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Abstract: This paper investigates the issue of integrated guidance and control (IGC) design for
strap-down hypersonic flight vehicles with partial measurement information and unmatched uncer-
tainties. A constrained IGC scheme is proposed by combining the barrier Lyapunov function-based
backstepping methodology and the specific output-based finite-time disturbance observer. Different
from the existing methods, which require the state information and matched disturbances, the main
features of the presented approach is capable of addressing the partial measurement knowledge
and unmatched uncertainties simultaneously. The IGC model of hypersonic flight vehicles is first
formulated, and based on that, the specific output-based finite-time disturbance observer (OFTDO) is
proposed to achieve the finite-time estimation of the unmatched uncertainties through the output.
Then, the constrained IGC strategy is constructed via the backstepping technique. The stability of the
closed-loop system including the estimation and tracking errors dynamics is analyzed in detail. The
effectiveness of the proposed method is verified by numerical simulations and Monte-Carlo tests.

Keywords: integrated guidance and control; partial measurement; disturbance observer; unmatched
uncertainties; strap-down hypersonic flight vehicles

1. Introduction

Much research on hypersonic flight vehicles (HFV) has been conducted for a long
time in both military and civil fields [1-3]. The significant merits over the traditional flight
vehicles are provided in many fields, such as the near-space accessibility at affordable
costs [4-7]. In particular, the strap-down HFV is capable of sufficiently decreasing the cost
due to the equipment of the strap-down seeker and has attracted much attention [8,9]. The
attitude control of the strap-down HFV has been researched extensively; however, the
integrated guidance and control (IGC) issue is still challenging since it plays an important
role in the mission completion [10]. Different from the attitude or guidance law, the IGC
scheme combines both systems and is capable of achieving a small miss distance. In
particular, the separation principle of attitude and guidance systems is no longer satisfied
for the HFV in the large envelope flight, and thus the IGC method can consider both
systems in an integrated manner and guarantee the success of the mission.

In the IGC design, many methods have been proposed to cope over the past decades.
Some classical control strategies, including backstepping control [10], sliding mode con-
trol [11,12] and model predictive control [13], have been employed for IGC designs. In these
methods, the backstepping approach can deal with the IGC model due to the structure of
the IGC model and has been investigated in many articles. The sliding mode control can
achieve strong robustness due to the unchanged condition during the sliding mode surface.
The IGC method has been surveyed in [14]. Unfortunately, these methods cannot deal
with the constraint issue for the strap-down hypersonic flight vehicles. This type of HFV
has a low-cost strap-down seeker, which causes field-of-view (FOV) limitation. Once the
limitation is violated, the target will be missed in the view and the mission of the HFV will
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fail. Hence, the IGC design for the strap-down HFV should consider the FOV constraint
carefully. However, few articles focus on this issue, especially with the consideration of the
unmatched uncertainties and partial measurement. Recently, the barrier function-based
constrained control method has been developed to effectively address the constrained
issue [15-18], and has been applied in many engineering cases [19-21]. Thanks to this
technique, we can consider and introduce it into the IGC law design to deal with the
FOV constraint.

The disturbance observer (DO) technique has attracted much attention in the research
field since it has strong ability in the enhancement of the robustness for the nominal
controller. The disturbance observer is capable of effectively estimating and canceling
out the matched and unmatched disturbances so as to obtain better disturbance rejection
performance. Moreover, it provides a framework for the control design to involve the
classical control, such as PID, dynamic inverse control and the backstepping method, to
successfully enhance their robustness and construct a DO-based control version. The DO
was proposed in [22] for the first time, and has been applied in the industrial examples in
the time domain and frequency domain. The unknown input observer is a representative
version of the linear DO and the nonlinear version was proposed in [23]. The extended
state observer is a part of the active disturbance rejection control and can achieve the fine
estimation of the uncertainties [24]. An overview of the disturbance observer technique
can be found in [25]. Recently, the disturbance observer has been developed for the
function-constrained disturbance, which further extended and relaxed the requirement of
the uncertainties. The DO technique has been applied to the attitude control of hypersonic
flight vehicles [3,5] and guidance system design [12]. In particular, the integrated guidance
and control system [26] has also been researched by virtue of the DO method to combine
with the sliding mode control and backstepping control [27,28]. However, the above
DO requires that the state is completely measured, which is not always satisfied in the
engineering. For the strap-down hypersonic flight vehicles, the strap-down seeker is
equipped fixed with the body of the vehicles, and the sensors are usually used to measure
the body line-of-sight angle. The complete states may not be measured for the aim of low
cost. Thus, there only exists partial information in the IGC model, which makes the use of
the existing DO methods difficult.

To address the issues above, this paper proposes the specific output-based finite-time
disturbance observer to achieve the finite-time estimation of the unmatched uncertainties
through the output, and presents a constrained IGC law for the FOV limitations. The main
features of this paper are listed as follows:

(1) Considering the partial information and unmatched uncertainties in the IGC model,
the paper proposes a novel output-based finite-time disturbance observer to achieve the
finite-time estimation of the unmatched uncertainties through the output. The detailed
algorithm and the stability of the disturbance observer are also provided.

(2) The constrained IGC law is presented to achieve the satisfaction of the FOV lim-
itation, which ensures the body line-of-sight angle inside the constrain and guarantees
the success of the mission of the hypersonic flight vehicles. The stability analysis of the
closed-loop system is carried out in detail.

The remainder of the paper is organized as follows. Section 2 lays down the problem
formulation and some key issues. The out-based finite-time disturbance observer is de-
signed in Section 3, and Section 4 presents the main results in the IGC law and the stability
analysis. Section 5 illustrates simulation studies to verify the proposed control approach.
The paper concludes in Section 6.
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2. Problem Statement
2.1. Integrated Guidance and Control Dynamics for Strap-Down Hypersonic Flight Vehicles

Consider the geometry of a planer interception depicted in Figure 1, where (Xj, Z;)
denotes the inertial reference frame. The longitudinal dynamics of the integrated guidance
and control system for strap-down missiles can be represented as: [12]

R = Vrcos(q — 01) — Varcos(q — Om)
Rg = —Vysin(q — 07) + Visin(g — O)

= w, + =Y +mgcos )
WlVM
o M:
L

where R is the relative distance between a maneuver target and the missile, g is the angle of
line-of-sight (LOS), and &, w, represent the angle of attack and the pitch rate, respectively.
The velocities of the missile and the target V) and Vr are assumed to be constant. The
terms 0 and O are their flight path angles. Additionally, m denotes the mass of the missile,
and J; is the moment of inertia around the z-axis.

@ > X
ar

Figure 1. Longitudinal missile-target engagement geometry.

The aerodynamic lift force Y and moment M, are approximated as follows:

Y = 57.3Q5(cja + cjd-)
2

M. = 57.3QSL(m"x + m¥=w, + més;)

L
57.3Vum
where Q = pV? is the dynamic pressure with the air density p, and 4, represents the ele-
vator deflection. The terms S and L are the reference area and reference length, respectively,
and C;, ci, m¥, ms?, miz represent aerodynamic coefficients, which are set as:

57.3QSck 57.3QScy? 57.3QSLms
n=—— M=—77 /3= ——F
mVu mV Jz (3)
. 57.3QSL2m%= . 57.3QSLm%
4= 7+ V="

]ZVM ]z
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Taking the derivative and combining (1) yield that:
2R + Rj = —Vrsin(q — 1) + Vi sin(q — 0p1) + ar cos(q — 07) — apcos(qg — ) (4)

where ay; = V0 and ar represent the accelerations of the hypersonic flight vehicle and
the target, respectively. In this paper, the target is assumed to be stationary, which leads to

Vr = 0and ar = 0. Then, (4) can be rewritten as:
2Rj + Rj = —aprcos(q — Opr) + Varsin(g — 1) (5)
Let V; = R¢; then, according to (5) one has that:

R

V, = —ﬁVq —appcos(q — Op) + Vi sin(g — 0p) (6)
Consider the relationships &« = ¢ — 0y and ¢ = w,, where ¢ denotes the pitch angle
of the hypersonic flight vehicle. Define that x; = %&SC;, Xp =, X3 =w; + %, u=
6,,b = 573%%'"202 ; then models (1) and (2) can be rewritten as:
X1 =X +dq
Xy = X3 @)

X3 = azxp + agxz + bu +ds

where:
57.3QSLm? QSL?m¥=
a3 = ————, g = —————
]z ]ZVM
_ _5 gcosfycos(g —Om) B B b
dy = R4 ~57.3Q5¢3 /m X[l —cos(q — Om)]+Vumsin(qg —Om) + w1 (g)
d cos(0p1)
s — ( Vi )fa4gCOSQM+w3
dt Vm

where a3 and a4 represent the simplified aerodynamic coefficients, d; and d3 denote the time-
varying unmatched uncertainties, and w; and w3 denote the time-varying perturbations
caused by variations of aerodynamics parameters. In this paper, there are several focuses in
the IGC model, which causes the difficulties in designing the IGC law for the strap-down
hypersonic vehicles, which are analyzed in detail in the following subsections.

2.2. Field-of-View Constraint

Due to the use of the strap-down seeker in the hypersonic vehicles, there exists the
hard limitation in the body line-of-sight (BLOS), which is represented by g3, which is
denoted as the angle between the axis of the body and the line of the vehicle-target. In fact,
the FOV constraint is little considered for the flight vehicles with the platform seeker. Since
the platform has a gimbal structure, it can provide a wide FOV range. However, for the
hypersonic vehicles equipped with a strap-down seeker, the detective range depends on
the FOV. Once the FOV is escaped, the target will be missed and result in mission failure.

For the strap-down hypersonic vehicle, the optical axis of the seeker is connected
fixedly with the vehicle’s body, and the BLOS angle gp should be strictly limited in the
range of the seeker’s effective field of view, which can be represented as §ymin < 95 < Jpmax
where gpmin and gpmax denote the lower and upper limitations of the BLOS, respectively.
During the final phase of the engagement, the BLOS constraint should always be met, and
its representation is obtained by the following relationship:
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qm=q-10
qp =4 — w;

©)

In this paper, to simplify the researched issue, the FOV constraint is set as a symmetric
form, which can be expressed as:

lgp] < Q¢ (10)

where k. is a positive constant.
) . 57.3Q8c
Define that xg = g;; then, we have that Xy = agx; + dyg, where ap = —%,

dyp = —w;. Thus, the IGC model is updated as the following expression:

X0 = x1 +dp
X1=2xp+dqy 1)
Xo = X3

X3 = azXp + agx3 + bu + dj

2.3. Issues of Unmatched Uncertianties and Partial Measurement

As demonstrated in model (11), the IGC model for strap-down hypersonic vehicles is
obtained, which exhibits the following two features.

As seen in (11), the IGC model is formulated as a model with the unmatched uncer-
tainties dg, d1,dp, d3. The uncertainties dy, d; do not occur in the control channel and thus
cannot be dealt with using the traditional control methods. These unmatched uncertainties
will cause steady-state errors in the tracking control and even result in the instability and
large miss distance of the whole guidance and control system.

On the other hand, the model information may be not completely known. Generally,
the state information is obtained through the measurement by the sensors. However, for
several types of flight vehicles, some state measurements may be not available. Thus,
differently from the general hypersonic vehicles, the output of the whole IGC model is set
asy = [xo, X1, xz]T, and the controller should be designed under the output measurement.

2.4. Control Objective

In this paper, the control goal of the integrated guidance and control system is to design
an IGC law 4, to ensure the success of the interception under the partial measurement and
unmatched uncertainties d, d1, d3. Moreover, the FOV constraint |g, = xo| < Q. is always
guaranteed in the overall flight envelope.

3. Output-Based Finite-Time Disturbance Observer

The important task for addressing the control goal is to deal with the unmatched
uncertainties issue by using the partial measurement information. The disturbance observer
is a type of estimator used to obtain the disturbance observation, which is capable of solving
the problem of the unmatched uncertainties. However, the existing disturbance observers
usually estimate the uncertainties using the complete state information, and it is difficult
for them to obtain the unmatched uncertainties only by virtue of the output. Therefore, in
this part, we first propose a novel output-based finite-time disturbance observer (OFTDO),
which not only estimates the unmatched uncertainties precisely, but also can achieve the
finite-time convergence of the estimate errors.

Consider an uncertain system:

x = A B Gd
{x x + Bu + (12)

y=Cx
where x € R",u € R",y € R” denote the state, input and output, respectively, and

d € R7(q < n) is the lump disturbance. Matrices A, B, C, G have proper dimensions. First
of all, some necessary assumptions are listed bellow.
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Assumption 1. The system (12) is controllable and strongly observable.
Assumption 2. The matrix G has a column full rank.

Assumption 3. The disturbance d and its derivatives up to order r are bounded, where r is a
known constant greater than zero.

Remark 1. The strongly observability in Assumption 1 means that y = Cx = 0 implies that
x = 0 on every nondegenerate interval [t1,t;] (t1 < tp) and for every piecewise continuous (or
integrable) function (control) u(t) on [t1,tp). It is a necessary condition to construct the state and
uncertainties estimates in this paper. More details can be found in [29].

Note that the standard DOs require the complete knowledge of the states when
the unmatched uncertainties exist, and thus they are not suitable for the IGC system in
this paper where the partial measurement and unmatched uncertainties are considered.
Therefore, in the following part a novel OFTDO is presented to estimate the disturbance
precisely via the system output.

Theorem 1. For System (12), if Assumptions 1-3 are satisfied, and the proposed OFTDO is

designed as:

2=Az+Bu+L(y—Cz)

X=0r1+z

d=(GTG) G (o — Alo_1)
1

(
&OIkOLF(Dﬁ(U-O*H)‘I‘U] (13)

_1 (—j
e LT T (g — o 4
o) = kiLy,” " @ (0'] 1) toj1
0y = keLpsgn(oy — &4-1)

where £ = r + x — 2 is the differentiator order, and the gain k;(j = 1,...,{ — 1) can be obtained
as in [30]. The matrix L is selected such that A — LC is Hurwitz. The function ®"(v) =

[[01]%sgn(v1), ..., |vn|sgn(v,)]T for a vector v = [vy,...,v,)" and a constant a > 0. The
Jeo1 O 1T . [i]
vector H = M,S [ KO I Y where Y = [yg, .., (ye[.K ])T} . Herein, yo = C(x — z) and y,

represent the ith anti-differentiator of y., i.e., yg] = fot X fot YedT; .. .dt. The matrices My and
Ji—1 are constructed in the proof. The parameter Ly is the Lipschitz constant of Y¢. Then, the
estimation % and d will converge to the actual values in finite time.

Proof. The proof is shown in the following three steps.
(1) Define that e = x — z and one has é = ¥ — 2z = (A — LC)e + Gd. Therefore, the

following error dynamics are obtained:

é=Ae+ Gd

{ Ye = Ce (9

where the matrix A = A — LC is Hurwitz.

(2) Let M = C and J; = (M;G)*. Herein, the symbol L is defined as follows. For
a matrix K € R"™" with rank(K) = g, the matrix K- € R"=")%" with rank(K) = n — q is
defined such that K*K = 0.

The matrix My can be defined in a recursive way as follows:

_ (MK—lc)LMK—lA
M= [ M; ] (15)
Jeor = (M 1G>L[”“2 0}
K K= 0 I
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If the system is strongly observable, there exits a unique positive integer ¥ < n such
that the matrix M satisfies the relationship rank(M,) = n [31,32]. Therefore, the following
expression can be obtained:

M= & [ 0 A S Y (16)
ke = o If| | TaT[o I
Ye

where yg] represents the ith anti-differentiator of y,, i.e., yg] = fot e fot YedT; ... dt. Note

that H = M~ [I KO_ 1 (I)] Y, and thus, we can obtain that e = ;;(—illH .
(3) Using the high-order sliding mode (HOSM) differentiator

é’OZkOL[]?q)ﬁ(U-O*H)‘FU']

: T - (17)
0 = kLT @T (0 — 0j-1) + 041

oy = keLsgn(oy — 1)

to estimate the vector H, the variable e can be obtained. It is proven that with the proper
choice of the constants k;, the equality 0; = %H is satisfied after a finite time [30]. Hence,
we have that e = 0_1, and £ = 0,_1 + z holds after a certain time. Moreover, for the error
dynamics (14), we have e = o_1,é = 0y, and thus

d=(G'G)'GT (0 — Acy_1) (18)
can be obtained. The proof is completed. [J

The schematic diagram of the proposed OFTDO algorithm is provided in Figure 2. As
shown in Figure 2, the presented estimation approach achieves a finite-time observation
for the unmatched by introducing a sliding mode technique when only partial information
can be measurable.

Reconstruction by the output
M. — {(MHG)LMHA] Estimation by HOSM
© = M
11 e 5| [ 6o=hlrfi@mi(o-H) +o
R = LR 0= 6,1) 0
. . &¢ = keLsgn(o¢ — o,
Formulation of Error Dynamics o= heLsgn(oc = 61)
é=Ae+Gd ] Moo &7 [T 0 Yol e, ]y
ye=Ce T o A sy T@ oo
e
Unmatched
$ uncertainties estimation
J., O i
H=M; { 0 1] Y 4= (G7G)'C" (0, - Ao,y

Figure 2. Schematic diagram of the proposed OFTDO.

Remark 2. The high-order sliding mode differentiator differentiates a continuous signal and obtain
its derivative up to r. Assumption 3 is necessary for the introduction of the HOSM technique.
Moreover, the HOSM method is capable of ensuring the continuousness of the control signal since
the sign function is hidden in the integral part, rather than introducing the discontinuous term in
the control in the standard sliding mode control.



Aerospace 2022, 9, 840

8 of 21

4. Constrained IGC Scheme Design

As shown in the context above, the predefined requirement on the BLOS constraint is
|9p| < Qc, and the designed constrained IGC scheme should ensure that the state converges
to the origin and the BLOS is always inside the prescribed limitations. First, some necessary
lemmas are given to facilitate the control design and stability analysis.

4.1. Preminaries

Lemma 1 ([15]). For any positive constants k,k,let Z =z € R: —k <z <k C Rand N =
R! x Z € R'*1 are an open set. Consider the system:

i ="h(tn) (19)

where y = [w,z]T € N, h: Ry x N — R is piecewise continuous in t, and locally Lipschitz in
h, uniformly in t, on Ry x N. Suppose that there exist positive definite functions U : R' — R
and Vi : Z — Ry, both of which are continuously differentiable in their respective domains,
such that Vi — o0 asz — —korz — k. Let V() = V1(z) + U(w), and z(0) € (—k k),
if the inequality

4

J=_—h<
1% anh—o (20)

holds in the set z € (—k, k), then z € (—k,k) forall t > 0.

Lemma 2 ([16]). For any positive constant A, the following inequality holds for all z in the interval
|z] < A:

log(—52 il 21
Og(AZrJ _Zzp) < A2p _ 72p ( )
where p is a positive constant.
Lemma 3 ([19]). Forany 6 > 0and y € R, the following inequality always holds:

0< |y — qtanh(g) < kpd, k,=02785 (22)

Remark 3. Lemma 1 provides the fundamental theory for quaranteeing the stability of the system
with a state constraint. In other words, the constraint issue has been solved through the establishment
of the proper Lyapunov function. Lemma 2 gives an important inequality for the stability analysis.

4.2. OFTDO Design

For the application in the IGC system (11), the following assumption is given for the
design of the OFTDO.

Assumption 4. The lump uncertainties d;(i = 0,1, 3) their its first and second derivatives are bounded.
Remark 4. Note that only the aerodynamic perturbations are considered, and thus the wind gusts
are not involved in the paper. In (8), the unmatched uncertainties are functions of the states, and
thus dy, dy, ds and their first- and second-order derivatives can be considered to be bounded in the

flight. Therefore, Assumption 4 is reasonable.

First, it can be checked and confirmed that Assumptions 1 and 2 are satisfied.

o

, and

1 0 0 O
For the IGC model (11), it can be obtained that C = [0 1 0 0] , B =
0 010

St O O
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G =

o O O
OO =
o~ O

T
. The disturbance is reconstructed by d = {d—; do dl} to adapt the

b 0 0
use of Theorem 1. Then, it can be verified that the system is strongly observable according
to [29].
010
Then, following (15), it can be calculated that MiG = CG = |0 0 1|, thus J; =
0 00
(M;G)t = [0 0 1]. If the matrix L is setas L = lij(i = 1,2,3,4;j = 1,2,3,4), thus
—h1 1-lp —hy 0

A=A-LC= “h b 1-hs 0 . Then, it follows that
I =l —lz 1
—ly —lp a3z —ly a
L I3 —lp -l 1
(MG MA] |1 0 0 0
M, = { M, “lo 1 0 o @3
0 0 1 0

which is a column full rank, and thus x = 2.
According to Assumption 4, it can be found that Assumption 3 means that r = 2, and
thus we have that ¢ = r + x — 2 = 2. Therefore, the following HOSM differentiator:

0y = —klfp%((fo —H)+ o0
o= —qu)%((fl—d'o)—i-ﬁz (24)
o2 = —kpsgn(o — é1)

is used to estimate the variable Y = [y, fot yedT|T, where the output error y, = [xg, x1, x2] .

Then, the estimate of d is obtained by d = (GTG) 'G” (¢, — Acy). Note that the sign
function will cause some unnecessary oscillation in the control input, and thus we instead
use the saturation function to replace it in the simulation.

4.3. Constrained IGC Law Design

In the procedure of IGC law design, the backstepping technique is used. We define
the tracking error as ey = x¢ — x( 4 Where x( ; denotes the desired reference. In this paper,
the reference is set as x( ; = 0. Then, one has that:

ég = %o — Xo4 = x1 +do (25)

We introduce the virtual control x; 4, which is designed as:

e N
X1,d = —koeo — Wo—e%) —dy (26)

where the term dj) is the estimation from the proposed OFTDO and ky is a positive constant.
Then, substituting (26) into (25) yields:

. € ~
ey = 7k0€() +x1 — xlrd — Z(ino—ez) + d() (27)
c 0

where dy = dy — dj represents the estimation of the uncertainties.
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To avoid the “explosion of terms” problem, the dynamic surface technique is applied,
and the following filter is presented in this paper:

f1e = 2 Gtanh e (1~ 11)), 116(0) = 71,4(0) 8
where §i,c1, 71 are positive constants.  The hyperbolic tangent function term
¢1tanh(cy(x1, — x14)) is a typical nonlinear function that is capable of accelerating the
convergence when the filter errors are far away from zero and avoiding the chattering
around zero. Consequently, the performance of the filter can be effectively improved
compared with the standard first-order filter.

Next, we define the error variable as e; = x1 — x1 ., and the derivative of e; is obtained by:

61 = X1 — X1, =X — X1+ d1 (29)
Then, we introduce the virtual control x; ; as the following form:

() P
— —d 30
g_a " (30)

Xo 4 = —kiep —
where d; denotes the estimation error of the uncertainties dy, and kj is a positive constant.
o . . . Xp o —X
Similarly, the filter is used as Xp, = — =24 — & tanh(ca(x2,c — X24)), %2,¢(0) = x2,4(0),
where (3, cp, Tp are positive constants.
Next, we define the error variable as ¢ = x, — x2 ¢, and the virtual control is designed as:

X34 = —kaer — e (31)

Similarly, the filter is used as %3, = —363'%;3"” — Zztanh(cs(x3c — x34)), x30(0) =
x3,4(0), where (3, c3, T3 are positive constants.
Finally, the controller is obtained by:

u—= (—llg,Xz - 1143?3 - k3€3 — € — (ig) (32)

S| =

where the error variable is defined as e3 = £3 — x3 ., where £3 is estimated by the OFTDO.
The term d3 denotes the estimation error of the uncertainties d3 by the proposed OFTDO,
and k3 is a positive constant.

4.4. Stability Analysis

This part provides the stability analysis of the closed-loop system under the proposed
IGC law (32).
Define that:

e3 = X3 — x3, €fi = Xic— xl-,d,di = di — dA,(l =0, 1,3) (33)

where &3 denotes the estimation error of the state x3, and d; represents the estimation error
of the disturbance d; and the filter error.
A Lyapunov function candidate is selected as:

¢
@-q

where log denotes the natural logarithm. Note that x; — x4 = e; + ¢51 and taking the
derivative of V; yields:

1
Vo = 5 log( (34)
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. 2_ 2 2
Vi = Q;Q% 0 = QZ%)Z(—ZeOéO)
eéo
S Q24
_ koe3 B e eo(x1 —x1,4) eodo
Mg A@-ar T @e @-q
_ koed e3 eo(er +ef1) eodo
w-g AG-47 d-q @4

Substituting (30) into (29) yields that:

é1 = X3 — X1, +dq
=e —e+efpt+Xpg+ dy — X1,

€o 7 ;
= —kie;1 + e tefp— ——— +dy — %1,
— €
0

Qz
Combining (31) and taking the derivative of e, yields that:
€y = Xz — A2
= X3 — x2,c
=e3—e3tef3+ X34 — X2,

= —kpep +e3—é3+ ef3—er — X,

(35)

(36)

(37)

Calculating the derivative of e3 and substituting the controller (32), one has that:

b3 = X3 — X3,
= azxy + agx3 +bu — X3, +ds + 3

= —a423 — ksez — ey +d3 — X3 + &3
We choose a new Lyapunov function as:

1 3 ) 1 3 ) 1_2
V:VO+§i_Zlei+§i_Zlef’i+§eS

Note that: o
i = *% — gitanh(cier ;) — X4

and taking the derivative of V yields:

3 3
V= V() + Z ée; + Z éf,l-ef,i 4 8303
i=1 i=1

koe3 e3 eo(e1 +ef1) eody

= 2 2 2 2
Q% —€ Z(Qg - eo)z Qg —€ Qg —€

€1€p 7 .

— kle% +e1e + e1ef2 — — > +e1d; — e1X1,c
Qc - 60

— kzeg +e2e3 — €83 + 2853 — €201 — eXo ¢

— k3€§ — a4e383 — e3ep + ezds —e3xz; + €383

3 ez .
+ Z(—% — Gief,i tanh(cief,i) — ef,ixi,d) + 363
i=1 !

(38)

(39)

(40)

(41)
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Reorganizing the derivative of V yields that:

. koe?
V=— 2060 5 = Z kieiz — €263 — aye3es
Q- i3
2
0 co¢ f
- + e1ero +esers
2Q2-€) Q- 2
eod ) ) (42)
+ Q2 0 + e1dy + ezds — e1X1,c — exXpc — e3X3,¢ + 28323
+ 2 — §lefltanh(c efi ) — ef,ixi/d)
Utilizing Young's inequality, the following relationships are satisfied:
coef € 2 g o .
G-d SH@-gr v arasy Ty syt W)
2
—epe3 < 62 + = 4 (44)
eOdo 6% o ~ 61-2 )
d. < _L %
@ -a <@ ap 3+, edi < +d; (45)
Cikp
— Giep,tanh(cier;) < —Gileg| + = (46)
1
.2
. fz xi .
—efiXig < 5 + > (i=1,2,3) 47)
and substituting (43)—(47) into (42) yields:
V=28 (- DB~ e - D+ L - D)~ gler)
Q- 2t R R BT Ay T T S
- (48)
3. 1+a2 x
+Y di+ 44‘2+Z id €3p+2e3e3
i=0
According to Lemma 3, one has that:
Q2 3\ 2 3,2 9\ .2
V< kOlOg(Qz 5) — (k1—§)€1—(kz—i)ez—(ks—z)ea
+i5q-—1ez +1—|—a42+M #9)
5 I 4

i=1 i

where M = do +d; +d3 + Y3, ”’ +Y3, 4 +yY3 g’:,” + 28323. Note that the estimation
of the states and uncertainties are achieved in finite time, and thus %3 = x3 and d; = d;
(i =0,1,3) hold after a finite time moment ¢ f- Assume that the term %; 4 is also bounded;

then we have M < M, in which M is a positive constant. Therefore, one has:
V< —2uV+M (50)

— mi 3 3 9 55—1 14a3
where = mln{ko,k1 — j,kz — j,k3 — I, % 4

is obtained.

}. Then, the following theorem
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Theorem 2. Consider the IGC system (11). If the controller is designed as (26), (30), (31) and (32),
the initial value satisfies |q;(0)| < Qc, and k;, 7;(i = 1,2,3) are chosen such as y > 0, then the
system will have the following properties:

(a) The tracking errors of the system state are ultimately bounded.

(b) The constraint requirement |q,| < Q. will not be violated.

Proof. Integrating (50), we obtain:

M)e—”f WM (51)

V < (V(0) — 2 2

therefore, the function V is bounded, which implies that all of the states of the closed-loop
system are bounded, and the tracking errors are ultimately bounded.

Moreover, from (39) and (50), we can conclude that |eg| < Q. holds if the initial value
satisfies |eg| < Q. according to Lemma 1. Therefore, the constraint requirement is not
violated during the dynamic process. The proof is completed.

Remark 5. It is worth noting that the estimation errors é; and d; will converge to zero in finite
time by the proposed OFTDO. Therefore, the convergence boundary M is only related to the terms
Z?:1 %, Z?:l % and 213:1 g’c—lj” If c; is selected to be large enough, we have % — 0. If the
command ; is chosen to be small, the final convergence domain will be decreased.

The schematic diagram of the proposed control scheme is provided in Figure 3. As
shown in Figure 3, the presented approach achieves a control framework that covers the
FOV requirement, partial measurement and unmatched uncertainties.

Proposed constrained IGC Law IGC Model
u:%(—agfczfamfkqea76270?3) Zo=21+dy
u s=2,+d,
=== — % —d g
Ty 4 o SiE—e2) » Ty =13+ dy
o= krer—eo—dy T3=a3Ts + a3 +bu +ds
T50==kser— e, —dy FOV constraint: |g,|< Q.
zy, ;227:?;37(%,& 1,d27 (is Output — based finite — time disturbance observer Y=1x

d=(G"G)"'G" (s, — Ao,_,)

Figure 3. Schematic diagram of the proposed control.

5. Simulation and Discussion
5.1. Simulation Settings

The initial conditions were set as R = 60 km and z;,, = 27 km, and the location of the
target was set as x7 = 53 km and z7 = 0. The initial angles of the hypersonic flight vehicle
were «(0) = 0.1°, w;(0) = 0.1°/s. The missile and the target were set to fly with constant
velocities of 6 Ma and 0 m/s, respectively. The aerodynamic coefficients were set as:

57.3Q5c% 57.3QSc% . :
a4 = 57:3Q5¢y _ 0.3487, ay = 7:3Q5¢y _ 0.068, a3 = 73Q5LME _ 47801
mVu mVu J2 (52)
2., Wz z
e = 57.3Q5L7mz= _ 02741, b = 573Q5Lmz" _ 41 567
1A%y Iz

The control input was restricted as |u| < 25deg. The FOV constraint was set as
Q¢ = 12°. Parameters of the proposed control method were chosen as ky = 1,ky = 2,
ry = 1,T1 =T =13 = 0.1,51 = 62 = 53 = 0.5,C1 = () =(C3 = 2.
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5.2. Results and Discussions

The simulation results are shown in Figures 4-10 and the estimations of the distur-
bances are shown in Figures 11-13. As seen in Figures 4 and 5, the final miss of distance is
small, which means that the fine engagement has been achieved by the proposed IGC law
U= %(—039(2 — ay®3 — kzez — ey — d3) in (32). Moreover, the BLOS angle g, is constrained
in the prescribed FOV limitations, which shows that the FOV constraint Q. is not violated
in the flight procedure. The angle of attack «, pitch rate w, and evaluator J, are shown in
Figures 8-10. Meanwhile, the estimation dy, d1, d3 of the uncertainties in Figures 11-13
demonstrates that the proposed OFTDO has achieved the finite-time estimation of the
unknown unmatched uncertainties successfully.

3 x10* . . . . .

T /T x10*

Figure 4. Curve of trajectory on the x and z axes.

% 10%

O L L L L L
0 5 10 15 20 25 30

Time/s

Figure 5. Curve of the relative distance R.
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15

0 5 10 15 20 25 30
Time/s

Figure 6. Curve of body line-of-sight angle g;,.

-20

_30 L

_60 L

_70 L

_80 I I
0 10 20 30
Time/s

Figure 7. Curve of line-of-sight angle 4.
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0.5

0 10 20 30
Time/s

Figure 8. Curve of the angle of attack «.

0 ’\v

0 10 20 30
Time/s

Figure 9. Curve of the pitch rate w,.
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Figure 10. Curve of the elevator J,.

0.04

0.035

- Estimation

o

o ©
S =
a @

0.02

0.015

Estimation of d

0.01

0.005

0 1 1 1 1 1
0 5 10 15 20 25 30

Time/s

Figure 11. Curve of the estimation d.
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01 T T T T T

0.08 [ |=—— Estimation

Estimation of dy
o
o
=

o
o
R
T
L ey
1

-0.02 ' ' ' ' '
0 5 10 15 20 25 30

Time/s

Figure 12. Curve of the estimation d;.

0.12 . . . . .

0.1 =

o ©

o o

® ®
1 1

Estimation of d3
o
o
=

0 [ L L L Ll Actual
- Estimation

-0.02 ' ' ' ' '
0 5 10 15 20 25 30

Time/s

Figure 13. Curve of the estimation d3.
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To further test the robustness and effectiveness of the proposed IGC law, Monte-Carlo
tests were carried out in the simulation. The number of the tests was set as 500 times, and
the final location on the x and z axes and the missed distance are shown in Figures 14 and 15,
respectively. The mean and the standard deviation can be calculated as 0.501 m and
0.7741 m, respectively. As seen in these figures, the distribution of the missed distance is
smaller than 1 m, which shows the strong robustness of the proposed IGC law.

|
o
N

Error of z

Errorof x %1073

Figure 14. Curve of Monte-Carlo results on the x and z axes.

o
o

Miss of distance/m

O
@

O
5
K

=
%

Figure 15. Curve of the missed distance in the Monte-Carlo tests.
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6. Conclusions

An integrated guidance and control law for strap-down hypersonic flight vehicles
was proposed, with partial measurement information and unmatched uncertainties. A
constrained IGC scheme was proposed by combining the barrier Lyapunov function-based
backstepping methodology and the specific output-based finite-time disturbance observer.
The effectiveness of the presented scheme was verified by numerical simulations and
Monte-Carlo tests. Future researches include the the constrained performance optimization,
and consideration of the actuator dynamics and wind gust disturbance.
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