IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 9, SEPTEMBER 2018

7759

An Automotive Onboard AC Heater Without External
Power Supplies for Lithium-Ion Batteries at Low
Temperatures

Yunlong Shang
Chenghui Zhang

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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1. INTRODUCTION

LECTRIC vehicles (EVs) have been rapidly developed in
E 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
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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., I?Rg. 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: By, B2, Bs, ... represent battery cells, and M1, Mo, Ms, ...
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.
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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., By
and By, as shown in Fig. 2. The batteries are modeled as an
internal resistance Rp and a voltage source V¢ connected in
series. The terminal voltage of the battery is represented by V5.
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

Ve = Vg1 = Vps (1
Rp = Rp1 = Rp». 2)
The MOSFETS have the same static drain source on resistance

RDS(on) = RDS(on),Ql = RDS(OH),Q?' 3)

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

Rl = RL1+RDS(011) (4)

where Ry is the equivalent resistance of the inductor L;.

1) Mode I [ty — t1, Fig. 2(a)]: Atty, (Qq is turned ON, and
Q- is turned OFF. Cell B; is charged by inductor Ly, thus, the
inductor current 77, begins to decrease. Based on Kirchhoff’s
current law (KCL), ¢;, can be deduced as

Vb1 ( gy

IBL () e rilit ) . 5

i e Q)
At t1, inductor current i; drops to 0. By solving (5), the

duration of Mode I ¢ — ¢y can be calculated as

ir(t) =ir(to) —

L Ry
tl—t():—Rfllh’l |:].—V,B11'ZL(t()):| . (6)
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Fig. 3. Key waveforms of the proposed ac heater.

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

1 ) 2
Er,, (I) = {2 'ZL(tO)] “Rp1 - (t1 —to)
_ 1 Rp1 R
= 1 Ll R1 ZL(tO) In |:1 VBl ZL(to):| .

@)

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

1 R
ERI(I)%_ZLI'L%@O)IH |:1—V,BlllL(t()):| . (8)

It is important to note that the maximum energy stored in the
inductor L at ¢, can be expressed as

Eri(to) = % - Ly i (to). ©))

2) Mode I [t; — 15, Fig. 2(b)]: Q1 keeps being turned ON,

and )2 keeps being turned OFF. When the inductor current ¢y,

decreases to 0 at t;, Mode II starts. Cell B; transfers energy to

inductor L1, and then inductor current ¢, rises reversely. During
this mode, ¢; can be represented by

in(t) = — V8L (1—6*%”*“)). (10)

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

Like Mode I, the energy consumed by Rp; during Mode II
can be approximatively expressed as

Rp

1 .
Eg,, (1) = -1k SACIE Ry

Ry
“ln (14— -in ()] -
n [ +VBl ir( z)}
(1)
The energy consumed by R; during Mode II can be given by

1 ) Ry .
ERI(II) ~ _Z . L1 'Z%(tg) -In |:1+‘/Bl1 'ZL(tQ)] . (12)

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

1 Iy

4 Vpi
It can be found that the heating speed of B; is proportional

to the ac amplitudes iy, (to) and iy, (t2) as well as the internal

resistance Rp1.

The maximum energy stored in the inductor L, at ¢ can be
obtained as

Er,, =~ Rp1 - [i3 (to) — i3 (t2)]. (13)

1 f
Eri(ty) = 3 Ly -3 (ty). (14)

3) Mode Il [ty —t3, Fig. 2(c)]: At ty, Q5 is turned ON, and
(1 is turned OFF. As shown in Fig. 2(c), inductor L, is connected
to By, and energy is transferred from L; to By. The inductor
current ¢y, rises linearly, which is given by

Vi _Riyy
ip(t) = ip(b)+—- (1 et m) :
Ry

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

5)

1 . Rp Ry .
Brngo (1) %~ Ly () 222 1 [ 14 2 i ()
(16)
1
ERl(III) ~ —— - L1 . Z%(tg) -In |1+ i . iL(tg) . (17)
4 VB2

4) Mode IV [t5 — t4, Fig. 2(d)]: Q- keeps being turned ON,
and () keeps being turned OFF. Mode IV does not start until the
inductor current ¢, rises to O at ¢3. As shown in Fig. 2(d), the
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inductor L; is charged by B,, and energy is stored in inductor
L. Based on KCL, the inductor current 7;, can be calculated as

ir(t) = % (1 - 67%“43)) .

The energy consumed by the internal resistance Rp2 and R
during Mode IV can be approximatively expressed as, respec-
tively

(18)

1 ) R R .
EBQ(IV) ~ _Z . L1 -ZQL(M) . R—Bf -In |:1 - W;g -ZL(t4):|
(19)
1 ) Ry
ERl(IV) ~ _Z . L1 . Z%(t4) -In |:1 — KL . ZL(IJ)4):| . (20)

According to (16) and (19), the total energy used for heating
B5 during one switching period can be approximatively obtained
as

1 L A
1 Bl () — i ()]
Similarly, it can be concluded that the heating speed of B is
proportional to the ac amplitudes iy, (to) and iy, (t4) as well as
the internal resistance Rp».
The maximum energy stored in the inductor L, from cell By
at 4 can be given by

En,, ~ @1

Eri(ty) = % Ly -2 (ty). (22)

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

Considering that Vz1 = Vg9, 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
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flowing into the cell. Thus, based on (8), (9), (12), and (14),
considering that R is smaller, the conversion efficiency for cell
By can be approximatively calculated as

Eri(to) — Eri(I) — Psioss - T
ELl(tZ) + ERl(II) + PSloss -T

Ne,B1 =

N%'Ll'i%(to)_i'%'Rl i3 (to) — Psioss - T
%‘Ll Z%(tg)*i%Rl 'i%(t2)+PSIOSS'T
x 100% (23)

where Py represents the switching loss, which can be cal-
culated based on the datasheet of MOSFETs. Analogously, we
can calculate the conversion efficiency for cell By. T is the
switching period. From (23), it can be observed that the con-
version efficiency depends mainly on the equivalent resistance
Ry, the amplitude of the ac current, and the switching loss.
The smaller the equivalent resistance I?;, 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 iy, (to) = |if, (¢2)],
(23) can be further simplifies as

2V —ig(ty) R

. 7 100%.
e B1 2- Vg1 —ig(ta) - Ry < 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 B; and B, can be calculated by
the energy consumed for heating the batteries and the energy
consumed by the converter, which can be obtained as

Rp
Rp + Ry

It can be seen that a larger internal resistance R and a smaller
equivalent resistance R; 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

Nh,B1 = Nh,B2 = x 100%. (25)

VBQ'M'D_PNMSS
VBl'Ww'(l_D)—FPNlOSS

e = x 100% (26)

where Ppyogs 18 the inherent loss when there is no balancing
between the two cells at Vg1 = Vpo. It can be seen when the
balancing power is larger, Py1,ss can be neglected and (26) can
be simplified as

Vigo - [ir (t2)|+]ir (ta)] .D Vv
b2 1 x 100% =~ ~22 % 100%.

Vi - |i;,(t0)\74t|i,,(t2)\ . (1 _ D) Vi1

Ne =
27)
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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 Py1,5s 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 )1 and ()4 are turned ON during a half-
cycle of a switching period, and the synchronous switches Q-
and @3 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 LiNiMnCoO, cells and two
1100-mAh LiFePO, cells. Fig. 4 shows a photograph of the
experiment setup. The switches ()1 — Qo were implemented by
STP220N6F7 MOSFETs with 2.4 mS) internal resistance. The
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measured equivalent resistance Ry in the inductor is about
23 mf). The measured inductance L; was about 102.8 pH.
Fig. 5(a) shows the internal resistances of the LiNiMnCoO,
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. 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
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Heating results for two unbalanced LiNiMnCoO?2 cells with f = 833 Hz at —20 °C. (a) With unbalanced SOCs. (b) With unbalanced internal resistances.

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 7). 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, 7. 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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Balancing results of the next-to-next topology for two LiNiMnCoO» cells with f = 10kHz 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 =833Hz 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 LiNiMnCoOy 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 =20kHz with the same amplitude of ac current as that at
833 Hz. The inductance L; is determined as 1.9 y/H. 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 LiFePO, 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 LiFePO, cells is slower than
LiNiMnCoQO, cells, which needs a larger ac current to circulate
though LiFePO, 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 LiNiMnCoO,
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.

REFERENCES

[1] D.-H. Kim, M.-J. Kim, and B.-K. Lee, “An integrated battery charger
with high power density and efficiency for electric vehicles,” IEEE Trans.
Power Electron., vol. 32, no. 6, pp. 4553-4565, Jun. 2017.

[2] AAA Newsroom, Heathrow, FL, USA, “Extreme temperatures affect
electric vehicle driving range,” Mar. 2014. [Online]. Available: http://
newsroom.aaa.com/2014/03/extreme-temperatures-affect-electric-
vehicle-driving-range-aaa-says/. Accessed on: Apr. 23, 2017.

[3] M. Armand and J.-M. Tarascon, “Building better batteries,” Nature,
vol. 451, no. 7179, pp. 652-657, Feb. 2008.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 9, SEPTEMBER 2018

[4] Y. Ji, Y. Zhang, and C.-Y. Wang, “Li-ion cell operation at low tempera-
tures,” J. Electrochem. Soc., vol. 160, no. 4, pp. 636-649, Feb. 2013.

[5] S.Zhang, K. Xu, and T. Jow, “The low temperature performance of Li-ion
batteries,” J. Power Sources, vol. 115, no. 1, pp. 137-140, Mar. 2003.

[6] S.S.Zhang, K. Xu, and T. R. Jow, “Electrochemical impedance study on

the low temperature of Li-ion batteries,” Electrochim. Acta, vol. 49, no. 7,

pp. 1057-1061, Mar. 2004.

L. Liao et al., “Effects of temperature on charge/discharge behaviors of

LiFePO, cathode for Li-ion batteries,” Electrochim. Acta, vol. 60, pp. 269—

273, Jan. 2012.

[8] S. Mohan, Y. Kim, and A. G. Stefanopoulou, “Energy-conscious warm-

up of li-ion cells from subzero temperatures,” IEEE Trans. Ind. Electron.,

vol. 63, no. 5, pp. 2954-2964, May 2016.

Z.Lei, C. Zhang, J. Li, G. Fan, and Z. Lin, “Preheating method of lithium-

ion batteries in an electric vehicle,” J. Modern Power Syst. Clean Energy,

vol. 2, no. 2, pp. 289-296, Jun. 2015.

A. A. Pesaran, “Battery thermal management in EVs and HEVs: Issues

and solutions,” in Proc. Adv. Automot. Battery Conf., 2001, pp. 1-10.

A. Pesaran, A. Vlahinos, and T. Stuart, “Evaluation of heating methods for

HEV batteries for cold seasons,” Nat. Renewable Energy Lab., Golden,

CO, USA, NREL Milestone Rep., Aug. 2001.

Y. Ji and C. Y. Wang, “Heating strategies for Li-ion batteries operated

from subzero temperatures,” Electrochim. Acta, vol. 107, pp. 664-674,

Sep. 2013.

C. Ashtiani and T. Stuart, “Circulating current battery heater,” U.S. Patent

6259 229, Jul. 2001.

S. Mohan, J. Siegel, A. G. Stefanopoulou, M. Castanier, and Y. Ding,

“Synthesis of an energy-optimal self-heating strategy for Li-ion batteries,”

in Proc. IEEE Decision Control, 2016, pp. 1589-1594.

A. Vlahinos and A. A. Pesaran, “Energy efficient battery heating in cold

climates,” Soc. Automot. Eng., Warrendale, PA, USA, Tech. Paper 2002-

01-1975, 2002.

A. Pesaran, A. Vlahinos, and T. Stuart, “Cooling and preheating of batter-

ies in hybrid electric vehicles,” in Proc. 6th ASME-JSME Thermal Eng.

Joint Conf., 2003, pp. 1-7.

J. Zhang, H. Ge, Z. Li, and Z. Ding, “Internal heating of lithium-ion

batteries using alternating current based on the heat generation model in

frequency domain” J. Power Sources, vol. 273, pp. 1030-1037, Jan. 2015.

H. Ruan et al., “A rapid low-temperature internal heating strategy with

optimal frequency based on constant polarization voltage for lithium-ion

batteries,” Appl. Energy, vol. 177, pp. 771-782, Sep. 2016.

C.-Y. Wang et al., “Lithium-ion battery structure that self-heats at low

temperatures,” Nature, vol. 529, no. 7587, pp. 515-518, Jan. 2016.

G. Zhang, S. Ge, T. Xu, X.-G. Yang, H. Tian, and C.-Y. Wang, “Rapid

self-heating and internal temperature sensing of lithium-ion batteries at

low temperatures,” Electrochim. Acta, vol. 218, pp. 149-155, Nov. 2016.

X.-G. Yang, G. Zhang, and C.-Y. Wang, “Computational design and re-

finement of self-heating lithium ion batteries,” J. Power Sources, vol. 328,

pp. 203-211, Oct. 2016.

T. A. Stuart and A. Hande, “HEV battery heating using AC currents,” J.

Power Sources, vol. 129, pp. 368-378, Apr. 2004.

T. H. Phung, A. Collet, and J.-C. Crebier, “An optimized topology for

next-to-next balancing of series-connected lithium-ion cells,” IEEE Trans.

Power Electron., vol. 29, no. 9, pp. 4603—4613, Sep. 2014.

[7

—

[9

[

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Yunlong Shang (S’ 14) received the B.S. degree in au-
tomation from Hefei University of Technology, Hefei,
China, in 2008 and the Ph.D. degree in control theory
and control engineering from Shandong University,
Jinan, China, in 2017. Between Sep. 2015 and Oct.
2017, he conducted scientific research as a joint Ph.D.
student in the DOE GATE Center for Electric Drive
Transportation at San Diego State University, San
Diego, CA, USA.

Since 2017, he has been working as a Postdoctor
Research Fellow in the Department of Electrical and
Computer Engineering, San Diego State University. His current research inter-
ests include the design and control of battery management systems and battery
equalizers, battery modeling, and battery state estimation.

i I
i



SHANG et al.: AUTOMOTIVE ONBOARD AC HEATER WITHOUT EXTERNAL POWER SUPPLIES FOR LITHIUM-ION BATTERIES

Bing Xia (S’ 13) received the B.S. degree in mechan-
ical engineering from the University of Michigan,
Ann Arbor, MI, USA and the B.S. degree in electri-
cal engineering from Shanghai Jiaotong University,
Shanghai, China, in 2012. Between winter 2013 and
summer 2015, he was a Ph.D. student in automotive
system engineering at the University of Michigan—
Dearborn, Dearborn, MI. Since fall 2015, he has been
working toward the Ph.D. degree in the joint Ph.D.
program at San Diego State University, San Diego,
CA, USA and University of California San Diego, La

a1

Jolla, CA.
His research interests include batteries, including charging optimization, bat-
tery safety, and battery management.

Naxin Cui (M’14) received the B.S. degree in au-
tomation from Tianjin University, Tianjin, China, in
1989, and the M.S. and Ph.D. degrees in control the-
ory and applications from Shandong University, Ji-
nan, China, in 1994 and 2005, respectively.

In 1994, she joined Shandong University, where
she is currently a Full Professor in the School of Con-
trol Science and Engineering. Her current research
interests include power electronics, motor drives, au-
tomatic control theory and application, and battery
energy management systems of electric vehicles.

7769

Chenghui Zhang (M’ 14-SM’17) received the Bach-
elor’s and Master’s degrees in automation engineer-
ing from Shandong University of Technology, Jinan,
China, in 1985 and 1988, and the Ph.D. degree in
control theory and operational research from Shan-
dong University, Jinan, in 2001.

In 1988, he joined Shandong University, where he
is currently a Professor in the School of Control Sci-
ence and Engineering, the Chief Manager of Power
Electronic Energy-Saving Technology & Equipment
Research Center of the Education Ministry, a Cheung
Kong Scholars Professor specially invited by China’s Ministry of Education, and
a Taishan Scholar Special Adjunct Professor. He is also one of the State-level
candidates of “the New Century National Hundred, Thousand and Ten Thou-
sand Talent Project,” the academic leader of the Innovation Team of the Ministry
of Education, and the Chief Expert of the National “863” high technological
planning. His research interests include optimal control of engineering, power
electronics and motor drives, energy-saving techniques, and time-delay systems.

Chunting Chris Mi (S’00-A’01-M’01-SM’03—
F’12) received the B.S.E.E. and M.S.E.E. degrees in
electrical engineering from Northwestern Polytech-
nical University, Xi’an, China, in 1985 and 1988,
respectively, and the Ph.D. degree in electrical engi-
neering from the University of Toronto, Toronto, ON,
Canada, in 2001.
He is a Professor and Chair of electrical and com-
w puter engineering, and the Director of the Department
Z of Energy-funded Graduate Automotive Technology
Education Center for Electric Drive Transportation,
San Diego State University (SDSU), San Diego, CA, USA. Prior to joining
SDSU, he was with with the University of Michigan, Dearborn from 2001 to
2015. He has conducted extensive research and has authored or coauthored
more than 100 journal papers. His research interests include electric drives,
power electronics, electric machines, renewable-energy systems, and electrical
and hybrid vehicles.

_




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


