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Abstract—Safety issue is great concern for rehabilitation robots 

that are expected to contribute to future aging society. 
Appropriate compliance is required for their joints. However, 
combination of servomotors and high-ratio gears, such as 
harmonic gears makes the joint of robots nonbackdrivable. The 
nonbackdrivability causes lack of adaptability and safety. On the 
other hand, Conventional direct-drive systems, including linear 
motors, are relatively big for such application. This paper 
presents development and analysis of compact high backdrivable 
direct-drive linear actuator. The motor consists of a helical 
structure stator and mover. The mover does not contact the stator 
and moves helically in the stator under a proper magnetic 
levitation control. Thus, the motor realizes direct drive motion 
without mechanical gears. Decoupling control is proposed and 
integrated with disturbance observer to achieve robustness 
against model uncertainties and input disturbance. The main 
contribution of this paper is to experimentally realize the 
direct-drive feature of the helical motor.  
 

Index Terms— Magnetic levitation, motion control, electric 
machines, AC motors, permanent magnet machines, motor drives, 
robust control, position control, current control, linear feedback 
control systems. 

NOMENCLATURE 
c(θ) Spatial distribution for magnetomotive force of 

permanent magnet. 
dx,dθ Thrust-force and torque disturbances including modeling 

error. 
D,Dτ friction coefficient for linear/rotational motion. 
f Thrust force of mover generated by magnetic circuit part 

(A) in Fig. 6. 
fall Thrust force of mover. 
Φi Interlinkage flux for current Ii,  i ∈ {u, v, w, m}. 
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Ii i-phase current,  i ∈  {u, v, w}. 
Im Equivalent magnetization current of permanent magnet. 
Id ,Iq d-axis, q-axis current. 
J Moment of inertia of mover. 
k Fundamental Fourier component of c(θ). 
Kf Thrust-force constant. 
Kτ Torque constant. 
Kg Equivalent axial stiffness due to permanent magnet. 
L Inductance matrix. 
Ld ,Lq d-axis, q-axis inductance. 
lg Nominal length of air gap. 
lm Width of magnet. 
lp Lead length of screw. 
μ0 Permeability in vacuum. 
μm Permeability of permanent magnet. 
M Mass of mover. 
n Ampere-turn. 
νx Virtual acceleration input of linear position controller. 
νxg Virtual acceleration input of gap regulator. 
νθ Virtual acceleration input of rotation controller. 
p Number of pole pairs per 360° mechanical angular 

displacement. 
Pd ,Pq d-axis, q-axis permeance. 
θ Mechanical rotation angle of mover. 
Rg Reluctance of forward side air gap for an area of a phase 

winding. 
Rg’ Reluctance of backward side air gap for an area of a phase 

winding. 
Rm Reluctance of permanent magnet for an area of a phase 

winding. 
Rs Resistance of windings. 
S Gap area per 360° mechanical angular displacement. 
τ Torque of mover generated by magnetic circuit part (A) in 

Fig. 6. 
τall Torque of mover. 
ux Virtual force input for linear motion. 
uθ Virtual torque input for rotational motion. 
Vi voltage at i-phase windings,  i ∈ {u, v, w}. 
x Linear position of mover. 
xg Displacement of air gap. 
Ψm Field flux by the permanent magnet. 
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I. INTRODUCTION 
IRECT-DRIVE system is, almost, free from backlash and 
friction and easy to realize for precise, high-speed, and 

safe motion. Therefore, from the viewpoint of controllability, 
the direct-drive systems are suitable for robotics applications. 
On the other hand, safety issue is great concern for 
rehabilitation robots that are expected to contribute to future 
aging society [1]-[3]. Appropriate compliance is required for 
their joints. However, in robotics application a combination of 
servomotors and high ratio gears, such as harmonic gears, is 
widely used in practice. During transmission by the high ratio 
gear loss of torque and power occurs and the joint of robots 
becomes nonbackdrivable which causes lack of adaptability 
and safety.  

To recover the backdrivability, several joint mechanisms and 
controls were proposed [4]-[12]. The direct-drive system for 
robotic application, firstly reported in [4], avoids friction loss 
and realizes good controllability. Less-friction direct-drive 
system enables sensorless force control based on disturbance 
observer [5]. However, the mass and volume of the robot 
becomes too big and not suitable for practical applications. 
Another sensorless force control for a robot manipulator with 
geared actuators was reported in [6]. The bandwidth of the 
controlled system was limited due to friction of gears. In order 
to improve the performance of force control system, several 
solutions were proposed. One is disturbance observer 
combined with an accelerometer proposed in [7], which 
enhances the sensing bandwidth. Another solution is a 
twin-drive system reported in [8], which cancels the static 
friction of two geared motors each other by using a differential 
gear system. The static friction does not appear in the total 
output of the joint system. Some actuators put elastic 
mechanism between the output and gears [9]-[12]. The 
elasticity improves stability and safety but decreases 
controllability in high frequency domain. A two-stage actuator 
system [10] overcomes this drawback but the system becomes 
complicated. 

Conventional linear motors provide direct-drive motion and 
eliminate mechanical transmission devices. Recently, many 
works on permanent magnet (PM) linear synchronous motors 
have been reported [13]-[28]. Due to low thrust per unit volume 
characteristic, the size of the system becomes relatively big for 
high-thrust application. A high thrust density linear motor 
(HDL) has been proposed in [13][14]. From the viewpoint of a 
thrust per air gap area HDL can generate a thrust force two 
times higher than conventional PM synchronous motor and six 
times than linear induction motors [13]. PM tubular linear 
(PM-TL) motor is another example of high thrust-force linear 
motor [15]-[23]. The design optimization and magnet 
arrangement of the PM-TL motor was discussed in [15], and 
the quasi-Halbach magnetized magnet type was developed in 
[16]-[18]. Short-stroke single-phase PM-TL motor was 
developed in [19] to drive a reciprocating vapor compressor. 
Comparisons among different PM-TL motor configurations 
were reported in [20]. The finite-element analysis of the 

coupled magnetothermal behavior of PM-TL motor was 
presented in [21] revealing valuable information for the design 
optimization process. Sensorless control for PM-TL motor 
based on pulsating voltage injection was presented in [23]. 
Controls of PM linear motors were reported in [23]-[28]. 
Another linear actuators such as a PM linear oscillatory 
machine [29], linear switched reluctance motors [30][31], a 
dual solenoid actuator [32], a hybrid magnetic suspension 
actuator [33], a linear piezoelectric ceramic motor [34], and 
shape memory alloy actuators [35][36] were investigated. 

There are several approaches to improve thrust-force of 
linear motors. Roughly speaking, thrust-force is directly 
proportional to gap area and inversely proportional to gap 
length. A method to expand gap area without increasing 
volume is to design a motor of a special three-dimensional 
structure. 

Recently, a novel high-thrust quasi-direct-drive linear 
actuator with helical (spiral) structure has been developed [37]. 
This motor is an axial-gap helical motion permanent magnet 
(PM) motor. The motor has relatively high thrust-force 
characteristics thanks to the wide gap area on the helical 3-D 
structure. For feasibility study open loop (synchronous drive) 
control was carried out and it has been confirmed in [37] that 
helical motor is almost close to the latest state of the art in linear 
motor technology. By introducing a ball-screw at the axis of the 
mover, the magnetic levitation control was not necessary for 
the first prototype reported in [37]. As a result, the system only 
has a quasi-direct-drive feature.  

The motor developed in this paper does not utilize a 
ball-screw mechanism. Therefore, a proper magnetic levitation 
control (gap control) is needed to achieve full direct-drive 
feature of the motor. Moreover, the helical structures of the first 
prototype were approximately realized by combining almost 
flat units. However, the helical structures of the proposed motor 
are fully helical shape. Helical motor consists of a helical stator 
and a helical mover with PM. The mover does not contact the 
stator and moves helically in the stator under a proper magnetic 

D 

Fig. 1.  Preliminary structure of a helical motor. (a) Stator with three-phase 
windings. (b) Mover with permanent magnets. (c) Cross section view.  
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levitation control. Thus, the motor realizes direct-drive motion 
without mechanical gears. Fig. 1 depicts helical motor’s basic 
structure. Slots are provided for winding on the surface of the 
stator. PMs are attached on the surface of the mover. The flux 
in the axial direction is generated by the three phases winding 
in the stator slots. Thrust load of the mover is controlled 
directly by the electromagnetic force while two slide-rotary 
bushes support the radial load. 

Simulation results of direct-drive system have been 
presented in [38]-[41]. Initial, basic, experimental result of 
magnetic levitation control has been done in [42] neglecting the 
linear position dynamic. Realization of direct-drive motion of 
helical motor did not achieve in [42]. In this paper, decoupling 
control is proposed, to decuple the gap dynamic from the linear 
position dynamic, and integrated with disturbance observer to 
achieve robustness against model uncertainties and input 
disturbance. The main contribution of this paper is to 
experimentally realize the direct-drive feature of the proposed 
motor.  

The concept of the helical motor under the levitation control 
proposed in this paper is similar to existing levitation motors 
[43]-[49]. There are axial-gap type [43], radial-gap type 
[44]-[46], and linear levitation [47] motors. An application to 
blood pump is reported in [48][49]. However, structure of the 
proposed motor is completely different from existing levitation 
motors. 

On the other hand, various types of a helical-motion motor 
capable of producing rotary, linear, or helical motion have been 
proposed in [50]-[56]. There are induction-type [50]-[53], 
reluctance-type [54], and permanent-magnet-type [55]-[56] 
motors. Another variation is a 1-DOF actuator with rotary type 
stepping motor drive system applied to a mover with 
double-helical PM [57]. All of the aforementioned helical 
motors are radial-gap motors. Therefore the gap area of these 
motors are basically same as tubular linear motors and there is 
no gain of thrust-force per unit volume. 

This paper is organized as follows. In Section II, the 
structure and modeling of helical motor is presented. The 
proposed direct-drive control that decouples the gap dynamic 
from the linear position dynamic is given in Section III. 
Experimental results are given in Section IV. Finally, 
conclusions are given in Section V. 

II. MODELING OF HELICAL MOTOR 

A. Prototype 
The helical-shape stator yoke shown in Fig.2(a) is made of 

soft magnetic composite. A helical-shape Nd-Fe-B magnet is 
shown in Fig. 2(b). Internal structure of the stator is shown in 
Fig. 3(a). The Nd-Fe-B magnets are attached on the mover yoke 
which is made of silicon steel, as shown in Fig. 3(b). Precise 
helical shapes of the stator and mover enable uniform short 
length of air-gap and avoid concentration of stress when the 
mover touches down to the stator. Moreover, Teflon sheets 
have been installed on the surface of the magnet to avoid direct 
iron-to-iron contact of the stator and mover if the axial control 

is lost.  
Exterior of the helical motor is shown in Fig. 4. A rotary 

 
Fig. 2.   Stator yoke and magnet of the motor. (a) A helical shape stator yoke. 

(b) A helical shape Nd-Fe-B magnet 

 
Fig. 3.  Stator and the mover of the motor. (a) Internal structure of the stator. 

(b) Helical shape mover. 

Fig. 4. Exterior of a helical motor. 
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encoder and linear encoder attached to the motor measure the 
linear position x and rotation angle θ for control. Displacement 
of the air gap xg is computed by using these measurements as 
follows. 

θ
π2
p

g

l
xx −=                                                                         (1) 

where, lp is lead  length of screw. 

B. Permeance model 
Throughout this paper, the edge effect is ignored and it is 

assumed that the permeability of the permanent magnet μm is 
equivalent to the permeability in vacuum μ0. Using permeance 
model of the helical motor for 360ο electrical angular 
displacement in polar coordinates, voltage equation, thrust- 
force and torque equations are analytically driven in this 
section. Fig.5 shows polar coordinates expression of the motor. 
From this model, a simple magnetic circuit is obtained as 
shown in Fig. 6. Rg = 3p(lg−xg)/Sμ0 is reluctance of forward side 
air gap for an area of each phase windings, where S is the gap 
area of cross section of the cylinder, lg is nominal length of the 
air gap. R’

g = 3p(lg+xg)/Sμ0 is reluctance of backward side air 
gap. Rm = 3plm/Sμm is reluctance of a PM, where lm is magnet 
width and p stands for number of pole pairs per 360ο 
mechanical angular displacement. c(θ) = k cos(θ) is a spatial 
function of magnetomotive force of the PM , where k is the 
fundamental component. 

Two independent three-phase inverters are required for 
driving the helical motor. One inverter controls part (A) circuit 
and the other controls part (B) circuit. Assume that equivalent 
field magnet windings is located instead of the permanent 
magnet. In part (A) of the magnetic circuit, the interlinkage flux 
Φ = [Φu , Φv , Φw , Φm ]Τ for each current is obtained as Φ = L I  
where I=[Iu , Iv , Iw , Im ]Τ is the current vector and L is the 
inductance matrix. Φm and Im represent interlinkage flux and 
equivalent magnetization current for the field magnet windings, 
respectively. For salient-mover machine a mutual inductance 
between ni-turns windings at position θi and nj-turns windings 
at position θj is given by 

( ) ( )
( ) ( )θθθθ

θθθθ

ppnnP

ppnnPL

jijiq

jijidij

−−+

−−=

sinsin

coscos
                        (2) 

for 3,0 ≤≤ ji  where n0 = n1 = n2 = n, n3 = nm = 3k/2, θ0 = 0, θ1 = 
2π/3, θ2 = 4π/3, θ3 = pθ, and Pd ∝ 1/(l-xg) and Pq ∝ 1/(l-xg) is the 
d-, q-axis permeance, respectively. l=lg + lm is a nominal gap 
between the mover iron and the stator. If the machine is not 
salient, then the following holds, Pd = Pq = P = 2/3(Rg+Rm).  
Using the inductance matrix, the voltage equation, thrust-force 
and torque equations of the helical motor can be given as 
follow: 

I
x
LxIL

dt
dILRIV

∂
∂

+
∂
∂

++= &&
θ

θ                                      (3) 

I
x
LIf

∂
∂

= Τ

2
1

                                                                     (4) 

ILI
θ

τ
∂
∂

= Τ

2
1

                                                                       (5) 

where V=[Vu , Vv , Vw , Vm ]Τ is the voltage of each windings, 
R=diag(Rs, Rs, Rs, 0) is windings resistance, f and τ are 
thrust-force and torque of the mover, respectively.   

Equations (3)-(5) are not convenient for the control design. 
Therefore, dq-axis model of the helical motor is derived using 
the following transformation matrix. 

⎥
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where ci=cos(pθ−2iπ/3) and si=sin(pθ−2iπ/3). The dq-axis 
current and voltage are represented by Idq=CI and Vdq=CV 
where Idq=[Id , Iq , I0 , Im ]Τ and Vdq=[Vd , Vq , V0 , Vm ]Τ. Id , Iq , I0 , 
Vd , Vq , and V0 are d-axis,q-axis, and zero-phase 
current/voltage, respectively. Vm is voltage of equivalent field 
magnet windings of the PM, respectively. Finally, after some 
algebraic arrangements and observing that Im is a constant and 
ignoring the zero-phase dynamic the following dq-axis voltage 
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Fig. 5.  A helical motor in polar coordinates. 

Fig. 6.  Magnetic circuit. 
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equation is obtained: 
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where Ψm =LdmIm corresponds to field flux by the permanent 
magnet. Ld = (3/2)n2Pd and Lq = (3/2)n2Pq are d-axis and q-axis 
inductances, respectively. 

dmdm PnnL 2/3= is equivalent mutual 
inductance between d-axis stator windings and field magnet 
windings. Equation (7) makes use of (1) and the following 
relation 

( ) ( ) ( )
g
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∂
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∂
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  (8) 

The dq-axis voltage equation of part (B) in Fig.6 is identical 
to (7) taking Id = −Id

’ and Iq = Iq
’, where Ii and Ii

’ stand for i-axis 
current on forward/backward side windings, respectively, 
i∈{d,q}. If the above current conditions hold, i.e., Id = −Id

’ and 
Iq = Iq

’. Then, from (3) and (4) the total thrust-force equation 
and the total torque equation can be written in terms of Idq 
current as follows: 
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( )( ) all
p

qdqdqmall f
l

IILLIp
π

τ
2

2 −−+Ψ=  (10) 

To this end, the equation of motion is obtained as follows: 
xDfxM all &&& −=  (11) 

θτθ τ
&&& DJ all −=  (12) 

where M is the mass of the mover, J is the inertia of the mover. 
D and Dτ are the friction coefficient for linear/rotational motion, 
respectively. 

III. DIRECT DRIVE CONTROL 
For the control design, the thrust-force and torque equations 

are rewritten as fall =f0+Δf and τall =τ0+Δτ, where  

dfgg IKxKf +=0  (13) 

00 2
f

l
IK p

q π
τ τ −=  (14) 

where Kg = 2Lm0Im
2/l2 > 0 is the equivalent axial stiffness due to 

PM, which gives a force in favor of the displacement, i.e. 
destabilizing effect. Kf = 2Ψm0/l is the thrust-force constant and 
Kτ = 2pΨm0 is the torque constant. Here, Lm0 and Ψm0 are the 
value of Lm and Ψm at xg = 0, respectively. 

Using (11)-(14), the helical motor model can be rewritten as 

xggndfnn dxKIKxM ++=&&  (15) 

( ) θτ π
θ dxKIK

l
IKJ ggndfn

p
qnn ++−=

2
&&  (16) 

where subscript n denotes the nominal value. dx and dθ are 
thrust-force and torque disturbances including modeling error, 

Fig. 7.  Helical motor control system. 
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respectively.  
To this end, the current in (15) and (16) can be considered as 

a virtual input. Therefore, the following change in the input 
coordinates  

( )xggn
fn

ref
d uxK

K
I +−=

1
 (17) 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+= x

p

n

ref
q u

l
u

K
I

πθ
τ 2

1
 (18) 

transform the system into 

xxn duxM +=&&  (19) 

θθθ duJn +=&&  (20) 

where, ux and uθ are new inputs yet to be designed. The 
modeling error and input disturbance are compensated using 
disturbance observer [5]-[7] as follows 

xxnx dvMu ˆ−=  (21) 

θθθ dvJu n
ˆ−=  (22) 

where,  
( ) ( )xxxxxv refrefrefx −+−+= 12 γγ &&&   (23) 

ggxg xxv 12 ββ −−= &  (24) 

( )xgx
p

vv
l

v −=
π

θ
2

 (25) 

vx is the linear position controller, vxg is the gap regulator, and 
vθ  is the rotation controller used to decouple the linear position 
dynamic from the gap dynamic. The terms xd̂  and θd̂ are the 
estimated disturbances. 

( )xsMu
s

d nx
x

x
x &−

+
=

ω
ωˆ  (26) 

( )θ
ω

ω
θ

θ

θ
θ

&sJu
s

d n−
+

=ˆ  (27) 

where s is the Laplace operator, ωx and ωθ are the cutoff 
frequencies of the disturbance observer for linear/rotation 
motion, respectively. 

Finally, proportional-integral current regulator is used so 
that Id and Iq track their reference values.    

IV. EXPERIMENTAL RESULTS 
Extensive simulation results can be found in [38]-[41]. In 

this section, direct-drive feature of the helical motor is 
validated through experiments. Table I shows the parameters of 
the control system and the nominal values of the motor. Figure 
4 shows the exterior of the helical motor. A rotary encoder 
attached to the mover shaft generates 5000 pulses per 
revolution. The resolution of the rotary encoder is 2π/20000 
using quad edge evaluation method. A linear encoder attached 
to the motor with resolution of 1[μm] using quad edge 
evaluation method. Two independent three-phase inverters, 
work at a 15[kHz] switching frequency, are used for driving the 

helical motor. One inverter (inverter-F) controls part (A) circuit 
and the other (inverter-B) controls part (B) circuit of Fig.6. 
Three-phase currents are measured using two current sensors, 
and captured into a DSP via A/D converter board at every 
sampling period of 66.7[μs]. Figure 7 depicts helical motor 
control system. 

Experiments were performed and the results are shown in 
Figs.8-10. Figure 8 shows the experimental results for magnetic 
levitation (gap) control. The mover touches down at t < 0[s], i.e., 
the gap displacement is equal to 0.35[mm]. At t=0[s], the gap 
control is working and the gap displacement converges to the 
neutral position after short transient. The d-axis current shown 
in Fig.8 converges to very small value as the gap displacement 
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Fig. 8.  Experimental results of magnetic levitation control. 
(a) Gap displacement, (b) d-axis current. 

TABLE I 
PLANT AND CONTROL PARAMETERS 

p  number of pole pairs per 360° mechanical angle 2 
lp  lead length of screw                                             20 [mm] 
Kf  thrust-force constant                                             6 [N/A] 
Kτ  torque constant                                                     0.25 [N.m/A]  
Kg  equivalent axial stiffness                                       320000 [N/m] 
J  moment of inertia of the mover                            0.0016 [kg.m2]
M  mass of the mover                                                 0.5 [kg]  
γ1  proportional gain of position controller               15625 
γ2  derivative  gain of position controller                   250 
β1  proportional gain of gap controller                       15625 
β2  derivative  gain of gap controller                          250 
ωx  bandwidth of disturbance observer(linear)           100 [rad/s] 
ωθ  bandwidth of disturbance observer(rotation)       100 [rad/s] 
ω1  bandwidth of linear velocity                                 5000 [rad/s] 
ω2  bandwidth of angular velocity                              5000 [rad/s] 
Kp  proportional gain of current regulator                   30.303 
Ki  integral gain of current regulator                          30303 
Ts  control sample period                                           66.7 [μs] 
Δx  resolution of linear encoder                                  1 [μm] 
Δθ  resolution of rotary encoder                                  2π/20000 [rad]
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converges to the neutral position.  
After the gap has been regulated, a step reference of 0.5[mm] 

has been given to the controller at t = 0.5[s], then at t = 1.5[s] 
the reference signal is changed to zero. The results are shown in 
Fig 9. Figure 9(a) depicts the linear position of the mover, while 
Fig. 9(b) and (c) shows the gap variation and the rotation angle 
of the mover, respectively. The d-axis current and q-axis 
current are shown in Fig.9 (d) and (e). From the result the linear 
position of the mover manage to track the reference signal by 

synchronously changing rotation angle while maintaining the 
gap displacement within a reasonable value. The axial degree 
of freedom follows the kinematic relation between screw pitch 
and angle of the mechanical screw as indicated by (1). 

Figure 10 depicts the experimental results for pushing and 
pulling the motor mover. A force meter is used to read the 
actual (maximum) pushing/pulling force. For pushing case, the 
force meter gives 90[N] which concedes with the estimated 
force as shown in Fig. 10(c). The gap variation and the d-axis 
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Fig. 9.  Experimental results for direct-drive motion of helical motor. (a) Mover linear position. (b) Gap response. (c) Rotation angle of mover. (d) q-axis 
current. (e) d-axis current.  
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Fig. 10.  Experimental results for pushing and pulling the mover. Pushing result, (a) Gap response. (b) d-axis current. (c) Load force. Pulling result, (d) Gap 

response. (e) d-axis current. (f) load force. 
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current are shown in Fig.10 (a), (b), respectively. For pulling 
case, the force meter gives 70[N] which concedes with the 
estimated force as shown in Fig. 10(f). The gap variation and 
the d-axis current are shown in Fig.10 (d),(e), respectively.  

The results from the experiments validate the motor and the 
proposed control 
 

V. CONCLUSION 
This paper presented a new type linear actuator. The motor 

consists of a helical structure stator and mover. The mover does 
not contact the stator and moves helically in the stator under a 
proper magnetic levitation control. Thus, the motor realizes 
direct drive motion without mechanical gears. Decoupling 
control is proposed and integrated with disturbance observer to 
achieve robustness against model uncertainties and input 
disturbance. Experimental results are given to validate the 
direct-drive feature of the motor. 

The proposed motor is effective for driving a parallel 
mechanism robot and is expected to be one of the solutions for 
safe and high performance in robotics applications. 

REFERENCES 
[1] G. Xu, A. Song, and H. Li, “Control system design for an upper-limb 

rehabilitation robot,” Advanced Robotics, vol. 25, no.1-2, pp. 229-251, 
2011. 

[2] W. Yamanouchi, S. Katsura,“Variable time-space compliance control for 
human support,” in Proc. IEEE IECON, pp.2093-2098, 2010. 

[3] H. Vallery, J. Veneman, E. Asseldonk, R. Ekkelenkamp, M. Buss, and H. 
Der Kooij, “Compliant actuation of rehabilitation robots,” IEEE Robotics 
and Automation Magazine, vol. 15, no. 3, pp. 60-69, 2008. 

[4] H. Asada and T. Kanade, “Design of direct-drive mechanical arms,” 
ASME J. Vibration, Stress and Reliability in Design, vol. 105, no.3, 
pp.312-316, 1983. 

[5] T. Murakami, F. Yu, and K. Ohnishi, “Torque sensorless control in 
multidegree-of-freedom manipulator,” IEEE Trans. Ind. Electron., vol.40, 
no.2, pp.259-265, 1993. 

[6] S. Katsura, Y. Matsumoto, and K. Ohnishi, “Analysis and experimental 
validation of force bandwidth for force control,” IEEE Trans. Ind. 
Electron., vol.53, no.3, pp.922-928, 2006. 

[7] S. Katsura, K. Irie, and K. Ohnishi, “Wideband force control by position 
acceleration integrated disturbance observer,” IEEE Trans. Ind. Electron., 
vol.55, no.4, pp.1699-1706, 2008. 

[8] C. Mitsantisuk, S. Katsura, and K. Ohishi, “Force control of human-robot 
interaction using twin direct-drive motor system based on model space 
design,” IEEE Trans. Ind. Electron., vol. 57, no. 4, pp. 1383-1392, 2010. 

[9] G. Pratt and M. Williamson, “Series elastic actuators,” in Proc. IEEE/RSJ 
IROS, pp.399-406, 1995. 

[10] M. Zinn, O. Khatib, B. Roth, J. K. Salisbury, “Playing it safe,” IEEE 
Robotics and Automation Magazine, vol. 11, no. 2, pp. 12-21, 2004. 

[11] A. Bicchi and G. Tonietti, “Fast and “soft-arm” tactics,” IEEE Robotics 
and Automation Magazine, vol. 11, no. 2, pp. 22-33, 2004. 

[12]  A. Bicchi, M. Bavaro, G. Boccadamo, D. De Carli, R. Filippini, G. Grioli, 
M. Piccigallo, G. Tonietti, R. Schiavi, and S. Sen, “Physical human-robot 
interaction: dependability, safety, and performance,” in Proc. IEEE AMC, 
pp. 9-14, 2008. 

[13] Y. Muraguchi, M. Karita, H. Nakagawa, T. Shinya, and M. 
Maeda,“Method of measuring dynamic characteristics for linear servo 
motor andcomparison of their performance,” in Proc. LDIA, pp. 204-207 , 
1998. 

[14] M. Karita, “Linear actuator,” JP Patent 2002–027732, 2002. 
[15] J. Wang, G. W. Jewell, and D. Howe, “Design optimisation and 

comparison of tubular permanent magnet machine topologies,” Proc. Inst. 
Elect. Eng.—Elect. Power Appl., vol. 148, no. 5, pp. 456–464, Sep. 2001. 

[16] J. Wang and D. Howe, “Tubular modular permanent-magnet machines 
equipped with quasi-Halbach magnetized magnets—Part I:Magnetic field 
distribution, EMF, and thrust force,” IEEE Trans. Magn., vol. 41, no. 9, 
pp. 2470–2478, Sep. 2005. 

[17] J. Wang and D. Howe, “Tubular modular permanent-magnet machines 
equipped with quasi-Halbach magnetized magnets—Part II: Armature 
reaction and design optimization,” IEEE Trans. Magn., vol. 41, no. 9, pp. 
2479–2489, Sep. 2005. 

[18] J. Wang, M. West, D. Howe, H. Z.-D. La Parra, and W. M. Arshad, 
“Design and experimental verification of a linear permanent magnet 
generator for a free-piston energy converter,” IEEE Trans. Energy 
Convers., vol. 22, no. 2, pp. 299–306, Jun. 2007. 

[19] J. Wang, D. Howe, and Z. Lin, “Design optimization of short-stroke 
single-phase tubular permanent-magnet motor for refrigeration 
applications,” IEEE Trans. Ind. Electron., vol. 57, no. 1, pp. 327-334, 
2010. 

[20] N. Bianchi, S. Bolognani, D. D. Corte, and F. Tonel, “Tubular linear 
permanent magnet motors: An overall comparison,” IEEE Trans. Ind. 
Appl., vol. 39, no. 2, pp. 466–475, Mar. 2003. 

[21] I-C. Vese, F. Marignetti, and M. M. Radulescu, “Multiphysics approach 
to numerical modeling of a permanent-magnet tubular linear motor,” 
IEEE Trans. Ind. Electron., vol. 57, no. 1, pp. 320-326, 2010. 

[22] F. Cupertino and D. Naso, “An experimental comparison of adaptive and 
robust control methods for precise positioning with tubular linear 
motors,” in Proc. IEEE IECON, pp. 71-76, 2010. 

[23] F. Cupertino, P. Giangrande, G. Pellegrino, and L. Salvatore, “End effects 
in linear tubular motors and compensated position sensorless control 
based on pulsating voltage injection,” IEEE Trans. Ind. Electron., vol. 58, 
no. 2, pp. 494-502, 2011. 

[24] S. Silaghiu and P. Mutschler, “Monitoring and control of a modular servo 
drive system based on PM linear synchronous motors,” in Proc. IEEE 
IECON, pp. 900-905, 2010. 

[25] R. Cao and K-S. Low, “Repetitive model predictive control of a precision 
linear motor drive,” in Proc. IEEE IECON, pp. 1132-1173, 2007. 

[26] R. Cao and K-S. Low, “A repetitive model predictive control approach for 
precision tracking of a linear motion system,” IEEE Trans. Ind. Electron., 
vol. 56, no. 6, pp. 1955-1962, 2009. 

[27] Y-S. Huang and C-C. Sung, “Function-based controller for linear motor 
control systems,” IEEE Trans. Ind. Electron., vol. 57, no. 3, pp 1096-1105, 
2010. 

[28] C-C. Sung and Y-S. Huang, “Based on direct thrust control for linear 
synchronous motor systems,” IEEE Trans. Ind. Electron., vol. 56, no. 5, 
pp. 1629-1639, 2009. 

[29] L. N. Tutelea, M. C. Kim, M. Topor, J. Lee, and I. Boldea, “Linear 
permanent magnet oscillatory machine: comprehensive modeling for 
transients with validation by experiments,” IEEE Trans. Ind. Electron., 
vol. 55, no. 2, pp. 492-500, 2008. 

[30] J. G. Amoros and P. Andrada, “Sensitivity analysis of geometrical 
parameters on a double-sided linear switched reluctance motor,” IEEE 
Trans. Ind. Electron., vol. 57, no. 1, pp. 311-319, 2010. 

[31] H. S. Lim, R. Krishnan, and N. S. Lobo, “Design and control of a linear 
propulsion system for an elevator using linear switched reluctance motor 
drives,” IEEE Trans. Ind. Electron., vol. 55, no. 2, pp. 534-542, 2008. 

[32] L. Yu and T. N. Chang, “Zero vibration on-off position control of dual 
solenoid actuator,” IEEE Trans. Ind. Electron., vol. 57, no. 7, pp. 
2519-2526, 2010. 

[33] D. Li and H. Gutierrez, “Precise motion control of a hybrid magnetic 
suspension actuator with large travel,” in Proc. IEEE IECON, pp. 
2661-2666, 2008. 

[34] R-J. Wai and J-D. Lee, “Comparison of voltage-source resonant driving 
schemes for a linear piezoelectric ceramic motor,” IEEE Trans. Ind. 
Electron., vol. 55, no. 2, pp. 871-879, 2008. 

[35] A. Bellini, M. Colli, and E. Dragoni, “Mechatronic design of a shape 
memory alloy actuator for automotive tumble flaps: a case study,” IEEE 
Trans. Ind. Electron., vol. 56, no. 7, pp. 2644-2656, 2009. 

[36] K. Yang, “Research and application of new inserted shape memory alloy 
actuators,” IEEE Trans. Ind. Electron., vol. 57, no. 8, pp. 2845-2850, 
2010. 

[37] Y. Fujimoto, T. Kominami, and H. Hamada, “Development and analysis 
of a high thrust force direct-drive linear actuator,” IEEE Trans. Ind. 
Electron., vol. 56, no. 5, pp.1383-1392, 2009. 

[38] Y. Fujimoto, I. A. Smadi, H. Omori, and Y. Wakayama, "High thrust force 
direct-drive linear actuator and its application to musculoskeletal robots", 



11-0216-TIE 
 

9

in Proc. Int. Symp. on Application of Biomechanical Control Systems to 
Precision Engineering, pp. 217-222, 2010.  

[39] Y. Fujimoto, I. A. Smadi, H. Omori, K. Suzuki, and H. Hamada, 
“Modeling and control of a high-thrust direct-drive spiral motor,” in Proc. 
IEEJ IPEC, 24F1-4, pp. 2222-2229, 2010  

[40] Y. Fujimoto, Y. Wakayama, H. Omori, and I. A. Smadi, “On a 
high-backdrivable direct-drive actuator for musculoskeletal bipedal 
robots,” in Proc. IEEE AMC, NF-003891, pp. 389-395, 2010.  

[41] I. A. Smadi, H. Omori, and Y. Fujimoto, “On independent position/gap 
control of a spiral motor,” in Proc. IEEE AMC, NF-001899, pp. 478-483, 
2010. 

[42] I. A. Smadi, H. Omori, and Y. Fujimoto, “On direct-drive motion of a 
spiral motor,” in Proc. IEEE IECON, pp. 921-926, 2010. 

[43] Y-M. Chen, S-Y. Fan, G-K. Chang, W-S. Lu, and R. L, Sheu, 
“Characterization of disk-type magnetically levitation motor,” in Proc. 
IEEE IECON, pp. 1330-1335, 2007. 

[44] S-M. Yang, C-L. Lin, “Levitation and torque control of a PM synchronous 
self-bearing motor with a single set of windings,” in Proc. IEEE IECON, 
pp. 1033-1037, 2007. 

[45] A. Chiba, D. Akamatsu, T. Fukao, and M. A. Rahman, “An improved 
rotor resistance identification method for magnetic field regulation in 
bearingless induction motor drives,” IEEE Trans. Ind. Electron., vol. 55, 
no. 2, pp. 852-860, 2008. 

[46] S. Zhang and F. L. Luo, “Direct control of radial displacement for 
bearingless permanent-magnet-type synchronous motors,” IEEE Trans. 
Ind. Electron., vol. 56, no. 2, pp. 542-552, 2009. 

[47] R-J. Wai and J-D. Lee, “Dynamic analyses and stabilizing control of 
linear magnetic-levitation rail system,” in Proc. IEEE IECON, pp. 
2213-2218, 2007. 

[48] S-M. Yang, and M-S. Huang, “Design and implementation of a 
magnetically levitated single-axis controlled axial blood pump,” IEEE 
Trans. Ind. Electron., vol. 56, no. 6, pp. 2213-2219, 2009. 

[49] S. M. Yang, “Electromagnetic actuator implementation and control for 
resonance vibration reduction in miniature magnetically levitated rotating 
machines,” IEEE Trans. Ind. Electron., vol. 58, no. 2, pp. 611-617, 2011. 

[50] M. Rabiee and J. J. Cathey, “Verification of a field theory analysis applied 
to a helical motion induction motor,” IEEE Trans. Magn., vol. 24, no. 4, 
pp. 2125-2132, Jul. 1988. 

[51] J. J. Cathey and M. Rabiee, “Verification of an equivalent circuit model 
for a helical motion induction motor,” IEEE Trans. Energy Convers., vol. 
3, no. 3, pp. 660–666, Sep. 1988. 

[52] T. Onuki, W. J. Jeon, and M. Tanabiki, “Induction motor with helical 
motion by phase control,” IEEE Trans. Magn., vol. 33, no. 5, pp. 
4218-4220, Sep. 1997. 

[53] J. H. H. Alwash, A. D. Mohssen, and A. S. Abdi, “Helical motion tubular 
induction motor,” IEEE Trans. Energy Convers., vol. 18, no. 3, pp. 
362–369, Sep. 2003. 

[54] L. Göbel and W. Hofmann, “Control of a rotation-thrust drive with helical 
motor,” in Proc. IEEE IECON, pp. 1343–1348, 1997. 

[55] S. M. Jang, S. H. Lee, H. W. Cho, and S. K. Cho, “Design and analysis of 
helical motion permanent magnet motor with cylindrical Halbach array,” 
IEEE Trans. Magn., vol. 39, no. 5, pp. 3007–3009, Sep. 2003. 

[56] T. Iwasa and H. Satomi, “Linear/rotary combined motor,” JP Patent 
2006–311715, 2006. 

[57] A. Hida, “Spiral motor,” JP Patent 09–056143, 1997. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Issam A. Smadi (S'09-M'10) received the B.Sc. degree in 
electromechanical systems from Al-Balqa' Applied 
University, Jordan, in 2000, and the M.Sc. degree in 
control and power engineering from Jordan University of 
Science and Technology, Jordan, in 2003, and the Ph.D. 
degree in electrical and computer engineering from 
Yokohama National University, Yokohama, Japan, in 
2009. 

In 2003, he joined the Department of Electrical Engineering, Jordan 
University of Science and Technology, as a part-time instructor. Form 2009, he 
was a postdoctoral fellow in the Department of Electrical and Computer 
Engineering, Yokohama National University. Since 2011, he has been with the 
Fuji Electric Systems Co., Ltd, Tokyo, Japan.  

His research interests include linear and nonlinear control theory, electric 
drive, robotics, and electric machines. Dr. Smadi is a member of the Institute of 
Electrical Engineers of Japan and of the Robotics Society of Japan. 
 
 
 
 
 
 
 
 

Hiroko Omori received the B.E. and M.E. degrees in 
electrical and computer engineering from Yokohama 
National University, Yokohama, Japan, in 2009 and 2011, 
respectively.  

Since 2011, she has been with the Toyo Electric Mfg. 
Co., Ltd., Yokohama, Japan. Her research interests include 
electric machines. Ms. Omori is a member of the Institute 
of Electrical Engineers of Japan and of the Robotics 

Society of Japan. 
 
 
 
 
 
 
 
 
 

Yasutaka Fujimoto (S’93–M’98) received the B.E., M.E., 
and Ph.D. degrees in electrical and computer engineering 
from Yokohama National University, Yokohama, Japan, 
in 1993, 1995, and 1998, respectively. 

In 1998, he joined the Department of Electrical 
Engineering, Keio University, Yokohama, Japan, as a 
Research Associate. Since 1999, he has been with the 
Department of Electrical and Computer Engineering, 

Yokohama National University, where he is currently an Associate Professor. 
His research interests include actuators, robotics, manufacturing automation, 

and motion control. Dr. Fujimoto is a member of the IEEE-IES Technical 
Committee on Sensors and Actuators, the Institute of Electrical Engineers of 
Japan, and the Robotics Society of Japan.  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [6120.000 7920.000]
>> setpagedevice


