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Tis paper presents a composite control algorithm for the radio telescope servo control system to address the target tracking and
matched/mismatched disturbance suppression problems. Te algorithm consists of the equivalent-input-disturbance (EID)
approach and the optimal control method. An EID estimator is developed using the diference between the estimated output of the
state observer and the measurement output and then the estimate of the EID is fed forward into the control input to reject the
disturbance. A cost function with clear physical meaning is selected and the weighting parameters are adjusted for the optimal
controller to improve tracking performance. Considering the nonminimum phase characteristics of the radio telescope system,
the state observer gain is computed using the linear matrix inequality (LMI) method. Te system stability is analyzed using the
small gain theorem, and the linear quadratic regulator (LQR) control method is utilized to determine the state feedback gain.
Finally, the composite controller is designed for an identifed telescope model. Simulation results show that for the tracking
performance, the settling time of proposed method is 1.13 s and reduces by about 0.32 s and 0.87 s than that of the ADRC
controller and PI controller, respectively. For the antidisturbance performance, the RMS value and the maximum error of the
proposed method are 0.0039 and 0.0128, which are 42.86% and 40.38% of the ADRC controller and 30.71% and 27.77% of the PI
controller, respectively, which indicates that the proposed method has better control performance. In addition, the proposed
controller has certain robustness to systematic parameter perturbations.

1. Introduction

Radio telescopes play a crucial role in collecting radio waves
emitted by celestial objects [1]. Sensitivity and spatial an-
gular resolution are important indicators for measuring the
performance of a radio telescope. Increasing the aperture of
the refecting surface is the main way to improve those
indicators of the telescope [2], such as the 110m Qitai radio
telescope (QTT) aims to allow high-sensitivity observations
from 150MHz up to 115GHz [3]. However, this leads to
a decrease in the mechanical resonant frequency of the
antenna [4]. In addition, the transfer function from the
motor’s output torque to the displacement at the end of the
fexible structure always displays the characteristics of the

nonminimum phase [5], which makes the design of the
antenna’s servo controllers challenging.

Te primary function of the antenna is to locate and
continuously track targets accurately. As a result, the servo
system of the antenna should possess high tracking accuracy,
excellent transient performance, and strong resistance to
disturbances. However, radio telescopes are typically located
in outdoors and are susceptible to external disturbances such
as wind gusts and temperature fuctuations [6].Tese factors
can increase the difculty of designing antenna servo system
controllers.

Currently, the main control algorithm used in the an-
tenna servo control system is the proportional-integral-
derivative (PID) controller. While the PID controller is easy
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to adjust and has a simple structure, it is insufcient for
meeting the high-frequency observation requirements of
large aperture telescopes. With the development of the
control theory, linear quadratic Gaussian (LQG) control
[7, 8] and H∞ control [9] have been successfully applied to
improve the tracking and antidisturbance performance of
the antenna. However, LQG control requires an accurate
mathematical model and lacks robustness [10], while H∞
control sacrifces control performance for increased ro-
bustness [11]. In addition, these control algorithms are single
degree of freedom and there is a tradeof between tracking
performance and disturbance suppression [12].

Te active disturbance compensation method has two
degrees of freedom, one degree is used to estimate and
compensate for the disturbances and the other is designed to
achieve the expected control performance. Te sliding mode
controller and its improvements, combined with some
observers, have been applied to fexible joint robots to
improve their tracking performance and antidisturbance
performance [13–16]. However, the design of the controllers
is very complex. Active disturbance rejection control
(ADRC) has been successfully applied to improve the
control performance of the telescope servo system [17, 18].
However, standard ADRC is limited to integral chain sys-
tems [19], and the extended state observer (ESO) can only
tackle slowly varying disturbances [20]. A disturbance
observer-based composite position controller (DOB-CPC) is
designed to enhance antidisturbance capability of Leighton
Chajnantor telescope [21]. A cascade acceleration feedback
control (AFC) enhanced by disturbance observation and
compensation is proposed to improve the tracking precision
of telescope systems [22]. However, the DOB mainly esti-
mates input disturbances and requires the inverse model of
the system, which may destroy the system’s stability when
the plant is a nonminimum phase system [23].

Another active disturbance rejection method is the
equivalent input disturbance (EID) approach [24]. Te fun-
damental concept is to defne an EID in the control input
channel which has the same impact on the system output as
external disturbances, estimate the EID using an EID estimator,
and then introduce the estimated EID into the input channel to
compensate for the external disturbance. Te EID approach
does not require the inverse model of the system and can
compensate for many kinds of unmeasurable disturbances, no
matter if it is matched or mismatched. It has been successfully
applied to time-delay systems [25], nonlinear systems [26], and
linear uncertain systems [27]. What is more, some improved
methods were developed to enhance the antidisturbance
performance of the EID approach. For example, dynamic
compensator and high-order low-pass flter were introduced to
improve the disturbance rejection performance [28, 29]. Unlike
the disturbance observer and the feedback controller are
designed simultaneously to guarantee the closed system robust
stability [30, 31], the EID-based control method has an im-
portant feature; the state-feedback control law can be designed
independently of the observer gain and the disturbance esti-
mator when stability is the only concern [24]. Also, the EID
approach can compensate for the uncertainties and distur-
bances, so the designed controller has certain robustness [32].

Applying the EID method to the antenna servo control
system can improve the antenna’s antidisturbance ability
under unknown disturbances. However, the antenna servo
system is a nonminimum phase system, and the perfect
regulation method used in [28, 29] cannot be applied to
obtain the observer gain. In addition, the method presented
in [33] is too complex and needs solving three inequalities.

Based on these considerations, this paper proposes a new
parameter design method for the antenna servo controller
based on the EID approach. To resolve the nonminimum
phase characteristic of the antenna system model, the LMI
method based on the bounded real lemma is proposed to
obtain the state observer gain. To simplify the problem of
difculty in selecting weight parameters in optimal control,
the weighting parameters of a cost function with clear
physical meaning are adjusted to get an optimal controller
using the LQR control method. Te EID estimator is also
designed for disturbance rejection, and the system’s stability
is analyzed using the small gain theorem.

Te primary contributions of this paper are as follows:

(1) Utilizing a composite control algorithmwith the EID
approach and the optimal control method can en-
hance the tracking performance, suppressing
matched and mismatched disturbances of the an-
tenna servo system.

(2) Unlike the methods used in [25, 28, 29], this paper
proposes a cost function with clear physical mean-
ings and achieves satisfactory tracking performance
using the LQR control method by adjusting the
weighting parameters.

(3) Te proposed method of using the LMI technique to
get observer gain is very simple and can apply to
minimum-phase and nonminimum-phase systems.

Te remaining sections of the paper are organized as
follows. Section 2 outlines the antenna model and controller
structure. In Section 3, the stability of the closed system,
based on the separation theorem, is analyzed, and a method
for designing the controller parameters is proposed. Section
4 presents simulation results on an antenna servo system to
demonstrate the efectiveness of the proposed method. Fi-
nally, Section 5 provides conclusions.

2. Antenna Model and Controller Structure

2.1. Antenna Model Analysis. Te servo control system of
a radio telescope is a typical electromechanical system that
consists of driving motors, a reducer, a main refector, and
a feedarm supporting subrefector. In the service mode, the
refector is driven by the azimuth axis and elevation axismotors
to ensure the accuracy of pointing and tracking. Figure 1 shows
the structure of a fully steerable radio telescope.

As the aperture increases, the structure of the telescope
servo system becomes more fexible and complex, making it
difcult to model using the traditional mechanism modeling
method. We can obtain a close approximation model of the
actual antenna by employing system identifcation methods.
Since the azimuth and elevation axes of the antenna are
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orthogonal, which results in minimal coupling between the
two systems [17, 34], this allows us to treat them as in-
dependent subsystems. In the paper, we focus on identifying
the azimuth axis position open-loop system and designing
a position loop controller.

Figure 2 shows the structure of the azimuth axis system
used for identifcation experiments. Te antenna model
includes the drive model and the antenna structure. Te
speed loop corrected by the speed controller has good dy-
namic characteristics, which can be described using a frst-
order transfer function, namely,

Gm �
1

Tms + 1
, (1)

where Tm is the time constant of the speed loop.Te antenna
structure can be described by a transfer function Ga

Ga �
b0 + b1s + b2s

2
+ · · · + bms

m

a0 + a1s + a2s
2

+ · · · + ams
m

, (2)

where ai and bi, i � 0, 1 . . . m, m> 0, are to be determined
parameters.Ten, thewhole antennamodel can be described as

G �
1

Tms + 1
b0 + b1s + b2s

2
+ · · · + bms

m

a0 + a1s + a2s
2

+ · · · + ams
m

. (3)

Equation (3) can be described by G � C(sI − A)− 1B,
where A, B, and C are the state matrix, input matrix, and
output matrix. Trough the system identifcation experi-
ment, the parameters A, B, and C can be obtained. Ten, we

can get the following state space equation to describe the
dynamic model of the radio telescope.

_x(t) � Ax(t) + Bu(t),

y(t) � cx(t),

⎧⎨

⎩ (4)

where A ∈ Rn×n, B ∈ Rn×1, C ∈ R1×n, x(t) ∈ Rn, u(t) ∈ R,
and y(t) ∈ R. x(t), u(t), and y(t) are, respectively, the state
vectors, the control input, and the measurement output.

2.2. Structure of the EID-Based Controller. Since the antenna
system is afected by diferent types of disturbances andmost
of the disturbances do not enter the system through the
input channel, the systemmodel and the disturbances can be
described by`

_x(t) � Ax(t) + Bu(t) + Bdd(t),

y(t) � cx(t),

⎧⎨

⎩ (5)

where Bd ∈ Rn×1, d(t) ∈ R. If B � λBd, λ ∈ R, the distur-
bance is a matched one; otherwise, it is mismatched.

Assumption 1. Te state of system (5) is fully controllable and
observable, and the controlled object has no zeros at the origin.

Remark 2. Te controllability ensures that the designed
system is stable, observability is necessary for designing the
system state observer, and having no zeros at the origin
ensures that the system can accurately track a step signal
without any steady-state error.

Main refector

Sub-refector

Elevation axis gear

Elevation axis

Azimuth bracket

Azimuth axis

Sub-refector
support structure

Figure 1: Diagram of the structure of a fully steerable radio telescope.
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Te system block diagram of the radio telescope servo
system, based on the EID approach, is presented in Figure 3.Te
designed controller consists of internal model control, state
feedback gain, Luenberger state observer, and an EID estimator.

As seen in the literature [24], there is an EID, de(t), in
the input channel which generates the same output as the
unknown mismatched disturbance for the system. Conse-
quently, system (5) can be converted into

_x(t) � Ax(t) + B u(t) + de(t) ,

y(t) � Cx(t).

⎧⎨

⎩ (6)

A Luenberger state observer is constructed to estimate
the de(t),

_x(t) � Ax(t) + Buf(t) + L(y(t) − y(t)),

y(t) � Cx(t),

⎧⎨

⎩ (7)

where x(t) is the estimate of the system state, y(t) is the
estimated output, and L is the state observer gain. Defning
the state observation error as

Δx(t) � x(t) − x(t), (8)

and incorporating it in (5) yields
_x(t) � Ax(t) + Bu(t) + Bde(t) + AΔx(t) − Δ _x(t). (9)

Assuming there exists BΔd(t) � AΔx(t) − Δ _x(t), let
d(t) � de(t) + Δd(t), (10)

and by combining equations (7)–(10), it can be concluded
that

d(t) � B
+
LCΔx(t) + uf(t) − u(t), (11)

where B+ is the Moore–Penrose generalized inverse of B,
namely, B+ � (BTB)− 1BT.

Since the EID estimate d(t) may be infuenced by
measured noise and there is a causal relationship between
d(t) and the control input u(t), a frst-order low-pass flter,

F(s) �
1

Ts + 1
, (12)

is designed to solve these problems. And, F(s) should satisfy

F(jω) ≈ 1, ∀ω ∈ 0,ωd , (13)

where ωd is the maximum angular frequency of the external
disturbance. Te cutof frequency of the low-pass flter is
generally chosen as 1/T≥ 5ωd. And then,

D(s) � F(s)∗ D(s), (14)

where D(s), D(s) are the Laplace transforms of d(t), d(t).
For the tracking performance of the radio telescope,

based on the reference signal of the system, the internal
model is obtained as

_xi(t) � Aixi(t) + Bi(r(t) − y(t)), (15)

where r(t) and y(t) are the reference input and the mea-
surement output, Ai, Bi are the constant matrices, and xi is
the state. Te internal model is used to guarantee zero-error
tracking performance in the steady state.

By designing the state feedback of the system, the control
law of the whole system is fnally obtained as

u(t) � uf(t) − d(t), (16)

where

uf(t) � Kixi(t) + Kpx(t), (17)

where Kp, Ki is the state feedback gain of the system.

3. Stability Analysis and Controller
Parameters Design

3.1. Stability Analysis of Closed-Loop System. Stability is the
inherent property of linear systems and is independent of
external signals. Terefore, let r(t) � 0 and d(t) � 0, then
the system (5) is transformed to (4). Based on the above
equation and equations (7), (8), (11), and (16), we get

∆ _x(t) � (A − LC)∆x(t) − Bd(t),

d(t) � B
+
LC∆x(t) + d(t).

⎧⎨

⎩ (18)

Ten, the transfer function from d(t) to d(t) is

G(s) � 1 − B
+
LC(sI − (A − LC))

− 1
B

� B
+
(sI − A)(sI − (A − LC))

− 1
B.

(19)

Te above equation suggests that the state feedback gain
is independent of the observer gain. According to the
separation theorem, the state feedback gain and the observer
gain can be independently designed. As shown in Figure 4
which is equivalently converted from Figure 3, the control
system is divided into two subsystems; one with the state
feedback gain and internal model and the other with an EID
estimator and the G(s).

For subsystem 1, according to the small gain theorem, if
the system is stable, it should satisfy

‖F(s)G(s)‖∞ < 1. (20)

Speed
controller 

Motor and
drive 

Antenna
structure 

Encoder

-

Rate cmd Torque

Figure 2: Te confguration of the antenna for the identifcation experiment.
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Based on the above analysis, we can get the following
theorem:

Theorem 3. System (5) satisfes Assumption 1, and the
designed system satisfes the following conditions [35]:

(a) A + BKp is a Hurwitz matrix;
(b) A − LC is a Hurwitz matrix;
(c) ‖F(s)G(s)‖∞ < 1;

then, the whole control system designed by the EID approach
and the optimal control method is asymptotically stable.

Proof. Since the EID-based system can be decomposed into
two subsystems (subsystem 1 and subsystem 2), the stability
of the whole system is equivalent to that of these two
subsystems. For the subsystem 1, it is composed of G(s) and
F(s). First,G(s) and F(s) should be stable, and the condition
(2) must be held. According to the small gain theorem, the
subsystem 1 is stable if condition (3) holds. For the sub-
system 2, it is a state feedback control system, when the state

feedback gain [Kp Ki] has been designed, and the subsystem
2 is stable if condition (1) holds. □

3.2.ControllerParametersDesign. Teout-loop controller of
the system is composed of the internal model and optimal
state feedback, which is designed through the LQR control
method. Te generalized controlled plant is described as

_x(t) � A�x(t) + �Bu(t),

y(t) � �C�x(t),

⎧⎨

⎩ (21)

where

x(t) �
x(t),

xi(t).
 , A �

A 0

− BiC Ai

 , B �
B

0
 , C � C 0 .

(22)

Design the control law, u(t) � Kp Ki 
x(t)

xi(t)
 , to

fnd the control input that minimizes a cost function. Select

a target output as

B s-1I

A

Antenna

C

B+

L

s-1I

Ai

KiBi

Kp

F (s)

-

-

Internal model

Disturbance
estimator State observer

d (t)
-

r xi
uf u

d̂

d

y

x̂

-

de

Figure 3: Confguration of the antenna control system based on the EID approach.
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B s-1I
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Ai

Ki

-Bi

Δx (t)

x (t) y (t) xi (t)
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Figure 4: Equivalent diagram of the control system based on the EID approach.
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z � y r0 _y r1xi 
T
, (23)

where y is the position output of the system; _y is the speed of
the output that means how fast the system can reach the in-
ference input; xi is the integration of the residual between the
reference input signal and the output signal, which refects the
tracking performance of the system; and r0 and r1 are the
weight coefcient.Te cost function of the system is designed as

J � 
∞

0
‖z(t)‖

2
+ ρ‖u(t)‖

2
 dt. (24)

Adjust r0, r1, and ρ, and use the LQR control method to
obtain state feedback gains Kp, Ki to meet the tracking
performance.

Te servo control system of the radio telescope has
nonminimum phase characteristics. However, the perfect
regulation method [36] is only applicable to the minimum
phase system. Terefore, in this paper, we utilize the LMI
method based on the bounded real lemma to calculate the
observer gain. Tis method is suitable for both minimum-
phase and nonminimum-phase systems.

Lemma  (Bounded real lemma [37]). For a continuous
system, a minimum realization is

_xs(t) � Asxs(t) + Bsus(t),

ys � Csxs(t) + Dsus(t),

⎧⎨

⎩ (25)

where As ∈ Rn×n, Bs ∈ Rn×m, Cs ∈ Rp×n, and Ds ∈ Rp×m are
the system matrices. If there is a positive defnite symmetric
matrix P that satisfes

A
T
s P + PAs PBs C

T
s

∗ − I D
T
s

∗ ∗ − c
2
I

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
< 0, (26)

then the system Gs is stable and ‖Gs‖∞< c. Note:
A1 A2
∗ A3

  �
A1 A2
A

T
2 A3

 .

For the dual system of (5),

_x1(t) � A
T
x1(t) + C

T
u(t) + C

T
w(t),

y1(t) � B
T
x1(t),

⎧⎨

⎩ (27)

where w(t) is a virtual external signal of the dual system. By
designing a control law u(t) � − LTx1(t) and integrating it
into equation (25), the transfer function from the input w(t)

to the output y1(t) can be obtained as

G1(s) � B
T

sI − A
T

− C
T
L

T
  

− 1
C

T
. (28)

By comparing equations (19) and (28), we fnd that the
amplitude change of G1(s) has impact on the amplitude of
G(s), thereby allowing us to obtain the state observer gain
that satisfes the stability conditions in Teorem 3. Te
following theorem outlines how to derive the gain of the
state observer using the bounded real lemma.

Theorem 5. For a continuous system, the minimum re-
alization is

_xe(t) � Aexe(t) + Beu(t) + Bww(t),

y(t) � Cexe(t) + Deu(t) + Dww(t),

u(t) � Kexe(t),

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(29)

where Ae ∈ Rn×n, Be ∈ Rn×1, Ce ∈ R1×n, De, Bw, Dw ∈ R,
xe(t) ∈ Rn, and u(t), w(t), y(t) ∈ R. If there exists a sym-
metric positive defnite matrix Q ∈ Rn×n and a general matrix
M ∈ R1×n such that

AeQ + BeM(  + AeQ + BeM( 
T

Bw CeQ + DeM( 
T

∗ − I D
T
w

∗ ∗ − c
2
I

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
< 0, (30)

holds, then there exists u(t) � Kexe(t), making that the
system is stable and ‖Ge‖∞< c, where Ke � MQ− 1 is the state
feedback gain and Ge(s) is the transfer function from w to y.

Proof. Based on the bounded real lemma, there exists
a symmetric positive defnite matrix P such that

Ae + BeKe( 
T
P + P Ae + BeKe(  PBw Ce + DeKe( 

T

∗ − I D
T
w

∗ ∗ − c
2
I

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
< 0, (31)
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holds, then the system is stable and ‖Ge‖∞< c. According to
the performance criterion for linear matrix inequalities,
multiplying both sides of an inequality by a positive defnite
matrix does not change the negative defnite of the in-
equality. Multiplying the inequality (31) by diag P

− 1
I I 

on the left and diag P− 1 I I 
T on the right, respectively,

yields the equivalent matrix inequality of equation (31) as
follows:

AeP
− 1

+ BeKeP
− 1

+ AeP
− 1

+ BeKeP
− 1

 
T

Bw CeP
− 1

+ DeKeP
− 1

 
T

∗ − I D
T
w

∗ ∗ − c
2
I

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
< 0. (32)

Let Q � P− 1 and M � KeQ, then the matrix inequality
(30) is obtained. □

3.3. Te Controller Design Procedure. Based on the above
analysis, we can achieve the following design procedure:

(1) Select a cost function, adjust the weighting parameters
ρ, r1, r2, and get the state feedback gain [Kp Ki], which
satisfes the stability and tracking performance;

(2) Select ωd of the external disturbance;
(3) Choose a low-pass flter that satisfes

F(jω) ≈ 1, ω ∈ ωd. (33)

(4) Adjust c and use the method in Teorem 5 to get
a suitable L, which satisfes the stability conditions
(2) and (3) in Teorem 3.

4. Simulation Analysis

TeNanshan 26m radio telescope (NSRT) is used to validate
the efectiveness of the proposed approach. First, the
identifcation experiment is carried out to obtain the model
of NSRT. Ten, we apply the proposed controller to the
antenna servo system and analyze the performances of
tracking, disturbance rejection, and robustness.

4.1.TeModelofNSRT. To acquire the dynamicmodel of the
NSRT, we use pseudorandom binary sequence (PRBS) as the
input and the position encoder signal as the output. By
analyzing the input data and the diferential of the output
data using the correlation analysis method and the eigen-
system realization algorithm [38], we obtain the system
parameter model.

G �
16.16 s

2
+ 0.8131s + 475.5  s

2
− 35.03s + 858.6  s

2
+ 5.742s + 1016 

(s + 13.59) s
2

+ 2.962s + 429.7  s
2

+ 1.453s + 510.2  s
2

+ 5.915s + 2107 
. (34)

Te Bode diagrams of the data model and identif-
cation model are present in Figure 5. It shows that the
frequency characteristics of the identifed system model
and the data model are consistent. Te Bode plot reveals
that the radio telescope demonstrates the desired rigidity
characteristics at frequencies below 2Hz. However, at
frequencies above 2 Hz, the system exhibits noticeable

fexibility, including resonance and antiresonance peaks.
By analyzing the system model, it is discovered that the
system has right half plane zeros, which further com-
plicates the controller design. Te antenna position loop
model is formed by adding an integrator to the identif-
cation model (34). Te state space equation of the position
open-loop system is
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A �

0 0 0 0 0 0 0 0

0 − 5.73 − 15.97 − 1.78 0.58 − 3.67 3.80 − 4.88

0 15.97 − 3.87 6.01 0.28 − 10.64 2.41 − 9.13

0 1.78 − 6.01 − 0.76 − 21.27 1.60 − 5.65 2.39

0 − 0.58 0.28 21.27 − 0.02 5.76 − 0.20 1.40

0 − 3.67 10.64 1.60 − 5.76 − 3.40 16.06 − 5.14

0 − 3.80 2.40 5.65 − 0.20 − 16.06 − 1.89 42.41

0 − 4.88 9.13 2.39 − 1.40 − 5.14 − 42.41 − 8.25

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

B � 0.68 − 1.03 0.63 0.21 − 0.04 − 0.42 − 0.27 − 0.51 
T
,

C � 1.56 1.03 0.63 − 0.21 − 0.04 0.42 − 0.27 0.51 ,

D � 0.

(35)

4.2. Controller Design and Performance Analysis.
Accurate pointing is a major function of radio telescopes,
and now we mainly investigate its dynamic response
characteristics when tracking a step signal and the anti-
disturbance performance after steady state. Based on the
internal model principle, we get

Ai � 0,

Bi � 1.
(36)

To obtain the state feedback gain satisfying the tracking
performance, the optimal tracking controller for the gen-
eralized controlled plant is designed by adjusting r0, r1, and
ρ. By trial and error, we obtain

r0 � 0.5,

r1 � 15,

ρ � 1.

(37)

By using the LQR control method, the state feedback
gain is obtained.

Kp Ki  � 13.47 − 1.04 1.09 − 0.65 0.26 1.99 − 3.6 − 0.5 − 15 . (38)
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Figure 5: Bode diagrams of the plant models.
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Wind load is the main disturbance to the radio telescope.
Te wind spectrum exhibits signifcant energy values within
the frequency range of 0-1Hz. In order to assess the ef-
fectiveness of the EID estimator in mitigating disturbances,
a composite disturbance consists of a step signal and various
sinusoidal signals at diferent frequencies, as depicted in
Figure 6, is introduced into the system, namely,

d(t) �
0, t< 5, t> 10,

0.05 + 0.05(sin(3∗ t) + sin(6∗ t)) 5≤ t≤ 10.


(39)

Te maximum angular frequency of the disturbance is
ωd � 6rad/s, then the frst-order low-pass flter is selected as

F(s) �
1

0.032s + 1
. (40)

Te state observer gain is designed based on the dual
system of (4). We adjust the parameter c to achieve a state
observer gain that satisfes the stability requirements using
the method described in Teorem 5. Te stability is test by
examining the bode plots of F(s) and G(s). Figure 7 displays

the Bode plots of F(jω) and G(jω) obtained using diferent
values of the parameter c. When c � 0.15, we get

L � 1849.6 − 1335 − 1368 − 71.16 23.96 − 30.96 409.97 − 899.19 
T
, (41)

and ‖F(s)G(s)‖∞ � 0.9737< 1, which meets the stability
condition in Teorem 3.

4.3. Performance Analysis. Assuming that the NSRT servo
system is afected by matched and unmatched disturbances,
the results of the simulation are shown in Figures 8 and 9,
respectively.

At time t� 0 s, a step signal is applied to the system.
Figures 8 and 9 show that regardless of whether the system
includes the EID estimator, the tracking performance is the
same, the system can track the reference input with almost
no overshoot, and the settling time is 1.13 s. Tis indicates
that the designed system has high tracking accuracy and
excellent transient performance. After the system reaches
a steady state, the disturbance is introduced to the system
during t� 5–10 s. Since there is no model of the disturbance
in the controller, the disturbance cannot be rejected to zero.
For the matched disturbance, the maximum errors of the
output caused by the disturbances are 0.0075 with the EID
estimator and 0.0228 without the EID estimator. For the
mismatched disturbance, they are 0.0113 and 0.0341, re-
spectively. Te system with the EID estimator exhibits better
performance in rejecting disturbances compared to the
system without the EID estimator.

Figure 10 shows the estimated disturbances d(t) of
matched and unmatched disturbances as well as the actual
disturbance. For the estimated disturbances d(t) of matched
disturbance, there is a slight diference between them since
there is Δd(t) in equation (10). For the estimated distur-
bances d(t) of mismatched disturbance, there is a large
diference between them since the estimated disturbance is
the estimation of the EID of mismatched disturbance.

To simplify the analysis, we focus on the worst-case scenario,
in which the system is afected by a mismatched disturbance.

In order to demonstrate the advantage of the proposed
method, the traditional PI controller and the ADRC con-
troller are designed for the system. Te method described in
[4] is used to obtain the PI gains.

kp � 3.7,

ki � 3.
(42)

Since the relative order of the antenna system is two, the
ADRC consists of a three-order LESO and a PD feedback
control law. Based on the method in [], the parameters are
b0 � 12, Kp � 17.25, and Kd � 11.7, and all poles of the LESO
are chosen to be 24, which yielded the observer gain as follows:

L � 72 1728 13824 , (43)

Also, a low-pass flter is added to the control input to
guarantee the control performance, which is designed as

F1(s) �
1

0.125s + 1
. (44)

Te results in Figure 11 demonstrate the system per-
formance with three diferent control methods. Also, the
tracking performance indices are presented in Table 1.
Figure 11 and Table 1 show that when the system is con-
trolled by the PI controller, the overshoot is about 23% and
the settling time is about 2 s. And, for the ADRC controller,
the overshoot is about 1% and the settling time is about
1.45 s.Te above analysis indicates the proposed method has
better tracking performance compared to the ADRC con-
troller and the PI controller.
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Figure 6: Te external disturbance.
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To evaluate the antidisturbance performance of the three
methods, two performance indices are used, namely, the
root mean square criterion (RMS) and the maximum error.
Te two indices are also presented in Table 1.We can get that
the RMS values for the three methods are 0.0039, 0.0091, and
0.0127, while the maximum errors are 0.0128, 0.0317, and
0.0461, respectively. Te RMS and maximum error value of
the proposed method are 42.86% and 40.38% of the ADRC
controller and 30.71% and 27.77% of the PI controller, re-
spectively. Tis indicates when the EID-based controller
applied to the NSRT servo system, there is a signifcant
improvement in antidisturbance capability.

Te antenna servo system is always subjected to pa-
rameter uncertainty. To verify the robustness of the pro-
posed method, it is assumed that there are parameter
uncertainties in the matrices A, B, andC, and the maximum
perturbation is ±5%. By randomly selecting 5 uncertainties
to verify the robustness, Figure 12 shows that the tracking
and disturbance rejection performance of the NSRT servo
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Figure 8: Output responses of the NSRT servo system with
matched disturbance.
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Figure 9: Output responses of the NSRT servo system with mis-
matched disturbance.
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system is not afected by the parameter perturbation, which
indicates that the EID-based controller has certain
robustness.

5. Conclusion

Tis paper introduces a composite control method to im-
prove the tracking and disturbance suppression perfor-
mance of the NSRT servo control system. Te weighting
parameters of the cost function with physical signifcance are

investigated and the state feedback gain of the servo system
is constructed using the LQR control method. For the
nonminimum phase characteristics of the radio telescope
system, the observer gain is obtained by using the LMI
method, and the EID estimator is incorporated into the state
feedback system to estimate and compensate for the dis-
turbance. Te simulation results show that the tracking
performance of the proposed method is better than the
ADRC controller and the traditional PI controller. Com-
pared with the ADRC controller and the traditional PI
controller, the RMS and the maximum disturbance-induced
error in the output of the composite control method are
smallest. Tese results indicate that the EID-based optimal
control ofers superior control performance.

Plans for future research are mainly in the following
areas:

(1) Study the uncertainty range of the antenna servo
system and apply it to the design process of the
controller to further improve the robustness of the
whole system.

(2) Combine the EID approach and other advanced
control methods, such as MPC and SMC, to further
improve the disturbance rejection performance and
tracking accuracy of the radio telescope servo system.
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