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Abstract: This work focuses on the three-dimensional integrated guidance and control (IGC) problem
for a flight vehicle with a body-aligned strapdown seeker. The strapdown seeker cannot provide
the line-of-sight (LOS) angular rate information and causes difficulties in the controller design.
Additionally, external disturbance and gain-loss actuator faults also lead to the loss of control
performance. To solve these problems, an extended state observer (ESO) is firstly developed to
estimate the LOS angular rate by applying the observed body-line-of-sight angles provided by the
body-aligned strapdown seeker. Based on backstepping and dynamic surface control techniques, the
fault-tolerant IGC is then designed to deal with the gain-loss actuator fault, and adaptive approaches
are applied to improve the robustness of the system. Finally, the uniformly ultimately bounded
stability of the flight control system is guaranteed via Lyapunov synthesis, and numerical simulations
are conducted to verify the effectiveness of the system.

Keywords: flight vehicle; integrated guidance and control; fault-tolerant control; strapdown seeker

1. Introduction

Traditionally, the guidance and autopilot design of the flight vehicle are treated as
two independent processes, in which the guidance loop is the outer loop to generate the
acceleration commands. The autopilot is the inner loop to track the acceleration commands.
This method ignores the coupling characteristics of the guidance and autopilot, and requires
that the guidance loop has a much slower response speed than autopilot, i.e., the spectral
separation rule [1]. However, with the flight envelope becoming larger or the vehicle-target
distance becoming smaller, the response speed of the guidance loop may increase, which
may further break the spectral separation rule between guidance and autopilot loops and
eventually lead to a large miss distance.

In recent years, integrated guidance and control (IGC) has attracted growing research
interest for flight vehicles [2] and has been successfully applied in some flight vehicles [3].
IGC treats the guidance and control loops as a whole system and generates the fin deflection
command directly [4]. From the perspective of control theory, the relative motion of the
flight vehicle and the target, and the attitude model of the flight vehicle are combined,
in the framework of IGC. The motion model of the flight vehicle can be regarded as a
high-order uncertain nonlinear dynamical system containing matched and unmatched
disturbances [5]. Furthermore, due to the harsh flight environment, some parameters,
such as aerodynamical parameters, are not easy to obtain accurately, which may introduce
parameter perturbation. Apart from the disturbance and parameter perturbation, gain-loss
actuator faults are another significant factor, which may influence the stability of the system.

To some extent, actuator faults can be seen as a special disturbance for the flight vehicle
system, which, however, is input-related. The upper bound of the parameter perturbation
or disturbance item can usually be parameterized by a known or unknown constant and a
known function. In contrast, if taking the actuator fault into consideration, the uncertain
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item can no longer be parameterized before the control law is determined. Therefore,
fault-tolerant IGC (FTIGC) requires further research.

As mentioned earlier, the flight vehicle model can be treated as a high-order nonlinear
system with the states describing the relative motion of the flight vehicle and target and
the attitude motion of the flight vehicle. According to the parallel approaching method, it
is expected that the line-of-sight (LOS) angular rate should converge to zero. To achieve
the control target, all the state information should be measured or calculated. The seekers,
including the gimbaled seeker and strapdown seeker, are devices used to provide the
relative motion information. Compared with the gimbaled seeker, the strapdown seeker
removes the mechanical servo system, which decreases the cost and the complexity of the
structure, and increases the reliability [6]. Instead, the strapdown seeker is body-aligned.
Hence, the optical axis of the seeker will not point to the target and only the body-line-of-
sight (BLOS) angles can be provided [7,8]. The absence of the LOS angular rate will indeed
pose a significant challenge in the design of guidance laws.

According to the discussion above, this paper focuses on the problem of IGC consid-
ering the potential gain—loss actuator fault, without the LOS angular rate measurement
information. To achieve this, the LOS angular rate is reconstructed by an Extend State Ob-
server (ESO) with the measured BLOS angle information. Furthermore, backstepping-based
FTIGC is then investigated with the estimated LOS angular rate.

The main contributions of this work are as follows:

(1) Alinear ESO is established based on the measured body-LOS angle information, and
the uniformly ultimately bounded stability of the estimation error of the LOS angular
rate is guaranteed.

(2) Based on the backstepping technique and the proposed ESO, the FTIGC scheme
is developed to obtain control inputs without separated guidance and command
systems design, and the computational explosion problem is avoided via dynamic
surface design.

(38) Adaptive control laws are designed to deal with the lumped uncertainties consisting
of the gain-loss actuator fault, external disturbances, and aerodynamic perturbation,
which significantly enhances the robustness of the flight control system.

The rest of this work is organized as follows. Section 2 shows some related works
about IGC and the LOS angular rate extraction. Section 3 presents the modeling and the
problem formulation, and Section 4 lays down the design of the fault-tolerant integrated
guidance and control scheme. Numerical simulations are carried out in Section 5 and
conclusions are given in Section 6.

2. Related Works
2.1. IGC

Compared with the traditional guidance and control system design, IGC treats the
guidance system and control system as a whole system, which eliminates the assumption
that the guidance system has a faster response speed than the control system. Therefore,
it solves the coordination problem of the spectral characteristics of guidance and control
systems. This section presents a brief introduction to IGC.

IGC considers the attitude dynamics in the guidance subsystem design and produces
the fin deflection commands directly. In early years, channel-separated IGC was widely
researched, in which the Six-Degrees-of-Freedom (6DOF) motion of the flight vehicle is
decomposed into longitudinal and lateral motion planes, and IGC is designed indepen-
dently for each plane. This method reduces the order of the system and the complexity of
the control parameter tuning. However, essentially, the spatial motion of the flight vehicle
is located in SE(3) space. Hence, the above-mentioned decomposition method does not
consider the coupling of the longitudinal and lateral motion planes, which may reduce the
system precision. To simplify the problem, in [2], IGC was treated as a linear optimal con-
trol problem by ignoring nonlinear items. To consider the nonlinearities, State-Dependent
Riccati Equation (SDRE)-based IGC was proposed [9]. In SDRE-based IGC, the 6DOF
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motion of the flight vehicle was rewritten as a pseudo-linear state space equation in which
the coefficients are state-dependent. In what follows, by solving an online Riccati Equation
(RE), similar to the Linear Quadratic Regulator (LQR) technique, the control input can be
obtained. To avoid solving the online RE, the 6-D technique was proposed [10,11]. Apart
from this, feedback linearization is also usually applied to obtain a linear IGC model, and
based on that, the LOR method can be applied. By comparison, SDRE, 6-D, or feedback
linearization-based IGC has weak robustness against uncertainties because the accurate
information of the model is required. To improve the robust of the system, an adaptive IGC
for pitch channel was designed with a so-called Nussbaum function being applied to deal
with the disturbance [12].

In order to improve the performance of the flight vehicle system, in recent years,
three-dimensional IGC was proposed, which combines the nonlinear flight vehicle models
with the vehicle-object pursuit model in three-dimensional space. Three-dimensional IGC
fully describes the 6DOF motion of the flight vehicle, and channel-separated IGC is a
simplification of the three-dimensional IGC by assuming that the angle between the LOS
and missile velocity is small or almost constant [13]. Several nonlinear control methods
are employed, such as sliding mode control (SMC) [14], the small-gain theorem [15], the
backstepping approach [16], and intelligent control [17]. With the backstepping approach,
the high-order nonlinear system of the flight vehicle is divided into multiple subsystems
with the cascade structure. For each subsystem, SMC, adaptive control, and intelligent
control can be applied for command tracking and disturbance rejection. The small-gain
theorem-based IGC treats the system of the flight vehicle as an interconnected system,
combined with the guidance subsystem and control subsystem. The guidance law and
control law are designed separately such that each subsystem is input-to-state-output
practically stable with its input and the output of another subsystem [15,18].

The above-mentioned forms of IGC assume that the actuator (fin) system can respond
to the command of IGC. However, in practice, due to some physical constraints, the
flight vehicle may suffer from the actuator fault problem, which may degrade system
performance and lead to instability of the system. The fault-tolerant ability of IGC will
significantly improve the robustness of the system. To this end, fault-tolerant control (FTC)
greatly improves the adaptability to actuator faults, and it falls into two main categories:
active FTC and passive FTC. Active FTC usually contains a fault detection and diagnosis
(FDD) module [19] and a fault-tolerant controller design module, while passive FTC only
contains the latter. In active FTC, faults are detected, isolated, and then estimated by the
FDD module [20], which provides real-time information for the systems, and then the
control strategy or even the controller is reconstructed. In this way, active FTC can deal
with different types of faults effectively, but more sensors and computational capacity are
required. Passive FTC needs no real-time information on faults and thus a faster response
and simple structure are achieved, but it is usually effective only for known fault types.
As the common module of active FTC and passive FTC, a well-designed fault-tolerant
controller is important to improve the adaptability to actuator faults. For over-actuated
systems or systems with redundant actuators, a control allocation-based fault-tolerant
controller could significantly improve the reliability of the system. In [21], a closed-loop
feedback integral-based allocation controller is proposed for an actuated flight vehicle to
track the attitude command. The control moment is allocated to the variable span and
sweep of morphing flight vehicles in [22]. For systems without additional power units,
maintaining stability is the priority. In this case, actuator faults are always viewed as
unpredictable dynamics or uncertainties, and then sliding mode control, adaptive control
theories, and intelligent control are implemented to improve the robustness. A sliding
mode fault-tolerant controller is designed in [23] to solve the trajectory tracking problem of
flight vehicles with actuator faults. To enhance the robustness of aircraft control systems
with actuator faults and disturbances, an adaptive fuzzy controller is designed in [24].

The proposed FTIGC combines the three-dimensional IGC and passive FTC techniques
to deal with the disturbance and actuator fault.
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2.2. LOS Angular Rate Extraction

All the forms of IGC mentioned above require accurate information about the relative
motion between the flight vehicle and the object. As for the strapdown seeker, since the
detector of the strapdown seeker is fixed with the body of the flight vehicle, the directly
measured information is the BLOS angles instead of the LOS angles. For example, as is
shown in Figure 1, if only the longitudinal motion is considered, the measured information

for the gimbaled seeker is g, and its time derivative g,. As for the strapdown seeker, the
measured information is the BLOS angle gp,. Assume that ¢ is the pitch angle of the flight

vehicle; ithas ¢ = g + gp; and w; = g, + q 2> Where w; is the pitch angular rate. Therefore,

the unmeasured g5, indicates that g, cannot be obtained or calculated directly. Therefore,
it is useful to discuss the LOS angular rate extraction problem for flight vehicles with a
strapdown seeker.

Ayg

Y,

Figure 1. Diagram of the gimbaled seeker and strapdown seeker in the longitudinal plane.

A straightforward approach involves numerically differentiating the measured BLOS
angles to obtain the BLOS angular rate, which, however, may amplify the measurement
noise. A Kalman Filter (KF) is proposed for the INS/seeker [25] and its observability
problem was analyzed. As a promotion, the Extended Kalman Filter (EKF) [26] and
Unscented Kalman Filter (UKF) [7] are also applied to extract the LOS angular rate. The
reconstruction of the LOS angular rate is researched in [7], by combing the Tracking
Differentiator and UKF. The Extended State Observer (ESO) has excellent performance in
estimating the states and disturbance, and is expanded to IGC. The IGC strategy of the
missile with a strapdown seeker is researched in [27], which, however, only considers the
longitudinal-plane movement.

These mentioned references only discuss how to extract the LOS angular rate from the
measured BLOS angles; however, the influence of the estimated LOS angular rate on the
system has not been discussed.

3. Preliminaries

In this section, the Six-DOF dynamical model of the flight vehicle is first established.
In what follows, the relative motion of the flight vehicle with a strapdown seeker in
3D space is given. The control objectives are also demonstrated. First of all, we define
that ||x|| = vxTx denotes the Euclidean norm of the vector x € R". For a given vector

T ~ . . . .
x=[x; x x3] € R3 xrepresents its cross-product matrix, which can be given by

0 —X3 X2
x=| x3 0 —x
—X2 X1 0

Apparently, x x y = xy always holds for any vectors x,y € R3. E, denotes the
n-dimensional identity matrix.
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3.1. Model Derivation

The force diagram of the flight vehicle is illustrated in Figure 2, in which MX,Y},Z, is
the body coordinate system. V is the velocity of the flight vehicle.

X-Drag force
Y-Lift force

Z-Side force
P v Zp P-Thrust force

Figure 2. Force diagram of the flight vehicle.

The nonlinear attitude dynamics of the flight vehicle with uncertainties can be de-
scribed by [28]

Y, = COs & sec Bwy — sin a sec Bwy+
Y (tan 6 sin y,+tan f)+Z tan 6 cos yy —mg cos 0 cos vy tan B
mV

a = — cos & tan fwy + sina tan fwy, + w; +

mg cos 6 cos yy—Y
mV cos fB 1

B = sin xwy + cos acw, + Meostsinyy 2

where 7,, «, B are the bank angle, angle of attack, and angle of sideslip, respectively. Y
and Z are the lift and side forces. m is the mass of the flight vehicle and g is the gravity

acceleration value. 6 is the flight path angle and w = [w, wy wZ]T is the angular rate
vector. V is the velocity value of the flight vehicle. I € R3*3 is the inertia matrix of the flight

vehicleand M; = [Mx M, M;] T is the aerodynamic moment, which will be given later.
d,, denotes the uncertainties. Furthermore, the translational dynamics can be given by

x = V cos 6 cos i,

y = Vsin#

z = —Vcosfsin g,

my = PcosacosB— X —mgsinf

mve = P(sina cos y, + cosasin fsinyy) + Y cos vy — Z siny, — mg cos 6

—mV cos 9¢v = P(sina sin 7y, — cosa sin B cos ) + Y sin vy, + Z cos vy

where x, y, z are the positions of the flight vehicle. ¢, is the flight heading angle. X is the
drag force and P is the thrust force. In our research, only the terminal guidance phase is
considered. Therefore, P = 0 is assumed.
The lift and side force, Y and Z, are given by
Y = o
{ ch%zx +dy 3)
Z =qSc;B+dz

in which g = pV2/2 is the dynamic pressure and p is the air density. S is the reference size.
p

cy and ¢z are partial derivatives of the lift force coefficient with respect to a and the side
force coefficient to B, respectively. dy and dy are the uncertainty terms caused by modeling
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errors and neglecting higher-order terms in approximation. Similarly, the aerodynamic
moment can be simplified as

M, =qSL (mgzx +mkp+ mi"éx) + dpx
My = qSL(mfB -+ my's,) + duy 4)
M., = gSL(mia + miz(sz) Ty

where L represents the reference length. oy, 0y and J; denote the three axis fin deflections,
respectively. mﬁ (i =x,y,2;] = a,B,0;) represents the partial derivatives of the three axis
moment coefficients with respect to a, f, or fin deflections 6;. dp1y, dpy, and dy, are the
uncertainty terms of the aerodynamic moment.

3.2. Relative Motion of the Flight Vehicle with a Moving Object

Firstly, as shown in Figure 3, we denote the inertial coordinate system by MX,Y.Z,,
the body coordinate system by MX;Y;Z;,, the LOS coordinate system by MX;Y; Z;, and
the body-LOS coordinate system by MX]Yp; Zpr. Moreover, the ballistic and velocity
coordinate systems are denoted by MXY;Zy and MX,Y,Z, respectively. The orientations
between these coordinate systems are illustrated in Figure 4, showing the definition of the
Euler angles, angle of attack, angle of sideslip, angle of bank, LOS angles, and body-LOS
angles [29].

AY,
e ]
v X Los T
Yb L qBé
Bz
YBL‘\o /;%)qz
N e 5
A Zp
Z
Z b
Zg

Figure 3. Three-dimensional geometry of the flight vehicle and the object.

Inertial coordinate ROR(DR) | Body coordinate
system " system
A
R.(9.)R,(q,) R_(q5.)R (g5,
LOS R (q.) | Body-LOS
coordinate —»{ coordinate
R,(OR.(v,) system system R.(0)R,(B)
A
Ballistic coordinate R.(7.) .| Velocity coordinate
system e system

Figure 4. The transformation of the coordinate systems.
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The three-dimensional vehicle-object pursuit model can be described by the following
nonlinear differential equation [8,30]:

. 2 5 2
R — qu cos“g; — Rq, e — e
- 2
Rq,+2Rq, + qu sin g, cos g = [aTys — ayS] (5)
ATzs — fzs

—Zqu cos gz — Rq, cos g + 2R[7ﬂz sing;

where R is relative distance. g, and g, are the elevation and azimuth angles of the LOS and
their time derivatives, and é]Z and (jy are the LOS angular rates. ar, = [asz aTys aTzs] T
and a; = [axs ays azs} T represent the acceleration vectors of the object and the flight
vehicle, expressed in the LOS frame.

According to the parallel approaching method [31], keeping the LOS direction ulti-
mately constant, i.e., lim¢ e (q,,4,) = (0,0), is one of the sufficient conditions to acquire an
interception of the object [13]. In addition, the relative distance R is usually uncontrollable
in the terminal guidance phase. Thus, the last two equations of (5) can be rearranged as

. R -2 . ATys—Ays
{ i, = f%qz—qycosqz sing, + —£- ©)
éy = 7%qy + quqz tang; — ulgzcso;t;zs
As for the flight vehicle, its acceleration in the LOS frame can be given by
1 -X 0
as = ELSU Y | + Lsg —8g (7)
V4 0

where Ly, is the rotation matrix from the velocity frame to the LOS frame, while L, is that
from the inertial frame to the LOS frame. Supposing that the Skid-to-Turn (STT) maneuver
is adopted to improve the performance, the angle of bank, v, is expected to approximate
zero. Thus, by combining (3) and (7), through simple calculations, it can be seen that

e =283 ENT e o

where Ly is the rotation matrix from the ballistic frame to the LOS frame.

3.3. Strapdown Seeker Model

The strapdown seeker does not have a physical platform to achieve object tracking. As
a result, it cannot provide the measurement information with respect to the inertial frame,
such as LOS angles (g, and g,) and their time derivatives. Instead, it can only provide the
body-LOS angles, g, and gp,, as defined in Figure 3.

Body-LOS angles, g5, and qp,, describe the reorientation between the body-LOS frame
and the body frame. Without loss of generality, it is assumed that the optical axis of the
strapdown seeker is aligned along the x-axis of the body frame. With the definition of gp,
and qp,, the optical axis can be described in the body frame as [8,30]

1 COS By COS 4Bz
r%OS = L; (qu)Lg (qBz) | 0 | = sinqp; )

0 — singpy COs 4B,
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Similarly, in the inertial frame, the vector of the LOS can also be given as

COS gy COS gz

1
"os =LyT(qy)LzT(qz)[ 0 ] = { sing, ] (10)

0 —singy, cosq;

Therefore, with the help of the relationship that rfos = Lgbrlios, this gives

COS gy COS Lep(1,1) Lgp(1,2) Lgp(1,3)] [ cosqpy, cosqp:
sinqz = Lgb(z,l) Lgb(2,2) Lgb(2/3) SianZ (11)
—singy cos q; Lep(3,1) Lep(3,2) Lgy(3,3)] | —singpy cosgp:

where L is the rotation matrix of the inertial frame with respect to the body reference
frame, which can be calculated by Euler angles obtained from the navigation system.

3.4. Fault-Tolerant Integrated Guidance and Control Problem Formulation

The actuator fault may cause significant results, and even the failure of the task. The
actuator fault in this paper is described as [32]

5 = p(t)8 (12)

where § = [Jx (5y (52] T is the fin deflection command and Jr is the actual actuator output.
p(t) = diag(px(t), py(t), pz(t)) is the fin healthy factor matrix indicating the efficiency of
the fins. Apparently, 0 < p;(t) < 1,(i = x,y,z) always holds. p;(t) = 0 denotes the
complete failure, i.e., this fin cannot work completely. p;(¢) = 1 indicates that no fault
occurs in this fin.

Letx; = [qz qy} T, x=[y « P T, »=w=|wy wy a)z]T. Then, according to
Sections 3.1 and 3.2, the integrated guidance and control model of the flight vehicle can be
summarized as

x| = fi(x1) + glx’; +d;
X = fo(x2) + 83 + el (13)
X3 = f3(x2,%3) + 830 (1) + d3

wherexi = [a  f] T

- .2
_2R., _ i 80Sqz
f1(x1):[ R 0 — 4y cosqzsingz + £ }+
_%qy + 2‘7yqz tang;

Ny 1 (14)

Rcos g,

g =Sk 0 ][GLa22) CPLy(2,3) 5)
Ym0 reosq | |CELw(3,2) CPL4(3,3)
0
mg cos 0 cos vy —gSCya
folx1) = mV cos B - (16)
mg cos 6 sin 7v+q5C£/5
mV
cosasecf  —sinasecf 0
§ = |—cosatanfB sinatanp 1 (17)
sin a cos & 0
) my mk| o
f3(x2,x3):—l’1w1w+171qSL 0 m5 LB} (18)

o
mé 0
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my 0 0
g&=I"4SL| 0 my o (19)

0 0 m
Before demonstrating the IGC design, the following assumptions are proposed.

Assumption 1. Ref. [24] the complete failure of the fin is not taken into consideration. It is
assumed that 0 < p;(t) <1, (i = x,y,z). Moreover, p;(t) is assumed to be unknown. Furthermore,
there is an unknown constant Pmin such that Amin (83085 1) > Omin-

Assumption 2. Ref. [23] the external disturbance d; (i = 1, 2, 3) in (13) is assumed to be
unknown but bounded. That is to say, there exists an unknown positive constant dim,y satisfying
that ”dl” < dimax-

Assumption 3. Ref. [33] The control gain matrices, g;, (i =1, 2, 3), are all bounded and invertible.

The control objective can be summarized as designing an IGC law for the flight vehicle
with a potential actuator fault to intercept a moving object with strong robustness when
the LOS angular rates are not available. According to the parallel approaching method, it is
expected that the LOS angular rate vector lim;_,c||x1]| = 0.

4. FTIGC Design-Based LOS Angular Rate and the Target Motion
Estimation Information

In this section, the LOS angular rate and the target acceleration are firstly estimated
with the application of the Extended State Observer (ESO) based on the measured body-
LOS angle information. In what follows, an FTIGC law is proposed in which the DSC
technique is used to avoid the problem of explosion of the differential. The control structure
diagram is described in Figure 5.

Fault-tolerant Integrated Guidance and Control

A A A A

Virtual attitude | X, Low-pass | X,, Virtual angular | X;. [ Low-pass X, Fin deflections i
command »  filter » velocity command »  filter > command ]
[Eqs.(28)-(29)] [Egs.(30)] [Egs.(35)-(36)] [Egs.(37)] [Eq.(42)] ;

C{V’C{Z ESO observer
4,4, [ IEGEs)]

aTys > aTzs

Flight vehicle model

External Actuator

i| disturbance fault |1

Model uncertainties

Figure 5. Control structure diagram of the flight vehicle with a strapdown seeker.

4.1. LOS Angular Rate Reconfiguration and Target Acceleration Estimation

As mentioned previously, the strapdown seeker can only provide the body-LOS angles,
qBz and gpy. According to (11), it has

qz = arcsin(Lg;(2,1) cosqpy cos gp; + L b(2, 2)singp, - L¢y(2,3) singpy, cos gp;)
Lgy(3,1) cos gpy cos qp;+Lgp(3,2) sinqp, —Lgy (3,3) sin gp, cos 45, ) (20)

= —arctan - -
Ty ( Lgy(1,1) cos qpy, cos qpz+Lgp(1,2) singp, — Ly (1,3) singpy, cos qp,
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That is to say, the body-LOS angles will uniquely determine the LOS angles. Although
direct differentiation of g, and gy, can obtain the LOS angular rates, it may magnify the

measurement noise. Therefore, the ESO technique is applied. Letting xo = [q: 4] T,

aps = [asy  as) T and ar, = [atsy aTSZ]T, (6) will furthermore yield

J.CO = X1
5(1 :fa(xo,x1) +g0aMs — 8,aTs (21)
Yo = X0

in which f, (xo, x1) and g, are given as

— —215 [72 — qi COS 5 Sin g, — 0
fo - - Lo /&0 1 (22)
2R 0

—?qy + zquz tan qz Rcos g

=

Remark 1. The body-aligned accelerometer can measure the apparent acceleration in the body
reference frame while the gravity acceleration in the inertia frame can also be calculated. With the
measured body-LOS angles and calculated LOS angles, aps can be obtained easily.

In what follows, a linear ESO is designed as [34]

éo =e1 — ﬁoeo
e1 = —g,e2 — Pieo (23)
er = — e, — ars

where B, B1, and B, are the diagonal observer gains to be designed. The observing errors
are designed as e; = z; — x7 and e, = zp — ars. Considering (21)—(23), this gives

éo =e1 — ﬁoeo
e; = —g,e2 — Pieo (24)
ey = —Pre, — ars

Note that (24) can be rewritten as

éo —ﬂo Ez 0 €y 0
el =|-B 0 —g|lea|+]| O (25)
éz —p2 O 0 €2 —aTs

Apparently, if the selection of the observer gains, B, B1, and B2, makes the matrix

—Bo E; O
AOZ —‘31 0 —go .
—B> 0 0

be Hurtwiz, the observer errors will be Uniform Ultimate Boundedness (UUB), as long as

‘dTS’ < co. That is to say, there exists a small positive constant ¢J'®* satisfying

max(|leo||, |le1], llez]]) < €. As a result, it can be concluded that the states of the
ESO will converge to the LOS angles, LOS angular rates, and target acceleration, i.e.,
lim¢ e (20, 21, 22) = (%0, %1, AT5).-
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Assuming that B; = diag(Bi1, Bin), through simple calculation, the characteristic
polynomial of A, can be given by

p(A,) = (A3 + BoiA? + BuA + ﬁRﬂ) (A3 + BoaA? + BroA — Rﬁfgq) (26)

Therefore, the selection of the observer gain matrices will determine the bandwidth
frequency of the observer. If the desired bandwidth frequency of the observer is w,, the
observer gains can be given by

Bo1 = Po2 = 3w,
B11 = B2 = 3w? (27)
ﬁ21 = ng, ,822 = —Rcos qzwg

Note that a larger w, will result in a faster convergence rate, which, however, may
enlarge the observer noise. Thus, the observer gains can be determined by selecting a
proper bandwidth frequency.

4.2. FTIGC Design

In the previous subsection, the LOS angular rates, qz and zjy, can be estimated by the
ESO, and the attitude vector x; and angular velocity x3 can be measured. Thus, the full
states of (13) are available. Furthermore, the ESO can also provide the estimated target
acceleration components, ars, and ary;. In what follows, the FTIGC technique is developed.

Recall that (13) is a cascade dynamic system with a matched or unmatched disturbance.
The control procedure includes three steps, motivated by the backstepping techniques.

e  Step 1, Virtual attitude command design

With the reconfigured target accelerations z;, and estimated LOS angular rates z;,
promoting x4 as the virtual control input, design x4_ as

_ - s X
xgc = g1 1 <—f1(x1) —K121 — dl”xi”) (28)

where f, (x1) is the estimated vector with the ESO’s outputs, z; and z», replacing x; and
ars, substituting in (14). Ky = diag([Ki1, Ki2]) is the positive gain matrix. dq represents the
adaptive parameters, updated by

di = A ||x | (29)

where A; is the positive gain. To the avoid explosion of differential, a low-pass filter is
designed, motivated by the DSC technique [1], as

HFo o s T 30
TXog = —Xpq + X — T281 X1 (30)

where T denotes the filter time constant and xﬁd is the state of the filter. Letting
s§ = xg — xgd and ng = xgc — xgd, and substituting (28) into (13) will yield

x1 = —Kix; — Kiey + fy(x1) + 8,53 *glsgf —dy 1] +d (31)

x|
1
in which }1 (x1) = fy(x1) — f1(x1). The upper bound of e; has been analyzed in Section 4.1,

which will further yield the boundness of f; (x1). Therefore, as stated earlier, it can be im-
plied that there must exist an unknown positive constant J; satisfying
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l—Kie —|—j~”1 (x1) +dq|| < &1. Additionally, to analyze the stability of the subsystem, a
Lyapunov function candidate is selected as

. =2
Cx{xg | (dy—6y)

Vi = + 32
1= 2 (32)

whose time derivatives can be given by
Vi —Kix{x1 —x{Kiey +x{f, (x1) +x{g, S5 — %[, S5, — dil|x1 | +x{di + (di = &1) x| (33)

< —Kixlx +xlg, S5 - x1Tg15§f

As a result, if the boundary layer error S§ — ng converges to a zero vector, i.e.,

S5 — ng = 0, it has Vl < —Kjxlxy. According to the Lyapunov theorem and invari-
ant set lemma, the asymptotical stability of this subsystem can be concluded.

e  Step 2, Virtual angular velocity command design

The STT maneuver is adopted and the command bank angle is set to be zero. Treating
x3 as the virtual control input of the second dynamical equation of (13), this step aims to de-

T
. . . . - a T
sign a virtual angular velocity command x3; to drive x; to converge to xp; = {0 (x2 d) } .

Defining Sy = x2 — xp9 and Sy = xpc — xp4, it will come to

S, :fz (x2) + gHx3 + dy — 562[1 (34)

where x,; can be calculated through (30). Following the steps of the backstepping tech-
niques, the virtual control input, x3, is designed as

_ . .S
X3 =85! (fz(xz) — K>S — (g1x1)" + %24 — dZHSEH) (35)

where (ngx1)* =[0 xlg] T K is the positive-definite gain matrix and d, is the estimate
value of dymax, provided by the following adaptive law:

dy = 1, (36)

where A; is the positive real number. Similarly, a low-pass filter

TaX3g = X3 + X3 — 1383 52 (37)
is adopted.
Define S3 = x3 — x35 and S35 = x3. — x34, and select a Lyapunov function as
1 7 1 7 1 . 2
Vo =V1+ Eszfszf + 552 S+ m(d — domax) (38)

The time derivative of V, can be directly given, considering (30), (33)-(36), by

Vo, =Vi+ S%}Szf + SZTSz + (dAz - dZmax) ||SZ||

< —Kix[x1 — K253 Sy — x{ 8185 + S3¢50¢ + 538,53 — 518, (39)
< —Kyx]x1 — KpS]Sy + 870 — £51¢Sor + 518,53 — 18,53y

< —KixTx; —K»S81's —(l—L SIS+ B|x |\2+5T S3—S1g,8

= 1%1 = K25292 — (3, = 257 ) 92p92f T 7 I1%2c 28293 — 9282°3f
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where Young's inequality is applied and p is an arbitrary constant which only helps to
proceed with the analysis. If the boundary layer error, S3 and S;¢, can be ignored, and as
long as p1 < 1p/2 is satisfied, it will eventually yield

Vo < —xalnl® = x201S20% - ?(23||52f||2 + X2a (40)

.2
where x21 = Amin(K1), X22 = Amin(K2), X23 = 1/72 —1/2p1, x24 = pa||x2c| /2. Define
the following compact set as

Qg1 = 1 : x| < \/X24/7(21}

Qs12 = {S2: 1521l < Vas/ x|
Qs13 = 1 S5+ [[Sa]| < \/X24/X23}

and it can be analyzed that the system trajectories will eventually converge to the compact
subset defined by Qg1 = Qs11 N Qs12 N Qs13, which contains the origin and can be set to an
arbitrarily small size by selecting the appropriate control parameters. Therefore, according
to the discussion above, we can conclude that lim;_eox] = lim;_00Sy = lim; 005y = 0.

e  Step 3, Fin deflection command

In this step, a control law is designed for fin deflections J with fault tolerance ability to
track the virtual angular velocity command x34, provided by the low-pass filter (37). With
the definition of S3, and considering the potential actuator fault (12), the dynamics of the
tracking error can be given by

S3 = fy(%2,%3) + g3p(£)8 + d3 — %34 (41)

The control law is designed as

— A S
o= 3 1 (—K3S3 - ngbmm)

. (42)
(3 = A3PmS3

where ¢, =1+ lwl|| + ||22]| + |3 Sa|| + ||x34]| and c3 is a constant to be defined later. To
analyze the stability of the system, the Lyapunov function candidate here is selected as

1 1 .
Vs =Va+ 5558+ 55785 + (€3 — Pmin€3) (43)

1
2/\3Pmir1
Note there exist constants c11, ¢12, €13, €14, €15 satisfying

. ) .
Ifs(x2,x3) + d3 — %34 + 82 S|l < 11 + cnol|w||” + caz|x2 || + c1allxsall + 15|82 Sa|

. (44)
< cs(1+ |l + w2l + 1xaall + 18252 )

where c3 = max(c11, ¢12, €13, €14, €15) and the following equation:

N
S3f = x3c — ,T; +815 (45)
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can be derived. Therefore, the time derivative of V3 is

Vs =Vy+S (xac Z+g 52) + 8183 + (c3 — Prmin3) P13

: 3¢S
—xa|x||? — X22||52\| — x23[[S2¢ |* + x4 + 53885 + S5z — —LF

+s§ (fs (x2,%3) + g3p(1)8 + s — 3 ) + (€3 — Penin®3) 5] (46)
53f53f

IN

—xa 1 ? = xaallSa* = X231 Saf I + Xou + S3p¥ac —
+5383P( )+c3m||S3]l + (c3 — Pmin€3) Pml|S3

Substituting the control law (42) into (46) will further yield

. f
—xa ¥ = x22 18211 — x231Saf 1 + K20 + Sisxac — gfm% — PminIS3 | (47)

V3 <
< el — xaall 2l — sl o I — pmin 183112 — (2 = 225 ) 18371 + 2 el + xcas

where yi; is an arbitrary constant. If 73 < 2y, is satisfied, the following compact set is
defined by

. 2
{x1 el < v Geas + pallsel /2)/;@1}
. 2
{5 1Szl < \/(X24+142Hx3c|| /2)/)(22}
. 2
Quzs = {s r 15271l < V e + peallel /2)/;@3}

-
S3: |82 < \/(X24+#2\|x3c|| /2)/Pmin}

Q21 =
Qs =

2
Qs25 = {SSf Sapl < \/(X24 + pallxacl| /2)/(1/ w5 — 1/2V2)}

which can be small enough by selecting proper control parameters. Thus, it can be con-
cluded that the LOS angular rates and tracking errors are also UUB, and then the control
target can be achieved.

Remark 2. The low-pass filters in (30) and (37) both have extra items Toglx1 and 1383 S,
compared with the low-pass filters described in [35,36]. These extra items help to eliminate the
inﬂuence of the boundary layer errors caused by the low-pass filter. For example as in (39), the
item S¥, 8,53 may break the stability of the system. To avoid this, the item 138, 1S, in (37) will
counteract the same item in (39).

5. Simulation

In this section, the effectiveness of the proposed FTIGC for the flight vehicle with a
strapdown seeker is verified by numerical simulations. The full aerodynamic forces and
moments in the simulation are given by [33]

—qs(cxo+cx|a|+cx|ﬁ|+cf|aﬁ\+c 8]+ ¢ [8y| + 15
:qS(c zx+cy/3+c )
—qS(c a+cy ﬁ+cz (5y)

foqSL<m o+ my ﬁ+m )

M, = qSL myﬁ+my y)

M, =gSL mg‘rx—kmizéz)
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[ . . .
“ cg, ¢, ¥ and ¢ are the partial derivatives

p

where ¢, is the zero-lift drag coefficient. ¢

of the drag force coefficient with respect to «, f, 6, dy, and &.. c?‘( is the second partial

p

derivative of the drag force coefficient with respect to a and . ¢y, ¢, and ciz are the partial

. . . .. . )
derivatives of the lift force coefficient with respect to «, B, and 9. c%, cf ,and ¢, are the

partial derivatives of the side force coefficient with respect to «, B, and 4. Similarly, m%,

p

mk, and m%* are the partial derivatives of the rolling moment coefficient with respect to «,
B, and Jy; m5 and myy are the partial derivatives of the yawing moment coefficient with

respect to B and J,; and mZ and m% are the partial derivatives of the pitching moment
coefficient with respect to « and J,.

Considering the physical limitations, each fin deflection should be constrained to +20°.
Apart from this, the nominal values of the parameters related to the flight vehicle are listed
in Table 1.

Table 1. The nominal values of the flight vehicle-related parameters.

Parameters Value Parameters Value Parameters Value
m 1200 & 0.05 & ~5.62
I diag([300, 5700, 5600]) &y 0.07 me 0.46
S 0.42 & 0.06 mbP —0.37
L 0.68 ct 57.16 me 2.12
Cx0 0.32 Cf —0.08 m;; —27.31
L 0.21 o 5.74 ny, —26.57
P 0.19 % 0.09 me —28.16
P 25.38 ot ~56.31 md ~27.92

The flight vehicle initially locates at [0 15000 0] ! (m) in the Inertial reference frame
and the initial values of the roll, yaw, and pitch angles are set to be v(0) = 0.3634°,
$(0) = 0.2955°, and ¢#(0) = 1.4261°. The initial velocity, flight path angle, and heading
angle of the flight vehicle are assumed as V(0) = 1000(m/s), 6(0) = 0°, and ¢,(0) = 0°.
The initial angular rate vector is w(0) = [02 —0.1 —0.12](°/s).

The control parameters are selected as follows: w, =5, » = 13 = 0.1, K3 = 1.25R,
Kip = —1.25Rcosg;, Ay = 10, Ky = 2.5E3, Ay = 2, K3 = 5I, A3 = 10. The simulation
includes three cases with the same control parameters but different actuator fault models
for fixed or moving objects.

Casel. No actuator fault happens. In other words, px(t) = p,(t) = p.(t) = 1.

Case2. The actuator healthy factors are all constants, which are set as px(t)= 0.8, p, ()= 0.7
and p;(t) = 0.6.

Case3. The actuator healthy factors are not constants, which are set as

pi(f)= 0.7 4+ 0.15rand(t) + 0.1 sin(0.5¢ + 0.277)

where rand(-) refers to the random function distributed on the open interval (—1, 1).

Furthermore, to verify the robustness of the proposed FTIGC, the parameter perturba-
tions are also considered in the simulation. Letting p( represent certain nominal parameters
given in Table 1, the actual values p are designed as p = (1 + 0.25rand(t)) po.

Remark 3. The observer’s dynamical errors may destroy the performance of the FTIGC, especially
in the initial period when the ESO works. To avoid this phenomenon, in our work, it is designed that

0 trricc <tpso+AT
S = 48
{5 trrice = teso + AT (48)
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—

=
=

in which trrige and tpgo represent the starting working times of the FTIGC and ESO, respec-
tively. AT is set to be 0.8 s in the simulation.

5.1. For a Fixed Object
It is required that the flight vehicle will arrive at a fixed position, located on

[25000 0 3000] "(m), in this subsection. The simulation results are given in Figures 6-13.
From Figures 6 and 7, it can be found that the flight vehicle will eventually fly toward the
object in these three cases under the proposed FTIGC. The miss distances for these three
cases, as shown in the enlarged figure of Figure 6, are no more than 1 m and the hitting time
is about 38 s. According to Figure 8, the body-LOS angles will converge to certain constant
values, whereas the values are different for these three cases because the terminal angle
constraint is not considered in our manuscript. Figure 9 is the time response of the LOS
angular rate. It is indicated that the LOS angular rates will converge to zero, which also
verifies the effectiveness of the proposed FTIGC with the help of the parallel approaching
principle. Figure 10 shows the time response of the angles of attack and sideslip. It can be
found that the angles of attack and sideslip are limited to 5° and 1°, respectively, while
their tracking errors have an accuracy of 0.01°, indicating the control law has great tracking
performance. Figure 12 shows the time response of the angular velocity and its tracking
error, which has the accuracy of 0.01°/s. Figures 10 and 12 simultaneously demonstrate
that the inner loop has good tracking performance on the virtual command from the outer
loop with the application of the DSC. Figure 13 reports that the fin deflections will not touch
the saturation limit. Therefore, it can be concluded that the proposed FTIGC performs well
for the scenario in which the flight vehicle arrives at a fixed object, whether the actuator is
healthy or not.

3
16000 «_
14000 Initial
N position
12000 | 30005
10000 3000t +*
8000 ;
2999.5 : :
6000 < 2.4999 275 2.5001 : Casel
%<10% : Case2
4000 o+ Case3
2000 <
N
0
1000 j
2000 * Target .
3000 O position loooo 5000

Z[m]

Alm]

Figure 6. Trajectories of the flight vehicle and the object.
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Figure 7. Time histories of flight vehicle-object relative motion range.
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Figure 8. Time histories of the body-LOS angles.
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Figure 10. Time histories of the attack and sideslip angles of the flight vehicle.
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Figure 11. Time histories of the tracking errors of the attack and sideslip angles.
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Figure 12. Time histories of the angular velocities and their tracking errors.
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Time|[s]

Figure 13. Time histories of the actual fin deflections.

5.2. For a Moving Object

In this subsection, the simulation is conducted for a moving object under the proposed
FTIGC for the three same cases. The motion of the object is described by

{ J.CT:Z)T (49)

z}T:aT

where x7, v, and ar are the position, velocity, and acceleration vectors in the inertial
reference frame, respectively, with the initial values of the position, velocity, and the
accelerations set as

xr(0) = [ 25000 0 3000 ] (m)

or(0) =130 0 40 ]"(m/s)

ar=[04 0 03] (m/s?)

The results of numerical simulations for moving objects are demonstrated in
Figures 14-21. As shown in Figure 14, the object can be intercepted in about 40.5 s by
the flight vehicle under the proposed FTIGC, whether or not the actuator fault happens.
Figure 15 reports the time response of the relative distance, which will converge to zero.
Figure 16 shows the time histories of the BLOS ang]les. It is indicated that the BLOS angles
will converge to certain constant values. Figure 17 indicates that LOS angular rates will
also converge to zero in these three cases. With the application of the parallel approaching
principle, the effectiveness of the proposed FTIGC can be proved. Figures 18 and 19 indicate
the time histories of the angles of attack and sideslip, and their tracking errors with respect
to the output of the low pass filter (30). It can be found that the tracking accuracy reaches
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El
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16000 «
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12000
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8000
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2000

0.05°. Similarly, Figure 20 shows the three-axis angular velocity and tracking errors with
respect to x3; are about 0.01° /s, which partly verifies the effectiveness of the control law.
Figure 21 shows the fin deflection responses and it is evident that all the fin deflections
will satisfy the saturation constraint. All these results show the proposed FTIGC has good
performance for a moving object.

u l.
Initial
positon

Casel
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snnmnms (Cgseld

5000

15000 10000

20000
5000 50000 25000
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Figure 14. Trajectories of the flight vehicle and the object.
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Figure 15. Time histories of the flight vehicle-object relative motion range.
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Figure 16. Time histories of the body-LOS angles.
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Figure 18. Time histories of the attack and sideslip angles of the flight vehicle.
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Figure 19. Time histories of the tracking errors of the attack and sideslip angles.
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Figure 20. Time histories of the angular velocities and its tracking errors.
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Figure 21. Time histories of the actual fin deflections.

5.3. Comparison

To show the performance of the proposed IGC, the results are compared with the
traditional integrated guidance control law (TIGC) proposed in [28]. In this subsection,
similar to Section 5.1, it is expected that the flight vehicle will arrive at a fixed location. It is
assumed that the healthy factors are the same and constant for each fin. Three cases are
researched, which have different healthy factors, and all other simulation conditions and
control parameters are the same as in Section 5.1 for both schemes. The miss distance is used
to evaluate the control performance. The simulation results are given in Figures 22 and 23,
and Table 2.

Figure 22 shows the three-dimensional trajectories of the flight vehicle with the appli-
cation of the proposed FTIGC and TIGC when different fin healthy factors are considered.
Figure 23 reports the miss distances for these cases, and the miss distances for these cases
are also listed in Table 2. It can be found that the flight vehicle can arrive at the target
position accurately (the miss distance is less than 0.5 m), under the TIGC in [28] and the
proposed FTIGC, if no actuator fault happens. However, when the fin fault happens, the
miss distance for flight vehicle under TIGC will increase rapidly with the fin health factor
decreasing. It means that TIGC has weak robustness for an actuator fault. Instead, the
flight vehicle under FTIGC has a similar miss distance for different actuator healthy factors.
That is to say, it can be concluded that FTIGC will effectively improve the robustness of the
parameter perturbation, disturbance, and actuator fault.

In summary, from the discussion in Sections 4 and 5, it can be found that the proposed
FTIGC can help the flight vehicle with a strapdown seeker to accurately fly to a fixed



Appl. Sci. 2024, 14, 8191

24 of 27

or moving target, even when the fin fault occurs. However, we have to point out that
the mechanism by which the control parameters and the healthy factors influence the
control performance is still unclear, and practical principles to help us select the control
parameters cannot be provided. Further, the semi-physical simulations and experiments of
the proposed IGC still need further work.

Initial position
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14000 FTIGC.p=1.0
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Figure 22. Trajectories of the flight vehicle for different fin healthy factors under FTIGC and TIGC.
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Figure 23. Landing points of the flight vehicle for different fin healthy factors under FTIGC and TIGC.
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Table 2. Miss distance for different healthy factors under TIGC and FTIGC.

Control
M"e‘t‘hr:d pil=1  p®=09 pi)=08 p=07 p;(t)=06 p;(H)=05
FTIGC 0.22m 0.25m 0.25m 0.37 m 0.35m 0.32m
TIGC 0.38 m 3618m  19497m  30574m  169.75m  208.36m

6. Conclusions

This paper develops an FTIGC for flight vehicles without LOS angle rate measurement
information, considering the potential actuator fault. To begin with, the transformation
relationship between the LOS angles and BLOS angles is established and an ESO is designed
by observing BLOS angles, providing the estimation of the LOS angular rate for feedback
and object acceleration information for feedforward. An FTIGC, based on the adaptive
backstepping and DSC techniques, subject to the external disturbance and actuator fault, is
proposed, such that LOS angular rates will converge to zero. With the application of the
parallel approaching principle, it can be concluded that the flight vehicle will accurately
arrive at the object position. The effectiveness of the proposed FTIGC and the robustness
of the system are verified theoretically and numerically. In our future work, we will pay
more attention to analyzing the influence of the control parameters and application in the
hardware environment.
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