (21)
— L3¥yDjEjpec — LizXoDipBizes] + LisXa VO (| V| — H ‘A/H)}
where Lz = ®K;jand £, = fab C(p)dp.

In the estimation process, the observer is constructed to eliminate the disturbance and estimate the faults
as follows:

2t = Ay (@, M)Ak () + Aig1 1 (F — T(1))
+ Biru(t) + NitFeom(£) + Bia1 Twd(t) + Kine (£)]
22 (t) = A (@, A)[—Aigaka (t — (1)) — Bipu(t) — NipFeom(t) — Biaa Twd(1)]
V(t) = Agw) (@, A)(Dit EnZ () + DBk (1))
P(p,u(t)) = *(C(p) V(1)
Feom() = A @, A)(—prey(Tin}Eeom (1) + prey{Ti}e ()

(22)

where prey{-} means the prey adaptive strategy designed for different fault amplitudes and does not affect the
derivation. The estimation error dynamics can be expressed as (24) by setting (23):

{ Pcom(t) = Feom(t) — Fcam(t) (23)

e =x1 — X

e1(t) = Agiw) (@, A) [Ajrer (1) + Ajgrer (t — T()) + NitFeom (t) + Bia1 Ty (t)

= - - (24)
—Liy XD Ejrer — LisXoDppEipes + LigXo VO <||V|| — HVHH

where Liy = ®Kj,. Thence the fault estimation dynamic is as follows:

Faam(®) = Ao (@, &) [=prey(Tinoom (1) + Lis E2Din Earen
. (25)
+LisX,DjpBiner — Lis X VO (||V|| - HVH)}

and Ljs = @prey{[‘iz}. The following equation can be derived by combining systems (21), (24) and (25):

%g(f) ec(t) Aigoec (t — (1))
e | = Agw (@, A) |Ap, al®) | 4| Agrer(t — (1) ]
ﬁmm (1) Feom(t) 0
NioFeom(t) —Li3X;DipEper
Ni1Feom (1) —Liy¥2DipEpes
0 LisX2DinEpes

Liz¥hy
Liy Xk,
—LisXahy

+ + +

where

Ajwo — LizX2Dig Ejo 0 0

Ay = Tiw Ayl — LiyXDin 83 —Njp |,
0 Lis3;Din Ei I

Tiw =10 Bia T ],

),

= veuvi - ||

= veuqvi - |V

The reference output so is defined as follows:
Soo = Cle; () + Cre1(t) + Cser (t — (1)) + C4me(t) + Csey(t) (27)
For 41 > O0and s > 0, the robust performance indicator is defined as follows:

Joo = lIssoll” = 13 1 Fcom (I — p13lle2 (D> — 3(Q1, Q2. Q35 Qu) (28)
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5(Q1,Q2,Q3,Q4) = el (0)Q1e5(0) + ¢ (0)Qae1(0)

0 T 0 T (29)

+/ o1 Qsprda +/ &) Quprda
—t(t) —1(t)

Whent € [—7(£),0],¢ =0,% = 0,¢ = ¢1(t)and x; = ¢, (¢).

Theorem 1 For matrices Cy > 0(k=1,...,5)and Qg > 0 (k=1, ..., 4), if matrices P,, P,, R, R, and L exist, then
Lis, Lis, prey{Ti1, T2}, ;11 and p; ensure that (30) holds:

I; I,
H:{HZT HJ+HZH4<O (30)
where
Ny =[C1 0C, G300 Cqy —C4 Cs] (31)

=T
gL PiAjg TP 0 PiLpX,

¥  —R 0 0 0

I, = * * %'1-33 P2Aid1 0 (32)
* * * —R; 0
* * * * —I

0  PiNjp 0 —P1Li3¥;DpEpp

0 0 0 0

M, = | P,LisX; PN & —P,LisX2DpEp (33)
0 0 0 0
0 0 0 0

-1 0 =frLs o
2
M, = * —uy 0 0

x % —2Iy Ls¥,Dp (34)

* % * —u3
11— (Ajo — LisZ2DioBi0) TPy + Py (Aiwo — Liz2DioEig) + Ry + my 1 (35)
£ = (A — LuZ2Din Ei) TPy + Py(Ain — LuZ2Dj1 Eit) + Ry + mal (36)
% = (D4 B /L — PNi (37)

If the inequalities P; < Q;, P, < Q2, R; < Q3 and R; < Q4 hold, then system (26) is stable and satisfies
Joo < O.

Proof By selecting the positive Lyapunov functions 1, x and x3:

t t
X1 = elPieg +/ [mief ()eg (@) — hi hy)de + / el (@)Ryec(@)da (38)
0 t—1(t)
t t
X2 = ef P +/ [mae] (@)er (@) — b3 hylde +/ el (@)Ryer (@)da (39)
0 t—1(t)
X3 = ﬁg,mﬁcom (40)

The corresponding derivatives of the functions can be obtained as follows:
X1 = Agw (o, A){eg[(Aiwo — Li3Z2DioEi0) TPy + Py (Aiwo
— Li3X2DjoEig) + Ry + myIlec + 2€§P1Aidoeg(t —T(t)
+ 2eL P\NioFeom — 2L P1Li3¥2Dip Biney + 2eL P1Lis ol
—hi{hy —el(t — T(t)Rieg(t — T(1))}

(41)
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X2 = Agiw) (@, A)el [(Ain — LuZ2Din i) TPy + Ry + mal
+ Py(Ai — Lia®2Dit Ei)ler + 2¢ Py Tiwec + 2ef PaNit Feom

T T - T 2 (42)
+2e; PAjg1e1(t — ©(t)) — 2e; PaLiy X3 D Ejpe; — 21 PaNijtFeom
+ 2€1TP2L,'422]12 — hghz — elT(t — T(t))Rzel (l’ — ‘[(t))}
X3 = AGw) (@, A)(_zpre}’{ril}ﬁg;mﬁcom + ze{EilDi]; 2:ZTLI?‘;IA:CU'” (43)
+2F), LisZ2DipBiey + 2FL LisTahy)
Define y as follows:
X=x1+x2+x (44)
An auxiliary function is set as a second performance indicator, as follows:
t
= / (Isooll* = 13 I Feom (@) [I* — p3llea(@)||* + % (@))de (45)
0
The derivation shows that
Issoll? = 13 1 FeomOII* = 13 llea DI + % = q" Tg (46)
q" = [ec(t) ec(t—T(t)) Foom(t) ex(t) hi(t) ei(t) er(t—7() Fopm(t)] (47)

IT satisfies conditions (30) to (37). Thus, J; < 0. By deriving from (45) and adjusting the parameters, J; is
expressed as follows:

t
I =/0 (ssol = 121 Eeom(®) 12 — i2llex(® D)t + x(8) — %(0)

> lIsooll” = 3l Feom®) 1> = p3lle2 ()1 — [ef (0)Pye (0) (48)
"0 0
+el @R+ [ oTRibda+ [ T Ragadal
—1(t) —(t)
Whent € [—1(t), 0], condition (49) can be satisfied as follows:
[S X ¢cx1]1=[00gi1(t) p2(t) ] (49)

The following inequality is obtained on the basis of the previously presented derivation and definition:

Joo <J1+8(P1 — Q1,P, — Q2 R1 — Q3,R; — Q4)
8(P1 — Q1,P> — Q2R — Q3, Ry — Qu)

0
=[] (0)P1ec (0) + €] (0)P,e1 (0) + / ¢1 R de
—7(t)
. (50)
+ ¢; Ragadar] — [e] (0)Quec (0) + €] (0)Qze1(0)
—1(t)
7 oy
+ ¢1 Qs¢rda + / ¢, Qugdc]
—(t) —(t)
From (29), we can deduce that J; < 0:
8(P1 — Q1,Py — Qo R1 — Q3,Ry — Q4) <0 (51)
Hence, /oo < 0, the robust stable is proved. The system can mask disturbance and accurately estimate the
faults. O

Adaptive fault tolerance. Given the estimated values, fault-tolerant controller ensures that the PDF track-
ing errors meet the upper bound and the angles match their ideal values. The expected output PDFs are set as
follows:

Ye(p) = D3 (C(p)Vy)* = (C(p)V)*/(V{ Z1V), Vp € [a,b] (52)

where yg(p) is the expected output PDF and Vy is the weight corresponding to the expected output PDE. There-
after, let
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e=V-V;
Ay (@, MEE;'D; ey = A (@, AEE; DNV = V) (53)
= AGw) (@, A)Eién
The tracking error dynamics system is described as follows:
AGw) (@, A)Eiem = Aw) (@, A)[Aien + Ajgenm(t — T(t)) + Biu(t)

+ NiFeom(t) + Biad(t) + (A; + Aig)g] (54)

where e, =x(t)-x,, We assume that the system is regular pulseless and E;=LjyELp = {qu g} and

Lilem = {2 } = ¢, (54) can be rewritten as follows:

Ay (@, MEL () = A (@, A)L1ALE (1)

+ L1AigLag (t — T(t)) + LiBiu(t) + LiNiFeom(t)

+ L1Bigd(t) + L1(Ai + Aig)x, (55)
Ay (@, A)BiU () = Agiw) (@, A)[Bju(t) + (A + Aig)xg]
U(t) = u(t) + Agiw (@, MBI B) ™' B (Ai + Aia)x,]

For eliminating the disturbance and faults, control inputs are as follows:

b
U = A(i,w)(w>A)[Fi3/ (®C(p)V (1)

- CDgC(,O)Vg)d,O + prey{Tia}Feom(t) 4 prey{Tis}d(t)]

= Agw) (@, A)[PgTi3 2D EiPE (1) + prey{Tis}d (1) (56)
+ DTS V() P43 (|| Vg || = 1V + prey{Tia}Feom (1))

= A(iw) (@, A)[Lig X2 D; E;PE(t) + Lig Xah3
+ prey{lia}Feom(t) + prey{Tis}d(t)]

where Lig = ®;I';3and h3 = ‘D/ls(HVgH —IV®OIDV@).

Theorem 2 If a positive definite matrix P exists and matrices I';;, prey{I';,;} and prey{I';s} ensure that the LMI in
(57) and (58) is valid, then system (54) is stable.

Yis AigPT BiLisX2Ly 'PT BiT'is/n2 BiTis/na

*  —Ry 0 0 0

Mg = | =% * —I 0 0 <0 (57)
* * * -1 0
* * * * —I

Yis = A;PT + PAT 4+ PL; TR L, 'PT + 2B;Lis 2, D, E;PT
+PLy Tas Ly 'PT + NiNT /i + BigBL /% + A1
Proof By selecting the following Lyapunov function:

t

t t
v=Auw (@, A)TE P T+ / ¢T (R (s)ds + / asgods — / h3 hads (59)
0 0

t—1(t)
Then the derivative of v is obtained as follows:

. == —— —=—T
b = Ay (@, A TP LiAiLy + 2PV + Ry + LTATLI P )¢

+2¢TP L ALac(t — T () + 2¢ TP Ly Bigd(t) + 2¢ T (PT'LiN;
+ P LiBiprey{Tia)) Feom (t) + 22 TP~ ' L1 Biprey{Tis}d(1)
— Tt —tO)R1E(t — (1)) + 20 TP LiBiLigTohs + a3 T¢ — hl hs)

(60)

Inequality (61) can be expressed as follows®:

2
Wik < (AaIDiEdal/VIET) ¢ 05 (61)

By letting a3 = (/13 ID; EiLa || /+/ 1121 ||)2, v > 01is ensured to be constantly right, hence
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D < Agn (@, TP L AL + LTATLTP " 4 2P7'V + a3
+Ri1¢ +nd" (0)d(t) + 26 TP LiAuLag (t — T(6) — hhs
+m3d()d(t) + miEL,, () Feom(t) — ¢ T (¢ — TR (t — T(1))
+2¢TP 'Ly BiLisSahs + n2FL, () Feom(t)
+ {TF_IL1BiPr€y{Fi5}(F_1LlBiPTey{Fis})TC
+ TP NPT LN T/t + ¢ TP LBy (P LiBi) T
+¢TP 'L Biprey{Tia} (P~ Ly Biprey{Tia)) "¢ /n}

< q"Tsq + (0} + 13 EL, (D Feom(®) + (73 + nDd" (1)d (1)

where

V=L1BiLicX2D; &L, (63)
q" = [T Tt —1(0) hl] (64)

— 1 —1
Yip P L1Aigly P LiBiLigXs

s = AGw (@, A) |« —R; 0 (65)
* * —I

Yo =P 'LiAL +LIATLTP T 4+ R +2P 'V + a3
+P LN LiN) T/} + P LiBig (P LiBia) T/}
+ P ' LiBiprey{Tiu} (P~ LiBiprey{Tia)) " /n?
+F_lLlBiPre}’{rzS}(p_lLlBiPre)’{FiS})T/ni

1

By substituting P = L, PL, " and P~ = LI P~'L; " into s, the following equations can be derived as

Yip LgPilAisz LgpilBiLiGEZ
e = Aw) (@, D) | = —R, 0 (67)
* * =1

Yio = LIP7 ALy + LYATP™TLy + Ry + 20T P7'BiLis 2, D; Ei L,
+ LIPINiNT P~ Ly /02 + LIP7'ByyBLP T Ly /03 + a3
+ Ly P~ Biprey(Tia T }B] P~" Ly /n}
+ LIP7'Biprey{TisTE}BI P=T L, /02

(68)

I, is multiplied by diag ( PL; T'I I)ontheleftand diag( L;'PT I I)on the right. Then first row first column
element of I, is added by AI. Hence, (69) is obtained, where / is a small positive constant.

Yi3 AigPT BiLig¥oLy 'PT
7 = Ay (@, A) | * —Ry 0 (69)
* * —I

Yi3 = A;PT + PAT + PL; TR L' PT 4 2B;Li T, D; B;PT+71
+ PL; TasL ' PT + NiNT /0% + BigBL /0 (70)
+ Biprey{TiaT }j}B! /15 + Biprey{TisT5}B! /nj
WhenIlg < 0, the following inequality is obtained:
b < —28T¢ + i} + ) F L (O Feom(®) + 03 + nDd” ()d(#) (71)

We obtain I[1; < 0and ITg < 0, which are equivalent, based on Schur complement theory. Therefore, when
IMg < O0and

MZ(ri + n3) + M3 (n3 + 1)
A

IZl* > (72)

V < 0is confirmed. Hence, the error system is stable.[]
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Cheetah
- .
/O
o
Q’ Alert birds
D Antelope

Figure 3. Positional relationship of two animals.

Cheetah Antelope

Distance | Status Judgment | Response
Far Progressive | Safe Static
Close Progressive | Safe Static
Close Run Threat Run

Table 1. Insensitive prey strategy.

Fault Controller

Distance Status Judgment Resp

(0, k] Fault free | Incipient impact | Ty}, Tjpp, Tigps Tisy
(%, 0.1|u(t)|]) Fault F\(t) | Incipient impact | Iy, Tjpp, Tigps Tisy
O.1{lu()|l, Mf) FaultF(t) Big impact Ti12 Tinos Tians Tisa

Table 2. Insensitive prey algorithm of fault-tolerant control.

In the input (56), the actual value is replaced with the fault estimated value. Thus, the fault-tolerant tracking
controller can be expressed as follows:

u(t) = gy (@, MU — (B] B)'B] (A + Aia)xg]
= Agw) (@, A)[Lis 2D EiP¢ (1) — (B B)) "B (A; + Aia)xg (73)
+ prey{Tis}d(t) + prey(Tig) Feom(t) + Lis Sahs)

Bionic parameter varying architecture. A bionic strategy that mimics animal predation allows param-
eters set to be optimal for incipient actuator faults, enhancing the tracking performance. An antelope can use
the surrounding birds to judge threat from cheetah and respond to it by running or continue grazing?. Figure 3
shows the position.

Prey strategy originates from the cheetah/antelope hunting process. Accordingly, we replace cheetah and
antelope with fault and controller, respectively. Tables 1 and 2 provides the corresponding relationship of insen-
sitive prey strategy, where I';;;, Tio1 Tigts Tisp> Tirar Tizzs Tiaas Tisy are the LMI-compliant adaptive learning rates,
Kk € RT is approximately zero.

Remark 3 The boundary state cheetah (progressive, close) corresponds to the boundary state interval
(k, 0.1]lu(®)]]) in which u(t) determines the fault magnitude in Tables 1 and 2, k < 0.1]|u(#)||. The insensitive
prey controller determines that the faults in the interval have minimal effect, thereby retaining the learning rates.
The sensitive prey controller is the opposite.

Figure 4 is a decision tree showing the architecture of the prey algorithm. The algorithm steps are as follows:
Step 1 Fault amplitude is less than or equal to x, no fault, parameters are set to I';;;/T;5;/T 41/ Tis;.
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Clusterer Selector Combiner

Normal

Fcum

Fcom

Figure 4. Strategic architecture.

Step 2 Fault amplitude is larger than « and less than or equal to 0.1|[u(t)||, incipient fault, parameters are
insensitive and set to T';;;/Tj5,/Tiy1/Tis-

Step 3 Fault amplitude is larger than 0.1]|u(t) ||, large value fault, parameters are set to I';;,/T5,/T45/Tis,.

Step 4 Return to Step 1 without modifying content.

On the basis of Table 1 and 2, and Fig. 2, (22) and (73) can be improved to prey adaptive estimation and
fault-tolerant controller as follows:

Feom() = Ay (@ A) (—prey{Tin}Eeom(t) + prey(Tin}e(t))
u(t) = Agw) (@, A)[Lig X2 D;E;PL(t) + Lis X2h3 +Prey{ri5}a(t) (74)
+prey{Tia}Feom(t) — (B B) ™ B (Ai + Aia)x,]

where prey{I’j1, iz, T'is, I'is} are the hybrid learning rates designed according to the prey strategy satisfied:

P Tan ||Eon®] € ©, 61 or e, 0.11u)1)

prey{Tin, Lin} = . (75)
Pz Tz |[Fon(®)] € @111, My)
Fin Tt ||Eeon(®] € 0, 61 or e, 0.11u)1)

prey{lia, is} = . (76)
Fig2, Tisa, ’Fcom(t)H € (0.1lu(H)l, My]

Remark 4 Prey algorithm makes estimation and fault-tolerant control processes more sensitive to the incipient
deviation, hence HFV has the ability to predict and repair early signs. We define a set of faults with incipient
deviation element and other deviation element to indicate that the controller can handle the individual occur-
rence of all fault deviation elements (F,(t) and F(t)).

Simulation experiment
HFV model. The validity should be verified via a semi-physical simulation. The PDFs of HFV that describes
the attitude angle uncertainty are approximated by the weights and B-spline similar to that in (7) as follows:

P11(p) = ¢2(p) = ¢33(p) = 0.8(p — 4L

2 2 (77)
+ (=p2+5p —23.5)4 + 0.8(p — 7)%I5
P12(p) = @23(p) = @31(p) = 0.3(p — 3)°L 8)
+(=p% +8p — 1955 + 0.8(p — 6)%I4
P13(p) = ¢21(p) = 32(p) = 0.7(p — 2)°I1
(79)

+ (=p% +10p — 11.5), + 0.1(p — 5)*I3

where I;(i = 1, ..., 5) are interval functions defined as follows:
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=

1

L, peli+1,i+2]
0, otherwise

Based on system (1) and the characteristics of the three outputs in HFV, the basis function matrix has three
vectors generating three attitude angle PDFs. Both the reference p;, and the outputs p,, in Fig. 1 can be converted
into corresponding PDFs.

In the fuzzy HFV dynamics, the prerequisite variable is assumed to be w;, which is an element of the weight
vector V(t). In the fuzzy disturbance dynamics, the prerequisite variable is assumed to be d,, which is.

an element of the rudder interference d(t). The membership functions are expressed as follows:

hi (@) = 1/[1 + exp(—1.73w3)]
{hz(w') =1- h1 (80)
{ h1(A) = 1/[1 + exp(6 + 28d3)] 81
ha(A) = 1— Iy (A) B1)

Two rules of double-fuzzy approximation systems:
Rule 1: IF w; is approximately 0.8, THEN: {E, A, A\d H, B, D\E, B,d},
Rule 2: IF w; is approximately 0.1, THEN: {E, A, A,d H, B, D,E, B,d}.
Rule 1: IF d, is approximately 0.04, THEN: {T, Q},

Rule 2: IF d, is approximately 0.12, THEN: {T, Q,}.
55.486 0 —23.002

The inertia (t xm?) in (5) and (6) is expressed as follows: ] = 0 1136.949 0

—23.002 0 1376.852
The system state matrices can be calculated by setting the linearised roller speed and system (1). Hence, the

parameter matrices in systems (10) and (11) are expressed as follows:

110 0.99 0 0.06 0.05 3.02 —25 0.06 298 —3.75
E=E=|010]|, B =8,=]0063—-099|, A =|—-001 0 025, Ay=|—-001 0 037
000 01 0 0 —0.11 0.05 0.01 —0.19 0.06
—0.1 —0.5 0.12 —0.1 —03 —0.1 1 1 —o0.01 09 09 —001
Ag=| 02 —025006|, Ayy=| 0 —005—-01|, Bp=| 0 2 —002|, B,=| 0 2 —002]|,
0 0 06 0 0 —09 0.002 0.005 0.1 0.001 0.001 0.1
100 200 01]” 01]” 01 0.1 —0.01
Di=|010]|, Dy=|030|, H =|03|, H=|02|, By=Bu=| 0 02 —002
001 005 0.3 0.2 0.002 0.005 0.1

H, and H, are the equivalent matrices of N; and N,. Delay time: 7(¢) = 0.5(sin ¢ + 1), the parameter matrices

f d(t):
200 100 0 40 080
Ty=1000|, Th=|000|, @ =|-410|, Q=|-300].
000 000 002 001

The expected weight matrix is set as V,=[0.7 0.7 0.79]". According to the incipient fault F,(t) defined by
inequality (3) and the relationship between states and weights, we set the incipient and standard deviation faults
as follows:

0,t < 5s
B® = { 0.07,¢ > 5 (82)

0,t < b5s
Ft) = { 0.25,¢ > 55 (83)

Reference input parameters are taken as C,=C;=0.1, C;=[0.10.1 0.1 0.1 0.1], C,= C;=[0.2 0.2]. This section
solves the LMI in Theorems 1 and 2 for: L;;—L;s, I';;-T'5, prey learning rates I';;, Tipp, Tigps Tisps Tiras Tigas Tigny and
I';5, are obtained through repeated experiments. Thereafter, the ma-trices are substituted into the stochastic HFV.

Platform and results. We use the Links-Box semi-physical simulator to verify the effectiveness of the algo-
rithms. Links-Box automatically converts the MATLAB simulation model of HFV to the embedded control
prototype and support engineering hardware to test in the model. Then HFV physical device defined in the
hardware environment can dynamically verify the controller performance. The features of software package
Links-RT are:

Adapt to the HFV model built in MATLAB;

Provide input/output hardware to enable users to integrate the hardware environment into HFV model;
Automatic conversion of MATLAB model codes to VxWorks codes;

Provide communication, storage, scheduling and other services in VxWorks.

L e
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Figure 5. Semi-physical simulation platform.

Me:0.04 |004 |004 |022 |022 |022
T™ (e)/rad | Mi:0.013 [0.012 |0014 |0219 0218 |0219
Ma:0.07 007 [007 |0221 [0221 |0222
Me: 0 0.0001 | 0.0001 |0.0001 |0.0002 |0.0001
NM (e,)/rad | Mi: 0 0 0 0 0 0
Ma: 0.0001 | 0.0002 |0.0001 |0.0001 |0.0003 |0.0002
Me:0.09 |008 [008 [007 [006 |0.07

TM (e,,)/deg | Mi: 0 0 0 0 0 0
Ma: 0.14 0.12 0.13 0.11 0.1 0.11
Me: 0.012 0.011 0.01 0.01 0.008 0.008

NM (e,)/deg Mi: 0 0 0 0 0 0

Ma: 0.02 0.017 0.016 0.014 0.011 0.011

Table 3. Comparison between TM and NM.

The simulation platform is shown in Fig. 5.

Table 3 compares the results of the traditional method (TM) of HFV in'! and our new method (NM). e,
and e, are the steady-state error absolute values of estimation and tolerance. Me, Mi and Ma are the mean,
minimum and maximum, respectively. Table 3 shows that the method in'! is insufficiently effective for the HFV
with non-Gaussian stochastic attitudes. The NM is more stable and accurate than TM.

Augmented observer (16) shows the ideal and estimation results of disturbance in Fig. 6. The function vector
is as follows:

d(t) = [0.07sin(t +0.32) 0 017 (82)
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Figure 6. Disturbance curve and its estimation.

The estimation results of disturbance are substituted into system (22), whilst the effective results of fault
estimation are shown in Fig. 7. The estimation curves of the three attitude angles (p,, p,, and p5) are slightly dif-
ferent. However, the incipient and total faults are well estimated.

Figure 8 shows the PDF plots of the stochastic attitude angle outputs under the prey adaptive tolerant control-
ler (64). Fault-tolerant results show that prey adaptive controller can accurately track the ideal PDFs.

Experiment shows that for incipient faults and large deviation faults, the controller can limit the tracking
errors and response times of the attitude PDFs in an acceptable ranges. Table 3 shows the PDF tracking errors
in Fig. 8. The response time range is: 2-3.5 s. Based on Fig. 8, Table 4 statistics the performance and mean data
of the PDFs. The mean values can be calculated by online simulation through formula (8).

In Table 4, t. is the response time and e, is the maximum steady-state error in the cross section. Angle
unit: deg, and time unit: second. The tracking response time of an attitude mean is shorter than that of PDE,
because the stabilization of the PDF shape needs more shape indicators to be stable at the same time, which takes
longer, but can make the control better. The FTC algorithm has a good attitude tracking effect and can meet the
engineering requirements of HFV.

Conclusion

AN HFV model with attitude angle non-Gaussian uncertainty is proposed. This model uses PDFs to show more
attitude angle information than the definitive mean and variance. HFV fault information and self-healing are
determined through a change in the PDF shapes, thereby improving the fault self-healing and anti-laser capabil-
ity. In double-fuzzy approximation linearized dynamics, the DOB effectively estimates the disturbance. Then a
fault estimation observer is designed with the estimated disturbance to minimise the defined performance index.
The strategy mimics the animal predation process successfully used to design controllers. Bionic prey adaptive
FTC compensates for the effects of faults with different amplitudes on the three angle PDFs. The controller
with no fault estimation has part of the direct repair function, thence estimation can help complete the repair
without full fault amplitudes, the tolerance time is shorter than the estimation time. The output and ideal PDFs
are consistent, good performance is verified in the simulation. This method constructs the control technology
system of random aircraft, creates the condition for the design and implementation of anti-laser weapon, and
has the frontier and application value.
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Figure 7. Fault estimation.
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Performance | p, '3 P3

Mean(F,/F) 4.383/4.388 | 5.774/5.768 | 3.682/3.685
t,os(F\/F) 1.491/2.232 | 1.416/2.208 | 1.028/1.995
emax(F1/F) 0.014/0.019 | 0.011/0.017 | 0.011/0.014

Table 4. Fault tolerance tracking performance.
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