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Abstract—In cold climates, lithium-ion batteries suffer severe
power/energy loss, bad performance, and reduced life cycle. Many
internal ac heating strategies have been proposed to provide fast
heating with a higher efficiency and better uniformity. However,
the ac current is typically generated by an offboard equipment
with grid power supply, which is a main bottleneck of the ac heat-
ing applied to electric vehicles. Therefore, an automotive onboard
ac heater is proposed to heat lithium-ion batteries at low tempera-
tures without the requirement of external power supplies. Only one
pair of complementary pulse width modulation signals is employed
to drive the proposed ac heater, and the heating speed can be online
regulated by controlling the switching frequency. Particularly, the
heating time can be reduced drastically by combining two heaters
in interleaved parallel without causing harm to the batteries. In
addition, the heating circuit can also realize the automatic balanc-
ing for battery cells if needed. Experimental results show that the
proposed interleaved parallel heater, by circulating an ac current
with the amplitude of 3.1 C and the frequency of 833 Hz, can heat
lithium-ion batteries from −20 to 0 °C within 5.9 min, consuming
about 5% of cell energy.

Index Terms—Battery equalizers, battery heaters, battery man-
agement systems (BMSs), buck–boost converters, electric vehicles
(EVs).
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I. INTRODUCTION

E LECTRIC vehicles (EVs) have been rapidly developed in
recent years, driven by the urgency to conserve energy

and to protect the environment [1]. However, in cold weather
conditions, the driving range of EVs will drop substantially
due to the drastic increase in internal resistances of lithium-
ion batteries at low temperatures, causing severe loss of usable
energy and power [2]–[4]. For example, a commercial 18650
lithium-ion battery only offers 5% of energy and 1.25% of power
at –40 °C compared with that at 20 °C [5]. More severely,
battery degradation will be accelerated due to the operation
for batteries at subzero temperature causing lithium plating [6],
[7]. Therefore, heating onboard batteries of EVs has become
a pressing need to improve the driving range of EVs in cold
temperatures, which is a thriving research area [8]–[10].

Many heating approaches have been reported in the litera-
tures, which can be classified into two groups: external heat-
ing and internal heating [11]–[22]. According to the heating
medium, external heating can be further divided into air heating
and fluid heating [11]. External heating methods usually need
many electric resistance wires wrapped outside batteries using
air or liquid as the medium to heat batteries, leading to a lot
of heat diffusing to the environment [12]–[14]. Moreover, ex-
ternal heating has the severe problem of heating nonuniformity
because of the heat diffusion, accelerating the aging of some
batteries [12]. In summary, external heating methods have the
critical disadvantages of large size, heavy weight, high cost,
nonuniformity, and energy loss to the environment, leading to a
slow heating speed and low efficiency.

In contrast, the internal heating methods can heat batteries uti-
lizing the real part of battery impedances during charging and
discharging rather than using external heaters, eliminating the
long paths of heat conduction and avoiding the heat diffusion to
the environment [11], [12]. The internal heating can be further
divided into the direct-current (dc) and alternating-current (ac)
methods [12]. For the dc heating method, the current amplitude
and duration should be within certain limits to avoid lithium
deposition, thereby leading to a low heating generation rate and
bad preheating effectiveness [11], [12]. By comparison, the ac
heating method can heat batteries by alternatingly charging and
discharging batteries, which avoids substantial change of
the state-of-charge (SOC) and lithium deposition [12]. In
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conclusion, the internal ac heating method will be much more
effective and has the potential to provide a faster heating with a
higher efficiency and uniformity.

Ji and Wang [12] proposed several heating strategies for
lithium-ion batteries and showed that a high-frequency ac sig-
nal with a large amplitude could speed up the heating process.
Vlahinos and Pesaran [15] showed that applying an ac current
to the battery terminals was a feasible way to heat batteries and
the internal heating had a faster speed and better uniformity
than external heating. Pesaran et al. [16] provided an overview
of battery preheating methods and showed that the ac heating
is the most effective way to warm batteries at cold tempera-
tures. Zhang et al. [17] developed an internal ac heating method
with low frequencies for cells at low temperatures, and showed
that the ac amplitude and frequency had significant impact on
the heat generation rate. Moreover, they concluded that the ac
heating method had little damage to the battery health. Ruan
et al. [18] proposed a rapid and effective internal heating strat-
egy for batteries at low temperatures, and derived the optimal
frequency for maximum heat generation rate. Wang et al. [19]
reported an “all-climate” lithium-ion battery structure that could
heat itself up from below 0 °C. It only took 20 and 30 s to heat
the battery from –20 °C and –30 °C to 0 °C, consuming only
3.8% and 5.5% of cell capacity, respectively. Then, Zhang et al.
[20] reported the improved self-heating lithium-ion battery that
can be heated from –20 °C to 0 °C within 12.5 s, consuming
24% less energy than that reported previously. Yang et al. [21]
developed an electrochemical-thermal coupled model for self-
heating Li-ion batteries to predict the internal characteristics of
batteries, and showed the heating time and energy consump-
tion would be greatly affected by internal temperature gradient.
Stuart and Hande [22] designed a high-frequency converter us-
ing IGBTs and diodes to heat NiMH batteries in hybrid elec-
tric vehicles (HEVs) at low temperatures. However, the control
was extremely complex due to the measurement of the accurate
zero-crossing point of current. Particularly, the converter was
supplied by the onboard generator driven by the HEV’s heat
engine, which could not be applied to EVs. Moreover, the au-
thors commented that it was not feasible for batteries to provide
enough energy to heat themselves.

It is important to note that the energy source to heat onboard
batteries is the major challenge of battery heating [11], [12].
Generally, the potential heat sources could be engines, gener-
ators, batteries, and external power supplies [11]. Obviously,
only HEVs can utilize the heat and power from the onboard
engines and generators to heat batteries, but leading to a slow
heating speed. Nonetheless, for EVs without engines and gen-
erators, only the energy in batteries or offboard chargers can
be used to warm batteries electrically. Ji and Wang [12] devel-
oped the external convective heating and the internal dc heating
only using the energy in batteries. Although these two meth-
ods do not require external power supplies, which enable a low
cost and high reliability, these strategies suffer from low heat-
ing efficiency, long heating time, and large battery capacity loss
[12]. As aforementioned, the internal ac heating is a preferred
method since it shows good heating performances with faster
speeds, higher efficiency, better uniformity, and little damage to

battery cycle life [11], [12]. However, the ac current for heating
batteries is usually generated by an offboard equipment with
a bulky volume and heavy weight supplied by the power grid,
which is the main drawback of the internal ac heating methods
applied to EVs. So far, there is still not an efficient automotive
onboard ac heater with a small size and low cost, particularly,
without the requirement of additional power supplies. This pa-
per aims to address the difficult implementation issue of the
internal ac heating methods for the onboard batteries used in
EVs at low temperatures. It is first proved that it is fully feasible
for batteries to provide enough energy to heat themselves with-
out the requirements of any external power supplies and devices,
leading to an easy implementation of the ac heating method for
EVs. The proposed heater only needs one pair of complemen-
tary pulse width modulation (PWM) signals to drive MOSFET

switches without the requirement of any sensing circuit, leading
to a simple control. Furthermore, the heating speed can be eas-
ily regulated by controlling the switching frequency, making the
proposed heater to possess a wide adaptability. Particularly, the
proposed heater can also be used to automatically balance cell
voltages with the same control at a higher frequency without
the requirement of additional balancing circuits. In summary,
the proposed system has the inherent advantages of the small
size, low cost, simple control, high efficiency, fast speed, good
uniformity, and high reliability. Therefore, the proposed method
can solve effectively the subzero-temperature and unbalanced-
voltage issues of rechargeable batteries, by which “all-climate”
and “all-voltage” batteries can be easily achieved without the
need of redesigning new battery structures, being of great sig-
nificance to the rapid development of EVs.

II. PROPOSED AC HEATER

In this paper, an onboard ac heater based on buck–boost con-
version is proposed, which is a simple implementation of the ac
heating strategies [11], [12] applied to EVs.

A. Configuration of Proposed AC Heater

The purpose of the proposed heater is to produce an ac cur-
rent without the need of external power supplies to alternately
charge and discharge batteries, by which the batteries can be
self-heated by the ohmic losses, i.e., I2RB . Fig. 1(a) shows
the proposed basic heating topology, where only one buck–
boost converter is applied to the whole battery pack, which is
divided into two parts, without the requirement of additional
power supplies. This structure needs less components with a
smaller size and lower cost, but only takes half time to alter-
nately heat the two parts of the batteries, leading to a slow
heating speed and low efficiency. In order to achieve the simul-
taneous heating for the upper and lower cells to improve the
heating speed and efficiency, the “all-time” interleaved parallel
structure of battery heater is proposed, as shown in Fig. 1(b).
A second buck–boost converter is added in parallel to the first
topology. The two conversion units are interleaved with 180°
phase shift angle under a duty cycle of ideally 50%. Thus, this
interleaved parallel structure can effectively heat batteries all
the time, which is very favorable to increase the rms heating
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Fig. 1. Proposed ac heaters. (a) The proposed basic heater using one buck–
boost converter. (b) The improved topology 1—the “all-time” interleaved paral-
lel heater. (c) The improved topology 2—the next-to-next heater with balancing
function. Note: B1 , B2 , B3 , . . . represent battery cells, and M1 , M2 , M3 , . . .
represent battery modules.

current with the same current amplitude as the basic topology.
Therefore, this “all-time” topology not only achieves a higher
heating speed and efficiency but also has no more damage to
batteries compared with the first method. Fig. 1(c) shows the im-
proved “next-to-next” topology with one buck–boost converter
set for two adjacent cells/modules. Due to the 1:1 conversion
ratio of the buck–boost converter at 50% duty cycle, energy will
flow automatically from the higher voltage cell to the adjacent
lower voltage one [23]. Therefore, except battery heating, this
structure can also achieve the balancing among cells or modules
at higher frequencies [23]. The main limitation of this approach
is the increase of the number of components, which may appear
more complex to implement. Nevertheless, on the one hand,
because the required power of each component decreases dras-
tically, the size of each component can be reduced significantly.
On the other hand, this topology can achieve the equalization
for cells or modules at a higher frequency without the need of
additional balancing circuits, consequently increasing the power
density. Actually, these changes simplify the integration and the
implementation of the proposed next-to-next topology. In sum-
mary, the above three methods can help manufacturers to select,
optimize, and implement viable heating topologies according to
different applications.

The proposed heating solutions have some favorable features
as follows:

1) The proposed heater is based on buck–boost conversion.
For the basic topology, only two MOSFET switches and one
inductor are needed for the whole battery pack, leading to
a smaller size and lower cost compared with the external
heating methods [11], [12].

2) Only one pair of complementary PWM signals is em-
ployed to drive the proposed heaters without the need of
cell voltage and current monitoring, leading to the ease of
control.

3) With the proposed system, batteries can heat themselves
up from below 0 °C without requiring external heating
devices and power supplies, resulting in simple imple-
mentation in EVs.

4) The heating speed can be regulated online by controlling
the switching frequency with a good flexibility.

5) The heating speed and efficiency can be improved dras-
tically by combining the proposed basic heaters in inter-
leaved parallel without causing more harm to batteries.

6) The proposed next-to-next topology contains two func-
tions, i.e., heating with a lower frequency and balancing
with a higher frequency, increasing the power density of
battery management systems (BMSs).

7) Due to the small size and ease of control, the proposed
heater can be easily integrated into battery packs, by which
“all-climate” and “all-voltage” batteries are immediately
achieved without the need of changing battery structures
and electrolytes.

8) The proposed ac heaters can be applied to other recharge-
able batteries without any change or recalibration, such as
nickel–cadmium batteries, lead-acid batteries, and nickel-
metal-hydride batteries.

B. Operation Principles

In order to simplify the analysis for the operation modes, the
basic heater is applied to two cells connected in series, i.e., B1
and B2 , as shown in Fig. 2. The batteries are modeled as an
internal resistance RB and a voltage source VOC connected in
series. The terminal voltage of the battery is represented by VB .
The proposed heater is driven by a pair of complementary PWM
signals, i.e., PWM+ and PWM–, and has four steady working
modes in one switching period. The four working modes are
operated alternatively and an ac current is automatically circu-
lated between the two cells. Figs. 2 and 3 show the operating
modes and theoretical waveforms of the proposed battery heater,
respectively.

It is assumed that the battery cells have the same terminal
voltage and the same internal resistance

VB = VB 1 = VB 2 (1)

RB = RB 1 = RB 2 . (2)

The MOSFETs have the same static drain source on resistance

RDS(on) = RDS(on),Q1 = RDS(on),Q2 . (3)

The equivalent resistance R1 in Fig. 2 represents the total
resistances of the inductor L1 and one MOSFET switch, which
can be given by

R1 = RL1+RDS(on) (4)

where RL1 is the equivalent resistance of the inductor L1 .
1) Mode I [t0 − t1 , Fig. 2(a)]: At t0 , Q1 is turned ON, and

Q2 is turned OFF. Cell B1 is charged by inductor L1 , thus, the
inductor current iL begins to decrease. Based on Kirchhoff’s
current law (KCL), iL can be deduced as

iL (t) = iL (t0) − VB 1

R1

(
1 − e−

R 1
L 1

(t−t0 )
)

. (5)

At t1 , inductor current iL drops to 0. By solving (5), the
duration of Mode I t1 − t0 can be calculated as

t1 − t0 = −L1

R1
ln

[
1 − R1

VB 1
· iL (t0)

]
. (6)
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Fig. 2. Operating modes of the proposed ac heater for two battery cells. (a) Mode I. (b) Mode II. (c) Mode III. (d) Mode IV.

Fig. 3. Key waveforms of the proposed ac heater.

Based on (5) and (6), the energy consumed by the internal
resistance RB 1 during Mode I can be approximatively given by

ERB 1 (I) ≈
[
1
2
· iL (t0)

]2

· RB 1 · (t1 − t0)

= − 1
4
· L1 · RB 1

R1
· i2L (t0) · ln

[
1 − R1

VB 1
· iL (t0)

]
.

(7)

Analogously, the energy consumed by the equivalent resis-
tance R1 during Mode I can be given by

ER1(I) ≈ −1
4
· L1 · i2L (t0) · ln

[
1 − R1

VB 1
· iL (t0)

]
. (8)

It is important to note that the maximum energy stored in the
inductor L1 at t0 can be expressed as

EL1(t0) =
1
2
· L1 · i2L (t0). (9)

2) Mode II [t1 – t2 , Fig. 2(b)]: Q1 keeps being turned ON,
and Q2 keeps being turned OFF. When the inductor current iL
decreases to 0 at t1 , Mode II starts. Cell B1 transfers energy to
inductor L1 , and then inductor current iL rises reversely. During
this mode, iL can be represented by

iL (t) = −VB 1

R1

(
1 − e−

R 1
L 1

(t−t1 )
)

. (10)

Like Mode I, the energy consumed by RB 1 during Mode II
can be approximatively expressed as

ERB 1 (II) ≈ −1
4
· L1 · i2L (t2) · RB 1

R1
· ln

[
1+

R1

VB 1
· iL (t2)

]
.

(11)
The energy consumed by R1 during Mode II can be given by

ER1(II) ≈ −1
4
· L1 · i2L (t2) · ln

[
1+

R1

VB 1
· iL (t2)

]
. (12)

Thus, based on (7) and (11), considering that R1 is smaller,
the total energy used for heating B1 during one switching period
can be approximatively deduced as

ERB 1 ≈ 1
4
· L1

VB 1
· RB 1 · [i3L (t0) − i3L (t2)]. (13)

It can be found that the heating speed of B1 is proportional
to the ac amplitudes iL (t0) and iL (t2) as well as the internal
resistance RB 1 .

The maximum energy stored in the inductor L1 at t2 can be
obtained as

EL1(t2) =
1
2
· L1 · i2L (t2). (14)

3) Mode III [t2 – t3 , Fig. 2(c)]: At t2 , Q2 is turned ON, and
Q1 is turned OFF. As shown in Fig. 2(c), inductor L1 is connected
to B2 , and energy is transferred from L1 to B2 . The inductor
current iL rises linearly, which is given by

iL (t) = iL (t2)+
VB 2

R1

(
1 − e−

R 1
L 1

(t−t2 )
)

. (15)

The energy consumed by the internal resistance RB 2 and R1
during Mode III can be approximatively expressed as, respec-
tively

ERB 2 (III) ≈ −1
4
· L1 · i2L (t2) · RB 2

R1
· ln

[
1 +

R1

VB 2
· iL (t2)

]

(16)

ER1(III) ≈ −1
4
· L1 · i2L (t2) · ln

[
1 +

R1

VB 2
· iL (t2)

]
. (17)

4) Mode IV [t3 – t4 , Fig. 2(d)]: Q2 keeps being turned ON,
and Q1 keeps being turned OFF. Mode IV does not start until the
inductor current iL rises to 0 at t3 . As shown in Fig. 2(d), the
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Fig. 4. Experiment setup.

inductor L1 is charged by B2 , and energy is stored in inductor
L1 . Based on KCL, the inductor current iL can be calculated as

iL (t) =
VB 2

R1

(
1 − e−

R 1
L 1

(t−t3 )
)

. (18)

The energy consumed by the internal resistance RB 2 and R1
during Mode IV can be approximatively expressed as, respec-
tively

EB 2(IV) ≈ −1
4
· L1 · i2L (t4) · RB 2

R1
· ln

[
1 − R1

VB 2
· iL (t4)

]

(19)

ER1(IV) ≈ −1
4
· L1 · i2L (t4) · ln

[
1 − R1

VB 2
· iL (t4)

]
. (20)

According to (16) and (19), the total energy used for heating
B2 during one switching period can be approximatively obtained
as

ERB 2 ≈ 1
4
· L1

VB 2
· RB 2 · [i3L (t4) − i3L (t2)]. (21)

Similarly, it can be concluded that the heating speed of B2 is
proportional to the ac amplitudes iL (t2) and iL (t4) as well as
the internal resistance RB 2 .

The maximum energy stored in the inductor L1 from cell B2
at t4 can be given by

EL1(t4) =
1
2
· L1 · i2L (t4). (22)

It can be clearly seen that Mode I and Mode II achieve
the ac charging and discharging for B1 , and Mode III and
Mode IV obtain the ac charging and discharging for B2 . More-
over, during Modes II and III, energy is transferred from B1 to
B2 , and during Modes IV and I, energy is back-transferred from
B2 to B1 , ensuring energy balancing between the two cells.

Considering that VB 1 = VB 2 , it is easy to conclude that the
duty cycle must be 50% for the energy balancing between the
two cells in the steady state.

The conversion efficiency of the buck–boost converter can be
calculated by the energy flowing out of a cell and the energy

flowing into the cell. Thus, based on (8), (9), (12), and (14),
considering that R1 is smaller, the conversion efficiency for cell
B1 can be approximatively calculated as

ηc,B 1 =
EL1(t0) − ER1(I) − PSloss · T
EL1(t2) + ER1(II) + PSloss · T

≈
1
2 · L1 · i2L (t0) − 1

4 · L1
VB 1

· R1 · i3L (t0) − PSloss · T
1
2 · L1 · i2L (t2) − 1

4 · L1
VB 1

· R1 · i3L (t2) + PSloss · T
× 100% (23)

where PSloss represents the switching loss, which can be cal-
culated based on the datasheet of MOSFETs. Analogously, we
can calculate the conversion efficiency for cell B2 . T is the
switching period. From (23), it can be observed that the con-
version efficiency depends mainly on the equivalent resistance
R1 , the amplitude of the ac current, and the switching loss.
The smaller the equivalent resistance R1 , the higher the con-
version efficiency. Therefore, the components, such as MOSFET

switches and inductors with low equivalent resistances, should
be selected accordingly to satisfy the fine requirement of the
heater. At lower frequencies, the switching loss is smaller and
the resistive loss is larger. Considering that iL (t0) ≈ |iL (t2)|,
(23) can be further simplifies as

ηc,B 1 ≈ 2 · VB 1 − iL (t0) · R1

2 · VB 1 − iL (t2) · R1
× 100%. (24)

It can be seen that the lower the switching frequency, the
larger the amplitude of the ac current, the lower the conversion
efficiency. At higher frequencies, although the resistive loss
become smaller, the switching loss is larger, which will also lead
to a lower conversion efficiency. This shows that there exists an
optimum frequency to maximize the conversion efficiency.

The heating efficiencies for B1 and B2 can be calculated by
the energy consumed for heating the batteries and the energy
consumed by the converter, which can be obtained as

ηh,B 1 = ηh,B 2 =
RB

RB + R1
× 100%. (25)

It can be seen that a larger internal resistance RB and a smaller
equivalent resistance R1 will lead to a higher heating efficiency,
which means more energy used for heating batteries.

The purpose of balancing is to transfer energy from the higher
voltage cell to the lower voltage one. Thus, the balancing effi-
ciency can be calculated as

ηe =
VB 2 · |iL (t2 )|+ |iL (t4 )|

4 · D − PN loss

VB 1 · |iL (t0 )|+ |iL (t2 )|
4 · (1 − D) + PN loss

× 100% (26)

where PN loss is the inherent loss when there is no balancing
between the two cells at VB 1 = VB 2 . It can be seen when the
balancing power is larger, PN loss can be neglected and (26) can
be simplified as

ηe ≈
VB 2 · |iL (t2 )|+ |iL (t4 )|

4 · D
VB 1 · |iL (t0 )|+ |iL (t2 )|

4 · (1 − D)
× 100% ≈ VB 2

VB 1
× 100%.

(27)
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Fig. 5. (a) Internal resistance of a battery cell versus temperature. (b) Heating efficiency versus temperature.

Fig. 6. Experimental waveforms of the proposed basic ac heater. (a) At f = 833 Hz. (b) At f = 500 Hz.

In this case, the balancing efficiency is inversely proportional
to the voltage difference between the two cells. When the bal-
ancing power is smaller, the loss PN loss will account for a larger
proportion of the balancing power, leading to a lower balancing
efficiency. Therefore, the balancing efficiency first increases and
then decreases along with the balancing power increasing.

According to the above analysis, it can be seen that the next-
to-next heater has the same working modes as the basic one.
Nevertheless, the operation principles of the interleaved parallel
heater are somewhat complicated. The two conversion arms are,
respectively, driven by a pair of complementary PWM signals
with 180° phase shift angle and a duty cycle of 50%. Specifically,
the synchronous switches Q1 and Q4 are turned ON during a half-
cycle of a switching period, and the synchronous switches Q2
and Q3 are turned ON during the other half period. Thus, when
the upper cell is heater by the first/second converter, the lower
cell is simultaneously heated by the second/first converter. As
a result, the batteries can be heated at all the time without rest,
leading to a faster heating speed.

III. EXPERIMENTAL RESULTS

For simplicity but without losing generality, the proposed
heater is applied to two 2500-mAh LiNiMnCoO2 cells and two
1100-mAh LiFePO4 cells. Fig. 4 shows a photograph of the
experiment setup. The switches Q1 − Q2 were implemented by
STP220N6F7 MOSFETs with 2.4 mΩ internal resistance. The

Fig. 7. Conversion efficiencies of the buck–boost converter as a function of
switching frequency f.

measured equivalent resistance RL1 in the inductor is about
23 mΩ. The measured inductance L1 was about 102.8 μH.
Fig. 5(a) shows the internal resistances of the LiNiMnCoO2
battery at different temperatures, which are measured by dis-
charging the battery at 2 C. It can be seen that the lower the
temperature, the larger the cell resistances. According to (25),
Fig. 5(b) further shows the heating efficiencies at different tem-
peratures, by which the average heating efficiency from −30 °C
to 0 °C is calculated as 92.2%. The batteries were kept in the
temperature chamber at the set temperatures for more than 3 h
before preheating. The heating process ended when the battery
temperature reached 0 °C or the heating time was beyond an
hour.
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Fig. 8. Heating results of the basic topology for two LiNiMnCoO2 cells with f = 833 Hz at −20 °C. (a) Temperature rises. (b) Cell temperature distributions
before heating. (c) Cell temperature distributions after heating.

Fig. 9. Heating results of the basic topology for two LiNiMnCoO2 cells at −30 °C. (a) Temperature rises at f = 833 Hz. (b) Temperature rises at f = 500 Hz.
(c) Cell temperature distributions before heating at f = 500 Hz. (d) Cell temperature distributions after heating at f = 500 Hz.

Fig. 10. Heating results of the basic topology for two LiNiMnCoO2 cells with f = 20 kHz at −20 °C. (a) Temperature rises. (b) Cell temperature distributions
before heating. (c) Cell temperature distributions after heating.
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Fig. 11. Heating results of the interleaved-parallel-structured heater for two LiNiMnCoO2 cells with f = 833 Hz at −20 °C. (a) Temperature rises. (b) Cell
temperature distributions before heating. (c) Cell temperature distributions after heating.

Fig. 12. Heating results of the basic topology for two LiFePO4 cells with f = 500 Hz at −20 °C. (a) Temperature rises. (b) Cell temperature distributions before
heating. (c) Cell temperature distributions after heating.

Fig. 13. Heating results for two unbalanced LiNiMnCoO2 cells with f = 833 Hz at −20 °C. (a) With unbalanced SOCs. (b) With unbalanced internal resistances.

Fig. 6 shows the experimental waveforms of the proposed ac
heater at the frequencies of 833.3 and 500 Hz, respectively. It
can be seen that the ac current is not the exact triangle waveform
due to the impact of the larger battery internal resistances at low
temperature. As shown in Fig. 6(a), at the frequency of f =
833.3 Hz, the amplitude of the ac current is 7.8 A (3.1 C), and
the rms heating current is 4.7 A (1.9 C). As shown in Fig. 6(b),
when the frequency decreases to 500 Hz, the amplitude of the
ac current is increased to 10.4 A (4.2 C) with the rms heating
current increased to 6.7 A (2.7 C). These results show that the ac
current amplitude can be regulated by controlling the switching
frequency. Theoretically, with the same inductance, the lower

the switching frequency, the larger the ac current amplitude.
Thus, the heating speed subject to the ac current amplitude can
be improved by decreasing the switching frequency.

Fig. 7 shows the measured conversion efficiency ηc as a func-
tion of the switching frequency. It can be seen that the conversion
efficiency increases from 65.2% to 92.2% with the switching
frequency increasing from 200 Hz to 7 kHz due to the decrease
in the resistive loss. When the switching frequency increases
from 7 to 50 kHz, ηc decreases from 92.2% to 48.2% due to the
increase in the switching loss. It can be seen that the theoretical
efficiency curve fits well with the measured conversion efficien-
cies. The small difference between the measured and theoretical
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Fig. 14. Balancing results of the next-to-next topology for two LiNiMnCoO2 cells with f = 10 kHz at room temperature. (a) Cell voltage trajectories versus
time. (b) Cell current trajectories versus time. (c) Balancing efficiencies as a function of the output power.

balancing efficiencies is caused by the exponential behavior of
the inductor current at lower frequencies.

In order to verify the validity of the proposed heater, Fig. 8
shows the heating results of the basic topology with the fre-
quency of f = 833 Hz at −20 °C. As shown in Fig. 8(a),
it can be observed that the cells are heated to 0 °C within
13 min by circulating an 833 Hz ac current with the amplitude of
7.8 A (3.1 C). The average temperature rise rate is 1.54 °C/min.
About 7.1% cell energy is consumed during heating. As shown
in Fig. 8(c), after heating, the surfaces of the two cells have the
almost consistent temperature distributions, and the maximum
temperature difference between the two cells is only 0.3 °C,
showing a good heating uniformity.

Fig. 9 shows the heating results for two LiNiMnCoO2 cells
at −30 °C. As shown in Fig. 9(a), at 833 Hz, the heating time is
longer than an hour or the cells cannot be heated to 0 °C. To speed
up the heating process, the switching frequency is decreased to
500 Hz, and the amplitude of the ac current is increased to 4.2 C.
As shown in Fig. 9(b), the heating time is reduced to 9 min to
heat the cells to above 0 °C with about 7.7% cell energy loss.
The average temperature rise rate reaches 3.33 °C/min. Fig. 9(c)
and (d) shows the good heating uniformity for the two cells.
It can be concluded that with the same inductance, the heating
speed can be significantly increased by decreasing the switching
frequency.

Fig. 10 shows the heating results of the basic topology at
f = 20 kHz with the same amplitude of ac current as that at
833 Hz. The inductance L1 is determined as 1.9 μH. As shown
in Fig. 10(a), due to the higher frequency ac heating, the heating
time is reduced to 8.3 min, shortened by 36.2% compared with
the result at 833 Hz. The average temperature rise rate reaches
2.4 °C/min. About 6.7% cell energy loss is consumed during
heating. It can be found that with the same ac current amplitude,

the heating speed can be also improved by increasing the switch-
ing frequency.

Fig. 11 shows the heating results of the interleaved-parallel-
structured heater with the same experimental conditions com-
pared with Fig. 8. Due to the “all-time” heating for batteries, the
heating time is only 5.9 min, dramatically shortened by 54.6%,
with less energy loss, i.e., about 5% compared with the basic
topology. Moreover, the average temperature rise rate reaches
3.4 °C/min.

In order to prove the validity of the proposed heater for other
kinds of batteries, Fig. 12 shows the heating results of the basic
topology for two LiFePO4 cells at −20 °C. The switching fre-
quency is set as 500 Hz and the rms ac current is about 5.8 C.
It takes 18 min to heat the cells to above 0 °C with a good
heating uniformity. Due to the lower cell voltages and different
battery materials, the heating for LiFePO4 cells is slower than
LiNiMnCoO2 cells, which needs a larger ac current to circulate
though LiFePO4 batteries.

Fig. 13 shows the heating results for two unbalanced cells
with f = 833 Hz at −20 °C. It can be found that the unbalance
in SOCs or internal resistances will cause a large temperature
difference, e.g., 3.5 °C in Fig. 13(a) and 9.3 °C in Fig. 13(b),
between the two cells. Therefore, cells should be kept being bal-
anced as much as possible to achieve the synchronous heating.

Fig. 14 shows the balancing results for two LiNiMnCoO2
cells with a higher switching frequency of f = 10 kHz at room
temperature. As shown in Fig. 14(a), the initial maximum volt-
age gap between cells is 452 mV. After 3500 s, the cell voltages
are almost balanced with a small voltage gap of 18 mV between
the two cells. Fig. 14(b) shows the balancing currents, which be-
comes smaller and smaller along with the balancing. Fig. 14(c)
shows the theoretical and measured efficiencies as a function of
the balancing power. It can be seen that the theoretical balancing
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efficiency agrees well with the measured efficiency. When the
balancing power increases from 0.10 to 1.36 W, the measured
efficiency increases from 55.2% to 89.6%. When the balancing
power increases from 1.36 to 2.86 W, the measured efficiency
decreases from 89.6% to 86.4%. These results show that the
proposed topology can also balance cell voltages at a higher
switching frequency.

IV. CONCLUSION

The purpose of this paper is to introduce an automotive on-
board ac heater without requiring external heating devices and
power supplies for lithium-ion batteries at low temperatures,
which can meet the application requirements of EVs for perfor-
mance, reliability, size, and cost. Three heating topologies are
introduced, i.e., the basic, interleaved parallel, and next-to-next
heaters. The configurations of the proposed heaters, operation
principles, heating performances, and balancing verification are
presented. It is first proved that it is fully feasible for batteries to
provide enough energy to heat themselves without the need of
any external power supplies and devices. Experimental results
demonstrate:

1) The proposed systems achieve the effective heating for
lithium-ion batteries with a fast speed, high efficiency,
good uniformity, and strong robustness.

2) With the same inductance, the heating speed can be signif-
icantly increased by decreasing the switching frequency.

3) With the same current amplitude, the heating speed can
be also improved by increasing the switching frequency.

4) The unbalance in SOCs or internal resistances will cause
a large temperature difference between cells.

5) The proposed interleaved parallel heater achieves a higher
heating speed and efficiency without causing more harm
to the batteries compared with the basic topology.

6) Except heating, the next-to-next topology can also auto-
matically balance cell voltages with the same control at
a higher frequency without the requirement of additional
balancing circuits, increasing the power density of BMSs.

7) The proposed ac heaters can be applied to other recharge-
able batteries without any change or recalibration.

In conclusion, with the proposed heater, “all-climate” and
“all-voltage” battery packs can be easily achieved without
changing battery structures and electrolytes, which is of great
significance to the rapid development of EVs. In the future, the
heat generated in MOSFETs due to the switching loss and con-
duction loss will be utilized to heat batteries externally to further
improve the heating speed and efficiency.
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