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The load capacity of the permanent magnet synchronous motor is limited by the rotor temperature, and the excessive temperature
of the rotor will bring potential thermal safety problems of the system. Therefore, the accurate prediction of the rotor temperature
of the permanent magnet synchronous motor for the electric vehicle is crucial to improve the motor performance and system
operation safety. This paper studied the heating mechanism and the energy flow path of the motor and built the heat energy
conversion model of the stator and rotor. The real-time algorithm to predict the rotor temperature was constructed based on the
dissipative energy conservation of the stator of the motor rotor temperature. And the prediction method of the initial rotor
temperature is fitted using the experimental results when the system is powered on. Finally, the test platform was set up to validate
the rotor temperature accuracy. The results show that the motor rotor temperature estimation error under the dynamic operating
condition is within +5. The research provides a solution to improve the performance and thermal safety of the permanent magnet

synchronous motor for electric vehicles.

1. Introduction

The permanent magnet synchronous motor (PMSM) is
widely used in pure electric vehicles due to high-power
density, high efficiency, and high torque. Thermal safety and
peak performance are the difficulties of PMSM development.
The copper and the iron losses are the main sources for the
temperature rise of rotor magnetic steel, and the tempera-
ture of rotor magnetic steel directly determines the duration
of the peak power of the motor. Therefore, the research of
the rotor temperature prediction can not only ensure the
thermal safety of the motor but also improve the peak
performance of the motor. Meanwhile, the coercive force of
magnetic steel is closely related to temperature, which de-
creases with the rise of temperature. When the temperature
of the rotor magnetic steel exceeds the limit value, the ir-
reversible demagnetization will happen. In general, the ir-
reversible demagnetization should be avoided under the
operating condition of the motor [1-3]. In fact, the torque

capacity of PMSM is usually lower than its actual torque
capacity to avoid overheating failure of the motor without
the high-precision rotor temperature prediction [4, 5].

It is difficult to obtain the temperature of rotor magnetic
steel by direct measurement when the motor is running [6].
The rotor temperature measurement methods include sliding
ring and wireless temperature sensor. But these two methods
have high cost and low engineering feasibility, so they cannot
be applied in batch. Compared with the direct temperature
measurement with an integrated sensor to the rotor, a mature
rotor temperature algorithm has advantages in development
cost and fast response of thermal protection [7, 8]. But the
real-time rotor temperature prediction technology faces some
challenges, such as thermal model complexity, algorithm
safety, and temperature prediction accuracy [9]. In the cur-
rent research, the rotor temperature prediction methods
mainly include three directions. The first method predicts the
rotor temperature with the empirical formula by the indirect
variables [10]. The second method is to subdivide the motor
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into elements, establish the thermal resistance between ele-
ments, and form the thermal network model [11]. The third
method is to measure the counterelectromotive force of the
motor and calculate the residual flux density of the motor
[12]. The actual rotor temperature is obtained by querying the
corresponding relationship between the residual flux density
and the rotor temperature [13, 14].

Nevertheless, there are some shortcomings in these re-
search methods. Firstly, the temperature change of the rotor
of the motor under natural cooling condition is not taken
into account after the whole vehicle system is powered down.
As a result, the initial temperature of the rotor cannot be
assigned to calculate when the system is powered up again.
Secondly, it only predicts the rotor temperature under
normal temperature conditions without considering the
influence of ambient temperature on the rotor temperature
characteristics, resulting in poor adaptability and limited
accuracy of the algorithm [15]. In addition, when measuring
the rotor temperature with the counterelectromotive force
method, the motor current should be unloaded. It is not
practical to predict the real working condition of the vehicle.
This paper will comprehensively consider the thermal nodes
that affect the rotor temperature of the motor, and obtain the
law of the rotor temperature characteristics of the motor
through the test method. The rotor temperature algorithm is
built under different environmental temperatures and load
conditions, so as to improve the performance and operation
safety of the motor system [16, 17].

2. Main Problem

To predict the temperature of the rotor accurately, the
mechanism of heat generation and conduction for the motor
should be researched. Considering the complexity of the
thermal characteristics on the actual motor work condition,
the energy transfer paths inside the motor system were
simplified as shown in Figure 1.

The temperature rise of the rotor is affected by the copper
loss P, the iron loss P, the mechanical loss P, and
the coolant dissipation P, [18-20]. The loss exchanges with
the environment in the form of heat to attain the ther-
modynamic equilibrium. Meanwhile, the stator generates
loss or heat when the three-phase current reacts on the
stator. As a source, the stator would heat on the rotor with a
power of P,, dissipate to the air with a power of P,_,;., and
dissipate to the coolant with a power of P,,. Also, the rotor
would dissipate to the air with a power of P,_;..

As a main heat source of the stator, the copper loss is
caused by three-phase current passing through the stator
winding cross section. To eliminate the irregularity of stator
current in the winding, the current in the stator winding
section is simplified and equivalent to uniform distribution.
The copper loss is estimated by the following formula [21, 22]:

P, =nl’ R

phase™“phase>
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FiGure 1: The energy transfer paths of the motor system.
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where 7 is the phase number of the motor, I, is the phase
current, R, is the phase resistance, R is the resistance of
the stator winding at an ambient temperature of 20, and T,
is the ambient temperature.

The iron loss includes the hysteresis loss and the eddy
current loss. The hysteresis loss is caused by the change of
alternating magnetic field caused by the alternating current
in the stator winding. The eddy current loss is caused by the
induced current as the magnetic field changes in the core.
The iron loss is calculated by the following formula [23, 24]:

Piron = kthfn + keszfn’ (2)

where kj, is the hysteresis loss coefficient, k, is the eddy
current loss coefficient, f is the armature field alternating
frequency, and B,, is the amplitude of flux density of the
stator core.

The mechanical loss consists of the bearing friction loss
and the windage loss. The mechanical loss is calculated by
the following formula [25, 26]:

Pmech = kccfnpairwfnr4l’ (3)

where k_ is the coefficient of surface roughness, C is the
friction coeflicient, 7 is the constant parameter of Pi, p,; is
the density of air, w,), is the angular velocity of the rotor, [ is
the length of the rotor, and r is the radius of the rotor.

As the motor works, most of the heat is taken away by the
coolant and the rest is carried away by air. The heat dissi-
pated by the coolant is estimated by the following formula
[27, 28]:

Tin B Tou
P, = prwvai( ) (4)

(-t)

where p,, is the density of the coolant, C,, is the specific heat
of the coolant, A, is the section area of the cooling pipe, v is
the flow velocity of the coolant, T;, and T, are the tem-
peratures of the coolant at the inlet and the outlet, and t, and
t, are the beginning and the ending time.

The heat carried away by air is evaluated by the following
formula [29].

Its Newton function is given by

T,-T
Ps—air = 6As( : en))
(t,—t1)
(5)
T,-T
Pr—air = OCArM

(t—t,) "
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where § and « are the coeflicients of convection heat transfer
for the stator and the rotor [30], A, is the area of convection
heat transfer between the stator surface and the air, A, is the
area of convection heat transfer between the rotor surface
and the air,and T, and T, are the temperatures at the surface
of the stator and the rotor:

8 =973+ 14V>%,
(6)

a=9.73+14V>%

where V and V, are the air velocity of the cooling surface for
the stator and the rotor, respectively.

The estimation accuracy of rotor temperature is greatly
influenced by factors of motor operation condition and
environment temperature. In order to obtain high accuracy
rotor temperature, equivalent and accurate modeling so-
lutions will be used to build a rotor temperature model based
on the running state and stop state, respectively.

It is clear that the heating power of the stator mainly
consists of three parts including copper loss, iron loss, and
mechanical loss according to the energy flow analysis during
motor running state from Figure 1. The conservation of
energy can be expressed as follows.

From this, the decision function corresponding to the
segmentation hyperplane equation can be solved, which is
given by

P5:PCu+Pir0n+Pmech' (7)

The absorbing energy of the stator will change its
temperature during the period of time, so it is concluded as
follows:

(TSZ — Tsl)
(t,—t)

where C; is the specific heat of the stator, M, is the mass of
the stator, T, and T', are the stator temperatures at interval
time points of sample period, respectively, and ¢, and t, are
interval time points of sample periods, respectively.
Meanwhile, the stator will bring heat energy to cooling
water, atmosphere, and rotor as a heating energy resource.
Therefore, the absorbing heat power of the rotor can be
concluded based on the conservation of energy as follows:

P,=P,+P,+P,_,+P, . 9)

P, =C.M, ) (8)

s—air

The absorbing energy of the rotor will change its tem-
perature during the period of time, so it is concluded as
follows:

P=CMM (10)

R RV

where C, is the specific heat of the rotor, M, is the mass of
the rotor, and T,, and T,, are the rotor temperatures at
interval time points of the sample period, respectively.

3. Method

Due to the rotor temperature variation during motor run-
ning state, updating of the rotor temperature can be attained

by putting the previous rotor temperature into formula (10)
and adopting a real-time iterative algorithm per operation
period. Therefore, combine formulas (8) and (9) to build an
estimation model of rotor temperature as follows:

T T, =T, +AT,,

r—act —

_ CsMs (TSZ B Tsl) B (Pw + Ps—air + Pr—air) (t2 - tl)

AT,
C.M,

>

(11)

where T,_, is the real-time rotor temperature from the
estimation model.

When the motor comes into a stop state, the heat energy
of the rotor brings to the atmosphere and its temperature
goes down to the environment temperature along stop time.
Therefore, the rotor temperature model under the motor
stop state can be attained by obtaining the relationship
between rotor temperature and stop time.

When the vehicle is powered on, initial rotor temper-
ature can be attained by adopting the previous rotor tem-
perature T, ., the stop time f,,, and the environment
temperature T, as the following steps:

(1) Obtain the value of T, stop Which are saved in
electrically erasable programmable read-only
memory (EEPROM) of the motor controller last
time.

andt

(2) Receive the environment temperature T, from the
air-conditioning controller, and initialization time
point t, can be captured by looking up the table of
rotor temperature and the stop time from Figure 2 at
different environment temperatures T, and T,.

(3) According to £y, and t, from step (1) and step (2),
initial rotor temperature T, ;i (r1) and T', ;i (o) Of
different environment temperatures T and T, can
be obtained by looking up the table of rotor tem-
perature and stop time from Figure 2 at the time

point of o + t .

(4) Based on output results from step (3), rotor initial
temperature at different environment temperatures
T, can be matched as follows:

Ty iniecry = ET rimiecry + (1= O inie(r2)» (12)

where ¢ is the matching coefficient depending on
environment temperature as shown in Table 1.

A real-time control algorithm is constructed to estimate
the rotor temperature at different environment temperatures
and operation states based on the rotor temperature model.
The algorithm process and software frame are introduced in
Figure 3.

Firstly, it is necessary to make sure whether the system is
powered on or not, and then judge motor operation state by
actual motor torque and speed. When the motor comes into
stop state (Flg=0), initial rotor temperature is attained by
the estimation model in the stop state. Next step, when
motor torque and speed are checked by controller, real-time
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FIGURE 2: The relationship between rotor temperature and stop time.

TaBLE 1: The matching coefficient for the rotor initial temperature.
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FIGURE 3: The algorithm process of rotor temperature.

rotor temperature is calculated by the estimation model in ~ stored into the memorizer of EEPROM and the previous
running state. Rotor temperature needs to be modified  rotor temperature can be used again in next power on for the
during the motor running state if it meets the requirement  system.

of the modification strategy. Finally, when it comes into There is an accumulative error to adopt a real-time it-
power off for the system, real-time rotor temperature is erative algorithm to estimate rotor temperature. Therefore, it
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is necessary to build a modification strategy to improve the
estimation accuracy of rotor temperature as follows:

Neal-1 < |nmot| < Neal-2>

|T <T.. (13)

mot—trq
Al//mot < AWcal’

where n,, is the actual motor speed, n_,_, and n_,_, are
low- and high-level limitation of motor speed, respectively,
T ot-trq is the actual motor torque, T, is the motor torque
limitation, Ay, is the changing rate of motor actual flux
linkage, and Ay, is the changing rate limitation of motor
flux linkage.

It is necessary to limit the changing rate to eliminate the
prominent variation between estimation value and modi-
fication value and avoid power break-off or torque cut-down
in a short time. Therefore, the updated value of rotor
temperature in a running period should be modified based
on the following equation:

Tvar = Tr—act +k (Ttab - Tr—act)) (14)

where T, is the rotor temperature from looking up the flux
linkage table for motor and k is the changing rate for rotor
temperature modification.

The numerical model of the rotor temperature algorithm
is built by relevant experiments and embedded in the
software of the motor control system to satisfy the practi-
cability of the rotor temperature algorithm.

According to the algorithm established above, the pre-
diction of the rotor temperature will produce accumulated
errors with the extension of calculation time. In order to
ensure the accuracy of rotor temperature prediction,
equation (14) is used to correct the rotor temperature.

Firstly, the counterelectromotive force of the motor
corresponding to each rotor temperature was obtained
through experiments. And the motor flux was calculated by
using the following formula:

E 7.8E
Yot = = o (15)
wmot r]mot p mot

where E, is the maximum phase electromotive force, w,,, is
the electrical angular frequency, E,, is the phase electro-
motive force, and p,,, is the pole pairs of the motor.

As a result, the numerical model of the motor flux and
rotor temperature was built, as shown in Figure 4.

The total cooling dissipation of the motor includes three
parts: cooling water dissipated power and stator and rotor
dissipated power to air. The relationship between the total
cooling dissipation of the system and the stator temperature
change rate is established as shown in Figure 5. The cali-
bration and optimization of the numerical model were carried
out by experiments under different load conditions to im-
prove the prediction accuracy of the rotor temperature model.

In order to obtain the initial rotor temperature when the
motor system is powered on, the numerical model is estab-
lished corresponding to the rotor temperature and downtime
under the state of natural cooling of the motor system. The
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FIGURE 4: The relationship between the rotor temperature and the
motor flux linkage.
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FIGURE 5: The numerical model of the total cooling dissipation.

motor was run at high power until the rotor temperature rose
to the equilibrium point at each ambient temperature under
the conditions of 10°C, 30°C, 50°C, and 70°C, respectively. And
the expression of rotor temperature and shutdown time was
fitted by the polynomial, as shown in Figures 6-9.

4. Results

To validate the real-time control algorithm of the rotor tem-
perature prediction model established in this paper, an AVL test
system is used to build a motor rotor temperature accuracy
experimental platform, as shown in Figure 10. A slip ring is used
to draw out the thermal resistance for the rotor temperature, as
shown in Figure 11. The experimental platform consists of
power dynamometer, battery simulator, temperature box,
cooling system, motor system, electrical parameter tester, ad-
justable low-voltage power supply, and related sensors.

To ensure the prediction accuracy of the algorithm in the
different environment temperatures under the condition of
changing load, the motor was running under different loads
in the ambient temperature 30°C and 70°C, respectively. As
shown in Figures 12-14, the maximum error between the
prediction value and the experimental results under fixed
load conditions is within +6°C.
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FiGgure 11: The schematic of the rotor temperature test using the
slip ring.

To validate the proposed algorithm accuracy rotor
temperature under the changing load condition, the motor
was running with the vehicle real variable load in the en-
vironment temperatures of 30°C and 70°C, respectively. The
comparison indicates that the maximum dynamic error is
within +5°C between the predicted and the measured values,
as shown in Figures 15 and 16.
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5. Conclusion

A method to estimate the rotor temperature of the per-
manent magnet synchronous motor in this paper has been
proposed. The method is characterized with the equivalent
thermal model of rotor temperature estimation by ana-
lyzing the principle of heat generation and heat transferring
path inside the motor system during operation based on the
conservation of energy for the stator heat consumption and
establishing a numerical model of rotor temperature es-
timation by experiment. Different constant load power is
adopted to motor real operation states at different envi-
ronment temperatures and the numerical model of total
cooling power is optimized by comparing rotor tempera-
ture errors between real test and model calculation to
improve the estimation accuracy of the rotor temperature
model. Then, the model estimation accuracy of rotor
temperature is validated at different environment tem-
peratures and variational load power, and the test result
shows that dynamic estimation accuracy between mea-
surement and estimation is within +5°C. According to the
high accuracy estimation of rotor temperature in this re-
search, duration operation time of motor peak power can
be significantly expanded because the protection threshold
of rotor temperature is increased to improve the peak
performance of motor in electric vehicle.
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