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Abstract: Coarse–fine composite mechatronic systems face numerous challenges due to the 

structural complexity and diversification of multi-gimbals. The core goal of this manuscript is to 

address the issue of the coarse-fine composite mechatronic system stability of a UAV (unmanned 

aerial vehicle) multi-gimbal electro-optical pod using USM-VCM (ultrasonic motor and voice coil 

motor) mechatronic design, Euler dynamics modeling, and stability DOB (disturbance observer) 

control. In response to this problem, a Hall effect electromagnetic circuit and USM-VCM drive 

acquisition circuit are designed. A Euler dynamics model in the Cartesian coordinate system is built 

to derive the kinematics coupling compensation matrix and mechanical parameter optimization 

method between the gimbals. Finally, the model is substituted into the DOB suppression control, 

which can monitor and compensate the motion coupling between the coarse–fine composite 

mechatronic systems in real time. Results show that the disturbance suppression impact of the DOB 

method with the Euler optimization model and USM-VCM mechatronic design is increased by up 

to 90% compared to the PID (proportion integration differentiation) method and 20% better than 

the traditional DOB method. 

Keywords: electro-optical pod; multi-gimbal; mechatronic system; USM-VCM; drive acquisition 

circuit; coarse–fine composite 

 

1. Introduction 

The specific functions of electro-optical pods are fast reconnaissance, detection, positioning, and 

tracking of the target. It is the most expensive component of the overall unmanned aerial vehicle 

(UAV) system [1]. 

At present, there are various types of electro-optical pods used globally. The two-axis two-

gimbal structured electro-optical pod is commonly designed and used. References [2–6] used the 

PDPC (process decision program chart) method to explain the kinematics principles of the stable 

mechanism and pointed out the geometric coupling problem of the two-axis two-gimbal. References 

[7,8] analyzed the kinematic transmission of lens stabilization in detail. Reference [9] adopted 

structural dynamics in the form of integral stability, gear drive, mirror stabilization, and momentum 

wheel stabilization. However, an electro-optical pod with superior high precision control 

performance would be able to recognize the digital information on an identity card lying on the 

ground at an altitude of 10,000 meters. However, the two-axis two-gimbal single structure is suitable 

for a stable platform with low speed and low demand for stability precision, which may result in 

significant error or, perhaps, self-locking when under normal working conditions. Thus, the study of 
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two-axis four-gimbal coarse–fine electro-optical pods can help resolve the above problems and 

improve the high precision control performance. 

References [10–12] conducted dynamic modeling and coupling analysis on a multi-gimbal 

electro-optical platform, and designed a system block diagram to provide a basis for the design of its 

control system. However, this research did not discuss the relationship between the inner-outer 

gimbal follow-up torques. References [13–15] presented the stability calculation between two-axis 

four-gimbal electro-optical stability platforms, and deduced the stability calculation and the angular 

displacement calculation equations of the desk coordinate system using the transfer matrix. 

Experimental results show that this method can well explain the relationship between the azimuth 

and pitch angle of the inner gimbal. However, this method does not consider the existence of the 

rotating axis load and does not check the coarse–fine composite mechanical characteristics. 

Each gram of weight on a UAV is as precious as gold. Therefore, in order to make a thorough 

analysis of the two-axis four-gimbal ultralight electro-optical pod, the first and necessary step is to 

study the coarse–fine composite mechanical structure. Reference [16] adopts a Halbach linear active 

magnetic bearing in the design of an x-y dual servo precision table. The fine-stage can achieve high 

precision position feedback through laser interferometer and capacitance sensor, with precision up 

to 10nm. References [17,18] propose a coarse-to-fine deep scheme to address the issue of aspect ratio 

variation in UAV tracking. Experiment results on a benchmark aerial data set prove that the proposed 

approach outperforms existing trackers and produces significant accuracy gains in dealing with 

aspect ratio variation in UAV tracking. However, there is a lack of research on mechanical parameter 

optimization methods and kinematics decoupling of the moment of inertia. 

References [19–23] use intelligent mechatronic systems to solve the actual questions. However, 

these do not involve coarse–fine composite mechatronic system stability in a UAV multi-gimbal 

electro-optical pod, which is the focus of the present study. Furthermore, we adopt an aviation special 

ultrasonic motor (USM) as the coarse-stage motor. Hall effect sensors and micro-magnetic steel are 

tested to design a voice coil motor (VCM) as the fine-stage. The Hall effect electromagnetic circuit 

and USM-VCM drive acquisition circuit are designed. The Euler rigid body dynamics parameter 

optimization equation of the two-axis four-gimbal electro-optical pod is studied on the basis of the 

coarse–fine composite mechatronic structure. Finally, the optimization controller and composite 

mechatronic system are established and an experiment is undertaken. 

2. Mechatronic Design 

The multi-gimbal electro-optical pod is a complex system. In order to make a thorough analysis 

of the multi-gimbal electro-optical pod, the first step is to study the coarse–fine composite 

mechatronic system. Then, the whole system can be deeply analyzed. This is a research process, not 

a one-step process. According to the characteristics of the USM, VCM, dSPACE (control system box 

(developed by Germany dSPACE company, a software and hardware platform based on matlab 

control system development and semi-physical simulation), and FPGA (field programmable gate 

array), the circuit connection design is shown in Figure 1. 

The coarse–fine composite mechatronic system of a UAV two-axis four-gimbal electro-optical 

pod is shown in Figure 2. The main objective of this manuscript is to design an ultralight electro-

optical pod with a weight of less than 1 kg and miniaturization within 250 250mm  . 
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Figure 1. Ultrasonic motor and voice coil motor (USM-VCM) coarse–fine composite mechatronic 

system drive acquisition circuit connection design. 

 

Figure 2. The coarse–fine composite mechatronic system of an unmanned aerial vehicle (UAV) multi-

gimbal electro-optical pod. 
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The USM-VCM drive acquisition circuit connection design of a multi-gimbal electro-optical pod 

includes the following basic links: 

A. The dSPACE control system box outputs the three adjustment signals of the amplitude 

frequency phase, transformed by the drive acquisition circuit and received by the FPGA. The 

control signal occurs in the FPGA module and generates three two-phase parameters to adjust 

the sinusoidal wave. 

B. Two-phase sinusoidal voltage is generated by the drive acquisition circuit to generate the signal 

that meets the driving requirements of the USM and VCM, and then drives the coarse–fine dual 

stage motors for normal operation. 

C. Voltage-current detection is realized at the input end of the USM and VCM through voltage and 

current sensors. The detected voltage is input into the FPGA. 

D. The measured voltage-current amplitude and phase difference are calculated in the FPGA to 

obtain the effective power of the motor when it is working. 

E. The lead wire of the temperature sensor inside the USM and VCM is connected to the drive 

acquisition circuit, and the output voltage after amplification is regulated by the dSPACE control 

system box. 

The main component of the USM-VCM coarse–fine composite drive acquisition circuit adopts 

the design idea of “first stage operational amplifier + second stage power amplifier + transformer + 

matching inductance”. The current detection component circuit adopts the design idea of “Hall effect 

sensor module + operational amplifier + advance phase amplifier”. The circuits of the driver and 

detection share the same ground line. The drive acquisition circuit is shown in the Figure 3. 

 

Figure 3. The structure of the USM and VCM mechatronic drive acquisition circuit. 

The interior of the VCM contains the Hall power supply circuit and the position signal 

conditioning circuit, as shown in Figures 4 and 5. Debiasing, amplification, and filtering of position 

signals should be completed on the circuit board. The results will be directly output. Each device uses 

a smaller size package and the reference voltage used in the circuit calculation is adjustable. 
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Figure 4. The Hall power supply circuit of the VCM. 

 

Figure 5. The position signal conditioning circuit of the VCM. 

As shown in Figure 6, the two pieces of micro-magnetic steel are installed on the rotor of the 

motor corresponding to the pole, and the magnetic induction intensity in the middle position of the 

micro-magnetic steel is 0. When the output angle of the motor is 0° (the motor rotor is 180°), the Hall 

element is in the middle of the pieces of micro-magnetic steel. The magnetic induction intensity on 

the surface of the Hall element is 0 and the output voltage of the Hall effect sensor is a certain value. 

When the motor works at a limited angle, the rotor of the motor deflects and the two micro-magnetic 

steels will also deflect at an angle. 

 

(a) 

 

(b) 
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Figure 6. The composition of the ultralight VCM. (a) VCM and Hall effect sensor sectional view; (b) 

micro-magnetic steel working principle. 

Magnetic circuits have similarities to electric circuits. Many physical quantities in magnetic 

circuits have corresponding physical quantities in electric circuits. Based on these similarities 

between magnetic and electric circuits, the method of similar circuit can be used for simulation and 

the equivalent magnetic circuit can be calculated. Figure 7a shows the structure model diagram of a 

single electromagnetic drive unit. The corresponding equivalent magnetic circuit is shown in Figure 

7b. 

 

(a) 

 

(b)                         (c) 

Figure 7. Unit magnetic circuit principle: (a) electromagnetic drive unit equivalent magnetic circuit; 

(b) electromagnetic drive unit equipment electric circuit; (c) VCM equivalent diagram. 

Air gap reluctance, permanent magnet internal resistance, and permanent magnet magnetic 

potential are respectively: 

0
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m c mF H h , (3)

where gR  = air gap reluctance;  = air gap thickness; 0  = air permeability; gS  = air gap area;
0R  

= permanent magnet internal resistance; mh  = magnetizing direction length of a single piece of 

magnetic steel; r  = relative permeability of permanent; 
mS

 = magnetizing area of the permanent 
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magnet; mF  = magnetic potential of the permanent magnet; cH  = permanent magnet coercive force; 

g  = effective magnetic flux; 0  = total magnetic flux;   = y flux leakage quantity. 

Because the permeability of soft iron is much higher than that of air, the magnetic resistance of 

soft iron is neglected in the magnetic circuit calculation. In addition, the magnetic resistance of the 

leakage magnetic circuit is treated as being equivalent in the calculation process. The magnetic flux 

leakage coefficient is taken as 1.3  , and, by calculating the equivalent magnetic circuit, the 

derivation process of the air gap flux is as follows: 

01.3 g

g g


 

  
 

, (4)

According to Figure 7c and Kirchhoff’s first law, two pieces of micro-magnetic were used as 

magnetic potential sources to obtain the magnetic flux leakage magnetic resistance. Then, this can be 

superimposed to obtain the air gap magnetic flux: 

10

3
gR R  , (5)

01.3
m

g

g

F

R R
 


, (6)

The air gap flux density can be obtained as: 

g

g

g

B
S


 , (7)

Since an electromagnetic unit is composed of two copper wire coils, the motor contains two 

electromagnetic units. The Ampere force received by a single electromagnetic unit is: 

2A g bF NB L i , (8)

where AF  = Ampere force; N  = numbers of turns of copper wire coil; 
gB  = gap flux density; i  

= current flowing through the VCM; bL  = length of the copper wire coil acting within the magnetic 

field. The output torque of the rotating voice coil motor is: 

4 4A A a g a b mT F L NB L L i k i   , (9)

where aL  = average lever arm length of VCM copper wire coil; 2m g a bk NB L L  is output constant 

of the VCM. The coil moves in a magnetic field under the action of an Ampere force, and an induced 

electromotive force is generated when the conductor cuts the magnetic field line. The direction of the 

induced electromotive force is obtained by Lenz’s theorem. The induced electromotive force is always 

opposite to the direction of the coil current. For the VCM, the reverse electromotive can be expressed 

as: 

4 4g b g b a bE NB L v NB L L k    , (10)

where E  = the reverse electromotive;   = VCM speed;   = VCM rotation angle. The dynamic 

voltage balance equation of coil loop can be obtained: 

di
u E iR L

dt
   , (11)

The output constant of the VCM is numerically equivalent to the reverse electromotive 

coefficient, b mk k . Therefore, the model of the rotating voice coil motor can be obtained: 
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b m

A m

di
u E iR L

dt

E k k

M k i

 


  

  

 

, 
(12)

For a N50 nd-fe-b sintered magnetic steel sheet with coerced force of Hc = 835 kA/m, the 

thickness of the permanent magnet is 2mh mm  and the air gap thickness in the closed magnetic 

circuit is 2.5mm  . The air gap area is equal to the blunt magnetic area of a single permanent 

magnet 2155.4g mS S mm  . Permeability in a vacuum is 7
0 4 10 /H m    , and the relative 

permeability is 1.05ru  . Thus: 

7

0

 1.2802eg
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  , (13)

6
0

0

9.7539em

r m

h
R

S 
  , (14)

1670m c mF H h kA  , (15)

Taking the flux leakage coefficient as 1.3  , then: 

-5

0

=6.5536e
1.3
m

g

g

F
T

R R
 


, (16)

The main purpose of building the experimental platform as shown in Figure 8 was to test the 

performance parameters of the coarse–fine composite mechatronic system, understand its driving 

characteristics, and verify whether it meets the technical indicators. 

The position of the closed-loop was established based on the motor rotation angle calibration 

result and the sinusoidal frequency sweeping instruction was output through the dSPACE control 

system box to define the sweeping signal amplitude. The frequency range was 1–200 Hz. The position 

of the open- and closed-loop amplitude-frequency curve and phase-frequency curve of the VCM 

were obtained. Finally, the closed-loop bandwidth of the motor position was obtained. 

In Figure 9a,c, the input signal of the system is the sinusoidal voltage instruction given, and the 

output signal of the system is the angle signal after Hall calibration. In Figure 9b,d, the input signal 

of the system is also the sinusoidal voltage signal, and the output signal of the system is the 

incremental encoder angle signal after zero calibration. As shown in Figure 9a,b, due to the slope 

change of the amplitude-frequency characteristic curve, it can be divided into two stages. In the first 

stage, the slope can be approximated as 0.3 in the range of 0–10 Hz; in the second stage, the slope can 

be approximated as 2.5 in the range of 10–100 Hz. Thus, when the frequency is equal to 10 Hz, the 

(10, 5.1) coordinate point can be regarded as the pole. The pole of the amplitude-frequency curve is 

related to the mechanical characteristics of the motor itself. In this manuscript, the slope change is 

related to the internal magnetic field strength of the VCM, magnet material, and copper wire 

winding. The measurement results on the Hall effect sensor are consistent with those of the 

incremental encoder through the comparison under open-loop control in Figure 9, which proves the 

accuracy of the Hall effect sensor. 
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Figure 8. Ultralight VCM performance comprehensive test. 

 
(a) (b) 

(c) (d) 

Figure 9. The Bode diagram of VCM open loop sweep frequency. (a) Amplitude frequency curves, in 

which the output signal is the angle signal after Hall sensor calibration; (b) amplitude frequency 

curves, in which the output signal is the incremental encoder angle signal; (c) phase frequency curves, 

in which the output signal is the angle signal after Hall sensor calibration; (d) phase frequency curves, 

in which the output signal is the incremental encoder angle signal. 

The closed loop of the angle position calibrated by the Hall effect sensor is used for the frequency 

sweeping identification. In Figure 10a–d, the information of the Hall effect sensor angle position and 

incremental encoder angle position was acquired at the same time. Bandwidth is defined as the 

frequency value when the closed-loop amplitude-frequency characteristic curve drops to −3 dB. Thus, 
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as shown in the Figure 10a,b, when the gain is −3 dB, the frequency corresponding to the amplitude-

frequency characteristic curve is approximately 40 Hz. 

 

  
(a) (b) 

  

(c) (d) 

Figure 10. The Bode diagram of VCM closed loop sweep frequency. (a) Amplitude frequency curves, 

in which the output signal is the angle signal after Hall sensor calibration; (b) amplitude frequency 

curves, in which the output signal is the incremental encoder angle signal; (c) phase frequency curves, 

in which the output signal is the angle signal after Hall sensor calibration; (d) phase frequency curves, 

in which the output signal is the incremental encoder angle signal. 

As shown in Figure 11a,b, two sinusoidal signals are designed to control the motor to obtain the 

characteristics of speed loop bandwidth and cut-off frequency. Figure 10a shows that the average 

value of the sinusoidal signal is 0, and the signal varies between −60°/s and 60°/s. Figure 11b shows 

the constant positive velocity with a bias value applied to the signal so that its average value is −60°/s 

and the sinusoidal amplitude value is 10. In Figure 11a,b, the red curve is speed command, the blue 

curve is actual speed and the green curve is simulation speed. 

  

(a) (b) 
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(c) (d) 

Figure 11. The sinusoidal disturbance suppression test of the USM. (a) No bias value was applied; (b) 

Applied a bias value; (c) Frequency gradually changes from 1 to 5 Hz; (d) Frequency is 5 Hz. 

Figure 11c shows the USM disturbance suppression situation when the sinusoidal signal 

frequency gradually changes from 1 to 5 Hz, and Figure 11d shows the disturbance suppression 

situation when the frequency is 5 Hz. In Figure 11c,d, the blue curve is speed command and the blue 

curve is actual speed. 

As shown in Figure 11, as the frequency increases, the error value of disturbance suppression 

also increases. Moreover, when the frequency is 5 Hz, the signal has a certain degree of distortion. 

The reason is that there is a dead zone for velocities greater than zero. It is found that if the frequency 

continues to increase, the actual speed signal will be seriously distorted. Thus, the speed loop 

bandwidth can be determined to be about 5 Hz. 

When a sinusoidal bias signal is applied, the amplitude of the sinusoidal is 10. The frequency 

instruction increases from 0 to 25, with an interval of 5. After the speed closed-loop control of the 

USM, tracking remains accurate when the frequency of the instruction signal reaches 25 Hz. 

However, the tracking error increases with the increase of frequency. Thus, the bandwidth of the 

control system is not less than 25 Hz. 

3. Euler Dynamics Model 

As shown in Figure 2, the multi-gimbal electro-optical pod is a complex structure. In order to 

undertake thorough analysis and modeling of the two-axis four-gimbal electro-optical pod, the first 

step is to study the coarse–fine composite mechanical structure. Furthermore, based on the modeling 

of the coarse–fine composite mechatronic structure, modeling of the whole system can be analyzed. 

In Figure 2, the working principle of the coarse-fine composite structure involves the definition 

of multiple coordinate systems, which are respectively explained as follows: 

A. Inertial coordinate system ({i}, i i i iO X YZ ), 

B. UAV coordinate system ({d}, d d d dO X Y Z ), 

C. Coarse motor stator coordinate system ({u}, u u u uO X Y Z ), 

D. Coarse motor rotor coordinate system ({v}, v v v vO X Y Z ), 

E. Fine motor rotor coordinate system ({g}, g g g gO X Y Z ). 

The coarse motor is fixedly connected with the guide rail through a threaded connection, 

without considering the damping effect between the structures. 

Due to the Euler transformation law of rigid body fixed point rotation [2], the kinematics 

coupling equations of the system {u} against system {i}, system {u} against system {v}, and system {v} 

against system {g} are: 

0
cos 0 sin

0 1 0

sin 0 cos 0

  

   

  

                                 


ux ixu u

u uy iy u

u uuz iz

, (17)
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The details of the dynamic parameter optimization equation derivation are already shown in 

reference [24]. The symbols used in the equation and Figure 12 are defined as follows: 
u


 = the 

angular velocity vector of the coarse motor stator relative to the inertial coordinate system; 

, ,vx vy vz  
  

 = the angular velocity vector of the coarse motor rotor relative to the coarse motor stator 

coordinate system; , ,gx gy gz  
  

 = the angular velocity vector of the fine motor rotor relative to the 

coarse motor rotor coordinate system; , ,u v g    = the angular velocity and its components on the 

coordinate axis; LOS = the line of sight; E  = the rotation transformation matrix; , ,    = Euler 

angles of rotation of each coordinate system. 

 

Figure 12. The kinematics coupling relationship of the coarse–fine composite mechatronic system in 

a UAV multi-gimbal electro-optical pod. 

Figure 12 shows the kinematics coupling relationship, which is abstracted from the parameters 

in the Euler rigid body dynamics expressed in Equations (17)–(19). The relationships of mechanical 

structure parameter optimization are divided into three stages: external environment disturbance, 

coarse motor (USM) stator, and fine motor (VCM) rotor. The final output is to maintain LOS (line of 

sight) stabilization. In Figure 12, the parameter relationships of each coordinate system can be directly 

analyzed and the parameters can be optimized in the controller, so as to achieve the goal of high 

precision control of the multi-gimbal electro-optical pod on the UAV. In order to simplify the analysis 

process of coarse-fine stage visual axis stabilization, this paper mainly discusses the conduction path 

and characteristics of UAV motion in relation to the coarse–fine composite mechanical structure. 

Therefore, the disturbance input of the external environment is analyzed as an inertial coordinate 

system, and the whole process of motion coupling of the coarse–fine mechatronic system is obtained 
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through the transformation of the Cartesian coordinates along the system {u}, system {v}, and system 

{g}. 

On the basis of the completion of the parameter optimization relationships of the coarse–fine 

composite mechanical structure, the two-axis four-gimbal electro-optical pod structure is modeled. 

The names of each gimbal coordinate system are defined in Figure 13. 

 

Figure 13. Simplified model of the two-axis four-gimbal electro-optical pod. 

The Cartesian coordinate system is simplified as follows: 

A. UAV coordinate system ({b}, b b b bO X YZ ), 

B. Outer roll gimbal coordinate system ({A}, A A A AO X Y Z ), 

C. Outer pitch coordinate system ({E}, E E E EO X Y Z ), 

D. Inner roll gimbal coordinate system ({a}, a a a aO X Y Z ), 

E. Inner pitch gimbal coordinate system ({e}, e e e eO X YZ ). 

The motion between the gimbals of the two-axis four-gimbal structure produces a moment of 

inertia coupling. Assume the moment of inertia matrix of each gimbals is: 

 , ,e eX eY eZJ diag J J J , (20)

 , ,a aX aY aZJ diag J J J , (21)

 , ,E EX EY EZJ diag J J J , (22)

 , ,A AX AY AZJ diag J J J , (23)

Then the coupling equations of moment of inertia of each gimbal rotating around its axis can be 

derived. The details of the derivation are shown in reference [24]. 

e eJ J , (24)

2 2sin cos   a e eX e eZ aZJ J J J , (25)

2 2 2 2 2 2cos cos sin sin sin cosa a eY a ay a e eX a e eZ EYJ J J J J J          , (26)



Electronics 2020, 9, 769 14 of 24 

 

2

2 2

(cos cos sin cos sin cos )

(cos sin sin sin cos cos ) cos

E e E a e e Xe

E e E a a e Ze E XE XA

AJ J

J J J

     

      

  

  
, 

(27)

The symbols used in Figure 14 are defined as follows: I  = YeI , XaI , YEI , XAI  represents 

the rotational inertia of the inner pitch, the inner roll, the outer pitch, and the outer roll of the gimbals 

along their respective rotation axis, M  = torque of the four gimbals relative to the rotation axis in 

the inertial coordinate system is the output torque of the motors, i  = angular velocity of inner pitch 

{e}, inner roll {a}, outer pitch {e}, outer roll {a} relative to inertial gimbal system {i},   = rotation 

angles of each gimbal. 

In order to further study the parameter optimization mechanism of the two-axis four-gimbal 

structure, Figure 14 was drawn based on the Euler kinematics coupling of Equations (24)–(27) and 

Euler rigid body dynamics of Equations (17)–(19). In Figure 14, the torques caused by the kinematic 

parameters of the gimbals and the geometric coupling parameters are combined. The core problem 

is to enhance the disturbance suppression and ensure the high precision control of the LOS (line of 

sight) axis. The LOS (line of sight) axis is directly fixed to the inner pitch gimbal. Thus, it plays an 

important role in the stability of the LOS axis. According to reference [25], the derivation of the 

kinematic relationship equation can be obtained from the inner pitch gimbal mechanical equation: 

     2 2 2sin cos 1 2sinYeYe Ye Xe Ze Za Xa e e Xe Ze e Xa ZaI M I I I I             


, (28)

For analysis and deduction of the moment of inertia coupling, from Equation (28) most of the 

interference moment is generated by the angular velocity of the forms  Xe ZeI I  through the 

moment of inertia subtraction. Therefore, the disturbing torque generated by the subtraction of 

rotational inertia is called inertia coupling torque. Then, the coupling moment of inertia received by 

the inner pitch gimbal is: 

     2 2 2sin cos 1 2sinXe Ze Za Xa e e Xe Ze e Xa ZaI I I I           , (29)

Methods to reduce the coupling torque of inertia are to minimize the rotation angle e  of the 

inner pitch axis, or reduce the difference between XI  and ZI . Thus, high precision control 

performance can be improved. 
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Figure 14. The kinematics coupling relationship of the two-axis four-gimbal electro-optical pod. 

4. Coarse–Fine Composite Mechatronic Controller 

As shown in Figure 15, the purpose of this coarse-fine composite mechatronic controller is to 

prove the effectiveness of the mechatronic system design, the Euler dynamics model, and the USM-

VCM drive acquisition circuit of the multi-gimbal electro-optical pod. 

The symbols used in Figure 16 are defined as follows: 

0( ), ( ), ( )u vC s C s C s  = The loop controller of USM, VCM and macro-micro composite, respectively, 

( ), ( )u vG s G s  = The control object of coarse–fine composite dual-stage motors, 

0( ), ( ), ( )u vQ s Q s Q s  = The filter of the USM, VCM and macro-micro composite loop, respectively, 

( ), ( )u vD s D s  = The kinematics coupling disturbance (submit Euler dynamic model), 

0, ,u vk k k  = The gain of USM, VCM, and coarse–fine composite loop. 

 

Figure 15. The experiment table of coarse–fine composite mechatronic system. 
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Figure 16. The coarse-fine composite mechatronic controller block diagram. 

In Figure 16, the coarse–fine composite mechatronic controller whole system consists of two sub-

control loops. It is composed of a USM (ultrasonic motor) coarse-stage controller and VCM (voice coil 

motor) fine-stage controller. The whole system is input by a ‘cmd’ command signal (sinusoidal 

disturbance) and output by the rotation angle of LOS (line of sight). Furthermore, there are also two 

disturbance inputs derived after the Euler dynamics model that can monitor and compensate the 

kinematics coupling (moment of inertia coupling) of the two sub-control loops in real time. 

In the improved DOB control loop, the control object is set as the coarse–fine composite 

mechatronic structure, and the minimum phase system under an ideal state is adopted [26–28]. The 

nominal inverse model of the control object is Js B . Based on the kinematic coupling disturbance, 

which is derived by the Euler rigid dynamic model, the moments of inertia are substituted into the 

nominal inverse model nJ  of each stage control loop, thus realizing the real-time change of nJ  

following the change of gimbal angle  . 

Because the control object is set as the coarse–fine composite mechatronic structure, and the 

minimum phase system under an ideal state is adopted, the nominal inverse model of the control 

object is J s B . 

Thus, the transfer function of the controlled object is: 

1
( )G s

Js B



, (30)

We assume that the transfer function of the inverse model is: 

1( ) n ngJ s gB
G s

s
 

 , (31)
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In addition, we assume that the transfer function of the filter is: 

( )
g

Q s
s g




, (32)

From the Euler dynamics parameter optimization model, it is known that the coupling moment 

of inertia on the outer roll gimbal A of the electro-optical pod is: 

2

2 2

(cos cos sin cos sin cos )

(cos sin sin sin cos cos ) cos

E e E a e e Xe

E e E a a e Ze E XE XA

nJ J

J J J

     

      

  

  
, (33)

As shown in Figures 16 and 17, the USM coarse-stage sub-control loop is composed of a dual-

level control loop. The first control loop is the inner loop, which is the electro-optical encoder velocity 

feedback loop. The second control loop is the outer loop, which is the improved DOB control loop. 

The VCM fine-stage sub-control loop is also composed of the dual-level control loop. The first 

control loop is the inner loop, which is the Hall effect sensor position feedback loop. Moreover, the 

second control loop is the outer loop, which is the improved DOB control loop. The VCM’s improved 

DOB control loop is the same as the USM coarse-stage sub-control loop. 

When the ‘cmd’ command signal is input, the dynamic model is automatically compiled into a 

kinematic coupling algorithm, and the kinematic coupling disturbance is input into two improved 

DOB control loops. Therefore, kinematic coupling disturbance can be changed in real time with the 

change of command signal, so as to achieve the purpose of real-time monitoring and compensation. 

First, the ‘cmd’ command signal (sinusoidal disturbance) enters the feedforward loop of the 

USM coarse-stage control loop. Then, it passes through dual-level of compensation of the inner 

encoder velocity feedback loop and the outer improved DOB feedback loop. Furthermore, through 

the coarse–fine composite mechatronic control loop, the compensation error is substituted into the 

feedforward loop of the VCM fine-stage control loop as the input signal. Moreover, the compensated 

error and kinematic coupling disturbance are further compensated by the inner and outer dual-level 

controllers of the VCM fine-stage control loop. Finally, the actual rotation angle signal of the LOS is 

output, and the electro-optical pod then points to the tracking position. Stability of the coarse–fine 

composite mechatronic control is thus realized. 

Table 1 shows the parameter settings and the performance of the experiment results, which is 

defined as: 

' e d d , (34)

d  = USM coarse stage controller disturbance suppression output and VCM fine stage controller 

disturbance suppression output, 

'd  = Sinusoidal wave disturbance and the deviation (compensate error) between the USM coarse 

stage controller disturbance suppression output, 

e  = Disturbance estimated deviation, 

pK , iK , dK  = The PID control parameters. 
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Figure 17. The simulation block diagram of the coarse–fine composite mechatronic controller. 

Table 1. Parameters and performance of the coarse–fine composite mechatronic system. 

Control Method pK  iK  dK  
Disturbance 

Suppression Effect 
e  

Improved DOB control 20 6 0 70% better than PID / 

USM-VCM coarse–fine 

composite mechatronic 

system 

USM coarse 

stage control 
7 260 0.01 90% better than PID 

20% better than 

DOB 

3.115 

VCM fine 

stage control 
2.04 0.05 0.0025 0.328 

Figure 18 shows the experiment control desk operating interface. Firstly, the parameters of the 

traditional PID controller are set as: 20, 6p iK K  , and the value of the moments of inertia are set 

as 
1 20.176 10XAJ J kg m     from simulation. The parameters of the disturbance observer and its 

low-pass filter are set as: 0.002,B   200, 0.002ng B  . 

The parameters of USM-VCM coarse–fine composite mechatronic control loop are set as: coarse 

stage 7,puK   260, 0.01iu duK K  , fine stage 2.04, 0.05, 0.0025pv iv dvK K K   . The 

coarse-stage disturbance signal of the USM adopts the sinusoidal wave input and the amplitude of 

the velocity sine is set as 28, the frequency of the velocity sine is 1, and the constant instruction of the 

velocity is 60. 
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Figure 18. The USM-VCM coarse–fine composite mechatronic system control desk operating 

interface. 

As shown in Figure 19a, there are four curves: sinusoidal wave disturbance, PID (proportion 

integration differentiation) method, traditional DOB method, and Euler dynamics parameters 

optimization DOB method. 

X Y   , (35)

As shown in Equation (35) and Figure 19b, the stability of the controller can be proved by 

comparing the deviation values of the three curves following the sinusoidal disturbance. It can be 

seen that the disturbance suppression effect of modeling using the improved DOB method is about 

90% higher than the PID method. The experiment performance results are summarized in Table 1. 

 

(a) 
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(b) 

Figure 19. Disturbance suppression output. (a) The original curve, (b) The enlarged curve. 

Figure 20 shows the USM controller encoder feedback curve and the sinusoidal disturbance 

curve. Figure 21 shows the VCM controller Hall effect sensor feedback curve and the deviation curve 

(compensated error) between the USM controller encoder feedback curve and the sinusoidal 

disturbance curve. The stability of the parameters optimization controller can be proved by 

comparing the deviation values of the two curves following the sinusoidal disturbance. 

X Y   , (36)

It can be seen from Equation (36) and Figure 21 that the disturbance suppression effect of the 

VCM controller can be improved by up to 90% on the basis of the USM controller. 

 

Figure 20. USM controller disturbance suppression output. 
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Figure 21. VCM controller disturbance suppression output. 

It can be seen from Figure 22a that the estimated deviation is 3.115e , and from Figure 22b 

that the estimated deviation is 0.328e . Thus, the disturbance suppression impact of the DOB 

method with Euler dynamics modeling and the coarse–fine composite mechanical system is increased 

by up to 90% compared to the PID method and is 20% better than the traditional DOB method. The 

experiment performance results are summarized in Table 1. Result shows the effectiveness of the 

coarse–fine composite mechatronic system, the USM-VCM drive acquisition circuit, and the Euler 

dynamics modeling. 

 

(a) 

 

(b) 

Figure 22. Coarse–fine composite mechatronic controller disturbance suppression deviation output. 

(a) The deviation value between the USM coarse stage controller encoder feedback curve and the 

sinusoidal wave disturbance curve. (b) The deviation value between the VCM fine stage controller 
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Hall effect sensor feedback curve and the deviation curve (compensated error) between the USM 

coarse stage controller encoder feedback curve and the sinusoidal disturbance curve. 

5. Conclusions 

This paper makes an in-depth study of the modeling and stability analysis of a coarse–fine 

composite mechatronic system in a UAV multi-gimbal electro-optical pod. The conclusions are as 

follows: 

A. The core goal of this manuscript is to address the issue of coarse–fine composite mechatronic 

system stability of a UAV multi-gimbal electro-optical pod using USM-VCM mechatronic 

design, Euler dynamics modeling, and stability DOB control. In response to this problem, a Hall 

effect electromagnetic circuit and USM-VCM drive acquisition circuit are designed. An 

aerospace USM is used as the coarse-stage, and an ultralight VCM with high positioning 

precision is designed as the fine-stage. The Hall effect sensor and micro-magnetic steel are tested 

to design the VCM as the fine-stage. The VCM designed in the present work has positioning 

precision of only 8.7 μrad, bandwidth of 40 Hz, and mass of less than 70 g. According to the 

effectiveness verification of the VCM magnetic circuit, the theoretical formulae of the air gap 

magnetic induction intensity and motor output torque are obtained. 

B. Secondly, the Euler rigid body dynamics model of the coarse–fine composite mechanical system 

and the two-axis four-gimbal mechanical structure are obtained. The kinematics coupling 

compensation matrix and mechanical parameter optimization method between the gimbals are 

derived. The Euler dynamics equation in the Cartesian coordinate system is derived to solve the 

pre-selection and check problem of the coarse–fine composite mechatronic system. 

C. Thirdly, the model is substituted into the DOB suppression control, which can monitor and 

compensate the motion coupling between the coarse–fine composite mechatronic systems in real 

time. Results show that the disturbance suppression impact of the DOB method with the Euler 

optimization model and USM-VCM mechatronic design is increased by up to 90% compared to 

PID and is 20% better than the traditional DOB method. 

D. Finally, this manuscript is based on the coarse–fine composite mechatronic system design of the 

multi-gimbal UAV electro-optical pod. This manuscript is valuable for all researchers interested 

in USM-VCM coarse–fine composite mechatronic system modeling, mechatronic drive 

acquisition circuits, and multi-gimbal electro-optical applications. 
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Nomenclature 

UAV (unmanned aerial vehicle) 

USM (ultrasonic motor) 

VCM (voice coil motor) 

DOB (disturbance observer) 

PID (proportion integration differentiation method) 

FPGA (field programmable gate array) 

DA (digital-to-analogue) 

AD (analogue-to-digital) 
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LOS (line of sight) 

dSPACE 
(control system box (developed by Germany dSPACE company, a software and hardware 

platform based on matlab control system development and semi-physical simulation) 

PDPC (process decision program chart) 
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