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Abstract 

Energy harvesting system is a system which could convert ambient energy into 

electrical power, its output depends on the energy availability of ambient 

conditions. For indoor condition, light is a typical available energy, and solar panel 

could be used to harvest it. To determine the light energy availability of an 

unknown condition, normally, a lot of measurements is needed, and it will cost a 

long time. This paper introduced a whole design process of a simulation system, 

it used modelling method to estimate the energy availability of unknown light 

condition, and this method is more quickly.  

To prepare the data for simulation system building, a matched measurement 

system for solar panel and environmental parameters was built firstly. Then, all 

these environmental parameters were analyzed to find out their influence on solar 

panel. These parameters, which have relation to the output of the solar panel were 

thought as influence factors and used for model and classifier building in 

simulation system. To get an accurate simulation result, different modeling and 

classification methods were compared and some suggested methods were picked 

out. Compared the simulation result with the real output measurement, the 

method with minimum error was accepted in the final system.  

A user interface was built in the end to make this system become more user-

friendly. This system could be used to simulate the energy availability of an 

unknown condition and analyze the error of simulation results which generated 

by different methods. 

Keywords: Energy harvest, solar panel, simulation system, measurement 

system, influence factor, modelling, classification. 
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1. Introduction 

1.1 Background 

Energy harvesting is a process which collects energy from external sources. 

Nowadays, it gets more and more attention for it could produce electric energy 

and reduce the consumption of fossil fuel. Shown as figure 1.1.1, The type of 

ambient sources is diverse, like solar energy, thermal energy, wind energy, etc. 

Using special energy harvesting devices, these ambient energy sources could be 

harvest from external condition, and transfer to electrical power for other uses. 

 
Figure 1.1.1 Energy harvesting process 

For the outdoor condition, there are many different energy sources could be used, 

like solar, wind, tidal and geothermal. They could be harvest by different energy 

harvesting devices, and most of them have a strong output. 

However, for the indoor condition, the choice of energy source is limited. For most 

indoor conditions, light is typical energy source which could be found and 

harvested. Thus, solar panel become the most popular choice to harvest energy 

under indoor condition. It is very suitable to power wireless sensor nodes. For 

example, the power consumption of temperature and relative humidity sensor is 

quite small. Power it with a light energy harvesting system could make this sensor 



Mid Sweden University                     An Automatic Simulation System  
Department of Electronics Design            for Solar Panel under Indoor Conditions 

work continually, and do not need to lay the power cable. Without the constraint 

of power cable, this sensor could be set in any place with light source. 

For a new place where plan to install an indoor light energy harvesting system, it 

is very necessary to estimate the energy availability of that condition. Only with 

this energy availability, the designer could determine what solar panel should be 

used in this system to meet the power required. 

Normally, a small energy harvesting system will be used to get its output 

measurements and calculate the energy availability of condition. However, this 

small energy harvesting system needs all the types of solar panel and the 

measurement device for its output. It will cost extra money and time. Besides, for 

the place where the designer could not reach, he could not even have the testing 

with this small system.  

A simulation system was designed to solve this problem by using a suitable 

simulation method. With this system, the designer could get the predicted energy 

availability for different solar panels in any light condition with the environmental 

light parameters. And it is very easy to get these parameters in a short time with 

corresponding measurement tool in this simulation system.  

1.2 System building 

An ideal simulation system could be thought as a process with a black box, shown 

as figure 1.2.1. The users do not need to understand what happen in this box or 

how it works, just import the suitable input, and the result will be generated 

automatically.  

 
Figure 1.2.1 General simulation system 

For this simulation system, the building process could start with an analysis of 

itself. As shown in Figure 1.2.2, it is built by the three parts, input, output and a 

black box for calculation processing. 
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In the input part, there are two aspects are needed to be considered. How to get 

the input data, and what parameters are needed. A measurement system was 

designed to get the measurements from a real-world condition, then, an analysis 

is needed to find out the factors which could influence the output of solar panel.  

The black box is essentially a mathematical calculation process, this process used 

a chosen model to transfer the input data to output results. To get this model, a 

modeling process is needed. If there are different models in one system, a 

classifier should be built to identify the type of input firstly. 

In the end, a user interface should be designed to make this system more easily 

to use for other users. 

 
Figure 1.2.2 The analysis of general simulation system 

With the analysis in Figure 1.2.2 An analysis of general simulation system, the 

simulation system which used in this experiment was built like figure 2.2. 

 
Figure 1.2.3. An overview of output simulation system 
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In this simulation system, the parameters which relate with the output of solar 

panel were used as input. Using these data, a light source type classifier could 

identify the type of input. Then, the corresponding model for this type of light 

source will be used to calculate energy output result under this light condition, 

and use it as the simulation result. 

1.3 Related work 

The most important parts of this simulation process are classifier and model. The 

classifier for light type is usually trained by machine learning, however, there are 

three choices to build the model for output of solar panel based on existing 

researches. 

Firstly, the model could be built by using equivalent circuit modelling method. [1] 

This method normally used one-diode or two diode model [2] – [4] to simulate 

output of solar panel. However, researches show that this method has a poor 

performance under low illuminance conditions [5]- [6].  

If using experimental data as training dataset, artificial neural network is an 

alternative way for modelling the behavior of solar panel [7], [8], and it normally 

lead an accurate result. However, its result is not stable all the time. When using 

it to simulate a condition with a different light intensity which not contained in its 

training dataset, the simulation result will become very unstable. [6] For example, 

when using the experimental data at 100 lux, 200lux, 400lux, 1000lux as training 

dataset, the built model could get an accurate simulation result when the 

condition has a similar light intensity with these four light intensity levels. However, 

if using this model to simulate the output of solar panel at a different light intensity, 

like 600lux, the simulation error will be quiet lager. The condition which needs this 

simulation system is unknown, thus this unstable method should be abandoned.  

Using output fitting model is the third way to estimate the output of solar panel. 

The method also uses experimental data, and build the model by fitting operation. 

After this operation, a mathematical model equation model will be generated. The 

research shows this method could get a relatively accurate output under all 

different light conditions. [6]  
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To make the simulation system could work in any unknown indoor condition and 

gets a reliable output prediction, the output fitting model method was used in 

this system. To improve the accuracy of this method, many different fitting 

methods will be compared in this paper. 
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2. Method 

The method chapter of this paper is contributed by five parts. Following the 

building process of this simulation system, them represented how these parts of 

this system were built. 

2.1 Measurement system 

This measurement system was introduced as two parts. 2.1.1 Measurement 

devices introduces the devices which used in this system, their characteristics and 

their responsibilities. 2.1.2 Modular design shows how to integrate whole this 

system into a small box while keep the measurement result in a high degree of 

accuracy.  

 

2.1.1 Measurement devices 

Figure 2.1.1.1 is an overview of this measurement system, it shows how three 

different parts (microcontroller, spectrometer, a Precision Source / Measure Unit 

used as IV curve measurement device) work together to get the data from the 

ambient environment to data receiver and storage. 

First part is based on a microcontroller, it uses I2C protocol to communicate with 

three different sensors. This microcontroller could get the data of light intensity, 

color of light and temperature from them. Second part is a spectrometer, it gets 

light spectrum from ambient environment. Third part is based on an IV curve 

measurement device, it links with a solar panel by power cables and measures its 

IV curve. These three parts are all use USB cable to send measurements to PC, 

which acted as a data receiver and storage. A Matlab program on PC was write 

to receive and save these measurement results automatically.  
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Figure 2.1.1.1 An overview of measurement system 

2.1.1.1 Sensors 

A. Function 

In this system, three different sensors are used to get the RGB value, light intensity, 

light spectrum range, altitude and ambient temperature. Table 2.1.1 is an 

introduction about them. The microcontroller of them was provided by an 

Arduino board, it controls these sensors to sense the measurement and receive 

the results. 

Table 2.1.1.1 Sensors in the system 

Name Function Communication protocol 

ISL29125 RGB data I2C 

TSL2561 Light intensity and spectrum I2C 

BMP180 Temperature and altitude I2C 
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These three sensors shared four ports on the Arduino board, SDA (Serial Data 

Line), SCL (Serial Clock Line), 3.3V power supply and GND, because they are all 

use I2C (Inter-Integrated Circuit) to communicate. This technical protocol makes 

Arduino could control these three sensors with only two I/O pins. These three 

sensors also have an optional INT pin and an optional NC pin, but they are 

unnecessary for general measurement.  

 

ISL29125 is an RGB light sensor, it could sense the light wavelength distribution 

of light, the output of this sensor is the value of RGB. Figure 2.1.1.2 is a typical 

performance curves for normalized spectral response, it expresses how this sensor 

gets the RGB value from the ambient (The RGB curves) and give the output as a 

number (The peaks of dash line). 

 
Figure 2.1.1.2 Typical performance curves [9] 

 

Figure 2.1.1.3 is the output of ISL29125 on the serial port monitor, the RGB values 

will be sent group by group with decimal numbers. 
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Figure 2.1.1.3 The output of ISL29125 

TSL2561 is a luminosity sensor, it has a flat response for most of the visible 

spectrum. Figure 2.1.1.4 is the output of ISL29125 on the serial port monitor. 

 

 
Figure 2.1.1.4 The output of TSL2561 

The output of TSL2561 includes three values, data0, data1 and Lux. Lux is the light 

intensity, data0 and data1 represent the range of visible light and invisible light of 

the light source. Figure 2.1.1.5 is a typical responsivity characteristic for channel 0 

and channel 1. By using these two data, two curves could be drawn, and they 

could be used to estimate the type of light source.  
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Figure 2.1.1.5 Two curve draw by data0 and data1[10] 

BMP180 is a high precision, low power digital barometer and temperature sensor. 

However, in this system, only the temperature function is needed because most 

of these measurements are measured in a same altitude. Figure 2.1.1.6 is the 

output of BMP in the serial port monitor. 

 

Figure 2.1.1.6 The output of BMP180 

B. Data collection 

By using I2C technical protocol, these three sensors could share same I2C.h and 

wire.h library in Arduino, and they could also use their own data to transform 
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library in one program. These measurement data will be sent group by group and 

as the order of light intensity, data0, data1, R, G, B, and temperature. 

Arduino board will keep sending the measurement data after powered, like shown 

in Figure 2.1.1.7. To receive and save them in the right order, a judgment was 

added before the saving operation. Figure 2.1.1.7 shows how it works. A mark 

(number 100000) was added on the value of light intensity, it makes this data 

become very different from others and keep as a numeric type. When Matlab gets 

a data with this mark (Larger than 100000), it will recognize it as the light intensity, 

the first data of a data group, and save the following 7 data in the right order.  

 
Figure 2.1.1.7 A flow diagram of Arduino 

Figure 2.1.1.8 is the output when these three sensors work together. Data group 

1 (100189.52, 477, 62, 0, 0, 0, 21.96) is useless because RGB sensor needs a longer 

time to initialize than other sensors. All the data after this group are valuable, for 

example, the data group 2 (100189.52, 477, 62, 516, 595, 465, 21.99) represents 

the ambient condition is 189.52Lux light intensity (Added 10000 here as a mark 

to distinguish the first data for each group), data0 is 447, data1 is 62, R value is 

516, G value is 595, B value is 465, and the temperature is 21.99°C. 
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Figure 2.1.1.8 The output of three sensors 

C. Data storage 

A Matlab script was written to receive and save the data from an Arduino board 

by using serial port listening. 

In this way, a serial port object needs to be created. After the baud rate for the 

serial port was settled, all the data send from the Arduino board to this serial port 

could be get by using this command. 

‘fgetl（file ID）’. 

After ‘fopen (file ID) ‘give the right to Matlab for data receiving, this command 

will return the data from the port, and encoding scheme associated with it. All the 

received data will be put into individual array, and automatically save as a csv file 

after this script ends.  

Figure 2.1.1.9 is a csv file includes all the measurement result from the Arduino 

board. 
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Figure 2.1.1.9 Measurement result from sensors 

The first three rows of these data in Figure 2.1.1.8 are the measurements from 

TSL2561 sensor, they are the value of light intensity, data0 and data1. Row 4 to 

Row 6 are the measurements from ISL29125 sensor, the results of R, G, B value. 

The last row is the measurements from BMP180 sensor, the temperature of 

working condition. 

 

 

2.1.1.2 IV curve measurement device 

A. Measurement device 

In this measurement system, a Keysight B2901a was used to get the IV curves of 

solar panels in different condition, shown in Figure 2.1.1.10. This Precision Source 

/ Measure Unit is a 1-channel, compact and cost-effective bench-top SMU with 

the capability to source and measure both voltage and current. 
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Figure 2.1.1.10 Keysight B2901 

Normally, the operator needs to press some buttons on the board, set the working 

mode, the value of source voltage, current, etc. The operation flow chart is shown 

in Figure 2.1.1.11. 

 

Figure 2.1.1.11. A flow chart of operating step 

B. Data storage 

Keysight made a special software for IV curve measurement, it could set all the 

setting very quickly and the operator could save all the setting in a special file 

(.qivm). The software could read it to get those setting when a similar 

measurement is needed. 

By using this way, the operator need to save the IV curve in a csv file. A Matlab 

script was written to read all the measurements, and combine them with other 
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measurements from sensors. Table 2.1.1.2 is the result which got from this 

software. 

Table 2.1.2 Some result of Keysight A2901A 

 

2.1.1.3 Small-size spectrometer 

In this measurement system, Flame spectrometer was used to get the spectrum 

of light source, it is a small-size modular spectrometer which made by Ocean 

Optics. Shown in Figure 2.1.1.12.  

 
Figure 2.1.1.12 Flame spectrometer 

This spectrometer could get a real-time wavelength distribution of light source, 

and the count of each wavelength will be save in a text file automatically. This 

measurement will be helpful when comparing two different types of light,  

Figure 2.1.1.13 is a measurement result of this spectrometer, the light source for 

this result is a fluorescent lamp with 2700k. In this spectrometer, several peaks 

could be found, and they could be used to classify with other light sources. 
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Figure 2.1.1.13 The interface of OceanView 

 

2.1.2 Modular design 

After this measurement system was built, its portable ability became an issue when 

the user needs to start a new measurement in another place. A modular design 

was made to solve this problem. It turned this measurement system into a small 

size. Figure 2.1.2.1 is a visually show for this design, it became much smaller even 

comparing with a coin. This green box has gathered three sensors, two types of 

solar panels, one Arduino board and one small-size spectrometer, and the size of 

it is only 12cm X 7cm X 8cm. 
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Figure 2.1.2.1 A visually show for the size of this design 

Figure 2.1.2.2 is the side which faces to the light source. Three blue parts are three 

sensors working with Arduino, the red parts are three groups of pull-up resistor 

for these sensors. The panel in yellow block is the crystalline solar panel, while the 

violet part is the amorphous solar panel. The white block is the sensor of 

spectrometer. Sensors, spectrometer and solar panels have been designed as 

close as possible to make them work in a very similar light condition, this could 

keep the accuracy of this system. 

 



Mid Sweden University                     An Automatic Simulation System  
Department of Electronics Design            for Solar Panel under Indoor Conditions 

Figure 2.1.2.2 The front side face of modular design 

Figure 2.1.2.3 is the open side of this box for data output, while its side in green 

block is used to get measurements. Some different cables are linked on this side, 

the red part in this figure is the port for Arduino output, the yellow part is the port 

for the small-size spectrometer, two blue parts are the extension cables for two 

solar panels’ positive/negative port, they could be linked easily with the IV curve 

measurement device, Keysight B2901A. Some foamed plastic was filled in this box, 

they could reduce the vibration from outside and protect these devices in this box.  

 

 
Figure 2.1.2.3 The open side face of modular design 
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2.2 Influence factors 

All the data used in this part were measured by the device built as 2.1 

Measurement system in a room with black wall. During these measurements, the 

window was closed and cover with a black curtain. Only one lamp was working 

during each measurement, and there was no other interfering light except it. 

Using the data in this ideal condition, some parameters could be analyzed to find 

their influence on the solar panel. If they do have the influence, they will be 

thought as influence factors as used in following process. 

The influence factors of solar panel may include the type of solar panel, the 

intensity of light, the type of light source, the temperature of working condition, 

and the laying style method in the real world.  

 

2.2.1 Solar panel output characteristic 

The output of solar panel has a nonlinear voltage-current characteristic, normally 

the curve will be like the red line in Figure 2.2.1.1. It ranges from the short circuit 

current (Isc) at zero volts to zero current at open circuit voltage (Voc), 

A good way to compare the load ability between different IV curves is to compare 

their maximum power. 

Figure 2.2.1.1 includes two curves for solar panel at the same time. The circle on 

the red curve is the maximum power point of this IV curve. At this point, solar 

panel could produce maximum electrical power and get its maximum load ability. 

Shown as the blue curve, its highest point has a same voltage value with the red.  

So, when some IV curves were put together, a higher one means more energy 

output. If they are too close to compare directly, they maximum power point 

should be calculated. 
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Figure 2.2.1.1 The relationship between IV and PV curve [11] 

2.2.2 The types of solar panel  

There are two different kinds of solar panels used in the measurement system, 

amorphous solar panel and crystalline solar panel. They are all made from silicon, 

but used different processing technic. 

Amorphous solar panel is a kind of thin-film solar panel, it is made by depositing 

a thin layer of silicon onto a substrate. While crystalline solar panel, both poly- 

and monocrystalline solar panel are made by cut raw silicon into square wafers.  

They have some different characteristics, table 2.2.2.1 shows some comparisons 

between them. 

Table 2,2,2,1 Some comparisons among different solar panels 

Type Amorphous Polycrystalline Monocrystalline 

Lifetime Short Middle Long 

Efficiency rate  

Lowest 

A litter lower than 

monocrystalline 

 

Highest 

Cost Low Middle High 

Environment 

tolerance 

 

Good 

A litter lower than 

monocrystalline 

Worse than 

amorphous 

Efficiency 

degrade 

speed 

 

Fast 

Fast than 

monocrystalline but 

slower than amorphous 

 

Lowest 
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Environment tolerance means the ability of solar panel to work under different 

conditions. A solar panel with good environment tolerance will get less influence 

from the pollution, like the grime or dust. 

Here is a way to separate poly- and monocrystalline solar panels, polycrystalline 

solar cells look perfectly rectangular with no rounded edges [12]. So, the 

crystalline solar panel which used in this experiment should be a polycrystalline 

solar panel, shown in Figure 2.2.2.1 The size of amorphous solar panel is 25MM x 

20MM, the size of polycrystalline solar panel is 22MM x 35MM. 

 

Figure 2.2.2.1 Amorphous(Lift)/Polycrystalline(Right) solar panel 
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Figure 2.2.2.2 The output of solar panels under different light conditions (600 Lux) 

Figure 2.2.2.2 shows the output of one square meter amorphous/crystalline solar 

panel under four different lamps for usual home lighting. In this four curves group, 

the IV curves of crystalline solar panel are always higher than the amorphous, that 

means the output of crystalline is much larger than amorphous under the same 

conditions. For example, shown as the Halogen part in Figure 2.2.2.2 the output 

of crystalline is about 8 times as amorphous in same condition. 

So, to get a higher efficiency rate, crystalline solar panel should be the best choice 

for indoor condition. For Table 3.2.1, when comparing between two kinds of 

crystalline solar panel, polycrystalline only need a middle cost but could get a 

similar efficiency rate. It should be the best choice when a high output is needed.  

Amorphous solar panel has a lower efficiency rate in any conditions, but it has a 

better environment tolerance and cheaper price. It could be a good choice when 

the needed of output is small. 

2.2.3 Light intensity 

Light intensity is one of the biggest influence factors for solar panel, different light 

intensity will make the IV curve shift a lot.  

Figure 3.3.1 shows some IV curves for amorphous solar panel, the light intensity 

is increasing from 100Lux to 1000Lux. The measure step size of light increase was 

chosen as 100Lux, for it is enough to observe the variation trend of output. 

 
Figure 2.2.3.1 Ten IV curves from 100Lux to 1000Lux 
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Figure 2.2.3.2 is another IV curve group from the output of crystalline solar panel, 

these curves have a same variation trend with the amorphous. 

Figure 2.2.3.2 Ten IV curves from 100Lux to 1000Lux 

In figure 2.2.3.1 and figure 2.2.3.2, the highest one is the IV curve at 1000Lux, while 

the lowest one is the curve at 100Lux. Comparing these curves at a same voltage, 

the curve with a higher light intensity will gets a higher current output. That means 

the solar panel gets a higher load ability when light intensity increase. 

2.2.4 Light source type 

There are four different lamps used to compare in this experiment. Shown as 

Figure 2.2.4.1, from the left to the right, they are halogen lamp with (2700K), 

fluorescent lamp (2700K), warm LED (2700K) and cold LED (4300K).  

They have different light wavelength and it will influence the power convert 

efficiency on both two solar panels. 

 

Figure 2.2.4.1 Lamps used in this comparison 
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2.2.4.1 Lamp type 

A. Halogen lamp 

Halogen lamp is an incandescent lamp with a little amount of halogen added. The 

halogen cycle chemical reaction which redeposits evaporated tungsten to the 

filament, increasing its life and maintaining the clarity of the envelope [13]. This 

reaction makes halogen lamps has a higher luminous efficacy and color 

temperature.  

However, the light of halogen lamps includes some unintentional ultraviolet (UV), 

to reduce it, a UV-absorbing glass filter is needed. Figure 2.2.4.2 is a halogen lamp 

with a UV-absorbing glass filter. This glass was also acting a diffuser. From Figure 

2.2.4.1, only the halogen lamp was not built with ground glass. This diffuser could 

make the light from halogen lamp has the same condition with other lamps. 

 

Figure 2.2.4.2 A halogen lamp with a diffuser 

B. Fluorescent lamp 

Fluorescent lamp uses fluorescence to produce visible light, it is a low-pressure 

mercury-vapor gas-discharge lamp [14]. 

In actual operation, fluorescent lamp usually takes the longest time to reach a 

stable level than any other lamps. This characteristic is because it needs time to 

heat the mercury gas inside, and reach a stable light intensity level. This makes 

the solar panel, which work working with fluorescent lamp should have a larger 

load ability than the needed of wireless device, otherwise the device could not get 

enough power during this time. Figure 2.2.4.3 is a light intensity changing curve 
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in for one hour, and each count takes 30 seconds. From this figure, this lamp 

costed 30 mins to reach a stable light intensity. 

 

Figure 2.2.4.3 Light intensity changing curve 

C. LED 

The LED lamp is a light-emitting product assembled into a lamp for lighting, it 

usually has a longer lifetime and electrical efficiency [15]. For a basic type white 

LED lamp, its color temperature could be adjusted from 2200K to 7000K [16]. A 

2700K LED (Warm LED) lamp and a 4200K LED (Cold LED) lamp are used in this 

experiment for solar panel has different performance.  

2.2.4.2 Difference performances 

Different lights have different luminous theories and light spectrum, while 

different solar panels also have different sensitivity. At same light intensity, the 

more related the sensitivity and light spectrum is, the more power does the solar 

panel will produce.  

Figure 2.2.4.4 is a radiant spectrum of a fluorescent light and spectral sensitivity 

of solar panel. The more wavelength from the light source includes in the 

sensitivity range, the more power will the solar panel produce. From this figure, 

amorphous solar panel (400-800 nm, peak at about 600nm) is more sensitive in 

shorter light wavelength than crystalline solar panel (400-1200 nm, peak at about 

950 nm), and it has a shorter sensitivity range than crystalline. 
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Figure 2.2.4.4 Spectral sensitivity of solar panels [17] 

Figure 2.2.4.5 are some comparisons of spectrum s from different light sources at 

600Lux, there are a larger difference between these four distribute curves, and 

this led to different energy output of solar panel. Comparing them with 2.2.4.4, 

Halogen lamp, LED have a strong light during 600 nm to 1100 nm, this will make 

them have a better performance when using crystalline solar panel. 

Figure 2.2.4.4 Spectrums for different lamps (Around 600 Lux) 



Mid Sweden University                     An Automatic Simulation System  
Department of Electronics Design            for Solar Panel under Indoor Conditions 

Figure 2.2.4.5 and Figure 2.2.4.6 could show the difference more clearly. Figure 

2.2.4.5 is the MPP (Maximum Power Point) comparison for different light source 

when using amorphous solar panel, Figure 2.2.4.6 is the comparison when using 

crystalline solar panel. The output under halogen lamp is much bigger than others, 

so a comparison without it was made in the right of each figure to show other 

lamps’ output difference more clearly.  

 

Figure 2.2.4.5 Output of amorphous solar panel under different light sources 
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Figure 2.2.4.6 Output of crystalline solar panel under different light sources 

 

A conclusion could be draw as 

P Halogen >P Warm LED> P Cold LED >P Fluorescent 

The energy output difference between halogen light and other lights are quite 

large. So, if a strong energy output is needed, halogen lamp should be the best 

choice. When using crystalline solar panel, LED lights lead more output than 

fluorescent, and the higher temperature the light is, the more power it could 

provide. When the solar panel is amorphous, the output difference between left 

three lights are small, fluorescent lamp could also be considered. 

2.2.5 Temperature 

For solar panels under outdoor conditions, the temperature change is quite large. 

So, the influence of temperature must be considered when using solar panels.  

Research shows the temperature could influence the output of solar panel. [18] 

 

Figure 2.2.5.1 IV curves in different temperature under outdoor conditions  

Figure 2.2.5.1 is three IV curve for a solar panel in outdoor condition. In these 

curves, the IV curves shifted two times with the temperature, means the load 

ability is declining. 

However, the temperature for indoor condition is much stable than the outdoors. 
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In this experiment, by using several fans to cool the solar panel, the temperature 

around solar panel could be cool about 2°C, and this temperature difference is 

too weak to influence the IV curve.  

Figure 2.2.5.2 is the result of this cooperation, two IV curves at different 

temperature are almost same. If using the difference between them, a new curve 

could be drawn as Figure 2.2.5.3, it could show how small the difference is. So, 

temperature influence for solar panel could be ignored under indoor condition, 

and not take as influence factor. 

 

Figure 2.2.5.2 Two IV curves at 22°C and 24°C 

 
Figure 2.2.5.3 The current difference between 22°C and 24°C 
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2.2.6 Experimental setup in real world 

One more influence factor is needed to be added when an energy harvesting 

system to real world condition, the angle to the light source. It will change with 

the different laying style of solar panel. 

In this system, two different real-world conditions were measured, an office room 

and a meeting room. The office room has a white wall and lighted by some 

fluorescent lamps, the meeting room was lighted by some LED lamps and its wall 

is glass. Sunlight may shine into this two room through the window, it should be 

considered as interfering light. 

When solar panel is used in these two indoor conditions, it could set at a different 

angle to the light source. Normally it could be set directly or indirectly like Figure 

2.2.6.1 Different laying style of solar panel. 

Figure 2.2.6.1 Different laying style d of solar panel 

When a solar panel is set directly to the light source, that means it will be put 

horizontally on a desk or floor, in this condition, the solar panel could get more 

light from the lamp. Indirectly laying style is more common in the real world, like 

set the solar panel on the wall, though the solar panel will get less light energy. 

The measurements from spectrometer could shows this difference more directly. 

Figure 2.2.6.2 and Figure 2.2.6.3 are the comparisons between two different laying 

styles under different conditions. They show the light spectrums when open all 

the lamps in the rooms and turned these lamps to the brightest condition. The 

solar panel which sets as directly method could get much more light energy, and 

has more light distribute at different wavelengths. 

   

  Indirect 

Direct 
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As the data from sensor, when the solar panel is setting as a directly method in 

meeting room, it could get 1000Lux while the indirectly method gets 350Lux. The 

solar panel setting as a directly method in office room could get 900Lux while the 

indirectly method gets 350Lux.  

 

Figure 2.2.6.2 Spectrum in meeting room 

 

Figure 2.2.6.3 Spectrum in office room 
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2.2.7 Influence factors summary 

Based on the analysis from 2.1.2 The type of solar panel to 2.2.6 Experimental 

setup in real world, four parameters should be though as influence factors. They 

are, the type of solar panel, light intensity, light source type, and the laying style 

of solar panel. 

Different solar panels have different output performance under same light 

condition, thus the simulation system should use different model to simulate their 

output. Light intensity should be considered when model building, and it could 

be measured by sensor directly. The light source type should also be considered 

when model building, however, there is no device could get the type of light in 

an unknown condition directly. A classifier is needed to add into this simulation 

system, and analyze the type of light based on the measurement about light 

source. 

The laying style of solar panel could not be used in this simulation system. 

However, it shows the energy availability is changing with place even under a 

same condition. When designing the final energy harvesting system, the designer 

should notice it.  
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2.3 Model building 

2.3.1 Building sequence of model and classifier 

For a general computer simulation system, a data classifier is needed before 

putting the data from a real-world measurement system into the mathematic 

model. The function of classifier is identifying the type of input data and chose a 

suitable model for it, Figure 2.3.1.1 is an example about this process. In this figure, 

a type A input data was sent to the classifier, then, the classifier identified its type, 

and chose Model A for following process. 

 

Figure 2.3.1.1 A general simulation process with one input 

However, when building this simulation system, the results of classifiers are 

unpredictable. That means the operator could not know which model will be used 

after classifier. To make sure this system could work correctly, all the models might 

need should be built firstly. 

Another reason why the models need to be built firstly is the result of classifier is 

not enough to prove the correctness of themselves. In an ideal indoor condition, 

like a darkroom, several type lamps were used in one measurement and some 

corresponding models could be built. Under that condition, if a classifier could 

put all the input data to their corresponding models, that classifier could be 

identified as a good classifier. 

However, under a real-world condition, the input could not always be ideally pure. 

In this simulation system, the input data was measured in a real-world indoor 
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condition. It normally includes the light from the lamp, the reflected light from 

wall, floor, or other furnishings, sunlight from the window outside, and other light 

pollution. So, sometimes the energy output of solar panel with a type A lamp 

under real-world condition might have a more similar output performance as type 

B lamp under ideal condition, like figure 2.3.1.2. 

 
Figure 2.3.1.2 Output difference between real-world/ideal condition 

To make this system has a more accurate output, the error between measurement 

result and simulation result was used to estimate the accurate degree of a classifier, 

this process is shown as Figure 2.3.1.3. 

 

Figure 2.3.1.3 Comparing process of simulation system 
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2.3.2 Model composition 

The models for this simulation system are contributed by two parts, a curve fitting 

operation and a surface fitting operation. 

2.3.2.1 Curve fitting 

The curve fitting operation was used to eliminate the error of measurement. 

Figure 2.3.2.1 is an IV curve measurement of an amorphous solar panel in an office 

room. Due to the influence from ambient condition, the measurement noise is 

unavoidable, it makes this curve not smooth. 

 
Figure 2.3.2.1 The noise in measurement 

These noises will influence the calculation result of MPP on the curves, and they 

grow when the IV curve was measured by a shorter step length. A suitable curve 

fitting operation could eliminate them as much as possible. After this operation, 

the result of MPP value could be more accurate. Figure 2.3.2.2 is an example 

shows how it works. By using 7th polynomial curve fitting, the output IV curve was 

transforming into a fitting curve, and became more stable. 
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Figure 2.3.2.2 A partly comparison between measurement and curve fitting result 

After using this operation on all the measurements, these data could be thought 

as true value. The true values from the ideal indoor condition will be used in 

surface fitting operation to build the rest of model, and the true values from the 

real-world indoor condition will be used to calculate the real energy output. 

2.3.2.2 Surface fitting model 

All the true values measured under same ideal indoor condition could be used to 

build models. During this process, the curves, which built by the true value of 

voltage and current, need to be transformed into a surface firstly by adding the 

light intensity value when it measured. Then, a surface fitting operation will be 

used to find the equation of it. 

Figure 2.3.2.3 and Figure 2.3.2.4 show how a surface was built from some curves. 
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Figure 2.3.2.3 A group of curves build by current and voltage 

The black curves in Figure 2.3.2.3 are the measurement output of an amorphous 

solar panel in a dark room, the light source of them is a halogen lamp, and the 

intensity of them was changed from 100Lux to 1000Lux. By adding the mean value 

of light intensity when each curve measured, a surface could be built. Use surface 

fitting operation on this surface, a fitting surface could be got like Figure 2.3.2.4. 

Base on the surface model, the value of one parameter could be determined by 

other two parameters.  
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Figure 2.3.2.4 A surface model build by current, Intensity and voltage 

2.3.2.3 Output predictor base on fitting results 

By using the fitting results in 2.3.2.2. Surface fitting, the output of solar panel at 

one condition could be predicted with light intensity values and voltage. In a 

general surface model, two parameters are needed to determine the third one. 

However, in these models built in this experiment, their X axes are all same for the 

working voltage range of one solar panel is a constant.  

For example, with the surface model in Figure 2.3.2.4, the model of amorphous 

solar panel in a darkroom with halogen light, when using a new group of light 

intensity values from an office room (900.22 Lux, 787.67 Lux, 698.91 Lux, 598.97 

Lux, 498.98 Lux, 395.81 Lux, 282.54 Lux, 182.09 Lux, 131.11 Lux), with the working 

voltage range from 0 to 4 V, a new surface could be built like Figure 2.3.2.5. 

 

Figure 2.3.2.5 A surface calculate from model 

Using only voltage and corresponding current values from this surface, a group 

of IV curves could be drawn as Figure 2.3.2.6.  
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Figure 2.3.2.6 IV curves calculated from model 

Then, based on these IV curves, a group of PV curves could be calculated, and 

their MPP could be found. Figure 2.3.2.7 shows these PV curves with their MPPs. 

 
Figure 2.3.2.7 PV curves calculated from model and their MPP 

2.3.3 Method comparison 

As it mentioned in 2.3.2 Model composition, there were two fitting operations 

used in this modelling process, curve fitting and surface fitting. Each fitting 
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operation could be complete by many different methods, after using different 

permutation, the number of fitting method combination will become very large. 

To find the best result in a short time, some bad fitting methods should abandon 

firstly. 

2.3.3.1 Curve fitting method 

The curve fitting operation was used to make the measurement smoother and 

clean the measurement noise, this operation could be completed in Matlab by 

two ways. One is using language C commands in Matlab script, another is using 

Curve Fitting Tool application. The application method was used in this part, 

because it could change the input data, fitting setting quickly, and obverse the 

fitting result in a short time. 

The measured IV curve groups have same trend, like shown in Figure 2.2.3.1 Ten 

IV curves from 100Lux to 1000Lux. By analyzing one curve group of them, the 

best fitting method could be found. 

Figure 2.3.3.1 is the operation interface of Curve Fitting Tool, part 1 is used to set 

the input data and fit name, part 2 is used to set the fitting method and its 

parameter, part 3 shows a comparison of input data and fitting result, part 4 shows 

the model equation under this method, its coefficients and fit goodness (some 

statistics of fitting results). 



Mid Sweden University                     An Automatic Simulation System  
Department of Electronics Design            for Solar Panel under Indoor Conditions 

 
Figure 2.3.3.1 Operation interface of Curve Fitting Tool 

In Matlab R2016a, there are 11 different curve fitting methods and 3 surface fitting 

methods, shown as Figure 2.3.3.2.  

 

Figure 2.3.3.2 Model types for curves and surfaces in Matlab [19] 
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This application could offer some statistics of fitting results, they could be used to 

determine the quality of fitting methods. They are SSE, R-square, DFE, Adj R-

square, RMSE and the number of coefficients.  

SSE and R-square are very useful when comparing the results from different fitting 

methods. The R- square is the difference between the input values and predictor 

response values. SSE shows the error between the fitting equation and the fitting 

curve. For a good fitting result, R-square should be close to 1, and SSE should be 

close to 0. 

The exclusion method was used here to find the best fitting method. Figure 2.3.3.3 

is 12 fitting results of an IV curve, which measured by an amorphous solar panel 

under a darkroom with 1000Lux halogen light source. 

 

Figure 2.3.3.3 12 different fitting result of an IV curve 

Firstly, power series fitting and Weibull distribution fitting method should be 

removed, they could not be used to fit this IV curve.  

Secondly, Interpolation fitting method is a process for estimating values that lie 

between known data points. [19] That means it could connect the measurement 

data, but could not achieve the purpose of this fitting operation, smooth the data 

and noise clean. It should not be used in this experiment. 

Then, R-square could be used to compare the rest of methods. Thus, rational 

polynomials fitting, linear fitting and Gaussian model fitting should be removed.  

In the end, some fitting methods were designed for special fitting propose, they 

are not suitable for the IV curves. 

Exponentials model is used when the rate of change of a quantity is proportional 

to the initial amount of the quantity. [19] But the rate of change for these IV curves 

have no proportional with its initial. 



Mid Sweden University                     An Automatic Simulation System  
Department of Electronics Design            for Solar Panel under Indoor Conditions 

Fourier series fitting method and the Sum of sine model are built by a sum of sine 

and cosine function. They are designed to describe a periodic signal. However, IV 

curves have no periodicity, thus they should not be used in this experiment. 

This analysis could also be shown as a table. 2.3.3.1  

Table 2.3.3.1 The analysis of curve fitting method 

After the analysis above, two fitting methods left, smoothing spline and 

polynomial models. 

Smoothing spline is suitable when the input data has noise, it is constructed for 

the specified smoothing parameter p and the specified weights wi. The smoothing 

spline could be described as, 

 

Polynomial models are used to fit an empirical model, it usually given by 

Curve fitting method Analysis Accept or not 

Custom Equation R-square is not close to 1 No 

Exponential Design for the rate of change of a 

quantity is proportional to the initial 

amount of the quantity 

No 

Fourier Designed to describe a periodic signal No 

Gaussian R-square is not close to 1 No 

Interpolant Only connect the measurement data, but 

could not smooth the input 

No 

Linear Fitting R-square is not close to 1 No 

Polynomial Suitable for this fitting operation Yes 

Power No fitting result No 

Rational R-square is not close to 1 No 

Smoothing spline Suitable for this fitting operation Yes 

Sum of sin Designed to describe a periodic signal No 

Weibull No fitting result No 
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where n+1 is its order, n is its degree, in Matlab 2016a, n could be 1 to 9. The 

order gives the number of coefficients to be fit, and the degree gives the highest 

power of the predictor variable. [19] 

For a general polynomial fitting model, a higher degree could lead the fitting 

curve smoother and more accurate. Figure 2.3.3.4 shows the difference of 

polynomial fitting results of a same IV curve with different degree. They all have a 

very small SSE value, and their R-square grows by degrees till it reaches 1.  

 
Figure 2.3.3.4 Polynomial fitting results of an IV curve with different degree 

After the analysis above, to find the best curve fitting method, 4 to 9-degree 

polynomial model should be accept in this system. 

2.3.3.2 Surface fitting method 

The surface fitting operation could also be complete in Matlab or Curve Fitting 

Tool application, to find the best fitting method in a short time, the application 

method was used in this part. 

There are three different fitting methods could be use, Lowess smoothing, 

polynomial fitting, and interpolant fitting. 

Lowess smoothing use locally weighted linear regression to smooth data, however, 

it did not have a good performance in this experiment. Lowess smoothing use 

span to specify the span as a percentage of the total number of data points in the 

data set. The toolbox uses neighboring data points defined within the span to 

determine each smoothed value. [19] A bigger span could get a smoother fitting 

result for linear input data, however, for a non-linear surface like Figure 2.3.2.5, it 

will only lead a bigger error. Figure 2.3.3.4 shows some surface fitting results using 
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Lowess smoothing with different span, the R-square became lower when span is 

growing. 

 

Figure 2.3.3.5 Lowess smoothing fitting results with different span 

Interpolant and polynomial fitting could all get good fitting result, shown as Figure 

2.3.3.6, their R-square are 1 or almost 1, and their SSE is very small.  

 
Figure 2.3.3.6 Surface fitting results of interpolant/polynomial fitting 

Polynomial model could be used to fit empirical data, when using it for surface 

fitting, the terms could be controlled to include in the polynomial surface model 

by specifying the degrees for the x and y inputs. [19] In Matlab 2016a, the 

maximum degree for x and y is 5, so the method could be named as the x degree 

and y degree. 

For example:  

 
The maximum R-square for polynomial fitting method was found when the 

degree of x is 5, and the degree of y is 4 or 5. It maximum value is 0.9998, still less 

than 1, so overfitting should not happen. 

Interpolation fitting method is a process for estimating values that lie between 

known data points. It got a good fitting statistic as shown in Figure 2.3.3.5. 

However, comparing with the fitting result from polynomial, its predictable area 

is smaller. 

Shown as figure 2.3.3.7, the left surface is the fitting result of interpolation, while 

the right surface is using polynomial. The black curves on this two surfaces are 

input data, and the area of colorful surface is the predictable range. Interpolation 
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model could only estimate the value between known data, but polynomial fitting 

could predicate a little more beyond the known surface. 

 
Figure 2.3.3.7 Surface fitting results—interpolation(left)/polynomial(right) 

So, interpolation model and polynomial fitting will both be used in this system, 

one has a better fitting statistic, another has a bigger predicable range. 

2.3.4 Error comparison  

As mentioned in 2.3.1 Building sequence of model and classifier, the error 

between experimental result and simulation result was used to estimate the 

accurate degree of a classifier. To complete this operation, some error data are 

needed to prepare firstly. 

The result of classifier is unpredictable before using it, so all the possible model 

and corresponding error should be prepared. This process is shown as Figure 

2.3.4.1. By putting the input data into all the models, the error of each model for 

this input could be calculated. 

 

Figure 2.3.4.1 Error comparison process 
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A Matlab program was designed as an error data generator to complete this task. 

With decided curve fitting method and surface fitting method, it will generate all 

the possible results and corresponding error. 

 
Figure 2.3.4.2 Error distribution from the error comparison (a) 

Figure 2.3.4.2 shows some error distributions generated by this program. For an 

IV curve measured by an amorphous solar panel in office room with directly laying 

style, if use the models built by polynomial 7th curve fitting and polynomial 5th -5th 

surface fitting, the error for four different possible results at each light intensities 

could be calculated.  

Figure 2.3.4.3 shows the error files list in the workspace, for a model built by 

polynomial 7th curve fitting and polynomial 5th -5th surface fitting, all the input data 

will be analyzed and generate four corresponding possible error results. After 

generated all the error files, they will be saved in a Matlab data file named by the 

method of model. 
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Figure 2.3.4.3 Error files list in matlab 
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2.4 Classifier building 

In this simulation system, a classifier is needed to identify the type of input data 

and chose a suitable model for it. Matlab provides 22 different types of classifier, 

comparing the classification results of them, some classifier could be accepted 

into this simulation system. 

2.4.1 Input parameters 

Classification Learner is an application which built in Matlab, it could be used to 

train the classifier with the certain input and output. In this simulation system, the 

features of light were used as input while the type of light source was used as the 

output.  

As it mentioned in 2.1 Measurement system, ISL29125 and TSL2561 sensor were 

used to get the measurements data about light source. The measurement from 

spectrometer could also shows the difference of light sources. However, it is saved 

as the count of wavelength, and not suitable to use as the input for classifier. 

ISL29125 sensor gets the R value, G value, and B values of light while TSL2561 

sensor gets data0 (the range of visible light) and data1 (the range of invisible light). 

These five parameters were used as predictor in this simulation system. The light 

type of measurement is known, and they were used as the response. There were 

four types of light source could be used in this system, halogen, fluorescent, cold 

LED and warm LED, and they were named as type 1, type 2 type 3 and type 4. 

Figure 2.4.1.1 is a group of input training dataset, the first five rows is the value of 

data0, data1, RGB, and the last row is the type of light source.  

 
Figure 2.4.1.1 A group of input data from halogen light at 100lux 
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To get an accurate classifier, the training datasets should be pure. The 

measurements used in 2.3 Influence factors analysis were measured in an ideal 

indoor condition. In those measurements, all the light except the light source was 

avoided as much as possible. They were used as the input training datasets. 

These datasets are made by 32000 group datasets like figure 2.4.1.1. They are 

measured with four types of light sources. Under each type, the light intensity 

changed from 100 lux to 1000 lux with 100 lux as a step. At each light intensity, 

the measurement was recorded 200 times in ten minters, and the measurements 

were repeated for four times. 

All these datasets were loaded into the workspace of Matlab, then, they will be 

imported in the training application as figure 2.4.1.2. 

 

Figure 2.4.1.2 A group of input data from halogen light at 100lux 

2.4.2 The stability of different classification method 

Classification Learner application could complete the training process of classifier 

automatically and generate the classifier with different classification method. After 

the classifiers were built, cross-validation was used to estimate the accuracy of 

these methods.  

Cross-validation is a technique used to evaluate a machine learning algorithm’s 

performance. [20] It is done by partitioning the input datasets and using all the 

subsets to train the algorithm and the remaining data for testing. In this 

experiment, the input datasets were parted to five parts. Using this technique, the 

accuracy degree of each classification method could be got to compare, they are 

listed in Table 2.4.2.1. 
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Table 2.4.2.1 Accuracy of different classification 

Classification method Result/% Classification method Result/% 

1.Tree-Complex Tree 100 12.KNN-Fine KNN 100 

2.Tree-Medium Tree 100 13.KNN-Medium KNN 100 

3.Tree-Simple Tree 68.8 14.KNN-Coarse KNN 100 

4.Linear Discriminant 63.8 15.KNN-Cosine KNN 100 

5.Quadratic Discriminant 66.6 16.KNN- Cubic KNN 100 

6.SVM-Linear SVM 100 17.KNN Weighted KNN 100 

7.SVM-Quadratic SVM 100 18.Ensemble-Boosted Trees 25.0 

8.SVM-Cubic SVM 100 19.Ensemble-Bagged Trees 100 

9.SVM-Fine Gaussian SVM 100 20.Ensemble-Subspace 

Discriminant 

79.0 

10.SVM-Mediun Gaussian 

SVM 

97.5 21.Ensemble-Subspace KNN 100 

11.SVM-Coarse Gaussian 

SVM 

96.4 22.Ensemble-RUS boosted Trees 25.0 

Fourteen of these methods could get 100% accurate degree under this 

condition. To find the best ones of them, some comparisons should be made by 

adding different influences.  

2.4.2.1 Influence from the size of dataset 

Changing the size of input datasets could obverse the performance of different 

classification methods with less training datasets. Table 2.4.2.2 is the accuracy 

results of each classification method when reduce the measurement times from 

200 to one. 

 

 

 

Table 2.4.2.2 Accuracy of different classification when measurement times change（%） 

Measurement time 200 100 50 20 10 2 1 
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Classification method 

1.Tree-Complex Tree 100 100 100 100 99.8 95.3 83.6 

2.Tree-Medium Tree 100 100 100 100,0 99.8 95.3 83.6 

3.Tree-Simple Tree 68.8 70 70 69.4 67.0 69.1 61.6 

4.Linear Discriminant 63.8 54.9 54.7 55.5 56.6 62.5 57.9 

5.Quadratic Discriminant 66.6 67.5 67 67.5 66.4 65.9 62.3 

6.SVM-Linear SVM 100 100 100 100 98.6 94.0 90.6 

7.SVM-Quadratic SVM 100 100 100 100 100 97.5 99.4 

8.SVM-Cubic SVM 100 100 100 100 100 100 100 

9.SVM-Fine Gaussian SVM 100 100 100 100 97.6 91.8 89.9 

10.SVM-Mediun Gaussian SVM 97.5 99.9 98 97.9 90.4 86.4 79.3 

11.SVM-Coarse Gaussian SVM 96.4 95.0 92.2 90.1 76.5 70.3 59.1 

12.KNN-Fine KNN 100 100 100 100 100 100 98.7 

13.KNN-Medium KNN 100 100 100 100 100 83.3 60.4 

14.KNN-Coarse KNN 100 100 100 100 62.9 51.4 49.7 

15.KNN-Cosine KNN 100 100 100 100 100 84.5 76.7 

16.KNN- Cubic KNN 100 100 100 100 100 84.9 61.0 

17.KNN Weighted KNN 100 100 100 100 100 100 97.5 

18.Ensemble-Boosted Trees 25.0 25 25 24.9 24.9 24.9 24.5 

19.Ensemble-Bagged Trees 100 100 100 100 100 100 96.2 

20.Ensemble-Subspace 

Discriminant 

79.0 92.4 92.5 92.4 90.5 78.5 78.6 

21.Ensemble-Subspace KNN 100 100 100 100 100 100 98.7 

22.Ensemble-RUS boosted 

Trees 

25.0 25 25 24.9 24.9 24.9 39.6 

 

The results in this table could be used to draw the curves like Figure 2.4.1.3, it 

could show the variation trend of each classification method more directly. Most 

of these methods have a worse performance as the reducing of measurement 

times. However, method 8, Cubic SVM has 100% classify ability when using 

different measurement times. 
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Figure 2.4.1.3. Accuracy of different classification when measurement times change 

2.4.2.2 Influence from the size of measurement step 

A stable classifier should have the ability to identify the input with less training 

datasets, and change the size of measurement step is a way to reduce the 

datasets.  

The dataset from ideal indoor condition were measured from 100 lux to 1000 

lux, and the step of measurement is 100 lux. If use a large measurement step, 

like 200lux, the dataset will be smaller. By using different step size, the results of 

classification will be different, they are listed as table 2.4.2.3.  

 

 

 

 

 

 

 

Table 2.4.2.3 Accuracy of different classification when measurement step change（%） 



Mid Sweden University                     An Automatic Simulation System  
Department of Electronics Design            for Solar Panel under Indoor Conditions 

Measurement step 

Classification method 

100 lux 

 

200 lux 

 

300 lux 

 

400 lux 

 

500 lux 

 

1.Tree-Complex Tree 100 100 100 100 100 

2.Tree-Medium Tree 100 99.5 100 100 100 

3.Tree-Simple Tree 68.8 70 75.5 83.2 86.8 

4.Linear Discriminant 63.8 62.7 53.8 66.7 75.4 

5.Quadratic Discriminant 66.6 69.0 68.7 75.0 64.8 

6.SVM-Linear SVM 100 100 100 100 100 

7.SVM-Quadratic SVM 100 100 100 100 100 

8.SVM-Cubic SVM 100 100 100 100 100 

9.SVM-Fine Gaussian SVM 100 100 100 100 100 

10.SVM-Mediun Gaussian SVM 97.5 91.1 99.3 98.7 100 

11.SVM-Coarse Gaussian SVM 96.4 93.9 90.3 82.9 93.3 

12.KNN-Fine KNN 100 100 100 100 100 

13.KNN-Medium KNN 100 100 100 100 100 

14.KNN-Coarse KNN 100 100 100 100 100 

15.KNN-Cosine KNN 100 100 100 100 100 

16.KNN- Cubic KNN 100 100 100 100 100 

17.KNN Weighted KNN 100 100 100 100 100 

18.Ensemble-Boosted Trees 25.0 55.5 25 25.0 25 

19.Ensemble-Bagged Trees 100 100 100 100 100 

20.Ensemble-Subspace 

Discriminant 

79.0 79.8 76.4 71.6 77.2 

21.Ensemble-Subspace KNN 100 100 100 100 100 

22.Ensemble-RUS boosted Trees 25.0 54.5 25 25 25 

 

The results in this table could be used to draw the curves like figure 2.4.1.4, from 

in figure, some classification method could always get an accurate result, they 

are method 6 to 9, 12 to 17, 19 and 21. 
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Figure 2.4.1.4. Accuracy of different classification when measurement step change  

2.4.2.3 Influence from the data distribution of dataset 

Change the dataset distribution could also be used to obverse the stability of 

different classification methods. The original dataset is constituted by the 

measurement of four light source averagely. If change the share of each light 

source, the classification result may be different. Table 2.4.2.4 shows the result of 

some different data distribution, for example, the last row in this table is the 

accuracy result when the training dataset is built by halogen, fluorescent, cold 

LED and warm LED with the ratio of 1:5:10:100. 

Table 2.4.2.4 Accuracy of different classification  

when measurement data distribution change（%） 

Ture value training 1:1:1:1 1:100:1:1 1:1:20:20 1:50:50:50 1:5:10:100 

1.Tree-Complex Tree 100 99.9 100 100 99.9 

2.Tree-Medium Tree 100 99.6 100 100 99.4 

3.Tree-Simple Tree 68.8 98.4 87.9 58.5 91.1 

4.Linear Discriminant 63.8 97.8 62.4 58.4 86.9 

5.Quadratic 

Discriminant 

66.6 98.0 69.2 55.3 87.3 
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6.SVM-Linear SVM 100 99.7 99.8 100 99.6 

7.SVM-Quadratic SVM 100 100 100 100 100 

8.SVM-Cubic SVM 100 100 100 100 100 

9.SVM-Fine Gaussian 

SVM 

100 99.7 99.7 100 99.6 

10.SVM-Mediun 

Gaussian SVM 

97.5 99.4 99.5 96.7 99.1 

11.SVM-Coarse 

Gaussian SVM 

96.4 97.9 98.4 95.3 96.8 

12.KNN-Fine KNN 100 100 100 100 100 

13.KNN-Medium KNN 100 99.4 100 100 99.9 

14.KNN-Coarse KNN 100 97.6 97.6 99.8 96.5 

15.KNN-Cosine KNN 100 99.8 100 100 100 

16.KNN- Cubic KNN 100 99.4 100 100 99.9 

17.KNN Weighted KNN 100 100 100 100 100 

18.Ensemble-Boosted 

Trees 

25.0 99.8 47.6 33.1 97.2 

19.Ensemble-Bagged 

Trees 

100 100 100 100 100 

20.Ensemble-Subspace 

Discriminant 

79.0 98.6 98.0 87.1 94.9 

21.Ensemble-Subspace 

KNN 

100 100 100 100 100 

22.Ensemble-RUS 

boosted Trees 

25.0 100 77.8 100 99.9 

 

The results in this table could be used to draw the curves like Figure 2.4.1.5. 

In this figure, some classification methods always have a good performance with 

different data distribution, they are method 7, 8, 12, 17, 19 and 21. 
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Figure 2.4.1.4. Accuracy of different classification 

when measurement data distribution change 

Based on the results with three different influences, some classification methods 

have a good performance, the methods which could get an accurate classified 

result under at least two influences will be accepted in the final system. They are 

method 7, 8, 12 ,17, 19 and 21. 

Influence type Stable methods Names of classification methods 

 

1. Data size 

 

8 

6. Linear SVM 

7. Quadratic SVM 

8. Cubic SVM 

9. Fine Gaussian SVM 

12. Fine KNN 

13. Medium KNN 

14. Coarse KNN 

15. Cosine KNN 

16. Cubic KNN 

17. Weighted KNN 

19. Bagged Trees 

21. Subspace KNN 

 

 

2. Step size 

 

6 7 8 9 12 13 14 

15 16 17 18 19 

21 

 

3. Distribution 

 

7 8 12 17 19 21 
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2.5 User interface design 

For the users, this system is built by two parts, a measurement system which 

used to get the environmental parameters from the ambient, and a data 

processing system which used to finish the simulation task. After the simulation 

process, the user might be interested in the difference between the real output 

of solar panel and the simulation results getting from different modeling 

methods. Thus, the data processing system should include an error analyzing 

function. 

The measurement system used some built software and a Matlab script to 

complete the measurement goals. By using the prepared setting files, any user 

could use it to have a new measurement task very quickly. However, the data 

processing system is quite complex, the user need spend a long time to learn 

how to use it before having a new measurement. To make other users could use 

this system easily, a user-friendly user interface is needed.  

This user interface is built by three parts, an output power predictor, an output 

error comparison tool and a predicted error analyzer. They are all built with GUI 

tool in Matlab, this tool is shown as figure 2.5.1. 

 

 
Figure 2.5.1 The interface of GUI in Matlab  
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2.5.1 Output power predictor 

Output power predictor is used to simulate the output of solar panel at an 

unknown light condition. To complete this task, the light type of input data 

should be identified firstly. Base on the analysis in 2.4.1 Input parameters, five 

parameters are needed to identify the type of light, they are data0, data1 and 

the value of R, G, B. Light intensity is a necessary parameter in the modelling 

process, it also should be measured and use as the input. 

Based on the result in 2.2.2 The types of solar panel the different solar panel 

has different energy output under same light condition. So, the simulation result 

will be shown separately as the type of solar panel. The flow chart of this system 

is shown as figure 2.5.1.1. 

 

 

Figure 2.5.1.1 The process of output simulation 

 

The final user interface is designed as figure 2.5.1.2. After the user import the 

values of light features, light intensity and click the button named ‘Calculate’, 

this program will use the most suitable classification and modelling method to 

calculate the energy output of two types of solar panel, and display them on the 

interface. 
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Figure 2.5.1.2 The user interface of Output power predictor 

2.5.2 Output error comparison tool 

This part is designed to prepare the data file before the user analyze the 

accurate simulation error of one modelling method based on an output-known 

measurement.  

In this simulation system, the method of modelling is a combination of a curve 

fitting operation and surface fitting operation. Based on the analysis in 2.3.3 

Method comparison, there are 7 suggested methods of curve fitting and 3 

suggested methods for surface fitting. So, the number of method combination is 

21. If use all of them for model building, it will take a very long time. Prepare the 

comparison error firstly could force on the method which user most interested 

in and saves a lot of time.  

Another reason for preparing the error file separately is, the error file might be 

used many times in following analyzing process. Separately working could avoid 

some repetitive calculations and offer a better user experience.  

To generate the error between real output and simulation result, the program 

should calculate them firstly. The real output is calculated from IV measurement, 

which could be measured by the system designed in 2.1 Measurement system. 

To load these measurement data automatically, the program needs the name of 

these measurement files. These files were named by the measurement range, so 
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this range should be set firstly by the maximum/minimum light intensity and 

measure step.  

The simulation process used the measurement data from ideal indoor condition 

which save in the database and the light intensity from input to modelling. This 

process is same as the analysis in 2.3.2 Model composition. As the analysis in 

2.3.1 Building sequence of model and classifier, all the possible results are 

needed before final analyze. Thus, four models are built in this process, and get 

four simulation results. Use them to compare with the real output one by one, 

four error results could get. These error results will be saved in a folder of the UI 

program, and named by the type of solar panel and the modelling method 

combination. This process is shown as figure 2.5.2.1. 

 
Figure 2.5.2.1 The process of output error comparison tool 

The user interface of this part is designed as figure 2.5.2.2, there are three text 

editable box used to enter the light range. Three pop-up menus used to choose 

the type of solar panel and modeling method. After the user input all the light 

range data and chose a modeling method, press the ‘Generate ‘button could 

let this simulation process begin. Normally, this process will take about two 

minters, so, a prompt dialog box is designed to show up when all the simulation 

process finished and the error file is saved. 
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Figure 2.5.2.2 The user interface of Output error comparison tool 

2.5.3 Predicted error analyzer 

After generated the error data in Output error comparison tool, the user could 

analyze them by using Predicted error analyzer. This analyzer falls into two parts, 

the first part is an error reader which used to obverse the distribution of possible 

error result of one chosen modelling method, the second part could be used to 

generate the distribution of final error result by using a chosen classifier. 

To obverse the possible error distribution, the error file which generated in 2.5.2 

Output error comparison tool should be loaded firstly. This file is named by the 

type of solar panel and a combination fitting method, they should be set firstly. 

As shown in figure 2.5.2.1, there are four possible results saved in one error file, 

they could be obverse together, or separately.  

The energy output of solar panel under halogen light is much stronger than others, 

thus there is an option to obverse other three results at the same time. The 

classified result needs a chosen classifier, as the analysis in 2.4.2 The stability of 

different classification method, six stable different classifiers could be chosen 

here. The process of this part is shown as figure 2.5.2.1. 

 
Figure 2.5.2.1 The process of predicted error analyzer (For error after classified) 
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The user interface of this part is designed as figure 2.5.3.2, the model option part 

with three pop-menus was used to choose the generated error results. ‘Error 

distribution for possible result ‘part has a pop-menu to choose the wanted 

result as figure 2.5.3.3, and the result will be displayed in the axes1. ‘Error 

distribution for result ‘used three editable text boxes to set the light intensity 

range and light parameters. By using the classifier chose under ‘Classifier 

type ’and press the button named ‘Error distribution, the error distribution 

result after classifier will be calculated and displayed in axes1. 

 

Figure 2.5.3.2 The user interface of predicted error analyzer 

 

 
Figure 2.5.3.3 The available options of predicted result 
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3. Results 

The results chapter of this paper were contributed by four parts.  

In the first part, two operation flow charts of data measurement system are 

introduced to show the usage of measurement system. Secondly, some 

measurements from real-world were used to verify the conclusions about 

influence factors of solar panel. Then, some comparisons between the real output 

of solar panel and the simulation results with different method were analyzed, and 

the modelling method with minimum error was got. In the end, a measurement 

from an unknown condition was used to verified the accuracy of this simulation 

system and test the system’s error analyze function. 

3.1 Data measurement system 

As the result of 2.1 Measurement system, an automatic measurement system 

was built. This system is very friendly to use. Any operator could complete a new 

measurement task about environmental parameters, IV output of solar panel, and 

spectrum by following the operation in Figure 3.1.1, even he has no knowledge 

about how it works. 

 
Figure 3.1.1 Operation flow chart of whole measurement system 

When using this system for measuring as figure 3.1.1, the measurement data 

from three software should be saved in a same folder. After inputting the light 
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intensity of each measurement, the software and Matlab script will name and 

save the measurement files automatically. Figure 3.1.2 is an example of one 

group measurements under the 900lux light intensity. This system worked twice 

to get these six files, the first two txt files is the spectrum data measured by 

OceanView, the third and fourth files is the environmental parameters measured 

by Matlab, and the last two file is the IV curve data measured by Fast IV 

measurement software. 

 
Figure 3.1.2 A group of measurements  

When this system is using in a new light condition and the user only want to get 

the environmental parameters for energy output simulation. He could use only 

the Arduino board with sensors and follow the process in Figure 3.1.3. 

 
Figure 3.1.3. Operation flow chart when only measure environmental parameters 

The result of this operation will get a csv file named by the light intensity, in this 

file, all the environmental parameters are listed as the order of light intensity, 

data0, dato1, R value, G value, B value, and temperature. Table 3.1.1 is a part 

data in one measurement. 
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Table 3.1.1 Some measurements for environmental parameters 

 

3.2 Influence factor verification in real-world 

Under the real-world conditions, solar panels have same characteristic as under 

the darkroom. Their outputs were also influenced by those factors analysis in 2.2 

Influence factors.  

Figure 3.2.1 is the MPP (maximum power point) comparisons for two solar 

panels with two different laying styles in a meeting room of MIUN, while Figure 

3.2.2 is the comparisons in office room. They show how the MPP change with 

the light intensity under different conditions. 

 
Figure 3.2.1 Output of solar panel in meeting room 
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Figure 3.2.2 Output of solar panel in office room 

 

Figure 3.2.3 to Figure 3.2.6 are the PV curves of solar panel in the meeting room, 

the MPP of each curve are linked with a red line, and the value of the power at 

these points are texted. 

When comparing Figure 3.2.3 and Figure 3.2.4, the output between solar panels 

made from different processing technic could be found. At same light condition, 

the maximum output power of amorphous solar panel is 5.30 x10-5W, while the 

output from crystalline solar panel is 1.35 x10-4W. This result is same as the 

comparison in 2.2.2 The types of soalr panel. 

 

Figure 3.2.3 The output of amorphous in meeting room (directly set) 
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Figure 3.2.4 The output of crystalline in meeting room (directly set) 

In any one curves group, solar panel shined with a higher light intensity will get 

a bigger energy output. For example, in Figure 3.2.3, amorphous solar panel at 

1000Lux could produce 5.30x10-5W power while it could only produce  

3.73 x10-5W power at 800Lux. This performance verified the result in 2.2.3 Light 

intensity. 

 
Figure 3.2.5 The output of amorphous in meeting room (indirectly set) 

The difference between Figure 3.2.4 and Figure 3.2.6 could verify the result from 

2.2.6 Experimental setup in real world. At same light condition, the maximun 

output power of crystalline solar panel which set directlyl to light source is 1.35 

x10-4W. If change its laying style to indirectly, its output will reduce to 3.07 x10-

5W. 



Mid Sweden University                     An Automatic Simulation System  
Department of Electronics Design            for Solar Panel under Indoor Conditions 

 
Figure 3.2.6 The output of crystalline in meeting room (indirectly set) 

These results from comparisons could also be verified from the output of solar 

panel in other places. Figure 3.2.7 to Figure 3.2.10 are the PV curves of solar 

panel in another room. 

Comparing Figure 3.2.3 to 3.2.6 and Figure 3.2.7 to 3.2.10 as same order, when 

using same solar panel and laying style, the output will also change under same 

light condition.  

 

Figure 3.2.7 The output of amorphous in office room (directly set) 
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Figure 3.2.8 The output of crystalline in office room (directly set) 

 

For example, comparing Figure 3.2.4 and Figure 3.2.8, crystalline solar panel 

could produce 9.82 x10-5W under 800Lux in the meeting room with directly 

laying style, but it could only produce 6.90x10-5W with same light intensity and 

laying style in office room. 

This difference verified the result from 2.2.4 Light source, different lamps have 

different spectrums, and it will influence the energy convert efficiency of solar 

panel. 

 
Figure 4.9 The output of amorphous in office room (indirectly setting) 
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Figure 4.10 The output of crystalline in office room (indirectly setting) 
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3.3 Chosen method for modeling and classification 

This simulation system used a classification process and a modelling process to 

get the result. Based on the analysis in 2.3 Model building and 2.4 Classifier 

building, there are 7 suggested methods for curve fitting, 3 suggested methods 

for surface fitting, and 6 suggested classification methods for classifier building. 

Thus, the simulation process used this system is a combination built by one of 

each of three method groups, shown like figure 3.3.1. 

 

 

Figure 3.3.1 The constitution of simulation process 

 

Comparing the output measurements of solar panel in real-world conditions 

with the simulation results used different method combination, the results with 

minimum difference in each condition could be found. As mentioned in 2.2.2 

The types of solar panel, amorphous solar panel and crystalline solar panel 

have different light sensitive, thus they were analyzed separately. 

Table 3.3.1 shows the value of minimum result sand its corresponding simulation 

process for all the different conditions. The process named as ‘curve fitting 

method-surface fitting method-classification method’. 
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Table 3.3.1 The minimum error of different real-world conditions 

 Condition 

Panel type 

Meeting room 

Direct 

Meeting room 

Indirect 

Office room 

Direct 

Office room 

Indirect 

 

 

Amorphous 

19.02% 

Poly 4- 

Poly 55-Bagged 

Trees 

4.82% 

Poly 4- 

Poly 55- 

Fine KNN 

12.16 

Poly4- 

Poly54- 

Cubic SVM 

8.63% 

Poly6- 

Poly55- 

Bagged Trees 

 

 

Crystalline 

1.35% 

Poly9- 

Linearinterp- 

Quadratic SVM 

0.64% 

Poly8- 

Poly54- 

Quadratic SVM 

12.93% 

Poly6- 

Poly55- 

Quadratic SVM 

9.58% 

Poly5- 

Linearinterp- 

Quadratic SVM 

 

As the results in Table 3.3.1, the most suitable simulation process for different 

condition is not same. Thus, this system will use the process which get the 

minimum average error to insure the reliability of simulation result in different 

conditions. 

By using a Matlab script to analyze the results of all the method combinations, 

the most suitable method was found.  

For amorphous solar panel, when using poly4 as the curve fitting method, poly55 

as the surface method and Subspace KNN as the classifier, the average error of 

minimum. For crystalline solar panel, when using poly5 as the curve fitting method, 

Linearinterp as the surface method and Quadratic SVM as the classifier, the 

average error of minimum. The detail of them is shown as Table 3.3.2. 

 

Table 3.3.2 The minimum average error of real-world condition 

 Condition 

Panel type 

Meeting room 

Direct 

Meeting room 

Indirect 

Office room 

Direct 

Office room 

Indirect 

Average 

error 

Amorphous 21.90% 7.53% 13.23% 13.46% 14.03% 

Crystalline 1.83% 0.98% 13.82% 9.58% 6.55% 
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3.4 A friendly user interface 

Figure 3.4.1 shows the final user interface built as the process in 2.5 User interface 

design.  

 

Figure 3.4.1 Final user interface 

This UI program is built by one UI.m and one UI.fig, and the data it might use is 

saved in the folders with same route. When the operator want to use this 

program, he only needs to copy the upper folder them, and click UI.fig, the 

program could automatically read the log path and start running. Figure 3.4.2 is 

the files and folders for this program. 

 

Figure 3.4.2 All the files and folders of this program 

This section will verify the accurate of simulation result, and have a test of the 

error analyze function. 
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3.4.1 Simulation result verification 

Figure 3.4.1.1 is a group of measurement results got from an unknown light 

condition using crystalline solar panel, the light intensity during this measurement 

is around 284 Lux. 

 
Figure 3.4.1.2 a group of measurements  

Using the environmental parameters from ‘284lux-1.csv’and press the 

‘Calculate’ button in the user interface, the Output power predictor function 

could get the type of light source and the energy output for different type of solar 

panel as figure 3.4.1.3. 

 

Figure 3.4.1.3 The running result of Output power predictor 

From figure 3.4.1.3, the program thought the light sources is fluorescent. When 

using amorphous solar panel in this condition, the energy availability is 0.0101 

W/m2. If using a crystalline solar panel, the energy availability will become 0.0290 

W/m2. 

To verify this result, the measurement of IV curve is needed. By using 

‘284lux1.csv’, the IV curve of this measurement could be drawn like Figure 

3.4.1.4. Based on this IV curve, the corresponding PV curve and its maximum 

output power could be calculated. The real output of crystalline solar panel in this 

testing condition is 1.9889 X10-5W. 
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Figure 3.4.1.4 The output of crystalline solar panel in the testing condition 

Using the IV curve measurement of amorphous solar panel at same condition, 

the output of amorphous could also be calculated, 5.1925X10-6W. 

 
Figure 3.4.1.4 The output of amorphous solar panel in the testing condition 

 

The area of crystalline solar panel which used in this testing is 0.00077 m2, while 

are for amorphous is 0.0005 m2. Thus, the real energy availability for crystalline in 

this condition is 0.0260 W/m2, the real energy availability for amorphous is 0.0103 

W/m2. 

As the comparison in table 3.4.1.1, the error between the simulation results and 

real measurement results is small, it verified the predicting ability of this system. 
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Table 3.4.1.1 Error between simulation/measurement results 

 Simulation energy 

availability 

Real energy  

availability 

 

Error 

Amorphous 0.0112 W/m2 0.0103 W/m2 8.73 % 

Crystalline 0.0290 W/m2 0.0260 W/m2 11.54 % 

 

3.4.2 Error analyzer testing 

To use the error analyzer function, the user needs to put the IV curve 

measurements into the folder named ‘RealCondtion’, this folder is existed in 

the root of this system like figure 3.4.2. 

The measurements used for testing are measured in an unknown light condition 

by a crystalline solar panel, the maximum light intensity for this measurement is 

500 Lux while the minimum light intensity is 100 Lux, the step size of them is 100 

Lux. 

After its measurement range as figure 3.4.2.1, and chose the right solar panel type, 

the user could choose any combination of curve fitting method and surface fitting 

method to build the model and generate the error file.  

 

Figure 3.4.2.1 A testing for Output error comparison tool  
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By pressing the ‘Generate’ button, this program will start working, and a dialog 

box like figure 3.4.2.2 will jump out when all the calculation over to notice the 

operator.   

 
Figure 3.4.2.2 A dialog box after generated the error file 

Shown as figure 3.4.2.3, the error result file will save automatically in the 

‘ErrorResult’folder and named as the type of solar panel and the modelling 

method.  

 

Figure 3.4.2.3 Generated error file 

After getting the error file, the operator could obverse the error distribution for 

possible result by using the Predicated error analyzer. Choose the same 

selection in ‘Model Option’, and press the first ‘Error distribution’ with the 

wanted predicted results as figure 3.4.2.4. 
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Figure 3.4.2.4 Error distribution for possible result 

In this figure, used the result just generated, the error distribution will be plotted 

immediately in the lower half of this figure. For example, when choosing ‘Except 

Halogen’, the program will plot the error distribution if the light source is 

fluorescent, Warm LED of Cold LED. 

To get the real error distribution, the program needs the measurement of 

environmental parameters which measured with the IV data those used in Output 

error comparison tool. Choosing the type of classifier and press the ‘Error 

distribution’ button. The final error distribution after classifier will be plotted on 

the user interface and saved in ‘FinalResult’folder. Figure 3.4.2.5 shows this 

result. By using the Cubic SVM classifier, the error distribution of real output and 

‘Poly7-Poly55’model simulation result was plotted as this curve. The average 

error of this simulation method is 10.74%.  
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Figure 3.4.2.5 Final error distribution  
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4. Conclusion 

This paper showed a whole design process of an automatic simulation system for 

solar panel under indoor condition. From the system analysis, building method, 

to the user-friendly design and system verification. 

A matched measurement system was built firstly to prepare the data for this 

simulation system, it integrated the sensors for environmental parameters, two 

types of solar panel, and a small-size spectrometer in a portable box. A Matlab 

script and two software were used to get the measurement with it automatically.  

Secondly, all the environmental parameters got from measurement system were 

analyzed. By comparing the energy output of solar panel, the type of solar panel, 

light intensity, light source type and the laying style were thought as influence 

factor.  

Then, in the model/classifier building process, many different methods of 

modelling and classification were used and compared. The methods with accurate 

result in modelling and the methods which could get a stable classifier in 

classification were used to build the method combination for output simulation.  

By using the measurements data from four different real-world conditions, the 

errors between real output result and simulation result with different simulation 

methods were compared, and the method with minimum error was accepted in 

the final system.  

In the end, to make sure this simulation system could be used more easily by 

other users, a friendly user interface was built. It includes an output power 

predictor, and a simulation error analyze tool. 

As the results, this system could work properly. A verification includes 

measurement. simulation and verification in an unknown condition was made to 

verify the functions of system and its accuracy. 

Whether the design of measurement system, the comparisons about 

modelling/classification methods, or the real-world verifications, most works in 

this paper were did to improve the accuracy of simulation result. When using this 

system to simulate the energy availability of solar panels under a new condition, 
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the average simulation error for amorphous solar panel is 14.03%, and 6.55% for 

crystalline solar panel. 

In the future work, the accuracy of simulation result may improve by two different 

ways.  

One way is build more models in this system. The simulation process of this system 

used the measurements from an ideal indoor condition with four types of light 

source, halogen, fluorescent, warm LED and cold LED. If using more types of light 

source, the system could provide more choices for the classifier. Then, the chosen 

model might be more suitable for the input, and the error of simulation result 

might be reduced.  

Another way is use more measurements in real-world condition for method 

verification. The verification process decides the simulation method which used in 

the system. In this paper, the measurement from four real-world conditions were 

used to verify the accuracy of results getting from different simulation methods. 

If using more measurements from different real-world conditions, the simulation 

method with minimum error might be changed, and the simulation result may 

become more accurate. 
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