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ABSTRACT 

The more popular the Lithium-ion battery is, the more need for a Battery Management System 

(BMS) for it is. This is because Lithium-ion batteries cannot manage itself. The general BMS for a 

single cell has a monitoring function and protection function. In addition, the BMS for cells in series 

connected has a cell balancing function to prevent over-charging and over-discharging, but the 

BMS for cells in parallel connected does not because the unbalance in parallel connection is not 

critical. However, it is not a small problem for high-power batteries. Therefore, the BMS with 

individual cell controller is proposed to isolate cells with problems. It can monitor and control all 

cells individually. An individual cell controller has similar functions as general BMS, but it is for a 

single cell, and it is communicated with a high-level controller through the I2C bus isolating each 

controller. The Cell Controller (CC) is proposed to consist of a Fuel Gauge IC and three MOSFETs. 

A Fuel Gauge IC can report cell status based on the Open-Circuit Voltage (OCV) model. Arduino, 

as the main controller, communicates with this IC and three MOSFETs. As a result, the cell 

controller can stop charging or discharging once the terminal voltage reaches its threshold. 

However, the accuracy of State of Charge (SoC) estimation is not enough. Two reasons for this 

problem can be considered. One is the common GND between Arduino and a CC. The other is the 

deterioration of cells. In addition, two cells in series or parallel could not be monitored and 

controlled because the reference point (GND) was common. Therefore, in the next step, each GND 

for an Arduino and CCs has to be isolated. 
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INTRODUCTION 

Background 

Requirement of the secondary battery for our lives 

The demand for secondary batteries has grown significantly in recent years due to the increasing 

popularity of electric vehicles, smart devices and IoT industries across various industries [1]. 

Especially, Lithium-ion battery is frequently used because it has strengths in high energy density 

and high efficiency [2]. 

Risks of using Lithium-ion batteries 

The use of Lithium-ion batteries, while prevalent in various applications, raises safety concerns due 

to inherent risks associated with overcharging and over-discharging. Overcharging can significantly 

degrade battery performance, ultimately rendering it inoperative. Even more critically, over-

discharging poses an even greater risk, potentially leading to catastrophic outcomes, such as 

thermal runaway, fire, or explosion. Battery Management Systems (BMS) are employed in 

conjunction with Lithium-ion batteries to mitigate these risks. 

 

Overview of the existing literature 

Battery Management System (BMS) 

As previously emphasized, the Battery Management System plays an important role in ensuring 

the safe and efficient utilization of Lithium-ion batteries. The BMS serves several essential 

functions, including the following: 

 Protection from Over-current, Over-temperature, Over-discharge and Over-charge 

 Indication in State of Charge (SoC), State of Health (SoH) and State of Power (SoP) 

Protecting Function 

This function is to prevent over-current, over-temperature, over-discharge and over-charge. 

Therefore, the system has to look at some parameters continuously during charging and 

discharging mode. Generally, the system controls the switching device such as a contactor, relay 

or power FET, to stop charging or discharging. 

Monitoring Function 

The current, terminal voltage and temperature are measured to monitor the cell status. These 

parameters cannot show actual cell status during charging and discharging. Therefore, these are 

converted to State of Charge, State of Health and State of Power to judge the cell status. SoC is 
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the most important parameter in particular [8]. There are some methods to estimate SoC. The 

simple way is just referring to the cell characteristics after measuring the Open-Circuit Voltage 

(OCV) of the cell, but this is just for the cell, which is not connected to any charger or load. Thus, 

the system has to use the other methods during charging or discharging. For example, Coulomb-

counting is a popular method. At first, the system captures the open circuit voltage (OCV). Then, 

once it starts charging or discharging, it counts the flowing current and sums up to estimate 

consumed or charged charges. The remaining SoC is estimated using this accumulated charge 

and initial OCV. The other developing method is the internal resistance tracking method, which is 

employed to BMS IC from Texas Instruments, but it would be out of my project and the detail of it is 

omitted here. 

 

Scope of the project 

Multi-cell connection 

 The BMS has to be suitable for any batteries, not only single-cell batteries but also multi-

connection cells. We can call the battery, which is assembled with some cells, "a battery pack." 

The battery pack comprises parallel and series cells to generate large amounts of power and 

energy. Those cells have differences in the SoC, SoH and SoP and it is getting larger in using 

them because they are affected by different environments with their temperature, charging or 

discharging current and initial condition. This difference loses the balance among the cells. As this 

unbalance of the cells, the weakest cell is in over-charge and over-discharge. Therefore, the BMS 

needs to monitor each cell to keep them balanced. This is called cell balancing and it is an 

important function for BMSs. The current BMS has a cell balancing function for the series 

connection cells, but the parallel cell connection does not have this function because it is not 

critical for them. This means the current BMS cannot manage cells individually. Especially if a 

large-scale battery pack has a weak or faulty cell, it is difficult to find it, then it remains in the 

battery pack and makes it a serious problem for the battery pack. Thus, the BMS for the battery 

packs needs to eliminate this problem by managing all cells individually. [17] 

 

Gap between the current and the ideal BMS 

The current practical BMS 

 As mentioned in the previous section, the current BMS manages only the series connection cells. 

This consists of some group of cells and they are connected in series. A group is regarded as a 

single cell and the status of the group is reported to BMS [11]. Thus, there is one weakest cell 

group, and the system regards that group as the weakest one to prevent over-charging and over-



 

3 

discharging even if all cells are in good condition except one faulty cell. Moreover, the users cannot 

find a particular cell that has the smallest capacity in the battery and it is difficult to maintain the cell 

balance when mixing the new cells and old cells. Then, they would replace the whole group of cells 

with the new one. Some of the cells that are still okay would be wasted. 

The required BMS 

 If the proposed BMS can manage all cells individually, even in parallel connection, all cells would 

be used until the end of their life. Not only this, it can find the weakest cell and it is possible to add 

the function to isolate it without stopping the current flow. 

 

Problem and Aims for the project 

Monitoring individual cells 

 The proposed BMS has the same number of cell controllers as the cells in the battery pack. 

Therefore, there is a lot of data. The system has to estimate each cell's status. In addition, this 

information should be summarised and displayed on the interface device. Meanwhile, on each cell, 

the CCs have to charge and discharge their own cell correctly when a charger or a load is 

connected to the battery pack. 

Isolating each cell 

When the cell is in an irregular condition, the system has to isolate it from the other cells and 

continue the safety charging and discharging of the other cells. 

 

Hypotheses for the project 

Continuous running without the replacement of faulty cells 

When the individual cell controller is used for the high-power system, the battery pack would be 

running without the replacement of the faulty cell. For example, there are some spare cells in the 

battery pack and if there are some faults in running cells, those faulty cells are isolated by the cell 

controller and those spare cells can work instead of them without any physical replacement of cells. 

Easy expansion of the battery pack 

Generally, the scale of the battery pack is limited by the BMS. Thus, if there is no BMS for a 

specific battery pack and if the users would like to make the battery pack power or voltage higher, 

they need to prepare a special BMS for the battery pack. However, the proposed system can 

expand the battery pack and BMS easily by just adding more cell controllers and middle-level 

controllers if needed. 
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Experimental methodology 

Individual Cell Controller (CC) 

The low-level controller for each cell needs protection and the indicator of cell status to control 

each cell individually. Therefore, Fuel Gauge IC and power MOSFETs are used. Fuel Gauge IC 

can estimate the State of Charge in a cell frequently, and three power MOSFETs can switch 

current flow for isolating, charging or discharging. 

Connection and Communication of the CCs 

A battery pack has multiple cells in parallel and series connection. Therefore, I2C is used to 

communicate with multiple CCs, and each CC has to be isolated on the communication bus. 

Therefore, the I2C isolator has to be included in the CC. 

 

Outline for the thesis 

The paper describes the key components and features of the proposed BMS, as well as the role 

and functionality of the Individual Cell Controller (CC). It also mentions the use of smaller-scale 

prototypes for evaluation. The methodology section provides details about the methods used, 

including the scale of prototypes for testing. The results section explains how the Individual Cell 

Controller operates and indicates the cell status. The discussion section analyses the results and 

their implications for improving BMS technology. It also identifies potential areas for further 

research and development. Ultimately, the paper reiterates the significance of the research and its 

contributions to BMS technology, concluding with a list of references. 
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LETERATURE REVIEW 

Battery Management System (BMS) 

Utilization of Lithium-Ion Batteries in Energy Storage 

The choice of lithium-ion batteries for energy storage is driven by their exceptional characteristics, 

including high energy density and long-lasting performance [5]. Figure 1 illustrates the notable 

advantage of lithium-ion batteries, which can store twice the weight of conventional secondary 

batteries such as lead-acid and nickel-cadmium (NiCd) batteries. This leap in energy storage 

capacity has greatly facilitated the miniaturization and weight reduction of battery systems, making 

them more versatile and adaptable, largely owing to the capabilities of lithium-ion batteries. 

However, it's crucial to recognize that lithium-ion batteries cannot be used in the same manner as 

primary batteries. Their charging and discharging processes require careful control to ensure they 

operate within their specified capacity. Several critical parameters, including typical capacity, 

threshold voltage, and typical charging conditions, are pivotal for the efficient management of these 

batteries. 

For instance, let's consider the widely utilized NCR18650B battery, which boasts a typical 

capacity of 3350mAh, a rated voltage of 3.6V, and adheres to standard charging procedures 

involving Constant Current Constant Voltage (CC-CV) techniques. This entails a maximum 

charging voltage of 4.2V and a current rate of 1625mA, as detailed in the manufacturer's datasheet. 

In this case, the BMS has to stop charging when the terminal voltage reaches 4.2V and 

discharging when it reaches 2.5V to prevent over-charging and over-discharging. 

Meanwhile, the indicator of cell capacity is an important function for the BMS because the user 

can diagnose the cell health and the remaining capacity. Moreover, battery management extends 

to encompass three vital estimations. The first, the State of Charge (SOC), is a critical metric used 

to monitor the remaining charge within the battery. Secondly, the State of Health (SOH) is 

employed to gauge the level of degradation a battery has experienced over time. Lastly, the State 

of Power (SOP) indicates the battery's ability to deliver power to a load at a given moment. It's 

essential to highlight that the accuracy of the system for managing batteries, often referred to as a 

Battery Management System (BMS), hinges on the precision of SOC estimation. SOC serves as a 

linchpin in ensuring efficient battery operation and preservation. 
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Figure 1. Comparison of specific energy and power for different EES technologies 

Acronyms: SMES (superconducting magnetic energy storage), VRB (vanadium redox battery), ZnBr (zinc-bromine battery), NaS 

(sodium-sulphur), TES (thermal energy storage). 

 

OCV model 

 The simplest way to estimate the cell's State of Charge (SOC) is the generalized SOC-OCV model. 

[3] The system with the SOC-OCV model can inform the exact cell status because the Lithium-ion 

battery has a particular characteristic between the SOC and OCV called the SOC-OCV curve. 

SOC is an important parameter in maintaining cell condition. The system reports the cell's 

remaining charge and the other important parameters based on it. Nevertheless, the SOC-OCV 

curve relies on the cell temperature or its deterioration. Thus, when the system reports the actual 

SOC, it has to use the SOC estimation model considered with them to get the accurate cell status. 

As mentioned, the generalized model has been proposed by [3] and would estimate SOC with 

measured OCV regardless of cell temperature and degradation. Mainly, this model is used for 

portable devices such as smartphones, cameras, laptops, and so on. 

 However, the SOC-OCV method is not enough to estimate the SOC continuously and accurately 

because it is impossible to measure the OCV during charging and discharging.  It is made clear 

that the time constant is 10 sec, and the time for 90% response is about 20 sec with the condition 

shown in Figure 2 in the response after running and stopping. [17] Thus, only when there is 

enough rest to make the battery inside stable, OCV can be measured directly. Otherwise, it means 

that OCV cannot be measured with charging or discharging batteries. 
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Figure 2. Method of Voltage Response Test 

 

Coulomb Counting 

Another method to solve this problem is required to estimate the accurate SOC, which is called 

the Coulomb Counting method. The cell current is measured constantly during charging or 

discharging and the measured currents are accumulated with initial OCV, which is measured 

before starting the charging or discharging process. As a result, the more accurate SOC, which 

contains the estimated SOC by OCV and the accumulated charge by column counter, is obtained.  

Some studies of the estimation of SOC use this basic method, but it is not enough to acquire the 

exact cell SOC. That is why they explore the ideal cell model and algorithms. Some of them use 

the RC equivalent circuit shown in Figure 3 for a battery to propose their ideas [8,11,13]. In one of 

them, the accurate SOC can be estimated by determining the following parameters and battery 

capacity with the measurement data of an actual battery. 
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Figure 3. RC Equivalent Circuit for a Lithium-ion Battery 

 

The equation for the SOC estimation is represented by (1). 

 

 Where  is the delivered charge, and C is the battery capacity. Battery capacity C is determined 

by examining the discharging with constant current and reading the time at the cut-off voltage. This 

result would be given by the battery datasheet, but it is varied by cell temperature and deterioration. 

This study uses Simulink to create the model for a particular battery with its measured data. 

Meanwhile, the determination of the equivalent circuit parameters uses the measurement data with 

constant current Im. As a result, C1, R1, and R0 are determined. These parameters represent OCV 

in Em, the resistance related to instantaneous voltage in R0, and the resistance and capacitance 

related to delay in R1 and C1. These parameters function in terms of SOC and temperature. To 

complete this model, this process needs to imply at some temperature. Once this model is created, 

this battery SOC can be monitored by measuring the terminal voltage V and the current Im. 

The typical BMS monitors SOC using this model, and if it is out of the safety region of the battery, 

the battery pack has to be stopped in charging or discharging. This is because the misusage of 

Lithium-ion batteries will result in the degradation of their performance. In the worst case, the 

battery will explode when it degrades too much. Degradation in Lithium-ion batteries has three 

modes. [2] Namely, Loss of Lithium-ion inventory (LLI), Loss of active anode material, and Loss of 

active cathode material. These are induced by chemical mechanisms such as growth, 

decomposition, exfoliation, formation, and dissolution of the materials. In the end, these can be 

diagnosed by their open circuit voltage (OCV) and internal resistance at a specific point. Using this 

relationship, the method to identify the degradation modes and causes is made sure. Generally, 

the level of deterioration can be indicated using SOH to make the system simpler. SOH is 
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determined by the internal resistance and the internal resistance is obtained using the previous 

model with measured temperature and SOC. At the end, the SOH can be obtained using the 

following equation. 

 

When the battery can be fully charged at initial capacity, its SOH is 100%. When SOH is 50%, the 

battery can be charged to only half of its initial capacity. Generally, the battery industry defines the 

end of a lifetime for the lithium-ion battery as 50% of SOH because the speed of the deterioration 

is accelerated at this point. 

One more important estimation is SOP. When a battery delivers or receives power at an arbitrary 

SOC, the maximum power the battery can do is SOP. SOP uses different equations in discharging 

and charging, and it is expressed as (2) and (3). 

 

 
 

: maximum power in charging 

: maximum power in discharging 

 

 

 
 

From this equation, SOP depends on measured voltage, OCV, and internal resistance because the 

maximum and minimum voltage is given by the type of battery. All of the estimations are related to 

OCV or SOC. Therefore, the estimation of SOC or OCV decides the accuracy of the system. 

Using these introduced techniques, BMS monitors cell temperature, cell terminal voltage, charging 

and discharging current and, from these parameters, estimates the state of charge (SOC), the 

state of health (SOH), and the state of power (SOP), and control power supply in charging and 

discharging. Basically, BMS reports the battery condition with the cell specification and these 

estimated parameters, and if it is out of the usable condition, it stops charging and discharging. 

Additionally, some BMS controls charging conditions instead of chargers.  
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General BMS for a battery pack 

 As mentioned in the introduction, Lithium-ion Battery has more advantages than other secondary 

battery. Thanks to this, the application for the secondary battery has been expanded from portable 

devices to electric vehicles (EVs). For such large applications, the battery pack contains hundreds 

of lithium-ion cells. These cells are connected in series and parallel. The series connection is 

employed to increase the battery voltage. On the other hand, the parallel connection can gain 

battery power by increasing the battery current. [8,11,13] The cells used for the battery pack are 

chosen considering cost, productivity, availability, and so on. There are some types of Lithium-ion 

batteries, but some studies used NCR18650B, which is one of them.  For example, using two 

NCR18650Bs, it is assumed to assemble them in series. It has 3.6V of rated voltage, and then the 

battery voltage becomes 7.2V. Likewise, when those cells are assembled in parallel, the battery 

capacity becomes 6700mAh because NCR18650 has 3350mAh of rated capacity. Ideally, the 

battery pack contains n cells in series or parallel, and the battery pack can supply n times the cell 

voltage or n times the cell capacity. However, the actual battery pack has a smaller voltage and 

power than that. Some study clarifies this fact [17]. The causes of the gap between ideal power 

and actual power are external resistance and individual cell parameter differences. Basically, these 

cannot be solved completely. The individual cell parameter difference includes the difference in 

each cell's capacity, internal resistance, and deterioration level and the manufacturing companies 

control the tolerance of them, and it has some range. Therefore, those cell parameters cannot be 

made the same completely. When designing the battery pack with such cells, the needs for this 

product are given as total voltage and total capacity, but it does not mind individual cell parameters. 

However, the requirement to build the products includes safety constraints and every single 

component has to follow them and prevent dangerous events. As a result, the weakest cell is 

dominant and it affects total capacity and, in the end, it is getting smaller than the needs. The 

required total capacity has to be increased to meet the needs. 

 This reduction of the total capacity happens no matter which cells in series or in parallel are 

configured, but the characteristics are different in each connection. In series connected cells, their 

current is the same, but their voltage fluctuates. If these cells are charged or discharged without 

any control, the partial cells are getting over-charged or over-discharged.  
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Figure 4. General BMS for a battery pack 

 

 

 

Communication Network – I2C 

The BMS can use some serial communication methods between a main controller and some other 

controllers. Namely, SCI, CAN and I2C. Each method has advantages for various applications, 

such as the following lists, and I2C is better to use individual cell controllers according to the 

decision matrix shown in Table 1. 

 1-Wire serial communication: 

Its concept is for a single master and a single slave. It has a single wire physically and can handle 

up to 300m distance depending on the master circuit and 2.8 to 6.0V voltage.  

 I2C: 

It can consist of multiple masters and multiple salves. It has two signal lines for Serial Clock and 

Serial Data. It can handle up to 5m distance and network voltage from 1.8 to 5.5V. 

 SPI: 
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It can consist of a single master and multiple slaves. It requires four wires physically. Its scale is 

limited to the circuit board level. 

 CAN: 

It can consist of multiple masters and multiple slaves and has two wires like I2C, but it has a 

different network interface, which is a differential open drain/source and requires more electrical 

components. The network distance is 40m at 1Mbps and 1000m at 50kbps. 

Table 1. Decision Matrix of Serial Communication for the BMS 

Weight 1-wire I2C SPI CAN

Multi-device 
communication

5 2 5 2 5

Speed 2 1 3 4 4

Network Size 4 1 4 2 5

Cost 3 4 5 4 1

Complexicity 4 1 5 5 1

Total 90 32 82 58 60
rank 4 1 3 2  

 As shown above, there are some types of serial communication methods, such as 1-wire, SPI, 

CAN and I2C. The purpose of this project is that the system controls individual cells on a battery. It 

needs to use the communication method to communicate between multiple devices (individual 

controllers) and one master controller. The master controller observes all cells' conditions via 

individual controllers and controls the MOSFET to turn a charger and a load on/off. Therefore, the 

prototype will use I2C, which is advantageous for multiple-device communication. 

 Figure 5 shows an example of an I2C network. There is one master device and multiple slave 

devices. Those slave devices have slave addresses individually, and the slave address consists of 

7 bits. Generally, the Serial Clock and Serial Data are put to high by a pull-up resistor. One packet 

of data is composed of 8 bits of data, as shown in Figure 6. General I2C signal. A master device 

can send a start condition, slave address and a write or read bit first to identify which slave device 

is communicated with the master. Once a particular slave device gets its address from the main 

device, the slave device will send low as an acknowledge bit. Otherwise, there is no slave address 

that a master talks to. The acknowledge bit is to stay high on SDA. After sending a slave address 

to communicate with a master and receiving an acknowledge bit, the master sends 8 bits of data 
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and continues sending data as long as the whole data is sent. The data can be as long as you 

need. At the end of sending data, the master sends a stop condition. Meanwhile, if a master wants 

a slave to send data, the first step is the same, but after the slave gets the slave address, the slave 

starts sending data in the same way as a master. 

 

 

Figure 5. General I2C network 

 

 

Figure 6. General I2C signal 
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METHODOLOGY 

Proposed BMS 

Lithium-ion battery 

There are various types of Lithium-ion batteries. NCR18650B is used because it is popular and 

accessible. The part of its detail is shown in Table 2. 

Table 2. The Detail of NCR18650B 

 

According to its datasheet, the preferable charging current is 1625mA. Its charging voltage is 4.2V, 

and the minimum voltage is 2.5V. Therefore, in this project, the maximum charging voltage of 4.2V, 

the minimum discharging voltage of 2.8V and the charging current of 0.67A are used considering 

the safety use.   

Hierarchy structure of proposed BMS 

A BMS to control the high-power and high-voltage battery safely and efficiently is modeled and 

refers to the general BMS, which has managed the cells in series connection, and it is improved by 

managing the individual cells even in parallel connection, as shown in Figure 7. By this, the system 

can charge and discharge cells following the individual cell's condition, detect a faulty cell and 

isolate it from others. Hence, the battery can keep working without stopping the system even if 

some cells fail.  

The proposed system has four levels of controllers. CC (Cell Controller), as a low-level controller, 

has some sensors to measure parameters and estimate the desired parameters such as OCV, 
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SOC, SOH, and SOP and three switches for changing the mode. CMU (Cell Management Unit) 

and CPU (Central Processing Unit) as middle-level controllers have a microprocessor to gather the 

data to send it to BMS (Battery Management System). BMS displays the battery pack status and 

sends a control command to each CC. CC is connected to a cell and CMU via the data line. The 

parameters of each cell are sent to BMS through CMU and CPU. Then, the BMS judges the total 

battery status. Additionally, the switches are controlled based on the measured voltage by CC and 

the thresholds given by the initial setup.  

As mentioned earlier, the proposed BMS refers to the current BMS. However, it is too large and too 

much cost for the study. Thus, the prototype, which has a smaller system, such as for a 3p3s 

assembled battery, is used in this project. 

BMS

Data line

Level 4

Level 3

Level 2

Level 1

CMU

CPU CPU

-

CC

CC

CC

CC

CC

CC

CC

CC

CMU

CPU CPU

+
cell

CC

CC

CC

CC

CC

CC

CC

CC

Parameter sensing

 

Figure 7. Proposed BMS for a battery pack 

 

Individual Cell Controller 

Hardware 

To control a single cell and monitor its status, the CC has a Fuel Gauge IC and three MOSFETs. 

Stand–alone OCV-Based Fuel Gauge IC (model no. DS2786B) is used for this prototype mode. 

This IC can measure terminal voltage, cell temperature with internal or external sensors, and 

charging or discharging current with a shunt resistor of 6mΩ. These measurements are used to 

estimate SoC based on the OCV model. Figure 9 shows the OCV model used for this cell. Three 
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MOSFETs to switch modes are n-channel power MOSFET (CSD16321Q5) are used. Its threshold 

voltage is 1.4V because the signal level of 3.3V from Arduino as a main controller is used. 

Cell Controller

Discharge 
MOSFET

Charge
MOSFET Bypass 

MOSFET

Bypass 
resistor

Shunt 
resistor

Fuel 
Gauge IC

Arduino

+

-

I2C

 

Figure 8. The Diagram for a Cell Controller 

 

Figure 9. OCV model for a cell 

 

Using Altium, which is PCB design software, the above circuit is designed as shown in Figure 10. 

VDD and Vbat+ bus are positive sides for a charger / a load and for a cell, respectively and, 

likewise, VSS and Vbat- are negative sides. Those buses would handle up to 8A according to the 

estimation, so the metal pattern for them should be more than 8mm in width. In addition, the metal 

area that handles high current and heat sink function has additional vias. 
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Figure 10. PCB design for a Cell Controller 

 

Charging 

When a cell is charging, Charging MOSFET is turned on, and the current flows, as shown with a 

dark green line in Figure 11. If there are multiple cells in charging and it has to be isolated with 

problems, Bypass MOSFET is turned on, and the current flows through the bypass resistor instead, 

as shown with a thin green line. 

 

Figure 11. Current flow to charge a cell on a Cell Controller 
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Discharging 

When a cell is discharging, Discharging MOSFET is turned on, and the current flows, as shown 

with a dark red line in Figure 12. If there are multiple parallel-connected cells in discharging and 

this cell is having problems, Discharging MOSFET is turned off, and the total battery power is 

reduced due to this. 

 

Figure 12. Current flow to discharge a cell on a Cell Controller 

Software 

The control flow of a cell controller is shown in Figure 13. A CC is powered on when a cell is 

inserted into the system. Then, the Fuel Gauge IC starts to measure terminal voltage, the current 

through the cell and ambient temperature and estimate SoC. It is reported to Arduino frequently, 

and Arduino displays the cell parameters on a PC. After this process, the CC checks if a cell is 

charging or discharging. When it is in charging mode, the CC checks if the terminal voltage of the 

cell is less than the charge threshold voltage and continues to charge the cell. Once the terminal 

voltage exceeds the threshold voltage, the CC stops charging. Meanwhile, in discharging mode, 

the CC checks if the terminal voltage of the cell is over-discharge threshold voltage. Like charging 

mode, the CC stops discharging as soon as the terminal voltage reaches the threshold voltage. It 

takes about 3 sec to implement one cycle of this process. 
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Figure 13. Control Flow on a Cell Controller 

 

To do this, Arduino has to communicate with a CC through I2C. Figure 14 checks signals on SCL 

and SDA to successfully send data from Arduino. In the Test, the first data is 18 for a 7-bit slave 

address and a consecutive number are sent continuously. The blue line is the start condition, 

which is the falling edge of SDA and high on SCL, and then slave address (0b00110000) and write 

bit (0) are sent. Right after them, 1 is sent as a non-acknowledge bit because there is no slave 

device. After this, 0xB5 and a non-acknowledge bit are shown up. Finally, stop condition, which is 

the rising edge of SDA and high on SCL. 
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Figure 14. Signal of SCL and SDA on I2C line from Arduino 

The SSPADD register has to be changed to change the baud rate of these signals. This is only for 

a master device. SSPADD register for a slave device is configured to set its slave address. At 172, 

the baud rate is 9770bps and 47us at one bit. At 64, the baud rate is 38460bps and 47us at one bit. 

 

Figure 15. Time for one bit related to setting Baud Rate at 9770bps and 38460bps 

 

The following code is used to read data from the Fuel Gauge IC. This code sends the start 

condition first, and then it sends a slave address (Sadd). If Arduino receives an acknowledge bit (0), 

after 50ms waiting, Arduino receives 1 byte of data from a responded CC. When using this 

subroutine, Sadd is the slave address, which has to send cell status, and MAdd is the memory 

address, which the parameters are put in. Finally, Arduino sends a stop condition after receiving 

data. The memory addresses for each parameter are shown in the IC datasheet (attached in the 

appendices). 



 

21 

 

The voltage, current and temperature are 2 bytes of data, and two's complement form. After taking 

2 bytes of data using a similar code to the previous one, the other subroutine converts them 

following each defined resolution and units by its datasheet. The following are the conversions for 

the main parameters. 

Current (A) =(data * 25u ) / 6m 

Terminal Voltage (mV) = data * 1.22 

Temperature (℃) = data * 0.125 

The following code has to be used to change Status / Command to Cell Controllers. This code 

sends the start condition first, and then it sends a slave address (Sadd). If Arduino receives an 

acknowledge bit (0), after 50ms waiting, Arduino sends 1-byte data to a responded CC. When 

using this subroutine, Sadd is the slave address, which has to send cell status, and MAdd is the 

memory address in which the parameters are put. And then, Data is command/ status. Finally, 

Arduino sends a stop condition after sending data. This IC has EEPROM, so some important 

parameters or statuses can be saved in the IC and recalled when the IC restarts. To do this, after 

changing the data to save, 15V supply to Vprog PIN and Arduino sends a copy command. After 

waiting more than 80ms, the copy command has to be cleared by the software. The slave address 

can be changed in the same way, but the new slave address has to be used after changing the 

slave address. 
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To control three MOSFETs, the IO pin on Arduino is connected to the Gate of the MOSFET, and 

Arduino sends a low signal at first to set all of them off. The signal to switch them on/off is sent 

from the serial monitor by entering '1' for charging mode, '2' for discharging mode, '3' for open-

circuit mode and '4' for short-circuit mode. In addition, once charging or discharging starts, the 

terminal voltage is monitored, and it stops when the voltage reaches its threshold. The code to do 

this is the following. 

 

 

Multi-Cell Connection 

Cells in Parallel Connection 

Figure 16 shows the parallel connection of cells. The right side of Figure 16 shows the I2C network 

among each controller. Each CC as a slave device has an individual slave address. According to 

Fuel Gauge IC, up to 16 slave devices can communicate with a master device on the same I2C 

bus. The left side of Figure 16 is shown as the parallel connected cells with CCs. In this phase, all 

CCs and Arduino use the same reference point (GND). 
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Figure 16. Circuit diagram and I2C network for parallel cell connection 

 

Cells in Series Connection 

Figure 17 shows the series of connected cells. However, there is an isolation problem to 

communicate with Arduino using I2C. 

SW2SW1

SW3  

Figure 17. Circuit diagram for series cell connection 
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RESULT 

Result for single cell 

Charging Mode 

A single cell was fully charged from empty at CC-CV charging using a stabilized power supply. The 

constant current is 0.67A, and the Constant Voltage is 4.2V. Figure 18 shows the changing of the 

terminal voltage and the current across a cell. Firstly, the voltage was increased during constant 

current charging. Then, the terminal voltage reached about 4.2V, and the charging current 

decreased until the current became 0.2mA, and CC stopped charging. The full capacity of this cell 

is 3350mAh, and the charging current is 0.67A, so it has to take five hours to charge this cell. 

However, the result is about 4.7h. Therefore, it is deduced that this cell has deteriorated.  

 

Figure 18. Terminal Voltage and Current in Charge Mode 

 

The estimation of SoC is shown in Figure 19. During Constant Current (CC) charging, SoC is 

constantly increasing because the charging current is constant, and it is charged at 670mA/h. After 

changing the charging method to Constant Voltage (CV) charging, the SoC is increasing slowly 

compared with CC charging. 7.5 minutes after charging, the system measured the OCV of the cell 

and updated SoC to 98%. There is a difference between estimation by coulomb counter and the 

OCV model. 
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Figure 19. SoC in Charge Mode 

 

In this experiment, the threshold of the cell voltage and current is set to 4.18V and 0.2A. therefore, 

Table 3 shows that the system stops charging when the terminal voltage reaches the threshold. 

Table 3. Display of Cell Status reaching Voltage to Charge threshold 

 

 

Discharging Mode 

A single cell was discharged from a fully charged condition. A 4.7Ω resistor (20W rating) is used as 

a load. When discharging, the smaller the terminal voltage and the current of the cell are, the 

smaller the remaining capacity is. In the end, the terminal voltage reached 2.8V of the discharge 

threshold, and CC stopped discharging. At this time, SoC is decreasing following the amount of 
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current flow. Therefore, it could stop discharging at the correct time. However, when SoC reaches 

0%, it is earlier than when the terminal voltage reaches 2.8V.  

 

 

Figure 20. Terminal Voltage and Current in Discharge Mode 

 

 

Figure 21. SoC in Discharge Mode 

 

In this experiment, the threshold of the cell voltage and current is set to 2.8V and -0.2A. Therefore, 

Table 4 shows that the system stops discharging when the terminal voltage reaches the threshold. 
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Table 4. Display of Cell Status reaching Voltage to Discharge Threshold 

 

 

 

Changing and discharging for two cells in parallel 

Charging Mode 

Two cells in parallel connection are charged at CC-CV charging. The Constant Current is 1.34A, 

and the Constant Voltage is 4.2V. One cell has 3.83V of OCV, and the other has 3.2V. Because of 

this, there was a difference between them in voltage and current, but in the end, both voltage and 

current became equal.  

 

 

Figure 22. Terminal Voltage and Current in Charge Mode for two parallel cells 
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However, the estimated SoC for them did not correspond to the current because those cells were 

discharging and charging each other. 

Table 5. Display of Cell Status in stopping charging at 3.8V for two parallel cells 

Time 
(s)

Temp. 
( ֯C)

Termin
al 

Voltage 
 (mV)

Current 
 (A) SoC %

Temp. 
( C֯)

Termin
al 

Voltage 
 (mV)

Current 
 (A) SoC %

No. of 
Data

2657.24 24.625 3817.38 0.39 54 OCVth:6 dV/dt:148 24.875 3775.9 1.19 80 OCVth:6 dV/dt:148 993
2660.12 24.625 3817.38 0.39 54 OCVth:6 dV/dt:148 24.875 3775.9 1.19 80 OCVth:6 dV/dt:148 994
2663.01 24.625 3817.38 0.39 54 OCVth:6 dV/dt:148 24.875 3777.12 1.19 80 OCVth:6 dV/dt:148 995
2665.89 24.625 3817.38 0.39 54 OCVth:6 dV/dt:148 24.875 3777.12 1.19 80 OCVth:6 dV/dt:148 996
2668.77 24.625 3817.38 0.39 54 OCVth:6 dV/dt:148 24.875 3777.12 1.19 80 OCVth:6 dV/dt:148 997
2671.65 24.625 3817.38 0.39 54 OCVth:6 dV/dt:148 24.875 3777.12 1.19 80 OCVth:6 dV/dt:148 998
2674.53 24.625 3817.38 0.39 54 OCVth:6 dV/dt:148 24.875 3777.12 1.19 80 OCVth:6 dV/dt:148 999
2677.42 24.625 3817.38 0.39 54 OCVth:6 dV/dt:148 24.875 3777.12 1.19 80 OCVth:6 dV/dt:148 1000

2680.3 24.625 3817.38 0.39 54 OCVth:6 dV/dt:148 24.875 3777.12 1.19 80 OCVth:6 dV/dt:148 1001
2683.18 24.625 3817.38 0.39 54 OCVth:6 dV/dt:148 24.875 3777.12 1.19 80 OCVth:6 dV/dt:148 1002
2686.06 24.625 3817.38 0.39 54 OCVth:6 dV/dt:148 24.875 3777.12 1.19 80 OCVth:6 dV/dt:148 1003
2688.94 24.625 3817.38 0.39 54 OCVth:6 dV/dt:148 24.875 3777.12 1.19 80 OCVth:6 dV/dt:148 1004
2691.83 24.625 3817.38 0.39 54 OCVth:6 dV/dt:148 24.875 3777.12 1.19 80 OCVth:6 dV/dt:148 1005
2694.71 24.625 3817.38 0.39 54 OCVth:6 dV/dt:148 24.875 3778.34 1.19 80 OCVth:6 dV/dt:148 1006
2697.59 24.625 3817.38 0.39 54 OCVth:6 dV/dt:148 24.875 3778.34 1.19 80 OCVth:6 dV/dt:148 1007

Open-circuit mode for cell1
2700.47 24.625 3817.38 0.08 54 OCVth:6 dV/dt:148 24.875 3778.34 1.19 80 OCVth:6 dV/dt:148 1008

Open-circuit mode for cell2
2703.35 24.625 3802.74 0 54 OCVth:6 dV/dt:148 24.875 3791.76 0.42 80 OCVth:6 dV/dt:148 1009
2706.24 24.625 3757.6 0 54 OCVth:6 dV/dt:148 24.875 3696.6 0 80 OCVth:6 dV/dt:148 1010
2709.12 24.625 3756.38 0 54 OCVth:6 dV/dt:148 24.875 3694.16 0 80 OCVth:6 dV/dt:148 1011

2712 24.625 3755.16 0 54 OCVth:6 dV/dt:148 24.875 3691.72 0 80 OCVth:6 dV/dt:148 1012
2714.88 24.625 3753.94 0 54 OCVth:6 dV/dt:148 24.875 3691.72 0 80 OCVth:6 dV/dt:148 1013
2717.77 24.625 3752.72 0 54 OCVth:6 dV/dt:148 24.875 3689.28 0 80 OCVth:6 dV/dt:148 1014
2720.65 24.625 3752.72 0 54 OCVth:6 dV/dt:148 24.875 3689.28 0 80 OCVth:6 dV/dt:148 1015
2723.53 24.625 3751.5 0 54 OCVth:6 dV/dt:148 24.875 3688.06 0 80 OCVth:6 dV/dt:148 1016
2726.41 24.625 3750.28 0 54 OCVth:6 dV/dt:148 24.875 3686.84 0 80 OCVth:6 dV/dt:148 1017
2729.29 24.625 3750.28 0 54 OCVth:6 dV/dt:148 24.875 3686.84 0 80 OCVth:6 dV/dt:148 1018
2732.18 24.625 3749.06 0 54 OCVth:6 dV/dt:148 24.875 3686.84 0 80 OCVth:6 dV/dt:148 1019
2735.06 24.625 3749.06 0 54 OCVth:6 dV/dt:148 24.875 3685.62 0 80 OCVth:6 dV/dt:148 1020
2737.94 24.625 3747.84 0 54 OCVth:6 dV/dt:148 24.875 3684.4 0 80 OCVth:6 dV/dt:148 1021
2740.82 24.625 3747.84 0 54 OCVth:6 dV/dt:148 24.875 3684.4 0 80 OCVth:6 dV/dt:148 1022

2743.7 24.625 3747.84 0 54 OCVth:6 dV/dt:148 24.875 3684.4 0 80 OCVth:6 dV/dt:148 1023

Cell 1 Cell 2
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DISCUSSION 

Accuracy of an individual cell controller 

SoC estimation 

Firstly, the measurements are not accurate. The voltage has a 0.01V difference between the IC 

and manual measuring result. The current has about a 0.06A difference between them. The 

reference point was common with the GND of Arduino. It would be one of the reasons for this 

problem. 

This Fuel Gauge did not consider the cell deterioration. Therefore, the result of the estimated SoC 

would be incorrect a little further on. To solve this problem, an additional estimation for SoH is 

required to adjust SoC considering the cell deterioration. In addition, the OCV model almost fits the 

current cell condition as an initial condition, but it should have been calculated using OCV model 

simulation tools such as Simulink of MATLAB. 

MOSFET switching 

The designed prototype sends the signal to MOSFETs from Arduino. Thus, CC cannot control 

MOSFETs when cells are combined in series and in parallel. To control all MOSFETs, no matter 

which cell combination, the cell controller has to be isolated and send the signal to MOSFETs. 
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Figure 23. The improved prototype cell controller in series connection 
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CONCLUSIONS 

The purpose of this project was to connect controllers to each cell of the assembled battery that 

could individually monitor and control them. These controllers would report the battery's status to 

the main controller through I2C communication. For each individual controller, on/off control of 

charging and discharging was made possible through multiple MOSFETs. However, the accuracy 

of State of Charge (SoC) estimation was reduced due to the configuration of the Fuel Gauge IC 

and ground insulation. Challenges include finding accurate methods for estimating Open Circuit 

Voltage (OCV) and providing feedback on cell degradation to SoC, as well as addressing the issue 

of common ground in CC. 

Furthermore, when two or more cells are connected in a battery assembly: 

 In the case of parallel connections, a voltage measurement is possible, but an unexpected 

common ground leads to current flowing, bypassing the sensors and making accurate current 

measurement impossible for each cell. 

 In the case of series connections, to measure each cell's voltage, separate reference points 

must be established, and as of the current stage without insulation, this cannot be confirmed. 

However, it is believed that the concerns mentioned above can be addressed in the next step by 

incorporating I2C isolation ICs and I2C GPIO ICs. This would allow MOSFETs to receive signals 

from I2C, and each controller can operate on its own ground, thereby resolving the issues 

mentioned above. 
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APPENDICES 

 Configuration and Status Register for I2C on PIC 
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 Memory Map for DS2786B 
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 Circuit Diagram for a Cell Controller 

 

 

 Code into Arduino communicated with two Cell Controllers 

#include <Wire.h> 

 

/* Constant */ 

const int dch = 8;      // discharging control signal 

const int chg = 9;      // charging control signal 

const int by = 10; 

const int dch1 = 11;      // discharging control signal 

const int chg1 = 12;      // charging control signal 

const int by1 = 13; 

const float OVth1 = 4190, OVth2 = 4190;  // threshold to prevent overcharge(mV) 

const float UVth1 = 2800, UVth2 = 2800;  // threshold to prevent overdischarge(mV) 

int t=750; 

byte SAdd1 = 54, SAdd2 = 56;            // Slave address for CC 
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/* Constant to display data on excel */ 

int row_excel = 0; // number of lines 

int test = 123; //test variable to be passed to Excel 

int test_2 = 456; // the second test variable that will be passed to excel 

byte rx_byte; 

 

/* Subroutines */ 

byte ReadIC(byte SAdd, byte MAdd); 

long int ReadIC2(byte SAdd, byte MAdd, int i); 

float ConvT(long int Data); 

long int ConvC(long int Data); 

float ConvV(long int Data); 

float ConvVNS(long int Data); 

char sign(long int data,int i); 

void SendIC(byte SAdd, byte MAdd, byte Data); 

  

void setup(){ 

  Serial.println("CLEARDATA"); // clear excel sheet 

  Serial.println("LABEL,Time,Test 1, Test 2, Num Rows"); // column headers 

  Wire.setClock(10000);     // set clock frequency at 10kHz 

  Wire.begin();        // join i2c bus (address optional for master) 

  Serial.begin(9600);  // start serial for output 

  /* for cell 1 */ 

  pinMode(dch,OUTPUT);    // discharging signal set as output 

  pinMode(chg,OUTPUT);    // charging signal set as output 

  pinMode(by,OUTPUT);    // bypass signal set as output 

  digitalWrite(dch,LOW); // discharging is turned off 

  digitalWrite(chg,LOW);  // charging is turned off 

  digitalWrite(by,LOW);  // bypass is turned off 
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  /* for cell 2 */ 

  pinMode(dch1,OUTPUT);    // discharging signal set as output 

  pinMode(chg1,OUTPUT);    // charging signal set as output 

  pinMode(by1,OUTPUT);    // bypass signal set as output 

  digitalWrite(dch1,LOW); // discharging is turned off 

  digitalWrite(chg1,LOW);  // charging is turned off 

  digitalWrite(by1,LOW);  // bypass is turned off 

//  SendIC(0x7D,0b01110000);  // changing slave address 

 

} 

 

void loop(){ 

 

/* check the mode with serial input */ 

  if (Serial.available() > 0) {    // is a character available? 

  rx_byte = Serial.read();       // get the character 

 

    switch(rx_byte){ 

      case '1': 

        digitalWrite(dch,LOW); // discharging is turned off 

        digitalWrite(chg,HIGH);  // charging is turned on 

        Serial.println("Charging mode for cell1"); 

        break; 

      case '2': 

        digitalWrite(dch,HIGH); // discharging is turned off 

        digitalWrite(chg,LOW);  // charging is turned on 

        Serial.println("Discharging mode for cell1"); 

        break; 

      case '3': 

        digitalWrite(dch,LOW); // discharging is turned off 
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        digitalWrite(chg,LOW);  // charging is turned on 

        Serial.println("Open-circuit mode for cell1"); 

        break; 

      case '4': 

        digitalWrite(dch,HIGH); // discharging is turned off 

        digitalWrite(chg,HIGH);  // charging is turned on 

        Serial.println("Short-circuit mode for cell1"); 

        break; 

      case '5': 

        digitalWrite(dch1,LOW); // discharging is turned off 

        digitalWrite(chg1,HIGH);  // charging is turned on 

        Serial.println("Charging mode for cell2"); 

        break; 

      case '6': 

        digitalWrite(dch1,HIGH); // discharging is turned off 

        digitalWrite(chg1,LOW);  // charging is turned on 

        Serial.println("Discharging mode for cell2"); 

        break; 

      case '7': 

        digitalWrite(dch1,LOW); // discharging is turned off 

        digitalWrite(chg1,LOW);  // charging is turned on 

        Serial.println("Open-circuit mode for cell2"); 

        break; 

      case '8': 

        digitalWrite(dch1,HIGH); // discharging is turned off 

        digitalWrite(chg1,HIGH);  // charging is turned on 

        Serial.println("Short-circuit mode for cell2"); 

        break; 

      default:        // remaining the previous mode 

        break; 
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    } 

  } 

 

/* variables */ 

 

  int recapa1, initSF1, learnedSF1, OCVth1, dVdtth1, capa11, capa12, capa13, capa14, capa15, 
capa16, capa17, LastOCV1; 

  float readinitvolt1, v10, v11, v12, v13, v14, v15, v16, v17, v18; 

  int recapa2, initSF2, learnedSF2, OCVth2, dVdtth2, capa21, capa22, capa23, capa24, capa25, 
capa26, capa27, LastOCV2; 

  float readinitvolt2, v20, v21, v22, v23, v24, v25, v26, v27, v28; 

   

 

/* this is to read temperature with a internal sensor */ 

 

  long int temp1, temp2; 

  float readtemp1, readtemp2; 

   

  temp1 = ReadIC2(SAdd1,0x0A,5); 

  temp2 = ReadIC2(SAdd2,0x0A,5); 

  readtemp1 = ConvT(temp1); 

  readtemp2 = ConvT(temp2); 

   

 

/* this is to read voltage measurement */ 

 

  long int volt1, volt2; 

  float readvolt1, readvolt2; 

  char sv1,sv2; 

 

  volt1 = ReadIC2(SAdd1,0x0C,3); 
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  sv1 = sign(volt1,13); 

  readvolt1 = ConvV(volt1); 

  volt2 = ReadIC2(SAdd2,0x0C,3); 

  sv2 = sign(volt2,13); 

  readvolt2 = ConvV(volt2); 

 

/* this is to read currnt measurement */ 

 

  long int amp1, amp2; 

  long int readamp1, readamp2; 

  char sa1, sa2; 

 

  amp1 = ReadIC2(SAdd1,0x0E,4); 

  sa1 = sign(amp1,12); 

  readamp1 = ConvC(amp1)*25; 

  amp2 = ReadIC2(SAdd2,0x0E,4); 

  sa2 = sign(amp2,12); 

  readamp2 = ConvC(amp2)*25; 

 

/* This is to read each register */ 

 

  recapa1 = ReadIC(SAdd1,0x02); 

  recapa2 = ReadIC(SAdd2,0x02); 

   

  initSF1 = ReadIC(SAdd1,0x7A); 

  learnedSF1 = ReadIC(SAdd1,0x17); 

  OCVth1 = ReadIC(SAdd1,0x7B); 

  dVdtth1 = ReadIC(SAdd1,0x7C); 

  LastOCV1 = ReadIC(SAdd1,0x16); 

  capa11 = ReadIC(SAdd1,0x61); 
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  capa12 = ReadIC(SAdd1,0x62); 

  capa13 = ReadIC(SAdd1,0x63); 

  capa14 = ReadIC(SAdd1,0x64); 

  capa15 = ReadIC(SAdd1,0x65); 

  capa16 = ReadIC(SAdd1,0x66); 

  capa17 = ReadIC(SAdd1,0x67); 

  v10 = ConvVNS(ReadIC2(SAdd1,0x68,4)); 

  v11 = ConvVNS(ReadIC2(SAdd1,0x6A,4)); 

  v12 = ConvVNS(ReadIC2(SAdd1,0x6C,4)); 

  v13 = ConvVNS(ReadIC2(SAdd1,0x6E,4)); 

  v14 = ConvVNS(ReadIC2(SAdd1,0x70,4)); 

  v15 = ConvVNS(ReadIC2(SAdd1,0x72,4)); 

  v16 = ConvVNS(ReadIC2(SAdd1,0x74,4)); 

  v17 = ConvVNS(ReadIC2(SAdd1,0x76,4)); 

  v18 = ConvVNS(ReadIC2(SAdd1,0x78,4)); 

  readinitvolt1 = ConvV(ReadIC2(SAdd1,0x14,3));         // read initial voltage 

 

  initSF2 = ReadIC(SAdd2,0x7A); 

  learnedSF2 = ReadIC(SAdd2,0x17); 

  OCVth2 = ReadIC(SAdd2,0x7B); 

  dVdtth2 = ReadIC(SAdd2,0x7C); 

  LastOCV2 = ReadIC(SAdd2,0x16); 

  capa21 = ReadIC(SAdd2,0x61); 

  capa22 = ReadIC(SAdd2,0x62); 

  capa23 = ReadIC(SAdd2,0x63); 

  capa24 = ReadIC(SAdd2,0x64); 

  capa25 = ReadIC(SAdd2,0x65); 

  capa26 = ReadIC(SAdd2,0x66); 

  capa27 = ReadIC(SAdd2,0x67); 

  v20 = ConvVNS(ReadIC2(SAdd2,0x68,4)); 
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  v21 = ConvVNS(ReadIC2(SAdd2,0x6A,4)); 

  v22 = ConvVNS(ReadIC2(SAdd2,0x6C,4)); 

  v23 = ConvVNS(ReadIC2(SAdd2,0x6E,4)); 

  v24 = ConvVNS(ReadIC2(SAdd2,0x70,4)); 

  v25 = ConvVNS(ReadIC2(SAdd2,0x72,4)); 

  v26 = ConvVNS(ReadIC2(SAdd2,0x74,4)); 

  v27 = ConvVNS(ReadIC2(SAdd2,0x76,4)); 

  v28 = ConvVNS(ReadIC2(SAdd2,0x78,4)); 

  readinitvolt2 = ConvV(ReadIC2(SAdd2,0x14,3));         // read initial voltage 

 

   

/* display measurements on EXCEL sheet */ 

 

  row_excel++; // row number + 1 

//  Serial.print("DATA,TIME,"); // excel record current date and time 

  Serial.print(float(millis())/1000); 

  Serial.print(",Cell1,"); 

  Serial.print(readtemp1,3); 

  Serial.print(","); 

  Serial.print(sv1); 

  Serial.print(readvolt1); 

  Serial.print(","); 

  Serial.print(sa1); 

  Serial.print((float)readamp1/6000.0); 

  Serial.print(",");  

  Serial.print((float)recapa1/2.0); 

//  Serial.print(","); 

//  Serial.print(readinitvolt1); 

//  Serial.print(","); 

//  Serial.print((float)LastOCV1/2.0); 
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  Serial.print(","); 

  Serial.print(initSF1); 

//  Serial.print(","); 

//  Serial.print(learnedSF1); 

  Serial.print(",OCVth:"); 

  Serial.print(OCVth1); 

  Serial.print(",dV/dt:"); 

  Serial.print(dVdtth1); 

//  Serial.print(","); 

//  Serial.println(t); 

//  Serial.print(","); 

//  Serial.print(0,1); 

//  Serial.print("% / "); 

//  Serial.print(v10); 

//  Serial.print(","); 

//  Serial.print((float)capa11/2.0,1); 

//  Serial.print("% / "); 

//  Serial.print(v11); 

//  Serial.print(","); 

//  Serial.print((float)capa12/2.0,1); 

//  Serial.print("% / "); 

//  Serial.print(v12); 

//  Serial.print(","); 

//  Serial.print((float)capa13/2.0,1); 

//  Serial.print("% / "); 

//  Serial.print(v13); 

//  Serial.print(","); 

//  Serial.print((float)capa14/2.0,1); 

//  Serial.print("% / "); 

//  Serial.print(v14); 
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//  Serial.print(","); 

//  Serial.print((float)capa15/2.0,1); 

//  Serial.print("% / "); 

//  Serial.print(v15); 

//  Serial.print(","); 

//  Serial.print((float)capa16/2.0,1); 

//  Serial.print("% / "); 

//  Serial.print(v16); 

//  Serial.print(","); 

//  Serial.print((float)capa17/2.0,1); 

//  Serial.print("% / "); 

//  Serial.print(v17); 

//  Serial.print(","); 

//  Serial.print(100,1); 

//  Serial.print("% / "); 

//  Serial.print(v18); 

//  Serial.print(","); 

//  Serial.print("Cell2,"); 

//  Serial.print(readtemp2,3); 

//  Serial.print(","); 

//  Serial.print(sv2); 

//  Serial.print(readvolt2); 

//  Serial.print(","); 

//  Serial.print(sa2); 

//  Serial.print((float)readamp2/6000.0); 

//  Serial.print(",");  

//  Serial.print((float)recapa2/2.0); 

//  Serial.print(","); 

//  Serial.print(readinitvolt2); 

//  Serial.print(","); 
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//  Serial.print((float)LastOCV2/2.0); 

//  Serial.print(","); 

//  Serial.print(initSF2); 

//  Serial.print(","); 

//  Serial.print(learnedSF2); 

//  Serial.print(",OCVth:"); 

//  Serial.print(OCVth2); 

//  Serial.print(",dV/dt:"); 

//  Serial.print(dVdtth2); 

//  Serial.print(","); 

//  Serial.print(0,1); 

//  Serial.print("% / "); 

//  Serial.print(v20); 

//  Serial.print(","); 

//  Serial.print((float)capa21/2.0,1); 

//  Serial.print("% / "); 

//  Serial.print(v21); 

//  Serial.print(","); 

//  Serial.print((float)capa22/2.0,1); 

//  Serial.print("% / "); 

//  Serial.print(v22); 

//  Serial.print(","); 

//  Serial.print((float)capa23/2.0,1); 

//  Serial.print("% / "); 

//  Serial.print(v23); 

//  Serial.print(","); 

//  Serial.print((float)capa24/2.0,1); 

//  Serial.print("% / "); 

//  Serial.print(v24); 

//  Serial.print(","); 



 

49 

//  Serial.print((float)capa25/2.0,1); 

//  Serial.print("% / "); 

//  Serial.print(v25); 

//  Serial.print(","); 

//  Serial.print((float)capa26/2.0,1); 

//  Serial.print("% / "); 

//  Serial.print(v26); 

//  Serial.print(","); 

//  Serial.print((float)capa27/2.0,1); 

//  Serial.print("% / "); 

//  Serial.print(v27); 

//  Serial.print(","); 

//  Serial.print(100,1); 

//  Serial.print("% / "); 

//  Serial.print(v28); 

  Serial.print(","); 

  Serial.println(row_excel); 

  

/* if rows are more than 5000, then start filling the rows again */ 

  if (row_excel > 5000){ 

    row_excel = 0; 

    Serial.println("ROW,SET,2"); 

  }  

 

/* function to prevent overdischarge */ 

  if(readvolt1<UVth1){      // comparing terminal voltage and threshold 

    digitalWrite(dch,LOW); // discharging is turned off 

    digitalWrite(chg,LOW);  // charging is turned off 

    Serial.println("Open-circuit mode for Cell1"); 

  } 
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  if(readvolt2<UVth2){ 

    digitalWrite(dch,LOW); // discharging is turned off 

    digitalWrite(chg,LOW);  // charging is turned on 

    Serial.println("Open-circuit mode2"); 

  } 

 

/* function to prevent overcharge */ 

  if(readvolt1>OVth1){      // comparing terminal voltage and threshold 

    digitalWrite(dch,LOW); // discharging is turned off 

    digitalWrite(chg,LOW);  // charging is turned off 

    Serial.println("Open-circuit mode for Cell1"); 

  } 

   

  if(readvolt2>OVth2){ 

    digitalWrite(dch1,LOW); 

    digitalWrite(chg1,LOW); 

    Serial.println("Open-circuit mode for Cell2"); 

  } 

   

  delay(100); //delay 

} 

 

 

/***********************SUBROUTINS***********************************/ 

 

/* Subroutine for reading Memorys which are one byte */ 

byte ReadIC(byte SAdd, byte MAdd){ 

  int ReadData; 
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  Wire.beginTransmission(SAdd); // transmit to a slave device 

  Wire.write(MAdd);             // write the memory address byte 

  Wire.endTransmission(false);  // send the restart condition 

  delay(50); 

 

  Wire.requestFrom(SAdd, 1);    // request 1 bytes from slave device 

  while(Wire.available()){      // read 1byte data 

    ReadData = Wire.read(); 

  } 

  return ReadData;              // return 1byte data 

} 

 

/* Subroutine for reading Memories which are 2 bytes */ 

long int ReadIC2(byte SAdd, byte MAdd, int i){ 

  long int ReadData; 

  long int Data[2]; 

   

  Wire.beginTransmission(SAdd); // transmit to a slave address 

  Wire.write(MAdd);             // write the memory address byte 

  Wire.endTransmission(false);  // send the restart condition 

  delay(50); 

 

  Wire.requestFrom(SAdd, 2);    // request 2 bytes from slave device #54 

  int n = 0; 

  while(Wire.available()){    // read 2 bytes data 

    Data[n] = Wire.read(); 

    n++; 

  } 

  Data[0] = Data[0] << (8-i); 

  Data[1] = Data[1] >> i; 
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  ReadData = Data[0] | Data[1]; 

  return ReadData;            // return 2 bytes data 

} 

 

 

/* This is to read temperature */ 

 

float ConvT(long int Data){ 

 

  long int mask, t; 

  float readt; 

  int m; 

 

  mask = 1; 

  t = 0;   

  if(Data & 0b10000000000){       // convert data for two's complement form 

    for(m=0;m<11;m++){ 

      if(!(Data & mask)) t = t + mask; 

        mask = mask << 1; 

    } 

  } 

  else t = Data; 

  t = t & 0b1111111111;           // mask 10 bits 

  readt = (float)t * 0.125;       // convert temerature at 0.125 degree per bit 

 

  return readt; 

} 

 

/* This is to read current */ 

 



 

53 

long int ConvC(long int Data){ 

 

  long int mask, c; 

  int m; 

 

  mask = 1; 

  c = 0;   

  if(Data & 0b100000000000){    // convert data for two's complement form 

    for(m=0;m<12;m++){ 

      if(!(Data & mask)) c = c + mask; 

        mask = mask << 1; 

    } 

  } 

  else c = Data; 

  c = c & 0b11111111111;        // mask 11 bits 

 

  return c; 

} 

 

/* This is to read voltage */ 

 

float ConvV(long int Data){ 

 

  long int mask, v; 

  float readv; 

  int m; 

   

  mask = 1; 

  v = 0;   

  if(Data & 0b1000000000000){   // convert data for twe's complement form 
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    for(m=0;m<13;m++){ 

      if(!(Data & mask)) v = v + mask; 

        mask = mask << 1; 

    } 

  } 

  else v = Data; 

  v = v & 0b111111111111;        // mask 12 bits 

  readv = (float)v*1.22;           // convert voltage at 1.22mV per bit 

 

  return readv; 

} 

 

/* This is to read voltage without sign */ 

 

float ConvVNS(long int Data){ 

 

  long int v; 

  float v1; 

   

  v = Data;       // conbine MSB and LSB 

   

  v = v & 0b111111111111;        // mask 12 bits 

  v1 = (float)v*1.22;           // convert voltage at 1.22mV per bit 

 

  return v1; 

} 

 

 

/* check sign */ 

char sign(long int data,int i){   // i is the bit number of digits 
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  char fc; 

  data = data >>(i-1);            // shift sign bit to first bit 

  if(data & 1){                   // check sign bit 

    fc = '-';                     // if sign bit is 1, sign is negative 

    return fc; 

  } 

  else{ 

    fc = '+';                     // if sign bit is 0, sign is positive 

    return fc; 

  } 

} 

 

/* Subroutine for writting Data which are one byte */ 

void SendIC(byte SAdd, byte MAdd, byte Data){ 

  Wire.beginTransmission(SAdd); // transmit to a slave device 

  Wire.write(MAdd);        // write the memory address byte 

  Wire.write(Data);        // write the data 

  Wire.endTransmission();  // send the restart condition 

  delay(50); 

} 

 

 

 

[Notes on the template:  Please note that this template is a guide only and may be modified to 

suit the individual requirements of different disciplines and theses. You may modify the fonts and 

formatting of the headings to suit your personal style, taking note that this is a professional 

document.  

This template has been set up for single sided printing. If you wish to print double sided, you will 

need to adjust the margins to mirrored margins. Digital theses may not require the same margin 

settings.] 


