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Abstract: The project reviews the necessity and design of battery management circuitry and also describes tests
required for characterization of Li-ion cell. Design and analysis of cell balancing circuitry is discussed. Problem
like overvoltage, discharging, SOC(State of Charge) , SOH(State of Health) are encountered. Additionally, the text
explains the design of electronic load which can also be used as a battery-charger. The effect of discharging rate on
the capacity of a cell is analyzed. It is hoped this design would contribute to sustainable development. We aim to
provide a Battery Management Systems for the Electric vehicle Systems and hence aim to do our bit to ease their
task.
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1. INTRODUCTION
1.1 Need for Battery Monitoring and Management:

With the continual rise in average global temperatures, an alternative and eco-friendly source of transportation was
required. Electric and hybrid-electric vehicles have proved to be efficient and environment friendly in the past decade.
The most common power source for these vehicles are Lithium chemistry-based cells. Battery-packs made out of these
cells needs continuous monitoring as they are hazardous and explosive in nature when subjected to a hostile environment.
Maintenance of these batteries is thus proving to be of paramount importance. Selection of appropriate battery chemistry
is a very important factor in deciding the overall performance of the system. From today's perspective, Li-ion chemistry is
the battery technology of choice due to its high energy density and power rating and charge/discharge efficiency in pulsed
energy flow systems. A Li-ion fails if overcharged, over-discharged or operated outside their safe operating temperature
window. For this reason, it requires a Battery Management System (BMS) which will maintain each cell of battery within
the safe operating range. At present, numerous automobile firms have developed their BMS's. However, their designs are
proprietary. Our goal is to develop a BMS which would serve the purpose of monitoring large battery-packs, with no
compromise on the system and user's safety. The design would be open sourced so that the entire community is benefited.

1.1.1 Requirements for Battery Monitoring and Management:

Battery Monitoring is important for Li-ion chemistry for ensuring prolonged battery life as well as energy efficiency. The
main parameters required for this task are voltage, current and temperature over time. Another important parameter to be
taken into consideration is State-Of-Charge (SOC). The operational characteristics and cell life are a strong function of
temperature. Abrupt cell temperature changes can indicate cell failure. The below figure illustrates a basic BMS used in a
typical Electric Vehicle or a power generation station.
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1.1.2 Implementation:

The project aims to implement a BMS based on a Master-Slave configuration. It would have multiple slaves each
monitoring a fixed number of cells in a module. They would all be communicating the master board via a communication
protocol. The idea is to ensure the system is reliable and fail-proof. CAN would be used as it is the widely used protocol
in the automobile sector. This allows flexibility in the number of slave boards connected in a system. 4 An additional
functionality implemented is contactor control. Motor-drives, both AC and DC deploy high capacitance to reduce input
ripples. Connecting the battery pack directly to the motor-drive would create an in-rush current, potentially damaging the
contactors and the motor-drives. To prevent this, a pre-charge circuitry is implemented which charges the capacitors via a
resistor.

2. SYSTEM MODEL / ARCHITECTURE
2.1 Design of Charger-Discharger Circuit:

In order to design a BMS, characteristics of the cell under use must be known. To obtain the cell characteristics, we have
designed an electronic load which can discharge with different currents and profiles. The circuit uses a 1 ohm, 10 W
equivalent resistor and FET's internal resistance to dissipate cell's energy in the form of heat. Current and cell voltage is
monitored and stored.

The circuit uses a STM32F103C8T6 development board for control and monitoring the process. The threshold voltages
are set using the keypad prior to the start of discharge cycle. A PID controller is implemented which adjusts the duty cycle
to maintain constant discharge current.

When the cell is fully discharged, the process is halted. The cell temperature is monitored continuously so that the effects
of temperature on cell characteristics is minimal.

The same set-up is used to charge a battery. The designed circuit can be used to charge batteries rated up-to 50 V with a
charging current limit of 10 A. A relay is used to switch the battery between charge and discharge modes. Charger circuit
rated up-to 150 V, 20 A is being developed.

2.1.1 Components used and BMS Master v1.0 PCB:

Component Purpose
STM32F103C8T6 Micro-controller
development board
3.3V buck-converter [Provides power to micro- ;
controller d o i
DPDT Relay Switch between discharge u';: 8
and charge modes o ¢
IRFZ44N Switching FET \ E
PC817 Used as MOSFET dnver o | il
10mQ, 2W Resistor Current Sense Resistor g ‘ ¥
10Q. 2W Resistors  [Power dissipation resistors : :
}10 in parallel) ek
LM 324 Operational [As curmrent sense amplifier i e
Amplifier BMS Master v1.0
Table 2.1: Components used in Charger-Discharger Figure 2.1: Charger-Discharger Circuit

2.1.2 Limitations:

The designed circuit had the following problems:

e Error while current and voltage sensing due to switching.
e Improper MOSFET switching.

2.2 Design of BMS Master:

To overcome these issues, a new version was developed. It incorporated the necessary functions of a BMS Master board
as well.
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2.2.1 BMS Master v1.1

BMS Master vi1.1 _

Figure 2.2: BMS Master v1.1
2.2.2 Modifications:

The switching harmonics which affected current and voltage measurement were eliminated using low pass filters with
cut-off frequency as 10 kHz, which is half of the switching frequency. The IRFZ44N was replaced with an IRFR024N
MOSFET. It was driven by an IRS2003STRPBF half-bridge driver. This significantly improved the performance.

2.3 Design of BMS Slave:

To understand the basic requirements of a slave board, we reverse engineered the Elithion Lithiumate BMS. After
analyzing the boards, we found out it comprises of the following circuit blocks:

e \/oltage sensing

e Temperature sensing

e Passive balancing circuit
e |solated communication
e PIC micro-controller

2.3.1 BMS Slave v1.0:

Necessary components for isolated communication were not readily available. So we implemented the other four features
in our first version of slave board. The circuits were first tested on LTSpice and Proteus. A prototype PCB was designed
and manufactured in the labs for preliminary testing. The prototype board had a provision of monitoring and balancing
three cells. The circuits were tested multiple times to ensure the design is fail- proof.

2.3.1.1 Components Used and BMS Slave v1.0 PCB:

Component Purpose
STM32F103C8T6 Micro-controller
development board
3.3V buck-converter | Provides power to micro-
controller
BC 336 Balancing Transistor
33Q, 2W Resistors Bleeder resistors |||
CD74HC4067 Analog Multiplexer
10kQ NTC Thermistor|] Temperature Sensing ° SaSISa V1 78
Table 2.2: Components used in BMS Slave v1.0 Figure 2.3: BMS Slave v1.0

2.3.1.2 Limitations:

The balancing circuit worked perfectly fine, however, at high voltages, the base- emitter voltage exceeded the threshold,
causing the transistor to fail. To overcome this, we used an opto-coupler to drive individual transistors with their gate-
drain voltage restricted to the maximum cell voltage.
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The above board could monitor only three cells. We designed a new PCB with the ability to monitor up-to 16 cells and
got it manufactured from JLC.

2.3.2BMS Slave v1.1:
2.3.2.1 Components Used and BMS Slave v1.1 PCB:

Component Purpose
STM32F103C8T6 Micro-controller
TLP290(SE) Balancing FET gopto-

EERER

=7
IREREENNEN ©

coupler
MCH3382 Balancing Transistor
10©, 3W Resistors Bleeder resistors

MCP1623T-I_CHY 5V switching IC
MIC3504-3.3YM5-TR|3.3V LDO Regulator
CD74HC4067M96 | Analog Multiplexer
ATA6360-GAQW-N | CAN Transreceiver

Table 2.3: Components used in BMS Slave v1.1 Figure 2.4: BMS Slave v1.1

Instead of using an existing STM32F103C8T6 development board, a minimum system using the same 1C was developed.
SWD was enabled for programming as well as for debugging.

Additionally, CAN trans receiver was set-up with necessary filters. USB CDC was enabled along with a UART port.
2.3.2.2 Issues encountered:

This being our first experience with STM32 micro-controllers, we were aware of possible issues we might face. However,
setting up the micro-controller was extremely difficult. SWD, UART and USB failed to detect the micro-controller on the
debugger.

As we had utilized all our micro-controllers, we did not have any other option but to use the development board itself.
Another board was developed, with the same architecture, however, used the development board.

2.3.3 BMS Slave v1.2:
2.3.3.1. Components Used and BMS Slave v1.1 PCB:

Component Purpose
STM32F103C8T6| Micro-controller
TLP290(SE) |Balancing FET opto-

coupler
MCH3382 Balancing Transistor : i 5 24
109, 3W Resistors| Bleeder resistors L3 2 [;;WWE s BMS Slave V1.2

CD74HC4067M96| Analog Multiplexer

Table 2.4: Components used in BMS Slave v1.2 Figure 2.5: BMS Slave v1.2
2.3.3.2. Further development:

Owing to the current scenario, BMS Slave v1.2 could not be tested. However, it definitely provides a good scaled down
version of the 16-cell BMS Slave v1.1. Instead of CAN, the board uses an SPI interface to communicate with the BMS
Maser.

Implementation of STM32 minimum system is possible, however requires some additional pull-up resistors on SWDIO
and SWDCLK. Pulling up BOOT1 pin might help. We could not do the latter due to space constraints.
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3. SYSTEM IMPLEMENTATION
3.1 Development of Battery-Pack:
3.1.1 Cell Selection:

A battery pack is required for testing that the system is working correctly or not. As we mentioned there are various cell
chemistries available to choose from to make the battery pack. We had to choose a type that has a Lithium based
chemistry, so we decided to use Li-lon batteries as they widely used in the electronics sector. Even the Li-lon batteries are
available in different form factors but 18650s are the best fit as they have a compact body structure in a cylindrical shape
so that they can be stacked in various different ways which makes the battery pack assembly easy for us.

When we were thorough with what type of a cell to select, we had to select which one to use as there are many companies
producing this particular type. Due to the availability Samsung’s product line around our location, it was an easy choice
for us.

Hence we chose Samsung’s Li-lon 18650s to be used in our battery pack for testing the BMS system circuit.
3.1.2 Assembly:

The battery pack we were making was for the testing purpose so the configuration we went ahead with 8s2p. This means a
pair of cells in parallel was one module and eight such modules connected in series to form a bank of 8s2p.

We used the cell holders for 18650s to mount the cell in a fixed position. First we made eight module of two cells in
parallel in which we connected both the cells with an aluminium strip. We heated the aluminium strips and used flux to
solder them with the cell ends. After the eight modules were ready in their cell holders we used multistranded wires to
provide a series connection. Then we just glued the holders together using a hot glue- gun.

One of the risks was the cells getting damaged while soldering the ends with aluminium strip but we took care that
temperature at cell end was below a certain point and the connections were made sure to be proper. With this we
completed our DIY test battery pack.

3.2 Cell Characterization:

Cell characterization is the process of identifying the distinguishing parameters, which are unique to a particular cell type
and chemistry. They are have high dependencies on external environment, load dynamics and the cell chemistry itself. We
used a Samsung ICR 18650-26J 2600mAh Lithium-ion cell for characterization. The following are the important cell
parameters required:

3.2.1 State of Charge (SOC):

State-Of-Charge (SOC) determines the energy capacity of battery, i.e. knowing the amount of energy left in battery
compared with the energy it had when it was full. SOC estimates whether the cell is charged or discharged and let us
know the present state of the battery.

This is estimated by relating the open circuit voltage of the cell to the specific value that is provided by the manufacturer
of the cell. Comparing the maximum and minimum voltage value, the present open circuit voltage of the battery gives us
the SOC. The open circuit voltage varies with change in temperature, so accordingly after calculating it while considering
the temperature variation we can determine the SOC.

3.2.2 Internal Resistance:

Internal resistance is a variable quantity which determines the health of a cell. Temperature changes might cause
temporary change in the cell resistance value. Permanent changes in the cell resistance occurs due to internal corrosion
which increases gradually as the cell ages. But all these changes are minimal because Li-ion chemistry has new and better
electrolyte additives.

3.2.3 State of Health (SOH):

State of Health refers to the overall degradation of a cell. With every charge-discharge cycle, the total capacity of a cell
goes on reducing. SOH assists in the calculation of range of a battery pack along with providing a prediction of
maintenance or replacement needs.
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3.2.4 Cell Characterization using Electronic Load:

A Li-ion cell was fully charged and allowed to stabilize for one hour. The cell was subjected to constant current discharge
of 0.4 C and 0.75 C. The terminal voltage and charge discharged Ah were monitored until the cell reached the lower
voltage threshold.

PARAMETERS | VALUES
Cell Temperature 25
Maximum terminal| 42V
voltage
Minimum terminal | 2.8V
voltage
Maximum discharge] 235 A
current
Table 3.1: Cell threshold parameters Figure 3.1: Cell under test
3.2.5 Results:

The following are the outcomes of the tests performed:

4.5
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3.5
3
£ 2
g 1.5
0.5
o
1] 2000 4000 6000 8000
Time in seconds
—e—04C ——0.75C
Figure 3.2: Discharge curves
Discharge Rate Ah Discharged Relative Capacity
04 C ({1 A) 2.4%4 Ah 96 %
.75 C (Z A) 2.421 Ah 93 %

Table 3.2: Calculation of Relative Capacities

It is evident from the tests that the capacity of a cell is a function of discharge rate. The total capacity of 2.6 Ah as
specified in the datasheet.

3.3 Slave Circuit Design and Testing:

During charging and discharging cycles of batteries, the voltage values for individual cells may vary. This leads to
unequal voltage levels in cells all around the battery pack, which may further degrade the battery life. Hence, cell
balancing is an important factor that helps us use the battery efficiently.

The balancing circuit involves three major components: a 10-ohm bleeder resistor, a P-channel MOSFET and an opto-
coupler to drive the P-channel MOSFET. The circuit is tested to ensure that the FET is operated within its capabilities.
The 100k-ohm pull-up resistor ensures that the FET is not turned on due to noise. When an imbalance is detected, the
opto-coupler turns on the FET by pulling the gate low.
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Figure 3.3: Balancing Circuitry Figure 3.4: LTSpice Simulation Results
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Figure 3.5: CAN Implementation

CAN is the widely used communication protocol, especially in Automobile sector. However, its realization requires some
additional measures like adding noise immunity on as well as off the PCB. Use of twisted wires and industrial grade
connectors were suggested.
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Figure 3.6: VVoltage Dividers for Terminal VVoltage Sensing
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4. CONCLUSION

A Battery Management System (BMS) can be developed with various different configurations. However, a master- slave
configuration suits well with 18650 or 21650 cylindrical cells owing to their limited capacity and higher number of cells
in a battery pack. A BMS must possess functionality to control charger, contactors, cooling systems and ground isolation
protection. CAN or MODBUS work well with master- slave configuration BMS’s and can be easily added into an
automobile’s electrical system. Characterizing a cell is an integral part of BMS development. The project involves a
PWM based closed loop discharge circuit for this purpose. The test conveys an important result that the capacity of a cell
is a function of the discharge rate. This is an important parameter which effects SOC estimation in a dynamic condition
like an Electric Vehicle. Additionally, the same discharge circuit can be further modified into a charger circuit by using a
half- bridge configuration. The high-side transistor would be operational while charging and the low-side transistor while
discharging.
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