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Gimbal Torque and Coupling Torque of Six Degrees of Freedom 1 

Magnetically Suspended Yaw Gimbal 2 

Abstract—When the three-axis intertially stabilized platform (ISP) realizes the fast response of yaw gimbal, 3 

coupling torques among three gimbals cause negative influence on the attitude stabilization precision of yaw 4 

gimbal which supports the imaging payloads. Therefore, the gimbal torque of six degrees of freedom (DOFs) 5 

yaw gimbal with the magnetic suspension system is used to compensate coupling toques acting on it in this 6 

article. The dynamics models of yaw gimbal and three-axis ISP are developed, and then coupling torques 7 

among three gimbals are analyzed, it varies with motion states of the base plate. Moreover, the 8 

characteristics about gimbal torque generated by the magnetic suspension system are studied, it can 9 

accurately track the control input of magnetic suspended system. Finally, experimental results indicate that 10 

the gimbal torque of magnetic suspension system can effectively compensate coupling torques acting on the 11 

yaw gimbal, so the attitude stabilization precision of yaw gimbal is improved. 12 

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

1. Introduction 14 

In the airborne remote sensing and imaging system such as electro-optical sensor and laser beam, disturbances 15 

caused by aircraft’s motions including shift, vibration and rotation directly affect the control precision of airborne 16 

remote sensing and imaging system, so the resolution of image is affected [1]. Therefore, in order to achieve the 17 

high resolution image, the airborne ISP was used to stabilize and point a broad array of sensing and imaging system, 18 

and it could hold the line of sight of the imaging sensor relative to the inertial coordinate [2-4]. However, those 19 

normal ISP systems used mechanical bearings and gears to support gimbals, so disturbances of external gimbals 20 

could be transmitted to the internal gimbal because of the friction, manufacturing error, assembly misalignments 21 

of mechanical bearings and gears. In addition, the unavoidable coupling effect among three gimbals generates 22 

disturbances on the control precisions of gimbals in the three-axis ISP，and the coupling effect will be intensified 23 

by the motions of base plate and gimbals. 24 

In order to improve the control precisions of gimbals in the three-axis ISP, researches are focused on two 25 

sides—novel supporting structure and advanced control method. In the one hand, the magnetic suspension system 26 

with active magnetic bearing (AMB) was used to suspend the yaw gimbal and isolate disturbances of external 27 

gimbals (roll gimbal and pitch gimbal) in the three-axis ISP [5]. In this magnetically suspended yaw gimbal, the 28 
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rotor part of yaw gimbal is levitated by the magnetic suspension system, and the axial and radial displacements of 1 

yaw gimbal are actively controllable by regulating the control current of AMBs based on the displacement 2 

feedback [6-9]. Moreover, the magnetic suspension system in magnetically suspended flywheel could generate 3 

gimbal torque by controlling the tilting of rotor part, and the gimbal torques are promising to generate control 4 

torque for the suspended gimbals [10]. 5 

On the other hand, the control method is the research focus of suppressing coupling disturbances among three 6 

gimbals in the three-axis ISP. The coupling effect in a maglev dual-stage ISP was analyzed based on frequency-7 

domain analysis including disturbance rejection, fine stage saturation and coarse stage structural resonance 8 

suppression [7], and the simulation about single input single output (SISO) control loop of gimbal was conducted. 9 

The literature [11] analyzed the coupling effect among three gimbals in the three-axis ISP, and the feedback 10 

linearization was applied to linearize the coupling terms. Experimental results indicated that the coupling terms 11 

among three gimbals negatively affected the attitude stabilization precisions of three gimbals. Therefore, the 12 

decoupling control was used to mitigate the coupling disturbance in a differential cable driving ISP [12]. The 13 

decoupling controller based on the feed-forward compensation was applied, and experimental results showed that 14 

the decoupling control could effectively suppress coupling disturbances [13, 14]. Moreover, the proportional–15 

integral–derivative (PID) and intelligent PID control were widely applied in the control of three-axis ISP [15, 16]. 16 

In order to achieve higher control precision, other intelligent control methods such as fuzzy control [17-19], sliding 17 

mode control [18, 20], adaptive-based composite control [21-23], feed-forward control [24, 25], disturbance 18 

observer [26], H∞ control [27, 28] and adaptive control based on neural network [29-32] were introduced into the 19 

control engineering of three-axis ISP too. However, the design and realization of those control methods are 20 

complex, even some kinds of control methods are hard to be implemented in practical control engineering. 21 

Compared to the three-axis ISP consisting of three mechanical gimbals, even though disturbance torques 22 

caused by gimbal’s friction can be mitigated in the yaw gimbal suspended by the magnetic suspension system, 23 

coupling torques among three gimbals still exist and affect the attitude stabilization precision of yaw gimbal. In 24 

addition, the yaw gimbal with magnetic suspension system has five more DOFs than the mechanical gimbal, so 25 

the gimbal torques are generated by controlling the rotations of yaw gimbal around other two non-principal inertial 26 

axes. Therefore, the suppress method for coupling torques and the control method of gimbal torque are worthy of 27 

being researched in this six DOFs yaw gimbal. 28 

In this article, the gimbal torque is used to minimize the coupling torque acting on the yaw gimbal by 29 
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controlling its tilting motion. The dynamics of yaw gimbal with magnetic suspension system is studied, it has five 1 

more controllable DOFs than the mechanical gimbal. The characteristics of coupling torque and gimbal torque are 2 

analyzed, and the gimbal torques generated by magnetic suspension system are applied to suppress coupling torque 3 

acting on the yaw gimbal. This work presents a more implementable way to attenuate the coupling torque in the 4 

three-axis ISP, it not only minimize the gimbal’s friction in the mechanical gimbal, but also attenuate the coupling 5 

torque acting on the yaw gimbal. 6 

2. Modeling of Gimbal Dynamics 7 

2.1. Structure of Three-axis ISP 8 

 9 
Fig. 1. The prototype and structure of three-axis ISP. 10 

As illustrated in Fig. 1, the three-axis ISP has five parts—the base plate, the roll gimbal, the pitch gimbal, the 11 

magnetic suspension system and the yaw gimbal. The base plate is used to connect carriers (airplane, ship, vehicle 12 

and swaying platform) with the three-axis ISP. The roll gimbal is the external gimbal of three-axis ISP, and it only 13 

rotate around yy axis of three-axis ISP. The pitch gimbal only rotate around xy axis of three-axis ISP, and it is the 14 

middle gimbal. The magnetic suspension system suspends the rotor part of yaw gimbal, the stator part of magnetic 15 

suspension system is mounted on the bottom-end of yaw gimbal and the top-end of pitch gimbal, and the rotor part 16 

of magnetic suspension system is fixed on the yaw gimbal. The magnetic suspension system can control yaw 17 

gimbal’s motions on five DOFs including translations on three axes and rotations around two radial axes, and the 18 

torque motor controls yaw gimbal’s rotation around zy axis of three-axis ISP. Payloads such as the positioning and 19 

orientation system (POS) are mounted on the yaw gimbal. 20 

2.2. Gimbal Dynamics of Three-axis ISP 21 

The whole coordinate system of three-axis ISP is illustrated in Fig. 2, and it is separated into three single 22 

gimbal coordinates. Oxyyyzy is the coordinate of yaw gimbal, Oxpypzp is the coordinate of pitch gimbal, Oxryrzr is 23 

the coordinate of roll gimbal, and Oxbybzb is the coordinate of base plate. In addition, θp
y  is the relative rotational 24 

angle of yaw gimbal around pitch gimbal, θr
p is the relative rotational angle of pitch gimbal around roll gimbal, 25 

and θb
r   is the relative rotational angle of roll gimbal around base plate, respectively. 𝜔p

y is the relative angular 26 

velocity of yaw gimbal around pitch gimbal, 𝜔r
p
 is the relative angular velocity of pitch gimbal around roll gimbal , 27 
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and 𝜔b
r  is the relative angular velocity of roll gimbal around the base plate, separately. 1 

 
(a) 

 
(b) 

 
(c) 

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

gimbal. 3 

Given that the coordinate of base plate is the inertial coordinate, angular velocities of three gimbals are 4 

expressed as following, 5 
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where ωb=[ωbx ωby ωbz]T are angular velocities of base plate relative to the inertial coordinate, ωr=[ωrx ωry ωrz]T 6 

are angular velocities of roll gimbal relative to the inertial coordinate, ωp=[ωpx ωpy ωpz]T are angular velocities of 7 

pitch gimbal relative to the inertial coordinate, ωy=[ωyx ωyy ωyz]T are angular velocities of yaw gimbal relative to 8 

the inertial coordinate. According to Appendix 1, the angular velocity of yaw gimbal around the principal axis zy 9 

can be expressed into 10 

𝜔௬௭ = 𝜔௕௫𝑐𝑜𝑠𝜃௥
௣

sin𝜃௕
௥ − 𝜔௕௬sin𝜃௥

௣
+ 𝜔௕௭𝑐𝑜𝑠𝜃௥

௣
cos𝜃௕

௥ − 𝜔௕
௥sin𝜃௥

௣
+ 𝜔௣

௬          (2) 

2.3. Rotational Dynamics of Yaw Gimbal 11 

Given three gimbals in the three-axis ISP are symmetric structure and rigid body, according to the Newton-12 

Euler rotational equation, the dynamic function of yaw gimbal can be written as following 13 

𝑻௬ = 𝑱௬𝝎̇௬ + 𝝎௬ × 𝑱௬𝝎௬                                 (3) 

Based on Appendix 2, the gimbal function of yaw gimbal around zy axis can expressed into 14 

𝑇௬௭ = 𝐽௬௭𝜔̇௬௭ − 𝐽௬௭(𝜔௣௫𝜔௥௬cos𝜃௣௫ + 𝜔௣௫𝜔௥௭sin𝜃௣௫)+𝐽௬௭(−𝜔௥௬sin𝜃௣௫ + 𝜔̇௥௭cos𝜃௣௫)        (4) 

In general, for the yaw gimbal supported by mechanical bearings, it only rotates zy axis in the three-axis ISP, 15 

and motions on other five DOFs are restricted by mechanical bearings and gears. However, the coupling torques 16 

Tyy and Tyx as shown in Appendix 2 will affect rotations of yaw gimbal around radial axes, and the stabilization 17 

precision of yaw gimbal along radial axes will be affected. Consequently, the control precision of yaw gimbal will 18 

be affected by coupling torques which vary with the rotations of base plate, the pitch gimbal and the roll gimbal. 19 

Therefore, the six DOFs yaw gimbal with magnetic suspension system is applied to suppress the coupling torque 20 

acting on yaw gimbal through controlling the tilting motion of yaw gimbal, and then stabilization precision of yaw 21 
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gimbal is improved. 1 

3. Characteristics of Magnetic Suspension System 2 

The yaw gimbal is levitated by the radial and axial suspension system. The radial suspension system generates 3 

suspension force to control the radial translation of yaw gimbal. The axial suspension system generates suspension 4 

force to control the axial translation, and also generates gimbal torque. 5 

3.1. Radial Magnetic Suspension System 6 

 
(a) 

 
(b) 

 
(c) 

Fig. 3. Radial suspension system, (a) alignment of radial AMBs along x/y axes, (b) prototype of radial AMBs, (c) single-pole 7 

radial AMB in x+ direction. 8 

As illustrated in Fig. 3, the radial suspension system contains two pairs of radial AMBs. One pair of radial 9 

AMBs control the translation of yaw gimbal in x axis, and another pair of radial AMBs control the translation of 10 

yaw gimbal in y axis. The difference between the suspension force fx+ in x+ direction and the suspension force fx- 11 

in x- direction can realize the active control of yaw gimbal. 12 

The resultant suspension forces in x axis and y axis can be expressed as follows, respectively, 13 

൜
𝑓௫ = 𝑓௫ା − 𝑓௫-

𝑓௬ = 𝑓௬ା − 𝑓௬-
                                  (5) 

Furthermore, the suspension forces are expressed in terms of control current and displacement as follows, 14 

൜
𝑓௫ = 𝑘௜௫𝑖௫ − 𝑘ௗ௫𝑑௫

𝑓௬ = 𝑘௜௬𝑖௬ − 𝑘ௗ௬𝑑௬
                              (6) 

where kix is the current stiffness in x axis, kdx is the displacement stiffness in x axis, kiy is the current stiffness in y 15 

axis, kdy is the displacement stiffness in y axis. 16 

The relationship between the radial suspension force and the control current is shown in Fig. 4(a) when the 17 

radial displacement is -0.1mm, 0 and 0.1mm, respectively. The diagram of measured suspension force versus the 18 

control current is depicted in Fig. 5(a). The calculated and measured results indicate that the radial suspension 19 

force is linear to the control current and displacement within the vicinity of the radial equilibrium point, the radial 20 

current stiffness is 290N/A. The relationship between the radial suspension force and the radial displacement is 21 

plotted in Fig. 4(b) when the control current is -0.1A, 0 and 0.1A, and the measured result of radial suspension 22 

force versus the radial displacement is shown in Fig. 5(b). The radial displacement stiffness is -450N/mm. 23 
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(a) 

 
(b) 

Fig. 4. Radial suspension force, (a) radial suspension force fx versus radial control current ix, (b) radial suspension force fx 1 

versus radial control displacement dx. 2 

 
(a) 

 
(b) 

Fig. 5. Measured results of radial suspension force, (a) radial suspension force fx versus radial control current ix, (b) radial 3 

suspension force fx versus radial control displacement dx . 4 

3.2. Axial Magnetic Suspension System 5 

 
(a) 

 
(b) 

 
(c) 

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

(c) single axial AMB at low-end. 7 

 
(a) 

 
(b) 

 
(c) 

Fig. 7. Axial suspension system at up-end, (a) alignment of axial AMBs at up-end, (b) prototype of axial AMB 8 

at up-end, (c) single axial AMB at up-end. 9 

The axial suspension system in Fig. 6 and Fig. 7 includes four AMBs at low-end and eight AMBs at up-end. 10 

Four pairs of axial AMBs (four AMBs zu1, zu2, zu3 and zu4 at up-end, four AMBs zl1, zl2, zl3 and zl4 at low-end) control 11 

the translation of yaw gimbal in z axis. Other four AMBs zu5, zu6, zu7 and zu8 at up-end generates gimbal torques by 12 
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controlling the tilting of yaw gimbal around radial axes. 1 

The single-pole axial AMB at up-end is same as that at low-end, resultant suspension force in z axis is 2 

𝑓௭ = 4 × (𝑓௭௨ଵ − 𝑓௭௟ଵ)                              (7) 

The linearized suspension force in z axis can be written into 3 

𝑓௭ = 𝑘௜௭𝑖௭ − 𝑘ௗ௭𝑑௭                               (8) 

where kiz is the axial current stiffness, kdz is the axial displacement stiffness. 4 

 
(a) 

 
(b) 

Fig. 8. Axial suspension force, (a) axial suspension force fz versus axial control current iz, (b) axial suspension force fz versus 5 

axial control displacement dz. 6 

 
(a) 

 
(b) 

Fig. 9. Measured result of axial suspension force, (a) axial suspension force fz versus axial control current iz, (b) axial suspension 7 

force fz versus axial control displacement dz. 8 

When the yaw gimbal is suspended at the radial equilibrium point, and relationship between axial suspension 9 

force fz and axial control displacement dz is shown in Fig. 8(a). The relationship between axial suspension force fz 10 

and axial control current iz is illustrated in Fig. 8(b). The measured results of axial suspension force are plotted in 11 

Fig. 9, the axial current stiffness is 2222N/A, and the axial displacement stiffness is -2883N/mm. 12 

3.3. Equation of Motion of Yaw Gimbal 13 
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Fig. 10. Forces acting on the yaw gimbal. 1 

The forces (tilting control force and suspension control force) acting on the yaw gimbal are illustrated in Fig. 2 

10. fzx+, fzx-, fzy+ and fzy- are suspension forces generated by four pairs of axial AMBs to control the axial suspension 3 

of yaw gimbal. fz5 and fz6, fz7 and fz8 are suspension forces to generate gimbal torques around radial axes. For the 4 

yaw gimbal, the equations of motion with six DOFs are 5 

⎩
⎪⎪
⎨

⎪⎪
⎧

𝑚𝑥̈ = 𝑓௫

𝑚𝑦̈ = 𝑓௬

𝑚𝑧̈ = 𝑓௭ − 𝑚𝑔

𝐽௬௬𝜃̈௬௬ + 𝐽௬௭𝜃̇௬௭𝜃̇௬௫ = 𝑇௬௬ + 𝑇௚௬

𝐽௬௫𝜃̈௬௫ − 𝐽௬௭𝜃̇௬௭𝜃̇௬௬ = 𝑇௬௫ + 𝑇௚௫

𝐽௬௭𝜃̈௬௭ = 𝑇௠௬

                           (9) 

where Jyx, Jyy and Jyz is the moment of inertia around xy axis, yy axis and zy axis of yaw gimbal, respectively. Tmy is 6 

the driving moment of yaw gimbal motor. θyx is the titling angle around xy axis, θyy is the tilting angle around yy 7 

axis, θyz is the rotational angle around zy axis. Tgy is the gimbal torque around yy axis, Tgx is the gimbal torque 8 

around xy axis. 9 

3.4. Gimbal Torque of Magnetic Suspension System 10 

 
(a) 

 
(b) 

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

around yy axis. 12 

As illustrated in Fig. 11, the tilting of yaw gimbal around xy axis and yy axis are controlled by gimbal torques 13 

Tgy and Tgx generated by two pairs of axial AMBs at up-end, respectively. The arm length of suspension force is l. 14 

Gimbal torques can be expressed as 15 

ቊ
𝑇௚௬ = (𝑓௭଺ − 𝑓௭଼) × 𝑙

𝑇௚௫ = (𝑓௭଻ − 𝑓௭ହ) × 𝑙
                           (10) 

The tilting control forces of magnetic suspension system are 16 

൞

𝑓௭଺ = 𝑘௜௭𝑖௭଺ − 𝑘ௗ௭𝑑௭଺

𝑓௭଼ = 𝑘௜௭𝑖௭଼ − 𝑘ௗ௭𝑑௭଼

𝑓௭଻ = 𝑘௜௭𝑖௭଻ − 𝑘ௗ௭𝑑௭଻

𝑓௭ହ = 𝑘௜௭𝑖௭ହ − 𝑘ௗ௭𝑑௭ହ

                          (11) 

The translational displacement in zy axis can be measured by axial displacement sensors, and the relationship 17 
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between the tilting angle and the axial displacement is 1 

൜
𝑑௭଺ − 𝑑௭଼ = 𝑙sin𝜃௬௬

𝑑௭଻ − 𝑑௭ହ = 𝑙sin𝜃௬௫
                            (12) 

The tilting control forces of magnetic suspension system are 2 

൜
𝑓௭଺ − 𝑓௭଼ = 𝑘௜௭𝛥𝑖 − 𝑘ௗ௭𝑙sin𝜃௬௬

𝑓௭଻ − 𝑓௭ହ = 𝑘௜௭𝛥𝑖 − 𝑘ௗ௭𝑙sin𝜃௬௫
                       (13) 

Consequently, gimbal torques of magnetic suspension system are 3 

ቊ
𝑇௚௬ = (𝑘௜௭𝛥𝑖 − 𝑘ௗ௭𝑙sin𝜃௬௬)𝑙

𝑇௚௫ = (𝑘௜௭𝛥𝑖 − 𝑘ௗ௭𝑙sin𝜃௬௫)𝑙
                        (14) 

  
(a) 

 
(b) 

Fig. 12. Gimbal torques generated by magnetic suspension system, (a) relationship among gimbal torque Tgy around yy axis, 4 

control current iyy and tilting angle θgy, (b) relationship among gimbal torque Tgy around xy axis, control current iyx and tilting 5 

angle θgx. 6 

Therefore, gimbal torques of magnetic suspension system are actively controllable by regulating the 7 

suspension force of axial AMBs at up-end based on the displacement feedback. Moreover, the coupling torque 8 

impacting on yaw gimbal can be compensated by the gimbal torque of magnetic suspension system. As illustrated 9 

in Fig. 12, the gimbal torque of magnetic suspension system is proportional to the control current and the titling 10 

angle, the current stiffness of gimbal torque is 554Nm/A, and the angular stiffness of gimbal torque is -173Nm/deg. 11 

4. Attenuation for Coupling Torque 12 

4.1. Control Scheme of Yaw Gimbal 13 

 
(a) 

(a) (b)
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(b) 

Fig. 13. Control scheme of yaw gimbal, (a) control scheme of magnetic suspension system, (b) control scheme of torque motor 1 

on yaw gimbal. 2 

The whole control system of yaw gimbal is consisted of the control system of radial translations and the 3 

control system of rotations around three axes. In detail, the control loop of radial translation in Fig. 13(a) is 4 

independent from the control loop of rotation in Fig. 13(b). The radial displacements are measured by the 5 

displacement sensors and feedback to the control system, and then the error between the reference displacement 6 

and the feedback displacement will be transferred into the control current through AMB control unit (decentralized 7 

PD control) and voltage/current amplifier. Consequently, suspension forces are generated to make the rotor part of 8 

yaw gimbal suspend at equilibrium point. ks is the sensitivity of displacement sensor, ka is the amplification 9 

coefficient. The AMB control unit includes the proportional coefficient kP and the derivative coefficient kD. 10 

Based on the displacement feedback of yaw gimbal, the control current is 11 

𝑖௫=(𝑘௉ + 𝑘஽𝑠)𝑘௔𝑘௦ ⋅ 𝑑௫                           (15) 

 Substitute Eq.(15) into Eq.(6), the suspension force in radial direction can be rewritten as 12 

𝑓௫ = (𝑘௜௫𝑘௉𝑘௔𝑘௦ + 𝑘ௗ௫) ⋅ 𝑑௫ + 𝑘௜௫𝑘஽𝑘௔𝑘௦ ⋅ 𝑑̇௫                 (16) 

Therefore, the transfer function of translational control system can be written as 13 

𝐺(𝑠) =
௞ೌ௞ೞ௞೔௞ವ௦ା௞ೌ௞ೞ௞೔௞ುା௞೏

௠௦మା௞ೌ௞ೞ௞೔௞ವ௦ା௞ೌ௞ೞ௞೔௞ುା௞೏
                       (17) 

For the rotational control loop shown in the red square diagram in Fig. 13(b), the rotation around zy axis is 14 

driven by the torque motor. The rotations around radial axes in green square diagram are controlled by the axial 15 

AMBs at up-end, and coupling torques shown in blue square diagram are introduced when the yaw gimbal realizes 16 

fast maneuvering. Therefore, rotations around radial axes will generate the gimbal torque to compensate coupling 17 

torques acting on yaw gimbal. In detail, θyz is the rotational angle. u is the control voltage of torque motor. Ly is 18 

Control system of rotations around radial axes

Driving system of magnetically suspended yaw gimbal 
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the armature inductance. Ry is the armature resistance. kty is the torque coefficient. N is gear ratio. Jl is the inertia 1 

of moment of load, and key is the back-EMF coefficient. The driving moment of torque motor is 2 

𝑇௠௬ =
௞೟೟

௅೤௦ାோ೟
(𝑢 − 𝑘௘௧𝜃̇௬௭)                         (18) 

The rotational function of yaw gimbal can be written as 3 

𝐽௬௭𝜃̈௬௭ =
௞೟೤

௅೤௦ାோ೟
(𝑢 − 𝑘௘௧𝜃̇௬௭)                        (19) 

4.2. Experimental Setup 4 

 
(a) (b) 

Fig. 14. Experimental setup, (a) three-axis ISP and swaying platform system, (b) control system of the three-axis ISP. 5 

Table 1. Parameters of experimental setup. 6 

Parameter Value Unit 

Radial current stiffness kix=290 N/A 

Radial displacement stiffness kdx=-450 N/mm 

Axial current stiffness kiz=2222 N/A 

Axial displacement stiffness kdz=-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 Jyz=3.2 kgm2 

Inertia of moment around x axis of yaw gimbal Jyx=2.4 kgm2 

Inertia of moment around y axis of yaw gimbal Jyy=2.4 kgm2 

Arm length of suspension force l=0.245 m 

Sensitivity of displacement sensor ks=0.3 V/mm 

Amplification coefficient ka=0.2 A/V 

Motor torque constant kty=0.4 Nm/A 

Back EMF constant of torque motor key=0.4 V/rad/s 

The whole experimental setup contains the swaying platform system, the three-axis ISP, the power supply 7 

system and the control system. The base plate of three-axis ISP is mounted on the swaying platform which outputs 8 

dynamic disturbance on the three-axis ISP to simulate the disturbance in the flight experiment. Moreover, the 9 

magnetic suspension system generates suspension forces to make the yaw gimbal suspend at the equilibrium point, 10 

and gimbal torques could compensate the coupling torques acting on yaw gimbal. The whole control unit based 11 

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

The data acquisition (DAQ) system is used to collect the displacement signal of yaw gimbal, the acceleration signal 13 



 

12 

 

and the attitude signal of three gimbals, and the sampling frequency is 20KHz. The driving system based on a pulse 1 

width modification (PWM) amplifier with 20KHz is used to drive the magnetic suspension system and three torque 2 

motors. The power supply system outputs voltage with 28V. Moreover, other parameters of experimental system 3 

are listed in Table 1. 4 

4.3. Suspension Characteristics of Yaw Gimbal 5 

 
(a) 

 
(b) 

Fig. 15. Radial and axial suspension control of yaw gimbal, (a) radial displacement of yaw gimbal, (b) axial displacement of 6 

yaw gimbal. 7 

 
(a) 

 
(b) 

Fig. 16. Static suspension precision of yaw gimbal, (a) axial displacement precision, (b) axial angle precision. 8 

This experiment is conducted to testify the suspension characteristics of magnetic suspension system. Fig. 15 9 

indicates the suspension processes of yaw gimbal’s rotor part in radial and axial directions. When radial 10 

displacements dx and dy equal to zero, the rotor part of yaw gimbal is stably suspended at the radial equilibrium 11 

point. When axial displacements dz6 and dz8 are zero, the rotor part of yaw gimbal is stably suspended at the axial 12 

equilibrium point. Fig. 16 shows the static suspension precision of yaw gimbal when it is suspended at the radial 13 

and axial equilibrium point. For the axial suspension precision in Fig. 16(a), the root mean square (RMS) is used 14 

to evaluate the stabilization precision, the smaller value of RMS is, the higher stabilization precision is. The RMS 15 

of displacement in xy axis and yy axis is 0.5μm and 0.4μm, respectively. The RMS of angle precision in zy axis is 16 

0.9μm. For the tilting precision of yaw gimbal, the RMS of θyy and θyx is 0.0039  and 0.0027 , respectively. 17 

Table 2. Static suspension precision of yaw gimbal. 18 

Suspension status Precisio
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Displacement precision in xy axis 0.5μm 

Displacement precision in yy axis 0.4μm 

Displacement precision in zy axis 0.9μm 

Tilting angle precision around yy axis 0.0039  

Tilting angle precision around xy axis 0.0027  

 
(a) 

 
(b) 

Fig. 17. Tilting of yaw gimbal around radial axis, (a) sinusoidal tilting of yaw gimbal, (b) step tilting of yaw gimbal. 1 

 
(a) 

 
(b) 

Fig. 18. Gimbal torque generated by magnetic suspension system, (a) gimbal torque of sinusoidal tilting, (b) gimbal torque of 2 

step tilting. 3 

Moreover, the active controllability of magnetic suspension system is verified. The tilting of yaw gimbal is 4 

controllable by regulating suspension forces of axial AMBs zu5, zu6, zu7 and zu8 at up-end. The sinusoidal tilting of 5 

yaw gimbal is shown in Fig. 17(a), and the step tilting of yaw gimbal is illustrated in Fig. 17(b). Based on the 6 

tilting displacements of yaw gimbal, the gimbal torques generated by magnetic suspension system are plotted in 7 

Fig. 18, It indicates that the gimbal torque is controllable based on the tilting displacement of yaw gimbal, so the 8 

gimbal torque has a good performance on tracking the referring titling displacement. 9 

The suspension experiment and tilting experiment verify the active controllability of magnetic suspension 10 

system, so it is implementable that gimbal torques can be used to suppress coupling torques acting on yaw gimbal. 11 
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4.4. Coupling Torque Acting on Yaw Gimbal 1 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 19. Four types of coupling torque acting on yaw gimbal, (a) coupling torque of sinusoidal signal, (b) coupling torque of 2 

square signal, (c) coupling torque of random signal, (d) coupling torque of impulse signal. 3 

This part is to validate influence of coupling torques acting on the yaw gimbal. Different signals are imposed 4 

on the base plate, so coupling torques acting on yaw gimbal will vary with the angular motions of base plate. In 5 

the practical flight experiment, the rotational range of pitch gimbal and roll gimbal is about [-5°, +5°], and the 6 

control range of yaw gimbal is about [-20°, +20°], so the rotational angle of base plate around xb axis setts as 1°. 7 

As illustrated in Fig. 19, the green line is the angular displacement of base plate, the red line is the coupling torque 8 

Tyx around yx axis, and the blue line is the coupling torque Tyy around yy axis. Firstly, a sinusoidal signal sin(0.4πt) 9 

is imposed on the base plate, coupling torques among three gimbals are shown in Fig. 19(a). When the base plate 10 

outputs continuous square signal with amplitude 1° and duty ratio 50% as shown in Fig. 19(b), coupling torques 11 

also change with the angular displacement of base plate. Moreover, the coupling torque for the random signal is 12 

shown in Fig. 19(c), coupling torque has a bias values, Tyx is greater than the bias value, but Tyy is smaller than the 13 

bias value. Finally, the impulse response of coupling torque is plotted in Fig. 19(d), the coupling torque also has 14 

an impulse response. The response amplitude of coupling torque Tyy around yy axis is always greater than the 15 

coupling torque Tyx around yx axis. Consequently, coupling torques acting on yaw gimbal vary with the angular 16 

displacement of base plate, and the coupling toque Tyy around yy axis has a more important role on the attitude 17 

stabilization precision of yaw gimbal. 18 
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4.5. Attenuating Effect of Gimbal Torque 1 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Fig. 20. Attitude stabilization precision of yaw gimbal for different disturbances, (a) attitude stabilization precision of yaw 2 

gimbal for sinusoidal signal, (b) comparison between attitude stabilization precision of yaw gimbal for sinusoidal signal with 3 

and without gimbal torque, (c) attitude stabilization precision of yaw gimbal for square signal, (d) comparison between attitude 4 

stabilization precision of yaw gimbal for square signal with and without gimbal torque, (e) attitude stabilization precision of 5 

yaw gimbal with random signal, (f) comparison between attitude stabilization precision of yaw gimbal for random signal with 6 

and without gimbal torque. 7 

In this experiment, the attenuating ability for coupling torques acting on yaw gimbal is validated. As 8 

illustrated in Fig. 20, the attitude stabilization precisions of yaw gimbal with different disturbances are measured, 9 

the green line is the angular displacement of base plate, the red line is the attitude stabilization precision of yaw 10 

gimbal without gimbal torque compensation, and the blue line is the attitude stabilization precision of yaw gimbal 11 

with gimbal torque compensation. The RMS of attitude stabilization precision is the evaluation index for the 12 

control precision of yaw gimbal. 13 

For the dynamic base plate with the sinusoidal signal, the attitude stabilization precision of yaw gimbal is 14 
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plotted in Fig. 20(a), the RMS of attitude stabilization precision without gimbal torque compensation is 0.2134°. 1 

The attitude stabilization precision with gimbal torque compensation is 0.0828°. In addition, as illustrated in Fig. 2 

20(c), the base plate tilts with a square signal. The attitude stabilization precision of yaw gimbal without gimbal 3 

torque compensation is 0.1562°, and the attitude stabilization precision with gimbal torque compensation is 4 

reduced to 0.0725°. Moreover, the attitude suspension precision of yaw gimbal with the random disturbance is 5 

shown in Fig. 20(e). The attitude suspension precision without gimbal torque compensation is 0.1355°. When the 6 

gimbal torque is used, the RMS of attitude suspension precision is decreased to 0.0791°. 7 

Table 3. Suspension precision of yaw gimbal. 8 

 Attitude suspension precision 

 Sinusoidal disturbance Square 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% 

 
(a) 

 
(b) 

Fig. 21. Rotation control of yaw gimbal around zy axis, (a) rotational angle of yaw gimbal for step input, (b) rotational angle of 9 

yaw gimbal for sinusoidal input. 10 

Moreover, as illustrated in Fig. 21, the rotation of yaw gimbal around axial principal axis zy axis is controlled 11 

by torque motor. When the angular displacement of yaw gimbal moves from 1.28° to 1.2° in Fig. 21 (a), the angular 12 

displacement of yaw gimbal without applying the gimbal torque contains high-frequency disturbance, and the 13 

deflection value is about 0.001°. The sinusoidal motion of yaw gimbal is shown in Fig. 21(b), the obvious 14 

disturbance is added on the angular displacement of yaw gimbal when the gimbal torque is not used. 15 

Above all, experimental results indicate that gimbal torque generated by the magnetic suspension system can 16 

compensate coupling torques acting on yaw gimbal, so the attitude stabilization precision of yaw gimbal is 17 

improved. 18 

5. Conclusion 19 

This article introduces the three-axis ISP with a magnetic suspension system, and the yaw gimbal of three-20 
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axis ISP is suspended by the magnetic suspension system. The suspension force of magnetic suspension system is 1 

linear to control current and displacement within the vicinity of equilibrium point. Furthermore, based on the 2 

dynamic equations of three-axis ISP, it is verified that coupling torques among three gimbals in the three-axis ISP 3 

cause negative influence on the attitude stabilization precision of yaw gimbal. Therefore, the gimbal torque of 4 

magnetic suspension system is used to compensate coupling torques acting on yaw gimbal by controlling its tilting 5 

motion. The experimental results indicate that the gimbal torque can effectively compensate the coupling torques 6 

acting on yaw gimbal, and then the attitude stabilization precision of yaw gimbal is improved. 7 
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Appendix 3 

Appendix.1 4 

Three coordinate transformation matrices are 5 
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Angular velocities of three gimbals are expressed as following, 6 
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Appendix.2 7 

Assuming each gimbal of three-axis ISP is a symmetric structure and rigid body, according to the Newton-8 

Euler rotational equation, the torques of gimbals are written as 9 

𝑻 = 𝑱𝝎̇ + 𝝎 × 𝑱𝝎                           (a2.1) 

For roll gimbal, the torque acting on each axis is Tr=[Trx Try Trz]T, and 10 

ቐ

𝑇௥௫ = 𝐽௥௫𝜔̇௥௫ − (𝐽௥௬ − 𝐽௥௭)𝜔௥௬𝜔௥௭

𝑇௥௬ = 𝐽௥௬𝜔̇௥௬ − (𝐽௥௫ − 𝐽௥௭)𝜔௥௫𝜔௥௭

𝑇௥௭ = 𝐽௥௭𝜔̇௥௭ − (𝐽௥௫ − 𝐽௥௬)𝜔௥௫𝜔௥௬

                    (a2.2) 

where Jrx, Jry and Jrz are moments of inertia about three axes of roll gimbal, respectively. 11 

For pitch gimbal, the torque acting on each axis is Tp=[Tpx Tpy Tpz]T, and  12 

൞

Tpx=Jpx൫ω̇rx+θ̈px൯ − ൫Jry − Jrz൯൫ωrzsinθpx+ωrycosθpx൯൫ωrzcosθpx − ωrysinθpx൯

Tpy=Jpyൣ൫ω̇ry+θ̇pxωrz൯cosθpx − ൫ωrz+θ̇pxωry൯sinθpx൧ − (Jrx − Jrz)൫ωrzcosθpx − ωrysinθpx൯൫ω̇rx+θ̇px൯

Tpz=Jpz൫−ω̇rysinθpx − θ̇pxωrycosθpx+ωrzcosθpx − θ̇pxωrzsinθpx൯

(a2.3) 

where Jpx, Jpy and Jpz are moments of inertia about three axes of pitch gimbal, respectively. 13 

For yaw gimbal, the torque acting on each axis is Ty=[Tyx Tyy Tyz]T, and 14 
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−(𝐽௬௬ − 𝐽௬௭)(𝜔௥௭cos𝜃௣௫ − 𝜔௥௬sin𝜃௣௫ + 𝜃̇௬௭)[(𝜔௥௭sin𝜃௣௫ + 𝜔௥௬cos𝜃௣௫)cos𝜃௬௭ − (𝜔௥௫ + 𝜃̇௬௭)sin𝜃௬௭]

𝑇௬௬ = 𝐽௬௬[−(𝜔̇௥௫ + 𝜃̈௣௫)sin𝜃௬௭ − 𝜃̇௬௭(𝜔௥௫ + 𝜃̇௣௫)cos𝜃௬௭ − 𝜃̇௬௭(𝜔௥௬cos𝜃௣௫ + 𝜔௥௭sin𝜃௣௫)sin𝜃௬௭

+(𝜔̇௥௬cos𝜃௣௫ − 𝜃̇௣௫𝜔௥௬sin𝜃௣௫ + 𝜔̇௥௭sin𝜃௣௫ + 𝜃̇௣௫𝜔௥௭cos𝜃௣௫)cos𝜃௬௭]

−(𝐽௬௭ − 𝐽௬௫)(𝜔௥௭cos𝜃௣௫ − 𝜔௥௬sin𝜃௣௫ + 𝜃̇௬௭)[(𝜔௥௭sin𝜃௣௫ + 𝜔௥௬cos𝜃௣௫)sin𝜃௬௭ + (𝜔௥௫ + 𝜃̇௬௭)cos𝜃௬௭]

𝑇௬௭ = 𝐽௬௭(−𝜔௥௬sin𝜃௣௫ − 𝜃̇௣௫𝜔௥௬cos𝜃௣௫ + 𝜔̇௥௭cos𝜃௣௫ − 𝜃̇௣௫𝜔௥௭sin𝜃௣௫ + 𝜃̈௬௭)

(a2.5) 

where Jyx, Jyy and Jyz are moments of inertia about three axes of yaw gimbal, respectively. 1 

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

ቐ

𝜃௥௫=𝜃௥௭=0, 𝜃௣௬=𝜃௣௭=0 
𝜔௥௫=𝜔௥௭=0, 𝜔௣௬=𝜔௣௭=0 

𝜔̇௥௫ = 𝜔̇௥௭=0, 𝜔̇௣௬=𝜔̇௣௭=0
                      (a2.6) 

So (a2.5) can be simplified into 3 

⎩
⎪
⎨

⎪
⎧

𝑇௬௫ = 𝐽௬௫[𝜔̇௣௫cos𝜃௬௭ − 𝜔௬௭𝜔௣௫sin𝜃௬௭ + 𝜔௬௭𝜔௥௬cos𝜃௣௫cos𝜃௬௭ + (𝜔̇௥௬cos𝜃௣௫ − 𝜔௣௫𝜔௥௬sin𝜃௣௫)sin𝜃௬௭]

−(𝐽௬௬ − 𝐽௬௭)(𝜔௥௬sin𝜃௣௫ + 𝜔௬௭)(𝜔௥௬cos𝜃௣௫cos𝜃௬௭ − 𝜔௬௭sin𝜃௬௭)

𝑇௬௬ = 𝐽௬௬[−𝜔̇௣௫sin𝜃௬௭ − 𝜔௬௭𝜔௥௫cos𝜃௬௭ − 𝜔௬௭𝜔௥௬cos𝜃௣௫sin𝜃௬௭ + (𝜔̇௥௬cos𝜃௣௫ − 𝜃̇௣௫𝜔௥௬sin𝜃௣௫)cos𝜃௬௭]

−(𝐽௬௭ − 𝐽௬௫)(−𝜔௥௬sin𝜃௣௫ + 𝜔௬௭)(𝜔௥௬cos𝜃௣௫sin𝜃௬௭ + 𝜔௬௭cos𝜃௬௭)

𝑇௬௭ = 𝐽௬௭(−𝜔௥௬sin𝜃௣௫ − 𝜔௣௫𝜔௥௬cos𝜃௣௫ + 𝜔̇௬௭)

 

(a2.7) 
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