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Abstract 
 

Since the wireless sensor network has appeared, it plays an important 

role in human life. It has the ability to help people automatically sense 

the real world, where is inaccessible before. Although the applications 

of wireless sensor networks are increasing nowadays, one of the great 

issues facing sensor network is the lifetime of a system. Since the 

system relies on the limited battery, finite lifetime is its biggest 

challenge.  

 

Fortunately, solar energy harvesting for the outdoor environment is 

promised to address that problem. Compared with that, indoor energy 

harvesting is still an immature field for most applications, since it is 

complex to estimate the available energy for indoor lights. To 

complement the vacancy of indoor energy harvesting field, improve 

the performance of the traditional estimation model, a new solar cell 

model is proposed to substitute the traditional solar cell model. The 

traditional estimation model is used to roughly dimension the indoor 

system, regardless of the different impact generated by different light 

sources. The new estimation model, was established under the real 

indoor environmental conditions. A classification model is created to 

distinguish the sort of the light sources. The single solar cell of the 

traditional model is replaced by 5 different solar cell models fitted for 

each kind of light source. With that, the system has the ability to select 

the most suitable solar cell model based on the classification result. 

Moreover, a verification model was built to evaluate both estimation 

models. The evaluation result shows that the new model has the 

ability to perform well under changing light condition.  
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By using the new model, the maximum acceptable load current under 

different illumination conditions can be accurately acquired, based on 

the energy level on Simulink software. In this way, users can use the 

dimension result as a support to optimally choose the configuration of 

the system. 
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1. Introduction 
 

1.1 Background  
 

In recent years, environmental monitoring plays an important role to 

show the effects of human behavior on the environment. Since wireless 

sensor network can achieve this task, it gains more and more attention 

nowadays. Environmental monitoring usually has the following 

characteristics: outdoor environment, remote area, operating with long 

period, so that, the lifetime of the sensor nodes has been used 

extensively as an evaluation parameter in the whole sensor node 

system [1]. Hence, in the last decades, several efforts have been 

proposed to prolong the lifetime of the wireless sensor network. Most 

of them sacrifice performance (lower duty cycle) to exchange longer 

operation duration. However, the energy is still finite. Compare with 

this solution, energy harvesting has gained the desired achievement 

nowadays. It is a technology, which has the ability to convert 

surrounding renewable sources into electrical energy. In that way, 

energy harvesting technology emerged as an alternative option to 

replace the limited battery, inside the sensor nodes. Fundamentally 

prolong the lifetime of the wireless sensor network. 

 

1.2 Motivation   
 

In recent years, there has been quantity and quality of efforts focusing 

on the outdoor energy harvesting operations, which excavates energy 

from the sunlight, wind or vibration in nature. Compared with these, 

only a few studies focus on the indoor energy harvesting system, 
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although lots of investigations showed that people spend the majority 

of their lifetime in the indoor environments (offices, schools, houses 

etc.). To complement the vacancy of the indoor energy harvesting field, 

we did this thesis to explore more latent potential of the indoor energy 

harvesting system.  

 

1.3 Problem formulation   
 

In the most indoor situations, both sunlight and artificial light can be 

harvested to provide the energy to the load. The dominant energy 

source for the indoor energy harvesting system would change with 

time. Therefore the spectral distribution of each kind of light source 

plays an important role in energy estimation. The traditional solar cell 

model proposed in [2], which neglects the impact of spectral 

distribution, performs badly in the indoor environment. Moreover, the 

sort of the solar cell is unmodifiable in this method, which means we 

cannot determine whether the solar cell is based on the crystalline 

silicon technology or amorphous thin-film technology. In another word, 

this traditional solar cell model will respond uniformly to different 

situations. Additionally, the light irradiance (W/m2), which is the input 

of this traditional model, is not a common unit to measure the indoor 

illumination information. The indoor light irradiance is so low, that we 

cannot find an efficient method to capture this form of input. Instead, 

the Lux level of the light sources is a common usage to represent the 

indoor illumination condition, however, there is not an efficient 

method to convert this Lux level to electric power in watts per square 

meters. Therefore, the input of the traditional model cannot perform 

well under indoor conditions. 

 

1.4  Objectives   
 

The aim of the thesis is to propose a new solar cell model, which can 

overcome the defects of the traditional model. This new model should 
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have the ability to classify the category of the light sources and use the 

most suitable solar cell model to accurately estimate the output energy 

of the indoor energy harvesting system. Additionally, this new solar 

cell model should be applied to model the indoor energy harvesting 

system. The detail objectives addressed in this thesis are: 

 

i. Improvement in estimating output power of the solar cell. The 

validation is done based on the real world data from different 

indoor situations. 

 

ii. Investigate if the spectral information is sufficiently represented by 

RGB and Lux information provided by the low-cost sensors. 

 

iii. Evaluate the classification method. 

 

iv. Evaluate the new solar cell model for low irradiance conditions. 

 

v. Impact of power estimate accuracy on the indoor energy harvesting 

system implementation. 

 

vi. Propose a design tool for indoor light energy harvester. 

 

1.5 Methodology    
 

The overview of the methodology is shown in figure 1.1. To build this 

new solar cell model, a new submodule called ‘classification’ is added 

to distinguish the sort of the light sources. Therefore, light source 

information is required [3] to represent the spectral characteristic of 

each illumination situation. Besides, the solar cell model for each kind 

of light source should also be measured by the I-V curve measurement 

instrument, since the solar cell performs differently for different kind of 

light sources. In this way, the system has the capacity to select 

corresponding solar cell model based on the light category to provide 

the most realistic output. Finally, the experimental verification method 

is used to evaluate each system model.  
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Figure1.1 The overview of the methodology 

 

1.6 Affection  
     

The affection of this thesis can be divided into several aspects. As for 

the discipline field, our new model can improve the accuracy of energy 

estimation of the indoor energy harvesting system. The users can use 

our model to optimally select the configuration of their system, which 

can promote the efficiency of production. For the ethics domain, our 

effort supports the renewable sources to provide energy to the device 

for a long working period. 

 

1.7 Outline     
 

The remainder of this thesis is organized as follows. To make every 

step clear, each submodule of the energy harvesting system will be 

introduced and clarified respectively in chapter 2; the basic knowledge 

of different kinds of artificial light will be specified in this chapter as 

well.  
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All the experimental data are collected by Lora sensor network in the 

Mid Sweden University in June 2017. And the experimental set up is 

explicated in chapter 3, 

 

Moreover, the performance of each submodule and the evaluations of 

the estimation models are delineated in chapter 4.  

 

Finally, chapter 5 summarizes the thesis content and shows the 

conclusions. 
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2. Theory and models 
 

This chapter mainly focuses on the theory part of the whole project. 

Each component of the energy harvesting system will be introduced 

and clarified in the following sections. Moreover, the equivalent circuit 

of each submodule and the overview of 2 estimation models will also 

be discussed in this chapter. 

 

2.1 Indoor energy harvesting system 
              

Energy harvesting is the transfer process by which energy source is 

acquired from the ambient energy, stored in energy storage element 

and powered to the target systems. Harvesting energy for low- power 

devices ensure that energy is not unnecessarily lost during the whole 

system, it means that high efficiency is crucial for the energy harvesting 

devices to power the sensor nodes and energy storage elements. Hence, 

design consideration for solar energy harvesting wireless sensor system 

requires complex tradeoffs due to the interaction of various factors like 

the characteristics of the energy source, energy harvesting components, 

and the requirements of the applications. The general functional blocks 

of energy harvesting system are presented in figure 2.1.                                           
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Figure2.1 Functional blocks of the indoor energy harvesting system 

 

The solar panel is a semiconductor device, which can convert directly 

the harvested light irradiance to electrical energy by utilizing 

photovoltaic technology. Design consideration for solar panel requires 

high conversion efficiency in order to provide more power to the load. 

Since the power energy harvested by the solar cell strongly depends 

on the discrete light source, an energy storage element is required to 

store the energy harvested, in order to provide a stable voltage to the 

load. 

 

Additionally, the ultimate aim of the indoor energy harvesting system 

is to harvest and transfer power to a target system, so both efficiency 

of transferring and a constant power for the system is crucial for the 

designer. Hence, the voltage level adapter is required to fast adapt the 

varying sunlight with extremely low power consumption. This voltage 

level adapter is equipped with the maximum power point track circuit. 

Moreover, a DC/DC converter is required to provide a constant power 

to the load which can improve supply efficiency significantly. A 

typical indoor energy harvesting system integrates, the energy source, 

the energy harvester, an energy storage element, power management 

and the load. The detailed information of each component will be 

described as follows. 
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. 

2.1.1   Energy source  
 

This submodule refers to the sources, which can be harvested from 

nature. Actually, there exists several types of sources among the 

indoor environment which can be harvested to charge the load. This 

section is going to mainly discuss the basic characteristics of each kind 

of indoor energy source.  

 

1.2.2.1 Heat  
              

This kind of energy sources can be harvested based on the 

thermoelectric effect, which is the conversion from the temperature 

gradient to electric energy. The voltage can be generated between 2 

surfaces of the device when there is a temperature gradient among 

these 2 surfaces. That procedure can be shown in figure 2.2. Although 

the theory is understandable, the material used in this thermoelectric 

effect is always too expensive to be adopted in the real indoor 

applications. Low energy efficiency is another reason why we abandon 

the heat source as our energy source in this thesis [5]. 

 

 
Figure 2.2[4]  The thermoelectric effect 
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2.2.2.1 Mechanical energy 
 

The piezoelectric material is used to deal with the mechanical strain, 

which can be harnessed to provide electric energy as well. That 

mechanical energy can be formed in different ways, such as human or 

animal motion, vibration and so on. The dipoles inside will get 

distortion while the piezoelectric material is pressed by the mechanical 

force [6]. The electrical charge, which is generated to counteract that 

distortion, can also be harvested by the energy harvesting system to 

charge the load. This procedure is shown in figure 2.3. Hence, the 

mechanical energy is controllable that we can generate the electric 

energy directly by using that piezoelectric material.  Nevertheless, the 

power level is always too low to be applied for most applications. 

 

 
Figure 2.3[7] Piezoelectric disk generates a voltage when deformed 

 

3.2.2.1 Solar energy  
 

Solar energy is formed from the radiant light of the sun. Although the 

solar energy cannot be controlled and strongly dependent on the 

environmental conditions such as the weather etc., it is predictable. 

Usually, the harvested solar energy can reach a higher level at noon 

while there is almost nothing output during the night. Compare with 

other sources, solar energy is one of the best energy selections since it 

can provide the highest power density for the outdoor environmental 

conditions [8]. However, only the limited part of sunlight, which can 
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pass through the windows of the buildings, can be harvested by the 

indoor energy harvesting system. Namely, the intensity of the sunlight 

for the indoor applications is strongly confined by the orientation and 

the latitude of the windows. Therefore, it is hard to predict the quantity 

of the harvested solar energy under the indoor conditions. 

Nevertheless, the sunlight is still a significant energy contributor for the 

indoor energy harvesting system, which should not be neglected. 
 

4.2.2.1 Artificial light  

      

Compare with the sunlight, the indoor artificial lights radiant 

electromagnetic wave of a limited wavelength and intensity. It can be 

considered as the most ubiquitous item, exist in all kinds of buildings 

[8]. People can easily control its state (turn on or turn off), and the 

light intensity is almost constant. Therefore, in this thesis, the artificial 

light is promised to be another contributor to provide the energy to 

the load under the indoor environmental condition. Since each sort of 

lights has different spectral power distribution, providing the diverse 

quantity of energy, it is necessary to have a thorough understanding 

about these lights. Thus, in the next section, the characteristics of 

different kinds of artificial lights will be explicated.  

 

Nowadays, the market of that artificial light domain has gained a 

considerable increase in the last decade, more and more kinds of lights 

arose. Among all of these lights, the incandescent lamp, fluorescent and 

LED are three of the most common selections. Hence, we choose these 

three kinds of lights as the examples to analyze. 
 

2.1.1.4.1 Incandescent (halogen)  

 

The incandescent lamp shown in figure 2.4 is also the oldest type of 

lights. The basic principle of this kind of light is to use an electric 

current passing through the filament to generate the light. In this 

procedure, the filament is heated by the current, the metal of the 

filament is vaporized at the meantime. This evaporation phenomenon 
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also leads a limited lifetime of this incandescent lamp. To address this 

problem, several innovations have been done. Fortunately, both the 

tungsten filaments and the inert gas filling in the bulb are promised to 

slow down the rate of evaporation [9]. However, the working duration 

of the incandescent lamp is still confined.  

 

On the other hand, the incandescent lamp can generate numerous 

colors of the lights with low cost to fit the demand of the users, which 

is desirable for the most applications. However, its energy efficiency is 

very poor. The energy efficiency, we mentioned here is both 

determined by the efficiency of the conversion of the electric energy to 

the visible lights, and the efficiency of the conversion of the optical 

power to luminous flux [10]. Therefore, the low power efficiency of the 

incandescent lamp is due to more than 95% electric energy is converted 

to the heat instead of the visible light [9]. 

 

Figure 2.4[9] Sketch map of the incandescent bulb 

 

The spectral power distribution refers to the curve, which can 

represent the radiant intensity generated by the light sources at each 

wavelength. As for the artificial lights, the wavelength has a limited 

range of 360 nm to 770 nm within the visible region [11].  

 

Figure 2.5 shows the spectral power distribution of the incandescent 

lamp, which is smooth without the mutation. It is obvious to find out 
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that the radiation intensity is proportional to the wavelength. Namely, 

the light, which has a longer wavelength, will get more power 

efficiency. In this case, the red object illuminated by the incandescent 

lamp can get more photons [12].  

 

 
   Figure 2.5[12] The spectral power distribution of the incandescent bulb  

 

2.1.1.4.2 Fluorescent  
 

Figure 2.6 shows the structure of the fluorescents. It can emit light 

follow these steps: 

 

i. The cathode of the lamp can emit free electrons, when the lamp is 

charged by the electric energy.  

 

ii. The form of the mercury inside the lamp is forced to convert from 

liquid to gas. 

 

iii. The photons, which belong to the ultraviolet wavelength, can be 

generated when the free electrons combine with the mercury atoms. 

However, these photos are invisible.  
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iv. The invisible photon has the ability to combine with the 

phosphorus atom and generate new photon which wavelength is 

within the visible region [9]. 

 

Compare with the incandescent lamp, the fluorescent has 

considerably higher energy efficiency. Besides, the phosphorus can be 

changed to generate several kinds of light colors to suit the wide 

range of applications. Nevertheless, the fluorescent is 

environmentally unfriendly since the mercury is noxious. Therefore, 

the lamp has to be carefully disposed after using [9]. Moreover, the 

fluorescent is harmful to human eyes, since the lights will flicker 

sometimes. 

 

Figure 2.6[9] Sketch map of the fluorescents 
  

The spectral power distribution of the fluorescents is depicted in 

figure 2.7. As can be shown, the curve has a few mutations, not such 

smooth like the incandescent lamp. The peaks are around 450 nm, 550 

nm, and 600 nm, which refer to the blue light, the green light, and the 

red light respectively. 
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                         Figure 2.7[13] The spectral power distribution of the fluorescents 
 

2.1.1.4.3 LED 
 

LED is the acronym of light-emitting diode lights. Actually, it is a p-n 

junction shown in figure 2.8. That semiconductor can emit photons 

when the free electrons are forced to recombine with the electron 

holes [9].  

 

Figure 2.8[9] Sketch map of the LED 

 

The color of the lights generated by the LED is a function of the 

semiconductor band gap. Namely, the colors of the light are 

determined by the material of the LED device. Although the LED is 

costly and the lamp color selections are finite, its excellent performance 
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and longevity can counteract these drawbacks. Actually, the LED can 

keep working for around 1000.000 hours [14]. Hence, it is widely used 

in kinds of applications because of its higher cost-effective.  

 

Usually, there exist 2 kinds of LED for users to select:  the cold LED and 

the warm LED. The main difference between these two is the color of 

the light they emit. The warm LED which can generate comfortable 

light is more suitable for the living area compare to the cold LED. The 

spectral power distribution of each kind of LED is shown in figure2.9.  

 

 

 

 

 

 

 

 

 

Figure 2.9[15] The spectral power distribution of the LEDs 

          left: cool LED       right: warm LED 

 

5.2.2.1 Indoor energy source summary 

 
As for the real indoor environment, both the sunlight and the artificial 
lights are promised to provide the energy. Compare all these kinds of 
indoor energy sources, it is obvious to find out that the characteristic of 
each kind of source is different. Figure 2.10 shows the spectra and light 
intensity comparison of different light sources (including both sunlight 
and the artificial lights).  And the main differences between the 
artificial lights and the sunlight can be summarized are shown as 
follows: 
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i. The light intensity generated from the indoor light is much smaller 
than the direct sunlight. (103-104 less). 

 
ii. The power spectra of the light are quite different from each other, 

which means the same luminance level generated from different 
light source can lead to various levels of energy. 

 

 
Figure 2.10[16] Comparison of different light sources:  

(a) Sunlight (b) Fluorescent (c) Incandescent lamp (d) Cold LEDs 

 

The advantage and disadvantage summarization of each indoor light 

source are shown in Table 2.1. 
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Table2.1 The summarization of advantage and disadvantage of each indoor energy source 

 

However, the radiation in the indoor environment, do not only 

depends on the type of light source presented above, but also can be 

influenced by many other factors [17]. Firstly, both direct and diffuse 

daylight can irradiate the indoor room through a window, the glass 

properties and glass coating can alter the spectrum of the outdoor light 

[18]. Secondly, the location, the altitude, the orientation, indoor 

obstacles, etc. all these factors can affect the power output of the energy.  

 

Light source Merit Fault 

 
 
Incandescent 

 

i. The color is suitable for 

applications. 

ii. Cheap. 

 

i. Lowest energy 

efficiency. 

ii. Limited lifetime. 

 
 

Fluorescent 
 

 

i. Higher energy efficiency. 

ii. A wide range of the light 

colors. 

iii. Longevity. 

 

i. Environmentally 

unfriendly. 

ii. Harmful to eyes. 

 
 

LED 

 

i. Highest energy efficiency. 

ii. Small size. 

iii. Longevity. 

 

i. Costly. 

ii. Limited color 

selection. 

 
 
 

Sunlight 

 

 

 

i. High intensity level. 

ii. Renewable sources. 

 

i. Uncontrollable. 

ii. Difficult to predict. 

iii. A limited part of 

source can be 

harvested for indoor 

situation. 
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2.1.2   Energy harvester (solar cell) 
 

The energy harvester is used to convert the ambient sources into 

electric energy. Since the energy sources in this project are the artificial 

lights and the sunlight, the energy harvester of the system should be a 

solar cell which can convert the light into electric energy based on the 

photovoltaic effect. The solar cells are the most significant and 

important elements of the indoor energy harvesting system, therefore 

the deployment of high-efficiency solar cells are the prerequisite to 

design the whole system. 

  

A solar cell, which is used to harvest energy in this project, is a simple 

P-N junction diode made of semiconductor materials. The solar cell has 

a unique V-I and P-I characteristics compare with other normal power 

supply. It is a voltage limited current source which exists an optimal 

point, therefore people always use an MPPT circuit to keep the solar 

cells working at this optimal point [19]. The open circuit voltage (Voc), 

the short circuit current (Isc) and the optimal point are 3 main 

parameters shown in figure 2.11.  

 

 
Figure 2.11[20] I-V curve for the solar cell 

 

Basically, there are 2 types of solar cell: crystalline silicon-based 

technology and amorphous thin-film based technology [21]. The 
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crystalline silicon can be divided into monocrystalline and 

polycrystalline in detail, working with higher efficiency but costly. 

Polycrystalline is suitable for the outdoor operation since it has a 

spectral sensitivity range of 500 nm to 1100 nm, while monocrystalline 

is more appropriate for both indoor and outdoor conditions since it has 

a longer range of spectral sensitivity from 300 nm to 1100 nm. 

Oppositely, the amorphous cell has a lower conversion efficiency but 

cheaper than crystalline. It is suitable for the indoor applications due to 

its limited spectral range of 300 nm to 600 nm [22].  

 

Since different light sources have different spectral distribution, the 

solar cell, therefore, response diversely to different light sources. 

Namely, the conversion efficiency of the solar cell (convert the light to 

electrical energy) is various for different energy sources [16].  This 

phenomenon can be shown in figure 2.12. Therefore, the material of the 

solar cell should be selected carefully under different illumination 

conditions to achieve the highest conversion efficiency.  

 

 
Figure 2.12 [16] Thermodynamic efficiency limit independence of the semiconductor 

band gap energy for different light spectra 
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As for the indoor environment in this thesis, both the sunlight and the 

artificial light are promised to be the energy sources of the system, we 

select the monocrystalline solar cell (SLMD600H10L), which has the 

ability to perform well in both high illumination condition and low 

illumination condition. 

 

2.1.3   Energy storage  
 

Since, indoor light source is discrete, it is indispensable to store the 

energy in case of bad environmental conditions [23]. In general, there 

exist 2 kinds of storage elements: one is the rechargeable batteries, the 

other is the supercapacitor. This paragraph is mainly talking about the 

differences between these devices. Table 2.2provides an overview of 

the characteristics of the different storage elements [24]. 

 
Property  Batteries  Supercapacitors 

Energy Storage 

Method 

Faradic reactions 

Mass transfer between 

the electrodes 

Mostly electrostatic 

interactions 

Voltage Behavior Constant  Varying  

Energy Density High: 140Wh/kg (Li-ion) Low: 1-10Wh/kg 

Power Density Low: 0.3-1.5kW/kg (Li-

ion) 

High: 1-6kW/kg 

DC Life Medium High  

Cycle Life Low  High >>1000000 

Discharge Curve 

 

 

 
Table2.2 [24] An overview of the characteristics of the different storage elements  
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The batteries have a higher energy density and a smaller capacity. 

However, it suffers the aging issue due to the capacity loss caused by 

oxidation with the successive recharging cycles [19]. The 

supercapacitors, which have a higher power density can support a 

higher lifetime in terms of recharge cycles.  

 

Although batteries may be useful and powerful in some respects, it is 

complex to be analyzed by the physical method, due to its chemical 

properties. Therefore, in this thesis, we choose the supercapacitor as the 

energy storage.  

 

2.1.4   Power management  
 

The function of this submodule is determining the destination for the 

harvested energy. Under what circumstances, the energy is provided 

directly to the load? Under what circumstances, the energy is conveyed 

to both the storage element and the load? All these energy routes are 

determined by this submodule. Additionally, since the required energy 

form of each component is different, it is essential to match the diverse 

energy requirement for each component firstly. Therefore, the DC/DC 

converter is required in this submodule to regulate the energy form for 

submodule of the whole system. 

 

2.1.5   Consumer   
 

The consumer of the indoor energy harvesting system is the wireless 

sensor nodes. Generally, there are 3 main consumers as shown in the 

structure in figure 2.13: the sensor module, the central controller, and 

the wireless communication module.  
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Figure2.13 A typical architecture of the wireless sensor node  

 

Sensors are used to interface the physical world. They have the ability 

to convert physical phenomenon into a digital value. Controllers are 

required to process the data, provide the space to store the data and 

schedule the tasks, as the brain of the whole system. Information 

transmitting is done in the wireless communication module. It 

provides linkage between nodes and the physical world to exchange 

the information. Usually, that function can be achieved by a Radio 

Frequency (RF) transceiver, operating in the ISM-band. In this thesis, 

that module is implemented based on the Lora technology.  
 

As for the energy consumption of the consumers, each component of 

the node has the different working state, required the various 

quantities of energy. Therefore, the current level is quite disparate in 

the different working state. To roughly estimate how much energy the 

load will cost during its working time, we use the duty cycle method, 

which divides the working duration into the active part and inactive 

part. 
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2.1.5.1 Transceiver (Lora) 

 

In this project, the communication and control tasks are achieved 

based on Lora technology. In this part, we will not go into detail about 

the functions of the Lora technology and would like to mainly focus on 

its current level for different working states, since the required energy 

of the whole system is the cardinal interest point of this section. Figure 

2.14 shows the current behavior of the Lora transceiver in one working 

period. 

Figure 2.14  Lora working consumption in different state in one period 

 

As calculated, the average current for the Lora transceiver during the 

active time is 34 mA, while it requires 0.03 mA current during the 

inactive time.  
 

2.1.5.2 Sensors  
 

As for the indoor environment, there exist several kinds of sensor 

which can be adopted for the indoor applications. Here shows 2 of 
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them as the examples to help us analyze its energy consumption 

characteristic. Since the main goal of this project is to dimension the 

system based on the energy level, in this section, we do not discuss the 

functions of the sensors in detail as well, and chiefly concern about the 

current level instead. Namely, the main interest point of this 

paragraph is the energy requirement of the sensors in the different 

working states. 
 

Humidity and temperature sensor (SHT1x) 
 

This kind of sensor can measure the humidity and temperature of the 

environment with highly precise and low power consumption. The 

sensor working current is 28 uA while requires 0.3 uA current during 

sleep mode [25].  

 

CO2 SENSOR (CO2 Engine® BLG) 
 

This sensor measures the density of carbon dioxide based on non-

dispersive infrared technology [26]. Compare with the SHT1x sensor, 

this kind of sensor needs much more energy during its working time. 

It keeps consuming 60 mA current for at least 12 seconds during its 

working mode, while 50 uA current is needed in sleep mode. 

 

The average current summarized is shown in Table 2.3. Based on the 

duty cycle method, the average load current for each kind of wireless 

sensor node in the different sample rates can be calculated. 

 

Component Active 

current 

Inactive 

current 

Voltage 

Lora 34 mA 0.03 mA  

3.3 V SHT1X 28 uA 0.3 uA 

CO2 60 mA 50 uA 
Table2.3 The average current summarized 
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2.2 Models  
 

Although the energy harvesting system can be a good choice to 

prolong the lifetime of the wireless sensor network, it is complex to 

veritably estimate how much energy it can provide, since the energy 

level is affected by several parameters. Therefore, in order to address 

that issue, the modeling method in the Simulink software can be used 

to dimension the system. An overview of the system model of indoor 

energy harvesting is depicted in figure 2.15. The model of each 

component will be illustrated as follows. 

 

 
Figure2.15 An overview of indoor energy harvesting system model 

 

2.2.1 Traditional solar cell 
 

The physical behavior of any photovoltaic cell is very similar to a 

classical p-n junction diode and can be represented by an equivalent 

electrical circuit [27]. In an electrical circuit, the physical parameters can 

be determined experimentally from the (current-voltage) characteristic. 

Figure 2.16 illustrates a typical equivalent circuit of solar panels based 

on a single-diode model 
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Figure 2.16[28] Equivalent circuit of a solar cell 

 

Iph is the current generated from the illuminated solar cell while ID 

represents the dark current as reverse bias leakage current due to the 

characteristic of the diode. Rs refers to the internal losses of solar cell 

that we assume it exists in the form of a series resistor.  Rsh is a shunt 

resistor represents the leakage current to the ground [28]. Therefore the 

circuit should follow the equation 2.1. 
                                                                                                              (2.1) 

 

 

Ish here refers to the current pass through the shunt resistance Rsh, it can 

be represented following the equation 2.2. 

 
                                                                                                               (2.2) 

 

ID can be calculated from the Shockley diode equation: 

 
                                                                                                               (2.3) 

 

 

Is here is the reverse saturation current while VD is the voltage across 

the diode. m is an ideality factor of the diode, range from 1 to 2. 

Moreover, Boltzmann constant k (1.3806503 × 1023 J/K) and electron volt 

(1.602× 10 19 C) are constant values in this equation. 

ph D shI I I I  

sh s
sh

sh sh

V V I R
I

R R
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In this way, the equation 2.1 can be rewritten following the equation 2.4. 

 

 
                                                                                                                (2.4) 

 

The value of the Iph is based on temperature and strength of irradiation 

since it is the current generate from the illuminated solar cell. This 

relationship can be represented by the equation below: 

 
                                                                                                               (2.5) 

 

Ksc here is the temperature coefficient. To, Go is operation temperature 

and radiation while Tref and Gref are the standard temperature and 

radiation respectively. The standard values should be constant that we 

assume Gref is 1000 W/m2, Tref is 25 ℃[28]. 

 

Additionally, the input of this traditional solar cell model is electric 

power in watts per square meters, however it is not a common unit to 

measure the light information in the real environment. Instead, the 

illuminance in Lux is a popular unit to represent the light conditions in 

most situations. Therefore there should need a unit converter between 

the input value and this traditional solar cell model. The conversion 

coefficient of different light sources can be found in [36]. 

   

2.2.2 New solar cell model 
 

Since different lights may generate different energy, it is essential to 

choose a suitable solar cell model for each kind of light source. Only 

one type of solar cell is not robust for both artificial light sources and 

sunlight. Additionally, the traditional single diode model of solar panel 

does not work very well for low irradiance. To account for this, a 

desirable solution is to propose a new solar cell model, consisting of a 

classifier component and solar cell models, replacing the traditional 

model. 

[exp 1] sD
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2.1.3.1  Classifier 
 

The classifier is used to classify the type of artificial light source. The 

result, which comes from the classification model, in turn, can be used 

for a more accurate selection of solar panel cell. The classifier utilizes 

the experimentally collected data to distinguish the different type of 

light sources by the trained classification models. Data collection can be 

elaborated any further in the later chapter. An overview of the basic 

architecture is given in figure2.17.  
 

 
Figure2.17 A basic architecture of classification model 

 

In this thesis, the Lux sensor and RGB sensor are used to acquire the 

spectral information, represented by ch0, ch1, Red, Green and Blue. The 

classification proposed in [3] showed that a feature set with these five 

features was sufficient enough to distinguish different types of the light 

source.  

 

3.1.3.1  New solar cell models 
 

Since the solar cell has a different response to the different light sources, 

each type of light sources should have a corresponding solar cell model 

in order to obtain the most accurate conversion efficiency. Figure2.18 

illustrates an overview of the new solar cells model establishment. This 

experimental step can be introduced in chapter 3. In this way, the 
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system has the capacity to select corresponding solar cell model based 

on the light category to provide the most realistic output. 
 

 

Figure2.18 An overview of the new solar cells model establishment 

 

2.2.3 Verification model 
 

Since a new solar cell model has been proposed, substituting the 

traditional model. A verification model is supposed to implement in 

order to verify whether the new model will work well or not. Although 

the solar cell response diversely to different light sources, the I-V curve 

shape will not change for the different situation. Namely, if the short 

circuit current (Isc) is decided, the maximum output power point of the 

I-V curve should be the same value, even for the different light sources. 

In this way, the verification model is built based on the short circuit 

current in the real indoor illumination condition. In summary, the 

power output of the verification model is used as the standard to judge 

the performance of 2 models mentioned above. Figure2.19 shows the 

overview of the verification model establishment. 
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Figure2.19 An overview of the verification model establishment 

 

2.2.4 Supercapacitor 
 

As for the supercapacitor, the equivalent electrical circuit can be shown 

in figure 2.20.  

 

 
          Figure 2.20[29] Equivalent circuit of the supercapacitor 

 

That circuit consists of 3 branches and each of them has a specific 

definition: 
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t 1i d RI I I I I   

sup

0 0

i
i i

ci

I
V I R dt

C K V
  

 

sup d d d dV I R C I dt   

sup 1 1 1 1V I R C I dt   

sup R leakV I R 

i. The first branch with resistor Ri refers to the circuit at the   

beginning of the operation (in the first few seconds).   

 

ii. The second branch contains Rd represents the behavior of a few 

minutes working time. 

 

iii. The last branch includes R1 is suitable for the supercapacitor whose 

operation is longer than 10 minutes. 

 

Rleak is used to represent its self-discharge characteristic. kVci is the 

capacitor, which capacitance depends on the voltage of the double 

layer [30]. [30] Also proposed a method to determine the value of each 

component in this circuit. Additionally, that circuit can be represented 

according to Kirchhoff’s law following the equations below. 

 
                                                                                                              (2.6) 

 
                                         (2.7) 

 
                                                                                                         

                                                                                                           (2.8) 
                                                                                                                         

(2.9) 
                                                       
                                       
                                                                                                               

 (2.10) 

 

It here is the total current while Ii, Id, I1 and Ir are the current pass 

through Ri, Rd,  R1 and Rleak respectively. 
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3 Experiment 
 

The overview of the experimental setup is depicted in figure3.1. When 

it comes to experiment conduction with the model, distinction can be 

made among these cases, namely data collection, the solar cell I-V 

model establishment, model verification and system dimension. Each 

step will be explicated correspondingly in the next section.  
 

 
Figure3.1 An overview of experimental setup 

 

3.1 Data Collection  
 

The collected data acts as the input of the system for 2 purposes shown 

in the figure 3.2. As for the first aim, the relevant parameters of the 

respective light sources have to be collected under controlled 

conditions in order to obtain training datasets for the classification 

model. Other part of data is used as the continual input of each 

estimation model to represent the real indoor illumination condition. 

Therefore, the location where we placed the node for each kind of 

purpose is quite different. On the one hand, some of the nodes should 



 

Modeling Of Indoor Energy 

Harvesting System  

2017-06-26 

 

Mid Sweden University 
Department of Electronics 
Design 

 

42 

 

 

be installed in the places where has no impact of the artificial light 

sources to collect the indoor sunlight information for the classification 

model (artificial light information has been collected in the dark room 

by another student called Zhefu Ji). On the other hand, the real indoor 

illumination conditions should be collected in the places where both 

the sunlight and the artificial light are promised to be the energy source. 

This part of the data should be continually observed for several days.  
 

 

Figure3.2 A general overview of data collection 

 

3.1.1 Hardware 
 

Sensors are usually used to aggregate as much data as possible, the 

hardware of this thesis contains two spectral sensitive sensors and a 

current sensor, which have been described in table 3.1. Moreover, a 

solar panel is included in order to investigate real short circuit 

current values in different situations 
 

Name  Model  Sensitivity [nm] Purpose  
Luminosity  

sensor 

TSL2561 ch0: 300-1100 

ch1: 650-1080 

 
 
Measure the illumination 
condition 

RGB  

sensor 

ISL29125 R: 450-470 

G: 550-590 

B: 590-650 

Current  

sensor 

INA219 Resolution: 0.001mA 

Maximum current: 

100mA 

Measure the short circuit 
current generated by the 
solar cell 

Solar panel Crystalline 400-1200 Generate the short circuit 
current under each 
specific situation  

Table3.1[3] A list of light capturing devices  
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The RGB sensor (ISL29125) is a RED, GREEN and BLUE color light 

sensor with 16 bits resolution. It contains 3 photodiodes, which can 

convert light (reject IR) into the current. The current will be converted 

to a digital value corresponding to the light intensity of each color [31].  

 

The Luminosity sensor (TSL2561) is used to acquire the light intensity 

based on the light-to-digital conversion. Compare to the RGB sensor, 

TSL2561 contains 2 kinds of photodiode. One is broadband photodiode 

used to convert the visible light plus the infrared light to a digital value 

(channel 0); the other is infrared-responding photodiode which can 

only convert the infrared light to a digital value (channel 1). Therefore, 

the light intensity can be calculated by these 2 values [32].  

 

The solar cell we selected, is SLMD600H10L made of monocrystalline 

with 22% cell efficiency. The open voltage of that kind of solar cell is 

6.30 V, short current is 25 mA and the optimal point is at 5.01V 22.3 mA 

(measured at Standard Condition: 1 sun (= 1000 W/m²), Air Mass 1.5, 

25°C). It can perform well even in the bad illumination conditions [22].   

 

The short circuit current is measured by the INA219 sensor with 0.1 

mA resolution [33]. The interesting thing is that the current generated 

by the solar cell in the real indoor environment is too low to be 

measured under 0.1 mA resolution (the current is uA level). Therefore, 

we remove the 0.1 ohm current sense resistor (R100) marked in figure 

3.3 and use a 10 ohm resistor to substitute R100 for changing the 

resolution. In this way, the resolution is forced to convert from 0.1mA 

to 0.01 mA (1 uA). 

 

 
Figure 3.3[33] INA219 current sensor 
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3.1.2 Software 
 

3.1.2.2 I2C Interface (Between sensor and processor, RF 
transceiver) 

 

The two light sensors and a current sensor can be connected to the 

transceiver by I2C interface as depicted in figure3.4.  

 

Figure3.4 An overview of I2C interface 

 

3.1.2.2 Communication – LoRa (Between the sensor nodes) 
 

In this thesis, 10 nodes are implemented, constituting the network in 

order to collect data. To acquire these data automatically, we use Lora 

communication technology, which is a new standard network protocol 

for long-range and low-power sensor devices.  It is optimized for 

battery-powered end-devices that may be either mobile or mounted at 

a fixed location [34]. In addition, MySQL database can be used to 

acquire the collected data of each node. 
 

3.1.3 Sensor Node (Sensor box) 
 

Figure3.5 shows the experimental setup of a typical sensor node. 
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Figure3.5 An overview of experimental setup of a part of the sensor node 

 

3.1.3.2 Data for the classification  

 

As for the first purpose, the nodes are placed in a lab room marked in 

figure3.6 to collect indoor sunlight information (the light is turned off 

during this duration, exclude the impact of the artificial lights) for the 

classification model. 

 

 
Figure 3.6 Node location map (for classification) 

TSL2561 
 

INA219 
 

SLMD600H10L 
 

LORA 
 

ISL29125 
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3.1.3.2 Real indoor illumination condition  
 

To observe the real illumination conditions in the indoor environment, 

we implement another 7 nodes in different opening places in the Mid 

Sweden University. Figure3.7 depicts the deployment of these sensor 

nodes in master room.  
 

 

 

                                 Figure3.7 Deployment of sensor nodes  

(for real indoor illumination information) 
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N1 is placed on the sill next to a window; N2 is on the table between a 

window and the door; N3 is on the desk next to the door; N4 is placed 

on the working table on another side, while N5 is located on a print 

machine on another side as well. N6 and N7 are deployed in another 

office room, one is on a bookcase the other is located on the windowsill 

in another direction.  The detail information of each node can be shown 

in the Table 3.3. 
 

Sensor 

node 

Position 

(the distance to  

the window) 

Position 

(the distance to  

the artificial light) 

Position 

(the distance 

to the ground) 

N1 15 cm 364 cm 93 cm 

N2 183 cm 170 cm 50 cm 

N3 1001 cm 163 cm 111 cm 

N4 573 cm 160 cm 114 cm 

N5 901 cm 139 cm 88 cm 

N6 25 cm 98 cm 180 cm 

N7 354 cm 194 cm 21 cm 

Table3.2 The detail information of each node (for real illumination condition) 

 

3.2 I-V model establishment 
 

The solar cell model actually consisted of several I-V curves generated 

by a specific solar cell under different illumination conditions. We used 

the Keysight B2901A Precision Source / Measure Unit (SMU) shown in 

figure3.8 to capture the I-V curve of the solar cell (SLMD600H10L) in 

the different illumination situations. This instrument has the ability to 

perform I-V measurements with high accuracy [36]. 
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Figure 3.8[35] The Keysight B2901A Precision Source / Measure Unit (SMU) 

 

As well as the collected data, the solar cell I-V model is built for 2 

purposes. One is used to build the solar cell model for each kind of 

light source, the other is required for the verification model. 

 

3.2.1   I-V model for solar cell  
 

For the first aim, the instrument should be placed in the special room to 

exclude the impact of other kinds of light source.  As for the artificial 

lights, the dark room which has no influence of the sunlight is adopted. 

Oppositely, the solar cell model for the sunlight should be measured in 

the places where eliminate the artificial light influence. In this paper, 

four commonly types of light sources have been investigated, including 

cold LED, warm LED, fluorescent lamp and halogen. The general 

properties of the utilized light sources are presented in Table3.3 [3].  
 

Type Brand Temperature 

[K] 

Power 

[W] 

λ[nm] 

Warm LED Philips  2800 55 350-950 

Cold LED Philips  2800 38 480-570 

Fluorescent Deltaco  2800 3.5 420-720 

Halogen Maxell  4200 4 420-720 

Table3.3[3] The general properties of the utilized light sources  

 

Spectral distribution of each kind of lab light source is shown in figure 

3.9.  
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Figure 3.9 Spectral distribution of each kind of lab light source 

 

Unfortunately, the sunlight is an uncontrollable source, which 

fluctuates erratically, we cannot keep the Lux level of the sunlight 

constant in the real indoor environment during the measurement 

duration.  Therefore, the captured I-V curve is always invalid. To solve 

this challenge, we use a solar simulator to estimate the sunlight 

behavior as accurately as possible. The spectral distribution of the solar 

simulator can be shown in figure 3.10. 

 

 
Figure 3.10 The spectral distribution of the solar simulator 

Cold LED Warm LED 

Fluorescent  Halogen  
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3.2.2   I-V model for verification  
 

The I-V curves captured in this section are required to build a 

verification model as mentioned in the final of chapter 2. We utilize the 

same instrument, the Keysight B2901A Precision Source / Measure Unit 

(SMU) and the SLMD600H10L solar cell in an opening room in the Mid 

Sweden University to collect these curves (the energy source is the 

mixed with sunlight and the artificial light).  

 

3.3 Model verification setup  
 

Figure 3.10 depicts an overview sketch of evaluation and verification. 

In this section, both the traditional single diode solar cell model and the 

new solar cell model are adopted to get the maximum power output 

under the specific situation.  

 

 

Figure3.11 An overview sketch of evaluation and verification 

 

Additionally, 2 points are selected of each I-V curve to build this 

verification model, one is the short current, the other one is the MPPT 

point,  the curve fitting method was used to establish a mathematical 
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relationship between the short circuit current and the maximum output 

power point. 

 

Figure 3.11 shows the curve fitting result, representing the 

mathematical relationship between the short circuit current and the 

maximum output power point. In this way, we can calculate the power 

output based on the short circuit current captured in each specific 

situation by this formula.   

 
Linear model Poly2: 

     f(x) = p1*x^2 + p2*x + p3 

Coefficients (with 95% confidence bounds): 

       p1 =     6059  (4844, 7275) 

       p2 =    1.259  (1.119, 1.399) 

       p3 =      -4.734e-06  (-7.938e-06, -1.53e-06) 

      

Goodness of fit: 

  SSE: 2.177e-10 

  R-square: 0.9981 

  Adjusted R-square: 0.998 

  RMSE: 2.951e-06 

 
Figure 3.12 Curve fitting result for verification model 
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3.4 System dimension   
 

After the verification, the model can be used to simulate the whole 

system behavior. Simulating supercapacitor voltage level is proposed 

as a method for dimensioning indoor lights energy harvesting system. 

An overview sketch of design tool for indoor light energy harvester is 

described in figure 3.13.  

 

 
Figure3.13 An overview sketch of design tool for indoor light energy harvester 

 

This figure also shows an overview of energy interactions between 

components of the indoor lights energy harvesting system. The inputs 

of this design tool are the light intensity, the spectral information of the 

illumination condition, and the load pattern. The parameters of the 

solar cell model and other components are set to be the internal factors.     

Thereby, this design tool can be used to simulate system behavior in 

different situations with different dimensioning parameters. In this 

paper, all components models have been implemented with 

Matlab/Simulink software. This design tool can allow users to adjust 
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the internal parameters which are defined inside the system model, 

such as solar cell size and capacitance of supercapacitor.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Modeling Of Indoor Energy 

Harvesting System  

2017-06-26 

 

Mid Sweden University 
Department of Electronics 
Design 

 

54 

 

 

 

 

 

 

4 Result 
 

After the long-term experiment, we got plenty of data to build each 

part of the system. This chapter focuses on the performance of every 

submodule of the system. Moreover, the evaluation of 2 kinds of 

estimation model can also be shown in this section.  

 

4.1 Classification  
 

This classification model was trained in the Matlab software with 5 

different features: channel 0, channel 1, red, green, and blue 

information. The data for each kind of light source was collected in the 

different room without the affection generated by other light sources 

[3]. 

 

4.1.1   Classification selection    
 

Figure 4.1 shows 22 kinds of commonly used classification model, with 

the accuracy of each corresponding method. It is obvious to find out 

that each method has diverse accuracy, the classification result, 

therefore, becomes quite different. In this thesis, the second –Quadratic 

SVM- method was selected randomly, since several methods can show 

100% classified accuracy. The performance and evaluation of this kind 

of method is shown as follows. 
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Figure 4.1 22 kinds of commonly used classification model 
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4.1.2   Classification evaluation    
 

The evaluation of the Quadratic SVM classification method is shown in 

Table 4.1: 

 
Illuminance 

Lux 
Real Predicted Illuminance 

lux 
Real 

(mixture) 
Predicted 

186 fluorescent fluorescent 825 sunlight sunlight 

392 fluorescent w.LED 373 sunlight sunlight 

591 fluorescent fluorescent 560 sunlight sunlight 

270 w.LED w.LED 628 sunlight sunlight 

387 w.LED w.LED 362 fluorescent fluorescent 

233 c.LED w.LED 75 fluorescent w.LED 

337 c.LED c.LED 294 fluorescent fluorescent 

682 halogan halogan 322 fluorescent w.LED 

389 halogan halogan 197 fluorescent w.LED 

Table 4.1 The evaluation of the Quadratic SVM classification method 
 

The measurement illumination information was measured in both dark 

room and the real indoor environment. 13 out of 18 group of values 

have been associated to the correct light source type, the accuracy of 

this kind of classifier totally can reach 72.22%.  

 

4.1.3   Classification performance 
 

Three typical sensor nodes were selected to evaluate the classification 

performance. N1 is on a sill next to a window; N2 is placed on the table 

between a window and the door; N3 is on the desk next to the door.  

The classification results of these typical sensor nodes are depicted in 

figure 4.2, 4.3, 4.4. 
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Figure4.2 Classification result of N1  

 

Figure4.2 gives good classification result of the N1. The red points 

represent sunlight, which shows the sunlight is promised to be the light 

source all the time. This can be explained due to the fact, the sensor 

node is installed on the sill next to a window which is far from the light. 

Therefore, the sunlight has a large influence on the sensor, which is the 

major energy contributor. Moreover, during the daytime, more solar 

energy can be harvested, however, there is hardly any energy during 

the night.  
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Figure4.3Classification result of N2  

 

Figure4.3 shows classification result of N2. The RED points represent 

sunlight while the blue points represent fluorescent. It is obvious that 

there is still energy at Wednesday night, Saturday night and Monday 

night with about 100 lux. That is because the lights in this opening 

room are not turned off during these nights. Moreover, during the 

daytime, solar energy is a primary energy contributor. As opposed to 

daytime, light energy has a large influence on sensor node during the 

night without turning off the lights. Compared to the sensor N1, the 

impact of sunlight is smaller. However, artificial light has a certain 

influence on this sensor node.  
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Figure 4.4 Classification result of N3 

 

Figure4.4 demonstrates the classification result of N3. In a similar 

manner to the N2, the lights are not turned off during Wednesday 

night, Saturday night and Monday night. However, the impact of 

artificial light is larger, the light intensity is around 310 lux level. 

Obviously, as can be shown, the light is turned on at around 9 am for 

most situations, since the staffs begin to work at 9. Furthermore, during 

the daytime, this sensor node can gather a few sunlight since it is far 

from the window. Hence, artificial light is a major energy contributor 

and it will switch to sunlight during the night. 
 

Each group of classified result can be shown in the pie chart 

correspondingly in the figure 4.5. 
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Figure 4.5 The pie chart of classified result of all nodes 
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Compared these results, we can find that the energy source for the 

indoor condition is quite different for each situation. As for the N3, N4, 

N5, and N7 which are placed a little bit far away from the window, the 

artificial light is the main contributor to provide energy, while sunlight 

has considerable influence to the N1 and N6. Therefore, we cannot 

summarize that which single light source is the main energy source 

under the indoor condition, namely, it is important to distinguish the 

sort of the light source before estimating the output energy. All in all, 

the classification model we built has the ability to perform well in 

different situations, although there is still a few points were 

misclassified.  
 

4.2 New solar cell model 
 

The IV measurement unit has been applied to measure the current-

voltage curves of a solar panel at different Lux levels in the dark room, 

which correspond to each kind of indoor light sources. Here in this 

chapter, the results will be depicted.   

 

4.2.1   New solar cell model performance 
 

Figure 4.6 shows part of I-V curves of sunlight, it is clear that with the 

light intensity increase, the short circuit current increase proportionally. 

 
Figure 4.6 The I-V curves of sunlight 
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After acquired each kind of solar cell model, figure 4.7 shows the I-V 

curve comparison for each sort of light at 500 Lux, which can verify the 

theory mentioned before: 

 

i. The same luminance level generated from different light sources 

can lead the solar cell to generate the different energy. 

 

ii. The I-V curve shape is almost same for the different situations. 

 

 
           Figure 4.7 The I-V curve comparisons for each sort of light at 500 Lux 

 

4.2.2   New solar cell model evaluation 
 

As for now, we got the solar cell models for each group of light source, 

the problem is that each model is consisted by a limited amount of I-V 

curve generated at the specific Lux level, how to make our solar cell 

models versatile enough to deal with random illumination conditions, 

therefore become to the next task. Take the fluorescents solar cell model 

as the example, although the 400 Lux and 500 Lux curves are defined, 

what if the input illumination Lux level is 450 Lux, which I-V curve it 

should follow? To solve this problem, we assume that the I-V curve is 
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strictly proportional to the Lux level. In this way, we can scale the 

model, which means we can calculate a new I-V curve base on the 400 

Lux curve and 500 Lux curve. This procedure can be explicit in 

equation 4.1 and 4.2. 

 
 

                                                                                                                                        (4.1) 

 

 

                                                                                                                                          (4.2) 

 
 

 
Figure 4.8 The I-V curve comparison of the measurement 

 and interpolation result at 450 Lux 
 

Figure 4.8 shows the comparison of the measurement and interpolation 

result. The interpolated curve is approximate close to the measured 

curve. The interpolation error is 0.25%, which can be ignored. 

 

Additionally, since sunlight model is measured by the solar simulator 

mentioned in chapter 3. Here we should evaluate the performance of 

that simulator. Therefore, we measured the spectral distribution of both 

real indoor sunlight (exclude the impact of the artificial light) and the 
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solar simulator at 800 Lux level, the result is shown in figure 4.9.  The 

figure shows that the simulator has a little difference with the real 

indoor sunlight (at 400 nm wavelength), which is caused by the glass of 

the window. Since the glass properties and glass coating can alter the 

spectrum of the indoor sunlight, which can lead to a deviation between 

real indoor natural light and simulator sunlight. However, under the 

experimental situation, it is difficult to place a window glass between 

the simulator and the measurement instrument.   

 

 
Figure 4.9 I-V curves comparison of real indoor sunlight and simulator at 800 Lux 

 

Additionally, the error is calculated as equation 4.3: 

                                                                                                                    

                        100%=16.49%
simulator real

e
real


                          (4.3) 

 

This error value can be used to compensate deviation between real 

indoor natural light and simulator sunlight in further estimation. 
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4.3 Energy Harvesting System performance 
 

Evaluation of each estimation model proposed in chapter 2 is done in 

this section. We use 6082 groups of data collected in the real indoor 

environment as the examples to analyze. 3 kinds of output value were 

calculated for each group of data: the maximum power output point of 

the traditional model; the maximum power output point of the new 

model; and the maximum power output point of the verification model.  
 

The total average errors for each Lux range for each kind of light source 

are summarized in figure 4.10. 
 

 
Figure4.10 The average error comparison of 2 models for the cold LED 
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Figure4.11 The average error comparison of 2 models for the fluorescent 

 

In this situation, there was no warm LED and incandescent lamp in the 

classification result, so this time, the result mainly focuses on the other 

2 kinds of artificial lights: the cold LED and the fluorescent lamp. Since 

the nodes are placed in an immobile location, the light intensity of the 

artificial light is almost constant. That is the reason why the data for 

each artificial light was concentrated. 

  

From the comparison of 2 kinds of model of the artificial light, it is 

obvious to find out, the average error for the traditional model is 

around 1900% while 28% for the new model. Therefore, the new model 

is much better than the traditional model that the average error was 

reduced by around 67 times for artificial light. That new solar cell 

model works far better than the traditional solar cell model, because 

different artificial lights need to match with various solar cell models 

for the best performance, however, the traditional single diode model is 

not suitable for indoor light sources. The detail error analyzation is 

shown in section 4.4. 
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Figure4.12 The average error comparison of 2 models for the sunlight 
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Compare to the artificial lights, the light intensity range of the indoor 

sunlight is much wider as shown in figure 4.12, here the result has been 

compensated. 

 

As for the sunlight, the new compensated model gets a 14% average 

error. Although, the average error of the traditional model decreases as 

light intensity increases, which means the traditional model is more 

suitable for high illumination conditions, our new model still performs 

better than the traditional model. 

 

From the figures above, some conclusions can be summarized: 

 

i. The traditional model performs badly for the artificial light. 

 

ii. The traditional model performs worse at low Lux level than high 

level. 

 

iii. The new model performs much better than the traditional model 

for both sunlight and artificial light. 

 

 

 

4.4 Error analyzation  
 

To find out the reason of each error, the average error of different kinds 

of light source for each node was depicted in figure 4.13.  
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Figure 4.13 The average error of different kind of light sources for each node 

 

As for N1 and N6, which are located near the window, the 

classification result shows the sunlight is the main contributor all the 

time; the error result of N3, N4, and N5 has quite similar behavior since 

they were placed in the similar location. All of them were located on 

the table with almost the same height, a little bit far from the window. 

For experimental indoor situations, the light source is fluorescent, 

therefore, the result shows the fluorescent lamp for the different node 

can get the less average error compare to the cold LED. Oppositely, the 

cold LED which has a higher average error for each node is due to 

misclassification. Nevertheless, only a few points were misclassified, 

the average error for each node is not significantly influenced by these 

misclassified points. Moreover, the estimation for the sunlight gets an 

almost constant error with 14.98%. 

 

For N2, here shows part of its classification result, which can explain 

the higher error of fluorescent. Obviously, the light intensity generated 

by the fluorescent lamp is around 100 Lux which should be constant, 

since the node is immovable.  Therefore, the points remarked in the 

36.02% 

34.21% 

32.19% 

35.24% 

30.57% 

13.16% 
12.56% 

13.66% 

23.89% 

14.19% 13.51% 
15.13% 

14.88% 13.20% 
16.54% 

17.42% 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

N1 N2 N3 N4 N5 N6 N7

cold LED fluorescent sunlight average



 

Modeling Of Indoor Energy 

Harvesting System  

2017-06-26 

 

Mid Sweden University 
Department of Electronics 
Design 

 

70 

 

 

figure below should be the sunlight, however they were misclassified 

to the fluorescent. This misclassification leads to a higher error of the 

fluorescent for N2.  

 

 
Figure4.14 Part of the classification result of N2  

 

Another result in figure 4.15 depicted the power output comparison for 

each kind of light source at each specific Lux level, to show the 

influence of misclassification 

 

Figure4.15 The power output comparison for each kind of light source 
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This result can also show the power output relationship among 

different light source at same light intensity: 

 

E(sun)> E(w.LED)> E(c.LED) >E(fluorescent) 

 

As for the low illuminated situation, the error reason is quite different. 

Figure 4.16 shows the comparison of the interpolation and the 

measurement I-V curves at 50 Lux and 150 Lux, the error of MPPT 

point for these 2 kinds of situations is diverse.  Obviously this picture 

can show that the interpolation method for low Lux level cannot 

perform well as high level. 

 

 
Figure4.16 The I-V curve comparison of the measurement 

 and interpolation result at 50 Lux and 150 Lux 
 

All these analyzation above can also explain the histograms showed in 

chapter 4.3. Since fluorescent is the only artificial light exist in this 

experiment duration, the cold LED gets a 33% average error due to 

misclassification. As for the error of the fluorescent, with the increase of 

the light intensity, the error shows a decreasing trend. Compared with 

these artificial lights, the sunlight has the ability to keep a steady error 

at around 14.98%, however, it performs badly in the range of 0-100. 
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Compared to the new solar cell model, the traditional one always gets a 

much higher error for each kind of light source. Figure 4.17 (A) shows 

the I-V curve comparison at 200 Lux for both models. It is clear to find 

out that these curves are quite different.  

 

 
                                                            (A) 

On the one hand, this difference can be caused by the inaccurate unit 

conversion from Lux to electric power in watts per square meters. On 

the other hand, the shape of the curves is different as well, which 

means even if we can find an appropriate method to convert these 2 

inputs, the MPPT point is still significant different. This argument can 

be illustrated in figure 4.17 (B). Even if the short circuit current is same 

the MPPT error is 249.68%.  Therefore, our new solar cell model is 

imperative to accurately estimate the power output. 

 

 
(B) 

Figure4.17 I-V curve comparison at 200 Lux for both models 
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4.5 Energy Harvesting System dimension  
 

The proposed design tool allows user to adjust the internal parameters 

which are defined inside the system model, such as solar panel size and 

capacitance of supercapacitor to estimate the configuration of their 

system. Therefore, we choose this method to dimension our indoor 

energy harvesting system. The input data of the system was collected 

in 7 different opening locations in Mid Sweden University as 

mentioned before (Lux, and RGB).   

 

Firstly, figure 4.18 shows the reliability evaluation of our new model. 

The blue line is depicted based on the verify model, which can be 

assumed as the 0% error result. The red line is generated by our new 

model while the purple line is created to represent the dimension result 

with 50% error. This figure can be explicated as follows:  as remarked 

in this figure, under 0.5 mA load current situation, 0% result shows that 

7 size solar cell is required while dimension result of our new model 

indicates 5.5 is enough. However, the result of 50% error dictates the 

users to select 3.5 size solar cell. Even a 50% error can lead the users to 

choose a bad configuration, let alone the traditional model, which can 

generate a 1900% average error. Obviously, the result of our new 

model is acceptable although it still has a few errors, since the 

parameters are close to the reference value. 

 

 
Figure4.18 Dimension result evaluation 
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After evaluation, it is clear that the new model works better than the 

traditional model, hence, we adopt the new model to dimension the 

indoor energy harvesting system based on the energy level in Simulink 

software. Take 2 nodes as the example: N1 (at the distance of 15 cm 

from the window) and N2 (at the distance of 183 cm from the window) 

to dimension the system. 

 

Results depicted in figure 4.19 shows the impact of different 

supercapacitors (10F, 20F, 30F) with different configurations (different 

solar cell size).  

 

 
Figure4.19 Dimension result of N1 

 

The result shows that under the same conditions generally increasing 

the solar panel size leads to a larger maximum average load current 

consumption. There exists a limit maximum load current for each kind 

of supercapacitor. In another ward, the maximum load current will not 

raise when the current gets a specific value, even if the solar size still 

increase. For different capacity, each capacitor shows the saturation 

effect, which means the capacitor, can be charged until the saturation 

condition is reached. 10F can quickly get that saturation state and 
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maintain that state, even if the solar size is increased, therefore the 

electrical energy provided by the 10F supercapacitor is constant and 

limited when it was fully charged. And it is obvious that under the 

same solar panel size condition, the 30F capacitor can provide larger 

maximum load current. Furthermore, a bigger capacitor needs a 

smaller solar size with a given load current. This can be explained due 

to the fact, the bigger supercapacitor can provide more energy, power 

higher load current consumption. 

 

 
Figure4.20 Dimension result comparison of N1 and N2 with 20F supercapacitor 

 

Another dimension result depicted in figure 4.20 shows the influence of 

dimensioning parameter variation on maximum average load current 

for different sensor nodes, here in this step, the supercapacitor is 20 F. It 

is obvious that under the same solar panel size condition, N1 can 

harvest more solar energy than N2, powering higher load current 

consumption. 
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5. Conclusion  
 

System lifetime is one of the main limiting parameters for the wireless 

sensor network. However, the renewable energy from the environment 

has emerged as a reliable technique to power the sensor nodes instead 

of the finite batteries energy, which enables perpetual operating life-

time for low-power wireless sensor networks. Therefore, accurately 

estimating the output energy of the indoor energy harvesting system 

becomes the gist of our thesis. 

 

During the whole thesis, we found out characteristic of each individual 

component of the indoor energy harvesting system; learnt the features 

of the artificial lights; proposed 2 kinds model to estimate the output 

energy of the indoor energy harvesting system; made 10 nodes to 

collect light information for different usage; established several I-V 

models of a specific solar cell (SLMD600H10L) in the different 

illuminated situations; verified each estimation model based on the 

maximum output power point for each specific situation; dimensioned 

the indoor energy harvesting system according to the simulation 

energy level in the Simulink software; and finally get the results 

showed the maximum acceptable load current under different 

configurations under the real indoor environmental condition. 

Compared to the traditional model, which is prevalently used for the 

outdoor energy estimation, the new model we proposed has the ability 

to be applied to the indoor environment. An additional ‘classification’ 

model helps the new model distinguish the sort of the light source, 5 

different solar cell models make the system robust enough to consider 

the influence of the light spectral distribution. Besides, the verification 

model is built based on the relationship between the short circuit 

current and the maximum output power point, to evaluate both the 

traditional model and the new model.  
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Based on the simulation result shown in chapter 4.3, designers can 

determine the key factor of their own system. Which sample rate is 

flexible enough to fit the requirement of the applications? How much 

energy will it cost under the request sample rate? How big is the size of 

the solar cell required to provide enough energy? All these questions 

can be answered based on the simulation results. In another ward, 

people can determine the main parameter of the indoor energy 

harvesting system (such as solar cell size or the capacitance of the 

supercapacitor) based on the dimension result. In this way, people can 

judge the configurations of the system in the real applications. 

Additionally, this modeling method helps people making an excellent 

tradeoff between the performance and the cost. Take an example to 

explain that, people can estimate the size of the solar cell by our new 

model. If the size is bigger than the requirement, the cost of the surplus 

part is undesirable, however, it cannot generate enough energy if the 

size is insufficient.  

 

In accordance with the results, some conclusions can be obtained. 

Firstly, the selection of an accurate classifier can directly determine the 

final error. Secondly, contributions presented show that the new solar 

cell model can work much better than the traditional single diode solar 

cell model. The average error of the traditional model for artificial light 

is 1900% while our new model is 28%, the new model can reduce 

almost 67 times error than the traditional model. Additionally, 

although the error of the traditional model decrease with light intensity 

increase, which told us the tradition model perform better under high 

Lux illumination condition, the error of the new model for sunlight is 

14%, the new model still performs much better than the traditional one. 

Plenty data shows our new model can overcome the flaws of the 

traditional model, perform well under the real indoor environmental 

condition. Although our new model still has a few errors, the 

dimension result is acceptable. Furthermore, deployment of sensor 
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nodes has a large influence on the simulation results. The sensor node 

placed close to a window can provide larger maximum load current 

which means it can harvest more energy than other sensor nodes.  

 

Eventually, for the presented system, a new model has been improved 

and extended in this thesis, more accurate estimation of the output 

energy of the indoor energy harvesting system can be acquired.  

Dimension results therefore, become more realistic.    
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