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Design of Prototype Rotary-Linear Step Motor by the Finite
Element Method

HE AR FE* W AR MEY . oop BB e
(Tae- Kyung Chung - Song- Yop Hahn - Jong - Soo Won)

o ot
=
Loegell i Zelee] B NC 714Gl o83 4 v A2 dele 2afe 2ume i 4
ﬁ] P ook, 2245 28] wel(Rotary-Linear Step Motor, RLSM)+= 2 E] 2] Zo] §] X‘{-\?;lxol;u 2]

l
e B4 oﬂ & 4 °‘.na-f? A A

-2 3) beleh, lwbgoR smwels gate] WS Feld

“Lel7] 5] shod

3}
teeth ¥3o] v 3lx @ #3sksl 1 9 39} force(# /), olwie] - ulAlal fgbg s
REIPEN-S

M4 o &3 B Alestai,

o] AAA elo] %42

Abstract

In this paper, a new type of step motor with two degree of mechanical freedom, which is named
Rotary-Linear Step Motor(RLSM), is presented. Its rotor axis can perform linear and rotary mo-
tions either separately or simultaneously.

This paper discribes the design of RLSM using finite element method in which the magnetic sa-
turation effect of the iron core is taken into account. The design parameters such as torques, forces
and inductances are obtained from the computed magnetic vector potentials.

A new type of Rotary—Linear Step Motor was constructed. The calculated parameters agree well

with measurements.

In this paper, a new type of step motor with
1. Introduction two degrees of mechanical freedom, which is named

Rotary-Linear Step Motor(RLSM), is presented.

Step motors with one degree of mechanical free-
dom are generally used for incremental motion
control systems. To obtain more complicated mo-
tion often needed in industry(e.g. machine tools,
robot arms), two or more step motors with

appropriate mechanical interface are usually used.
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Its rotor axis can perform linear and rotary mo-
tions either separately or simultaneously. A sche-
matic diagram of RLSM is shown in Figure 1.
The RLSM has a double air gap structure of which
the outside has an ordinary muitistack VR step
motor with axial teeth of the stator and the rotor,
and whose inside is similar to that of a tubular
linear step motor with circumferential teeth of the
stator and therotor. Therefore the cylindrical holl-
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1. stator core of rotary motion region

4. stator winding 5. rotary bearing 6. linear bearing

2. auxiliary rotor

3. winding of linear motion region

7. oil seal 8. main rotor axis

Fig.1(a). Schematic diagram of RLSM structure,
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Fig.1(b).Cross sectional view of RLSM

Fig.1(c).Detailed sketch of rotary motion region
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Fig.1(d).Detailed sketch of linear motion region.

owshaped auxiliary rotor between air gaps is used
as not only the rotor of the rotary motion region
but the stator of the linear motion region. These
three iron parts are combined with the rotary and
linear bearings. The unique feature of the RLSM
is such that the rotary motion and linear motion
can be controlled independently.

This paper describes the computer-aided design
of RLSM using finite element method in which
the magnetic saturation effect of the iron core is
taken into account. The design parameters such
as torques, forces and inductances are obtained
from the computed magnetic vector potentials.
Applying the finite element method, the rotary
motion region of RLSM is modeled using two di-
mensional planar finite elements with current and
vector potential axially directed (z-direction), and
its linear motion region is modeled using axi-
symmetric finite elements with current and vector

potential circumferentially directed( § —direction).
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2. Finite Element Method

The finite element method has been applied to
analysis and design of electromagnetic devices"”
Especially, the method is powerful to deal with
complicated geometries made of nonlinear or con-
ducting materials.

The finite element method is based on energy
conservation. The law of conservation of energy
in electromagnetic field systems may be derived
from Maxwell’s equations”. The variational te-
chniques such as the finite element obtain solutions
to field problems by minimizing an energy func-
tional. The functional is expressed by the di-
fference between the stored energy and the input

energy in the system volume", viz,,

w- [ [ H-aB- [Taa

where B, H, A, and J are the magnetic flux de-

dv (1)

nsity, magnetic field intensity, magnetic vector
potential and current density, respectively. r is mi-

nimized when :
o __
A 0 (2)

Equation(2) finally leads to a set of simultaneous

nonlinear equations,

[S]IAl=1T! (3)

where the matrix[S)] represents the shape and phy-
sical properties of the materials.

Newtaon—Raphson Algorithm

The system matrix equation described in Eq.(3)
is in general nonlinear due to saturable materials.
To deal with this nonlinearity, the Newton-
Raphson method is applied. Since the permeability
of the iron core is not constant, the matrix[S] de-
pends on the magnitude of B and J. An iterative
procedure is developed by expanding Eq.(2) in
a multidimensional Taylor’s series.

s Fr
LgA0h;

or

on
oA,

oA,

COA e ()

A GA rGA

where i and j are integers varying from ! to N.

(569)

Substitution Eq.(4) into Eq.(2) gives the following
matrix equation®

'
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This equation is the basis of Newton-Raphson
algorithm used to solve for A in a saturable ma-
gnetic field, The Jacobian matrix in Eq.(5) is first
estimated from an initial solution using app-
roximate materials permeabilities. Then Eq.(5)
is solved iteratively until the correction of Aj is
negligibly small. In each solution of Eq.(5), both
the Jacobian matrix and the residual vector in its
right hand side are re—evaluated based on the la-
test A values, ensuring rapid convergence to correct
saturable potentials A throughout the device.

The exact expressions for the Jacobian matrix a-
nd residual vector of Eq.(5) are derived elsewhere
for planar” and for axisymmetric® problems. The
technique requires knowledge of reluctivity »(=1/u)
and of 9v/8 (B%in each nonlinear material. Here,
these parameters are automatically computed from
the B—-H curves supplied as input data.

3.Postprocessing to Obtain Design Parameters

While the distribution of magnetic vector po-
tential A obtained above has little meaning to de-
sign engineers, many useful parameters can be ca-
lculated from A.

The flux density B is calculated in each finite
element using the equation as defined in Eq.(6).

B-vxA (6)

Also, flux plots are obtained and displayed, which
tell the designer where steel should be added and
where it can be removed.

Force and Torque Calculations

The force and torque are obtained by the sur-
face integrations of a surface stress P over an air
gap enclosing the rotor bodv®, i.e.:

F:_[Tdv: f;]_)ds (7

T:ﬁxmv:]{—rxgds (8)



The exact expression of stress P is given by Eq.(9).

Pl i-B)B —5LBi (9)

where n is the unit vector normal to the inte-

gration path. It is noted that in above expressions,

the nonlinear characteristic of the body which is
enclosed by the surface s is not directely expressed.

The procedure of the calculation of force F and

torque T by means of Eqs.{7) and (8) is as fo-

llows: — Calculate the vector potentials using
finite element method.

— Define the integration surface s along the
air gap. Any s should result inthe same
force and torque as long as the rotor
body is fully enclosed.

— Calculated B by means of Eq.(6).

— Calculate the surface stress Pi of Eq.(9) in
each element.

— Calculate the force F and the torque T:

F - TAF ~ZP; - aA, (10)
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Inductance

From vector potential K, the saturable induc
tances L seen by each current carrying coil can
be calculated for magnetic problems as follows:

L- 17——N/‘_B e
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where Sc is the area of triangular element, I is the

coil current, Nis the number of turns per unit area,
I is the length of the number of turns stator stack,
and A“is the vector potential of the center of the

triangular element.
4. Application to Rotary-Linear Step Motor
The Rotary-Linear Step motor is shown in Fi-

gure 1. It consists of three-stack stator, auxiliary
rotor, and three-phase main rotor with ring-type

(570)
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coils. The two air gaps are maintained by rotary
and linear bearings respectively. The main rotor
coils are connected to outside driver through the
rotor axis. This umbilical cord problem confines
the rotary motion only to two or three revolutions.

Two dimensional model of the rotary motion
region is shown is Figure 2. By applying the perio-
dic boundary conditions to the two radial bound-
aries of the model, only one pole (45°) is required
for modelling. Figure 3 shows the saturable flux

Fig.3. Saturable flux plot for model of Fig.2.
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5. Test and Result W
o
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To investigate the performance of the RLSM, — 27
. . - (oI ] measured
and validity of the design parameters found nu- |
mericelly, the prototype of RLSM depicted in Fi- )
gure 8 has been built with the following cha- %00 ' o.50 " 180 Py P
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Rotary motion region :
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Fig.6 Holding torques with rotor position.
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stator length 25mm

stator outer diameter 80mm

stator inner diameter 43.5mm

airgap length 0.05mm

number of turns per pole 90 turns

number of teeth 48

step angle 2.5 degrees/ pulse

Linear motion region :

main rotor diameter 27 mm
main rotor length per phase 31.3mm
number of turns per phase 210 turns

airgap length 0. 05mm
step size 1 mm/pulse
stroke 50 mm

In figures 6 and 7, the forces and torques versus
rotorpositionandcurrent are shown.

The calculated holding torques and forces of the
RLSM agree with the measured values within 59,.
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Fig.7. Axial forces with rotor position,

Fig.8. Prototype of rotary-linear step motor.

The resulting calculated peak magnetic flux de-
nsity of rotor is 2.1 T. The saturable inductances
of stator and rotor found numerically are max.
118 mH, min. 44 mH and max. 83 mH, min. 34
mH, at current 2A respectively.

6. Conclusion

A new type of Rotary—Linear Step Motor was
proposed and constructed. Finite Element Method
was applied tocalculate parameters of the RLSM.
Torques and forces are found using the surface
integration of the magnetic stress along the air
gap. Finite element method is shown to be a good
design tool of electromagnetic devices. The cal-
culated parameters agree well with measurements.
This work was supported by Das Woo Heavy Indu-
stries, Ltd
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