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In this paper, a thermal analysis of a synchronous machine using the double excitation principle is presented. Two global field windings introduce not only a more complicated structure but also additional heat sources and heat evacuation difficulties. In this research, the thermal analysis is accomplished by using a lumped parameter model, and results are compared with experiments.

INTRODUCTION

A Double Excitation Synchronous Motor (DESM) has been proved to be efficient as it combines advantages of a wound field synchronous motor, which is the field weakening control, and a permanent magnet synchronous motor with high efficiency and high power density [START_REF] Vido | Homopolar and bipolar hybrid excitation synchronous machines[END_REF][START_REF] Hoang | A new structure of a switching flux synchronous polyphased machine with hybrid excitation[END_REF][START_REF] Fodorean | A double excited synchronous machine for direct drive application: Design and prototype tests[END_REF][START_REF] Amara | Hybrid excitation synchronous machines: Energy-efficient solution for vehicles propulsion[END_REF][START_REF] Owen | Hybrid-excited flux-switching permanent-magnet machines with iron flux bridges[END_REF][START_REF] Nedjar | A new parallel double excitation synchronous machine[END_REF]. The presence of field windings actually not only creates additional heat sources but also alters some heat evacuation paths inside the machine. For certain types of DESM with very complicated mechanical structures, an accurate thermal analysis is hard to handle. There has been a big number of researches dedicated to electromagnetic designs of different types of DESM [START_REF] Vido | Homopolar and bipolar hybrid excitation synchronous machines[END_REF][START_REF] Hoang | A new structure of a switching flux synchronous polyphased machine with hybrid excitation[END_REF][START_REF] Fodorean | A double excited synchronous machine for direct drive application: Design and prototype tests[END_REF][START_REF] Amara | Hybrid excitation synchronous machines: Energy-efficient solution for vehicles propulsion[END_REF][START_REF] Owen | Hybrid-excited flux-switching permanent-magnet machines with iron flux bridges[END_REF][START_REF] Nedjar | A new parallel double excitation synchronous machine[END_REF][START_REF] Hoang | Flux control range broadening and torque ripple minimization of a double excitation synchronous motor[END_REF]. To the knowledge of author, however, efforts to examine the thermal aspect of this kind of machine seems to be quite few, [START_REF] Fodorean | A double excited synchronous machine for direct drive application: Design and prototype tests[END_REF] as an example. Thermal researches for this kind of machine are, therefore, necessary.

This paper is dedicated to the thermal analysis of a parallel type of DESM. The lumped parameter thermal network (LPTN), which is a very common method for a thermal analysis, is used. Thermal resistance calculations is a big challenge as they often require empirical formulations, and those values usually have significant impacts on the result. In this paper, thermal coefficients are determined by experiments. This paper is constructed as follows: section 2 introduces the DESM prototype. Then, the LPTN is addressed in section 3 with heat source and some main thermal resistances calculations. Section 4 is dedicated to the determination of thermal coefficients by experiments. Results are shown in section 5 followed by a conclusion.

DESM PROTOTYPE

A number of motor prototypes using double principle has been realized according to different criteria. Concerning the localization of the excitation flux sources, both sources can be placed in the stator and/or rotor. Regarding how flux sources are combine, a DESM can be classified as series or parallel ones. Fig. 1 shows the DESM prototype used in this paper [START_REF] Vido | Homopolar and bipolar hybrid excitation synchronous machines[END_REF]. This topology belongs to the parallel type, which was proved to be advantageous over the series counterpart in respect of controlling the open circuit flux [START_REF] Amara | Comparison of open circuit flux control capability of a series double excitation machine and a parallel double excitation ma-Fig. 8. Comparisons between calculated and experimental temperatures, cal. -calculated, exp. -experiment. (a) Case 1. (b) Case 2. (c) Case 3. chine[END_REF]. The main reason to choose the parallel type is due to the fact that the main flux path generated by field windings does not pass through permanent magnets (PMs). In this prototype, two global field windings are placed on the stator side, this arrangement helps to avoid sliding contacts. Ferrite PMs locates in the rotor using flux concentration principle to increase air-gap flux. Details of the prototype are given in Table . 1.

In this prototype, some motor flux lines are truly three dimensional (3-D) as in [START_REF] Vido | Homopolar and bipolar hybrid excitation synchronous machines[END_REF], so that solid core materials are advised to employ in some regions as marked in Fig. 1(a). As seen in Fig. 1(b), tow field windings are attached to the outer-stator core and placed right above the armature end-winding regions. This arrangement will alter the heat evacuation part of the armature end-winding since more heat will be evacuated through these field windings.

LUMPED THERMAL ANALYSIS NETWORK

GENERAL THERMAL MODEL

The thermal analysis model based on lumped parameters is to benefit from fast calculations while maintain- ing a good accuracy for overall temperatures. The thermal network is presented in Fig. 2, which is capable of considering the transient process by introducing thermal heat capacitors.

As it can be seen in Fig. 2, two types of thermal resistance are presented: one uses a simple coefficient, and the other needs empirical coefficients. The first one is computed based on the geometry of the object, while the second is more difficult and coefficients based on experiments or design experiences are desirable. It should be noted that the prototype is naturally cooled by ambient air. This means that the surface thermal resistance is pretty high with a low heat transfer coefficient. Some important points about the thermal analysis in this paper are listed as below:

1. Heat sources mainly consist of core and copper losses. Mechanical losses will be proved small. R field-yoke -between field winding and outer stator yoke, R end-field -between armature end and field windings, R end-active -between armature end and active parts, R end-rotor -between armature end winding and rotor surface, R phase-teeth -between armature active winding and stator teeth, R air-gap -air gap, R bearing -bearing. Losses: P CuF -field winding copper losses, P CuP -armature copper loss, P ironS1 -outer stator yoke core loss, P ironS2 -inner stator yoke core loss, P ironS3 -stator teeth core loss, P ironR -rotor core loss • Convection on the surface and air environment inside machine. • Radiation on the surface. • Conduction in copper windings and core.

The transient mode is solved by assuming losses

are constant in a short period of time. Copper losses are updated after each period when winding temperatures are obtained.

HEAT SOURCE CALCULATIONS

Heat sources includes core loss, copper loss, mechanical and windage losses. The unit core loss [W/m 3 ] is calculated as (1) [START_REF] Lin | A dynamic core loss model for soft ferromagnetic and power ferrite materials in transient finite element analysis[END_REF]. This formula considers harmonic contents.

P Fe = k h f Bα + k e 2π 2 T T 0 dB dt 2 dt (1) 
where k h , α and k e are core loss coefficients determined from sample measurements, f is frequency of flux density waveform, and T = 1/f . The copper loss is computed by ( 2)

P Cu = I 2 R [1 + β(θ -20)] (2) 
where I is RMS current, R is winding resistance at 20°C , β is thermal coefficient of winding at 20°C , and θ is winding temperature.

The mechanical loss consists of windage and bearing friction losses, which are calculated as (3a) [START_REF] Vrancik | Prediction of windage power loss in alternators[END_REF] and (3b), respectively. 

P windage = πC d ρR 4 ω 3 L a ( 

SURFACE THERMAL RESISTANCE

CALCULATION

Since the machine uses natural air cooling, the heat evacuation through the stator surface to the ambient becomes difficult. This is due to the very low heat transfer coefficient. Two heat transfer processes are included namely convection and radiation.

The convection process depends on the surface area and surface temperature θ s , surface orientation i.e horizontal or vertical, and ambient-air temperature θ a . The typical outer frame of a horizontal electrical machine is shown in Fig. 3 Following assumptions are made:

• Uniform temperature θ s on the outer-stator surface. • Two vertical plates are identical. The equivalent convective resistance is derived as (4). This calculation is resulted from the parallel connection between convective resistances due to the horizontal cylinder surface S 1 and two vertical plates S 2 .

R c = 1 h 1 S 1 + 2h 2 S 2 = 1 h c S (4) 
where h c is equivalent convective coefficient, and S is total surface.

From (4), h c can be computed as [START_REF] Owen | Hybrid-excited flux-switching permanent-magnet machines with iron flux bridges[END_REF]:

h c = h 1 S 1 + 2h 2 S 2 S 1 + 2S 2 = h 1 π D 2 4 + h 2 πDL π D 2 4 + πDL = h 1 D + 2h 2 L D + 2L (5) 
The radiative heat transfer facilitates the heat evacuation from the machine especially in natural air convection circumstances. The radiative heat transfer strongly depends not only on the surface and ambient temperatures but also on the surface property, which is characterized by the emissivity coefficient . This coefficient is not practically constant, instead, it varies with the temperature, color, and surface material [START_REF] ¸engel | Heat and Mass Transfer: Fundamentals and Applications[END_REF]. That makes the analysis quite complex. In this paper, the emissivity is assumed constant across the outer-stator surface.

The thermal resistance due to radiative heat transfer is given by ( 6):

R r = 1 h r S ( 6 
)
where h r is radiative heat transfer coefficient expressed by ( 7) [START_REF] ¸engel | Heat and Mass Transfer: Fundamentals and Applications[END_REF].

h r = σ c θ 4 s -θ 4 a θ s -θ a = σ c (T s + T a ) θ 2 s + θ 2 a ( 7 
)
where σ c is Stefan-Boltzmann constant (5.67•10 -8 W/m 2 /K 4 ), and θ s and θ a are surface and ambient temperatures, respectively.

The equivalent surface heat transfer coefficient is derived by summing up the individual ones h c and h r as ( 8)

h e = 1 R s S = h c + h r (8)

THERMAL RESISTANCE BETWEEN ARMATURE ACTIVE WINDING AND STATOR CORE

The thermal resistance between the copper core of the armature winding and the stator core is of importance because this big resistance is on the main path of evacuating the armature copper loss to the ambient. Fig. 4 demonstrates an armature winding in the slot with several material layers. k Cu,ir = 0.1076

• k f + 0.029967 (9) 
It should be noted that in case of no copper presented (k f = 0), k cu,ir is 0.029967 which is the thermal conductivity of the air (at 80°C).

The thermal resistance between the copper and iron core is determined as [START_REF] Vrancik | Prediction of windage power loss in alternators[END_REF].

R Cu,ir = S slot (1 -k f ) k Cu,ir l 2 sp L s (10) 
where l sp is stator slot perimeter, L s is active stack length, and S slot is stator-slot surface.

THERMAL RESISTANCE BETWEEN FIELD WINDINGS AND STATOR CORE

The double excitation principle presents additional field windings, this makes the machine complicated not only about the electromagnetic analysis but also the thermal one. The main reason is the "non-standard" assembly of these field windings. Unlike the armature windings, where the manufacturing and assembly processes would be standardized, and formulations for its thermal resistance is, therefore, widely available. No similar researches for that of the global field windings in the studied DESM. A field winding is shown in Fig. 5. As it can be seen, the contact surface between the winding and core is smaller than that of a winding located in the slot. Moreover, this contact is not so tight i.e. a big air space is presented between the windings and stator core. These explain why heat evacuation for the field windings of the prototype is difficult. The residual air and contact surface between the field windings and motor core (especially to the end-shield side) is difficult to determine. A correction factor α f will be applied to formula [START_REF] Vrancik | Prediction of windage power loss in alternators[END_REF]. Experiments are later on performed to determine this correction factor.

THERMAL COEFFICIENTS CALIBRATION BY EXPERIMENTS

In this part, several thermal coefficients will be experimentally calibrated. In detail, static experiments are carried out meaning that no core losses due to rotations.

Copper losses of the field and armature windinngs will be measured. Experimental setup is displayed in Fig. 6.

There are three static thermal measurements are carried out with details are as shown in Table . 2. In these tests, three armature windings are connected in series, and so do the two field windings. In test 3, all five winding are connected in series. In all tests, windings are supplied with DC currents.

Surface heat transfer coefficients are shown in Fig. 7. As it will be seen, there are differences between measured and calculated values. This can be explained by the fact that actual surface emissivities across the outer surface are not constant. More importantly, the machine in the experiment is coupled with some components, which certainly increases equivalent surface for heat evacuation. Therefore, a correction factor of 1.2, i.e. 20% increase, is applied to this coefficient. The coefficient α f for the field windings is determined as 2.5, meaning that a big adjustment (2.5 times) applied to [START_REF] Vrancik | Prediction of windage power loss in alternators[END_REF]. This is due to very big thermal resistances between the field windings and stator core.

RESULT AND EXPERIMENTAL VALIDATION

Comparisons between the analysis and experiments in the transient mode are shown in Fig. 8. As it will be seen, a good accordance is reported. Due to the natural air convection on the surface, the overall temperatures are pretty high even though the heat sources, i.e. copper losses, are low. In case 3, for instance, the total copper loss is only about 75 W.

CONCLUSION

The thermal analysis of a double excitation synchronous machine has been discussed. The machine's particularity in both theoretical and practical (due to assembly process) aspects makes it challenging for an accurate thermal analysis. Due to the empirical thermal equations used, experimental calibrations for some coefficients are necessary. The final analysis in a transient mode was compared to experiments with a quite acceptable accordance. The analysis could help to propose some cooling conditions to improve machine performances, such as improvement in the thermal contact between the field windings and the iron core to extend the thermal limit of the field windings, the utilization of field windings is, therefore, improved.
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 1 Fig. 1. DESM prototype. (a) Prototype. (b) Overall mechanical structure
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 22 Fig.2. Thermal network. Thermal resistances: R field-yoke -between field winding and outer stator yoke, R end-field -between armature end and field windings, R end-active -between armature end and active parts, R end-rotor -between armature end winding and rotor surface, R phase-teeth -between armature active winding and stator teeth, R air-gap -air gap, R bearing -bearing. Losses: P CuF -field winding copper losses, P CuP -armature copper loss, P ironS1 -outer stator yoke core loss, P ironS2 -inner stator yoke core loss, P ironS3 -stator teeth core loss, P ironR -rotor core loss

  3a) P bearing = 5.013 • 10 -4 µ f P eb ωd (3b) where ρ is air density [kg/m 3 ], R is average air-gap diameter [m], ω is rotor angular speed [rad/s], L a is axial length [m], C d is skin friction coefficient. µ f is friction coefficient, P eb is equivalent dynamic bearing load [N], and d is bearing diameter [mm].
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 3 Fig. 3. Outer frame configuration
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 4 Fig. 4. Winding insulation in the slot
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 5 Fig. 5. Field winding of the studied DESM
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 6 Fig. 6. Thermal experimental setup
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 7 Fig. 7. Surface coefficient according to surface temperature at 20 °C ambient temperature