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Abstract—Temperature information of the magnet on
permanent magnet synchronous motors (PMSMs) is crucial to
prevent failures caused by the thermal demagnetization of
magnets. This paper proposes a detection method for the magnet
temperature of PMSMs using a wireless power transfer (WPT)
system with a thermistor. The magnet temperature is measured by
the NTC thermistor, which is connected to the secondary side of a
WPT system. The temperature change of the magnet is detected
through the change in the input power on the primary side. The
prototype of the WPT system is designed and demonstrated based
on the characteristics of the thermistor.
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I. INTRODUCTTION

With the spread of environmentally friendly electric and
hybrid vehicles [1], the demand for permanent magnet
synchronous motors (PMSMs) as their drive-power source is
increasing. The PMSM tends to be more efficient than induction
motors [2] since PMSMs do not require a secondary current. In
contrast, magnets on a rotor in PMSMs generate heat due to eddy
current losses [3]. Demagnetization due to heat generation from
magnets reduces the performance of PMSMs [4] and eventually
causes failure. So, accurate detection of the magnet temperature
of PMSMs is one of the crucial technological needs. However,
it is difficult to directly measure the magnet temperature because
the magnets are embedded in or attached to a rotor. Thus, a
temperature measurement technology for rotating bodies such as
a rotor of PMSMs is required.

Slip rings, which have been used to transmit signals from a
stationary body to a rotating body, have poor durability and
maintenance problems because of contact between the brushes
and the ring. A telemeter system using wireless communication
has been proposed to solve the problem of slip rings [5]. Many
components, such as the A/D converter, the CPU, and the
wireless communication IC, must be attached to this system's
rotating body. This causes an increase in cost.

Reference [6] proposes a method for indirectly estimating
the magnet temperature of a PMSM by injecting a high-
frequency current and estimating the stator inductance. This
method only estimates the average temperature of all magnets
and cannot detect partial magnet temperatures. References [7]
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and [8] have proposed a method to estimate the magnet
temperature by modeling the PMSM in a thermal circuit.
However, this method requires an accurate thermal model for
temperature estimation.

This paper proposes a detection method of magnet
temperature in the PMSM with a thermistor connected to the
wireless power transfer (WPT) with magnetic field coupling [9].
This method solves the maintenance problem because there is
no contact between the stationary and rotating parts. In addition,
an accurate thermal model is not required. A prototype of the
detecting system is designed and experimentally demonstrated.
The input power of the WPT system varies with the temperature
of the thermistor connected as a load on the secondary side.

II. TEMPERATURE DETECTION SYSTEM FOR ROTATING PARTS

A. System Configuration

Fig. 1 shows the configuration of the proposed PMSM
magnet temperature detection system. The system comprises the
stationary part and the rotating part. The stationary part consists
of the power detection part and the power supply circuit, which
includes the DC power supply, the high-frequency power supply,
and the primary coil. The rotating part consists of the thermistor
and the power receiving circuit, which includes the secondary
coil. The thermistor is attached to the magnet, which is the
temperature-detection target, on the rotor.

The power detection part detects the DC power supplied
from the DC power supply to the high-frequency power supply.
The high-frequency power supply and the primary coil transmit
power to the power receiving circuit, including the secondary
coil by WPT. The thermistor consumes power received from the
power receiving circuit.

Fig. 2 shows the sketch of the proposed system with a PMSM.
The primary and the secondary coils are inserted around the
shaft. The power supply circuit is independent of the PMSM
drive circuit. The thermistor and the power receiving circuit,
including the secondary coil, rotate with the rotor.

B. Equivalent Circuit

This section presents a description of the operational
principle of the proposed system, with reference to the
equivalent circuit of the WPT system. Fig. 3 shows the T-type
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Fig. 2. Skech of the temperature detection system to a PMSM.

equivalent circuit of WPT for the temperature detection system.
A series-series (S-S) compensation is used for the WPT system.
The input current /1 and the output current /> are shown in (1)
and (2), respectively.
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When the resonance condition, as shown in (3), is satisfied,
the input current /1 and the output current /> are given by (4) and

(5).
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Fig. 3. T-type equivalent circuit of S-S conpensation topology WPT
system for temperature detection system.
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Thus, the input power P1 and the output power P> are given
by (6) and (7). Equation (6) shows the dependence of the input
power P on the resistance of NTC thermistor Ren.
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The resistance of NTC thermistor R at absolute temperature
Tis shown in (8) using the B constant, where Ro is the resistance
at the reference temperature 7o [10]. Equation (8) shows the
dependence of the resistance of NTC thermistor Rm on the
temperature 7.
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Equations (6) and (8) mean that the input power P1 depends
on the temperature of the NTC thermistor 7. Thus, the
temperature change measured by the NTC thermistor connected
to the secondary circuit appears as a change in the input power
of the primary circuit.

III. DESIGN AND SIMULATION

A. Circuit design

The NTC thermistor used in the experiment has a power
rating of 100 mW at an ambient temperature of 55°C [11]. Five
of these thermistors are connected in parallel in the experiment
therefore, the total power rating is 500 mW.

Table 1 shows the designed circuit parameters. The WPT
circuit was designed in accordance with (9), which neglects the
winding resistance 71 and 2 in (7), to ensure that the output
power P> does not exceed the power rating of the NTC
thermistor 500 mW when the load is the thermistor resistance R
= 2 kQ at room temperature 25°C. In the S-S compensation
method, the output power decreases as the load decreases, so the
output power will not exceed the rated power of the thermistor
if the temperature exceeds 25°C. Resonant capacitors C1 and C2
are calculated by (3).

V12 Rth

9
(L) ©)

P2:

B. Theoretical calculation and simulation

Fig. 4 shows the calculation and simulation result of input
power P and output power P2 of the WPT system with respect
to the temperature of the NTC thermistor 7. The parameters
shown in Table 1 are used for the calculation. V1 is the R M.S.

TABLE 1. CIRCUIT PARAMETERS
Parameter Value

Primary side voltage 1 0.5V
Resonant frequency f 200 kHz
Primary side coil inductance L1 80.9 uH
Secondary side coil inductance L2 80.9 uH
Coupling coefficient & 0.30
Mutual inductance Lm 243 uH
Primary side coil resistance 71 249 mQ
Secondary side coil resistance 2 249 mQ
Primary side resonant capacitor Ci 7.83 nF
Secondary side resonant capacitor C2 7.83 nF

value of the sine wave. In the calculation, the input power Pi
calculated by (6), the output power P2 by (7), and the resistance
of the NTC thermistor Rm by (8) are used where the B constant
is 3977 K. In the simulation, the thermistor resistance is varied
with changing the temperature, as shown in Fig. 5. Both
calculated and simulated results show that the input power Pi
decreases monotonically with rising temperature 7. So, the
temperature of the NTC thermistor 7 can be detected from Pi.
The results also show that the output power P is less than the
power rating of the NTC thermistor 500 mW at all temperatures.
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Fig. 4. Calculation and simulation result of input power and output power
vs. temperature of NTC thermistor.
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temperature.
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Fig. 6. Coils for experiment of WPT system.

TABLE IL. COIL DIMENSIONS
Parameter Value
Nagaoka coefficient K 0.379
Relative permeability g 1.0
Diameter d 60 mm
Length / 16 mm
Turns N 31
TABLE III. COMPARISON OF THE DESIGNED AND MEASURED
VALUES
Parameter Designed Measured
value value
Primary side coil inductance L 80.9 uH 80.9 uH
Secondary side coil inductance L 80.9 uH 80.9 uH
Primary side coil resistance r1 249 mQ 430 mQ
Secondary side coil resistance 2 249 mQ 480 mQ
Matual inductance Lm 24.3 uH 254 pH
Coupling coefficient k& 0.30 0313
Primary side capacitor Ci 7.83 nF 7.83 nF
Secondary side capacitor Ca 7.83 nF 7.82 nF

1V. EXPERIMENTS

A. Prototype circuit

Fig. 6 shows the coils for the experimental setup. Air-core
solenoid coils are used in the experiment. The coils are arranged
so that the central axes are coincident. The air gap between the
coils is 5 mm. The coil dimensions are shown in Table 2. Table
3 shows a comparison of the designed and measured values for
the coils and resonant capacitors. The discrepancy between the
design and measured values of the winding resistance can be
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Fig. 7. Waveforms of prototype WPT circuit.
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Fig. 8. Experimental result of input and output power vs. temperature of
NTC thermistor.

attributed to the difference between the DC and AC resistances.
The DC resistance is used for simplicity in the design.

Experiments were conducted based on the circuit shown in
Fig. 3. The supply voltage V1 is a sine wave. The NTC thermistor
was placed and heated in a thermostatic chamber. A
thermocouple measured the temperature of the NTC thermistor.

B. Experimental Results
Fig. 7 shows the input/output voltage and current waveforms

of the prototype WPT system. Input voltage and current, and
output voltage and current are in phase, respectively. In addition,



TABLE IV. CIRCUIT PARAMETERS FOR EXPERIMENT WITH SHAFT
Parameter Value
Primary side voltage V1 3.0V
Resonant frequency f’ 224.4 kHz
Primary side coil inductance L1 64.2 uH
Secondary side coil inductance L2 68.6 uH
Coupling coefficient & 0.247
Mutual inductance Lm 16.4 uH
Primary side coil resistance r1 7.83 Q2
Secondary side coil resistance 2 7.82Q
Primary side resonant capacitor Ci 7.83 nF
Secondary side resonant capacitor C2 7.83 nF
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Fig. 9. Coils with inserted shaft of the rotor.

the output has a phase-lead of 90° with the input. Thus, this
circuit operates resonantly even if the temperature changes.

Fig. 8 shows the change in the input and output power with
respect to temperature change. The input power decreases
monotonically with rising temperature. The same characteristics
as in theoretical calculations and simulations are obtained. The
output power is always below 500 mW, the power rating of the
thermistor.

V. EFFECTS OF SHAFT

It is anticipated that the coils will be affixed around the shaft,
as depicted in Fig. 2. As a steel shaft penetrates through the
center of the coils, iron loss and other effects will not be ignored.

In this section, the effect by the shaft is experimentally evaluated.

A. Experimental conditions

Table 4 shows the circuit parameters for the experiment with
the shaft. The coils are the same as in the experiment in the
previous section, but the inductances of the coils L1 and L» and
the AC resistances of the windings 71 and 2 have changed from
the values shown in Table 3 because of the steel shaft. To
prevent the thermistor power consumption from decreasing due
to the increased winding resistance, the supply voltage V1 was
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Fig. 10. Waveforms of the WPT system when the coils are mounted on the
shaft of the rotor.
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Fig. 11. Input and output power with respect to temperature change.

increased so that the output power P2 does not exceed the rated
power of the thermistor. Fig. 9 shows the coils attached to the
shaft of the rotor taken from the PMSM. The air gap between the
coils is 5 mm.

B. Experimental result

Fig. 10 shows the input/output voltage and current
waveforms of the WPT system with the coils mounted on the
shaft. As in the experiment without ashaft, the resonant
operation of the WPT circuit is maintained at different
temperatures even if the shaft is inserted.

Fig. 11 shows the change in the input and output power with
respect to temperature change when the shaft of the motor is
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Fig. 12. AC-AC efficiency vs. temperature with and without shaft.

inserted into the coils. As in the experiment without a shaft, the
input power decreases monotonically as the temperature of the
thermistor rises. However, the output power increases as the
temperature rises, even though the output power decreases in the
experiment without the shaft.

Fig. 12 shows a comparison of AC-to-AC efficiency
regarding thermistor temperature with and without a shaft. It is
observed that mounting the coils around the shaft significantly
reduced efficiency. This is estimated as the effect of iron loss
caused by the magnetic flux emitted by the coil chaining to the
steel shaft. In the proposed system, the characteristics of the
input power with respect to the thermistor temperature are
important, and efficiency is not important. Therefore, low
efficiency is not a significant problem. However, if the iron loss
is too significant, the power consumed by the thermistor will be
relatively small. This may make it challenging to observe power
changes with respect to temperature changes. It was
demonstrated that the power and efficiency characteristics of the
circuit were changed with or without the shaft.

VI. CONCLUSION

A temperature detection system using WPT has been
proposed to detect the temperature of magnets in the rotor of a
PMSM. The proposed system detects the PMSM magnet
temperature as the input power of the WPT system. In this paper,
a prototype WPT system was designed so that the output power

of the WPT system does not exceed the power rating of the NTC
thermistor connected as the load. Experimental results with the
designed prototype show that the input power decreases
monotonically with increasing temperature of the thermistor.
This result shows that the temperature change of the thermistor
is detected through the change in the input power. In addition,
an experiment was conducted with the coil with the shaft of the
rotor, assuming that the proposed system would be attached to a
PMSM. The experimental results indicate that a large iron loss
occurs on the shaft. In future work, a design of the proposed
system will be presented while considering the effect of iron loss
on the shaft.
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