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ARTICLE INFO ABSTRACT

Keywords: In this paper, the stabilization platform of the seeker is analyzed to stabilize the photo-electric
Seeker device by isolating the disturbances caused by vibration and turbulence from external conditions,
Stabilization platform of the seeker as well as mechanical coupled torque, coiling, unbalanced torque and plant parameter un-

Super-twisting sliding mode control

certainty due to inner conditions. There are two important indexes to describe the performance of
Extended state observer

disturbance isolation, and these are the coupling coefficient and disturbance rejection rate. In
order to improve the disturbance isolation performance of the stabilization platform of the
seeker, an adaptive super-twisting sliding mode controller with an extended state observer is
proposed. The adaptive super-twisting sliding mode control strategy is designed to achieve sta-
bilized control of the stabilization platform of the seeker. The extended state observer is used to
estimate and compensate for disturbances and model uncertainties. The stability analysis of the
control strategy is discussed using Lyapunov stability theory. Simulation and experimental results
are also presented to illustrate the effectiveness of the proposed control strategy. The proposed
controller provides a better level of disturbance rejection compared to the conventional PI-DOB
controller.

1. Introduction

Two-axis gimbal stabilization platforms are widely adopted to hold the line of sight (LOS) stationary or point the LOS of radar,
laser, infrared and visual camera payloads to distant objects. The seeker stabilization platform is used to stabilize the photo-electric
device by isolating the disturbances caused by external vibration and turbulence from internal mechanical coupled torque, coiling,
unbalanced torque and plant parameter uncertainty. As a result, the seeker stabilization platform is highly non-linear. A very im-
portant index of the stabilization platform is the disturbance rejection rate, and there are two methods to improve it. One is to use
high performance sensors and improve the mechanical rigidity, which increases the weight and cost of the system. The other one is to
design an appropriate control strategy to achieve precision and stable performance.

Taking into account the above-mentioned characteristics, over the past decade substantial effort has been made in exploring the
utility of compound controllers to improve the performance of the stabilization platform. Generally, there are three loops to control
the stabilization platform. The current loop (inner loop) aims to reduce the influence of motor EMF (back electromotive force),
variations of the stator resistance and to provide a high bandwidth for the stabilization loop. The stabilization loop (middle loop) is
utilized to reject the vast majority of disturbances of the missile’s motion on the sensor [1]. The tracking loop (outer loop) is utilized
to ensure the LOS pointing toward the target. A general method for controlling the system is using a proportional integral derivative
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(PID) controller. In addition, some advanced control strategies, such as fuzzy PID controllers [2], a two-degree of freedom internal
model controllers [3], high-order sliding mode control approaches [4], and Hee controllers [5] have been also proposed to solve the
stabilization problem of the stabilization platform. However, they are complex and the parameters of the controller are hard to tune.
In addition, the controller cannot provide satisfactory performance under serious disturbances.

Sliding mode control (SMC) has well-known merits of precision and robustness against disturbance and uncertainties [6].
However, the main disadvantage of classical SMC is chattering, and there are two methods to alleviate this problem. The first method
is to replace the sign function by a high-slope saturation function [7]. However, although chattering can be reduced through this
method, an indefinite steady-state error will occur depending on the selection of the boundary layer thickness [8,9]. The second
method is to adopt higher order sliding mode control techniques, which avoids the drawbacks of traditional SMC while retaining its
advantages. Second-order sliding mode control (SOSMC) is a commonly used method to attenuate the chattering problem, but it is
difficult to acquire the high-order time derivatives of the sliding variables.

The super twisting (STW) algorithm, proposed by Levant [10], is always used to design SOSMC [11], and the compound controller
only requires knowledge of the sliding variable, but not its time derivatives [12]. However, the controller also requires knowledge of
the boundaries of the seeker’s disturbances and their gradient. In many cases, this boundary is hard to determine. It is worth noting
that an adaptive controller can adapt the gain magnitude with respect to the disturbance of the system. The adaptive-gain STW
(ASTW) control law, which handles perturbed plant dynamics with disturbances / uncertainties of a certain class with unknown
boundaries, was proposed by Shtessel et al. [13], and can attenuate the chattering phenomenon.

It is well known that the estimation of uncertainty and disturbance is crucial for seeker stabilization platforms, and observer-based
controller design is one of the most popular methods in the field of motion control [14,15]. Thus, extended state observer (ESO) and
disturbance observer (DOB) are widely used to estimate the disturbance. The ESO based on Active Disturbance Rejection Controller
(ADRC) [16] has been used in many applications [17]. Since nonlinear ESO has many parameters to adjust, the linear ESO is
commonly preferred. Traditional PI-DOB control strategy [18] depends on the PI gain and disturbance estimation, but if the result of
the observer is not accurate, such method will be ineffective. In addition, it requires more sensors than ESO to guarantee the accuracy
of the DOB. That is to say, the ESO requires the minimum information of the system to estimate both the disturbance and the system
state [19].

Motivated by above methods, in order to improve the performance of the platform, a composite control method based on an
adaptive super-twisting controller scheme and a linear second-order ESO is proposed to achieve the platform speed tracking of the
reference signal. Rigorous stability analysis is applied using the Lyapunov method to show the global stability of the complete closed-
loop system. The main contribution of this paper is to propose an efficient controller, which has a continuous control input and strong
robustness against parameter perturbations and external disturbances.

The rest of this paper is organized as follows. A dynamical model of the stabilization platform is presented in Section 2. In Section
3, the problem is formulated and the controller design is introduced. Section 4 describes the simulation analysis, and the proposed
control strategy is compared with other controllers. Section 5 shows the experiments of the system to illustrate feasibility of practical
use of the proposed control strategy. Finally, Section 6 gives a brief summary of the paper and the conclusion.

2. System description and mathematical model
2.1. General system descriptions

As is shown in Fig. 1, the stabilization platform of the seeker consists of an optics system, an inner gimbal (elevation), an outer
gimbal (azimuth), potentiometers, a rate gyro, and torque motors. When the missile rotates or jitters due to wind disturbances and
vibrations, the stabilization platform of the seeker provides rejection of disturbances and controls the LOS of the optics system.

Three coordinate frames are used to define the gimbal motion. As shown in Fig. 1, O-x0y0z0 is the reference coordinate frame of
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Fig. 1. Gimbaled seeker schematic.
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the missile, O-x1y1z1 is the coordinate frame of the yaw gimbal, while O-x2y2z2 is the coordinate frame of the pitch gimbal. The
latter houses an rate sensor (Micro Electronic Mechanical System(MEMS) gyro), which supplies directly the angular velocity of the
two gimbals with respect to the inertial frame. 6, and 6, are the azimuth and elevation angle respectively. Potentiometers are used to
measure the angular position of the two gimbals for the seeker’s search mode. Two DC torque motors are used to provide torque to the
gimbals. All the coordinate frames are defined using the right-handed rule and have the same origin for simplicity. The coordinate set
is used to formulate Newton-Euler equations of the two gimbals. The stabilization loop consists of the rate gyro, the torque motor, the
controller and the gimbals.

2.2. Gimbal kinematic relationships

The coordinate transformation matrix between the missile’s coordinate system and the outer coordinates’ frame is:

cosf, sinf, 0
R,1(6,) = | —sin6, cosf, 0
0 0 1 (@)
The transformation matrix between the outer coordinates’ frame and the inner coordinates’ frame is:

cosf, 0 —sinb,
R @)= 0 1 0
sind, 0 cos6, 2

In this paper, bold symbols signify vector variables. The angular velocity of the base is w, = [@ox @oy @oz]" € 9331, Based on the
transformation matrix, the angular velocity w; between the outer gimbal and base, and the angular velocity w, between the inner
gimbal and outer gimbal are as follows:

w; = R, 1(6)wo + wib,
w; = Ry 5(6)w; + W20, 3

where w; = [@1x @1y @1z]7, wy =[0 1 0]7, w, = [Wx @y @2]", w,=[0 0 1] .
The angular velocity w, between the inner gimbal, outer gimbal and base is:

@y = Ry 5(6.)Ro1(O)wo + Rl,Z(ee)Wléa + W6, “4)
By differentiating w,, we can write Eq. (4) in the form:
@, = Ry (0) @1 + Q8w + Wb, )

—sinf, 0 — cos6,
where Q; »(6,) = 0 0 0
cos6, 0 —sin6,
2.3. Gimbal dynamics model

Based on rigid body dynamics and the Newton-Euler equation [20], the expression for the elevation axis’ angular momentum
theorem can be derived as:

J@y + (w3 X Jjwy) = Ly (6)
where J; = diag(Jix Jp Jrp) is the inertia tensor of the inner gimbal, L; is the resultant moment, and the product of inertia is omitted
for the two gimbals. L; can be derived as:

TIx - Tlux
L[ = T}y - Tluy - fw
Ty — The @
where Ty, Ty, are the reaction torques between inner gimbal and outer gimbal, Tj, is the control torque of motor, Ty, is the sum of the

friction and cable restraint torque, and Ty, Ty, Tju, are the unbalance torques of the inner gimbal.

Assumption 1. The gimbals’ rotational axes are aligned with the principal axes of inertia. As a result, the inertia matrix is assumed to
be diagonal for the two gimbals.

The elevation control axis is the inner gimbal’s y axis. Therefore, by expanding the expression of Eq. (6) the dynamics equation is
given as:

]Iyd)Zy =Ty — Ty — Wz Wax (Ui — Jpz) — [(Klfée + K,6) + (TI,fn'c + TI,CR)] 8)

where subscript y denotes that the elevation control axis is the y-axis. The friction torque is divided into the linear friction torque
Kir0, and the non-linear friction Tj s, and the cable restraint torque is divided into the linear restraint torque K6, and nonlinear
cable restraint T cg.
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As the stabilized loop adopts the direct LOS stabilization with the angular rate gyro mounted on the LOS axis(elevation axis), it is
necessary to modify the kinematic torque of the inner gimbal to an expression consisting of w,y, wa, &, 8;, and the missile dis-
turbance wy. Substituting Eq. (3) into Eq. (8), the dynamics equations are given as:

. t w1, — Sin6,w
-]IyCUZy = T}y + T}Dbase - ,I}uy - T}Jric - T},CR - KIfCUZy + Klw ‘/0. wa(T)dT - wZz(leeezz)(]Ix - ]Iz) (9)
e

where Tippase = Kif (c0s8,woy — 5inb,wey) + K fot (cos8, (T)wgy () — sinb, (r)wox (r))dr,and it is the base disturbance for the inner
gimbal.
The expression for the azimuth axis angular momentum theorem can be derived as:

Jo@; + (@) X Jowy) + Lo = Lo 10)

where Jp = diag (Jox Joy Joz) is the inertia tensor of the outer gimbal, Lo is the resultant moment and can be derived as:

TOx - TOux
LO = TOy - TOuy
Toz = Touz = Top (11)

where Lo ; = Ry 5(8,)[Jj@; + (@, X Jjw5)], Tox, Toy are the reaction torques between the outer gimbal and the base, Ty, is the control
torque of the motor, Ty, is the sum of the friction and cable restraint torque, and To.x, Touy, Tou, are the unbalance torques of the outer
gimbal.

Because the angular rate gyro is mounted on the inner gimbal, the azimuth control axis is the inner gimbal’s z axis. However, the
azimuth axis’ dynamics are generated by the third element of Eq. (10). Substituting Eq. (5) into Eq. (10), expanding the cross product
terms and substituting the kinematic torques leads to:

Jsd’zz = sin ee (]Oz + ]Ix)d’lx + (JOszx - Jlxwlz sin 6e)ée — Ccos ee [C’Jlxa’ly(]Oy - JOx) - wawzz]Iz sin ee + C’-’Zywlley - wZXwaJIx Cos 9e]
+ €086, [Tor — Toue — Togric — To,cr] — €05 6,Kor €y — c086,Ko,, 6,
12)

where subscript z denotes that the elevation control axis is the z axis. The friction torque is divided into the linear friction torque
Kor0, and nonlinear friction Ty s, and cable restraint torque is divided into linear restraint torque Ko,0, and non-linear cable
restraint Tp cg. J; is as follows:

Js=Joz + I cos? O + Jix sin? ©e (13)

As the stabilized loop adopts the direct LOS stabilization with the angular rate gyro mounted on the LOS axis, it is necessary to
modify the kinematic torque of the outer gimbal to the expression consisting of w,,, w,;, &, 6,, and the missile disturbance w,. w,, and
w1, can be described as :

1 . 1 .
(wlx — Wy SIN 68)’ W1z = —(a’lz — Wi SIN 98)

Wy =
7 cos 6, cos 6, 14

The main nonlinear factor comes from base oscillations, model uncertainty, variable load and friction and cable torque.
Substituting Eq. (14) into Eq. (12), the torque is as follows:

t
. 1
Js@2z = Toppase + €086, [Tog — Touz — To pric — To,crl — Kopwa, — 8,02y @1x — 8, Waywaz — €08 6. Koy f ————wy (T)dr
0

0s 6,(7)

Topbase = Sin 6, (o, c0s 6, + gy Sin 6, — wyywiy tan O, — w1y we,)Joz + Jix) + Kop (5in O, 01 + cos G, woy)
1 . t
_ [@(JOZ + sin?6,J;) + cos 6, (Joy — Jox) Jwixwiy + 08 6,Kop, ‘/(; (w1 (T)tan 6, (1) + w, (7))dr 15)
e

1

where g, = cos6,(y — Ji) — 5

outer gimbal.
t

(Joz + sin?6,J), 8y = iz + J)tan 6, — cos 6, sin 6, (Ji; — Jr), Toppase i the base disturbance for the

t
Let x; = fcozy(r)dr, X% =X = Wy, X3 = fcozl(z')d‘r, X4 = X3 = wy,. Then, Eq. (10) and Eq. (15) can be described by the state
0 0
variables X, %, X3, x4. The coupled state-space form for the platform can then be expressed in the following condensed equation:
% =Ax +F + JUT, + T (16)

where FT = [0, uwzzz tang,, 0,

Ty Tra = =Ty — Trpic — Tr,cr + Tipbases Toa = —Touy — Tofric — To,cr + Topbases

0 1 0 0
(31 0 0 —KJw ﬁ 0 Jlx_-’lzw
Iyt 0.0 Iy Iy y
> A =
0
1
4 0

8yz W2y@2z ]
JS

T = [0, Ty, 0, Tool, TS = [0, Tjg, 0, Toal, ' =
m [ Iy: Oz] d [ Id Od] 0 0 0 0 0 1
0 0 J; §@x Ko,  —Kof

Js Js Js

S O © o
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Fig. 2. Block diagram of three loop control system structure of the stabilization platform.

2.4. Stablizing principle of LOS

Based on the above kinematic and dynamic equations, the stabilized condition should obey the following equation.

w1y=w0y+ée=0
Wy = Wiz + 6, =0 a7

This paper presents a three closed-loop control strategy for the dynamical model, which is widely used in the control of inertial
stabilization platforms. The classical three-loop control block diagram is depicted in Fig. 2. When the optical axis of the guidance
system deviates from the position of the target, the laser detector detects the angular position error signal of the target. Then, the
platform is driven to rotate so that the optical axis can track the target. e, and e, are the internal and external frame angular position
errors respectively of the target, processed by the seeker detector. The internal and external frame angular position error signals need
to be eliminated by the tracking loop. And the input signals of the velocity loop are obtained by the control output of the tracking
loop. Then, the input of the current loop is obtained by the stabilization loop. The output of the current loop drives the motor and
rotation mechanism. In the current loop, a complete H-bridge MOSFET Brushed Motor Control System in an electrically isolated
hermetic package is used. We set the parameters of the driver so that the -3 dB bandwidth of the current loop is over 1000 Hz. The
difference between the inner gimbal and outer gimbal is that the outer gimbal control needs the secant gain function compensation of
the elevation angle. Here, without loss of generality, we consider the inner gimbal for the design of the ESO and ASTW controllers.

The dynamic model of the direct drive DC torque motor considered in this paper can be described using [21]:

di 1 dé
= =ZRi+U-Kp—
dt L( ! " dt)
do _ 1 gi-p% _p)
dt JGES dt (18)

where i is the motor armature current, L is the armature inductance, R is armature resistance, U is the input voltage, K, is the back
electromotive force constant, 0 is the angular position, Jsgs is the equivalent moment of inertia of the motor and load, K, is the
coefficient of electromechanical torque, B is the mechanical dumping constant, and 7j, is the load torque.

3. Problem formulation and eso-based controller design

The stabilization problem is to attenuate persistent disturbances of the system. The goal is to design a compound control strategy
to make the system robustly stabilized in finite-time. The control strategy is shown in Fig. 3, which consists of an ESO and an ASTW
sliding mode controller. We describe the ASTW — ESO controller briefly.

3.1. ESO design

The design of the extended state observer is as follows. Taking the stabilization loop of the elevation axis as an example, the state
space equation of the elevation gimbal after the current closed loop can be expressed as follows [22]:

{x: b0u+d
y=x (19)

The system is a single input first order system, where x is the state, y = x = w is the system output, u is control input, by is the
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Fig. 3. Control block diagram of the proposed controller.

constant by = 161;, d is the lumped unknown dynamics disturbance and includes the supporter disturbance, the balanced torque and
friction torque.

Assumption 2. The functions d and d are bounded over the domain of interest. Their initial value is zero, while their boundaries are
not known.

The ESO aims to estimate the unknown disturbance d [23]. According to the ESO design method, a second-order ESO is in-
troduced as follows:

e=z—w

%4 =2 — fe+ bou

22 = —p,e

Cj =22 (20)

where w is the velocity of the system, §,, 3, are the observer gains, z, z, are the outputs of the ESO, with z; being the estimate of the
state variable x, and z, being the estimate of the total disturbance d. The method of bandwidth-parameterization is applied to the ESO
design [23], thus B, = 2w, B, = . The ESO has only one parameter to be tuned, which is wj.

The main objective is to estimate the total disturbance in real time. However, the high bandwidth of the parameters of the ESO
[24] improves the response, but will magnify sensor noise and dynamic uncertainties. Therefore, a trade-off between noise and
rapidity must be made empirically. The convergence of this observer is shown in [25].

After the compensation of the ESO, Eq. (19) can be written as follows:

x=d=bou+d—d=bou+d (21)

The approximate value of the disturbance is d, while the approximation error is defined as d = d — d.

3.2. Adaptive super twisting sliding mode controller design

The sliding surface is defined as follows [26]:
S=wg — (22)

where w, represents the desired speed. The stabilizing control problem is to drive @ to the desired w;.

The objective of the controller is to make sure that s and § are asymptotically stable near zero. Because of imperfections in the
switching devices and delays, the sliding mode control suffers from chattering. Chattering results in low control accuracy, high heat
losses in electrical power circuits and high wear of moving mechanical parts. It may also excite unmodeled high-frequency dynamics,
which degrades the performance of the system and may even lead to instability [7]. Utilizing the STW, the control law yields [10]:

Ugr = —a Isl%sign(s) +v,a>0
v = —fsign(s), >0 23)

where o and § are the control gains. The system converges in finite time and has excellent robustness. The gains in standard STW
implementations are affected by the disturbance boundary, which makes it difficult to compensate for the uncertainty of the system,
so the adaptive STW was introduced [9], allowing the automatic determination of the gains. The adaptive gains of ASTW control are:
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. wl\/zsign(lsl —u), a>dy
@ = 2

n, a<ay,
B = 2ex (24)

where g, y,, wy, 9, 4, @y, are arbitrary positive constants. The second order sliding mode controller is derived by forcing state x to wy. It
can provide continuous control using only the information on s and evaluation of the sign of s is not necessary.

Finite time convergence and robustness for the STW algorithms have been proved by geometrical methods [27]. Besides, it has
also been proved by means of the homogeneity properties of the algorithm [28]. From Egs. (20) and (22), the control law can be
concluded as:

1 —a Isl%sign(s) + [ (—psign(s))
U= _—UuUsr =
by bo (25)

The problem is to drive the sliding variable s and its derivative s to zero in finite time in the presence of the bounded perturbation
using continuous control. The proof of the infinite time convergence of the super twisting algorithm is given in [9]. It can guarantee
reaching of the trajectories on to the sliding manifold s = 0, § = 0 in finite time. Then, the system will be stable and ideally invariant
to uncertainties and external disturbances.

3.3. Stability analysis of closed-loop dynamics

In the following, the Lyapunov function is applied on the compound controller to study the stability of the closed loop system.
Another advantage of the use of Lyapunov function is that it makes it possible to obtain the relationship of the design parameters. In
stability analysis, the nonlinear disturbances and coupling moments of the system are treated as disturbances, and the sufficient
conditions for uniformly asymptotic stability of the system are given. Differentiating the sliding surface s in Eq. (21), and substituting
Eq. (21) into s, the stability analysis of the system in closed-loop dynamics is described as follows:

§=dg— (bou+d)=alx, t)+ usr — d (26)
where a(x, t) = ay.
Assumption 3. The parameter d is bounded as follows:

dl < plslz, p> 0 @7

where p has finite but unknown boundaries.
Since @, can be compensation in advance, Eq. (26) can be rewritten as:

§=—a Islésign(s) +v—-d

v=[ (—psign(s)) (28)

A new state vector is introduced as follows:

X= [Isl%sign(s) v] (29)

and the system can be rewritten as :

b R ] A Rt

X 2ix1L—8 0f[x 214110 (30)
Due to assumption 3, Eq. (30) can be rewritten as:

Al___ 1 [a-p1 [Jﬁ]

X 2152 B Of[% (31)

A Lyapunov function is defined as follows:
1
V() = =x"P
00 = Jx'Px (32)

2
whereP=[}‘+4£ -2
— 2 1

According to the definition of the adaptive gain Eq. (24), by taking 8 = 2ea, the time derivative of the Lyapunov function is as
follows:

. 1
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Table 1

Parameters of the stabilization platform.
Parameters Value Unit
Jox 0.00084 Kem?
Joy 0.001601 Kgm?
Joz 0.001356 Kgm?
Jix 0.000345 Kgm?
Jy 0.001178 Kgm?
Jiz 0.001242 Kan®
K; 0.05 Nm/A
K 0.05 Nm/A
R 6.4 Q
A, frics T, fric 0.0095 Nm
Kif, Kyf 2.1 x 10-5 Nm/(rad/s)

22a — 20(A + 4e%) A+ 4e2 — 2¢p
A+ 4e% — 2ep 4¢

definite i P +4e2) (A + 462 — 2¢p)? s s s . . . .
efinite if o > . [29,13]. Then, it can be concluded that if Q > 0, the time derivative of Eq. (31) V (¥) < 0,which
implies the stability of the closed loop. The detailed stability analysis is shown in [29,13].

Besides, for practical systems, the control input is always subject to the saturation problem. Considering the realizability in the
seeker system, a concisely anti-saturation measure has been taken in the actual implementation. An allowable maximum control
input is set for the system, and the absolute value of the actual control input is compared with the set value. If it is greater than or
equal to the maximum control input, the control input of the system is set as the maximum control input, which avoids saturation
phenomenon.

where Q = , and ¢, A are arbitrary positive constants. The symmetric matrix Q will be positive

4. Simulation

In order to verify the efficiency of the proposed controller compared with other controllers, numerical simulations have been
carried out using the model shown in Section 2.3 in Matlab/ Simulink. The dynamic equations were programmed in S-function.
Before the control simulation was added to the system, Egs. (7), (14), and (17) were used to build the total Simulink model. The
parameters of the stabilization platform are listed in Table 1. All the controllers were tested under identical conditions, and both axes
were assumed to have the same type of torque motor.

4.1. Validation test and coupling effect analysis

The initial condition was set as [6,, 6,, &, &.] = [0, 0, 0, 0]. The roll, pitch, and yaw angular velocities of the base motion as the
external disturbance were set as wo, = a,sin(27zf, t), wy = a, sin(ngfyt), wo; = ag sin(27f,t). The base angular velocities were as
follows: ay = a, = a; = 1°, f, = f, = f, = 3.5Hz. The numerical simulation results of the coupling effect of the two gimbals with and
without the controller are shown in Fig. 4.
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Fig. 4. Coupling effect of the base motion on the two gimbals. (a) Coupling effect of elevation axis. (b) Coupling effect of azimuth axis.
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The upper plot of Fig. 4 shows the open loop response of the two gimbals. The lower plot shows the closed loop response of the
two gimbals. It can be seen from Fig. 4 that the coupling effect of the base motion on the azimuth axis is larger than coupling effect of
the base motion on elevation axis. In addition, in the presence of the controller the coupling effects remain close to zero, while they
diverge without the controller.

The cross-couplings between the different channels were also studied. The base angular velocities were taken as follows:
ax = ay =a, =0° f, =f, =f, = OHz. The elevation angle was set as & = 10°. Firstly, the elevation axis had a sinusoidal input
frequency of 3 Hz and amplitude of 1°, and the angular velocity of the azimuth axis was set to 0. Secondly, the azimuth axis input was
a sinusoidal signal of 3 Hz frequency and 1° in amplitude, with the angular velocity of the elevation axis set to 0. Here, the system is
controlled by a PI controller. The cross-couplings between the different channels are shown in Fig. 5. The elevation axis response is
coupled to the azimuth axis’ rate, and the coupling effect of the elevation axis is smaller than the coupling effect of the azimuth axis.
As a result, the coupling effect cannot not be neglected.

4.2. Performance comparison of different controllers

In order to verify the cross-coupling reduction capability of the proposed compound controller, a trapezoidal wave, which is a
typical motion status of the seeker, with a maximum at 2°/s was used as the angular velocity reference. Meanwhile, four cases are
compared: a conventional PI controller, a PI-DOB controller (which is a traditional controller used in seeker stabilization control), an
ASTW controller and the proposed ASTW-ESO controller.

The typical controller of stabilization loop implemented using a PI controller is as follows:

ki

Ge(s) =y + ! 34

where k), k; are the corresponding coefficients of the PI controller. The initial state of the angular velocity and the angular position
were set to 0. The controller parameters were tuned through trial and error to make different controllers have the same response time.
The control parameters of PI control were kg = 2.0, ki = 0.1 for elevation and k,4 = 2.05, ki4 = 0.1 for the azimuth axis, respectively.
The same parameters were chosen for the PI-DOB control method. The DOB was chosen as in [14], as follows: the order of the Q filter
was 2, the cut-off frequency of the Q filter was 150 Hz, and the nominal model was established using the theoretical mathematical
model. The parameters of the ASTW were ¢z = 0.9, B, E = 3, w1 E = 50, 55 = 0.08, pz = 0.8, a,, E = 0.001, g4 = 0.9, A = 2, w0, A = 260,
7, = 0.09, u, = 0.8, @A = 0.001. The same parameters were chosen for the ASTW-ESO. The tuning parameters of the ESO were
wy A= 1500, and woE = 1500. The tracking loop adopted a traditional P controller and the proportional parameter was 0.06.

Fig. 6 shows the angular velocity and position tracking responses using various control systems. Based on the results indicated in
Fig. 6, it can be noted that the response times of the different controllers were very close to each other. The coupling effect is shown in
Fig. 7, while the comparison of the four methods is shown in Table 2. In order to analyze the coupling effect in the simulation,
standard deviation is utilized as the error criterion. The standard deviation of the coupling output of the ASTW-ESO controller was
1.9017 x 10-4°/s, which is smaller than the other three controllers. It can be noted that there is considerably reduced coupling effect
in the case of ASTW-ESO controller.

4.3. Disturbance rejection ability analysis

To verify the robustness of the proposed method, a step response with a disturbance torque was applied to the system. The
disturbance rejection ability of the controller is shown in Fig. 8. The results of the comparison are shown in Table 3. In the plot, it is
noted that the disturbance susceptibility characteristic of the proposed controller is sharply reduced, and the steady state standard
deviation is 0.0009°/s with the proposed controller. The simulation shows that the compound control strategy has excellent of
disturbance rejection ability.
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Table 2
Trapezoidal wave response analysis results of elevation channel.
Controller Azimuth channel (Elevation channel move)(°/s)
PI 0.0024
PI-DOB 2.2407 x 10-4
ASTW 1.9089 x 10-4
ASTW-ESO 1.9017 x 10-4

5. Experiments

To test the proposed controller of the system, experiments were carried out on a five-axis turntable. The experimental setup of the
seeker is shown in Fig. 9. The setup mainly includes a five-axis flight simulation turntable, a semi-active laser seeker, the host
computer, a seeker driver board, the control board and a laser designator. The five-axis flight simulator consists of a three-axis
simulator and a two-axis target simulator. The three-axis simulator can simulate the movement of the missile body in three directions:
yaw, pitch and roll. The two-axis turntable can simulate the movement of the target in both yaw and pitch directions. The industrial
computer realizes real-time storage of the turntable data and the seeker data through CAN communication. Host computer 1 was used
to download programs to the DSP and FPGA and monitor the output of the seeker. Host computer 2 was used to configure the
turntable and record its data. The target simulator was mounted on the two-axis turntable, and the laser was derived from a laser
designator through optical fiber communication. The controllers were implemented on a DSP, while the laser process algorithm was
implemented on a FPGA. All the controllers were discretized using the bilinear transformation. The two controllers are realized on
host computer 1 using C language, and then downloaded to the flash of the DSP through the simulator. The other peripheral units,
such as power circuit, signal acquisition and processing circuit, and driver circuit were also assembled in the seeker. The control

10
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Table 3
Step response analysis results of elevation channel.
Controller Standard deviation of elevation channel(°/s)
PI 0.0678
PI-DOB 0.0102
ASTW 0.0011
ASTW-ESO 0.0009

-~

Laser designator
(Optical fiber
conduction)

>

3

Host computer2 a X
£| Turntable m 9 Industrial computer

Fig. 9. Experimental setup of the seeker.

sampling frequency of the tracking loop was 20 Hz, and that of the stabilizing loop was 1000 Hz. Experiments controller parameters
were chosen following the simulation analysis.

5.1. Coupling effect experiments
In order to analyze the coupling effects of the system, the channel coupling coefficient C was utilized:

)]
C =2 % 100%
Wepp (35)

where w,, is the peak-peak value of the seeker’s angular velocity, wy,, is the peak-peak value of angular velocity of turntable target.
Two trapezoidal waves were used to verify the effectiveness of the proposed controller. The elevation channel and the azimuth
channel are considered in the Section 4.2 and both of them received the same command. In order to demonstrate the effectivity of the
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proposed compound controller, a low angular velocity at 2°/s and a high angular velocity at 6°/s are taken as the command re-
spectively. Fig. 10 shows the results obtained when the seeker tracked a trapezoidal wave of 2°/s with different controllers. Fig. 11
shows the results when the seeker tracked a trapezoidal wave of 6°/s with different controllers.

The results are compared in Tables 4 and 5. The tables summarize the response characteristics of the seeker obtained through
different methods. 7, denotes the response time (the time from zero velocity to the maximum angular velocity), std is the steady state
standard deviation, C4r and Cg4 are the respective coupling coefficients. As shown in Fig. 10-11 and Table 4-5, both the PI-DOB
controller and the ASTW-ESO controller show satisfactory response time, but the ASTW-ESO controller gives a lower steady-state
standard deviation and coupling coefficient than PI-DOB. It can be concluded that for the aspect of the cross coupling effect, the
compound strategy shows better performance.

5.2. Disturbance rejection rate analysis

The system’s disturbance rejection ability was tested by tracking a sinusoidal signal. We also tested the disturbance rejection rate
in several typical conditions and recorded the results. The disturbance rejection rate J was calculated using the traditional method
shown in Eq. (36).

= 1ol 1009

lcop | (36)

where w,,, is the peak-peak value of angular velocity of the yaw or the pitch axes, and w, is the peak-peak angular velocity value of
the three-axis turntable.

We consider the elevation axis as an example, with elevation axis disturbances of amplitude 1° and frequency of 2.5 Hz, and 3° and
0.5 Hz, respectively. wj, of the former motion was 7.8540°/s and w; of the latter motion was 4.7127°/s. The target simulator on the
two-axis turntable was stationary. Then, the motion data of the elevation gimbal of the platform were acquired and recorded using
the industrial computer, i.e. the angular velocity was recorded. The experimental results are shown in Fig. 12 and Table 6. It is seen
that the disturbance rejection rate for the two cases is 4.25% and 5.18% with the proposed controller, and 5.19% and 7.42% with the
PI-DOB controller, respectively, indicating that the disturbance rejection ability of the proposed ASTW-ESO controller is better than

12
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Table 4
trapezoidal wave response of the two channels at 2°/s.
Signal 2°/s
Motion axis Elevation Azimuth
Indexes T std Cga T std Cap
PI-DOB 1.141 0.0938 11.9% 1.243 0.0965 14.02%
ASTW-ESO 1.139 0.0722 9.42% 1.236 0.0564 7.66%
Table 5
trapezoidal wave response of the two channels at 6°/s.
Signal 6°/s
Motion axis Elevation Azimuth
Indexes T std CEa T std Car
PI-DOB 1.237 0.0799 6.77% 1.271 0.117 5.73%
ASTW-ESO 1.226 0.0762 4.08% 1.263 0.0799 4.22%

that of the PI-DOB controller. This verifies the effectiveness of the proposed controller.
The experimental results demonstrate the superior control performance of the proposed control strategy. The static and dynamic
performance of the seeker with the proposed controller is better than that of the PI-DOB controller. Using the proposed control

strategy, the coupling effect and disturbance rejection rate of the platform improve significantly.
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Fig. 12. Experimental results of isolation with PI-DOB and ASTW-ESO. (a) Elevation axis response with disturbance of 1°, 2.5 Hz. (b) Elevation axis
response with disturbance at 3° and 0.5 Hz.

Table 6
Disturbance rejection rate.
Controller Disturbance rejection rate
Sin(2.5mt) 3Sin(0.5mt)
PI-DOB 5.19% 7.42%
ASTW-ESO 4.26% 5.18%

6. Conclusions

To achieve high precision of the stabilization platform of the seeker under the external and internal disturbances and system
uncertainties, in this paper we propose an ESO-based ASTW sliding mode controller. Three coordinate frames are used to describe the
gimbal motion of seeker. Rigid body dynamics and the Newton-Euler equations are used to define the gimbal dynamics considering
base angular velocities, cross coupling torque and other non-linear disturbances. Coupling torque and other disturbances are regarded
as a total disturbance, which is observed by an ESO and compensated in the system. The ASTW sliding mode controller is used for the
stabilizing loop. The Lyapunov principle is used to perform the stability analysis. The merits of the proposed control strategy are
validated through implementing simulations and experiments using a trapezoidal wave rate tracking response analysis. The proposed
controller is compared with a PI-DOB controller, and the simulation and experiments demonstrate that the proposed control strategy
can be very useful in the stabilizing loop of the platform. The results indicate that the proposed controller has not only strong
robustness against parameter perturbations and external disturbances, but also against the coupled torque.
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