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Coupled Electromagnetic-Thermal Analysis
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Abstract—This article proposes a fast and accurate coupled
electromagnetic-thermal analysis method for a permanent magnet
synchronous motor. In conventional design methods, the electric
and thermal characteristics are calculated simultaneously using a
finite element analysis (FEA). However, FEA requires considerable
computational time. Therefore, in order to reduce the computa-
tional time, mathematical models of the electric parameters and
characteristics were proposed as an alternative. Accordingly, the
models of the electric parameter, such as d- and g-axis induc-
tance and flux linkage, were obtained using a modified lumped
parameter magnetic circuit containing a reluctance of an iron core.
Furthermore, the models were fitted according to the formula type
to consider nonlinearity according to variations in current and
temperature. The electric parameters calculated by FEA were used
for curve fitting. A greater number of FEA points were required
to determine the effect of current and temperature on the electric
parameters. Curve fitting using an appropriate formula type was
performed considering the accuracy and minimum number of anal-
ysis points. Mathematical modeling of the electric characteristics,
including efficiency and losses, was performed. The models of losses
were coupled as heat sources to the lumped parameter thermal
network, which is well known for its low computational time.
The proposed coupled analysis method was applied to a reference
motor; through this analysis, the electric characteristics and tem-
perature distribution were calculated simultaneously, considering
changes in losses and temperature distribution. The experimental
validation was conducted with an acceptable error of 4.4%.

Index Terms—Coupled electromagnetic-thermal analysis,
electric brake, lumped parameter magnetic circuit, lumped
parameter thermal network, mathematical modeling, permanent
magnet synchronous motor (PMSM).
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I. INTRODUCTION

ERMANENT magnet synchronous motors (PMSMs) are
P widely used in electric brake systems owing to their high
power density and efficiency [1]-[3]. Depending on the braking
pattern, the brake system motor is operated under various loads
and thermal conditions. Conventionally, a PMSM is designed
under fixed harsh thermal conditions, which increases its possi-
bility of being overdesigned. Furthermore, because the electric
and thermal characteristics interact with each other, the electric
characteristics, such as efficiency and losses, calculated under a
fixed thermal condition may be incorrect.

Because the residual induction of a permanent magnet (PM)
and the resistance of an armature coil vary according to temper-
ature [4], [5], the electric characteristics also change [6]-[8]. It
is difficult to accurately predict the temperature distribution if
the losses are calculated at a fixed temperature. In a conventional
design, a PMSM is designed either under a fixed load condition
or at ambient temperature [9], [10]. In such a case, when the
electric brake is operated, the actual braking performance may
differ from the analysis results. As a solution to this problem,
a coupled electromagnetic-thermal analysis method is essential
for predicting both electric and thermal characteristics simul-
taneously. Accordingly, the coupled analysis method proposed
herein can enable rapid calculation of the motor performance
under various load and thermal conditions.

The coupled electromagnetic-thermal analysis method has
been studied extensively to accurately predict the electric perfor-
mance and temperature distribution. In [11], the core loss distri-
bution of the motor part was calculated through finite-element
analysis (FEA), and these losses were reflected in a lumped
parameter thermal network (LPTN). Although the temperature
distribution was calculated considering the exact losses, the
electric characteristics for the changed temperature were not
recalculated. For a coupled analysis considering both the electric
and thermal variations independently, Zhang et al. proposed an
FEA that couples the governing equations of electromagnetic
and thermal fields [12]. Although the FEA according to time pro-
duces the exact trend of the electric and thermal characteristics,
itrequires considerable computational time. Consequently, even
when electric characteristics are analyzed through a FEA under
various thermal conditions, it is still time-consuming. Therefore,
a coupled analysis method for motor design is required to enable
both easy preprocessing and fast computation while simultane-
ously considering the variation in electric characteristics as well
as temperature distribution with respect to time.
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Fig. 1.

To reduce the computational time, the electric and thermal
characteristics were calculated using the mathematical models
and LPTN, respectively. Studies on mathematical modeling
were performed, and the models of electric parameters, such as
d- and g-axis inductance and flux linkage by the PM, were ob-
tained based on a modified lumped-parameter magnetic circuit
(LPMC). In particular, reluctances of an iron core, which present
a nonlinear material property, was considered in the modified
LPMC. Curve fitting of the nonlinear property was performed
to utilize it in the models. In addition, the models of the electric
characteristics, including efficiency, copper loss, and core loss,
were derived based on a d- and g-axis equivalent circuit model.
By only computing a simple equation, the time required to
calculate the electric characteristics was reduced. The proposed
mathematical models of the losses and electric characteristics
were coupled to the LPTN. Specifically, the losses calculated
by the models were considered as the heat sources of the
LPTN, and the efficiency was calculated considering the updated
temperature computed by the LPTN. The proposed coupled
analysis method was applied to a reference motor designed for
an electric brake system; this coupled analysis was performed
at each step. For each step, the electric and thermal charac-
teristics were calculated considering the changes in the losses
and temperature distribution in its previous step. The validity
of the proposed coupled analysis method was verified through
experiments, which measured the temperature distribution and
torque—speed—current (T-N-I) curves. The experimental results
were compared with the analysis results, and the error was found
to be acceptable within 4.4%.

The contributions of this article are as follows.

1) Mathematical models enable quick calculation of the elec-

tric characteristics by computing only a simple equation.

2) The number of analysis points required to predict the

temperature-dependent behaviors of electric parameters
was reduced, which further reduced the time consumption.

Details of the proposed mathematical modeling and the main
analysis process are presented in Sections IT and I11, respectively.
The experimental verification is presented in Section I'V.

-)Hnonlinem (Ia’T) eﬁ",WI =H(]a7T)

Flowchart of the proposed mathematical modeling of electric parameters and characteristics.

II. MATHEMATICAL MODELING OF TEMPERATURE DEPENDENT
BEHAVIOR OF ELECTRIC CHARACTERISTICS

The electric parameters of PMSMs need to be estimated owing
to their influence on the electric characteristics. These parame-
ters change due to current and temperature variations. In a con-
ventional design method, the electric parameters are calculated
using the FEA relative to the current under a fixed temperature
distribution. Conducting the FEA to evaluate the trends in terms
of current and temperature may be time-consuming. Therefore,
the mathematical models of electric parameters and character-
istics are suitable alternatives in coupled analysis. Fig. 1 illus-
trates a flowchart of the mathematical modeling of the electric
parameters and characteristics. First, mathematical models of
the electric parameters were derived using the modified LPMC.
Because of the reluctances of air and PM in the conventional
LPMC, it was difficult to predict the nonlinearity of the electric
parameters using the equation, and only the parameter changes
for the dimension could be predicted. The modified LPMC
includes a core reluctance, which describes the nonlinearity
of the saturation. Therefore, the proposed mathematical model
consists of the terms of the dimension and saturation. Second,
curve fitting was conducted for the nonlinear term; it was fitted
according to different formula type. Subsequently, FEA results
were required for curve fitting. However, further study on the
temperature-dependent behavior is required for a coupled analy-
sis. To consider the trends in temperature as well as current, more
FEA points are required, which may be time-consuming. FEA
was conducted to study the reliability of the model according
to the number of analysis point for curve fitting. Thereafter, the
appropriate formula type was determined by comparing the re-
sults of the FEA and fitted curves according to the formula types,
considering that the accuracy is achievable with the minimum
number of analysis points. Therefore, mathematical models of
the electric parameters were accurate, and a limited number of
analysis points were required for curve fitting. Following this,
the electric characteristics were calculated using a d- and g-axis
equivalent circuit model. The maps of the electric parameters
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Fig. 2. Reference model designed for the electric brake system.
TABLE I
SPECIFICATIONS OF THE REFERENCE MODEL
Value Unit
Type SPMSM
Pole/slot number 8/12
Stator outer diameter 86.8 mm
Stack length 34.5 mm
DClink voltage 12 \%
Residual induction @20°C  1.345 T
Core material 27PNF1350

Control method 1,=0 control
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Fig. 3. d- and g-axis modified LPMC. (a) MMF is g-axis current. (b) MMF is
d-axis current. (c) MMF is PM.

for these circuits were calculated using the proposed mathe-
matical models of electric parameters. Mathematical models of
the electric characteristics were fitted with the same formula
type as those in the case of electric parameters. Furthermore,
mathematical modeling was performed for the reference motor
as illustrated in Fig. 2; detailed specifications are listed in
Table I. According to the vehicular design specifications, the
temperature range was set from —40 to 200 °C [13].

A. Mathematical Modeling of Electric Parameters

In conventional studies, mathematical models of the electric
parameters were obtained using LPMC. Although the LPMC
is one of the methods used to predict electric parameters, its
nonlinearity is not considered [14], [15]. This article proposes a
modified LPMC that includes the reluctance of the iron core to
consider the nonlinearity, as shown in Fig. 3. In addition, three
magneto-motive forces (MMFs) act on the independent d- and
g-axis magnetic paths, namely the d-axis current, g-axis current,
and the PM [16], [17]. In Fig. 3, the LPMCs are modeled for each
MMEF. In each LPMC, flux was generated by each MMF, and
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the reluctances of all components through which the flux passes
were included. After each flux of the d- and g-axis LPMC was
calculated, inductances were obtained by dividing the flux by the
current in case the current was the MMF. Mathematical models
of the d- and g-axis inductances and the flux linkage by the PM
obtained using the proposed LPMC are expressed by (1) and
(2), respectively. The residual induction of PM in (2) changes
linearly with temperature, as shown in the following equation:

3 (koN\’
Ld, Lq = 7'('( P > (D : Lstk) X hnonlinear (l)

3 (kuyN B, tp,
a=—| = D - LS hnon inear 2
s (ZPTL)( tk) Hrecto 8 : @
nonlinear g/,U/O + lc//flfc

where L and L, are the d- and g-axis inductances, respectively,
P,, is the number of pole pairs, D is the rotor diameter, Ly
is the stack length, A, is the flux linkage by PM, g is the
magnetic air gap, fto is the vacuum permeability, /.. is the length
of magnetic path of the iron core, p. is the core permeability,
« is a temperature coefficient, 7 is a temperature, and B, is the
residual induction at an arbitrary temperature of 7.

As the current increases, the nonlinearity of the inductance
grows because of the iron core saturation. Similarly, residual
induction of the PM varies with temperature, which causes a
change in the flux generated by the PM. In addition, it affects
the saturation of the iron core. Therefore, the inductance changes
nonlinearly according to the current and temperature due to
saturation. In the mathematical models of the d- and g-axis
inductance and flux linkage by the PM, hyjonlinear €Xpressed
by (4) represents the nonlinear behavior, which depends on the
current and temperature.

To describe the nonlinear property, the electric parameters
according to current were obtained through curve fitting as
used in the conventional design. Although curve fitting is a
suitable method for predicting nonlinear properties [18], several
formula types, such as polynomial, exponential, and power
series equations, have been proposed to describe the electric
parameters [19]-[21]. However, these studies did not include
any temperature-dependent behaviors. Therefore, to determine
the formula type that can best express the behavior of electric
parameters with respect to current and temperature, the curve
fitting for the function Ay oplinear in (4) was conducted according
to various formula types. The standard forms of the polynomial,
exponential, and power series equation are represented by the
following equations:

hpolynomial (:E) = afl?s + bllfz +cx+d 5)
hexponential (-T) = aebx +c (6)
hpowcr series (m) = axb +c (7)

where a, b, ¢, and d are coefficients.
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TABLE II
R-SQUARE ACCORDING TO FUNCTION TYPES AND NUMBER OF ANALYSIS
POINTS FOR CURVE FITTING

Para-  Function types _ Number of analysis points

meter  for curve fitting ~ 3 4 5 6 7

Li g 3%polynomial 0 1 099 1 1
2" polynomial  0.99 1 098 099 1
Exponential 0.88 091 0091 092 0.95
Power series <0.8

La 3" polynomial 0 1 I 1
2" polynomial 1 1 1 1 1
Exponential 0.87 0.88 088 0.84 0.86

Power series <0.8

Electric parameters were calculated using mathematical mod-
els whose nonlinear components were fitted according to the
formula type. Finally, the calculated electric parameters were
compared with the FEA results. In Table II, the R-square values
are presented according to formula types and the number of
analysis points used for curve fitting. The first-order polyno-
mial was excluded because it could not match the nonlinearity;
the R-square value of the exponential was low over the entire
range and was therefore not suitable for describing the electric
parameters. Moreover, the results of the power series were also
inaccurate because the R-square values were low for all electric
parameters. Although the results calculated by the curve fitted
with a third-order polynomial resulted in high accuracy, they
were insufficient because four analysis points were required for
curve fitting. As an alternative to the third-order polynomial,
electric parameters fitted with a second-order polynomial pro-
vided suitable accuracy with minimum number of three analysis
points. Fig. 4 shows the error map of the electric parameters
between the results of the FEA and the mathematical model
fitted with each formula type; the number of analysis points
for curve fitting was selected as three. In Fig. 4, the error map
of the power series is excluded because of its low R-square
value, as given in Table II. Using the R-square values and error
map, it was verified that the mathematical model fitted with
second-order polynomial can accurately describe the electric
parameters. Accordingly, the obtained mathematical models of
the electric parameters are expressed as follows:

3 (koN\?
q7r<2P > (D Lotr)

X (C’1Ia2 + Chl, + C3) (C4T2 + CsT + C6)
Bt

)
3 (kyN
=2 (22 ) (DL
e e (ZPn )( Stk) Hreclto

X (C7Ia2 + Csl, + Co) (C’loT2 +CyT+Ci) 9
, 12 are undetermined coefficients, and

Lg, L

where C; withj =1,
1, is the current.

B. Mathematical Modeling of Electric Characteristics

Electric characteristics are calculated using the d- and g-axis
equivalent circuit models and voltage equations, which are repre-
sented by (10) and (11) [22]-[25]. Because the reference model
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Fig.4. Errormap of electric parameters between FEA and mathematical model
based on the chosen formula type.

is operated under the /; = O control, the motor characteristics
are monotonically changed and were dependent only the current
amplitude at a certain temperature. Therefore, a mathematical
model can be fitted with a simple equation according to the
current amplitude and temperature. The torque thus obtained is
expressed in (12). The electric parameter map used in the volt-
age equation was calculated using the proposed mathematical
models of the electric parameters

Ug lod Ra '\ |vod Li 0| [ioa
=Ry [+ (1+ 22 + ;
[”q] [Zoq] ( Rc) L’OJ Plo L, LOJ

(10)

Vod | 0 *CULq iod 0
e R IV 1 o I
- Pn W]aioq] ) iod =0 (12)

where i; and i, are the d- and g-axis armature currents, respec-
tively; v4 and v, are the d- and g-axis voltages, respectively; i,q
and i, are the currents subtracted from the d- and g-axis currents
and result in the iron losses from the input currents ig and i,
respectively; R, is the phase resistance of the armature winding;
R, is the equivalent resistance of the iron loss; Ly and L, are
the d- and g-axis inductances, respectively; p is the differential
operator as d/dt; 1, is the flux linkage by the PM, T is a torque,
and w is the electrical speed in radians per second.
Mathematical models of the electric characteristics were fitted
with the results calculated by the d- and g-axis equivalent circuit
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Fig.5. Error map of core loss at different speeds. (a) 500 r/min. (b) 1000 r/min.
(c) 1500 r/min.

model and voltage equation. The number of analysis points and
the formula type for curve fitting were determined as three and
the second-order polynomial, respectively, which is the same as
in the case of mathematical modeling of the electric parameters.
In the d- and g-axis equivalent circuit models, the equivalent
resistance of the core loss is proportional to the square of the
frequency [26]. In addition, the efficiency is affected by the
core loss, which changes with the speed. Therefore, the trend
according to the speed can be fitted with the second-order
polynomial. Therefore, the mathematical models of efficiency
and core loss are represented by (13) and (14), respectively. In
addition, other electric characteristics were fitted using second-
order polynomial for current and temperature. Consequently,
current- and temperature-dependent behavior could be predicted
using the proposed mathematical models given as follows:

n= (Cil> + Coly + C3) (C4T? + C5T + Cs)

X (Co 2+ Cyf +Cy) (13)

Wi = ((7101112 +Cul, + 012) (013T2 + C4T + 015)

x (Cief* + Cirf + Cig) (14)

where C; with j =1, ..., 18 are undetermined coefficients, 7 is
the efficiency, fis the frequency, and W; is the core loss.

Fig. 5 shows an error map of the core loss between the
FEA results and the proposed mathematical model expressed
as (14). Because it shows acceptable errors for all speeds, the
proposed trend for speed was verified. Fig. 6 shows a comparison
of the electric characteristics of the two-dimensional FEA and
the proposed models. The trends of the electric characteristics
and losses according to the current and temperature can be
explained by variations in the residual induction of PM, flux
of the field or armature, and saturation as mentioned in [27],
[28]. Fig. 6(a) shows the copper loss map. Furthermore, as
the temperature increased, the resistance of the armature coil
increased. Because the copper loss is defined as the product of
the square of the current and the resistance, the copper loss is
proportional to the current and temperature. Second, Fig. 6(b)
shows the core loss trends. Because the core loss is determined
by the flux generated by the armature current, it is proportional
to the current. However, the trend according to the temperature
is the opposite. The flux generated by the PM decreases with
increasing temperature because of the reduction in the residual
induction of PM. Therefore, the efficiency and power factor are
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Fig. 7. LPTN of the reference model.

determined based on these losses. Although the trends of copper
and core losses with respect to temperature were found to be
opposite, the variation in copper loss was larger than that of
core loss. Consequently, the efficiency decreased with increasing
temperature. The maximum error is within 1%. Therefore, the
proposed mathematical models can be used to describe the
electric characteristics and losses.

C. LPTN Model and Electromagnetic-Thermal Coupling

To analyze the thermal characteristics of the reference model,
a thermal analysis was conducted using the LPTN model as
shown in Fig. 7 [29], [30]. The LPTN consists of the frame,
end cover, stator core, coil, rotor core, PM, and shaft, all of
which transfer heat by conduction, including the air gap and end
space of air between the end cover and motor, which transfers
heat by convection. The thermal coefficients of the LPTN are
presented in Table III. The heat sources of the LPTN are copper
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TABLE III
THERMAL COEFFICIENTS

Classification Location Dependent on Values Ranges
Convective heat Environment Coolingmethod, dimension, state of flow 5.1 (radial), 6.5 (axial) 5-50[31], [32]
Transfercoefficient Air gap Rotation speed, state ofair flow 120 @ 500rpm 5-300[33]
Rotor end Rotation speed, state ofair flow 38.4 @ 500mpm 5-300 [33]
Stator end Coolingtype, rotation speed, state ofair flow 15.5 15.5-300[33],[34]
Contact conductance Housing— stator Contact state, material, pressure 6000 500-6000[35],[36]
Thermal conductivity Coil Contact state, impregnated method, existence of 2.4 0.5-3[36],[37]

varnish, material, pressure

o
o
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Fig.8. Core loss distribution according to current at (a) the lowest temperature
of —40 °C, and (b) the highest temperature of 200 °C.

and core losses. The resistance can be calculated using the
dimensions of an armature coil with copper losses divided into
components, namely the coil side and end coil. Core loss is
calculated using its mathematical model, which is affected by
saturation. Furthermore, the saturation of each part varies with
the temperature [38]. Core loss distribution relative to thermal
conditions is required to couple the core loss to each part of the
LPTN. Fig. 8 shows the core loss distribution according to the
current at the lowest and highest temperatures. The core loss is
divided into four components: a stator yoke, stator teeth, stator
tooth tip, and rotor core. The ratios of core loss distribution at
the lowest and highest temperatures were similar regardless of
the current. Thus, it can be stated that the core loss distribution
ratio is independent of temperature. Therefore, preprocessing is
simplified without estimating the core loss distribution under all
load and thermal conditions.

III. MAIN PROCESS OF THE COUPLED ANALYSIS

Fig. 9 illustrates the main process of the proposed coupled
electromagnetic-thermal analysis. The process of coupled anal-
ysis consists of two parts: the preprocess (PP1-PP4) and the
main coupled analysis process (CA1-CA3).

PP1) Electric parameters and ratio of core loss distribution
calculation by FEA.

Mathematical modeling of electric parameters.
Mathematical modeling of electric characteristics.
Electromagnetic-thermal coupling: Mathematical
models of losses are coupled to the LPTN as heat
sources.

Input: ambient temperature and the load condition, i.e.,
torque and the speed relative to time.

Calculation of electric characteristics and losses using
the mathematical models.

PP2)
PP3)
PP4)

CAl)

CA2)

CA3) Calculation of temperature distribution using the
LPTN. The temperature was updated as it changed.

From the studies of mathematical modeling in Section II, the
following conclusions were drawn from the coupled analysis.
First, when the electric parameters and characteristics are fitted,
the formula type determined is the second-order polynomial.
Second, the number of analysis points was limited to three.
Third, the core loss distribution is constant relative to the current
and temperature. The detailed process of the coupled analysis is
as follows.

Before the main coupled analysis, a preprocessing step was
performed to simplify the process. The electric parameters were
calculated by FEA relative to current and temperature, and
the minimum number of analysis points according to current
and temperature was determined to be three. During the cal-
culation, the ratio of the core loss distribution was calculated
at an arbitrary analysis point for the electromagnetic-thermal
coupling. The mathematical models of the electric parameters
were derived based on the modified LPMC. In the proposed
model, the nonlinear term relative to the current and temperature
was modeled as the second-order polynomial. The coefficients
to consider nonlinearity were obtained by curve fitting with the
results of FEA. Maps of the electric parameters were calculated
using the proposed mathematical model and were reflected in
the d- and g-axis equivalent circuit models to calculate the
electric characteristics. Furthermore, mathematical models of
the electric characteristics were fitted with the same formula
type as in the case of the electric parameters. These mathematical
models were coupled to the LPTN model. In this coupling, the
copper loss was reflected to the armature coil part in the LPTN
model, and the core loss calculated using the proposed model
was multiplied by the ratio of the core loss distribution and
coupled to each part of the LPTN model.

The inputs to the coupled analysis were the ambient temper-
ature and load conditions of the load torque and speed relative
to time. The initial temperatures of each part of the LPTN were
set to the ambient temperature. First, the copper and core losses,
which act as heat sources for the input ambient temperature and
load condition, were calculated using the proposed mathematical
models. Moreover, the temperature distribution was calculated
using the LPTN model. Subsequently, the time and temperature
of each part were updated [39]. In the next step, the elec-
tric characteristics and losses for the updated temperature and
load conditions were calculated using the mathematical models.
These losses considering the updated temperature were reflected
again in the LPTN model, and the analysis was repeated.
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IV. EXPERIMENTAL VERIFICATION

To validate the proposed coupled electromagnetic-thermal
analysis method, an experimental verification was conducted
using a reference motor designed for an electric brake system.
Fig. 10 illustrates the experimental setup. The reference and
load motors were connected by a torque sensor used to measure
the load torque. The reference motor was also connected to an
oscilloscope to measure the input current and voltage. During
the experiment, the speed of the load motor was maintained
constant. The input current of the reference motor was controlled
by measuring the load torque. The reference motor was mounted
in a temperature chamber to maintain a constant ambient temper-
ature. The temperature distribution of the reference model was
measured using thermocouples attached to the middle of the
coil side, end coil, stator yoke, and housing. Two temperature
saturation experiments were performed with a load torque of
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Fig. 11.  Temperature saturation experiment under 1.0 N-mload condition (dot:

the result predicted by the coupled analysis, solid line: the experimental result).

1.0 and 1.5 N-m and with the ambient temperature and rotating
speed fixed at 23.5 °C and 500 r/min, respectively.

A. Temperature Saturation Experiment

Fig. 11 presents a comparison of the temperatures obtained
using the proposed coupled analysis and the experiment at load
condition 1 (load torque: 1.0 N-m; speed: 500 r/min). The dots
and solid lines represent the temperatures of the coupled analysis
and the experiment, respectively. Table IV presents the experi-
mental verification of electric performance. The input currents
used in the proposed coupled analysis and in the experiment were
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TABLE IV

PERFORMANCE COMPARISON AT LOAD CONDITION 1

Proposed- Experiment
method results results
Ambient temperature 23.5°C
Loadtorque 1.0 Nm
Speed 500 rpm
Current 17.4 Ams 17.2 Ams
Current phase angle 0° 0°
Predicted temperature 45.8°C 47.3 °C
value of PM
80 .4 [Experiment]
—0=—Yoke
70 —o—Coil
—_ —<—Housing
& [Simulation]
SO =  Yoke
g » Coil
2 50 4 Housing
£ I « PM
2
40
g |
b .
30
20 1 1 1
0 1000 2000 3000 4000
Time (s)
Fig.12.  Temperature saturation experiment under 1.5 N-mload condition (dot:

the result predicted by the coupled analysis, solid line: the experimental result).

TABLE V

PERFORMANCE COMPARISON AT LOAD CONDITION 2

Proposed- Experiment

method results results
Ambient temperature 23.5°C
Loadtorque 1.5 Nm
Speed 500 rpm
Current 27.9 Ams 26.8 Ams
Current phase angle 0° 0°
Predicted temperature 60.1 °C 62.9 °C
value of PM

17.4 and 17.2 Ay, respectively, and show an error of 1.2%.
Because it is difficult to attach the thermocouple to the rotor,
the temperature of the PM is indirectly predicted based on the
FEA. The current measured in the experiment was considered
the input of the FEA, and the residual induction that satisfied
the load torque was determined through FEA. The predicted
temperature values of PM obtained using the proposed coupled
analysis and experiment were 45.8 and 47.3 °C, respectively, and
the error was 3.2%. Similarly, Fig. 12 shows the comparison of
the temperatures under load condition 2 (load torque: 1.5 N-m;
speed: 500 r/min). Table V presents the experimental verification
of the electric performance under the load conditions. The input
current using the proposed coupled analysis and the experiment
were 27.9 and 26.8 A, respectively, and it resulted in an
error of 4.1%. The predicted temperature values of PM using
the proposed coupled analysis and the experiment were 60.1
and 62.9 °C, respectively, and its error was 4.4%. Therefore, the
electric characteristics and temperature distribution using the

—0O=—Speed (Experiment) - -~ - Speed (Simulation)
—0O=Current (Experiment) - - = Current (Simulation)
2500 200
2000 p - 160
R NW == -~
£ 1500 120 =
<!
3 2
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. @)
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500 —y 40
_‘_"-O""—- O/’
0 1 1 1 1 0
0.0 0.5 1.0 1.5 2.0 2.5
Torque (Nm)
Fig. 13.  T-N-I curve comparison. (Symbolic line: the experiment results,

dashed line: the predicted result by the coupled analysis).

proposed coupled electromagnetic-thermal analysis revealed an
appropriate correlation with the experimental results.

B. Electric Performance Verification

The T-N-I curve is one of the methods used to predict the
electric performance of a PMSM. Fig. 13 shows the experimental
verification of the electric performance. Symbolic lines indicate
experimental results. The dashed lines represent the predicted
results obtained using the proposed coupled analysis method.
The speed and input current at each load torque were compared.
Based on these experimental verifications, the proposed coupled
electromagnetic-thermal analysis method could accurately cal-
culate the electric performance and temperature distribution of
the PMSM.

V. CONCLUSION

In this article, a fast and accurate coupled electromagnetic-
thermal analysis method for a PMSM is proposed. Mathematical
models of the electric characteristics and LPTN model were
used for fast computation. First, the mathematical models of
the electric parameters were obtained using the modified LPMC
model. To consider the temperature-dependent nonlinearity of
these parameters, the nonlinear term in the mathematical model
was fitted according to the formula type. In the curve fitting,
the formula type was selected as the second-order polynomial
considering both the accuracy and minimum number of FEA
points. Furthermore, maps of electric parameters calculated
by the mathematical models were used in the d- and g-axis
equivalent circuit models and in the voltage equation to calculate
the electric characteristics. Mathematical models of the electric
characteristics were fitted using the same formula type as that
utilized in the case of electric parameters. The mathematical
models of the losses were coupled to the LPTN model as a
heat source. Subsequently, the proposed coupled analysis was
applied to a reference model designed for an electric brake. The
variations in the electric and thermal characteristics over time
were calculated. This was followed by experimental verification.
The error thus obtained was considered acceptable, thereby
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confirming the reliability of the proposed coupled analysis.
Therefore, by computing only a simple equation and using
an LPTN model, the electric and thermal characteristics of a
PMSM can be rapidly calculated under various load and thermal
conditions. The proposed coupled analysis method can be used
to accurately predict the electric and thermal characteristics by
considering any operating pattern of the electric brake system.
Such predictions, therefore, allow higher braking control.
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