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Abstract This paper proposes a dual-motor configuration to enhance closed-loop performance of a tele-

scope control system. Two identical motors are mounted on each side of a U-type frame to drive the tele-

scope elevation axis instead of a single motor drive, which is usually used in a classical design. This new

configuration and mechanism can reduce the motor to half the size used in the former design, and it also

provides some other advantages. A master-slave current control mode is employed to synchronize the two

motors. Acceleration feedback control is utilized to further enhance the servo performance. Extensive ex-

periments are used to validate the effectiveness of the proposed control algorithm in synchronization, dis-

turbance attenuation and low-velocity tracking.
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1 INTRODUCTION

A large telescope (Rao et al. 2014) is usually efficient in

the field of space observation. However, there are some

challenges in optical configurations, mechanical systems,

the primary mirror, thermal control, control systems and

other issues (MacMartin 2003; Gawronski 2007). This pa-

per focuses on the elevation axis control system of a tele-

scope. A single motor is usually used to drive the tele-

scope, which causes the U-type mechanical frame (Rao

et al. 2014) to deform due to the heavy lens tube and wide

span. A dual-motor configuration of the direct drive con-

trol system is proposed to drive the elevation axis. This

configuration and mechanism are expected to reduce the

size of the single motor mechanism by half while still pro-

viding equivalent torque and decreased mechanical defor-

mation. Synchronized control of the two motors has thus

become a fundamental problem. Several classical control

methods for synchronous drive are provided in the existing

literature (Perez-Pinal et al. 2004; Pérez-Pinal et al. 2005).

In this paper, an acceleration feedback control (AFC) al-

gorithm (Andersen & Zurbuchen 1976; Higginson et al.

1991) based on master-slave current controls is employed

to enhance the high closed-loop performance. AFC has

been experimentally validated in several precision control

systems (Sedghi et al. 2008; Xu et al. 2000). As a popu-

lar example, the 3.6 m ESO telescope can work well with

AFC compensating mechanical resonances (Andersen &

Zurbuchen 1976). The remainder of this paper is organized

as follows. Section 2 presents a detailed introduction to the

dual-motor configuration and model. Section 3 focuses on

implementation of the control loops, such as current loop,

acceleration loop and velocity loop. Section 4 sets up ex-

periments to validate the control system. Concluding re-

marks are presented in Section 5.

2 DUAL-MOTOR CONTROL MODEL

Many telescopes have a U-type mechanical frame (Rao

et al. 2014) to support the lens tube as shown in Figure 1.

This paper introduces a dual-motor configuration, with two

identical motors on each side of the U-type frame, which is

different from previous designs that only had a single mo-

tor on either the left side or right side of the U-type frame.

The power provided by a motor is proportional to its diam-

eter. Therefore, it is reasonable to replace a single motor

with two identical motors that have half the diameter.

If the optical tube assembly is driven by a single motor,

the left motor is chosen as the actuator because of symme-

try of the mechanical configuration. The dynamical equa-

tions are set up according to Newton’s laws of motion

J1θ̈1 + K1(θ1 − θLo) = τ1, (1)

JLoθ̈Lo + K1(θLo − θ1) = 0. (2)

We can provide theoretical analysis, even though

Equations (1) and (2) only approximately describe the con-
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Fig. 1 Dual-motor configuration of telescope elevation axis.

trol system roughly due to a shortage of high-frequency

signals. In fact, a complicatedly high-order model can be

reduced using some methods (Ding et al. 2016, 2015).

From Equations (1) and (2), the transfer function from θ̇1

to τ1 (the velocity open-loop frequency response) is ob-

tained as follows

θ̇1

τ1
=

1

s(J1 + JLo)

JLos
2 + K1

J1JLos2

(J1+JLo) + K1

. (3)

The frequencies of the main resonance and anti-resonance

are

ωr =

√

K1(J1 + JLo)

J1JLo
≈

√

K1

J1
, ωar =

√

K1

JLo
. (4)

To distinguish the dual-motor case from the single-motor

case, J ′

1 is introduced to replace J1 and is defined as the

moment of inertia for the left motor in the dual-motor con-

figuration Other parameters denoted with a prime symbol

(′) correspond to the single-motor configuration in this pa-

per. The dynamical equations are also established as fol-

lows.

J ′

1θ̈
′
1 + K ′

1(θ
′

1 − θLo) = τ ′

1, (5)

JLoθ̈′Lo + K ′

1(θLo − θ′1) + +K ′

2(θLo − θ′2) = 0, (6)

J ′

2θ̈
′
2 + K ′

2(θ
′

2 − θLo) = τ ′

2. (7)

Suppose τ ′

1 = τ ′

2 = 0.5τ1, J ′

1 = J ′

2 = 0.5J1, K ′

1 = K ′

2.

Let τ = τ ′

1 + τ ′

2, then

θ̇′1

τ1
=

1

s

JLos
2 + 2K ′

1

J ′

2JLos2 + (2J ′

2 + JLo)s2
+ K ′

1, (8)

ω′

r =

√

K ′

1(J
′

2 + JLo)

J ′

2JLo
≈

√

K ′

1

J ′

2

, ω′

ar =

√

2K ′

1

JLo
. (9)

Comparing Equation (4) with Equation (9), the anti-

resonance frequency in a dual-motor system becomes
√

2

times more than that with a single motor drive, but their

primary resonance frequencies are nearly identical.

The open-loop frequency response of the velocity is

provided in Figure 2. The primary anti-resonance fre-

quency with a dual-motor is about 80 Hz, but it is approx-

imately 60 Hz in a single motor drive system. Their res-

onance frequencies are located at a frequency of 350 Hz.

Noting that the open-loop response below 40 Hz is closer

to 1/S than that with a single motor, the dual-motor drive

system can facilitate reducing the friction torque and iner-

tial delay in the symmetric configuration.

3 IMPLEMENTATIONS OF THE CONTROL

SCHEME

A current-following control mode instead of a master-slave

speed control mode (Perez-Pinal et al. 2004; Pérez-Pinal

et al. 2005) is employed to drive the load to respond syn-

chronously and quickly. The dashed box in Figure 3 repre-

sents the current feedback loop. The sign iin is the input of

the current loop; at the same time, it is also the output of the

acceleration loop. The sign iout is the output of the current

loop. It is practical to implement a bandwidth of several

hundred Hertz for the current closed-loop response (Xu

et al. 2000) because this value is not limited by mechan-

ical resonances. The loop outside the current loop is the

acceleration loop, which only has a bandwidth of several

tens of Hertz, and is mainly constrained by mechanical vi-

brations. The acceleration loop can simplify the open-loop

response of the velocity similar to an integrator term below

the bandwidth of the closed-loop response for acceleration.

The proposed control structure is shown in Figure 3.

3.1 Current Loop

The armature current of the motor can be measured by a

Hall current sensor and it can serve as the feedback signal.

A classic PI-type controller (Xu et al. 2000) is available to

realize the current closed-loop control. The transfer func-
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Fig. 2 Velocity open-loop frequency response.
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Fig. 3 Control scheme with dual motors.
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Fig. 5 Velocity closed-loop frequency response.
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Fig. 6 Disturbance attenuation frequency response.

tion of the closed-loop current from iout to iin is shown

below

iout

iin
=

Gi1G1

1 + Gi1G1
. (10)

From Equation (10), maximizing the closed-loop band-

width of the current to the master motor can offer a suffi-

cient phase margin to the outer acceleration feedback loop.

3.2 Acceleration Loop

An angular acceleration sensor with high bandwidth is usu-

ally expensive. Two linear accelerometers (Han et al. 2007;

Xu et al. 2000) can effectively calculate the angular accel-

eration signal with high accuracy. The open-loop transfer

function of the acceleration is depicted in Equation (11)

GLo(s) =
θ̈L

τ
=

K ′

1

JLJ ′

2s
2 + (JLo + 2J ′

2)K
′

1

. (11)

The accelerometers do not sense the anti-resonance be-

cause they are mounted on the load side instead of the mo-

tor side. Therefore, such installation improves the closed-

loop bandwidth of the acceleration. A cascade AFC (Han

et al. 2007; Xu et al. 2000) instead of a plug-in AFC

(Andersen & Zurbuchen 1976) is proposed for the control

system. The acceleration controller is designed as

Ga(s) =
Ka

s(T1s2 + T2s + 1)
. (12)

The integrator makes the closed-loop response approxi-

mately constant at low frequencies while a second order
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filter is used to attenuate the vibrations induced by mechan-

ical resonances.

Comparing Figure 4 with Figure 2, the valley where

the primary anti-resonance is located is not shown in the

open-loop response of the acceleration in Figure 3. With

the proposed acceleration controller, the bandwidth of the

closed-loop response is more than 50 Hz.

3.3 Velocity Loop

Once the acceleration loop is closed, a classic PI-type con-

troller is available for use as a velocity controller without

the need for a notch filter.

The velocity-loop bandwidth with AFC is a little

higher than that without an AFC, as shown in Figure 5. The

main reason for this is attributable to the high acceleration-

loop bandwidth. The peak value induced by mechanical

resonances is attenuated by the AFC.

4 EXPERIMENTAL VERIFICATIONS

The frequency response of the disturbance attenuation is

shown in Figure 6. With AFC, the attenuation at low fre-

quencies is reduced by a factor of approximately −10 db

(equivalent to three times), and the bandwidth of the dis-

turbance attenuation is improved to 30 Hz, which is below

the closed-loop bandwidth of the acceleration.

A 24-bit encoder is employed to generate a position

closed loop.

Figure 7 compares the tracking errors of three systems

(single motor without AFC, and dual motor without and

with AFC). The oscillatory motion can be described by

60 sin(0.5t). The sampling time is 0.01 s. The control sys-
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tem with a dual-motor drive either with AFC or without

AFC has better performance than that with a single motor.

It is very obvious that the peak error is almost eliminated

by AFC.

In the dual-motor configuration, low speed tracking is

experimentally verified in Figure 8 when the target speed is

0.001◦ s−1. The control system with AFC obtains a maxi-

mum position error of about 0.5′′, which is one fourth less

than 2.0′′ without AFC.

These experimental results show that the proposed

control method is effective either in high speed tracking

or in low speed tracking. They also imply that the master-

slave current control is well suited for synchronizing the

two motors in the direct drive control mode.

5 CONCLUSIONS

The dual-motor drive configuration is employed to con-

trol the telescope’s elevation axis by means of master-slave

current control and acceleration feedback control. This

configuration is beneficial to reduce the mechanical defor-

mation of the connecting axis compared with the single

motor system, and it may serve as an effective method to

enhance closed-loop performance. Experiments were car-

ried out to compare with the classical control mode. It

has been shown through these experiments that the syn-

chronized control mode with acceleration feedback con-

trol, due to high bandwidth of the closed-loop acceleration

response, can help to attenuate mechanical resonances, im-

prove control accuracy in low velocity tracking and sup-

press disturbance.
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Appendix A: NOTATIONS

J1, moment of inertia of the left motor

τ1, output torque of the left motor

θ1, θ̇1, θ̈1, angular displacement, velocity and acceler-

ation of the left motor respectively

K1, stiffness of the axis connecting the left motor and

load

J2, moment of inertia of the right motor

τ2, output torque of the right motor

θ2, θ̇2, θ̈2, angular displacement, velocity and acceler-

ation of the right motor respectively

K2 stiffness of the axis connecting the right motor and

load

JL, inertial moment of the load

θLo, ˙θLo, ¨θLo, angular displacement, velocity and ac-

celeration of the load respectively

Gp (s), Gv (s), Ga (s), position, velocity and accelera-

tion controller respectively

Gi1 (s), Gi2 (s) current controllers

GLo (s) Control plant (load)
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Pérez-Pinal, F. J., Nűňez, C., & Álvarez, R. 2005, in Electric

Machines and Drives, 2005 IEEE International Conference on,

IEEE, 1542

Rao, C., Gu, N., Zhu, L., et al. 2014, in Proc. SPIE, 9145,

Ground-based and Airborne Telescopes V, 914529

Sedghi, B., Bauvir, B., & Dimmler, M. 2008, in SPIE

Astronomical Telescopes+ Instrumentation, International

Society for Optics and Photonics, 70121Q

Xu, W. L., Han, J. D., Tso, S. K., & Wang, Y. C. 2000, Industrial

Electronics, IEEE Transactions on, 47, 150


