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Abstract 

In this research, the option of charging battery modules through solar energy without an intervening 

DC/DC converter is examined. A Switching Battery Management System (SBMS) is proposed that 

allows the series connection of multiple battery modules of different size, state of charge (SoC), and 
age. Two main challenges that arise by the proposed implementation are examined by the established 

digital twin of the solar battery system: the voltage regulation of the system through battery cell 

switching to maintain operation at the maximum power point of the solar cells and maintaining an 

equal (balanced) SoC for the battery modules. An algorithm that includes sorting of the battery cells 

by SoC was shown to answer both challenges, providing a good starting point for future physical 
implementation. In addition, multiple solar array topologies were examined in combination with the 

proposed set up to find the best of them for the different seasons of the year. Finally, a further 

investigation took place regarding the impact of shading onto solar cells as a guide to help select the 

best solar array topology.  
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Chapter 1 

Introduction 

Several challenges regarding energy production from sustainable energy sources and its storage with 

electrochemical means (batteries) are combined in the framework of an ongoing RVO 1  RE-USE2 

project. Many energy sources, such as photovoltaic (PV) panels, need maximum power point tracking 

(MPPT) techniques to maximize power extraction under all conditions. Besides, due to the stochastic 

nature of such energy sources, the fluctuating energy supply needs to be smoothed by the energy 
storage system to reduce its impact on the power grid. Storage, however, introduces additional costs, 

control constraints, and needs optimization.  

An approach that answers multiple problems together, including MPPT and battery storage 

optimization, is proposed. It contains a battery pack (or string) that automatically changes its voltage 

to enable the MPPT of the renewable energy source. Moreover, this proposal can reduce the total 
storage installation cost by reducing the power conversion stages and voltage sensors. The proposal 

is a new advanced Battery Management System (BMS), which will make possible the electronic 

switching of separate battery cells in a string to bypass or connect them during the charging process. 

For clarity, the new BMS will be called Switching Battery Management System (SBMS) further on. The 

topology of the proposed SBMS is shown in Figure 1, and its integration with the PV generation 
system is shown in Figure 2.  

However, several challenges are introduced with this proposed solution that require – initially 

theoretical – investigation to overcome. The first challenge will be to find an optimal switching 

strategy that can maximize the output power of a nearby PV system and, simultaneously, keep the 

proper voltage within an acceptable magnitude range. The second challenge of the SBMS will be 
tracking the unequal State of Charge (SoC) and operating voltage of individual cells, which will also 

be of a different State of Health (SoH).  

 

Figure 1: Battery cell connection with switches regulated by theSBMS 

To achieve optimal control of the SBMS, an algorithm must be programmed that allows keeping the 

voltage of a battery cell string at such a level that the solar panels connected to this string will operate 

at peak efficiency, i.e., to realize MPPT. This voltage regulation can be performed with the automatic 

shunting of several cells in the string.  At the same time,  the observation of a partial string’s output 

voltage during the shunting process should make it possible to estimate individual cell voltages to 
monitor their state of charge (SoC). In this way, the required number of voltage sensors could be 

significantly reduced. The estimated cell voltages can also be used as input data for the optimization 

of the shunting process. Another great benefit of this automated process is the avoidance of a DC-DC 

 

1 RVO is a government agency which operates under the auspices of the Ministry of Economic Affairs and Climate 
Policy for the support of entrepreneurs, NGOs, knowledge institutions and organizations. Its aim is to facilitate 
entrepreneurship, improve collaborations, strengthen positions and help realize national and international 
ambitions with funding, networking, know-how and compliance with laws and regulations [18]. 
2 The RE-USE program is an initiative supported by RVO for the development and application of materials that 
allow re-usage [19].  
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converter during the charging and discharging of the battery, as the voltage level can be kept within 

desired limits through the shunting of battery cells.  

The algorithm should be such that it performs well with battery cells that feature unequal SoC, SoH, 
operating voltages, and charging characteristics. This inconsistency among battery cells is assumed 

so that the string resembles a second-life battery (for example, a partially depleted car battery). 

Additional requirements are needed for switching to keep the balance in such a string during 

charging (or discharging). Aging diagnostics and adaptive SoH determination are sub-processes that 

need to be developed for that purpose.   

This investigation will be performed theoretically by modeling in MATLAB the following 

components:  

• a battery string containing several battery cells in series of slightly different SoH 

• an array of solar panels with known characteristics and daily varying power output 

• the proposed SBMS that will make switching decisions every specified time interval  

• an inverter that connects the system to the grid and supplies or draws power as a constant 

power or constant current source or load  

 

Figure 2: Integration of the SBMS in a PV generation system 

In addition to the theoretical investigation, data for the performance of the simulated batteries are 

required. This data can be extracted by an experimental process named characterization. According 

to this process, the equilibrium voltage (Eeq or EMF) of a battery cell can be found by measuring the 

battery’s voltage for different known currents during charging and discharging and then 

extrapolating those values towards zero current.  

A challenge that arises from the proposed system but will not be addressed is the development of an 

evaluation procedure that estimates the real degree of cell degradation, separating it into irreversible 

capacity loss and power fade. Forecasting the remaining life span is another challenge. It requires 

advanced battery degradation modeling, which considers charging and discharging regimes, SoC 

operating window, power (or C-rate), and cell temperature. In this way, the speed of battery 
degradation and thus the life span can be known. Adapting available aging models or developing new 

models will be required. 

A summary of the current project’s motivation, along with the performed tasks and challenges, is 

presented in Figure 3. All theoretical challenges are investigated by modeling the proposed system 

with the help of the MATLAB software suite. The research is performed in collaboration with Kago 
Electronics BV1 , and the experimental data come from Forschungszentrum Jülich, Institute of Energy 

 

1 Kago Electronics BV is a company developing and fabricating printed circuit board assemblies (PCBAs) and 
systems for industrial use, with a production capacity of up to 100 pieces per type per month [20].  
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and Climate, Fundamental Electrochemistry (IEK-9)1. All necessary specific technical information is 

provided by the Electric Energy Systems (EES) and Control Systems (CS) groups and other project 

members. 

 

Figure 3: Motivation and summary of the project 

  

 

1 The Jülich Research Center conducts research to provide comprehensive solutions to the challenges faced by 
society in the fields of energy and environment, information and brain research. It aims to lay the foundation for 
key technologies of the future. The Institute for Energy and Climate Research (IEK) studies modern energy 
conversion technologies in the context of climate and environmental protection. IEK-9 is responsible for 
investigations in the field of Fundamental Electrochemistry [21]. 
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Chapter 2 

Literature 

The literature review chapter provides the theoretical framework on which this study is based. In 

order to establish a good understanding of the problem and the proposed solution, the following 

paragraphs provide information on solar cells, batteries, and charging implementations through 

solar PV. These implementations can be separated into three sets: the first one refers to direct 

charging from the panels, the second set includes conventional charging with the use of a converter, 
and the third consists of dynamic approaches, similar to the proposed solution of the Switching 

Battery Management System (SBMS). Finally, all useful information is collected in a summary where 

the “gaps” of knowledge or experience towards the solution are highlighted.  

Solar cell basics  

A solar cell1 can be described as a constant current source. The current is generated by the solar 

irradiance and varies with it. However, as the operating voltage increases further, the current will 
drop abruptly, as shown in Figure 4 (left). This figure represents the current-voltage (I-V) curve of 

the solar panel and is unique for a specific solar irradiance value. As the solar irradiance increases, 

the I-V curve will shift upwards (yellow arrow). The cell temperature, besides solar irradiation, can 

also modify the I-V curve. As the load decreases (increase of resistance at solar cell terminals), the 

voltage increases to its maximum value Voc (open-circuit voltage). As the load increases (reduction of 

resistance towards zero), the current increases up to its maximum value Isc (short-circuit current).  

 

Figure 4: Solar cell I-V and P-V curves [1] 

The power delivered to a load is equal to the shadowed area (rectangle) formed by the dashed lines, 

as seen in Figure 4 (left), because power is the product of current and voltage. Replacing the current 

curve with the power curve (right), it is observed that only one solar cell voltage output (load) value 

corresponds to the maximum power delivery (Pmp). This voltage and current are denoted as Vmp and 

 

1 The solar photovoltaic (PV) cell is the basic unit. Modules consist of cells connected in series and parallel 
circuits, sealed in an protective laminate. One or more modules assembled in a wired and installable unit make 
a solar panel. The complete power-generating unit is called an array and consists of any number of panels. 
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Imp (maximum point) and are unique for each power-voltage (P-V) curve. The following relations 

apply to the operation of a solar cell at its maximum point.  

𝐹𝐹 =
𝑉𝑚𝑝 ∙ 𝐼𝑚𝑝

𝑉𝑜𝑐 ∙ 𝐼𝑠𝑐
  

𝑃𝑚𝑝 = 𝐹𝐹 ∙ 𝑉𝑜𝑐 ∙ 𝐼𝑠𝑐   

𝜂 =
𝑃𝑚𝑝

𝑃𝑜𝑝𝑡
  

where,  

FF:    the fill factor  

Pmp:  the maximum point power (MPP) 

Imp:   the MPP current 

Vmp:  the MPP voltage  

Voc:   the open-circuit voltage 
Isc:     the short-circuit current 

η:      the energy conversion efficiency 

Popt:  the optical power on the PV surface (solar irradiance)  

The maximum power point (MPP) can be found experimentally by forming the I-V and then P-V 

curves of a solar cell, testing it through different loads and solar irradiation intensities.  

Direct charging from solar PV 

The option of directly connecting a battery storage system to a solar panel has been explored in the 

past. In [2], Oleksandr A. et al. propose a solar-battery-load system with a battery directly connected 

to the circuit (Figure 5). Their motivation is the avoidance of cost, complexity, power overhead, 

reliability concerns, and interference signals that any additional power electronic adds to the 

network.  

 

Figure 5: a) Block diagram and b) Circuit diagram of a directly coupled PV-battery with load 

For an optimal battery size, the storage system can perform with a coupling factor of above 90% for 

certain sun irradiance values. The coupling factor is defined as the ratio of the extracted power from 
the solar panel to its maximum power point for the given conditions. Figure 6 displays the coupling 

factor (C) as a function of the solar irradiance (Ee) for three different operating voltages of the battery 

storage (VOCB).  
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Figure 6: Coupling factor (C) as function of irradiance (Ee) for a PV-battery combination 

Maximum Power Point Tracking (MPPT) 

Maximum power point tracking (MPPT) is defined as the process of locating the conditions 

(operating voltage) at which the highest power extraction from a solar cell occurs. The output P–V 

curve of a PV power system shows a single peak under an even irradiation environment. However, 

under partial shading conditions (PSCs), it can often exhibit remarkably nonlinear multi-peak 

characteristics, as shown in Figure 7. Many techniques for MPPT have been developed, which can 
perform differently under a variety of operating conditions. In the work of Mingxuan Mao et al. [3], a 

large number of MPPT techniques are classified and summarized into three main groups. These 

groups (traditional, intelligent, and under PSCs) represent different control theory and optimization 

principles.  

 

Figure 7: P-V curve of a string of solar panels under PSCs [3] 

One of the most common methods is perturbate and observe (P&O) or the hill-climbing method. 

According to that, the PV array terminals’ operation voltage is increased or decreased at regular 

intervals, and the direction of power is observed. This direction determines the next control signal. 
P&O is simple, reliable, and easy to implement. The incremental conductance (IC) method is also 

commonly used.  It works by comparing the instantaneous conductance I/V with the negative of the 

slope conductance -dI/dV, which become equal at the MPP. IC can smoothly track the MPP. However, 

it has a complex control process, while the measurement accuracy and speed affect its performance. 

A third method is current sweep (CS), according to which the I-V characteristic curve of the PV array 
is obtained directly by sweeping the array current over a wide range and observing the voltage at the 

peak power. This method can detect multiple local maxima; however, its main disadvantage is the 

slow tracking speed due to the extensive scanning [3].   
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Battery cell types 

A battery1  is an energy storage device that converts the chemical energy contained in its active 

materials directly into electric energy using an electrochemical oxidation-reduction2 reaction. There 

are many different battery types commercially available or in development. Batteries are more often 
described by the following characteristics [4].  

• Type:  primary (can discharge only once), secondary (can be recharged multiple times), 

reserve cells (need activation before discharge and provide exceptionally long storage time) 

• Electrochemistry: sealed lead-acid (SLA), nickel-cadmium (NiCd), nickel-metal hydride 

(NiMH), lithium-ion (Li-ion), etc.  

• Capacity: the available charge measured [Ah] 

• Specific Energy and Energy Density: the energy content per mass and per volume, 
respectively [Wh/kg] and [Wh/m3] 

• Specific Power: the maximum delivered power per cell mass [W/kg] 

• Voltage: the nominal, operating, maximum, or minimum permissible potential difference [V] 

Table 1 summarizes the above characteristics for different battery electrochemistries. More than one 

electrochemistries utilize lithium ions as the positive charge carrier. The voltage of a battery cell is 

determined by the type of electrochemistry and operating conditions. The capacity of a cell 
(measured in Coulomb or Ah) is the amount of electrical charge that it can store3 and is dependent 

on the physical characteristic and the operating conditions. The product of the charge and the voltage 

is equal to the battery’s energy content (measured in Joule or Wh). The current (amount of charge 

per time) running through a battery during charging or discharging can be measured in Ampers. 

However, by convention, it is commonly expressed as C-rate, a relative measure of current, defined 
as the ratio of the current in Ampers over the battery’s capacity in Ah. A current of 1C-rate [h-1] 

extracts the nominal charge of the battery in one hour.  

Table 1: Technical characteristics for different battery cell electrochemistry [5] 

Electrochemistry Voltage [V] 
Specific energy 

[Wh/kg] 

Energy density 

[Wh/L] 

Specific power 

[W/kg] 

SLA 2.1 30 - 40 60 - 75 150 - 180 

NiCd 1.2 40 - 60 50 - 150 150 

NiMH 1.2 30 - 80 140 - 300 250 - 1000 

LiCoO2/C6 3.6 - 3.7 140 - 230 270 - 350 1500 - 3000 

Li NCA, NCM/C6 3.4 - 3.5 130 - 220 260 - 330 1500 - 3000 

LiFePO4/C6 3.2 - 3.3 80 - 120 150 - 200 1400 - 2500 

Li–S 2.1 - 2.2 250 - 350 - - 

 

Besides technical characteristics, the performance of batteries over time is also crucial. Table 2 

summarizes the results of testing that was performed on battery cells of common Li-ion 

 

1 The basic electrochemical unit is the battery cell. Many cells in a steady assembly form a battery module. A 
number of modules, sometimes accompanied by a battery management system (BMS), form a battery pack. The 
word battery is commonly used interchangeably with the other terms.  
2  Oxidation-reduction or redox reaction is a type of chemical reaction that involves a transfer of electrons 
between two chemical substances. An oxidation-reduction reaction is any chemical reaction in which the 
oxidation number of a molecule, atom, or ion changes by gaining or losing an electron. 
3 Batteries are neutraly charged devices. The (negative) charge of the anode is equal to the (positive) charge of 
the cathode and is referred to as the charge of the battery.   
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electrochemistries. The life expectancy in cycles and the calendar life in years for given thresholds 

are the most important parameters.  

Table 2: Commercially available lithium-ion battery specifications [6] 

Parameters / Battery electrochemistry LFP-C LMO-C NCA-C NCO-LTO NMC-C 

Nominal capacity (Wh)  9200 9000 10400 8100 9200 

Depth of discharge (DoD)  88% 90% 78% 100% 88% 

Cycle life expectancy at <60% (cycles) 7016 5840 9281 30000 7043 

Calendar life (years)  19 15 21 20 18 

C-rate (h-1)  0.7 0.61 0.81 1 0.6 

Battery charge efficiency 98% 99% 97% 95% 98% 

Battery discharge efficiency 98% 99% 97% 95% 98% 

 

State of Charge determination 

The State of Charge (SoC) of a battery cell is defined as the fraction (percentage) of the total electrical 
charge1 stored in a battery available for discharging over the maximal capacity. Two more measures 

are commonly used regarding (dis)charging of battery cells. The Depth of Discharge (DoD) is the 

fraction of the total electrical charge stored in a battery that had been extracted at a certain point of 

time over the maximal capacity. The Depth of Charge (DoC) is the fraction of the total electrical charge 

supplied to the battery up to a certain point of time over the maximal capacity.  

There are three ways of determining and displaying the SoC [7]:  

• Direct measurements 

• Book-keeping systems 

• Adaptive systems 

Direct measurement is performed by observing one or more battery variables in real-time for which 

SoC is a known function. As an example, the battery’s voltage (V), impedance (Z), temperature (T), 

and voltage relaxation time2 (τ) can be variables of a defined numerical function (fTd) that is equal to 

the SoC. Figure 8 illustrates the principle of direct measurement, where V, Z, and τ are the directly (d) 

measured variables, while T is considered a system parameter.  

 

Figure 8: Basic principle of SoC direct measurement [7] 

Book-keeping is also known as coulomb counting. This determination system is based on current 

measurement and integration, equivalent to counting the charge flowing in or out of the battery’. 

Although such a system can be accurate under ideal conditions, several phenomena can compromise 

the measurement. These include the charging efficiency (side-reactions occurring near the end of 

 

1 In some cases, SoC is defined as the available energy percentage remaining in the battery [7]. In the current 
project SoC will refere to charge and not to energy.   
2 Relaxation time is defined as the time passed after the application of a current step (a change in current ΔI).  
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charging result in not all charge being effectively stored), the discharging availability (depending 

mainly on the SoC, T, and I, only part of the available charge inside a battery might be retrievable), 

the self-discharge (batteries gradually lose charge internally when left unused for some time even 
without net current flowing through their terminals), the capacity loss (the maximum battery 

capacity in [Ah] decreases with aging), and the storage or memory effects (some battery types 

temporarily show deviating behavior after a long time of storage).  

Due to the above phenomena, book-keeping (bk) or coulomb counting is usually combined with 

direct measurement of other battery variables. The SoC will then be a function (fbkV,T,I) of the integral 

of current over time (∫ 𝐼 𝑑𝑡 ), compensating for voltage, temperature, and the current itself. A 

schematic representation of the coulomb counting method is shown in Figure 9.  

 

Figure 9: Basic principle of SoC determination through coulomb counting [7] 

Adaptive systems include a combination of the previous two methods and a learning process 

performed through a control system. The real behavior of the battery is observed and recorded (data 

vector Yb), while standard battery parameters (I, T, and V) are directly measured. A model uses the 

read parameters to predict the battery’s behavior and produce a data vector Ym. The modeled and the 
real behavior are then compared, and an error (ε) is extracted. This error becomes input to an 

Adaptive Control Unit, which in turn updates parameter values or changes the model description. For 

example, as the battery ages, a new maximal capacity (charge) must be used for determining the SoC. 

Adaptive systems are useful as battery behavior changes through time, but also among battery cells 

of the same batch. A visual representation of an adaptive system can be seen in Figure 10.  

 

Figure 10: Basic principle of an adaptive SoC indication system [7] 

EMF measurement (characterization) 

The equilibrium voltage (Eeq) or electromotive force (EMF) is the internal driving force of a battery 

that provides energy to a load. The battery’s voltage differs from the equilibrium value when the 

battery is in use, either charging or discharging. Only when no current flows and sufficient time is 

given for the battery to relax, the voltage equals the EMF [8]. The process of determining the EMF of 
a battery as a function of its SoC is called characterization. Two common ways of characterization are 

linear extrapolation and voltage relaxation.  
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For the linear extrapolation method, the average battery voltage is calculated at the same SoC from 

the voltage values during charging and discharging at the same C-rate. This average is considered to 

be the EMF, assuming that the overvoltages1 during charging and discharging are always symmetrical 
to the EMF value. Another way of performing the linear extrapolation method is by conducting 

several (dis)charges, increasing or decreasing the C-rate by a step in each (dis)charge. Then, using 

the recorded voltage values at each SoC for every C-rate and extrapolating towards zero (for the C-

rate value), the EMF is obtained. Near the end of the battery discharging process, the voltage curve 

becomes almost vertical. For that reason, the parameters of extrapolation are reversed: for the same 
voltage and extrapolating towards zero (for the C-rate), the SoC is obtained. An illustration of 

applying the extrapolation method for C-rates varying from 2 to 0.1 during discharging is shown in 

Figure 11. Detail (a) displays vertical extrapolation (at the same SoC), while detail (b) shows 

horizontal extrapolation (at the same voltage).  

 

Figure 11: EMF extrapolation procedure based on various discharge voltage curves [9] 

 

Figure 12: Voltage-relaxation after a discharge step of 0.25 C-rate towards 3V at 5°C [8] 

With the voltage relaxation method, the battery is (dis)charged in steps; after each, the battery is left 

to rest for a long time and reach the equilibrium value that is directly measured. The time required 

for the battery to relax after current interruption varies. The lower the SoC and the temperature, or 
the higher the C-rate used during the (dis)charge step, the longer relaxation time is required. The 

 

1 Overvoltage or overpotential is the voltage difference (ΔV) of the battery from its equilibrium value (EMF). It 
is positive when the battery charges and negative during discharge.  
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example displayed in Figure 12 shows that a relaxation time of 30 mins can produce a 15 mV EMF 

estimation error or a 4.2 % wrong SoC indication, compared to the full relaxation of 600 minutes.   

Conventional charging methods  

A solar PV battery storage system, whether autonomous or grid-connected, conventionally includes 
the following components [10]:  

• PV panels 

• Battery pack 

• MPP tracking device 

• Charge controller 

• DC/DC converter  

The configuration of a solar PV battery storage system is shown in Figure 13. The PV panels directly 

convert solar energy into electric energy. The battery pack stores energy in electrochemical form. An 

MPPT device controls the DC/DC converter’s input voltage level to ensure (close to) maximum 

efficiency operation of the solar panel. The charge controller monitors the state of charge (SoC) level 
of the battery and controls the DC/DC converter’s output voltage level. The DC/DC converter is a 

power electronic device that changes a DC power source’s voltage level. To supply a local load or 

connect to the grid, the solar battery storage system should be equipped with an additional DC/AC 

inverter.  

 

Figure 13: Solar PV battery storage system (white arrow = power, black arrow = info) 

The efficiency of a DC/DC converter depends on its design and varies with the desired output voltage. 

The efficiency curve of a typical DC/DC converter used in solar-powered battery charging is shown 

in Figure 14.  

 

Figure 14:  Efficiency of a typical DC/DC converter as a function of output voltage for Vin = 330 V [11] 
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Charging through switching systems  

The concept of modifying the number of connected battery cells to obtain the desired voltage level 

has been approached in the past. Batteries mounted to a device that provides this function are called 

self-reconfiguration batteries in literature. 

In [12], G. Despesse et al. designed a battery monitoring system using switching battery cells to 

directly drive an AC electric motor by dynamically switching batteries. This system removes the 

AC/DC converter used for charging the pack and the DC/AC converter for powering the three-phase 

electric motor. The authors claim that the 30kWh designed system can adjust its output voltage by 

steps of 3.3V (equal to battery cell voltage) for a range of -60 V to +60 V with an efficiency of up to 
98% for frequencies up to 400Hz. The topology of this system is shown in Figure 15.  

 

Figure 15: Schematic of the BMS prototype 

In [13], Nelson A. Kelly designed and tested a direct solar photovoltaic charging of nickel-metal 

hydride (NiMH) car batteries for General Motors (GM). However, in that case, the optimization is 

done from the PV side by adding or removing PV modules in series according to the demand of the 

battery and not vice versa. A simplified overview of this system is displayed in Figure 16.  

 

Figure 16: Schematic of the variable, high-voltage, PV battery charging system [13] 

Nelson finds three advantages in this method of charging battery vehicles. First is the elimination of 
the approximately 10% conversion loss (DC to AC through the inverter and AC back to DC through 

the charger). Secondly, the elimination of the power converters themselves and the resulting cost 
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reduction. The third is the weight reduction of the on-board charger in the vehicle that further 

increases its driving range. 

Reference [14] of Feng Ji et al. proposes a self-reconfigurable batteries’ topology (Figure 17) without 
a DC-DC converter that maintains the voltage of the battery pack as well as the SoC consistency among 

the individual battery cell. The switches that are highlighted together operate in pairs (when one is 

off, the other is on).  

 

Figure 17: Self-reconfigurable batteries topology [14] 

The number of cells m that must be connected in series so that the voltage remains at the desired 

level is given by the ratio  

𝑚 ≥
𝑈𝑐
𝑈𝑚

 

where,  

Ut:  the target voltage of the battery pack  

Uc:  the discharge cut-off voltage of the cell  

For SoC consistency, a control strategy is developed. According to the strategy, the battery cells will 

be sorted by SoC (from high to low), then connected progressively in series until the appropriate 

voltage level is reached. Suppose the difference of SoC between the lowest cell in the connected series 

and the highest bypassed cell is greater than a specified value. In that case, the bypassed cell is 

connected, and the previously connected cell is bypassed.  

This DC-DC converter-less topology was demonstrated experimentally to perform as expected, 

equalizing SoC and providing the required power to the load. At the same time, the authors of the 

paper note that it can be used in a wide range of applications where the battery pack’s power is 

redundant.  

In [15], T. Gibson and N. Kelly studied the direct charging of batteries from a PV system with no 
intervening electronics. Similarly to the purpose of this project, they matched the PV maximum 

power point voltage to the battery charging voltage at the desired maximum SoC for the battery. The 

solar energy to battery charge conversion efficiency was then compared for 10 to 16 cells. The results 

of solar energy to charge efficiency as a function of time and as a function of the MPP voltage to the 

operating voltage (at maximum found efficiency) are shown in Figure 18 and Figure 19, respectively.  

According to the authors, the design of the solar PV charging system must include a MPP voltage very 

near and slightly below the maximum desired battery charging voltage. The variation of the solar 

irradiance, and thus the changing Vmp of the solar cell, was not taken to account, nor dynamic 

switching was used.  
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Figure 18: Solar energy to battery charge efficiency comparison for cells in series as a function of time [15]  

 

Figure 19: Efficiency of solar energy saving to the battery as a function of the ratio Vmp/Vbat at the highest 
efficiency of each case [15] 

Summary   

Conventional solar battery charging systems include DC/DC converters, which are expensive and can 
decrease system efficiency. Direct charging of batteries from the PV panels can reach efficiencies of 

up to 90% when carefully designed. However, such systems cannot perform individual cell balancing 

and their performance drops dramatically for lower sun irradiance. Battery cells combined with 

switching systems can maintain a coupling factor (during charging from PV panels) or a load 

efficiency (when driving, e.g., electric motors) near 100%. They remove the need for DC/DC or DC/AC 
converters and perform cell balancing simultaneously; however, they require accurate SoC 

determination and MPPT to perform well. Though the concept of self-reconfigurable batteries has 

been previously explored, no specific information was found in literature about solar-powered 

charging. 
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Chapter 3 

Methodology 

This chapter expands into five paragraphs. The first paragraph regards the data acquisition; the 

processes followed to obtain the data used as input to the developed models. One experimental task 

was performed for battery cell data acquisition, and two less practical tasks for obtaining and 

formatting data for the solar cell and the weather conditions (solar irradiance). The second 

paragraph describes in detail the components of the total system, which can be seen in Figure 20. 
These components are modeled in the MATLAB software as digital twins of their real-life 

counterparts. In the third paragraph, the development of the main software model is described. The 

main focus is the switching decisions to be made by the SBMS. Many aspects are examined for 

achieving this task, such as the method of MPPT, how the SBMS receives as inputs the system’s 

parameters, and which is the most effective programming technique to be used for decision making 
of switching actions. The fourth paragraph describes the method of the approximate impact 

calculation of shading onto the solar cells. In the final paragraph, a flow chart of these tasks is 

presented as a summary.  

 

Figure 20: System-level model containing a PV panel, battery modules  in series through SBMS, an inverter 

Data acquisition  

The following data inputs are necessary for the simulation of the system proposed in this project:  

• Battery cell capacity and EMF vs. SoC curve 

• Behavior of solar panel (I-V curve) 

• Daily solar irradiance profile (for winter and summer) 

Cell Characterization 

The cell characterization process has been described briefly in the introduction and more analytically 

in the literature chapter. The selected experimental method of characterization in this project is 

linear extrapolation. The setup of the battery cells where the measurements were taken is shown in 
Figure 21. The results of the consecutive charges with C-rate varying from 0.03 to 0.96 and 

extrapolation towards zero current are shown in Figure 22. 
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Figure 21: Battery modules  in an environmental chamber at the Jülich Research Center 

 

Figure 22: Voltage curves and extrapolated EMF during cell charge 

Solar cell data 

The solar panel data is given by the manufacturer’s label in the form of an I-V curve and is shown in 

Figure 23. This curve was digitized with the use of the program GetData Graph Digitizer and 

smoothed through MATLAB. The acquired data set can be found in the Appendix.  
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Figure 23: Solar cell I-V curve (Panasonic model VBHN240SE10 @ 25 oC) 

A 3D interpolation through MATLAB was used to determine the current for any voltage and 

irradiance value during the simulations. Figure 24 shows the results of the 3D interpolation through 
the manufacturer’s data. The black dots represent known data points (after smoothing), the colored 

area is created through interpolation, the red asterisks show the MPP for each irradiance (G) level.   

 

Figure 24: 3D sample data for interpolation (current [A], irradiance [W/m2], voltage [V]) 

Weather data  

The weather data is obtained by the European Commission Science Hub’s platform PVGIS [16]. This 
Photovoltaic Geographical Information System provides access to worldwide data in hourly, daily, 

and monthly form for the global horizontal irradiation, direct normal irradiation, clear-sky 

irradiation, and air temperature. It can also provide irradiation data as received on a tilted surface or 

a panel with solar tracking options. Finally, it can accurately estimate the energy yield of several PV 

panel technologies.  
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Data were extracted from the platform for the following parameters:  

Location:   Eindhoven 

Latitude:   51.448o 
Longitude:  5.490o 

Data resolution:   hourly  

Month:    an average of June and December 

Radiation database: PVGIS-SARAH 

Azimuth of plane: 0o (South orientation) 
Irradiance:    Global (Gi) on a fixed plane (W/m2) 

Slope of plane (tilt): 51o 

June and December were selected to test the proposed system at two extremes. The irradiance 

selected was the global, which is the real measured irradiation that includes the effect of cloud 

coverage, so the simulation results are as close as possible to an actual case scenario. Figure 25 
contains plots of the downloaded data sets.  

 

Figure 25: Global irradiance on 51o tilted surface in Eindhoven 

Basic system components 

For the simulation of the proposed SBMS, the following components that interact with it were 

developed as digital twins1:  

• Battery pack  

• Solar array 

• Inverter (grid-connected) 

The developed digital twins reproduce the behavior of the listed components as if they were “black 
boxes” and do not include a microscopic level representation.   

 

1 The digital twin is a set of virtual information constructs that fully describes a potential or actual physical 
manufactured product from the micro atomic level to the macro geometrical level. At its optimum, any 
information that could be obtained from inspecting a physical manufactured product can be obtained from its 
digital twin [22]. 
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Battery cell 

The battery cell consists of a voltage source and a series resistance, as shown in Figure 26. This 

simplified battery cell representation is named the internal resistance (Rint) model.  

 

Figure 26: Battery cell model (Rint)  

The above battery cell equivalent circuit is described from the following formulas  

𝑥 =
1

𝑄0
∫ 𝐼 𝑑𝑡
𝑡𝑓

0

→
𝑑𝑥

𝑑𝑡
=
𝐼(𝑡)

𝑄0
 (1) 

𝑉𝑏𝑎𝑡(𝑡) = 𝐸𝑒𝑞(𝑥(𝑡)) − 𝐼(𝑡)𝑅𝑖𝑛𝑡  (2) 

where,  

x:     the state of charge or SoC (charge available over max. charge) 

tf:     the duration of charging 

I:      the current  

Q0:   the maximal battery capacity  
Vbat: the battery cell terminal voltage (also denoted as Voc for open-circuit voltage) 

Eeq:   the battery cell equilibrium voltage (given by experimentally obtained curve) 

Rint:  the internal resistance of the battery cell  

Solar Cell 

A solar cell (photovoltaic or PV cell) under illumination consists of a current source, a diode, and a 

shunt (short circuit) resistor in parallel Rsh, followed by a resistor in series Rs, as shown in Figure 27.  

 

Figure 27: Solar cell model 

The above equivalent circuit is described in equation (3).  
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𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼𝑑 − 𝐼𝑠ℎ  (3) 

𝐼𝑑 = 𝐼0 (𝑒
𝑞𝑉𝑑
𝑘𝑇 − 1) (4) 

where, 

Ipv:  the (total) current through the solar cell’s terminals [A] 

Iph:  the photo-generated current [A] 

Id:    the diode current [A] 

Ish:   the current through the shunt resistance [A] 

I0:    saturation current [A] (not to confuse with light intensity at the surface of the panel) 
q:     electron charge = 1.6 10-19 [C]  

k:     Boltzmann’s constant = 1.38 10-23 [m2 kg s-2 K-1] 

T:     temperature [K] 

Because the photocurrent generator, the diode, and the shunt resistance are in parallel, we have 

𝑉𝑑 = 𝑉𝑠ℎ  (5) 

By applying Kirchhoff’s voltage law to the above circuit, we get 

∑𝑉𝑖 = 0 ⇒ 𝑉𝑠ℎ − 𝑉𝑠 − 𝑉𝑝𝑣 = 0 ⇒ 𝑉𝑠ℎ = 𝑉𝑝𝑣 + 𝑉𝑠⇒𝑉𝑠ℎ = 𝑉𝑝𝑣 + 𝐼𝑝𝑣𝑅𝑠 (6) 

From the circuit and by applying (6), we get 

𝐼𝑠ℎ =
𝑉𝑠ℎ
𝑅𝑠ℎ

=
𝑉𝑝𝑣 + 𝐼𝑝𝑣𝑅𝑠

𝑅𝑠ℎ
 (7) 

where, 

Rs:    the internal series resistance of the solar cell 

Rsh:  the shunt (parallel) resistance of the solar cell 

Finally, by applying equations (4) to (7) into (3), we get for the solar cell circuit   

𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼0 (𝑒
𝑞(𝑉𝑝𝑣+𝐼𝑝𝑣𝑅𝑠)

𝑘𝑇 − 1) −
𝑉𝑝𝑣 + 𝐼𝑝𝑣𝑅𝑠

𝑅𝑠ℎ
 (8) 

𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼0 (𝑒
(𝑉𝑝𝑣+𝐼𝑝𝑣𝑅𝑠)

𝜂𝑉𝑡ℎ − 1) −
𝑉𝑝𝑣 + 𝐼𝑝𝑣𝑅𝑠

𝑅𝑠ℎ
 (9) 

Occasionally, the fraction kT/q is replaced by the term Vth, which is known as thermal voltage. 

Additionally, the term q is removed if Boltzmann’s constant (kb) is expressed in eV⋅K−1. 

For the photocurrent and the saturation current, we have the following equations, respectively. 

However, their values are calculated through the fitting of experimental data to (9) rather than 
analytically.  

𝐼𝑝ℎ = 𝑞𝐴𝐺(𝐿𝑛 +𝑊𝑑 + 𝐿𝑝) (10) 

𝐼0 = 𝑞𝐴 (
𝐷𝑛
𝐿𝑛
𝑛𝑝 +

𝐷𝑝

𝐿𝑝
𝑝𝑛) (11) 

where,  
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A:       solar cell area 

G:       optical generation rate (not to confuse with solar irradiation @ STC) 

Dp,n:   diffusivity of carriers (holes and electrons)  
np, pn: minority carrier concentration (electrons at p-side and holes at n-side of the junction) 

Lp,n :    carrier diffusion length        

Wd:     total length of the depletion region 

Solving (9) explicitly for Vpv and Ipv, we have respectively  

𝑉𝑝𝑣  =  𝑅𝑠ℎ ∙ (𝐼0 + 𝐼𝑝ℎ) − 𝐼𝑝𝑣 ∙ (𝑅𝑠 + 𝑅𝑠ℎ) − 𝜂 ∙ 𝑉𝑡ℎ ∙ 𝑊 (
𝐼0 ∙ 𝑅𝑠ℎ ∙ 𝑒𝑥𝑝 (𝑅𝑠ℎ ∙

𝐼0 + 𝐼𝑝ℎ − 𝐼𝑝𝑣
𝜂 ∙ 𝑉𝑡ℎ

)

 𝜂 ∙ 𝑉𝑡ℎ
) (12) 

𝐼𝑝𝑣  =  −

𝑉𝑝𝑣 − 𝜂 ∙ 𝑉𝑡ℎ ∙

(

 
 
𝑅𝑠ℎ ∙

𝑅𝑠 ∙ (𝐼0 + 𝐼𝑝ℎ) + 𝑉𝑝𝑣
𝜂 ∙ 𝑉𝑡ℎ ∙ (𝑅𝑠 + 𝑅𝑠ℎ)

−𝑊(
𝐼0 ∙ 𝑅𝑠 ∙ 𝑅𝑠ℎ ∙ 𝑒𝑥𝑝 (𝑅𝑠ℎ ∙

𝑅𝑠 ∙ (𝐼0 + 𝐼𝑝ℎ) + 𝑉𝑝𝑣
𝜂 ∙ 𝑉𝑡ℎ ∙ (𝑅𝑠 + 𝑅𝑠ℎ)

)

𝜂 ∙ 𝑉𝑡ℎ ∙ (𝑅𝑠ℎ + 𝑅𝑠)
)

)

 
 

𝑅𝑠
 

(13) 

where,  

W: the omega function (Lambert W or product logarithm) [17].  

Alternatively, instead of equations (12) and (13), interpolation through a known I-V curve can be 
performed. This approach is selected if the solar cell parameters are unknown or if the I-V curve of 

the solar cell obtained experimentally or given by the cell’s manufacturer cannot be fitted to the 

equation.  

For the simulation performed in this project regarding the SBMS’s switching decisions, the 

interpolation approach was used. This method was selected as the given I-V curve (from solar panel 
manufacturer) was not fittable to the theoretical equations. However, to calculate the effect of 

shadows on different solar panel topologies, the analytical equations (12) and (14) were used.  

Inverter 

The inverter (Figure 28) model is not analyzed in subcomponents as the previous models. It was 

programmed as a variable resistance to represent a variable load, either in constant current or 

constant power mode.   

 

Figure 28: inverter as a connector of the system to the grid 

The following fundamental electrical engineering equations describe the operation of the inverter as 
seen from the DC side:   

𝑃𝑖𝑛𝑣 = 𝑉(𝑡)𝐼𝑖𝑛𝑣(𝑡) (14) 

𝑉(𝑡) = 𝐼𝑖𝑛𝑣(𝑡)𝑅𝑖𝑛𝑣(𝑡) (15) 
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𝑅𝑖𝑛𝑣(𝑡) =
𝑃𝑖𝑛𝑣

𝐼𝑖𝑛𝑣
2 (𝑡)

 (16) 

𝑃𝑖𝑛𝑣 = 𝐼𝑖𝑛𝑣
2 (𝑡)𝑅(𝑡) (17) 

where,  

P:   the power 

V:   the voltage  

I:    the current  
R:   the variable resistance (load equivalent)  

In this project, the inverter was added and tested to work correctly in the code (both in constant 

current and constant power mode). However, it was set to zero (off) for the simulations so that the 

project’s focus remains on the SBMS system’s performance.  

Main Model 

The MATLAB algorithm should apply the basic circuit theory (Kirchhoff’s voltage and current laws) 
for all previously described components connected in parallel (Figure 20). The user of the script 

should be able to change the following parameters easily:  

• number of battery cells in parallel (per module) 

• number of battery modules in series  

• dimensions of PV array (solar panels in series and parallel) 

• voltage and SoC limitations 

• weather data 

• inverter operation (supply or load mode) 

The algorithm must then perform dynamically switching decisions (give commands to the switching 

device as part of the SBMS) at a given time interval. For that purpose, the model should be able to:  

• achieve an optimal switching strategy (maintain Vmp) 

• perform maximum power point tracking (MPPT) 

• keep track of the SoC of the battery 

• keep battery cells equally charged (SoC balancing) 

• run with low computational demands  

Optimal Switching Strategy 

The optimal switching strategy includes the decision on how many battery cells (or modules) the 

string will contain, how many of them will be connected simultaneously in series so that the system 

matches the solar array’s MPP voltage.  

 

Figure 29: Battery cells connected in series with Switching Battery Management System (SBMS) 

The algorithm will deliver these commands as a set of zeros and ones that symbolize a cell’s bypass 

or connection to the string. As an example of how the switching practically works, in Figure 29, all 

battery cells from 1 to 5 are connected, except cell 2. For the connected cells, the respective switches 
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are in the “up” position, while for cell 2, the switch has moved to the “down” position. The instruction 

commands to the device controller can be seen as the vector of [1 0 1 1] that is placed below the 

battery string (pack).   

A typical Li-ion battery cell has a nominal voltage of 3.3 V. A solar module such as the one previously 

described has an MPP voltage just above 40 V. This implies that at least 12 battery cells in series are 

required to reach the voltage level of one solar module. Other parameters, such as storage 

requirements, solar irradiation at the location of study, time of year, and the I-V curves of the solar 

cells, need to be investigated to determine the exact ratio. Having a starting basis via the 
characteristics of the battery cells and the solar panels, simulating the system with different 

configurations leads to an optimal design, as shown in the Results.  

Battery modules are used in the simulations of this project, consisting of 14 cells in parallel. The 

examined battery pack consists of 150 modules. For simplicity, modules are drawn as cells in the 

figures.   

Methods to perform MPPT 

No MPPT was applied for this project. The MPP value was considered to be known for the SBMS 
system, and the switching decisions were made based on this known value. In reality, unless partial 

shading conditions apply on the solar panels and multiple local maximum power points occur, the 

MPP value is found within a very narrow range.  

Methods to track SoC 

The coulomb counting (book-keeping) method was selected for tracking the battery cell’s SoC. If the 

initial SoC of a cell is known in advance, then for every moment in time, the new SoC can be found by 

the charge added to the cell since the previous time point. The charge is the product of the current 
and time. The SoC will be the charge available in the cell divided over its maximal capacity (the 

maximum charge that the battery can hold).  

 

Figure 30: Pure coulomb counting method 

This method is easy to apply and provides enough accuracy in a real-world scenario. Due to 

inefficiencies in the charging process (as mentioned in Literature), a recalibration should occur after 
a prolonged operation of a system that does only a pure coulomb counting.  

Methods of programming 

The following programming approaches were tested and compared for implementing the primary 

function of the proposed SBMS system (switching decisions that enable the system to match its 

voltage with the Vmp of the solar array):  

• Enumeration 

• Sorting and Cumulative Voltage Summation (SCVS) 

• Mixed-integer linear programming (MILP) with pre-sorting  



Chapter 3 | Methodology Page 24 

Enumeration  

This method tries all possible combinations of equilibrium voltage summations of the string’s battery 

cells and finds the one which is closest to the maximum power point voltage of the solar cell. The 
number of possible combinations is equal to 2N, where N the number of battery cells in series. For ten 

battery cells, the combinations are 1024. The number of combinations increases exponentially with 

the number of cells added, making this method infeasible after a relatively small number of cells in 

series.  

Sorting and Cumulative Voltage Summation (SCVS) 

With this method, the battery cells are sorted by ascending SoC. Then, their EMFs are added 

progressively until the desired voltage is reached. This method is not computationally demanding 

and intuitively solves the problem of equal charging, as the cell with the lowest SoC will always go 

first at each time interval.  

The problem can be expressed mathematically as 

𝑀 = min {𝑚 ∈ ℕ,𝑚 ≤ 𝑁𝑏𝑎𝑡|∑(𝐸𝑒𝑞(𝑥(𝑖)) + 𝑅(𝑖)
𝑖𝑛𝑡 ∙ 𝐼𝑏𝑎𝑡)

𝑚

𝑖=1

≥ 𝑉𝑚𝑝} (18) 

The obtained battery string voltage will be  

𝑉𝑏𝑎𝑡 =∑(𝐸𝑒𝑞(𝑥(𝑖)) + 𝑅(𝑖)
𝑖𝑛𝑡 ∙ 𝐼𝑏𝑎𝑡)

𝑀

𝑖=1

 (19) 

where,  

m:    the number of battery cells in series (integer)  

Eeq:  the equilibrium voltage or EMF 

xi:     the SoC of battery cell i 
(i):   the index of the battery cell sorted by SoC 

Rint:  the internal resistance of battery cell i 

Ibat:  the current running through the battery  

Vmp: the maximum power point voltage of the solar array  

Vbat: the voltage of the selected connected batteries to the string 

Mixed-integer linear programming (MILP) 

MILP is a method to find the best result (maximum or minimum) in a mathematical model whose 

requirements are represented by linear relationships, and some or all of the variables are restricted 

to be integers.  

The whole problem of the charging process and voltage matching through switching can be expressed 
mathematically as:  

min∑[(∑[𝑐𝑖,𝑡 ∙ (𝐸𝑒𝑞(𝑥𝑖,𝑡) + 𝑅𝑖
𝑖𝑛𝑡 ∙ 𝐼𝑡

𝑏𝑎𝑡)]

𝑁𝑏𝑎𝑡

𝑖=1

− 𝑉𝑡
𝑚𝑝
)

2

+
𝛾𝑡
𝑁𝑏𝑎𝑡

∑(𝑥𝑖,𝑡 − 𝑥�̅�)
2

𝑁𝑏𝑎𝑡

𝑖=1

]

𝑇

𝑡=1

    (20) 

𝑐𝑖 ∈ {0,1} (21) 

𝐼𝑡
𝑏𝑎𝑡 = 𝐼𝑡

𝑝𝑣
− 𝐼𝑡

𝑖𝑛𝑣 (22) 
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𝐼𝑡
𝑝𝑣
=

(

 
 
𝐼𝑝ℎ − 𝐼0

(

 
 
𝑒

(
𝑉𝑡
𝑠𝑦𝑠

𝑁𝑃𝑉
+𝐼𝑡
𝑝𝑣
∙𝑅𝑠)

𝜂∙𝑉𝑡ℎ − 1

)

 
 
−

𝑉𝑡
𝑠𝑦𝑠

𝑁𝑃𝑉
+ 𝐼𝑡

𝑝𝑣
∙ 𝑅𝑠

𝑅𝑠ℎ

)

 
 

 (23) 

𝑄𝑖,𝑡
𝑏𝑎𝑡 = 𝑄𝑖,𝑡−1

𝑏𝑎𝑡 + 𝑐𝑖,𝑡 ∙ 𝐼𝑡
𝑏𝑎𝑡 ∙

𝛥𝑡

3600
 (24) 

𝑥𝑖,𝑡 =
𝑄𝑖,𝑡
𝑏𝑎𝑡

𝑄𝑖
𝑚𝑎𝑥  (25) 

𝑥�̅� =
1

𝑁𝑏𝑎𝑡
∑ 𝑥𝑖,𝑡

𝑁𝑏𝑎𝑡

𝑖=1

 (26) 

𝑐𝑖,𝑡 ∙ 𝑉𝑚𝑖𝑛 ≤ 𝑐𝑖,𝑡 ∙ (𝐸𝑒𝑞(𝑥𝑖,𝑡) + (𝐼𝑡
𝑝𝑣
− 𝐼𝑡

𝑖𝑛𝑣) ∙ 𝑅𝑖
𝑖𝑛𝑡) ≤ 𝑐𝑖,𝑡 ∙ 𝑉𝑚𝑎𝑥  (27) 

𝑥𝑚𝑖𝑛 ≤ 𝑥𝑖,𝑡 ≤ 𝑥𝑚𝑎𝑥  (28) 

where, 

t: time index ∈ [1, 2, …, T] 

T:      number of time intervals (depends on the selected Δt) 

i:        battery cell (or module) index ∈ [1, 2, …, Nbat] 

γt:  weighting factor for cell SoC balancing  
Nbat:  number of battery cells in series  

NPV:   number of solar cells in series  

Eeq(xi,t) : equilibrium voltage (EMF) as function of state of charge 

xi,t :     state of charge (SoC) of battery cell i (known initial value) 

𝑥�̅�:  average state of charge (SoC) of all battery cells at time t  
xmin,max:  limits of SoC (user selected) 

ci,t :  indicator of the connection status of battery cell i (1 = connected, 0 = disconnected)  

Rinti:  internal resistance of battery cell i  

Vtmp:  maximum power point voltage of solar panel at time t  

Vmin,max:  minimum and maximum allowed voltage per battery cell (user selected) 
Qi,tbat:  the charge available for discharge in the battery cell i at time point t 

Qimax:  the maximum charge that can be saved in battery cell i (maximal capacity) 

Itinv:  current from inverter at time t (user selected) 

Itpv:  current from the solar cell at time t (unknown) 

Itbat :  current through battery cells string and PV cells string (unknown) 
Vtsyst:  voltage of system (unknown) 

The left term of the objective functions (20) is the expression of the requirement of equal system 

voltage with the MPP voltage, while the right term expresses the requirement of SoC balancing 

through the battery modules. A weighting factor (γ) configures how important is balancing towards 

the solution. Expression (21) consists of the binary constraints, which are the required solution 
(switching decisions). Equations (22) to (26) express equality constraints, a description of how the 

systems works, while inequalities (27) and (28) express constraints or limitations of the system. 

However, the problem, as described above, has certain features that cause limitations and do not 

allow it to be classified as a MILP solvable problem: 

• The analytical PV cell equation can only be used for a battery storage system connected with 
one string of solar cells in series. There is no known analytical solution that described the 

performance of solar cell topologies in series and parallel.  

• The problem is defined with an objective function that depends on the solution, which is 

impossible: the term 𝐼𝑡
𝑏𝑎𝑡  is unknown but also affects the outcome.  

• The 𝐸𝑒𝑞(𝑥𝑖,𝑡) function is not a linear relationship.  
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For these reasons, the following simplifications are applied so that the problem can be approached 

with a MILP solver:  

• Instead of the solar cell’s analytical equation, a function through interpolation is created, 
which can work for any I-V curve. 

• The problem is solved in two or more iterations. The value of 𝐼𝑡
𝑏𝑎𝑡  is initially set to zero. After 

the first solution is found (vector ci), Kirchhoff’s laws are applied to find 𝐼𝑡
𝑏𝑎𝑡 .  The process is 

repeated until the 𝐼𝑡
𝑏𝑎𝑡  value does not change significantly. The voltage constraints cannot be 

applied in the simplified MILP approach because the circuit calculations and charge flows 

are performed externally. 

• The battery cells are pre-sorted by EMF to provide the solver with a more linear-like 
relationship.  

The above modifications result in the following expression1: 

min𝑉𝑡
𝑠𝑦𝑠
   (29) 

𝑉𝑡
𝑠𝑦𝑠
=∑[𝑐(𝑖),𝑡 ∙ (𝐸(𝑖),𝑡

𝑒𝑞
(𝑥(𝑖),𝑡) + 𝐼𝑡

𝑏𝑎𝑡 ∙ 𝑅(𝑖)
𝑖𝑛𝑡) ]

𝑁

𝑖=1

 (30) 

𝑉𝑡
𝑠𝑦𝑠
≥ 𝑉𝑡

𝑚𝑝
 (31) 

𝑐𝑖,𝑡 ∈ {0,1} (32) 

𝐼𝑡
𝑏𝑎𝑡 = 𝐹(𝑉𝑡

𝑠𝑦𝑠
, 𝐼𝑡
𝑠𝑢𝑛) (33) 

  

Solar cells under shading 

For the investigation of shadowing, two solutions were developed in MATLAB, depending on the 

investigated topology. Figure 36 shows the two possible topologies of an array of 3 x 3 solar cells. 

The left part of the figure displays 3 strings in series that consist of 3 cells connected in parallel 

(3S3P). The right part shows 3 strings in parallel that consist of 3 cells connected in series. For adding 
solar cells in parallel and then in series (left), an amount (equal to the parallel cells) of instances of 

equation (13) are added, with modified Iph value to represent the effect of a shadow. This sum 

represents a string of cells in parallel. After all sums (strings of parallel cells) have been created and 

plotted, the plots are added on top of each other. There is no other known mathematical way of 

performing this operation. Similarly, for adding solar cells in series and then in parallel (right figure), 
instances of equation (12) are added, plotted, and then the plots are added again.  

 

Figure 31: Two different topologies for a 3x3 solar cell array 

 

1 The programming elements cannot be found in the mathematical expression. For more details, see Appendix.  
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The shadow’s effect is simulated by modifying the Iph value proportionally to the opacity percentage 

(1 = no shadow, 0 = full shadow, or dark). It was observed that topologies of identical dimensions in 

panels per series and parallel perform the same under normal (not shaded) conditions. For example, 
3S5P produces an exact I-V curve with 5P3S if not shaded. For that reason, those two different 

topologies are not examined separately in the main model simulations.   

Summary of tasks 

The tasks performed for the results of this project were:  

• Literature study and data acquisition (theoretical and experimental) 

• Development of basic system components (digital twins) 

• Selection of the best programming approach for the proposed SBMS simulation  

• Performance study of the SBMS for different PV panel topologies (through simulation) 

• Impact study of shading on different PV panel topologies  

These tasks are shown in the form of a flowchart below.  

 
Figure 32: Summary of tasks 
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For the development of the main model (SBMS simulation), the algorithm that the SBMS will run to 

make switching decisions for battery charging optimization, three programming approaches are 

examined (Enumeration, SCVS, MILP) in a simple case scenario. The parameters used for testing 
these approaches are shown in Table 3. 

Table 3: Simulation parameters for testing of programming approaches 

Solar panels 1 Panasonic panel, model N240, 240 Wp, 51o tilt 

Battery cells Himax Electronics 2.6 Ah Li NMC 

Battery module 14 cells in parallel 

Battery pack (string) 15 modules in series 

Location and time of year Eindhoven, June (global irradiance) 

Charging details from 0% to 100% SoC or end of daylight 

Switching decision interval 180 sec 

 

The number of battery modules in series selected for the test of programming approaches is such 

that all of them can be executed. It was found that due to processing or computer memory limitations, 

the enumeration approach was not able to run for more than 20 battery modules, while the MILP 
approach could work but took an unacceptably large amount of time to complete. This battery string 

of 15 modules in series is not of commercial interest and was used only simulated for comparison.  

 

The selected programming approach (SCVS) is used to simulate the full battery module consisting of 

150 packs in series, each having 14 battery cells connected in parallel. This configuration was asked 
by the commercial partner (Kago Electronics). Simulations are run for different solar panel 

topologies and seasons in Eindhoven. These scenarios are shown in Table 4. 

 
Table 4: Simulation parameters for testing algorithm performance with different PV cell topologies 

Solar panels Panasonic panels, model N240, 240 Wp, 51o tilt 

Battery cells Himax Electronics 2.6 Ah Li NMC 

Battery module 14 cells in parallel 

Battery pack (string) 150 modules in series 

Location  Eindhoven  

Charging details from 10% to 90% SoC or end of daylight 

Switching decision interval 10 sec 

PV panel topologies for June all x ∙ y arrays that result in numbers from 13 to 20 

PV panel topologies for December all x ∙ y arrays that result in numbers from 55 to 60 

 

A script that automates the execution of many scenarios has been composed to decrease the time of 

extracting the results. This additional script calls the main script (system simulation and switching 
decisions) as an external function and changes each time the desired parameters. In this case, the 

solar panel topologies are adjusted automatically.  For example, given 15 solar panels, there are four 

combinations of array dimensions that satisfy this number and two connection topologies for each 

(non-single dimension) combination. The dimension combinations are 15 x 1, 1 x 15, 3 x 5, and 5 x 3. 

Let the first multiplier represent the rows of solar panels and the second the columns in an array.  
Then, for each array shape, two topologies can be established by either connecting rows and columns 

first in series and then in parallel or vice versa. The notation xSyP will represent x strings connected 

in series of y panels connected in parallel, while yPxS represents y strings connected in parallel of x 

panels connected in series. For single strings, the notation 1SxP is identical to xP1S and can be written 

xP for simplicity. The above combinations are shown in Figure 33, where thick black lines show 
strings, and thin white lines represent panels.   
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Figure 33: Possible array topologies for 15 solar panels 

 

Finally, the performance of solar cells under shadows is investigated for characteristic topologies set. 

This investigation helps select the preferred topology that is less affected by shadowing. The 

examined topologies are shown in Table 5.  

Table 5: PV panel topologies examined under shadow conditions 

Year period June 

Number of shaded solar panels 4 

Shading   50% 

PV panel topologies 4S4P, 4P4S (16 solar cells) 

Equations (12) and (13) parameters 

Iph = 0.003 [Α] 
I0 = 1.52e-09 [Α] 

η∙Vth = 0.033 [V] 

Rsh =  2300 [Ω] 

Rs = 3.5 [Ω] 

 

The selected topologies performed well in the simulations under unshaded conditions. As previously 
highlighted, equal dimension solar cell topologies give identical I-V curves. By selecting the 

combinations of Table 5, the effect of the shadowing can be revealed.  

  



Chapter 4 | Results Page 30 

Chapter 4 

Results 

The results of the simulations are displayed in the following paragraphs, separated into three sets:  

• Programming approaches for switching decisions 

• Simulations of SBMS for different PV panel topologies and seasons (using the best approach) 

• Impact of shading on different PV panel topologies 

The results include a few selected cases and are displayed in figure format. Complete tables of results 

follow in the Discussion chapter that provide full insight and comparison of the different simulation 

parameters.  

Programming approaches  

The parameters for testing the programming approaches were shown in Table 3 of the Methodology.  

Direct charging  

Direct charging is not a programming approach, but its results are useful to demonstrate the 

capabilities of the proposed SBMS against direct charging.  

Figure 34 displays the progress of the SoC (left) and equilibrium voltage (right) of each battery 

module connected in series as they are charged throughout the day, directly connected to a PV panel. 

 

Figure 34: Battery module SoC (left) and EMF (right) as a function of time 

Figure 35 displays the current (left), power (right), and voltage (both) of all components of the 

system: solar panel (red), battery string (green), and inverter (blue). The inverter is always turned 

off as only the charging process is of interest. The system voltage (magenta) is common for all 
components as they are connected in parallel.  

Figure 36 (left) displays the modification of the solar panel’s P-V curve throughout the day and the 

actual point of operation of the system (colored dots). The dots’ color represents the average SoC of 

the battery string (red = discharged, green = charged). The right part of the figure shows the energy 

saving efficiency (green), which is the ratio of power-saved to the battery over power-given to the 
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battery, and the coupling factor of the solar panel (red), which is the ratio of power given from the 

PV panel over the MPP of the PV panel under the current conditions.  

 

Figure 35: Current and voltage (left) and power and voltage (right) of the total system’s components 

 

Figure 36: P-V curve and utilization of solar panels (left), coupling factor and charging efficiency (right) 

Enumeration 

The results of enumeration for the simple comparative case are shown below.  

 

Figure 37: Lowest and highest bat. module SoC (left) and individual module voltage (right) as a function of time 

Figure 37 (left) displays the SoC of the battery module with the lowest (green) and the highest (red) 
charge. The magenta line equals to the difference between lowest and highest. Figure 37 (right) 

displays the operating voltage of each battery cell.  
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Figure 38: Battery string connections vector (left) and the total number of modules connected (right) 

Figure 38 (left) displays the connections vector, which is the actual instruction of the SBMS to the 

switching device for connecting or bypassing battery modules from the string. The colored horizontal 

lines, with a gradient from red to green, are dots very close to each other that symbolize the 

connection of the respective battery module to the string. Their color indicates the SoC of the 

individual module, as seen in the color scale. As an example, at time 15:00 (magenta highlight), 11 
out of 15 modules are connected in series (marked with “1”). Modules 14, 13, 9, and 3 are not 

connected (marked with “0”). The right figure shows the total number of battery cells connected at 

each time point. At time 15:00, 11 modules are connected simultaneously, as indicated by the 

connections vector.  

 

Figure 39: Current and voltage (left) of the system’s components and voltage difference (right) 

 

Figure 40: P-V curve and utilization of solar panels (left), coupling factor and charging efficiency (right) 
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Figure 39 displays the current and voltage of all system components (left), the system’s voltage 

(magenta), the MPP voltage (green), and the difference (red) between those two (right).  

Figure 40 shows the solar panels’ P-V curve throughout the day and the actual point of operation of 
the system (left), and the energy saving efficiency and solar extraction efficiency or coupling factor 

(right).  

The figure descriptions are the same for all three programming methods and are not repeated. Only 

the conclusions differentiate the results in the next chapter.  

SCVS 

The results of the sorting and cumulative voltage summation (SCVS) method for the simple 

comparative case follow below. 

  

Figure 41: Lowest and highest module SoC (left) and individual module voltage (right) as a function of time 

 

  

Figure 42: Battery string connections vector (left) and the total number of modules connected (right) 
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Figure 43: Current and voltage (left) of the system’s components and voltage difference (right) 

 

Figure 44: P-V curve and utilization of solar panels (left), coupling factor and charging efficiency (right) 

MILP 

The results of the mixed-integer linear programming (MILP) with pre-sorting approach for the 

simple comparative case are displayed below.  

 

Figure 45: Lowest and highest module SoC (left) and individual module voltage (right) as a function of time 
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Figure 46: Battery string connections vector (left) and the total number of modules connected (right) 

 

Figure 47: Current and voltage (left) of the system’s components and voltage difference (right) 

 

Figure 48: P-V curve and utilization of solar panels (left), coupling factor and charging efficiency (right) 

SBMS simulations 

The best programming approach was found to be the SCVS, which is explained in the Discussion 

chapter. For this reason, all further simulations for the performance of the proposed SBMS system 

will be executed according to the SCVS method. The simulation parameters were shown in Table 4 of 

the Methodology chapter. A few selected cases of different PV panel topologies and months (June and 
December) are displayed analytically in the following paragraphs.  
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9S2P topology in June 

This selected case includes an array of six solar strings in series of three solar panels in parallel for a 

day of charging in June in Eindhoven.  

 

Figure 49: Lowest and highest cell SoC (left) and individual cell voltage (right) as a function of time 

  

Figure 50: Battery string connections vector (left) and the total number of modules connected (right) 

 

Figure 51: Detail of Figure 50 (left) 

Figure 51 shows a zoomed-in detail of Figure 50, as indicated. This figure type will not be repeated 

because it cannot be visually interpreted.  
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Figure 52: Current and voltage (left) of the system’s components and voltage difference (right) 

 

Figure 53: P-V curve and utilization of solar panels (left), coupling factor and charging efficiency (right) 

18S1P topology in June 

This case simulates an array of 18 solar panels connected in series for a day of charging during June 

in Eindhoven.  

 

Figure 54: Lowest and highest module SoC (left) and individual module voltage (right) as a function of time 
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Figure 55: Current and voltage (left) of the system’s components and voltage difference (right) 

 

Figure 56: P-V curve and utilization of solar panels (left), coupling factor and charging efficiency (right) 

3S20P topology in December 

This case simulated an array of 3 solar strings connected in series of 20 panels in parallel for a day of 

charging in December in Eindhoven.  

 

Figure 57: Lowest and highest module SoC (left) and individual module voltage (right) as a function of time 
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Figure 58: Current and voltage (left) of the system’s components and voltage difference (right) 

 

Figure 59: P-V curve and utilization of solar panels (left), coupling factor and charging efficiency (right) 

20S3P topology in December 

This case simulated an array of 20 solar strings connected in series of 3 panels in parallel for a day of 

charging in December in Eindhoven.  

 

Figure 60: Lowest and highest module SoC (left) and individual module voltage (right) as a function of time 
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Figure 61: Current and voltage (left) of the system’s components and voltage difference (right) 

 

Figure 62: P-V curve and utilization of solar panels (left), coupling factor and charging efficiency (right) 

 

Impact of shading 

The results of the tested solar cell topologies, as listed in Table 5, are shown below.  

Figure 63 represents the tested topologies and shadows. Shadows are represented by darker shades 

in the color of the solar cells (not in this one). The I-V curves shown in the next figures represent 

individual solar cells (dotted lines), strings of either series or parallel connected cells (dashed lines), 

and entire array (continuous line). The P-V curve shown refers to the entire array as well.   
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No shading (reference) 

For the unshaded topologies of 4P4S (four parallel strings of 4 cells in series) and 4S4P (four strings 

in series of 4 cells in parallel), the results are displayed in the following figures.  

 

Figure 63: 4P4S (left) and 4S4P (right) solar cell topologies (unshaded) 

 

 

Figure 64: 4P4S topology (unshaded), I-V curves (left), total P-V curve (right) 

 

Figure 65: 4S4P topology (unshaded), I-V curves (left), total P-V curve (right) 
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“I” shaped shade 

For the same topologies, an “I” shade shape is tested. As seen in Figure 66, four solar cells in a column 

are shaded.  

 

Figure 66: 4P4S (left) and 4S4P (right) solar cell topologies (“I” shade) 

 

 

Figure 67: 4P4S topology (“I” shade), I-V curves (left), total P-V curve (right) 

 

Figure 68: 4S4P topology (“I” shade), I-V curves (left), total P-V curve (right) 
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“⅃” shaped shade 

For the same topologies, an “⅃” shade shape is tested. As seen in Figure 69, three solar cells in one 

column and one on the bottom of the adjacent left column are shaded.  

 

Figure 69: 4P4S (left) and 4S4P (right) solar cell topologies (“⅃” shade) 

 

 

Figure 70: 4P4S topology (“⅃” shade), I-V curves (left), total P-V curve (right) 

 

Figure 71: 4S4P topology (“⅃” shade), I-V curves (left), total P-V curve (right) 

  



Chapter 4 | Results Page 44 

“⌙” shaped shade 

For the same topologies, an “⌙” shade shape is tested. As seen in Figure 72, two solar cells in one 

column and one on the bottom of each of two adjacent left columns are shaded.  

 

Figure 72: 4P4S (left) and 4S4P (right) solar cell topologies (“⌙” shade) 

 

 

Figure 73: 4P4S topology (“⌙” shade), I-V curves (left), total P-V curve (right) 

 

Figure 74: 4S4P topology (“⌙” shade), I-V curves (left), total P-V curve (right) 
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“—” shaped shade 

For the same topologies, an “—” shade shape is tested. As seen in Figure 75, all bottom row solar cells 

are shaded.  

 

Figure 75: 4P4S (left) and 4S4P (right) solar cell topologies (“—” shade) 

 

 

Figure 76: 4P4S topology (“—” shade), I-V curves (left), total P-V curve (right) 

 

Figure 77: 4S4P topology (“—” shade), I-V curves (left), total P-V curve (right) 
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Chapter 5 

Discussion 

In this chapter, the previously presented results are gathered in comparative tables, and 

interpretations are made to the research outcome. The Discussion follows the same order in which 

the Results were presented.  

Programming approaches 

A summary of the programming approaches results for the simple case can be seen in Table 6.   

Table 6: Comparison of different programming approaches  

Method 
Simulation 
time (sec) 

Charging time 
(min) 

PV coupling 
factor  

(%) 

Final SoC 
(%) 

Energy 
saved 
(Wh) 

Simple direct charging 1.87 837 4.97 4.3 82.33 

Simple direct charging 1 1.87 837 90.68 74.47 1045.58 

Switching with Enumeration 1.97 837 98.86 56.42 1080.24 

Switching with SCVS 1.49 837 99.03 56.56 1082.74 

Switching with MILP 2 46.3 837 98.22 55.65 1065.47 

 

Note 1: Direct charging was repeated, this time for 11 battery cells (instead of 15) that was found to 

be the optimal number. Though the final SoC is higher, it represents slightly less energy (because 

there are fewer battery cells).  

Note 2: The MILP method applies pre-sorting of the battery cells according to their SoCs. 

Table 6 clearly displays the performance of each programming technique (rows 3 to 5), while it 

displays how the proposed SBMS can perform in contrast to direct charging (in a bad, row 1, or in the 

best case, row 2). In terms of computing performance, the MILP method uses the highest amount of 

resources, while Enumeration and then SCVS follow. SCVS also wins in terms of the coupling factor 
(solar extraction efficiency), which is the main challenge of this project. Enumeration follows, and 

then MILP.  

Enumeration, though theoretically should perform the best, introduces switching decisions that 

ignore SoC balancing, and cause very high voltages to some of the cells. Besides, it cannot work for 

more than 15-20 battery cells, as the number of available combinations to test is unhandleable due 
to computer limitations.  

The (simplified) MILP method with pre-sorting, similarly to enumeration, ignores the SoC balancing 

and voltage limitations of the battery cells.  Though due to its internal programming architecture, it 

can handle more than 20 cells, it takes a tremendous amount of time to produce results. Also, it 

randomly experiences incapability of finding a feasible solution, producing unexpected switching 
decisions.  

Thanks to the above observations, enumeration and MILP are excluded as applicable programming 

techniques, and the research continues using the SCVS method.  
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SBMS simulations 

The comparative results for 23 direct charging cases (no SBMS – no switching) are shown in the 

following table.  

Table 7: Direct charging of 150 battery modules with 13 to 20 solar panels for June in Eindhoven   

Topology Results 
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1 13 13 696 0.00 0.00 0.00 0.00 0.08 0.00 0.48 

13 1 13 696 90.72 65.58 5.04 0.43 13.00 13.09 0.48 

1 14 14 696 0.00 0.00 0.00 0.00 0.07 0.00 0.48 

2 7 14 696 0.00 0.02 0.00 0.00 0.29 0.00 0.48 

7 2 14 696 0.00 0.02 0.00 0.00 3.50 0.00 0.48 

14 1 14 696 96.28 72.62 5.19 0.45 14.00 14.53 0.48 

1 15 15 696 0.00 0.00 0.00 0.00 0.07 0.00 0.48 

3 5 15 696 0.00 0.01 0.00 0.00 0.60 0.00 0.48 

5 3 15 696 0.00 0.03 0.00 0.00 1.67 0.00 0.48 

15 1 15 696 93.29 73.79 4.92 0.42 15.00 14.86 0.48 

1 16 16 696 0.00 0.02 0.00 0.00 0.06 0.00 0.48 

2 8 16 696 0.00 0.02 0.00 0.00 0.25 0.00 0.48 

4 4 16 696 0.00 0.00 0.00 0.00 1.00 0.00 0.48 

8 2 16 696 0.00 0.00 0.00 0.00 4.00 0.00 0.48 

16 1 16 696 88.05 74.12 4.63 0.40 16.00 14.91 0.48 

1 17 17 696 0.00 0.00 0.00 0.00 0.06 0.00 0.48 

17 1 17 696 82.91 73.86 4.34 0.37 17.00 14.91 0.48 

1 18 18 696 0.00 0.01 0.00 0.00 0.06 0.00 0.48 

2 9 18 696 0.00 0.04 0.00 0.00 0.22 0.00 0.48 

3 6 18 696 0.00 0.00 0.00 0.00 0.50 0.00 0.48 

6 3 18 696 0.00 0.00 0.00 0.00 2.00 0.00 0.48 

9 2 18 696 0.00 0.00 0.00 0.00 4.50 0.00 0.48 

18 1 18 696 78.33 73.98 4.11 0.35 18.00 14.92 0.48 

  

Though rarely used in real-life scenarios, direct charging seems to work adequately in specific 

configurations but fails entirely in others. The explanation is simple: if the average voltage of the 

battery string is close to the solar array’s MPP voltage, charging performs satisfactorily; if the battery 

string’s voltage is higher than the range of voltages that the PV array produces, no charging occurs; if 

the solar array’s MPP voltage is much higher than the battery string’s, both solar panels and energy 
storing to the battery are performed with decreased efficiency.  

The complete set of results for the proposed SBMS system (produced by the SCVS method) are shown 

in the following comparative tables. The colored scale represents a desired (green) or undesired 

(red) outcome. A lower amount of solar panels (3rd column) is preferred from an economic 

perspective. A longer charging time (4th column) in terms of daylight exploitation means that all 
sunlight available was captured. If the charge ends sooner than the available time of sun during the 

day, more battery modules should be added, or power should be extracted simultaneously off the 

system. The PV coupling factor (or extraction efficiency) is the most crucial indicator and the main 

challenge of the study. The depth of charge (DoC) results from the efficiency and the number of 
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provided solar panels. The maximum DoC should be 80%, as the set SoC limits were set from 10% to 

90%. The DoC per panel and per panel and hour give indirect insight into the selected topology's 

economic aspects. The series to parallel ratio of the PV array topology is a measure that was examined 
but did not give much insight into the results. It is further analyzed in following figures. The energy 

saved (to the battery) is a measure directly proportional to DoC. It is more useful when comparing 

with different battery string setups; however, in this case, the battery string does not change (150 

battery modules). The average voltage mismatch (of the system to the Vmp) is inversely proportional 

to the coupling factor (extraction efficiency); the lower, the better.  

Table 8: SBMS performance comparison for 150 battery modules and 13 to 20 solar panels for June in Eindhoven   

Topology Results 
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1 13 13 838 98.89 68.27 5.25 0.38 0.08 13.66 0.58 

13 1 13 838 99.96 70.88 5.45 0.39 13.00 14.22 0.58 

1 14 14 838 98.92 72.98 5.21 0.37 0.07 14.67 0.58 

2 7 14 838 99.48 74.59 5.33 0.38 0.29 15.02 0.58 

7 2 14 838 99.94 75.71 5.41 0.39 3.50 15.27 0.58 

14 1 14 838 98.37 74.49 5.32 0.38 14.00 15.00 0.58 

1 15 15 838 98.99 77.66 5.18 0.37 0.07 15.69 0.58 

3 5 15 838 99.79 80.00 5.33 0.38 0.60 16.21 0.58 

5 3 15 788 99.87 80.00 5.33 0.41 1.67 16.21 0.55 

15 1 15 838 94.06 75.64 5.04 0.36 15.00 15.25 0.58 

1 16 16 726 99.14 80.04 5.00 0.41 0.06 16.22 0.50 

2 8 16 691 99.62 80.04 5.00 0.43 0.25 16.22 0.48 

4 4 16 676 99.88 80.01 5.00 0.44 1.00 16.21 0.47 

8 2 16 670 99.94 80.00 5.00 0.45 4.00 16.21 0.47 

16 1 16 838 89.16 75.91 4.74 0.34 16.00 15.31 0.58 

1 17 17 660 99.16 80.10 4.71 0.43 0.06 16.23 0.46 

17 1 17 838 84.02 75.97 4.47 0.32 17.00 15.32 0.58 

1 18 18 620 99.13 80.13 4.45 0.43 0.06 16.24 0.43 

2 9 18 600 99.62 80.06 4.45 0.44 0.22 16.22 0.42 

3 6 18 594 99.84 80.04 4.45 0.45 0.50 16.21 0.41 

6 3 18 589 99.90 80.02 4.45 0.45 2.00 16.22 0.41 

9 2 18 588 99.92 80.01 4.45 0.45 4.50 16.22 0.41 

18 1 18 838 79.28 75.95 4.22 0.30 18.00 15.33 0.58 

1 19 19 589 99.06 80.16 4.22 0.43 0.05 16.24 0.41 

19 1 19 838 75.09 76.05 4.00 0.29 19.00 15.33 0.58 

1 20 20 565 99.02 80.17 4.01 0.43 0.05 16.25 0.39 

2 10 20 549 99.66 80.08 4.00 0.44 0.20 16.23 0.38 

4 5 20 542 99.87 80.04 4.00 0.44 0.80 16.23 0.38 

5 4 20 540 99.84 80.03 4.00 0.44 1.25 16.22 0.38 

10 2 20 537 99.95 80.00 4.00 0.45 5.00 16.21 0.37 

20 1 20 838 71.26 76.01 3.80 0.27 20.00 15.33 0.58 
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A general rule for detecting the best topology would be to search for the line with the more green 

cells. However, different parameters can be of different importance. For example, if achieving the 

desired DoC is the most significant factor, the table should be examined from top to bottom to find 
the first row at which the set DoC is achieved (80% in this case). The scan is top to bottom to select 

the least amount of PV panels for the same result. Then other parameters should be examined. The 

coupling factor should follow. Next is the charging time, which, if smaller, signals the option to add 

more battery modules to the system or extract more power. Finally, the DoC per panel and hour is a 

good indicator of continuing the selection process.  

Table 8 includes all tested cases for June. If the user’s requirement is the specified DoC for the system 

with the least amount of panels, then according to the logic previously described, the 5S3P topology 

should be the best. If efficiency is of utmost importance, then the best topologies are 13S1P and 

10S2P. However, the former should be combined with a smaller battery string and the later one with 

a bigger or with simultaneous power extraction.  

The following figures display the performance of different solar array topologies with equal amounts 

of panels in terms of DoC. Extremely “spread” topologies, either in series or parallel, seem to be less 

effective.  

 

Figure 78: DoC for different topologies of 14 solar panels (left), 15 solar panels (right) in June  

 Table 9 includes all tested cases for December. The selection process for the best topology is the 

same as previously described for June.  

It is observed that in the month of December in Eindhoven, many more solar panels are required to 

provide the same amount of energy. The same charge that was achieved with 14 panels during 

summer needs 60 panels during winter.  

Similarly as in summer, extreme topologies provide less efficiency or energy storage, especially when 

the number of solar panels in series becomes too high, as seen in Figure 79.  
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Table 9: SBMS performance comparison for 150 battery modules and 55 to 60 solar panels for Dec. in Eindhoven   

Topology Results 
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1 55 55 415 98.44 70.53 1.28 0.19 0.02 14.15 0.29 

5 11 55 415 99.89 74.8 1.36 0.20 0.45 15.06 0.29 

11 5 55 415 99.96 75.36 1.37 0.20 2.20 15.18 0.29 

55 1 55 415 25.12 19.86 0.36 0.05 55.00 3.83 0.29 

1 56 56 415 98.37 71.63 1.28 0.18 0.02 14.38 0.29 

2 28 56 415 99.55 74.43 1.33 0.19 0.07 14.98 0.29 

4 14 56 415 99.88 75.79 1.35 0.20 0.29 15.28 0.29 

7 8 56 415 99.92 76.31 1.36 0.20 0.88 15.40 0.29 

8 7 56 415 99.92 76.41 1.36 0.20 1.14 15.42 0.29 

14 4 56 415 99.53 76.39 1.36 0.20 3.50 15.41 0.29 

28 2 56 415 49.96 39.62 0.71 0.10 14.00 7.75 0.29 

56 1 56 415 24.67 19.83 0.35 0.05 56.00 3.83 0.29 

1 57 57 415 98.31 72.7 1.28 0.18 0.02 14.61 0.29 

3 19 57 415 99.85 76.57 1.34 0.19 0.16 15.45 0.29 

19 3 57 415 74.97 59.52 1.04 0.15 6.33 11.81 0.29 

57 1 57 415 24.24 19.85 0.35 0.05 57.00 3.83 0.29 

1 58 58 415 98.27 73.78 1.27 0.18 0.02 14.85 0.29 

2 29 58 415 99.63 76.8 1.32 0.19 0.07 15.51 0.29 

29 2 58 415 48.24 39.65 0.68 0.10 14.50 7.75 0.29 

58 1 58 415 23.82 19.85 0.34 0.05 58.00 3.83 0.29 

1 59 59 415 98.26 74.87 1.27 0.18 0.02 15.08 0.29 

59 1 59 415 23.41 19.86 0.34 0.05 59.00 3.83 0.29 

1 60 60 415 98.3 75.99 1.27 0.18 0.02 15.32 0.29 

2 30 60 415 99.65 79.17 1.32 0.19 0.07 16.02 0.29 

3 20 60 408 99.83 80.02 1.33 0.20 0.15 16.20 0.28 

4 15 60 400 99.86 80.01 1.33 0.20 0.27 16.21 0.28 

5 12 60 395 99.88 80.01 1.33 0.20 0.42 16.21 0.27 

6 10 60 393 99.91 80.01 1.33 0.20 0.60 16.21 0.27 

10 6 60 389 99.93 80.01 1.33 0.21 1.67 16.22 0.27 

12 5 60 388 99.92 80.01 1.33 0.21 2.40 16.21 0.27 

15 4 60 415 95.93 78.58 1.31 0.19 3.75 15.90 0.29 

20 3 60 415 71.19 59.47 0.99 0.14 6.67 11.80 0.29 

30 2 60 415 46.64 39.69 0.66 0.10 15.00 7.75 0.29 

60 1 60 415 23.02 19.85 0.33 0.05 60.00 3.83 0.29 
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Figure 79: DoC for different topologies of 60 solar panels (left), 56 solar panels (right) in December 

Overall, the proposed SBMS achieved its purpose and performed exceptionally in most cases, 

providing coupling factors of near 100%.  The cases in which it did not perform well consisted of 

infeasible PV array topologies that reached the limitations of the process.   

Figure 80 helps explain the limitations of the proposed system. The basis of the SBMS is the matching 

of a battery string’s voltage to the MPP voltage of a solar panel or array. This is done by removing 
battery cells or modules connected in series from the battery string to lower the battery’s voltage to 

the desired value. If the total battery voltage of a string (when all battery cells are connected) is 

already lower than the MPP voltage of a solar panel, the SBMS cannot help match the voltage value. 

A longer battery string should be used then, or a solar panel array with lower MPP voltage. All poor-

performing cases included too many solar panels connected in series, thus producing an unreachable 
MPP voltage. The red zone or “impossible” to optimize range (Figure 80) indicates infeasible setups 

from the battery perspective. All battery strings should have voltages in the green or “possible” zone; 

however, further solar energy limitations apply. A string can be as long as the available time of the 

day or size of the solar array allows it to charge. An upper limit in the number of battery cells in series 

is formed this way. This limit needs further investigation to determine. Cases that have reached this 
limit perform well in terms of efficiency but cannot reach the desired DoC.     

 

Figure 80: Limitations of the SBMS operation 
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Impact of shading 

Table 10 compares the performance of two different solar cell array topologies consisting of 16 cells 

in total for different shading conditions (always four cells are shadowed).  

Table 10: Max power point (in W) of solar cell arrays with different topologies and shading conditions 

topology 
 

shadow 
4P4S 4S4P 

none 0.0160 0.0160 

| 0.0138 0.0138 

⅃ 0.0121 0.0129 

⌙ 0.0104 0.0111 

— 0.0089 0.0089 

 

The first observation is that both topologies behave the same when the solar panels are not shaded. 

This confirms that the simulations ran under normal (unshaded) conditions for different amounts of 

panels in parallel and series do not need to be repeated if the topologies change from xSyP to yPxS.  

For the combination of shadows tested, it seems that the 4S4P topology wins over 4P4S. This is due 

to the results of the “⅃” and “⌙” shaped shadows that made a difference. When the strings of an array 
consist of solar panels connected in series, and then those strings are connected in parallel, any 

shadow will block the performance (reduce the current) of the whole string. If the strings consist of 

panels in parallel, and then those strings are connected in series, a shadow will probably limit much 

less current than in the previous case.  

 

Figure 81: 4P4S topology (left) and preferred 4S4P topology (right) 
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Chapter 6 

Conclusions  

In this chapter, a summary of the project’s outcomes and principal consequences is made, with a 

critical overview of the method. Next, follow the recommendations and finally the proposals for 

further development of the investigation.  

Summary 

The need to integrate more renewable energy sources into the energy mix pushes towards inventing 

and optimizing storage solutions, which are necessary due to the stochastic nature of those sources.  
A Switching Battery Management System (SBMS) was proposed, that allows the series connection of 

multiple battery modules of different characteristics. This system makes the use of DC/DC converters 

unnecessary and enables the extension of the useful lifetime of old rechargeable batteries.  

The proposed system, however, has many challenges that need to be addressed. From those 

challenges, two were addressed: the voltage regulation of the system through battery module 
switching (to perform maximum power extraction from the solar panels) and the maintenance of a 

balanced state of charge (SoC) for the battery modules.  

Different programming techniques were tested for the algorithm on which the operation of the SBMS 

will be based. From those approaches, the sorting and cumulative voltage summation (SCVS) was 

shown to perform the best, achieving both challenges (high efficiency and SoC balancing) 

successfully. Next, multiple simulations were made with different solar array topologies to find the 
best fitting for the given battery pack. It was shown that 15 solar panels were required in June and 

60 in December to achieve the desired charging from 10% to 90% for the tested battery pack. Also, 

the ideal amount of solar panels in series was shown to be 3 for both seasons, while winter required 

more panels to be added in parallel. Finally, because arrays of equal dimensions can have two 

alternative connection topologies, an investigation was made to determine which topology is less 
affected by the shading of the solar panels. It was found that solar panels should be first connected in 

parallel in strings, and then those strings should be connected in series.  

Recommendations 

The proposed system has performed as desired in the simulations, promising a successful real-life 

implementation in the future. The SCVS algorithm’s logic seems to be the most effective1 in terms of 

solar energy capture, battery cell balance, and computational requirements. That is why it is 
recommended for manufacturers that wish to develop prototypes. The differences in solar irradiance 

are significant between seasons and regions, so an investigation needs to be performed in advance 

for the correct sizing of the solar array for the application. The European Commission’s free online 

platform PVGIS is an excellent starting point for that. In addition to sizing, the PV panel connection 

topologies are equally important. The developed simulation tool helps select the best one, pointing 
out whether a design has reached the system’s limitations. The conclusions of the impact shading 

simulations suggest that solar panels should first be connected in parallel, and then those strings in 

series.  

 

1 Only in cases of very small amount of battery cells in series (less than 10), the enumeration approach might 
outperform SCVS in energy storage efficiency.  
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Future developments  

Though this project has successfully shown the benefits of the proposed SBMS, certain aspects of a 

real-life implementation were not examined.  

For example, the SBMS can handle series-connected battery cells of different sizes, SoC, and ages; 
however, this handling requires full knowledge of each cell’s condition. Better aging diagnostics and 

adaptive SoH determination need to be developed, and their integration to the system would be 

extremely beneficial but also challenging. In the examined simulations, the EMF curves and internal 

resistances of the batteries were known through experiments in a laboratory setup, but for extensive 

use on a large scale, this option might not be available.  

The programming technique (sorting) was very well executed; however, improvements can also be 

made. There might be an even more effective method from a computational requirements 

perspective. Also, adding more criteria for the switching decisions based on other parameters than 

the cells’ SoC can be useful, such as the cell’s age or temperature. Furthermore, MPPT was not 

performed with the current algorithm as the MPP voltage was assumed known. Adding this option 
by implementing one of the known MPPT techniques would be beneficial to the system. Finally, the 

algorithm was based on SoC sorting, which was known through coulomb-counting. It might be more 

interesting to perform sorting according to voltage, but this would require different programming to 

find each cell’s voltage while switching (if no sensors are installed) and then determine with an 

advanced technique the SoC.  

The scenarios ran between winter and summer showed a different optimal amount of PV panels. A 

global scenario should also be examined that finds the best solar panel topology for both seasons. 

This scenario would include investigating the optimal operation of the grid-connected inverter to 

find how much energy can be saved or sent to the grid and at what rate.  

A reverse investigation would also be of interest: instead of finding the best solar array topology for 
a given battery setup, find the best battery setup for a given location and number of solar panels. This 

can also be inferred from the current study, but the algorithm’s design works better for matching 

solar panels to a specific battery pack and not vise versa.  
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Appendix 

Irradiance data 

The following data is extracted from the European Commission’s Photovoltaic Geographical 

Information System website. The data corresponds to Eindhoven (Latitude: 51.448o, Longitude: 

5.490o), for a plane with a slope of  51o and south orientation (Azimuth = 0o). The radiation database 
is PVGIS-SARAH.  

Table 11: Average daily irradiance data for December 

Time G (W/m2) Gb (W/m2) Gd (W/m2) Gcs (W/m2) T2M (oC) 

0:00 0 0 0 0 3.66 

1:00 0 0 0 0 3.66 

2:00 0 0 0 0 3.54 

3:00 0 0 0 0 3.43 

4:00 0 0 0 0 3.32 

5:00 0 0 0 0 3.26 

6:00 0 0 0 0 3.20 

7:00 0 0 0 0 3.15 

8:00 0 0 0 10.70 3.33 

9:00 45.74 31.29 13.86 355.70 3.51 

10:00 162.17 100.24 59.36 562.83 3.69 

11:00 222.15 135.97 82.28 682.30 4.34 

12:00 253.71 156.83 92.32 708.55 5.00 

13:00 249.58 154.25 90.88 640.42 5.65 

14:00 211.15 129.50 78.02 480.87 5.49 

15:00 136.20 83.57 50.54 229.07 5.33 

16:00 3.11 1.68 1.36 0 5.17 

17:00 0 0 0 0 4.82 

18:00 0 0 0 0 4.47 

19:00 0 0 0 0 4.12 

20:00 0 0 0 0 3.96 

21:00 0 0 0 0 3.81 

22:00 0 0 0 0 3.65 

23:00 0 0 0 0 3.65 

 

Table 12: Average daily irradiance data for June 

Time G (W/m2) Gb (W/m2) Gd (W/m2) Gcs (W/m2) T2M (oC) 

0:00 0 0 0 0 14.42 

1:00 0 0 0 0 13.86 

2:00 0 0 0 0 13.37 

3:00 0 0 0 0 12.87 

4:00 0 0 0 15.34 12.38 

5:00 13.28 0 12.63 42.67 13.05 

6:00 47.98 0 45.63 79.53 13.71 
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7:00 127.86 30.80 89.45 271.34 14.37 

8:00 257.52 105.71 139.86 482.48 15.57 

9:00 385.45 186.76 182.89 676.44 16.77 

10:00 487.85 251.94 217.21 828.1 17.96 

11:00 544.31 286.83 237.32 921.34 18.53 

12:00 563.93 285.09 258.14 947.45 19.10 

13:00 562.62 281.02 260.90 904.13 19.67 

14:00 523.25 258.76 244.93 795.24 19.83 

15:00 458.27 215.55 224.94 631.20 19.98 

16:00 358.39 154.02 189.53 430.20 20.14 

17:00 252.01 97.51 142.67 219.96 19.70 

18:00 127.79 26.38 93.62 61.22 19.25 

19:00 53.14 0 50.55 36.04 18.81 

20:00 15.25 0 14.51 8.38 17.63 

21:00 0 0 0 0 16.45 

22:00 0 0 0 0 15.27 

23:00 0 0 0 0 14.85 

 

where,  

G:     Global irradiance on a fixed plane (W/m2) 

Gb:   Direct irradiance on a fixed plane (W/m2) 

Gd:   Diffuse irradiance on a fixed plane (W/m2) 

Gcs:  Global clear-sky irradiance on a fixed plane (W/m2) 
T2m: 2-M air temperature (degree Celsius) 

Solar panel data  

The solar panel data is extracted from the manufacturer’s datasheet through the graphical 

digitization program GetData Graph Digitizer and smoothed using the appropriate command in 

MATLAB. The solar panel is the model N240 of SANYO Component Europe GmbH of the Panasonic 

Group.  

G 
(W/m2) 

V (V) I (A) 

1000 0.000 5.878 

1000 0.599 5.878 

1000 1.132 5.878 

1000 1.665 5.878 

1000 2.198 5.878 

1000 2.730 5.878 

1000 3.263 5.878 

1000 3.796 5.878 

1000 4.329 5.878 

1000 4.861 5.878 

1000 5.394 5.878 

1000 5.927 5.878 

1000 6.460 5.878 

1000 6.992 5.878 

1000 7.525 5.878 

1000 8.058 5.878 

1000 8.591 5.878 

1000 9.123 5.878 

1000 9.656 5.878 

1000 10.189 5.878 

1000 10.721 5.878 

1000 11.254 5.878 

1000 11.787 5.878 

1000 12.320 5.878 

1000 12.852 5.878 

1000 13.385 5.878 

1000 13.918 5.878 

1000 14.451 5.878 

1000 14.983 5.878 

1000 15.516 5.878 

1000 16.049 5.878 

1000 16.582 5.878 

1000 17.114 5.878 

1000 17.647 5.878 

1000 18.180 5.878 

1000 18.713 5.878 

1000 19.245 5.878 

1000 19.778 5.878 

1000 20.311 5.878 

1000 20.844 5.878 

1000 21.376 5.878 

1000 21.909 5.878 

1000 22.442 5.878 

1000 22.975 5.878 
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1000 23.507 5.878 

1000 24.040 5.878 

1000 24.573 5.878 

1000 25.105 5.878 

1000 25.638 5.878 

1000 26.171 5.878 

1000 26.704 5.878 

1000 27.236 5.878 

1000 27.769 5.878 

1000 28.302 5.878 

1000 28.835 5.878 

1000 29.367 5.878 

1000 29.900 5.878 

1000 30.433 5.878 

1000 30.966 5.878 

1000 31.498 5.878 

1000 32.031 5.878 

1000 32.564 5.878 

1000 33.097 5.878 

1000 33.629 5.878 

1000 34.162 5.878 

1000 34.695 5.878 

1000 35.228 5.877 

1000 35.760 5.877 

1000 36.293 5.877 

1000 36.826 5.876 

1000 37.359 5.876 

1000 37.891 5.876 

1000 38.424 5.875 

1000 38.957 5.872 

1000 39.482 5.869 

1000 40.000 5.862 

1000 40.525 5.851 

1000 41.043 5.835 

1000 41.539 5.811 

1000 42.013 5.779 

1000 42.449 5.740 

1000 42.841 5.694 

1000 43.189 5.641 

1000 43.500 5.584 

1000 43.759 5.524 

1000 43.973 5.460 

1000 44.166 5.395 

1000 44.343 5.328 

1000 44.506 5.261 

1000 44.662 5.194 

1000 44.817 5.126 

1000 44.965 5.057 

1000 45.105 4.989 

1000 45.246 4.921 

1000 45.394 4.853 

1000 45.535 4.784 

1000 45.668 4.716 

1000 45.801 4.647 

1000 45.934 4.578 

1000 46.067 4.509 

1000 46.193 4.441 

1000 46.312 4.372 

1000 46.430 4.303 

1000 46.563 4.234 

1000 46.689 4.165 

1000 46.822 4.097 

1000 46.940 4.028 

1000 47.044 3.960 

1000 47.155 3.891 

1000 47.273 3.822 

1000 47.392 3.753 

1000 47.503 3.683 

1000 47.614 3.614 

1000 47.725 3.544 

1000 47.836 3.475 

1000 47.954 3.406 

1000 48.065 3.336 

1000 48.169 3.267 

1000 48.272 3.197 

1000 48.383 3.128 

1000 48.494 3.058 

1000 48.591 2.989 

1000 48.694 2.919 

1000 48.798 2.850 

1000 48.894 2.780 

1000 48.990 2.711 

1000 49.086 2.641 

1000 49.190 2.571 

1000 49.279 2.502 

1000 49.360 2.432 

1000 49.456 2.363 

1000 49.552 2.293 

1000 49.641 2.224 

1000 49.745 2.154 

1000 49.848 2.084 

1000 49.922 2.014 

1000 49.974 1.945 

1000 50.048 1.876 

1000 50.152 1.807 

1000 50.263 1.737 

1000 50.359 1.668 

1000 50.455 1.598 

1000 50.536 1.529 

1000 50.625 1.459 

1000 50.721 1.389 

1000 50.810 1.320 

1000 50.899 1.250 

1000 50.988 1.180 

1000 51.077 1.111 

1000 51.173 1.041 

1000 51.254 0.972 

1000 51.336 0.902 

1000 51.417 0.833 

1000 51.513 0.763 

1000 51.602 0.693 

1000 51.691 0.623 

1000 51.780 0.554 

1000 51.861 0.484 

1000 51.950 0.414 

1000 52.039 0.345 

1000 52.127 0.275 

1000 52.216 0.192 

1000 52.320 0.114 

1000 52.394 0.000 

800 0.000 4.695 

800 0.466 4.695 

800 0.999 4.695 

800 1.532 4.695 

800 2.064 4.695 

800 2.597 4.695 

800 3.130 4.695 

800 3.663 4.695 

800 4.195 4.695 

800 4.728 4.695 

800 5.261 4.695 

800 5.794 4.695 

800 6.326 4.695 

800 6.859 4.695 

800 7.392 4.695 

800 7.925 4.695 

800 8.457 4.695 

800 8.990 4.695 
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800 9.523 4.695 

800 10.056 4.695 

800 10.588 4.695 

800 11.121 4.695 

800 11.654 4.695 

800 12.187 4.695 

800 12.719 4.695 

800 13.252 4.695 

800 13.785 4.695 

800 14.317 4.695 

800 14.850 4.695 

800 15.383 4.695 

800 15.916 4.695 

800 16.448 4.695 

800 16.981 4.695 

800 17.514 4.695 

800 18.047 4.695 

800 18.579 4.695 

800 19.112 4.695 

800 19.645 4.695 

800 20.178 4.695 

800 20.710 4.695 

800 21.243 4.695 

800 21.776 4.695 

800 22.309 4.695 

800 22.841 4.695 

800 23.374 4.695 

800 23.907 4.695 

800 24.440 4.695 

800 24.972 4.695 

800 25.505 4.695 

800 26.038 4.695 

800 26.571 4.695 

800 27.103 4.695 

800 27.636 4.695 

800 28.169 4.695 

800 28.701 4.695 

800 29.234 4.695 

800 29.767 4.695 

800 30.300 4.695 

800 30.832 4.695 

800 31.365 4.695 

800 31.898 4.695 

800 32.431 4.695 

800 32.963 4.695 

800 33.496 4.695 

800 34.029 4.695 

800 34.562 4.695 

800 35.094 4.695 

800 35.627 4.695 

800 36.160 4.695 

800 36.693 4.695 

800 37.225 4.695 

800 37.758 4.695 

800 38.291 4.695 

800 38.824 4.695 

800 39.356 4.692 

800 39.889 4.685 

800 40.414 4.672 

800 40.925 4.653 

800 41.413 4.625 

800 41.872 4.590 

800 42.294 4.548 

800 42.671 4.499 

800 43.004 4.446 

800 43.300 4.388 

800 43.574 4.327 

800 43.818 4.265 

800 44.033 4.201 

800 44.232 4.135 

800 44.410 4.069 

800 44.580 4.003 

800 44.750 3.936 

800 44.921 3.869 

800 45.091 3.802 

800 45.261 3.735 

800 45.424 3.668 

800 45.586 3.601 

800 45.734 3.533 

800 45.890 3.466 

800 46.045 3.398 

800 46.193 3.330 

800 46.341 3.262 

800 46.482 3.194 

800 46.615 3.125 

800 46.748 3.056 

800 46.889 2.987 

800 47.022 2.919 

800 47.148 2.850 

800 47.266 2.781 

800 47.377 2.712 

800 47.495 2.643 

800 47.621 2.574 

800 47.747 2.505 

800 47.858 2.436 

800 47.969 2.367 

800 48.087 2.297 

800 48.206 2.228 

800 48.317 2.159 

800 48.428 2.090 

800 48.546 2.021 

800 48.657 1.952 

800 48.768 1.883 

800 48.886 1.814 

800 49.005 1.745 

800 49.116 1.676 

800 49.227 1.606 

800 49.338 1.536 

800 49.449 1.467 

800 49.560 1.397 

800 49.678 1.328 

800 49.797 1.258 

800 49.893 1.189 

800 49.974 1.119 

800 50.078 1.051 

800 50.211 0.982 

800 50.344 0.913 

800 50.455 0.844 

800 50.559 0.775 

800 50.662 0.706 

800 50.773 0.637 

800 50.884 0.568 

800 51.003 0.499 

800 51.114 0.429 

800 51.217 0.360 

800 51.321 0.291 

800 51.439 0.205 

800 51.565 0.125 

800 51.661 0.000 

600 0.000 3.527 

600 0.400 3.527 

600 0.932 3.527 

600 1.465 3.527 

600 1.998 3.527 

600 2.531 3.527 

600 3.063 3.527 

600 3.596 3.527 

600 4.129 3.527 
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600 4.662 3.527 

600 5.194 3.527 

600 5.727 3.527 

600 6.260 3.527 

600 6.793 3.527 

600 7.325 3.527 

600 7.858 3.527 

600 8.391 3.527 

600 8.923 3.527 

600 9.456 3.527 

600 9.989 3.527 

600 10.522 3.527 

600 11.054 3.527 

600 11.587 3.527 

600 12.120 3.527 

600 12.653 3.527 

600 13.185 3.527 

600 13.718 3.527 

600 14.251 3.527 

600 14.784 3.527 

600 15.316 3.527 

600 15.849 3.527 

600 16.382 3.527 

600 16.915 3.527 

600 17.447 3.527 

600 17.980 3.527 

600 18.513 3.527 

600 19.046 3.527 

600 19.571 3.527 

600 20.089 3.527 

600 20.607 3.527 

600 21.132 3.527 

600 21.665 3.527 

600 22.198 3.527 

600 22.730 3.527 

600 23.263 3.527 

600 23.796 3.527 

600 24.329 3.527 

600 24.861 3.527 

600 25.394 3.527 

600 25.927 3.527 

600 26.460 3.527 

600 26.992 3.527 

600 27.525 3.527 

600 28.058 3.527 

600 28.591 3.527 

600 29.123 3.527 

600 29.656 3.527 

600 30.189 3.527 

600 30.721 3.527 

600 31.254 3.527 

600 31.787 3.527 

600 32.320 3.527 

600 32.852 3.527 

600 33.385 3.527 

600 33.918 3.527 

600 34.451 3.527 

600 34.983 3.527 

600 35.516 3.527 

600 36.049 3.527 

600 36.582 3.527 

600 37.114 3.527 

600 37.647 3.527 

600 38.180 3.526 

600 38.713 3.524 

600 39.245 3.518 

600 39.778 3.509 

600 40.296 3.493 

600 40.807 3.471 

600 41.288 3.441 

600 41.724 3.404 

600 42.138 3.360 

600 42.516 3.311 

600 42.856 3.257 

600 43.160 3.201 

600 43.433 3.141 

600 43.700 3.080 

600 43.944 3.017 

600 44.158 2.953 

600 44.366 2.889 

600 44.558 2.823 

600 44.743 2.757 

600 44.921 2.690 

600 45.098 2.624 

600 45.276 2.557 

600 45.446 2.490 

600 45.616 2.423 

600 45.779 2.356 

600 45.942 2.287 

600 46.090 2.220 

600 46.215 2.151 

600 46.430 2.082 

600 46.615 2.013 

600 46.763 1.945 

600 46.918 1.876 

600 47.088 1.809 

600 47.236 1.741 

600 47.384 1.674 

600 47.532 1.606 

600 47.695 1.538 

600 47.851 1.471 

600 47.999 1.403 

600 48.154 1.336 

600 48.302 1.268 

600 48.457 1.201 

600 48.613 1.133 

600 48.761 1.065 

600 48.909 0.997 

600 49.064 0.928 

600 49.212 0.860 

600 49.353 0.792 

600 49.508 0.724 

600 49.678 0.656 

600 49.826 0.589 

600 49.959 0.521 

600 50.085 0.453 

600 50.226 0.385 

600 50.374 0.317 

600 50.529 0.249 

600 50.670 0.181 

600 50.803 0.118 

600 50.943 0.052 

600 51.128 0.000 

400 0.000 2.364 

400 0.932 2.364 

400 1.465 2.364 

400 1.998 2.364 

400 2.531 2.364 

400 3.063 2.364 

400 3.596 2.364 

400 4.129 2.364 

400 4.662 2.364 

400 5.194 2.364 

400 5.727 2.364 

400 6.260 2.364 

400 6.793 2.364 

400 7.325 2.364 

400 7.858 2.364 
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400 8.391 2.364 

400 8.923 2.364 

400 9.456 2.364 

400 9.989 2.364 

400 10.522 2.364 

400 11.054 2.364 

400 11.587 2.364 

400 12.120 2.364 

400 12.653 2.364 

400 13.185 2.364 

400 13.718 2.364 

400 14.251 2.364 

400 14.784 2.364 

400 15.316 2.364 

400 15.849 2.364 

400 16.382 2.364 

400 16.915 2.364 

400 17.447 2.364 

400 17.980 2.364 

400 18.520 2.364 

400 19.053 2.364 

400 19.512 2.364 

400 20.044 2.364 

400 20.511 2.364 

400 21.014 2.364 

400 21.546 2.364 

400 22.079 2.364 

400 22.612 2.364 

400 23.145 2.364 

400 23.677 2.364 

400 24.210 2.364 

400 24.743 2.364 

400 25.276 2.364 

400 25.808 2.364 

400 26.341 2.364 

400 26.874 2.364 

400 27.407 2.364 

400 27.939 2.364 

400 28.480 2.364 

400 29.367 2.364 

400 29.538 2.363 

400 30.433 2.361 

400 30.966 2.360 

400 31.498 2.359 

400 32.031 2.358 

400 32.564 2.357 

400 33.097 2.357 

400 33.629 2.357 

400 34.162 2.356 

400 34.695 2.356 

400 35.228 2.355 

400 35.760 2.355 

400 36.293 2.354 

400 36.826 2.353 

400 37.359 2.352 

400 37.891 2.351 

400 38.424 2.349 

400 38.957 2.345 

400 39.482 2.337 

400 40.007 2.324 

400 40.525 2.305 

400 41.014 2.278 

400 41.472 2.244 

400 41.902 2.203 

400 42.286 2.156 

400 42.642 2.105 

400 42.975 2.050 

400 43.278 1.993 

400 43.559 1.933 

400 43.825 1.872 

400 44.077 1.810 

400 44.314 1.747 

400 44.551 1.684 

400 44.787 1.620 

400 45.024 1.556 

400 45.261 1.492 

400 45.490 1.428 

400 45.712 1.364 

400 45.934 1.300 

400 46.156 1.236 

400 46.378 1.172 

400 46.608 1.107 

400 46.822 1.043 

400 47.037 0.978 

400 47.251 0.914 

400 47.466 0.849 

400 47.680 0.784 

400 47.888 0.719 

400 48.095 0.654 

400 48.309 0.589 

400 48.524 0.524 

400 48.738 0.459 

400 48.946 0.394 

400 49.145 0.329 

400 49.360 0.265 

400 49.604 0.200 

400 49.826 0.134 

400 49.967 0.069 

400 50.078 0.000 

200 0.000 1.143 

200 0.725 1.143 

200 1.265 1.143 

200 1.798 1.143 

200 2.331 1.143 

200 2.864 1.143 

200 3.396 1.143 

200 3.929 1.143 

200 4.462 1.143 

200 4.995 1.143 

200 5.527 1.143 

200 6.060 1.143 

200 6.593 1.143 

200 7.125 1.143 

200 7.658 1.143 

200 8.191 1.143 

200 8.724 1.143 

200 9.323 1.143 

200 10.056 1.143 

200 10.855 1.143 

200 11.387 1.143 

200 11.920 1.143 

200 12.453 1.143 

200 12.986 1.143 

200 13.518 1.143 

200 14.051 1.143 

200 14.584 1.143 

200 15.117 1.143 

200 15.649 1.143 

200 16.182 1.143 

200 16.715 1.143 

200 17.248 1.143 

200 17.780 1.143 

200 18.313 1.143 

200 18.846 1.143 

200 19.379 1.143 

200 19.911 1.143 

200 20.444 1.143 

200 20.977 1.143 
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200 21.509 1.143 

200 22.042 1.143 

200 22.575 1.143 

200 23.108 1.143 

200 23.640 1.143 

200 24.173 1.143 

200 24.706 1.143 

200 25.239 1.143 

200 25.771 1.143 

200 26.304 1.143 

200 26.837 1.143 

200 27.370 1.143 

200 27.902 1.143 

200 28.435 1.143 

200 28.968 1.143 

200 29.493 1.143 

200 30.011 1.143 

200 30.529 1.143 

200 31.054 1.143 

200 31.587 1.143 

200 32.120 1.143 

200 32.653 1.143 

200 33.185 1.143 

200 33.718 1.143 

200 34.251 1.143 

200 34.784 1.143 

200 35.316 1.143 

200 35.849 1.143 

200 36.382 1.143 

200 36.915 1.142 

200 37.447 1.139 

200 37.980 1.135 

200 38.520 1.130 

200 39.060 1.122 

200 39.563 1.111 

200 40.089 1.094 

200 40.599 1.075 

200 41.051 1.049 

200 41.561 1.018 

200 42.020 0.982 

200 42.449 0.943 

200 42.849 0.899 

200 43.241 0.851 

200 43.618 0.802 

200 43.981 0.751 

200 44.343 0.699 

200 44.699 0.647 

200 45.039 0.594 

200 45.387 0.541 

200 45.742 0.488 

200 46.090 0.434 

200 46.430 0.380 

200 46.763 0.325 

200 47.088 0.270 

200 47.429 0.214 

200 47.769 0.149 

200 48.087 0.087 

200 48.428 0.000 

 

Battery EMF 

Table 13: Himax cell EMF 

SoC EMF 

0.000 3.000 

0.010 3.153 

0.020 3.250 

0.030 3.323 

0.040 3.378 

0.051 3.416 

0.061 3.432 

0.071 3.440 

0.081 3.446 

0.091 3.451 

0.101 3.456 

0.111 3.461 

0.121 3.467 

0.131 3.477 

0.141 3.488 

0.152 3.499 

0.162 3.510 

0.172 3.520 

0.182 3.528 

0.192 3.535 

0.202 3.542 

0.212 3.549 

0.222 3.555 

0.232 3.562 

0.242 3.568 

0.253 3.574 

0.263 3.579 

0.273 3.584 

0.283 3.588 

0.293 3.592 

0.303 3.595 

0.313 3.599 

0.323 3.602 

0.333 3.604 

0.343 3.607 

0.354 3.610 

0.364 3.613 

0.374 3.616 

0.384 3.619 

0.394 3.622 

0.404 3.625 

0.414 3.628 

0.424 3.631 

0.434 3.634 

0.444 3.637 

0.455 3.641 

0.465 3.645 

0.475 3.649 

0.485 3.653 

0.495 3.658 

0.505 3.664 

0.515 3.670 

0.525 3.679 

0.535 3.689 

0.545 3.701 

0.556 3.712 

0.566 3.722 

0.576 3.730 

0.586 3.737 

0.596 3.745 

0.606 3.752 

0.616 3.760 

0.626 3.768 

0.636 3.776 

0.646 3.785 

0.657 3.793 
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0.667 3.802 

0.677 3.811 

0.687 3.821 

0.697 3.830 

0.707 3.840 

0.717 3.850 

0.727 3.860 

0.737 3.870 

0.747 3.881 

0.758 3.891 

0.768 3.901 

0.778 3.912 

0.788 3.922 

0.798 3.933 

0.808 3.944 

0.818 3.955 

0.828 3.965 

0.838 3.977 

0.848 3.988 

0.859 3.999 

0.869 4.011 

0.879 4.023 

0.889 4.035 

0.899 4.047 

0.909 4.059 

0.919 4.072 

0.929 4.085 

0.939 4.098 

0.949 4.111 

0.960 4.125 

0.970 4.139 

0.980 4.154 

0.990 4.170 

1.000 4.190 

 


