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Abstract 
According to what the 6-DOF magnetic levitation sys-

tem has proposed at last year. In the continuous work, this 
research desire to upgrade positioning precision. The re-
design concept attempts to keep the good performance in 
the whole journey of moving rather than the point-to-point 
positioning precision. Based on these concepts, the force 
model was modified in considering the variation from the 
displacement to the magnetic forces first, and avoids the 
constraint of the attractive levitation in replacing the repul-
sive levitation. Finally, the concept of relative place to build 
the measuring system was adopted. All of the performance 
of the improved framework will be demonstrated in the 
experimental results. 

Keywords: Maglev, Precision positioning, Adaptive slid-
ing-mode controller 

1. Introduction  

Electrical machines have existed since electromagnetic 
phenomena were first systematically researched in the 19th

Century. Traditionally, the electromagnetic drives are rota-
tional motors, and the rotational movement is converted by 
means of the transmissions when the linear movement is 
required for application. Mostly, the piezoelectric actuators  
only handle the small moving range[1][2], the ball-screws  
cause disturbances and backlash due to roughness of the 
bearing elements[3][4], and the linear motors have end 
effect in a motion stroke. Therefore, other proper resolu-
tions was needed that can extend their application fields 
and satisfy these requirements as well—no contamination, 
no friction, high speed, and can be operated in a high vac-
uum environment and also a clean room. Hereto magnetic 
levitation (abbreviated as Maglev) mechanism was gener- 

Figure 1. Photograph of the improved framework

ally believed that it is the optimal solutions[5][6]. 

Based on the design theories and experience of the pla-
nar Maglev system, which was proposed at last year[7], in 
development, the carrier in adding a one-shaped structure 
was redesign and replacing the cylindrical coils with larger 
one to generate the uniform magnetic field near the surface 
of the coils. Likewise, the relative circular magnets are 
replaced with larger one to decrease the air gap and gener-
ate the powerful magnetic forces, too. Additionally, in or-
der to have the expectable larger moving range(mm), the 
repulsive levitation instead of the attractive one was em-
ployed. The photograph of the improved framework is 
shown in Fig. 1. 

2. Magnetic Forces and System Modeling 

2.1 Magnetic forces formulation 

Based on the previous research[7][8], from the theo-
retical analysis, the magnetic forces with the multiplication 
of displacement function and fed current can be presented 
and simplified as: 
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/ , / , /( , , )rec cyl rec cyl rec cylF g x y z u , (1) 

where u is the fed current, subscript “ ” is denoted as the 
forces act perpendicular to the surface of the permanent 
magnet, and rec  and cyl  are denoted as the rectangular 
and cylindrical coil, respectively. 

Actually, the height in levitation is always stationary in 
this system. Therefore, for the bottom subsystem, what 
most concern will be the influence of variation of the dis-
placement on the magnetic forces in the horizontal direc-
tion rather than in the vertical direction. When a Taylor 
series expansion of the analytical magnetic force equation 
is truncated after the first order term, within a small range 
around the nominal position, the forces formulation Eq.(1) 
can be expressed as: 

0 0 0 0 0
0 , ,

0

( , ) p p u u d d u u d d

d u

F F
F d u F p u

d u
F k d k u

,(2)

where dk  and uk  represents the force-displacement fac-
tor and force-current factor respectively. Neglecting the 
hysteresis, 0F  is zero, and removing ‘ ’ in the final 
form, the force equation with a linear expression becomes 

, , ,( , )cyl d cyl o cyl u cyl cylF d u k d k u ,

, , ,( , )rec d rec o rec u rec recF d u k d k u , (3) 

where the ,o cyld  means the absolute distance form the 
measured point to the center of the surface of  cylindrical 
coil in the horizontal direction and the ,o recd  means the 
distance form the measured point to the center of the sur-
face of rectangular coil in the direction perpendicular to 
this surface. 

Finally, there is a fairly important point that needs to be 
considered. As mentioned in the force model simplification, 
we just use the half-part curve of the full-range distribution 
for representation in virtue of the symmetry. Therefore, to 
represent the full-range distribution well in the linearized 
form, there should be some modifications. According to the 
symmetry of the force distribution, we can apply the dis-
tribution behavior on one side to describe that on the other 
side and hence Eq.(3) has to be rewritten as follows: 

, , ,( , )cyl d cyl o cyl u cyl cylF d u k d k u ,

, , ,( , )rec d rec o rec u rec recF d u k d k u . (4) 

Figure 2. Carrier structure and force relation. (a) Top view 
of the carrier. (b) Front view of the carrier 

2.2 System modeling 

The component of the planar Maglev system include: 
six PMs attached on the moving part so-called carrier, 
while six coils mounted on a fixed part. Three of these six 
coils are arranged in the bottom and mainly generate levi-
tating forces as well as torques around x- and y- axis. And 
the three side-coils with rectangle shaped mainly produce 
lateral forces and torque around z-axis as well. Figure 2 
shows the design concepts combining with the forces rela-
tions.

Then, some assumptions are made. First, it is assumed that 
the mutual effects in this system are very small and can be 
ignored. The second, in our operations, the performance of 
carrier’s translation is mainly concerned and its rotation is 
just regulated. That means the angular displacement of the 
carrier around each axis is very small. Due to these small 
angular displacements, it is assumed that the attitude 
around z-axis will not be coupled with that around the other 
two axes. Due to the system’s structure, by the Newton’s 
and Euler’s law, the total forces and torques equations can 
be expressed as: 

2
21 3xF F F mx ,
2

22 3yF F F my ,

4 5 6zF F F F mg mz ,
2

25 1 6 2x xxT F l F l I ,

2
24 1 6 2y yyT F l F l I ,

3 2z zzT F L I , (5) 

where m=0.625kg, l1=0.16m, L1=0.1m, l2=L2=0.12m, and 
l3=0.06m. From Eq.(5), the governing equations of the 
rigid body can be expressed in the vector form, and after 
substituting the position function with the linearized result 
from Eq.(5), the motion equation can be express as: 

F1 F3
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u d oMX K U K D G , (6) 

 each variable is defined as follows: 

TX x y z ,

[ , , , , , ]xx yy zzM diag m m m I I I ,

1 2 3 4 5 6
TU u u u u u u ,

[0 0 0 0 0] TG mg ,

, , , , , , , , , , , ,[ ]To o rec x o rec y o rec T o cyl x o cyl y o cyl TD d d d d d d ,

, , , , , , , , , , , ,, , , , ,d d rec x d rec y d rec T d cyl x d cyl y d cyl TK C diag k k k k k k ,

, , , , , , , , , , , ,, , , , ,u u rec x u rec y u rec T u cyl x u cyl y u cyl TK C diag k k k k k k , and 

2
2

2
2

2
1 22

2
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0 1 0 0 0
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0 0 0 0

0 0 0 0
0 0 0 0 0

C
l l

l l
L

,

where the subscript d/u denotes the force-displacement or 
force-current factor, rec/cyl denotes the rectangular or cy-
lindrical coil, and the final one x/y/T denotes the location of 
the subsystem in the x, y direction or T-shaped bearing. 

In this dynamic model, in addition to the dimensions of 
the configuration and the distribution and strength of the 
magnetic force can be measured in advance, so the sys-
tem’s six states: ,x ,y ,z , ,  and  can be on-line 
measured. 

3. Controller Design 

Refer to the linearized plant model Eq.(6) with an addi-
tional uncertainty term: 

u d oMX K U K D G w , (7) 

where the additional term w is a 6 1  vector considered 
as the noise and input disturbances due to imperfect system 
model and states transformation, and it is assumed its 
valves are bounded. According to Eq.(7), the bias com-
mand input is decided with 

1
Bias uU K G . (8) 

If the control input was designed as the sum of one 
specific controller ctrlU  and the bias BiasU  as: 

ctrl BiasU U U , (9) 

then Eq.(7) cab be rewrote as 

u ctrl d oMX K U K D w . (10)

3.1 Controller Design 

Before the design of adaptive controller, the error state 
E  was defined as the difference between current state 
X  and reference signal fX , i.e. fE X X . Therefore, 

Eq.(10) can be rewritten as: 

r u ctrl d oE X A U B D W , (11) 

where 1
u uA M K , 1

d dB M K , and 1W M w . Fur-
thermore, divide the last term W into a constant uncer-
tainty Wconst and a varying uncertainty Wvar, and represent 
the error-state equation with 

r u ctrl d o const varE X A U B D W W . (12) 

Due to the assumption of the additional term w , it leads 
the varying uncertainty to be bounded, ||Wvar|| WMAX.

Next, design a sliding surface S as follow: 

S E E , (13)

where 1 2 3 4 5 6[ , , , , , ]Tdiag , and 0i .

In this application, the state error E and the derivative 
of E will be regulated to zero, simultaneously. Due to this 
reason, if the sliding surface tends to zero within finite 
time can be proved, then E and E  are also forced to zero 
exponentially. To relate the sliding surface to the dynam-
ics of motion, the time derivative of the sliding surface is: 

S E E . (14) 

In this research, an adaptive controller is applied in 
this research, which is capable of estimating parameters 
of the system online while controlling the system simul-
taneously. After the system parameters have estimated, 
Eq.(12) with these estimates in the control command can 
be used. So, the estimates acquired from the online esti-
mator can be substituted and derive as: 

1ˆ ˆ ˆ( ( ))ctrl u d o const rU A v B D W X N sat S , (15)         

where N is a positive value and sat(.) is the saturation func-
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tion defined as: 

1 2 3 4 5 6( ) ( ), ( ), ( ), ( ), ( ), ( ) T
sat S sat s sat s sat s sat s sat s sat s ,(16)

where
1

( )

1

i i

i
i i i i

i

i i

s

s
sat s if s

s

, for i=1~6. 

Therefore, in Eq.(15), the symbols was used with head to 
denote the estimation terms of their real values, and after-
ward, applying the adaptive law to design the estimation 
terms. Additionally, this controller was modified in the 
designing boundary value of the saturation function to sat-
isfy varMAXN W W . Then, the adding PID controller, 
v , can be expressed as   

( )v G t ,

( ) P I D

dE
G t K E K E K

dt
, (17) 

where DK , PK , and IK , are parameters to be tuned. 
Subsequently, from designing the realizable liner control-
ler G t , which can merge E  term into the controller. 
Thus, substituting Eq.(15) into Eq.(14), we can obtain: 

( )u Ctrl d o constS A U v B D W N sat S , (18) 

where uA , dB , and constW  are denoted as the estimation 
errors with ˆu u uA A A , ˆ

d d dB B B , and 
ˆ

const const constD D D , respectively. If the estimation errors 
can converge to zero asymptotically, the S  will become 

( )S v N sat S . (19) 

According to the theory of sliding mode control[9], Eq.(19) 
reveals that time derivative of the sliding surface S  will 
decrease when S  is positive and will increase when S
is negative until the sliding surface converges to zero. 

3.2 Stability Analysis 

As mentioned above, in order to eliminate the estima-
tion errors, the adaptive laws have to be found out. Apply-
ing direct Lyapunov method and defining a Lyapunov func-
tion candidate V , it is a positive definite function: 

1 1
1 2

1
3

1 1 1
2 2 2

1
2

T T T
u u d d

T
const const

V S S tr A A tr B B

tr W W

, (20)  

where 1
1 , 1

2 , and 1
3  are all positive diagonal ma-

trixes. Then the differential of the Lyapunov function can-
didate with time variance can be express as: 

1 1
1 2

1
3

T T T
u u d d

T
const const

V S S tr A A tr B B

tr W W
.  (21) 

Substitute Eq.(19) into Eq.(21). Then, it can be rearranged 
as following:    

1
1

1 1
2 3

= ( ( )) ( )

( ) ( )

T T T
u Ctrl u

T T T
d o d const const

V S v N sat S tr A SU A

tr B SD B tr W S W
. (22) 

Now, adaptive laws were derived as: 

1
ˆ T

u u CtrlA A SU ,

2
ˆ T

d d oB B SD ,

3
ˆ

const constW W S . (23)  

In order to maintain stability and to prevent saturation 
of the control effort, ˆ

uA  must be bounded away from zero 
in Eq.(23). One method to avoid ˆ

uA  going through zero is 
to modify the adaptive law using a projection method. Such 
a modification does not affect the convergence of uA  and 
is achieved by using a prior knowledge of uA , such that 

0( )u uA A t , where 0( )uA t  is defined as the lower bound. 
Applying the projection method to the adaptive law, we 
obtain 

1 0
ˆ ( ) ( )ˆ ( )

0

T
AS u u

u

SU if A t A t
A t

otherwise
. (24) 

At the initial time, 0
ˆ ( )uA t  is chosen so that 

0 0
ˆ ( ) ( )u uA t A t . If these equations hold, Eq.(28) will be-

come 

( ( )) 0T TV S v N sat S S S . (25) 

By using the Barbalat’s Lemma[9], we can establish that 
2S L , S L  and so that: ( )S t . Due to S conver-

gence to zero, it can be readily verified that E coverage to 
zero asymptotically. In other words, the all state variables 
and time derivatives all converge to zero eventually, which 
is the goal of designing the controller for this system. 

4. Experimental Results 
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The experimental hardware, including the main body, 
sensor system, driver system and controller hardware have 
built. A number of experimental results, including the tran-
sient and the steady-state responses in different situations, 
will also be provided in this section to demonstrate the per-
formance of this system with the controller presented in 
section 3.  

To test the largest moving range, mm-scale motion , we 
try to execute the positioning motion in y direction and 
regulate the other five states to zero position. Figure 3 
shows the transient responses to the situation with the larg-
est initial transitional displacement range, i.e., 7mm in this 
system. From the trajectories of state, one can see that the 
all error signals converge to the set-points. 

In addition to the m-scale motion, the system re-
sponse for a continuing stepping command with each step 
equal to 0.1mm are shown in Fig 4. The step-train test re-
sult demonstrates the satisfactory performance in y-axis 
motion and stiffness in other 5 axes. The final precision is 
made up 5 m in translation which is estimated to reach a 
limit of the sensor device. To explain the meaning of the 
result, it is necessary to consider the resolving capability of 
the measuring device firstly. Namely, the repeatable accu-
racy is about 5 m. 

Additionally, the other way to show the tracking capa-
bility is to profile a desired circle. Figure 5 present the ex-
perimental results of this circling motion which radius is 
equal to 2.0mm at frequency 0.4Hz.

According to what we have revealed in above experi-
mental results, here the positioning precision will be com-
pared with previous work. From Table. 1, it is evident to 
see that the positioning precision of the improved configu-
ration is better than that before. 

5. Conclusion 

As a continuous work, in this paper, the upgraded posi-
tioning precision has successfully improved through some 
redesign concepts. These redesign on the configuration 
including the adoption of repulsive levitation, increase of 
the actuating forces, and consolidation of the structure of 
carrier. By experimental results, excellent performance 
indices have been observed which ascertain that the objec-
tives were successfully achieved; the upgrade of the whole 
performance when moving, precision positioning, and ex-
pectable larger moving range. 

Table 1: The root-mean-square-error (RMSE) performance 
of the previous work and of current work  

RMSE Largest 
motion 

Step-train 
response 

Circle 
motion

Previous work 0.8 10-3mm 10 10-3mm 0.1mm

Current work 0.5 10-3mm 0.5 10-3mm 4 10-3mm
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