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Abstract: Based on the heat transfer characteristics of electromagnetic harmonic movable tooth transmission motor, this 

paper adopted the finite element method to establish a three-dimensional temperature field model for numerical calcula-

tion on the basis of four basic assumptions. It analyzed the heat loss and gave out the functional to calculate the tempera-

ture field within each medium and obtain the temperature distributing curves. Then taking the prototype as an example, it 

calculated the steady-state temperature field of the system under different loading. The comparison between the results 

and measured values has verified the reasonableness of the established model and calculation method employed. The re-

sults could provide a theoretical basis for the optimized design of electromagnetic harmonic tooth transmission system. 
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1. INTRODUCTION 

As electronic and control technology continues to pene-
trate the mechanical field, the generalized complex mechani-
cal transmission has become a leading international subject 
in mechanical fields [1-4] for this concept is anti-tradition 
and could achieve the organic combination of mechanics, 
electricity and control. The electromagnetic harmonic mova-
ble tooth transmission system involved in this paper is a kind 
of organic combination of harmonic transmission technolo-
gy, electromagnetic transmission technology, movable tooth 
transmission technology and control technology, that is, a 
new electromechanical integrated complex transmission sys-
tem [5-6]. 

The electromagnetic harmonic movable tooth transmis-
sion motor is an electromagnetic -mechanical energy conver-
sion device. Due to its long-term continuous operation, the 
energy loss is eventually converted to heat, so that the tem-
perature of each part of the motor increases which has a di-
rect impact on the life of all the insulating materials. Mean-
while, the viscosity of lubricating oil of the may decrease, 
which may damage the lubrication state between the mova-
ble tooth, center wheel and tooth holder, and ultimately limit 
the output of the system. And the electromagnetic harmonic 
transmission is operating in low speed, its running state cor-
responds to the operating state of starting or braking and the 
efficiency distribution has a great influence on the electro-
magnetic and its design and structure. Therefore, the study of 
loss and temperature distribution of electromagnetic harmon-
ic movable tooth transmission is of great significance for the 
analysis of its failure mechanisms, the improvement of its 
operating performance and effective control of its lubricating 
and cooling. The experts and scholars have conducted a large  
 

number of studies on the motor temperature field, for exam-
ple, make use of the general collection model to analyze the 
magnetic fields, temperature field, vibration characteristics 

in the motor, and give the inter-coupling methods of each 
field [7]; use the T-type equivalent lumped model and the 
traditional thermal resistant circuit to solve the motor tem-

perature field [8]; use the lumped parameter and thermal 
network diagram to conduct coupled solution for the temper-
ature field and electromagnetic field [9-10]; utilize the opti-

mized heat transfer method of high torque density motor to 
carry out loss calculations and determine the heat loss coef-
ficient [11-13]. 

Based on the heat transfer characteristics of electromag-
netic harmonic movable tooth transmission motor, this paper 

adopted the finite element method to study its heat transfer 
and temperature rise characteristics under different loading. 
Then use the prototype test to verify the theoretical analysis 

and provide a theoretical basis for the study of harmonic 
motor temperature field. 

2. NUMERICAL CALCULATION OF THE TEMPER-
ATURE FIELD OF ELECTROMAGNETIC HARMON-
IC MOVABLE TOOTH TRANSMISSION MOTOR  

2.1. Establishment of the Solving Domain Model 

Taking the prototype as an example, this paper estab-
lished a three-dimensional temperature field model of the 
motor. As the electromagnetic harmonic movable tooth 

transmission motor has the core-coil, movable tooth, and 
tooth rack and center wheel in the axial direction, take the 
solving domains of two temperature fields at the location of 

core-coil and movable tooth. The basic parameters of the 
system are as shown in Table 1 and the physical model is as 
shown in Fig. (1).  
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Table 1.  Harmonic electromagnetic movable teeth transmission motor parameters. 

Item Value Item Value 

Rated power  100W Rated voltage  220V 

Number of pole pairs p 1 Stator slots  24 

Number of turns per slot
 

 81 Rated current I 0.56A 

Outer diameter of stator D(mm) 118 Inner diameter of stator d(mm) 68 

Length of iron core lT(mm) 63 Flexspline length (mm) 127 

Outer diameter of flexspline r(mm) 67 Flexspline thickness t(mm) 0.2 

air gap (mm) 0.5 Core material of stator 35WW270 

Phase Resistance ( ) 0.188 Phase inductance  0.234mH 

 

 

Fig. (1). Temperature field solving regional. 

 

Based on the characteristics of electromagnetic harmonic 
movable tooth transmission system, this paper made the fol-
lowing assumptions: 

(1)  In the system, the heat transfers by the heat conduction; 
on the surface of the system, the heat dissipates by the 
natural heat convection. Due to the low rotating speed of 
the system, the axial flow of the air gap between the sta-
tor and flexspline is relatively small, so it is considered 
that the heat flow between the stator and the flexible 
wheel could generate heat exchange by the air conduc-
tion. 

(2)  Assuming that all of the copper and iron losses are gen-
erated in the effective length at the axial direction and the 
cooling on the surface of the system is also converted 
within this range, then they can be modeled as a two-
dimensional field problem. As there are no high-speed 
rotating components and no effects of the fan in the sys-
tem, so that no axial heat-flux caused by forced convec-
tion is found within the effective area of the stator and 
the flexible shaft. This indicates that two-dimensional 

model is suitable for the characteristics of electromagnet-
ic harmonic tooth transmission. 

(3)  Calculate the steady-state temperature field. Since the 
current of the transmission of electromagnetic harmonic 
tooth is almost unchanged, it follows that copper loss is 
constant. 

(4) According to the symmetry, seek solution based on the 
range of 1/2 stator tooth as the object. 

2.2. Heat Source Within the System 

Electromagnetic harmonic tooth transmission is an elec-
tromagnetic - mechanical energy conversion device. Energy 
loss in action is eventually converted to heat energy and it 
finally reaches steady state equilibrium by the heat exchange 
between the motor components with the environment. Accu-
rately calculating the losses in the motor system is a prereq-
uisite for the analysis of temperature field. The loss of the 
electromagnetic harmonic tooth transmission is comprised of 
electromagnetic loss and mechanical loss. 
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2.2.1. Electromagnetic Loss 

Part of system input electric power is consumed in the 
stator resistance, producing the electron copper loss, while 
the other part of the consumption is in the resistance field, 
resulting in the stator iron loss. Besides, the additional loss 
including flexspline eddy current loss and hysteresis loss 
should also be considered. The remaining power is applied to 
flexspline through the air gap magnetic field- . 

2.2.1.1. Electronic Copper Loss 

In the harmonic electromagnetic tooth transmission pro-
cess, the alternating electric current flows through a conduc-
tor which will lead to the skin effect and proximity effect in 
the surrounding magnetic field [14]. The additional losses 
caused by them are defined as eddy-current loss, while the 
eddy-current loss and DC loss are collectively known as AC 
loss (copper loss) [15], namely 

= +   (1) 

is the AC loss;
 

 is the DC loss; ; is ed-

dy-current loss; is the virtual value of current;  is DC 

resistance. 

 Assuming that the magnetic field in the harmonic motor 
slot is parallel to its bottom, ignore the effects of eddy cur-
rent of the conductor on the magnetic field and the eddy-
current loss of the conductor is shown as follows [16]. 

 =   (2) 

is the diameter of the conductor; is the length of the 
conductor;  is the resistivity of the conductor;  is the 
amplitude of flux density;  is the frequency of flux density 
angular. 

2.2.1.2. Iron Core Loss 

 The stator core loss is one of the main losses of harmon-
ic electromagnetic tooth transmission system and accounts 
for a large proportion of the total losses. It is usually refers to 
the sum of tooth iron loss and iron loss of the yoke part.  

 = +   (3) 

and 

 

=

=
  

 , is the coefficient with additional loss; is the 
specific losses of core material; 

c
B is the tooth flux density; 

is the yoke flux density; means the frequency; 
c
G  

means the tooth weight;
 

 means the yoke weight. 

2.2.2. Mechanical Power Loss 

(1) The power loss of engagement pair 

The analysis indicates that there is relative rolling motion 
between the movable tooth and flexible wheel, there is rela-

tive sliding between the movable tooth and the tooth carrier, 
and there are both relative rolling and relative sliding be-
tween the tooth and the center wheel.

 
, , respectively 

refers to the power loss when the th movable tooth contacts 
with the flexible wheel, the tooth carrier and the center 
wheel. The meshing power loss of a single tooth is 

= + +   (4) 

=   

=  

=   

in the formula, ,
 

, means the friction between 
the movable tooth and the flexible wheel, tooth rack and 
center wheel; and is the friction coefficient of the 
movable tooth with the flexible wheel and tooth rack; 
means the relative rolling angular velocity between the mov-
able tooth and the flexible wheel;

 
 means the relative slid-

ing angular velocity between the movable tooth and the tooth 
rack;  means the relative rolling-sliding angular velocity; 

 means the rolling-sliding friction coefficient between the 
movable tooth and the flexible wheel. 

The electromagnetic harmonic movable tooth transmis-
sion has multi-tooth engagement simultaneously; at any 
time, the friction power loss on each movable tooth is not the 
same, coupled with the input power, which is because there 
are always half of the movable teth in two regions of en-
gagement operating, so the power loss at any moment is 
shown as follows: 

= =

= +   (5) 

,  and , respectively represents the number of 
movable tooth in two different regions of engagement. 

 (2) The power loss of the bearing 

 The power loss of a single bearing 

=   (6) 

fM

+
=

+

  

and  respectively represents the axial coefficient and 
axial load of the bearing; is the kinematic viscosity of the 
lubricant;  is the average diameter of the bearing; and

 are the coefficients related to the bearing type and lubrica-
tion methods. 

(3) Power loss due to oil agitation 

The power loss due to oil agitation mainly includes that 
of flexspline and movable tooth. For the spherical surface 
(radius of and the effective area ) rotating at the angular 
velocity of in the viscous fluid medium (density , kin-
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ematic viscosity  and friction coefficient ), the power 
loss due to oil agitation is shown as follows:  

 =   (7) 

In the above formula 

<

=

 

The Reynolds number , the Taylor number
, is the characteristic gap surrounding the ball 

surface. 

 The total losses of mechanical power is shown as fol-
lows 

= + +   (8) 

 (4) Rolling-sliding friction coefficient 

Based on the previous analysis, there are both rolling and 
sliding when the tooth contact with the center wheel, so the 
corresponding friction is referred to as rolling-sliding fric-
tion. The work done by the rolling friction, sliding friction 
and rolling-sliding friction is respectively shown as follows 

μ=   (9) 

μ=
  (10) 

μ=
  (11) 

refers to the rolling friction coefficient; is the 
sliding friction coefficient;  is the rolling-sliding friction 
coefficient;  is the positive pressure imposed on the 
movable tooth by the center wheel;  refers to the arc length 
of engagement of movable tooth, that is, the rolling distance; 

 refers to the sliding distance;  refers to the arc length of 
engagement of center wheel, that is, the rolling-sliding 
distance. 

The work done by the rolling-sliding friction is equal to 
the sum of the work done by rolling friction and sliding fric-
tion; therefore 

μ μ= +   (12) 

can be approximately calculated by the following for-
mula 

  

is the radius of the movable tooth; is the wrap angle of 

the centered tooth; 
z
z is the wave number of the centered 

tooth.
  
= +   

is the radius of flexspline. 

S3=S1+S2  

Finally 

μ μ μ+ +
=

+

  (13) 

2.3. Cooling Conditions for the Motor of Electromagnetic 
Harmonic Tooth Transmission 

Heat loss generated within the system of electromagnetic 
harmonic tooth transmission must be disseminated through a 
certain way. There are three modes of heat transferring- con-
duction, radiation and convection, of which the heat source 
is to rely on conduction when it is transferred to the surface 
in contact with air, while it is through convection and radia-
tion when it is spread into the air from the surface, mainly 
relying on convection. 

Fourier's law states that [17] the heat within the object is 
transferred from the hot zone to the low temperature zone, 
with heat flux per unit area proportional to the temperature 
gradient, that is to say, 

 
=

  (14) 

In the formula, stands
 
for the heat flux, refers to the 

thermal conductivity, is the heat transfer area, repre-
sents the temperature gradient, and the negative sign indi-
cates that heat is conducted from the hot temperature zone to 
the low temperature zone. 

At the junction of solids and gases, heat convection oc-
curs as the flow of gas takes the heat away. Heat convection 
effect is determined by Newton's law of cooling. 

=  
 

In the formula, refers to the thermal convection coeffi-
cient, stands

 
for the temperature on the surface of objects, 

and  is the temperature of the gas. 

Besides, thermal energy will produce thermal radiation in 
the form of electromagnetic waves. As for black body, Stef-
an-Boltzmann law states that the radiation flux is proportion-
al to the fourth power of the absolute temperature, that is to 
say, 

=   

In the formula,  is the Stefan-Boltzmann constant, 
whose value is 8 2 4

5.669 10 W m K , and refers to the abso-
lute temperature of the surrounding environment. 

The above formula applies only to the thermal radiation 
of blackbody. For general metal surfaces, the heat radiated is 
not as much as blackbody, but the total radiated heat is still 
proportional to . 

 As electromagnetic tooth harmonic transmission system 
has no high-speed rotating parts, the air flow can be consid-
ered natural convection rather than forced convection and the 
system heat, after transferred to the surface, is dissipated 
through natural ventilation, including radiation. 

2.4. Mathematical Model of Temperature Field 

As is shown in Fig. (1), the temperature field of electro-
magnetic harmonic tooth transmission is a field with a varie-
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ty of media. According to the Fourier heat conduction law, it 
can be drawn that the temperature field within each medium 
is shown as the following formula: 

=   (15) 

In the formula, is the th

 
kind of medium area, 

stands for the thermal conductivity of the th

 
kind of medi-

um, represents the temperature within the th

 
kind of medi-

um,
 

signifies the heat generation rate per unit volume 
within the th

 
kind of medium. 

 At the interface of each medium, due to the temperature 
continuity and continuity conditions of heat flux meets the 
following condition 

=

=

  

In the formula, respectively
 
represent the adjacent 

two media. 

As the heat flux on the system surface is dissipated by 
natural heat convection, the temperature meets the boundary 
condition 

=
  

In the formula,  is the thermal conductivity of the hous-
ing case, refers to the equivalent heat dispersion coeffi-
cient on the surface, and

 
 stands for room temperature. 

Bases on the above formulas, the temperature field prob-
lems of electromagnetic harmonic tooth transmission can be 
unified as the following formula. 

=

=

  (16) 

In the formula,

 

is the he total area, stands for 
the surface of the housing case. 

This is the mathematical model of the temperature field 
of electromagnetic harmonic tooth transmission. 

Use Galerkin method to conduct weighted integral on 
Formula (16)  

 
!

 !  +## ! =   (17) 

It can be obtained from the integral theorem that 

!
!  i ## ! +

!
! + ! ###

 

 
=

  (18) 

Discretize field and take function as the shape 
function, then a finite element equation can be obtained 
based on the above formula 

=   (19) 

Thermal conductivity is related to temperature. Accord-
ing to literature [15], we can obtain the thermal conductivity 
of some materials, as is shown in Table 2 below. 

Table 2.  Thermal conductivity of the material (W/m0C). 

Material Temperature 
Thermal  

conductivity 

copper 

 

20 oC 386 

100 oC 379 

200 oC 374 

carbon steel 

20 oC 43 

100 oC 43 

200 oC 42 

 

air 

20 oC 0.0257 

100 oC 0.0317 

200 oC 0.0419 

 

Therefore, Formula (19) becomes the nonlinear equation 
of , wherein the relative value of the thermal conductivity 
of the solid varying with the temperature is small, while that 
of the gas is more significant. The thermal conductivity of 
the material at the temperature of is 

= +   (20) 

In the formula, 
0
is the thermal conductivity at the tem-

perature of , refers to the temperature coefficient of the 
thermal conductivity. 

So according to Newton-Raphson method, expand For-
mula (19) at ( )( ) nT , and we can get the iterative formula 

( )+ +
=   (21) 

In the formula, J stands for Jacobi matrix, and n repre-
sents the th

n iteration. When the temperature of two iterations 
is less than a given value, it is believed that the result of the
th
n  iteration is the required temperature. 

3. RESULTS AND ANALYSIS 

Based on the numerical calculations of the temperature 
field, the temperature distribution curve of the prototype is as 
shown in Fig (2) and it can be seen from the figure: 

 (1)  As the electromagnetic harmonic motor operates in 
the braking state, the temperature of flexspline is relative-
ly high; when the frequency is 36Hz and the temperature 
reaches 73.8 C, the temperature of the stator windings is 
65.1 C, so it is necessary to take the insulation above B-
level. 

(2)  The calculation result of the casing surface temperature is 
51.6 C and the actual measured result is 47.8 C, which 
is due to the ignoring of the heat radiation. 

(3)  The casing temperature along the centerline of the mova-
ble tooth is influenced by the temperature conduction of 
casing at the location of the stator, so their temperature 
tends to be closer. 
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Fig. (2) Temperature distribution curve of the prototype. 

 
(4)  When the frequency increases, the system temperature 

will rise. 

(5)  The prototype surface is long cylindrical which is not 
conducive to heat dissipation; if the casing is ring-
stiffened, the calculated temperature can be reduced by 
10 C. 

CONCLUSION 

Based on the operating characteristics of electromagnetic 
harmonic tooth harmonic transmission system, this paper 
established the temperature field model and mathematical 
model for the system and gave out the calculation methods 
of the temperature filed the system, coupled with the test 
methods to verify the correctness of these methods. The re-
sults are shown as follows: 

(1) In the process of solving, make appropriate assump-
tions to simplify the complex problems of three-dimensional 
temperature field to the two-dimensional one, which could 
reduce the workload. The two-dimensional finite element 
numerical method used to calculate the temperature of the 
system may have high accuracy. 

(2) The temperature distribution of each part of the proto-
type along the radial direction is linear. 

(3) As the system is a field with a variety of media, the 
temperature of different media may vary.  

(4) The temperature of the system shows a linear upward 
trend with the increase of the load. 
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