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This paper deals with a structural optimization to maximize the no-load flux control capability of a double excitation synchronous machine (DESM). The air-gap flux in this machine type can be regulated by controlling the field currents. In this paper, this curve in the no-load condition is referred to as the flux control range (FCR). Maximizing the gap between the minimum-flux and maximizing the maximum-flux points of this curve is targeted to improve the controlling effectiveness of the field windings, and reduce field winding's copper losses. This gap is affected by two factors: the magnetic saturation and thermal limits of the machine. Thermal analyses are rarely focused for the DESM type in the literature. The contribution of this paper is to maximize the FCR gap taking into account the thermal limitation. In addition, a general guide for the DESM design will be also discussed.

Introduction

A Double Excitation Synchronous machine (DESM) introduces additional field windings in a conventional permanent magnet synchronous machine (PMSM) [START_REF] Nedjar | A new parallel double excitation synchronous machine[END_REF][START_REF] Vido | Homopolar and bipolar hybrid excitation synchronous machines[END_REF][START_REF] Tapia | Consequent-pole permanent-magnet machine with extended field-weakening capability[END_REF][START_REF] Liang | Permanent magnet electric machine with flux control[END_REF][START_REF] Akemakou | Dual excitation electrical machine, and especially motor vehicle alternator[END_REF][START_REF] Radomski | Alternating current generator[END_REF]. The air-gap flux can be weakened or enhanced by adjusting field currents. It is desirable to improve the effectiveness of the field currents to reduce the copper losses associated with this flux controlling. In this paper, optimizing the air-gap flux characteristic is means to maximize the gap between the minimum-flux and the maximum-flux points, this gap is called the FCR gap. In a research conducted by Nedjar et al., the flux regulations of different DESM structures were compared, and the authors proposed one design, in which the air-gap flux can be completely canceled [START_REF] Nedjar | A new parallel double excitation synchronous machine[END_REF]. Amara et al. showed advantages of a parallel DESM over a series one in terms of the no-load flux control capability [START_REF] Amara | Comparison of open circuit flux control capability of a series double excitation machine and a parallel double excitation machine[END_REF]. In [START_REF] Hoang | Flux control range broadening and torque ripple minimization of a double excitation synchronous motor[END_REF], the FCR was maximized using a parametric design method. All above works, however, did not consider the thermal aspect. Therefore, the obtained results probably overestimated the machine's flux controlling capability. This paper takes into account the thermal limitation so as to more comprehensively evaluate the machine's performances. Due to a numerous model evaluations, an electromagnetic model, which is constructed by using an equivalent magnetic circuit network (EMCN) method, will be adopted instead of the time-consuming finite element method (FEM). The FEM is used to validate the proposed model's accuracy. The thermal analysis is carried out by using a lumped parameter model, where the model's empirical coefficient calibrations are accomplished from measurements. These electromagnetic and thermal models are coupled to each other. The design constraint to be considered in this paper is that the machine must be able to handle the rated and maximum-speed points of a torque envelop curve, which will be introduced later on. The other optimization objective is to minimize the machine's volume since it is necessary for vehicle applications. This paper will be organized as follows: firstly, the DESM topology is presented. Secondly, the machines' modeling by the EMCN and lumped parameter thermal network will be addressed. Thirdly, some design variables and theirs sensitivities are examined. Then, the optimization and result discussion will be introduced, the Multi-objective Particle Swarm Optimization (MOPSO) approach is employed for the bi-objective optimization. Lastly, a conclusion is presented.

DESM prototype

DESM topology

The 3-kW DESM topology is shown in Fig. 1a, which was a prototype presented by Vido et al. [START_REF] Vido | Homopolar and bipolar hybrid excitation synchronous machines[END_REF]. This model belongs to the parallel type, in which the flux sources created by field windings do not pass through the PMs. The parallel type was proved to be advantageous over the series configuration in respect of controlling the no-load flux [START_REF] Amara | Comparison of open circuit flux control capability of a series double excitation machine and a parallel double excitation machine[END_REF]. In this prototype, two toroidal field windings carrying currents in opposite directions are placed in the stator. This arrangement, therefore, helps to avoid sliding contacts. Ferrite PMs are utilized and located in the rotor using the flux concentration principle. The magnetization directions of PMs are displayed in Fig. 1a. Due to the fact that some flux paths are truly three dimensional as detailed later on in Fig. 2 and Fig. 3, solid cores are advised to employ in some regions. With the directions of field currents being assumed in Fig. 1a, the machine is in the flux enhancing mode. Several parameters given in Table . 1 are fixed in the design optimization. 

Basic working principle

The parallel double excitation principle of the DESM prototype owns somewhat complex flux paths as shown in Fig. 2 for bipolar flux paths and Fig. 3 for the homopolar flux paths. Simply, homopolar flux paths create only one type of pole (north or south) under the active part. Meanwhile, bipolar flux paths create north and south poles under the active part [START_REF] Vido | Homopolar and bipolar hybrid excitation synchronous machines[END_REF]. Field windings only generate homopolar flux paths, while PMs produce both types. The bipolar flux paths created by PMs in Fig. 2 are similar to those of a conventional PM machine. 

FCR of the prototype

The experimental FCR of the prototype is shown in Fig. 1b. The peak-flux quantity in the vertical axis's legend is meant the peak of the no-load phase flux linkage. The maximum-flux and minimum-flux points are also displayed for this particular experiment. These two points depend on the magnetic saturation and thermal limitation of the machine. It is desirable to broaden the FCR gap. As it can be seen, lowering the minimum-flux point to be close to zero represents a highly desired flux weakening capability. Regarding the electromagnetic aspect, the maximum-flux is limited by the magnetic saturation in the stator teeth, while the minimum-flux is limited by the saturation in the end-shield parts. The magnetic flux density maps corresponding to the minimum-flux and maximumflux points in Fig. 1b are displayed in Fig. 4. 3. Electromagnetic and thermal modeling

Electromagnetic modeling by EMCN

The electromagnetic model is accomplished by using the EMCN method. The meshing idea of the machine's network is presented in Fig. 5a. The whole machine is decomposed into three main parts (parts 1, 3 , and 5 shown in Fig. 5a). These main parts are based on the four-reluctance-block network.

It means that at each node, flux paths are allowed to flow in only tangential and radial directions, i.e., a bi-directional block. In order to account for the 3-D flux paths, parts 2 and 4 work as the links between the three main parts. These two parts are based on one-reluctance blocks, where flux only flows in one direction, i.e. an unidirectional block. The nonlinearity is handled by iteratively solve the system equation using the fixed point method. The electromagnetic model provides copper and irons losses calculation as the heat source to the thermal model. 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 of a winding is computed by [START_REF] Vido | Homopolar and bipolar hybrid excitation synchronous machines[END_REF].

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

The accuracy validations against the FEM mothod are shown in Fig. 6a and Fig. 6b for the generated torque and iron loss, respectively.

(a) (b) 

Lumped parameter thermal network

A lumped parameter thermal model can benefit from a fast computation while maintaining a good accuracy [START_REF] Nerg | Lumped-parameter-based thermal analysis of a doubly radial forcedair-cooled direct-driven permanent magnet wind generator[END_REF][START_REF] Fodorean | A double excited synchronous machine for direct drive application: Design and prototype tests[END_REF]. The thermal network is shown in Fig. 5b, which is capable of dealing with the transient process by introducing thermal capacitors. As it can be in Fig. 5b, two types of thermal resistance are presented: one uses a simple thermal coefficient, and the others require empirical coefficients. The first type can be easily computed based on the object's geometry. The second one is more challenging, and the coefficients based on experiments or design experiences are usually required.

The cooling, which is the natural air convection for the prototype, is modeled by the thermal resistance R ambient using the surface heat transfer coefficient. For the natural air convection, this coefficient strongly depends on the surface temperature. The heat source consists of copper losses and iron losses derived from the electromagnetic model. The mechanical loss, which consists of windage and bearing friction losses, is neglected. The winding temperature is assumed uniform across the winding. The thermal model validation in the transient mode against the experimental result is displayed in Fig. 7.

In this validation, the rotor does not rotate, phase and field currents are all set to 4 A. The winding's temperature is derived on the basis of the resistance change of that winding. For the design optimization, the machine is assumed to cooled by water, whose the surface heat transfer coefficient is 300 W/ o C/m 2 . The coupling between the electromagnetic and thermal models is accomplished in the way that the thermal model is to calculate windings' temperatures and the electromagnetic model is to recalculated copper losses with the newly updated windings' temperatures. The updated copper losses will update the thermal model with the recalculated copper losses. The process continues until the temperatures converge. Note that, the iron losses are assumed temperature-independent.

Design variables and sensitivity analyses

The design objectives are to maximize the FCR gap and minimize the machine's volume. The design, however, must also satisfy constraints at two operating points of a torque envelop curve: the rated and maximum speed points shown in Fig. 8, which are (27 Nm, 2000 rpm) and (14 Nm, 4000 rpm), respectively. In this section, several design variables will be presented. Their sensitivity analyses will be performed. Aiming at clearly showing influences of variables on the objectives, the constraints are not considered in this step. There are 10 design variables to be considered as shown in Fig. 9. variable x 4 , which is the azimuth PM ratio, is calculated as the occupation of the PM at the radius level (x 2 + l b ), given by (3).

x 4 = W A-PM 2π(x 2 + t b )/12 (3) 
where W A-PM is the width of the azimuth PM and t b is the thickness of the rotor yoke, which is given in Fig. 9. For all designs, the ratio between t b and the shaft radius is assumed to be 38%, which is the same as that of the prototype. The variable x 7 , which is the stator tooth surface ratio, is calculated as the portion of the total stator tooth surfaces over the periphery of the inner stator's surface. Among design variables, only two variables x 4 , and x 7 do not influence the machine's volume. However, x 7 affects the armature winding's window and hence the thermal performance of the machine. All other variables will increase the machine's volume as they increase. Therefore, the sensitivity analyses will be presented only for the FCR gap minimization objective. The sensitivity analyses, which are shown in Fig. 10, are based on the dimensions of the prototype with the principle that only one variable changes at a time. Details of FCR curves are displayed in Fig. 11. The results shown in Fig. 11 are obtained by two steps:

1) The maximum field current density J f max is obtained for a given machine based on the thermal analysis with zero armature currents since only the FCR at the no-load condition is concerned.

2) For each machine, the FCR curve is derived from a set of 20 values of the field current density equally spaced from -J f max to J f max , the minimum-flux and maximum-flux points are determined from this set (exhaustive search approach). The influences of design variables as seen in Fig. 10 and Fig. 11 are summarized in the following. Note that, the maximum-flux point is limited due to the magnetic saturation in the stator teeth, and the minimum-flux point is limited due to the magnetic saturation in the end-shields as already shown in Fig. 4.

x 1 -Axial stack length: Increasing this value will increase both the minimum-flux and maximum-flux points as the flux contribution from azimuth PM increases. In addition, the saturation in the stator teeth will be mitigated, the FCR gap will increase as a result.

x 2 -Shaft radius: As the shaft radius increases, the air-gap diameter will increase. In addition, the stator tooth surface will increase as well. So the effectiveness of the field winding will increase in both flux weakening and flux enhancing. In overall, the FCR gap increases as the x 2 increases.

x 3 -Azimuth PM height: Increasing this height will increase the air-gap diameter. Therefore, the minimum-flux and maximum-flux all increase. In addition, the field winding's winding slightly increases leading to early saturations as seen in Fig. 11.

x 4 -Azimuth PM ratio:

Increasing this PM ratio will lower the counter-effective flux created by the field windings, and the FCR gap is improved.

x 5 -Side PM thickness:

The effect of increasing this thickness is similar to that of the azimuth PM ratio. In addition, increasing this value will increase the field winding's window, and the field winding's magnetomotive force (MMF) increases (with the same amount of field current density). Therefore, the saturation occurs earlier as shown in Fig. 11.

x 6 -Rotoric flux collector thickness:

The main effect of increasing this thickness is to increase the field winding's window. As the result, the minimum-flux and maximum-flux values are almost the same for different thicknesses, just the saturation occurs earlier when this thickness increases.

x 7 -Stator tooth surface ratio: Increasing this value has a similar impact as increasing the axial stack length x 1 , the saturation is mitigated and the FCR gap increases.

x 8 -Stator tooth height: Increasing this value will make the machine bigger, the saturation in the stator teeth does not change so that the maximum-flux stays almost constant. However, as the field winding's window slightly gets larger, a high field current density is allowed and a lower minimum-flux can be achieved. Therefore, the FCR gap increases as x 9 increases.

x 9 -Inner stator yoke height: Increasing this value will increase the field winding's window as well as the field winding's MMF (with the same field current density). This explains the "narrow-area" effect of x 9 on the FCR. Moreover, the total field winding's MMF is able to reach a higher value leading to a lower minimum-flux point. The maximum-flux point remains unchanged as the stator teeth's saturation does not vary. Therefore, the FCR gap increases as x 9 increases.

x 10 -End-shield's thickness: Increasing this thickness will lower the air-gap reluctance below the end-shields, this results in a less field current is required to regulate the air-gap flux.

In the following, a bi-objective optimization will be carried out taking into account the torque envelop requirement constraint.

Optimization, results and discussion

Optimization formulation

Since there are constraints for two operating points (rated and maximum-speed points), two subprocedures are required for each machine. These two sub-procedures aim at ensuring if the machine is able to generate the required torques at required speeds without violating the winding's temperature and voltage limits. Because the sub-procedure is not an optimization, a run with 50 randomly-chosen control variable sets (d-, q-axis armature currents and the field current density J f ) is examined to decide if the machine satisfy the constraints. This approach is considered as a compromise between the computation time and the optimization quality. As the machine satisfies two constraints, the FCR gap is obtained based on the approach presented in section 4. The machine's volume is easily computed based on the stator outer diameter and machine's total axial length, i.e., the stack length plus the field windings' width and end-shields' thickness. The optimization is formulated as (4). Note that, the maximizing FCR gap objective is transformed to minimizing "-FCR gap" to have a min-min optimization problem, which is common in optimization demonstrations.

Minimize 

X=[x 1 ÷x 10 ] F (X) = -FCR

Optimization result and FEM validation

The MOPSO technique [START_REF] Aubry | Bi-objective sizing optimization of a pm machine drive on an operating profile[END_REF] is used for the optimization. This optimization technique is an evolutionary computation optimization (a search method based on a natural system) developed by Kennedy and Eberhart [START_REF] Kennedy | Particle swarm optimization[END_REF]. A combination of 60 particles and 50 iterations, i.e. 3000 machines are examined, the computation time is 87 hours on a quad-core, 2.93 GHz, 12 Gb of RAM. Note that, this computation time includes two sub-procedures of 50 sets of control variables for each machine. The optimization result, which is presented in a non-dominated pareto-front, is shown in Fig. 12. Note that, due to the stochastic nature of the MOPSO technique, 3 optimization runs were performed to obtained the result. In order to examine in detail the solutions presented in Fig. 12, three machines ("machine 1", "machine 2", and "machine 3" in Fig. 12) are extracted as shown in Fig. 13. The corresponding parameters are shown Table . 2. As seen, the variable x 4 , which is the azimuth PM ratio, prefers the upper boundary of its domain. This is in accordance with the sensitivity analyses of x 4 presented above: increasing this value will lower the counter-effective flux created by the field windings. Therefore, the FCR gap is kept high. The variable x 7 , which is the stator tooth surface ratio, prefers to stay at the lower boundary of its domain. This contradicts the expectation of the variable's trend from its sensitivity analysis, which claimed that increasing this value will lower the magnetic saturation in the stator teeth and the FCR gap increases. However, the small value of x 7 can be explained by the fact that it leaves more room for the armature windings to satisfy the two operating points' torque constraints.

The FEM validations on the FCR curves are shown in Fig. 14. As observed, a good accordance is reported between the EMCN and FEM results. Different ranges for the field current density J f is due to the different field winding's windows as well as other machine's dimensions. However maximum field current densities of these three machines are close to each other. As it will be seen for the "machine 3", the air-gap flux due to PMs can be nearly canceled out, which is highly desirable for the flux weakening control. Another criterion can be considered to evaluate the effectiveness of the field windings. This criterion is defined as the slope M of the FCR curve expressed by [START_REF] Akemakou | Dual excitation electrical machine, and especially motor vehicle alternator[END_REF]. A high value of M means that certain flux can be regulated at the expense of a small amount of field windings' copper losses. Table . 3 summarizes slopes of FCR curves for the three extracted machines, results are obtained by using the EMCN method.

M = FCRgap J f 2 -J f 1 [mH.mm 2 ] (5) 
where J f 2 and J f 1 are field current densities corresponding to the the maximum-flux and minimum-flux points, respectively. 

General discussion

A DESM is able to regulate the air-gap flux more flexibly compared to conventional PM machines. However, it is accomplished at the expense of a bigger volume and more cost due to the presence of additional field windings. The working principle should be also more complicated especially in case of the parallel configuration as with the DESM topology presented in this paper. An interesting point in choosing machine's dimensions in order to maximize the FCR gap is about the width ratio (or the thickness) of the azimuth PM. As pointed out, this thickness should be designed as high as possible. This might contradict the conventional PM machine designs because the flux weakening of those machines becomes more difficult as the d-axis armature current must pass through this PM. As with the DESM, the flux control can be handled much easier by field windings. Moreover, having a thick azimuth PM helps to reduce the counter-effective flux of the field windings as discussed. This design rule is applicable to the parallel-flux-combination cases with the presence of the counter-effective flux from field windings passing though PMs. Another aspect to be considered when designing the DESM is to better design the thermal contact between the field windings and the iron core. It helps reduce the field windings' copper losses. However, concerning the capability to improve the flux control range, it requires an elaborate analysis since the magnetic saturation might occur ealier than the thermal constraint violation.

Conclusion

An optimization with an objective aiming at improving the no-load flux control range of a DESM has been performed. Some critical operating points of a torque envelop curve were used as constraints. The complexity in both electromagnetic and thermal aspects were well handled by using equivalent circuit networks. One configuration is also found to nearly cancel out the PMs' flux. In the future works, a more comprehensive study to evaluate performances of the DESM in a specific vehicle application will be carried out.
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 1 Fig. 1: (a) Reference model of DESM. (b) No-load peak flux according to the field current.
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 23 Fig. 2: Bipolar flux paths created by PMs
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 4 Fig. 4: Magnetic flux density maps of the minimum-flux and maximum-flux points of the prototype. J f is the field current density
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 56 Fig. 5: Machine's modeling. (a) Meshing idea with the EMCN technique . (b) Thermal network with thermal resistances:R field-yoke -between field winding and the outer stator yoke, R end-field -between the armature's end winding and a field winding, R end-active -between the armature's end winding and armature's active winding, R end-rotor -between the armature's end winding and rotor surface, R phase-teeth -between the armature's active winding and stator teeth, Rair-gap -air gap, R bearing -bearing. Losses: PCuF -field winding's copper losses, PCuP -armature winding's copper loss, PironS1 -the outer stator yoke's core loss, PironS2 -the inner stator yoke's core loss, PironS3 -the stator teeth's core loss, PironR -the rotor's core loss
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 7 Fig. 7: Thermal model validation. Phase current 4 A, field current 4 A
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 89 Fig.8: The torque envelop requirement for the design constraints, the operating points for constraints are marked with circles.
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 10 Fig. 10: Sensitivity analyses on the FCR gap. The vertical axis's labels for all sub-figures are "FCR gap [mWb]".
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 11 Fig. 11: Sensitivity analyses on the FCR curves. The vertical axis's labels for all sub-figures are "Peak flux/phase/turn [mWb]" and the horizontal axis's labels are "Field current density [A/mm 2 ]. Curves corresponding to the lower and upper variable bounds are marked with dash (-) and plus (+) symbols, respectively.
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 12 Fig. 12: Non-dominated solutions optimization result
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 13 Fig.13: Three machines extracted from non-dominated solutions in Fig.12
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 14 Fig. 14: FEM validation for 3 machines marked in Fig. 12. (a) Machine 1. (b) Machine 2. (c) Machine 3.

Table 2 :

 2 Dimensions of extracted machines in Fig.12

	Variable	Machine 1	Machine 2	Machine 3
	x1 [mm]	34	38.3	36.6
	x2 [mm]	15	16.1	19.8
	x3 [mm]	24	24.9	27.3
	x4	0.8	0.8	0.79
	x5 [mm]	6	8.6	9.5
	x6 [mm]	15	15	17.2
	x7	0.4	0.4	0.4
	x8 [mm]	15	15.1	16.8
	x9 [mm]	9	9	11
	x10 [mm]	5.2	7.2	8.4
	Outer stator diameter [mm]	163.2	173.2	200.6
	Total axial length [mm]	86.4	100.0	106.5

Table 3 :

 3 Summary of the slopes of various FCR curves

		Machine 1	Machine 2	Machine 3
	Maximum flux [mWb]	2.53	3.11	3.51
	Minimum flux [mWb]	0.66	0.44	0.04
	M [mH.mm 2 ]	0.15	0.23	0.38