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Abstract— At low operating temperatures, the power capa-
bility and charging/discharging capacity of lithium-ion (Li-ion)
batteries can decay rapidly. Therefore, it is essential to preheat
the Li-ion batteries in advance of the normal operations of a
battery electric vehicle. High-frequency ac preheating methods
are advantageous to achieve a miniaturized and lightweight
design. In this article, a self-heating circuit topology is used
for studying the characteristics of Li-ion batteries at low tem-
peratures and under high-frequency ac excitation. The thermal
behaviors of Li-ion batteries under high-frequency ac excitations
are comprehensively analyzed with an improved heat generation
model. Experimental results exhibit that heat generation due
to electrochemical reactions has a significant influence on self-
heating rates under the high-frequency ac excitation, and the
heating rate is positively correlated with the current frequency
and root-mean-square (rms) value. Specifically, when the current
frequency is 90 kHz and the rms value is 3.51 A or 1.17 C,
validated by experiment and numerical simulation, a 2.9-Ah
18 650 Li-ion cell can be heated up from −20 ◦C to 5 ◦C
in 7.33 min with an average electrochemical heat generation
of 2.962 W.

Index Terms— Electric vehicles (EVs), high-frequency ac heat-
ing, lithium-ion (Li-ion) batteries, low temperature, thermal
characteristics.

I. INTRODUCTION

THE flourishing of electric vehicles (EVs) is an important
measure taken by countries around the world to promote

the development of green and sustainable energy [1], [2].
Due to its high energy density, no memory effects, and
environment-friendly nature, lithium-ion (Li-ion) battery has
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become the primary power source and energy storage tech-
nology for EVs [3]–[5]. However, large deployment of EVs
has been hindered by the derated performance of the Li-ion
batteries in the low-temperature environment: the energy stor-
age capacity, charging/discharging capability, and lifespan of
Li-ion batteries are all reduced, which causes the problems of
decreased driving mileage, lowered power rating, and growing
range anxiety [6], [7]. For example, when the temperature
drops below −20 ◦C, the drastic increase in battery internal
resistance can lead to significant losses of pulse power capa-
bility and available energy [8]–[11]. Furthermore, at extremely
low temperatures, cold starting or fast charging a Li-ion
battery can trigger degradation phenomena, such as lithium
deposition, and cause safety hazards due to internal short
circuits [12]. To solve these critical problems, research efforts
have been made to improve the thermal characteristics of
different battery components, including the electrolyte cosol-
vent, electrolyte salt, and the active materials of the cathode
and anode [13]. Unfortunately, the improvements on battery
performance at low temperatures are still limited based on
prevailing battery design, and more cost-effective solutions are
needed for practical applications.

A more direct and well-accepted pathway is to design a
heating device and corresponding control strategies for EV
applications, such as cold start and fast charging. Under low-
temperature conditions, if the battery can be quickly preheated
to the normal operating temperature prescribed by the battery
manufacturer, its excellent performance can be regained, and
accelerated aging can be prevented [14]. Hence, in recent
years, many research efforts have been devoted to developing
various strategies for preheating Li-ion batteries in a cold cli-
mate, which can be generally categorized as external heating
and internal heating.

External heating uses an external heat source to warm up
the batteries by means of convection or conduction, and it
is currently adopted by most commercial EVs. For example,
the batteries can be preheated by conduction using an electric
heating film [15] or by convection using air or liquid as the
heat transfer medium [16], [17]. However, due to the long heat
transfer path, external heating has the disadvantages of low
heating efficiency, high energy consumption, and long heating
time, and it can lead to significant temperature nonuniformity
across the battery pack [18]. In addition, the performance of
the external heating usually depends heavily on the external
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thermal management strategies. Various factors, such as the
type and the geometric design of the battery pack, have also
to be taken into consideration to properly balance the heating
efficiency, energy consumption, and temperature uniformity,
which makes the external heating complex to design and
inflexible to implement.

In contrast, internal heating uses Joule heat and reaction heat
generated by the current flowing through the battery as the
heating source [19], [20]. Hence, the temperature distribution
is more uniform than the external heating methods. Also,
since the long heat conduction path in the internal heating
is avoided in the design, the thermal loss can be reduced,
and energy utilization can be increased [8], [17]. To achieve
internal heating, some studies focus on the modification of
the internal battery design by adding extra components. For
example, Yang et al. [21] proposed an all-climate battery,
where a metal foil is inserted into the cell to generate a
large amount of heat under pulse discharge and charging
conditions. Zhang et al. [22] proposed to insert two foils to
significantly increase the heating rate, while the foil can also
be used as an internal temperature sensor. However, adding
foils to the battery cells requires a change of battery structure,
which incurs additional costs in manufacturing, packaging, and
management. Hence, it is more economically viable to design
and implement an external heating circuit to achieve internal
heating,

Heating methods can also be divided into dc heating and
ac heating. For dc heating, the current amplitude and duration
must be controlled properly within a certain range to avoid
low heating rates and weak preheating effects caused by
lithium deposition [8], [17]. Qin et al. [23] used bidirectional
pulse currents to heat the Li-ion batteries rapidly, and reduced
lithium deposition was observed by applying negative pulse
currents with a larger amplitude than the positive pulse current.
Mohan et al. [24] developed a predictive-control-based tech-
nique to minimize energy loss with optimized bidirectional
currents. In the meantime, a large number of studies have
shown that ac heating has little damage to the battery pack,
and it is regarded as the most promising technology for EV
preheating [25]. Ruan et al. [26] proposed a low-temperature
fast heating strategy, where a high heating rate was achieved by
maintaining a sinusoidal ac polarization voltage. Ge et al. [27]
based on the maximum ac magnitude without lithium depo-
sition at each temperature, developed a temperature-adaptive,
deposition-free ac preheating method.

However, most of these ac preheating methods use the exter-
nal power to generate the current to heat the battery, which
significantly limits the applications for practical use. In order
to generate the heating current in ac form by efficiently utiliz-
ing the energy stored in the battery, Jiang et al. [28] designed
a soft-switching resonant circuit based on H-bridge to generate
ac and dc superimposed currents to heat the battery pack. The
energy loss of the battery is only 6.64%. Shang et al. [29],
thus, designed a high-frequency sine-wave heater based on
resonant LC converters to self-heat the automotive batteries
from −20◦C to 0 ◦C within 3.1 min. Although the above two
self-heating circuits based on the H-bridge can use the energy
of the battery to generate alternating current for preheating,

the frequency and the rms value of the alternating current are
determined by the parameters of the LC converters, which
reduces the flexibility of the design amenable for various
practical operating conditions since those two parameters are
relatively fixed. In this study, we improve the heating method
based on the H-bridge circuit, while the frequency of the
ac heating current and the rms current value can be readily
adjusted. A preheating circuit based on the H-bridge is first
proposed to study the thermal characteristics of Li-ion batteries
under high-frequency excitation. The circuit uses the battery
as the power source to generate ac excitation for self-heating,
and the requirement on an external source is avoided. This is
the first contribution of this work.

Model-based methods are effective to investigate the behav-
iors of the preheating system, and a thermal model that
describes the heat generation and heat transfer in the battery
pack has been widely used in the above works. However,
the Bernard heat generation model only shows that the heat
generation is positively correlated with the root-mean-square
(rms) current value and the internal resistance of the battery,
where the influence of the preheating current frequency is
missing [30]. Ruan et al. [26] and Ge et al. [27] pointed
out that, with the increase in the heating current frequency,
the Joule heat generated by the internal resistance of the
battery decreases, so it is recommended to choose a lower
ac frequency to increase the heating speed. On the contrary,
Ji and Wang [17] show that high-frequency ac signals could
accelerate the heating process, and a similar conclusion is
drawn in [31]. These two diametrically opposed conclusions
motivate our present investigation on the thermal charac-
teristics of Li-ion batteries under high-frequency ac excita-
tion. In the present investigation, experimental studies have
been conducted to verify a derived relationship between the
electrochemical heat generation, the frequency, and the rms
current value when high-frequency ac is used to heat the
battery. By comparing the effects of different frequencies and
different rms current values on the heating rates, guidelines
for designing a scheme for preheating the battery under high-
frequency ac excitation are established for a practical system.
This forms the second major contribution of this work.

The remainder of this article is organized as follows.
In Section II, the topology and operating principles of the
heating circuit are introduced, the analytical expression of the
heating current rms is derived, and a new high-frequency heat
generation model of the battery is established. Section III
describes the experimental device briefly and introduces
the acquisition methods of relevant experimental parameters.
In Section IV, the experimental results and discussion about
internal heating are presented in detail, and the model is
verified and analyzed. Section V summarizes the main findings
of the work.

II. DESIGN OF SELF-HEATING SCHEME

FOR POWER BATTERY

A. Experimental Circuit and Operating Principles

Fig. 1 shows the topology of the self-heating circuit for
the battery pack under investigation. The circuit consists of
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Fig. 1. Topology of the H-bridge high-frequency ac heating circuit.

Fig. 2. Waveforms of the H-bridge heating circuit.

two switches (Q1 and Q2), two diodes (D1 and D2), a series
inductor L, and a parasitic inductance L P . The switches
are driven by a pulsewidth modulation (PWM) signal with
adjustable frequencies and duty cycles. The battery pack is
represented by a dc source VB and an internal resistance RB .

Fig. 2 presents the theoretical working waveforms of the
heating circuit. The heating circuit has two operating modes
in one switching period TSW, and corresponding equivalent
circuits are shown in Fig. 3.

Mode 1: As shown in Fig. 3(a), at t = t0, the switches Q1

and Q2 are turned on, the diodes D1 and D2 are turned off,
and the battery is in the discharge mode. Due to the presence
of the series inductance L and the parasitic inductance L P ,
the discharge current increases slowly. In this operating mode,
heat is generated due to the internal resistance and chemical
reaction of the battery. The discharge current can be adjusted
by controlling the switching frequency f = 1/TSW and duty
cycle D of the switches.

Mode 2: As shown in Fig. 3(b), at t = DTSW, Q1 and Q2

are turned off, D1 and D2 are turned on, and the battery pack
is being charged and heated by the energy released from the
inductors.

It can be seen that the heating circuit can make full use
of the self-discharge energy of the battery and the discharge
energy of the inductor to heat the battery pack. It should be
pointed out that the amplitudes of the currents flowing through
the battery pack in Mode 1 and Mode 2 are the same, and the
directions are opposite, so the strategy can be regarded as an
ac preheating method for the battery pack.

B. Derivation of RMS Value of Heating Current

Mode 1: According to KVL, we have

VB − iB RB = (L P + L)
diB

dt
(1)

where iB is the current flowing through the battery pack and
other symbols are explained in Section II-A.

At t = 0, the current is iB = 0. At t = DTSW, the current
iB = VB/RB . Hence, during the interval 0 ≤ t < DTSW,
the current iB(t) can be expressed as

iB(t) = VB

RB

�
1 − exp

�
− RB

L P + L
t

��
. (2)

Under the high-frequency conditions, t is much smaller than
the time constant (L P + L)/RB of the circuit. This leads to
1 − exp(−x) ≈ x , and thus, (2) can be approximated by

iB(t) = VB

L P + L
t . (3)

Mode 2: In this mode, the direction of the current iB is
opposite to that in Mode 1. According to KVL, we have

VB + iB RB = −(L P + L)
diB

dt
. (4)

It should be pointed out that, at the time instant after
the switch is turned off, i.e., t = DT+

SW, the directions of
the currents in L and L P are opposite, and the rates of
change of these two currents (i.e., diB/dt and diLp/dt) are
different. The presence of L P will hinder the reversion of
the heating current direction and reduce the peak value of
the reversed current. The experimental results verified that
this process is very fast, and there is only a small reduction
in the peak current. Therefore, the influence of the parasitic
inductance on the calculated rms value of the current can be
ignored. Here, we consider that, at t = DTSW, iB ≈ − VB

RB�
1 − exp

�
− RB

L P + L DTSW

��
, and at t = TSW, iB = 0. Hence,

during the time interval DTSW ≤ t < TSW, iB(t) can be
expressed as

iB(t) = − VB

RB

�
2 − exp

�
− RB

L P + L
DTSW

��

× exp

�
− RB

L P + L
(t − DTSW)

�
+ VB

RB
. (5)

Similarly, under the high-frequency condition, by applying
the Taylor expansion to (5) at t = 0, we have ex ≈ 1 + x .
Therefore, (5) is reduced to

iB(t) = − VB

L P + L
·
�

1 + RB

L P + L
· DTSW

�
(t − DTSW)

+ VB

L P + L
· DTSW. (6)

Combining (2) and (5) yields the expression of the
current iB flowing through the battery pack within a
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Fig. 3. Operating modes of the H-bridge heating circuit. (a) Mode 1. (b) Mode 2.

switching cycle TSW, i.e.,

iB(t)

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

VB

RB

�
1 − exp

�
− RB

L P + L
t

��
, 0 ≤ t < DTSW

− VB

RB

�
2 − exp

�
− RB

L P + L
DTSW

��

exp

�
− RB

L P + L
(t − DTSW)

�
+ VB

RB
, DTSW ≤ t <TSW.

(7)

Under high-frequency conditions, t tends to be zero, and
thus, (7) can be reduced to

iB(t)

=

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

VB

L P + L
t, 0 ≤ t < DTSW

− VB

L P + L

�
1 + RB

L P + L
· DTSW

�

(t − DTSW) + VB

L P + L
DTSW, DTSW ≤ t < TSW.

(8)

According to (8), the rms current iB,rms in one switching
period TSW can be calculated by (9), as shown at the bottom
of the page.

Under the high-frequency conditions, (9) can be
simplified to

iB,rms = VB D√
3(L P + L) f

. (10)

It can be seen from (10) that iB,rms is affected by the
switching frequency f , duty cycle D, series inductance L in

the circuit, and the voltage VB of the battery pack. Therefore,
without changing the hardware parameters, in Section IV,
we will keep VB / f constant to study the influence of a different
switching frequency f on the heating effect under the same
rms current. Furthermore, to study the effect of different
rms currents on the heating effect at the same frequency,
the switching frequency f and duty cycle D will be kept
constant, while the battery voltage VB will be adjusted.

C. Heat Generation Model Under High-Frequency AC

In the literature, a thermal model based on the simplified
Bernard heat generation model [32] is usually used to inves-
tigate the thermal behavior of the Li-ion battery under ac
excitation, i.e.,

mc
dT

dt
= i 2

B,rms · ZRe − h · S · (T − Tamb) (11)

where m is the battery mass, c is the specific heat capacity,
and T represents the battery temperature. The first term
on the RHS of (11) represents the Joule heat due to the
ohmic resistance, where ZRe is the real part of the battery
impedance Z , which can be obtained by electrochemical
impedance spectroscopy (EIS). The second term on the RHS
of (11) is the heat transferred between the battery and the
environment, where h is the heat transfer coefficient, S is the
battery surface area, and Tamb is the ambient temperature. This
lumped thermal equation is valid for the 18 650 cell used in
this experiment. This is because, in the experiment, natural
convection and low-rate rms current (1.17 and 1.56 C) were
applied; under those conditions, the temperature difference
between the internal and surface temperatures is normally
negligible [33].

iB,rms =

�		
� DTSW

0

�
VB
RB



1 − exp



− RB

L P+L t
���2

dt + � TSW

DTSW

�
− VB

L P+L



1 + RB

L P +L · DTSW

�
(t − DTSW) + VB

L P +L DTSW

�2
dt

TSW

≈ VB√
3RB

�
1 − exp

�
− RB

L P + L
DTSW

��
(9)
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In (11), since only Joule heat is considered the source
of the heat generation, the heating rate of the battery is
proportional to the square of the rms current and the internal
resistance. However, we observed that the temperature rise
curve calculated by (11) cannot fit the experimental results
well, which indicates that, when the battery is excited by
high-frequency ac, there should be a portion of the heat that
is not generated according to the Joule effect. In this study,
an improved thermal model is established to better describe
the dynamics of the Li-ion battery under high-frequency ac
heating conditions, i.e.,

mc
dT

dt
= i 2

B,rms · ZRe − h · S · (T − Tamb) + QE (12)

where QE is an electrochemical heat generation term under ac
high-frequency excitation. The experimental results show that
QE accounts for a certain part of the heat generation of high-
frequency batteries, and it is positively correlated with the rms
current and the frequency of ac flowing through the battery.
We will present the experiment results and the validation
process in the later sections.

First, according to (12), the electrochemical heat generation
QE can be expressed as:

QE = mc
dT

dt
+ h · S · (T − Tamb) − i 2

B,rms · ZRe (13)

where the battery temperature T , the rate of change of temper-
ature dT/dt, the rms current iB,rms, and the impedance ZRe can
all be readily measured or calculated, and thus, this equation
can be used to fit QE using well-designed experimental results.
Since it is challenging to model this QE using first-principle
approaches, which requires in-depth knowledge of the mecha-
nisms of various electrochemical reactions, an empirical model
will be developed in this work. As will be shown in the later
sections, our experimental results exhibit that, under high-
frequency excitation, QE is correlated with the frequency
and the rms value of the current flowing through the battery.
We use a binomial to approximate QE , i.e.,

QE =
2�

m=0

1�
n=0

�
amn · f m · i n

B,rms

�
(14)

where amn are six coefficients. The fit coefficients in this work
are a00 = −0.1588, a01 = 3.73 × 10−2, a10 = −1.66 × 10−4,
a11 = 6.235 × 10−5, a20 = −1.089 × 10−10, and a21 = 0.
It should be pointed out that the fitting relationship given
by (14) only comes from limited samples and experiments,
and (14) is not universal and cannot be simply applied to other
batteries.

Furthermore, according to (10) and (12), the heat generation
model under high-frequency ac of the battery can be expressed
as

mc
dT

dt
= V 2

B D2

3(L P + L)2 · f 2
· ZRe − h · S · (T − Tamb) + QE .

(15)

Solving (15) yields the expression of the battery temperature
in the time domain, i.e.,

T = (Tamb − A) · exp(−Bt) + A (16)

TABLE I

SPECIFICATION OF LI-ION BATTERY CELL UNDER TEST

where

A =
V 2

B D2

3(L P+L)2 · f 2 · ZRe + h · S · Tamb + QE

hS
(17)

B = hS

mc
. (18)

Equations (16)−(18) will be used next to identify the rela-
tionships between the electrochemical generation and various
factors in the model.

III. EXPERIMENTAL PLATFORM

The heating experimental platform for the 18 650 Li-ion bat-
tery was set up, as shown in Fig. 4. The testing platform con-
sists of a climate chamber, a temperature acquisition recorder,
an infrared thermal imager (Fluke Ti400), an oscilloscope, a
Hall current clamp, and a workstation. The switches Q1 and
Q2 are implemented by two IMZA65R048M1H MOSFETs.
Table I provides the specification of the Li-ion battery cell
used in the experiment, where the specific heat capacity c of
the battery is determined according to [34]. The real part ZRe

of the battery impedance was obtained via EIS.
Under a similar experimental condition, Shang et al. [35]

show that the temperature distribution of a common
18 650 Li-ion cell is uniform. Hence, it is sufficiently rea-
sonable to use the surface temperature to represent the cell
temperature, and thus, a T-type thermocouple was attached
to the middle of the battery surface to measure the battery
temperature. During the experiment, the battery is first cooled
toward a low-temperature set point (e.g., −10 ◦C) for 3 h
before a thermal balance has achieved. The battery is then
heated with the ac generated by the designed heating circuit.
The heating process terminates either when the measured
battery temperature reaches 5 ◦C or when the heating time
is over 15 min.

A. Calibration of Equivalent Heat Transfer Coefficient

The heat dissipation of the battery is described by the
equivalent heat transfer coefficient h. Since the value of h
is usually determined by various factors, calibration is needed
for the experiments. In the heating experiment, the battery
was wrapped by a carton to reduce the influence of the fan
convection in the climate chamber on the results, and we
calibrated h according to the cooling curve when the battery
is heated to a high temperature [36]. Since the equivalent heat
transfer coefficient h affects the heating rate, the relationship
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Fig. 4. Experimental setup for 18 650 Li-ion battery preheating.

can be investigated using

mc
dT

dt
= Q − h · S · (T − Tamb). (19)

The calibration was carried out according to the cooling
curve of the battery cooled from 10 ◦C to −20 ◦C. During
the cooling process, the heat generation rate of the battery is
zero, i.e., Q = 0, and thus, (19) can be written as

mc
dT

dt
= −h · S · (T − Tamb). (20)

By treating the heating curve as piecewise linear, the equiv-
alent heat transfer coefficient h in a certain temperature range
can be considered constant, and thus, (20) can be solved by

ln(T − Tamb) = − hS

mc
t + C (21)

where C is a constant that can be determined from the initial
condition. The equivalent heat transfer coefficient h can then
be obtained according to the slope of the curve that describes
the relationship between ln(T − Tamb) and the time t .

B. EIS Measurement

In order to obtain the impedance characteristics of the
battery, the impedance spectra of the battery were measured
at 0 ◦C, −10 ◦C, and −20 ◦C, respectively. In the frequency
range of 200 Hz–90 kHz, the ac impedance spectra of 3.1 A
at 0 ◦C, −10 ◦C, and −20 ◦C were measured.

The testing equipment is the Bio-logic electrochemical
workstation (VMP-300), as shown in Fig. 5. The VMP-
300 electrochemical workstation has four channels, up to
16 channels can be expanded, and each channel can be used in
parallel. The control voltage is ±10 V, and it can be boosted

Fig. 5. Bio-logic VMP-300 electrochemical workstation for EIS
measurement.

up to ±48 V. The impedance test ranges are 10 µHz–3 MHz
(1%, 1◦) and 10 µHz–7 MHz (3%, 3◦). The maximum voltage
and current resolutions are 1 µV and 760 fA, respectively.
The software EC-Lab was used to design the experiments and
analyze the measured data.

The EIS testing process of the 18 650 Li-ion battery is
described as follows. First, the battery was rested at 0 ◦C
for 6 h, and the ac impedance spectrum of 3.1-A current
was tested in the frequency range of 200 Hz–90 kHz. Next,
the battery was placed at −10 ◦C and −20 ◦C, consecutively,
both for 12 h. The ac impedance spectrum of 3.1-A current
was measured in the same frequency range as described earlier.
Finally, the EIS test was completed by placing the battery at
room temperature for 12 h; 27 data points were collected at
each temperature.
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Fig. 6. PWM signal and waveform of the heating current at f = 10 kHz
and D = 50%.

Fig. 7. Comparison of the measured and calculated rms currents at different
frequencies.

IV. RESULTS AND DISCUSSION

A. Heating Current Waveform and RMS

Fig. 6 shows the waveforms of the measured and calculated
heating currents and the PWM signal under the condition of
f = 10 kHz and D = 50%. It should be noted that, as shown
in Fig. 6, when the MOSFET is turned off, the direction
of the heating current changes rapidly with the magnitude
being reduced slightly, followed by a gradually decreased
trend in the magnitude. This is due to the parasitic inductance
in the circuit, which can hinder the change in the current.
Furthermore, it can be seen that, in each switching period,
there is a short-time damped oscillation in the reversed current,
and this phenomenon is caused by the LC resonant circuit
formed by the drain–source capacitance of MOSFETs and
the line inductance. It can also be seen from Fig. 6 that the
calculated heating current from (7) is in good agreement with
the measured one.

Fig. 7 shows the rms currents measured and calculated
at different switching frequencies. It can be seen that the

TABLE II

CALIBRATION RESULT OF THE CONVECTIVE HEAT
TRANSFER COEFFICIENT

rms currents measured at the four frequencies are almost the
same, all about 3.51 A. Hence, this result shows that one
can maintain a certain VB / f ratio to generate an expected
rms current under varying frequency conditions. In addition,
it can be seen that, at all switching frequencies, the relative
errors between the theoretical and the actual rms values are
within 6%. The largest relative error is 5.37% when the
switching frequency is 10 kHz, and this is due to the fact
that the assumption that the frequency period is close to zero
is less valid in this condition. The small errors are acceptable,
which validates the rms current expression (10).

B. Calibration Results of Convective Heat Transfer
Coefficient

Fig. 8(a) depicts the waveform of temperature versus time
when the battery is being cooled from 10 ◦C to −20 ◦C.
Based on this curve, we obtain the ln(T − Tamb) versus time
relationship, and the results are plotted in Fig. 8(b). It can
be seen from Fig. 8 that, during the whole cooling process,
the rates of change of both curves are not constant, indicating
that h has changed at different battery temperatures. At a high
battery temperature, the corresponding h is large, and thus,
the effect of the heat transfer between the battery and the
external environment is more significant. Hence, this curve is
fit by a piecewise linear function with different coefficients h
in each segment, as provided in Table II.

C. EIS Test Results

The relationships between the impedance and the frequency
at different temperatures are plotted in Fig. 9, measured from
the EIS test. Fig. 9(a) depicts the relationship between the real
part ZRe of the impedance and the frequency, and Fig. 9(b)
depicts the relationship between the magnitude |Z | of the
impedance and the frequency.

From the EIS results, we have the following findings.
1) With the increase in temperature, the impedance of the

battery decreases significantly.
2) At the same temperature, there is a decreasing trend in

the magnitude of the impedance at the low-frequency region as
the frequency increases, but the magnitude of the impedance
increases at the high-frequency region.

3) At the same temperature, the real part of the cell
impedance does not change significantly in the high-frequency
region. In other words, in this experiment, the change of the
real part of battery impedance ZRe can be ignored in the high-
frequency region.
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Fig. 8. Calibration results of the convective heat transfer coefficient. (a) Battery temperature curve under a cooling condition. (b) Curve of ln(T − Tamb).

Fig. 9. EIS test results. (a) Relationship between the real part ZRe of the battery impedance and the frequency at different temperatures. (b) Relationship
between the magnitude |Z | of the impedance and the frequency at different temperatures.

D. Comparison of Temperature Rise Under Different
Switching Frequencies

In this work, four different switching frequencies were used
for ac heating, while rms currents were maintained as 1.17 C
(3.51 A), aiming to study the influence of switching frequen-
cies. The heating time and rates, the average values of electro-
chemical heat generation QE , and the energy consumption at
different switching frequencies and different ambient temper-
atures are provided in Table III. Fig. 10 presents the heating
results of different switching frequencies when the ambient
temperature is −10 ◦C, where it can be seen that the heating
rate of the battery can be significantly improved by increasing
the switching frequency. Specifically, at f = 10 kHz, it takes
10.17 min for the heating circuit to raise the battery’s temper-
ature to 5 ◦C with about 5.45% energy loss, and the average
temperature rise rate is 1.47 ◦C/min. When the switching
frequency is increased to f = 90 kHz, the heating time is
shortened to 3.58 min, and a high average temperature rise

rate of 4.19 ◦C/min is achieved, and in this case, about 2.69%
of the cell energy is consumed.

Fig. 10(a) compares the calculated heating curves of the bat-
tery using the thermal model based on the simplified Bernard
heat generation model, and it can be seen that there are
significant errors between the model and the measurements.
Particularly, with the increase in the switching frequency,
the error of the predictive results of the model increases,
and this does not comply with the observation of the actual
temperature rise. On the contrary, by using the proposed
equation (16), the heating curves in Fig. 10(b) show that the
calculated results are in good agreement with the experiments,
which validates the electrochemical heat generation term dur-
ing the high-frequency heating process.

A similar comparison was done when the ambient temper-
ature was set to −20 ◦C, and the results are shown in Fig. 11.
From the experiment results, it can be seen that, when the
switching frequency is 10 kHz, the battery temperature can
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TABLE III

HEATING EFFECT AT DIFFERENT SWITCHING FREQUENCIES

Fig. 10. Heating results of different switching frequencies when the ambient temperature is −10 ◦C. (a) Prediction results of the simplified Bernard heat
generation model. (b) Model prediction results considering QE .

Fig. 11. Heating results of different switching frequencies when the ambient temperature is −20 ◦C. (a) Prediction results of the simplified Bernard heat
generation model. (b) Model prediction results considering QE .

only be increased to 0.1 ◦C after 15 min. The corresponding
average heating rate is 1.33 ◦C/min, and about 9.93% of the
cell energy is consumed during heating. Once the switching

frequency was increased to 30 kHz, the battery temperature
can rise to 5 ◦C in 9.33 min, and the average heating rate
is doubled to 2.68 ◦C/min. By comparing Fig. 11(a) and (b),
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Fig. 12. Heating results of different rms currents at −20 ◦C and 10 kHz. (a) Prediction results of the simplified Bernard heat generation model. (b) Model
prediction results considering QE .

Fig. 13. Heating results of different rms currents at −20 ◦C and 30 kHz. (a) Prediction results of the simplified Bernard heat generation model. (b) Model
prediction results considering QE .

TABLE IV

HEATING EFFECT OF BATTERIES UNDER DIFFERENT RMS CURRENTS

it can be seen that the prediction results based on the proposed
heat generation are accurate and much improved from that
using the conventional model.

In addition, from Table III, it can be seen that, at the same
temperature, the average electrochemical heat generation is
positively correlated with the switching frequency. The experi-
mental results show that electrochemical heat generation exists
in the high-frequency ac heating process of the battery. For the
same rms current, the average electrochemical heat generation
can be increased by increasing the switching frequency so that

the heating performance of the battery can be significantly
improved.

E. Comparison of Temperature Rise Under Different RMS
Currents

In order to investigate the effect of the rms value of
the heating current on the battery heating performance, two
groups of comparative experiments were carried out, based
on the frequency of 10 and 30 kHz, respectively. For each
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comparison, two rms currents, i.e., 1.17 (3.51) and 1.56 C
(4.68 A), were tested, the ambient temperature is −20 ◦C,
and the PWM duty cycle is 50%. The results are plotted
in Figs. 12 and 13, and Table IV provides the heating time,
heating rate, average values of electrochemical heat genera-
tion, and energy consumption.

The experimental results show that the heating rate of the
battery can be significantly increased by increasing the rms
current at the same switching frequency. When the switching
frequency is 10 kHz, the rms current is 1.56 C, and the
cell temperature rises to 5 ◦C in 8.41 min. In this process,
about 7.07% of the cell energy is consumed. Compared with
1.17 C, the average heating rate is 2.23 times higher. When the
switching frequency is 30 kHz, the rms current is 1.56 C, and
the battery’s temperature rises to 5 ◦C in 4.67 min with about
5.48% cell energy loss. Compared with 1.17 C, the average
temperature rise rate is about twice higher, and the heating
time is reduced by 50%.

As illustrated in Figs. 12(b) and 13(b), the prediction errors
of the heating curves are small when the electrochemical heat
generation QE is considered. It can be seen from Table IV
that, with the same frequency, the average electrochemical heat
generation increases with the rms current, and the heating rate
of the battery can be increased by increasing the rms current.
On the other hand, it should be pointed out that, although a
higher rms current can effectively increase the heating rate,
excessive rms current can cause aging phenomena, such as
Li-ion deposition, and reduce the available capacity of the
battery. Therefore, it is necessary to choose an appropriate
high-frequency ac to balance the heating rate and the battery
health.

V. CONCLUSION

In this article, a circuit topology based on H-bridge is used
to design a self-heating strategy and study thermal character-
istics of Li-ion batteries at low temperatures and under high-
frequency excitation. The main concluding remarks are given
as follows.

1) The heating circuit based on the H-bridge designed in this
work can quickly heat the battery by using the battery itself
as a power source to generate alternating current without any
external source. When the ac frequency is 90 kHz, the battery
can be heated from −20 ◦C to 5 ◦C in 7.33 min, and the
battery energy consumption is only 5.34%.

2) In addition to the ohmic heat generation of the battery,
under high-frequency ac excitation, the heat source also con-
tains an electrochemical heat generation part. By increasing
the electrochemical heat generation from 0.382 to 3.905 W,
the average heating rate can be increased by a factor of 2.85.
Therefore, increasing the electrochemical heat generation can
effectively increase the heating rate.

3) Increasing the ac frequency and rms of the current can
significantly increase the electrochemical heat generation and,
thus, the heating rate of the battery.

The present experiment has some limitations due to the
presence of parasitic inductance in the H-bridge heat circuit,
which can cause energy losses. Further improvements can be
made by reducing the parasitic inductance of the wire and the

switching loss of the MOSFET with a better circuit design.
Furthermore, since the heat generation of Li-ion batteries is a
complex electrochemical reaction process, a suitable physics-
based model for electrochemical heat generation shall be
established by investigating the mechanisms in our future work
to accurately predict the heating characteristics of the battery
under high-frequency excitation.
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