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Abstract: This paper proposes a modular battery management system for an electric motorcycle.
The system not only can accurately measure battery voltage, charging current, discharging current,
and temperature but also can transmit the data to the mixed-signal processor for battery module
monitoring. Moreover, the system can control the battery balancing circuit and battery protection
switch to protect the battery module charging and discharging process safety. The modular battery
management system is mainly composed of a mixed-signal processor, voltage measurement, current
measurement, temperature measurement, battery balancing, and protection switch module. The
testing results show that the errors between the voltage value measured by the voltage measurement
module and the actual value are less than 0.5%, about 1% under the conditions of different charging
and discharging currents of 9 A and 18 A for the current measuring module, less than 1% for the
temperature measurement module; and the battery balancing in the battery management system
during the charging process. When the module is charged at 4.5 A for about 805 s, each cell of
the battery has reached the balancing state. Finally, the testing results validate that the modular
battery management system proposed in this paper can effectively manage the battery balancing of
each cell in the battery module, battery module overcharge, over-discharge, temperature protection,
and control.

Keywords: lithium-ion battery; battery balancing; modular battery management system; tempera-
ture protection

1. Introduction

In recent years, due to the high use of the petrochemical industry, air pollution, and
the serious greenhouse effect have caused more and more bad quality of human life. In
order to improve the quality of life and reduce the greenhouse effect, the development
and application of renewable energy sources have attracted the attention of all countries in
the world, and governments of various countries have also been asked to carry out this
issue reform and response plan to reduce the dependence on petrochemical materials [1,2].
Traditional automobiles and motorcycles not only consume a lot of oil but also are one
of the main sources of greenhouse gases. Therefore, to meet the government policies of
various countries, various alternative energy vehicles have been proposed, and electric
vehicles are the most attractive. Besides, with the improvement of science and technology,
the battery needs of electric vehicles must be small in size and easy to operate [3]. With the
characteristics of high operating voltage, high power density, lightweight, high cycle times,
low environmental pollution, and good safety, the lithium-ion battery is the most widely
used rechargeable battery nowadays [4-10]. However, with the high power demand of
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the electric vehicle power system, the lithium-ion batteries must improve the voltage and
capacity of the system through series and parallel connections. Due to the differences in
internal impedance, self-discharge rate, and manufacturing process of a single battery, the
voltage imbalance is easy to occur after the batteries are connected in series and parallel.
Therefore, it is necessary to ensure that all units in the battery module are powered pool
security [11-18].

Therefore, in the current battery management system research [19-28], most of the
proposed battery management systems are used in series lithium-ion battery modules.
However, in order to increase the capacity and high working voltage, most of the lithium-
ion battery modules are series or parallel type, so the current battery management system
cannot afford its functions. In this paper, a modular battery management system for an
electric motorcycle is proposed. The system has fast balancing and protection function,
which uses the signal processor as the main controller and is equipped with a battery
monitoring chip of multiple batteries. It is capable of measuring the series and parallel
type or monitor multiple independent battery modules by one control system. The battery
management system can accurately measure the battery voltage, charge current, discharge
current, and temperatures. These data are then transmitted to the mixed-signal processor
for battery module monitoring, balancing, and protection. Finally, the testing results
validate the modular battery measurement system proposed in this paper. It has the
functions of managing the battery balancing of each cell in the battery module, overcharge
and over-discharge of the battery module, temperature protection, and control. The system
has the potential to be applied in the battery management system of an electric motorcycle.

2. System Structure

The system structure of the modular battery management system proposed in this
paper is composed of a monitor, lithium-ion battery module, and battery management
system. The battery management system of the electric vehicles is mainly composed of a
mixed-signal processor, voltage measurement module, current measurement module, tem-
perature measurement module, battery balancing module, and protection switch module.
The system structure is shown in Figure 1.
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Figure 1. The system structure of the modular battery management system.
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2.1. Lithium-Ion Battery Module

In this research, the tested battery module of the modular battery management system
is using Samsung battery, the rated voltage of the unit battery is 3.65 V, the rated capacity
is 2900 mAh, and 48 18650 lithium-ion batteries are used to form the battery module in 12
series and 4 parallel modes. The appearance of the battery module is shown in Figure 2.

Figure 2. Lithium-ion battery module.

2.2. Modular Battery Management System
2.2.1. Mixed-Signal Processor (MSP)

The mixed-signal processor of this system is mainly composed of the mixed-signal
processor (MSP) and control circuit. In addition to displaying the received battery module
data on the monitor, the main function of the MSP is to collect the data of voltage mea-
surement module, current measurement module, and temperature measurement module.
These collected data are then analyzed to determine whether the system needs to start the
battery balancing power circuit and judge whether the battery module has overcharge, over-
discharge, or over-temperature. Under this abnormal operation situation, the protection
switch is started to carry out the system protection mechanism.

2.2.2. Voltage Measurement Module

In order to accurately and quickly measure the voltage data of lithium-ion batteries,
the voltage measurement module mainly uses the measurement chip LTC6803. This
research designs a fast sampling rate and accurate module with high common-mode
voltage and anti-noise ability. The voltage of the cell module can be measured every 13 ms
and transmitted to the mixed-signal processor.

2.2.3. Current Measurement Module

The current measurement module mainly uses the shunt component. This research
designs a precise and fast current measurement module to transmit the measured current
signal to the mixed-signal processor in the process of battery charging and discharging.

2.2.4. Temperature Measurement Module

The temperature measurement module is composed of a measuring chip LTC6803
and a thermistor, which transmits the measured temperature to the mixed-signal processor
through the partial voltage signal on the thermistor. The resistance value of the thermistor
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decreases with the increase in temperature. Thus, the temperature of the thermistor is

calculated using Formula (1).
1 1 1. R
===+ sIn(5 1
where T is the temperature with the unit K, R is the resistance value after temperature
change, B is the change parameter of the thermistor, its value is fixed at 3892, Ry is the

resistance at T (25 °C = 298.15 K). Formula (2) can be obtained by conversion

B

T= In(R/r,,)

@

In formula (2), ree= Roe B/To.

2.2.5. Battery Balancing Module

The battery balancing module is controlled by the mixed-signal processor to determine
whether to start the battery balancing module. During the charging process, the mixed-
signal processor will quickly detect the battery voltage of each cell on the module. If the
voltage difference between the battery with the highest voltage and the battery with the
lowest voltage is too large, the mixed-signal processor will send a command to the battery
balancing module to activate the automatic battery balancing function. This action can
prevent the battery voltage difference between each cell is too large.

2.2.6. Protection Switch Module

The protection switch module is mainly composed of MOSFET. The selected MOSFET
is IRF540. When the controller judges that the protection needs to be started, it will send out
the signal source and cut off the voltage of the gate and source on the MOSFET, making the
switch closed and the battery out of working state. The protection switch module is designed
to protect the battery module from overcharge, over-discharge, or over-temperature. It can
be controlled by a mixed-signal processor to determine whether to start the protection action
according to the voltage, current, and temperature of the battery module.

The overall test platform of lithium-ion battery module management system is shown
in Figure 3.

Voltage

. . recorder
Lithium-ion

battery module

Current
measurement
module
Temperature
recorder

1 4 + 1
Voltage measurement, ; .
temperature measurement, MSP Protection switch
and battery balancing module module

Figure 3. The overall test platform of Lithium-ion battery module management system.
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3. Operation Process of the Battery Management System

Since the voltage of each cell in the battery module could be different, the performance
of the battery module is determined by the single battery with the worst performance
in the whole battery module. After a long time of charging and discharging, the voltage
difference of each battery in the battery module will be larger and larger. When the voltage
difference is too large, the voltage of a single battery will be fully charged before the others.
Under this overcharging condition, the system will enter the protection state earlier. When
discharging, the battery with the lowest voltage will let the management system judge that
the battery module has been over-discharged and also enter the protection state earlier.
These two situations mentioned above will reduce the service time of the whole battery
module. In this way, the long-term cycle will make the voltage difference between every
single battery larger and larger, resulting in shorter battery module use time and more
likely to cause battery module damage.

In order to avoid the excessive voltage difference between the cells during the charging
and discharging process of the lithium-ion battery module, the battery balancing module
of the system has the function of automatic balance. The voltage and temperature data
are returned to the mixed-signal processor by measuring the chip, and the voltage of each
battery is detected by the hybrid signal processor. When the voltage difference between
the battery with the highest voltage and the battery with the lowest voltage is too large,
the hybrid signal processor will send a command to the measurement chip to start the
automatic balance function to maintain the single voltage difference of lithium-ion battery
module not to be too large. It would reduce the risk of battery damage and maintain
the battery life. The system will continuously monitor the battery module to achieve cell
battery balancing. The flow chart of the automatic battery balancing is shown in Figure 4.

Initialize measurement

chip

\

Transmit voltage data
to MSP

Lithium-ion
battery module is

Automatic balancing
balanced?

MSP sends the data
back to the monitor

Figure 4. Flow chart of the battery balancing.
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The main operation process of this system is briefly described as follows. Firstly, when
monitoring and managing the battery module, the voltage measurement module, current
measurement module, temperature measurement module, and the ADC functions of
mixed-signal processor are all started. Both the voltage and temperature data are returned
to the mixed-signal processor by various measuring chips. At this time, the mixed-signal
processor synchronously captures the charging or discharging current value signal. The
mixed-signal processor detects if the battery voltage is lower than 2.8 V or higher than 4.3V,
and whether the battery temperature is higher than 60 °C. The protection switch module
will be started when one of these conditions occurrs. Finally, the battery management
system will display the measurement results on the monitor and continuously manage the
battery module. The overall flow chart of the system operation is shown in Figure 5.
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Figure 5. Overall flow chart of the management system operation.
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4. System Function Validation and Discussion

In order to validate the measurement accuracy of the battery management system, the
measured voltage, current, and temperature of battery module are compared with voltage
recorder, voltmeter, and temperature recorder, respectively.

4.1. Voltage Measurement

In this paper, the voltage measurement is divided into three parts. The first part is the
comparison of voltage measurement errors. After the battery has been standing for a period
of time, the measurement chip, voltmeter, and voltage recorder are used to measure the
voltage, respectively. The results measured by the measurement chip will be transmitted to
the computer for storage through the mixed-signal processor. The measurement results are
compared in Table 1. The error of the voltage recorder 0.195% is smaller than the error of
the voltmeter 0.227%. The voltage recorder is chosen as the comparison benchmark in the
subsequent measurement.

Table 1. Errors comparisons of voltage measurement.

No. MSP (V) Voltmeter (V) Error (%) Voltage Recorder (V) Error (%)
1 3.547 3.547 0.000 3.562 0.421
2 3.519 3.515 0.113 3.529 0.283
3 3.513 3.508 0.142 3.523 0.283
4 3.504 3.495 0.257 3.510 0.170
5 3.507 3.498 0.257 3.513 0.170
6 3.538 3.526 0.340 3.540 0.056
7 3.520 3.510 0.284 3.524 0.113
8 3.508 3.500 0.228 3.514 0.170
9 3.586 3.577 0.251 3.593 0.194

Average Error (%) 0.227 0.195

The second part is the charging voltage measurement. After the battery module is
discharged to a single battery voltage of 2.8 V, the battery module will stop discharging
immediately and stand still for a period of time, and then charge with a constant current
of 4.5 A. When a single battery in the battery module is charged to about 4.2V, it is
deemed that the battery module has been fully charged. At the same time, the action of
the automatic balancing circuit is observed by the charging process. During the charging
process, each cell voltage of the battery module is measured by the measuring chip and
the voltage recorder separately. The error comparisons of initial charge voltage and final
charge voltage of each cell are shown in Table 2. Figures 6 and 7 show the charging curves
measured by the measurement chip and the voltage recorder. As the recorder has only ten
measuring channels, only the first 10 batteries are taken as the comparison object in the
charging and discharging measurement. The total charging time is 9345 s. The average
errors of the initial and final charging voltage are 0.715% and 0.131%, respectively. The
maximum cell voltage difference is only 0.015 V. It can be obviously found in the locally
enlarged diagram of Figure 8. There is an automatic balancing action during the charging
process. When the charging time reaches 805 s, the cell charging voltages have almost
been balanced.



Energies 2021, 14, 3532

8 of 16

Table 2. Error comparisons of voltage measurement.

Initial Charging Voltage Final Charging Voltage Maximum Cell
No. Voltage Error (%) Voltage Error (%) Voltage
LTC6803 (V) Recorder (V) LTC6803 (V) Recorder (V) Difference (V)
1 3.097 3.113 0.517 4.143 4.144 0.024
2 3.043 3.106 2.070 4.132 4.144 0.290
3 2.988 2.985 0.100 4.130 4135 0.121
4 2.995 2.946 0.301 4.130 4.133 0.073
5 2.985 2974 0.369 4.128 4132 0.097
6 2.968 2.962 0.202 4.130 4133 0.073 0.015
7 2.958 2972 0.405 4.128 4.135 0.170
8 2.969 2.990 0.707 4.128 4133 0.121
9 2.941 3.000 2.006 4.128 4.135 0.170
10 2.979 2.993 0.470 4.128 4135 0.170
Average
Error (%) 0.715 0.131
V)
I — Cell 1
42 -
,.//‘1' — Cell 2
40 o L
- | Cell 3
38 L — Cell 4
1
! — Cell 5
3.6 1
L Cell 6
34 / i Cell 7
32 i Cell 8
| Cell 9
3.0 L
: Cell 10
2.8 L
9345 (sec)
Figure 6. Charging curve measured by LTC6803.
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Figure 7. Charging curve measured by voltage recorder.
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Figure 8. Charging curve measured by LTC6803.

The third part is the discharge voltage measurement. After the second part is com-
pleted, the battery module will be set aside for a period of time and then discharged at
a constant current of 4.5 A. When the voltage of a single battery in the battery module is
about 2.8V, it is considered that the battery module has been fully discharged. The action
of the automatic balancing circuit is observed throughout the discharge process. During the
discharge process, each cell voltage is measured by both the measuring chip and voltage
recorder. The error comparisons of initial discharge voltage and final discharge voltage of
each cell are shown in Table 3. Figures 9 and 10 present the discharge curves measured
by the measurement chip and the voltage recorder. The total discharging time is 7904 s.
The average error of the initial and final voltage of the discharge is 0.099% and 0.341%,
respectively. The maximum cell voltage difference is only 0.011 V. It can be obviously
found in the locally enlarged diagram of Figure 11. There is an automatic balancing action
during the discharging process. When the discharging time reaches 684 s, the cell charging
voltages have almost been balanced.

Table 3. Error comparisons of discharge voltage measurement.

Initial Discharge Voltage Final Discharge Voltage Ma)ii/n}um Cell
No. LTC6803 (V) Re:?rl:lﬁe(w Error (%) LTC6803 (V) Rezﬁ’rlffje(v) Error (%) Difference (V)
1 4.069 4.074 0.123 3.286 3.305 0.578
2 4.065 4.074 0.172 3.297 3.305 0.243
3 4.062 4.066 0.098 3.288 3.300 0.061
4 4.062 4.063 0.074 3.278 3.299 0.641
5 4.062 4.063 0.025 3.289 3.299 0.304
6 4.062 4.064 0.049 3.290 3.298 0.243 0.019
7 4.060 4.064 0.099 3.293 3.298 0.152
8 4.060 4.064 0.099 3.287 3.300 0.395
9 4.060 4.065 0.123 3.287 3.300 0.395
10 4.060 4.065 0.123 3.288 3.300 0.395
Average 0.099 0.341

Error (%)
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Figure 9. Discharge curve measured by LTC6803.
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Figure 10. Discharge curve measured by voltage recorder.
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Figure 11. Partial enlargement of the discharge curve measured by LTC6803.



Energies 2021, 14, 3532

11 of 16

4.2. Current Measurement

The maximum discharge current of the battery in this system is 18 A. Since the
current of the electric vehicle will change with different driving conditions, the current
measurement is used to validate whether the current measurement function of the system
can normally measure under different current values. In this paper, the electronic load
is applied to discharge the lithium-ion battery. Figures 12-14 show the measurement of
different discharge current values, which are 1 A, 9 A, and 18 A. It can be found from the
measurement results that although there are some errors, the error range is about 0.1 A. It
has a certain accuracy in current measurement. Compared with the actual current value, the
error is small, which is suitable for current measurement in the battery management system.

(A)

1.5

14

13 Discharge current
1.2

1.1

e WY A AN DA AN Ve
09

0.8

0.7

0.6

0.5
40 80 120 160 200 240 (sec)

Figure 12. Discharge current value 1 A.

@A)
9.5
9.4
9.3
Discharge current
9.2
9.1
9.0
89 /\/\/\/\/\/\/\/’\/\/\/‘\/\f’\/\/\/\/\/\/\/\’\
8.8
8.7
8.6

8.5
40 80 120 160 200 240 (sec)

Figure 13. Discharge current value 9 A.
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Discharge current

40 80 120 160 200 240 (sec)
Figure 14. Discharge current value 18 A.

4.3. Temperature Measurement

The validation method of the temperature measurement of the system is to change the
ambient temperature manually and compare the measured temperature of the temperature
recorder with the value measured by the measurement chip. The temperature is recorded
once per second. The temperature curves measured by the measurement chip and the
temperature recorder are shown in Figure 15. It can be seen from the figure that the
difference between the temperature monitored by the system and the actual measured
temperature is small. It is proved that the system can effectively monitor the temperature
change and achieve the basis of monitoring the temperature and judging whether to start
the temperature protection.

()
55
50
45

LTC6803
40

Temperature recorder

100 200 300 400 500 600 (sec)

Figure 15. Temperature measurement curves of LTC6803 and temperature recorder.

4.4. System Function Verification

To validate that the lithium-ion battery management system designed in this paper
can effectively manage the lithium-ion battery module, the overcharge, over-discharge,
and over-temperature protection mechanism, as well as the single cell voltage balancing
function, are tested. The purpose of the overcharge protection testing is to validate whether
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the overcharge protection function is normal. When the single voltage of a lithium-ion
battery reaches the set maximum limit, the mixed-signal processor sends a signal to cut off
the switch to make the lithium-ion battery out of the charging state. The battery voltage,
charge current, and temperature of the lithium-ion battery module are shown in Figure 16.

Battery temperature

Charging current

Batteries voltage

1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000

Figure 16. Overcharge protection of the lithium-ion battery module.
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0
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The purpose of the over-discharge protection testing is to validate whether the over-
discharge protection function is normal. When the voltage of a single lithium-ion battery
reaches the set minimum lower limit, the mixed-signal processor sends a signal to cut
off the switch to make the lithium-ion battery out of the discharge state. The battery
voltage, discharge current, and temperature of the lithium-ion battery module are shown

in Figure 17.
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Figure 17. Over-discharge protection of the lithium-ion battery module.
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(A)

™)

The purpose of the temperature protection testing is to validate whether the temper-
ature protection function is normal. In the case of not deliberately damaging the battery,
the temperature of the battery will rarely exceed its safe range. Therefore, the temperature
will be changed artificially for testing this function. This testing will be carried out under
the condition of battery discharge. When the temperature reaches 60 °C, the mixed-signal
processor will send a signal to cut off the switch to make the lithium-ion battery out of
the high temperature state. The battery voltage, discharge current, and temperature of the
lithium-ion battery module are shown in Figure 18. The sampling frequency of the above
testing is once per 5 s.

: : 70 (C)
Discharging current
65
N —————————— 60
\ —Cell 1
Batteries voltage 55 —Cell2
——Cell 3
50
Cell 4
45 —Cell 5
——Cell 6
40
——Cell 7
35 Cell 8
Cell 9
Battery temperature 30
Cell 10
25 ——Cell 11
——Cell 12
20
50 100 150 200 250 300 350 400 450 500 550 600 650 (sec)

Figure 18. Temperature protection of the lithium-ion battery module.

5. Conclusions

In this paper, a modular battery management system is proposed for an electric
motorcycle. In addition to a battery management system, this system can also be used in
the related research on lithium-ion batteries. In the process of measurement, the measured
data can be stored for future data analysis. Besides, this system can also be used for
other battery measurements besides lithium-ion batteries. The measurement module
has an independent subsystem, so it can operate multiple sets of modules through one
master controller at the same time, which can achieve the function of managing multiple
battery systems by one master controller. Moreover, the system structure can significantly
reduce the cost of the whole system and improve efficiency. The testing results show that
the proposed modular battery management system has the functions of battery balance
management, overcharge and discharge control, temperature protection control. The
system is cheap and safe to use in battery management of electric vehicles.

Although the design of the modular battery management system proposed in this
paper has the basic ability to be applied to the electric motorcycle, the capacity calculation
and estimation have not been added to the charging and discharging system in this study.
At present, the discharging current is constant, but the actual load condition of the electric
motorcycle changes dramatically when it is used. In the future, a capacity estimation
mechanism should be added, which can be used not only to calculate the battery efficiency
but also to estimate the remaining capacity of the battery and to inform the users of the
power shortage in advance.
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