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Foreword 

The electricity storage systems of various scales and capacity are developing quickly nowadays. The 
majority of those systems use Lithium-ion batteries. In many cases, large battery packs require strings 
of serially connected Li-ion cells. However, galvanic serial connection poses a number of challenges 
before pack developers. Serially connected cells operate with the same applied current, therefore cells 
in the string should be of the same capacity and require careful balancing, which, in turn, leads to ad-
ditional electronics and implies energy losses. An alternative approach was developed by engineers 
from Kago Electronics BV, who proposed a switching battery management system where each cell can 
be shunted by a semiconductor switch. That makes it possible to operate only a subset of a string. Such 
a flexible design of the Battery Management System simultaneously solves several problems such as 
voltage control and balancing and open new perspectives. One of the new opportunities given by the 
switching principle is the optimal utilization of solar power. The RVO-financed project 'REgenerative 
Utility of Saved Energy' (RE_USE) has an aim to demonstrate the possibility of a modular battery pack 
equipped with the switching battery management system and combined with an array of solar panels. 
Such a combination delivers a flexible middle-size residential energy storage solution with low cost and 
the possibility to use 'second-life cells' but optimal usage of available solar panels. The demonstrator 
battery pack is in process of assembling right now and will be put on the field trials at the end of the 
year. Automotive Systems Design PDEng student Salih Yousif did his graduation project in the frame-
work of RE_USE project. The aim of the project was developing and testing algorithms for optimal solar-
powered charging which utilizes switching principle. The heuristic Maximum Power Point Tracking 
method of solar charging was introduced and then a comparison with the available 'caterpillar' charging 
scheme was performed. The standard voltage profile of cobalt oxide-based Li-ion cell and voltage-cur-
rent profile from the experimental small-size solar panel were used for testing. It was found that the 
heuristic method outperforms available algorithm in all respects and can be recommended for further 
development and refining. 

PROJECT MENTOR 
Dr. D.L. Danilov 
12 September 2020 
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Preface 

This report describes the work that was carried out for a final project assignment as part of a Profes-
sional Doctorate in Engineering (PDEng) program in Automotive Systems Design (ASD). It was con-
ducted at the Control Systems Group within the framework of REgenerative Utility of Saved Energy 
(RE_USE) project. The content presented in this report was developed at the Eindhoven University of 
Technology. 
This report is intended for domain experts within the fields of Photovoltaic (PV) systems and Battery 
Management System (BMS). The report can also provide an insight into the added benefits of the new 
Switched Battery Cells Management System (SBCMS) for readers regardless of their domain knowledge. 

Salih Elhag Adam Yousif 
12 September 2020 
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Executive Summary 

In Photovoltaic (PV) systems, a charge controller device is used to ensure that the solar array operates 
at a Maximum Power Point (MPP) and to prevent battery cells from being overcharged or over-dis-
charged. Kago Electronics BV has developed a Printed Circuit Board (PCB) that has semiconductor 
switches that allow shunting and connecting of separate battery cells in the battery pack. This PCB has 
the potentials to perform the functionalities of the charge controller device by controlling the overall 
voltage output of the battery pack by selecting which battery cells to connect or shunt. The main idea 
is to connect the solar array directly to the battery pack to eliminate the need for a charge controller 
device while ensuring that the solar array operates at an MPP. Also, to protect battery cells from being 
overcharged or over-discharged.  

The objective of this project is to develop an algorithm that enables the solar array to operate at an 
MPP while charging the battery or when the solar array and the battery pack provide power to an in-
verter, and to keep the battery pack balanced. 

To realize the project's objective, a detailed system mathematical model of the energy storage system 
was developed consisting of a battery pack model, solar array model, and inverter model. The already 
implemented caterpillar algorithm was investigated, it had low energy conversion efficiency. It took up 
to 6 days to charge the battery pack to 73.18%.  This method was chosen as a natural benchmark be-
cause it was implemented in an available demonstrator to illustrate the switching function of the PCB. 
An MPPT algorithm based on heuristics specific to the characteristics of solar arrays MPP was devel-
oped. The MPPT algorithm had 99.96% energy conversion efficiency that allowed solar array to operate 
at almost an MPP at all times. The MPPT algorithm charged the battery pack in 1 day using the same 
power. When the inverter is used to charge the battery pack, the charging time becomes proportional 
to the inverter power. 

In addition, a balancing strategy based on iterative charging of cells with lower SoCs at every switching 
instance or discharging of cells with the highest SoCs at every switching instant was developed. At the 
end of a complete charge or discharge cycle, the battery pack ended up balanced. It was found that 
four factors affect determining the switching timing, which in turn has direct effects on balancing during 
a charge or discharge cycle. These factors are charging current magnitude (whether it was from the 
solar array or the inverter), inverter discharging current magnitude, the number of battery cells and 
their capacities which determine the rate of change of SoC and solar insolation because of changing 
weather condition. 
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1. Introduction
This chapter gives a brief background about solar energy and the motivation for the project. It also 
outlines the structure of the report and provides a short description of each chapter.  

Background  
The need for energy is continuously increasing to meet the demanding aspects of human life. World-
wide, all communities require energy with various levels to propel the different features of their life-
styles (e.g. agriculture, transportation, and communication).  The use of fossil fuels to cover this energy 
demand since 1850 has led to the rapid release of carbon dioxide (𝐶𝐶𝐶𝐶2) and other Greenhouse gas 
(GHG) emissions to the atmosphere [1].  

The United Nations' (UN) Intergovernmental Panel on Climate Change (IPCC) concluded that the con-
tinuous increase in global average temperature "is very likely" correlated to the continuous growth of 
GHG emissions [1]. GHG's damaging effects on the environment, the fact that fossil fuels are unsustain-
able forms of energy, and the hazards associated with drilling for fossil fuels have prompted the search 
for alternative energy sources to satisfy the demand for energy while lowering GHG emissions [1].  

By 2050, it is estimated that there will be a 50% increase in demand for energy [2]. Renewable sources 
such as bioenergy, wind energy, solar energy, and hydroelectric power are seen as viable alternatives 
to replace fossil fuels [1]. Currently, for countries of the Organization for Economic Cooperation and 
Development (OECD), solar accounts for 8 terawatt-hours (TWh) out of the total 10,000 TWh power 
produced [2]. However, it is projected that by 2040 it will account for 30% of the total energy produced 
[2]. Photovoltaic (PV) systems are also seen as a viable alternative because they are used on distributed 
networks for individuals, which reduces the losses associated with transmission lines and the initial cost 
associated with building power plants and transmission lines. Usually, the energy conversion efficiency 
of solar cells is around 20%. With high-quality solar cells, the efficiency increases to 35.9%. Therefore, 
it is crucial to utilize all available energy [3].  

Project motivation 
One of the main problems associated with PV systems is that the load's (usually a battery pack) re-
sistance must be adjusted to allow the solar array to operate at a maximum power region [4, 5]. When 
the load resistance is optimum, the solar array operates at a power region called the Maximum Power 
Point (MPP) [4]. It is difficult to adjust the load resistance to allow the solar array to operate at an MPP 
since the solar array maximum power provided changes, and the load voltage and internal resistance 
also change [4, 6]. Subsequently, the extracted power from the solar array will not be the power at the 
MPP. PV systems are most efficient when solar arrays operate at an MPP region at all times. Several 
factors affect the solar array operation at the maximum power region, including sun radiation intensity, 
rain, or shading [4, 6]. For solar array to operate at an MPP, a charge controller device is used to connect 
the solar array to the load [7]. Connecting a load directly to a solar array without using a charge 
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controller device will result in power loss and the need to use extra solar arrays to meet the same power 
requirement [8]. The advantages of using a charge controller device are allowing the solar array to 
operate at an MPP region, lowering the initial installation cost, and regulating the charging current flow, 
which prevents premature failure of the battery pack [8]. This device provides the load with regular 
maximum power [7]. One type of charge controller devices is called Maximum Power Point Tracking 
(MPPT) charge controller. This device uses the solar array ripple voltage to control the output power 
[6]. Kago Electronics BV developed a Printed Circuit Board (PCB) that has semiconductor switches that 
allow shunting of battery cells in the battery pack. This shutting causes the battery pack voltage to vary 
and to be controlled. By controlling the battery pack's voltage, the MPPT charge controller device can 
be eliminated, and the solar array can directly be connected to the battery pack. This research project 
develops control algorithm that can be used to allow solar array to operate at an MPP without using a 
charge controller device.  
 
Another problem the project addresses is the battery pack active balancing. The battery pack is out of 
balance when its cells are at different States of Charge (SoCs). If a battery cell is at the Discharge Voltage 
Limit (DVL) and other battery cells are not, then the discharge will stop even if the other cells were at 
100% State of Charge (SoC). Stopping the discharge will protect the battery cell with the lowest SoC 
from being over-discharged and damaging the battery cell, therefore, increasing the battery pack's life 
[9].  Even when the operation of a battery pack starts with an ideally balanced condition, the tendency 
of lithium-ion based chemistry battery cell is to be less and less balanced as time progresses [10].  Thus, 
for optimum use of battery pack capacity and power, battery cells balancing circuitry and balancing 
algorithms are required as part of the Battery Management System (BMS) [10]. Balancing circuitry 
equalizes battery cells' charge levels. Balancing can be achieved by two approaches, either active bal-
ancing or passive balancing. In passive balancing, the cells with the highest charges are drained, and 
their energy is dissipated as heat [11]. In active balancing, the circuitry is designed to move charges 
from battery cells with high charges to battery cells with low charges continuously to conserve energy 
[11]. However, digital switching introduces the ability to avoid battery cells imbalance. Since battery 
cells can be shunted or connected, a balancing algorithm shunts or connects cells while charging or 
discharging in such a way that keeps their SoCs equal.  

 Business opportunity  
The solar charge controller device is an essential part of any PV system as it enables the solar array to 
operate at an MPP region. The device regulates and controls the flow of current to the connected bat-
tery pack to prevent overcharge or over-discharge. Solar charge controller devices are mainly catego-
rized into Pulse-Width Modulation (PWM) charge controller and MPPT charge controller. With an ex-
pected growth in the demand for solar energy solutions in residential, commercial, and industrial ap-
plications, solar charge controller devices' need will increase. The current market size of solar charge 
controllers is valued at USD 1.35 billion in 2019 and is expected to grow annually by 15.1%. The devel-
oped PCB  by Kago Electronics BV gives the possibility to shunt each cell by using a semiconductor 
switch. This allows the functionalities of the charge controller device to be performed by the battery 
pack. Developing smart Switching Battery Cells Management System (SBCMS) algorithms coupled with 
the switching technology that the board provides can disrupt the solar charge controller market if Ka-
go's PCB cost is lower by a good enough margin. 
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 Report outline 
This section describes how the report is structured and gives a description of each chapter. The report 
is organized as follows: 
 

• Chapter 2 (Theoretical framework): This chapter lays the foundation to understand the MPPT 
problem by describing the principles of operation of PV cells and their characteristics, lithium-
ion battery cells principles of operation, the concept of SoC, voltage limits concept, and char-
acteristics of nickel-manganese-cobalt (NMC) cathode. It also discusses the various PV systems 
topology and the need for the MPPT charge controller device. Furthermore, this chapter for-
mulates the problem and describes the problem statement based on the PV system topology 
that will be implemented using the PCB with semiconductor switches. 

• Chapter 3 (System architecture and requirement): This chapter outlines the performed stake-
holder analysis and system's functional decomposition. It also describes the system's require-
ments.  

• Chapter 4 (System mathematical model and optimization function): In this chapter, a mathe-
matical description of the solar array model, battery pack model, and inverter model is pre-
sented. Also, this chapter defines the MPPT optimization problem.  

• Chapter 5 (MPPT development): This chapter defines the simplified optimization function, ex-
plains the already implemented Caterpillar algorithm, shows the optimal solution based on the 
Extensive Search Algorithm (ESA), and finally, it describes the development of the MPPT algo-
rithm.    

• Chapter 6 (Algorithms implementation results and discussion): This chapter illustrates the sim-
ulation results for the Caterpillar and the MPPT algorithms. 

• Chapter 7 (Conclusion and recommendations): This chapter concludes the report and describes 
what is achieved and recommendations for future work. 
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2. Theoretical Framework  
 
 
Understanding the basic principles of operation of photovoltaic cells and lithium-ion battery cells is a 
prerequisite for designing an MPPT algorithm for a PV system. This chapter lays the foundation to un-
derstand the MPPT problem by describing the principles of operation of PV cells and their characteris-
tics, lithium-ion battery cells principle of operation, the concept of SoC, voltage limits concept and char-
acteristics of nickel-manganese-cobalt (NMC) cathode. It also discusses the various PV system topology 
and the need for the MPPT charge controller device. Furthermore, this chapter formulates the problem 
and describes the problem statement based on the PV system topology that will be implemented using 
the PCB with semiconductor switches. 
 
 
 

 Characteristics of photovoltaic cells 
The phenomenon of generation of current and voltage from physical material upon exposure to light is 
known as the photovoltaic effect [12]. A photovoltaic cell transforms light energy into electricity. The 
photovoltaic cell characteristics of voltage, current, and resistance are dependent on the radiation in-
tensity that the photovoltaic cell is exposed to [13]. The light source can be natural or artificial. PV cells 
produce Direct Current (DC) and provide power to any connected load. Provided power depends on 
the load because PV cells are known to have nonlinear voltage-current characteristics [14]. PV cells are 
irregular current sources. The power provided varies due to various reasons, such as light intensity, load 
impedance, or temperature, hence, they are not suitable for most electrical devices. PV cells have a 
voltage-dependent efficiency curve shown in Figure 1. 
 

  

Figure 1. I-V and P-V characteristic of a Solar Cell [15] 
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Figure 2. Open circuit voltage and short circuit current as a function of the radiation intensity [13] 

From Figure 1, the power that the PV cell operates at is dependent on the voltage of the PV cell. The 
current-voltage characteristic curve (I-V curve) illustrates all the feasible operating points that the PV 
cell can operate at under a given test condition (light intensity, spectrum, and temperature). Generally, 
the I-V curve of an electrical device represents the relationship between the voltage applied across the 
electrical device and the current flowing through the electrical device. The I-V curve provides 
knowledge to configure the PV cell to operate at the nearest point possible to the MPP. From the I-V 
curve, the solar cell's open-circuit voltage increases sharply as radiation increases, as shown in Figure 
2, until reaching a maximum limit. A solar cell's short circuit current is proportional to the light intensity 

that the solar cell receives, as shown in Figure 2. When either ocV  or scI  is zero, the power of the solar 

cell, which is the product of scI and ocV  will be zero.   
Under the photovoltaic effects, irradiated solar cells produce DC. The output current, voltage, and in-
ternal resistance are dependent on the intensity of the radiation, temperature, and the conversion ef-
ficiency of each cell. On an ideal I-V curve, as shown in Figure 1, there will be only one point that de-
scribes the maximum power that an exact solar cell can provide at a given point in time. This point 
encloses two parameters, the maximum power voltage and the maximum power current. This point is 
called the MPP. 

 Characteristics of lithium-ion battery cells 
The MPPT algorithm ensures that the solar array operates at an MPP by controlling the battery pack's 
voltage output. Also, the battery cells should operate within a maximum and minimum SoC and voltage 
limits. This section provides a detailed description of the battery cell's construction and operation to 
illustrate how changes in SoC and voltage occur on an atomic level. 

Principle of operation of electrochemical cells  

The functional components of an electrochemical cell are the positive electrode, negative electrode, 
electrolyte, separators, and current collectors (if electrode material is composed of powder or paste 
compound)). Figure 3 shows the composition of a lithium-ion battery cell. This schematic holds for most 
battery chemistries [16]. 
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Figure 3. Schematic of lithium-ion battery cell [17] 

Battery cells provide electrical power by moving charge between the positive and negative electrodes. 
Electrodes can be described as a charge storage reservoir. Generally, for electrochemical cells, the neg-
ative electrode is usually a metal, an alloy of metals or hydrogen (i.e. lead-acid battery cell negative 
electrode is lead or lead paste). During discharge, the external circuit receives electrons from the neg-
ative electrode. When a compound loses an electron, the process is called oxidization. While the oppo-
site occurs during charging where the negative electrode receives electrons, the process is called re-
duction. It happens by applying a higher voltage to the battery cell to force electrons to the negative 
electrode. The positive electrode most often is a metallic oxide, oxygen, or sulfide (i.e. lead oxide for 
lead-acid battery cell). The positive electrode gives up electrons during charge to the external circuit 
(oxidization) and receives electrons during discharge from the external circuit (reduction process). 
As electrons are sourced from one electrode to the other during charge and discharge processes 
through the external circuit, a charge balance must exist internally. The electrolyte is an ionic conductor 
and electronic insulator. Normally, the electrolyte is electrically neutral, i.e. contains positive and neg-
ative ions in equal concentrations. The separator is used to prevent short-circuit and separate the pos-
itive and negative electrodes physically. Typically, the separator is a porous glass mat, polymer, or fi-
brous mat [16]. It only separates the electrodes and having pores large enough to allow the electrolyte 
to pass to facilitate the movement of ions to balance the charge. If the electrodes are made of metals, 
the external battery terminals can directly be attached to the electrodes. However, if the electrodes 
are made of powder or paste, then a metallic foil known as current collectors are used. Electrons flow 
from the powder or paste electrodes through the current collectors to the battery external terminals 
[16]. 
There are two types of electrochemical battery cells, primary cells and secondary cells. Primary cells 
cannot be recharged after being fully discharged. The chemical reaction occurs cannot be reversed due 
to the permanent change in the cell's chemical compounds. During discharge, primary cells release 
potential energy until the chemistry of the chemical compounds is completely altered. If to be re-
charged, the chemical compounds will never recombine to their original form before the start of the 
discharge [16]. On the other hand, Secondary cells' chemical reactions are designed in such a way that 
after fully discharged, battery cell chemical reactions are completely reversible, and chemical 
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compounds can recombine to their original state by injecting energy into the battery cell. Ideally, by 
reversing chemical reactions, battery cells can be charged and discharged indefinitely, but, ageing and 
degradation of cells happen due to side reactions and mechanical processes that simultaneously take 
place as the primary reaction ensue [16].  

How lithium-ion battery cells work 

In lithium-ion battery cells, both electrodes depend on lithium intercalation mechanism rather than 
chemical redox reactions. The structure of the electrodes does not change as lithium ions move from 
one electrode to the other.  A simplified illustration of the intercalation process can be seen in Figure 
4.  The figure shows the structure of the electrodes as plates for simplification and lithium atoms as 
spheres stored in the vacancies of the structure of the electrodes during the charge and discharge pro-
cess. Electrodes can be viewed as materials that have vacancies that allow lithium to intercalate and 
move freely without changing the structure of the electrodes. During discharge, the lithium atom in the 
negative electrode gives an electron to the external circuit and positive ion (lithium cation) to the elec-
trolyte which moves and combines with the electrons in the positive electrode surface to equalize the 
charge. Whereas, during charge, the lithium atoms in the positive electrode give up an electron to the 
external circuit and lithium cation to the electrolyte, which moves through the electrolyte to combine 
with the electron to form a lithium atom at the negative electrode surface.  

 

Figure 4. Lithium ions intercalation process [18] 

Lithium always diffuses from regions of high concentration to equalize the distribution of lithium atoms 
inside the electrodes.  The electrodes materials are designed in such a way to have openings that allow 
lithium atoms to move freely and have an electronic conductivity [16].  

The concept of SoC and battery cell voltage limits 

When the battery cell is constructed, and before being charged, all lithium atoms are at the positive 
electrode. At this point, the battery cell can be identified as having 0% SoC. On an atomic level, SoC is 
described as the number of lithium atoms that the negative electrode holds. When the battery is being 
charged, lithium atoms migrate from the positive electrode to the negative electrode. When all lithium 
atoms move from the positive electrode to the negative electrode, the battery cell becomes fully 
charged.  
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Lithium-ion based chemistry battery cells must always operate within upper and lower voltage limits. 
This is due to the sensitive electrochemical nature of electrode materials used in these batteries. If the 
battery cell is to be overcharged and its voltage surpassed the upper voltage limit, the battery becomes 
unstable, and the cathode starts to produce oxygen, which serves as an oxidant for burning solvent, 
which increases the cell pressure and might lead to thermal runaway. On the other hand, when the 
battery is over-discharged, and its voltage falls below the lower voltage limit, the cell will be damaged 
by the dissolution of the negative current collector with subsequent formation of copper dendrites. 

 Electrodes materials and NMC chemistry characteristics 

Negative electrodes 

The negative electrode of commercial lithium-ion battery cells is generally made of a graphite com-
pound. Graphite is made of layers of graphene. Figure 5 shows the structure of graphite on a molecular 
level.  

 

Figure 5. Atomic structure of lithiated graphite [16, 19] 

 

Figure 6. A schematic illustration of the atomic arrangement in graphene [20] 

Positive electrodes 

The positive electrode of a lithium-ion battery cell can be: 
a) Layered cathodes (allow 2D lithium diffusion): 

Lithium Cobalt Oxide (LCO): Cobalt (Co) is rare, expensive, and toxic. In addition, only half of its theo-
retical capacity is used. To have a high energy density, Nickle (Ni) can substitute Co, but Ni is thermally 
unstable [16]. Different materials for the cathode can be obtained by substituting Ni with Aluminum 
(Al), Chromium (Cr), and Manganese (Mn), each one gives different properties. NMC is a blend of Ni, 
Co, and Mn. Ni increases the battery cell voltage and has a high specific capacity. Mn and Co make the 
material more stable by improving its structural integrity and give a layered structure for better 
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intercalation [21]. Additionally, in terms of operating voltage, NMC based cathodes outperform Lithium 
iron phosphate LixFePO4 (LFP) cathodes, which can provide only 3.4V [21].  

b) Spinel cathode (allows 3D lithium diffusion): 
Lithium manganese oxide (LMO): is cheaper and safer than layered cathodes, but it has a short lifetime 
due to Mn dissolving into the electrolyte under some conditions [16]. Additives can be used to prevent 
dilution. 

c) Olivine cathodes (allow 1D lithium diffusion): 
LFP: is the most common material. It is of a low cost and low toxicity. However, it has low energy density 
due to the low open-circuit potential and low specific energy due to heavyweight of iron (Fe). 1D struc-
ture tends to have high resistance, which can be overcome in part by using very small particles and 
including conductive additives [16]. 
There are other candidate materials for the positive-electrode, but they are mostly mixtures of the 
above. 

 PV systems topologies 
There are endless uses of PV systems, with varying system complexity. Figure 7 shows a chart of various 
applications of PV systems. The topology of PV systems can be on gird off-grid or hybrid [22].  

 

Figure 7. Applications of on-grid and off-grid PV systems 

Off-grid: DC systems 

These systems are used for applications that can be powered by the DC energy produced by PV array 
directly. It is suitable for applications that generally require less than 1 KW and only DC to operate. 
Space systems, portable solar electronics are an example of these applications. Figure 8 illustrates the 
architecture of a simplified off-grid DC system.  
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Figure 8. Simplified block diagram of an off-grid DC PV system 

Off-grid AC systems 

In these types of systems, DC PV array power is transformed into AC power due to the characteristics 
of the load. In such systems, the load only operates on AC power. In this topology, the inverter main 
function is to regulate the AC voltage. Off-grid systems typically include an energy storage system which 
is usually a battery pack to have a balance between the load power requirement and the irregular PV 
power supply (i.e. shading or at night). An example of such a system is a remote home solar array on 
the roof, off-grid inverter, and a battery pack. An illustration of the topology of an off-grid AC system 
can be seen in Figure 9. 
 

 

Figure 9. Simplified block diagram of an off-grid AC PV system 

On-grid systems 

In these types of systems, the DC PV power is directly converted to AC power, this AC power either 
consumed by a load, injected to the grid, or power a load and the excess is injected to the grid. This is 
done by using an inverter to convert the PV DC output to an AC power. Similar to any power plant, the 
AC must be in harmony with the grid that it is connected to (AC voltage and frequency). The excess 
power fed to the grid (to be used by other electric devices distributed all over the grid) which is also 
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energized by other power sources. An example of this is utility scale systems. Figure 10 below shows 
the schematic of an on-grid system.  

 

Figure 10. Simplified block diagram of grid connected PV system 

Hybrid systems 

The term hybrid system is used to describe systems that use power from a PV array and another type 
of power source (i.e. national grid). Previously, the auxiliary power source was hydroelectric or wind 
turbines. At present, it is replaced generally by an on-demand power source such as on-site generators 
or the grid. A diagram describes a basic hybrid system topology is shown in Figure 11. 
The hybrid system allows power to be available during night or when PV array cannot provide the re-
quired power. The hybrid systems are designed in a way that, during favorable conditions, all consumer 
power demand can be met by the PV array produced power. When the PV array and the battery pack 
cannot provide the required power, a fossil fuel-based generator can provide power to the load and 
charge the battery pack with the surplus power. 
All power generating systems have a separate charge controller to protect the battery back. The PV 
charge controller disconnects all the load when the pack is deeply discharged. Also, when the battery 
pack SoC is low and the consumer requires more power than what the battery pack and PV array can 
provide, the fossil fuel-based generator automatically starts and provides direct AC power to the load 
and charge the battery using a rectifier or a bidirectional inverter.  
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Figure 11. Hybrid system simplified block diagram 

 The need for a charge controller device 
When an off-grid system is designed, and to ensure that power is delivered from the PV array, the PV 
array is sized to provide sufficient power to the maximum load under the most unfavorable conditions 
(i.e. cloudy weather). Therefore, most of the time, the PV array produces more power than needed, 
which can overcharge that battery pack when there is no utility grid to which the surplus power can be 
fed. The charge controller's main objective is to direct current flow in such a way that provides current 
to the battery pack when required, provides current to the inverter as per the load demand, and en-
sures that the PV array operates at an MPP at all times. Furthermore, it disconnects the current flow to 
the battery pack when it is fully charged to protect it from being overcharged.  

 Structure of photovoltaic cell 
The MPPT algorithm considers tracking the MPP of the solar array and not individual cells. This section 
describes the composition and principles of operation of a solar cell. Additionally, it illustrates how a 
solar array is constructed from solar panels. 

Composition and principles of operation 

Solar cells are P-N junction semiconductors formed by combining a P-type semiconductor with an N-
type semiconductor [23]. P-type semiconductors have holes that are positively charged, and N-type 
semiconductors have electrons that are negatively charged. The point of contact between the N-type 
and P-type semiconductors is called the P-N junction [23]. During the photovoltaic effect, light irradiates 
the surface of the PV cell. Some photons consumed by the solar cell, and others are reflected because 
the energy carried cannot be converted into electricity. The photons that are absorbed around the P-N 
junction cause the photovoltaic effect. As the electrons from the N-type semiconductor near the P-N 
junction jump to the P-type semiconductor and positively charged holes from the P-type semiconductor 
near the P-N junction jump towards the N-type semiconductor, a space charged region is formed which 
has an electric field. The photon energy absorbed by the semiconductor in the space charged region 
generates electrons and positively charged holes. The electric field forces negatively charged electrons 
in the space charge region to move towards the N-type semiconductor and the positively charged holes 
towards the P-type semiconductor. This causes electrons' concentration in the N-type region and holes 
in the P-type region to increase, which develops a potential difference. By connecting a load across the 
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N-type region and P-type region, electrons will flow from the N-type semiconductor to the P-type sem-
iconductor.  

Definition of solar cell, panel and array 

A solar panel is constructed by connecting solar cells. The connection can be either series, parallel, or 
both. The power rating of a solar panel is determined by the number of solar cells connected, the size 
of individual cells, and the efficiency of each cell. A solar array is a matrix of connected solar panels in 
in series, in parallel, or both. Figure 12 illustrates what a solar cell, solar panel, and solar array are. 

 
 

Figure 12. Illustration of a solar cell, solar panel, and solar array [24] 

 Problem formulation 
Within the framework of an ongoing REgenerative Utility of Saved Energy (RE-USE) project funded by 
Netherlands Enterprise Agency (RVO), a new advanced Battery Management System has to be devel-
oped.  
Typically, a charge controller device is used to ensure that the solar array operates at an MPP and to 
prevent battery cells from being overcharged or over-discharged. However, controlling the overall volt-
age of the battery pack is possible by selecting which battery cells to connect or shunt. This is achieved 
by implementing Kago Electronics BV PCB which has semiconductor switches that allow shunting and 
connecting of separate battery cells in the battery pack. The main idea is to connect the solar array 
directly to the battery pack to eliminate the need for a charge controller device while ensuring that the 
solar array operates at an MPP. Also, to protect battery cells from being overcharged or over-dis-
charged.  
Also, an active balancing strategy is to be investigated using the semiconductor switches technology, 
since lithium-ion battery cells have the tendency towards imbalance.  
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 Problem statement 
To develop an algorithm that: 

i. Enables the solar array to operate at MPP while charging the battery. When the solar array and 
the battery pack provide power to an inverter, the voltage of the pack should be sufficient for 
normal operation of the inverter. 

ii. Keep the battery pack balanced. 

 SBCMS topology 
Since the MPPT charge controller device will be eliminated and the functions of this device will be per-
formed by the SBCMS, the solar array will be connected directly and in parallel to the battery pack and 
inverter as shown in Figure 13. 

 

Figure 13. SBCMS topology 

 
 
 
Note: The battery pack used by RE-USE project consists of 25 modules connected in series. Every mod-
ule has 6 cartridges connected in series, and each cartridge has 14 battery cells connected in parallel. 
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3. System Architecture and Requirements 
 
In chapter 2, an overview of the different system components was given with a description of their 
characteristics and principles of operation. Also, the topology of the system was illustrated, and the 
project problem statement was defined. This chapter presents the system architecture and require-
ments. It includes stakeholders' analysis, system functions breakdown, high-level requirements, derived 
requirements, and the system's operational scenarios.   
 
 
 

 Stakeholders analysis  
i. Soluzon BV (Bouke Siebenga): investigating the business model. 
ii. Kago Electronics (Martijn De Boer): Design of the PCB, electronics, and embedded software 

that allows switching between battery cells. 
iii. TU Eindhoven (Dmitri Danilov): Project supervisor 
iv. TU Eindhoven (Tijs Donkers): Project supervisor 
v. TU Eindhoven (Peter Heuberger): Project manager 
vi. Universiteit Utrecht (Madeleine Gibescu, Ibtiha Abdelmotteleb): They are developing sim-

ulation models to predict when to use the battery pack during high demand and low de-
mand to generate profit. 

vii. Scaleup Heroes (Alex Vermeer): Responsible for project coordination. 
viii. Energieplaneet (Roland De Wit): They have data on production and consumption of elec-

tricity, they are helping Utrecht University in developing the scenarios to understand when 
the best circumstances to generate profit from storing and providing power are.  

ix. VAN OPDORP (Rob Van Opdorp): They are responsible for developing the battery pack 
hardware (e.g. assembling cells and casing).  

x. Forschungszentrum Jülich (Dmitri Danilov): They are responsible for battery characteriza-
tion tests and advising on battery cell chemistry selection.  

 System Block diagram 
The diagram in Figure 14 shows how the system of interest interacts with its environment. In this dia-
gram, the system of interest is the MPPT algorithm. It interacts with an environment model. The envi-
ronment model consists of the solar array, the battery pack, and the inverter. This diagram illustrates 
the inputs to the MPPT algorithm and the output of the algorithm. It also illustrates the flow of power 
between the environment entities.  
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Figure 14. System block diagram 

 System functions breakdown 
The diagram in Figure 15 illustrates the needed functions to realize the goal of the system of interest. 
The functions are classified into performance functions and safety functions.  

 

Figure 15. System functions breakdown 
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 System high level requirements 

1. The solar array must operate at MPP. 
2. Battery cells must be within safety voltage limits at all times. 
3. Battery cells must not be charged to 100% SoC nor discharged to 0% SoC.  
4. Battery cells must be balanced. 
5. The MPPT algorithm must be fast. 

 System derived requirements 

1. Power conversion efficiency must be higher than 97%. 
2. The difference between battery cells SoCs at the end of charging or discharging must be zero. 
3. When charging, any battery cell voltage reaches the maximum allowable voltage to be shunted. 
4. When charging, any battery cell SoC that exceeds 80% to be shunted. 
5. When discharging, any battery cell voltage that reaches the minimum allowable voltage to be 

shunted. 
6. When discharging, any battery cell SoC that falls below 20% to be shunted. 
7. The algorithm must determine switching states within 1 second when simulated in Matlab. 

 System operational scenarios 

1. The solar array can charge the battery pack without any power from the inverter. 
2. Solar array and inverter can charge the battery pack. 
3. The inverter can charge the battery pack without any power from the solar array. 
4. The solar array can provide power to the inverter and use excess power to charge the battery 

pack. 
5. The solar array can provide power directly to the inverter. 

 
Note: The model developed does not simulate scenario 5. 
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4. System Mathematical Model and Optimi-
zation Problem 

 
In this chapter, the system mathematical model is derived. It includes a solar array model, battery pack 
model, and inverter model. In addition, the objective function is formulated.  
 
 
 

 System mathematical model 

Solar array mathematical model 

a) Solar cell model 
The equivalent circuit shown in Figure 16 represents a model of a solar cell. 

 

Figure 16. Solar cell equivalent circuit 

Equation (4.1) describes the total current produced by a solar cell 

                                               pvcell ph D shI I I I= − −                                                                                       (4.1) 

The voltage across the various elements in the circuit is governed by equation (4.2) 

                                                sh pvcell sV V I R= +                                                                                             (4.2) 

Equation (4.3) is the characteristic equation of a solar cell which relates the voltage of a solar cell to 
the total current produced by the solar cell [25] 

                              

( ) ( )( ) ( )
( ) ( ) ( 1)

pvcell s

T

V t I t R
pvcell s V

pvcell ph o
sh

V t I t R
I t I t I e

R
η

++
= − − −                                   (4.3) 

Were: 

pvcellI ≡ The total current produced by the solar cell which is supplied to the load (Amps). 

phI ≡  The photo current (Amps). 

DI ≡ The current running through the diode (Amps). 
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oI ≡ The reverse bias saturation current (Amps). 

V ≡ The total voltage of the solar cell (Volt). 

shV ≡ The voltage across the shut resistance (Volt). 

TV ≡ Thermal voltage (Volt). 

η ≡ Diode ideality factor. 

sR ≡ Used to model the effects of wires (Ohm). 

shR ≡Used to model current leakage across the PV junction (Ohm). 

b) Solar panel model 
For  n  solar cells connected in series constructing a panel as shown in Figure 17, the relationship be-
tween the current produced by the solar panel and the voltage of individual cells is governed by equa-
tion (4.4) 

 

Figure 17. Solar panel constructed from connecting solar cells in series 

                                             ( 1)

i
i pvpanel s

i
T

V I Ri
i pvpanel s Vi i

pvpanel ph oi
sh

V I R
I I I e

R
η

+
+

= − − −                                        (4.4) 

Were i is cell's number, and parameters are cell dependent. 
 

                                             1 2 3( ) ( ) ( ) ( ) ......... ( )pvpanel nV t V t V t V t V t= + + +                                              (4.5) 

                                                ( ) ( )* ( )pvpanel pvpanel pvpanelP t V t I t=                                                                 (4.6) 

Note: The solar cell with the lowest rated current determines the current output of the whole panel. 

min( )i
pvpanel pvI I      i {1,....,n}= ∀ ∈  

Were: 

pvpanelP ≡  Solar panel power (Watt). 

pvpanelV ≡  Total voltage of solar panel (Volt). 

pvpanelI ≡  The total current produced by the solar panel which depends on solar irradiation (Amps). 

c) Solar array model 
Solar panels are connected in series or in parallel or both to increase the power output. Similar to bat-
tery cells, when connected in series, the voltage increases while amperage remains the same, and when 
connected in parallel, the voltage remains the same while amperage increases. Both voltage and am-
perage depend on radiation intensity and the efficiency of individual solar panels. 
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Figure 18. Solar array model constructed from solar panels connected in series [26] 

For n number of solar panels connected in series constructing a solar array as shown in Figure 18, the 
total voltage of the solar array can be calculated by equation (4.7) 

                               ( ) ( ) ( ) ( ) ......... ( )pv pvpanel pvpanel pvpanel pvpanelV t V t V t V t V t= + + +                                  (4.7) 

                                                              ( ) ( )* ( )pv pv pvP t V t I t=                                                                      (4.8) 

Were: 

pvP ≡  Solar array power (Watt). 

pvV ≡  Total voltage of solar array (Volt). 

pvI ≡  The total current produced by the solar array which depends on solar radiation (Amps). 

Battery pack mathematical model 

Lithium-ion battery cell operation can be modelled by the equivalent circuit schematic shown in Figure 
19. This model is known as the Rint model. The model is constructed from an ideal voltage source that 
has a dependence on the battery cell SoC. The dependence on SoC indicates that the voltage of a bat-

tery cell changes as the charge of the cell increases or decreases. The equivalent series resistance 0R
models the instantaneous polarization. Polarization is when the battery terminal voltage deviates from 
open-circuit voltage due to the passage of current. 

 

Figure 19. Rint model 
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Equation (4.9) describes changes in the state of charge [16] 

                                                                        ( ) /dZ I t Q
dt

= −                                                                        (4.9) 

Equation (4.10) describes how to compute battery cell terminal voltage [16] 

                                                            ( ) ( ( )) ( ) oV t OCV Z t I t R= −                                                           (4.10) 

For a battery pack with n battery cells and m switches connected in series, the battery pack voltage 
can be calculated using equation (4.12) 

                          1 1 2 2 3 3( ) ( ) ( ) ( ) ( ) ( ) ( ) ....... ( ) ( )pack n mV t V t S t V t S t V t S t V t S t= + + + +                          (4.11) 

                                                   
1

( ) ( ( ) )
m

j
pack j j pack o

j
V t S OCV Z I R

=

= +∑                                                 (4.12) 

Were: 
V ≡ Cell's terminal voltage (Volt). 
OCV ≡  Cell's open-circuit voltage (Volt) 
Z ≡ State of charge (%). 

packI ≡ Current passing through the pack (Amps). 

S ≡ Shunt switch, 0 (shunting cell) or 1 (connecting cell). 

packV ≡ Pack voltage (Volt). 

Inverter model 

In this system, the inverter is modeled as a load that supplies/demands power. Equation (4.13) models 
the operation of the inverter. 
  

                                                                        ( ) ( )inv inv invP V t I t=                                                                 (4.13) 

System model schematic 

The solar array, the battery pack, and the inverter are connected in parallel as shown in Figure 20 
 

 

Figure 20. System schematic 
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From the system parallel connection: 

( ) ( ) ( )pv pack invV t V t V t= =  

( ) ( ( ))
( ) ( ( ))

inv pack

pv pack

V t f V t
V t f V t

=

=
 

inv pack pvI I I= +  

0invP >  : Demanding power from the solar array and/or the battery pack. 

0invP < : Charging the battery pack. 

 Objective function  
Considering the battery cells voltage 1....... nV V to be known through direct measurement, the objective 

is to find the values of 1....... mS S that maximize pvP  as described in equation (4.14) 
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Subject to: 
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Were: 

diffZ ≡  Difference in state of charge between battery cells 

minV ≡Minimum voltage the battery cell 

maxV ≡Maximum voltage of battery cell 

minZ ≡Minimum state of charge 

maxZ ≡Maximum state of charge 

γ ≡  Weight factor, used for self-balancing 

 Experimental data used to model solar and battery cells 
The voltage profile of cobalt oxide based lithium-ion battery cell shown in Figure 21 is used to develop 
the battery cell model.  Figure 22 shows the I-V curve obtained through experiments for the solar cell 
used to develop the solar cell model. 
 

 
Figure 21. voltage profile of cobalt oxide-based Li-ion battery cell 
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Figure 22. Solar cell I-V curve used to create the model 
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5. MPPT Algorithm Development  
 
This chapter introduces the objective function which the MPPT algorithm has to optimize. It also ex-
plains the optimal solution that can be implemented and its limitations. In addition, it describes the 
currently implemented solution by Kago Electronics BV, which is used to validate the concept of switch-
ing. Finally, it presents the MPPT algorithm. 
 
 
 

 Simplified optimization problem 
The optimization problem is a combinatorial optimization problem, where the best possible solution is 
achieved by a combinatorial subset resulting from the available discrete values [27]. For the objective 
function (4.14), it is not possible to optimize over time because radiation intensity changes over time, 
and the power produced is affected by other environmental factors such as shading and rain. Besides, 
the inverter demand or supply of power is not known prior and governed by an operator decision based 
on the market's electricity price. Thus, the solution only looks for instantaneous optimization. There-
fore, the optimization solution optimizes the solar array power based on objective function (5.1) 
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min maxjZ Z Z≤ ≤  

Were: 

diffZ ≡  Difference in state of charge between battery cells 

minV ≡Minimum voltage the battery cell 

maxV ≡Maximum voltage of battery cell 

minZ ≡Minimum state of charge 

maxZ ≡Maximum state of charge 

 Optimal solution 
A guaranteed optimum solution can be achieved by implementing an ESA that generates all possible 
switching combinations and tests which one gives optimum solar power.  ESA is a feasible option when 
solving an optimization problem with a small number of combinations, given the availability of compu-
tational power. For example, for a pack of 3 battery cells connected in series, the feasible connection 

combinations are 32 8= combinations. The optimization function for such a PV system is shown in (5.3). 
Table 1 illustrates the possible connection combinations. 
                                                                       ( )

1 2 3
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∑                                              (5.3) 

 
S1 S2 S3 Power as a function of 

switching combination 
0 0 0 P(0,0,0) 
0 0 1 P(0,0,1) 
0 1 0 P(0,1,0) 
0 1 1 P(0,1,1) 
1 0 0 P(1,0,0) 
1 0 1 P(1,0,1) 
1 1 0 P(1,1,0) 
1 1 1 P(1,1,1) 

Table 1. Feasible connection combinations 

 
Any cell that does not comply with the constraint is being shunted. Table 2 demonstrates what will be 
the search space if cell1 violated either SoC or voltage constraints. In this setting, the search space is 
reduced to half. 
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S1 S2 S3 Power as a function of 
switching combination 

0 0 0 P(0,0,0) 
0 0 1 P(0,0,1) 
0 1 0 P(0,1,0) 
0 1 1 P(0,1,1) 

Table 2. Feasible connection combinations if cell 1 violated SoC and or voltage constraints 

An ESA solution is limited by the size of the search space.  As the number of battery cells increases, a 
combinatorial explosion occurs, and it will require an immense computation power, which is not avail-
able by the PCB. Despite its optimality, it is not a viable solution, except for a small battery pack. 

 Caterpillar algorithm 
The main idea of the caterpillar algorithm is to select elements in such a way that is reminiscent to a 
caterpillar's movement. This method determines which battery cells to be connected and shunted at 
each time step or switching instance. With every switching instance, a constant predetermined number 
of battery cells is connected. The block of battery cells connected alternate in a sequential loop in a 
movement comparable to the caterpillar crawl.  
Caterpillar algorithm description 
This is achieved by determining pointers and connecting the battery cells that fall within the boundaries 
of these pointers and shunt other battery cells. The pointer defines the index of the battery cell, which 
represents the order of the battery cell in the physical battery pack connection. For example, in Table 
3, index 1 represents the first battery cell in the pack, and index n represents the last battery cell in the 
pack.  
 

Index 1 2 3 … … … n 
Cell order  Cell 1 Cell 2 Cell 3 … … … m 

Table 3. Order of cells in physical battery pack connection 

The Caterpillar algorithm flowchart is illustrated in Figure 23. The algorithm first receives all battery 
cells SoCs, battery cells voltages, solar array maximum power (voltage and current at maximum power), 
inverter power through direct measurement via sensors, and how many battery cells to connect (k) at 
every time step. At the start Pointer1 =  1 and increases with a step of 1 until reaching m , and as 
charging or discharging continues, Pointer1 goes in a loop from 1 to m. Always Pointer2 =  Pointer1+
( 1)k −  except when Pointer1 ( ( 1))m k> − − . In the case when Pointer1 ( ( 1))m k> − − , Pointer2

m=  , and two other pointers are defined, which are Pointer3 and Pointer4. Always Pointer3 1=  and 
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Pointer4 ( 1) (k m= − − − Pointer1 ) . After defining these pointers, the algorithm connects cells that 
fall within the boundaries of Pointer1 to Pointer2, and Pointer3 to Pointer4. When Pointer1

( ( 1))m k< − −  Pointer3 and Pointer4 are set to 0, and only battery cells fall within the boundaries of 
Pointer1 and Pointer2 are connected.  
. 

 

Figure 23. Caterpillar algorithm flowchart 
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 MPPT algorithm  
An algorithm based on heuristics specific to the Maximum Power Point Tracking (MPPT) problem to be 
implemented to eliminate the combinatorial explosion that the exhaustive search algorithm suffers 
from. By using observations from the power function of photovoltaic cells shown in Figure 1 to reduce 
the search space. From Figure 1, the following observations can be deduced: 
 

1. The MPP is a function of the voltage of the solar cell. 
2. The voltage of the solar cell is controlled by the battery pack when they are connected. 
3. MPP current will flow to the battery pack if the battery pack voltage is at the same voltage 

as solar cells' MPP voltage. 
4. The power function has sharp decay as the voltage exceeds the voltage of MPP. 

 
MPPT algorithm description 
 
The suggested heuristic algorithm flowchart is shown in Figure 24. At the start, it receives all battery 
cells SoCs, battery cells voltages, solar cells maximum power (voltage and current at maximum power), 
and inverter power (demand/supply) through direct measurement via sensors. Based on imposed con-
straints on battery cells SoCs and voltage, the algorithm shunts battery cells that do not comply with 
the constraints. If the battery cells were to be charged, cells with the lowest SoCs that have a combina-
tion of voltages less than the voltage of solar array at MPP would be charged, while other battery cells 
will be shunted. Conversely, if battery cells were to be discharged, battery cells with the highest SoCs 
that have a combination of voltages less than the voltage of the MPP of the solar cells will be discharged 
first, and the rest will be shunted.  Constraints on overall pack SoC and voltage will be checked. If con-
straints were violated, the charging or discharging ends. Otherwise, an iterative process continues until 
the battery pack either fully charged or discharged to the pre-specified limits. 
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Figure 24. MPPT algorithm flowchart
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6. Implementation Results  
 
This chapter provides an understanding of the properties of the Caterpillar and the MPPT algorithms. 
In this chapter, both algorithms were implemented, and the main characteristics of each algorithm 
were identified.  
 
 
 

 Caterpillar algorithm simulation results 
Inverter power 0 
Number of solar cells in the solar array 2P1080S (2160 solar cells) 
Battery pack topology 150S14P (2100 battery cells) 
Power conversion efficiency 16.33% 
Switching  Every 100 seconds 
Number of connected cells 120 
SoC of the cartridge with the highest SoC 
when the battery pack is fully charged 

73.55% 

SoC of the cartridge with the lowest SoC when 
the battery pack is fully charged 

72.29% 

Simulation time 1309.6 seconds 

Table 4. Caterpillar algorithm simulation parameters and results 

 

Figure 25. Solar array maximum available power and converted power 
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Figure 26. SoC evolution 

 

Figure 27. Maximum power current, solar array operating current, Inverter current, and battery pack 
current 
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Figure 28. Maximum power voltage, solar array operating voltage, Inverter voltage, and connected 
cartridges voltage 

 

Figure 29. Number of connected cartridges 
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 Caterpillar algorithm simulation results discussion 
Figure 25 shows the optimum power of the solar array and the solar array power converted due to the 
change in the voltage of the battery pack. The caterpillar algorithm connects 120 cartridges at every 
time step as shown in Figure 29. This means that the voltage of the battery pack starts from a certain 
value as shown in Figure 28 and increases. Consequently, this increase forces the solar array voltage to 
change and not to operate in an optimal region. While the voltage of the solar array deviates from the 
optimum power voltage as shown in Figure 28, the solar array charging current decreases as well, as 
shown in Figure 27. The battery pack state of charge increases steadily as shown in Figure 26, and the 
growth slows as solar array power deviates from the MPP and less charging current is provided.  As 
every cartridge in the battery pack voltage increases, the solar array operates at a higher voltage that 
forces the charging current to be decrease as time progresses until becoming 0, therefore the power 
of the solar array becomes 0 as shown in Figure 25. As a result, the battery pack's SoC cannot be charged 
above 73.18% SoC when 120 cartridges are connected. When connecting 120 cartridges, It takes 144 
hours 38 mins to charge the battery pack using the caterpillar algorithm to reach 73.18% SoC. 

 MPPT algorithm simulation results 

With no inverter power 

Inverter power 0 
Number of solar cells in the solar array 2P1080S (2160 solar cells) 
Battery pack topology 150S14P (2100 battery cells) 
Power conversion efficiency 99.96% 
Switching  Every 100 seconds 
SoC of the cartridge with the highest SoC 
when the battery pack is fully charged 

80% 

SoC of the cartridge with the lowest SoC when 
the battery pack is fully charged 

80% 

Simulation time 217.83 seconds 

Table 5. MPPT algorithm simulation parameters and results 

 

Figure 30. Solar array maximum available power and converted power 
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Figure 31. SoC evolution 

 

Figure 32. Maximum power current, solar array operating current, Inverter current and battery pack  
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Figure 33. Maximum power voltage, solar array operating voltage, Inverter voltage, and connected 
cartridges voltage 

 

Figure 34. Number of connected cartridges 
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With inverter supplying power to the battery pack 
 

Inverter power 0.2432 W 
Solar array topology 2P1080S (2160 solar cells) 
Battery pack topology  150S14P (2100 battery cells) 
Power conversion efficiency 99.96% 
Switching  Every 100 seconds 
SoC of the cartridge with the highest SoC 
when the battery pack is fully charged 

80% 

SoC of the cartridge with the lowest SoC when 
the battery pack is fully charged 

80% 

Simulation time 163.61 seconds 

Table 6. MPPT algorithm simulation parameters and results with inverter power supply 

 

Figure 35. Solar array maximum available power and converted power 
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Figure 36. SoC evolution 

 

Figure 37. Maximum power current, solar array operating current, Inverter current, and battery pack 
current 

00:00 04:00 08:00 12:00 16:00

Time [h]

0.2

0.3

0.4

0.5

0.6

0.7

0.8

So
C

 [%
]

State of charge vs. time

SoC

00:00 04:00 08:00 12:00 16:00

Time [h]

0

0.005

0.01

0.015

0.02

C
ur

re
nt

 [A
]

Current [A] vs. time

Imp

Isolar

Iinv

Ipack



Eindhoven University of Technology 

43 
 

 

Figure 38. Maximum power voltage, solar array operating voltage, Inverter voltage, and connected 
cartridges voltage 

 

          Figure 39. Number of connected cartridges 
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 MPPT algorithm simulation results discussion 

With no inverter power 

Figure 30 shows the optimum power of the solar array and the solar array power converted due to the 
change in voltage of the battery pack. The conversion of power is almost 100% except at the end of the 
simulation when almost all battery cells are charged and few not charged, the remaining not fully 
charged cells control the voltage of the solar array, which causes the drop in power at the end. Figure 
31 shows the evolution of SoC, as expected battery pack SoC increases steadily until reaching 80% due 
to the constant charging power, which is caused by optimal switching. Figure 33 shows how the change 
in the connected battery cells' voltage forces the solar array voltage to change, which causes the change 
in current seen in Figure 32. Figure 34 shows how many cartridges are connected at every time step. 
The connected cartridges are not necessarily the same cartridges when the horizontal line is constant. 
It takes 26 hours 56 mins to charge the battery pack using the MPPT algorithm due to the optimality in 
switching. 

With inverter supplying power to the battery pack 

Figure 35 shows the optimum power of the solar array and the solar array power converted due to the 
change in voltage of the battery pack. The conversion of power is almost 100% except at the end of the 
simulation when almost all battery cells are charged and few not charged, the remaining not fully 
charged cells control the voltage of the solar array, which causes the drop in power at the end. Figure 
36 shows the evolution of SoC, as expected battery pack SoC increases steadily until reaching 80% due 
to the constant charging power, which is caused by optimal switching. Figure 38 shows how the change 
in the connected battery cells' voltage forces the solar array voltage to change, which causes the change 
in current seen in Figure 37. Figure 39 shows how many cartridges are connected at every time step. 
The connected cartridges are not necessarily the same cartridges when the horizontal line is constant. 
It takes 17 hours 58 mins to charge the battery pack using the MPPT algorithm due to the optimality in 
switching and inverter supply of power. 
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7. Conclusion and Recommendations  
 Conclusion 

A detailed mathematical model of the energy storage system was developed consisting of a battery 
pack model, solar array model, and inverter model. Based on the objective function, the problem was 
considered a combinatorial optimization problem. The optimum solution for the problem was based on 
an ESA, but it was found not suitable for practical implementation because it requires high computation 
power. The computational complexity increases exponentially with the number of battery cells in the 
battery pack. The already implemented caterpillar algorithm was investigated. It had very low energy 
conversion efficiency. It took up to 6 days to charge the battery pack to 73.18%.  This method was 
chosen as a natural benchmark because it was implemented in the available demonstrator to illustrate 
the PCB switching function. An MPPT algorithm based on heuristics specific to the characteristics of 
solar arrays MPP was developed. The MPPT algorithm had 99.96% energy conversion efficiency that 
allowed solar array to operate at almost an MPP at all times. The MPPT algorithm charged the battery 
pack in 1 day using the same power, therefore, it was a fast charging algorithm. When the inverter was 
used to charge or discharge the battery pack, the charging time was reduced, and it was proportional 
to the inverter power. It was also being noticed that as switching time increased, the power conversion 
efficiency decreased. 
 In addition, a balancing strategy based on iterative charging of cells with lower SoCs at every switching 
instance or discharging of cells with the highest SoCs at every switching instant was developed. At the 
end of a complete charge or discharge cycle, the battery pack ended up balanced. The battery cells 
balancing was better when switching happened in shorter intervals. That was attributed to the con-
nected cells being charged for a more extended period, which increased their SoCs while other battery 
cells were shunted.  The balancing of battery cells during a charge or a discharge cycle depends on 
switching time, and as switching time increased, the battery pack became more unbalanced.  
There are four factors that affect determining the switching timing, which directly affects balancing 
during a charge or discharge cycle. These factors are charging current magnitude (whether it was from 
the solar array or the inverter), inverter discharging current magnitude, number of battery cells and 
their capacities because it determines the rate of change of SoC, and solar insolation because of chang-
ing weather condition. 

 Recommendations  
The work carried out in this project laid the basis for the SBCMS, the algorithms accompanied by the 
hardware technology that applies semiconductor switching can be a perfect substitute to the charge 
controller device and have a positive impact on cost reduction for PV systems. To utilize the full poten-
tials of the switching technology, future work should focus on: 

1. Developing a capacity recalibration algorithm that estimates battery cells' capacity while they 
are being shunted. 

2. Developing battery cells voltage estimation algorithm to estimate accurately the voltages of 
each individual cell in a module by measuring only module's voltage using the shunt technique 
to eliminate costs of sensors. 

3. Developing an internal resistance estimation algorithm for battery cells ageing estimation. 
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Glossary 
 

PV system A system uses solar energy to power a load  
AC Alternating Current 
BMS Battery Management Systems 
BIPV Building-integrated photovoltaics 
𝐶𝐶𝐶𝐶2 Carbon dioxide 
DC Direct Current 
DVL Discharge Voltage Limit 
ESA Extensive Search Algorithm 
GHG Greenhouse gas 
MPP Maximum Power Point 
MPPT Maximum Power Point Tracking 
RVO Netherlands Enterprise Agency 
PV Photovoltaic  
PCB Printed Circuit Board 
PWM Pulse-Width Modulation 
RE-USE REgenerative Utility of Saved Energy 
SoC State of Charge 
SoCs States of Charge 
SBCMS Switching Battery Management System 
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Appendix A.  Project Management 
The project duration was 50 weeks. The project was divided into phases, each phase has a different 
length. In each phase, an agile development methodology was followed that allowed iterative develop-
ment of algorithms or products. Each phase is divided into 1-2 week sprints, there was weekly meeting 
with the project supervisor to ensure plans are revisited and to allow changes if required. 

A.1 Project Steering Group:
Members of the project steering group are:

1. Dr. Dmitri Danilov (Company supervisor and project mentor).
2. Dr. Tijs Donkers (University supervisor).
3. Dr. Peter Heuberger ( Automotive Systems Design program manager).
4.

A.2 Initial deliverables:
1. MPPT algorithm for complex system with real parameters
2. Internal resistance calculation algorithm
3. Capacity recalibrating algorithm
4. Technical Report describes the design steps and approaches

Initial timeline: 

Figure 40. Initial project timeline 

A.3 Revised deliverables:
1. Model of the Energy storage system
2. MPPT algorithm
3. Technical Report describes the design steps and investigates the properties of the designed

MPPT.
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A.5 Revised timeline:

Figure 41. Final project timeline 

A.6 Communication and Information Sharing:
Communication methods used are:
1. Progress meetings (weekly)
2. Project steering group meetings (every six months).
3. RE-USE consortium meetings (every 2 months).





PDEng AUTOMOTIVE SYSTEMS DESIGN
Track   AUTOMOTIVE SYSTEMS DESIGN 

PO Box 513
5600 MB Eindhoven
The Netherlands
tue.nl


	Front cover
	2
	3
	Foreword
	Preface
	Acknowledgements
	Executive Summary
	Table of Contents
	List of Figures
	List of Tables
	1.  Introduction
	1.1    Background
	1.2    Project motivation
	1.3    Business opportunity
	1.4    Report outline

	2.  Theoretical Framework
	2.1    Characteristics of photovoltaic cells
	2.2    Characteristics of lithium-ion battery cells
	2.2.1.   Principle of operation of electrochemical cells
	2.2.2.   How lithium-ion battery cells work
	2.2.3.   The concept of SoC and battery cell voltage limits

	2.3    Electrodes materials and NMC chemistry characteristics
	2.3.1.   Negative electrodes
	2.3.2.   Positive electrodes

	2.4    PV systems topologies
	2.4.1.   Off-grid: DC systems
	2.4.2.   Off-grid AC systems
	2.4.3.   On-grid systems
	2.4.4.   Hybrid systems

	2.5    The need for a charge controller device
	2.6    Structure of photovoltaic cell
	2.6.1.   Composition and principles of operation
	2.6.2.   Definition of solar cell, panel and array

	2.7    Problem formulation
	2.8    Problem statement
	2.9    SBCMS topology

	3.  System Architecture and Requirements
	3.1    Stakeholders analysis
	3.2    System Block diagram
	3.3    System functions breakdown
	3.4    System high level requirements
	3.5    System derived requirements
	3.6    System operational scenarios

	4.  System Mathematical Model and Optimization Problem
	4.1    System mathematical model
	4.1.1.   Solar array mathematical model
	4.1.2.   Battery pack mathematical model
	4.1.3.   Inverter model
	4.1.4.   System model schematic

	4.2    Objective function
	4.3    Experimental data used to model solar and battery cells

	5.  MPPT Algorithm Development
	5.1    Simplified optimization problem
	5.2    Optimal solution
	5.3    Caterpillar algorithm
	5.4    MPPT algorithm

	6.  Implementation Results
	6.1    Caterpillar algorithm simulation results
	6.2    Caterpillar algorithm simulation results discussion
	6.3    MPPT algorithm simulation results
	6.3.1.   With no inverter power
	6.3.2.   With inverter supplying power to the battery pack

	6.4    MPPT algorithm simulation results discussion
	6.4.1.   With no inverter power
	6.4.2.   With inverter supplying power to the battery pack


	7.  Conclusion and Recommendations
	7.1    Conclusion
	7.2    Recommendations

	Glossary
	References
	Appendix A.  Project Management

	4
	Back cover



