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ABSTRACT

In this paper, the laser seeker control problem is solved in the framework of active disturbance rejection control
(ADRC). The considered problem, which consists of laser seeker stabilisation and target tracking, is expressed
here as a regulation problem. A nonlinear extended state observer (NESO) with varying gains is used to improve
the performance of linear ESO (LESO), and thus enable better control performance in both transient period and
steady-state, with lower control effort. Based on a detailed analysis of system disturbances, a special ADRC tuning
method is proposed. The stability of the overall control structure is analysed with a description function method.
Through comparative simulations LESO-based and the introduced NESO-based ADRC for the laser seeker system,

the advantages of the proposed scheme are shown.
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1. INTRODUCTION

High precision of laser guided weapons mainly depends
on tracking performance and robustness of laser seekers.
Related to other types, such as radio frequency (RF) seekers,
laser seekers are featured with high guidance accuracy, strong
anti-jamming ability, simple structure and low cost'. In laser
homing guided weapons, laser seekers are usually referred to
as semi-active systems, because the transmitter (laser target
designator) is not co-located with the seeker*’. The main
functions to be carried out by laser secker in guidance loop
are detection, acquisition and tracking of designated target,
signal processing and computation of error signals, necessary
for guidance computer.

Basic components of laser seeker include a stabilisation
platform and a photo-electric device mounted on the platform.
The incoming laser energy, reflected from the target, is
detected by a photosensitive element in the photo-electric
device and transformed into electrical displacement signals.
The displacement signals contain information about the target
line of sight (LOS) angular positions in the seeker field of view
(FOV)**. Based on these signals, the stabilisation platform
directs the seeker (with two servo systems) to align its optical
axis and target LOS. The platform control software has to isolate
the optical axis from various external and internal disturbances,
while continuously enabling precise target pointing and
validating data for the guidance computer. Consequently, the
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core purpose of the laser seeker control system is to stabilize
the optical axis and to track the LOS kinematics in the seeker
FOV>. This goal, however, is challenging due to several
aspects, described next.

In the laser seeker systems, a quadrant photo detector
(QPD) is one of the most applied photosensitive position
sensor, due to its small dimensions, simple processing
electronics, and low cost. The reflected laser energy through
focus optics is transformed to a spot on the QPD surface. The
sensitive surface of the QPD is divided into four quadrants in
order to convert laser spot energy to two displacement signals,
thus enabling LOS angular orientation in both (horizontal and
vertical) planes. Including both optical and electrical nonlinear
phenomena, the QPD has considered as nonlinear component,
regardless of the utilised QPD signals processing algorithm®.

For variety of the guidance methods, the most important
information is the LOS rate. In contrast to strapdown seekers,
in gimbaled seekers the photo-electronic device is mounted
on a two-axis gimbal construction, which enables the photo-
electronic device to move independently to missile body and
to directly measure LOS angle and LOS angle rate in the
inertial coordinate frame. Modelling of the gimbal platform
is unfortunately task. Although the mathematical models,
given in forms of kinematic and dynamic equations, are well
known and include phenomena such as cross-couplings, mass
unbalance, nonlinearities, etc., there is a significant number of
parameters to be determined. The additional challenge is the
influence of different unpredictable and unmeasurable external
and internal disturbances.
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There are various control strategies for solving the laser
seeker control problem, including both classical and modern
control techniques. The proportional-integral-derivative
(PID) controllers are still used, but rather in their improved
versions like in’, where cascaded structure is employed in the
stabilising loop, or in® with fuzzy-PID controller and self-
adapting parameters. Formulation of the seeker stabilisation
as a robust H  optimisation problem is shown in’, with a
feedback-stabilisation controller and a feed forward-tracking
controller. Based on a minimisation of an appropriately
defined cost function, optimal LQG/LTR controllers are
introduced in'?, with disturbances and sensor noises modelled
as stochastic inputs. In order to cope with the seeker nonlinear
dynamics, papers'’'? implement sliding-mode control (and its
modifications to avoid the chattering problem). However, the
common drawback of the above approaches is the dependency
of control performance on precise system modelling.

In the last few years, there has been an intensive effort to
formulate and solve the seeker control problem in the framework
of active disturbance rejection control (ADRC)!*!°, The ADRC
represents a general robust approach that can be tailored to many
control problems!®'®. In this concept, external disturbances,
unmodelled system dynamics, and parameter uncertainties
are treated as a single (total) disturbance, which should be
rejected in each time instant. Such lumped disturbance signal
can be reconstructed in real-time using an observer, namely an
extended state observer (ESO), and rejected simultaneously by
an appropriate control law. Consequently, the uncertain linear/
nonlinear system can be transformed into an integral-chain
form of n-th order, where » is the system relative degree, and
such structure can effectively be controlled with a simple state
feedback control algorithm. It should be noted that the ADRC
approach was originally developed as a nonlinear structure
that uses nonlinear functions in the ESO and the control
law?®. Although the nonlinear ADRC is potentially more
effective and generally provides better system performance, its
linearised and parameterised form?' is considered to be more
practical solution due to simpler design and smaller number of
adjustable parameters. The detailed theoretical studies of the
nonlinear ADRC, including convergence and stability analysis,
are presented in?*%,

According to author’s best knowledge, there has been
limited research that deals with the use of nonlinear ADRC
in laser seeker systems, which constitutes the motivation of
this work. The main idea of this paper is thus the introduction
of the ADRC structure, based on NESO and a linear control
law, capable of effectively compensating different types
of disturbances in azimuth/elevation channel of the laser
seeker system of guided missile. In the work, the laser seeker
control problem that consists of laser seeker stabilisation
and manoeuvring target tracking problem, is expressed as a
regulation problem. Furthermore, a parameter tuning method
for the designed controller is proposed, based on the analysis
of total disturbance signal in control channels. The stability
analysis of the proposed nonlinear control scheme is carried
out using limit cycle approach based on a description function
method??. The advantages of the introduced scheme are
shown through a quantitative comparison with a linear ADRC
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solution (as seen in'’). The comparison analysis is realised
through different simulation scenarios focused on angular
tracking errors compensations in transient period and steady-
state, as well as energy consumption.

2.  OVERVIEW OF NONLINEAR ADRC
CONCEPT

Let us consider a general nth-order nonlinear uncertain
system, represented in state-space form?:

xl (t) = x2 (t)7
xZ (t) = x} (t)a
: €]

X, (1) = E(x,0) + bu(t) + d (1),

y(t) = xl (t))

where u(f) is the system input, y(¢#) is the system
output, X = [xl ®),x,(2)...x, (t)]T is the state vector, d(¢) is
the unknown external disturbance, and &(x,?) includes the
uncertain nonlinear/linear internal dynamics and b represents
the system gain, with assumptions that its sign and rough
approximation b, =0 are known.

In order to apply the ADRC approach?, Eqn (1) is
rewritten as:

x] (t) = x2 (t)y
xZ (t) = x} (t)a

x,(1) = f(X,u,t)+bu(t), @
%, (0= f(xu,0),

y(t) = x,(1).

where

S (xu,t) =&(x,t)+d(t)+(b—by)u(t), 3)

is the total disturbance. The idea to treat the uncertain
dynamics and the external disturbances as a single always-
observable disturbance term f(x,u,t), which is represented
as an extended state x,,,(?), is the essence of ADRC approach
and it is discussed in detail in*.

To design ADRC controller, the real-time estimation of
the system Eqn (2) states are needed. Therefore, a NESO is
proposed:

() = %0+ By, (5, (1)),
() = £,(0)+B,9, (&, (),
: @
%, =%, () +bu(®)+B,9, (5 (),
R () =B, (5, (1),

where % =[%(1),%,(2)...%,(t), %,., (t)]T is the estimation
state vector, B,,B,,...B,.B,,, are the observer gains,
g,(t)=x,(t)—x,(¢) is the estimation error, and ¢,(g, (?)),

i=1,2,...n,n+1, are nonlinear functions, defined as*:
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g (/8™ e (0)]<8
o, (e, (1)) = fal(g, (#),0,,8 ) = o .
le, (0| sign(e, (1)), [e,(0)] >3
Q)

where 6 and o, are predetermined coefficients that
define linear range of function and function power. One can
note that choosing o; <1 main characteristic of Eqn (5) can be
colloquially described as “small error-big gain; big error-small
gain”. In this way, the impact of the observer gains is reduced
in the transient period (when the estimation error is big) and it
enables quick recovery of the system states. On the other hand,
the big function gain, when the error is small, provides high
performance in the steady-state. However, it should be noted
that in order to reduce the effect of the measurement noise,
the system steady-state error g (o0) should be located in the
nonlinear range, i.e. & <¢g,(0) . Also, one can see that the Eqn
(5) can be turned into a linear one by choosing o, =1.

To reject the total disturbance f(x,u,t), control signal is
designed based on the estimation X, (¢) as:

Uy (1) = X,,, (1)

u(t) = 6
0 b, (6)
The control law u,(¢) generally has nonlinear form:
uy(0) =" () + D ki, (e,(0), 0, 8) (7
i=l1

where k, are the controller gains and nonlinear functions
¢,(-) has same structure as in Eqn (5), but in this case is

designed for feedback error e (t)=r""(t)-%(t), where
r(t)is ith derivative of the reference signal r(¢). In this

paper, by choosing o, =1, the linear form of Eqn (7) is
adopted, and it is described in the following.

3. NESO-BASED ADRC OF LASER SEEKER

SYSTEM
3.1 Dynamical model of the laser seeker

The functional scheme of the laser seeker, with QPD as
sensing element, is presented in Fig. 1. Independent orientation
of the seeker in both planes is enabled by two gimbals, inner
(pitch) and outer (yaw) gimbal. Owing to good stabilising
performances, the massive precession gyro (PG) is mounted
on the inner gimbal, which allows it to spin freely around its
principal axis x,, with angular velocity Q. Azimuth gimbal,
together with PG, can rotate in vertical plane around z,, axis,
and complete construction, coupled with yaw gimbal, can
rotate in horizontal plane around y,, axis. Optical system with
QPD, mounted in front of PG so the seeker optical axis passes
through its centre, tracks the angular orientation of the gyro in
both, horizontal and vertical planes.

The optical system detects the misalignment of the LOS
and optical axis, i.e. angular errors &, and §,, and generates
two displacement signals €, and g,, respectively. The
amplified displacement signals €, and ¢,,, as error signals
in the vertical and horizontal planes, are sent to the controllers
C1 and C2 for control signals calculation, and to guidance
computer (GC) for guidance law forming. Controllers outputs
u, and u,, generated by torque motors TM2 and TMI, are

Figure 1. The functional scheme of the laser seeker.

transformed into correction moments M, and M ,» which
cause gyro precession movement, forcing the gimbals to rotate
in order to eliminate angular errors 8, and §,, .

The correction moments M, and M , are simultaneously
compensated with gyro moments ]\7[gl =H ><7.\.L, and

M o= H x (?pc , respectively, where H is the angular
momentum vector of the gyro. In equilibrium holds:

M =-M, =k.xH

, L ®)
M,=-M,, =b.xH

and, since the vectors &, and ¢, , as well as the angular
momentum vector H are approximately orthogonal, Eqn (8)
can be rewritten as:

hAe=M_IH

Go=M,/H

Previous equation shows that in the disturbance free
case, precession angular rates of the gyro XC and ¢, are
directly proportional to the correction moments M and M
, respectively. By utilising M and M the angular errors 3,
and 6, are reduced, respectively.

According to the functional scheme in Fig. 1, the schematic
diagram of the laser seeker is formed and it can be seen in
Fig. 2. The LOS dynamics is primarily influenced by target
manoeuvre and missile vibrations. In this case, the external
disturbances caused by missile vibrations are modelled with
disturbing moments M, and M, , as additional moments
to the correcting moments. Furthermore, A and ¢ denote
the azimuth and elevation angle of the LOS, respectively. The
QPD has nonlinear characteristics®, but if the laser spot is near
the centre of the QPD, the characteristics can be approximated
as linear, with the same coefficient K, in both planes. Also,
supposing that the torque motors are of the same construction,
they can be described with parameter K, . Similarly, the
amplifiers can be modelled with the same coefficient K .

®
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It should be noted that if the target is in the QPD field
of view the displacement signals ¢, and ¢,, are generated
and their dynamics depend on LOS dynamics (manoeuvring
target tracking problem) and platform vibrations (stabilisation
problem). Since these signals represent error signals, from
the control point of view, this problem can be treated as a
regulation problem with reference inputs in both channels
settled as r, =7, =0 (see Fig. 2).
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Figure 2. The schematic diagram of the laser seeker.

3.2 NESO-based Controller Design
As previously described, the QPD, torque motors
and amplifiers can be modelled as linear components:

(&,,8,)=K,pp(3,,8,), M, M,)=Kp, (u,,u,) and
(e,4,€,4) = K,(g,,€,) , respectively. In the presence of external

disturbances, including the target manoeuver, and modelling
the QPD, torque motors and amplifiers as linear components,
the dynamics of the amplified displacement signals can be
described with's:

KAKQPDKTM
H

K K .
£ () == u, () === M, (0 + K Koy (1)

K K ppK K K
(1) = ~— =Ly (1)~ =M (04 K K ybl0)

If one reformulates Eqn (10) into ADRC form Eqn((l2(;),
gives:
€)= byu, () + 1.(1)
éyA )= b()yuy "+ fy ®) ’
where b, =b,, are the best approximations of the input
KAKQPDKTM

gains b, =b, = ——————, and
b H

Q)

KAKQPD .
f(@)= _TMpx 0+ KAKQPDk(t) +Abyu, (1) a2)

KAKQPD .
[0 =— I M, () + K Ky, @(1) + Abyu, (1)

are the total disturbances in the azimuth and elevation
channels, respectively. It should be noted that the QPD
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nonlinearity, the torque motors and amplifiers parameters
uncertainty are included into Ab,, and Ab,, ,i.e. Ab,, =b_—b,,
and Ab,, =b —b,,. From Eqn (11) it is evident that the
dynamics of the both channels are similar and of the first order.
Therefore, in the following the design of the NADRC for the
elevation channel (in the vertical plane) will be described,
and the similar procedure can be performed for the azimuth
channel.

Choosing the state vector as

x0)=[x0 %0 =[e,) f,] and fal function
parameters as o, =1,a, =0.5 and 6=0.05, the NESO Eqn
(4) have form:

%, () = %, (t) + by u, (£) + By, (1)

552 ()= B2¢2 (81 ()

Additionally, according to comparison of nonlinear
observer Eqn (13) and its linear equivalent extended state
observer (LESO), based on numerical optimisation methods,
the observer parameters should be set, as suggested in*:

B, =20,,B, =w; /3 , (14)

(13)

where o, is the linear observer bandwidth. The total
disturbance is rejected according to Eqn (6) with linear form of
the control rule Eqn (7):
N (15)
0y
The controller parameter is set as k, =®,, where o,
represents the desired closed-loop system bandwidth?!.

3.3 Parameters tuning

From the previous analysis, it is obvious that design
of NESO-based controller requires the appropriate tuning
of parameters ®, and ©,. According to®, the steady-state
estimation errors of the NESO Eqn (13) can be obtained as:

le,(0)] =[5 () —x,(0)| < [’“B(”] :

2

(0] =[50, 0| <, (hﬁ(’) j , (16)
where h(t) = fy(t). Further, assuming that A(f) is a

constant function (A(t)=h,) and 8<|8] (t)|, for the NESO

gains tuned as Eqn (14), the steady-state errors Eqn (16) are
constants and have forms:

2 2
3h 3h
(3 by

In the same manner, choosing o, =1, B, =2m, and
B, = @; in Eqn (13), the steady-state error of equivalent LESO
can be obtained as:

= |- (1)
0 0

Comparing Eqn (17) and Eqn (18), it can be obtained that
NESO has lower steady-state errors than LESO if A, <o; /9.
Therefore, tuning ®, > A, /9, where h,  1is maximal value

max max



FERDIJALI, et al.: NONLINEAR EXTENDED STATE OBSERVER-BASED ACTIVE DISTURBANCE REJECTION CONTROL OF A LASER

of total disturbance derivative #,, it is achieved that NESO has
better steady-state performances than appropriate LESO for
hy €0,y ) -

In order to obtain 4, for considered elevation control
channel of the laser seeker system, the structure of the total
disturbance Eqn (12) is analysed. It is evident that it depends
on external vibration torque disturbance M, (), LOS angle
¢(7) and parameter uncertainty Ab, . However, as the model
and parameters of laser system are mostly known, and the
influence of M, () is significantly lower than the influence
of @(t), the Eqn (15) can be approximated as:

Jo(O) = KK opp§(2) (19)

and its derivative can be defined as h(#) ~ K K ,,,$(?) .
It is evident that A(¢) =0 in the cases when LOS angle is
constant function and ramp function, that correspond to
pointing to stationary target and tracking of the target which
manoeuvres with constant velocity in sensor FOV, respectively.
However, if target manoeuvres with constant acceleration,

i.e. when o(f)=at’, the derivative of total disturbance is

h(t) = hy = 2aK K ,p;, , and its maximal value depends

0 max

on parameter a. Therefore, the observer bandwidth should be
tuned as o, >2a,, K, K., /9, where a,, is maximal value

of the LOS dynamics parameter a.

4. STABILITY ANALYSIS

In this section the stability analysis based on the describing
function method?®, is provided. In this manner, the nonlinear
function ¢,(g,(¢)) is treated as transformation of the error
signal, and described with equivalent nonlinear gain p:

9, (¢, ()
g)=—"""" 20
p(e) e (1) (20)
This nonlinearity is implemented in the NESO Eqn (13)
as equivalent gain. Applying Laplace transformation to Eqn
(13) and Eqn (15), the NESO-based ADRC system of elevation
control channel is converted to frequency domain and described
as basic unity feedback form with open loop transfer function:

_ b, B,p(e,) +kPB)s +kp,p(e)
boys(s +B,k,)

In order to apply describing function method, Eqn (21) can
be reformulated as equivalent form p(g,)G(s) with separated
nonlinear term p(g,) and linear part

_ b,B,(s +k)
by, 8" +by, (B, +k)s> +b ks

W(p,s) (21)

G(s) (22)

The nonlinear part of the system is described using
describing function®:

2 o,y -1
N(E)zglr_g () }mﬁ

(355 a3
2 12\ 2 192\ 2 (23)

where E >J represents the amplitude of the error signal
€,(¢) and t=arcsin(d/E). It should be noted that analysis
is carried out for £ >3 because in the other case the input
remains in linear range.

The characteristic equation of the system in the unity
feedback structure can be written as:

. 1

Go) =55 24)

In Fig. 3 are shown the Nyquist diagrams of the linear part
G(jo), for b,, =b, and different ©, € (1,10,100)rad/s and
®, =50,, and curve —1/ N(E) that represents nonlinear part
of the system.

From the Fig. 3 one can see that the parameter tuning does
not significantly affect the Nyquist diagrams of G(jw) (the
plots for different o, are almost overlapped). Further, it can
be noticed that the curve —1/ N(E) lies on the real axis, and
its departure point (for £ =8 ) is closest point to the Nyquist
diagrams of G(jw). It is evident that for 6=0.05, there is
no intersection of these curves and it indicates that there is no
limit cycle, i.e. the closed-loop system is stable. Further, due
to Nyquist diagrams shape (diagrams do not intersect with real
axis) it can be concluded that there is no limit cycle for & >0
and O<a, <1, and the designed control system is always
stable.

It should be noted that the limit cycles in the system can
occur when G(jo) has higher order than in (22) , because in
that case Nyquist diagram of G(jw) intersects with the real
axis and potentially with the curve —1/ N(E) .

Nyquist Diagram

10 T

PN
sl G(jw); w0=1 rad/s ]
G(jw); w,=10 rad/s
6 G(jw); w,=100 rad/s ]
4 -1/(N(E)) |
Q2
é 2r d
2 o
g0 -
3 Ll |
£
4+ 4
B 4
8t 4
10 . 1 1 "
-1 -0.8 -0.6 -0.4 -0.2 0

Real Axis

Figure 3. Nyquist diagrams of the linear part G(j®) and
curve.

5. SIMULATION RESULTS

The comparison study of LESO™ and NESO-based
ADRC laser seeker system is realised through MATLAB/
Simulink simulations. It is assumed that both control systems
have identical controllers in the vertical and horizontal control
channels.

NESO bandwidth o, is set based on the analysis described
in Section 3.3. Through numerical simulations of the different
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engagement scenarios, including appropriate homing guidance
methods, based on proportional navigation, and targets with
high manoeuvring capabilities (combat aircrafts and missiles),
it is obtained that the maximal value of the parameter a, in
the all cases, is lower than 1. Consequently, for the assumed
values of the system parameters K =100, K., =1V /rad,
H=1Nm/rad/s,K, =0.1Nm/V  the observer bandwidth
should be tuned as w, >2K K,,, /9=42,4rad/s. On the
other hand, the high value of ®, leads to increasing observer
sensitivity to the measurement noise®. Hence, the appropriate
®, 1s tuned as trade-off between those limitations, and in this
research is set as @, = 50rad/s . Further, based on?', controller
bandwidth is chosen as ®, =, /(3+10), and it is adopted
as ®, =10rad/s In the following the comparative analysis
of the NESO and linear ESO-based control structures, with
previously defined parameters, is carried out for three different
scenarios.

Scenario 1:

In this case the target moves in vertical plane, i.e. the LOS
angle ¢(¢) vary with constantangular velocity ¢(¢) = 0.5rad/s .
The initial position of the laser spot centre is not in the centre of
QPD. Actually, the initial angular tracking error in horizontal
and vertical channels, 8, (0) = 0.06 radand 6 (0) = 0.05 rad, are
assumed. From the control point of view, it corresponds to the
system response on ramp and step disturbances in the vertical
plane control channel and step disturbance in horizontal plane
control channel. The angular errors &, (¢) and §,(¢), control
signals for vertical channel u, (), the trajectory of the laser

spot centre on QPD surface and the total disturbance estimation
error €,(¢) in the vertical control and in the horizontal control
channel are shown in Fig. 4.

It can be seen that both controllers successfully eliminate
disturbances and provide zero steady-state target tracking
errors. However, it is obvious that, due to significantly better
performance of the total disturbance estimation, response of the
system with NESO is faster than with LESO. Also, peak values
of the tracking errors in transient period, caused by the constant
ESO high gain are effectively reduced by time-varying NESO
gains. Regarding control signals, one can see that NESO-based
control system provides lower energy consumption and less
peak value of the control signal.

Scenario 2:

Rejection of different types of disturbances affecting
the laser tracking system are considered in this scenario. The
presence of sinusoidal torque disturbances in horizontal plane
(platform vibrations of 8.5 Hz and of 0.1 Nm magnitude acts
on inputs M , ) are supposed. Further, the target manoeuvres,

such that both angles ¢(¢#) and A(#) change with constant
angular accelerations §(¢t) = 1rad /s> and A(t)=2rad /s*.

The initial values are equal to zero, meaning that angular errors
are §,(0)=0 and §,6(0) =0, in the sensor FOV. Fig. 5 shows
angular errors, control signals in horizontal channel control
system, spot centre trajectories and the estimation error of the
total disturbance in both horizontal and vertical channel for
LESO- and NESO-based control systems.

—— LESO-based controller

—— NESO-based controller
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Figure 4. Simulation results for Scenario 1: tracking errors in vertical channel (top left), tracking errors in horizontal channel (top
right), control signals in vertical control channel (middle left), spot centre trajectories (middle right), total disturbance
error in vertical channel (bottom left), total disturbance error in horizontal channel (bottom right).
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—— LESO-based controller
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Figure 5. Simulation results for Scenario 2: tracking errors in vertical channel (top left), tracking errors in horizontal channel (top
right), control signals in vertical control channel (middle left), spot centre trajectories (middle right), total disturbance
error in vertical channel (bottom left), total disturbance error in horizontal channel (bottom right).

It is evident that, due to parabolic varying of LOS angles
and sinusoidal torque of external disturbance in the horizontal
plane, steady-state error exists in both control channels, but
it can be seen that NESO enable lower total disturbance
estimation errors compared to the LESO, and consequently
it provides better closed-loop steady-state performance of
NESO-based control system. The differences in control signals
are not visible and that means that both control structures have
similar energy consumption. It should be noted that completely
rejection of this type of disturbance is possible with generalised
ESO structures'.

Scenario 3:

In this simulation scenario the complex target manoeuvre
is supposed, with LOS angles change described as sinusoidal
functions:

A(t) =0.15cos(2t) rad

o(t) =0.15cos(4t) rad. (25)

Initially, the position of laser spot centre is in the centre of
sensor FOV, i.e. §,(0) =§,(0) = 0. The angular errors, control
signals in horizontal channel, spot centre trajectories and the
estimation error of the total disturbance in horizontal and
vertical channel, for this case, are presented in Fig. 6.

From Fig. 6, one can see that in the steady-state the total
disturbance estimation errors and angular errors are oscillating
around the zero due to infinite differentiability of the sinusoidal
disturbances, but it is obvious that the NESO-based system

rejects this type of disturbances better then LESO-based
system, with the similar energy consumption.

6. CONCLUSION

In order to improve the laser seeker target tracking
accuracy, the active disturbance rejection control, with
nonlinear extended state observer (NESO), is presented in this
paper. Considering the target manoeuvring and laser platform
vibrations, as external disturbances, and QPD nonlinearity
and system parameters uncertainty, as internal disturbances,
the total disturbances in both, azimuth and elevation channel,
are defined. The laser seeker optical axis stabilisation and
tracking of manoeuvring target in seeker FOV is formulated
as a regulation problem. The efficiency of the proposed control
scheme is shown through simulations of representative target
tracking scenarios. Stability analysis revealed that closed-loop
system with NESO remains stable, regardless of the parameters
settings, enabling appropriate selection of the observer
bandwidth. It is demonstrated that, based on the displacement
signals generated by QPD, appropriately tuned NESOs can
effectively estimate total disturbances, with target manoeuvres
as dominant part. The simulation results show that, compared
to controllers with LESOs, proposed scheme achieved better
control performances in pointing to stationary targets and
tracking of manoeuvring targets scenarios. The efficiency of
the NESO-based ADRC in tracking errors compensation, is
illustrated in both, the transient and the steady state.
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