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Abstract: A global fast convergent integrated guidance and control design approach is proposed. A disturbance observer
is utilized to estimate the uncertainties of integrated guidance and control model in finite time. According to the
multiple sliding-mode surface control, the independent nonsingular terminal sliding functions are presented in each step,
and all the sliding-mode surfaces run parallel. These presented sliding-mode surfaces keep zero value from a certain
time, and the system states converge quickly in sliding phase. Therefore, the system response speed is increased. The
proposed method offers the global convergent time analytically, which is useful to optimize the transient performance of
system. Simulation results are used to verify the proposed method.
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1 Introduction
The response speed of guidance system is the
key transient performance of interception system.
The improvement of response speed is a useful
method against the maneuvering penetration of
attacking targets. For the guidance system of
interceptor, the guidance law design is an
essentially finite-time tracking problem [1]. The
convergent speed of closed-loop determines the
response speed. However, most of integrated
guidance and control (IGC) controllers are
asymptotically convergent [2, 3], which means that
the convergent time of guidance system is infinite.
Then the finite-time convergence of interceptor can
provide ways to improve the response speed [4].
The finite-time control is to find a controller so
that the system converges to equilibrium point in

finite time. For the continuous system, the methods
of finite-time control are geometric homogeneity
theory, constructive approach based on finite-time
Lyapunov function, and terminal sliding-mode
technology. There are inequality zooms for the first
two methods, and the control law is obtained
difficultly. Therefore, the direct relationship
between control law and response speed cannot be
built. Then in this work, the terminal sliding-mode
control is chosen.
The tracking error and its derivatives are used
to form the terminal sliding surface, which can
ensure the finite-time convergence of system.
Compared to the infinite-time control, the system
response speed is faster [5–8]. IGC is a high-order
system with mismatched/matched uncertainties [9].
There are two ways of terminal sliding-mode design
for such a system. One is decoupling [10, 11], which
is only applicable to even order systems, and
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the other gets control recursively [12–15], which is
essential serial control that wastes time. And thus
these methods cannot be appropriate for IGC.
Recently, there are some studies on the fast
convergence of IGC. WANG et al [16] proposed an
adaptive nonsingular terminal sliding-mode
controller for two-dimensional partial integrated
guidance and control (PIGC). The IGC with impact
angle constraints was studied [17], in which the
presented adaptive multiple-input multiple-output
sliding-mode control ensured that the reaching
phase of sliding-mode surface was finite-time
convergent. To reduce chattering caused by the sign
function, a novel sliding-mode control law was
developed [18]. A non-singular terminal dynamic
surface control was proposed for IGC [19].
However, these research results can only guarantee
the partial finite-time convergence. And the explicit
equation of convergent time has not been obtained.
Motivated by these discussions, this work
considers a global fast convergent controller design
for IGC. A disturbance observer is utilized to
estimate the uncertainties of IGC model in finite
time. According to the multiple sliding-mode
surface control method, some independent
nonsingular terminal sliding surfaces which run
parallel are presented. These presented slidingmode surfaces keep zero value from a certain time,
and the system states converge quickly in sliding
phase. Therefore, the system response speed is
improved. The proposed method offers the global
convergent time analytically, which is useful to
optimize the transient performance of IGC system.
The rest of this paper is organized as follows:
The control problem is formulated in Section 2. In
Section 3, a global fast convergent IGC controller is
designed. The performance is analyzed in Section 4.
Simulation studies verify the effectiveness of the
and proposed method in Section 5, and the
conclusions are provided in Section 6.
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2 Problem formulation

where  is the line-of-sight angle of inclination;
 is the line-of-sight angle of declination;  is the
attack angle;  is the sideslip angle; ωx, ωy, ωz,
represent rotational angular rates; δe, δr, δa represent
the rudder deflection angles; d(ꞏ) is uncertaintiesequivalent; m is the mass of interceptor; V is the
speed of interceptor; P is the rocket thrust; Mm is
mach number, R is the interceptor-target closing
range; Jx, Jy, Jz represent the moments of inertia; Kf

The IGC model is given as [8]:
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and Km represent aerodynamics coefficients; kx(ꞏ),
ky(ꞏ), kz(ꞏ), kl(ꞏ), km(ꞏ), kn(ꞏ) represent the fitted
aerodynamics coefficients.
By using the parallel approaching method of
interception [20, 21], the control objective is
accomplished by annihilating the line-of-sight angle
rates. Then the main task of IGC is to find a
controller which makes the system outputs
convergent to zero in finite time.
The following assumption is applied:
Assumption 1: The uncertainty equivalents
d , d , d and d  are first order differentiable, and
their derivatives have known Lipschitz constants
L1,1, L1,2, L2,1 and L2,2.

The uncertainty equivalents are unknown. To
eliminate their influence, the finite-time disturbance
observer presented in Refs. [22, 23] is utilized to
estimate d1 and d2. This disturbance observer can
converge to their true values in finite time. The
disturbance observer is:
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where ziqi / pi is defined by  ziq,1i / pi  ziq,iri/ pi  ; ri=2, 2,
3 are the orders of sub-blocks; αi>0; βi>1; pi, qi are
odd constants, pi>qi>0.
Step 1: The derivative of s1 is
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The virtual controller is given by
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where k2,1>0; k2,2>0; B21 is the right pseudo
T
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and x1,d  0.
The fast terminal sliding surfaces are defined
as [8]:

 A1  B1 x2  d1

3 IGC controller design

where xm   xm,1 xm,2  ,

zi  xi  xi , d , i  1, 2, 3

T

wm,0,2  , wm,1=
T

wm,2,2  ;

λ0, λ1 and λ2 are the observer parameters, and we
choose λ0=8, λ1=5, λ2=5. In finite time
Tobs, the
estimation of d1, d2 is obtained as xˆ m 
ˆ
wm,0 , dˆm  wm,1 , dm  wm,2 . It is found that the
observer does not only estimate the uncertainties,
but also offers the estimation of system states [24].
Then based on multiple terminal sliding-mode
control, the IGC controller is given as following.
The tracking errors are given by:

1

inverse of B2 , B21  B2T  B2 B2T  .
Step 3: The derivative of s3 is given by
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The control input is
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where k3.1>0, k3.2>0.
x 2,d and x 3,d are obtained by [25]:

(11)
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Therefore, the sliding time of s3 is t3,s.
When t>Tobs+t3,s, z3  0, and then the time
derivative of Vs2 is

where Ts is the system sample time.

4 Performance analysis
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Theorem 1: For the fast convergent IGC
controller (FCIGC) presented in Section 3. If the
controller parameters meet the following conditions
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With the same method, when t>Tobs+t3,s,
s2  0 , and the sliding time of s2 is
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where ||ꞏ||1 is the 1-form of vector.
At t=Tobs, according to the definition of
terminal sliding surfaces and
z I 3 Tobs  
3
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With Eqs. (14), (16), and (18), the time
derivative of the Lyapunov function (13) is

The time derivative of Vs3 is
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Proof: Choose a Lyapunov function

s3T
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When t>Tobs+t3,s, z2  0, and then the time
derivative of Vs1 is
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, s3=0 and Vs3=0. With Vs3≥0, when t>Tobs,

Vs 3  0 , s3  0. That is to say when t>Tobs, the

system is kept on the zero-value terminal slidingmode surface s3=0.
For the sliding phase, the convergence time of
z3,i from z3,i Tobs   0 to z3,i  t   0 is

Therefore, the IGC controller presented is
convergent.
When t>Tobs+t3,s, s1  0, and the sliding time
of s1 is

p1
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When t>Tobs+t3,s+t2,s+t1,s, z1  0, and thus the
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control objective y=x1=0 is accomplished.
Therefore, the convergent time of IGC system
is determined by
Tconv  Tobs  t3,s  t2,s  t1,s

p1
 max 

i 1,2  1  p1  q1 

ln

z1,i Tobs  t3, s  t2, s 

 p1  q1  / p1

1

 1 
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It is found that the equation Tconv is analytical,
and all the system states are bounded. This
completes the proof.
Remark 1: With the convergent time Eq. (21),
we can find ways to shorten the convergent time,
such as choosing αi, βi larger. This is a useful
approach to improve the transient performance of
IGC.

simulation, and it is Tobs=2.3 s for this use.
5.2 Interception time test
The Monte Carlo simulation, which is
conducted by 100 sample runs, is used to test the
robustness of controller for aerodynamic
coefficients.
Figure 1 shows the cumulative distribution of
the interception time using the seeker values
without noises and the seeker measurements with
noises. It is found that there is almost no difference
for these seeker data. Therefore, the proposed
method has the robustness to the seeker noise. At
the same time, approximately 95% of the cases
can be finished successfully in less than 40 s. One
typical interception trajectory is given in Figure 2.

5 Simulation results
In this section, the proposed FCIGC controller
is tested by simulation studies. Firstly, the
parameters of system and those of controller are
listed. Then the interception time is tested. Lastly,
the comparisons of response speed for different
IGC controllers are provided.
5.1 Simulation parameters
The initial conditions of interceptor are
T
V(0)=400 m/s, xM  0   50 200 300 m. And the
initial conditions of target are VT(0)=200 m/s,
xT  0   [7000 1000 500]T m. The related controller
parameters are shown in Table 1. The interceptor
coefficients are given in Ref. [26].
For the disturbance observer, L1,1, L1,2, L2,1, L2,2
can be chosen large arbitrarily to increase the
convergent time of observer. In our experiments,
L1,1=L1,2=L2,1=L2,2=100. After the other observer
parameters are fixed, Tobs is obtained by computer

Figure 1 Cumulative distribution of interception time

Table 1 Controller parameters

Figure 2 Interception trajectory

Parameter

Value

Parameter

Value

Parameter

Value

k1,1

1

p1

5

β1

1.5

k1,2

1

p2

5

β2

1.5

k2,1

1

p3

5

β3

1.5

k2,2

1

α1

1

q1

3

k3,1

1

α2

1

q2

3

k3,2

1

α3

1

q3

3

5.3 Response speed test
To verify the improvement of response speed,
the disturbance observer with derivative-integral
terminal sliding mode control (DI-TSMC) in
Ref. [12] and PIGC based on adaptive nonsingular
terminal sliding mode control (ANTSMC) in
Ref. [16] are used to compare with FCIGC.
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First, an interception task with the given
parameters is used for the comparison of response
speed. The line-of-sight angular rates are shown in
Figures 3 and 4. The response time of FCIGC is
shortest, and that of ANTSMC is longest. The
reason is that DI-TSMC uses the optimized terminal
sliding control and ANTSMC adopts the original
terminal sliding control for the planar IGC.

637

found that when the distance for target maneuvering
is above 700 m, the final miss distance is nearly the
same. DI-TSMC and ANTSMC methods have the
similar conclusions, as shown in Figures 6 and 7.
The critical maneuver distances are 1000 m and
1800 m respectively. These results demonstrate that
FCIGC has the fastest response speed.

Figure 5 Sensitivity to target maneuvers for FCIGC
Figure 3 Line-of-sight angular velocities of inclination

Figure 6 Sensitivity to target maneuvers for DI-TSMC
Figure 4 Line-of-sight angular velocities of declination

Second, the shortest distance, in which the
interception cannot be influenced by target
maneuvers, is tested. With the noise-free seeker
values, the different amplitudes and different
maneuver distances of step target maneuvers are
chosen. The target maneuvering amplitudes are
chosen as g, 5g and 10g, where g presents over load,
and the components in different axis are the same.
The distance for target maneuvering is varied in
[300, 2250] m with the step length 50 m.
The miss distance of FCIGC with different
target maneuvers are shown in Figure 5. The higher
the maneuver amplitude is, the larger the miss
distance is. And the longer the distance for target
maneuvering is, the less the miss distance is. It is

Figure 7 Sensitivity to target maneuvers for ANTSMC

6 Conclusions
This study proposes a design method of IGC
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with global fast convergence to improve the
response speed of interceptor. The finite-time
disturbance observer and multiple terminal slidingmode surfaces control are utilized. The system
certainties are estimated precisely by disturbance
observer in finite time. Based on the multiple
sliding-mode surfaces control, the nonsingular
terminal sliding-mode surfaces are designed
independently in each step, and run parallel. Since a
certain time, the designed surfaces keep zero, and
the sliding phase ensures fast convergence.
Therefore, the timeliness is improved. The proposed
method guarantees the finite-time global
convergence of IGC system states, and thus the
convergent time of line-of-sight angle rates is
obtained analytically. How to choose the controller
parameters to minimize the convergent time is a
future study.
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中文导读
快速全局收敛的制导控制一体化设计
摘要：本文提出一种全局快速收敛的制导控制一体化设计方法。利用干扰观测器对一体化模型中的不
确定性进行有限时间精确估计；基于多滑模面控制方法，在每一步提出独立的非奇异终端滑模函数，
且这些滑模面并行运行，从某时刻起滑模面保持零值，系统状态在滑动阶段快速收敛。因此，系统反
应速度提高。所设计的方法提供系统全局收敛时间的解析表达式，有利于优化系统的动态性能。仿真
结果验证了该方法的优越性。
关键词：制导控制一体化；全局收敛；干扰观测器；多滑模面控制

