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1 Gimbal Torque and Coupling Torque of Six Degrees of Freedom

2 Magnetically Suspended Yaw Gimbal

3 Abstract—When the three-axis intertially stabilized platform (ISP) realizes the fast response of yaw gimbal,
4 coupling torques among three gimbals cause negative influence on the attitude stabilization precision of yaw
5 gimbal which supports the imaging payloads. Therefore, the gimbal torque of six degrees of freedom (DOFs)
6 yaw gimbal with the magnetic suspension system is used to compensate coupling toques acting on it in this
7 article. The dynamics models of yaw gimbal and three-axis ISP are developed, and then coupling torques
8 among three gimbals are analyzed, it varies with motion states of the base plate. Moreover, the
9 characteristics about gimbal torque generated by the magnetic suspension system are studied, it can
10 accurately track the control input of magnetic suspended system. Finally, experimental results indicate that
11 the gimbal torque of magnetic suspension system can effectively compensate coupling torques acting on the
12 yaw gimbal, so the attitude stabilization precision of yaw gimbal is improved.

13 Index Terms—magnetic suspension system; attitude stabilization precision; coupling torque; gimbal torque.

14 1. Introduction

15 In the airborne remote sensing and imaging system such as electro-optical sensor and laser beam, disturbances
16 caused by aircraft’s motions including shift, vibration and rotation directly affect the control precision of airborne
17 remote sensing and imaging system, so the resolution of image is affected [1]. Therefore, in order to achieve the
18 high resolution image, the airborne ISP was used to stabilize and point a broad array of sensing and imaging system,
19 and it could hold the line of sight of the imaging sensor relative to the inertial coordinate [2-4]. However, those
20 normal ISP systems used mechanical bearings and gears to support gimbals, so disturbances of external gimbals
21 could be transmitted to the internal gimbal because of the friction, manufacturing error, assembly misalignments
22 of mechanical bearings and gears. In addition, the unavoidable coupling effect among three gimbals generates
23 disturbances on the control precisions of gimbals in the three-axis ISP, and the coupling effect will be intensified
24 by the motions of base plate and gimbals.

25 In order to improve the control precisions of gimbals in the three-axis ISP, researches are focused on two
26  sides—novel supporting structure and advanced control method. In the one hand, the magnetic suspension system
27 with active magnetic bearing (AMB) was used to suspend the yaw gimbal and isolate disturbances of external

28 gimbals (roll gimbal and pitch gimbal) in the three-axis ISP [5]. In this magnetically suspended yaw gimbal, the
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rotor part of yaw gimbal is levitated by the magnetic suspension system, and the axial and radial displacements of
yaw gimbal are actively controllable by regulating the control current of AMBs based on the displacement
feedback [6-9]. Moreover, the magnetic suspension system in magnetically suspended flywheel could generate
gimbal torque by controlling the tilting of rotor part, and the gimbal torques are promising to generate control
torque for the suspended gimbals [10].

On the other hand, the control method is the research focus of suppressing coupling disturbances among three
gimbals in the three-axis ISP. The coupling effect in a maglev dual-stage ISP was analyzed based on frequency-
domain analysis including disturbance rejection, fine stage saturation and coarse stage structural resonance
suppression [7], and the simulation about single input single output (SISO) control loop of gimbal was conducted.
The literature [11] analyzed the coupling effect among three gimbals in the three-axis ISP, and the feedback
linearization was applied to linearize the coupling terms. Experimental results indicated that the coupling terms
among three gimbals negatively affected the attitude stabilization precisions of three gimbals. Therefore, the
decoupling control was used to mitigate the coupling disturbance in a differential cable driving ISP [12]. The
decoupling controller based on the feed-forward compensation was applied, and experimental results showed that
the decoupling control could effectively suppress coupling disturbances [13, 14]. Moreover, the proportional—
integral—derivative (PID) and intelligent PID control were widely applied in the control of three-axis ISP [15, 16].
In order to achieve higher control precision, other intelligent control methods such as fuzzy control [17-19], sliding
mode control [18, 20], adaptive-based composite control [21-23], feed-forward control [24, 25], disturbance
observer [26], Hx control [27, 28] and adaptive control based on neural network [29-32] were introduced into the
control engineering of three-axis ISP too. However, the design and realization of those control methods are
complex, even some kinds of control methods are hard to be implemented in practical control engineering.

Compared to the three-axis ISP consisting of three mechanical gimbals, even though disturbance torques
caused by gimbal’s friction can be mitigated in the yaw gimbal suspended by the magnetic suspension system,
coupling torques among three gimbals still exist and affect the attitude stabilization precision of yaw gimbal. In
addition, the yaw gimbal with magnetic suspension system has five more DOFs than the mechanical gimbal, so
the gimbal torques are generated by controlling the rotations of yaw gimbal around other two non-principal inertial
axes. Therefore, the suppress method for coupling torques and the control method of gimbal torque are worthy of
being researched in this six DOFs yaw gimbal.

In this article, the gimbal torque is used to minimize the coupling torque acting on the yaw gimbal by
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controlling its tilting motion. The dynamics of yaw gimbal with magnetic suspension system is studied, it has five
more controllable DOFs than the mechanical gimbal. The characteristics of coupling torque and gimbal torque are
analyzed, and the gimbal torques generated by magnetic suspension system are applied to suppress coupling torque
acting on the yaw gimbal. This work presents a more implementable way to attenuate the coupling torque in the
three-axis ISP, it not only minimize the gimbal’s friction in the mechanical gimbal, but also attenuate the coupling

torque acting on the yaw gimbal.

2. Modeling of Gimbal Dynamics
2.1.  Structure of Three-axis ISP

Yaw gimbal

Magnetic suspension system
Pitch gimbal
Roll gimbal

Base plate
Fig. 1. The prototype and structure of three-axis ISP.

As illustrated in Fig. 1, the three-axis ISP has five parts—the base plate, the roll gimbal, the pitch gimbal, the
magnetic suspension system and the yaw gimbal. The base plate is used to connect carriers (airplane, ship, vehicle
and swaying platform) with the three-axis ISP. The roll gimbal is the external gimbal of three-axis ISP, and it only
rotate around y, axis of three-axis ISP. The pitch gimbal only rotate around x, axis of three-axis ISP, and it is the
middle gimbal. The magnetic suspension system suspends the rotor part of yaw gimbal, the stator part of magnetic
suspension system is mounted on the bottom-end of yaw gimbal and the top-end of pitch gimbal, and the rotor part
of magnetic suspension system is fixed on the yaw gimbal. The magnetic suspension system can control yaw
gimbal’s motions on five DOFs including translations on three axes and rotations around two radial axes, and the
torque motor controls yaw gimbal’s rotation around z, axis of three-axis ISP. Payloads such as the positioning and

orientation system (POS) are mounted on the yaw gimbal.
2.2.  Gimbal Dynamics of Three-axis ISP

The whole coordinate system of three-axis ISP is illustrated in Fig. 2, and it is separated into three single
gimbal coordinates. Ox,y,z, is the coordinate of yaw gimbal, Ox,),z, is the coordinate of pitch gimbal, Ox,y,z is
the coordinate of roll gimbal, and Oxpy»z, is the coordinate of base plate. In addition, 9; is the relative rotational
angle of yaw gimbal around pitch gimbal, €. is the relative rotational angle of pitch gimbal around roll gimbal,

and 6, is the relative rotational angle of roll gimbal around base plate, respectively. wf, is the relative angular

velocity of yaw gimbal around pitch gimbal, «? is the relative angular velocity of pitch gimbal around roll gimbal ,
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and wj, is the relative angular velocity of roll gimbal around the base plate, separately.

_'P ;,.

Fig. 2. Three coordinates of three-axis ISP, (a) coordinate of yaw gimbal, (b) coordinate of pitch gimbal, (c) coordinate of roll

gimbal.

Given that the coordinate of base plate is the inertial coordinate, angular velocities of three gimbals are

expressed as following,

w,=Cw,+(0 w, 0
w, =ClClw, +CF(0 wp 0T+ (wf 0 0) (1)
w, =C)CPClw, +CJCF(O0 wp 0T +CY (! 0 0"+ 0 w)T

where @s=[wp wpy wi:]7 are angular velocities of base plate relative to the inertial coordinate, @~[wx @y @,-]"
are angular velocities of roll gimbal relative to the inertial coordinate, wp=[w,x @,y wp:]" are angular velocities of
pitch gimbal relative to the inertial coordinate, @y=[wyx w,, wy:]7 are angular velocities of yaw gimbal relative to
the inertial coordinate. According to Appendix 1, the angular velocity of yaw gimbal around the principal axis z,
can be expressed into

Wy, = Wy C0SOFSING — Wy, SINOF + wy,c0s67 cosb — wpsinb? + w) ()
2.3.  Rotational Dynamics of Yaw Gimbal

Given three gimbals in the three-axis ISP are symmetric structure and rigid body, according to the Newton-
Euler rotational equation, the dynamic function of yaw gimbal can be written as following
Ty =]y®, + 0, X],w, 3)
Based on Appendix 2, the gimbal function of yaw gimbal around z, axis can expressed into
Ty, =]y, 0y, —]yz(wpxwrycosepx + wpxa)rzsinepx)ﬂyz(—wrysinepx + d)rzcosepx) 4)
In general, for the yaw gimbal supported by mechanical bearings, it only rotates z, axis in the three-axis ISP,
and motions on other five DOFs are restricted by mechanical bearings and gears. However, the coupling torques
T,y and T, as shown in Appendix 2 will affect rotations of yaw gimbal around radial axes, and the stabilization
precision of yaw gimbal along radial axes will be affected. Consequently, the control precision of yaw gimbal will
be affected by coupling torques which vary with the rotations of base plate, the pitch gimbal and the roll gimbal.

Therefore, the six DOFs yaw gimbal with magnetic suspension system is applied to suppress the coupling torque

acting on yaw gimbal through controlling the tilting motion of yaw gimbal, and then stabilization precision of yaw
4
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gimbal is improved.
3.  Characteristics of Magnetic Suspension System

The yaw gimbal is levitated by the radial and axial suspension system. The radial suspension system generates
suspension force to control the radial translation of yaw gimbal. The axial suspension system generates suspension

force to control the axial translation, and also generates gimbal torque.

3.1. Radial Magnetic Suspension System

(b)
Fig. 3. Radial suspension system, (a) alignment of radial AMBs along x/y axes, (b) prototype of radial AMBs, (c) single-pole

radial AMB in x+ direction.

As illustrated in Fig. 3, the radial suspension system contains two pairs of radial AMBs. One pair of radial
AMBs control the translation of yaw gimbal in x axis, and another pair of radial AMBs control the translation of
yaw gimbal in y axis. The difference between the suspension force fi+ in x+ direction and the suspension force f:.
in x- direction can realize the active control of yaw gimbal.

The resultant suspension forces in x axis and y axis can be expressed as follows, respectively,

fx = For — fx
{fy = fy+ _fy- )

Furthermore, the suspension forces are expressed in terms of control current and displacement as follows,

{fx = kixly — kgydy (6)
fy = kiyly = kaydy

where ki, is the current stiffness in x axis, k4 is the displacement stiffness in x axis, k;, is the current stiffness in y
axis, kqy is the displacement stiffness in y axis.

The relationship between the radial suspension force and the control current is shown in Fig. 4(a) when the
radial displacement is -0.1mm, 0 and 0.1mm, respectively. The diagram of measured suspension force versus the
control current is depicted in Fig. 5(a). The calculated and measured results indicate that the radial suspension
force is linear to the control current and displacement within the vicinity of the radial equilibrium point, the radial
current stiffness is 290N/A4. The relationship between the radial suspension force and the radial displacement is
plotted in Fig. 4(b) when the control current is -0.1A, 0 and 0.1A, and the measured result of radial suspension

force versus the radial displacement is shown in Fig. 5(b). The radial displacement stiffness is -450N/mm.

5
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Fig. 4. Radial suspension force, (a) radial suspension force f; versus radial control current iy, (b) radial suspension force fx
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3.2.  Axial Magnetic Suspension System
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Fig. 5. Measured results of radial suspension force, (a) radial suspension force f: versus radial control current i, (b) radial

(c) single axial AMB at low-end.

Fig. 6. Axial suspension system at low-end, (a) alignment of axial AMBs at low-end, (b) prototype of axial AMB at low-end,

Fig. 7. Axial suspension system at up-end, (a) alignment of axial AMBs at up-end, (b) prototype of axial AMB

The axial suspension system in Fig. 6 and Fig. 7 includes four AMBs at low-end and eight AMBs at up-end.

at up-end, (c) single axial AMB at up-end.

Four pairs of axial AMBs (four AMBS z,;, zu2, zu3 and z,4 at up-end, four AMBS z;;, z2, z;3 and zy4 at low-end) control

the translation of yaw gimbal in z axis. Other four AMBS z,s, zus, z47 and z,s at up-end generates gimbal torques by
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controlling the tilting of yaw gimbal around radial axes.
The single-pole axial AMB at up-end is same as that at low-end, resultant suspension force in z axis is
fo=4X (faur = fa1) (7
The linearized suspension force in z axis can be written into
fz = kizly; — kazd, (®)

where k;; is the axial current stiffness, k4. is the axial displacement stiffness.
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Fig. 9. Measured result of axial suspension force, (a) axial suspension force f: versus axial control current iz, (b) axial suspension

force - versus axial control displacement d-.

When the yaw gimbal is suspended at the radial equilibrium point, and relationship between axial suspension
force f. and axial control displacement d. is shown in Fig. 8(a). The relationship between axial suspension force f.
and axial control current i is illustrated in Fig. 8(b). The measured results of axial suspension force are plotted in

Fig. 9, the axial current stiffness is 2222N/4, and the axial displacement stiffness is -2883N/mm.
3.3.  Equation of Motion of Yaw Gimbal
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Fig. 10. Forces acting on the yaw gimbal.

The forces (tilting control force and suspension control force) acting on the yaw gimbal are illustrated in Fig.
10. fox+, fox-, fo+ and £, are suspension forces generated by four pairs of axial AMBSs to control the axial suspension
of yaw gimbal. f:5 and f., f-7 and fs are suspension forces to generate gimbal torques around radial axes. For the

yaw gimbal, the equations of motion with six DOFs are

mi = f,
my = fy
mZ=f,—mg
Yoy By + Jyz0yz00n = Tyy + T, ©)
Jyy Yy Jyz yzUyx yy T lgy
]yxeyx _]yzeyzeyy = Tyx + Tgx
\ ]yzgyz = Tmy

where J,., J,, and J,: is the moment of inertia around x, axis, y, axis and z, axis of yaw gimbal, respectively. T, is
the driving moment of yaw gimbal motor. 8, is the titling angle around x, axis, 8,y is the tilting angle around y,
axis, 6, is the rotational angle around z, axis. Tg, is the gimbal torque around y, axis, T is the gimbal torque

around x, axis.

3.4.  Gimbal Torque of Magnetic Suspension System

'
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Fig. 11. Titling motions of yaw gimbal around radial axes, (a) tilting of yaw gimbal around x, axis, (b) tilting of yaw gimbal

around yy axis.

As illustrated in Fig. 11, the tilting of yaw gimbal around x, axis and y, axis are controlled by gimbal torques
T and T, generated by two pairs of axial AMBs at up-end, respectively. The arm length of suspension force is /.

Gimbal torques can be expressed as

Tyy = (f26 — fz8) X1
{Tgx = (far — fz5) X1 (10)

The tilting control forces of magnetic suspension system are
fzﬁ = kizizﬁ - kdzdz6
fr8 = Kizlzg — kazdyg (11)
fz7 = kiziz7 - kdzdz7
fzs = Kizlzs — kazdys

The translational displacement in z, axis can be measured by axial displacement sensors, and the relationship
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between the tilting angle and the axial displacement is

{d26 - dZB = lSlIlHyy (12)
dZ7 - dZS = lSll‘lny

The tilting control forces of magnetic suspension system are

{fz6 — fz8 = kizAi — kg,lsing,,, 03
fo7 = fas = kizAi — kdzlsineyx

Consequently, gimbal torques of magnetic suspension system are

Tyy = (kizAi — kq,lsin,,)1 (14)
Ty = (ki Ai — kg,lsing,,, )1
= -~
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Fig. 12. Gimbal torques generated by magnetic suspension system, (a) relationship among gimbal torque 7y, around yy axis,

control current iy, and tilting angle gy, (b) relationship among gimbal torque 7y, around x; axis, control current i, and tilting

angle g

Therefore, gimbal torques of magnetic suspension system are actively controllable by regulating the
suspension force of axial AMBs at up-end based on the displacement feedback. Moreover, the coupling torque
impacting on yaw gimbal can be compensated by the gimbal torque of magnetic suspension system. As illustrated
in Fig. 12, the gimbal torque of magnetic suspension system is proportional to the control current and the titling

angle, the current stiffness of gimbal torque is 554Nm/A, and the angular stiffness of gimbal torque is -173Nm/deg.

4. Attenuation for Coupling Torque
4.1.  Control Scheme of Yaw Gimbal

\ 2

v~
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Fig. 13. Control scheme of yaw gimbal, (a) control scheme of magnetic suspension system, (b) control scheme of torque motor

on yaw gimbal.

The whole control system of yaw gimbal is consisted of the control system of radial translations and the
control system of rotations around three axes. In detail, the control loop of radial translation in Fig. 13(a) is
independent from the control loop of rotation in Fig. 13(b). The radial displacements are measured by the
displacement sensors and feedback to the control system, and then the error between the reference displacement
and the feedback displacement will be transferred into the control current through AMB control unit (decentralized
PD control) and voltage/current amplifier. Consequently, suspension forces are generated to make the rotor part of
yaw gimbal suspend at equilibrium point. £ is the sensitivity of displacement sensor, &, is the amplification
coefficient. The AMB control unit includes the proportional coefficient kp and the derivative coefficient kp.

Based on the displacement feedback of yaw gimbal, the control current is

Le=(kp + kps)kaks - d (15)

Substitute Eq.(15) into Eq.(6), the suspension force in radial direction can be rewritten as

fr = (kikpkaks + kax) - dy + Kixkpkaks - dy (16)
Therefore, the transfer function of translational control system can be written as

kqkskikpstkgkskikp+kg (17)
ms2+kgkskikps+kqkskikp+kg

G(s) =

For the rotational control loop shown in the red square diagram in Fig. 13(b), the rotation around z, axis is
driven by the torque motor. The rotations around radial axes in green square diagram are controlled by the axial
AMBs at up-end, and coupling torques shown in blue square diagram are introduced when the yaw gimbal realizes
fast maneuvering. Therefore, rotations around radial axes will generate the gimbal torque to compensate coupling

torques acting on yaw gimbal. In detail, 6,. is the rotational angle. u is the control voltage of torque motor. L, is

10
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the armature inductance. R, is the armature resistance. k, is the torque coefficient. N is gear ratio. J; is the inertia

of moment of load, and 4, is the back-EMF coefficient. The driving moment of torque motor is

ke 5
Tmy - Lys+Re (u - ketgyz)
The rotational function of yaw gimbal can be written as
5 kpy R
]yzeyz - Lys+R; (u - keteyz)

4.2.  Experimental Setup

Payloads

Three-axis ISP

Control System

ML,

‘ Magnetic Bearing
Driving System I\

E "’

—

v

Accelerometer

[ Gimbal Motor <5 -

(18)

(19)

— L >

Fig. 14. Experimental setup, (a) three-axis ISP and swaying platform system, (b) control system of the three-axis ISP.

Table 1. Parameters of experimental setup.

Parameter Value Unit
Radial current stiffness k=290 N/A
Radial displacement stiffness kax=-450 N/mm
Axial current stiffness kiz=2222 N/A
Axial displacement stiffness ka—=-2883 N/mm
Current stiffness of gimbal torque 544 Nm/A
Angular stiffness of gimbal torque -173 Nm/deg
Inertia of moment around z axis of yaw gimbal Jy=3.2 kgm?
Inertia of moment around x axis of yaw gimbal Jn=2.4 kgm?
Inertia of moment around y axis of yaw gimbal Jy=2.4 kgm?
Arm length of suspension force 1=0.245 m
Sensitivity of displacement sensor ks=0.3 V/imm
Amplification coefficient ka=0.2 AV
Motor torque constant ky=0.4 Nm/A
Back EMF constant of torque motor key=0.4 V/irad/s

The whole experimental setup contains the swaying platform system, the three-axis ISP, the power supply

system and the control system. The base plate of three-axis ISP is mounted on the swaying platform which outputs

dynamic disturbance on the three-axis ISP to simulate the disturbance in the flight experiment. Moreover, the

magnetic suspension system generates suspension forces to make the yaw gimbal suspend at the equilibrium point,

and gimbal torques could compensate the coupling torques acting on yaw gimbal. The whole control unit based

on a digital signal processor (DSP) TM320F28335 with 12-bit A/D convertor is embedded in the three-axis ISP.

The data acquisition (DAQ) system is used to collect the displacement signal of yaw gimbal, the acceleration signal

11
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and the attitude signal of three gimbals, and the sampling frequency is 20KHz. The driving system based on a pulse
width modification (PWM) amplifier with 20KHz is used to drive the magnetic suspension system and three torque
motors. The power supply system outputs voltage with 28 V. Moreover, other parameters of experimental system

are listed in Table 1.

4.3.  Suspension Characteristics of Yaw Gimbal
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Fig. 15. Radial and axial suspension control of yaw gimbal, (a) radial displacement of yaw gimbal, (b) axial displacement of
yaw gimbal.
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Fig. 16. Static suspension precision of yaw gimbal, (a) axial displacement precision, (b) axial angle precision.

This experiment is conducted to testify the suspension characteristics of magnetic suspension system. Fig. 15
indicates the suspension processes of yaw gimbal’s rotor part in radial and axial directions. When radial
displacements d, and d, equal to zero, the rotor part of yaw gimbal is stably suspended at the radial equilibrium
point. When axial displacements d-s and d.s are zero, the rotor part of yaw gimbal is stably suspended at the axial
equilibrium point. Fig. 16 shows the static suspension precision of yaw gimbal when it is suspended at the radial
and axial equilibrium point. For the axial suspension precision in Fig. 16(a), the root mean square (RMS) is used
to evaluate the stabilization precision, the smaller value of RMS is, the higher stabilization precision is. The RMS
of displacement in x, axis and y, axis is 0.5um and 0.4um, respectively. The RMS of angle precision in z, axis is

0.9um. For the tilting precision of yaw gimbal, the RMS of 6,, and 6, is 0.0039 and 0.0027 , respectively.

Table 2. Static suspension precision of yaw gimbal.

Suspension status Precisio

12



Displacement precision in xy axis 0.5um
Displacement precision in yy axis 0.4pm
Displacement precision in zy axis 0.9um
Tilting angle precision around yy axis 0.0039
Tilting angle precision around x; axis 0.0027
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1 Fig. 17. Tilting of yaw gimbal around radial axis, (a) sinusoidal tilting of yaw gimbal, (b) step tilting of yaw gimbal.
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Fig. 18. Gimbal torque generated by magnetic suspension system, (a) gimbal torque of sinusoidal tilting, (b) gimbal torque of
step tilting.
4 Moreover, the active controllability of magnetic suspension system is verified. The tilting of yaw gimbal is

5 controllable by regulating suspension forces of axial AMBS z,s, zus, zu7 and zys at up-end. The sinusoidal tilting of
6 yaw gimbal is shown in Fig. 17(a), and the step tilting of yaw gimbal is illustrated in Fig. 17(b). Based on the
7 tilting displacements of yaw gimbal, the gimbal torques generated by magnetic suspension system are plotted in
8  Fig. 18, It indicates that the gimbal torque is controllable based on the tilting displacement of yaw gimbal, so the
9 gimbal torque has a good performance on tracking the referring titling displacement.

10

The suspension experiment and tilting experiment verify the active controllability of magnetic suspension

11 system, so it is implementable that gimbal torques can be used to suppress coupling torques acting on yaw gimbal.
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4.4.  Coupling Torque Acting on Yaw Gimbal
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Fig. 19. Four types of coupling torque acting on yaw gimbal, (a) coupling torque of sinusoidal signal, (b) coupling torque of

square signal, (c) coupling torque of random signal, (d) coupling torque of impulse signal.

This part is to validate influence of coupling torques acting on the yaw gimbal. Different signals are imposed
on the base plate, so coupling torques acting on yaw gimbal will vary with the angular motions of base plate. In
the practical flight experiment, the rotational range of pitch gimbal and roll gimbal is about [-5°, +5°], and the
control range of yaw gimbal is about [-20°, +20°], so the rotational angle of base plate around x; axis setts as 1°.
As illustrated in Fig. 19, the green line is the angular displacement of base plate, the red line is the coupling torque
T,x around y, axis, and the blue line is the coupling torque 7, around y, axis. Firstly, a sinusoidal signal sin(0.4xt)
is imposed on the base plate, coupling torques among three gimbals are shown in Fig. 19(a). When the base plate
outputs continuous square signal with amplitude 1° and duty ratio 50% as shown in Fig. 19(b), coupling torques
also change with the angular displacement of base plate. Moreover, the coupling torque for the random signal is
shown in Fig. 19(c), coupling torque has a bias values, 7} is greater than the bias value, but 7, is smaller than the
bias value. Finally, the impulse response of coupling torque is plotted in Fig. 19(d), the coupling torque also has
an impulse response. The response amplitude of coupling torque 7,, around y, axis is always greater than the
coupling torque 7). around y, axis. Consequently, coupling torques acting on yaw gimbal vary with the angular
displacement of base plate, and the coupling toque 7}, around y, axis has a more important role on the attitude

stabilization precision of yaw gimbal.
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4.5. Attenuating Effect of Gimbal Torque
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Fig. 20. Attitude stabilization precision of yaw gimbal for different disturbances, (a) attitude stabilization precision of yaw
gimbal for sinusoidal signal, (b) comparison between attitude stabilization precision of yaw gimbal for sinusoidal signal with
and without gimbal torque, (c) attitude stabilization precision of yaw gimbal for square signal, (d) comparison between attitude
stabilization precision of yaw gimbal for square signal with and without gimbal torque, (e) attitude stabilization precision of
yaw gimbal with random signal, (f) comparison between attitude stabilization precision of yaw gimbal for random signal with

and without gimbal torque.

In this experiment, the attenuating ability for coupling torques acting on yaw gimbal is validated. As
illustrated in Fig. 20, the attitude stabilization precisions of yaw gimbal with different disturbances are measured,
the green line is the angular displacement of base plate, the red line is the attitude stabilization precision of yaw
gimbal without gimbal torque compensation, and the blue line is the attitude stabilization precision of yaw gimbal
with gimbal torque compensation. The RMS of attitude stabilization precision is the evaluation index for the
control precision of yaw gimbal.

For the dynamic base plate with the sinusoidal signal, the attitude stabilization precision of yaw gimbal is
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plotted in Fig. 20(a), the RMS of attitude stabilization precision without gimbal torque compensation is 0.2134°.
The attitude stabilization precision with gimbal torque compensation is 0.0828°. In addition, as illustrated in Fig.
20(c), the base plate tilts with a square signal. The attitude stabilization precision of yaw gimbal without gimbal
torque compensation is 0.1562°, and the attitude stabilization precision with gimbal torque compensation is
reduced to 0.0725°. Moreover, the attitude suspension precision of yaw gimbal with the random disturbance is
shown in Fig. 20(e). The attitude suspension precision without gimbal torque compensation is 0.1355°. When the

gimbal torque is used, the RMS of attitude suspension precision is decreased to 0.0791°.

Table 3. Suspension precision of yaw gimbal.

Attitude suspension precision

Sinusoidal disturbance Sauare disturbance Random disturbance
Without compensation 0.2134° 0.1562° 0.1355°
With compensation 0.0828° 0.0725° 0.0791°
Relative reduction 61.2% 63.6% 41.6%
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Fig. 21. Rotation control of yaw gimbal around z, axis, (a) rotational angle of yaw gimbal for step input, (b) rotational angle of

=]
-
N~
w
-
n

yaw gimbal for sinusoidal input.

Moreover, as illustrated in Fig. 21, the rotation of yaw gimbal around axial principal axis z, axis is controlled
by torque motor. When the angular displacement of yaw gimbal moves from 1.28° to 1.2° in Fig. 21 (a), the angular
displacement of yaw gimbal without applying the gimbal torque contains high-frequency disturbance, and the
deflection value is about 0.001°. The sinusoidal motion of yaw gimbal is shown in Fig. 21(b), the obvious
disturbance is added on the angular displacement of yaw gimbal when the gimbal torque is not used.

Above all, experimental results indicate that gimbal torque generated by the magnetic suspension system can

compensate coupling torques acting on yaw gimbal, so the attitude stabilization precision of yaw gimbal is

improved.

5. Conclusion

This article introduces the three-axis ISP with a magnetic suspension system, and the yaw gimbal of three-
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axis ISP is suspended by the magnetic suspension system. The suspension force of magnetic suspension system is
linear to control current and displacement within the vicinity of equilibrium point. Furthermore, based on the
dynamic equations of three-axis ISP, it is verified that coupling torques among three gimbals in the three-axis ISP
cause negative influence on the attitude stabilization precision of yaw gimbal. Therefore, the gimbal torque of
magnetic suspension system is used to compensate coupling torques acting on yaw gimbal by controlling its tilting
motion. The experimental results indicate that the gimbal torque can effectively compensate the coupling torques

acting on yaw gimbal, and then the attitude stabilization precision of yaw gimbal is improved.
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Appendix
Appendix. 1

Three coordinate transformation matrices are

cosf] 0 —sinf} 1 0 0 cosfy  sing, 0
cr = ( 0 1 0 >, c?=(0 cos®f sind? | cy = —sing) cosd) 0 (al.l)
sind] 0 cosé} 0 —sinf? cosh? 0 0o 1

Angular velocities of three gimbals are expressed as following,

WpxC0SO) — wp,Sinby
T
w, = Wpy + W} (al2)
WpxCOSO] + wy,Sinby

Wp €SO — w,,sind) + w?

w, = | pxSINGsiNG]+wyy,cos6; + wy,sindy cosdy+wjcosty (al.3)
WpyC0SOF SINO) — wp,sinbf + wy,cos6F cosb) — w}sin6?
wpy (sindy sind? sind] + cosby cosd}) wpysingy cosHf
wy = | wpy(cosd)sind?sind] — sindy cosd}) | + | wpycosby cosb;’
WpxC0sOF sG] — wyy,sinb? —wpySinby
wp, (sinBy sing; cosd — cosb; sinby) wpsing,) cosb; + wy cosB,
YeinAP r 0V inQl r y P _ \PcingY
aF —a)bz(cosep sin@; cos6;, + smep sme) aF waOSGP cosl, — w; smep (al.4)
wp,c0sOF cosO} —wpsing! + w)

Appendix.2
Assuming each gimbal of three-axis ISP is a symmetric structure and rigid body, according to the Newton-
Euler rotational equation, the torques of gimbals are written as
T=]Jw+wX]Jw (a2.1)
For roll gimbal, the torque acting on each axis is T,=[Tyx T T)-]7, and

Trx = ]rxd)rx - (]ry _]rz)wrywrz
Ty = JryWry — Urx = Jrz) Wrx@rz (a2.2)
Tz = JrzWrz — Urx _]ry)wrxwry

where J., J;, and J,. are moments of inertia about three axes of roll gimbal, respectively.

For pitch gimbal, the torque acting on each axis is T,=[Tpx Tpy Tp-]7, and

U s (cb,x-i-épx) = (J,y = Jrz) (wrzsinﬁpx +wrycos9px) (w,zcosﬁpx = wrysinﬁpx)
T, py:pr[(cbry+9pxwrz)cos9px — (w,z+9pxw,y)sin9px] — (=) (a)rzcosﬁpx = w,ysinﬁpx)(cbm+9px)(a2.3)

. :Jpz(—wrysinﬁpx = 0,,0,,c050,, +®,,c050,, — prwrzsinﬁpx)

where J,x, J,y and J,; are moments of inertia about three axes of pitch gimbal, respectively.

For yaw gimbal, the torque acting on each axis is 7,=[T}x T}y T)-]", and
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Tye = Jyxl(@rx + 9px)cost9yz = éyz(wrx aF épx)sineyz aF éyz(wrycosepx + w,,Sind,,)cosb,,
+(Wry €COSO,y — épxwrysinepx + w,,sinb,, + épxwrzcosepx)sineyz]
—yy = Jyz) (Wr;c080p, — Wy, SinG,, + éyz)[(wrzsinepx + Wy, €050, ) €080, — (Wry + éyz)sineyz]
1 Tyy = Jyy[—(@rx + Opy)sinb,, — 0, (wryx + Opy)cosly,, — 0, (wy, 080,y + w,,Sinbp,)sinb,,, (a2.5)
+(Wry, €0SO,, — épxwrysinepx + w,,sinb,, + épxwrzcosepx)coseyz]

—(yz — Jyx)(wy;c086,, — Wy, SiNGy, + éyz)[(wrzsinepx + Wy, €080, )sinb,, + (W, + éyz)coseyz]

Tyz = Jyz(—@yySinbp,, — 6,5y, €06, + @;;C086,, — 65,56, + Oy,)

1 where J,x, J;, and J,. are moments of inertia about three axes of yaw gimbal, respectively.

2 In the three-axis ISP, pitch gimbal and roll gimbal only rotate around their rotational principal axes, so

8yx=0,,=0, 8,,,=6,,~0
Wrx=Wy;=0, Wy, =wp,,=0 (a2.6)
Wry = Wrz=0, (bm/:(bpz:o
3 So (a2.5) can be simplified into

Tyx = Jyx[WpxC0S0y, — Wy, 0y, SING,,, + W), Wy, €00, €COSO,,, + (Wry, COSOy — Wy Wy, SING,,)SING,, |
—Uyy — Jyz)(@rysinby,, + w,;)(@ry€088,,c080,, — w,,sind,,;)
T,y = Jyyl—wpxSinb,,, — Wy, W, €0S0,,, — Wy, W, COSH,,SING,,, + (Wry, COSO,, — épxwrysinepx)coseyz]
=Uyz — Jyx) (—wrysinby,, + w,,) (Wyy, €0s0,,SiNb,,, + w,,C0s0,,,)
Tyz = Jyz(—wpySiNGpy — Wy Wy COSOyx + y7)

(a2.7)
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