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Abstract 

This report presents the process of design and implementation of a battery charger for 
a Li-ion battery. The development of this battery charger includes the component from 
Linear Technology LTC4015. This component integrates the functions of a battery charger 
configured as a buck (step-down) converter. This device must be integrated in a Printed 
Circuit Board with a specific design. Also, it must be configured using a microcontroller 
named Raspberry Pi, which also performs the measurements. 

The method of design is divided in two parts. One is focused on developing the printed 
circuit board, which includes the simulation of the device and the development of the PCB, 
and the second one is focused on developing the program used in the microcontroller to 
manage the operation of the LTC4015.  

The result is a charge controller device that can be used with different configurations 
with a buck converter topology. The different parts of the design process are the simulation, 
the design and the implementation. Each of these parts have a section of results in this report. 
The simulation section includes results obtained with LTSpice and the device LTC4020, 
which is a similar device to the LTC4015 but without the Maximum Power Point Tracking 
mode, which is not modelled in LTSpice. 

PV is the main power source considered to charge the battery, and is carefully studied 
in this project. The PV input is studied with LTSpice, first simulating the I-V curve of the 
schematic of the solar cell. Second, integrating a solar cell in the simulation of the LTC4015. 
Third, operating the device LTC4015 with a solar panel that is also characterized. 

The design section includes the electronic components used for the development of the 
board that integrates the charge controller, the LTC4015 in this case, based on the 
calculations performed for the requirements of the LTC4015. Finally, the implementation 
section includes the description of the board implemented but also the description of the 
configuration and measurement code. 

The conclusions presented in this report show that the LTC4015 is a battery buck 
charger with different functions that make it suitable to be used in different solar 
applications. Also, this report opens new future work lines, such as the full characterization 
of the board, the implementation of a test bench and the integration of the board in different 
applications for solar energy systems. 
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1. Introduction 

Charge controllers are one of the main components of PV stand-alone systems, as they 
protect batteries from degradation due to operation conditions outside of the acceptable 
range. Batteries are needed for storing the energy generated with the sun panels, as for PV 
stand-alone systems, the demand of electricity covers all the day while the supply of energy 
covers only part of the day due to the nature of solar energy. While some batteries can be 
charged directly with low exposure to degradation; for PV stand-alone systems a charge 
controller is recommended, as the output of the PV panels is not constant during the day. 

Li-ion batteries are used more widespread nowadays, and they cover a wide range of 
applications such as electric vehicles, hybrid electric vehicles, mobile devices and PV systems. 
Li-ion batteries are selected due to their high energy density, their low self-discharge rates 
and their low maintenance required. On the other hand, Li-ion batteries have strict operation 
limits and require complex protection circuits, they are expensive and they are subject to 
degradation due to aging even if they are not used. More research is required in this field to 
achieve optimum performance of Li-ion batteries.  

1.1. Aim and objective of the work 

The aim of this project is to develop a solar charge controller for a Li-ion battery that 
will be used in a solar trike. There is not a device specifically suited for this application, and 
the design of this device will provide a solution. The LTC4015 (Linear Technology, 2016) is 
the component considered for the development of the project, and this device is a recent 
implementation of Linear Technology. The LTC4015 performs the control of the battery 
according to the instructions given by the user, which are transmitted digitally by another 
controlling device, such as a microcontroller. The microcontroller Raspberry Pi is a useful 
tool to develop a control system due to its flexibility. 

The LTC4015 gives more flexibility to the design, as it already includes many operation 
modes that will be useful for the implementation of the charge controller. These options 
include the monitoring of the temperature, voltage and current of the system, the control of 
the MPP tracking module, the control of the charging current limiter, the monitoring module 
of the State of Charge (SoC) and the communication interface between the microcontroller 
and the LTC4015 (I2C), (NXP Semiconductors, 2003). With the Raspberry Pi, the control 
instructions for the LTC4015 will be executed using the communication interface provided, 
so that the charge controller operates in real time. 

Both hardware and software are part of this design, as the LTC4015 operates with the 
instructions given by the user. The hardware design must accommodate the software that is 
implemented. This software works through the communication interface of the LTC4015 
and the Raspberry Pi, and the hardware that includes the LTC4015 needs an I2C input to be 
able to connect it to the Raspberry Pi. 
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1.2. Method of development 

The development process is divided in two parts, which correspond to the software and 
the hardware design. These two parts are also divided in different subsections that are 
explained here. The different parts of the hardware development are the simulation of a 
charge controller, the selection of the components, the design of the board and the 
implementation of the board. On the other hand, the different parts of the software 
development are the study of the communication interface (I2C), the implementation of the 
auxiliary functions and the development of the main functions of the program. The 
Raspberry Pi stores and executes the software implemented for the project. The different 
parts of the development process can be seen in Figure 1. 

 

Figure 1: Parts of the development process. 

The first part of the hardware development is the simulation of a charge controller, 
which will be performed using LTSpice. This simulation tool has different models of charge 
controller. Unfortunately, the LTC4015 is not one of them, as the MPPT is not included in 
the model. The simulation will be performed using the model of the LTC4020, which is a 
buck-boost converter without the MPPT function. 

The second part of the hardware design is the selection of the components of the charge 
controller. The datasheet of the LTC4015 includes the information needed to select the 
components of the board according to the design specifications. The third part of the 
hardware design is the design and implementation of the board. The software tool used to 
design the board is EAGLE, and the result of this design can be sent to a manufacturer to 
produce the board that integrates all the components. 
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The first part of the software design is the study of the communication interface (I2C). 
This study is required to understand the communication process of the LTC4015 and the 
Raspberry Pi and implement the software accordingly. The second part of the software 
design is the development of the auxiliary functions, that perform the conversion of the data 
from the Rapsberry Pi and the LTC4015. The third part of the software design is the 
implementation of the main functions of the program, that perform the configuration of the 
LTC4015 and the measurement of the operation parameters of this device, which will be 
stored on a database in the Raspberry Pi. 

1.3. Previous work 

Different research projects on charge controllers for Lithium-ion batteries have been 
done, given the complexity of these batteries to operate efficiently and their sensitivity to 
extreme operation conditions, which lead to the degradation of the system. The projects 
presented in this section are aimed at systems present in different fields, like automotive 
systems, portable devices and PV off-grid installations, and they describe charge controllers. 

In (Zhihao, et al., 2010), a charge controller for a Li-ion battery is presented, which 
includes the development of a state machine to control the operation of the charge controller. 
This state machine controls the rest of the modules of the system, which includes an Under 
Voltage Lockout (UVLO) to monitor the input voltage. A Battery Thermal Control (BTC) 
module is also included to monitor the temperature and control the other modules integrated 
in the device through the state machine. Finally, an oscillator and a counter are included to 
control the charging time of the battery. 

 Also, in (Armando, et al., 2009), a charge controller for a Li-ion battery integrated in an 
electric scooter is presented. This device has a higher level of complexity due to the AC 
motor integrated in the scooter, which requires also a 3-phase inverter to operate. The charge 
controller also includes a power factor correction system to adjust perfectly to the AC motor. 
The system has a 3-phase boost converter to optimize the operation of the AC motor and 
the battery. The system is developed with a FPGA. 

In (Tien Ha, et al., 2014), a high efficiency buck converter is implemented, which allows 
controlling the battery for a wide range of load values. This buck converter device uses a 
PWM/PFM model for charging the battery. The system switches between the Pulse Width 
Modulation (PWM) and the Pulse Frequency Modulation (PFM) for high and low load 
currents respectively. The PFM mode reduces the switching losses so that the overall 
efficiency is increased. 

Finally, in (Amin, et al., 2009), a microcontroller based charge controller is introduced, 
based on the PlC16F877A (RISC microcontroller). This system is also based on a finite state 
machine, but in this case, it is implemented in the microcontroller. The system also integrates 
a temperature sensor, a voltage transducer and a current transducer to monitor the main 
parameters of the system. The charge controller also uses a Pulse Width Modulation (PWM) 
charging model with a variable duty cycle. 
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2. Development of the Li-ion battery charger. 

This chapter includes the description of the design and implementation of the software 
and hardware components of the device. The chapter is divided in nine sections that include 
an introduction to solar cells, an introduction to Li-ion batteries and an introduction to 
battery chargers and its topologies (buck and buck-boost converters). Then, the remaining 
sections are identified with the corresponding design part. The hardware part consists of the 
simulation of a charger with LTSpice, the selection of the components for the device and 
the design and implementation of the board. The software part consists of the study of the 
communication interface (I2C), the implementation of the auxiliary functions and the 
implementation of the main functions of the program. 

2.1 Introduction to solar cells 

Solar cells are devices that convert the energy coming from the sun into electricity. These 
devices are based on a semiconductor material such as silicon. Once a photon coming from 
the sun falls upon the surface of the semiconductor, the energy of the photon is supplied to 
an electron. If the energy supplied by the photon is high enough, it will move the electron to 
a higher energy level. In this case, two levels of energy are considered, which are the valence 
band and the conduction band. This means that once the photon falls upon the surface of 
the semiconductor, an electron is moved from the valence band, which is then charged 
positively, to the conduction band, which is now charged negatively. This generates a pair of 
electron (negative charge) -  hole (positive charge). 

The solar cell is also composed of two semiconductor materials named p-
semiconductor, which has an excess of holes, and n-semiconductor, which has an excess of 
electrons. The resulting material is named p-n junction, and both materials of the junction 
have a valence band and a conduction band. Also, the region between the p-semiconductor 
and the n-semiconductor is called depletion region. The electrons and the holes of their 
respective materials will move towards the opposite material and then will be placed in the 
depletion region according to the type of carriers (electrons will be placed near the p-
semiconductor and holes will be placed near the n-semiconductor), generating an electric 
field between the p-semiconductor and the n-semiconductor inside the depletion region. 

Once photons impact on the surface of the junction, pairs of electron-holes are 
generated, which will move according to this electric field, producing again an excess of 
electrons in the n-semiconductor side and in the p-semiconductor side. Then, this flow of 
electrons that move following the direction of the electric field is called photocurrent. The 
incidence of light generates carriers (pairs electron-hole) that move inside the junction. 

There are two types of carrier flows inside the device. The current from the n-
semiconductor to the p-semiconductor (named as drift current), and the current from the p-
semiconductor and the n-semiconductor (named as diffusion current). The drift current is 
the result of the electric field generated inside the depletion region of the p-n junction, while 
the diffusion current is produced by thermal effects in the junction. 
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Figure 2: Band diagram of the p-n junction. 

2.2 Description of a buck and buck-boost converter 

A charge controller regulates the operation of the battery to avoid its degradation. This 
degradation can be caused due to exceeding the operation limits of the battery. This is more 
critical in the case of Li-ion batteries, as they have stricter operation ranges and conditions. 
The charge controller must ensure that the charging voltage, temperature and SoC are within 
the safety limits. There are also different types of input sources that may be able to charge a 
battery. These source inputs can supply higher, equal or lower voltages (compared to the 
voltage of the battery) to the system and the charge controller must be able to adapt this 
input voltage to the voltage of the battery. 

If the input voltage is higher than the voltage of the battery, the converter has a step-
down or buck topology. On the other hand, if the input voltage is lower than the voltage of 
the battery, the converter has a step-up or boost topology. There are charge controllers that 
can be adapted to both situations and they are called buck-boost converters, or step-
down/step-up converter. These converters use a passive device, in this case a coil, that is 
able to store electromagnetic energy in order to release it adequately according to the voltage 
needs of the system. In this report, two charge controllers are presented, which are the 
LTC4015 and the LTC4020. The first one has a buck converter topology while the second 
one has a buck-boost converter topology. Figure 3 presents the schematic of a buck 
converter topology charger. The main components are a coil, a switch and a diode. 

 

Figure 3: Buck converter circuit. 
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The circuit presented in Figure 3 operates in the following way. When the switch is 
closed, the inductor is charged. The input voltage is Vi, while the output voltage is Vo. Then, 

the voltage of the inductor will be 𝑉𝐿 = 𝑉𝑖 − 𝑉0. If the time equation of the inductor, 
presented in (1) is integrated during the on-time to obtain the current increase in the inductor, 

the result will be ∆𝐼𝐿 = ((𝑉𝑖 − 𝑉0) 𝐿) ∙ 𝑡𝑜𝑛⁄ , in which ton is the amount of time that the 

switch is on. In this case, it can be expressed as 𝑡𝑜𝑛 = 𝐷 ∙ 𝑇, which means that the circuit is 
open a fraction of the cycle (T), which corresponds to the duty cycle of the signal (D). The 
duty cycle is expressed as a fraction of the total cycle and takes values in the range [0,1]. 

𝑉𝐿 = 𝐿 
𝑑𝐼𝐿

𝑑𝑡
 (  1  ) 

The process for the calculation of the current increase when the switch is open is similar, 

but in this case, the voltage of the inductor is 𝑉𝐿 = −𝑉0. Also, the amount of time that the 

switch is off is 𝑡𝑜𝑓𝑓 = (1 − 𝐷) ∙ 𝑇, which means that the switch is closed a fraction (1-D) 

of the cycle, which is the opposite of the duty cycle. The resulting of integrating equation (1) 

over the off-time is ∆𝐼𝐿 = (−𝑉0 𝐿) ∙ 𝑡𝑜𝑓𝑓⁄ . Given that the sum of both current increases 

must be 0, the resulting equation is presented in (2), and the result is the ratio between the 

input voltage and the output voltage, which is the duty cycle 𝑉0 𝑉𝑖 = 𝐷⁄ .  

(𝑉𝑖 − 𝑉0)

𝐿
∙ 𝐷 ∙ 𝑇 + 

−𝑉0

𝐿
∙ (1 − 𝐷) ∙ 𝑇 = 0 (  2  ) 

2.3 Introduction to Li-ion batteries 

Li-ion batteries have one of the highest ratios of energy and power density, which makes 
them suitable for many applications, especially portable devices. Li-ion batteries provide 
energy by a Redox chemical reaction, which means that one of the components of the 
reaction suffers oxidation (loses electrons) and the other suffers reduction (gains electrons). 
There are two parts in the battery. The first one is the anode, that provides the electron to 
the circuit when the battery is being discharged (oxidation). The second one is the cathode, 
that receives the electrons from the circuit when the battery is being discharged. When the 
electric circuit is closed, the battery starts to discharge and the Redox reaction starts, so that 
the electrons move from the anode to the cathode. There is also an electrolyte that allows 
the movement of ions between the anode and the cathode while separating both electrodes. 

In the case of a Li-ion battery, the cathode is the Lithium based component, which 
depends on the type of battery (one of the most used elements is the LiCoO2). Lithium has 
the lowest reduction potential, so that the cell voltage will be much higher (Nitta, et al., 2015). 
Also, it is possible to find in (Nitta, et al., 2015) a discussion on new electrode and electrolyte 
materials. During the discharging process, the anode supplies electrons to the circuit while 
the cathode (lithium based component) supplies Lithium ions (Li+). It is possible to see the 
operation of the device in Figure 4, which is obtained from (Liu, et al., 2016). 
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Figure 4: Description of a Li-ion battery operation (Liu, et al., 2016). Reprinted with permission. 

2.4 Hardware design: Simulation of the LTC4020 with LTSpice 

This section includes the simulation of three devices, which are a solar cell, a Li-ion 
battery and the LTC4020, which, as mentioned before, it is a charge controller with buck-
boost converter topology. This means that it can be configured as a buck or as a boost 
converter. The aim is to simulate a device similar to the LTC4015, and the LTC4020 will be 
configured as a buck converter according to the datasheet of the device. 

LTSpice features six simulation schemas, which are described in Table 1. The transient 
analysis and the DC sweep will be used depending on the device under simulation, and it will 
be indicated for each device in the corresponding section. 

Table 1: LTSpice - simulation modes, (Linear Technology, 2011). 

Evaluation mode Brief description 

Transient analysis For time evaluation mode (Analog or digital) 

AC sweep For analogic systems (frequency) 

DC sweep For DC systems 

Noise analysis For analog systems with noise 

DC transfer For DC input/output analysis 

Self-defined For general purpose 
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2.4.1. Simulation of a solar panel 

The equivalent circuit of the solar panel is presented in Figure 5. There are four 
components in this schematic. The current source represents the photocurrent of the panel. 
The diode represents the behavior of the solar panel as a semiconductor. The series and 
parallel resistors represent the energy losses of the solar panel. The datasheet of a commercial 
solar panel, (Solarworld, 2012) provides the values of the photocurrent and the number of 
cells. The simulation of the solar panel also includes a sweep of the values of the resistors, 
to evaluate the impact of the losses on the performance of the device. 

 

Figure 5: Schematic of the equivalent circuit of the solar cell for LTSpice 

The electric analysis of this circuit gives equation (3) as a result, which includes the 
effects of the diode, the photocurrent and the two resistors. This expression is similar to the 
Shockley equation of the diode with the resistors, (Cubas, et al., 2014). 

𝐼 = 𝐼𝐿 −  𝐼0 ∙ (exp (
𝑉𝐷 +  𝐼 ∙ 𝑅𝑃

𝑁 ∙ 𝑉𝑇
) − 1) −

𝑉 +  𝐼 ∙ 𝑅𝑆

𝑅𝑃
 (  3  ) 

The diode D is represented by three parameters in equation (3), which are VD, VT and 
N. The first one represents the breakthrough voltage, while N is the ideal factor of the diode. 
The ideal factor represents the deviation of the I-V curve with respect to the diode. 
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2.4.2. Simulation of a Li-ion battery 

The Li-ion battery model introduces the curves of the SoC and the output voltage. There 
are two parts in the subcircuit that represent the  (+-).  

Five different Li-ion battery models are presented in (Rahmoun & Biechl, 2012), which 
are the Rint model, the RC model, the Thevenin model, the PNGV model and the DP model. 
Figure 3 presents the Thevenin model, which is used in the simulation of the Li-ion battery 
with LTSpice, as it is a good trade-off between the simplicity of the Rint model and the 
accuracy of the DP model, (Rahmoun & Biechl, 2012). 

 

Figure 3: Equivalent circuit for the Thevenin model of the battery. 

The model has two sub-circuits, which are named as {1} for the sub-circuit in the left 
of the model and {2} for the sub-circuit in the right of the model. In {1} it is possible to 
identify three components, which are a capacitor, a parallel resistor and a current source. The 
capacitor models the capacity of the battery in [Ah]. Given that the voltage of the SoC has a 
range between 0 and 1 and it is represented by the voltage difference in the terminals of the 
capacitor, the actual capacity of the battery can be expressed in Farads [F], which is equivalent 

to [𝐴 ∙ 𝑠 𝑉⁄ ], taking into account that the maximum voltage is 1. The resistor is used to model 
leakage currents, but a high value must be selected for the simulation. The current named as 
Ibat represents the source current that is used to charge the battery. 

In {2} there is a voltage dependent voltage source. This voltage source depends on the 
SoC according to the curves of charge of the battery given by the manufacturer. The method 
used to calculate the resistors R0, Rth and the capacitor Cth is included in (Cubas, et al., 2014). 
The curves of a Li-ion battery provided by the manufacturer give the value of V(SoC), 
(Battery Space, 2005), and they are included in the model using a look-up table to describe 
the behavior of the voltage dependent voltage source. 

  

{1} {2} 
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2.4.3. Simulation of the LTC4020 

The aim of the simulation is to identify the behavior of the battery charger LTC4020. 
The resistors and the capacitors connected to the gates of the LTC4020 perform the 
configuration of the device. The transient analysis defined in Table 1 is the best simulation 
mode for this circuit, as the aim of the simulation is to obtain the values of the current and 
the voltage of the battery charging process over time. 

The circuit includes the solar panel and the battery. Figure 6 shows the schematic of the 
circuit, which includes the buck-boost converter (the MOSFET bridge and the coil), 
capacitors to decouple the ripple and the resistors used for the configuration. The switching 
signals activate and deactivate the MOSFETs to regulate the voltage applied to the battery. 
The signal generated is similar to a square voltage signal with pulse width modulation (PWM). 

 

Figure 6: Schematic of the device LTC4020 used for the simulation in LTSpice. 

Calculation of the minimum and maximum voltage 

Two input pins on the LTC4020 set the maximum and minimum output voltage of the 
system. The charger monitors the maximum voltage pin VFBMAX, and if its value is higher 
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than 2.75 V, the charge controller will limit the output. Also, with VFBMIN, the minimum 
output voltage is regulated, and if the output voltage is lower than 2.125 V, the charger will 
force the output voltage until the desired level is reached. 

𝑉𝐹𝐵𝑀𝐴𝑋 = 2.75 ∙  
𝑅1𝑀𝐴𝑋 + 𝑅2𝑀𝐴𝑋

𝑅2𝑀𝐴𝑋
 (  4  ) 

The value of R1MAX and R2MAX are used to set the maximum voltage of the output 
according to equation (4). In this case, to set a value to 4.6 V at the output, the values of 
R1MAX and R2MAX are 68 kΩ and 100 kΩ respectively. The calculation of the pair of resistors 
of VFBMIN is done with equation (5). 

𝑉𝐹𝐵𝑀𝐼𝑁 = 2.125 ∙  
𝑅1𝑀𝐼𝑁 + 𝑅2𝑀𝐼𝑁

𝑅2𝑀𝐼𝑁
 (  5  ) 

The documentation of the LTC4020 (Linear Technology, 2016) recommends to select 
R1MIN and R2MIN equal to the values of R1MAX and R2MAX respectively. With this selection, 
VFBMAX is 10% higher than VFBMIN, therefore the value of VFBMIN is 4.14 V. 

Selection of the maximum voltage of the battery 

The selection process for the maximum voltage of the battery is done using the pin VFB 
with a voltage divider, according to equation (6). The maximum value of the pin is 2.5V, if 
this value is exceeded the charger will regulate to reduce the current until the voltage is stable. 

𝑉𝐹𝐵 = 2.5 ∙  
𝑅1𝐵𝐴𝑇 + 𝑅2𝐵𝐴𝑇

𝑅2𝐵𝐴𝑇
 (  6  ) 

The resistors selected for the voltage divider, R1BAT and R2BAT have the same values as 
the resistors R1MAX and R2MAX. The result is a maximum battery voltage of 4.2 V, which is 
correct for one Li-ion cell. Then, the inductor of the device must be selected accordingly. 

Selection of the inductor 

The inductor will be selected according to equation (7). This limit depends on the 
maximum output voltage, the maximum current of the inductor and the value of the 
operating frequency, which is set to 250 kHz according to (Linear Technology, 2016). The 
value chosen is 15 µH, which is higher than the minimum value allowed for the system. 

𝐿𝑀𝐼𝑁 =  
𝑉𝐼𝑁 ∙ (1 − [𝑉𝑂𝑈𝑇−𝑀𝐴𝑋 𝑉𝐼𝑁])⁄

𝑓0 ∙ ∆𝐼𝑀𝐴𝑋 ∙ 𝐼𝑀𝐴𝑋
 (  7  ) 
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2.5 Hardware design: Selection of the components 

The PCB board integrates all the components of the circuit and the connectors to the 
battery, the solar cell and the microcontroller. The datasheet of the LTC4015 includes the 
specifications of the circuit for the maximum voltage and current of the system. These 
specifications set restrictions for the width of the traces and the connectors. 

Figure 7 presents the schematic of the solar charge controller. The main components 
are the MOSFET transistors, the sense resistors and the inductor. The inductor is part of the 
step-down converter of the charger, as well as two of the MOSFETs. On the other hand, 
the rest of the MOSFETS are used to switch the input current and the current of the battery. 
Other passive resistors are used to configure different options of the charger. 

 

Figure 7: LTC4015 battery charger schematic application for Li-ion battery. 

Figure 7 shows the components used in the circuit. The labels VIN, VSYSTEM, and 
VBAT refer to the terminals of the input source, the load and the battery respectively. The 
terminals of the load will not be used in this circuit, as the purpose is to charge the battery. 
There is one power path, which is marked in red in the figure that connects the terminals of 
the input source with the terminal of the battery, also connecting the terminals of the system. 
This power path should be able to forward currents with high values, even up to 10 A. 

The MOSFETs used in the power path are selected in this section according to the 
following specifications. The Voltage from drain to source (VDS) should be higher than the 
maximum voltage expected in its terminals. On the other hand, the on-resistance (rDS-ON) 
must be selected as low as possible to reduce the power dissipation and losses. 
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Other parameters that must be taken into consideration are the reverse transfer capacity 
(CSS) and the total gate charge (QG). The latter indicates the amount of charge that the 
MOSFET stores in its terminals, and it must be considered, as a high value of QG will lead 
to peak currents that may deteriorate the other components. The maximum current between 
drain and source should also be taken into account, given the specifications of the maximum 
current that the charge controller can support. The power dissipation in both transistors is 
set by equation (8), (Linear Technology, 2016). 

𝑃𝐶𝑂𝑁𝐷 = (
𝑉𝐵𝐴𝑇

𝑉𝑆𝑌𝑆
∙ 𝐼𝐶𝐻𝐺(𝑀𝐴𝑋)

2 ∙ 𝑅𝐷𝑆(𝑂𝑁)) ∙ (1 + 𝛿 ∙ ∆𝑇) (  8  ) 

The circuit has two shunt resistors, which are used to monitor the current. These values 
can be stored in the microcontroller with the telemetry functionality of the device. These 
resistors should have a value as low as possible to reduce their impact on the measurement. 
The LTC4015 sets a maximum voltage of 32 mV in the terminals of the resistor, so that the 
maximum current of the power path will be the voltage divided by the value of the resistor. 

Two additional power MOSFETs constitute the switch of the step-down converter, 
which is connected to the inductor. According to the documentation of the component 
LTC4015 (Linear Technology, 2016), the equation that is used to calculate the value of the 
inductor at the desired frequency is given in (9). 

𝐿 =  
𝑉𝐵𝐴𝑇 ∙ (1 − 𝑉𝐵𝐴𝑇 𝑉𝐼𝑁(𝑀𝐴𝑋))⁄

0.25 ∙ 𝑓 ∙ 𝐼𝐶𝐻𝐺(𝑀𝐴𝑋)
 (  9  ) 

The configuration of the capacitors used to suppress the ripple voltage is included here. 
These capacitors must be set in the battery terminals and in the load terminals. The maximum 
voltage and the frequency of the system are also two key volues of the selection of this 
capacitor, according to equation (10), (Linear Technology, 2016). 

∆𝑉𝐵𝐴𝑇 =  ∆𝐼𝑃−𝑃 ∙ (
1

8 ∙ 𝐶𝐵𝐴𝑇 ∙ 𝑓𝑆𝑊
+  𝐸𝑆𝑅𝐵𝐴𝑇) (  10  ) 

Three resistors set the operation parameters of the system, which are RT, RNTCBIAS and 
RCCREF. With the specifications of the LTC4015 given in (Linear Technology, 2016) it is 
possible to select the values of these resistors. The datasheet specifies that a temperature of 
25°C correspond to a ratio between RNTC and RNTCBIAS + RNTC of 0.5. 

The value of RT sets the frequency of the system, in this case, to reach a frequency of 
500 kHz, a value of 95.3 kΩ is chosen. Also, the value of RCCREF is recommended to be 301 
kΩ by the manufacturer of the LTC4015. The rest of the components that are present in the 
schematic of the circuit have their values already defined, (Linear Technology, 2016). 
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The LTC4015 also reads the chemistry type and the number of cells from the input pins 
CELLS[0..2] and CHEM[0..1], that may be connected to 5 V or to ground. The list of the 
binary values accepted by the LTC4015 is presented in (Linear Technology, 2016). The board 
includes an array of pins to be able to select these values manually using jumpers. It is possible 
to see the selected components in Appendix A: Bill of materials. 

2.6 Hardware design: Design and implementation of the board 

This section is divided in two parts. The first part describes the design process made 
with EAGLE, which gives the gerber files as a result. These files are sent to a manufacturer 
to produce the board. The second part of this section presents the implementation process 
of the board. The implementation process consists on welding the components to the board. 

2.6.1. Design of the board with EAGLE 

The CAD program EAGLE allows developing the layout of the PCB. The user 
develops a schematic of the circuit with the program. Once the schematic is completed, 
EAGLE helps to develop the routing of the PCB. The datasheet gives the specifications for 
the development of the schematic and some tips for the development of the PCB layout. 
Appendix B presents the schematic of the circuit developed with EAGLE. 

The main complexity found in the development of this schematic is the use of libraries 
for the components, as they have associated the layout of the device. The library of the 
LTC4015 did not exist in EAGLE, but the library of Linear Technology semiconductors has 
already implemented a model of the QFN-38 package, which is the package used for the 
encapsulation of the LTC4015. The sense resistors did not have a package developed in 
EAGLE, as well as the coil. On the other hand, the model of the MOSFETs have the 
encapsulation model SO-8, and the diode has the encapsulation model SOD-123. The 
resistors and the capacitors have standard packages according to their size. It is possible to 
see the schematic generated for this circuit in Appendix B: Schematic of the circuit. 

Once the schematic has been developed, the next step is to develop the routing of the 
two-layer PCB. The paths of high current are created with the polygon tool presented in 
EAGLE to make them short and wide. There are two ground planes in both sides of the 
PCB. One ground plane is for the high current components and the other one is for the 
small signal components, which are connected to the controller, and also the resistors used 
for the configuration and the I2C lines. Figure 8 shows the routing of the board. 

The design made in EAGLE does not have a standard format for file reading. The 
gerber is the standard format file for PCB layouts, which are binary files that describe the 
different layers of the board. EAGLE has a tool create the gerbers. This tool describes the 
desired layers, the position of the drills for the vias and the pads. 

The gerber created for this board is defined in seven files with the description of both 
layers. Three pairs of files define the copper layers in the top and the bottom, the soldering 
pads in the top and the bottom and the text layouts in the top and the bottom. The last file 
corresponds to the position of the holes for the pads and the vias. The main gerber files can 
be found in Appendix C: Gerber files of the circuit. 
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Figure 8: Layout of the board described in EAGLE, representing the routing. 

2.6.2. Implementation of the board. 

The files can be sent to a manufacturer to produce the PCB once the layout is finished 
with EAGLE. Figure 9 presents the PCB manufactured. Here it is possible to see the paths 
covered by a plastic surface, while the vias and the pads are left in a metal cover to be 
soldered. Figure 9 presents the top view of the PCB. In the left of the PCB it is possible to 
see the input of the device, both for the digital circuits and for the power circuits. On the 
other hand, in the right side of the PCB, it is possible to see the output pads of the battery 
and the load. The pads of the controller (LTC4015) are near the middle of the board, with 
the main ground pad in the center of the controller. 

The digital inputs and small signal components are placed in the left side of the board. 
On the other hand, the coil, the bulk capacitors, the outputs and the MOSFETs are located 
on the right side of the board. Some of the vias, which are called thermal vias, have been 
located to serve as a thermal path, especially to the MOSFETS, to avoid overheating. 

The welding process of this side of the board is automatic. With a Pick & Place (P&P) 
machine, it is possible to place the components over the board after dropping a welding paste 
over the pads. The welding paste also acts as a glue to keep the components fixed to the 
board. Then, placing the board inside a reflow oven, (Leicht & Thumm, s.f.), the components 
are soldered over the board, creating an electric contact with the pads. 
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Figure 9: Top layer of the PCB. 

Figure 10 shows the bottom view of the board.  Here it is possible to see the rest of the 
components that must be added to the board. The fast switching diode and several resistors 
that are part of the system are included here. It is also possible to see the bottom side of the 
pads and the vias. This part of the circuit must be soldered by hand. 

This layer requires to place the components manually using a welding device and tin. 
This process is more tedious and requires a microscope to be able to identify the smaller 
components. First, one of the terminals of the component is fixed to the pad heating the tin. 
Once this terminal is fixed, the component is pressed against the board and the other 
terminal is fixed to the other pad carefully using the tin again. 

The components that are placed in this layer are a switching diode, a capacitor to 
decouple the ripple in the I2C line, three resistors of 4.7 kΩ to adapt the I2C signals to the 
controller, a resistor of 10 kΩ for the NTC-bias, two capacitors of 0.1 µF, a capacitor of 10 
µF, a capacitor of 0.33 µF, a capacitor of 1 nF, a resistor of 301 kΩ with a tolerance of 0.1%, 
a capacitor of 10 nF, a capacitor of 0.22 µF, a resistor of 200 Ω and a resistor of 95.3 kΩ. 
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Figure 10: Bottom layer of the PCB. 
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2.7 Software design: Description of the code 

This section explains the development of the code used to configure and control the 
LTC4015. The I2C protocol provides a communication interface between the LTC4015 and 
the Raspberry Pi. The LTC4015 acts as a slave of the Raspberry Pi. The Raspberry Pi sets 
the configuration of the LTC4015 and monitors the measurements performed by the 
LTC4015. To do the configuration of the LTC4015, several registers are available to do 
different operations and to set basic parameters. This section of the report includes a brief 
description of the I2C protocol oriented to explain how the device sends the data over the 
communication line to the device. The datasheet, (Linear Technology, 2016) presents the 
main registers used for the configuration of the LTC4015. 

2.7.1. I2C interface 

The I2C protocol is a specific standard used for short distance communications between 
devices, which are usually in the same board. The name I2C stands for Inter Integrated 
Circuits. The standard is based on a 100 kbps communication speed, which was later 
extended to 400 kbps, and other communication modes that allow much faster speeds were 
developed recently. Two bus lines are required only, one for the data (SDA) and one for the 
clock (SCL), which is provided by the master device. The clock also sets the bitrate of the 
device. For the development of this prototype, the microcontroller is considered the master 
device, meanwhile the LTC4015 is considered the slave device. The main documentation can 
be found in, (NXP Semiconductors, 2003). 

The I2C communication protocol allows to identify each device connected with a unique 
address, while all devices can act as master or slave transmitter-receiver. Data is sent in 
packets of 8 bits each (Byte). Also, I2C systems can be easily modified via software 
development, which makes the modification of a board much easier than modifying specific 
designed bus lines, as Integrated Circuits can be removed or added to the system without 
affecting the other IC present in the system. 

The master device starts the communication setting the clock in the SCL line, and any 
device that is addressed is considered a slave. The SDA and SCL lines are bidirectional, and 
both are high (5 V usually) when the bus is free. The master device starts by putting the SDA 
line in low voltage to indicate the start of a communication procedure. At the same time, the 
master device starts the clock signal, and then the address of the target device is set. Then, 
the bits are sent in groups of 8 followed by a bit of acknowledgment (ACK).  

The device that acts as the transmitter can send an undefined number of bytes, that the 
receiver has to buffer. When a read operation is performed by the master device, the device 
address for both write and read operations must be indicated along with the register address 
and the number of bytes. There are 15 bits for the selection of the I2C address, which are 
defined as DA[15:1]. The last bit indicates if the address is for reading or writing. 

The example presented here is the address of the LTC4015, which has the value ‘0xD0’ 
for the write mode. The binary representation of this address will be ‘11010000’. On the 
other hand, the address for the read mode will be ‘0xD1’, and its binary representation will 
be ‘11010001’. It is possible to see in this example how to identify a read and a write address. 
Once the master indicates the slave address, it must identify the register that wants to read 
or modify, which has a 16 bits length in the following form, SA[15:0].  
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As an example, the register with hexadecimal address ‘0x3B’ will have the following 
binary representation, ‘00111001’. The next step is to identify the format of an I2C word. 

1 7 1 1 8 1 8 1 8 1 1 

S DEV_ADDR W A SUBADDR A DATA BYTE LOW A DATA BYTE HIGH A P 

The example presented above shows the procedure of a write operation for the 
LTC4015. First, the master device sets the start bit by pulling down the voltage of the line to 
0V, then writes in the line the address of the slave device with the last bit set to 0 to indicate 
that it is a write operation. Then, the master device waits for an answer from the slave device 
in the form of an ACK bit. Once this bit arrives, the master device writes in the line the 
address of the register indicated as sub-address in the example below and waits for another 
ACK bit. If the ACK is received, the master device writes the lower byte of the data that 
must be written in the register and then waits for another ACK bit. Once this bit is received, 
the master device proceeds to write the high byte of the data and waits to receive the last 
ACK bit to set the stop bit and terminate the communication. Then, the line is set high. 

1 7 1 1 8 1 1 7 1 1 8 1 8 1 1 

S DEV_AD W A SUBADDR A S DEV_AD R A D_BYTE_L A D_BYTE_H A P 

The example presented above shows the procedure of a read operation for the LTC4015. 
This procedure is similar to the the write operation until the master device has sent the 
register read address, and then, the master device sets again the start bit and writes the slave 
address with the read format, setting the read bit high. Then, the master device waits for the 
ACK bit of the slave device and the low byte of the data set. Once this byte has arrived, the 
master device writes an ACK bit in the line and waits for the high byte of the data set. If the 
byte is received correctly, the master device writes an ACK bit and then the stop bit to 
terminate the communication. The I2C lines are then set to 5V. 

Both examples, which correspond to the communication process of the LTC4015, send 
the lower byte before the higher byte. This means that a data set such as ‘0x811C’ will be 
written in the line as ‘1C81’. On the other hand, the Raspberry Pi will send or receive first 
the high byte, and then the low byte. To avoid errors in the communication process, these 
two bytes must be reorganized when received or sent. The first message is expressed in binary 
representation as ‘1000000100011100’, while the second message is expressed as 
‘0001110010000001’. This produces an error when converting to decimal. 

2.7.2. Main behavior of the code 

The behavior of the charger is already defined, although it is possible to change the 
operation mode. The LTC4015 reads the values of the chemistry and the number of cells, 
which are defined via hardware, and then executes the charging strategy accordingly. 
Meanwhile, the charger performs measurements of different parameters The program also 
reads the alerts triggered by the LTC4015, which are raised once one of the parameters is 
out of range. The alert is cleared setting the corresponding bit to 0. 
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The LTC4015 also includes a procedure to handle an alert once a limit is exceeded, which 
is the line SMBAlert. With this line it is possible to identify when an alert has been triggered. 
The microcontroller reads the values measured by the LTC4015 using the I2C 
communication line and then clears the alert. All the information is stored in the memory 
system of the microcontroller 

Figure 11 presents the flow diagram of the code. It is based on a loop that reads 
sequentially the alerts and then proceeds to read the measurements and store the data into a 
file. Before the loop starts, the program configures the device, setting the limits and the main 
features of the device to adapt to a Li-ion battery. 

 

Figure 11: Flow diagram of the configuration and telemetry program. 
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2.7.3. Li-ion charging algorithm 

The LTC4015 has an algorithm already implemented for each of the battery chemistries 
and cell number. This algorithm operates with the voltage of the battery and sets the 
LTC4015 behavior according to it. The algorithm first reads the chemistry and the number 
of cells set and then reads the voltage of the battery. If the voltage is 0, then the LTC4015 
will send an alert to indicate that the battery is missing. Also, if the voltage is too low, the 
LTC4015 will send an alert to indicate that the battery voltage is not stable. 

These two errors will set the charger to the suspend state. Otherwise, the charger will 
start to charge depending on the battery voltage. If the voltage is below 2.85V, it will set the 
state of the LTC4015 in the pre-charge mode, and the charging current will be set to a low 
level. Once the voltage of the battery is higher than 2.9V, the LTC4015 is set to the CC-CV 
mode (Tu Vo & Kapoor, 2012), in which a constant current is set until the battery has 
reached its maximum voltage. In this moment, the charger will reduce the charging current 
until it is near zero. The LTC4015 will set a small current to compensate the leakage current 
of the battery. Figure 13 shows the algorithm of the charging process of a Li-ion battery. 

 

Figure 12: Charge algorithm for Li-ion batteries, (Linear Technology, 2016). 
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2.8 Software design: Auxiliary functions 

It is interesting to note that the system uses a hexadecimal two’s complement format to 
describe the numbers. The program needs to retrieve the value in this format and convert it 
to a decimal signed format so that the user can read it. The two’s complement format uses 
one of the bits to indicate if the hexadecimal number is positive (indicated by 0) or negative 
(indicated by 1). Also, if the number is negative, the logical negation must be applied (NOT). 
The maximum decimal value processed by the controller is 32767. Also, the minimum 
decimal value corresponds to -32768. 

- Function negateHexadecimal 

1. def negateHexadecimal(hexS):   
2.     # Function to negate a hexadecimal string   
3.        
4.     # Input     hexS: An hexadecimal 4-digit value in String format   
5.     # Output          An hexadecimal 4-digit value in String format 

 

This function calculates the logical negation of a hexadecimal 4-digit value in a string 
format, the output is another string with hexadecimal 4-digit format. The value ‘0xFFFF’ will 
be transformed into ‘0x0000’ with this function. 

- Function calculate2Comp 

1. def calculate2Comp(hexS):   
2.     # Function to calculate the value of a hexadecimal value in 2 complement

   
3.        
4.     # Input     hexS: A hexadecimal four digit signed value in String format

   
5.     # Output          A signed integer.  

 

With this function, the two complement of a hexadecimal 4-digit string value is 
calculated. The output will be a signed integer. The operation depends on the value of the 
first bit of the binary value. The value ‘0x7FFF’ will be returned as 32767. In this case, the 
value is converted directly into an integer. The value ‘0x8000’ will be returned as -32768. In 
this case, the hexadecimal value is first negated, obtaining the value ‘0x7FFF’, then it is 
converted to an unsigned integer, obtaining 32767, the value ‘1’ is added, obtaining 32768, 
and then it is multiplied by ‘-1’, obtaining the value ‘-32768’. 
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- Function maskHex 

1. def mask_hex(hexS, maskS, vset):   
2.     # Function to calculate the result of a mask operation   
3.        
4.     # Input     hexS    Hexadecimal 4-digit value   
5.     #           maskS   Hexadecimal 4-digit mask   
6.     #           vset    Masking type   
7.     # Output    Hexadecimal 4-digit value  

 

This function applies a mask over the hexadecimal 4-digit input value. This mask is aimed 
towards setting one or several bits of the value high or low without changing the rest of the 
bits. To set the bits high, a negative mask is applied and a logic OR operation is performed. 
On the other hand, to set the bits low, a positive mask is applied and a logic AND operation 
is performed. With the value ‘0xFF1F’ and the mask ‘0x0020’, if the OR operation is 
performed, the result will be ‘0xFF3F’. In this case, the bit 5 is set high. If the AND operation 
is performed with the mask ‘0xFFEF’, the result will be ‘0xFF0F’ and the bit 4 is set low. 

- Function shiftHex 

1. def shifthex(value, numpos):   
2.     # Function to shift n-positions (binarywise) a hexadecimal string   
3.        
4.     # Input     value:  Hexadecimal 4-digit value   
5.     #           numpos: Number of positions to shift   
6.     # Output    Hexadecimal 4-digit value  

 

This function shifts a hexadecimal string value n-positions. The result is another 
hexadecimal string value. The value ‘0x00F0’ shifted 4 positions to the left will result in the 
hexadecimal value ‘0x0F00’. This function will be used to write the values of the JEITA 
regions both for current and for voltage, as one register is used for different region values. 

- Function get2Comp 

1. def get2Comp(intV):   
2.     # Function to calculate the hexadecimal 2 complement of a signed int

eger   
3.        
4.     # Input     intV: Integer signed value   
5.     # Output    Hexadecimal 4-digit value  

 

This function returns the hexadecimal 4-digit two’s complement string value of a signed 
integer. The result of this operation for the value -32768 is ‘0x8000’. For the value 32767, 
the result is ‘0x7FFF’. This operation is the reverse of calculate2Comp. 
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2.9 Software design: Main functions 

These functions are aimed towards the configuration and measurement of the device. 
There are two basic functions that operate with the hardware level and a set of functions that 
operate on a higher level, making use of these two functions. 

- setCharger 

1. def setCharger(setVal):   
2.     # Function to start o stop the charger (While it is possible)   
3.        
4.     # Input     Value to set the charger ON/OFF   
5.     # Output    Void  

 

This function sets the charger ON or OFF, depending on the input value of the function. 
If ‘setVal’ is set low, then the charger will be suspended. This function may trigger an 
exception if the I2C word is not correct. This function calls the mask_hex function, the 
read_word function and the write_word function. The mask is applied to set the bit value to 0 
or 1 depending on ‘setVal’ and the current value of the bit. 

- setConfBits 

1. def setConfBits(setVal, bitC):   
2.     # Function to set one of the configuration bits (MPPT, Coulomb Count)   
3.        
4.     # Input     setVal: Value to set ON/OFF the bit.   
5.     #           bitC:   position of the bit to set.  
6.     # Output    Void 

 

This function sets the selected bit high or low, depending on the value of ‘setVal’. The 
position of the bit to modify is selected using bitC. The function triggers an exception if the 
I2C word is wrong. The function calls mask_hex, read_word and write_word. The mask is applied 
to set the value of the bit to 0 or to 1. With this function it is possible to enable the charger 
(bit 8), to enable the battery series resistance (bit 5), to force measurement system (bit 4), to 
enable the MPPT mode (bit 3), and to enable the Coulomb Counter (bit 2). 

- Function setStatusAlert 

1. def setStatusAlert(alert, Register, setVal):   
2.     # Function to set the status of the alert to active or unactive   
3.        
4.     # Input     alert:      Alert - enable bit   
5.     #           Register:   Register of the alert   
6.     #           setVal:     Set the bit ON/OFF   
7.     # Output    Void 
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This function enables one of the alerts of the system. There are three registers for the 
alert triggers. The first register is the limit alerts. If one of the values is higher or lower than 
the limit configured for the LTC4015, the system will trigger an alert if the enable bit is high. 
The second register is the charger status, which informs the user of the current state of the 
charger, and the LTC4015 will trigger an alert once a change of state is achieved. The third 
register is the charge status, which informs the user of the current state of the charging 
process according to the state indicated in Figure 12. This function calls mask_hex, write_word 
and read_word. The mask is applied to set the desired bit (‘alert’)’.  

- Function measureElectric 

1. def measureElectric(mModule, v2Measure, Factor):   
2.     # Function to measure an electric value   
3.        
4.     # Input     mModule:    Module to measure (IN, BAT, SYS)   
5.     #           v2Measure:  Parameter to measure (I/V)   
6.     #           Factor:     Factor to apply to the result   
7.     # Output    Signed double 

 

With this function, the measurement of an electric parameter is performed. The input 
‘mModule’ indicates the module to measure among the input (IN), the system load (SYS) 
and the battery (BAT). The input ‘v2Measure’ indicates the electric parameter to measure, 
with the voltage (VIN, VBAT, VSYS) or the current (IIN, IBAT). The input ‘Factor’ is 
multiplied by the result. This function calls calculate2Comp and read_word. 

- Function limitSet 

1. def limitSet(Value, limitVar, Factor):   
2.     # Set the limit value to trigger an alert   
3.     # VBatL, VBatH, VInL, VInH, VSysL, VSysH, IInH, IBatL, DieTH, NTCH, 

NTCL   
4.        
5.     # Input     Value:      limit value to configure the controller   
6.     #           limitVar:   limit register to configure   
7.     #           Factor:     Factor to apply to the limit for configurati

on   
8.     # Output    Void 

 

With this function it is possible to configure the limits of the LTC4015. If these limits 
are exceeded, an alert will be triggered by the LTC4015 if the corresponding alert is enabled. 
The input ‘Value’ indicates the limit value, while ‘limitVar’ indicates the register of the limit. 
Finally, the input ‘Factor’ is applied in a similar way as in the function measureElectric. The 
output is void, although this function may trigger an exception. 

This function calls get2Comp and read_word. It is possible to set the higher and lower 
limits of the battery voltage (VBAT), of the input (VIN) and of the system (VSYS). The 
higher limit of the input current (IIN) and the lower limit of the battery current (IBAT). 
The higher limit of the die temperature and the higher and lower limits of the NTC. 
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- Function measureNTCRatio 

1. def measureNTCRatio():   
2.     # Function to measure the NTC ratio.   
3.        
4.     # Input     Void   
5.     # Output    Value of the NTC resistance 

 

This function measures the value of the NTC resistor according to the NTC ratio. The 
LTC4015 returns the value of the NTC ratio, which is calculated as 

𝑅𝑁𝑇𝐶 (𝑅𝑁𝑇𝐶 + 𝑅𝑁𝑇𝐶𝑏𝑖𝑎𝑠)⁄ . The value is returned as a signed hexadecimal 4-digit string, 
which is the standard format for the LTC4015. This value must be converted to a 
recognizable value using the function calculate2Comp. The function read_word is also called. 

- Function measureQCount 

1. def measureQCount():   
2.     # Function to measure the Coulomb counter   
3.        
4.     # Input     Void   
5.     # Output    Value of the COulomb Counter in As 

 

This function measures the Coulomb Counter and reads an unsigned integer value. The 
result is operated according to the pre-scale of the Coulomb Counter and returned with units 

of [𝐴 ∙ 𝑠]. The Coulomb Counter requires also a previous calibration to set the starting value 
according to the State of Charge (SoC) of the battery. 

- Function readAlerts 

1. def readAlerts(alertValue, Register):   
2.     # Function to read the alerts of the device   
3.        
4.     # Input     alertValue:     alert value to read   
5.     #           Register:       register of the alert   
6.     # Output    Boolean False/True  

With this function it is possible to read the alerts triggered by the LTC4015 and clear 
them. There are three registers that can be read to check and clear the alerts. The first one is 
the limit alert register. The second one is the charger status alert register and the third one is 
the charge status alert register. They have the same byte format as the enable alert registers. 
This function calls mask_hex, read_word and write_word. If the alert is cleared but the same 
problem appears, a new alert will be triggered. 
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- Function setJEITATemp 

1. def setJEITATemp(jeitaV, region):   
2.     # Function to set the temperature for the JEITA region   
3.        
4.     # Input     jeitaV:     Temperature value for the JEITA region   
5.     #           region:     region to apply the temperature value   
6.     # Output    Void 

With this function, the maximum value of the JEITA region is set. With this limit, when 
the LTC4015 measures with the NTC that the temperature is in the range of this region, it 
will set a charging voltage for the battery according to the pre-configured value of the user. 
The input ‘jeitaV’ indicates the maximum value of the temperature for the region. On the 
other hand, the input ‘region’ indicates the region to which the temperature is set. This 
function calls calculate2Comp and write_word. 

- Function setJEITAVCharge/setJEITAICharge 

1. def setJEITAVCharge(jeitaV, region):   
2.     # Function to set the voltage of the JEITA region   
3.        
4.     # Input     jeitaV: Voltage value for the chosen region   
5.     #           region: region to apply the temperature value   
6.     # Output    Void 

These two functions are presented together as they are similar. The function 
setJEITAVCharge sets the voltage value for the chosen region, while the function 
setJEITAICharge sets the current value for the chosen region. The input ‘jeitaV’ represents 
the value of voltage or current for the corresponding region, represented in the input variable 
‘region’. This function calls shift_hex and write_word. 
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2. Results obtained from the experiments. 

This chapter of the report presents the results obtained from all the experiments done 
in the project. The chapter is divided in two sections. The first section presents the results 
from the simulation with LTSpice, while the second section discusses the results obtained 
from the experiments done with the prototype board. 

2.1. Results obtained from the simulation with LTSpice. 

- Simulation of a solar panel with LTSpice. 

Figure 13 presents the result of the simulation of the solar panel with a parametric sweep 
of the value of the series resistance of the solar panel. This figure presents the values of the 
I-V curve. It is possible to see in this curves that increasing the value of the series resistance, 
the maximum power point (MPP) decreases, as well as the fill factor. 

 

Figure 13: Simulation of the solar panel, I-V curve, with a sweep of the series resistance. 

The values of the current, voltage and power for this simulation the maximum power 
point (MPP) are in Table 2. A higher series resistance reduces the maximum power, voltage 
and current of the MPP. 

Table 2: MPP values of the solar panel for different series resistance values. 

 Rser = 0.01 Rser = 0.05 Rser = 0.1 Rser = 0.5 Rser = 1 

Voltage [V] 29.8 29.5 29.2 26.6 23.8 

Current [A] 7.80 7.79 7.77 7.63 7.35 

Power [W] 232.30 229.87 226.84 203.05 174.87 
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On the other hand, Figure 14 presents the P-V curves of the simulation of the solar 
panel for different values of the series resistance. This figure makes it easier to see the effect 
of the series resistance in the MPP and the fill factor. 

 

Figure 14: Simulation of the solar panel, P-V curve, with a sweep of the series resistor. 

Figure 15 presents the results of the simulation of the solar panel. It is possible to see 
the I-V curve for different values of the parallel resistance. The impact of this value on the 
behavior of the solar panel is much lower than in the previous case until a very low value is 
reached. In this moment, the operation of the cell is seriously affected. 
 

 

Figure 15: Simulation of the solar panel, I-V curve, with a sweep of the parallel resistor. 

The values of the current, voltage and power in the MPP are presented in Table 3. The 
impact of the parallel resistance on the behavior of the solar panel can be seen for the value 
of 10 Ω of the parallel resistance, for which the power is reduced drastically.  
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Table 3: MPP values of the solar panel for different parallel resistance values. 

 Rpar = 10 Rpar = 100 Rpar = 1K Rpar = 10K Rspar = 0.1M 

Voltage [V] 27.4 29.0 29.2 29.2 29.2 

Current [A] 5.33 7.53 7.74 7.77 7.77 

Power [W] 146.01 218.37 225.98 226.75 226.83 

Finally, Figure 16 presents the P-V curve of the sweep obtained from the simulation of 
the solar panel with different values for the parallel resistance. In this figure, it is possible to 
see how the parallel resistance only affects the behavior of the solar panel when it is low 
enough (10 Ω in this case), as it creates an alternative path for the current. 

 

 

Figure 16: Simulation of the solar panel, P-V curve, with a sweep of the parallel resistor. 

- Simulation of a Li-ion battery with LTSpice 

Figure 17 presents the results of the simulation of a Li-ion cell for different values of 
the charge current. The voltage of the cell has a range between 2.8V and 4.2V. Discharging 
it to voltage values lower than 2.8V is possible, although the battery will suffer degradation. 
It is even possible to discharge it to 0V, although it is dangerous, as it will make the chemistry 
of the cell unstable and perhaps impossible to recharge again. It is also possible also to 
overcharge the battery to voltages higher than 4.2V, but it is also dangerous, as it may cause 
venting of the electrolyte and possibly and explosion. 
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Figure 17: Charging curves of a Li-ion Battery for different current values. 
 

- Simulation of the LTC4020 with a Li-ion cell 

This section includes the simulation of the LTC4020. The operation mode of this device 
is set to Constant Voltage-Constant Current (CC-CV), which first applies a constant current 
to the battery for fast charging and once the battery has reached the float voltage (maximum 
voltage of the battery), the current decreases exponentially until it has reached a value ten 
times lower than the initial constant current to maintain the voltage. 

This charger can be configured as a step-down converter, which reduces the input 
voltage to accommodate the battery to the required voltage. In this case, the simulation was 
done with one Li-ion cell of a maximum value of 4.2 V. The step-down converter works 
with a switch and an inductor. The switch is controlled by the LTC4020. Figure 18 presents 
the pulses sent to the switch to control the voltage applied to the battery. It is possible to see 
that the frequency is set to a value near 250 kHz, and also, in this case, the duty cycle is set 
to 25%, to accommodate the voltage of the battery to the input voltage, which is around 14 
V. This is explained in chapter 2 to introduce the step-down converter. 
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Figure 18: Switching frequency of the LTC4020. 

Figure 19 presents the current and the voltage applied to the battery by the charger. In 
this case it is possible to see some features of the CC-CV charge curve. The current is 
maintained constant until the float voltage is reached, and then, the current is reduced to a 
value ten times lower to set the voltage constant. The peak current produced in the end of 
the constant current cycle is produced because of the capacitor used in the model of the 
battery, once the MOSFET used to switch the current off is active. The voltage of the battery, 
which is the blue trace, is increased until it reaches the value of 4.2 V. 

 

Figure 19: Charge current and voltage applied by the LTC4020 to the battery. 
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2.2. Results obtained from the experiments performed with the LTC4015 
battery charge controller. 

This section of the chapter presents the results of the tests performed with the LTC4015 
charger and a Li-ion battery cell. These tests have been performed using two power sources. 
The first electric source is a DC supply connected to the grid, and the second source is a 
solar panel which has also been characterized. The results of the characterization of the solar 
panel are presented in this section. With the DC supply source, a current of 1A has been set. 
The Maximum Power Point Tracking mode was enabled. 

Figure 20 presents the voltage of the battery during the charging process. The curve has 
four stages, which also correspond to states of the charger. The first stage the voltage is 
increased slowly until the value of 2.9 V is reached using a small current value; this stage 
corresponds with the pre-charge state. Once the voltage has reached this value, a constant 
current of 1 A is set, and the voltage increases until the value of 3.6, in which the battery 
voltage is stable and increases much slower. This stage corresponds to the constant current 
state. The voltage is then increased slowly until a value of 3.8 is reached, and the voltage 
increases exponentially until the value of 4.2 V is reached and the voltage is set constant. 
This last stage corresponds with the constant voltage state of the charger. 

 

Figure 20: Battery voltage during the charging process. 

Figure 21 presents the current value applied by the LTC4015 to the battery. The current 
value applied in the initial state of the charge is low, given that the battery is in the pre-charge 
mode. Then, once the value of 2.9 V is reached, the input current is set to 1 A, and it is 
maintained until the value of 4.2 V is reached, in which moment the current decreases to a 
value of 0.1, which is ten times lower than the value of 1 A. 
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Figure 21: Charge current applied by the LTC4015 charger. 

The Coulomb Counter is also tested in this experiment. With this tool provided by the 
LTC4015, it is possible to measure the charge of the battery. The coulomb Counter integrates 
the current to obtain a value in [A·s] units, but it is not able to know the initial charge state 
of the battery. For this experiment, the battery was completely discharged (until a value of 
2.8 V is reached) and then charged again. The result of the measurement of the Coulomb 
Counter is in Figure 21. The value of the charge is increased constantly until the limit charge 
is reached. The maximum value measured is 5700 As. The battery used has a capacity of 1400 
mAh, which corresponds to 5040 As, which means that the battery was previously discharged 
slightly more than the recommended level. 

 

Figure 22: Measurement of the Coulomb Counter. 
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With the results obtained from the measurement of the battery voltage and the coulomb 
counter, it is possible to obtain a curve of the battery voltage against the state of charge. The 
result is presented in Figure 23. This curve is similar to the one of the battery voltage, but it 
shows the voltage measured for a certain SoC. 
 

 

Figure 23: Battery voltage against State of Charge (SoC). 

A solar panel was used to experiment with the charge controller and the MPPT 
operation mode. The solar panel was characterized to obtain its operation parameters. First, 
the I-V curve was obtained, which is presented in Figure 24. The MPP parameters were also 
obtained. 
 

 

Figure 24: I-V characterization of the solar panel used for the test. 
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Figure 25 presents the P-V curve of the solar panel used for the MPP mode test. This 
curve also shows the maximum power point of the panel, which will also be calculated with 
the measurements done with the charge controller. 

 

Figure 25: P-V characterization of the solar panel used for the test. 

The results of the experiment done with the charge controller are presented in Table 4. 
The charger is operating in the MPPT mode. The results obtained from the characterization 
should be similar to the results obtained in the test. In the table it is possible to see that the 
results are correct. The results of the test were obtained as an average of more than 600 
samples. The standard deviation for the voltage and the current of the panel are 0.3 [V] and 
0.06 [A] respectively. The standard deviation obtained from the sample for the value of the 
power is 0.06 [W]. 

Table 4: Results obtained from the characterization and the test with the LTC4015. 

 ISC (mA) VOC (V) PMAX (mW) IMAX (mA) VMAX (V) 

Characterization 87.9 13.6 967.5 82.3 11.8 

Test - - 938.4 82.9 11.3 

Finally, the maximum and minimum values obtained in the sample for the voltage are 
12.2 V and 10.6 V respectively. The maximum and minimum values obtained in the sample 
for the current are 0.11 A and 0.06 A. And the maximum and minimum values obtained 
from the sample for the power are 1.2 W and 0.7 W. 
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3. Discussion of results and conclusions 

This chapter is divided in two parts. The first part has a discussion of the results obtained 
in the experiments and the second part has the conclusions obtained from the project. The 
discussion compares the results obtained with theoretical results. 

3.1. Discussion of results 

The results obtained from the simulation of the solar panel can be compared with the 
characterization data of the technical sheet (Solarworld, 2012). The values obtained from the 
simulation are lower than those presented in the datasheet. This is probably to the diode 
model used to simulate the behavior of the solar cell as a semiconductor. The cause of the 
power loss for each of the curves of Figure 13 is the effect of the parasitic resistors. The 
effect is different considering the variation of the series resistor and the parallel resistor. The 
series resistor affects linearly the power supplied by the cell, while the parallel resistor only 
affects significantly the performance of the cell if it is reduced drastically. 

The simulation of the Li-ion battery produced five curves in Figure 17 with the voltage 
values for different charging currents. The results obtained for the different charging currents 
have the effect of reducing the charging time. As the VOC vs SoC were obtained from (Battery 
Space, 2005) and the results of the parameters of the battery were obtained from (Rahmoun 
& Biechl, 2012). The result of the VOC against the SoC of Figure 17 is the same as the values 
of the characterization presented in  (Battery Space, 2005). 

Figure 18 and Figure 19 present the results of the simulation of the battery charger. The 
LTC4020 uses a buck-boost converter based on two a switch with four MOSFETs and a 
coil, which allow to reduce or increase the voltage applied to the battery based on the duty 
cycle applied by the switch. Figure 18 presents the signal applied to the gate top MOSFET 
of the left side. This signal has a duty cycle that reduces the voltage of the source to 
accommodate the voltage of the battery. The switching period is approximately 4µs, which 
corresponds to a frequency of 250 kHz, as it was configured according to the datasheet of 
the component with a 100 kΩ resistor (Linear Technology, 2016). 

On the other hand, Figure 19 presents the results of the charging process. It is possible 
to see the voltage rising in the battery and the current applied to it. The current level is 
constant, except for the switching, which includes a ripple until the maximum voltage is 
reached, and then, the current decays to maintain a value much lower. The model used for 
the battery in the circuit used a scaled value for the capacity (in this case 1.4 mAh) to perform 
the simulation in a reasonable period of time. This curve is similar to the theoretical 
performance introduced in (Tu Vo & Kapoor, 2012). 

The rest of the results presented correspond to the experiments obtained from the 
LTC4015. The curve of the battery voltage is similar to those presented for the simulation 
of the Li-ion battery. The charging current is also presented for this experiment, and it 
represents the behavior of the CC-CV charging algorithm (Tu Vo & Kapoor, 2012). The 
value of the current is constant until the maximum voltage is reached and then the current is 
reduced to a value ten times lower of the CC value. 
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The third curve presented in section 2.2 shows the result of the Coulomb Counter. As 
the battery is charged with a constant current, the value of the Coulomb Counter increases 
linearly, as it is shown in Figure 22. Only when the maximum voltage is reached, the value 
of the Coulomb Counter is set constant. This result is used to compare it against the value 
of the VOC, so that the result can be compared with (Rahmoun & Biechl, 2012). The 
experiment performed with the solar panel shows that the MPPT mode operates correctly. 
The results obtained from the characterization of the solar panel in Table 4 shows that the 
charger reaches the Maximum Power Point, as the value of the power reached with the 
charger is almost the same as the obtained with the characterization. 

3.2. Conclusions 

A charge controller for a Li-ion battery has been designed using the component 
LTC4015. The simulation of a similar device was performed using LTSpice to obtain the 
behavior of the device. To simulate a complete system, two other devices were modelled; 
first, a solar panel, and second, a Li-ion battery. Both systems are simulated and its results 
are presented in this project. The system is also designed with a selection of the components 
used to implement the PCB, which is designed using EAGLE. 

A control program for the device is also developed for this controller. This control 
program performs the configuration of the LTC4015 and uses the telemetry system of the 
device to monitor the operation parameters. With this program the results of the experiments 
with the controller were obtained. These results are divided in two part; first, a group of 
results obtained from the simulation with LTSpice of all the system used for the operation 
of the charger LTC4020, and second, a group of results obtained from the experiments 
performed with the charger LTC4015. 

The results show the behavior of both chargers. The LTC4015 performs correctly the 
CC-CV charging algorithm and the Coulomb Counter measurements. It also has a correct 
operation of the MPPT mode, given the experiment performed with the panel. The results 
of the simulation of the systems integrated in the LTC4020 are also similar to the theoretical 
values obtained from the datasheet of the manufacturers. 

3.3. Future work lines 

This project opens new lines of development. The LTC4015 can be used for different 
applications. The first task that future developments must cover is the full integration of the 
device in a solar trike, with a complete monitoring and display system, to show the user of 
the trike the level of charge of the battery (SoC) and the evolution of the battery charge over 
time. It is also possible to develop a database and show the results online. 

Another line of development is to implement a test bench that allows to characterize 
the device and analyze the operation in the range limits, especially in the temperature limits, 
taking into consideration the protection modes provided by the board, such as the JEITA 
temperature charging mode, which also needs a more detailed test. 

Finally, one interesting line of development is to redesign the board to adapt it to 
different applications, such as new portable devices. One interesting application is the 
development of a cell phone charged with PV, while using the LTC4015 as the battery charge 
controller. Li-ion batteries are nowadays used for portable devices such as cell phones. 
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Appendix A: Bill of materials 

Table 5: Bill of materials 

Components 

Name Type Model Number Manufacturer Brief description 

Transistor 

Q1 NMOS Si4840BDY 1 Vishay  (Vishay Siliconix, 2016) 

Q2 NMOS Si4840BDY 1 Vishay  (Vishay Siliconix, 2016) 

Q3 NMOS Si4840BDY 1 Vishay  (Vishay Siliconix, 2016) 

Q4 PMOS SQ4401EY 1 Vishay  (Vishay Siliconix, 2016) 

Coil 

L Power Inductor XEL1010-103ME 1 Coilcraft 10uH 

Diode 

D1 Fast switching 1N4448W-7-F 1 Diodes Inc SOD-123 

Capacitors Ceramic 

C10uF Ceramic C1206C106 15 KEMET C1206C106K5RACTU 

C2.2uF Ceramic C0805C225 1 KEMET C0805C225K3RACTU 

C330nF Ceramic C0603C334 2 KEMET C0603C334K4RACTU 

C1uF Ceramic C0603C105 1 KEMET C0603C105K3RACTU 

C100nF Ceramic C0402C104 1 KEMET C0402C104K3RACTU 

C220nF Ceramic C0603C224 1 KEMET C0603C224K3RACTU 

C1nF Ceramic C1206C102 3 KEMET C1206C102K3RACTU 

C100pF Ceramic C1206C101 1 KEMET C1206C101K3RACTU 

C2.2nF Ceramic C1206C222 1 KEMET C1206C222K3RACTU 

C0.47uF Ceramic C1206C474 1 KEMET C1206C474K3RACTU 

C0.1uF Ceramic C0603C104 2 KEMET C0603C104K5RACTU 

Capacitor Electrolytic 

Csys Electrolytic 35SVPF120M 1 Panasonic 35SVPF120M 

Resistor 

R10K Surface Mount RCWP510010K0FMTP 1 Vishay RCWP510010K0FMTP 

R10K Surface Mount RCWP510010K0FMTP 1 Vishay RCWP510010K0FMTP 

R10K Surface Mount RCWP510010K0FMTP 1 Vishay RCWP510010K0FMTP 

R200 Surface Mount RCWP5100200RFMTP 1 Vishay RCWP5100200RFMTP 

R294K Surface Mount RCWP5100294KFMTP 1 Vishay RCWP5100294KFMTP 

R301K Surface Mount RG1608P3013BT5 1 SUSUMU RG1608P3013BT5 

R95.3K Surface Mount RCWP510095K3FMTP 1 Vishay RCWP510095K3FMTP 

R4.7K Surface Mount RCWP510004K7FMTP 3 Vishay RCWP510004K7FMTP 

Sense Resistor 

R0.003 Surface Mount WSK06123L000FEA 2 Vishay WSK06123L000FEA 

LTC4015 

LTC4015 EUHF LTC4015EUHFPBF 1 LT LTC4015EUHFPBF 

Jack Plugs 

575-4 Jack Plug 36-575-4-ND 6 Keystone Elec 36-575-4-ND 
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Appendix B: Schematic of the circuit 

 
Figure 26; Schematic of the LTC4015 for the circuit developed. 
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Appendix C: Gerber files of the circuit 

 

(a) 

 

(b) 

Figure 27: Gerber files for the top (a) and bottom (b) copper layer. 
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Figure 28: Gerber file for the drill position and size of the board. 


