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ΦAbstract -- This paper describes finite element techniques 
that reduce the computational cost of the 3D transient thermal 
analysis. Based on those techniques a finite element package is 
assembled. The package is used for the transient thermal 
analysis, under different load conditions and ambient 
temperatures, of a surface mounted permanent magnet 
synchronous motor for aerospace actuation applications. Its 
validity is verified by measurements carried out in a thermal 
chamber.  
 

Index Terms—Actuators, aerospace engineering, aerospace 
industry, computer aided analysis, electric machines, finite 
element methods, numerical analysis, permanent magnet 
machines, thermal analysis, time domain analysis.  

I.   NOMENCLATURE 
a  Parameter of time-step generator procedure ( )s . 
b  Dimensionless parameter of time-step generator 

procedure. 
itΔ  -th time-step of transient thermal analysis i ( )s . 

n     Number of steps of transient thermal analysis. 

ijs    Stiffness matrix element, i -row and -column. j

T   Time period of transient thermal analysis ( )s . 
FPCW  Full pitch concentrated winding. 
FSCW  Fractional slot concentrated winding. 
FSCW1 Non-overlapping, all-teeth-wound  FSCW. 
FSCW2 Non-overlapping, alternate-teeth-wound  FSCW.  

II.   INTRODUCTION 
OLITICAL, economical, and environmental trends, 
lead to the all electric aircraft (AEA) concept and to 
the corresponding elimination of hydraulic power 

sources [1], [2].  Due to the absence of hydraulic fluid, heat 
will not be dissipated from electric actuators used in 
demanding aerospace applications. As a result, actuators 
work under a severe thermodynamic environment and rapid 
load conditions where localized heat effects and the 
absence of forced cooling affect the motor performance.     

This paper concerns the thermal analysis of an actuator 
designed for high ambient temperatures, inadequate 
convective heat transfer, and short overload conditions. 
Due to the high integration of the actuator the housing of 
the motor has complex and unsymmetrical geometric 
characteristics. As a consequence, the solution of the 
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thermal problem requires detailed transient 3D analysis 
where the temperature gradient cannot be ignored. 

 
Fig. 1.  Prototype PMSM stator core and winding. 

 

 
Fig. 2.  Assembled prototype PMSM on the test rig.  

P

The conventional approach for electric machine thermal 
analysis is based on lumped-parameter networks [3]-[11]. 
Another popular approach is the computational fluid 
dynamic (CFD) analysis [12]-[14]. Also, the finite element 
(FE) method has been used, in conjunction with lumped-
parameter models, for 2D [15]-[18] and 3D [19], [20] 
steady state analysis. The CFD analysis is not the optimum 
choice for the investigation of the present paper since it 
requires substantial computational resources and the 
convective heat transfer mechanism is insignificant. The FE 
analysis presents advantages over the lumped-parameter 
network analysis, such as geometry parameterization and 
temperature gradient calculation [21]. For that purpose, a 
FE package for 3D transient thermal analysis of actuators is 
developed, which incorporates numerical techniques for the 
reduction of the computational cost. 
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TABLE I 
DESIGN PARAMETERS OF OPTIMIZED PMSM 

 
Design parameter Value 

Number of phases  3 
Number of poles 20 
Number of stator slots 18 
Motor active length (mm) 120 
Current density rms (A/mm2) 15 
Shaft radius (mm) 29 
Rotor inner radius (mm) 32.75 
Rotor outer radius (mm) 35.75 
Magnet angle (degrees) 15.3 
Gap width (mm) 0.5 
Stator inner radius (mm) 36.25 
Stator outer radius (mm) 48 
Housing outer radius (mm) 50 
Tooth length (mm) 9.2 
Tooth width (mm) 4.55 
Slot opening (mm) 5.84 

III.   PROTOTYPE PMSM DESCRIPTION 
A surface mounted permanent magnet synchronous 

motor (PMSM) was designed and optimized for extremely 
high ambient temperature environmental conditions 
encountered in aerospace applications (200 oC). Table I 
shows the design parameters of the PMSM as obtained by a 
Rosenbrock based optimization algorithm [22]. High 
temperature, samarium cobalt (SmCo), permanent magnets 
and a non-overlapping, all-teeth-wound, fractional slot 
concentrated winding (FSCW1) configuration were used 
for the specific PMSM.  

The proposed PMSM topology presents maximum 
torque per copper loss square root ratio, minimum torque 
ripple, and minimum back-EMF harmonic content 
comparing to full pitch concentrated winding (FPCW), and 
non-overlapping, alternate-teeth-wound, fractional slot 
concentrated winding (FSCW2) configurations [22].  

The drawback of the proposed PMSM topology is its 
high cost due to the use of double layer windings involving 
increased fill factors. However, manufacturing costs is not 
an issue in this type of aerospace application. 

A number of prototypes were manufactured at the 
Laboratory of Electrical Machines, National Technical 
University of Athens. Fig. 1 shows the stator of one of the 
prototypes and Fig. 2 shows an assembled prototype 
PMSM on the test rig. The specific prototypes were used 
for temperature measurements in order to validate the FE 
techniques developed in Section IV.  

IV.   3D FE CODE DESCRIPTION 
The proposed FE method is based on a set of numerical 

techniques and a code structure that enables the 
minimization of the computational cost of the 3D transient 
thermal analysis. 

It is suitable for sensitivity analysis and integration to an 
optimization algorithm since it allows the parameterization 
of the design variables, material attributes, and operational 
characteristics of the actuator.  

A.   Description of Numerical Techniques 
1) FE System Assembly: A modified Morse technique 

for the storage of the FE matrices was developed. The FE 
system assembly consists in the production of two vectors. 
The first vector is sorted by row and column of the sparse 
stiffness matrix, and stores the column of the diagonal and 

non-zero elements of the sparse stiffness matrix. The -th 
element of the second vector stores the row of the first 
vector that corresponds to the column of the -th diagonal 
element of the sparse stiffness matrix. 

i

i

The specific FE system assembly scheme is carried out 
only once, after the mesh generation. The use of the two 
aforementioned vectors provide quick search of an element 

 of the stiffness matrix. As a result, the computational 

cost to store and update the stiffness matrix, during the FE 
transient analysis, is minimized.  

ijs

2) FE Solver: The solution of the FE linear system is 
carried out by combining the aforementioned assembly 
scheme and the conjugate gradient method with Van der 
Vorst preconditioning. The specific combination increases 

 
Fig. 3.  Cross section of reduced 3D FE model.  

 

 
Fig. 4.  Structure of the developed FE package. 
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the performance of the 3D FE transient analysis comparing 
to conventional techniques. In the case of steady state 
analysis the performance is similar to usual FE 
formulations. Furthermore, the convergence characteristics 
of the specific preconditioned conjugate gradient solver 
were accelerated by controlling its accuracy and number of 
iterations based on the FE mesh size. 

3) Mesh Size Reduction: By considering the copper wire, 
the air-varnish-epoxy composite, and the iron-laminated 
materials as homogeneous and anisotropic media at the 
level of finite elements, the FE model is simplified and the 
mesh size is reduced. The specific technique is used 
frequently in the case of the electromagnetic analysis [23]-
[25], and has been adopted recently for thermal analysis 
[26], [27]. 

Fig. 3 shows a cross section of the 3D FE model of the 
PMSM. The winding turns and the air-varnish-epoxy 
composite of each slot have been replaced by four areas of 
simple geometry. In this manner, the mesh size and the 
respective computational cost is reduced significantly. The 
thermal properties of the regions comprising the FE model 
have been derived experimentally and by considering 
empirical factors.  

4) Mesh Parameterization: The mesh parameterization 
technique is used in the case where the geometry variables 
of the FE model change during an optimization process. In 
this manner, there is no need to repeat the mesh generation 
and FE system assembly procedures.  

5) Time-step generator: Finally, a time-step generator 
was employed for the transient thermal analysis. It is based 
on (1), where  is the -th time-step of the transient 
analysis and  is a parameter equal to the first time-step 

. The dimensionless parameter b  satisfies (2) where  
is the time period of the transient analysis and  is the 
number of time-steps of the transient analysis. 

itΔ i
a

1tΔ T
n

The advantages of this simple technique are the 
improvement of the resolution during the initial transient 
analysis, and the minimization of the required steps and the 
computational cost of the transient analysis.     
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B.   Code Structure and Description 
A FE package has been assembled by the authors for the 

3D FE transient and steady state analysis of actuators. It 
consists of seven codes, that integrate the aforementioned 
techniques, and it is structured as shown in Fig 4. The 
control code calls and passes variables to the rest six codes 
as follows: 

1. The control code calls the FE preprocessor code which 
generates the FE geometry and assigns identifiers to the 
volumes and to the facets of the 3D model. It parameterizes 
a large number of the design variables of the actuator 
rendering it ideal for optimization process and sensitivity 
analysis. 

2. The mesh generator is called and the control program 
passes to it values that define the size and quality of the 

mesh. The input for the mesh generator is a file with 
extension *.poly produced by the preprocessor code.  

3. The FE system assembly code is called. The input of 
this code are two files with extensions *.ele and *.node, 
produced by the mesh generator code. These files are the 
lists of tetrahedra and Cartesian coordinates of the nodes 
respectively. The specific code incorporates the modified 
Morse technique. 

4. The 3D FE thermal transient solver is called. The input 
of this code are the two files with extensions *.ele and 
*.node, and the file with extension *.dat generated by the 
FE system assembly code. A file with extension *.dat is 
generated for every time step of the transient analysis as 
shown in Fig. 4. In this stage of the analysis, material 
attributes and boundary conditions are assigned to the FE 
model and the storage of the stiffness matrix is carried out.    

5. The postprocessor is called that reads the file with 
extension *.face produced by the mesh generator and the 
solution files of the FE solver and produces the same 
number of files with extension *.msh. 

6. Finally the control program calls the graphics 
postprocessor Gmsh that reads the files with extension 
*.msh. 

For the mesh generation and the graphics postprocessing 
the open access codes TetGen, TetView, and Gmsh were 
used [28], [29]. The rest five codes were written by the 
authors using Visual Fortran and Visual Basic. 

 
Fig. 5.  Prototype PMSM inside the thermal chamber. 

 

 
Fig. 6.  Thermocouple arrangement for temperature measurements. 
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V.   EXPERIMENTAL SETUP 
The motor was mounted onto two metal plates and 

placed in a thermal chamber as shown in Fig. 5. The 
specific environmental chamber uses a PID controller to 
keep the temperature constant. Thermal insulation material 
was placed between the motor housing and the two plates 
so that the dissipation was minimized.  

Five type-K thermocouples were attached to the PMSM 
as shown in Fig. 6. Thermocouples 1 to 3 were attached to 
the center and to the two ends of the motor housing 
respectively. Thermocouple 4 was attached to the center of 
a tooth and thermocouple 5 was placed on one of the 
winding ends. 

A sixth thermocouple was used to measure the 
temperature of the shaft when the rotor was stationary [3]. 
Using a data acquisition system (DAQ) [25], [30], 
temperature measurements were taken every 60 s.  

VI.   FE RESULTS 

A.   Computational Cost of the 3D FE Transient Analysis 
The optimum size of the FE mesh was determined by a 

sensitivity analysis. The specific analysis was carried out 
for mesh sizes ranging from 4 ·105 to 1.2 ·107 elements. 
Fig. 7 shows the densest FE mesh tested. Fig. 8 shows a 
cross section of the FE mesh and the regions comprising 
the model. 

A mesh size of 1.5 ·106 elements was determined to be 

the best compromise between accuracy and computational 
cost. The corresponding computational cost for a 10-step 
transient analysis was 1,523 s and the relative error was 
2.3%. For the analyses a typical desktop PC was used 
(processor: 3.0 GHz Intel Core 2 Duo, memory: 2 GB 
DDR2). 

 
Fig. 9.  PMSM winding temperature distribution (2.54 s). 

 

 
Fig. 10.  PMSM stator core temperature distribution (2.54 s). 

 

 
Fig. 11.  PMSM stator temperature distribution (2.54 s). 

 

 
Fig. 12.  PMSM rotor temperature distribution (2.54 s). 

 
Fig. 7.  3D FE mesh of the PMSM consisting of 2·106 nodes and 1.2·107

elements. 
 

 
Fig. 8.  Cross section of the 3D FE mesh of the PMSM. 
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B.   Graphic Results of Thermal Transient Analysis 
A number of steady state and transient 3D FE thermal 

analyses for different material attributes and load 
characteristics of the PMSM,  were carried out using the FE 
package of Section IV. 

Figs. 9 to 18 show the temperature distribution of the 
PMSM running under maximum load. It was obtained by a 
10-step transient analysis. Analysis time ranges from 0.18 s 
to 8,233 s and the time-step ranges from 0.18 s for the first 

step to 5,626 s for the last step. 

 
Fig. 16.  PMSM temperature distribution (825 s). 

 

 
Fig. 17.  PMSM temperature distribution (2607 s). 

 

 
Fig. 18.  PMSM temperature distribution (8233 s). 

 
Fig. 13.  PMSM temperature distribution (26.1 s). 

 

 
Fig. 14.  PMSM temperature distribution (82.7 s). 

 

 
Fig. 15.  PMSM temperature distribution (261 s). 

More specifically, Figs. 9 to 12 show the temperature 
distribution of the windings, the stator core, the stator, and 
the rotor at the third time-step of the transient analysis. 
Figs. 13 to 18 show the temperature distribution for six 
consecutive steps of the transient analysis. 

Fig. 19 shows the corresponding local maximum and 
local minimum temperature variation of the PMSM over 
140 min. The time constant according to Fig. 19 is 
approximately 30 min.      
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VII.   COMPARISON OF  SIMULATED AND EXPERIMENTAL 
RESULTS 

Two sets of measurements were carried out for different 
ambient temperatures and duty cycles using the 
experimental setup of Section V. 

The first set of measurements was carried out at constant 
phase currents of 9.25 A at 1,200 r/min for 28 min. An 
ambient temperature of 25 oC was controlled by the thermal 
chamber. Figs. 20 and 21 show a comparison of the 3D FE 
simulated and measured temperature variation for two 
locations, the motor housing obtained by thermocouple 1 
and the winding end obtained by thermocouple 5. 
Simulated and measured temperature variation agrees 
within 1% to 4% in both cases. The rest three points that 
were measured showed satisfactory correlation, similar to 
the aforementioned points. Figs. 20, 21 show that the 
winding end is the critical temperature component of the 
PMSM.   

The second set of measurements was carried out at an 
ambient temperature of 70 oC. Fig. 22 shows the 
comparison of simulated and measured temperature 
variation of the motor housing for a duty cycle at constant 
phase currents of 8.5 A at 1,200 r/min for 9 min. As in the 
first case all measured points showed good correlation with 
the simulated results. 

VIII.   CONCLUSION 
High efficiency actuators for demanding aerospace 

applications are complex devices that work under short 
overload conditions and harsh environmental conditions. In 
order to accurately predict the thermal performance of such 
electric machines a 3D representation and a transient 
analysis is needed.  

The main advantage of the 3D FE thermal analysis over 
the lumped-parameter network analysis is the accurate 
computation of the conduction heat transfer mechanism of 
apparatus of complex geometry. Nevertheless, the use of 
the 3D FE method by the aerospace industry is hindered by 
its high computational cost.  

The present paper develops five FE techniques for the 
reduction of the computational cost of the 3D FE transient 
thermal analysis. A FE package was assembled 
incorporating the numerical techniques.  The specific 
package has task parallelism computing capabilities i.e., a 

desktop computer with a quad-core processor is capable of 
executing simultaneously four threads of the FE package. 
As a result, the specific package is useful for sensitivity 
analysis and for integration to an optimization process. 
Using a typical desktop computer the ratio of real time to 
transient analysis time is 5.4 per processor core, which is 
satisfactory for accurate 3D FE analysis.  

 
Fig. 20.  Comparison of simulated versus measured housing motor 
temperature variation over 28 min (ambient 25 oC). 

 

 
Fig. 21.  Comparison of simulated versus measured winding ends motor 
temperature variation over 28 min (ambient 25 oC). 

 

 
Fig. 22.  Comparison of simulated versus measured housing motor 
temperature variation over 9 min (ambient 70 oC). 

 

 
Fig. 19.  Local maximum and local minimum temperature variation over 140 
min. 
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