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A dq axis theory of a thermomagnetic Curie motor is presented. This theory allows one to estimate

the performances of a Curie motor from its geometrical, magnetic, and thermal properties. The

proposed approach shows that the thermomagnetic Curie motor is equivalent from a magnetic

point of view to a dc electric machine. The physical meaning of the parameters used in the dq
theory of Curie motor is explicated. The theory is validated by using experimental data.
VC 2011 American Institute of Physics. [doi:10.1063/1.3562505]

I. INTRODUCTION

Direct conversion of thermal energy into kinetic energy

can be obtained in a Curie motor.1,2 This type of motor con-

sists of a magnetic circuit with a soft magnetic rotor in its

gap and no electric current is involved in the force genera-

tion process because the force is generated by a thermally

induced permeability difference of two areas of the rotor.

More precisely, the heating of one side of the rotor modifies

locally the permeability of the soft magnetic material in

comparison with the cool area of the rotor and this perme-

ability difference causes a force. If the temperature differ-

ence is continuously kept, a continuous movement of the

rotor is obtained.

The feasibility of the motor has been shown several

times,3 but in all the experimental applications a very low

speed and a relatively low torque have been obtained. This is

caused by the fact that in the force generation process two

physical phenomena (thermalization and magnetization)

characterized by two different time scales are involved.

This paper presents an approach to the description of the

Curie motor that is based on the dq axis general theory of

electric machines. The stator is modeled by assuming the use

of a high performance permanent magnet. The flux and its

temperature are supposed to be constant. The rotor is mod-

eled in terms of both its magnetic as well thermal properties.

It is supposed to have a temperature gradient between the hot

and cold side. This model provides analytical expressions for

the speed and torque that link these quantities to some pa-

rameters which synthetically describe the physical phenom-

ena involved in the principle of operation of the motor

(thermalization and magnetization). The expressions of

speed and torque are derived and related to the thermal prop-

erties of the machine. The dependence from these fixed pa-

rameters is also discussed and it is shown how a higher value

of the magnetization field as well a higher value of the tem-

perature gradient positively influence motor performances.

An experimental verification of the performances is reported.

II. THE PRINCIPLE OF OPERATION
OF A CURIE MOTOR

The principle of operation of the Curie-motor can be

outlined as in Fig. 1. For the sake of simplicity, a Curie linear

motor is considered; it consists of a soft magnetic, movable

armature and a fixed field source. The magnetic flux is gener-

ated by permanent magnet. A homogeneous magnetic field

without leakage is assumed. To operate the motor, one side

of the armature is heated. Because of heat conduction along

the armature, a temperature gradient arises and the magnetic

properties along the armature change. The cold side of the

rotor is kept at temperature by cooling. If the warm side of

the armature is heated above Curie temperature, it behaves

there magnetically like air or vacuum. As a result, a perme-

ability difference is generated and a force arises in the direc-

tion of the warm side. If the armature is movable, it is drawn

into this direction. Under the mentioned conditions the Cu-

rie-motor performs like a conventional magnetic device. In

reality, however, the Curie-motor will not produce a sharp

boundary surface between the warm and cold side.

III. dq AXIS THEORY OF CURIE MOTOR

Generally speaking, dq axis theory of electromagnetic

machines4 could be used to describe any electromagnetic

machine. However, in the case of the Curie motor there is a

fundamental difficulty: in the Curie motor neither currents

nor voltages are involved. So, superficially, one could think

that Park theory is not applicable to Curie motor. In fact, this

difficulty can be solved by reasoning as outlined in the

following.

In Fig. 2 it is shown how the field distribution shown in

Fig. 1 can be obtained by placing a magnet in quadrature

with the excitation magnets. The magnetic structure shown

is the magnetic structure of a dc electrical machine where

the fictious magnet that describes the effect of the thermal

field plays the role of the magnets generated inside the arma-

ture of a dc machine. As a result, from an electromagnetic

point of view a Curie motor can be described by two con-

stant magnets placed in quadrature and therefore it is
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equivalent to a dc machine. Therefore, the equations used for

the description of a dc machine can be used to describe a Cu-

rie motor.

According to what was said earlier in this paper, the set

of dynamic equations that describe a Curie motor, under the

hypothesis of a constant excitation field, reads as follows:

/ ¼ kId ¼ const; (1a)

C ¼ MdqIdIq; (1b)

Vq ¼ RqIq þ xMdqId; (1c)

where u is the excitation flux, k is a constant, Id is a current

in correspondence of the direct axis that is able to generate

the excitation flux, Vq is the voltage on the quadrature axis

circuit, Rq is the resistance of the armature, Iq is a current in

correspondence of the quadrature axis that describes the

magnetic poles needed to generate the field distribution

induced by the temperature gradient, x is the rotational

speed, Mdq describes the magnetic coupling between d and q
axes, and C is the electromagnetic torque. Due to the fact

that no electrical circuit is located on the moving part of a

real Curie motor, Eqs. (1b) and 1(c) raise the following ques-

tion: which is the physical meaning of the electrical quanti-

ties used in those equations?

IV. PHYSICAL MEANING OF dq EQUATIONS

Equation (1a) describes the excitation flux. Due to the

fact that excitation is made of a permanent magnet, Eq. (1) is

absolutely identical to the equation used to describe the exci-

tation of a traditional dc machine. As a result Iq is a current

that describes the excitation flux and, in a first approximation,

is constant and does not depend on the armature temperature.

Equation (1b) describes the torque generated by the Cu-

rie motor and contains the novelties related to the description

of a Curie motor. In a Curie motor the torque is generated by

the permeability difference between the hot and cold spots.

As already stated, Id describes the excitation and, therefore,

Iq describes the permeability difference induced by the tem-

perature gradient. At standstill Th and Tc are governed by the

convection heat exchange with the cooling and heating sys-

tem and the thermal conduction between the hot and cold

spots inside the rotor. In order to have an accurate descrip-

tion of this phenomenon, one should use a numerical

approach, but in order to grasp the physics of the phenom-

enon it is better to use the following analytical equation at

lumped parameters to express the temperature difference:

Tc � Th ¼
L

kS
� dq

dt
; (2)

where Tc is the temperature at the cold spot, Th is the temper-

ature at hot spot, L is the distance, k is the thermal conductiv-

ity, S is the surface, and dq/dt the heat rate. At standstill,

heat flows from the hot spot to the cold spot and a constant

temperature gradient is established. The maximum and mini-

mum temperature Th and Tc can be adjusted by adjusting the

heat rate that is imposed by the temperature of the cooling

and heating fluids. This temperature imposes (through the

magnetic characteristics of the material) the permeability dif-

ference and therefore determines Iq. If one assumes that Th

and Tc are, respectively, above and below the Curie tempera-

ture of the material and that permeability difference around

the ferromagnetic critical point is proportional to a power of

this temperature difference, one can express Iq as follows:

Iq ¼ k1DTm ¼ k1

L

kS

dq

dt

� �m

; (3)

where m is the exponent that describes the dependence of the

permeability difference on the temperature difference, and k1

is a constant that allows one to match the lumped parameter

to the real values. If Eq. (3) is compared to Eq. (1c), one can

see that voltage in dq theory describes the heat rate (in a non-

linear way if m is different from 1).

If Eq. (3) is used to express in Iq in Eq. (1b), one

obtains:

C ¼ Mdqk1Lm

kmSm
Id �

dq

dt

� �m

: (4)

If the rotor is moving the physical phenomena related to heat

exchange do not remain the same but one must also include

the advection (the change in the thermal energy of a mass as

it moves through space). As a result, one can show that the

temperature difference can be roughly expressed (at least in

the regimes feasible for a Curie motor) as

DT ¼ k2e�dx; (5)

where d is the distance between hot and cold spots and x is

the angular speed, k2 is an angular constant that takes into
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240FIG. 2. The field distribution of Fig. 1 can be reproduced by adding a mag-

net when the temperature is uniform.

FIG. 1. Field distribution when the temperature is not uniform along the ar-

mature. The field distortion caused by the temperature difference that indu-

ces a permeability difference generates a force.
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account the geometrical details. First-order approximation of

Eq. (5) is

DT ¼ k2 1� dxð Þ; (6)

Equation (6) shows that advection causes a reduction of the

generated temperature difference [the last term in Eq. (6)]

and consequently of Iq and of the generated torque. Formally

speaking, advection plays the role of the back electromotive

force term in Eq. (1c).

V. EXPERIMENTAL VALIDATION

By using the above-described approach, some experi-

mental results can be explained. This section refers to a disk-

shaped superconducting Curie rotor levitated between two

magnets that guarantee the levitation force and the excitation

of the rotor.AQ3 The numerical data and the experimental results

are published in Ref. 2 and therefore are not repeated here.

By assuming that m is equal to one and by using Eq. (6), the

equation of motion of rotor in this case reads as

MdqIdk2 1� dxð Þ ¼ I
dx
dt
; (7)

where I is the inertia of the rotor. By using the numerical data

given in Ref. 2, Eq. (7) can be solved and the time evolution

is shown in Fig. 3. If one compares this solution with the

results published in Ref. 2, one can see that the behavior of

the angular speed is correctly described from the theory pre-

sented here and the transient time scale derived is of the order

of 10 s as is the one in Ref. 2. However, the oscillations in the

angular speed that are shown in Ref. 2 are not described in

the theory presented here because they are caused from a cou-

pling between the suspension technique of the rotor (levita-

tion in Ref. 2) and its rotational movement. This coupling is

not included in the theory here presented because the position

of the rotation center is supposed constant.

VI. CONCLUSIONS

In this paper a dq theory of a Curie motor has been pre-

sented. The theory is able to link the electrical parameters of

dq theory to the physical phenomena occurring in a Curie

motor. It is shown how the temperature difference plays a

fundamental role for torque generation and that the tempera-

ture difference is governed by both thermal conduction as

well as advection in the rotor. Finally, an experimental vali-

dation of the theory has been presented.
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FIG. 3. Transient behavior of a disk-shaped Curie rotor.

J_ID: JAP DOI: 10.1063/1.3562505 Date: 27-February-11 Stage: Page: 3 Total Pages: 4

ID: ramakrishnans Time: 14:54 I Path: Q:/3b2/JAP#/Vol00000/110824/APPFile/AI-JAP#110824

000000-3 Marco Trapanese J. Appl. Phys. 109, 000000 (2011)

http://dx.doi.org/10.1051/EPN:2007013
http://dx.doi.org/10.1109/TMAG.1972.1067406
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