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Abstract 

Magnetic suspension is the technology for supporting an object without contact by means 

of a magnetic force. Magnetic suspension systems have many advantages, which are the 

realization of high speed due to no friction, the applications in clean rooms because of no 

generation of the dirt, and the applications in the cosmos because of the lubrication free. So 

far, many kinds of magnetic levitation systems have been proposed and developed. These 

magnetic levitation systems use various methods to control the suspension force. Two types of 

systems are electromagnetic suspension systems, which control the coil current so as to 

change the magnetic force in order to levitate an object stably; and mechanical magnetic 

suspension systems, which use permanent magnets and control the magnetic reluctance so as 

to vary the suspension force in order to achieve stable suspension. This thesis concentrates on 

the mechanism magnetic suspension systems, and proposes a zero power control method for a 

mechanism magnetic suspension system, a noncontact spinning system using permanent 

magnets and rotary actuators, a novel magnetic suspension system using the variable flux path 

control method, and the simultaneous suspension of two iron balls using the variable flux path 

control mechanism. 

This thesis consists of three parts, which are Part I Zero Power Control Method, Part II 

Noncontact Spinning Mechanism, and Part III Variable Flux Path Control Mechanism. 

Part I proposes a zero power control method using a spring and an integral feedback loop, 

and examines the zero power control method on two kinds of magnetic suspension systems 

with permanent magnets and linear actuators.  

First, this zero power control method is examined on a hanging type magnetic suspension 

system using a permanent magnet and a linear actuator. In this suspension system, a 

ferromagnetic ceiling is seemed as a track, and a magnetic suspension device is hanging from 

the ferromagnetic ceiling without contact. The suspension direction of this system is vertical 

(both the suspension device and the permanent magnet are only moving in the vertical 

direction). The suspension principle of this hanging type suspension system is that the 

suspension device is suspended by an attractive force of a permanent magnet that is driven by 

a linear actuator (that is voice coil motor (VCM) in this prototype.) and positioned from the 

ferromagnetic ceiling. This suspension system has two parts: the magnet part including a 

permanent magnet, a slider of VCM and a sensor target; and the frame part including the 

VCM stator, the three sensors and the frame, which are the remainders of the device except 

the magnet part. Due to the construction of the suspension device, the VCM has to maintain 

the gravitational force of the frame part in the stable suspension state, and the frame part 

holds the most weight of the device and the load has to add on the frame part. Consequently, 



 

 ii

the VCM must cost a lot of energy for the gravitational force of the frame part and the load in 

the stable suspension state. In order to reduce the energy cost in the stable suspension state, a 

spring is installed between the magnet part and the frame part, and the spring and the VCM 

sustain the gravitational force of the frame part and the load together. In the control system, 

two PD feedback loops realize the stable suspension of the device, and a local integral 

feedback loop makes the VCM current converge to zero in the stable suspension state. As a 

result, the zero power control is realized in the device by means of the spring and in the 

control system by means of the integral feedback loop. The model of the suspension system is 

created and the feasibility of suspension is analyzed theoretically. And then, the optimal 

feedback gain of the control system is calculated basing on the model and the LQR (linear 

quadratic regulator) control law. And the nonlinear attractive force of the permanent magnet is 

used, and the numerical simulations are examined respectively for some typical conditions, 

such as the magnetic suspension system without springs and without zero power control, with 

springs and without zero power control, with springs and with zero power control, and using 

different springs and different gains of the integral feedback loop. Moreover, the suspension 

experiments are examined in the same cases with the numerical simulations. All simulation 

and experimental results indicate that the hanging type magnetic suspension system with the 

permanent magnet and the linear actuator can be levitated stably without contact, the zero 

power control method using a spring in suspension device and a current integral feedback 

loop in the controller can reduce energy consumption considerably for this permanent hanging 

type magnetic suspension system. 

Second, this zero power control method is also examined on a mechanical magnetic 

suspension system for an iron ball, and the good results are obtained. 

Part II proposes a novel noncontact spinning mechanism using disk-type permanent 

magnets and rotary actuators. In this proposed noncontact spinning mechanism, the 

noncontact suspended-spun object is an iron ball, and the noncontact suspension of the iron 

ball is achieved using a permanent magnet and a VCM with the air gap control method. The 

noncontact rotation in horizontal of the suspended object is not realized by exciting coils, but 

by the rotational, disk-type permanent magnets. The disk-type magnets are arranged around 

the levitated ball and in the same horizontal plane as the ball. Each magnet has two magnetic 

poles in the radial direction. The magnetic poles of the disk-type magnets are arranged in a 

parallel configuration and invert between two adjacent magnets. All of the disk magnets rotate 

at the same speed and in the same direction. And then, we consider that there are various 

remanent magnetization points on the surface of the iron ball, and the strongest magnetization 

determines which will be the upper side of the ball during suspension. Moreover, the next 

strongest remanent magnetization in the horizontal plane causes the ball to rotate about the 

vertical axis due to its attraction to the disk-type magnets. Consequently, depending on the 

remanent magnetization points and the arrangement and number of magnets and the phases of 
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their magnetic poles, this proposed noncontact spinning mechanism can realize a steady 

rotation state and fast rotation. Based on the experimental prototype, a numerical model is 

created and the simulations are carried out in the cases of using only one magnet, using two 

opposite arranged magnets, and four symmetrically arranged magnets, and the step response, 

velocity in steady state, and the relationship between the input velocity of the magnets and the 

output velocity of the iron ball are examined. Moreover, the spinning experiments are 

completed in the situations same with the simulations using the experimental prototype. All 

the results indicate that using this proposed noncontact spinning mechanism, the levitated iron 

ball can be spun using the remanent magnetizations and the rotational disk magnets. The iron 

ball can be spun regardless of the number of driving magnets used, however, as more magnets 

were used, the iron ball was spun more smoothly, but the velocity limit decreased. In order to 

analyze the variation of the flux field of the noncontact spinning mechanism, the IEM 

(integral element method) analysis for the flux field is carried out using the ELF/MAGIC 

software in the three same cases with the simulations. And the torque performance is 

examined by the calculation with the numerical model, the simulation with IEM analysis, and 

experimental examinations with strain gauges in the three situations. Moreover, the horizontal 

attractive force of the suspended-spun iron ball is examined by IEM analysis. The 

examination results indicate that as the number of the driving magnet increases, the rotational 

torque becomes large and the variation of torque becomes smooth, the horizontal attractive 

force destroyed the suspension stability of the iron ball, however, becomes large. These 

results explained the reason caused the spinning velocity results from experiments. 

In Part III, first, a novel mechanical magnetic suspension system is proposed with a 

variable flux path control method using a disk-type permanent magnet and a rotary actuator. 

This suspension system consists mainly of a disk-type permanent magnet, a rotary actuator 

containing a gear reducer and an encoder, a pair of opposite F-type permalloy cores, a cuboid 

permalloy suspension object and two eddy current sensors. The disk-type permanent magnet 

is magnetized so that its two magnetic poles lay in the radial direction. In this suspension 

system, the suspension force is provided by the disk-type permanent magnet and is controlled 

by a magnetic flux path control mechanism, which rotates the disk magnet to change the flux 

passing through the suspended object. According to the process that is called variable flux 

path, the attractive force is changed from zero, maximum, and zero, maximum to zero as the 

disk magnet rotates in one revolution. Consequently, this suspension system can make the 

attractive force semi-zero, change the polarity of the stator poles, and realize semi-zero power 

suspension. In order to examine the proposed suspension principle, the flowing of magnetic 

flux in the magnetic suspension mechanism is examined by the IEM analysis. Moreover, for 

examining the characteristics of the suspension system, the magnetic flux density and 

attractive force are simulated by IEM analysis and measured using the experimental prototype 

with the gauss meter and the force sensor. The results indicate that the proposed suspension 
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principle is feasible, and this suspension system can change the polarity of the stator poles 

and realize the semi-zero attractive force. However, the flux leakage causes the attractive 

forces of two cores different. Based on the examination results, a model is created, and the 

suspension feasibility is analyzed theoretically. And then, the numerical simulation and 

suspension experiment are carried out. Owing to the flux leakage, the direct suspension using 

the cuboid levitated object cannot be succeeded. However, after using a linear rail to balance 

the unequal attractive forces of the two cores, the suspension has been succeeded. The results 

indicate that the suspended object can be levitated stably and the actuator current is almost 

zero at the stable state. That means this magnetic suspension mechanism can levitate a heavy 

object by means of a small input force, since the gravitational force of suspended object is 

sustaining by the cores fixed on the base. Moreover, in order to analyze the suspension 

performance of the suspension mechanism, the variation of the actuator current was examined 

when the weight of suspended object was changed. And the experiment was carried out in two 

cases. One case was that, the suspeison force was changing by length of air gap when the 

angle of magnet was set to 40 degree; the other case was that, the suspension force was 

changing by the angle of magnet when the air gap was set to 0.9mm. The results indicate that 

a heavy suspended object can be levitated steadily with a small consumption current, and the 

actuator current increases as the mass is increased, but the value is very small. Therefore, the 

system can realize the semi-zero power suspension with the changing air gap and the constant 

air gap. And the rotational torque of magnet is caused by the potential force of magnetic filed 

in the mechanism. 

Second, the semi-zero suspension force characteristics of the magnetic suspension system 

have been improved using four methods, which are inserting the ferromagnetic board, using a 

special type magnet, extending the iron cores, and combination of the special type magnet and 

the extended cores. The characteristics of the magnetic suspension mechanism using each 

improvement method are examined by the IEM analysis and the measurement experiments. 

The results indicate that every method can improve the semi-zero suspension force 

characteristics. However, using the method of the special type magnet or the extended iron 

cores can obtain the obvious improvement, and using the combination method can obtain an 

almost zero suspension force characteristics. Moreover, the suspensions of the simulation and 

experiment are also carried out using the special type permanent magnet, and the results 

indicate that the improvement just improved the semi-zero suspension force characteristics of 

the mechanism, but not influenced the suspension characteristics. 

Third, a simultaneous suspension of two iron balls is proposed using the variable flux path 

control mechanism. The magnetic suspension system using the variable flux path control 

mechanism has two cores that are seemed as two sources of the suspension forces, and these 

two cores’ attractive forces can be controlled by changing the rotational angle of the disk-type 

magnet. In order to examine the characteristics of the magnetic suspension system for the 
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simultaneous suspension of two iron balls, the magnetic flux density and the attractive forces 

relevant to different size iron balls are examined by the IEM analysis and measurement 

experiments. The results indicate that the same core generates different attractive force with 

the different size iron ball, and as the size increases, the attractive force becomes large. 

Moreover, there is almost no influence to two iron balls suspended by two cores in the 

suspension direction. According to the examination results, the model is created, and the 

suspension feasibility is analyzed theoretically. The analyzed results suggest that if the masses 

of two iron balls are different, this system is controllable and observable. In the control 

system, the state feedback control is used, and the feedback gains are calculated by LQR. The 

numerical simulation and suspension experiment are carried out. Since the distance between 

two levitated iron balls is not long enough, there is an influence of the attractive force 

between each other. The direct suspension is not succeeded yet. However, after using two 

linear rails to limit the movement of iron balls in the suspension direction, the simultaneous 

suspension has been succeeded. The suspension results indicate that the same step is applied 

to the two suspended iron balls, the response distances of two iron balls are different. The big 

iron ball moves a larger distance than the small iron ball. 

This thesis introduced a zero power control method for the mechanical magnetic 

suspension systems a noncontact spinning mechanism, and a novel mechanical magnetic 

suspension system using the variable flux path control method. Based on the examination 

results, the conclusions can be collected as followings: 

A zero power control method using a spring and a current integral feedback loop was 

proposed. Two kinds of mechanical magnetic suspension systems with permanent magnets 

and linear actuators were constructed, and the proposed zero power control method was 

examined on these two systems. The results indicate that this zero power control method is 

feasible and applicable on the mechanical magnetic suspension systems using the air gap 

control method. 

A noncontact spinning mechanism was proposed with rotational disk-type permanent 

magnets and rotary actuators. This proposed mechanism could spin the suspended iron ball 

using the remanent magnetization points regardless of the number of driving magnets used, 

however, as more magnets were used, the iron ball was spun more smoothly, but the velocity 

limit decreased. 

A novel magnetic suspension system was proposed using a disk-type permanent magnet 

and a rotary actuator. This suspension system could suspend the cuboid suspended object 

stably after limiting the movement direction. Moreover, this system could make the attractive 

force semi-zero, change the polarity of the stator poles, and realize semi-zero power 

suspension. Through using four kinds of improvement methods, the zero-suspension-force 

performance was improved. Finally, a simultaneous suspension of two different-weight iron 

balls was realized using this variable flux path control mechanism. 
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Keyword: Magnetic suspension, Permanent magnet, Zero power control, Spring, Integral 

feedback loop, PD control, Noncontact spinning, Flux path control, Actuator, Simultaneous 

suspension.
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Chapter 1 Generation Introduction 

1.1 Background of Noncontact Suspension Systems 

The noncontact suspension system is a kind of supporting system without mechanical 

contacts. There are many advantages in noncontact suspension system, such as no contact, no 

friction and lubrication free. According to these advantages, the noncontact suspension 

system has many applications, for example, using no contact, the noncontact conveyance 

vehicles can be developed for semiconductor processing and biotechnology experiments; 

using no friction, the high speed movement can be realized, such as high speed bearingless 

motors and high speed trains; using lubrication free, some devices can be developed using in 

special environment such as high vacuum conditions.  

There are many kinds of noncontact suspension systems. Generally, according to the 

suspension method, there are four major classifications. The four kinds of non-contact 

suspension systems are electrostatic force suspension systems, air pressure suspension 

systems, Acoustic levitation systems and magnetic suspension systems as shown in Table. 1.1. 

Each suspension method has different advantages, problems and limits. 

In electrostatic suspension system, the suspension force is an electrostatic force. A 

photograph of an electrostatic force suspension mechanism is shown in Fig.1.1, and Fig.1.2 

shows a basic model of the electrostatic suspension. The floater is electrified by applying a 

high voltage across the electrodes, and the electrostatic force is generated between the floater 

and the electrodes. In electrostatic suspension system, since the high voltage control cannot 

surpass the discharge limit of air, the generation force is weak, and the suspended object must 

Table. 1.1 Classification of the non-contact suspension systems 

Noise pollution ,Can not use 

in vacuum condition

Any objects 

theoretically
Relatively strong

Acoustic levitation　
floating

Limited material
Ferromagnetic 

material   
strongMagnetic suspension

Dust generationLarge area objectsRelatively strongAir pressure suspension

High voltage control

Discharge limit of air

Light and large area 

objects (silicon wafer)
weak

Electrostatic force 

suspension

ProblemsSuspended object
Generation 

force
Suspension method

Noise pollution ,Can not use 

in vacuum condition

Any objects 

theoretically
Relatively strong

Acoustic levitation　
floating

Limited material
Ferromagnetic 

material   
strongMagnetic suspension

Dust generationLarge area objectsRelatively strongAir pressure suspension

High voltage control

Discharge limit of air

Light and large area 

objects (silicon wafer)
weak

Electrostatic force 

suspension

ProblemsSuspended object
Generation 

force
Suspension method
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be light and large area objects, such as silicon wafer [1]-[3].  

In air pressure suspension system, the non-contact suspension force is a pressure force of 

the flowing air. The general application of the air pressure suspension is an air bearing that is 

a non-contacting system where air acts as the lubricant that separates the two surfaces in 

relative motion. Fig.1.3 shows a basic model of an air bearing drilling spindle. In air pressure 

suspension system, the generation force is relatively strong, and the suspended object must be 

    

http://www.aml.t.u-tokyo.ac.jp/research/vac_lev/es_lev_vac_j.html  

Fig.1.1 An electrostatic suspension mechanism 

 

 

Fig.1.2 Basic model of the electrostatic suspension 

 

http://www.westwind-airbearings.com/airBearing/index.html  
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a large area object. Due to airflow, dust will be generated [4][5].  

Acoustic levitation is a method for suspending matter in a medium by using acoustic 

radiation pressure from intense sound waves in the medium. Fig.1.4 shows a photograph of an 

acoustic levitation of a water droplet. Acoustic levitation takes advantage of the properties of 

sound to cause solids, liquids and heavy gases to float. The process can take place in normal 

or reduced gravity. In other words, the acoustic levitation system can levitate objects on Earth 

or in gas-filled enclosures in space [6]. There is no known limit to what acoustic levitation 

can lift given enough vibratory sound, but currently the maximum amount that can be lifted 

by this force is a few kilograms of matter. Acoustic levitators are used mostly in industry and 

for researchers of anti-gravity effects such as NASA [7][8]. However, the problems of the 

acoustic levitation systems are the noise pollution and cannot use in vacuum condition. 

 

http://science.howstuffworks.com/acoustic-levitation2.htm   

Fig.1.4 An acoustic levitation of a water droplet 

 

 

http://image2.sina.com.cn/dy/c/2007-05-30/U1831P1T1D13114168F21DT20070530

184821.jpg  

Fig.1.5 A MAGLEV train moving in high speed in Shanghai, China 
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Finally, magnetic suspension is a kind of supporting method without any mechanical 

contact, where the gravitational force is balanced by the magnetic forces only. The position of 

the suspended object has to remain stable when subject to “reasonable ” disturbance forces. In 

magnetic suspension system, the generation force is strong, and there are some advantages 

such as no friction, dirty free, lubrication free. However, the suspended object must be 

ferromagnetic material or magnetic objects. Using these advantages, various magnetic 

suspension systems have been proposed and applied in many fields [9]~[11], i.g. the magnetic 

levitation transport systems and the rotor bearings shown in Fig. 1.5 and Fig. 1.6.  

1.2 Classification of Magnetic Suspension Systems 

1.2.1 Classification by Magnetic Force  

In magnetic suspension systems, there are two basic types of magnetic forces, “Lorentz 

force” and “Reluctance force” [9]~[11]. 

The Lorentz force is not across the air gap, but transverse, i.e. in the direction of the air gap. 

The Lorentz force f in the magnetic suspension system can be expressed as the following 

equation: 

Bif ×=                                                   (1.1) 

Where,  

       i : following current. 

      B : magnetic flux density. 

The reluctance force is across the air gap. The reluctance force is obtained from the 

principle of virtual work in arrangements of different magnetic permeability µ, and always 

arises at the surface of media of different relative permeability µr, e.g. iron and air. The 

greater the difference of µr, the greater the reluctance force f. The force direction is 

      

http://www.adixen.co.uk/media/produkte/ATH-M-Series_ID40_412_40.jpg  

Fig.1.6 A photo of a NASA turbine unit with Magnetic Bearings  

 



 

 5

perpendicular to the surface of the different materials. And the force is computed from 

swf ∂∂= /                                                (1.2) 

Where,  

       w : the field energy. 

       s : a virtual displacement of the supported body. 

Moreover, Table 1.2 sums up the differences of the two force types in magnetic suspension 

system. 

 

    Table 1.2 The two types of magnetic force computation used in practice 

 Group 1: Lorentz Force Group 2: Reluctance Force 

Basic computation 

principle 

Cross-product of current 

and flux density 

Energy in magnetic field, 

principle of virtual work 

Computation formula Bif ×=  swf ∂∂= /  

Direction of force Perpendicular to flux 

density 

Perpendicular to the 

surface of materials of 

different µr 

Basic dependence on 

current and air gap 

Linear when current and 

flux are not depending on 

each other, independent of 

air gap 

Quadratic to current 

Inverse quadratic to air gap 

 

Classification in Lorentz force magnetic suspension systems 

According to the source of the current i in the equation (1.1), the magnetic suspension 

systems can be classified into four types shown in Fig.1.7. The four types are passive 

electrodynamic levitation of systems in relative motion, passive system with interaction of 

AC and induced current, active system with interaction of AC and induced current, interaction 

of controlled current and static flux. 

The current i in the equation (1.1) can be either induced or active controlled. When the 

current is induced, there are two possible mechanisms of induction: either there is an 

interaction between a permanent magnetic field and a moving conductor, or the interaction 

takes place without relative motion, between a conductor and an AC powered electromagnet. 

These two basic types are the passive electrodynamic levitation of systems in relative motion 

and the passive system with interaction of AC and induced current. 
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When the current is active controlled to interact with a magnetic field, there are two 

possibilities: either, the magnetic field is produced by a permanent magnet or there is an 

interaction between the controlled current and an induced current. These two levitation types 

are the active system with interaction of AC and induced current and the system with 

interaction of controlled current and static flux. 

1.2.2 Classification in Reluctance Force Magnetic 

Suspension Systems 

In the magnetic suspension systems using the reluctance forces, the magnetic suspension 

systems can first be classified according to the value of the relative permeability µr of the 

suspended object’ material, which involves paramagnetic material, diamagnetic material, and 

ferromagnetic material. Of these, the paramagnetic material as well as the diamagnetic 

material can produce small magnetic forces without superconductors. On the other hand, the 

ferromagnetic material and the Meissner-Ochsenfeld effect can produce large magnetic forces. 

Therefore, according to the relative permeability µr, the magnetic suspension systems can be 

classified as shown in Fig.1.8. 

CASE 1: Diamagnetic material (µr <1) 

Many common materials such as water, wood, plants, animals, diamonds, fingers, etc. are 

usually considered to be non-magnetic but in fact, they are very weakly diamagnetic. 

Diamagnets repel, and are repelled by a strong magnetic field. The electrons in a diamagnetic 

material rearrange their orbits slightly creating small persistent currents, which oppose the 

external magnetic field. The forces created by diamagnetism are extremely weak, millions of 

times smaller than the forces between magnets and such common ferromagnetic materials as 

iron. However, in certain carefully arranged situations, the influence of diamagnetic materials 

can produce startling effects in diamagnetic levitation systems. Up to now, many diamagnetic 

Lorentz force magnetic suspension system
(Lorentz force: Acts perpendicular to flux lines.)

(Electrodynamic devices )

Interaction Rotor-Stator

Permanent 

magnetic field
AC current

Controlled 

current

Passive 

electrodynamic 

levitation of 

systems in 

relative motion

Induced current Induced current Permanent 

magnetic field

Interaction of 

AC and 

induced current, 

passive system

Interaction of 

AC and 

induced current, 

active system

Interaction of 

controlled 

current and 

static flux

Passive 

(without control)
Active control Active controlPassive 

(without control)

Lorentz force magnetic suspension system
(Lorentz force: Acts perpendicular to flux lines.)

(Electrodynamic devices )

Interaction Rotor-Stator

Permanent 

magnetic field
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Controlled 

current

Passive 
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levitation of 

systems in 
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Induced current Induced current Permanent 

magnetic field

Interaction of 

AC and 

induced current, 

passive system

Interaction of 

AC and 

induced current, 

active system

Interaction of 

controlled 

current and 

static flux

Passive 

(without control)
Active control Active controlPassive 

(without control)  

Fig.1.7 Classification in Lorentz force magnetic suspension systems 
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levitation systems have been proposed [12]~[14]. Of these suspensions, the most interesting 

one is that the levitation of a permanent magnet was stabilized by the small diamagnetism of 

water in human fingers as shown in Fig.1.9 [15]. 

CASE 2: Meissner-Ochsenfeld effect (µr =0) 

Superconductors may be considered as perfect diamagnets (µr = 0), as well as the property 

they have of completely expelling magnetic fields due to the Meissner-Ochsenfeld effect 

when the superconductivity initially forms. The levitation of the magnet is further stabilized 

due to flux pinning within the superconductor; this tends to stop the superconductor leaving 

the magnetic field, even if the levitated system is inverted. A photograph when a magnet is 

levitating above a superconductor cooled by liquid nitrogen is shown in Fig.1.10. Using this 

property, many superconductive magnetic suspension systems have been developed with high 

temperature superconductors [16]~[18]. Moreover, a suspension of soft magnetic materials 

using high Tc superconductors has also been proposed using the phenomenon that the usual 

inverse relationship between the attractive magnetic force and gap distance reverts to a direct 

relationship for small gap length for a field-cooled superconductor and an adjacent magnetic 

material [19]. 

CASE3: Ferromagnetic material (µr >>1) 

Since the large magnetic force can be produced between the ferromagnetic materials and 

electromagnets or permanent magnets, the magnetic suspension systems can be realized. 

According to the magnetic forces generated from electromagnets and permanent magnets, the 

magnetic suspension systems can be classified into two types, i.e. electromagnetic suspension 

system and mechanical magnetic suspension system using permanent magnets. Moreover, 

according to the stability of the magnetic suspension systems, the systems can be classified 

into passive (without control) systems and actively controlled systems, i.e. passive 

Reluctance force magnetic suspension system
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materials of different permeability µr.)
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Fig.1.8 Classification in reluctance force magnetic suspension systems 
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electromagnetic suspension system, active electromagnetic suspension system, passive 

permanent magnetic suspension system, and active permanent magnetic suspension system. 

The passive system is stable without control loop. And the active system needs the control 

loop and the actuator for stabilization. 

The suspension system using tuned LCR circuit shown in Fig.1.8 is a kind of passive 

electromagnetic suspension system. This system achieves a stable stiffness characteristic in an 

LC-circuit excited slightly off resonance. The LC-circuit is formed with the inductance of the 

electromagnetic coil and a capacitor. The mechanical displacement of the flotor changes the 

inductance of the electromagnetic. The LC-circuit is operated near resonance and tuned in this 

way, that it approaches resonance as the flotor moves away from the electromagnet. This 

result in an increased current from the AC voltage source and thus pulls the flotor back to its 

nominal position. The forces and stiffnesses obtained are not very large, but sufficient for 

certain instrumentation applications. The power supply consists of an AC source operating at 

a constant frequency [20][21]. The main drawback of this kind of system is that there is no 

damping, i.e. without additional measures such as mechanical damping or active bearings 

such systems tend to go unstable. 

 

 

Fig.1.9 A permanent magnet is levitating between fingers 

 

http://en.wikipedia.org/wiki/File:Meissner_effect_p1390048.jpg 

Fig.1.10 A magnet is levitating above a superconductor cooled by liquid nitrogen. 
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The active electromagnetic suspension (EMS) system is well known as a basic type of 

magnetic suspension system. In this kind of system, position signals from gap sensors are 

used by a controller-power amplifier unit to set the appropriate currents and voltages of the 

electromagnets in such a way, that stable levitation takes place. Fig.1.11 shows a basic model 

of the EMS system, which consists of an electromagnet, a levitated object, a sensor, a 

controller and a power amplifier. In this system, according to the signals of sensor, the 

controller controls the current of the electromagnet to adjust the magnetic force. When the 

magnetic force equals the gravitational force, the object can be levitated stable.  

In this kind of EMS system, it can be said that magnetic force is controlled by varying 

magnetomotive force in the magnetic circuit of levitation system. Moreover, the 

magnetomotive force is varied by actively controlling the coil currents or voltages. As a result, 

the suspension force f can be expressed as the following equation in the active magnetic 

suspension systems. 

Controller

Power Amplifier

Sensor

Levitated 

object

Current

Gravitational 

force

Magnetic 

force

Electromagnet

Controller

Power Amplifier

Sensor

Levitated 

object

Current

Gravitational 

force

Magnetic 

force

Electromagnet

 

Fig.1.11 A basic model of EMS system. 

 

 

 

http://www.eee.kagoshima-u.ac.jp/~dc-lab/lab/maglev.html 

Fig.1.12 An iron ball suspension by an EMS system. 
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2

2

d

i
kf =                                                     (1.3) 

Where, 

                i : the coil current; 

                d : the length of air gap; 

                k : the constant of suspension force.  

Using EMS systems, various noncontact suspension/levitation systems have been proposed 

and applied in many fields [9][10][22][23]. And a simple EMS system is shown in Fig.1.12. 

Table.1.3 Summation of suspension force control method in active suspension systems 

Active magnetic suspension system by reluctance force 

Suspension force: 
2

2

d

i
kf =  

Mechanical suspension using permanent 

magnets 
Suspension 

method 

Electromagnetic 
suspension 

(EMS) The length of air 
gap control method 

Variable flux path 
control method 

Suspension 
force control 

method 

Actively control 
the current of the 

coil 

Actively control the 
length of air gap 

Actively control the 
flux flowing path in 

device 
Changing 

parameter in the 
equation of 

suspension force 

i d k 

Advantages 

Realize easily; 
But energy cost 
and heat are 
generated. 

No heat, easy to 
realize long distance 

operations 

No heat, easy to 
realize save energy 

mechanisms 

Applications 
Many fields, e.g. 

MAGLEV, 
magnetic bearings 

Transportation and 
operation mechanisms 

without contact 

Transportation and 
save energy 

mechanisms without 
contact 

 

SensorsSensors

 

Fig.1.13 A photograph of a 2 DOF suspension mechanism. 
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The active permanent magnetic suspension system is a kind of system using the attractive 

force between the permanent magnets and the ferromagnetic materials or the different poles 

of permanent magnets. The magnetic force is controlled by varying the reluctance of the 

magnetic circuit in the suspension mechanism. As no electromagnets are used, it is effective 

for saving energy and avoiding heat generation. 

Moreover, in active permanent magnetic suspension systems, since the magnetic force is 

produced by the permanent magnets, the method of controlling the suspension force is 

different from the EMS systems. According to the equation (1.3), the control method of 

suspension force in the active permanent magnetic suspension systems using the reluctance 

forces can be classified into two types, i.e. the length of air gap control method and the 

variable flux path control method [24]. And the summation of the suspension force control 

method in active magnetic suspension systems using reluctance forces is shown in Table.1.3. 

The length of air gap control method controls the suspension force through varying the air 

gap d in the equation (1.3) using a varying gap mechanism, e.g. linear actuators. Using this 

 

Fig.1.14 A photograph of a flux path control suspension mechanism. 

 

http://www.physics.ucla.edu/marty/levitron/ 

Fig.1.15 A spin stabilized magnetic levitation of a magnetic top. 
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control method, many noncontact magnetic suspension systems have been developed for 

transportation vehicles and noncontact operation mechanisms [25]~[30]. A photograph of a 2 

DOF suspension mechanism for noncontact manipulation is shown in Fig.1.13. 

The variable flux path control method controls the suspension force through varying the 

constant k in the equation (1.3) using a varying flux path mechanism, e.g. using composite of 

magnetostrictive/piezoelectric material in flux circuit of the proposed device. A lot of 

researchers have presented some suspension mechanisms as saving energy devices [31]~[35]. 

A photograph of a flux path control suspension mechanism is shown in Fig.1.14. 

In addition, the passive permanent magnetic suspension system is a kind of system using 

the repulsive force between the like poles of permanent magnets. In this kind of system, the 

stability is only in one degree that the magnets are facing, and other degrees are unstable. 

Using the repulsive force of permanent magnets, a lot of systems have been developed 

 

http://en.wikipedia.org/wiki/File:Transrapid.jpg  

Fig.1.16 The Transrapid at the Emsland test facility in Germany 

 

 

http://en.wikipedia.org/wiki/File:JR-Maglev-MLX01-2.jpg 

Fig.1.17 The MLX01 maglev train at Yamanashi test track in Japan 
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[36]~[38]. And Fig.1.15 shows a spin stabilized magnetic levitation of a magnetic top using 

the repulsive force between the permanent magnets [39]. 

1.3 Application of Magnetic Suspension Systems 

Using the advantages, magnetic suspension has two main fields of application: Transport 

Systems and Magnetic Bearings.  

In Transport Systems, MAGLEV vehicles may be better known to the public due to the 

high speed. Up to now, several MAGLEV vehicles have been developed already as 

commercial transportation systems [40]~[42].  

First, in San Diego of USA. General Atomics has a 120 meter test facility, which is being 

used as the basis of Union Pacific's 8 km freight shuttle in Los Angeles. The technology is 

"passive" (or “permanent”), requiring no electromagnets for either levitation or propulsion. 

Second, in Emsland of Germany. Transrapid, a German maglev company, has a test track 

with a total length of 31.5 km. The single-track line runs between Dörpen and Lathen with 

turning loops at each end. The trains, shown in Fig.1.16, regularly run at up to 420 km/h (260 

mph). The construction of the test facility began in 1980 and finished in 1984. 

Third, in Yamanashi of Japan. JR-Maglev, shown in Fig.1.17, is a magnetic levitation train 

system developed by the Central Japan Railway Company and Railway Technical Research 

Institute (association of Japan Railways Group). JR-Maglev MLX01 (X means experimental) 

is one of the latest designs of a series of Maglev trains in development in Japan since the 

1970s. It is composed of a maximum five cars to run on the Yamanashi Maglev Test Line. On 

December 2, 2003, a three-car train reached a maximum speed of 581 km/h (world speed 

record for railed vehicles) in a manned vehicle run. 

Forth, in Chengdu of China. The first crewed high-temperature superconducting maglev, 

 

http://www.swjdcy.cn/qqlw_view.asp?newsid=767 

Fig.1.17 The high-temperature superconducting maglev CFC-01 in China 
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shown in Fig.1.18, was tested successfully on December 31, 2000, at Southwest Jiaotong 

University, Chengdu, China. This system is based on the principle that bulk high-temperature 

superconductors can be levitated or suspended stably above or below a permanent magnet. 

The load was over 530 kg and the levitation gap over 20 mm. The system uses liquid nitrogen 

to cool the superconductor. 

Magnetic bearings’ advantages include very low and predictable friction, ability to run 

without lubrication and in a vacuum. Magnetic bearings are increasingly used in industrial 

 

http://www.mcquay.com/mcquaybiz/literature/lit_ch_wc/Brochures/ASP_WMC_Comp.

pdf 

Fig.1.18 Cutaway View of a Magnetic Bearing Compressor, Nominal 75 Tons 

 

 

http://commons.wikimedia.org/wiki/File:Ventricular_assist_device.svg 

Fig.1.19 Graphic of a ventricular assist device 
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machines such as compressors, turbines, pumps, motors and generators [10][43]~[45]. 

Magnetic bearings are commonly used in watt-hour meters by electric utilities to measure 

home power consumption. Magnetic bearings are also used in high-precision instruments and 

to support equipment in a vacuum, for example in flywheel energy storage systems. A 

flywheel in a vacuum has very low windage losses, but conventional bearings usually fail 

quickly in a vacuum due to poor lubrication. Magnetic bearings are also used to support 

maglev trains in order to get low noise and smooth ride by eliminating physical contact 

surfaces. Moreover, a magnetic bearing compressor is shown in Fig.1.18. 

A new application of magnetic bearings is their use in artificial hearts. The use of magnetic 

suspension in ventricular assist devices was pioneered by Prof. Paul Allaire and Prof. Houston 

Wood at the University of Virginia culminating in the first magnetically suspended ventricular 

assist centrifugal pump (VAD) in 1999 [46]~[49]. And the graphic of a ventricular assist 

device is shown in Fig.1.19. 

1.4 Reaserch Motivation 

1.4.1 Disadvantage of EMS System 

Since there are some coils in EMS system, the EMS system has some disadvantages of heat 

generation, high power, low efficiency, and the big size of coil. Because of these problems, 

the EMS system cannot suitable for develop some miniature devices, and some devices using 

in constant temperature plant. 

1.4.2 Advantage and Disadvantage of Mechanical 

Magnetic Suspension System 

With the development of permanent magnet, the power of permanent magnet is getting 

stronger day by day. And the permanent magnet can overcome all the problems of the coils. 

Therefore, the mechanical magnetic suspension system using permanent magnet can be used 

to develop some miniature devices, and some devices using in constant temperature plant. 

However, the mechanical magnetic suspension system using permanent magnet also has 

some disadvantages of slow responsibility and difficult control. 

This thesis will focus on developing the actively control mechanical magnetic suspension 

systems using permanent magnet. 

1.5 Structure of This Thesis 

According to the different control method and experimental device, this thesis is divided 

into three parts. 
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1.5.1 Part I Zero Power Control Method for Permanent 

Magnetic Suspension 

In Part I, a zero power control method using a spring and a current integral feedback loop is 

proposed. Two kinds of mechanical magnetic suspension systems with permanent magnets 

and linear actuators are constructed, and the proposed zero power control method is examined 

on these two systems. The results indicate that this zero power control method is feasible and 

applicable on the mechanical magnetic suspension systems using the air gap control method. 

1.5.2 Part II A Novel Noncontact Spinning Mechanism 

In Part II, a noncontact spinning mechanism is proposed with rotational disk-type 

permanent magnets and rotary actuators. This proposed mechanism can spin the suspended 

iron ball using the remanent magnetization points regardless of the number of driving 

magnets used. 

1.5.3 Part III Variable Flux Path Control Mechanism 

In Part III, a novel magnetic suspension system is proposed using a disk-type permanent 

magnet and a rotary actuator. This suspension system can suspend the cuboid suspended 

object stably after limiting the movement direction. Moreover, this system can make the 

attractive force semi-zero, change the polarity of the stator poles, and realize semi-zero power 

suspension. Through using some improvement methods, the zero-suspension-force 

performance is improved. Finally, a simultaneous suspension of two different-weight iron 

balls is realized using this variable flux path control mechanism. 
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Part I    Zero Power Control Method 
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Chapter 2 Zero Power Control Method for 

a Hanging Type Magnetic Suspension 

System 

2.1 Introduction 

Conveyance vehicles have been in increasing demand because of the need for an 

ultra-clean environment in many fields, such as semiconductor processing, biotechnology 

experiments and material processing. The mechanisms and tools used in these fields must be 

ultra-clean so as not to contaminate samples. Moving frictional parts in direct contact, such as 

reduction gears, bearings, wheels and rails, are the main sources of dust and particles, which 

cannot be avoided. In order to resolve these problems, some noncontact conveyance vehicles 

have been proposed with magnetic suspension systems [50]-[52]. Fig.2.1 shows a hanging 

type noncontact conveyance vehicle using electromagnetic suspension system. Most of these 

systems are using electromagnetic suspension systems. The electromagnetic suspension has 

some disadvantages, such as heat generation, high cost, low efficiency, big size of the 

suspension device. Because there are some coils in the device, the heat is generated by coils 

when the attractive force is generating, and a large attractive force needs a big size coil to 

generate. For hanging type conveyance vehicles, when the suspension device is levitated in a 

stable state, the electromagnet must generate the attractive force to balance the gravitational 

 

 

http://www.dbjet.jp/pub/cgi-bin/detail_jr.php?id=323 

Fig.2.1 A hanging type transmission vehicle of Toshiba using electromagnets 



 

 20

force of the suspended device, i.e. a lot of power is consumed to generate a constant force for 

counterbalancing the gravitational force. Moreover, this kind of system requires a minimum 

driving power consumption because it has battery for supplying driving electric power by 

itself. With regards to this, many researchers have done a lot of work focus on saving the 

consumption energy in the stable state. Morishita et al. proposed a zero power control method 

using a hybrid magnet of permanent magnet and electromagnet. Using this method, the DC 

power loss of the hybrid magnet under load variation can be drastically reduced, because the 

hybrid magnet uses the electric power only in the transient condition [50]. This kind of hybrid 

magnet has become a long standing proved method as an energy saving maglev system. 

Basing on the hybrid magnet, many zero power control methods have been developed using 

different control methods [53]-[56]. 

However, the disadvantages of coils cause the noncontact conveyance vehicles using 

electromagnets cannot be used in the constant temperature plants, and it is difficult to 

manufacture some miniature transmission devices. With the development of high power 

permanent magnet, the magnetic suspension systems using permanent magnets have been 

proposed [26]~[29], [35], [56]~[59]. The advantages of permanent magnetic suspension 

systems are no heat generation and no requirement for a coil. 

This chapter proposes a hanging type magnetic suspension system using a permanent 

magnet. This suspension system can be used to realize noncontact conveyance mechanisms. 

In this suspension system, the attractive force is controlled through varying the air gap 

distance between the permanent magnet and the ferromagnetic ceiling. The system’s 

characteristics are the nonuse of an electromagnet and the utilizations of a permanent magnet 

and a linear actuator. However when this type of magnetic levitation system suspends with 

noncontact, the actuator has to support the mostly weight of the whole device including itself. 

Therefore, the energy consumption becomes a significant problem. In order to solve this 

problem, a zero power control method is adopted to reduce the energy consumption. A spring 

is assembled in the device and an integral feedback loop is used in the control system, and 

then almost no energy is consumed in the suspending state.   

In this chapter, first the principle of the permanent magnetic suspension is explained. 

Second, a magnetic suspension system prototype is introduced and a mathematical model is 

created. Third, the realization of zero power control is analyzed in device, mathematical 

model, and control system. Last, some results of numerical simulations and experiments are 

shown and discussed, and these results indicate that the zero power control makes the 

levitation system almost consume no energy in the stable suspension state. 
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2.2 Suspension Principle 

The principle of this hanging type magnetic suspension system can be understand from 

Fig.2.2, a schematic of the proposed magnetic suspension system. The suspension system 

mainly consists of a permanent magnet, an actuator and a mass. In this system, the permanent 

magnet generates the suspension force; the actuator performs the suspension control; and the 

ferromagnetic ceiling acts as a track. The suspension device is hung from the ferromagnetic 

ceiling by the attractive force of the permanent magnet. When the suspension device is 

levitating, the levitation direction is vertical, and the magnet’s attractive force is equal to the 

gravitational force on the suspension device in the equilibrium position. Then, based on the 

principle that the magnetic force is inversely proportional to the square of the gap between the 

magnet and the ferromagnetic ceiling [65], the actuator controls the distance between the 

magnet and the mass so as to adjust the gap. When the gap is larger than the balance gap, the 

actuator increases its distance in response to the magnet’s motion from the equilibrium 

position towards the ceiling. When the gap is smaller than the balance gap, the actuator 

decreases its distance in response to the magnet’s motion away from the ceiling. In this way, 

the suspension mechanism is able to levitate stably without contact. 

2.3 Experimental Prototype 

2.3.1 Experimental Prototype 

A prototype photograph of a permanent magnetic suspension device is shown in Fig.2.3. 

The prototype mainly consists of a permanent magnet, a voice coil motor (VCM), a spring, 

three eddy current displacement sensors and a frame. The weight of the experimental 

prototype is 746.8 g. This prototype consists of two parts: the magnet part and the frame part. 

The magnet part includes a permanent magnet, a slider of VCM and a sensor target. The 

frame part includes all the remainders of the prototype besides the magnet part, which are the 

VCM stator, three eddy current sensors and the frame. The weight of the magnet part is 79.5 g, 
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Fig.2.2 The schematic of hanging type magnetic suspension system  
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and the weight of the frame part is 667.3 g.  

The VCM (voice coil motor) used in this experimental prototype is a linear actuator 

powered by Lorentz force. The VCM’s important characteristics are fast response, 

high-frequency vibration capability, zero nonlinear friction and a direct drive mechanism. 

These advantages are indispensable for levitating an object steadily without contact. The 

VCM used here has a driving length of 15 mm. This VCM can generate a driving force of 10 

N by a coil current of 2 A. This VCM consists of a stator and a slider. The stator mainly 

consists of a permanent magnet and an iron core, which is belonging to the frame part. And 

the slider with a coil is belonging to the magnet part. The VCM is the only active driving 

element, which is utilized to suspend the device stably. 

A spring is installed between the frame part and the magnet part of the device. When the 

VCM current is zero, the spring generates a force to counterbalance the gravitational force 

acting on the frame part at the balance position. This is the primary requirement for zero 

power control. 

Three displacement sensors installed in the prototype are eddy current sensor. The upper 

two sensors measure the distance between the frame part and the ferromagnetic ceiling. The 

resolution these two sensors is 0.5 µm, and the measurement rang is 4 mm. These two sensors 

are installed on the stays of the frame, and can be adjusted precisely in the vertical direction 

by two micrometers along the stays. Moreover, these two sensors were arranged at two sides 

of the permanent magnet symmetrically for co-locating. Therefore, the position of the frame 

part is determined by the average of these two sensors’ signals. Additionally, the lower sensor 
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Fig.2.3 The experimental prototype of the hanging type suspension device 
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measures the relative position between the magnet part and the frame part. The lower sensor 

has a resolution of 5 µm and a measurement range of 10 mm. 

2.3.2 Examination of Attractive Force 

 First, the relationship between the attractive force and the air gap of the permanent magnet 

was measured by a load sell. The measurement results are shown in Fig.2.4. The results 

indicate that the attractive force becomes larger when the air gap becomes smaller. 

2.4 Mathematical Model and Analysis of Suspension 

Feasibility 

2.4.1 Mathematical Model 

  According to the experimental prototype, a model is created and shown in Fig.2.5. 

Basing on the model, the motion equations of the system can be expressed as following: 
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Fig.2.4 The attractive force characteristic of permanent magnet 
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ikf ta =                                                        (2.3) 

 

2d

k
f m

m =                                                         (2.4) 

 

Where,     

m0: the mass of the frame part 

m1: the mass of the magnet part 

z0: the displacement of the frame part 

z1: the displacement of the magnet part 

fa: the generation force of VCM 

fm: the attractive force of the permanent magnet 

ks: the spring constant 

c: the damping coefficient 

d: the length of the air gap between the permanent magnet and the ceiling 

kt: the propulsive coefficient of VCM 

i: the current of the VCM 

2.4.2 Analysis of Suspension Feasibility 

The attractive force of permanent magnet fm is represented as a nonlinear function of the 

length of the air gap becomes larger as the air gap decreases. By linearization of this function 

around the equilibrium position, we obtain 

Ferromagnetic ceiling 

 magnet part 
m1 

frame part 
m0 

Equilibrium 
position 

d 

z1 

c ks 

z

0 

m1g 

m0g 

fm 

fa 

fa 

Fig.2.5 Model of suspension system 
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Around the balance point, ∆d is much smaller than d. Thereforce the second-order items in 

Equation (2.5) can be neglected.  
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In this model, we can conclude following equations around the equilibrium position: 
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Fig.2.6 Realization of zero power control in device 
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1d z∆ = ∆
                                                    (2.7) 

Then    
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Then the equations can be translated to followings at the equilibrium position: 
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We can set the state variables as: 
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Then the state space equation and the output equation are: 
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The controllability matrix of the system is: 
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The controllability matrix of the system is full rank, so the system is controllable. 

The observability matrix of the system is: 
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 The observability matrix of the system is full rank, so the system is observable.    
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2.5 Realization of Zero Power Control 

2.5.1 Realization in Device 

Zero power control in this system means that the current of VCM is 0 when the device is 

suspending stable. In the stable suspension state, the magnetic force of the permanent magnet 

supports the gravitational force of the whole device. However, the gravitational force of the 

frame part must be transmitted to the magnet. If there is no spring installed in the device 

shown as Fig.2.6 (a), the gravitational force of the frame part must be transmitted through the 

VCM. That means the VCM force equals the gravitational force of the frame part constantly. 

Therefore, it is impossible to make the force of VCM zero, i.e. the current of VCM cannot be 

zero. However, if there is a spring installed in the device shown as Fig.2.6 (b). Generally, the 

gravitational force of the frame part can be transmitted to the permanent magnet through the 

spring instead of the VCM, and the VCM only generates force in the transient condition. As a 

result, in the stable suspension state, there is no current flowing through the VCM, and no 

power is consumed, theoretically.  

2.5.2 Realization in Mathematical Model 

Moreover, the zero power control in this system also can be understood from the 

mathematical model. If there is no spring installed in the device, the motion equations of the 

system can be expressed as following. 
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In this case, if the system is in the stable suspension state, the dynamic items in Equation 

(2.5) and (2.6) equal zero. In order to maintain the balance of the system, the force of VCM fa 

must equal the gravitational force of the frame part. Therefore, the current of VCM cannot be 

zero.  

On the other hand, if there is a spring installed in the device, the motion equations of the 

system are shown as Equation (2.1) and (2.2). In the stable suspension state, the dynamic 

items in Equation (2.1) and (2.2) equal zero. In this time, the force of VCM and the spring 

support the gravitational force of the frame part together. When the force of VCM verges to 

zero, the force of spring supports the gravitational force. As a result, the current of VCM can 

verge to zero, i.e. the zero power control can be realized. 
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2.5.3 Realization in Control System 

The controller of this suspension system is a DSP controller shown in Fig.2.3. Signals from 

three sensors are input to the DSP controller through 12-bit A/D converters. Based on these 

signals, appropriate current values are computed by the controller. The current values are 

converted to analog current by D/A converters, and then amplified by a current amplifier. The 

final actual current controls the VCM to maintain the system suspension stably.  

The block diagram of control system for zero power magnetic suspension system is shown 

in Fig.2.7. As shown in Fig.2.7, there are two large PD feedback loops in the block diagram. 

The lower PD feedback loop controls the distance between the frame part and the ceiling. The 

upper PD feedback loop controls the relative displacement between the magnet part and the 

frame part. Both PD feedback loops calculate the current values based on the sensors’ signals 

in order to make the VCM maintain the system levitation robustly. When the magnetic 

suspension system is suspended, no external input is imported, and the system simply 

maintains itself suspension stable in an equilibrium position. To some degree, this suspension 

system is an autonomous system, and the control system is an adaptive control system. The 

requirements of the control system are quick response and reliable stability. Moreover the 

equilibrium positions are not fixed. When the load varies, the equilibrium position changes. 

When the controller was designed, all above-mentioned factors were considered. Therefore 

the proportional controller and differential controller were adopted and the integral controller 

was not used in both feedback loops. 

Moreover, when using these two PD feedback loops to suspend the device stably, only an 

optimal distance between the permanent magnet part and the frame part can make the current 

of VCM approximately zero. If the distance between the permanent magnet part and the 

frame part is not equals to the optimal distance, there are two cases in regard to the force of 

VCM. When the distance is larger than the optimal distance, the force of spring is deficient to 

support the frame part, and the force of VCM compensates the deficiency. In this case, the 

direction of the VCM’s force is upward, and is same with the force of the spring. If the 

distance is shorter than the optimal distance, the force of spring is larger than the gravitational 
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Fig.2.7 Block diagram of control system 
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force of the frame part, and the force of VCM counteracts the redundant force of the spring. 

In this case, the direction of the VCM’s force is downward, and is reverse to the force of the 

spring. 

In order to always approximate the VCM’s force to zero in the stable suspension state, 

besides the two large PD feedback loops, a local current integral feedback loop is used before 

the levitated object block to implement zero power control in the control system. When 

current flows through the VCM circuit, this integral feedback loop reduces the current. The 

current reduction affects the distance between the frame part and the magnet part, and the 

resulting distance variation causes the spring length and the generating force to change. 

Finally, when the spring force becomes equal to the frame part weight, i.e. the distance 

between the permanent magnet part and the frame part equals the optimal distance, the VCM 

current verges to zero. Nevertheless the load is not varying, so the air gap between the 

permanent magnet and the ceiling never changes. Furthermore, the ki shown in Fig.2.7, the 

gain of the integral current feedback loop influences the speed of current variation. If the 

value is large, the current reaches zero quickly. However, that works against to the system’s 

stability. Rapid current variation will cause the system unstable. Therefore, a proper value of 

ki is very important for the system’s stability. 

After analyzing the realization of the zero power control in device, mathematical model, 

and the control system, the feasibility of zero power control in this system can be understood 

obviously. 

2.6 Numerical Simulation 

According to the mathematical model of Equation (2.12) and (2.13), first, the feedback 

gains were calculated using the LQR (linear quadratic regulator) full state feedback control 

law. Second, the numerical simulation was carried out with a nonlinear attractive force. 

2.6.1 Calculation of Feedback Gains 

All the parameters using in the numerical simulation are shown in Table.2.1, which are 

 

Table 2.1  Parameters using in numerical simulation 

Parameter Value Parameter Value 

m0 (kg) 0.6673 c (N/(m/s)) 0 

m1 (kg) 0. 0795 km (Nm
2
) 9. 518×10

-5
 

d0 (m) 2.5×10
-3

 kt (N/A) 5 

g (m/s
2
) 9.8 ks (N/m) 600 
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measured from the experimental prototype. Moreover, the value of km is measured from 

Fig.2.4  

Many methods can design the controller for a linear system. In terms of linear control 

theory, due to this proposed system is controllable and observable, the LQR can be used to get 

the feedback gains. Based on the characteristics of the system, we chose the state weighting 

matrix Q and input weighting matrix R as following: 
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      1=R                                                        (2.23) 

 

Using MATLAB software, the feedback gain K is calculated as following: 

 

       [ ]303300102600=K                               (2.24)  

2.6.2 Numerical Simulation 

For feasibility study, numerical simulations carried out with the nonlinearization of the 

attractive force. The simulations are examined in the following cases. 

� Case 1: the magnetic suspension system without spring and without zero power 

control. 

� Case 2: the magnetic suspension system with spring (600 N/m) and without zero 

power control. 

� Case 3: the magnetic suspension system with spring (600 N/m) and with zero power 

control.  

� Case 4: the magnetic suspension system with spring (700 N/m) and without zero 

power control. 

� Case 5: the magnetic suspension system with spring (700 N/m) and with zero power 

control.  

The simulations were carried out using the calculated feedback gains in the five cases. In 

the simulations, when a 10 grams weight was cut off from the frame part as a step during the 

stable suspension state, the VCM current, the frame part displacements, the relative 

displacements between the magnet part and the frame part, and the displacement of the 

magnet part were recorded. The step was implied at 0.2 second, and the responses were 

recorded until 1 second. The varieties of the current and the displacements were plotted in 

figures, as the upward direction is positive. 
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The results of the simulation in Case 1 are in shown in Fig.2.8. The first graph shows the 

VCM current response. The second one indicates the frame part displacement. The third one 

shows the relative displacement between the magnet part and the frame part. The final graph 

shows the displacement of the magnet part. When the weight is cut off from the frame part, 

the original balance state is broken since the gravitational force is smaller than the attractive 

force of the magnet. Therefore, the displacement of the frame part shown in the second graph 

increases. In order to make the system return to balance, the actuator must enlarge the air gap 

between the magnet and the ceiling, and then the attractive force will increase until it is equal 

to gravitational force of the device. Therefore, the displacement of the magnet from the 

ceiling decreases. In this process, the magnet part descends, and the VCM decreases the 

distance between the magnet part and the frame part. Since the gravitational force of the 

frame part that is supporting by the VCM is decreased, the VCM needs a smaller current than 

before cutting the weight of disturbance. The process is same as shown in Fig.2.8. After the 

transient process, the suspension system reaches the balance state again. Moreover, in the 

final stable suspension state, the VCM current is approximately –1.33 (A). This current is 

used to generate the propulsion force that is supporting the gravitational force of the frame 

part. The changing value of the current is 0.02A for responding to the decreased weight. 

The results of the simulation in Case 2 are shown in Fig.2.9. In this simulation, the used 

spring constant is 600 N/m. All results are similar to the results of the simulation in Case 1 at 

the beginning of the control process. However, in the steady state in Fig.2.9, the changing 

value of the current is approximate 0.01 (A), which is smaller than in Fig.2.8. The reason is 

 

Fig.2.8 Simulation results in Case 1 
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that the gravitational force of the frame part is supporting by the propulsion force of the 

spring and the force of the VCM.  

The results of the simulation in Case 3 are shown in Fig.2.10. In this figure, the spring 

constant and all the feedback gains are same to Fig.2.9, except for the gain of the current 

integral feedback loop. The gain ki is 35 in the simulation of Case 3. The comparison between 

Fig.2.9 and Fig.2.10 suggests that, even though the same gains was used in these two 

 

Fig.2.9 Simulation results in Case 2 

 

Fig.2.10 Simulation results in Case 3 
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simulations, the time of reaching balance state is different, and the time in Fig.2.10 is longer 

than in Fig.2.9. However, the VCM input current converges to zero in the stable state in 

Fig.2.10. That means, in this simulation with spring and with zero power control, the VCM 

consumes no energy, and the spring force counterbalances all the gravitational force of the 

frame part in the equilibrium state. Moreover, since only the spring force supports the 

gravitational force of the frame part, the changing distance between the permanent magnet 

part and the frame part is larger than Case 2. 

 

Fig.2.11 Simulation results in Case 4 

 

Fig.2.12 Simulation results in Case 5 
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The results of the simulation in Case 4 are shown in Fig.2.11. In this simulation, the spring 

constant is 700 N/m, which is stronger than the spring constant in Case 2 and 3. In Fig.2.11, 

the changing value of current is smaller than the result in Fig.2.10. Since the strong spring can 

generate a larger force than the weak spring with the same changing distance, the VCM may 

generate a smaller force in this case than in Case 2. 

The results of the simulation in Case 5 are shown in Fig.2.12. In this simulation, the gain ki 

is 25, which is smaller than Case 3. However, because of the big spring constant, the transient 

time is shorter, and the changing distance of the frame part and the difference between the 

magnet part and the frame part are smaller than Case 3. 

Moreover, in the simulation results of all cases, because the decreased weights are equal, 

the changing distances between the magnet and the ceiling are same. All numerical simulation 

results imply that zero power control used a spring and an integral current feedback loop is 

feasible in this permanent magnet suspending system. 

2.7 Experimental Results 

Furthermore, the noncontact suspension experiments have been implemented with the 

prototype shown in Fig.2.3 that is a suspension photograph. The experiments were carried out 

in the same conditions and feedback gains with the numerical simulations. The experimental 

results are shown in Fig.2.13 ~ Fig.2.17. In these results, the responses of the suspension 

system were investigated with a step disturbance of cutting off 10 grams weight from the 

frame part. The weight was cut off at the time between 1.5 seconds and 2 seconds, and the 

 

 

Fig.2.13 Experimental results in Case 1 
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responses were recorded from 1 second to 5 seconds. All the current results in figures were 

passed through the low pass filters. 

The results of the experiment in Case 1 are shown in Fig.2.13. This experiment was carried 

out in the same conditions and using the same feedback gains with the simulation in Case 1. 

The results indicate that, when the suspension device suspends stably, the device is not resting 

at the equilibrium position, but it is vibrating around the equilibrium position. After cutting 

off the weight and reaching the stable suspension state, the input current decreases 0.05 (A) 

 

 

Fig.2.14 Experimental results in Case 2 

 

 

Fig.2.15 Experimental results in Case 3 
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because of the cutting weight. However, this current value is bigger than the simulation result. 

It may be caused by the deformation of the VCM core. 

Fig.2.14 and Fig.2.15 show the results of the experiments in Case 2 and Case 3. From the 

current graph in Fig.2.14, after cutting off the weight, the current value is just approximate 

0.006 (A) in the stable state. Which is much smaller than the current in Case 1. The reason is 

that the resultant force of the VCM and the spring si supporting the gravitational force of the 

 

 

Fig.2.16 Experimental results in Case 4 

 

 

Fig.2.17 Experimental results in Case 5 
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frame part. In Fig.2.15, however, the current is converging to zero, and the variation values of 

the displacement of frame part and the difference between magnet and frame part are greater 

than them in Fig.2.14. The current integral feedback loop arouses all variations between 

Fig.2.14 and Fig.2.15. The integral loop decreases the VCM input current converging to zero, 

and then the VCM generates no force, so all gravitational force of the frame part maintains by 

the spring. Therefore, the spring length becomes short, and the changing length equals the 

value of the difference between the magnet and frame part. However, the integral loop is not 

able to affect the air gap between the magnet and the ceiling, so the increasing displacement 

of the frame part is larger than in Fig.2.14.  

Moreover, the experiments were also investigated in Case 4 and Case 5 using different 

springs and different gain of ki. The results are shown in Fig.2.16 and Fig.2.17. The 

experiment in Case 4 was carried out using the same feedback gains and same conditions with 

Case 2, except the spring. The spring constant is 700 N/m in Case 4. The differences of the 

experiments between Case 3 and Case 5 are the spring constant and the gain of the current 

integral feedback loop. The gain of ki in Case 3 was 35, but it was 25 in Case 5. Because 

different springs require different gains, and stronger springs require smaller gains. 

Comparing Fig.2.16 and Fig.2.17 with Fig.2.14 and Fig.2.15, there is a little difference. The 

changing displacement of the frame part and the variation between the magnet part and the 

frame part become small, because a stronger spring can generate the same propulsion force by 

a small variation length. 

2.8 Conclusions 

This chapter proposed a hanging type magnetic suspension system using a permanent 

magnet and the VCM. In order to reduce the power consumption of the system in the stable 

suspension state, a kind of zero power control method was proposed for this hanging type 

magnetic suspension system using a spring and an integral feedback loop of current.  

According to the suspension principle, an experimental prototype was set up. A 

mathematical model was created. The suspension feasibility of the system was examined 

theoretically. The realization of zero power control was analyzed in device, mathematical 

model, and control system. The numerical simulations and experiments were carried out in 

five cases. All the simulation and experimental results indicate that this hanging type 

magnetic suspension system can be suspended stably. Moreover, comparing the results in the 

five cases, the validity of the zero power control was examined. 

Moreover, the miniature transmission device and the conveyance vehicle applied in 

constant temperature plant can be developed using this kind of hanging type magnetic 

suspension system, and the zero power suspension can also be realized in the development 

device using the zero power control method.
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Chapter 3 Zero Power Non-Contact 

Suspension System with Permanent 

Magnet Motion Feedback 

3.1 Introduction 

Magnetic suspension systems have been extensively studied and have found numerous 

applications. Most magnetic suspension systems are electromagnetic suspension systems 

(EMS systems) that utilize electromagnets. Morishita and Azukizawa have proposed a zero 

power control method for EMS systems with the aim of reducing steady state energy 

consumption [53], which is introduced in the last chapter. Moreover, Misuno et al. have 

proposed a transfer-function approach to analyze and design the zero power controllers for 

magnetic suspension system [61]. This zero power control method for EMS systems has been 

adopted by many researchers and used in various magnetic suspension systems, which are not 

applied as the transmission devices. Misuno et al. have developed a vibration isolation system 

using this zero power magnetic suspension system that behaves as a spring capable of infinite 

negative stiffness [62][63]. Ishino et al. have presented a method of increasing the load 

capacity of the magnetic suspension system with this zero power control method [64]. Kim et 

al. have presented a zero power control scheme using an extended Luenberger observer, 

taking into consideration nonlinear gap and current characteristics to improve the magnetic 

levitation performance [65]. Myounggyu et al. have proposed a virtual zero power (VZP) 

controller consisting of a standard linear-quadratic (LQ) regulator and a Kalman filter [66]. 

The controller is used in an axial bearing in a pediaflow ventricular assist device. The Kalman 

filter estimates both the equilibrium position to which the feedback controller drives the 

system, and the covariance of sensor noise and axial disturbance forces on the rotor, which is 

used to select LQ regulator optimal gains. In this way, the controller can bring the actuator 

force to zero. 

Recently, some researchers have proposed some zero-power magnetic suspension systems 

with permanent magnets for manipulation devices. Misuno et al. have proposed a magnetic 

suspension system with a permanent magnet and three flux-path control modules consisting 

of a ferromagnetic plate, a voice coil motor (VCM), and a displacement sensor [57]. This 

system controls the attractive force of the magnet by changing the flux path with the flux-path 
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control modules. Ueno and Higuchi presented a zero-power magnetic levitation technique 

using a composite of magnetostrictive and piezoelectric materials [33][34]. That technique 

utilized the capacitive property of the piezoelectric materials so that no current flowed in 

static operation, to realize the zero power control at any reference gap or load. Finally, Oka et 

al. proposed a magnetic suspension system with a permanent magnet and a rotary actuator 

that drove the permanent magnet varying magnetic flux path [35]. The suspension force was 

controlled through the variable magnetic flux path. That system resulted in a zero attractive 

force, changed the polarity of stator poles, and realized zero power control in an equilibrium 

state. 

So far, we have proposed several kinds of permanent magnetic suspension systems with 

permanent magnets and linear actuators [26]~[29], [35], [56]~[59]. In this chapter, a zero 

power control method is proposed in a magnetic suspension system for manipulation devices. 

This system consists of a permanent magnet, a VCM, and a suspended iron ball, and no 

electromagnet. As a result, there is no heat generation and it is easy to realize remote 

non-contact manipulation by using a long rod, and realize the miniature manipulation devices 

using in a narrow space. However, when this system suspends an object with non-contact, the 

actuator has to support all the weight of the moving part and the suspended object. Therefore, 

the energy consumption becomes a significant problem. In order to solve this problem, a zero 

power control method that is same with the method using in last chapter, is adopted to reduce 

the energy consumption. A spring is assembled in the device, and an integral feedback loop is 

used in the control system. Quasi-zero power is then consumed in the steady state.   

In this chapter, first, the principle of the permanent magnetic suspension is explained. The 

realization of zero power control method is then analyzed in a prototype, through a model, 

and in the controller. Finally, some numerical simulation and experimental results are shown 

and discussed.  

3.2 Principle of Magnetic Suspension 

The principle of this levitation system is explained in terms of the suspension system 

scheme shown in Fig.3.1. The suspension system consists of an actuator, a permanent magnet, 

and a suspended object. The permanent magnet generates the suspension force, the actuator 

drives the magnet keeping the suspension stable, and the suspended object is a ferromagnetic 

body. When the object is suspended with non-contact in a steady state, the relationship 

between attractive force and gravitational force is as shown in Fig.3.2. The levitation direction 

is vertical, and in the equilibrium position, the magnet’s attractive force is equal to the 

gravitational force of the suspended object. Then, based on the principle that the magnetic 

force is inversely proportional to the square of the gap between the magnet and the 

ferromagnetic body, the actuator controls the air gap between the magnet and the object so as 
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to adjust the attractive force. When the air gap is smaller than the balance gap, the actuator 

raises the magnet to increase the air gap; when the air gap is larger than the balance gap, the 

actuator lowers the magnet to decrease the air gap. In this way, the suspended object is 

levitated steadily without contact. 

3.3 Realization of Zero Power Control 

3.3.1 Zero Power Control in Experimental Prototype 

A photograph of the prototype of the permanent magnetic suspension device is shown in 

Fig.3.3. Fig.3.4 shows the configuration of this magnetic suspension system. The prototype 
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principally consists of a permanent magnet, a VCM, a spring, and two eddy current 

displacement sensors. The whole device has three parts: the suspended object is an iron ball 

whose diameter is 30 mm; the moving part consists of a permanent magnet, a slider of VCM, 

and a sensor target; and the base part consists of the VCM stator, two sensors, and the frame. 

The weight of the iron ball is 0.1098 kg, and that of the moving part is 0.1478 kg. The VCM 

used in this magnetic suspension prototype has a driving length of 15 mm and a maximum 

generating force of 20 N at a coil current of 2 A. The VCM is the only active driving element 

that is used to control the device suspension stably in the equilibrium. The two sensors are 

eddy current displacement sensors. The upper sensor measures the permanent magnet’s 

 

 

 

Fig.3.3 Photograph of experimental prototype 

 

 

PC 

D-SPACE(DSP) 

MATLAB/Simulink D/A converter 

Power amp 

A/D converter 

Position of permanent magnet 

Position of iron ball 

VCM 

Eddy current sensor 

Permanent magnet 

Iron ball 

Sensor target 

Spring 

VCM slider 

VCM stator 

Eddy current sensor 

 

Fig.3.4 Configuration of magnetic suspension system 



 

 43

position and has a resolution of 0.02 mm and a measurement range of 10 mm. The lower 

sensor measures the iron ball’s position and has a resolution of 0.001mm and a measurement 

range of 4 mm.  

As shown in Fig.3.4, in order to obtain the zero power control, a spring is installed between 

the VCM stator and the sensor target in the device. When the iron ball is steadily suspended, 

the gravitational force of the moving part and the iron ball must be transmitted to the base part. 

If there is no spring in the device, the force must be transmitted through the VCM, which 

means that the VCM normal force equals the gravitational force of the moving part and the 

iron ball. However, if there is a spring in the device, the spring’s force can counterbalance the 

gravitational force acting on the moving part and the iron ball in the balanced state, and the 

VCM force can reach zero.  

The controller of this suspension system is a DSP controller, as shown in Fig.3.4. Signals 

from two sensors are input to the DSP controller through 12-bit A/D converters. Based on 

these signals, appropriate current values are computed by the controller. The current values 

are converted to analog current by D/A converters, and then amplified by a current amplifier. 

The final actual current controls the VCM to steadily maintain suspension of the ball. 

3.3.2 Zero Power Control in Model 

A model of this permanent magnetic suspension system as shown in Fig.3.5 has been set up 

for feasibility studies, stability confirmations, numerical simulations, and feedback gains 

calculations. According to the model, the equations of motion for the moving part and the 

suspended object are, respectively, 
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In these equations, m0, m1 are the mass of the iron ball and the moving part; z0, z1, whose 

positive directions are upward, are the displacements of the iron ball and the moving part; fa is 

the generating force of VCM; fm is the attractive force of the permanent magnet; ks is the 

spring constant; and c is the damping coefficient including spring fading characteristics, VCM 

bearings frictions, and air viscosities. 

Additionally, the relationship between the input current and the VCM generating force is 

represented by the equation  

 

        ikf ta =                                                  (3.3) 

 

where kt is the VCM propulsive coefficient and i is the VCM input current. 

The relationship between the permanent magnet attractive force and the air gap distance is 

described by 

 

        
2d

k
f m

m =
                                                (3.4) 

 

Where km is the coefficient of magnetic attractive forces and d is the air gap distance 

between the permanent magnet and the iron ball.  

According to Equation (3.1) and (3.2), when the iron ball is suspended in a static state, the 

differential terms become zero, i.e., the acceleration terms and the damping force become 

zero. If there is no spring in the device, the spring force is zero. Consequently, in order to 

maintain the balance, the VCM force has to equal the gravitational force of the moving part 

and the iron ball. During this time, the VCM current can never be zero. However, if there is a 

spring in the device, the spring force and the VCM force together afford the gravitational 

force acting on the moving part and the iron ball. Therefore, the VCM current can become 

zero in the static state. This means that the zero power control is mathematically feasible. 

3.3.3 Zero Power Control in Controller 

There are many ways to realize zero power control in the magnetic suspension system 

controller, such as using an observer, a current integral feedback, or object weight estimation. 

In this chapter, the current integral feedback method is investigated. 
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As shown in Fig.3.6, the block diagram is the controller of the permanent magnetic 

suspension system, having an integral current feedback loop for zero power control. There are 

two large PD feedback loops. The lower PD feedback loop measures the position of the iron 

ball. The upper PD feedback loop observes the position of the permanent magnet. Both PD 

feedback loops calculate the current values based on the sensors’ signals in order to make the 

VCM robustly maintain the system levitation. In addition to the two large PD feedback loops, 

a local current integral feedback loop is used before the levitated object block to implement 

zero power control. When current flows through the VCM circuit, this integral feedback loop 

reduces the current. The current reduction diminishes the generating force of the VCM, and 

the resulting variation causes the spring length and the generating force to change. Finally, 

when the spring force equals the gravitational force of the moving part and the iron ball, the 

VCM current reaches zero. Furthermore, the ki value for the gain of the integral current 

feedback loop influences the speed of current variation. If the value is large, the current 

reaches zero quickly. However, that works against system stability. Rapid current variation 

will result in system instability. Therefore, a proper ki value is very important for system 

stability. 

3.4 Feasibility Analysis of Suspension 

The attractive force of permanent magnet fm is represented as a nonlinear function of the 

length of the air gap becomes larger as the air gap decreases. By linearization of this function 

around the equilibrium position, we obtain 
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Fig.3.6 Block diagram of control system 



 

 46

d
d

k

d

k
fff mm

mmm
∆−=∆+=

3

0

2

0

0

2
                               (3.5) 

 

3

0

2 m
m

k
f d

d
∆ = − ∆

                         (3.6) 

 

In this model, we can conclude following equations around the equilibrium position: 
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Then the equations can be translated to followings at the equilibrium position: 
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We can set the state variables as: 
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Then the state space equation and the output equation are: 
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Where, 
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The controllability matrix of the system is: 
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Therefore,  
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The controllability matrix of the system is full rank, so the system is controllable. 

The observability matrix of the system is: 
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 The observability matrix of the system is full rank, so the system is observable.    

3.5 Numerical Simulation 

According to the mathematical model of Equation (3.12) and (3.13), first, the feedback 

gains were calculated using the LQR (linear quadratic regulator) full state feedback control 

law. Second, the numerical simulation was carried out with a nonlinear attractive force. 

3.5.1 Simulation Conditions 

In this feasibility study, numerical simulations were carried out with a nonlinear attractive 

force. The simulations were examined in same 5 cases, which are: 

� Case 1: the magnetic suspension system without spring and without zero power 

control. 

� Case 2: the magnetic suspension system with spring (400 N/m) and without zero 

power control. 

� Case 3: the magnetic suspension system with spring (400 N/m) and with zero power 

control.  

� Case 4: the magnetic suspension system with spring (300 N/m) and without zero 

power control. 

Table 3.1  Parameters using in numerical simulation 

Parameter Value Parameter Value 

m0 (kg) 0.1098 c (N/(m/s)) 0 

m1 (kg) 0. 1478 km (Nm
2
) 3. 758×10

-6
 

d0 (mm) 1.85 kt (N/A) 10 

g (m/s
2
) 9.8 ks (N/m) 400 
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� Case 5: the magnetic suspension system with spring (300 N/m) and with zero power 

control. 

3.5.2 Calculation of Feedback Gains 

All the parameters using in the numerical simulation are shown in Table.3.1, which are 

measured from the experimental prototype. Moreover, the value of km is measured from 

Fig.3.7, which is the measured attractive force of the using permanent magnet when the 

length of air gap is changing. 

Many methods can design the controller for a linear system. In terms of linear control 

theory, due to this proposed system is controllable and observable, the LQR can be used to get 

the feedback gains. Based on the characteristics of the system, we chose the state weighting 

matrix Q and input weighting matrix R as following: 
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Using MATLAB software and considering the conditions of the device with spring and 

without spring, the feedback gains K1 (without spring) and K2 (with spring) are calculated as 

following: 
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Fig.3.7 The attractive force characteristic of the permanent magnet 
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       [ ]9.47424.6748
1

−−=K                            (3.24) 

 

       [ ]8.47508.6830
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−−=K                            (3.25) 

 

3.5.3 Simulation Results  

Using the mathematical model and the calculated feedback gains, the simulations were 

carried out. When the iron ball was levitated, a –0.05 mm step value was added to the iron 

ball. After the step was added, the VCM current, the iron ball displacements, and the moving 

part displacements were recorded. The step was added at 1.5 seconds, and the responses were 

recorded until 5 seconds. The varieties of current and displacement were plotted, with the 

upward direction as positive. 

The results of simulation in Case 1 are shown in Fig.3.8. The upper plot shows the VCM 

current response, the middle one indicates the iron ball displacement, and the lower one 

shows the moving part displacement. When the iron ball was levitated in a stable condition, 

before adding the step, the current was approximately –0.258 A, which was used to generate 

the force counterbalancing the gravitational force on the moving part and the iron ball. The 

negative current caused the VCM to generate an upward force. When the step was added, the 

iron ball moved downward as shown in the middle graph, the air gap length between the 

magnet and the iron ball increased, and the attractive force of the magnet decreased. In order 

to make the levitation return to equilibrium, the actuator drove the magnet lower to reduce the 

 

Fig.3.8 Simulation results in Case 1 
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air gap between the magnet and the iron ball, and then the attractive force increased until it 

was equal to the gravitational force. Thereafter, the levitation reached the balanced state again. 

Moreover, the VCM current after equilibrating was the same as that in the original 

 

Fig.3.9 Simulation results in Case 2 

 

Fig.3.10 Simulation results in Case 3 
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equilibrium state since the generating force did not change.  

The results of the simulation in Case 2 are shown in Fig.3.9. In this simulation, the spring 

constant used was 400 N/m. After adding the step, the current value was approximately 0.04 

 

Fig.3.11 Simulation results in Case 4 

 

Fig.3.12 Simulation results in Case 5 
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A, which generated a downward force to counterbalance the spring force. The value was 

smaller than that shown in Fig. 5. In that moment, the spring force was equal to the 

summations of the VCM force and the gravitational forces of the iron ball and the moving 

part. In the changing progress, there was a sharp variation in the current because the VCM 

responded to the step, and subsequently changed the variation resulting from the spring’s 

actions. 

The results of the simulation in Case 3 are shown in Fig.3.10. In this simulation, except for 

the current integral feedback loop, all of the conditions and feedback gains were the same as 

in the simulation shown in Fig.3.9. As shown in Fig.3.10, after adding the step and reaching 

the equilibrium state, the current and the displacements of the iron ball and the moving part 

returned to zero. This result indicates that in the simulation with spring and with zero power 

control, the VCM consumed no energy and the spring force counterbalanced all the 

gravitational forces in the equilibrium state. 

The results of the simulation in Case 4 are shown in Fig.3.11. In this simulation, the spring 

constant used was 300 N/m. These results are similar with the results in Case 2. However, 

after adding the step, the current value is approximately 0.025 A, which is smaller than the 

current in Case 2. The reason is that weak spring needs a weak force to change the distance 

between the permanent magnet part and the frame part. 

The results of the simulation in Case 5 are shown in Fig.3.12. In these results, the current 

also can be converged to zero and the displacements also can be returned back to the original 

position. However, the response time is longer in Case 5 than in Case 3, even the same current 

integral feedback gain is same.  

All numerical simulation results imply that the zero power control using a spring and an 

integral current feedback loop is feasible in this suspension system with a permanent magnet 

motion feedback loop. 

3.6 Experimental Results  

Non-contact suspension experiments were also implemented using the experimental 

prototype shown in Fig.3.3. Fig.3.13 shows an iron ball levitating in a stable state. 

Experiments in same cases with the numerical simulations were completed. However, on 

account of the upper sensor in the experimental prototype having poor linearity, the feedback 

gains used in the experiments differed from those used in the simulations. Some experimental 

results are shown here, and all the current results in the figures were passed through low pass 

filters. 

The results of the experiment in Case 1 are shown in Fig.3.14. From these results, it can be 

seen that when the iron ball was suspended in a stable state, the VCM current was 

approximately –0.26 A, which generated a force counterbalancing the gravitational force of 
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the iron ball and the moving part. After adding the step value, the iron ball and the moving 

part moved downward together, and the current returned to the original value, in agreement 

with the simulation results. The step only changed the position of the iron ball but did not 

change the loads; therefore, the current did not change. Fig.3.14 indicates that the VCM 

current in the normal suspension state was approximately –0.26 A.  

Fig.3.15 shows the experimental results in Case 2. The spring constant was 400 N/m. In the 

current graph in Fig.3.15, it can be seen that after adding the step, the current value was 

approximately 0.02 A in the stable state. This was much smaller than the current in Fig.3.14.  

Fig.3.16 shows the experimental results in Case 3. As shown in Fig.3.16, the current and 

the displacements all converged to zero in the stable state. The current integral feedback loop 

caused all the variation. The integral loop reduced the VCM input current to zero, and then 

 

 

Fig. 3.13 Photograph of suspended iron ball 

 

Fig.3.14 Experimental results in Case 1 
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the VCM generated no force. Therefore, the spring maintained all of the gravitational forces, 

and the iron ball and the moving part returned to their original positions.   

Fig.3.17 and Fig.3.18 show the experimental results in Case 4 and 5, which used a different 

spring whose spring constant was 300 N/m. The experiments were carried out with the same 

 

Fig. 3.15 Experimental results in Case 2 

 

Fig.3.16 Experimental results in Case 3 
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feedback gains and conditions with Case 2 and 3. As shown in Fig.3.17, after adding the step, 

the current was approximately 0.01 A in the stable state, which was smaller than that in 

Fig.3.15. This was because weak springs require small forces to counterbalance. Moreover, 

 

Fig. 3.17 Experimental results in Case 4 

 

Fig.3.18 Experimental results in Case 5 
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the current and displacements in Fig.3.18 converged to zero as well. 

In conclusion, the experimental and simulation results are very similar, and they suggest 

that the zero power control can be successfully applied in this suspension system with a 

permanent magnet motion feedback loop. 

3.7 Conclusions 

A zero power control method was proposed in a permanent magnetic suspension system 

used as a noncontact manipulation device. Based on the analysis of the feasibilities of zero 

power control in an experimental prototype, in a model, and in a controller and on the results 

of the numerical simulations and experiments, the following conclusions can be drawn. 

First, through the use of a digital controller with two PD feedback loops, the suspension 

system with the permanent magnet and linear actuator can be levitated steadily without 

contact. 

Second, the zero power control method using a spring in suspension device and a current 

integral feedback loop in the controller can reduce energy consumption considerably in this 

suspension system with a permanent magnet motion feedback loop. 

Third, this kind of zero-power magnetic suspension system can be used to develop a 

miniature noncontact manipulation device or a long distance noncontact manipulation 

mechanism. 
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Part II  Noncontact Spinning Mechanism 
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Chapter 4  Development of a Noncontact 

Spinning Mechanism Using Rotary 

Permanent Magnets 

4.1 Introduction  

Currently, the developments in machinery are aimed at two goals: miniaturization and high 

precision. However, reducing the size of the machinery requires the parts to be small and easy 

to distort, and the high precision targets require clean assembly. Consequently, noncontact 

manipulation of machinery parts is desirable. Since magnetic force is strong, clean and fit for 

ferromagnetic materials, magnetic suspension is adequate for manipulating and spinning 

machinery parts without contact. 

So far, many kinds of noncontact suspension systems and manipulation systems have been 

proposed using electromagnets and permanent magnets [9]. For noncontact manipulation 

systems, Oka et al. have proposed an active magnetic levitation system using a permanent 

magnet and a motion control mechanism [24]. In this system, noncontact levitation was 

realized by adjusting the magnetic force via the control of the air gap between the permanent 

magnet and the ferromagnetic suspended object. Cui et al. have proposed a 2D, noncontact 

manipulation system using permanent magnets and linear actuators with an air gap control 

method [27]. Nakamura et al. proposed a three-dimensional manipulation mechanism for 

manipulating a small permanent magnet [67]. Verma et al. have presented a novel 

electromagnetic actuation scheme for nanoscale positioning with a six-axis, 

magnetic-levitation stage [68]. For noncontact spinning system, many magnetic bearings and 

bearingless motors have been proposed [10]. Magnetic bearings support a rotor without 

physical contact, and a bearingless motor combines a rotary motor and an active magnetic 

bearing. Moreover, others have proposed noncontact spinning systems. Ikuta et al. have 

proposed a noncontact magnetic gear acting as a transmission mechanism to develop safe 

mechanisms for use in homes and hospitals [69]. Fujiwara et al. have developed a noncontact 

spinning mechanism using permanent magnets and linear actuators to magnetically suspend 

an object [58]. In this system, four magnets were sequentially driven in the horizontal plane 

toward the object, causing it to spin. This spin mechanism, however, pulsated the object 

vertically, and high rotation speeds could not be realized. It is hypothesized that this result is 

due to abrupt alterations in the flux distribution. 

This chapter proposes a new type of noncontact spinning mechanism using disk magnets 
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Fig.4.1  Principle of spinning system using rotational magmets 

and rotary actuators in place of magnets and linear actuators. In this proposed noncontact 

spinning mechanism, the noncontact suspension of the suspended object is achieved using a 

permanent magnet and a VCM (Voice Coil Motor) with the air gap control method. The 

noncontact rotation in horizontal of the suspended object is not realized by exciting coils, but 

by the rotational, disk-type permanent magnets. Depending on the arrangement and number 

of magnets and the phases of their magnetic poles, this proposed noncontact spinning 

mechanism can realize a steady rotation state and fast rotation. In this paper, the spinning 

principle is explained, and the prototype of the proposed spinning system is introduced. Next, 

spinning experiments were performed, and the rotational torque of the spinning object was 

calculated using mathematical models and IEM analysis. Finally, some results are shown and 

discussed.  

4.2 Noncontact Spinning Principle 

The principle of the spinning system is shown in Fig.4.1. The figure is a plane view from 

the top of the device. An iron ball, the spun object, is located in the center of the four disk 

magnets. The iron ball is suspended in the vertical direction by a permanent magnetic 

suspension system. The four disk magnets are arranged around the levitated ball and in the 

same horizontal plane as the ball. Each magnet has two magnetic poles in the radial direction. 

The magnetic poles of the four disk magnets are arranged in a parallel configuration and 

invert between two adjacent magnets. All of the disk magnets rotate at the same speed and in 

the same direction. 

The remanent magnetization on the surface of the iron ball is used for spin control. The 

iron ball has various remanent magnetizations. The strongest magnetization determines which 
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Fig.4.2  Configuration of the spinning system 

 

 

Fig.4.3  Photograph of spinning system 

will be the upper side of the ball during suspension. The next strongest remanent 

magnetization in the horizontal plane, indicated in Fig.4.1, causes the ball to rotate about the 

vertical axis due to its attraction to the four disk magnets. We assumed the remanent 

magnetization is S. In the situation shown in Figure 1, the remanent magnetization is attracted 

by disk magnet I, and the ball will rotate to face disk magnet I. At the same time, the four 

magnets also rotate. Consequently, when the remanent magnetization faces magnet I, the iron 

ball has rotated 90 degrees, and the four magnets have rotated 90 degrees as well. At this 

point, the remanent magnetization will then be attracted to magnet II. Theoretically, 
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repetitions of this rotation cycle can cause the iron ball to spin in the reverse rotational 

direction at the same rotational speed as the rotational disk magnets. 

4.3 Noncontact Spinning System 

Fig.4.2 shows the configuration of the noncontact spinning system, and Fig.4.3 shows a 

photograph of the prototype. The mechanism has two parts: a suspension part and a spinning 
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Fig.4.4  Schematic draw of magnetic suspension system 
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Fig.4.5  Schematic draw of spinning system 
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part. The suspension part consists of a permanent magnet, a voice coil motor and two eddy 

current sensors, and the spinning part consists of four disk-type permanent magnets and four 

rotary motors that include reduction mechanisms and encoders.  

4.3.1 Suspension Part     

In the suspension part shown in Fig.4.4, the suspended object was an iron ball with a 

diameter of 30 mm and a mass of 0.1098 kg. A cylindrical permanent magnet with a diameter 

of 8 mm and length of 8 mm was attached to the lower top of the slider of the VCM, and a 

sensor target was installed on the upper top of the slider. The permanent magnet and the 

sensor target moved with the slider together. The upper sensor measured the magnet position 

through the sensor target with a resolution of 0.02 mm and a measurement range of 10 mm. 

The lower sensor measured the position of the iron ball with a resolution of 0.001 mm and a 

measurement range of 4 mm. The VCM used in this magnetic suspension prototype has a 

driving length of 15 mm and a maximum generating force of 20 N at a coil current of 2 A.  

As shown in Fig.4.4, a DSP controller (DSPACE1104) and the PID control method were 

used in the control system of the suspension system. Based on the feedback position signals 

of the iron ball and the permanent magnet, the control system controlled the suspended object 

to maintain stable levitation.  

4.3.2 Spinning Part     

In the spinning part, four disk-type permanent magnets were installed on the rotary motor’s 

shafts. As shown in Fig.4.3, the motors were installed on the rail-frames, which allowed the 

magnets’ positions to be adjusted in the vertical and horizontal directions. The four magnets 

were placed in the same horizontal plane as the levitated ball and at the same distance from 

the suspended ball. The four disk-magnets were arranged as shown in Fig.4.1 and had been 

magnetized into two magnetic poles in their radial directions. Each disk magnet had a 

diameter of 30 mm and a thickness of 10 mm.  

A schematic drawing of the control system of the one forth spinning part is shown in 

Fig.4.5. Based on the signals from the encoder, the DSP controller controlled the disk magnet 

rotation. Fig.4.6 shows the control diagram of the spinning system. In this system, the 

rotational angle of one of the magnets was used as a reference to control the other three 

magnets, and both the angle and speed were controlled. Consequently, the four magnets could 

maintain a phase relationship with each other, rotate at same speed and start and stop at the 

same time.  

4.3.3 Characteristic Experiment     

To examine the magnetic characteristics of the disk magnets and the influence of the 

distance between the magnet and the levitated ball, the magnetic flux density of the disk 

magnet was measured using a gauss-meter. While the magnet rotated, the flux density was 

recorded at distance of 20 mm, 30 mm, 50 mm, 70 mm and 100 mm. The measurement data 
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are shown in Fig.4.7. From the results, it can be seen that the flux density curves resemble 

sine curves at all points, and smaller distances yield greater flux density. This means that the 

influence on the remanent magnetization of the ball surface is periodic while the magnet is 

rotating; therefore, the magnet generates a greater force at the point nearest the levitated ball. 

To examine the remanent magnetization points on the surface of the iron ball, the magnetic 

flux density of the surface of an iron ball was carried out using the gauss meter. Fig.4.8 shows 
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Fig.4.6 Control diagram of spinning system 
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Fig.4.7 Magnetic flux density characteristic of disk magnet. 
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the photograph of measurement experiment. In the experiment, first, an iron ball was 

suspended to decide the position of maximum magnetization point on its surface. Second, the 

position of the maximum magnetization point was maintained on the top of the iron ball, and 

fixed on the top of the aluminum pipe, which was installing on the a rotational stage. Third, 

the longitude of the iron ball was marked, and the magnetic flux density along the longitude 

was measured in one revolution at a step of 5 degrees. 

Fig.4.9 shows the results of magnetic flux density on the surface of the iron ball. In the 

 

Fig.4.8 The photograph of measurement device 
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Fig.4.9 Magnetic flux density ditribution on the surface of iron ball 
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figure, the outside circle expresses the magnetic flux density as 1 mT, and the center point 

expresses as –1.5 mT. The results indicate that the magnetic flux density on the different place 

of the iron ball is different. Some place looks like the S pole, and some place looks like the N 

pole. The maximum magnetic flux density appears at the longitude of 0 degree, and the value 

is –1.16 mT. Therefore, we know that there are many remanent magnetization points on the 

surface of the iron ball. 

4.4 Mathematical Model 

4.4.1 Rotational Torque Modeling 

In order to analyze the proposed spinning principle and examine the rotational 

characteristics of the spinning mechanism, a mathematical model of the spinning system was 

created as shown in Fig.4.10, where is only using magnet I (using the numbering 

configuration shown in Fig.4.1.) as a driving magnet. In this model, we assumed the 

following: 

(1) There is one remnant magnetization point A as an S pole on the surface of the iron ball 

and a N pole located at the center of the sphere. 

(2) The magnetic poles of the disk magnet are at points B (N pole) and C (S pole), and all 

magnetic flux comes out of point B and returns into point C. 

According to the model, the remanent magnetization point A is attracted by point B and 

repulsed by point C, and the attractive force fm1 between point A and B and repulsive force fm2 

between point A and C are expressed as 
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Fig.4.10 Model of the spinning system using magnet I 
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Where d1 and d2 are the distances from point A to points B and C, and k1 and k2 are factors 

of the attractive force and repulsive force. α1 is the angle between fmI and fm1, α2 is the angle 

between fmI and fm2. θ1 is the rotational angle of the iron ball with respect to magnet I, and φ1 

is the rotational angle of magnet I. R is the radius of the iron ball and the magnets, and L is the 

distance between the centers of the iron ball and the magnets. τz1 is the rotational torque on the 

iron ball around the z-axis using magnet I. 

According to the arrangement of the iron ball and the disk magnets shown in Fig.4.1, the 

angular relationship between the magnets can be expressed by the following relationships: 
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Where θ2 , θ3 and θ4 are the rotational angles of the iron ball with respect to magnets II, III 

and IV, respectively, and φ2 , φ3 and φ4 are the rotation angles of magnets II, III and IV, 

respectively. Based on these relationships, the rotational torques of the other magnets can be 

calculated as well. Since all magnets are uniform in the mechanism, the factors of the 

attractive force and repulsive force are same. Since the rotational velocity of magnets is 

equivalent in experiments, the rotational angles of magnets can be expressed by φ1.  

Consequently, the rotational torque on the iron ball, τz, can be expressed for three different 

configurations of the disk magnets: 

(1) Using disk magnet I as the driving magnet. 

 

1zz
ττ =

                                            (4.11) 

 

(2) Using disk magnets I and III as the driving magnets. 

          

31 zzz
τττ +=

                                          (4.12) 

 

(3) Using all four disk magnets as the driving magnets. 

         

 4321 zzzzz
τττττ +++=

                                 (4.13) 

 

Where τz2, τz3 and τz4 are the rotational torques on the iron ball with respect to magnets II, 

III and IV, respectively. 

4.4.2  Rotation Equation of Iron Ball 

According to the mathematical model of the rotational torque of iron ball, the rotational 

equations of the iron ball can be obtained. 
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Where J is the moment of iron ball, m0 is the mass the iron ball. 

4.5 Spinning Examination by Numerical Simulation 

According to the rotational equation of the iron ball, the spinning examination was carried 

out. In the simulation, the rotational velocity of the iron ball was not feedback to the control 

system, i.e. the spinning system was an open loop system. The parameters using in the 

simulations are shown in Table 4.1. Step responses of the velocity of the levitated object, its 

velocity in steady states conditions and the relationship of velocity between the iron ball and 

the rotational magnets with a ramp input of the rotational magnets were examined. 

4.5.1 Step Response    

A step response was performed for the three different driving magnet configurations used 

in the above-mentioned model. In each simulation, a step velocity input of -0.5 rps was 

applied to the magnet after 2 seconds, and the responses of the iron ball and magnet were 

recorded for 20 seconds. 

The step response results of iron ball using magnet I are shown in Fig.4.11. These results 

indicate that when the velocity step of the rotational magnets is input, the velocity of the iron 

ball responds to vibrate in the reverse direction to the magnet. 

The step response results of iron ball using magnet I and III are shown in Fig.4.12. The 

results show that the velocity of iron ball responds to the input step immediately, and also 

vibrates. However, the mean velocity is almost equal to the velocity of the magnets. 

The step response results of iron ball using all four magnets are shown in Fig.4.13. The 

velocity of iron ball also responds to the input step immediately and vibrates. However, the 

amplitude and period of the vibration are less than those in Fig.4.12. That means the numbers 

 

Table 4.1 Parameters using in numerical simulation 

Parameter Value Parameter Value 

m0 (kg) 0.1098 k1 (Nm
2
) 9×10

-6
 

L (mm) 90 k2 (Nm
2
) 9×10

-6
 

R (mm) 15   
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of magnets become large, the velocity responsibility of the iron ball becomes quick and the 

velocity vibration becomes small. 

4.5.2 Velocity in Steady State 

The rotational velocity of the iron ball was simulated in the steady state at about 0.5 rps. 

The simulation results of the steady velocity are shown in Fig.4.l4 to Fig.4.16. In the figures, 

the rotational velocity of the iron ball and the magnet was recorded from 80 s to 100s. In 

Fig.4.14 and Fig.4.15, the velocity of the iron ball is vibrating around 0.5 rps. In Fig.4.16, the 

velocity of the iron ball is almost 0.5 rps. Therefore, in the steady state, the velocity of the 

iron ball in the case with four magnets is more stable than other two cases. 

4.5.3 Relationship between Input Velocity and Output 

Velocity 

In order to examine the relationship between the input velocity of magnets and the output 

velocity of the iron ball, the velocities of the magnet and the iron ball were recorded until 5 

rps, when a ramp signal was applied to the rotational magnet. The results are shown in 

Fig.4.17 to Fig.4.19. In the figures, the horizontal axis is the velocity of the magnet, and the 

vertical axis is the velocity of the iron ball. 

Fig.4.17 shows the relationship results using magnet I only. The results indicate that the 

gradient is almost 1, i.e. the velocity of the iron ball is almost equal to the velocity of the 

magnet. 

Fig.4.18 shows the relationship results using magnet I and III. The trend of the figure is 

similar to the Fig.4.17, but the differences between the velocity of iron ball and the magnets 

are large. 

Fig.4.19 shows the relationship results using four magnets. The gradient of the graph is 

 

Fig.4.11 Step response of iron ball using magnet I in simulation 
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almost 1, and there are some small differences between the velocity of iron ball and the 

magnets.  

All the simulation results indicate that as the number of the magnet increases, the step 

response becomes quick, the steady rotational velocity becomes stable, and the linearity of the 

relationship between the velocity of the iron ball and the magnets becomes good. 

4.6 Spinning Examination by Experiments  

Experiments were carried out to investigate the performance of the proposed spinning 

system. In the experiments, the velocity of the same spinning object was recorded. Step 

 

Fig.4.12 Step response of iron ball using magnet I and III in simulation 

 

Fig.4.13 Step response of iron ball using four magnets in simulation 
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responses of the velocity of the levitated object, its velocity in steady states conditions and the 

relationship between the input and output velocities were also examined. 

 

Fig.4.14 Steady velocity of iron ball using magnet I only in simulation 

 

 

Fig.4.15 Steady velocity of iron ball using magnet I and III in simulation 

 

 

Fig.4.16 Steady velocity of iron ball using four magnets in simulation 
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Fig.4.17 Velocity relationship using magnet I only in simulation 

 

 

Fig.4.18 Velocity relationship using magnet I and III in simulation 

 

 

Fig.4.19 Velocity relationship using four magnets in simulation 
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4.6.1 Step Response     

A step response was performed for the three different driving magnet configurations used 

in the above-mentioned simulations. In each experiment, a step velocity input of -0.5 rps was 

applied to the magnet after 2 seconds, and the responses of the iron ball and magnet were 

recorded for 20 seconds. The velocity response of the iron ball was measured using a 

FC-2000/FC-2010 of KEYENCY laser sensor for the length and speed measurements. The 

measurement range of the velocity was less than 42 rps, and the measurement error was less 

than ±0.09 rps. The results are shown in Fig.4.20 to Fig.4.22. In these results, the upper graph 

is the velocity of the iron ball, and the lower graph is the velocity of disk magnets.  

The result of the experiment using magnet I as the only driving magnet is shown in 

Fig.4.20. As shown in the figure, the velocity response does not follow the input velocity, 

which means that the object does not rotate; it vibrates. We can see, however, that the 

vibration becomes large. A possible explanation for this result is that the strongest remanent 

magnetization point in horizontal plane on the surface of iron ball was stopping at the reverse 

side to the magnet, where the driving stiffness was low and the rotational torque was small.  

Fig.4.21 shows the step response results when magnet I and III are used for spinning. As 

shown in the figure, the spinning movement starts as the input is applied, and the mean output 

velocity is about 0.5 rps. This is the same as the input velocity, since the rotational torque 

using two magnets is bigger than using one magnet as shown in the results of the calculations 

and simulations; however, the velocity vibrates with a period of about 4 seconds. 

The velocity step response for the experiment using all four magnets to drive the suspended 

object is shown in Fig.4.22. As shown in the figure, the velocity responds as the input changes. 

The mean output velocity is about 0.5 rps, which is the same as the input. Velocity vibration 

also occurs, but the period is shorter than the result shown in Fig.4.21. Compared with the 

 

Fig.4.20 Step response of iron ball using magnet I in experiment 
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result using two magnets, a quicker response can be seen in this case.  

These step response results indicate that rotation can be realized regardless of the number 

of driving magnets; however, increasing the number of disk magnets causes a quicker 

response. 

4.6.2 Velocity in Steady State     

Using the same configurations mentioned above, the velocities of the iron ball were 

recorded 20 seconds after the step input occurred 5 minutes, and the results are shown in 

Fig.4.23 to Fig.4.25. 

As shown in these figures, the means of output velocities are almost 0.5 rps, which is the 

same as the input velocity. A small velocity error can be seen in all figures, which may be 

caused by the sensor gain error. These experimental velocity results from a stable rotation 

state agree with the results of simulation, which indicate that a higher number of installed 

magnets generate steadier rotational velocity of the iron ball. 

 

Fig.4.21 Step response of iron ball using magnet I and III in experiment 

 

Fig.4.22 Step response of iron ball using four magnets in experiment 
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Fig.4.23 Steady velocity of iron ball using magnet I in experiment 

 

 

Fig.4.24 Steady velocity of iron ball using magnet I and III in experiment 

 

 

Fig.4.25Steady velocity of iron ball using four magnets in experiment 
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Fig.4.26 Velocity relationship of iron ball using magnet I in experiment 

 

Fig.4.27 Velocity relationship of iron ball using magnet I and III in experiment 

 

Fig.4.28 Velocity relationship of iron ball using four magnets in experiment 
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4.6.3 Relationship Between Input Velocity and Output 

Velocity     

The relationship between the input and output velocities was examined to verify the 

linearity of the system. In the experiments, the input velocity to the system was increased in 

increments of 0.1 rps until the iron ball could not be stably suspended. For each experiment, 

the average velocity for 10 seconds was measured after steady state was achieved. The results 

are shown in Fig.4.26 to Fig.4.28. 

The result using only magnet I is shown in Fig.4.26. During this experiment, the other 3 

magnets were removed from the system. The spinning velocity of the iron ball increased with 

the increasing input velocity of the disk magnet as shown in the figure. The input and output 

velocities were differed slightly, and the gradient was not 1; however, the number of rotations 

of the magnet was same as that of the iron ball, and the relationship between the input and 

output velocity was almost linear. Therefore, the difference is assumed to be caused by the 

sensor gain error. The correct velocity is represented by the magnet rotation velocity. The iron 

ball could be spun up to 3 rps. 

The result using magnets I and III is shown in Fig.4.27. During this experiment, the magnet 

II and IV were removed from the system. In this case, the iron ball could be spun up to about 

2.5 rps. 

When all four magnets were used for spinning, the result is shown in Fig.4.28. As shown in 

the figure, the iron ball velocity was able to reach about 2 rps. 

As shown in these three figures, as the number of the magnet increases, the linearity of the 

relationship improves, but the velocity limit decreases. The reason for the lower velocity limit 

can be considered that increasing the number of magnets generates an increased attractive 

force in the horizontal plane.  

Compared with the velocity limit of 1 rps in the previous prototype spinning system, this 

proposed spinning system has better performance than the previous system. 

4.7 Conclusions 

A noncontact spinning method using disk magnets and rotary motors has been proposed. A 

prototype of the spinning system was constructed to verify the performance of the proposed 

method. A mathematical model was created, and simulations were performed. Noncontact 

spinning experiments using the prototype were performed, and the results indicate that a 

levitated iron ball can be spun using the remanent magnetizations and the rotational disk 

magnets. The iron ball could be spun regardless of the number of driving magnets used, 

however, as more magnets were used, the iron ball was spun more smoothly, but the velocity 

limit decreased.
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Chapter 5  Performance analysis of 

noncontact spinning mechanism 

5.1 Introduction 

  The last chapter introduced a noncontact spinning system using permanent magnets and 

rotary motors. An experimental prototype of the spinning mechanism was set up, and the 

noncontact spinning simulations and the spinning experiments were examined. All 

examinations indicate that this spinning system can realize the noncontact spin of the 

noncontact suspended object (here is an iron ball) by means of the remanent magnetization on 

the surface of the suspended object and the rotation disk-type permanent magnets. The 

rotation of the suspended object had been realized using one magnet, two magnets, and four 

magnets, respectively. Moreover, the spinning experimental results indicated that the 

suspended object could be spun regardless of the number of driving magnets used; however, 

as more magnets were used, the suspended object was spun more smoothly, but the velocity 

limit decreased.  

In order to examine the reasons of the spinning results, this chapter will examine the 

characteristics of the noncontact spinning mechanism by IEM (Integral Element Method) 

analysis [70] and experimental examinations. In this chapter, first, the magnetic filed of the 

spinning mechanism is examined by a 2-D analysis model. Second, the rotational torque of 

the suspended iron ball is calculated using the mathematical model created in last chapter. 

Third, after modeling the remanent magnetization point, the 3-D IEM analysis model is 

created, and the rotational torque is examined. Forth, a measurement device is set up 

according to the model of the remanent magnetization point, and the rotational torque is also 

examined by experiments. Finally, the attractive force in the horizontal direction is examined. 

Moreover, all the examinations are carried out three figurations of the permanent magnets, 

which are same as the simulations and experiments in last chapter. 

5.2 Magnetic Field Examination by IEM Analysis 

In order to examine the magnetic field of the spinning mechanism in the horizontal plane, 

the 2-D analysis models were created in the ELF/Magic software in three cases. In the models, 
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the diameters of the iron ball and the magnets are 30 mm, which is same as the experimental 
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Fig.5.1 2-D analysis model using one magnet only 

 

Fig.5.2 Analysis result when φ=0˚ 

 

Fig.5.3 Analysis result when φ=30˚ 
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mechanism. The distance from the center of iron ball to the center of magnets is 40mm. The 

range of the magnetic field expressed is round and including the iron ball and the all magnets. 

The diameter of the magnetic field is 120mm. The material of iron ball is Fe, and the material 

of the magnets is N48 of neodymium.  

5.2.1 Analysis Using one Magnet only 

In this case, an analysis model is created and shown in Fig.5.1. In this model, the rotational 

angle of magnet III (this number is same with the number shown in Fig.4.1) is assumed as φ, 

and φ is equal to 0 degree when the situation is shown as Fig.5.1. The analysis results when 

the magnet rotates from 0 degrees to 90 degrees, are shown in Fig.5.2 to Fig.5.5, where the 

left roundness is permanent magnet, the right roundness is the iron ball. The big and blue 

roundness is the expressed magnetic field. The arrows express the direction of the magnet 

flux, and the color expresses the magnetic density. The results indicate that the strong 

magnetic density point around the surface of the iron ball varies when the magnet rotates. 

Therefore, if there is a remanent magnetization as S pole on the surface of the iron ball, the 

remanent magnetization will be attracted by the rotational magnet, and will follow the 

variation of the strong magnetic density point. These results can prove that the iron ball can 

be spun using one magnet only. 

5.2.2 Analysis Using Two Magnets (I and III) 

An analysis model with two magnets is created and shown in Fig.5.6. The analysis results 

are shown in Fig.5.7 to Fig.5.10. These results indicate that the strong magnetic density points 

around the surface of the iron ball vary when the magnets rotate as well, the number of the 

strong magnetic density points, however, is two. The two strong magnetic density points are 

symmetry, and move to the same rotational direction, as the two magnets rotate in same 

direction. Therefore, these two rotational magnets also can spin the iron ball without contact. 

Moreover, since there are two strong magnetic density points around the surface of the iron 

ball, it may be easier to spin the iron ball using two magnets than using one magnet. 

5.2.3 Analysis Using Four Magnets 

An analysis model with four magnets is created and shown in Fig.5.11. The analysis results 

are shown in Fig.5.12 to Fig.5.15. These results indicate that the strong magnetic density 

points around the surface of the iron ball vary when the magnets rotate as well. The number of 

the strong magnetic density points is also two. Moreover, the intensity of the magnetic density 

is seemed as equal at all the rotational angle of magnets, and the variation angle of the strong 

magnetic density points on the surface of the iron ball is almost equal to the rotational angle 

of the magnets. Therefore, the iron ball will be spin smoothly when using four magnets as the 

driving magnets. 

All the analysis results of the magnetic field by IEM are agreed with the simulation results 

and experimental results shown in last chapter. Using four magnets as driving magnets, the 
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mechanism is easy to spin the iron ball, and the spinning state will be steadier than other two 

cases. 

 

 

Fig.5.4 Analysis result when φ=60˚ 

 

 

Fig.5.5 Analysis result when φ=90˚ 
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Fig.5.6 2-D analysis model using two magnets 

 

Fig.5.7 Analysis result when φ=0˚ 

 

Fig.5.8 Analysis result when φ=30˚ 
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Fig.5.9 Analysis result when φ=60˚ 

 

 

Fig.5.10 Analysis result when φ=90˚ 
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Fig.5.11 2-D analysis model using four magnets 

 

 

Fig.5.12 Analysis result when φ=0˚ 
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Fig.5.13 Analysis result when φ=30˚ 

 

 

Fig.5.14 Analysis result when φ=60˚ 
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5.3 Simulation Examination of Rotational Torque of 

Iron Ball 

In order to examine the rotational characteristics of the spinning mechanism, the rotational 

torque of the iron ball was simulated using the mathematical model (from Equation (4.3) to 

Equation (4.13)) expressed in the last chapter. The parameters used in the simulation are 

shown in Table 5.1.  

The simulation used magnet I only was carried out as shown in Fig.5.16. The remnant 

magnetizations are assumed to be two elliptical points on the surface of the iron ball. One 

remanent magnetization point as N pole is on the top of the iron ball, facing the upper magnet 

for suspension, and the other as S pole is on the side of the iron ball in the same horizontal 

plane with the disk magnet. We also assumed that θ is the rotational angle of the iron ball and 

φ is the rotational angle of the disk magnet. θ and φ are equal to 0° when the iron ball and the 

Fig.5.15 Analysis result when φ=90˚ 

 

Table 5.1 Parameters using in simulation of rotational torque 

Parameter Value Parameter Value 

L (mm) 60 k1 (Nm
2
) 9×10

-3
 

R (mm) 15 k2 (Nm
2
) 9×10

-3
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disk magnets are stopped at the position shown in Fig.5.16. The simulation process is as 

follows: 

(1) When φ = 0°, θ rotated in steps of 10° from 0° to 360°, and the torque around the 

vertical axis was calculated at each step.  

(2) Then φ rotated in steps of 30° until it completed one revolution. 

The simulation results used magnet I only are shown in Fig.5.17. In the figure, the 

horizontal axis expresses θ, the rotational angle of the iron ball, and the vertical axis expresses 

the torque around the vertical axis of the iron ball, and the parameters on the top of figures 

express φ, the rotational angle of the disk magnets. In these results, the torque is expressed 

with respect to the rotational angle of the iron ball. The intersection where the 

downward-sloping section of torque graph intersects the horizontal axis is called a stable 

point. When the remanent magnetization point is at the stable point, the torque equals zero, 

and if the iron ball rotates around the stable point, the direction of the torque will make the 

remanent magnetization point return to the stable point. If the stable point moves, the 
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Fig.5.16 The schematic model of simulation using magnet I only 
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Fig.5.17 Rotational torque of the iron ball using magnet I only 
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remanent magnetization point will follow it. As a result, the iron ball spins. Moreover, the 

interval of two adjacent stable points indicates the rotational angles of the iron ball while the 

disk magnets rotate 30°, and the slope of intersections indicates the driving stiffness, which is 

the rate of the change in torque with respect to the rotational angle of the iron ball. The 

rotational stability of the iron ball depends on the interval of two adjacent stable points and 

the driving stiffness. If the intervals and the driving stiffness are identical for an entire 

revolution, the iron ball will spin smoothly.  

From Fig.5.17, it can be seen that the torque varies with respect to the rotational angle of 

the iron ball and the disk magnet. The maximum torque appears at about 55° and 305° of 

rotation of the iron ball when the magnet stops at 90° or 270°. The maximum torque is 

approximately 0.07 Nm. The stable points are concentrated around θ = 0° and θ = 180°, and 

scarce around θ = 90° and θ = 270°. The interval between marked stable points becomes 

longer from the first to the fourth stable points, which means the iron ball will spin faster and 

faster until point four while the magnet rotates at constant velocity. After point four, the iron 

ball will decelerate. Moreover, the driving stiffness is high around θ = 0°, when the remanent 

N

S
θ

N

S

I

φ

NS

x
y

z

o

III

φ

NS

N

S
θ

N

S

I

φ

NS

x
y

z

o

III

φ

NS

 

Fig.5.18 The schematic model of simulation using magnet I and III 
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Fig.5.19 Rotational torque of the iron ball using magnet I and III 
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magnetization is facing magnet I, and is low around θ = 180°, when the remanent 

magnetization is farthest away from magnet I. These results indicate that the relationship 

between the rotational velocity of the disk magnet and the rotational velocity of the iron ball 

is nonlinear, and the rotational velocity of the iron ball is sometimes fast and sometimes slow 

even though the magnet rotates at a constant velocity. Consequently, when only using magnet 

I as the driving magnet, the iron ball can be spun, but the spinning speed will not be constant. 

Fig.5.18 shows the schematic model of simulation using magnet I and III. And Fig.5.19 

shows the simulation results. In these results, the maximum torque appears at about 45°, 135°, 

225° and 315° of the iron ball when the magnets stop at 90° or 270°. The maximum torque is 

approximately 0.08 Nm, which is equal to the sum of the maximum torque using just magnet 

I and the torque after the iron ball and the magnet I were rotated 180° from the 

maximum-torque angle. Because magnets I and III were on opposite sides of the iron ball, the 

phase difference between the two magnets was 180° with respect to iron ball. As a result, the 

 

Fig.5.20 The schematic model of simulation using four magnets 
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Fig.5.21 Rotational torque of the iron ball using four magnets 
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maximum torque in Fig.5.20 is not twice the maximum torque shown in Fig 5.18. Moreover, 

the system exhibits high driving stiffness around θ = 0° and θ = 180°, where the intervals 

between stable points are short, and the ball will be spun slowly around these angles. High 

torque appears around θ = 90° and θ = 270°, and the intervals between stable points are long. 

The ball will be spun fast around these angles. From these results using magnets I and III as 

the driving magnets, the angular velocity of the iron ball will also be unstable. 

Fig.5.20 shows the schematic model of simulation using four magnets. Fig.5.21 shows the 

simulation results using all four disk-magnets as the driving magnets, which are different 

from the results from Fig.5.17 and Fig.5.19. The graph of each rotational angle of the disk 

magnets is regular and resembles a sine curve. The maximum torques is approximately 0.12 

Nm and is nearly the same at each rotational angle of the disk magnets. The maximum torque 

in this figure is equal to the sum of the maximum torque produced using magnets I and III and 

the torque after the iron ball and the magnets rotated 90°. Moreover, the interval between 

adjacent stable points is 30°, which is the same as the variation in the rotational angle of the 

disk magnets. The driving stiffness is almost the same at all of the intersections. The results in 

Fig.5.21 indicate that, when using four disk magnets as driving magnets, the iron ball can be 

smoothly spun at the same speed as the disk magnets. 

5.4 IEM Analysis of Rotational Torque of Iron Ball 

In order to examine the validity of the simulation results, the remanent magnetization point 

on the iron ball was simplified and modeled. The IEM analysis of the rotational torque of the 

iron ball was completed using the ELF/Magic software. 

5.4.1 Modeling the Remnant Magnetization Points 

  According to the measurement results of the magnetic flux density on the surface of the 

iron ball and the model of simulation, the remanent magnetization point on the surface of the 

iron ball can be seemed as a permanent magnet, whose one pole is on the surface of the iron 
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Fig.5.22 The model of the remanent magnetization point 
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ball, and the other pole is in the center of the iron ball. Therefore, the pole of the permanent 

magnet in the center of the iron ball will not influence the rotational torque of the iron ball 

around the vertical axis of the ball. Based on the model of the simulation, if we assume the S 

pole is the pole of the remanent magnetization point on the side of iron ball, the model who 

causes the iron ball rotate in the horizontal direction, can be created as Fig.5.22. Using this 

simplification of the remanent magnetization point, the IEM model was created and analyzed. 

5.4.2  IEM Analysis Model and Results 

The IEM analysis model used magnet I only is shown in Fig.5.23. In the model, the upper 

permanent magnet is using for suspending the iron ball, and the diameter and the length are 

8mm. The round disk magnet is using for spinning, and the diameter is 30mm and the 

thickness is 10mm. The two thin and long permanent magnets are regarded as the remanent 

magnetization points, and the diameter is 5mm and the length is 15mm. The material of all the 

permanent magnets is N48 of Neodymium. The distance between the center of the iron ball 

and the disk magnet is 60mm.  

The IEM analysis was carried out with the same process with the simulation of the 
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Fig.5.23 IEM analysis model using magnet I only 
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Fig.5.24 Rotational torque of IEM analysis using magnet I only 
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rotational torque. The analysis result used magnetic I only is shown in Fig.5.24. This result is 

similar to the simulation result, but the value of the torque is different. The different magnetic 

field density of the remanent magnetization point causes the difference of the value. 

The IEM analysis model used magnet I and III is shown in Fig.5.25, and the analysis result 

is shown in Fig.5.26. 

The IEM analysis model used four magnets is shown in Fig.5.27, and the analysis result is 

shown in Fig.5.28. The result is also similar to the simulation result, and the value is also 

different. 

However, the relationship of the maximum value between the results in three cases is 

almost same. 

5.4.3 Rotational Torque in Stable Rotational State     

In order to examine the rotational stability of the iron ball, its rotational torque was 

examined using IEM analysis for θ = -φ+90°, and the results are shown in Fig.5.29. From the 

results, we can see that the torques in all three cases oscillate about 0 Nm; however, the 

 

Fig.5.25 IEM analysis model using magnet I and III 
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Fig.5.26 Rotational torque of IEM analysis using magnet I and III 
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amplitude of the torque when using all four magnets as the driving magnets is much smaller 

than the other two cases. There are two vibration periods in one revolution with one and two 

driving magnets, and four vibration periods with all four magnets. Consequently, the 

rotational stability with four magnets is better than the other two cases. 

5.4.4 Horizontal Force  

To examine the effect of the number of magnets on suspension stability, the attractive force 

of the iron ball was examined by IEM analysis, and the results are shown in Fig.5.30. These 

results indicate that the higher the number of installed magnets, the larger the generated 

attractive force in the x-y plane. As a result, the suspension stability will be destroyed by the 

centrifugal force when the iron ball spins at high angular velocities. 

 

 

 

 

Fig.5.27 IEM analysis model using magnet I and III 
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Fig.5.28 Rotational torque of IEM analysis using four magnets 

 



 

 97

5.5 Experimental Measurement of Rotational Torque 

5.5.1 Measurement device set up 

According to the model in IEM analysis, and considering about that the remanent 

magnetization point on the top of the iron ball cannot influence the rotational torque in 

horizontal direction, a measurement device was set up with one remanent magnetization point 
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Fig.5.29 Rotational torque when θ = -φ+90° in the stable state 
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Fig.5.30 Attractive force of the iron ball in the x-y plane 
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on the side of the iron ball. The modeling process and the configuration of the measurement 

device are shown in Fig.5.31. In the measurement device, an aluminum pipe was installed on 

a rotational stage. A permanent magnet that was regard as a remanent magnetization point was 

installed on the pipe. The diameter of the magnet is 5mm, and the length is 15mm. The S pole 

of the magnet is at the position where is the surface of the iron ball, and the N pole of the 

magnet is at the position where is the center of the iron ball. Two pieces of strain gauges for 

rotational torque were pasted on the opposite side of the aluminum pipe. The strain gauge has 

two axes (0˚/90˚), whose resistance is 350Ω, and the ratio of gauge is about 2.1. Using this 

measurement device, the rotational torque of the mechanism was measured in the same 

process with the simulation and the IEM analysis. Fig.5.32 shows the photograph when the 

measurement experiment is carried out. 

5.5.2 Experimental Results of Rotational Torque 

The experimental results of the rotational torque are shown in Fig.5.33 to Fig.5.35. The 

results are almost same with the simulation results and the IEM analysis results, although 

there are some errors, which are caused by the accuracy of the measurement experiments. The 

rotational characteristics of the mechanism also can be illuminated according to the results. 
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Fig.5.31 The configuration of the measurement device 
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The measurement results of the rotational torque in the stable rotational state are shown in 

Fig.5.36. The trend of the graph is similar to the IEM analysis results. The vibration of the 

torque using four magnets is smallest. 

Since all the experimental results are similar to the simulation and IEM analysis results, the 

validity of the simulation results and the IEM analysis results are verified. 

5.6 Conclusions 

In order to understand the variation of magnetic flux field of the mechanism, when the disk 

magnets was rotating, the 2-D analysis model was created, and the magnetic flux field was 

 

Fig.5.32 Experimental measurement photograph 
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Fig.5.33 Rotational torque of experimental measurement using magnet I only 
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analyzed. The analysis results indicate that the magnetic flux field around the iron ball can be 

changed while the magnet rotates. As the number of the magnet increases, the variation of the 

magnetic flux field becomes well proportioned.  

In order to examine the rotational characteristics of the mechanism, the 3-D analysis model 

and the measurement device were created, and the rotational torque was examined by 

simulation, IEM analysis, and experimental measurement. All the results indicate that the iron 

ball could be spun regardless of the number of driving magnets used, however, as more 

magnets were used, the iron ball was spun more smoothly. But the attractive force of the iron 

ball in the horizontal direction also increased, the centrifugal force increased. As a result, the 
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Fig.5.34 Rotational torque of experimental measurement using magnet I and III 
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Fig.5.35 Rotational torque of experimental measurement using four magnets 
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velocity limit decreased.  

Therefore, all the examination results in this chapter illuminate the reasons of the rotational 

characteristics of this noncontact spinning mechanism. 

 

 

 

 

 

Fig.5.36 Rotational torque when θ = -φ+90° in the stable state 
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Chapter 6 Development of a Magnetic 

Suspension System Using Variable Flux 

Path Control Method 

6.1 Introduction 

So far, many magnetic suspension systems have been developed, and various control 

methods of suspension force have been proposed [9]. In the magnetic suspension systems 

using permanent magnets, there are mainly two control methods of suspension forces, which 

are the air gap length control and the variable flux path control [24]. Using the air gap length 

control, some magnetic suspension systems have been proposed for noncontact transmission 

and manipulation applied in the super-clean room [25,26]. Using the variable flux path 

control, the zero-power magnetic suspension system has been developed with the composite 

of magnetostrictive and piezoelectric materials [53]. Moreover, a flux path control magnetic 

suspension system has been reported with the motion control of a part of ferromagnetic yokes 

in a magnetic circuit [31]. However, most magnetic suspension systems have a disadvantage, 

which is once the suspended object adheres to the permanent magnets or the magnetic yokes, 

the suspended object cannot be controlled any more, unless another force is used to detach the 

suspended object from the magnets or magnetic yokes. 

This chapter proposes a magnetic suspension system using a disk-type permanent magnet 

and a rotary actuator. In this suspension system, the suspension force is controlled by a 

variable magnetic flux path mechanism where the flux path is changed by varying the angle 

of the magnet. This system can generate a semi-zero suspension force, which can overcome 

the fore-mentioned disadvantage of the magnetic suspension system using permanent magnets. 

Moreover, this system also can realize the variable magnetic poles and an energy-saving 

suspension. In this chapter, the variable flux path control method of the suspension forces is 

introduced, and an experimental prototype is manufactured. An IEM analysis is carried out to 

verify the variable flux path control method. Some basic experiments and IEM analysis for 

the magnetic flux density and the attractive force are implemented to examine the basic 

characteristics of the mechanism and model the suspension force. According to the 

experimental results, the mathematical model is created, and the suspension feasibility is 

examined. Finally, the numerical simulation, and suspension experiments are carried out. The 

characteristics of the proposed mechanism are analyzed. 
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6.2 Principle of Variable Flux Path Control Mechanism 

The principle of variable flux path control mechanism can be understood from Fig.6.1. This 

figure shows a schematic diagram of a disk permanent magnet, two opposite F-type iron cores 

and a suspended object. In order to understand easily, we assume that: (I) The magnet has an 

N pole of 90 degrees and an S pole of opposite side 90 degrees as shown in Fig. 1; (II) There 

is no flux leakage to the air in this magnetic suspension system. Fig.6.1 (a) shows that the 

magnetic poles of the magnet are aligned in the vertical direction, and the N pole is at the 

upper side and the S pole is in the lower side. In this case, the facing angle of the N pole and 

S pole to each core are same, so all magnetic flux comes from the N pole and is absorbed into 

the S pole through each core respectively. There is no flux flowing through the suspension 

object, so zero attractive force generates between the cores and the levitated object. However, 

Fig.6.1 (b) shows the magnet rotated a certain angle, the facing angle of the N pole becomes 

bigger than the S pole in the right core, and that is reverse in the left core. Since that, the flux 

from the N pole in the right core is more than that in the left core. Some of the flux in the 

right core flow through the suspension object to the left core and is absorbed by the S pole. 

Consequently, there are some flux flowing through the levitated object, and the attractive 

force is generated. The flux flowing through the levitated object becomes more as the rotated 

angle is larger, until the rotated angle reaches 90 degrees. After 180 degrees, the direction of 

the flux flowing through the levitated object is reversed. The magnetic suspension system 

changed the magnetic poles of the stator cores. According to this process that is called 

variable flux path, the attractive force is changed from zero, maximum, and zero, maximum 

to zero as the magnet rotates in one revolution. 
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Fig.6.1 Principle of variable flux path control mechanism      
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6.3 Experimental Prototype  

Fig.6.2 shows an illustration of the proposed magnetic suspension device. And an 

experimental prototype of the proposed magnetic suspension system was constructed, and the 

photograph of the prototype is shown in Fig.6.3. This prototype consists mainly of a disk-type 

permanent magnet, a rotary actuator containing a gear reducer and an encoder, a pair of 

opposite F-type permalloy cores, a suspended object and two eddy current sensors. The 

magnet that is located in the opposite F-type cores is a neodymium magnet and magnetized in 

radial direction. The diameter of the magnet is 30 mm and the thickness is 10 mm. A rotary 

actuator behind of the magnet drives the magnet rotate. The actuator that has an encoder 
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Fig.6.2 Illustration of the developed prototype 

 

 

Fig.6.3 Photograph of the developed prototype 
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measuring the angle of the magnet cannot be seen in Fig.6.3. the encoder of the actuator The 

thickness of the two cores is 10 mm that is same as the magnet. The suspended object is a 

Permalloy tetragonal prism. The position of the levitated object is measured by an eddy 

current sensor, of which the measurement range is from 2 mm to 3 mm and the repeat 

accuracy is 10 µm. 

Fig.6.4 shows the whole configuration of the magnetic suspension system. In the control 

system, the PD feedback loops are used to realize the suspension of the suspended object. 

Based on the signals of the eddy current sensors and the encoder, the DSP controller 

calculated the optimal current of the actuator to control the angle of the permanent magnet. 
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Fig.6.4 Configuration of the magnetic suspension system 
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Fig.6.5 IEM analysis model in ELF/Magic software 
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6.4 IEM Analysis of the Suspension Mechanism 

In order to verify the variable flux path control method, an analysis model was created, and 

the magnetic flux field of the mechanism was examined. Moreover, the magnetic flux density 

and the attractive force between the iron cores and the suspended object were calculated. 

6.4.1 Analysis of Magnetic Flux Field 

First, a 3-D analysis model was created in the same dimension with the experimental 

prototype using the ELF/Magic software, and shown in Fig.6.5. In the model, the magnetic 

flux field in air space is expressed as the blue field in 2-D, and in the middle position of the 

thickness direction of the mechanism. The magnet is the roundness in the center of the cores, 

and when the N pole and S pole are arranged as shown in Fig.6.5, the rotational angle of the 

 

Fig.6.6 Analysis result of magnetic flux field (0 degree) 

 

 

Fig.6.7 Enlarged analysis result with 4 times (0 degree) 
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magnet is assumed as 0 degree. The air gap between the magnet and the iron cores is 2mm, 

and the distance between the iron cores and the suspended object is 3mm. 

Using the analysis model shown in Fig.6.5, the magnetic flux field was analyzed. The 

analysis results are shown in Fig.6.6 to Fig.6.9. In the figures, the direction of arrows express 

the direction of the magnetic flux, and the size and color of the arrows express the intensity of 

the magnetic flux density. 

Fig.6.6 shows the analysis result when the magnet stops at 0 degree. Fig.6.7 shows the 

4-time enlarged figure of the lower side of Fig.6.6. In these results, the magnetic flux that 

comes from N pole of the magnet almost returns to the S pole only through the upper side of 

the iron cores, and there is a little part of magnetic flux flows through the lower side of the 

iron cores, the suspended object, and the air space, finally returns to the S pole. Therefore, the 

attractive force between the iron cores and the suspended object is not zero exactly, but is 

very small. This problem is caused by the magnetic flux leakage in the mechanism. However, 

if the magnetic reluctance of the cores is small enough, the results will be same with the 

proposed principle. 

Fig.6.8 shows the analysis result when the magnet stops at 30 degrees. From this result, we 

can see that one part of magnetic flux flows though the upper side cores, and returns to S pole 

directly. However, the other part of magnetic flux flows through the right core, the right air 

gap, the suspended object, the left air gap, and the left core, returns to the S pole that is facing 

the left core. Therefore, the attractive force generated at the air gap between the iron cores and 

the suspended object. Moreover, as the rotational angle of the magnet becomes large until 90 

degrees, the part of the magnetic flux flowing through the suspended object will be large. 

 

 

Fig.6.8 Analysis result of magnetic flux field (30 degrees) 



 

 111 

Fig.6.9 shows the analysis result when the magnet stops at 90 degrees, and Fig.6.10 shows 

the analysis result when the magnet stops at 270 degrees. From these results, we can see that 

almost magnetic flux flows through the suspended object, so the attractive force between the 

iron cores and the suspended object becomes maximal. And the direction of the magnetic flux 

is reverse to each other. Therefore, the magnetic poles of the two stators were changed each 

other. 

 

Fig.6.9 Analysis result of magnetic flux field (90 degree) 

 

 

Fig.6.10 Analysis result of magnetic flux field (270 degrees) 
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6.4.2 Analysis of Magnetic Flux Density and Attractive 

force 

The magnetic flux densities and attractive forces from the cores were calculated, when the 

permanent magnet was rotated at 10 degrees as one step in one revolution, and the air gap 

length between the cores and the levitated object was from 2 mm to 10 mm, and increased at 

1 mm as one step.  

Fig.6.11 shows the calculated magnetic flux density. The flux densities resemble sine 

curves according to the magnet’s angles at all air gap lengths, and smaller distance yields 

greater flux density. Moreover, the flux direction is changing at about 180 degrees.  

Fig.6.12 shows the calculated attractive forces. The force in each position varies according 
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Fig.6.11 Magnetic flux density between cores and levitated object in IEM 

 

Distance Between cores and suspended object (mm)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

0 30 60 90 120 150 180 210 240 270 300 330 360
Rotation Angle of Magnet （Degree）

A
tt

ra
c
ti

v
e
 F

o
rc

e
 （

N
）

2 3 4 5 6 7 8 9 10

 

Fig.6.12 Attractive force between cores and levitated object in IEM 
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to the rotated angle of the permanent magnet, and has 2 maximum points at about 90 degrees 

and 270 degrees and 2 approximately zero points at about 0 degree and 180 degrees. 

Moreover, the forces become smaller when the gap becomes larger. 

Moreover, Fig.6.13 shows the calculated rotational torque of the magnet. The results 

indicate that the toque of the magnet varies as a sine curve with a period of 180 degrees, and 

becomes large as the air gap between the cores and the suspended object becomes small. 

6.5 Basic Characteristics Examination by Experimental 

Measurement 

In order to examine the basic characteristics of the magnetic suspension mechanism, some 

measurement experiments were carried out. 

6.5.1 Magnetic Flux Density of the Permanent Magnet 

To examine the magnetic characteristic of the permanent magnet and the influence of the 

distance from the magnet, the magnetic flux density of the permanent magnet was measured 

using a gauss-meter. The flux density was recorded, while the magnet rotated in one 

revolution and increased at 10 degrees as a step, and the distance from the magnet was 

changed from 1 mm to 8 mm and increased at 1 mm as a step. The measurement results are 

shown in Fig.6.14. From the results, it can be seen that the flux density curves resemble sine 

curves at all points, and smaller distance yields greater flux density. It means that the distance 

between magnet and iron cores is smaller; the attractive force generated by cores will be 
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Fig.6.13 Rotational torque of the magnet in IEM 
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larger. In this prototype, the distance between the magnet and cores was set in 2 mm for 

considering the radial precision of magnet rotation. 

6.5.2 Magnetic Flux Density Examination by Experiment 

In order to examine the basic characteristics of the suspension mechanism, the magnetic 

flux density between the suspended object and two iron cores, the attractive force of two iron 

cores, and the rotational torque of magnet were measured. In the measurement experiment, 

the permanent magnet was rotated at 10 degrees as one step in one revolution, and the air gap 

length between the cores and the suspended object was increased at 1 mm as one step. The 

magnetic flux density was measured when the air gap length varied from 3 mm to 10 mm.  

The magnetic flux density between the suspended object and two iron cores was measured 

with gauss meters. Measured results of magnetic flux density are shown in Fig.6.15 and 

Fig.6.16. Fig.6.15 shows the relationship between the magnetic flux density and the rotational 

angle of magnet. The graphs of magnetic flux density resemble sine curves according to the 

rotational angle of magnet at all air gap lengths, and the smaller distance yields greater 

magnetic flux density. Moreover, the magnetic flux direction is changing at about 180 degrees. 

Fig.6.16 shows the relationship between the magnetic flux density and the air gap. The graph 

indicates that the flux density is approximately in inverse proportion to the length of air gap. 

6.5.3 Attractive Force Examination by Experiment 

The attractive force between the suspended object and two iron cores was measured with a 

load sell, when the air gap length varied from 2 mm to 8 mm. The measured results of 

attractive force are shown in Fig.6.17 and Fig.6.18. Fig.6.17 shows the relationship between 

 

 

Fig.6.14 Magnetic flux density of permanent magnet 
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the attractive force and the rotational angle of magnet. In the figure, the force is expressed 

when the rotational angle of magnet is changing and the length of air gap is seemed as a 

parameter. The results indicate that, the attractive force varies as the rotational angle of 

magnet changes, and smaller distances yield greater attractive force. Moreover, the attractive 

forces are almost zero when the rotational angle is around 0 and 180 degrees, i.e. the N pole 

and S pole stop at directly above or below. The forces are maximums when the rotational 

angle is around 90 and 270 degrees. Fig.6 shows the relationship between the attractive force 

and the length of air gap. The figure indicates that the attractive force becomes large as the 

length of air gap becomes short. 
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Fig.6.15 Relationship between flux density and rotation angle 
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Fig.6.16 Relationship between flux density and air gap 
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6.5.4 Semi-zero Suspension Force Examination by 

Experiment 

In order to examine the semi-zero attractive force characteristic, the force was measured 

when varying the distance between magnet and cores and the distance between cores and the 

suspended object. Fig.6.19 and Fig.6.20 show the results of attractive forces when the 

distance between the permanent magnet and the iron cores is expanded to 6 mm and 10 mm. 

These results indicate that the distance between the magnet and the iron cores cannot 

influence the variation tendency of the attractive force. However, comparing these results 

with Fig.6.15, when the distance is enlarged, the maximal magnitude of the attractive force 

becomes small, and the minimal magnitude of the attractive force at about 0 and 180 degrees 

becomes large between the permanent magnet and the iron cores.  

Moreover, Fig.6.21 shows the results of attractive force as varying the distance between 

magnet and cores and the distance between cores and the suspended object, when the 
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Fig.6.17 Relationship between attractive force and rotation angle 
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Fig.6.18 Relationship between attractive force and air gap 
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rotational angle of magnet is at 0 degree. The results indicate the characteristic of the 

semi-zero suspension force as that smaller distance between cores and suspended object 

generates greater attractive force, and larger distance between cores and magnet generates 

greater attractive force. These are caused by the magnetic flux leakage of the device. As a 

result, the larger distance can cause the semi-zero suspension force characteristics of the 

magnetic suspension mechanism worse. 

6.5.5 Experimental Examination of Rotational Torque of 

Magnet 

For examining the effect of the magnetic potential to the permanent magnet, the rotational 

torque of magnet was measured with strain gauges, when varied the rotational angle of the 

permanent magnet and the air gap between iron cores and the suspended object. Two pieces of 
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Fig.6.19 Suspension force when the distance between the permanent 

magnet and the cores is expanded to 6mm. 
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Fig.6.20 Suspension force when the distance between the permanent 

magnet and the cores is expanded to 10 mm. 
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strain gauges for measuring torques were pasted on the side of the connector between the 

rotary motor and the permanent magnet, and the rotational torque was measured in the same 

condition with measurement experiment of attractive force. The air gap length varied from 2 

mm to 8 mm. The measurement device is shown in Fig.6.22. The measured results of the 

rotational torque are shown in Fig.6.23. The results are similar to the IEM analysis results, 

and indicate that the rotational torque is similar to a sine curve of two times of rotational 

angle, and decreases with increasing the air gap. 

6.6 Mathematical Model and Feasibility Analysis   

6.6.1 Modeling Suspension Force 

According to the relationship of the flux density with the rotational angle θ and the length 

of air gap d shown in Fig.3 and Fig.4, and considering about the square relationship between 

the attractive force and the magnetic flux density, the attractive force f can be expressed as the 

following equation. 

 

( )2
2sin
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                                           (6.1) 

 

Where km is a proportionality coefficient of attractive force and ∆df is a compensation 

coefficient of air gap. Comparing the attractive force calculated by Equation (6.1) with the 

 

 

Fig.6.21 Attractive force when magnet stops at 0º 
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measurement results, the coefficients km and ∆df can be decided as 1.06x10
-4

 Nm
2
 and 2.17 

mm. The comparison results shown in Fig.6.17 and Fig.6.18, where the solid line expresses 

the calculation force and the point mark expresses the measurement force. The comparison 

indicates that Equation (6.1) expresses the measurement results of the attractive force very 

well, and the validity of attractive force model is proved.  

6.6.2 Modeling Rotational Torque of Permanent Magnet  

According to the results shown in Fig.6.23, the rotational torque of magnet τ can be 

expressed by the rotational angle θ and the air gap d as the following equation. 
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Fig.6.22 Measurement device for rotational torque of magnet 
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Fig.6.23 Rotational torque of permanent magnet      
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τ

τ

θ
τ

dd
k

∆+
=

2sin

                                            (6.2) 

 

Where kτ is a proportionality coefficient of rotational torque and ∆dτ is a compensation 

coefficient of air gap. The coefficients kτ and ∆dτ can be obtained from Fig.6.23 as 

–8.726x10
-3

 Nm
2
 and 14 mm. 

6.6.3 Motion Equations of Motor and Suspended Object  

Using the mathematical model of the attractive force and the rotational torque of magnet 

and assuming the displacement of the suspended object as z in the upward direction, the 

motion equations of the motor and the suspended object can be expressed as: 
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Where, J is the moment of inertia of motor and magnet; kt is the torque constant of motor; 

m is the mass of the suspended object; c1 and c2 are the damping coefficients of the motor and 

the suspended object, respectively. 

6.6.4 Suspension Feasibility Analysis 

In the motion equations of this system, the attractive force fm is represented as a nonlinear 

function of the rotation angle of permanent magnet and the distance between core and iron 

ball. Moreover, the attractive force becomes larger as the rotation angle increases and 

becomes smaller as the distance decreases. Through linearization of the attractive force 

around the equilibrium position, the linear relationship of attractive force, rotation angle and 

the distance can be obtained. 
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where,  

          ∆fm, z, ∆θ: the small value around the equilibrium position 

θ0, d0 : the value at the equilibrium position 
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At same time, linearization of the rotational torque around the equilibrium position, the 

linear relationship of rotational torque, rotation angle and the distance can be obtained. 
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According to the equations from Equation (6.1) to Equation (6.8), the state space equation 

and the output equation are represented as: 
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iu =   

 

The controllability matrix of the system of Equation (6.9) is  

 

( )BABAABBP
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Then determinant of the controllability matrix is 
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The determinant of the controllability matrix is nonzero, and the rank of the controllability 

matrix is full rank. Consequently, the proposed magnetic suspension system is controllable, 

and suspension feasibility is verified, theoretically.  

6.7 Examination of Suspension Performance 

In this study of suspension feasibility, first, the control system was introduced. Second, the 

feedback gains were calculated using the LQR (linear quadratic regulator) full state feedback 

control law with the linear mathematical model of Equation (6.9). Third, the numerical 

simulation was carried out using the calculated feedback gain with a nonlinear attractive force. 
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Then, the experiment of suspension was carried out, and the performance of the semi-zero 

power suspension was also examined. 

6.7.1 Control System 

The structure of the control system is shown in Fig.6.24. In this control system, two PD 

controllers are used. Basing on the feedback signals of the encorder and the eddy current 

sensor, the input current of the motor is calculated, and the suspension force is controlled. 

6.7.2 Calculation of Feedback Gains 

All the parameters using in the numerical simulation are shown in Table.6.1, which are 

measured from the experimental prototype and the measurement experiment. 

Many methods can design the controller for a linear system. In terms of linear control 

theory, due to this proposed system is controllable and observable, the LQR can be used to get 

the feedback gains. 

Based on the characteristics of the system and Equation (6.9), we chose the state weighting 

matrix Q and input weighting matrix R as following: 
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1=R                                                  (6.14) 

 

Using MATLAB software, the feedback gain K is calculated as following: 

 

[ ]615.048.14587.282125930=K                        (6.15) 

 

Table.6.1 Parameters using in numerical simulation 

Parameter Value Parameter Value 

m (kg) 0.232 c1 (N/(m/s)) 0.5 

d0 (mm) 1.8 c2 (N/(m/s)) 100 

∆df (mm) 2.17 J (kgm
2
) 6.37×10

-4
 

∆dτ (mm) 14 kt (Nm/A) 0.69 

θ0 (degree) 40 km (Nm
2
) 1. 06×10

-4
 

g (m/s
2
) 9.8 kτ (Nm

2
) -8.726×10

-3
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6.7.3 Simulation Results 

In the simulation, the nonlinear attractive force and the nonlinear rotational torque are used 

directly, and the mass of suspended object is 0.232 kg. An input disturbance of a step of -0.4 

mm was applied to the displacement of the suspended object, and the response was recorded 

until 1 second. The results of the response are shown in Fig.6.25. Moreover, the simulation 

with the suspended object of 1 kg also was carried out with an input step of 0.05 mm. And the 

simulation results are shown in Fig.6.26. The figures show the input current of motor, the 

angle of magnet, and the displacement of suspended object from up to down. As shown in 

 

Fig.6.25 Simulation results with a suspended object of 0.232 kg 

 

 

Fig.6.26 Simulation results with a suspended object of 1 kg 
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Fig.6.25 and Fig.6.26, after applying the disturbance, the system returns to stable state quickly, 

and the current is very small in the stable state.  

6.7.4 Experimental Suspension Results 

So far, owing to the flux leakage, the direct suspension using the cuboid levitated object 

cannot be succeeded. However, after using a linear rail to balance the unequal attractive 

forces of the two cores, the suspension has been succeeded. The photograph of successful 

suspension experiment is shown in Fig.6.27.  

Fig.6.28 shows the step response results when the mass of suspended object is 0.232 kg, 

 

 

Fig.6.27 Suspending photograph with a linear rail 

 

 

Fig.6.28 Experimental results with a suspended object of 0.232 kg 
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and the step input is –0.4 mm. Fig.6.29 shows the step response results when the mass of 

suspended object is 1 kg, and the step input is 0.05 mm. In the figures, the input current, the 

rotational angle of magnet, and the displacement of suspended object are recorded from 1 

second to 2 seconds. The results indicate that the suspended object can be suspended stably 

and the input current is almost zero at the stable state. That means this magnetic suspension 

mechanism can suspend a heavy object by means of a small input force, since the 

gravitational force of suspended object is sustaining by the cores fixed on the frame. 

Therefore, this system can realize an energy-saving suspension. 

6.7.5 Examination of Semi-zero Power Suspension 

Characteristic 

In order to analyze the semi-zero power suspension performance of the suspension 

mechanism, the variation of the actuator current was examined when the weight of suspended 

object was changed. In the experiment, two kinds of examinations were carried out, which are 

fix angle examination and fix air gap examination.  

In the fix angle examination, when the angle of magnet was adjusted to 40 degree each 

time after the suspended weight was changed, the actuator current was measured. The mass of 

the suspended object was changed from 0 to 1.44kg. The experiment results are shown in 

Fig.6.30. The results indicate that the actuator current increases as the mass is increased. If the 

rotational angle of magnet is maintained at same degree, the attractive force of the iron cores 

is constant. In this time, if increasing the weight of the suspended object and maintaining the 

suspended object in the stable suspension state, the length of air gap between the suspended 

object and the iron cores decreases. As the length of air gap decreasing, the potential force of 

 

 

Fig.6.29 Experimental results with a suspended object of 1 kg 
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magnetic filed is increased. Therefore, the current of the rotary actuator increases while the 

weight of the suspended object is increased. However, the current of the motor is very small. 

The maximum value is about 0.1 A. At the same time, the air gap becomes small. Comparing 

the current consumption with the weight of the suspended object, the semi-zero power 

suspension characteristic with changing air gap, and the minus stiffness characteristic of this 

suspension mechanism are affirmed, which are same with the general zero power magnetic 

suspension systems with an electromagnets. 

Moreover, in the fix air gap examination, the current of motor was recorded when the mass 

was changing. The results are shown in Fig.6.31. From these results, we can see the angle of 

magnet is increasing, and the current increases, but the value of current is also very small. 

Therefore, these results indicate the semi-zero power suspension characteristics with the 

contant air gap. 
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Fig.6.30 Semi-zero power suspension with changing air gap 
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6.8 Conclusions 

A magnetic suspension system using a permanent magnet and a rotary motor was proposed, 

which controls the suspension force by variable flux path mechanism. First, the principle of 

the variable flux path control method was introduced, and a experimental prototype was 

designed and manufactured. According to the IEM analysis, the magnetic flux field of the 

mechanism was examined, and the magnetic flux density and the attractive force between the 

cores and the suspended object were calculated with a 3-D analysis model. At the same time, 

the rotational torque of the magnet was also calculated. Moreover, the magnetic flux density, 

attractive force, and the rotational torque of the magnet were measured by experiments. The 

mathematical model was created, and the suspension feasibility and the simulation were 

carried out. Finally, the suspension experiments were succeeded, and the energy-saving 

suspension characteristic was examined. Based on the results, the follows can be concluded. 

According to control the rotational angle of the disk magnet that is installed on a rotary 

actuator, the magnetic flux path can be varied by a variable flux path control mechanism. As a 
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Fig.6.31 Semi-zero power suspension with constant air gap 
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result, the suspension force can be controlled. 

Through changing the rotational angle of the magnet, it not only can control the magnitude 

of the magnetic flux, but also can change the direction of the flux flowing in the mechanism. 

The semi-zero suspension force can be generated by this mechanism. However, the 

suspension force is not zero exactly, since there is a leakage of the magnetic flux. 

The suspension can be succeeded using this mechanism with a linear rail to limit the 

motivation direction to the vertical direction. 

Since the iron cores support the gravitational force of the suspended object, and a reducer is 

used in the actuator, this system can suspend a heavy object by a small input current. This 

mechanism can realize two kinds of semi-zero power suspension characteristics with 

changing air gap and the constant air gap. 
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Chapter 7 Improvement for zero 

suspension force characteristics of 

variable flux path control mechanism  

7.1 Introduction 

The last chapter proposed a magnetic suspension system using a variable flux path control 

method. This magnetic suspension system has suspended the suspended object successfully, 

and the semi-zero suspension force, the variable magnetic poles, and the energy-saving 

suspension have been realized. However, the semi-zero suspension force was not exact zero 

yet. For this reason, this chapter try to improve the semi-zero suspension force characteristics 

on the basis of maintaining others characteristics of the mechanism. 

According to the Fig.6.7, we have known that the attractive force was generated mainly by 

the leakage of magnetic flux between the permanent magnet and the suspended object, when 

the magnetic poles of S pole and N pole stopped at the vertical positions. In order to reduce 

the leakage of magnetic flux between the permanent magnet and the suspended object, we 

considered three kinds of methods to resolve the problem.  

Insert a piece of ferromagnetic board to shield the leakage of magnetic flux between the 

permanent magnet and the suspended object. 

Use a special type permanent magnet to reduce the magnetic flux leakage of the magnet 

when the magnetic poles of S pole and N pole stopped at the vertical positions. 

Extend the distance between the permanent magnet and the suspended object to reduce the 

arrival magnetic flux. 

Combine the method (2) and (3), use the special type permanent magnet and the extended 

iron cores. 

In this chapter, the examinations of the semi-zero suspension force characteristics are 

carried out by IEM analysis and the measurement experiment. The comparison of the 

semi-zero suspension force characteristics is implemented between these four improvement 

methods and the original mechanism. Moreover, the suspension of simulation and experiment 

is also done with method (2). 
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7.2 Performance Comparison by IEM Analysis 

In order to evaluate the performance of the mechanism improved by these three methods, 

three kinds of models were created, and the magnetic flux field, the magnetic flux density, 

and the attractive force were calculated by IEM analysis. 

7.2.1 IEM Analysis for Inserting Ferromagnetic Board 

Method 

7.2.1.1 Analysis Model 

Fig.7.1 shows the analysis model of inserting a ferromagnetic board. This model is same 

with the model shown in Fig.6.5 in last chapter, and a ferromagnetic board is inserted to the 

air space between the magnet and the suspended object. The inserted board is an iron board, 

whose size is 3x10x20 mm. In Fig.7.1, since the half model is used, a half part of the inserted 

board can be seen in the length direction. The distance from the magnet to the inserted board 

is 5 mm, and the distance from the inserted board to the iron cores is 14 mm. The aim of 

inserting the iron board is to interdict the direct magnetic flux path from the magnet to the 

suspended object. 

7.2.1.2 Analysis of Magnetic Flux Field 

First, the magnetic flux field of the mechanism was analyzed. And the result when the 

magnet stops at zero degree is shown in Fig.7.2. Fig.7.3 shows the 4-time enlarged figure of 

the lower side of Fig.7.2. Compare them with Fig.6.6 and Fig.6.7, we can see that the flux 

flowing in the iron cores and the suspended object is not less than that in the original 
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Fig.7.1 IEM analysis model of inserting a ferromagnetic board 
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mechanism almost, when the magnet stops at 0 degree. These results indicate that using the 

inserting ferromagnetic board method almost cannot reduce the magnetic flux between the 

magnet and the suspended object. 

7.2.1.3 Analysis of Magnetic Flux Density 

Fig.7.4 shows the analysis results of magnetic flux field using the inserting ferromagnetic 

board method. These results are similar to the results of the original mechanism. 

7.2.1.4 Analysis of Attractive Force 

Fig.7.5 shows the analysis results of attractive force using the inserting ferromagnetic 

board method. These results are also similar to the results of the original mechanism, but the 

 

 

Fig.7.2 Analysis result of magnetic flux field (0 degree) 

 

 

Fig.7.3 Enlarged analysis result with 4 times (0 degree) 
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inserting the ferromagnetic board causes the attractive force at 2 mm of air gap and the 90 

degrees of the angle a little difference from the origianal mechanism. This difference cannot 

influence the attractive force characteristics of the mechanism. However, these results are 

difficult to compare the the semi-zero suspension force charateristics, so the folowing section 

will compare the semi-zero suspension force charateristics of all the improvement methods. 
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Fig.7.4 Analysis of magnetic flux field of inserting ferromagnetic board 
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Fig.7.5 Analysis results of magnetic flux field of inserting ferromagnetic board 

 



 

 135

 

7.2.2 IEM Analysis for Special Type Permanent Magnet 

Method 

7.2.2.1 Analysis Model 

Fig.7.6 shows the analysis model used in IEM analysis. This model is revised from the 

model shown in Fig.6.5. The round magnet was changed to this special type permanent 

magnet. Using this model, the IEM analysis was carried out. 

7.2.2.2 Analysis of Magnetic Flux Field  

First, the magnetic flux field of the mechanism was analyzed using the special type magnet. 

And the result when the magnet stops at zero degree is shown in Fig.7.7. Fig.7.8 shows the 

4-time enlarged figure of the lower side of Fig.7.7. Compare them with Fig.6.6 and Fig.6.7, 

we can see that the flux flowing in the iron cores and the suspended object using this special 

type magnet is much less than that in the original mechanism using the round magnet, when 

the magnet stops at 0 degree. These results indicate that using this special type magnet can 

obviously reduce the leakage magnetic flux between the magnet and the suspended object, 

and the improvement using this method is feasible. 

7.2.2.3 Analysis of Magnetic Flux Density of Permanent Magnet 

Fig.7.9 shows the size of the special type magnet and the analysis process of the magnetic 

flux density of the magnet. The diameter of this special magnet is 30 mm, which is same with 

the size of the original round magnet. 
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Fig.7.6 IEM analysis model using the special type magnet 
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Fig.7.10 shows the analysis results of magnetic flux field of the special type magnet. The 

results show that the magnetic flux density varies as falling off between two pick periods, 

which is similar to the shape of the saddle. Therefore, when the magnetic poles of this special 

type magnet stop at the vertical direction, the leakage of the magnetic flux from the magnetic 

poles will be much less than that in original mechanism using the round magnet. This agrees 

with the results shown in Fig.7.7 and Fig.7.8. 

7.2.2.4 Analysis of Magnetic Flux Density 

Fig.7.11 shows the analysis results of the magnetic flux density between the iron cores and 

the suspended object. The results indicate that the magnetic flux density between the iron 

cores and the suspended object also resembles to a sine curve, although the magnetic flux 

 

 

Fig.7.7 Analysis result of magnetic flux field (0 degree) 

 

 

Fig.7.8 Enlarged analysis result with 4 times (0 degree) 
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density of the special type magnet resembles to the shape of the saddle. 

7.2.2.5 Analysis of Attractive Force 

Fig.7.12 shows the analysis results of the attractive force between the iron cores and the 

suspended object. The attractive force from the iron cores also resembles to the results of the 

original mechanism. The results indicate that the rotation of the angle of the special type 

magnet can control the suspension force, and the special type magnet does not change the 

force characteristics of the mechanism. 
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Fig.7.9 Analysis of magnetic flux field of the special type magnet 
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Fig.7.10 Analysis results of magnetic flux field of the special type magnet 
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Fig.7.11 Analysis results of magnetic flux density using the special type magnet 
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Fig.7.12 Analysis results of attractive force using the special type magnet 
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7.2.3 IEM Analysis for Extending the Length of Cores 

Method 

7.2.3.1 Analysis Model 

Fig.7.13 shows the analysis model using the extended iron cores. The length of the iron 

cores is 80 mm in this model, which is 30 mm longer than the cores of the original 

mechanism. This method is going to reach the aim of reducing the leakage of the magnetic 

flux by extending the distance between the magnet and the suspended object, i.e. enlarging 

the magnetic reluctance between the magnet and the suspended object.  

Moreover, the IEM analysis was also examined using the different length of the iron cores, 

which was changed from 40 mm to 80 mm, and the increased length of each time was 5 mm. 

7.2.3.2 Analysis of Magnetic Flux Field 

The analysis of the magnetic flux field of the mechanism was just examined when the 

length of the iron cores was 80 mm. Fig.7.14 shows the analysis result when the magnet stops 

at zero degree. Fig.7.15 shows the 4-time enlarged figure of the lower side of Fig.7.14. From 

these results, we can see that the leakage of magnetic flux around the magnet is same as the 

original mechanism, however, since the distance is large between the magnet and the 

suspended object, there is no magnetic flux arrive to the suspended object. There results 

indicate that the extending the length of the iron cores method can obviously improve the 

semi-zero suspension force characteristics. 
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Fig.7.13 IEM analysis model of extending the iron cores 
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7.2.3.3 Analysis of Magnetic Flux Density 

Fig.7.16 shows the analysis results of magnetic flux field using the extended iron cores 

method where the length of cores is 80 mm. These results are a little different from the results 

of the original mechanism. The intensity of the magnetic flux density is samller than the 

original mechanism. The weakness of the magentic flux density between the iron cores and 

 

Fig.7.14 Analysis result of magnetic flux field (0 degree) 

 

Fig.7.15 Enlarged analysis result with 4 times (0 degree) 
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the suspended object is caused by the increasing magnetic reluctance and the leakage of 

magnetic flux of the long iron cores. This also can be understood from Fig.7.15. 

7.2.3.4 Analysis of Attractive Force 

Fig.7.17 shows the analysis results of attractive force using the extended iron cores method 

where the length of cores is 80 mm. The attractive force becomes a little weaker than the 

original mechanism, however, the attractive forces at 0 degree and 180 degrees are obviously 

samller than the original mechanism. 
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Fig.7.16 Analysis results of magnetic flux density using the extended cores 
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Fig.7.17 Analysis results of attractive force using the extended cores 
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Moreover, the semi-zero and the maximum suspension force characteristics were also 

examined when the length of the iron cores was varied by 5 mm and from 40 mm to 80 mm. 

Fig.7.18 shows the semi-zero suspension force characteristics using different length of iron 

cores, and Fig.7.19 shows the maximum suspension force characteristics using different 

length of iron cores. These results indicate that the longer iron cores can generate the better 

semi-zero suspension force characteristics, but the maximum attractive force characteristics 

becomes worse. 
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Fig.7.18 Semi-zero suspension force characteristics using different length of iron cores 
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Fig.7.19 Maximum suspension force characteristics using different length of iron cores 
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7.2.4  IEM Analysis for Combination Method 

7.2.4.1 Analysis of Magnetic Flux Field 

  The improvement method of the combination of the special type magnet and the 

extended iron cores was also examined by IEM analysis. The used analysis model was just 

changing the round magnet to the special type magnet in the model shown in Fig.7.13. The 

 

Fig.7.20 Analysis result of magnetic flux field (0 degree) 

 

Fig.7.21 Enlarged analysis result with 8 times (0 degree) 
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result of the magnetic flux field of the mechanism is shown in Fig.7.20 when the magnet 

stops at zero degree. Fig.7.21 shows the 8-time enlarged figure of the lower side of Fig.7.20. 

From these results, we can see that even though the arrows are enlarged to 8 times, the arrival 

magnetic flux to the suspended object cannot be seen in the figure. Therefore, the 

combination method can obviously improve the semi-zero suspension force of the mechanism, 

and may induce the semi-zero suspension force almost zero. 

7.2.4.2 Analysis of Magnetic Flux Density 

Fig.7.22 shows the analysis results of magnetic flux density of the iron cores. From the 

results, we can see that the maximum magnetic flux density becomes smaller, but the 

symmetry of two iron cores becomes better than those of the former models. 
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Fig.7.22 Analysis results of magnetic flux density using combination method 
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Fig.7.23 Analysis results of attractive force using combination method 
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7.2.4.3 Analysis of Attractive Force 

Fig.7.23 shows the analysis results of attractive force of the iron cores. The results indicate 

that the maximum force becomes smaller, but the graph shape becomes more regular, and the 

linearity beomes better than the model only using the extended iron cores. 
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Fig.7.24 Comparing zero attractive force characteristics 
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Fig.7.25 Comparing zero attractive force characteristics between extended iron cores 

method and combination method 
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7.2.5 Comparison of Semi-Zero Attractive Force 

Performance 

In order to evaluate the four improvement methods, the analysis attractive forces are 

compared with the original mechanism when the magnet stops at 0 degree. 

Fig.7.24 shows the comparison results of the semi-zero attractive force between the 

improvement methods and the original mechanism. The results indicate that all the 

improvement methods have the effect, but the results of using extended iron cores method and 

the combination method are best, the attractive forces at zero degree of these two methods are 

almost zero.  

Moreover, in order to compare the effect of using extended iron cores method and the 

combination method, the comparison results between these two methods are shown in Fig.25. 

From Fig.25, we can see that the effect of the combination method is much better than the 

method using the extended iron cores, and the semi-zero attractive force is almost equal to 

0.0001 N constantly, and the air gap length between the iron cores and the suspended object is 

almost no impact to the semi-zero attractive force characteristics. 

7.3 Performance Comparison by Experimental 

Examinations 

Moreover, in the light of the four improvement methods, the magnetic flux density and the 

attractive force of the experimental prototype were also carried out by experimental 

examinations. According to the results of IEM analysis, the method of inserting a 

ferromagnetic board has an inconspicuous improvement. Therefore, only the attractive forces 

in 0 degree and 180 degrees were measured, and compared with other methods. 

7.3.1 Experimental Examinations for Special Type Magnet 

Method 

7.3.1.1 Measurement of Magnetic Flux Density of Magnet 

Fig.7.26 shows the measument results of the magnetic flux density of the special type 

magnet. The results are similar to the IEM analysis results, and indicate that when the 

magnetic poles stop in the vertical direction in the mechanism, the leakage of the magnetic 

flux will be a little. Using this magnet, the measurement of the magnetic flux density and the 

attractive force of the iron cores were also carried out. 
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7.3.1.2 Measurement of Magnetic Flux Density 

Fig.7.27 shows the measurement results of the magnetic flux density of the iron cores. 

Although the graph shape of the magnetic flux density of the magnet is like a saddle, the 

magnetic flux density is also similar to a sine curve according to the rotational angle of the 

magnet. These results indicate that the special type of the magnet only changes the magnetic 

flux density of the magnet, but not influences the magnetic flux density of the iron cores. 

7.3.1.3 Measurement of Attractive Force 

Fig.7.28 shows the measurement results of the attractive force of the iron cores. These 

results are similar to the results of the original mechanism, but the graph shape becomes thin, 

and the linearity of the attravtive force becomes good towards to the rotational angle of the 

magnet. Moreover, it can be seen that the attractive forces at 0 degree and 180 degrees are 

smaller than the result of the original mechanism. 

7.3.2 Experimental Examinations for Extending the 

Length of Cores Method 

7.3.2.1 Measurement of Magnetic Flux Density 

Fig.7.29 shows the measurement results of the magnetic flux density of the extended iron 

cores. The results are similar with the IEM analysis results. The long iron cores make the 

graph shape of the flux density even around 90 degrees. The flux leakage of the long iron 

cores cause some flux cannot arrive the air gap between the iron cores and the suspended 
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Fig.7.26 Measurement result of magnetic flux density of the special type magnet 
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object. 

7.3.2.2 Measurement of Attractive Force 

Fig.7.30 shows the measurement results of the attractive force using the extended iron 

cores. From the results, we can see that, the maximum force becomes small, and the force 

variations become unconspocuous from 60 to 120 degrees and from 240 to 300 degrees. And 

the weak variation of force cause the system uncontrol in those areas. However, the semi-zero 

attractive force at 0 and 180 degrees becomes almost zero. 
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Fig.7.27 Measurement result of magnetic flux density of the iron cores 
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Fig.7.28 Measurement result of attractive force of the iron cores 
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7.3.3 Experimental Examinations for Combination 

Method 

7.3.3.1 Measurement of Magnetic Flux Density 

Fig.7.31 shows the measurement results of magnetic flux density using the combination 

method with the extended iron cores and the special type permanent magnet. In this figure, 
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Fig.7.29 Measurement result of magnetic flux density of the iron cores 

 Distance from iron cores (mm)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

0 30 60 90 120 150 180 210 240 270 300 330 360
Rotation angle of magnet (Degree)

A
tt

ra
ct

iv
e
 f

o
rc

e
 (

N
)

2mm 3mm 4mm 5mm 6mm 7mm 8mm 9mm 10mm

 

 

Fig.7.30 Measurement result of attractive force of the iron cores 
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the magnetic flux density is also weaker than the results with the shot iron cores and the 

special magnet. But the graph shape is better than the results with the long iron cores and the 

round magnet. 

7.3.3.2 Measurement of Attractive Force 

Fig.7.32 shows the measurement results of the attractive force using the combination 
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Fig.7.31 Measurement result of magnetic flux density of the iron cores 
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Fig.7.32 Measurement result of attractive force of the iron cores 
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method with the extended iron cores and the special type permanent magnet. The results 

shows that, the attractive force becomes weaker than the results with the shot iron cores and 

the special magnet, the controllable range of the attractive force, however, becomes wider 

than the results with the long iron cores and the round magnet. Moreover, the semi-zero 
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Fig.7.33 Comparison of zero attractive force characteristics 
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Fig.7.34 Comparing zero attractive force characteristics between extended iron cores 

method and combination method 
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attractive force is also almost zero like Fig.7.30, and the comparison results will be shown in 

next session. 

7.3.4 Comparison of Semi-Zero Attractive Force 

Performance 

In order to evaluate the four improvement methods, the measurement attractive forces are 

compared with the original mechanism when the magnet stops at 0 degree. The comparison 

results are shown in Fig.7.33. From the results, we can see that, the semi-zero attractive forces 

of the improvement methods are smaller than the results of original mechanism. Therefore, all 

the improvement methods are available. The improvement effect using the special type 

permanent magnet is conspicuous, and is better than the inserting ferromagnetic board method. 

However, the improvement effect of using extended iron cores and the combination method is 

best, and the graphs of these two methods are almost overlapping.  

In order to compare the improvement effect between the extended iron cores method and 

the combination method, the results of these two methods are shown in Fig.7.34. The results 

indicate that, the improvement effect of the combination method is much better than the 

method only using the extended iron cores. 

7.4 Suspension Examination Using the Special Type 

Permanent Magnet Method 

In order to examine the suspension performance of the improved mechanism, the 

suspension examination was carried out using the special type permanent magnet method. 

7.4.1 Numerical Simulation of Suspension  

Using the same mathematical model shown in last chapter and the different parameters, the 

 

Table.7.1 Parameters using in numerical simulation 

Parameter Value Parameter Value 

m (kg) 0.232 c1 (N/(m/s)) 0.1 

d0 (mm) 1.8 c2 (N/(m/s)) 85 

∆df (mm) 1.8 J (kgm
2
) 6.37×10

-4
 

∆dτ (mm) 0 kt (Nm/A) 0.69 

θ0 (degree) 35.4 km (Nm
2
) 8. 69×10

-5
 

g (m/s
2
) 9.8 kτ (Nm

2
) 0 
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numerical simulation was carried out. The parameters show in Table.7.1, which are measured 

from the experimental prototype and the measurement experiment. We chose the state 

weighting matrix Q and input weighting matrix R as following: 

 



















=

1000

0100

0010000000

00001000000000

Q

                           (7.1) 

  

1=R                                                       (7.2) 

 

Using MATLAB software, the feedback gain K is calculated as following: 

 

[ ]31.123.3912208177250=K                            (7.3) 

 

 In the simulation, the nonlinear attractive force and the nonlinear rotational torque are 

used directly, and the mass of suspended object is 0.232 kg. An input disturbance of a step of 

-0.08 mm was applied to the displacement of the suspended object, and the response was 

recorded until 1 second. And the simulation results are shown in Fig.7.35. The figures show 

the input current of motor, the angle of magnet, the displacement of suspended object, and the 

 

Fig.7.35 Simulation results with a suspended object of 0.232 kg 
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input disturbance from up to down. The results indicate that the system using the special type 

magnet also can realize the stable suspension. 

7.4.2 Experimental Suspension 

Using the experimental prototype shown in last chapter, where the used magnet was 

changed to the special type permanent magnet, the experimental suspension was succeeded. 

The suspension photograph using the special permanent magnet is shown in Fig.7.36.  

 

Fig.7.36 Suspending photograph with the special type magnet 

 

Fig.7.37 Experimental results with a suspended object of 0.232 kg 
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Fig.7.27 shows the step response results when the mass of suspended object is 0.232 kg, 

and the step input is –0.08 mm. In the figures, the input current, the rotational angle of magnet, 

and the displacement of suspended object are recorded from 1 second to 2 seconds. The 

results indicate that the suspended object can be suspended stably and the input current is 

almost zero at the stable state. This is same with the results in last chapter.  

The results indicate that the magnetic suspension system using a special type magnet not 

only can improve the semi-zero attractive force performance, but also can realize the stable 

suspension as the original mechanism have realized. 

7.5 Conclusions 

This chapter focused on the improvement of the semi-zero suspension force of the 

proposed magnetic suspension mechanism, and proposed four improvement methods, which 

are inserting the ferromagnetic board, using a special type magnet, extending the iron cores, 

and combination of the special type magnet and the extended cores. The performance of the 

mechanism using each improvement method was examined by IEM analysis and 

measurement experiment. All the results indicated that, every method could improve the 

semi-zero suspension force characteristics. However, using the method of the special type 

magnet or the extended iron cores could obtain the obvious improvement, and using the 

combination method could obtain an almost zero suspension force characteristics. Moreover, 

only using the extended iron cores, the semi-zero force characteristics were inproved, but the 

controllable range of the attractive force becomes narrow. Using the combination of the 

special permanent magnet and the extended iron cores, the semi-zero attractive force 

characteristics were improved, basing on no reduction of the controllable range of the 

attractive force. 

In addition, the suspension examinations were also carried out with the improved 

mechanism using the special type permanent magnet in numerical simulation and the 

experiment. The results indicated that the improved mechamsim also could suspend the 

suspended object stable. 
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Chapter 8 Simultaneous Suspension of 

Two Iron Balls 

8.1 Introduction 

Magnetic suspension is technology for supporting or manipulating objects without contact 

by means of magnetic forces. Magnetic suspension system has many advantages, which are 

no contact, no friction, no dirt and lubrication free. Using these advantages, many magnetic 

suspension mechanisms have been proposed [9]. Moreover, these mechanisms have been 

developed and used in noncontact conveyance vehicles, high-speed transportations and 

motors, dirt-free factories and outer space. These magnetic levitation systems use various 

methods to control the suspension force. Two types of systems are electromagnetic 

suspension systems, which control the coil current so as to change the magnetic force in order 

to levitate an object stably; and mechanical magnetic suspension systems, which use 

permanent magnets to control the magnetic reluctance so as to vary the suspension force in 

order to achieve stable suspension. Moreover, there are two methods for controlling magnetic 

reluctance in mechanical magnetic suspension systems [24], i.e. changing the air gap between 

magnets and ferromagnetic objects by moving the permanent magnet [38], and varying the 

flux by changing the flux path of the magnetic circuit. Many researchers have proposed 

magnetic suspension systems using flux path control method. Mizuno et al. have proposed a 

magnetic suspension system with a permanent magnet and three flux-path control modules 

consisting of a ferromagnetic plate, a voice coil motor (VCM), and a displacement sensor [31]. 

This system controls the attractive force of the magnet by changing the flux path with the 

flux-path control modules. Ueno and Higuchi presented a magnetic levitation technique using 

flux path control method with a composite of magnetostrictive and piezoelectric materials 

[33].   

Moreover, some multiple magnetic suspension systems have been proposed. Yamamoto et 

al. have discussed a series magnetic suspension system with an electromagnet, a permanent 

magnets and a magnetic target [71]. Yamamoto's suspension system realized an indirect 

suspension of a magnetic target through an actively controlled permanent magnet, whose 

position is controlled by the electromagnet. Sakurada et al. have proposed a parallel magnetic 

suspension of two-floater using one signal amplifier [72]. Moreover, Sakurada has confirmed 

that there were minus feedback gains in the current control of the parallel two-fold magnetic 

suspension.  
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This chapter proposes a noncontact magnetic suspension system for levitating two different 

weight iron balls simultaneously using flux path control method [35]. In this system, the 

magnetic flux is generated from a disk-type permanent magnet, and passes through two iron 

cores to arrive two iron balls. Therefore, the suspension force of two cores can be changed 

simultaneously at same variation rate by varying the angle of the permanent magnet that is 

driven by a rotary actuator. This proposed suspension system of two-ball is similar to the 

parallel-type double inverted pendulum system, which consists of two different length 

pendulums and a cart or a linear motor [73]. In the double inverted pendulum system, two 

pendulums can be maintained the balance at the up-right position through the motion control 

of the cart in one degree.  

In this chapter, first, the suspension principle of two iron balls is explained, and a prototype 

is introduced. Second, the characteristics of this system are examined by IEM analysis and 

some basic experiments. Third, a model is created, and the controllability is proved, 

theoretically. Finally, the simulation and experimental results of suspension are shown and 

discussed. 

8.2 Suspension Principle 

The suspension principle of this magnetic suspension system can be understood from 

Fig.8.1, a schematic diagram showing a disk permanent magnet, two iron cores and two iron 

balls. The permanent magnet is in the center of diagram, and has an N pole of 90 degrees and 

an S pole of opposite side 90 degrees in radial direction. Two iron cores, resembling a pair of 

opposite letters of “F”, and are installed beside the permanent magnet. Two iron balls have 

different size, and are located under the two cores, respectively. 

First, the followings will be assumed: 

(1) The distance between two iron balls is far enough, and comparing with the attractive 

force from the iron cores, the attractive force between two balls can be neglected. 

(2) The rotation angle of permanent magnet is 0 degree at the situation shown in Fig.8.1 

(a). 

Fig.8.1 (a) shows that the magnetic poles of the permanent magnet are aligned in the 

vertical direction, and the N pole is at the upper side and the S pole is in the lower side. In this 

case, the facing angle of the N pole and S pole to each core are same, so all magnetic flux 

comes from the N pole and is absorbed into the S pole through the upper part of each core, 

respectively. There is no magnetic flux arrive at two iron balls, so zero attractive force 

generates between the cores and the levitated iron balls. However, Fig.8.1 (b) shows the 

permanent magnet rotated 20 degree, the facing angle of the N pole becomes bigger than the 

S pole in the right core, and that is reverse in the left core. Since that, some flux coming from 

N pole passes the right core, and arrives at the right ball; and some flux passes through the left 
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iron ball and left core, and returns to the S pole. Consequently, the attractive force is 

generated between cores and iron balls. Moreover, Fig.8.1 (c) shows the permanent magnet 

rotated 40 degree. The flux flowing through two iron balls becomes more as the rotation angle 

of magnet becomes larger. As a result, the attractive force between two cores and two iron 

balls can be changed by means of varying the rotation angle of permanent magnet 

simultaneously. 

In addition, since the natural frequency of an iron ball depends on its weight, and the small 

ball has a higher natural frequency. Since the rotation of the magnet affects the two iron balls 

directly, if the magnet rotates same angle, the small ball tends to respond intensively and 

moves a large distance.  

Consequently, simultaneous suspension of two iron balls can be realized using the proposed 

flux path control method, theoretically. 

 

 

 

(a) Rotation angle of magnet is 0 degree. 

   

(b) Rotation angle of magnet is 20 degree.   (c) Rotation angle of magnet is 20 degree. 

 

Fig.8.1 Principle of flux path control magnetic suspension 
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8.3 Experimental Prototype 

8.3.1 Experimental Prototype 

Fig.8.2 shows the schematic of the proposed magnetic suspension mechanism. And an 

experimental prototype of the proposed magnetic suspension system was constructed, and the 

photograph of the prototype is shown in Fig.8.3. This prototype consists mainly of a disk 

permanent magnet, a rotary actuator containing a gear reducer and an encoder, a pair of 

opposite F-type permalloy cores, two different size iron balls and two eddy current sensors. 

The disk permanent magnet, which is in the center of the opposite F-type cores, is a 

neodymium magnet and magnetized in the radial direction. The diameter of the magnet is 30 

mm and the thickness is 10 mm. The magnet is installed on the shaft of a rotary actuator. The 

rotary motor is at behind of the magnet, cannot be seen in Fig.8.3. The encoder of the actuator 

measures the rotation angle of the magnet. The thickness of the two permalloy cores is 10 mm 

that is same as the magnet. The diameter of iron ball under the left core is 20 mm, and the 

weight is 35.8 g. The diameter of iron ball under the right core is 30 mm, and the weight is 

109.9 g. The position of the two levitated balls is measured by two eddy current sensors, of 

which the measurement range is 3.5 mm and the measurement error is less than 0.7 µm. 

8.3.2 Control System 

The configuration of the system is shown in Fig.8.4. The position of two balls and the angle 

of magnet are measured, and returned to a DSP controller. Then the DSP controller calculates 

the current to control the rotary actuator. The actuator drives the magnet rotate to an 
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Fig.8.2 The schematic of the magnetic suspension mechanism 
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appropriate angle. As a result, two iron balls will be suspended without contact. 

The control system of the suspension system is shown in Fig.8.5. According to feedback of 

the positions of two iron balls and the rotation angle of magnet, this control system uses three 

PD controllers to calculate the current of the rotary motor. 

 

 

 

 

 

Permalloy cores   Permanent magnet (driven by motor)　
Eddy current sensor       　　　 Iron ball (20mm)  Iron ball (30mm)  

Permalloy cores   Permanent magnet (driven by motor)　
Eddy current sensor       　　　 Iron ball (20mm)  Iron ball (30mm)  

 

Fig.8.3 Photograph of experimental prototype 

 

 

Fig.8.4 Configuration of the magnetic suspension system 
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8.4 Basic Characteristics Examination by IEM Analysis 

8.4.1 Analysis of Magnetic Flux Path 

In ELF/Magic software, a 3-D analysis model was created in the same dimension with the 

experimental prototype, and shown in Fig.8.6. In the model, in order to get a short calculation 

time, a half of model of the mechanism was created since the mechanism has a symmetry 

construction in the thickness direction (z direction in the model). And the magnetic flux field 

in air space is expressed as the blue field in 2-D, and in the middle position of the thickness 

direction of the mechanism. The magnet is the roundness in the center of the cores, and when 

the N pole and S pole are arranged as shown in Fig.8.6, the rotational angle of the magnet is 

assumed as 0 degree. The diameter of left iron ball is 20mm, and that of right iron ball is 30 

mm. The air gap between the magnet and the iron cores is 2mm. The length of air gap 

between the left iron core and the left iron ball is 1.97mm, and the length of air gap between 

the right iron core and the right iron ball is 1.25 mm, which are the measured equilibrium air 

gaps of two iron balls, when the magnet stopped at 40 degrees. 

Using the analysis model shown in Fig.8.6, the magnetic flux field was analyzed. The 

analysis results are shown in Fig.8.7 to Fig.8.11. In the figures, the direction of arrows 

express the direction of the magnetic flux, and the size and color of the arrows express the 

intensity of the magnetic flux density. 

Fig.8.7 shows the analysis result when the magnet stops at 0 degree. There is almost no 

magnetic flux arrived to the two iron balls, so there are no attractive force between iron cores 

and the iron balls. 
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Fig.8.5 Block diagram of control system 
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Fig.8.8 shows the analysis result when the magnet stops at 40 degree. From this result, we 

can see that there is some magnetic flux arrived to the two iron balls, so the attractive force 

are generated to support the gravitational force of the balls. 

Fig.8.9 shows the 5-time enlarged arrow size of Fig.8.8. The figure indicate that since there 

is some magnetic flux leakage in the mechanism, some magnetic flux returns to the magnet 
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Fig.8.6 3-D model for IEM analysis  

 

Fig.8.7 Analysis result of magnetic flux field (0 degree) 
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directly through the air space, especially in the right iron ball side. That may cause some force 

in the horizontal direction of the iron ball when the iron balls are suspended.  

 

Fig.8.8 Analysis result of magnetic flux field (40 degree) 

 

Fig.8.9 Enlarged analysis result with 5 times (40 degree) 
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Fig.8.10 Analysis result of magnetic flux field (90 degree) 

 

Fig.8.11 Enlarged analysis result with 5 times (90 degree) 
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Fig.8.10 shows the analysis result when the magnet stops at 90 degree. This result shows 

that the arrival magnetic flux to the iron balls is much more than that in Fig.8.8. Fig.8.11 

shows the 5-time enlarged arrow size of Fig.8.10. From this figure, we can understand that the 

right iron ball absorbs the magnetic flux from the right iron core, and the attractive force 

generates. And then, the magnetic flux is released to the air space from the right iron ball. The 

left iron ball absorbs the magnetic flux from the air space, and mainly releases the flux to the 

left iron core, finally the magnetic flux returns to the S pole of the magnet through the left 

core. Moreover, we can see that the left iron ball absorbs some magnetic flux released by the 

right iron ball in the air space between two iron balls. That will cause the attractive force 

between two iron balls. As a result, when the two iron balls are suspended, the equilibrium 

point in the horizontal direction will no be at the just below position of the iron cores, and will 

be at some position closing with each other. 

8.4.2 Analysis of Magnetic Flux Density 

The magnetic flux densities and attractive forces from the cores were analyzed, when the 

permanent magnet was rotated at 10 degrees as one step in one revolution. The air gap length 

between the left core and the left ball was changed from 2 mm to 10 mm, and increased at 0.5 

mm as a step, when the right ball was fixed at the air gap length of 2 mm, For the right iron 

ball, the left iron ball was fixed at the air gap length of 2 mm. 

Fig.8.12 shows the analysis results of magnetic flux density. In the figure, the horizontal 

axis expresses the rotation angle of permanent magnet, the vertical axis expresses the 

magnetic flux density on the surface of iron ball, and the parameters on the top of figures 

 

 

Fig.8.12 Magnetic flux density between cores and two iron balls in IEM 
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express the distance between the core and iron ball. The graph of magnetic flux density 

resembles sine curve according to the magnet’s angles at all distance, and smaller distance 

yielded greater flux density. The flux density on the surface of big iron ball is always large. 

Moreover, the direction of the flux is changing at about 180 degrees. The magnetic flux 

density of the big right iron ball is larger than the small left iron ball at the same air gap 

length. 

 

 

 

Fig.8.13 Attractive force between left core and left iron ball in IEM 

 

Fig.8.14 Attractive force between right core and right iron ball in IEM 
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8.4.3 Analysis of Attractive Force 

Fig.8.13 shows the results of the attractive force between the left iron core and the left iron 

ball. Fig.8.14 shows the results of the attractive force between the right iron core and the right 

iron ball. As shown in the figures, the force curve in each position varies according to the 

rotated angle of the magnet, and has 2 maximum points at about 90 degrees and 270 degrees 

and has 2 approximately zero points at about 0 degree and 180 degrees. The forces become 

smaller when the gap becomes larger, and the attractive force of big ball is large.  
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Fig.8.15 Schematic of the measurement experiment for magnetic flux density 

 

20mm 

iron ball

30mm 

iron ball

Gauss meter

θ=0~360

d1

d2

20mm 

iron ball

30mm 

iron ball

Gauss meter

θ=0~360

d1

d2

 

Fig.8.16 Photograph when measuring the magnetic flux density of left ball 
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8.5 Basic Characteristics Examination by Measurement 

Experiment 

Moreover, in order to know the basic characteristics of the proposed prototype, the 

measurement experiments were also carried out using the manufactured mechanism. 

8.5.1 Magnetic Flux Density 

Fig.8.15 shows the schematic of the measurement experiment for magnetic flux density 

near the surface of the two iron balls using gauss meters. Fig.8.16 shows the photograph when 

measuring the magnetic flux density of left iron ball. In the measurement experiment, when 

the rotational angle θ of the permanent magnet was rotated at 10 degrees as one step in one 

revolution, and the air gap length d2 was fixed at 2 mm, the flux density was measured with 

the changing range of the air gap length d1 from 2 mm to 10 mm, and the changing step was 1 

mm. Moreover, the similar experiment was implemented for the right iron ball. The 

measurement results of the magnetic flux density are shown in Fig.8.17 and Fig.8.18. Fig.8.17 

shows the relationship between the magnetic flux density and the rotational angle of the 

permanent magnet. The results show the relationship between the magnetic flux density and 

the rotational angle as a sine curve, which are similar to the IEM analysis results. Fig.8.18 

shows the relationship between the magnetic flux density and the distance between the core 

and the iron ball. The results indicate that the magnetic flux density is inverse proportion to 

the distance between the core and the iron ball. 

8.5.2 Attractive force 

The attractive force between the iron cores and the iron balls were measured using two load 
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Fig.8.19 Photograph of measurement experiment for attractive force 
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cells. Fig.8.19 shows the photograph of the measurement experiment. The same processes of 

the experiments for the attractive force were carried out with the experiments for the magnetic 

flux density. 

The measurement results of the attractive force of the left iron ball are shown in Fig.8.20 

and Fig.8.21. Fig.8.20 shows the relationship between the attractive force and the rotational 

angle of the magnet. Fig.8.20 indicates that the attractive force is similar to the square the sine 

relationship to the rotational angle of the magnet. There are two almost zero points appearing 

at 0 degree and 180 degrees, and two peak forces appearing at 90 degrees and 270 degrees. 

Therefore, the attractive force can be controlled through changing the angle of the magnet. 

Fig.8.21 shows the relationship between the attractive force and the distance between the iron 
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Fig.8.17 Relationship between flux density and rotational angle 
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Fig.8.18 Relationship between flux density and air gap 
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core and the iron ball. The results indicate that the attractive force is almost square of the 

inverse proportion to the distance.  

The measurement results of the attractive force of the right iron ball are shown in Fig.8.22 

and Fig.8.23. Fig.8.22 shows the relationship between the attractive force and the rotational 

angle of the magnet. Fig.8.23 shows the relationship between the attractive force and the 

distance between the iron core and the iron ball. The results of the right iron ball is similar to 

the results of the left iron ball, the attractive force of the right ball, however, is larger than the 

left ball’ at all same points.  
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Fig.8.20 Relationship between force and rotational angle of left ball 
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Fig.8.21 Relationship between force and air gap of left ball 
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Fig.8.22 Relationship between force and rotational angle of right ball 
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Fig.8.23 Relationship between force and air gap of right ball 
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8.5.3 Examination of Interaction between Two Iron Balls 

In order to examine the interaction between two iron balls in the suspension direction, the 

examination experiments were carried out. The interaction between two iron balls in the 

suspension direction means that, when the rotational angle of the magnet is fixed, e.g. the 

angle is fixed at 30 degrees, whether the movement of one side iron ball influences the 

suspension force of the other side iron ball or not. The experimental device and the 

parameters are same with the measurement device shown in Fig.8.19. The examination 
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Fig.8.24 Interaction examination results of left iron ball 
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Fig.8.25 Interaction examination results of right iron ball 
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experiment of left iron ball was carried out as following: 

(1) Fix the rotational angle θ of magnet to 30 degrees. 

(2) Fix d1 to 0.5 mm. 

(3) Measure the attractive force of the left iron ball when changing d2 from 0.5 mm to 8 

mm at a step of 0.5 mm. 

(4) Increase d1 at the step of 0.5 mm, and repeat (3). 

(5) Repeat (3) and (4), until d1 reach 8 mm. 

Moreover, the examination experiment of the right iron ball was carried out in the same 

process with the left ball’. 

Fig.8.24 shows the interaction examination results of the left iron ball. Fig.8.25 shows the 

interaction examination results of the right iron ball. The results indicate that there is almost 

no interaction between two iron balls. Although, a little influence occurs when the right iron 

ball is at 0.5 mm, but that displacement range will not be used in the suspension experiments. 

As a result, it is feasible to suspend two iron balls simultaneously. 

8.6 Theoretical Feasibility Analysis 

In order to investigate the feasibility of the proposed magnetic suspension system, a model 

is setup, and the controllability of the experimental system are checked for simultaneous 

suspension of two balls. 

8.6.1 Suspension Force Modeling 

For setting up the model, first, the following is assumed: 

One half of the permanent magnet is N pole and the other half part is S pole. 

The flux coming out from the magnet and absorbed to the magnet is in proportion to the 

area facing to the iron core. 

The magneto-resistance of the iron cores is small enough and all magnetic flux passes 

through the two iron cores. 

Second, according to the result in Fig.8.17 and Fig.8.18, the relationship of the flux flowing 

through iron ball, the rotation angle of permanent magnet and the distance between core and 

iron ball can be considered as: 

 

d
kQ

Q

θsin
=                                               (8.1) 

 

where, 

Q : the magnetic flux flowing through the levitated object  

kQ : the constant of magnetic flux 
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θ : the rotated angle of the magnet (positive is the clockwise direction)  

d : the distance between core and iron ball 

Moreover, according to the results from Fig.8.20 to Fig.8.23, we can consider that the 

attractive force is in proportion to the square of the flux. Then the attractive force fmi (i=1, 2) 

between core and iron ball can be expressed as, 

 

( )2

2sin

mii

miim

dd
kf

∆+
=

θ
                                         (8.2) 

 

Where kmi is a proportionality coefficient of attractive force and ∆dmi is a compensation 

coefficient of air gap. Comparing the attractive force calculated by Equation (8.2) with the 

measurement results, the coefficients km1 and km2 can be decided as 2.56x10
-5

 (Nm
2
) and 

4.06x10
-5 

(Nm
2
). And the coefficients ∆dm1 and ∆dm2 can be decided as 2 mm and 1.8 mm. 

The comparison results shown in Fig.8.20 to Fig.8.23, where the solid line expresses the 

calculation force and the point mark expresses the measurement force. The comparison 

indicates that Equation (8.2) expresses the measurement results of the attractive force very 

well, and the validity of attractive force model is proved. 

8.6.2 Motion Equations of Motor and Two Suspended Iron 

Balls 

A model of this simultaneous suspension system is created and shown in Fig.8.24. 

According to the model and the assumptions, the motion equations of the magnet and two 

 

Fig.8.24 Model of suspension system 
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iron balls are, respectively, 
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where, 

      m1 : the mass of left iron ball 

      m2 : the mass of right iron ball 

      z1 : the displacement of left iron ball 

      z2 : the displacement of right iron ball 

      fm1: the attractive force between the left core and iron ball 

      fm2: the attractive force between the right core and iron ball 

      km1: the constant of the attractive force between the left core and iron ball 

      km2: the constant of the attractive force between the right core and iron ball 

      d1: the distance between the left core and iron ball 

      d2: the distance between the right core and iron ball 

      J: the moment of inertia of motor and magnet 

      c: the damping constant of motor and reducer. 

      fa: the driving force of motor 

      kt: the torque constant of motor 

      kτ: the torque constant of magnet 

      i: the input current of motor 

8.6.3 Analysis of Controllability 

In the motion equations of this system, the attractive force fm is represented as a nonlinear 

function of the rotation angle of permanent magnet and the distance between core and iron 

ball. Moreover, the attractive force becomes larger as the rotation angle increases and 

becomes smaller as the distance decreases. Through linearization of the attractive force 

around the equilibrium position, the linear relationship of attractive force, rotation angle and 

the distance can be obtained. 
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where,  

             2,1=i  

∆fjm, ∆zi, ∆θ: the small value around the equilibrium position 

θ0, di0 : the value at the equilibrium position  

Moreover, assuming that: 
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According to the equations from Equation (8.2) to Equation (8.8), the state space equation 

and the output equation are represented as: 
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The controllability matrix of the system of Equation (8.9) is, 
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Then determinant of the controllability matrix is, 
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According to the characteristic of the suspension system, when the mass of two iron balls is 

different, the determinant of the controllability matrix is nonzero, and the controllability 

matrix is full rank. Consequently, the proposed magnetic suspension system is controllable, 

and suspension feasibility is verified, theoretically. 

 

Table.8.1 Parameters using in numerical simulation 

Parameter Value Parameter Value 

m1 (kg) 0.06233 c1 (N/(m/s)) 0 

m2 (kg) 0.13479 J (kgm
2
) 6.37×10

-4
 

d10 (mm) 2.2 kt (Nm/A) 0.69 

d20 (mm) 1.8 k1m (Nm
2
) 2. 56×10

-5
 

∆dm1 (mm) 2 k2m (Nm
2
) 4.0645×10

-5
 

∆dm2 (mm) 1.8 g (m/s
2
) 9.8 

θ0 (degree) 40   
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8.7 Numerical Simulation Examination 

In this feasibility study, first, the control system is introduced. Second, the feedback gains 

are calculated using the LQR (linear quadratic regulator) full state feedback control law with 

the linear mathematical model of Equation (8.9). Finally, the numerical simulation is carried 

out with a nonlinear attractive force. 

8.7.1 Control System 

Fig.8.25 shows the structure of the control system. In this control system, three PD 

controllers are used to realize the suspension of two iron balls stably and simultaneously. 

8.7.2 Calculation of Feedback Gains  

All the parameters using in the numerical simulation are shown in Table.8.1, which are 

measured from the experimental prototype. Moreover, the values of km1 and km2 are measured 

from Fig.8.20 to Fig.8.23.  

Many methods can design the controller for a linear system. In terms of linear control 

theory, due to this proposed system is controllable and observable, the LQR can be used to get 

the feedback gains. 

Based on the characteristics of the system and Equation (8.9), we chose the state weighting 

matrix Q and input weighting matrix R as following: 
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1=R                                                     (8.15) 

 

Using MATLAB software, the feedback gain K is calculated as following: 

 

[ ]9282.064.466147060109080001408109669000 −−=K    (8.16) 

 

8.7.3 Numerical Simulation 

Using the nonlinear attractive force model and the calculated feedback gain, the simulation 

 

Fig.8.26 Simulation results when a step is applied to left iron ball 
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was carried out. The simulation results show in Fig.8.26 and Fig.8.27. In the simulation, when 

the two iron balls were levitated, a 0.01 mm step value was added to the two iron balls as a 

disturbance, respectively. After the step was added, the input current of motor, the rotational 

angle of magnet, and two iron balls’ displacements were recorded. The step was added at 0.1 

second, and the responses were recorded until 0.5 second. The variations of current, angle, 

displacements, and the disturbances were plotted, with the upward direction as positive.  

Fig.8.26 shows the simulation results when the step is applied to the left iron ball. In the 

figure, after applying the step, the system reinstates the steady suspensions of two iron balls 

quickly. The step drives the left iron ball move upward, and for maintaining the suspension 

force equal with gravitational force of the iron ball, the rotational angle of magnet becomes 

small a little. However, the variation of rotational angle also directly affects the suspension of 

the right iron ball. In order to also suspend the right iron ball stably, the system moves the 

right iron ball up a little distance at same time with the left iron ball. Since the gravitational 

force of iron balls is supported by the two iron cores fixed on the frame, the motor just drives 

the magnet’ rotation, and the input current of motor returns to zero after returning to the 

equilibrium state.  

 

 

Fig.8.27 Simulation results when a step is applied to right iron ball 



 

 182

Fig.8.27 shows the simulation results when the step is applied to the right iron ball. The 

results in Fig.8.26 indicate that, the suspensions of two iron balls can also be realized stably 

after applying the disturbance to the right iron ball. However, the movements of two iron balls 

are downward, and the final angle of the magnet increases, which are reverse to the results in 

Fig.8.26. The different signs of the feedback gains for the two iron balls’ suspension cause 

these differences. The feedback gains for left ball are minus, and the ones for right ball are 

plus.  

Consequently, all the simulation results indicated that this proposed system could 

simultaneously suspend two iron balls steadily. 

8.8 Experimental Suspension 

Using the experimental prototype, the suspension was carried out. However, the 

equilibrium position in the horizontal direction is not just at the lower center of the iron cores. 

It caused the stable suspension to be realized difficultly. In order to limit the iron balls move 

in the suspension direction only, the iron balls were installed onto two linear rails and the 

suspension was succeeded. Fig.8.28 shows the suspension photograph using the mechanism 

with the linear rails. After using the linear rails, the suspended unit included the iron ball, the 

block of the linear rail, and the connecting parts. In this situation, the mass of the left 

suspended unit was 62.33 g, and the mass of the right suspended unit was 134.79 g. In the 

suspension experiments, the used feedback gains are same with the gains used in simulations.  

 

 

Fig.8.28 Photograph of the suspension device with linear rails 
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In order to examine the stability of the suspension, a step response experiment was carried 

out for two iron balls respectively. In the experiments, the step response with 0.1 mm was 

applied after 1.2 s, and the response results were recorded until 2.2 s. The step response 

results are shown in Fig.8.29 and Fig.8.30. In the figures, the variations of current, angle, 

displacements, and the disturbances were plotted, with the upward direction as positive. 

Fig.8.29 shows the step response results of the left iron ball. After applying the step 

disturbance. The system returns to stable state immediately. The upward step of the left iron 

ball made two iron balls move downward at same time. This movement is reversing to the 

simulation results. In the simulation, the upward step got an upward response. The difference 

may be caused by the different feedback gains and the different initial values between the 

simulation and the experiment. Moreover, we can understand the results as that, in the 

experiment, the two iron balls reach the stable suspension state without vibrations after 

applying the disturbance; and in the simulation, the two iron balls reach the stable suspension 

state after a vibration and reach another stable state. The rotational angle of the magnet 

decreased firstly, and then increased to maintain the balance state after applying the step 

disturbance. In the final state, the two iron balls moved down, and the rotational angle of 

 

Fig.8.29 Experimental results of step response to the left iron ball 
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magnet increased. 

Moreover, Fig.8.30 shows the step response results of the right iron ball. The system also 

reaches the second stable suspension state quickly. However, the movement of the two iron 

balls is reversing to the results in Fig.8.29. This is caused by the inverse sign of the feedback 

gains, and agrees with the simulation results. The response of this system between simulation 

and experimental results is consistent with each other. 

However, the final value of the stable state is reverse between the simulation results and the 

experimental results. The upper step that was applied to the left iron ball causes the two iron 

balls moving upward in simulation, and downward in experiment. And the upper step that was 

applied to the right iron ball causes the two iron balls moving downward in simulation, and 

upward in experiment. 

8.9 Examination of results’ validity 

In order to examine the validity of the simulation results and the experimental results, the 

 

Fig.8.30 Experimental results of step response to the right iron ball 
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initial values and final values of the simulation and experimental results when the upper step 

was applied to the left iron ball, were concluded and shown in Table.8.2. And all the values 

were input to the stable state eqations of this system from Equation (8.17) to (8.19), the 

results of all the equations were 0. This indicates that all the results of simulation and 

experiment are satisfied with the motion equations, and the validity of the results is proven. 
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Table.8.2 Results of validity examination  

 

0000Eq.3

0000Eq.2

0000Eq.1

-0.262-0.26-0.255-0.26i (A)

40.1239.7437.6840θ (deg.)

1.471.5770.20750z2 (mm)

1.5671.5690.23990z1 (mm)

1.51.500Refz2 (mm)

1.51.500Refz1 (mm)

Final 

value

Initial 

value

Final 

value

Initial 

value

ExperimentSimulation

0000Eq.3

0000Eq.2

0000Eq.1

-0.262-0.26-0.255-0.26i (A)

40.1239.7437.6840θ (deg.)

1.471.5770.20750z2 (mm)

1.5671.5690.23990z1 (mm)

1.51.500Refz2 (mm)

1.51.500Refz1 (mm)

Final 

value

Initial 

value

Final 

value

Initial 

value

ExperimentSimulation

 

 



 

 186

8.10 Conclusions 

In this chapter, a simultaneous suspension system of two iron balls was proposed using a 

disk type permanent magnet and a rotary motor. This system controlled the suspension force 

by varying the flux path. An experimental prototype was manufactured. The magnetic flux 

field, the magnetic flux density and the attractive force of the system were analyzed by IEM 

analysis. Some basic measurement experiments were carried out using the experimental 

prototype. According to the results of the basic experiments, a mathematical model was 

created, and the feasibility of the proposed system was verified by the theoretical 

examinations. A numerical simulation was completed, and the experimental suspension was 

succeeded with the linear rails. All the results indicate the following conclusions: 

The simultaneous suspension of two iron balls could be realized using the proposed 

magnetic suspension system, which controlled the suspension forces by a variable flux path 

control mechanism. 

The minus feedback gains were affirmed in this simultaneous suspension system. 

Since the inverse sign of the feedback gains of two iron balls, the movement of two iron 

balls is reversing each other. 

However, the final states of the simulation and experiment results are a little different, and 

now we are investigating the reasons. 

The characteristics of this system are similar to the parallel-type double inverted pendulum 

system, so this system can be applied as an examination device of the control system for 

education. 
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Chapter 9 General Conclusions 

Until now, basing on the advantages of the magnetic suspension systems, many magnetic 

suspension systems have been developed and applied in many fields. Most existing magnetic 

suspension systems are using the electromagnetic magnet or including coils. In the light of the 

drawbacks of the coils, which are the heat generation, the relative large dimensions, and the 

large energy consumption with a lower efficiency, the magnetic suspension systems using the 

coils cannot be used in some special places, where needs a miniature dimension and the 

energy-saving characteristics. Based on the all-around considerations of the above coil’s 

drawbacks and the development of permanent magnets, this thesis was proposed and 

completed.  

This thesis focused on the magnetic suspension systems and the control systems using 

permanent magnets. First, an overview of the research background was introduced in a 

classification way, and the structure of this thesis was shown in chapter 1. Second, the 

research contents about the magnetic suspension systems using permanent magnets were 

exposited in three parts. 

Part I proposed a zero power control method using a spring and an integral feedback loop, 

and examined the zero power control method on two kinds of magnetic suspension systems 

with permanent magnets and linear actuators.  

Chapter 2 examined the zero power control method on a hanging type magnetic suspension 

system that could be applied as a noncontact conveyance vehicle. In chapter 2, the hanging 

type suspension principle was explained, and an experimental prototype was set up. A 

mathematical model was created. The suspension feasibility of the system was examined 

theoretically. The realization of zero power control was analyzed in device, mathematical 

model, and control system. The numerical simulations and experiments were carried out in 

five cases. All the simulation and experimental results indicated that this hanging type 

magnetic suspension system could be suspended stably. Moreover, comparing the results in 

the five cases, the validity of the zero power control was examined. 

Chapter 3 discussed the zero power control method in a magnetic suspension system of an 

iron ball that could be applied as a noncontact manipulation mechanism. All the examination 

results in theoretical and experimental indicated that the iron ball could be suspended stably 

using the experimental prototype, and the zero power suspension could be realized using the 

proposed zero power control method. 

This chapter proposed a hanging type magnetic suspension system using a permanent 

magnet and the VCM. In order to reduce the power consumption of the system in the stable 
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suspension state, a kind of zero power control method was proposed for this hanging type 

magnetic suspension system using a spring and an integral feedback loop of current.  

Therefore, using this two proposed magnetic suspension systems, the miniature 

transmission device and the noncontact manipulation mechanism can be developed; and 

combining the proposed zero power control method, the zero power noncontact supporting 

also can be realized. The developed systems can be applied in some special places, e.g. the 

constant temperature plant. 

Moreover, many control methods can realize the zero power control, but this thesis just 

discussed the method using the current integral feedback loop. The load observer control 

method may be regarded as the next step of the research. For the hanging type magnetic 

suspension system, this thesis just investigated the stable suspension in one dimension, and 

the controllable movement of the device has not been touched. The controllable movement of 

the hanging type magnetic suspension device in the horizontal plane may be the next step of 

this research. 

Part II proposed a novel noncontact spinning mechanism using disk-type permanent 

magnets and rotary actuators, and analyzed the rotational characteristics of the mechanism by 

IEM analysis and the experimental measurement. 

Chapter 4 proposed a novel noncontact spinning mechanism using disk-type permanent 

magnets and rotary actuators. In chapter 4, the noncontact spinning principle was exposited, 

and the experimental prototype was set up to investigate the proposed method. The 

mathematical model was created, and the simulation of spinning was carried out. And the 

noncontact spinning experiments were also carried out using one driving magnet, two driving 

magnets, and four driving magnets. The results indicated that a levitated iron ball could be 

spun using the remanent magnetizations and the rotational disk magnets. The iron ball could 

be spun regardless of the number of driving magnets used, however, as more magnets were 

used, the iron ball was spun more smoothly, but the velocity limit decreased. 

In order to clarify the rotational characteristics of the noncontact spinning mechanism, 

chapter 5 analyzed the magnetic flux field variation and the rotational torque characteristics of 

the mechanism by IEM analysis and the experimental measurement. The results indicated that 

since the magnetic flux filed around the iron ball varied smoothly and the rotational torque 

was almost constant in every rotational angle of the magnets, the rotational state was stable 

and responded quickly when four magnets were used as the driving magnets. However, the 

attractive force in the horizontal direction was also large when using four magnets, and the 

horizontal force influence the stability of the suspension, as a result, the limit of the spinning 

velocity of the iron ball decreased. 

However, in this thesis, the spin of the iron ball was not feedback to the control system and 

only the velocity of the iron ball was examined. Therefore, it may be the next step of this 

research that using the feedback signal controls the spin angle of the iron ball. 
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Part III proposed a mechanical magnetic suspension system using the variable flux path 

control method. This system could generate a semi-zero suspension force, the variable 

magnetic poles, and semi-zero power suspension.  

Chapter 6 examined a magnetic suspension of a cuboid suspended object using the 

proposed variable flux path control mechanism. In chapter 6, the principle of the variable flux 

path control mechanism was exposited, and an experimental prototype was constructed. The 

magnetic flux variation in the mechanism was examined by IEM analysis, and the basic 

characteristics were examined by the IEM analysis and the measurement experiments. 

According to the experimental results, the mathematical model was created, and the 

suspension feasibility was investigated theoretically. The numerical simulation and the 

experiment of suspension were succeeded, and the energy-saving characteristics were also 

examined. All results indicated that this system could suspend the object stably in the 

suspension direction, and this system generated the variable magnetic poles of the stators, 

generated the semi-zero suspension force, and realized two kinds of semi-zero power 

suspension. However, the semi-zero suspension force characteristics were not very good, 

since the leakage of the magnetic flux between the magnet and the suspended object. 

Chapter 7 proposed four methods to improve the semi-zero suspension force characteristics 

of the variable flux path control mechanism. The four improvement methods were inserting 

the ferromagnetic board, using a special type magnet, extending the iron cores, and 

combination of the special type magnet and the extended cores. The performance of the 

mechanism using each improvement method was examined by IEM analysis and 

measurement experiment. All the results indicate that, every method can improve the 

semi-zero suspension force characteristics. However, using the method of the special type 

magnet or the extended iron cores can obtain the obvious improvement, and using the 

combination method can obtain an almost zero suspension force characteristics. Moreover, the 

suspensions of the simulation and experiment were also carried out using the special type 

permanent magnet, and the results indicated that the improvement just improved the 

semi-zero suspension force characteristics of the mechanism, but not influenced the 

suspension characteristics. 

Chapter 8 proposed a simultaneous suspension of two iron balls using the variable flux path 

control mechanism. An experimental prototype was manufactured. The magnetic flux field, 

the magnetic flux density and the attractive force of the system were analyzed by IEM 

analysis. Some basic measurement experiments were carried out using the experimental 

prototype. According to the results of the basic experiments, a mathematical model was 

created, and the feasibility of the proposed system was verified by the theoretical 

examinations. A numerical simulation was completed, and the experimental suspension was 

succeeded with the linear rails. 

In addition, the magnetic suspension systems that were introduced in this part III, have 
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been realized the suspension using the state feedback control method. However, the 

robustness of the suspensions still should be strengthened, so the robust control method or the 

adaptive control method may be used to examine the robust suspension in these magnetic 

suspension systems. Moreover, the simultaneous suspension of two iron balls without the 

linear rails has not been succeeded since the magnetic flux leakage of the mechanism causes 

the horizontal attractive force to two iron balls. Finding the stable points of suspension in the 

horizontal direction and the improvement of the suspension mechanism will be the futural 

work of this research. 
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