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Abstract: A novel integrated guidance and control (IGC) design
method is proposed to solve problems of low control accuracy for
a suicide unmanned combat aerial vehicle (UCAV) in the terminal
attack stage. First of all, the IGC system model of the UCAV is built
based on the three-channel independent design idea, which re-
duces the difficulties of designing the controller. Then, IGC control
laws are designed using the trajectory linearization control (TLC).
A nonlinear disturbance observer (NDO) is introduced to the IGC
controller to reject various uncertainties, such as the aerodynamic
parameter perturbation and the measurement error interference.
The stability of the closed-loop system is proven by using the
Lyapunov theorem. The performance of the proposed IGC de-
sign method is verified in a terminal attack mission of the suicide
UCAV. Finally, simulation results demonstrate the superiority and
effectiveness in the aspects of guidance accuracy and system ro-
bustness.
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1. Introduction

The requirement on control accuracy of missiles and sui-
cide unmanned combat aerial vehicles (UCAVs) has be-
come higher and higher in modern complex battlefield [1].
For suicide UCAVs, the terminal mission stage is the most
critical and the terminal guidance and control technology
is an effective way to improve the attack accuracy.

In the traditional control idea, the guidance subsystem
and control subsystem are designed separately. This idea
is based on the hypothesis of the frequency spectrum sepa-
ration of cascade control systems in essence [2—4]. In the
terminal attack stage of a suicide UCAY, the time constant

Manuscript received January 19, 2016.

*Corresponding author.

This work was supported by the National Natural Science Foundation
of China (61601505; 71501184) and the National Aviation Science Foun-
dation of China (20155196022).

in the guidance loop is decreasing with the decrease in re-
lative vehicle-target distance, when serious miss distance
and fight stability loss of the UCAV occurs [5]. As a result,
the performance of the traditional method is constrained.

To deal with this problem, the integrated guidance and
control (IGC) is proposed and widely studied [6]. In the
IGC design, the guidance system and control system are
integrated designed. The deflection commands are calcu-
lated and obtained according to the relative movement be-
tween the UCAV and target, which can improve the control
precision and avoid the stability loss. Since the IGC idea
was created by Williams et al. [7] in 1983, large numbers
of IGC design methods have become research spots, such
as optimal control (OC) [8], backstepping control (BC)
[9,10], differential geometry control (DGC) [11], dynamic
surface control (DSC) [12], and variable structure control
(VSC) [13]. Every method has been proven effective in
some aspects, but there are still some shortages: the ana-
lytical solution problem of OC, the computation expansion
and parameter setting of BC, the modeling error sensiti-
vity of DSC, and the self-buffeting problem of VSC, etc.
The trajectory linearization control (TLC) is a novel ef-
fective nonlinear tracking and decoupling control method
[14], and is increasingly being applied to flight control sys-
tems of new missiles and UAVs. Because TLC has the spe-
cial control structure that the pseudo inverse of matrix is
computed in the open loop and the tracking error is ad-
justed in the closed loop, which makes outputs exponen-
tially stable on the nominal state, so TLC has a certain ro-
bustness and anti-interference capacity. In [15], an adaptive
neural network technique for nonlinear systems based on
TLC was firstly proposed. Reference [16] studied the TLC
of actuated underwater vehicles (AUVs) by using the time-
scale separation in differential equation singular perturba-
tion theory. Reference [17] put forward a pitching channel
IGC design method, because it was only effective in two-
dimensional plane, so the application of the method was
limited greatly.
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In above literature, TLC has been proven effective, but
there are still two challenges: the high order and a great
deal of uncertainties of the IGC system. Some solution
methods are correct theoretically, but they are hard to re-
alize in engineering because of the increasing complexity.
Besides, the high order problem is not solved effectively.

The contribution of this paper is developing a novel IGC
design method of a suicide UCAV for terminal attack. The
reasonable decoupled IGC system model is built based on
the three-channel independent design idea, which solves
the high order problem of the TLC. Control laws are de-
signed using the TLC, which increases the control accu-
racy of the suicide UCAV. After that, a nonlinear distur-
bance observer (NDO) is introduced to estimate and com-
pensate the nonlinear uncertainties, thus guaranteeing the
robustness of the controller. Simulation results verify the
high precision control performance of the proposed IGC
design method and strong robustness in the presence of
20% aerodynamic coefficients uncertainty of both constant
and time-varying types.

The rest of this paper is organized as follows: Section 2
builds the IGC system model of the suicide UCAV; Sec-
tion 3 proposes the IGC design method of the suicide
UCAV using the TLC; Section 4 demonstrates the stability
of the IGC design method; Section 5 presents the results
and discussion. Finally, Section 6 concludes the paper.

2. IGC system model of the suicide UCAV
2.1 Mathematical model of the suicide UCAV

The nonlinear model of the suicide UCAV flight control
system [18] is
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where «, (3,7 are, respectively, the angles of attack,
sideslip and roll; w, wy, w, are, respectively, the pitching
angle rate, yaw angle rate and roll angle rate; d, 6, 0, de-
note, respectively, the deflection angles of elevator, rudder
and aileron; ¢ is the dynamic head; S is the characteristic
area; L is the characteristic length; m is the mass of UCAYV;,
J2, Jy, J» denote, respectively, the moment of inertia of Z

axis, Y axis and X axis; P is the engine trust; V' is the ve-
locity; ¢y, ¢? denote, respectively, the partial derivative of
lift force relative to angle of attack and angle of sideslip;
m¥=, m®, md= represent, respectively, the partial deriva-
tive of the dimensionless pitching moment relative to the
pitching angle rate, angle of attack and deflection angle
of elevator; my ", mg , mff’ represent, respectively, the par-
tial derivative of dimensionless yaw moment relative to the
yaw angle rate, angle of yaw and deflection angle of rud-
der; mi.z represents the partial derivative of dimensionless
roll moment relative to the deflection of aileron.

In order to reduce the difficulties of using the TLC, the
nonlinear UCAV model is decoupled based on the three-
channel independent design idea. In this idea, the cou-
pling effects with each other are regarded as uncertainties
and nonlinear factors with unknown limit. Then, the pitch
channel subsystem of the UCAV can be simplified and de-
picted as

Sct + P
& =w; — LT, + Aa
mV
qSL @)
Wr = (mSa+ mﬁzéz +m*w,) + Aw,

The yaw channel subsystem of the UCAV can be sim-
plified and depicted as

. ScB — p
f=w,+ L=+ Ap
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qSL s )
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The roll channel subsystem of the UCAV can be simpli-
fied and depicted as
Y =ws + Ay
qSL
I
where Aa, A3, Ay and Aw, Awy, Aw, stand for the un-
known bounded uncertainties.

mff Oz + Awy )

Oy =

2.2 Relative movement between the UCAV and target

In the terminal attack stage, the relative movement between
the UCAV and target can be decoupled to two relatively
independent motions in the longitudinal and lateral planes.
The diagram of relative movement between the UCAV and
target in the longitudinal plane and lateral plane is shown
in Fig. 1.

In Fig. 1(a), R, is the relative distance between the
UCAV and target, V,,, V3, stand for, respectively, the ve-
locities of the UCAV and target, a.y, aty stand for, respec-
tively, the accelerations of the UCAV and target, @, 1y
represent angles between the velocity vector and reference
axis, ¢, is the angle of line-of-sight (LOS). All the above
quantities are components along the longitudinal plane.
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Then, the relative movement equation set of the UCAV and
target is obtained as

{ Ry = Viy cos8(pry — Pty) — Vuy cos(ry — Puy) .
Ry(tbry = *Vty Sin(@ry - Spty) - Vuy Sin(@ry - Sﬁuy)
5

Horizon
reference

X
(b) Lateral plane

Fig.1 Diagram of relative movement between the UCAV and target

Let

{VR =R,
V= Ry%bry .

Substituting (6) into (5), and taking the derivative of
both sides with respect to time, one can obtain

(6)

2

VR =+ Atyr — Quyr
oy ™
. VRV
‘/r = - Ry + Atyy — Guyv
mmm:R%w:J%gﬁ

Quyr = Vay €08(0ry — Puy) + Vg Puy Sin(0ry — Puy)

Atyr = Vty co8(Pry — Pry) + Viy Pty sin(@ry — pty)

Auyv = Vuy @uy COS(LPT'y - SDUZ/) - Vuy Sin(go'f'y - VJuy)

atyo = ViyPry cos(ry — pry) — Vty sin(pry — Pry)

where a.y;, aiy, are components along the sight directions
of Qyy, Gy, and @y, iy are normal components along
the sight directions of @, aty.

Substituting (6) into (7), we have

. 2R, . 1 1
Ory = ——F Pr + —Qtyy — 5 Quyv- (8)

When the angle between the UCAV velocity vector and
LOS is small enough, the equation ay, ~ @y, 1 correct,
where a.yy, is the normal acceleration of the UCAV. Thus,
(8) is approximated by

. 2R, | 1
Gry = ——"Pry — 55 Ouyn + Apy )]
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Similarly, for the lateral plane, we have
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2.3 IGC system model of the UCAV

From (9) and (2), one can derive the IGC pitch subsystem
model of the UCAV as

{Cbl = fi(z1) + g1 (z1)ur + gr2(x1)ds an
Y1 = T11

where 1 = [pry o w.|" denotes the subsystem state,
u; = 9, is the input, y; is the output, £11 = ¢y, and

d; € R represents unknown coefficients uncertain. The
matrices fi(x1),g11(x1) and g12(x;) are

2R, qScy +P |
- Pry - 5
R, mR,
Sct + P
fi(z) = Wy — qyioz
mV
qSLm‘;zw 4 qSLm(;a
JLv i J,
0
_ 0
gii(z1) = gSLm?-
J-

gi2(x1) = [ Ap,y Aa Aw, T

From (10) and (3), one can derive the IGC yaw subsys-
tem model of the UCAV as

{ Xy = fa(x2) + go1(T2)uz + goo(x2)d2 (12)

Y2 = T21
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where 2 = [or, 0 wy]T denotes the subsystem state,
uz = &y is the input, yo is the output, 21 = ¢;., and
ds € R represents the unknown coefficients uncertainty.
The matrices fa(x2), g21(x2) and gaa(x2) are

2R, . qSc? — P

R. Prz mR.

B8 _
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To) = Wy + —E——
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g32(x3) = [Ay wa}T-
The systems in (11)—(13) can be written altogether as

{a’c = f(z) + g1 (2)u + g2()d (14)

y=[y1 y2ys]"

where * = [x1 x2 x3]T denotes the system state,
u = [ug uz wu3]t is the input, y is the output,
d = [di d» d3] € R3 represents unknown coeffi-

T

0
0

qS ngy
JZ/
g22(x2) = [ Apr. AB Aw, T
From (4), one can derive the IGC roll subsystem model
of the UCAV as

{ 23 = f3(x3) + g31(x3)us + gsz(x3)ds

go1(z2) =

(13)
Y3 = T31

where 3 = [y w,]" denotes the subsystem state, uz = &,

is the input, y3 is the output, z3; = ~, and d3 € R rep-

resents the unknown coefficients uncertainty. The matrices

f3(333), gsi (CL‘3> and gs2 (£L‘3) are

cients uncertainty, f(x) = [fi(x1) fa(x2) fa(zs)]",
gi1(x) = [gu(z1) gai(m2) gsi(w3)]”, and go(x) =
[g12(1) goz(22) ga2(w3)] "

3. IGC design of the suicide UCAV
using the TLC

For the control systems of missiles and suicide UCAVs, the
main design objectives are given [6] as follows:

(i) To intercept the maneuvering targets with small miss
distance.

(ii) To maintain the change of the angle of roll near zero
throughout the engagement.

(iii) To stabilize the states of the missile.

(iv) To be robust with respect to the inevitable uncer-
tainties.

We design IGC control laws using the TLC and intro-

0
w .
fs(xs3) = { 01 , gsi(z3) = | ¢SLm= |, duce an NDO .to improve rol?ustness. The structure of the
7 IGC design is illustrated in Fig. 2.
Ja
Pseudo dynamic | 3
inversion
controller
d
7 Linear time-
! +Q?_. varying Yiet Ly IGC system y
controller _ model
ug
X

NDO

Fig. 2 Structure of the IGC design

3.1 IGC control laws design based on the TLC

For (14), suppose that there exists a nonlinear func-
tion go(x) which can meets the matching condition

g1(x)go(z) = g2(x).

When d = 0, define the nominal system state, input and

output as &, uw and vy, respectively, which satisfy

T = f(T)+g,(T)u
A 4>

As g1(@) is generalized reversible, we can calculate the
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nominal input by
u=g; @ - f@)] (16)

In order to guarantee the causal relationship of the sys-
tem, Z will be acquired from the following differentiator:

Wi dif fS

. i=1,2. (17)
S+ Wi dif f

Gidiff =

Define the tracking error of the closed loopase = x —@
and the controlled variable as u;. = u — w. Then, the dif-
ferential equation of dynamic characteristic of e is

=% —-T=
f(@+e)+g1(T+e)u+uc) — f(E) —gi1(®F)u=
F(z,u, e, uy) (18)

where  and w can be regarded as time-varying parameters
of the system, then (18) changes into

ée=F(z,u,e,u.(e) = F(te). (19)

Linearizing (19) along (, w) yields

é(t) = A(t)e + B(t)u. (20)
where A(t) = [0f(z)/0x +u-0g1(x)/0%]|z =, B(t) =
g91(x)z =

Two conclusions can be drawn through (15), (19) and
(20).

Conclusion 1 e = 0 is the isolated equilibrium point;
F : [0,00) x D — R™ is continuously differentiable,
where D = {e € R"|le| < r}; the Jacobian matrix
[0F /Oe] is bounded and Lipschitz on D.

Conclusion 2 A(t) and B(¢) in (20) are both com-
pletely controllable.

For (20), design the state feedback control laws using
the PD spectrum [19] of a linear time-varying system as

wi. = k(t)e(t). 21
The differential equation of dynamic characteristic of e

A (t) = A(t) + B(t)k(t)
Theorem 1 The first equation of (22) is exponentially
stable on the equilibrium point e(t) = 0.
Proof Let

is

oF
Alt) = 5 (te) 23)

We define V (t,e) = eT P(t)e as a Lyapunov function
candidate for (22). Then

V(t,e)=e"P(t)F(t,e)+FT(t,e)P(t)e+e " P(t)e =
eT[P(t)A(t)+AT (1) P(t)+P(t)e+2e" P(t)G(t,e) =
—eTQ(t)e + 2T P(1)G(t, e) <
—cslle]|” + 2c2L[Je]|* <

—(c3 =2caL’p)|le]l?, Vllell2 < p (25)

where ¢, c3 are positive constants, L’ is a Lipschitz con-

F F
stant, G(t, e) = [aa—e(t, z)— a—(t, 0)] e, and z is a point

Oe

on the vector e. Choosing p < min{r, c¢s/(2c2L)} ensures
that V' (¢, e) is negatively definited in ||e||2 < p. O

3.2 IGC robustness design by introducing an NDO

In Section 3.1, we suppose that d = 0, however, it is not
the case for practical application. When the error ||d|| is
small enough, the tracking error can be bounded or elimi-
nated by designing suitable IGC control laws using TLC.
However the effectiveness of the TLC will decrease or even
lose completely with the increase of ||d||, so, it is important
to take strategies to enhance the robustness.
When d # 0, (19) is given by

ée=F(z,u,e,u.)+ g2(x)d. (26)
Design the strategy as
U =Uu+ U — Ug. 27
According to the NDO output design, define ug as
uo = go(@)d (28)

where d € R3 is the estimation of d.
As g1(x)go(x) = g2(x), (26) can be changed into

o~

é=F(te)+gzz)(d—d). (29)
Design the NDO as
{ d=2z+ p(x)
z2 = —l(z)g2(z)[z + p(x)] - U(z)[f(®) + g1 (2)u]
(30)

where z € R3 is the interior state of the NDO, p(z) € R3
is a nonlinear function to be set up, I(z) € R3*™ denotes
the gain of the NDO, with l(x) = dp(x)/0x.

The observation error is given as

~

eq(t)=d—d. (31)

Let d ~ 0, which means that the unknown disturbance
varies slowly with respect to the NDO dynamics. Then, the
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differential equation of dynamic characteristics of eq4(t)
are . .
éq(t)=d—-d=~ —d. (32)

Substituting (14), (30) and (31) into (32), we have
€a(t) +U(z)g2(z)ea(t) = 0. (33)

Asl(z) = dp(x)/dx, d could approximate d exponen-
tially, if eq(t) is guaranteed to be globally exponentially
stable for random & € R by setting up reasonable p(x).

4. Stability analysis of the IGC design method

We give the following lemma to analyze the stability of the
IGC design method expediently.

Lemma 1 [20]
varying system in continuous time:

For an n dimensional linear time-

z=At)x, x(to) =xo (34)
the original point is the sole equilibrium state. Elements in
A(t) are all piecewise continuous and uniformly bounded
functions. Then, the necessary and sufficient condition for
the original point to be exponentially stable is in the fol-
lowing:

For a randomly given real symmetric,
bounded and uniformly positive definited time-varying
matrix Q(t) € R™™, there exist two real numbers
B1, P2 > 0, with 0 < BT < Q(t) < BoI (Yt > to)
to make the solution matrix of the differential equation

uniformly

AT()P(t) + P()A(t) + P() +Q(t) =0 (35)

become real symmetric, uniformly bounded and uniformly
positive definited, namely that there exist two real numbers
a1, ag > 0 to satisfy

0<041[<P(t)<042[, t > 1. (36)

Theorem 2 For the system consisting of (14) and (32),
if Conclusions 1 -2 and the following assumption condi-
tions Al and A2 are satisfied, we can draw a conclusion
that e and eq are both converged to 0 exponentially.

Al For (30), there exists a nonlinear function p(x)
which makes the error dynamic characteristics of the NDO
exponentially stable.

A2 There exist positive real numbers € and 7 which sa-
tisfy 22 — | P(t)gs()]| > 0.7 — 2azr — | P(t)gs ()] >
0, with ¢ being a Lipschitz constant.

Proof From Conclusions 1-2, by using the Taylor ex-
pansion, (29) can be expressed as

o~

é=A(t)e(t) + B(t)u+0(e) + g2(x)(d —d) (37)

where 0(e) stands for the linear high order term.
From the proof process of Theorem 1, we have

lo(e)ll < lle(®)lI*. (38)

From Al, there exists a Lyapunov function V(eq) for
(32), which satisfies
0V {3]71'(:8)

Va= del Ox

gi@y| < ol =123
(39)
where €, is the ith element of eq(t), p'(z) is the ith ele-
ment of p(x), and g&(x) is the ith element of go(x).
For the whole closed-loop system, consider the Lya-
punov function

V= %eTP(t)e + Va(eh). (40)

Taking the derivative of both sides of (40) with respect
to time, according to Lemma 1, (38) and (39), we have

. 1 .
V= _EeTQ(t)e+eTP(t)0(0)+eTP(t)92(w)efﬁ-Vd <
1 2 3 7 7|2
—gnllel”+aztlel]” +[P(t)g2(z)llle]llleall —elleal” <

1
—5 (81— 2a2lRe — 1P (t)g2(2)|) el ~

%(25 = [P()ga (@)l leall- (41)

From A2, one can obtain V <0. O

The stability of the proposed IGC design method can be
guaranteed by selecting reasonable p(x) and appropriate
values of € and 7.

5. Simulation and results discussion

In order to validate the effectiveness of the proposed IGC
design method in this paper, we simulate a terminal attack
mission of the suicide UCAV with six-degree-of-freedom
nonlinear experiments.

In the initial time, the suicide UCAV is trimmed un-
der the cruise conditions before attacking the target: Vj =
200 m/s, §, = 5°, ag = 0y = 1.328 9°, with the initial
coordinate [500 m, 3 000 m, 500 m]T.

The gain matrix k(t) and nonlinear function p(x) of the
proposed method are set as

k(t) = [k1(t) ka(t) ks(t)]
ki(t) =[2.5t* +3 1.5t +6 0.5t* + 8t — 4.8]
ko(t) = [1.4t%2 +5 0.6t +8 1.2t> + 5t — 3.6]
ks(t) = [2.2t +3 0.8t + 3t — 5.0]

p(x) = [p1(x1) pa(x2) p3(x3)]”
pi(xy) = sb,%y + 3¢pry — 20w, — o? + 4w?
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pa(x2) = Q012~z +30r20 — 2wy — ﬂ2 + 4(")33
p3(3) = —2yw, — % + 4w?.
Parameters of the pseudo differentiator are given by
wi,difr = 3.5 rad/s, we giry = 8rad/s.
The initial position, velocity and acceleration vectors of
the target are, respectively, set as

X, = [0 0300 m|T
V, = [40m/s 0 10 m/s]T .
a; = [5m/s?01m/s?T

First of all, we make a comparison of control perfor-
mance of our proposed method in this paper, the traditional
method [21] and the VSC method [22], in the presence of
20% aerodynamic coefficients uncertainty and 20% noise
interference in measure values. Three independent expe-
riments are simulated based on the above methods, and
the suicide UCAV intercepts the target, respectively, at
22.89 s, 23.40 s, and 24.12 s under three cases. Miss dis-
tance comparison with the proposed method, traditional
method and VSC method is shown in Table 1. Curves of
the angles, curves of the derivatives, curves of the fin de-
flection, and trajectories of the suicide UCAV and target
are, respectively, shown in Figs. 3-6.

As is shown in Table 1 and Figs. 3—-6, we see that the
miss distance of the proposed method is the least. Although
the VSC method has little miss distance too, big oscillation
occurs in the simulation process, which means that the dy-
namic performance of the VSC method is not good. Small
oscillation can be guaranteed for the traditional method,
but the convergence time is too long, besides, the miss dis-
tance is up to 6.263 3 m, which illustrates that the control
accuracy of the traditional method is low.

Table 1 Miss distance comparison with the proposed method, tra-
ditional method and VSC method
Method

Miss distance/m

Proposed method 0.038 5
Traditional method 6.263 3
VSC method 0.797 5

al(®)

t/s

(a) a

1.5

Journal of Systems Engineering and Electronics Vol. 28, No. 3, June 2017

1.0
0.5

t/s
() B

25

20

t/s
(©7

—— : Proposed method;

------------ : Traditional method.

Fig. 3 Curves of the angles o, 3 and ~

— — — : VSC method;

25

25

t/s.
(®) ¢,

—— : Proposed method;
rrrrrrrrrrrr : Traditional method.

Fig. 4 Curves of the derivatives of o,y and ¢y

— —— : VSC method;

25
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10 15 20
t/s

(a) o,

25

(b)o,

25

—— : Proposed method;
rrrrrrrrrrrr : Traditional method.

10 15 20
t/s

(©) 0,

25

— —— : VSC method;

Fig.5 Curves of the fin deflection d:, §, and J.

3000

m

=

Y/

1000

2000

—— : Proposed method;

———: VSC method;
: Traditional method.

Fig. 6 Trajectories of the suicide UCAV and target

To summarize, the proposed method can guarantee not
only high-precision control performance but also good dy-
namic response behavior.

We further test the robustness of the proposed IGC de-
sign method against time-varying uncertainty. Let aero-
dynamic coefficients uncertainty and noise interference in
measure values both subject to the following distribution:

A~U(=0.2, 0.2)

where U represents the uniform distribution.

We repeat the robustness experiment 50 times using
the Monte Carlo method [23] and the results are depicted
in Fig. 7. Through the statistical analysis, we know that
the mean miss distance is 0.039 6 m with the standard
deviation being 0.018 9 m, which conforms to the con-
trol performance experiment results. While the aerody-
namic coefficients uncertainty and noise interference vary
randomly within [—20%, 20%)], the UCAV’s angle of at-
tack, sideslip, and roll are, respectively, converged within
[—1°,1°], [-0.5°,0.5°] and [—0.1°,0.1°]. The angle of
roll changes within [—0.2°,0.2°] throughout the engage-
ment. All the states meet the design objectives of the sui-
cide UCAV control system, which validates the strong ro-
bustness of the proposed method.

t/s
(a) a

t/s
(b) B
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Fig. 7 Curves of the angles «, 3 and ~ in the presence of time-

varying model uncertainty

6. Conclusions

The IGC system model of the suicide UCAV in terminal at-
tack phase is built, and the difficulties of designing the con-
troller are reduced greatly. IGC control laws are designed
by using TLC. The design method can guarantee strong ro-
bustness by introducing an NDO. Lyapunov-based analysis
shows that the proposed control strategy can completely
eliminate the tracking errors in the presence of constant
or time-varying uncertainties. The performance of the pro-
posed IGC design method is evaluated in a terminal attack
mission of the suicide UCAV. Simulation results show that
the novel method can control the UCAV states well even
in the presence of 20% model uncertainty of both constant
and time-varying types. The research results will benefit
practical missions of suicide UCAVs in the future.
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