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 Abstract – One major challenge of e-aerospace motor is high 

densities (kW/kg, Nm/kg) keeping a high functional reliability. With 

high switching frequency Voltage Source Inverter (VSI) using Wide-

Band Gap (WBG) components, the DC-bus capacitor mass can be 

reduced. On contrary, because of very short commutation time 

(<50ns), the requirements for the connexion between VSI and 

machine terminals are higher. For a better proficiency, the 

integration of VSI inside the machine is then desirable. Besides, with 

WBG components, the temperature limit of the VSI is becoming 

higher than 150°C and consequently close to those of machines, 

favouring a common cooling and so, mass reduction. Finally, in 

integrated drive, the major drawback of fault-tolerant multiphase 

machines due to numerous external cables is alleviated. In order to 

benefit of this evolution, new topologies of integrated drive can be 

imagined. The paper examines different candidates of multiphase 

machines for integration and proposes an original topology taking 

into account simultaneously different constraints and opportunities. 

I. INTRODUCTION 

One major challenge of e-aerospace motor [1]-[2] is 

high torque and power densities (Nm/kg, kW/kg) while keeping 

a high level of functional reliability [3]. Voltage Source inverters 

(VSI) with WBG components (SiC and GaN) allow an increase 

of the Pulse Width Modulation (PWM) switching frequency. So 

a reduction of volume and mass of the DC-link capacitors can be 

obtained [4]. Nevertheless, new challenges appear [5], especially 

due to short switching times (related to high dv/dt) of WBG. 

Overvoltage (up to factor 2),  depending of the cable length are 

imposed mainly at the first winding turns of the motor 

(“terminals”) [6][7], but also, overvoltage at the neutral end, in 

case of star coupling [8], can destroy the insulation or at least 

accelerate the  aging of the motor especially when Corona effect 

(in end-windings)  may occur, such as in aerospace (Paschen 

law) [9]. The structural reliability is then decreasing. If for low 

voltage applications (such as 48V DC voltage), a voltage margin 

of two  for insulation is not too much a problem, it is less obvious 

for higher DC voltage such as those considered for aerospace 

applications (>400V), for mass constraint. As with integration of 

VSI, the reduction and proficiency of cable length is intrinsically 

obtained, integrated drive as already proposed for Electro-

Hydrostatic Actuators [10], get an advantage upon classical 

drives. 

Integrated Drives in transportation are existing since 

numerous years in research [11]-[16]  or industrially in low 

power applications  ([17], Figure 1), but with a relatively low 

power  density because of the maximum working temperature of 

Si components, around 150°C, lower than the one available for 

windings insulation  or permanent magnets. Recently, higher 

powers have been obtained, usually by merging the VSI case 

with the machine one ([18], Figure 2). The major benefit is then 

to propose a kind of ‘plug and play’ drive with only two external 

DC cables to connect to a battery without the EMI issues of AC 

cables, but also to use only one cooling system. Nevertheless, 

with higher internal mechanical/vibration and thermal 

constraints in comparison separated VSI and machine classical 

drives, the sizing of the power Si components must be chosen to 

warrant the desired functional reliability, either by  higher 

voltage/current safety margins, or by the choice of topologies 

tolerant to one component fault. Such topologies include either 

three-leg VSI but with transistors connected in parallel ([19], 

Figure 4), or VSI with more than three legs to get at least three 

independent currents with three phases [20]-[22].  

Figure 1: three-phase integrated drive for automotive from [17] 

Figure 2; Integrated drive for automotive from [18] 

With the emergence of WBG components, whose 

theoretical maximum temperature is much higher than 200°C [5] 

and more compatible with those of the other components of the 

drive, a new step can be considered for actuators in high 

temperature environment. 

 Nevertheless, according to  Markov method [22]-[26], 

a higher complexity of the drive with a higher number of 

components decreases,  the structural reliability. It is then 

convenient, if possible, to reduce the part of uncertainty in the 

manufacturing process (for the windings for example) and to 

consider preferably the functional reliability. Indeed, with a 

fault-tolerant drive, it is possible to maintain the wanted 

functionality, with a reduced demand [27]-[28], even if a few 

components are in fault. For a drive, the power components are 

statistically the less reliable ones and predictive maintenance is 

difficult to consider for them in comparison with bearings. So it 

is particularly important to consider the impact of a transistor 



failing. For an integrated three-phase drive with recent WBG 

components [5], the required reliability can impose an overrating 

of the transistors, in contradiction with the research of mass 

reduction. The physical reason is that with only two independent 

currents to achieve the rotating field of the machine, there is no 

tolerance to a VSI-leg failing. If one phase is not supplied, the 

average torque is so low, and with so large torque ripples, that 

the machine can not run. The structural reliability can be reached 

only by imposing a high reliability for the VSI-leg. Practically, 

it is possible by considering several transistors in parallel for 

each leg ([19], Figure 3, Figure 4). But , because of initial 

unpairing between the transistors and,  above all,  growing 

differences with the life on the way, unequal  repartition of tasks 

between transistors  must be considered leading also to 

consequent safety margins necessity. 

Figure 3: 3-leg VSI view with  

DC link capacitors from  [19] 
Figure 4: three-phase drive with 

transistor in parallel from  [19] 

Increasing the number of VSI legs over three and 

consequently the number of machine “phases” to supply is 

becoming an obviousness [4],[10],[29]-[31] . Nevertheless, for 

economical industrial constraints such as certification in 

aerospace or more generally the possibility to reuse previous 

development of three-phase drives, the simplest solution for 

industry is to just modify, if possible, existing three-phase 

machines. In this context, as usually one phase is obtained by 

series or parallel connexions of several coils, it can be imagine 

effectively to just modify the electrical connexions. One phase 

is then split into two or more phases electrically in parallel. 

Externally, it appears just several three-leg VSIs working in 

parallel. The obtained multi-phase machines are then in first 

approximation, multi three-phase machines. It is probably the 

reason why the most frequent multiphase machines are six-phase 

machines with two three-phase star coupled windings. 

Unfortunately, large parasitic currents can appear in such 

configuration if the control of the multi 3-leg VSIs is not done 

carefully and the machine not correctly chosen. The fundamental 

physical reason is the existence of magnetic couplings between 

the different three-phase windings. As a consequence the 

different k 3-leg VSI (k=1,2, etc) must be considered for the 

control as only one 3k-leg VSI with synchronisation and not 

independent ones. So the initial motivation to reuse previous 3-

leg VSI is limited. For about twenty years, other kinds of 

multiphase machines have been developed, making profit of 

specific characteristics allowed by the “real” multiphase 

machines in terms of torque ripples, torque density (with 5 to 9 

symmetrical machines) or performances in fault mode [31]-[37]. 

Of course, they are requiring new characterization and more 

intelligent and innovative controls but thanks to the increase of 

1 spp: number of slot per pole and per phase 

computing power (FPGA and DSP), more complex algorithms 

of control can now be implemented in real time. 

In this paper, after a review of the different 

configurations of multiphase drives obtained from three-phase 

machines, a novel topology of drive with WBG transistors is 

described. This topology [38] aimed to take into account 

simultaneously the different opportunities and constraints of 

technological evolution in order to improve reliabilities. 

II. MULTI  THREE-PHASE MACHINE DRIVES AND

SYMETRICAL n-PHASE DRIVES 

It exists different kinds of multiphase machines with 

different properties. All of them allow a tolerance to VSI power 

components failure. The simplest ones, obtained from original 

three-phase machines, suffer in general, when supplied by VSI, 

from parasitic, also called circulating, high frequency currents 

(close to PWM carrier frequency). They also suffer from 

harmonic low frequency currents, even if average sinusoidal 

voltages are imposed. The amplitudes of the circulating currents 

depend on the value of mutual and leakage inductances. 

Specifically, for the high frequency circulating currents, the 

choice of the PWM strategy has also a great impact, while for 

the harmonic circulating currents, the topology of the control and 

the value of PI parameters are important. 

This kind of problems have emerged more than twenty years 

ago [39] for high power systems such as electrical cruise ships 

with propulsion supplied by VSI (>5MW). A practical solution 

was then to add large inductances in series with the phases in 

order to limit the amplitude of high frequency currents. 

Effectively, even if these last ones can be easily filtered for the 

control and have a low impact on the torque quality, they lead to 

an oversizing of the power components and induce 

supplementary losses. With new applications of multiphase 

machines for automotive applications, with lower power, recent 

papers propose more intelligent solutions based on an increase 

of the computing power (FPGA, DSP) and machines with 

fractional slot winding. It must be remarked that with WBG 

components, the use of higher carrier frequency is more 

interesting than for three-phase machine characterized by only 

one electrical time constant. With multi three-phase machines, it 

is the smallest time constant (usually associated to leakage 

inductance) which is impacting the choice of the PWM 

frequency.  

1>Multi three-phase machine without electrical shift 

 In Figure 5: from [40], segmentation or not of VSI  with 

representation of possible lane for current circulation  is 

represented. Without segmentation, but with the same number of 

transistors, no circulating currents are possible. It can be shown 

that for a given PWM strategy, it is, for machines with classical 

windings (integer value for spp1), the value of the leakage 

inductances which limits the amplitude of HF circulating 

current. With new tooth concentrated windings machine (spp 

fractional number), it is no more the case. As a conclusion, if the 

machine is more simple to imagine in case of multi three-phase 



configuration, the proficiency of the circulating currents is 

sensitive to the manufacturing of the windings.  

Finally, in fault mode operation with open phase, the 

classical reconfiguration is to supply only the healthy three-

phase windings with a loss of 50% of the power. 

Figure 5: from [40], segmentation or not of VSI  with representation 

of possible lane for current circulation  

2>Multi  three-phase machine with electrical shift  angle 

Based on a three-phase machine, it is often possible to 

achieve  new coil couplings in order to obtain  multi-star three-

phase machine with electrical shift (see Figure 6, Figure 7). With 

this kind of machines, the torque ripple and the capacitor DC link 

current can be reduced [41]-[42]. Nevertheless, internal 

circulating currents are still possible [43]-[44], but, in 

comparison with previous multi three-phase machines without 

shift, these currents can be easier managed by new PWM 

strategies and adapted control. The most used machine is the 

double three-phase machine with a 30° electrical shift between 

the two three-phase windings and more recently triple three-

phase machines with 20° electrical shift between the three three-

phase windings [45].  It can be remarked that the transformation 

of a three-phase machine in a multi three-phase machine with 

electrical shift is not always possible. 

Finally, it must be highlighted also that the attractive case of 

using two identical controls for each three-phase winding, not 

only induces circulating but also instabilities in the control [46]. 

In fault mode operation with open phase, the classical 

reconfiguration is to supply only the healthy three-phase 

windings with also a loss of 50% of the power. 

3>Symmetrical n-phase machine 

A symmetrical n-phase machine is characterized by an 

electrical angle between two successive phases of 2 /n. The 

most studied symmetrical machines are with n=3, 5, 7, 9, 11. The 

properties of these machines are quite interesting in normal and 

also in fault mode in comparison with multi three-phase 

machines. In normal mode, the quality of torque and the torque 

density is increasing with the number of phases until about 13 

phases when only one neutral point is considered. 

Among these machines, the 9-phase symmetrical machine 

(40° between two successive phases [47]-[49]) may benefit of 

the industrial developments done for three-phase machines.  

On contrary, in the case of triple three-phase windings 

configuration, the possibility to inject a third harmonic for 

increasing the torque is no more possible and fault tolerance 

reconfiguration is limited. When only one neutral is used with 

symmetrical n-phase machine, the loss of power is about 1/n 

when one phase is opened, instead of 33% with a triple star and 

50% with a double star windings. Even in this case of triple-star 

coupling, [50] shows the interest of the nine-phase symmetrical 

machine for the reduction of the DC-bus capacitors. 

Figure 6: double three-

phase machine windings 

Figure 7: Triple three-phase 

machine windings from [45] 

4> Modular/sectorized machines and Fault Tolerance 

Numerous studies are done on multi three-phase modular 

machines with [51] (see Figure 8 ) with a spatial sectorization. 

When each sectorization modulus is done with a three-phase 

winding supplied by a three-leg VSI, a huge unbalance can be 

observed in fault mode with only one non-supplied sector. This 

kind of drawback has been studied. In [52] a decoupling control 

has been proposed.  

Other solution are proposed  for the design: 

 Each three-phase modulus is associated to another one

located at 180° mechanical angle [53]. When one modulus is not 

supplied, the other one at 180° is also opened. Mechanical 

unbalance due to radial forces is then reduced. 

 Each neutral is supplied by one supplementary leg and

a reconfiguration is done [55] in order to limit unbalance. 

In conclusion, sectorized machines must be studied with 

cautious especially if a fault tolerance is required. 

Figure 8: sectorized machine with VSI supply from [51] 



III. PROPOSED INTEGRATED MULTIPHASE

TOPOLOGY 

In the first part,  proposals are done in order to get a higher 

level of structural reliability for integrated drive. In this parts 

we describe how the proposed topology fullfills these 

requirements in terms of electromagnetic machine design, 

power converter and thermal design.  

1> FOR Improving the  Structural RELIABILITY: 

a>Imposing structural symmetry and proposing heat 

pipes 

In a aircraft,the mass impacts much more  the global 

efficiency of the system than for terrestrial transportation. As a 

consequence, a high efficient (operating with low current 

density) but with a high mass can be less interesting than a 

lighter machine (operating with higher current density)  but 

with a lower efficiency. In that case, the choice of the working 

current density can be much more higher than with a motor 

used in terrestrial transportation (5-10A/mm2). 

In an electrical machine, the maximum temperature 

supported by the insulation and the magnets are the major 

limiting factors. During extreme transient operation, the 

current density can be highly increased (over 10A/mm2) and 

the copper windings are the first elements which need to 

evacuate their heat in order to limit the increase of temperature. 

The maximum current density is estimated accounting for the 

location in the windings, where the temperature is the highest 

for the insulation [9], [56]. The topology of the machine is of 

interest to avoid hot spot genesis. It can be assumed that it is 

best to avoid asymmetries in heat flow either radially or 

axially. Thus, the topology will impose a symmetry with 

respect to an orthogonal plane passing through the middle of 

the machine at first  and finally by using one VSI at each side 

of the machine. In order to reduce the gradient of temperature 

along axial direction for high speed machine with a low ratio 

diameter/length, axial cooling, in addition with natural radial 

cooling, is of interest. As an example, in the proposed 

topology, heat pipes are inserted symmetrically inside each slot 

of the machine and also inside the rotor. Their  non-linear 

thermal resistance can be a good way to limit thermal runaway. 

Other proposals with other disposal of heat pipes can be found 

in [57]-[59]. 

b>Imposing concentrated tooth slot machine 

(fractionnal winding) 

Considering the thermal constraints and also the 

dielectric ones imposed by the use of VSI with WBG 

components, it can be considered as preferable that the coils of 

the different phases do not have physical contact  between them 

especially in end-windings axial parts. Hairpin windings for 

machine with classical integer spp can be used [6].  The end-

windings are then better overcome but remain complex to 

manufacture and consumme space. For more recent machines 

with tooth concentrated windings (spp is a fractional number),  

it is also possible to ensure a proficiency of the wire position 

inside the winding, which are besides convenient for modular 

machines. But even if these machines allow very short end-

windings, undesired properties in terms of torque ripple, eddy 

currents losses and  vibrations due to unbalanced magnetic pull 

require careful choices for spp. For three-phase machines 

12kslots/8kpoles and 12k slots/10kpoles (k=1,2,etc) are 

commonly used in automotive applications. For multiphase 

machines, different studies have been conducted to find 

compromise [60]-[63]. Finally, in order to be able to overcome 

the reproductibility of coils there are made outside the 

machine. So, the slot have to be opened in order to be able to 

insert them easily. This process for insertion of coils  induces 

a space at the basis of the slot. This space has been replaced by 

a small tooth in which is inserted  statoric insulated heat pipe 

(see Figure 18 and Figure 19). Thus the filling factor is 

increased by insertion of cooling very close to the origin of 

heat. 

c>Imposing open-winding toplogy 

in spite of imposing more VSI legs, open-end 

windings topology is considered as preferable because it : 

 allows to impose the full DC voltage to each phase and

consequently, for a given power, to divide by two about

the phase current ;

 adds degrees of freedom for the PWM control, interesting

for overvoltages mitigation [64] ;

 reduces, with WBG components,  the voltage constraints

due to fluctuation of neutral-core voltage potential [8] ;

 is  also favourable to drives requiring two independent DC

voltage sources for fault tolerance concerning the DC

supply.

d>Increasing thermal symmetry by heat pipes 

In order to give to the machine an ability for transient 

operation with non-linear resistance but without imposing 

liquid cooling with external pump and variable flow, heat pipes 

have been considered both for the rotor, to protect permanent 

magnets, and for the  stator. The location of statoric heat pipes 

is particular and benefits from the constraints on tooth 

concentrated windings  and open-slot. It has been possible to 

insert heat pipe in a tooth inside each slot with dielectric 

insulation. Thanks to very short end-winding, condenser of 

heat pipe can have been inserted. 

In table 1, a sum-up is presented with the solutions brought to 

the weak points of a machine for use  with WBG.  

TABLE 1 sum-up of  considered challenging points for improving 

structural reliability of integrated drive with WBG 

Classical 

drive weak 

points for use 

of WBG 

Associated 

risk 

Proposed Solution (adopted in 

proposed topology) 

Cable 

between VSI 

and machine 

Machine 

overvoltage 

inducing 

short-circuit 

in first turns 

1>Overating insulation 

2>Shorten the cable length by 

integration 3>Non random 

winding for the  coil: hairpin 

winding  or making coils 

outside with insertion around 

each tooth  ( fractionnal 

winding)  



4> Prediction calculation 

(software) 

Short circuit 

between coils 

of different 

phases in end-

windings 

Breakdown 

Insulation in 

end-

windings 

(particularly 

in low 

pressure 

air/Corona- 

Paschen) 

No contact 

1>by Hairpin (classical machine 

wit integer) spp 

2>by tooth concentrated 

winding (fractionnal winding 

machine with spp fraction )   

Spp! Number of slots per pole 

and per phases 

Fluctuation of 

machine 

neutral point 

Voltage 

Breakdown 

or 

accelerated 

aging of coil 

insulation 

„Open-winding” topology with 

full-bridge supply  for each 

phase with interest of doubling 

the phase voltage with same 

DC-bus  value 

Classical 

challenges for 

Integrated 

Drive 

Associated 

risk 

Solution (adopted in proposed 

topology) 

Constraint on 

DC-link 

capacitors 

No supply 1>Derating capacitors 

2>Split the constraints between 

two VSIs 

3>Reducing capacitor current 

ripple with increasing the 

number of phases 

4>Multilevel Flying Capacitors 

VSI 

Transmission 

of machine 

vibrations to 

Printing 

circuit board 

(PCB) 

Aging or 

destruction 

of PCB and 

DC source 

1>Multiphase machine with 

intrinsic  low torque ripple and 

radial forces balance 

2> Strategies of control in fault 

mode operation  

Non 

symmetrical 

heat flux due 

to barrier (for 

example 

connexion 

between coils) 

Creation of 

hot spots 

inducing 

limitations 

1>symmetrical construction 

guaranteeing symmetry of heat 

flow: the  terminal connection 

of coils are symmetrically 

distributed on both axial side of 

the machine 

2>symmetrical heat pipes with 

non-linear thermal resistance are 

proposed for transient  operation 

2> Example of multi-phase machine topology 

In this paragraph, we give  a few elements concerning 

two prototypes which have been achieved to implement the 

proposed  topology. In both cases the machine is  fractionnal 

with 20 slots, 20 coils, 14 poles (spp=2/7) in order to warrant 

good compromise mainly considering torque ripple, winding 

factor and efficiency [62]. Various configurations can be 

defined for the number of phases mainly depending on the 

constraints on the number of legs for the VSI and the number 

of  DC-bus sources.  

On Figure 9, it is a 5-phase open-winding configuration 

with only one common DC-bus source and by two 5-leg VSIs. 

On Figure 10, it is a 10-phase (or double 5-phase) in open 

end-winding supplied by two independent DC-bus sources. 

With more than three phases, functionnal reliability in 

different fault modes have been published for the five-phase 

machine;  

 opened phases [65]

 transistor always opened or in short-circuit [66]

 associated fault detections [67]-[69]

 Reconfiguration control with different strategies

[65],[70]

When one phase is opened, it is not necessary to open two 

other phases to be able to develop torque with low ripples as it 

is the case with multi three-phase machines.  

On Figure 11  the configuration of Figure 9  has been 

implemented in an existing five-phase machine (prototype 1) 

by the addition of two five-leg VSI (Figure 16) on each axial 

extremities. The connexions (in blue) between machine and 

VSIs are still external.  

On Figure 12 and Figure 13, it can be seen on the 

prototype1  that, even with concentrated tooth winding, the 

connexion  of 4 coils in series in order to obtain each phase 

induces a non symmetrical disposal which is at the origin of 

disymmetry on the temperature repartition in comparison with 

the virtual prototype (Figure 14). 

Figure 9: 5-phase open winding PMSM and its inverter with only 

one DC voltage source, each phase is obtained by connection of 

four coils 

Figure 10: Open windings with ten-phase machines and two 

independent DC-bus voltage 

Figure 11: views of one  5-phase PMSM prototype 1 with the two 

VSI parts on each axis side external connection between 5-leg 

VSI and 5-phase machine 



Figure 12: Front end of tooth 

concentrated winding without 

contact between coils of 

prototype 1 

Figure 13: undesired back-end 

of windings  with connexions 

between coils of prototype 1 

In Figure 15 an exploded view of the machine with rotoric 

and statoric heat pipe symmetrically inserted in the iron sheets 

can be seen. In Figure 17, connection disks have been added 

and a zoom of the end winding with heat pipe statoric 

condenser and copper coil can be seen. More details on the 

location and the way to insert statoric insulated heat pipe in 

iron sheet tooth defined in each slot can be found  (Figure 18 

and  Figure 19). 

Figure 14: virtual view of prototype 1 

Figure 15: Exploded view of the symmetrical machine with 20 open-

slot stator, 20 tooth concentrated coils, 14 internal magnets and 

statoric and rotoric heat pipes, prototype 2 

Figure 16 exploded view of one VSI with five-leg for prototype 1 

Figure 17: example of symmetrical connections of coils with 

two axial connecting discs and statoric heat pipes ended by 

condensers 

Figure 18: Condenser 

of the heat pipe over 

short end-winding coils 

Figure 19: open slots of stator sheet 

with hole for heat pipe insertion 



3> Inverter design of the integrated prototype 

For the making of the integrated VSI (5-Leg inverter) 

in the machine, it is necessary to select the power components 

corresponding to the technical specifications of the prototype. 

Thus, starting from the electrical, thermal constraints and the 

dimensions of the converter PCB (surfaces available on both 

sides of the disk), a comparative study of the different power 

component technologies (Si, SiC and GaN) was carried out. 

The obtained results of this study show that, for this application 

and the constraint on the available surface of the PCB (Figure 

20), the GaN transistors constitute the best solution for the 

realization of the integrated VSI. The advantages of the chosen 

GaN transistor 100V@90A at 25°C (GS61008T- GaN 

Systems) are: PCB footprint is very low (7.0x4.0mm², with 

0.54mm thickness), a thermal pad on the high side and the 

component is bidirectional in current (does not require a 

reverse parallel diode,Figure 21). 

Figure 21: PCB geometry of on side of the inverter 

Thermal simulations of GaN transistors with their cooling 

systems are carried out and the obtained results are shown in 

Figure 22 for different leg-conduction situations of the 

inverter. 

Figure 22: thermal simulations of different conducting situations for 

the 5 legs VSI 

Electrical and thermal simulation results are validated on a 

single leg. The second step consisted in making the converter, 

a photo of the PCB from the side of the low voltage level 

circuits (drivers, power supply, current sensor and protections) 

is shown in Figure 23. The converter with its cooling system is 

made then insert into the machine as shown in Figure 11. 

Figure 23: 5-leg GaN inverter realization 

4>Cooling system: heat pipes 

For machine working at high current densities, liquid 

cooling is usually used with a water jacket above the magnetic 

frame of the stator [71]-[72] and more rarely in the stator sheet 

[73]. It is then possible to increase the cooling during transients 

by changing the rate of flow but with the  drawback of 

necessary external pump. For the PM rotor, sometimes cooling 

is assumed by flow circulating inside the rotation axis but it is 

not easy [74].  

Heat pipes have been chosen  in stator and also in rotor 

because of their thermal non-linear characteristic. Their 

properties are in adequation with transient operation requiring 

more torque during a few minutes. Moreover, for the purpose 

of design of motor drive, passive cooling solutions are favored 

above all for reasons of compactness. Hence, implanting heat 

pipes in our electrical machines is relevant. 

In our prototype, static heat pipes are used to cool down the 

stator / coils where revolving heat pipes are set to protect the 

magnet in the rotor.  

The heat pipe is a heat superconductor operating in a closed 

cycle according to the evaporation-condensation principle, 

with liquid return either by gravity or by capillarity. Its interest 

comes from the very high value of the latent heat of phase 

change compared to the specific heat. It consists of a 

hermetically sealed enclosure containing a refrigerant. The 

choice of heat transfer fluid depends on the expected working 

temperature. 



Figure 24 Principle of heat pipe working 

Several static heat pipes have been implemented in the 

stator sheet. Each static heat pipe is made of copper, with a 

diameter of 4 mm and a length of 23.5 mm. In the condenser 

part, aluminum fins have been brazed with an exchange surface 

of 34 cm2.  

For a maximum power of 27.1 Watts (corresponding to 

losses at 9000 rpm distributed over 2x20 heat pipes), these heat 

pipes will be able to operate in all orientations with a 

conductance estimated to 1.9 W/K. 

Statoric heat pipe was inserted in holes in iron  sheet  inside 

each slots withthin insultation resine.  

a> b> 
Figure 25 a) stator of the 5-phase PMSM equipped with heat pipes 

b) separated static heat pipe

The revolving heat pipes used for the cooling of the rotor 

are hollow copper tubes, with an outer diameter of 4 mm and a 

wall thickness of 0.4 mm. The length of the evaporator (part 

inserted in the rotor) is 40mm and the condenser part (equipped 

with annular fins) is 15.5mm. This heat pipe uses water as a 

working fluid. A specific test bench has been developed in 

order to determine the thermal conductance of these heat pipes 

as a function of the rotation speed and the applied heat power 

at evaporator. This last one is estimated to be 0.9 W/K for 

16000 rpm.  

Figure 26: Experimental setup for revolving heat pipe 

Figure 27:Rotor of the 5-phase PMSM equipped with revolving heat 

pipes 

IV. CONCLUSION

After analysis of opportunities for integrated drives associated 

to emergence of Wide Band Gap Components, different 

topologies of machine ensuring the functional reliability are 

discussed with their advantages and drawbacks. A topology 

taking into account the different constraints and evolution is 

proposed with associated prototypes.  In integrated drive 

technological, challenges are closely mixed with scientific 

technological including the requirement of high quality virtual 

prototypes.  
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