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ABSTRACT Lithium-ion batteries are widely used in new energy vehicles, especially electric vehicles. Tem-
perature estimation is very important for battery life and safety. However, current temperature measurement
methods cannot accurately measure the battery internal temperature. In this paper, a new method for battery
temperature estimation based on an improved magnetic nanoparticle thermometer (MNPT) is proposed.
The influence of dc magnetic field on temperature accuracy of a MNPT is firstly studied, the optimal dc
magnetic field is found out under limitation of maximum temperature sensitivity and minimum temperature
error, a new model of an improved MNPT is also established based on the ratio of first and second harmonics,
and then the Lithium-ion battery temperature is estimated by use of the improved MNPT, the simulation and
experiment results show that the improved MNPT can accurately estimate the battery internal temperature,
which provides a new method for monitoring battery temperature of a new energy vehicle.

INDEX TERMS Lithium-ion battery, magnetic nanoparticle thermometer, new energy vehicle, battery

temperature estimation.

I. INTRODUCTION

Due to high operating voltage, high power and energy den-
sity, long charge and discharge life, and no memory effect,
lithium-ion batteries are widely used in electric vehicles [1].
However, a large amount of heat in the Lithium-ion battery
packs will be accumulated during the charging and discharg-
ing process [2], [3]. The accumulated heat is difficult to
spread out in time due to being limited in Lithium-ion battery
structure, may seriously degrade the performance, decrease
life-span of lithium-ion batteries, and lead to safety accident
like spontaneous combustion [4]-[6]. It is very important to
monitor accurately lithium-ion battery temperature of electric
vehicles.

At present, the battery temperature measurement meth-
ods are shown in Table 1. The thermal resistor, ther-
mocouple [7], [8] and infrared temperature measurement
method [9], [10] can only measure the battery surface
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temperature, cannot measure the internal temperature; the
electrical impedance, and magnetic resonance [11]-[14] have
a lower time resolution. Therefore, it is necessary to explore
a new technology for accurately and quickly measuring the
battery internal temperature.

Magnetic nanoparticles thermometer (MNPT) is a new,
non-invasive method [15]-[23], which is based on magnetic
nanoparticles (MNPs). Weaver et al. [15], Zhong et al. [17],
Liu et al. [24] reported the temperature sensitivity of MNPs
magnetization under an applied magnetic field. The magne-
tization of MNPs is nonlinear under an ac magnetic field,
and MNPs temperature could be estimated by the ratio of
the third and fifth harmonic. Li et al. [25], Zhong et al. [26],
Yoshida and Enpuku [27] established theoretical model, and
demonstrated that the fundamental f, and 2f; harmonic
amplitudes could be measured to calculate temperature when
MNPs were exposed in ac and dc magnetic fields. Measure-
ment error of fundamental fy and 2fy harmonic amplitudes
is considerably lower than that of 3fy and 5fy harmonics,
because the harmonic amplitude is decreased rapidly with the
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TABLE 1. Mainstream temperature measurement technology.

Advantage Weakness

Method Type Typical Sensor
Contact Thermocouple / Thermal resistor
Radiation  Infrared Imager

temp.
Electricity  Electrical Impedance

Magnetics Magnetic Resonance

depths

High precision, Fast speed

Not contact, measure surface

Not contact, measure temp. in

Unable to measure inside temp.
Unable to measure inside temp.

Not contact, measure inside temp. Limited resolution, low accuracy

Complex influence factors, low
limited solution

increased order of harmonics. Zhong et al. [28] investigated
the influence of static magnetic field strength on the temper-
ature sensitivity, and found that the temperature sensitivity
of the ratio fy and 2fy harmonics was significantly increased
with increased dc magnetic field from 0.2 mT to 2.0 mT.
However, it is a pity that they did not continue the studies
in the case of higher dc magnetic field, and it is not clear
whether the temperature sensitivity will further increase when
the dc magnetic field exceeds 2.0 mT. The magnetization
of MNPs, which is exposed to sufficiently large magnetic
fields, will tend to saturate, and thus will no longer vary
with temperatures. In other words, temperature sensitivity of
MNPs, will decrease with increased dc magnetic field.

In this paper, we continue to study dc magnetic field
dependence on temperature sensitivity and temperature error
of a MNPT. The optimal range of the dc magnetic field
strength (Hg.) is determined under the maximum temper-
ature sensitivity and minimum temperature error of the
MNPT. An improved magnetic nanometer thermometer is
established, and employed to estimate Lithium-ion battery
temperature.

Il. THEORETICAL MIODEL OF AN IMPROVED MAGNETIC
NANOPARTICLES THERMOMETER FOR ESTIMATING
LITHIUM-ION BATTERY TEMPERATURE

The ideal MNPs with a single core size and no interaction,
the magnetization (M) of the MNPs under a magnetic field is
described as follow:

MSVH) kT

M = NMg[coth(
kT M,VH

ey
where N is the number of MNPs per unit volume, M; is
saturation magnetization of a single MNP, V is volume of
MNPs, k is Boltzmann constant, and 7T is absolute tempera-
ture, H = Hy. + Hosin(27xfy- t) is the applied magnetic field,
H) is the amplitude of ac magnetic field, fy is the frequency
of ac magnetic field, Hy, is the strength of dc magnetic field.
The Equation (1) can be expanded by Taylor series. Mjand
M, are the amplitudes of fundamental fpand 2fy harmonics
of the MNP magnetization, respectively [29]-[32], which are
expressed (2), as shown at the bottom of the next page.
Since other parameters are known, the ratio of the har-
monic amplitudes of the fundamental fy and 2fy harmonics
is only related to the absolute temperature 7. Therefore,
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the problem of measuring battery temperature using MNPs is
transformed into the inversion problem of amplitude detec-
tion of fundamental fy and 2fy harmonics and temperature
solution.

The fy and 2fy harmonic amplitudes strongly depend on
the dc magnetic field strength, the influence of different dc
magnetic field strength on harmonic amplitudes is firstly sim-
ulated by use of MATLAB software on a PC. In simulations,
the absolute temperature of magnetic nanoparticles was set
at 314 K. The ac magnetic field has an amplitude of 1.0 mT
and a frequency of 175 Hz. The strength of the dc magnetic
field ranges from 0.01 mT to 300 mT with a step of 0.1 mT.
The core diameter of the monodispersed MNPs is 30 nm and
the saturation magnetization is 4.5 x 103 A/m. The sample
frequency was set to 525 kHz, and the sample cycle was set
to 9.

As shown in Fig. 1, M| declines sharply with Hy. increas-
ing from 0.01 mT to 25 mT, then decreases slightly with
Hg. increasing from 25 mT to 100 mT, and finally remains
stable when Hj. exceeds 100 mT. It can be also seen that M,
is considerable increased from 0.1 mT to 6.5 mT, and then
is significantly decreased with H;. from 6.5 mT to 25 mT,
finally gradually stabilized as Hy. exceeds 100 mT.

It can be found that Hy. (0.01 mT to 25 mT) significantly
affects M1 and M. As Hy. exceeds 25 mT, the magnetization
of the magnetic nanoparticle gradually becomes saturated and
H,. insignificantly affects M| and M». Therefore, there would
be a maximal M, when Hy. ranges from 0.01 mT to 25 mT.

Although simulation reveals that H;. between 0.01 mT and
25 mT significantly affects M and M», the temperature sensi-
tivity is an important factor for reducing the temperature error
of a magnetic nanoparticle thermometer. The dependence of
temperature sensitivity of Mjand My (dM1/dT, dM»/dT) on
the strength of dc magnetic field is also needed to further
study. The temperature sensitivities of the MNPs magnetiza-
tion harmonics, such as dM1/dT and dM,/dT, are expressed
(3), as shown at the bottom of the next page.

where dM/dT and dM,/dT versus H,. are depicted in
Fig. 2. It can be found that the changing trends of dM//dT
and dM,/dT are similar to those of M| and M>, respectively,
with Hg. of 0.01 mT to 10 mT. That is, dM/dT and dM»/dT
are affected by Hy. from 0.01 mT to 10 mT. Hy. greater
than 10mT insigni-ficantly affects the dM/dT and dM,/dT.
Consequently, simulation results show that H;. from 0.01 mT
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FIGURE 1. Simulated amplitudes of the fundamental f, and 2 f, harmonics (M,, M,) versus the
strength of dc magnetic field (Hy.) at a temperature of 314K.

to 10 mT will influence on not only M; and M>, but also
dM/dT and dM»/dT.

Eq. (3) shows that the temperature 7 could be calculated
by employing the harmonic ratio M>/M. Supposed that there
are maximal M>/M;| and d(M,/M1)/dT in the range of H .,
the lowest temperature error of MNPT can be obtained.
However, simulation results show that although maximal M,
and dM,/dT exist in Hy. of 0.01 mT to 10 mT, M; and
dM1/dT decreases with increasing Hy.. It is not also clear
whether there is the optimal dc field range or not. So, the rela-
tionship between M>/M1, d(M>/M1)/dT, and Hg. is further
studied. M>/M; and d(M>/M1)/dT versus H,. are depicted
in Fig. 3.

The ratio My/M rises up gradually with Hg. increasing
over the range 0.01 mT to 6 mT and then declines slightly

with Hg, increasing in the range of 6 mT to 10 mT, as shown
in Fig. 3. Itis not a great deal of difference between the chang-
ing trend of M>/M; and d(M»/M)/dT. The optimal range of
Hgc is from 5.5 mT to 6.5 mT. My/M; and d(M»/M;)/dT are
optimal in the Hy, range of 5.5 mT to 6.5 mT. Consequently,
the simulation result shows that the optimal H,. ranges from
5.5 mT to 6.5 mT for the minimum temperature error of the
MNPT.

IIl. EXPERIMENT AND RESULT

An improved MNPT, a temperature estimation system which
includes PC controller part, excitation unit and detection
unit was established, as shown in Fig. 4(a). NI-DAQ output
ac + dc signal, amplified by a power amplifier, inputted
the Helmholtz coils, and then generate ac and dc magnetic

H3

Hy | H3H?

Ho ( MsV HoH2. \ ( Msv > . 2HoHL \ MgV \>
iy = ot [ 2o (20) - (5 + 2 ) () (7 + 2+ 2 ) () 4
()
H2Hge { mev\3 HiHge | 2HZHD\ [ Mgv\>
M2—NMS[ 5 (k%) o+ i (kLT) +.
Hy ( MgV 1 HoHL Mmsv S (1)
am, () (1) o2 (8 25) () (T)
T = NMy 5 HS H3Hi 2H0Hdc MgV 6
-5 (2 2) (4)°
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FIGURE 2. Simulated temperature sensitivity (dM, /dT, dM, /dT) versus
the strength of dc magnetic field (H,) at a temperature of 314K.

fields. The detection unit converts the change in the magnetic
field of the magnetic nanoparticles into a change in voltage
through a detection coil, MNP magnetization is estimated by
a pair of differential air-core coils, and then is amplified for
pre-amplifier, which is detection unit. The system picture is
shown in Fig. 4(b).

In the first experiment, the applied ac magnetic field was
initially set at 1.0 mT and a frequency of 175 Hz. The dc
magnetic field was set at 3.5 mT. Then, the magnetic nanopar-
ticle samples were heated to 325 K in a water bath. Next,
the samples were exposed to air for natural cooling in an air-
conditioned room. Meanwhile, the sample temperature was
estimated by Pt100. The amplitudes of the fundamental f; and
2fp harmonics and harmonic ratios (M2/M7) vary with tem-
peratures (310 K to 320 K). The temperature was calculated
by Eq. (3). The temperature estimated by Pt100 was used as a
benchmark for calculating the temperature error of the MNP
thermometer. The experimental results are shown in Fig.5.
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FIGURE 3. Simulated harmonic ratio (W1, /M,) and temperature sensitivity
(d(M,/M,)/dT) versus the strength of dc magnetic field (Hy.) at a
temperature of 314K.

The temperature error between the magnetic nanoparticle
thermometer and Pt100 is less than 0.15 K with the tem-
perature of 310 K to 320 K. At this point, the harmonic
measurement at a given Hy. were performed for 1 s. The
experimental curves of the fundamental fy and 2fy harmon-
ics and the harmonic ratio (M>/M1) versus temperature are
depicted in Fig. 6.

In the second experiment, we repeat the above experi-
mental procedures at fixed temperature (314 K) and varied
Hj. from 0.7 mT to 7.7 mT with a step of 1.4 mT. The
experimental curves of M,, M, and the ratio (M>/M) at
a temperature of 314 K under different Hy. are depicted
in Fig.7. It can be found that the variation curves of M, M1,
and M>/M; versus Hg,. agree with those of the simulation
results when Hy, ranges from 0.7 mT to 7.7 mT. There are
maximum M, and M, /M at the dc magnetic field strength of
6.3 mT. The curve of d(M» /M1 )/dT at a temperature of 314 K
under different Hy. is showed in Fig. 8. It can be found that

Generator G ontaRer Collector
NLDAQ ) @abview KN NI.DAQ
platform)

PC Control Unit A
Power .
s liffer Preamplifier
Helm‘h ol Detection coils
coils
Excitation Unit (a) Detection Unit

FIGURE 4. System of an improved magnetic nanoparticles thermometer, (a)System structure, (b) System picture.

135494

VOLUME 8, 2020



D. Zou et al.: Temperature Estimation of Lithium-lon Battery Based on an Improved MNPT

IEEE Access

3204° © Magnetic nanoparticle thermometer
Pt100 o

318 g -
= | Eoss] 1R
% £ 000 |
£ 316 s i
g ,E:'“
2'314-' 310 312 314 316 318 320
> Temperature(K)
[—.

3121

310

T T T T ] T T T T

0 5 10 15 20 25 30 35 40 45
Time (s)
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and Pt100 under different temperatures (310 K to 320 K).
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FIGURE 6. Experimental curves of the fundamental f, and 2f, harmonics
(M, M;) and the ratio (M, /M, ) versus temperature.

the variation in the curves of d(M»>/M)/dT versus Hy. tally
with those of the simulation results when H,;,. ranges from 0.7
mT to 7.7 mT.

In the third experiment, the ac magnetic field was first set
at 1.0 mT and a frequency of 175 Hz. H;. was initially set
at 0.7 mT. The Pt100 was inserted into the sample, and the
magnetic nanoparticle samples were heated to 325 K in a
water bath. Then, the samples were exposed to air for natural
cooling in an air-conditioned room. Meanwhile, the sample
temperature was measured by using a magnetic nanoparticle
thermometer and a Pt100. Then, the temperature data were
stored. Then, the standard temperature deviation of the mag-
netic nanoparticle thermometer (310 K to 320 K) with tem-
perature measured by Pt100 is calculated as the benchmark.
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FIGURE 8. The d(M,/M,;)/dT versus dc magnetic field.

The experimental procedures were repeated under increasing
Hy. from 0.7 mT to 7.7 mT with a step of 1.4 mT. The
experimental results are shown in Fig.9. It can be found that
the standard temperature deviation of the magnetic nanopar-
ticle thermometer decreases as H,;. increases from 0.7 mT
to 6.3 mT and then increases as Hy. exceeds 6.3 mT. Thus,
the optimal Hy. which is between 6.0 mT and 6.5 mT,
matches that of the simulation.

In the fourth experiment, we estimate Lithium-ion battery
temperature by use of above improved MNPT. Lithium-ion
battery is first prepared, and the internal structure of the
battery pack used in the experiment is shown in figure 10.
Since the battery temperature is mainly concentrated in the
positive and negative electrode, during the battery production
process, adhere the magnetic nanoparticles to the metal foil of
the electrode through the thermal conductive silica gel. The
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FIGURE 10. The internal structure of a layer of battery pack.

MNPs were directly coated on the negative electrode of the
battery. A Pt100 was placed at the negative electrode of the
battery sample for a comparative experiment. The experiment
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results based on Pt100 can reflects the performance of an
improved MNPT, such as temperature error, time resolution.

The reference ambient temperature of the battery charge
and discharge test was set to 40 °C. First, charge the battery by
the current of 2 C, after the battery was fully charged, the cur-
rent was discharged by the current of 1 C, the temperature
change of battery is shown in Fig.11(a). During the charging
process, the battery temperature rises rapidly and the voltage
will also rise rapidly with the increase of the current. When
the battery is fully charged, the temperature rises slowly.
When the discharge ends, the battery temperature reaches a
maximum of 58.7 °C. It can be seen from the temperature
curve of charge and discharge that the temperature change
slightly lags behind the process of charging and discharging.
When the discharge is completed, and the current is zero,
the voltage also tends to be stable, the temperature of the
battery reaches a maximum value. According to the exper-
iment comparison between Pt100 and an improved MNPT,
the temperature error of an improved MNPT is less than
0.5 i°C, is shown in figure 11 (b).

IV. CONCLUSION AND DISCUSSION

The mathematical model of battery temperature estimation
is first established by using the harmonic amplitudes of
the fundamental fy and 2f, harmonics of the MNPs under
a dc-ac magnetic field excitation system. The relationship
between the fundamental fy and 2fy harmonic amplitudes
and their ratios to Hy, is studied. The optimal range of Hy,
that provides maximum temperature sensitivity and minimum
temperature error is determined. A temperature estimation
system is established, and the experimental results are con-
sistent with the simulation results. The temperature change
curves in the process of Lithium-ion battery charging and
discharging are estimated by an improved MNPT, and the
temperature error is verified to be less than 0.5 °C by Pt100.
An improved MNPT provides a new method for monitor-
ing battery temperature of a new energy vehicle. However,
the setup is a general-purpose system, which can estimate

0.6
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E <
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FIGURE 11. Battery temperature estimate system based on an improved magnetic nanoparticles thermometer, (a) Temperature change curve
during the battery charging and discharging, (b) Temperature estimation error between Pt100 and improved magnetic nanoparticle thermometer.
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the temperature of liquid/solid samples and PN junction of
LED, the system is relatively bulky. In the next research,
we will replace Helmholtz coils with Solenoid coil, reduce
weight and size of system, and upgrade the system. The
online experiments in the automobile will be carried out in
the further research.
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