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Abstract

This report deal~ with a study of a new motor design with moving permanent

magnet rotor for a free-piston compressor system. This design is attractive be

cause it is more simple constructionally and contains less parts than the present

hybrid motor.

For the permanent-magnet materials SmCo, NdFeB, and Ferrite the influence of

the motor geometry on the required ampere-turns, magnet height and magnet

volume has been investigated.

It appears that a motor with a NdFeB rotor is the most promising with regard to

required ampere-turns and magnet volume. For this motor a mathematical

model has been developed in which magnetic saturation, eddy-current and

hysteresis loss are neglected.

Calculated results obtained from the mathematical model, have been compared

both with computed results obtained from finite-element packages and measur

ing results obtained from a test model. This comparison proves that the devel

oped mathematical model is an adequate tool in designing a compressor motor

with moving permanent-magnet rotor. If non-linear magnetic materials and

eddy-current loss have to be considered then a check with a finite-element

package is advised.

Further research into this compressor motor with moving permanent magnet is

recommended.

As the development of high-quality and cost-effective permanent-magnet mate

rials and soft-magnetic materials is still going on, a compressor motor with

moving permanent-magnet rotor can become commercially attractive in the near

future.



List of most important symbols

B magnetic-flux density

F force

H magnetic-field strength

J current density

L inductance

M magnetization

Mo magnetization of magnet

Ni number of ampere-turns

P power

R resistance

T torque

b width (x direction)
-er unit vector in r direction
-
e~ unit vector in ¢ direction
-ez unit vector in z direction

fFe space factor iron

feu space factor coil

h height (y direction)

g gap between stator an rotor

i instantaneous current
"-

i top value of sinusoidal current

length (z direction)

r radius

U instantaneous voltage

x piston di splacement

x amplitude of piston displacement

xm maximum piston displacement

For other used symbols see also fig.21



angular rotor displacement for x =
1\

rx x

0 angular rotor displacement

fJo permeability of vacuum

Pr relative permeability

fJ-ree recoil permeability

(Or radian resonance frequency

p resistivity

For other used symbols see also fig.21
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1 Introduction

In conventional compressor systems, used in domestic refrigeration equipment,

a reciprocating compressor is applied that is driven by a rotating induction mo

tor. The rotating movement of the rotor is converted into a reciprocating move

ment and the stroke of the piston is fixed. Therefore the cooling capacity is

directly proportional to the motor speed and can only be controlled by speed

control.

To eliminate the loss in the transmission and the bearings, research has been

made into new compressor systems, where the reciprocating piston is directly

driven by a linear motor with a moving coil or moving magnet. These

compressor types are called free-piston compressor systems. Some years ago

however, these systems were not yet commercially attractive, because, in order

to obtain an acceptable volume of the compressor system, expensive rare-earth

magnet materials had to be used.

Attempts to use a linear hybrid motor, provided with cheap ferrite magnets and

soft-iron rotor parts, failed because the high attractive electromagnetic forces

on the rotor parts could only be withstood sucessfully by a very rigid and ex

pensive linear-bearing system. To avoid such a complicated and expensive

bearing, the linear hybrid motor has been redesigned to a motor provided with

a rotor that makes a rotational vibration about a single central bearing. This

motor assembled with a compressor is regarded also as a free-piston

compressor within the Philips company, although still a simple transmission

between rotor and piston is present.

Compared with the conventional compressor system, the new system has a

lower friction loss. Cooling-capacity control over a wide range is achieved by

varying the stroke of the piston movement. To reach a high efficiency, the sys

tem has to run on the energy-resonance frequency. However, due to pressure

changes in the cooling system, the energy-resonance frequency varies so that

frequency control remains necessary.

As some years ago a novel high-quality permanent-magnet material, NdFeB,

has been invented, motors with moving coils or moving magnets came into the

picture again for a compressor system.



This report deals with the investigation into a new motor design which is pro

vided with a moving permanent-magnet rotor and is exchangeable with the ex

isting hybrid motor. First a short description of the free-piston compressor

system will be given. Secondly, a mathematical model for the new compressor

motor with moving permanent-magnet is developed and for different

permanent-magnet materials the influence of the motor geometry on the re

quired ampere-turns, magnet height and magnet volume is investigated. Third,

results obtained from the mathematical model are compared with results ob

tained from the finite-element packages MAGGY and PE2D. Finally the measur

ing results of a test model are compared with calculated results obtained from

the mathematical model.

2 The free-piston compressor system

Although much literature about the free-piston compressor system is available

(for instance ref.1, ref.2 and ref.3), a short description of the system is given in

this chapter. Some understanding of the working of the system is necessary be

cause some characteristic quantities of the compressor have to be used in de

signing the motor.

2.1 Schematical representation of the cooling system

The compressor system is an essential part in a cooling system for a refrigerator

or a freezer.

Figure 1 shows a simple scheme of such a cooling system containing a

condenser, an evaporator, a capillary and a compressor system.

Low pressure refrigerant from the evaporator is compressed to high presssure

and transferred into the condenser by the compressor.

Figure 2 schematically shows the present free-piston compressor system. The

compressor consists of a cilinder and a piston. At both ends of the cilinder

suction and compression valves are placed (not shown in figure 2). The

compressor is excited by a so-called hybrid motor.

The motor contains two permanent magnets, an inner stator part, two outer

stator parts and four laminated iron rotor parts. These iron rotor parts are con

nected together and can make a rotational vibration about the rotor axis.
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The principle of the motor is based on the reluctance variation due to the moving

iron rotor parts. Electromagnetic torque is developed in the motor, if in the gaps

magnetic flux due to the coil currents is modulated on the flux generated by the

permanent magnets, refA.

To reach a high efficiency within a small volume, about 90 % at a delivered

mechanical power of 50 W, small gaps of 0.1 mm between stator and rotor are

used. The permanent magnets are made of Ferroxdure, which is a cheap ma

terial, and the coils are laid in rectangular slots.

2.2 Short description of the behaviour of the compressor system

In ref.2 it is shown that the behaviour of the compressor system can be de

scribed very well by using a mass-spring system with non-linear spring stiffness

and non-linear damping.

For our purpose it is sufficient to have insight into the linear mass-spring system

with viscous damping and therefore some important properties of the linear

mass-spring system will be discussed now.

2.2.1 The compressor system regarded as a linear mass-spring

system with vi scous dampi ng

Figure 3 shows a linear mass-spring system with viscous damping driven by an

electromechanical actuator. The parameters already refer to parameters of the

compressor, see ref.2.

Kc is the average spring stiffness due to the gas.

Dc is the equivalent viscous-damping coefficient of the gas. The power Pc, dis

sipated due to the viscous damping in the compressor, should not be interpreted

as a loss. It is the power that the system needs for its cooling-cycle.

0, is the equivalent viscous-damping coefficient caused by friction. The dissi

pated power P" is due to friction in the bearings and due to friction between

piston and cilinder. M is the moving mass of all the moving parts when con

centrated in the piston. Fm is the motor force exerted on the piston of the

compressor. If the motor force is supposed to be independent of the rotor posi

tion, and saturation, eddy-current loss and hysteresis loss are neglected then it

holds that

3



and

di
Us = is R + L d: + K x

where

K is the motor speed-voltage constant

L is the inductance of the motor winding

R is the resistance of the motor winding

is is the supply current

Us is the supply voltage

x is the piston displacement

Fm is the electromagnetic force.

(2.1 )

(2.2)

(2.3)

It can be shown that for sinusoidal input current the efficiency is a maximum at

the energy-resonance frequency of the mass-spring system, see ref.2. For the

efficiency it holds that

(2.4)

is is the top value of the sinusoidal input current. For the energy-resonance fre

quency it holds that

())r = J~ . (2.5)

At this frequency M x+Kc x = 0 and therefore the motor force Fm and the piston

velocity xhave the same phase.

For the mechanical output power of the motor at the energy-resonance fre

quency we have the following expression

(2.6)
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where
"-
Fm = amplitude of the sinusoidal motor force

x = amplitude of the sinusoidal piston displacement

OJ, = the resonance frequency.

The power Pm consists of the power Pc necessary for the cooling cycle and the

power P, lost by friction ( Pm = Pc + P,). For Pm = 100 W the powers P, and Pc are

about 15 Wand 85 W respectively.

3 Compressor motor designs provided with permanent-magnet rotor parts

After the introduction of the novel high-quality permanent-magnet material

NdFeB, new motor designs with moving permanent magnets for the compressor

system have been developed.

These designs are attractive because they have a simple construction and con

tain less parts than the above hybrid motor.

Figure 4 schematically shows a design of such a motor assembled with a

compressor. The rotor exists of permanent-magnet material with a

magnetization Mo in radial direction. The rotor is provided with one pole

(homopolar) and the windings are laid around the outer stator parts. If the cur

rent through the coils has the direction as is shown in figure 4 then an

electromagnetic torque is developed in the motor.

It is also possible to provide the rotor with two poles, see fig.5.

In this motor design the coil configuration can be realised in three different

ways. The first version equals that of the one-pole design. Only the current di

rection has to be changed in one of the coils. In the second version the motor

contains only one coil which is wound around the inner stator part, see fig.5. The

third version is a combination of the first and second version, see fig.5. In the

second and third version, the freedom of placing the bearing of the motor is

limited.

It will appear, see chapter 5, that a motor provided with a NdFeB rotor is the

most promising one. Mounting a pre-magnetized NdFeB rotor is not easy be

cause of the high attractive forces of the magnet. Besides an accurate

magnetization of two poles in a mounted NdFeB rotor will be difficult. Therefore

only the one-pole motor design has been investigated.

5



4 The electromagnetic torque of the one-pole (homopolar)

motor design (see figA)

For the determination of the torque in an electrical machine several methods are

available, see ref.5. On permanent magnets, forces can be determined by cal

culating the forces exerted on an equivalent direct-current density distribution

of the magnet using the Lorentz force density

( = JM X B . (4.1)

It will be shown that also other aspects, such as the calculation of the widths of

the stator parts and the check whether irreversible demagnetization occurs in

the magnet, combine very well with this method. Magnetic-potential loss in the

stator iron is neglected. This means that the permeability /lr of the stator iron is

supposed to be very high. Also eddy-current loss and hysteresis loss are not

taken into account in the analytical analysis.

4.1 Equivalent current distribution in the permanent-magnet rotor.

-
For the flux density B it holds that

-
and for the magnetization M we can write

M = Mo + (/lrec -1)H .

(4.2)

(4.3)

For the most widely used permanent-magnet materials, like Smeo, NdFeB and

Ferroxdure, the recoil permeability /l.rec is very close to one( /lrec~1.05). For these

materials the equivalent distribution of current density can be approximated by,

see ref.6 and ref.7,

(404)

Figure 7 shows the permanent-magnet rotor for the compressor motor. A rigid

radial magnetization Mo and a constant recoil permeability, /lrec = 1, is as

sumed.

6



Because V x Mo 0 inside the magnet, the equivalent current density JM in the

magnet equals zero as shown below.

Using Stoke's Theorem gives for the distribution of current

(4.5)

Inside the magnet the line integral around a closed path equals zero. For in

stance, the line integral around the closed path inside the magnet (a), drawn in

figure 7, gives

dIM = Mo dr +0 - Mo dr +0 = 0 .

On the tangential walls of the magnet no current is present. For the line integral

of the closed path on the upper wall of the magnet (b) drawn in figure 7 it holds

that

In the same way it can be shown that the current also equals zero on the inner

tangential wall of the magnet

Only on the radial walls of the magnet a surface current is present as the

magnetization there changes from Mo to zero. For the line integral around the

closed path on the left radial wall of the magnet (c) it holds that, see fig.7,

(4.6)

and on the right radial wall of the magnet (d) it holds that

(4.7)

The two radial sides of the closed path can be drawn as close together as we

want. In the limit a surface current on the radial walls of the magnet remains.

For the rotor with a magnetization in radial direction this means that it can be

replaced by an air-cored coil with a surface current on the radial walls. Thus,

in permanent magnets with /Jrec = 1 we have generally an equivalent current

density distribution

(4.8)
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and an equivalent surface-current density distribution

(4.9)

nis the normal vector on the surface of the magnet.

4.2 Magnetic-flux density in the magnetic air gap

due to the coi I currents

We shall define two air gaps namely the mechanical air gap and the magnetic

air gap. The mechanical air gaps are the gaps between rotor and stator and the

magnetic air gap is the gap between inner stator and outer stator, see figA.

To determine the magnetic-flux density in the magnetic air gap analytically some

assumptions are made. In the magnetic air gap the magnetic-flux density is as

sumed to be dependent only on the radial direction. In practice the magnetic

flux density will also depend on ¢ and z. On the edges of the magnetic air gap

the deviation between the calculated field and the real field will be largest.

As the magnetic-potential loss in the stator iron is assumed to be zero and the

recoil permeability of the magnet equals 1, the magnetic-flux density in the

magnetic air gap due to the coil currents and due to the permanent magnet can

be determined separately.

If the current model for the magnet with radial magnetization is used, then the

magnetic energy in the air-cored coil equals

(4.10)

() is the angle of rotor displacement, see figA.

L,J.(J) is the inductance of the air-cored coil.

IM1 = - 1M2 is the equivalent current of the magnet.

In a linear system the magnetic energy equals the magnetic co-energy. Then for

the cogging torque it holds that, see ref.8,

(4.11 )

8



In this case the cogging torque is defined as the electromagnetic torque for zero

coil currents.

If in the proposed motor construction of fig.4 the total magnetic flux delivered by

the permanent magnet is assumed to be independent of the rotor position as a

first approximation, then LJ..8) = constant and therefore the cogging torque Tc

equals zero.

Only the magnetic field Hi in the magnet due to the coil currents developes a

torque T; in the motor and therefore this field has to be determined. Since Tc =0,

the total electromagnetic torque Te equals Ti •

For the magnetic-flux density it holds that

~

V. B =0. (4.12)

Neglecting the z and ¢ component of the field gives for the radial component of

the flux density B'l in the left magnetic air gap, see fig.4 and 21,

1 d rBil---...;...;... = 0
r dr

or

where c is a constant.

For the magnetic-field strength it holds that

(4.13)

(4.14)

~

dl = Ni (4.15)

Ni are the ampere-turns of the coils. In the iron the magnetic-field strength is

zero because the magnetic-potential loss is assumed to be zero. In the air gap

next relation is valid

(4.16)

Substitution of 4.16 in 4.15 gives

9



l
r, + hm+2g B·

/1 d N'- r= ,
flor,

or

[

r l + h,." +2g

_C_ dr= Ni.
fl or.r,

(4.17)

(4.18)

The constant c can now be determined. For the magnetic-flux density in the left

gap due to coil currents we obtain

/l'oNi
Bi1 = -------

hm +2g
r In(1 + r1 )

For the flux density in the right air gap B;2 it holds that

4.3 The determination of the torque

(4.19)

(4.20)

For the Lorentz force exerted on the surface current on the left radial wall of the

magnet, see fig.?, it holds that

(4.21 )

For the Lorentz force exerted on the surface currents on the right radial wall of

the magnet it holds that, see fig.?,

(4.22)

IFe is the effective length of the stator iron in the z direction.

The torque developed on the surface currents of the magnet equals

(4.23)

10



Substitution of the expressions 4.19 and 4.20 in 4.21 and 4.22 respectively, and

of the expressions 4.21 and 4.22 in 4.23 gives

J
',+ hm+g

~ 2 Mo 'Fe flo Ni d, ~

T; = h + 2 ez
In(1 + m, g),

'1 +g

which gives finally

_ _ I~ I - 2 Mo 'Fe hm flo NiTe - T; - T; - ---=-:....::;.......;..:..:-~-
h +2g

In(1 + m " )

4.4 Examination of the expression for the torque

(4.24)

(4.25)

Equation 4.25 shows that the torque is proportional to the length of the stator iron

'Fe, the ampere-turns Ni of the coils and the magnetization Mo of the magnet.

The magnitude of Mo depends on the magnet material. For instance, the

magnetization Mo of SmCo is more than twice the magnetization of Ferroxdure

and therefore the torque of a motor provided with a SmCo rotor is more than

twice the torque of a motor provided with a Ferroxdure rotor. Of course the other

parameters of both motors have to be the same for a good comparison.

To get insight into the influence of the rotor radius and the magnet height on the

properties of the motor, some simplifications are introduced.

If we assume that

then we get for the torque

2 Mo 'Fe 11'0 Ni " hm

hm +2g

(4.26)

(4.27)

This expression shows that the torque T1 is proportional to the radius ',.

If the mechanical air gap g is much smaller than the magnet height hm then it

holds that

"



(4.28)

Expression 4.28 shows, that under above conditions the torque T; is independent

of the magnet height hm.

From expression 4.25 we already concluded that the torque T; is proportional to

the ampere-turns Ni. Care should be taken however, that the magnet is not

irreversibly demagnetized by the field caused by the coil currents. In a motor

design, where hm +2g~rt ,the flux density in the magnetic air gap due to the coil

currents can be approximated by the following expression

flo N;
Bi1 = - Bi2 ~ ---

hm +2g
(4.29)

If the direction of the field due to the coil currents is opposite to the direction of

the magnetization of the magnet then this field can damage the magnet if it is too

high. For the magnetization of the magnet it holds that

(4.30)

B, is the so-called remanence of the magnet.

For SmCo and Ferroxdure we can roughly state as a first approximation that ir

reversible demagnetization is avoided if B; s B, (see chapter 5 for a full

decription of the demagnetization problem).

If B; equals Br then we have for a motor, where hm~rl and g~hm, the next ex

pression for the torque

(4.31)

This expression shows clearly the importance of the remanence Br • For instance,

the maximum torque of a motor provided with a SmCo rotor (Br~0.9n is about

five times higher than that of a motor provided with a Ferroxdure rotor

(Br~O.4 T).

12



5 The working point of the magnet material

Very important information, necessary for designing the motor, can be drawn

from the demagnetization curve of the permanent-magnet material. These

curves are supplied by the manufacturers of the permanent-magnet materials.

Figure a shows an arbitrary demagnetization curve of a permanent-magnet ma

terial. Also the polarization J = flaM has been plotted. The figure shows that for

low values of H in the material the magnetization M decreases.

The demagnetizing field HcJ , necessary to remove the polarization J, is called the

polarization coercitivity. HcB is the field strength for zero flux density in the

magnet material and is called the coercitivity. HcJ is always smaller than HcB be

cause B = floH + flaM.

Br = llaMa is called the remanence of the magnet material. It is the flux density

in the material for H = O.

For a field strength in the magnet lower than Hd , irreversible demagnetization

of the magnet occurs and the magnet looses a part of its magnetization Mo. The

flux density in the magnet belonging to Hd is called Bd•

For the magnet material situated in the magnetic air gap of the motor, three

other points are defined. These points are discussed in the following sections.

5.1 The working point of the magnet for zero coil currents

The working point Ph see fig.a, belongs to the situation that the coil currents are

zero and then no extra field is generated in the magnet. The expression for the

flux density belonging to this point can be derived following the same method

used in section 4.2. Only the ampere-turns Ni of the coils have to be replaced

by the equivalent current 1M of the magnet. The expression for the equivalent

current of the magnet can be derived from expression 4.6. For the eqUivalent

current of the magnet it holds that

(5.1 )

For the flux density in the working point P, we get

13



/10 Mo hm
Bpt = ----h-+-2-g-

, In(1 + m ~ )

As Mo = ~: we can also write

B,hmBpt = --_....:-..;.;.;...---
h + 2g

, 1n(1 + m '1 )

(5.2)

(5.3)

It is not possible to define one working point for the total rotor, because the flux

density in the magnet material depends on the radius ,.

5.2 The working point of the magnet material

for non-zero coil currents

An extra field in the magnet is generated if the coils are supplied with current.

Superposition of the permanent-magnet field and the field due to the coil cur

rents is allowed as long as no irreversible demagnetization occurs in the magnet

and the magnetic-potential loss in the stator iron can be neglected.

The fields in the magnetic air gap due to the coil currents and the permanent

magnet are described by the expressions 4.19 and 5.3 respectively.

If the field in the magnetic air gap due to the coil currents has the same direction

as the magnetization Mo of the magnet then the working point shifts from Pt to

P3 , see fig.B. Even a working point in the first quadrant is possible. This situation

gives no problems. For Bp3 it holds that

B, hm + /l.o Ni
Bp3 = --------

n( hm + 2g )
'11+---

'1

i> 0 . (5.4)

The maximum flux density in the magnet occurs at, = '1 +g .

If the direction of the field due to the coil currents in the magnetic air gap is op

posite to the direction of the magnetization Mo then the working point shifts from

P, to P2, see fig.B. Irreversible demagnetization of the magnet is prevented if the

flux density belonging to point P2 is higher than the flux density belonging to

point Pd (B p2 > Bd ). For Bp2 it holds that
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Br hm - flo Ni
Bp2 = ----h-+-2-g-

, In( 1 + m '1 )

i> 0 . (5.5)

The minimum flux density in the magnet occurs at, = " + hm + 9 .

5.3 The determination of the maximum allowable ampere-turns

To prevent irreversible demagnetization of the magnet in the magnetic air gap,

a maximum number of ampere-turns is not allowed to be exceeded. The maxi

mum allowable flux density generated bij the coils is the difference between Bp1

and Bd , see fig.8.

Brhm
B; max = BpI - Bd = ---"':"'-h":":':"'-+-2-g- - Bd .

, In(1 + m, )
1

(5.6)

The flux density due to the coil currents is described by expression 4.19. From

the expressions 4.19 and 5.6 the maximum allowable ampere-turns can be de

rived

. Br hm Bd hm +2g)
(N ) - ""i'I. ' 1n(1 + , ) .I max = P-o r 0 1 (5.7)

The derived expressions for Bpp B;max and (Ni)max depend on the radius r. The flux

density Bpp belonging to the working point PI, is a minimum for maximum radius

of the magnet (, = '1 + hm +g.).

The flux density Bd is a constant value. Therefore the maximum allowable

ampere-turns have to be determined for maximum radius of the magnet.

(5.8)

For Bd = 0, hm~'l and g~hm we obtain

(5.9)

and
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B;max = Br .

Expression 5.10 has already been used in section 4.4

5.4 The working point of the magnet material

outside the magnetic air gap.

(5.10)

Up to now only irreversible demagnetization of the magnet in the magnetic air

gap has been considered.

Depending on the geometry of the motor and the used permanent-magnet ma

terial, irreversible demagnetization can also occur in the permanent-magnet

material outside the magnetic air gap.

An analytical determination of the flux density in the magnet material outside the

magnetic air gap is complicated.

To estimate the flux density in the magnet material outside the magnetic air gap,

an electrostatic field problem and the solution of this problem (ref.9, page

289-291) is transformed to a magnetostatic field problem. The model used in this

problem approaches the real situation rather good, see fig 9a. The lower plate

should be thought as the inner stator and the upper plates should be thought as

the outer stator. If the upper plates are thought to be connected with the lower

plate for x = + ex:> and x = - ex:> and the permeabilty of the plates is assumed to

be infinite then the magnetic-flux density B and the magnetic potential Um can

be determined using the theory of the conformal mapping. Between the lower

plate and the upper plates a magnet is situated in our case, see fig.9b. The width

of the magnet is assumed to be large enough to get a homogeneous field be

tween the lower plate and the upper plates far from the origin. The magnetic

potential difference between the upper plates and the lower plate equals the

equivalent current in the magnet and can be calculated using expression 5.1

(5.11)

Figure 9a shows the field pattern and the lines of constant magnetic potential.

According to figure 9a, the magnetic-flUX density in the magnet will be a mini

mum (Bmln) in the point x = 0 ,y = hm +~' because in the magnet the gradient

of the potential Umis lowest in this point ( ac; = 0 and a~m is a minimum).
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One of the main differences between the model and the practical situation is that

the outer stator parts are represented by lines. This gives a lower estimated flux

density in the magnet because the field lines have to cover a greater distance.

In this way we obtain a larger magnet height. Anyhow irreversible

demagnetization is prevented.

Another difference is that in practice the model is curved. However the curvature

is small and can be neglected as a first approximation. Forthe width 2a between

the upper plates, see fig. 9a, the length of the curvature between the outer stator

parts is taken so that, see also fig.21 ,

2 a = 2fJ (r1 + hm +2g) . (5.12)

For the distance b between lower and upper plates the height of the magnetic

air gap is taken

b = hm + 2g . (5.13)

To determine the magnetic-flux density in the point x = 0 ,y = hm + g, some

equations have to solved numerically, see appendix A. For the complex flux

density it holds that, see ref.9, page 290, eq.265,

. . hm 1 _1<2
Be = Bx - J By = J Br h + 2g 2

m , -1
(5.14)

For the point x = O,y = hm + g the flux density Bit = 0 and the flux density By

in this point equals

(5.15)

It can be shown that 1< and' are zero for a = O. Then, the upper plates are con

nected and the magnetic-flux density is homogeneous and constant (and can

also be determined without using the theory of the conformal mapping) and

equals

(5.16)
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6 Properties of some well-known permanent-magnet materials

In this chapter the demagnetization curves of some permanent-magnet materi

als are discussed. As the temperature in the compressor system can vary be

tween 279 K and 373 K, it is also necessary to deal with the influence of the

temperature on these curves. It is obvious that in the worst-case situation no

irreversible demagnetization of the magnet is allowed.

The most used materials nowadays are Samarium Cobalt (SmCo), Neodymium

Iron Boron (NdFeB) and Ferrite. Within the Philips company Ferrite is called

Ferroxdure (FXD).

Each basic permanent-magnet material consists of a range of different qualities.

Only the best materials will be discussed.

6.1 Properties of Samarium Cobalt (SmCo)

SmCo magnets are intermetallic compounds of Cobalt and the rare-earth ele

ment Samarium. The magnet material is electrical conducting (p =

0.5 X 10- 6 Om) and therefore eddy-current loss can arise.

Figure 10 shows the demagnetization curves of SmCo at temperatures of 298 K

and 373 K. The temperature coefficients of HcJ and of B, are negative. At room

temperature IHcJ I is much greater than ~~ I which results in a negative value for

Bd (not shown in fig.1 0). If the temperature increases, - HcJ and B, decrease. This

gives a lower remanence B, and a higher value for Bd . Then, according to ex

pression 5.7 the maximum allowable ampere-turns of the coils decrease and

therefore the highest temperature is the worst-case temperature.

At a temperature of 373 K the remanence B,=0.85 T and Bd=O T.

6.2 Properties of Neodymium Iron Boron (NdFeB)

Because of the element Neodymium, NdFeB magnet material is like SmCo also

a rare-earth magnet. Eddy-current loss can also occur in this material but will

be lower compared with SmCo because of its higher resistivity,

(p = 1.5 X 10- 6 Om).
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The material is very corrosive and therefore a special coating has to be applied.

Figure 11 shows the demagnetization curves of two NdFeB materials as a func

tion of temperature. Fig. 11a and 11 b are plots supplied by the manufacturer.

Fig. 11c is a curve measured at the Metallurgical Laboratory of Philips. For the

calculations the information of the manufacturer has been taken.

The temperature coefficients of HcJ and B, are negative and even for the best

material, Vacodym 370, considerably high. According to the relations 5.6 and

5.7 the maximum allowable ampere-turns of the coils will be a minimum at the

temperature where the difference between Bp1 and Bd is a minimum. Because of

the negative temperature coefficients of HcJ and B, this minimum occurs at the

highest temperature, 373 K, which is therefore the worst-case temperature. At

this temperature, B, = 1.15 T and Bd = 0.3 T for Vacodym 370.

6.3 Properties of Ferroxdure (FXD)

Ferroxdure is a ceramic material and corresponds approximately to the chemi

cal formula (M)Fe12019 where M stands for Ba,Sr, Pb etc.

It is a very hard and brittle material with a very high resistivity (p = 104 Om). In

low frequency applications eddy-current loss can be neglected.

Figure 12 shows the demagnetization curves of the best Ferroxdure material

(FXD 580 ) at 279 K and 373 K. The remanence of Ferroxdure is two to three

times lower than the remanence of SmCo and NdFeB. The temperature coeffi

cient of HCJ is positive and the temperature coefficient of B, is negative. Accord

ing to the expressions 5.6 and 5.7 the maximum allowable ampere-turns are a

minimum at the temperature where the difference between Bp1 and Bd is a min

imum. As the temperature coefficient of HcJ is greater than the temperature co

efficient of B" the lowest temperature, 279 K, is the worst-case temperature

because then the allowable ampere-turns are a minimum. At this temperature,

B,= 0.4 T and Bd =0.04 T. At 373 K, Bd is negative.
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7 The determination of the required motor torque.

In this chapter an expression for the required torque delivered by the motor to

the compressor is derived. Some other specifications will also be discussed

meanwhile.

An Important condition of the new motor design is that it has to be exchangeable

with the hybrid motor already mentioned in chapter 2. We assume that the sys

tem is in resonance at a frequency of 50 Hz. The radius '1 and the rotor mass

determine also the resonance frequency. In practice the resonance frequency

can be fixed at 50 Hz by adapting the piston diameter and cilinder diameter or

by adapting the moving mass.

For a delivered motor power Pm of 50 W, the efficiency of the motor,
Pm

11 = P P p. has to be about 90 %. Pcu and Pi are the copper loss and the
m + cu + I

eddy-current plus hysteresis loss respectively. For Pm = 50 Wand a 25 mm di-

ameter cilinder, the amplitude of the piston stroke xis about 7 mm at a discharge

pressure of 8.4 bar and a suction pressure of 1.4 bar. These pressures are very

common in refrigerator systems. At a pressure of 8.4 bar the condenser tem

perature is about 308 K and at 1.4 bar the temperature of the evaporator is about

251 K.

The figures 4 and 21 represent the compressor system with the new motor de

sign. The length of half the compressor height hcp is 24 mm. The shaft of the

motor has a diameter of 8 mm. The distance between motor-shaft centre and the

bottom of the stator iron has to be 8 mm minimum to get a rigid construction.

These three conditions together determine a minimum length for the radius '2
of 32 mm.

The piston moves only in the horizontal direction. Therefore the piston is pro

vided with a transmission, a so-called slider mechanism, to intercept the vertical

movement of the slider pin, see fig.13.

The angular displacement (J of the rotor equals zero for the middle position of the

rotor, see fig.13. Displacement of the piston from x = 0 to x = X, gives a rotation

(J = (l for the rotor. The angle (l depends mainly on the length of '2 because the

amplitude of the piston stroke changes hardly as a function of Pc. For instance,

the amplitude of the piston stroke increases from about 7 mm to 7.5 mm when

the power Pm is increased from 50 to 100 W. For (l it holds that
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"rx = arcsin( ..£ )
r2

As the ratio ~ is small, maximum 0.235, rx can be approximated by

The error made by this approximation is smaller than 1 %.

The amplitude of the vertical slider displacement, see fig.13, is defined by

"2
" rx xhs = x tan( - ) ~ -

2 2r2

(7.1)

(7.2)

(7.3)

In expression 2.1, the force Fm represents the force on the piston delivered by the

motor. If the loss in the slider mechanism and in the motor bearing are thought

to be concentrated in the compressor then the torque delivered by the motor

equals

(7.4)

As a first approximation it holds that cos(8)~1 , because 8 is small (8 < rx). This

gives for the torque

(7.5)

The maximum error occurs if 8 = rx and is always smaller than 3 %. From ex

pression 2.6 the force Fm can be derived

" 2Pm
Fm = -,,--

X (J),

(7.6)
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Fm represents the amplitude of the sinusoidal motor force having the same

phase as the piston velocity because the system is assumed to be in resonance.

The required amplitude of the torque can now be approximated rather fair by

means of the following expression

1\ 1\ 2Pm '2
T = T·~ ---e , 1\

X ()J,

8 Influence of the motor geometry on the required

ampere-turns, magnet height and magnet volume

investigated for two simplified models

(7.7)

Before a complete mathematical model is developed, the influence of the motor

geometry on some important parameters is investigated for two simplified

models. Irreversible demagnetization of the magnet material outside the mag

netic air gap is not taken into account.

8.1 Model A

To get insight into the importance of some parameters, expressions for a sim

plified model are derived. The introduced simplifications are only allowed if

certain conditions are satisfied. For model A, the following assumptions are

valid

(8.1 )

Under these conditions the expression 4.28 is valid for the torque. From ex

pression 4.28 and 7.7 the next expression for the ampere-turns can be derived

1\ Pm
(N;)~ -_-:..:..:...-_-

'1 1\r:; X 'Fe B, ()J,

At the maximum power PmmaK we get for the ampere-turns

(8.2)
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(N~) Pmmax
t max:::::: ------"---

'1 1\

--,;; X 'Fe B, ()),

(8.3)

This expression shows that the required ampere-turns decrease if the ratio ~:

increases. If a total height of'l + '2 is fixed then the minimum possible length for

'2 has to be chosen.

Further we can conclude that the required ampere-turns are reduced by using

a permanent-magnet material with a high remanence.
"The minimum required magnet height has to be determined for (Ni)max and can
"be calculated by means of expression 5.8 if (Ni)max is replaced by (Ni)max. For the

minimum required magnet height we then obtain

~ /10
hm :::::: (Nt )max 

B,

or using expression 8.3

The height of the magnet is inversely proportional to B,2 and the ratio!!-.'2
For the magnet volume it holds that, see fig.7 and fig.21,

(8.4)

(8.5)

(8.6)

Under the above assumptions this expression can be simplified and if also ex-
"

pression 7.2 ( lX::::::~) is substituted then the magnet volume can be calculated'2
by means of the expression

f3
2( 1 + "'i""" )Pmmax /10

2B, (}),
(8.7)

This expression shows that for constant ratio ~ the magnet volume is inde

pendent of the ratio ~ and only depends on the maximum power Pmmlllo the'2
radian frequency ()), and the remanence B,.
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The derived expressions show that the magnitude of the remanence has a big

influence on magnet volume, magnet height, and required ampere-turns of the

motor.

8.2 Model B

In model B the only assumption is

(hm + 2g) ~ r1 . (8.8)

The expressions for the required ampere-turns, the magnet height and the

magnet volume are written as a function of ~~.

Using the expressions 4.27 and 7.7, the following expression for the ampere

turns can be derived

(8.9)

For the maximum ampere-turns (Nf)max required at the maximum power Pmmu

we get

(N":) = (hm +2g) Pmmax
, max h -r-1-/l----

m '2 X 'Fe B, OJ,

(8.10)

The height of the magnet can be derived from expression 5.8 which gives for

(Ni)max = (Nf)max and (hm+2g) ~ r,

/I

(Ni )max -

or

B,hm - Bd(hm +2g)

110
(8.11 )

/I

«Ni )max Po + 2g Bd)
h ---------

m - B, - B
d

(8.12)
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For the magnet volume the following expression has been derived from ex

pression 8.6

(8.13)

For (X = P it holds that

(8.14)

8.3 Computed results from model B

(Nf )ma)( , hm and Vm are calculated as function of the ratio !.!.. for differentr2
permanent-magnet materials at two different mechanical air gaps and IX = p.
The calculated results are obtained from a computer program in which the de

rived expressions of model B are used. The calculations are done for three dif

ferent permanent-magnet materials, namely SmCo (RES 190), NdFeB (Vacodym

370) and Ferroxdure (FXD 580).

For the length of the stator iron 'Fe 50 mm is taken because we expect that the

final length of 'Fe will be about 50 mm. For the mechanical air gap 0 mm and 0.2

mm is taken.

The maximum power Pmmax is set on 100 W. Then about 85 W will be available for

the cooling cycle Pc and about 15 W will be lost by friction. At the maximum

power Pmmax no irreversible demagnetization of the magnet is allowed at the

worst-case temperature, which equals 373 K for SmCo and NdFeB and 279 K for

FXD580, see chapter 6.

8.3.1 The ampere-turns (Nf)ma)(

The figures 14 and 15 show the ampere-turns (Nf)ma)( as a function of .!l. for ar2
mechanical air gap of 0 mm and 0.2 mm respectively.

In chapter 7 we have seen that the minimum length of r2 is 32 mm. If the height

rl + r2 is set on 96 mm then the maximum ratio ~: equals 2. At this point a ver

tical line is drawn in the plot.

For each permanent-magnet material, the required ampere-turns are at lowest

at the maximum ratio!.!... It appears that the required ampere-turns are at low-r2
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est for a motor provided with a rotor of NdFeB and that there is a big difference

in required ampere-turns between a motor provided with a rare-earth magnet

and a motor provided with a Ferroxdure magnet. Finally we conclude that in a

motor with negligible mechanical air gap (g = 0) less ampere-turns are required

than in a motor with a mechanical air gap of 0.2 mm.

8.3.2 The magnet height hm

An increase of the ratio !i- results in a decrease of the magnet height hm for all'2
three permanent-magnet materials, see fig.16-18. Compared with SmCo and

FXD, the required magnet height of a NdFeB rotor is at lowest for ~: < 4.

Expression 8.10 shows that for very high values of ~: the ampere-turns reaches

zero, thus (NI)max > 0 in practice. According to expression 8.11, the maximum

ampere-turns are zero if B, hm = Bd (hm +2g) for hm + 2g~'l .

This means that for magnet materials with Bd > 0 , a minimum magnet height,

(8.15)

is required otherwise the magnet will irreversibly demagnetize even for zero

coil currents. Figure 18 shows that the height of a SmCo magnet reaches zero

for infinite value of!i-, because Bd equals zero. If NdFeB is used then always a'2
minimum magnet height is required which can be calculated using expression

8.15.

8.3.3 The magnet volume Vm

The figures 19 and 20 show the magnet vol ume as a function of ~: . For negli

gible air gap (g = 0) the magnet volume is independent of!i-. The figures show
'2

clearly that in a motor provided with a Ferroxdure magnet about a factor of four

more magnet volume is required than in a motor provided with a rare-earth

magnet.

If the mechanical air gap g is taken into account, see fig.20, then the magnet

volume increases for increasing ratio!i-, because in the region of large magnet'2
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height (~ is low), the influence of the mechanical air gap on the working pointr2
of the magnet is small.

9 Mathematical model for designing the motor (model 1)

The results of chapter 8 indicate that a motor with NdFeB rotor is most promising

with regard to magnet volume and ampere-turns. We therefore have studied in

more detail a motor provided with a rotor of NdFeB material. Besides this will

give us further some practical experience with this novel permanent-magnet

material.

To determine all the dimensions of the motor, some further expressions are de

rived in this chapter. These expressions together with expressions already de

rived in this report result in a mathematical model 1 and are used in a computer

program. The sequence of discussing or deriving the expressions is the same

as the sequence of calculating the unknown parameters by the computer.

9.1 IX and b

The angle IX can be found from expression 7.1.

The angle b, see fig 21, is necessary to prevent damaging of the rotor if the

maximum amplitude of the piston stroke is reached.

This can happen for instance if something is wrong with the valves of the

compressor. For fJ it holds that

x
fJ = arcsin( -!!!... ) - IX

r2

with IX = arcsin( x ).r2

9.2 The minimum width of the inner-stator iron b ,m,n•

(9.1 )

The magnet material of the rotor will be magnetized after mounting, because it

is very difficult to mount a pre-magnetized rotor in a motor.

The width b l of the inner-stator iron will be designed in such a way that during

magnetizing the magnetic-potential loss in the stator is limited.
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The magnet will be magnetized in a so-called Oerlikon yoke. At a distance of 2

cm between the pole shoes a very strong air-gap field of 2550 kA/m (flux density

3.2 T) can be excited in this magnetiser. To magnetize the mounted rotor, the

pole shoe distance has to be greater than 2 cm. Then the available magnetic

potential difference in the gap is more than 51 kA, because the magnetic

potential loss in the iron of the Oerlikon yoke will decrease if the pole shoe

distance increases.

To magnetize the magnet, a special construction, which can be placed between

the pole shoes of the Oerlikon yoke, has been developed, see fig.22. The angle

Phas been chosen equal to IX. Then half the rotor can be fully situated under the

pole shoe of the construction and therefore the total rotor is magnetized in two

times. The thickness of the used aluminium and iron plates of the construction

is 20 mm. Calculations have shown that this construction can easily withstand

the magnetic forces occuring during magnetizing. Then the flux density in the

magnet has to be about 3.2 T. The magnetizing flux passes the inner stator. For

the stator, laminated silicon iron (N1092) is used. If during magnetizing the flux

density BSb1 in the inner stator is limited to 2 T and the height of the stator is es

timated at 5 cm, then we find a potential loss of 1.5 kA in the stator Iron which

value is acceptable compared with the available potential over the gap of the

yoke. The field strength in the stator iron, necessary to calculate the potential

loss in the stator iron, has been drawn from the BH-curve of the silicon iron, see

fig.23. The width b1 can now be determined as follows. For the flux 4>m neccesary

to magnetize an angle 2f3 of the permanent-magnet rotor it holds that

(9.2)

Bmis the flux density in the magnet during magnetizing. The flux 4>m passes

through the inner stator so that also

(9.3)

or

(9.4)
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Substitution of expression 9.2 in expression 9.4 gives for the minimum required

width of b ,

(9.5)

9.3 Maximum coil width bemBIC

For the maximum coil width bema. it holds that, see fig.21,

(9.6)

Later it will appear from computer calculations that the maximum coil width is

not the optimal width. The computer calculates motor designs for different coil

widths starting with the maximum possible coil width. If the coil width is de

creased then b , can increase which results in a lower magnetic-potential loss

during magnetizing.

9.4 The length of the stator iron ( IFe)

If a total length It in the z-direction of the motor is given, then the next expresion

for the effective iron length ' Fe is valid, see fig.24,

(9.7)

where (Fe (= 0.97) is the space factor of the laminated stator iron and be is the coil

width.
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9.5 The ampere-turns (NI)ma)(

To determine the ampere-turns (NI)ma)(, the same method is followed as in sec

tion 8.2 but now without simplifications. The system is assumed to be resonant

and supplied with a sinusoidal current. From the expressions 4.25 and 7.7 it

follows that

A

(Ni )max

hm +2g)
Pmmax r2 1n(1 + 1'1 )

~ W r Br 'Fe hm

(9.8)

The ampere-turns can now be calculated if the values for hm and g have been

chosen.

9.6 Minimum magnetic-flux density in the magnet material and

the check whether irreversible demagnetization occurs

To check whether irreversible demagnetization occurs in the magnet, the mini

mum flux density in the magnet has to be calculated. This check takes place in

the magnetic air gap as well as outside the magnetic air gap.

The minimum flux density Bp2 in the magnet material situated in the magnetic air

gap can be calculated by using expression 5.5 if for Ni = (NI)ma)( and for

r = 1'1 + hm +g is substituted. To prevent irreversible demagnetization, the

minimum value of Bp2 has to be greater than Bd • If irreversible demagnetization

occurs then the magnet height hm has to be increased.

With the method decribed in section 5.4 the minimum flux density in the magnet

material situated outside the magnetic air gap can be estimated. This value must

be greater than Bd • If not then hm is increased.

9.7 Width b2 and height h2 of outer stator leg

As in our case f3 = ex, the inner stator is suited for a very high flux during

magnetizing. Therefore magnetic-potential loss in the inner stator can be neg

lected during normal operation of the motor.
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The maximum flux density in an outer stator leg will occur when the rotor is

displaced over (J = a and the field in the magnet caused by the coil currents has

the same direction as the magnetization Mo in the magnet. In this situation Pa is

the working point of the magnet. If leakage fluxes due to the coil currents and

the permanent-magnet rotor are neglected then we get for the maximum flux

through the outer stator part

Substitution of 5.4 in 9.9 gives

(9.9)

1\

(B, hm + /10 (Ni )max)
h +2g

1n(1 + m )
r1

(9.10)

If a maximum flux density BSb2 in the outer stator leg of 1.8 T is allowed, then the

potential loss, occuring for an estimated length of the outer stator part of 5 cm,

equals 500 A. This potential drop can be calculated after determining the field

strength in the outer stator leg from the BH-curve of the stator iron, see fig.22.

The potential loss of 500 A is acceptable. For instance, the available equivalent

ampere-turns, using expression 4.6, of a NdFeB magnet with a height of 3 mm

equals about 3000 A. For the flux through the outer stator leg it also holds that

(9.11 )

thus for the width of the outer stator leg we get

Substitution of the expression 9.10 in 9.12 gives finally

(9.12)

1\

(Bf hm + /10 (Ni )max)
hm + 2g

Bsb In(1 + )
2 r1

(9.13)

The height h2 is equal to the width of b2 •
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9.8 The angle y and the heights h3 and h4

Before the extra height h3 , necessary to prevent high potential loss in the pole

tip, can be calculated, the angle y has to be determined first, see fig.21. The

angle y can be expressed in the parameters (x, b1 and rl.

For ~1 the next expression is valid

from which follows that

b1Y = P+ 2(X - arcsin( - )
2r1

For the height h4 it holds that

h4 = r1 { cos(P +2(X -y) - cos(p + 2(X)}

(9.14)

(9.15)

(9.16)

If the rotor is displaced over an angle 8 = (X and the flux due to the coil current

has the same direction as the magnetization Mo of the magnet, then the flux en

ters the inner stator with a flux density

i> 0 . (9.17)

This flux density is calculated by means of expression 5.4. High potential loss

in the pole tip can be prevented by inserting an extra height h3•

For the flux entering over an angle y it holds that, see fig.21,

(9.18)

If a maximum flux density BSh34 is allowed at the pole-tip height h3 + h4 , then the

next expression is also valid for cPh 34

(9.19)
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From the expressions 9.18 and 9.19 we obtain

(9.20)

9.9 The coil height he

If the height hI = '1 + '2 is given, then the available height of the coil can be

calculated by means of the expression

(9.21)

hep is half the compressor height and h2 = b2•

9.10 The copper volume Veu and copper loss Peu of the coils

The copper volume can be approximated by, see fig.24,

(9.22)

where feu (= 0.6) is the coil space factor and 'e is the average winding length

which equals

(9.23)

and he be is the cross-section of the coil. The copper loss Peu can be calculated

by means of the expression

PCU = (9.24)

where p is resistivity of the copper and J is the amplitude of the sinusoidal cur

rent density in the copper of the coils. The extra factor 2 has been added be

cause the motor is provided with two coils. For the amplitude of the current

density it holds that

A

J -
A

Ni (9.25)
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Substitution of the expressions 9.22 and 9.25 in expression 9.24 gives

Peu =

1\ 2
P (N;) Ie

feu he be
(9.26)

For the resistance of the two series connected coils we get

9.11 The total height h, and the total width b, of the motor.

For the total height h, and total width b, of the motor we have respectively

and

10 Computer program structUre

(9.27)

(9.28)

(9.29)

For the calculation of the motor dimensions a computer program has been writ

ten. In this program the expressions of mathematical model 1 are used, see

chapter 9. Figure 25 shows the structure of this program. At the start of the

program input data is given such as the height h, = r, + r2, the minimum value

of r2 ( = 32 mm), the resistivity p, the properties of the used permanent-magnet

material, the power Pmmax ( = 100 W), the piston stroke xat Pmmax (= 7.5 mm), the

maximum piston stroke Xm ( = 10 mm) etc.

First for a minimum length of r2 the radius r" the angle (f. and () are computed.

Then, for a minimum length of hm , the maximum coil width bcmax is computed.

Using these results the length of the stator iron IFe , the ampere-turns (Nf)max. the

copper loss Pcu and the working points p" P2 , P3 of the magnet material and the

other dimensions of the motor are computed and printed. A check is made

whether irreversible demagnetization occurs in the magnet. If so then the word

'demag' is printed.

34



Now the coil width is decreased stepwise. New computations are repeated at a

smaller coil width until be> bemin .

After that, the magnet height hm is increased stepwise until hm > hmmax and finally

'2 is increased stepwise until '2> '2max , see fig.25.

From the printed results a motor can be chosen which meets the requirements

with regard to copper loss and size.

In the first instance, the dimensions of the motor have been calculated using an

analytical model, named mathematical model 1, where the flux generated by the

magnet outside the magnetic air gap was neglected and only irreversible

demagnetization of the magnet material in the magnetic air gap was taken into

account, because irreversible demagnetization outside the magnetic air gap

was not expected. Test results obtained from the finite-element program

MAGGY indicated that mathematical model 1 had to be modified to get a usable

model. The results from MAGGY and the necessary modifications in model 1

will be discussed in the following chapter.

11 Results obtained from the package MAGGY

The finite-element package MAGGY provides facilities for the solution of two di

mensional static field problems. The problem may involve isotropic soft

magnetic materials as well as isotropic and anisotropic hard-magnetic materials

and also current carrying regions.

The results of MAGGY are mainly used to check the results of the mathematical

model.

11.1 Modifications of mathematical model 1

In the first instance, a motor has been designed lIsing mathematical model 1. To

check the calculated flux densities, a MAGGY calculation has been done. As the

final dimensions of a motor had to be available quickly to realise and test a new

motor within 8 months, a simplified configuration for the MAGGY program has

been used.

The figures 26 and 27 give an example of the mesh and a flux plot respectively.

Figure 27 shows how the real curved configuration has been approximated by a

rectangular shaped one.

35



scribed in section 5.4, the recoil penneablity of the magnet material equals 1.

For the remanence Br , 1.15 T is chosen. This is the remanence for VACODYM 370

at a temperature of 373 K, see section 6.2. Using MAGGY the minimum flux

density in the magnet has been computed for a stilized demagnetization curve

with /1rec = 1 and Br = 1.15 T but also for the demagnetization curve of

VACODYM 370 at a temperature of 373 K. The magnet is placed in the middle

position and the coil currents are zero. Figure 28 shows a plot of the computed

magnetic flux for a magnet height of 3 mm.

The computed minimum flux densities in the magnet material are collected to

gether in the following table.

table 1 computed minimum flux densities in magnet material

hm analvticallv MAGGY

/1rec = 1 /1rec =1= 1

3mm 0.24 T 0.26 T 0.21 T

4mm 0.30 T 0.31 T 0.27 T

6mm 0.39T 0.38 T 0.34 T

The results show that for /1rec = 1 the values of the analytically calculated mini

mum flux densities are close to the values computed by MAGGY. From these

results we can conclude that for a first estimation of the minimum flux density In

the magnet the analytical method, used in mathematical model 3, is reliable but

that a final check with MAGGY is advised if the magnet material has a non-linear

BH-curve.

11.3 Influence of the non-linear BH curves of the used

magnetic materials on the developed electromagnetic torque

For the rectangular shaped model, the influence of the non-linearity of the

BH-curves on the electromagnetic force, developed on a rotor situated in the

middle position, has been investigated with the package MAGGY. This will give

us insight into the influence of the non-linearity of the BH-curves on the torque

at 8 = O.

To compare the computed results obtained from MAGGY with results calculated

analytically, an expression for the force developed on a rectangular rotor is de-

38



rived. If in the analytical calculation it is assumed that hm +2g~,,, then ex

pression 4.27 is valid for the torque. In fact this means that the flux density in the

magnet material situated in the magnetic air gap is assumed to be constant. If

expression 4.27 is divided by '1 then it can be shown that this relationship re

presents the force in the x-direction for a rectangular shape of rotor and stator.

For this force it holds that

(11.3)

Now the computed force in the x-direction by MAGGY can be compared with the

force calculated analytically using expression 11.3.

For three different cases computations have been done. For the first computa

tion, the non-linear BH curves of N1092 for the stator iron and VACODYM 370 for

the permanent-magnet material have been used. In the second case, the homo

geneous magnetization M of the magnet has been kept constant and for the iron

the BH-curve of N1092 has been taken. In the third case, the homogeneous

magnetization M of the magnet has been kept constant and for the permeabilty

of the iron a very high constant value, j1r = ~o' has been taken. Appendix 8

contains the MAGGY input and a part of the output file for the non-linear case

as an example. For the number of ampere-turns 606 A has been chosen. For the

test model this means that the motor is supplied with a current of 1 A as the

motor has been provided with 2 coils of 606 windings.

The forces in x-direction computed by MAGGY are

55.8 Nease 1 (for non-linear BH-curves),

54.25 Nease 2 (for non-linear BH-curve of stator iron),

55.5 Nease 3 (for linear BH-curves).

The force calculated, using expression 11.3, equals 55.3 N.

We can conclude that the force on the rotor is hardly influenced by the non

linearity of the BH-curve of the stator iron if the rotor is in the middle position.

At this rotor position the magnetic-potential loss in the stator iron is low because

the flux densities in the outer stator legs are low. Also the influence of the non

linear BH-curve of the permanent magnet on the force is small because the high

working point of the magnet guarantees a constant permeability. Therefore a
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good agreement can be expected between the torque calculated analytically and

the torque measured at rotor position (J = O.

12 Results obtained from the package PE2D

As the magnet and also the laminated iron in the new motor design are elec

trically conducting, eddy-current loss will occur in the operating motor. This loss

can not be calculated using the MAGGY package because it can solve only

magnetostatic problems.

The package PE2D however, provides facilities to solve both magnetostatic and

magnetodynamic problems. With the same input file static and dynamic analysis

can be done. The pre- and post-processor are interactive programs. Therefore

the mesh can be inserted interactive which is very suitable for difficult con

structions as in our case where we have a combination of rectangular and

curved shapes. This package has been introduced within Philips a short time

ago. To get experience with this program and to estimate the eddy-current loss

in the magnet, the motor has been analysed both static and dynamic.

12.1 Static analysis

As the program is based on a finite-element method, the problem space has to

be meshed by elements (triangles) and terminated with boundary conditions.

A large amount of input data is necessary to describe the node coordinates, the

elements and the material properties. Non-linear BH-curves for the iron and

magnet materials can be defined.

Figure 29 represents the motor configuration which has been analysed. This

configuration approximates the real motor very well. The white area represents

the stator iron, the black area the inner coil sides and the hatched area the

magnet having a prescribed magnetization. The input mesh of the motor is

shown in fig.30. In figure 31 an enlarged part of the mesh in the magnetic air gap

is shown. Figure 32 shows the motor configuration in which the magnet, with a

radial magnetization Mo , is replaced by an air-cored coil at the position of the

radial magnet walls. A surface current can not be defined in the program PE2D

but can be approximated by choosing a small cross-sectional area of material

which conducts the equivalent current of the magnet. The total current In these
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layers can be calculated using the expression 4.6. Dividing this current by the

cross-sectional area gives the current density. For a remanence Br of 1.15 T and

a magnet height hm of 6 mm the equivalent current equals 5490 A. For a cross

sectional area of 12.7 x 10-- 6 m2 the current density equals 432 x 1Q6Am- 2 •

For both cases, the motor with magnet, fig.29, and the motor with air-cored coil,

fig.32, the field patterns have been calculated for equal coil currents and are

shown in fig.33 and 34 respectively. To get smooth lines a quadratic approxi

mation of the potential in the elements appeared to be necessary. The figures

show that both cases yield the same field pattern. Only the direction of the

magnet magnetization has been reversed by mistake.

In the package PE2D, torques and forces can be calculated using the Maxwell

stress tensor. Further it is possible to compute the force on a current distrib

ution using the Lorentz force density. In our case this method can be used be

cause the magnet can be replaced by an air-cored coil.

However, calculating the torque using the Maxwell stress tensor did not result

in correct answers because of an error in the package which will be corrected.

Therefore the torque has only been estimated by calculating the Lorentz forces

on the equivalent current distribution of the magnet. For the rotor radius an av

erage value of 43.3 mm and for the number of ampere-turns of the coils 735 A

has been taken. The torque obtained from PE2D equals 2.84 Nm. The torque

calculated analytically, using expression 4.25, equals 2.89 Nm. For both cases

a stator-iron length equal to the stator-iron length in the test model, has been

chosen. The agreement between the torque determined analytically and the

torque obtained from PE2D is good.

To check whether irreversible demagnetization occurs in the magnet, the flux

densities for 10 different points at maximum rotor radius and a rotor height of 6

mm have been computed and plotted using PE2D. For the magnet material of the

rotor a constant homogeneous magnetization in the y-direction has been taken,

because in the test model also a rotor with a homogeneous magnetization has

been mounted

According to plot 35, the minimum value of the y-component of the flux density

at maximum rotor radius equals 0.4 T, which is high enough to preveht irre

versible demagnetization.
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12.2 Dynamic analysis

A steady-state analysis at 50 Hz has been done to estimate the eddy-current loss

in the magnet.

At this moment the package PE2D can not solve dynamic problems which con

tain permanent magnets or current sources with different frequencies. However,

we can estimate the loss by replacing the permanent-magnet rotor by a non

magnetic material, Mo = 0 and /lr = 1, with a conductivity p equal to that of

NdFeB.

To save computing time the permeability of the stator iron has been taken con

stant, /lr = 2000. The conductivity of the stator iron has been assumed to be zero,

therefore only eddy-current loss in the rotor will occur.

The ampere-turns of the coils vary sinusoidally at a frequency of 50 Hz and an

amplitude of 735 A. For a rotor fixed at (J = 0, the eddy-current loss In the con

ducting rotor for an effective stator length of 43.65 mm equals 0.26 W.

Figure 36 shows a plot of the flux and the eddy-current density for this case. The

dark areas in the magnet indicate the regions with the highest eddy-current

density.

In an operating motor however, most eddy-current loss will occur by the move

ment of the permanent magnet because the field variations due to this move

ment are much higher than those due to the coil currents. In the package PE2D

moving material can not be dealt with. However, to estimate the eddy-current

loss due to the movement of the magnet, a value for the coil currents has been

taken, which causes magnetic-flUX density variations in a fixed rotor, which ap

proximates the flux density variations due to the movement of the magnet. Ac

cording to results of static analysis, the flux density in the rotor varies from about

0.4 T outside the magnetic air gap to 1.1 T inside the magnetic air gap. Now we

assume in a first approximation that the flux density variations in the moving

rotor can be simulated by flux density variations in a fixed rotor, (J = 0, with an

amplitude of 0.35 T, ( 1.1 ;0.4 ), at a frequency of 50 Hz caused by two AC coil

currents which differ 1800 in phase. Then the amplitude of the ampere-turns has

to be about 1800 A. The computed eddy-current loss in the magnet is about 2.9

W for this case. Figure 37 shows a plot of the flux and the eddy-current density

in the rotor for this case. The dark areas in the rotor indicate the regions with the

highest eddy-current density.
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13 The realisation of the test model

Figure 38 shows a drawing of the test model. This model has been produced In

the workshop. The dimensions are round off values of the calculated ones.

Some details about the used machining methods for the most important motor

parts are treated in this chapter.

13.1 The inner stator and the outer stator.

To make winding of the coils easier, the stator has been split up into two outer

stator parts and one inner stator part, see fig.38. This has been done in such a

way that a rigid motor construction remains after mounting.

The inner and outer stator have been made by means of sparking of a rectan

gular laminated package of silicon iron. For the thickness of the laminations 0.5

mm has been taken. The machining time needed for sparking of the inner and

outer stator is about 20 hours.

13.2 The magnet

For the magnet the material Vacodym 370 has been taken. The magnet has also

been sparked from a rectangular block with a homogeneous magnetization di

rection, because it was very expensive and time consuming to make a magnet

of this size with a radial magnetization direction.

The material NdFeB is very corrosive. Therefore the magnet had to be covered

with a layer. First electroless plating has been applied, but it appeared that by

electroless plating the magnetic properties are damaged partly. Therefore new

magnets had to be made. These magnets have been painted with red lead. The

best method of preventing corrosion is covering the magnet with aluminium. In

its application no corrosion of the magnet will occur because the motor is placed

in refrigerant vapour. In our case the electromechanical properties have to be

measured in air and therefore a coating is necessary.
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14 Measurement results

On the test model several measurements have been done. To check the reli

ability of mathematical model 3, some measured results have been compared

with calculated results.

14.1 Magnetic-flux density

The magnetic-flux density in the air gap of the motor without permanent-magnet

rotor has been measured. Then, the magnetic-potential loss in the stator iron

at nominal currents is low because of the low flux density levels in the stator

iron. Therefore the calculated flux densities in the magnetic air gap, using ex

pression 4.19, should agree well with the measured flux densities.

The field density in the magnetic air gap has been measured with a Hall probe,

Bell Digital Gaussmeter model 811a. At a supply current of 1 A , which equals

606 ampere-turns, the flux densities in the gap have been measured at a radius

of 40.5 mm and 46.1 mm. The results are combined in the table below and show

that the measured values are slightly lower than the calculated values. This can

be caused by the fact that in the test model always some potential loss will occur

in the stator iron.

Table 2

radius ampere-turns flux density

measured calculated

40.5 mm 606 A 0.117 T 0.1225T

46.1 mm 606 A 0.103 T 0.106 T

To check whether irreversible demagnetization has taken place, the minimum

flux density outside the gap at maximum magnet radius has been measured in

a motor with mounted rotor and zero coil currents at a temperature of 293 K. At

the spot r = r1 + hm +g,c/> = 90° the flux density is 0.35 T. Then, according to

fig.11a, no irreversible demagnetization has taken place.
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14.2 The coil resistance

The resistance of the two coils connected in series has been measured at a

temperature of 293 K and equals 17.2 n.
The average winding length and the resistance of the coils can be calculated

using the expressions 9.23 and 9.27 respectively. The dimensions of the coils In

the test model are

he = 17.19 mm be = 12 mm

b2 = 17mm IFe = 45mm.

The calculated resistance at a temperature of 293 K equals 16.8 n. It appears

that the difference between the calculated and measured value is small.

14.3 Measured loss in a motor without rotor

and with a fixed rotor.

The total loss as a function of frequency at constant amplitude of the current has

been measured. To get insight into the losses which can occur In the magnet

material, the measurements have been done for a motor with and without rotor.

To make a good comparison between the two cases, the magnetized rotor is

fixed so that no eddy-current and hysteresis loss can set up by movement of the

rotor. The rotor is fixed at e = O. The measured results are combined in two

plots, see figure 39 and 40. As the available supply voltage was limited to 90 V,

the measurements have been done for limited current values, namely for a cur

rent value of 0.5 A rms at frequencies between 0-60 Hz, and for a current value

of 0.1 A rms at frequencies between 0-300 Hz.

In both figures a straight horizontal line, which represents the copper loss in the

coils, has been drawn. The difference between the straight line and the curved

line represents the eddy-current and hysteresis loss. Both figures show that the

eddy-current and hysteresis loss in the motor provided with a rotor are higher

than in the motor without a rotor but the increase is not alarming.

The eddy-current loss calculated, using the package PE2D, equals 0.26 W for a

50 Hz sinusoidal coil-current of about 0.8 A rms. If the eddy-current densities
1\

are low then it can be shown that the eddy-current loss is proportional to E2/P
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where the amplitude of the induced electric field Ein the rotor is proportional to

the amplitude of the coil current. Therefore the estimated eddy-current loss in

the rotor, using the results of PE2D, equals ( ~:~ )2 0.26 = 0.1 W. According to

plot 39 the eddy-current loss in the rotor at 50 Hz is about 0.125 W. The agree

ment between measured and calculated eddy-current loss in the rotor is satis

factory.

Finally we conclude that the measured total loss is low but we have to realise,

that the loss will be higher in an operating motor because of the changing fields

due to the movement of the rotor.

14.4 Torque versus angular displacement

Figure 41 represents the measured torque versus angular displacement at dif

ferent current values. In contradistinction to the torque calculated from math

ematical model 3, the measured torque depends on the rotor position. We

discuss this phenomenon for zero coil current and non-zero coil current sepa

rately.

14.4.1 Cogging torque Tc versus angular displacement.

At zero coil current a so-called cogging torque Tc is present with a negative

stiffness. This means that the rotor does not have a stable rotor position for

- ex < 0 < ex and that the maximum rotor displacements coincide with the rest

position.

Using the current model for the magnet, the unstability of the rotor will be ex

plained. For constant permeability of the stator iron, the magnetic energy in the

air-cored coil representing the magnet equals, see also section 4.2,

(14.1 )

where LM is the inductance of the air-cored coil. In a linear system the magnetic

energy equals the magnetic co-energy, hence it holds that,

(14.2)
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In the test model the angle b, see figure 21, has also been added to the inner

stator by accident. Therefore at maximum rotor displacement, e = IX + b, the

magnetic energy in the air-cored coil will be a maximum because the rotor then

touches the stator iron. In figure 42 a qualitative plot of the linked flux ¢M versus

equivalent current 1M is shown for both zero rotor and maximum rotor displace

ment. While going from e= 0 to e= IX +b, the energy increases monotonously

and therefore the torque is positive, a~m > O. The increase in energy is re

presented by the hatched area in figure 42.

Calculating Tc(e) is only possible if the dependence upon e of the magnet field is

taken into account.

14.4.2 Torque T; versus angular displacement

T; is the torque due to the coil currents. In a magnetically linear system the

cogging torque Tc and the torque r, can be determined separately and superim

posed to obtain the total delivered torque Te . For a magnet with a radial

magnetization the torque T; will be independent of the rotor position for a great

part.

In our case, however the magnet has a homogeneous magnetization, see fig.46,

and it can be shown that then T; depends on e.
If the potential loss in the stator is neglected then the total torque, Te = T, + Tc

delivered by a motor provided with a magnet with a homogeneous

magnetization can be easily determined for e = 0 (appendix C), because then

the cogging torque equals zero.

It appears that at e = 0, a rotor with a homogeneous magnetization yields a

lower torque than a rotor with radial magnetization (maximum 3 %). This partly

explains that the measured torque at rotor position 0 = 0 is lower than the cal

culated torque which has been calculated for a magnet with radial

magnetization, see fig.43.

Magnetic-potential loss in the stator will also cause a difference between calcu

lated and measured torque. The potential loss increases when the supply cur

rent increases, therefore also the difference between calculated and measured

torque increases at higher current values. The results show that the difference
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between measured and calculated torque for () = 0 varies from 15 % for a low

current value to 25 % for the maximum current value.

For the remanence Br the information supplied by the manufacturer of the mag

net material has been used. The measuremens on the test model have been

done at a temperature of about 298 K. At this temperature the remanence equals

1.25 T, see fig.11a. According to measurements done on this magnet material

within Philips some time ago, the remanence can be lower than 1.25 T (about

1.05 T), see fig.11 b. The measured remanence of a sample taken from the used

material in the compressor motor equals 1.17 T, which is 6 % lower than 1.25 T.

This can explain the remaining difference between calculated and measured

torque.

15 Some further calculations done with mathematical model 3

The computer program based on mathematical model 3 can be used in design

ing a compressor motor. The program structure is still the same as explained in

chapter 10.

To demonstrate the usefulness of the program some results obtained from this

program will be shown. For the input data the following dimensions, which are

drawn from the test model, have been used.

rl -+- r2 = 72 mm

r2 > 32 mm

9 = 0.3mm

't = 72mm.

For the amplitude xof the piston stroke 7.5 mm has been taken. The maximum

delivered motor power Pmm8x equals 100 W.

Appendix D contains the listing of the program and the printed output. Figure

44 shows the ampere-turns (Nf)max as a function of the ratio ~: for different val

ues of the coil width be. At maximum ratio !i- = 1.25, which is the ratio used inr2
the test model, the ampere-turns are at lowest. This is in agreement with the

conclusions drawn in section 8.3.1. The required ampere-turns at a constant

ratio ~: decrease if the coil width be decreases, because then the stator iron

length IFe increases. For, as the torque is proportional with the stator iron length

IFe and the ampere-turns, see expression 4.25, the required ampere-turns de

crease if 'Fe increases.

48



Figure 45 shows the copper 1055 as a function of the ratio ~: for different values

of the coil width be. At maximum ratio !l- = 1.25, which is the ratio used in the'2
test model, the copper 1055 is at lowest. The copper 1055 is a minimum for a coil

width value satisfying the condition bem;n < be < b emslC , because at minimum coil

width bemin the cross-section of the coil is small and although then the ampere

turns are a minimum, the copper 1055 is high. At maximum coil width bemslC the

stator iron length 'Fe is small and although the cross-section of the coil is large,

the copper 1055 is high because many ampere-turns are required.

The figures 44 and 45 show that for !l- < 0.88 and be = 12 mm no configuration'2
can be realised.

In the output results, see appendix D, it is shown that for the dimensions of the

test model a magnet height of at least 5 mm is required otherwise irreversible

demagnetization of the magnet will occur.

16 Conclusions and remarks

1. The new proposed motor design, which is provided with moving permanent

magnet rotor, has a simple construction and contains less parts than the present

hybrid motor.

2. A computer program based on the developed mathematical model offers an

adequate tool in designing a motor.

3. In this model, the permanent-magnet material, having a recoil permeabilty /lree

close to one, can be replaced by an equivalent and field independent current

distribution as a first approximation. Then the torque delivered by the' motor can

be predicted by calculating the Lorentz forces exerted on the equivalent current

distribution of the magnet.

4. The working point of the magnet material outside the magnetic air gap can

be estimated by using the theory of the conformal transformations in a model

which approaches the real situation.

5. Further insight into the flux paths can be obtained from the finite-element

packages MAGGY and PE2D.
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6. Using the package PE2D, the eddy-current loss in the permanent-magnet can

be estimated.

7. If NdFeB magnet material is used at temperatures higher than 350 K, care

should be taken, because then, due to the high negative temperature coefficient

of the polarization coercltivity HcJ , Irreversible demagnetization can occur, es

pecially outside the magnetic air gap.

8. In a motor provided with a ferrite magnet rotor instead of a rare-earth magnet,

the required magnet volume is about four times larger and the required

ampere-turns are about two times higher.

9. Although a motor provided with a rotor of rare-earth material needs less

ampere-turns than a motor provided with a ferrite magnet, It is worthwhile to

examine the performance of a motor provided with a ferrite magnet. Especially

a two-pole motor can be an attractive alternative.

10. A study of the radial electromagnetic forces on the rotor has still to be done.

11. To avoid damage of the piston, it is desirable that it starts moving from a

position far from the end plates of the cilinder. By inserting an adequate cogging

torque, the motor can be provided with a 'magnetic spring' that yields a stable

middle position (8=0).

12. Research into new motor designs, using novel magnetic materials is re

commended. For instance, when soft-magnetic material with a high magnetic

saturation level and a high electric resistivity becomes available on the market,

magnetic circuits can do without laminations, and new and simple configurations

of linear motors with moving permanent magnets can become achievable.

Eindhoven, October 1988
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Appendix A

The determination of the minimum flux density in the magnet

For the complex flux density it holds that, see section 5.4,

h 1 - k 2

Be = Bx - j By = j B, h m
m + g e-1 (A1)

For x = 0, the flux density Bx equals zero and for the flux density By we obtain

h k2 -1B = B m B
y , h

m
+ g 2 = min', -1

(A2)

For k next equation has to be solved numerically, see ref.9, page 289, eq.262,

n~ = 2k _ In( 1 - k )
b 1 _ k2 1 + k

where b = hm +2g and 2 a = 2P (rl + hm +2g) .

For z it holds that, see ref.9, page 290, eq.264 bis,

. b {j . W + 2 . k
2

}
Z = x + JY = n n -J n V J

(1 - k
2

) tan(n 2
W
V )

B h
where V = ~o m .

For x = 0 we obtain

(A3)

(A4)

(AS)

If Y = hm + g and k is substituted in equation AS, then w is solved numerically.

For' it holds that, see ref.9, page 264, eq.264,

r' kI" = J --'-'---
tan(n 2

W
V )

(A6)

If wand k are substituted in this equation, then' is calculated. Now the flux

density at x = 0 ,Y = hm +2g is calculated, using expression A2.
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Appendix B

MAGGY input data and results

AF8151I VDIOS : 1000 RECORDS OF LENGTH 560 FORMATTED ON FILE FT12F001.
VOIOS : LAST EXECUTED FORTRAN STATEMENT IN PROGRAM MSOPDA (OFFSET 00013A).

*** STEP HAGPRE STARTED ***
'X = 0 MM. NI = 606 AW.HH = 6HH. MO=F(H). F.A.BOON. JUN 1988'
'BEREKENING HAGNETISCH VELD '
ALGORITHM .
'ALL DIMENSIONS IN KH'
UNIT(X)=O.OOl UNIT(Y)=O.OOl
METHOD=ICCG ACCURACY=4
'X COORDINATES'
X(l )=10*0.0
X(2)=10*2.0
X(9)=10*19.0
X(16)=10*32.0
X(35)=8*51.0.2*42.0
X(45 )=10*61. 0
X(55)=8*71.0.2*80.0
X(74)=10*90.0
X(81)=10*103.0
X(88)=10*120.0
X(90)=10*122.0

, Y COORDINATES'
Y(l)=l1*O.O
Y(2)=11*2.0
Y(ll )=11*19.0
Y(l5 )=11*27.0
Y(26)=11*40.0
Y(29)=11*40.3
Y(39)=11*46.3
Y(42)=11*46.6
Y(55 )=11*64.4
Y(60)=11*74.0
ITHAX=10

REGION STATOR1
AREA = Y(2) X(2) Y(55) X(35) Y(42) X(9)
Y(11) X(26) Y(15) X(16) Y(26) X(45)
BII=(O.O • 0.0) (0.08 • 32.0)

(0.2 • 52.0) (0.4 • 71.0)
(0.54 • 80.0)(0.68 • 92.0)
(0.84 • 112.0) (1.0 • 144.0)
(1.14 • 192.0)(1.26 • 288.0)
(1.34 • 400.0) (1.38 • 520.0)
(1.4 • 600.0) (1.44 • 800.0)
(1.48 • 1160.0) (1.5 • 1400.0)
(1.52 • 1600.0) (1.54 • 1920.0)
(1.56. 2200.0) (1.58 • 2600.0)
(1.6 • 3200.0)
(1.66 , 4800.0) (1.7 , 6400.0)
(1. 76 , 9200.0)
(1.8 , 11600.0) (1.84 , 14000.0)
(t .9 , 18800.0)
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(1.94 , 20400.0) (1.98 , 26400.0)
(2.0 , 28400.0)
(2.02 , 30000.0) (2.04 , 34000.0)
(2.1 , 46000.0) (2.2 , 86000.0)
(2.3 , 146000.0) ,(2.4 , 224000.0)

REGION STATOR2
AREA = Y(2) X(88) Y(55) X(55) Y(42) X(81)
Y(ll) X(64) Y(15) X(74) Y(26) X(45)
BH=(O.O , 0.0) (0.08 , 32.0)

(0.2 , 52.0) (0.4 , 71.0)
(0.54 , 80.0)(0.68 , 92.0)
(0.84 , 112.0) (1.0 , 144.0)
(1.14 , 192.0)(1.26 , 288.0)
(1.34 , 400.0) (1.38 , 520.0)
(1.4 , 600.0) (1.44 , 800.0)
(1.48 , 1160.0) (1.5 , 1400.0)
(1.52 , 1600.0) (1.54 , 1920.0)
(1.56, 2200.0) (1.58 , 2600.0)
(1. 6 , 3200.0)
(1.66 , 4800.0) (1.7 , 6400.0)
(1. 76 , 9200.0)
(1.8 , 11600.0) (1.84 , 14000.0)
(1.9,18800.0)
(1.94 , 20400.0) (1.98 , 26400.0)
(2.0 , 28400.0)
(2.02 , 30000.0) (2.04 , 34000.0)
(2.1 , 46000.0) (2.2 , 86000.0)
(2.3 , 146000.0) ,(2.4 , 224000.0)

REGION ROTOR1
AREA = Y(29) X(26) Y(39) X(45)
BR(X)=O.O
BR(Y) = 1.15
BH=(0,-635000)(0.2,-565000)(0.4,-500000)
(0.6,-390000)(0.8,-280000)(1.0,-161000) (1.15,0.0)
'BH=(0,-915141)(0.2875,-686355)(0.575,-457570)'
'(0.8625,-228785)(1.15,0.0)'
REGION ROTOR2
AREA = Y(29) X(64) Y(39) X(45)
BR(X)=O.O
BR(Y) = 1. 15
BH=(0,-635000)(0.2,-565000)(0.4,-500000)
(0.6,-390000)(0.8,-280000)(1.0,-161000) (1.15,0.0)
'BH=(0,-915141)(0.2875,-686355)(0.575,-457570)'
'(0.8625,-228785)(1.15,0.0)'

REGION COlLI
AREA Y(12) X(10) Y(18) X(15)
CURRENT=606

REGION COIL2
AREA Y(12) X(80) Y(18) X(75)
CURRENT=606
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PRINT FORCE
CONTOUR = Y(40) X(25) Y(28) X(65) Y(40) X(25)

PRINT FORCE
CONTOUR = Y(40) X(72) Y(28) X(18) Y(40) X(72)

PRINT ENERGY
PRINT B(Y)
PLOT FLUX
PROBLEM NAHE=X = 0 MH, NI = 606 AW,HH = 6HH, MO=F(H), F.A.BOON, JUN 1988
# ITERATION= 9 # GAUSS POINTS= 4 MAX DIFFERENCE IN B-VALUES= 0.5326210-02
'*** OtITPtIT OF STEP MAGCAL ***

MINIMA: HAXIMA:
FLUX -0.1304720-01 0.2045540-01

IBI 0.0000000+00 0.2526810+01
B/X -0.1820690+01 0.1696980+01
B/Y -0.1307070+01 0.1752110+01

IBRI 0.0000000+00 0.1150000+01
BR/X 0.0000000+00 0.0000000+00
BR/Y 0.0000000+00 0.1150000+01

HU 0.9316750-06 0.7499990-02
'*'** STEP MAGCAL FINISHED ***
*** MAG G Y ***
*** OtITPtIT RESULTS ***
*** OtITPtIT OF STEP PRINT ***
PROBLEM NAME=X = 0 MH, NI = 606 AW.HH = 6HH, MO=F(H), F.A.BOON, JUN 1988
*** PRINT BLOCK # 1 ***
*** OlITPtIT OF STEP LINE-INTEGRAL ***

CONTOUR =
Y ( 40) X ( 25) Y ( 28) X ( 65) Y ( 40) X ( 25)

*** IF THE CONTOUR SURROUNDS A DETACHED MASS IN POSITIVE SENSE
*** THE TOTAL FORCE EXERTED ON IT IS FX=-0.1282150+04 FY= 0.1604400+04 Nlrn
*** TIlE INTEGRAL OF ABSOLUTE VALUES IS 0.4236340+04 0.2206910+05
'*** STEP LINE-INTEGRAL FINISHED ***
*** PRINT BLOCK # 2 ***
*** OllTPtIT OF STEP LINE- INTEGRAL ***

CONTOUR =
Y ( 40) X ( 72) Y ( 28) X ( 18) Y ( 40) X ( 72)

*** IF THE CONTOUR SURROUNDS A DETACHED MASS IN POSITIVE SENSE
*** THE TOTAL FORCE EXERTED ON IT IS FX= 0.1275790+04 FY=-0.1605620+04 NJrn
*** THE INTEGRAL OF ABSOLUTE VALUES IS 0.4237010+04 0.2218170+05
*** STEP LINE-INTEGRAL FINISHED ***

The forces In the MAGGY program are computed by integrating the Maxwell

stress over a contour which surrounds the detached rotor, see ref.S and 10. This

force Is computed for two different contours. Both computations give about the

same absolute value of the force. Only the signs differ because the sense of the

two contours differ. We have to consider that the force has to be multiplied with

the effective length of the stator Iron In z-dlrectlon, because force computations

in MAGGY are done standard for 1 m In the z-dlrectlon.
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**-1. PRINT 'BLOCK II 3 ***
*** OtITPtIT OF STEP ENERGY ***
*** PRINT-TABLE OF ENERGY-QUANTITIES ***
THE INTEGRALS ARE ACCUMULATED FOR EACH MAGNETIC
MATERIAL REGION SEPARATELY AND ALSO FOR THE REST
OF SPACE.
THE REGION NUMBERS ARE ACCORDING TO THEIR ORDER IN
THE INPtIT, THE ZERO CORRESPONDING TO TIlE
NON MAGNETIC PART.
IF R,PHI OR X, Y COORDINATES ARE USED, TIlE
THE QUANTITIES ARE VOLUME INTEGRALS FOR

*1111111111111*

FREE-ENERGY

0.397904D-12
-0.1537340+01
-0.2534120+00
0.1400700+02
0.2067800+02

CO-ENERGY
I(O->H)BDH
0.1610760+02
0.3633100+01
0.6560350+00

-0.1915370+02
-0.3115390+02

ENERGY
I(B(H=O)->B)HDB
0.1610760+02
0.558413D+00
0.1492110+00
0.886037D+01
0.1020210+02

49 50 51 52 53 54 55

,
29143 29229 29449 29796 30098 29657 21501,
31355 31769 32553 33921 36464 41901 55792

* 1 1 1 1 1 1 1 1 1 1 1 1 1* * 1 1 1 1 1 1 1 1 1++++* * 1 1 1 1 1 1 1 1 1 1 1 1 1*

0.358778D+02 -0. 299108D+02 0.3289430+02

31267 31204

29348 29184

0.5966930+01
* 9.99998D-06

47 48

0.3221530+02
0.4191510+01
0.8052450+00

-0.1029340+02
-0.2095170+02

41

42

B(Y)
X 46

Y
43

UNIT Z DIMENSION.
REGION B.R
NUMBER

o
1
2
3
4
5
6

31507 31455 31629 32080 32932 34368 37272 42324 61915
40

39193 39466 40252 41741 44053 47707 53683 64297 82112

39 t#

38

37

31745,
34341

31704,
34414

31900,
34827

32387,
35720

33303,
37191

34817,
39582

37995,
43992

42954,
52001

66437,
76061

43740 44162 45207 47014 49786 53940 60143 69101 79781

To control whether irreversible demagnetization In the magnet occurs, the y

component of the flux density in the permanent-magnet rotor Is printed.
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Appendix C

Torque T,{O = 0) of a motor provided with

a rotor with homogeneous magnetization.

In chapter 4 the torque T; has been derived for a motor provided with a magnet

with a radial magnetization. Then the torque T; is independent of O.

It can be shown, that if the rotor has a homogeneous magnetization in the y di

rection, that the torque T; depends on O. Also the torque T~O = 0) will give a dif

ferent value and this torque will be calculated. The magnetic-potential loss in

the stator iron is neglected. The flux densities B; in the left and right magnetic

air gap are determined with the expressions 4.19 and 4.20. Figure 46 shows a

rotor with a homogeneous magnetization. The equivalent current distribution

inside the magnet is zero because V x Mo = O. The equivalent surface-current

density is determined using expression 4.9. For the left radial wall of the magnet

of figure 46 we get for the current distribution

dIM1 = Mo sin(90° -2a) dr

and on the right radial wall of the magnet it holds that

dlM2 = - Mo sin(90° - 2a) dr .

For the outer tangential wall we get the current distribution

dlM3 = - Mo cos( e/»r de/>

and for the inner tangential wall

dlM4 = Mo cos( e/> )rde/> .

(01 )

(02)

(03)

(04)

The surface-current density pattern of the homogeneous rotor is depicted in fig

ure 46.

The Lorentz force exerted on the surface currents can be determined with

(05)

The torque contribution of the surface currents follows from

(06)
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For the torque Trad developed on the surface currents on the radial walls we get

1
'1 + hm+g

_ 2 Mo sin(90° - 2ll) 'Fe /10 Ni d,
T,ad - h + 2 .

In(1 + m, g)
',+g ,

(07)

If is assumed that the flux density due to the coil currents is low in the magnet

material outside the magnetic air gap, then we obtain for the torque Ttan devel

oped on the surface currents on the tangential walls for II = P

1
900 _2a:

T. = _ 2 Mo cos(¢) hm 'Fe /10 Ni d¢
tan h + 2g

In( 1 + m )

90 0
_Q: "

For the total torque Te(O = 0) = Trad + Ttan we get finally

2 Mo sin(90° - ll) 'Fe hm /10 Ni
T~O = 0) =

h +2g
In(1+ m )

"

(08)

(09)

This torque is lower than the torque delivered by a motor provided with a magnet

with radial magnetization, see expression 4.25. For II = 14° the difference is

about 3 %.

58



Appendix 0

Listing of the analytical program and output results

PROGRAM rmeom ( TNPlJT ,OlJTPlIT) ;
lIS F.A. 800n, Nat. J.ah, 198811

• C(~putation of the dimen5ions of a
motor with NdFeB rotor parts (1 pole)
for the free-piston compressor system •

• Declaration of the variables.

VAR alfa,delta,gamma,Bm,Br,Bpl,Bp2,Bp3,
sinalfa,sindelta,singamtu,gamtu,hulpvl,bt,htm,
Bp2v,bl,b2,h3,h4,Bbl,Bb2,Bh43,bc,hcm,lc,hc,lt,rl,r2,rldr2,
a,b,c,cc,cm,eps,q,qq.qm,By,fc,fcm,fq,fqm,
acu,Pcu,pi,Ni,rho,fw,fwi,muo,hm,g,x,xm,li,Pc,f,ht:REALj

n,m,I,J: INTEGERj

PROCEDURE Calculat8j
VAR n,m,I,J,K:INTEGER;

8EGIN
write(' Motor with NdFeB rotor parts, 1 pole ');
writeln;writeln;

lISdeclaration of the variables.
Pi:=4*arctan(1.0);
muo:=4*pi*lE-7j
.rl=radius of inner stator•
• starting VAlue of magnet height h..
hm:=0.OE-3j
lISr1+r2.
ht:=72F.-3;
~inimum value of radius r2.
r2:=J2E-3;
lIScalculation of rl.
r! :=ht-r2;
~iston stroke at maximum power.
x:=7.SF.-3;
~aximum power.
Pc:=lOO.Oj
.resonance frequency.
f:=50.0;
~aximum possible stroke of piston.
xm:=lOE-3j
~echanical air ga~

g:=0.3E-3;
.total length of motor.
It:=72F.-3j
~rp'sjstiv{ty copper at 323 K.
rho:=0.02E-6;
~~PAC~ factor coil.
rw:=0.6;
~~race factor iron.
fwi:=0.97;
~Rr of mBgnp.t materiAl at most critical temperatur~~
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Br:=l.IS;
xdemagneti~ation flux density of magnet material
at most critical temperature~

Bp2:=0.30;
xflux density in magnet during magnetizatio~

Bm:=3.2;
:maximum permitted flux density inner stator during magnetizatioM
Bbl:=2.0;
~aximum permitted flux density in outer stator part at max power1S
Bb2:=1.8;
~aximum permitted flux density inner stator at max. power1S
Bh43:=1.8;

h3
, ,

r 1=' , r 1: 8 ,

hc
b2

,, ,
,

, ) j

,, ,Pcu
lc
bl

htm

,, ,
,, ,

, ,
,, ,hm

Ni
bc
bt

xstart calculations1S
for I := I to 10 do
1Sincreasing of rl in I loop1S

begin
rIdr2:=rl/r2;
writeln;writeln;
writeln(' ht=', ht:8,' It=' ,It:8,'
, r2=' ,r2:8,' rl/r2=' ,rIdr2:8)j
writeln;

wri te In ( I,

sinalfa:=x/r2jsindelta:=xm/r2;
alfa:=arctan(sinalfa/(sqrt(l-sinalfa*sinalfa)));
delta:=arctan(sindelta/(sqrt(l-sindelta*sindelta)))-alfa;

hm:=0.OE-3;~take care of resetting hm otherwise the end value
calculated in the J loop will he takeM

for j := 1 to 6 do
~Start loop increasing hm1S
begin
hm:=hm+1.0E-3j
hl:=(rl+hm+g)*2.0*alfa*Bm/Bblj

~ For a certain value of hm the maximum width of the coil
is calculated (bcmax). Because of end effects this maximum value
is not the optimal value because the length of the stator
small.( Torque is a linear function of iron length).
In the while loop, bc is decreased. The width bl
CAn be increased by the double decrease of bc.
This cl1uses A change of gamma b3, and hc.
If hI = rlsin3111fa, bi CAn not increase anymore
the hight of hc equals then :
hc=r1cos(3alfa+gamma) - b2+8e-3. This is Also the maximum
IH'ight wh ich CAn Occur.1S

iron is to

xCRlculation mRximum coil width.'l:=
bcm:=(rl+hm+2*g)*sin(3*Alfa+delta)-bl/2.0; 60



~ starting value coil width bc =bc~

bc:=bcm;
hulpvl:=O.O;_ reset hulpvl_
~calculation minimum flux density in magnet in outside airgap~

a:=(rl+hm+2*g)*alfa;
b:=hm+2*g;
c:= 0.001;
cc:=0.999;
cm:=(c+cc)/2;
for m:= 1 to 30 do begin
fcm:=-cm+((1-cm*cm)/2.0)*((pi*a/b)+(ln((I-cm)/(I+cm))));
fc:=-c+((1-c*c)/2.0)*((pi*a/b)+(ln((I-c)/(I+c))));
if (fcm > 0) and (fc > 0) then c:=cm;
if (fcm < 0) and (fc < 0) then c:=cm;
if (fcm < 0) and (fc > 0) then cc:=cm;
if (fcm < 0) and (fc < 0) then cc:=cm;
cm:=(cc+c)/2;
end;

- writeln('c=' tC:10t'cc=' tcc:10t 'cm=' tcm:14);_
q:=0.001;qq:=8;qm:=(q+qq)/2;

for n:= 1 to 30 do begin
~fqm:=-qm+(cm*cm)/((I-cm*cm)*sin(qm)/cos(qm));

fq:=-q+(cm*cm)/((I-cm*cm)*sin(q)/cos(q));_
fqm:=g/2.0 -b*qm+b*(cm*cm)/((I-cm*cm)*sin(qm)/cos(qm));
fq:=g/2.0-b*q+b*(cm*cm)/((1-cm*cm)*sin(q)/cos(q));
if (fqm > 0) and (fq > 0) then q:=qm;
if (fqm < 0) and (fq < 0) then q:=qm;
if (fqm < 0) and (fq> 0) then qq:=qm;
if (fqm < 0) and (fq < 0) then qq:=qm;
qm:=(qq+q)/2;
end;

't 1 (' , 10' , 10' , 14)~r1 e n q= tq: t qq= tqq: t qm= tqm: ;-
eps:=cm/(sin(qm)/cos(qm));

~riteln('eps='teps:l0);~

By:=-Br*((hm)/(hm+2*g))*(I-cm*cm)/(-(eps*eps)-I);
- writeln('By=' tBy:l0);~

~ start while loo~

while bc > 3E-3 do
begin
~calculation gamma.
singamtu:=bl/(2*rl);
gamtu:=arctan(singamtu/(sqrt(l-singamtu*singamtu)));
gamma:=3*alfa-gamtu;
_calculation stator length of iro~

li:=(lt-2*bc)*fwi;
_calculation ampere turns_
Ni:=(Pc/(x*2*pi*f*Br*li*hm))*(r2*ln(1+(hm+2*g)/rl));
_Calculation maximum flux density in the magent~

Bp3:=(muo*Ni+Br*hm)/(rl*ln(1+(hm+2*g)/rl));
~calculation minimum flux density magnet in magn airga~

Bp2v:=(-muo*Ni+Br*hm)/((rl+hm+g)*ln(I+(hm+2*g)/rl));
_calculation width of outer stator part_
b2:=((Bp3*2.S*alfa)*rl/Bb2)+((By/2)*alfa*(rl+hm+g)/Bb2);
_This leaking factor is only important for the outer stator_
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~calculation of h3 and h4~

h4:=rl*(cos(3*alfa-gamma)-cos(3*alfa));
h3:=(rl*gamma*Bp3-Bh43*h4)/Bh43;
~control if h3 >O~

if h3 < 0 then h3:=O;
~ calculation total width of motor~

bt:=Z.O*«rl+hm+Z*g)*sin(3*alfa+delta)+bZ+bc);
~calculation of total height of motor~

htm:=ht-Z4E-3+(rl+hm+Z*g+bZ)*cos(Z*alfa)-rl;
~calculation height of coil~

hc:=ht-Z4E-3 -rl +rl*cos(3*alfa)-h3-bZ;
~control of bc and h~

if bc < hulpvl then hc:=ht-Z4E-3 -rl +rl*cos(3*alfa+delta)-bZ;
~calculation coil lengt~

lc:=Z.O*lt+Z.O*bZ+pi*bc;
~Calculating coil are~

Acu:=bc*hc;
~calculation of power loss in coil~

Pcu:=rho*Ni*Ni*lc/(fw*Acu);
~ if demagnatization in the magnet occurs write demag
instead of Pc~

if (BpZv<BpZ) or (By<Bp2)
then writeln(hm:8,' demag' ,ni:8,lc:8,
hc:9,bc:8,bl:8,bZ:9,h3:8,bt:8,htm:8)
else writeln(hm:8,Pcu:8,ni:8,lc:8,
hc:9,bc:8,bl:8,bZ:9,h3:8,bt:8,htm:8);

~decreasing bc~

bc:=bc-Z.Oe-3;
~bl increases with the double decrease of b~
bl:=bl+4.0E-3;
Hulpvl:= (rl+hm+Z*g)*sin(3*alfa+delta)-rl*sin(3*alfa);
if bc < Hulpvl then bl:=Z*rl*sin(3*alfa);

end;
end;

rZ:=rZ+2E-3;rl:=ht-rZ;
end;
END;

~execution of the procedures~

BEGIN
Calculate;

END.
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Motor with NdFeB rotor parts, 1 polp-

ht= 7.2E-02 1t= 7.2E-02 r1= 4.0E-02 r2= 3.2E-02 r1/r2= 1.2E+00

hm Peu Ni he be b1 b2 h3 btm htm
1. OE-03 demag 1.lE+03 1. 26E-02 1. 4E-02 3.1E-02 2.12E-02 4.5E-03 1. 3E-01 6.4E-02
1. OE-03 demag 9.9E+02 1.50E-02 1. 2E-02 3.5E-02 2.03E-02 3.0E-03 1. 2E-01 6.3E-02
1. OE-03 demag 9.2E+02 1.70E-02 9.9E-03 3.9E-02 1.95E-02 1. 9E-03 1. 2E-01 6.2E-02
1.0E-03 demag 8.5E+02 1. 85E-02 7.9E-03 4.3E-02 1.88E-02 1. OE-03 1.1E-016.2E-02
1.0E-03 demag 7.9E+02 1. 97E-02 5.9E-03 4.7E-02 1.82E-02 4.3E-04 1. 1E-01 6. 1E-02
1. OE-03 demag 7.4E+02 2.06E-02 3.9E-03 5.1E-02 1.77E-025.2E-05 1.0E-01 6.1E-02
2.0E-03 demag 8.8E+02 1.75E-02 1.4E-02 3.2E-02 1.82E-02 2.6E-03 1.3E-01 6.2E-02
2.0E-03 demag 8.1E+02 1. 89E-02 1. 2E-02 3.6E-02 1.77E-02 1.7E-03 1.2E-01 6.2E-02
2.0E-03 demag 7.5E+02 2.00E-02 1. OE-02 4. OE-02 1.73E-02 1. OE-03 1.2E-01 6.1E-02
2.0E-03 demag 6.9E+02 2.09E-02 8.3E-03 4.4E-02 1.70E-024.9E-04 1.1E-01 6. 1E-02
2.0E-03 demag 6.4E+02 2.15E-02 6.3E-03 4.8E-02 1.67E-02 1. 6E-04 1.1E-01 6.1E-02
2.0E-03 demag 6.0E+02 2.19E-02 4.3E-03 5.2E-02 1.64E-02 1.7E-06 1.0E-01 6.1E-02
3.0E-03 demag 8.2E+02 1.85E-02 1.5E-02 3.3E-02 1.77E-022.2E-03 1.3E-01 6.3E-02
3.0E-03 demag 7.5E+02 1. 96E-02 1. 3E-02 3. 7E-02 1.74E-02 1.4E-03 1.2E-01 6.2E-02
3.0E-03 demag 6.9E+02 2.04E-02 1.1E-02 4. 1E-02 1. 71E-02 7.9E-04 1.2E-016.2E-02
3.0E-03 demag 6.4E+02 2.11E-02 8.6E-03 4.5E-02 1.69E-023.7E-04 1. 1E-01 6. 2E-02
3.0E-03 demag 6.0E+02 2. 16E-02 6.6E-03 4.9E-02 1.67E-02 9.9E-05 1. 1E-01 6. 2E-02
3.0E-03 demag 5.6E+02 1.97E-02 4.6E-03 5.2E-02 1. 65E-02 0.0 1. OE-01 6.1E-02
4.0E-03 demag 7.9E+02 1.87E-02 1.5E-02 3.4E-02 1.77E-02 1.9E-03 1. 3E-01 6. 3E-02
4.0E-03 demag 7.2E+02 1. 97E-02 1. 3E-02 3. 8E-02 1.74E-02 1.2E-03 1.2E-016.3E-02
4.0E-03 demag 6.6E+02 2.04E-02 1. 1E-02 4. 2E-02 1.72E-02 7.0E-04 1.2E-01 6.3E-02
4.0E-03 demag 6.1E+02 2.10E-02 8.9E-03 4.6E-02 1.70E-023.1E-04 1.2E-01 6.3E-02
4.0E-03 demag 5.7E+02 2.14E-02 6.9E-03 5.0E-02 1.69E-02 7.2E-05 1. 1E-01 6. 3E-02
4.0E-03 demag 5.3E+02 1.94E-02 4.9E-03 5.2E-02 1.67E-02 0.0 1.1E-016.3E-02
5.0E-03 1. 6E+01 7.7E+02 1.87E-02 1. 5E-02 3. 4E-02 1.78E-02 1.8E-03 1.3E-016.4E-02
5.0E-03 1.4E+01 7.0E+02 1. 96E-02 1.3E-023.8E-02 1.76E-02 1.1E-03 1. 3E-01 6. 4E-02
5.0E-03 1. 3E+01 6.5E+02 2.03E-02 1.lE-02 4.2E-02 1.74E-026.4E-04 1.2E-01 6.4E-02
5.0E-03 1.3E+01 6.0E+02 2.08E-02 9.3E-03 4.6E-02 1.73E-022.7E-04 1. 2E-01 6. 4E-02
5.0E-03 1.3E+01 5.6E+02 2.12E-02 7.3E-03 5.0E-02 1.71E-025.2E-05 1.1E-016.4E-02
5.0E-03 1. 7E+01 5.2E+02 1.91E-02 5.3E-03 5.2E-02 1.70E-02 0.0 1. 1E-01 6. 4E-02
5.0E-03 2.4E+01 4.9E+02 1.92E-02 3.3E-03 5.2E-02 1. 69E-02 0.0 1. 1E-01 6. 4E-02
6.0E-03 1. 5E+01 7.6E+02 1.86E-02 1.6E-02 3.5E-02 1. 80E-02 1. 7E-03 1.3E-01 6.5E-02
6.0E-03 1. 3E+01 6.9E+02 1.95E-02 1.4E-02 3.9E-02 1.78E-02 1.lE-03 1. 3E-01 6. 5E-02
6.0E-03 1. 2E+01 6.4E+02 2.01E-02 1.2E-02 4.3E-02 1.77E-025.9E-04 1.2E-016.5E-02
6.0E-03 1. 2E+01 5.9E+02 2.06E-02 9.6E-03 4.7E-02 1.75E-02 2.4E-04 1. 2E-01 6. 5E-02
6.0E-03 1. 3E+01 5.5E+02 2.09E-02 7.6E-03 5.1E-02 1.74E-023.2E-05 1.2E-01 6.5E-02
6.0E-03 1.6E+01 5.1E+02 1.88E-02 5.6E-03 5.2E-02 1.73E-02 0.0 1.1E-01 6. 5E-02
6.0E-03 2.1E+01 4.8E+02 1.89E-02 3.6E-03 5.2E-02 1.72E-02 0.0 1.1E-01 6.5E-02

ht= 7.2E-02 1t= 7.2E-02 r1= 3.8E-02 r2= 3.4E-02 r1/r2= 1.lE+00

hm Peu Ni he be b1 b2 h3 btm htm
1. OE-03 demag 1. 2E+03 1.56E-02 1. 3E-02 2.8E-02 1. 96E-02 4.7E-03 1. 2E-01 6.3E-02
1. OE-03 demag 1.1E+03 1.79E-02 1.lE-02 3.2E-02 1.88E-02 3.2E-03 1.1E-01 6.3E-02
1 .OE-03 demag 9.8E+02 1. 99E-02 8.8E-03 3.6E-02 1. 80E-02 2.0E-03 1.1E-01 6.2E-02
1. OE-03 demag 9.1E+02 2.14E-02 6.8E-03 4.0E-02 1.74E-02 1. OE-03 1. OE-01 6.1E-02
1.0E-03 demag 8.6E+02 2.26E-02 4.8E-03 4.4E-02 1.68E-02 3.6E-04 9.7E-02 6.1E-02
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2.0E-03 demag 9.4E+02 2.03E-02 1.3E-02 2.9E-02 1.67E-02 2.8E-03 1.lE-01 6.2E-02
2.0E-03 demag 8.6E+02 2.18E-02 1.lE-02 3.3E-02 1.62E-02 1.9E-03 1.lE-01 6.1E-02
2.0E-03 demag 8.0E+02 2.29E-02 9.1E-03 3.7E-02 1.59E-02 1.lE-03 1.0E-01 6.1E-02
2.0E-03 demag 7.4E+02 2.38E-02 7.1E-03 4.1E-02 1.55E-02 5.3E-04 1.0E-01 6.1E-02
2.0E-03 demag 6.9E+02 2.45E-02 5.1E-03 4.5E-02 1.52E-02 1.4E-04 9.6E-02 6.0E-02
2.0E-03 demag 6.5E+02 2.30E-02 3.1E-03 4.7E-02 1.50E-02 1.6E-19 9.1E-02 6.0E-02
3.0E-03 demag 8.7E+02 2. 14E-02 1.3E-02 2.9E-02 1.61E-02 2.3E-03 1.2E-01 6.2E-02
3.0E-03 demag 8.0E+02 2.25E-02 1.lE-02 3.3E-02 1.58E-02 1.5E-03 1.lE-01 6.2E-02
3.0E-03 demag 7.4E+02 2.34E-02 9.5E-03 3.7E-02 1.56E-02 8.7E-04 1.lE-01 6.2E-02
3.0E-03 demag 6.8E+02 2.41E-02 7.5E-03 4.1E-02 1.53E-02 3.9E-04 1.0E-01 6.1E-02
3.0E-03 demag 6.4E+02 2.46E-02 5.5E-03 4.5E-02 1.51E-02 8.1E-05 9.8E-02 6.1E-02
3.0E-03 demag 6.0E+02 2.30E-02 3.5E-03 4.7E-02 1.50E-02 1.7E-19 9.3E-02 6.1E-02
4.0E-03 1.7E+01 8.3E+02 2.17E-02 1.4E-02 3.0E-02 1.61E-02 2.1E-03 1.2E-01 6.3E-02
4.0E-03 1.5E+01 7.6E+02 2.27E-02 1.2E-02 3.4E-02 1.58E-02 1.3E-03 1.lE-01 6.3E-02
4.0E-03 1.5E+01 7.0E+02 2.35E-02 9.8E-03 3.8E-02 1.56E-02 7.6E-04 1.lE-01 6.3E-02
4.0E-03 1.5E+01 6.5E+02 2.41E-02 7.8E-03 4.2E-02 1.55E-02 3.3E-04 1.0E-01 6.2E-02
4.0E-03 1.7E+01 6.1E+02 2.45E-02 5.8E-03 4.6E-02 1.53E-02 4.3E-05 1.0E-01 6.2E-02
4.0E-03 2.4E+01 5.7E+02 2.28E-02 3.8E-03 4.7E-02 1.52E-02 1.7E-19 9.6E-02 6.2E-02
5.0E-03 1.6E+01 8.1E+02 2.18E-02 1.4E-02 3.1E-02 1.61E-02 1.9E-03 1.2E-01 6.4E-02
5.0E-03 1.4E+01 7.4E+02 2.27E-02 1.2E-02 3.5E-02 1.59E-02 1.2E-03 1.2E-01 6.4E-02
5.0E-03 1.4E+01 6.9E+02 2.34E-02 1.0E-02 3.9E-02 1.58E-02 6.9E-04 1.lE-01 6.4E-02
5.0E-03 1.4E+01 6.4E+02 2.39E-02 8.1E-03 4.3E-02 1.56E-02 2.8E-04 1.lE-01 6.3E-02
5.0E-03 1.5E+01 5.9E+02 2.43E-02 6.1E-03 4.7E-02 1.55E-02 1.0E-05 1.0E-01 6.3E-02
5.0E-03 2.1E+01 5.6E+02 2.26E-02 4.1E-03 4.7E-02 1.54E-02 1.7E-19 9.8E-02 6.3E-02
6.0E-03 1.5E+01 8.0E+02 2.17E-02 1.4E-02 3.2E-02 1.63E-02 1.8E-03 1.2E-01 6.5E-02
6.0E-03 1.4E+01 7.3E+02 2.26E-02 1.2E-02 3.6E-02 1.61E-02 1.2E-03 1.2E-01 6.5E-02
6.0E-03 1.3E+01 6.7E+02 2.32E-02 1.0E-02 4.0E-02 1.60E-02 6.3E-04 1.lE-01 6.5E-02
6.0E-03 1.3E+01 6.3E+02 2.38E-02 8.4E-03 4.4E-02 1.59E-02 2.3E-04 1.lE-01 6.5E-02
6.0E-03 1.6E+01 5.8E+02 2.22E-02 6.4E-03 4.7E-02 1.58E-02 1.6E-19 1.0E-01 6.4E-02
6.0E-03 1.9E+01 5.5E+02 2.23E-02 4.4E-03 4.7E-02 1.57E-02 1.6E-19 1.0E-01 6.4E-02

ht= 7.2E-02 1t= 7.2E-02 r1= 3.6E-02 r2= 3.6E-02 r1/r2= 1.0E+00

hm
1.0E-03
1.0E-03
1.0E-03
1.0E-03
1.0E-03
2.0E-03
2.0E-03
2.0E-03
2.0E-03
2.0E-03
3.0E-03
3.0E-03
3.0E-03
3.0E-03
3.0E-03
4.0E-03
4.0E-03
4.0E-03
4.0E-03
4.0E-03

Peu
demag
demag
demag
demag
demag
demag
demag
demag
demag
demag
demag
demag
demag
demag
demag

1.8E+01
1.7E+01
1.7E+01
1.8E+01
2.2E+01

Ni
1.2E+03
1.lE+03
1.lE+03
9.8E+02
9.2E+02
1.0E+03
9.2E+02
8.5E+02
8.0E+02
7.5E+02
9.2E+02
8.5E+02
7.9E+02
7.3E+02
6.9E+02
8.8E+02
8.1E+02
7.5E+02
7.0E+02
6.6E+02

he be b1
1.81E-02 1.2E-02 2.5E-02
2.05E-02 9.7E-03 2.9E-02
2.24E-02 7.7E-03 3.3E-02
2.40E-02 5.7E-03 3.7E-02
2.53E-02 3.7E-03 4.1E-02
2.29E-02 1.2E-02 2.6E-02
2.43E-02 1.0E-02 3.0E-02
2.55E-02 8.0E-03 3.4E-02
2.64E-02 6.0E-03 3.8E-02
2.71E-02 4.0E-03 4.2E-02
2.40E-02 1.2E-02 2.6E-02
2.51E-02 1.0E-02 3.0E-02
2.60E-02 8.4E-03 3.4E-02
2.68E-02 6.4E-03 3.8E-02
2.73E-02 4.4E-03 4.2E-02
2.43E-02 1.3E-02 2.7E-02
2.53E-02 1.lE-02 3.1E-02
2.61E-02 8.7E-03 3.5E-02
2.68E-02 6.7E-03 3.9E-02
2.56E-02 4.7E-03 4.2E-02

b2 h3 btm htm
1.82E-02 4.8E-03 1.lE-01 6.3E-02
1.74E-02 3.2E-03 1.0E-01 6.2E-02
1.67E-02 1.9E-03 9.7E-02 6.2E-02
1.62E-02 9.5E-04 9.2E-02 6.1E-02
1.56E-02 2.0E-04 8.7E-02 6.1E-02
1.53E-02 3.0E-03 1.0E-01 6.1E-02
1.49E-02 1.9E-03 1.0E-01 6.1E-02
1.45E-02 1.lE-03 9.5E-02 6.1E-02
1.42E-02 4.9E-04 9.0E-02 6.0E-02
1.40E-02 5.5E-05 8.6E-02 6.0E-02
1.47E-02 2.4E-03 1.lE-01 6.2E-02
1.44E-02 1.6E-03 1.0E-01 6.1E-02
1.42E-02 8.7E-04 9.6E-02 6.1E-02
1.40E-02 3.5E-04 9.2E-02 6.1E-02
1.38E-02 1.7E-07 8.7E-02 6.1E-02
1.46E-02 2.2E-03 1.1E-01 6.2E-02
1.44E-02 1.4E-03 1.0E-01 6.2E-02
1.42E-02 7.5E-04 9.8E-02 6.2E-02
1.40E-02 2.8E-04 9.4E-02 6.2E-02
1.39E-02 0.0 9.0E-02 6.2E-02



5.0E-03 1.7F.+Ol 8.6E+02 2.44E-02 1. 3E-02 2.8E-02 1.47E-02 2.0E-03 1.1E-Ol 6.3E-02
5.0E-03 1.6E+01 7.9E+02 2.53E-02 1.1E-02 3.2E-02 1.45E-02 1. 3E-03 1.0E-01 6.3E-02
5.0E-03 1. 5E+01 7.3E+02 2.61E-02 9.0E-03 3.6E-02 1.43E-02 6.7E-04 1. OE-01 6.3E-02
5.0E-03 1. 6E+01 6.8E+02 2.67E-02 7.0E-03 4.0E-02 1. 42E-02 2.2E-04 9.6E-02 6.3E-02
5.0E-03 2.0E+01 6.4E+02 2.54E-02 5.0E-03 4.2E-02 1.41E-02 0.0 9.2E-02 6.3E-02
6.0E-03 1. 6E+01 8.5E+02 2.44E-02 1.3E-022.8E-02 1.48E-02 1. 9E-03 1.lE-01 6.4E-02
6.0E-03 1.5E+01 7.8E+02 2.53E-02 1. 1E-02 3. 2E-02 1.46E-02 1.2E-03 1.1E-01 6.4E-02
6.0E-03 1.4E+01 7.2E+02 2.60E-02 9.3E-03 3.6E-02 1. 45E-02 6.0E-04 1. OE-01 6.4E-02
6.0E-03 1. 5E+01 6.7E+02 2.65E-02 7.3E-03 4.0E-02 1.44E-02 1.6E-049.8E-02 6.4E-02
6.0E-03 1. 9E+01 6.3E+02 2.52E-02 5.3E-03 4.2E-02 1.43E-02 0.0 9.4E-02 6.4E-02
6.0E-03 2.5E+01 5.9E+02 2.53E-02 3.3E-03 4.2E-02 1.42E-02 0.0 9.0E-02 6.4E-02

ht= 7.2E-02 It= 7.2E-02 r1= 3.4E-02 r2= 3.8E-02 r1/r2= 8.9E-01

hm Peu Ni he be b1 b2 h3 btm htm
1. OE-03 demag 1. 3E+03 2.03E-02 1. 1E-02 2.2E-02 1. 70E-02 4.8E-03 9.9E-02 6.2E-02
1. OE-03 demag 1. 2E+03 2.27E-02 8.7E-03 2.6E-02 1.62E-02 3.2E-03 9.4E-02 6.2E-02
1. OE-03 demag 1.1E+03 2.47E-026.7E-03 3.0E-02 1.56E-02 1.8E-03 8.8E-02 6.1E-02
1. OE-03 demag 1.lE+03 2.63E-024.7E-03 3.4E-02 1.51E-02 7.7E-04 8.3E-02 6.1E-02
2.0E-03 demag 1.lE+03 2.51E-02 1.lE-022.3E-02 1.41E-02 3.0E-03 9.5E-02 6.1E-02
2.0E-03 demag 9.9E+02 2.65E-02 9.0E-03 2.7E-02 1.37E-02 1.9E-03 9.0E-02 6.0E-02
2.0E-03 demag 9.2E+02 2.77E-02 7.0E-03 3.1E-02 1.34E-02 1.1E-03 8.6E-02 6.0E-02
2.0E-03 demag 8.6E+02 2.87E-02 5.0E-03 3.5E-02 1.31E-02 3.9E-04 8.1E-02 6.0E-02
2.0E-03 demag 8.1E+02 2.79E-02 3.0E-03 3.8E-02 1.28E-02 0.0 7.7E-02 6.0E-02
3.0E-03 demag 9.8E+02 2.62E-02 1.lE-02 2.4E-02 1.34E-02 2.5E-03 9.6E-02 6.1E-02
3.0E-03 demag 9.1E+02 2.74E-02 9.3E-03 2.8E-02 1.32E-02 1.6E-03 9.1E-02 6.1E-02
3.0E-03 demag 8.5E+02 2.83E-02 7.3E-03 3.2E-02 1.30E-02 8.2E-04 8.7E-02 6.1E-02
3.0E-03 demag 7.9E+02 2.91E-02 5.3E-03 3.6E-02 1.28E-02 2.6E-04 8.2E-02 6.0E-02
3.0E-03 demag 7.4E+02 2.82E-02 3.3E-03 3.8E-02 1.26E-02 0.0 7.8E-02 6.0E-02
4.0E-03 2.0E+01 9.4E+02 2.66E-02 1. 2E-02 2.4E-02 1.33E-02 2.2E-03 9.7E-02 6.2E-02
4.0E-03 1.9E+01 8.7E+02 2.77E-02 9.6E-03 2.6E-02 1.31E-02 1.4E-03 9.3E-02 6.2E-02
4.0E-03 1. 9E+01 6.1E+02 2.65E-02 7.6E-03 3.2E-02 1.29E-02 7.0E-04 6.9E-02 6.2E-02
4.0E-03 2.2E+01 7.5E+02 2.92E-02 5.6E-03 3.6E-02 1.26E-02 1.8E-04 6.4E-02 6.1E-02
4.0E-03 3.0E+01 7.1E+02 2.61E-02 3.6E-03 3.6E-02 1.27E-02 0.0 6.0E-02 6.1E-02
5.0E-03 1. 8E+01 9.1E+02 2.68E-02 1. 2E-02 2. 5E-02 1.33E-02 2.0E-03 9.9E-02 6.3E-02
5.0E-03 1.7E+01 6.4E+02 2.77E-02 9.9E-03 2.9E-02 1.32E-02 1.2E-03 9.5E-02 6.3E-02
5.0E-03 1. 8E+01 7.8E+02 2.65E-02 7.9E-03 3.3E-02 1.30E-02 6.0E-04 9.1E-02 6.3E-02
5.0E-03 2.0E+01 7.3E+02 2.91E-02 5.9E-03 3.7E-02 1. 29E-02 1.2E-04 6.6E-02 6.2E-02
5.0E-03 2.6E+01 6.9E+02 2.80E-02 3.9E-03 3.6E-02 1.28E-02 0.0 6.2E-02 6.2E-02
6.0E-03 1. 7E+01 9.0E+02 2.66E-02 1.2E-02 2.6E-02 1.34E-02 1. 9E-03 1.0E-01 6.4E-02
6.0E-03 1. 6E+01 6.3E+02 2.77E-02 1. OE-02 3. OE-02 1.33E-02 1.lE-03 9.7E-02 6.4E-02
6.0E-03 1. 7E+01 7.7E+02 2.85E-02 8.2E-03 3.4E-02 1.32E-02 5.3E-04 9.3E-02 6.4E-02
6.0E-03 1. 6E+01 7.2E+02 2.90E-02 6.2E-03 3.6E-02 1.31E-02 5.4E-05 6.9E-02 6.3E-02
6.0E-03 2.4E+01 6.7E+02 2.76E-02 4.2E-03 3.6E-02 1.30E-02 0.0 6.4E-02 6.3E-02

ht= 7.2E-02 It= 7.2E-02 r1= 3.2E-02 r2= 4.0E-02 r1/r2= 6.0E-01

hm Peu Ni he be b1 b2 h3 btm htm
1.0E-03 demRg 1.4E+03 2.22E-02 9.7E-03 2.0E-02 1.59E-02 4.8E-03 9.1E-026.2E-02
l.OE-03 demag 1.3E+03 2.46E-02 7.7E-03 2.4E-02 1.53E-02 3.1E-03 6.6E-026.1E-02
1. OE-03 demag 1.2E+03 2.67E-02 5.7E-03 2.6E-02 1.47E-02 1.7E-03 8.0E-02 6.1E-02
1. OE-03 demRg 1.2E+03 2.83E-02 3.7E-03 3.2E-02 1.42E-02 5.2E-04 7.5E-026.0E-02
2.0E-03 demag 1.lE+03 2.70E-02 1.0E-02 2.1E-02 1.30E-02 3.0E-03 6.7E-026.0E-02
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2.0E-03 demsg 1.lE+03 2.8SE-02 fL OE-03 2.SE-02 1.26E-02 1. 9E-03 8.2E-02 6.0E-02
2.0E-03 demag 9.9E+02 2.97E-02 6.0E-03 2.9E-02 1.23E-02 9.SE-04 7.7E-02 6.0E-02
2.0E-03 demag 9.3E+02 3.07E-02 4.0E-03 3.3E-02 1.2lE-02 2.3E-04 7.3E-02 S.9E-02
3.0E-03 2.SE+Ol l.lE+03 2.82E-02 1.0E-02 2.lE-02 1. 23E-02 2.SE-03 8.7E-02 6.lE-02
3.0E-03 2.SE+Ol 9.8E+02 2.94E-02 8.3E-03 2.SE-02 1. 2lE-02 1. SE-03 8.3E-02 6.0E-02
3.0E-03 2.7E+Ol 9.lE+02 3.04E-02 6.3E-03 2.9E-02 l.l9E-02 7.2E-04 7.8E-02 6.0E-02
3.0E-03 3.3E+Ol 8.SE+02 3.l2E-02 4.3E-03 3.3E-02 l.l7E-02 1. 2E-04 7.4E-02 6.0E-02
4.0E-03 2.2E+Ol 1. OE+03 2.87E-02 l.lE-02 2.2E-02 1. 2lE-02 2.2E-03 8.9E-02 6.lE-02
4.0E-03 2.2E+Ol 9.3E+02 2.98E-02 8.6E-03 2.6E-02 1. 20E-02 l.3E-03 8.4E-02 6.lE-02
4.0E-03 2.3E+Ol 8.7E+02 3.06E-02 6.6E-03 3.0E-02 l.l8E-02 6.0E-04 8.0E-02 6. lE-02
4.0E-03 2.8E+Ol 8.lE+02 3.l3E-02 4.6E-03 3.4E-02 1. l7E-02 4.6E-OS 7.6E-02 6.lE-02
S.OE-03 2.lE+Ol 9.8E+02 2.89E-02 l.lE-02 2.3E-02 1. 2lE-02 2.0E-03 9.0E-02 6.2E-02
S.OE-03 2.0E+Ol 9.lE+02 2.99E-02 8.9E-032.7E-02 1. 20E-02 1. 2E-03 8.6E-02 6.2E-02
S.OE-03 2.lE+Ol 8.4E+02 3.07E-02 6.9E-033.lE-02 l.l9E-02 5.0E-04 8.2E-02 6.2E-02
S.OE-03 2.6E+Ol 7.9E+02 3.0lE-02 4.9E-03 3.4E-02 1. l7E-02 0.0 7.8E-02 6.2E-02
6.0E-03 1. 9E+Ol 9.6E+02 2.89E-02 l.lE-02 2.3E-02 l.22E-02 l.9E-03 9.2E-02 6.3E-02
6.0E-03 1. 9E+Ol 8.9E+02 2.99E-02 9.2E-032.7E-02 1.2lE-02 l.lE-03 8.8E-02 6.3E-02
6.0E-03 2.0E+Ol 8.3E+02 3.06E-02 7.2E-03 3.lE-02 1. 20E-02 4.2E-04 8.4E-02 6.3E-02
6.0E-03 2.4E+Ol 7.7E+02 3.00E-02 S.2E-03 3.4E-02 l.l9E-02 0.0 8.0E-02 6.3E-02
6.0E-03 3.2E+Ol 7.2E+02 3.0lE-02 3.2E-03 3.4E-02 1. l8E-02 0.0 7.SE-02 6.3E-02

ht= 7.2E-02 It= 7.2E-02 rl= 3.0E-02 r2= 4.2E-02 rl/r2= 7.lE-Ol

hm Peu Ni he be bl b2 h3 btm htm
1. OE-03 demag 1. SE+03 2.40E-02 8.8E-03 1. 8E-02 1. SOE-02 4.8E-03 8.3E-02 6.2E-02
1. OE-03 demag l.4E+03 2.6SE-02 6.8E-03 2.2E-02 1. 43E-02 3.0E-03 7.8E-02 6.lE-02
l.OE-03 demag 1. 3E+03 2.8SE-02 4.8E-03 2.6E-02 1. 38E-02 1. SE-03 7.3E-02 6.0E-02
2.0E-03 demag l.2E+03 2.88E-029.lE-03 1. 9E-02 l.20E-02 3.0E-03 7.9E-02 6.0E-02
2.0E-03 demag l.lE+03 3.03E-02 7.lE-03 2.3E-02 1. 16E-02 1.8E-03 7.4E-02 5.9E-02
2.0E-03 demag l.lE+03 3.l6E-02 S.lE-03 2.7E-02 1. l4E-02 8.lE-04 7.0E-02 5.9E-02
2.0E-03 demag l.OE+03 3.26E-023.lE-03 3.lE-02 1.11E-02 3.6E-OS 6.SE-02 5.9E-02
3.0E-03 3.0E+Ol l.lE+03 3.00E-02 9.4E-03 1. 9E-02 l.l3E-02 2.4E-03 7.9E-02 6.0E-02
3.0E-03 3.0E+Ol l.lE+03 3.13E-02 7. 4E-03 2.3E-02 l.llE-02 1. 4E-03 7.SE-02 6.0E-02
3.0E-03 3.4E+Ol 9.9E+02 3.23E-02 S.4E-03 2.7E-02 l.09E-02 5.9E-04 7.0E-02 6.0E-02
3.0E-03 4.6E+Ol 9.3E+02 3.2lE-02 3.4E-03 3.lE-02 l.07E-02 0.0 6.6E-02 S.9E-02
4.0E-03 2.6E+Ol l.lE+03 3.0SE-029.7E-03 2.0E-02 1. llE-02 2.2E-03 8.lE-02 6.lE-02
4.0E-03 2.6E+Ol 1.0E+03 3.l6E-027.7E-03 2.4E-02 l.09E-02 1. 2E-03 7.6E-02 6.lE-02
4.0E-03 2.9E+Ol 9.4E+02 3.2SE-025.7E-03 2.8E-02 1. 08E-02 4.6E-04 7.2E-02 6.0E-02
4.0E-03 3.9E+Ol 8.8E+02 3.2lE-023.7E-03 3.lE-02 l.06E-02 0.0 6.8E-02 6.0E-02
S.OE-03 2.4E+Ol l.OE+03 3.07E-02 9.9E-03 2.0E-02 1. 10E-02 2.0E-03 8.2E-02 6.2E-02
5.0E-03 2.4E+Ol 9.7E+02 3.l8E-02 7.9E-03 2.4E-02 1.09E-02 l.lE-03 7.8E-02 6.2E-02
5.0E-03 2.6E+Ol 9.lE+02 3.26E-02 S.9E-03 2.8E-02 1.08E-02 3.6E-04 7.4E-02 6.lE-02
S.OE-03 3.4E+Ol 8.SE+02 3.2lE-02 3.9E-03 3.lE-02 1. 07E-02 0.0 6.9E-02 6.lE-02
6.0E-03 2.2E+Ol l.OE+03 3.08E-02 1. OE-02 2.lE-02 1.11E-02 l.8E-03 8.4E-02 6.3E-02
6.0E-03 2.2E+Ol 9.SE+02 3.l8E-02 8.2E-03 2.SE-02 l.lOE-02 9.7E-04 8.0E-02 6.3E-02
6.0E-03 2.4E+Ol 8.9E+02 3.26E-02 6.2E-03 2.9E-02 1. 09E-02 2.8E-04 7.SE-02 6.2E-02
6.0E-03 3.lE+Ol 8.3E+02 3.20E-02 4.2E-03 3.lE-02 1. 08E-02 0.0 7.lE-02 6.2E-02

ht= 7.2E-02 It= 7.2E-02 rl= 2.8E-02 r2= 4.4E-02 rl/r2= 6.4E-Ol

hm PCl) Ni he bc bl b2 h3 btm htm
I.OE-03 demsg l.7E+03 2.SSE-02 8.0E-03 1. 6E-02 l.4lE-02 4.8E-03 7.6E-02 6. lE-02
1. OE-03 demRg l.5E+03 2.8lE-02 6.0E-03 2.0E-02 l.35F.-02 2.8E-03 7.lE-02 6.lE-02
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1. OE-OJ opmag 1.SE+OJ J.02E-02 4.0E-03 2.4E-02 1.JOF.-02 1. 2E-03 6.6E-02 6.0E-02
2.0E-03 demag 1.3E+03 3.04E-02 8.3E-03 1.7E-02 1.11E-02 2.9E-03 7.2E-02 S.9E-02
2.0E-03 demag 1.2E+03 3.20E-02 6.3E-03 2.1E-02 1.08E-02 1.7E-03 6.7E-02 5.9E-02
2.0E-03 demag 1.2E+03 3.33E-02 4.3E-03 2.SE-02 1.OSE-02 6.2E-04 6.3E-02 S.9E-02
3.0E-03 3.6E+Ol 1.2E+03 3.17E-02 8.5E-03 1.7E-02 1.03E-02 2.4E-03 7.2E-02 6.0E-02
3.0E-03 3.8E+Ol 1.lE+03 3.29E-02 6.SE-03 2.1E-02 1.OlE-02 1.3E-03 6.8E-02 S.9E-02
3.0E-03 4.4E+Ol 1.lE+03 3.40E-02 4.SE-03 2.5E-02 9.96E-03 4.3E-04 6.3E-02 5.9E-02
4.0E-03 3.1E+Ol 1.2E+03 3.22E-02 8.8E-03 1.8E-02 1. 01E-02 2.1E-03 7.3E-02 6.0E-02
4.0E-03 3.2E+Ol 1.lE+03 3.33E-02 6.8E-03 2.2E-02 9.95E-03 1.lE-03 6.9E-02 6.0E-02
4.0E-03 3.8E+Ol 1.OE+03 3.43E-02 4.8E-03 2.6E-02 9.82E-03 3.0E-04 6.4E-02 6.0E-02
S.OE-03 2.8E+Ol 1.lE+03 3.24E-02 9.1E-03 1. 8E-02 1. OlE-02 1. 9E-03 7.5E-02 6.1E-02
5.0E-03 2.9E+Ol 1.lE+03 3.35E-027.1E-03 2.2E-02 9.92E-03 9.6E-04 7.0E-02 6.1E-02
5.0E-03 3.3E+Ol 9.9E+02 3.44E-02 S.lE-03 2.6E-02 9.81E-03 2.0E-04 6.6E-02 6.1E-02
5.0E-03 4.8E+Ol 9.3E+02 3.38E-02 3.1E-03 2.8E-02 9.71E-03 9.6E-20 6.2E-02 6.1E-02
6.0E-03 2.6E+Ol 1.lE+03 3.26E-02 9.3E-03 1. 9E-02 1.01E-02 1. 7E-03 7.6E-02 6.2E-02
6.0E-03 2.7E+Ol 1.OE+03 3.36E-02 7.3E-03 2.3E-02 9.96E-03 8.4E-04 7.2E-02 6.2E-02
6.0E-03 3.0E+Ol 9.6E+02 3.44E-02 5.3E-03 2.7E-02 9.87E-03 1.lE-04 6.8E-02 6.2E-02
6.0E-03 4.2E+Ol 9.0E+02 3.38E-02 3.3E-03 2.8E-02 9.78E-03 9.6E-20 6.4E-02 6.2E-02

ht= 7.2E-02 It= 7.2E-02 rl= 2.6E-02 r2= 4.6E-02 rl/r2= 5.7E-Ol

hm Pcu Ni hc bc bl b2 h3 btm htm
1. OE-03 demag 1.8E+03 2.69E-02 7.2E-03 1. 4E-02 1.33E-02 4.7E-03 7.0E-02 6.1E-02
1. OE-03 demag 1.7E+03 2.96E-02 S.2E-03 1. 8E-02 1.27E-02 2.6E-03 6.5E-02 6.0E-02
1.OE-03 demag 1.6E+03 3.19E-02 3.2E-03 2.2E-02 1.22E-02 8.4E-04 6.0E-02 6.0E-02
2.0E-03 demag 1.5E+03 3.l8E-02 7.5E-03 1. 5E-02 1.02E-02 2.9E-03 6.5E-02 5.9E-02
2.0E-03 demag 1.4E+03 3.34E-02 5.5E-03 1.9E-02 9.96E-03 1. 5E-03 6. lE-02 5.9E-02
2.0E-03 demag 1. 3E+03 3.48E-02 3.5E-03 2.3E-02 9.71E-03 4.0E-04 5.6E-02 5.8E-02
3.0E-03 4.4E+Ol 1.3E+03 3.31E-02 7.7E-03 1.5E-02 9.49E-03 2.3E-03 6.5E-02 5.9E-02
3.0E-03 4.8E+Ol 1.2E+03 3.45E-02 5.7E-03 1. 9E-02 9.30E-03 1. 2E-03 6. lE-02 5.9E-02
3.0E-03 6.0E+Ol 1.2E+03 3.56E-02 3.7E-03 2.3E-02 9.l3E-03 2.3E-04 5.6E-02 5.9E-02
4.0E-03 3.8E+Ol 1.3E+03 3.37E-02 8.0E-03 1.6E-02 9.23E-03 2.0E-03 6.6E-02 6.0E-02
4.0E-03 4.1E+Ol 1.2E+03 3.49E-02 6.0E-03 2.0E-02 9.08E-03 9.6E-04 6.2E-02 6.0E-02
4.0E-035.1E+Ol l.lE+03 3.59E-02 4.0E-03 2.4E-02 8.9SE-03 1.2E-04 5.8E-02 5.9E-02
S.OE-03 3.4E+Ol 1.2E+03 3.40E-02 8.2E-03 1. 6E-02 9.l5E-03 1. 8E-03 6. 8E-02 6.1E-02
5.0E-03 3.6E+Ol 1. lE+03 3.51E-02 6.2E-03 2.0E-02 9.03E-03 8.1E-04 6.3E-02 6.0E-02
5.0E-03 4.4E+Ol 1.lE+03 3.60E-02 4.2E-03 2.4E-02 8.92E-03 2.3E-05 5.9E-02 6.0E-02
6.0E-033.1E+Ol 1.2E+03 3.41E-02 8.SE-03 1.7E-02 9.l5E-03 1. 6E-03 6. 9E-02 6.2E-02
6.0E-03 3.3E+Ol 1.lE+03 3.52E-02 6.5E-03 2.1E-02 9.04E-03 7.0E-04 6.5E-02 6.1E-02
6.0E-03 4.1E+Ol 1.OE+03 3.53E-02 4.5E-03 2.5E-02 8.96E-03 0.0 6.1E-02 6.1E-02
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Figure 1 Schematical representation of the cooling system.
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Figure 2 Actual compressor system
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Figure 3a Schematical representation of a linear
mass- spring system with viscous damping Figure 3b Schematical representation of the motor
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Figure 4 New compressor motor design (homopolar)

assembled with compressor
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Figure 5 Compressor motor provided with a rotor with 2 poles,

motor design with one coil
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Figure 6 Compressor motor provided with a rotor with 2 poles,

motor design with three coils



Figure 7 Magnet with radial magnetization
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a permanent- magnet material
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Figure 9b Rectangular shaped approach of the curved magnet and stator
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Figure 21 New compressor motor design (homopolar)



Figure 22 Motor placed in magnetizer



I I

B (T)
, I

. (3) I

2.0 230 - 50 A
I

200 - 50 A

170 - 50 A
, .

1.8
, I

I I

: 230 - 50 A
• I ,

I , 200 - 50 A (2)
1.6 170 - 50 A

.-
; , -' . ,

I""",",~~

1,4 I I

1.0

0.8

0.6

0.4

0.2

. ,

170 - 50 A

'200 - 50 A

. 230 - 50 A

(1)

aa 2 3 (1 )
a 10 20 30 (2)
a 100 200 300 (3)...

H-----
A/em

Figure 23 BH-curve of N1092 (170-50A)



It ...- -
'

Fe- ...

'\
j

II

"j

Figure 24 Coil configuration



l START I
llr

INPUT DATA

PmmaK • lJJr , Br • Bd , '1 + '2. g, etc.

'II

start value'2 (32 mm) I
,

calculation of 'l,rt and {) I
- ,
....

I start value magnet height hm I
~

,~.
I calculation maximum coil width bem1u I

,...

calculation of motor dimensions and copper loss,
check whether demagnetization occurs

~iI

yes
j~ "- decrease be .-1 be> bemin ? I-- Iand increase bl

,~

, I I no I

"
yes ~

: hm < hmm1u ? Iincrease hm --
,~

no

"yes
increase '2 and _I

'2 < '2mu ? I-- 1
decrease "

I no I

I STOP t
Figure 25 Computer program structure based

on mathematical modeli



Figure 26 MAGGY input mesh
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Figure 27 MAGGY flux plot (magnet height 6mm)
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Figure 28 MAGGY flux plot (magnet height 3mm)
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Figure 30 PE2D input mesh
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Figure 31 Enlarged part of the input mesh



Figure 32 PE2D input, motor in which the permanent-magnet rotor
is replaced by an air-cored coil



Figure 33 Flux plot of motor with permanent-magnet rotor

Figure 34 Flux plot of motor in which the permanent-magnet rotor
is replaced by an air-cored coil



Ol-l------.....-------......-----~----__r-----r_

1.0

0.8

0.6

0.2

0.4

By (T)

1.2

Figure 35 Flux density plot, r = 46.6 mm



Figure 36 Plot of the flux and the eddy-current density in the rotor
at nominal coil currents and fixed rotor

Figure 37 Plot of the flux and the eddy-current density in the rotor
at high coil currents and fixed rotor, simulating
the movement of the rotor
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