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Modelling and evaluation of a resonant switched
capacitor converter for a lithium-ion battery heating
system of an automotive drive scheme
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Abstract

Lithium-ion battery forms an integral component in a hybrid electric vehicle. In a very cold climatic
condition, it undergoes severe energy loss, poor performance and reduced life-cycle and therefore
requires self-heating before starting. In this paper, a self-heating device that involves a resonant
switched capacitor (RSC) heater with fast heating speed and high conversion efficiency was evaluated.
The mathematical modeling and control of the RSC converter is presented. Simulation was carried out
on the modelled equations and results obtained showed that the battery charging current significantly
improved when the characteristic impedance of the model was increased. The RSC-heater conversion
efficiency also increased to 91.05% at an increased characteristic impedance value of 4.5Q All
simulation processes were achieved in MATLAB/SIMULINK 2015 version.

Keywords: Hybrid electric vehicle (HEVs), lithium-ion (Li-ion) battery, resonant switched capacitor converter
(RSC)

1. Introduction

Hybrid electric vehicles (HEV) have advanced swiftly in the recent technological
progression due to the urgent need for energy conservation and immediate protection of the
environment from fossil fuel pollution. A Lithium-ion battery forms an integral component
in the operation of a hybrid electric vehicle and is adequately heated at a low temperature to
avoid decrease in the discharge capacity thereby ensuring a stable operation.

Generally, in extreme cold climatic condition, the driving range of the HEV considerably
drops due to the rapid increase in the internal resistance of the lithium-ion batteries which
leads to a loss of usable energy ™ 2. Lithium-ion batteries are conceived as the main power
sources of HEV because of their inherent high energy density, no memory effect, low-self
discharge rate and environmental friendliness 1. However, in a chilly climate, Li-ion
batteries undergo severe power decline and loss in energy which causes almost 40% - 50%
decrease in HEV travelling speed range * °1. To improve the battery performance and also
increase the driving range of the HEV at low temperature, it is expedient that an effective on-
board heating method be developed to preheat the battery to the desired temperature. In [,
Wang analyzed the battery preheating performance of plug-in hybrid electric vehicles and
showed that the preheating could reduce the cost of PHEV operation by 22.3%. The various
approaches that have been proposed for battery preheating at low temperatures are reported
in 78],

In [, Zhang proposed a low-frequency a.c heating approach which is based on external
device. Though the a.c heating had little effect on the battery service life. In [%, Jiang built a
high-accuracy and simple heating model for the a.c heating frequency which provided a
guide in optimizing battery internal heating and charging strategies at low temperatures. In
(11 Ruan et al. adopted an optimized heating frequency to maximize the temperature rise
rate of the heating process without causing a detrimental effect on battery performance. In
(22 ac-dc based self-heating approach was proposed to prevent Lithium-ion deposition. It
was also verified that the proposed method caused little harm to the battery pack after a
repeated heated tests. In %1, Guo et al. proposed an echelon pre-heating strategy to achieve a
higher temperature rise rate for cold batteries. In ], Wang et al. proposed a self-heating
Lithium-ion battery with a new electrode that took few seconds to achieve almost 20-30 °C
temperature rise with low energy loss. In 131, Zhang et al. tried to improve the self-heating
performance of battery with almost 56% faster in heating speed and 24% less energy
consumption through an embedded nickel foil heating element into the battery.
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In 16171 an integral heater-equalizer was designed to realize
the internal and external combined heating for cold batteries
and also achieve a passive equalization for series connected
battery strings. The reviewed work showed that with the
same rms current, the increased a.c heating frequency would
generate more electrochemical heat which helps to speed up
the heating process. The existing battery power that is on-
board heater based has two major drawbacks. The heaters
work at hard switching method which leads to a high
voltage stress on the MOSFETS, low reliability and high
switching loss. Similarly, the a.c heaters generate triangular
and sloped current of the same rms value which brings
further potential damage to the batteries ['8l. Battery self-
heating at low temperatures requires high ac-heating
frequencies. When a Lithium-ion battery is a.c heated, there
is an exchange of the Lithium-ions between the cathode and
the anode which continuously generates a large amount of
heat inside the battery. The higher the a.c-heating frequency,
the faster the Lithium-ions transport and more heat
generated. Size and cost of a.c heater can be reduced at high
a.c-heating frequencies which ensure easy implementation
in HEV. Therefore, employing a resonant circuit formed by
an inductor and a capacitor, the resonant switched capacitor
(RSC) converters can easily generate a sinusoidal inductor
current and capacitor voltage which provides a zero current
condition for the switches conduction with reduced
switching loss . The various RSC topologies applied in
the industry for battery self-heating are detailed in 20 221,
This paper therefore focused on the modeling of the
resonant switched capacitor converter heating current and its
efficiency with pertinent to change in characteristic
impedance. The variations in the quantity of heat in Joule
dissipated by the battery self-resistance with respect to
temperature difference are also presented. The discussed
RSC self-heater exhibits superior features which include but
not limited to compact size, low price, good reliability and
high efficiency. This can be applied to battery systems of
unmanned aerial vehicles and robots.

This paper is arranged in the following sequence: section 1:
presents the introductory part of the work with some
reviewed literature. Section 2: describes the RSC converter
configuration for the Lithium-ion battery heating process.
Section 3: mathematical modeling of the heating current and
RSC converter efficiency with respect to the characteristic
impedance and temperature variations were discussed.
Section 4: simulation results are presented and discussed in
this section. Section 5 concludes the core achievement of
this paper.

2. RSC converter configuration for lithium-ion battery
heating process

A resonant switched capacitor (RSC) heater for a battery
module with N-cells connected in series is shown in Figure
1. It has one LC-circuit and two semi-conductor MOSFETS.
The LC tank is connected in parallel with a MOSFET (Q5).
This parallel pair is further connected to the battery module
through MOSFET (Q1). To achieve the sinusoidal charging
and discharging currents for the battery module, MOSFET
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Q1 should have twice the duty cycle of Q2 as shown in

Figure 2.
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Fig 1: RSC-Heater Configuration for a battery module with N-
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Fig 2: Firing Pulses of Q1 and Qz signals

The operating states of the resonant switched capacitor
heater presented in Figure 1 are illustrated as follows:
= W

During the discharging state 1 when O=wt =3 Q1 is
switched on with zero-current switching while connecting
the LC-tank in parallel with the battery module. The battery
module is therefore discharged through the LC;tank.

During the charging state 1l when = — “* =% Q; is still

4
switched on and conduct for the span of 2. The battery
module is therefore charged by the LC-tank.
pe

. — t =2 .
During the balanced state 11l when = = wEs AT Q1 is

switched off while Q2 is turned on with zero-current
switching (ZCS) while short-circuiting the LC tank. The
capacitor is discharged and also reversely charged by the
inductor. The three operating states are illustrated in Figures
3a,b,c with the active switching devices and current
directions.

(@) State | (b} State 1l () State I

Fig 3: (a), (b) and (c): Operating States of the Resonant Switched
Capacitor Converter
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During a dead time between states Il and | as shown in
Figure 4(a), MOSFET Q; is turned off and the inductor
current flows clockwise. It flows through the body diode of
the MOSFET Q: and charges the battery module during this
dead time. A zero voltage switching is achieved for Q; when
it is turned on in state 1. As shown in Figure 4(b), when
MOSFET Q2 is turned off due to a changed direction in the
inductor current, it is observed that current flows through
the body diode of MOSFET Q; and charges the capacitor C
during the dead time operation. Hence ZVS is realized for
Q2 when it is turned off in state I1l. This process makes the
resonant switched operation robust and flexible to
components tolerances and control.

g

~[b} state il

{a) State |

Fig 4: (a) and (b): Operating States of the RSC Converter during
the dead time of Q1 Q2

3. Mathematical modelling of heating current and
resonant switched capacitor (rsc) converter efficiency
Applying Kirchhoff’s voltage law (KVL) in Figure 3a, the

inductive current iz and the capacitor voltage V¢ during one
switching period can be represented by equation (1).

Voo = Vo + LS + Ry forStates Tand 11

0 = V. + LS + Rip forState I1I
@

Where V,c = open circuit voltage of the battery module, R =
equivalent resistance calculated from equation (2).

R = Ry + Ric + Rpsiom
2

Rm = Internal resistance of the battery module, Ric -
Equivalent resistance of the LC tank, Rps (on) = Drain-Source
On-resistance of the MOSFET

Conventionally, the inductor current iL and capacitor
voltage Ve are related by equation (3).

I.L = C at (3)

The time variation in current in terms of attenuation
constant (o)) and phase shift (B) is presented by equation (4)

iy, = Asin(pt) ™ @

Where A = Amplitude of the inductor current, B = Phase
Shift, and a = attenuation constant.
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Substituting (4) into (1) for states | and Il (charging and
discharging states) gives rise to (5).

Voo = Vo + L3 (Asin(B0) ) + R (Asin(B0) &) (

5)
% {Asin(Bt) &™) = Ao sin(pt) +
ARe™ cos(Bt) (6)
x = =&
zL (7

Substituting (7) and (6) into (5) gives rise to the new open
circuit voltage equation presented in (8).

Ve = Vo + APLe™ cos(pt) + % e sin(pt) ®)

The time varying capacitor voltage in terms of attenuation
constant (o) and phase shift (B) is presented by (9).

AR et sin{pt)

vﬂutu = illr|:-|: - - (9)

APLe™ cos(pt) —
:_.‘r

When £= 0 and F. The amplitude of the capacitor

voltage is obtained through a simultaneous solution of

equation (9) for the different t-values and in accordance

with references [36] and [37]. This gives rise to equation

(10).

o
V. (1 + eﬂ"]

A = T
BL ('J. +eb ]
(10)
B = |i _ R—i = |’E
Since VLC 4 and characteristics impedance NE

then the amplitude of the capacitor voltage in terms of the
characteristics impedance is represented in equation (11).

_ mh
. |7z _ B2
Vool 14e ¥ 4
- _ suR
] P R?
22 - |14 *VF T S

(11)

Substituting the expression of o p and A into equations (4)
and (9) gives rise to equations (12) and (13).

hig =

_ nR
[,n _ RZ
2 2% -
Vol L +& "V 4]

(12)
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R
7 -—1
Ul:ltl = vn: [ 1-0 [v] + W ] + e 2L (13)
_ mR
R2
(1+e 2VE
U= E_ zmR
- 2 -;23 - R
Where: (1+e 7V +)

R [1 R
Vecos[ [F-E)WT T o T
= cCos N Tt :\JIzd_T

It is observed that the amplitude of the heating current
increases by reducing the characteristics impedance,
reducing the equivalent resistance and also by increasing the
open-circuit voltage.

Similarly, the inductor current and capacitor voltage during
state Il (balancing state) is derived through the same
process and presented in equations (14) and (15).

mE

5 R
. Veele &% - 7T-1 . 1 Rz
iy = sin{ |———1t—
Lit! T JIC  al?
[ 2 3 [
x:'Z:—T'L+E '\.'}'_ I
=R m__,
2L | H_:
21T:] e b sl (14)
Ve
_ nk —R (t— n )
-5 : | Rz
-V, 1 T alz
e m [X+Y] e I
- 2 \;Z" - B
(1+ e a) (15)
. 1 R
X=Cos( |=—— t—2m)
sJL': 4L=
Where: and
R . 1 R®
Y= :_sm( ||———,. T-Z‘IT)
(= R= Lo 4L®
2 Ef-—
W 4

The average discharging current of the battery module
within one switching period is derived from equation (16).

m

T 5, dt
— 0 o) —
Idis:hlwg' - il -
]
iz
- =
2 g2 _ R )
R‘::' B \.H = + 1) =
3 Th
- =)
|2 ®* 2 [z - R
3m (Z _T|1+ & y i
! (16)

In like manner, the average charging current within one
switching period is obtained from (17)
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BP iy dt
Il:h'a':g' _ﬁ_?_"— =
B
R _ ic)
- '|-I v ’l‘l
2 2 _ E 2 12 _ RS i
Vel & N ile N + 10
_ TR
{— ]
n
I & n 'r: _ R-r-
3w Z°-T(1+e e =]
v (17)

The efficiency of the Resonant Switched Capacitor
converter is determined from equation (18)

1 _ ]c'l'unvgn[vnc'_]c'hnwgukh'[] o
c ( =
]Iii.!IE"i-'gll'vﬂf_]di.ﬂlﬂ.‘i-'EIRM:l
L n(Rec+ Rpsiom)
. 72 [RLE - Bpgiom )
e VT 4

(18)

It is obvious that the conversion efficiency is improved by
increasing the characteristic impedance Z which results to a
small heating current. To enhance the conversion efficiency
and heating current, a small equivalent resistance of the LC
tank (R.c) and Drain-Source on-resistance (Rpsen) are
applied since the ac heating mainly depends on the battery
Ohmic loss. Therefore, the heating efficiency for the battery
modules is presented in equation (19).

If Ry
1} (RM + RLC + RpS(om)

. AM x 100
|IRp+ R + RDSunm:' (19)

h =

Where: I = rms heating current. It is apparent that a larger
internal resistance Rm, smaller equivalent resistance of the
LC tank R.c and smaller drain-source on-resistance of the
MOSFET will produce a higher heating efficiency which
implies more useful power for batteries heating.

Temperature measurements of Li-ion batteries are important
for supporting Battery Management Systems in controlling
highly relevant states, such as State-of-Charge and State-of-
Health. In addition, temperature measurements are essential
in preventing dangerous situations and also in maximizing
the performance and life cycle of batteries. However, due to
thermal gradients, which might quickly develop during
operation, fast and accurate temperature measurements can
be rather challenging. For a proper selection of the
temperature measurement method, aspects such as
measurement range, accuracy, resolution, and costs of the
methods are important. At present, traditional temperature
measurement  methods, such as thermistors and
thermocouples, are extensively used. Several recently
introduced methods, such as impedance-based temperature
indication and fiber Bragg-grating techniques, are under
investigation in order to determine their suitability for large
scale introduction in sophisticated battery-powered
applications. When a battery operates in a humid
environment, there is a convectional heat exchange between
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the surface and the surroundings. In addition, the battery
surface is cooled down by emitting infrared radiation. Heat
exchanges by convection (Qconv.) and radiation (Qrad.) With
the drive environment are represented by equations (20) and
(22).

QEDI:I‘.‘ ha {T - Ta:l (20)

Qraa. = oed (T*- T,%) 22)

Where: h = heat-transfer coefficient (W/m?K), A = surface
area of the battery, T=battery surface temperature (K), Ta =
ambient temperature (K), o = Stefan-Boltzmann constant

10-8
(W/m2K4) = 26 X 10754 ¢ = emissivity (0 < € < 1) of the
surface material. Heat dissipation from battery to the
environment is given by equation (4).

Quur. = Qrony. + Qag. = hA (T — T,) + oea (T4 -
4
T.*) 22)

4. Simulation results and discussions

Simulation was achieved with the parameters presented in
Table 1. Figure 5 shows the characteristic waveform of the
charging and discharging current at varying characteristic
impedance. It is observed that at a very large characteristic
impedance, the discharging current decreases while the
charging current rises in accordance with equations (16) and
(17). When the characteristic impedance gets to a value of
4009, the charging and discharging current attains a stable
and constant state value of 0.03959 A and -0.03922 A.
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Figure 6 depicts the converter efficiency against the
characteristic impedance and battery heat dissipation with
temperature change. It is observed that the efficiency rises
with a corresponding increase in the characteristic
impedance attaining a steady state value of 91.05% at 4.5Q.
Similarly, the heat dissipation varied linearly with the
temperature change. It is also observed that at a very low
temperature value more heat is required by the RSC
converter in self-heating the Lithium-ion battery to a
charged state. A plot of the firing pulses for the MOSFETS
Q1 and Q2 is presented in Figure 7. It clearly shows that the
duty cycle of the PWM for Qs is high above 50% of the
PWM for Q2 and both conduct in a complementary mode.
Figure 8 represents the plot of inductor current and capacitor
voltage. It is observed that the inductor current is a pure
sinusoidal wave which ensured reduced harmonics and
excess heat losses associated with a distorted triangular
waveform for battery self-heating. In like manner, the
capacitor voltage ensured a zero voltage switching which is
applied in the controlled regulation of the Qi and Q:
conduction.

Figure 9 shows the variation in RSC-AC voltage and battery
charging current with time. It is obvious from the
waveforms that with an elapse in time, the magnitude of the
resonant switched capacitor ac voltage depreciated and as a
consequence affects the amplitude of the charging current
with time. This phenomenon is the major disadvantage that
is associated with a battery operated hybrid electric vehicle
for a long distance speed racing.

Table 1: Simulation Parameters of the Resonant Switched Capacitor Converter.

Parameters Values Symbol
Ambient temperature (°C) 25 Ta
Battery temperature (°C) 0:5:50 T
Heat transfer coefficient (W/m?K) 0.5 h
Battery surface area (m?) 0.012 A
Emissivity of the surface material 0.5 €
Stefan-Boltzmann Constant (W/m?2K*) 5.67x108 c
Battery Capacity (mAh) 2500 Cs
Open circuit voltage (V) 30.6 Voc
Capacitance (1F) 475 C
Inductance (mH) 25 L
Equivalent Resistance of the LC tank (mQ) 15 RLC
Battery internal resistance at 0°C (mQ) 180 RM
Drain-Source on-resistance of MOSFET (m2) 240 RDS(on)
MOSFET switching frequency (Hz) 5000 Fs
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A Plot of Q1-Pulses against Time (Sec)
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Fig 7: Firing Pulses for Mosfets Q1 and Q2 Signals.

A Plot of Inductor Current (A) against Time (Sec)
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A Plot of RSC AC-Voltage against Time (Sec)
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Fig 9: RSC voltage & charging current against Time.

5. Conclusion

This paper has illustrated the dynamic performance of the
resonant switched capacitor converter (RSC) with ac heating
capability for Lithium-ion battery applied in hybrid electrics
vehicle (HEV). The detailed operation and mathematical
modeling for the ac current were carried out. A sine-wave
for the battery pack heating without the involvement of
external power source was realized. The battery charging
current was significantly improved by increasing the
characteristic impedance leading to high conversion
efficiency with a decreased magnitude in the discharging
current. Therefore, with a suitable choice of characteristic
impedance, the RSC heater can be readily applied in
preheating the batteries in various applications such as
unmanned aerial vehicles and robotics.

It is recommended that the heat generated by the MOSFET
as a result of switching loss and diode conduction loss be
utilized in the external heating of the batteries to further
improve the heating speed and conversion efficiency
especially for a long distance speed racing electric vehicles.
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