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ABSTRACT: Nowadays, Battery operated vehicles and power tools are becoming popular
due to their simple construction, compact structure, low operating and maintenance cost,
moreover renewable energy utilization facility. A single series resonant active converter
has been designed to balance the voltage level of electrical energy storage device (ESD).
To obtain the necessary operating voltage and current, many electric cells are combined
together in series and parallel. A series battery balancing circuit can be used to improve
the efficiency of each cell charging and discharging process and consequently increase the
lifespan of the battery. A battery management system (BMS) needs an efficient balancing
circuit. This paper presents a high-speed single LC-tank DC to DC converter for electric
cell balancing scheme. In this research, two 2s LiPo battery has been used as energy
storage device. The proposed voltage balancing circuit works by charging and discharging
the charge storage device through a single series LC-tank circuit. Experimental results
show that the proposed balancing circuit can make 0 voltage difference from 800 mV, in
285 seconds and it is less time than the current system.

ABSTRAK: Satu pengubah resonan sesiri telah direka bagi mengimbangi aras voltan pada
kenderaan beroperasikan bateri dan pada mesin jana kuasa yang menjadi semakin popular.
Ini kerana strukturnya yang mudah dan kompak, kos operasi dan penyelenggaraan yang
rendah, termasuk kemudahan penggunaan tenaga kitar semula dan sebagainya. Bagi
mendapatkan voltan dan arus operasi yang sesuai, banyak sel elektrik telah digabungkan
bersama dalam gabungan sesiri dan selari. Litar pengimbang bateri sesiri boleh digunakan
bagi meningkatkan kecekapan setiap proses pengecasan dan penyahcas sel dan sekaligus
meningkatkan jangka hayat sel. Sistem pengurusan bateri (BMS) memerlukan litar
pengimbang yang cekap. Kertas ini membentangkan tentang satu pengubah DC-DC
tangki-LC berkelajuan tinggi berdasarkan skim pengimbang sel elektrik. Oleh kerana
supercapacitors bertindak seperti bateri boleh cas semula; penyelidikan ini telah mengguna
pakai dua super-kapasitor dan bukan bateri boleh cas semula. Baki voltan telah dikekalkan
dengan mengecas dan menyahcas super-kapasitor menggunakan satu litar tangki-LC.
Dengan ini, masa pengimbang keseluruhan voltan dapat dikurangkan dan kecekapan litar
dapat ditingkatkan. Hasil eksperimen menunjukkan litar pengimbang yang dicadangkan
dapat mengurangkan perbezaan voltan antara dua super-kapasitor dari 350 mV kepada 0
V dalam tempoh 284 saat, kurang daripada masa sistem sedia ada.
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1. INTRODUCTION

The EVs (electric vehicles) are becoming an important field of business interest in the
automobile industries, because of the high price of fossil fuel, economic and ecological
issues [1]. In the transportation sector, EVs becoming emerging technology instead of
conventional fossil fuel engine. It has proven, that many industries and combustion engines
produce CO2, CO, NO, etc. which is the main source of the greenhouse effect. EVs would
be solving the environmental and fuel energy issues that are correlated with zero-carbon
emission policies. Since most of the vehicles are using fossil fuel and producing huge
amounts of CO, CO2 and others gas. The renewable energy sources are environment-
friendly, electricity can be generated by using this energy sources. Electric vehicles (EVs)
use electricity without emitting the CO, CO2 and other gases, which will help in solving
environmental and energy issues. The rechargeable battery and supercapacitor i.e., ESD
(Energy Storage Device) provides continuous electrical power in electric motors to operate
an EV. The ESD such as supercapacitors or batteries are playing a vital part in the hybrid
electric vehicle (HEV), plug-in HEV and EV to microgrid [2-4]. Becouse, some small urban
city and rural area are started to produce electricity by utilizing the renewable energy
sources. They extracted the generated electricity by using microgrid system and charges
their HEV and EV battery from the microgrid. Nowadays, Li-ion (Lithium-ion) and LiPo
(Lithium Polymer) battery are widely used in EV and portable power equipment due to its
high-power capacity, high energy density, low memory effect, low self-discharge, low-
temperature impact, long life cycle etc. [S]. The voltage of a Li-ion/LiPo cell is relatively
low. So, for a required load voltage and current, it is connected in series and parallel
arrangement. EVs and many systems use rechargeable battery packs such as Li-ion, Lipo,
NiCd etc. A battery pack is made by using many unit cells. The battery pack is charged and
discharge during application, however at this time there is no guarantee, that each unit cell
can be equally charged and equally discharge. As a result, few unit cells of the battery pack
may be damaged within a short time and make the whole battery pack imbalance and
useless. So, this is a big issue for using a rechargeable battery pack, when the pack is made
by many unit cells. The manufacturers make the only unit cell and the users make their own
customized size battery pack by using required numbers of the unit cell. In a battery pack,
Li-ion/LiPo cells have some drawback, due to different manufacturing, environmental
condition and purpose of using. When cells are overcharged then have a chance of the
explosion, similarly, undercharged cell reduces its lifetime [6]. For an unbalance charging
and discharging affect the capacity and efficiency of a cell is gradually reduced inside the
battery pack [7-8].

The cell capacity, input/output current, balancing etc. issues can be overcome by using
a battery management system (BMS). The researchers are still working on battery charge
balancing to improve battery cell performance [2, 9-10]. There are two types of battery
charge balancing methods are used; namely, passive balancing method and active balancing
method. In passive charge balancing method uses a resistor. As a result, the excess charge
of the higher energy cell is dissipated by the resistor in the form of heat and to make a
balance with the weaker cell. On the other hand, in the active charge balancing method, the
excess charge from the higher energy cell is transferred to the lower energy cell through the
inductor, capacitor, and transistor [8, 11-12].

In this paper, a single resonant LC-tank converter based cell to cell active balancing
circuit has been proposed. The switching frequency of this circuit has been chosen same as
the resonant frequency of the LC-tank circuit, so that, the charging or discharging time of
the resonant can just to run half period of the resonant frequency.The proposed circuit uses
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fewer numbers of components which, makes the circuit simple, compact, faster and
inexpensive.

2. PROPOSED BALANCING CIRCUIT AND ALGORITHM

The proposed single LC resonant balancing circuit is shown in Fig. 1. In this circuit, #
numbers of ESD are connected in series. The ESD-1 and ESD-n are associated with two
MOSFET switches, similarly, ESD-2 and ESD-(n-1) are associated with anti-series
MOSFET switches. All the MOSFET switches are operated by a PWM signal. The resonant
converter based circuit is worked as an active balancing circuit. To measure the cell voltage,
a voltage status monitoring sensor has been used. Each cell voltage of the battery is
measured by using a voltage sensor and sends the information to a microcontroller as shown
in Fig. 1.
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Fig.1: A basic block diagram of the proposed voltage balancing circuit.

The proposed voltage balancing algorithm steps as follows:

1. System initialization
2. Check the cell status by monitoring the sensor voltage
3. Send the cell status to the microcontroller.

If the cell voltages are equal: then

goto step 2

Else: cell voltages are not equal

goto step 4

4. Estimate the cell voltage and find out the highest and lowest voltage cells.
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5. Execute the highest and lowest cell voltage and goto step 4.

6. goto step 2
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Fig. 2: Flowchart of the proposed voltage balancing algorithm

3. VOLTAGE BALANCING CIRCUIT WORKING PRINCIPLE

Figure 3 shows a single resonant LC-tank converter based voltage balancing circuit and
its working principle. The associated MOSFET switches and the resonant tank are the basic
balancing unit of this circuit. In this circuit, n-numbers of the cell are connected in series.
Initially, assume that the voltage of Cell-1 is higher than the voltage of Cell-2. During the
balancing time, each cell goes through charge and discharge states.

3.1 Working Mode I: Cell-1 voltage > Cell-2 voltage

Charging state: in this state, all associate MOSFET switches (Ms) of Cell-1 are ON state
and all associated MOSFET switches (Mp) of Cell-2 are OFF state. So, the Cell-1, MOSFET
switches (Ms) and LC-tank circuit from a closed loop, and current flows in the loop in the
clockwise direction as shown in Fig. 3(a). This time, the LC-tank circuit is stored energy by
the Cell-1.

Discharging state: in this state, all associate MOSFET switches (M5s) of cell-1 are OFF
condition and all associate MOSFET switches (Mp) of cell-2 are ON condition. So, the
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Cell-2, MOSFET switches (Mp) and the LC-tank circuit from a closed loop, and the current
flows in the loop in the counter-clockwise direction as shown in Fig. 3(b). In this situation,
Cell-2 is charged by the stored energy of the LC-tank circuit.
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Fig. 3: Voltage balancing process of the proposed circuit.

3.2. Working Mode II: Cell-2 voltage > Cell-1 voltage

In this mode, charging and discharging are just opposite of the working Mode I, as shown
in Fig. 3 (c) and 3(d).

For controlling the MOSFET switches a PWM signal has been used as shown in
Fig. 4(a). An excess charge of the higher potential cell is transferred to the lower potential
cell via a single series resonant LC-tank circuit as shown in Fig. 4(a) and (b). The MOSFET
switches are turned ON and OFF by the high and low voltages of the PWM signal
respectively. The analysis of the circuit has been performed casewise based on the voltage
condition of Vcen-1 > Veeli2.

Case 1: The MOSFET switches Ms are ON and Mp are OFF states, the series LC-tank
circuit is connected with the Cell-1 and makes a closed loop as shown in Fig. 4(b). The
Cell-1 starts to discharge through the LC-tank circuit and store the energy in the tank circuit.
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Fig. 4: Equivalent circuit Vcel-1 > Vcell-2

The voltage of the Cell-1 can be expressed as (1),

d [_iCelll (0] LR

—i 1
n e [=ie, (O] )

Veeu, = Reeu, [—icen, (V) + Ly

Where, R¢y, is the internal resistance of the Cell-1. The current in the LC-tank can be
expressed as (2),

Veeu, Veeu, e% (t—to) ()

i, (t) =
r Reen,  Rceu,

Where, i;_(t,) is the initial current, which increases by the switching time .

Case 2: The MOSFET switches, Ms are OFF and Mp are ON states, the series LC-tank
circuit is connected with the Cell-2 and makes a closed loop as shown in Fig. 4(c). The LC-
tank circuit releases its stored energy into the Cell-2. The voltage of the Cell-2 can be
expressed as (3),

Veeit, = gy (O Rceur, + Vic(t) (3)
Where, the LC-tank circuit voltage V- (t) can be expressed as (4),

“4)

szc(t)
dt?

Vie(t) = LC + Veen, ()
The PWM signal allows for continuous voltage balance through the LC-tank circuit. The
duty cycle and pulse timing of the PWM signal relation can be expressed as (5),

DT —i;(1-D)T=0 (5)
Where, D is the duty cycle and 7 is the switching time as shown in Fig.4(a).

4. Result and Discussion

A DC to DC converter based active voltage balancing circuit simulation has been
established by using MATLAB SIMULINK. A hardware prototyping has been developed
to verify the design and effectiveness of the proposed voltage balancing circuit (as Fig. 5.).
In this experiment, two 2s LiPo (lithium polymer) battery has been used, each battery pack
has 1500 mAh capacity at 7.5V. For experimental setup, initially, the LiPo batteries have
been made imbalance charge, which makes the battery voltages as 7.8V and 8.4V
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respectively. The PWM signal has been generated by using an Arduino microcontroller,
which makes it easy to control the switching frequency and duty cycle.
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Fig. 5: Experimental setup of the proposed active voltage balancing circuit

The main hardware components used in this experiment are listed in Table 1

Table 1: Components and their values

Component Value

Arduino microcontroller UNO R3

2s LiPo battery 1500mAh, 7.5V

MOSFET switches 2N7000 (nMOS)

Inductor 100 uH (SDR0403- BOURNS)
Capacitor 220 uF

Figure 6 shows the Ms and Mp gate voltage signals, LC-tank inductor current and
capacitor voltage. It is observed that when the switching frequency (fs) and resonant
frequency (f-) are same maximum energy has been stored in and released from the series
LC-tank circuit. Fig. 7 shows the charging and discharging effect of the LC circuit when the
switching frequency is double of the resonant frequency. In this case, the inductor
magnetizing current is not enough to achieve the soft switching and it occurs additional
voltage stress in the switch. As a result, the circuit takes a long time for balancing the cell
voltage.
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Fig. 6: Simulation result waveforms with an internal resistor (when, f; = ;).
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Fig. 7: Simulation result waveforms with an internal resistor (when, f; =2f;).

Figure 8 shows the voltage balancing results. Initially, the voltage difference between the
two 2s LiPo batteries was 800mV. The voltage difference reduced to 0 mV about 275
seconds by the operation of the balancing circuit.
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Fig. 8: Simulation results of the two 2s LiPo battery voltage balancing scheme.
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Figure 9 illustrated the experimental circuit gate drive signal, LC-tank inductor current
and capacitor voltage waveforms. The two 2s LiPo batteries voltage balancing is shown in
Fig. 10. The initial voltage difference of the two 2s LiPo batteries was 800 mV and after
285s this voltage difference developed to 0V, which is 10 seconds higher than the simulation

results.
50: I 1
N

—_—

Mp Gate V.  Ms Gate V

iL (A)

Time (mS)

Fig. 9: Gate driving signal, inductor current and capacitor voltage waveforms of the
experimental circuit.
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Fig. 10: The experimental result of the voltage balancing circuit.

S. CONCLUSION

The proposed design is a new topology of an active voltage balancing schemes for
electrical energy storage devices. Due to the simple structure, it is able to quickly adjust the
cells voltage difference of a battery pack. The proposed voltage balancing circuit requires
few components to construct, which will reduce its size and contribute to reducing its price.
It is a simple design, easy to build and can operate faster.
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