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Abstract 

This thesis work aimed to develop solar Photovoltaic (PV) powered smart street post. The 
post was set to serve on highways for wild animals’ detection and warn vehicles of possible 
crossings. The main aim was to design reliable standalone PV system via PVSyst software 
and experimenting four different PV technologies including a bifacial module under. 
Another aim was to select and develop the hardware and software terms of the smart street 
pot. Radar sensor and analog to digital (A/D) data acquisition (DAQ) card were set to be 
used for the motion detection. RF wireless communication module was used for 
communicating with nearby posts to send data and trigger warning light emitting diodes 
(LED) sign. A Raspberry Pi microcontroller was programmed to control the operation of 
the street post through processing the signal from radar sensor and communicating with 
nearby posts. 
 
The PV system design included generation of street post’s daily profile, sizing and selection 
of the components of the system including the module, battery, charge controller and power 
stage circuit. The later was designed to provide suitable voltage level and interface for the 
loads connected. PVSyst model was built and set to be located in Ulm, Germany. The design 
parameters were set, and different set of orientations were tested for each module. 
 
The simulation results showed bifacial module delivered a reliable PV system in case of south 
and south-east orientation and achieved better performance in other orientations in 
comparison to the other PV modules implemented. Due to limitations in PVSyst software 
the results provided had an overall uncertainty of 5%.  
 
The microcontroller was able to process the data from the radar sensor and DAQ card and 
perform fast Fourier transform (FFT). However, further processing of motion detection 
was complex to be included in the thesis work. The radar sensor and DAQ card provided 
signals with uncertainty of ± 3.4 mV. The RF wireless communication module transmitted 
signal over various ranges up to 150 m with time delay of 500 ms. 
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1 Introduction  

Increasing the road safety is one of the concerns authorities work hard to ensure. Accidents 
because of wild animals on highways have pushed authorities to incorporate smart systems 
to ensure the safety of the roads. This approach would prove not only effective in saving 
lives but also economically efficient since such accidents leave aftermath that authorities had 
to deal with. One of the smart applications that has been developed in the recent years was 
the smart street post. The objective of such post is to warn vehicles on the road of nearby 
crossing wild animals, pedestrians or even other vehicles, consequently reducing the risks of 
accidents. 
 
Solar energy presented itself as an option to provide clean, relatively cheap and reliable 
system with the aid of energy storage. Recently, more applications have been adapted to 
solar-based solutions. The integration of solar energy with different systems plays a key role 
in energy efficiency policy nowadays. Implementation of solar energy in street applications 
is considered efficient from an energy perspective as it reduces dependency on fossil fuel-
based electricity and in matters of installation, cost, and portability, since there would be a 
reduction in cabling and installation costs.  
 
The system proposed in this thesis work is a solar photovoltaic (PV) powered smart street 
post. Figure 1.1 shows main application of the post which is to detect motion of wild animals 
on highways, communicate with another nearby posts. Nearby posts in return provide 
warning signals to upcoming vehicles and thus reduce the possibilities of accidents. The PV 
system implemented is set to include PV module connected to battery system. The PV 
module is set to be mounted on the street post. The battery system provided power supply 
to all the required sensors, circuits and communication systems incorporated in the smart 
street post. The sensors used were to measure temperature and detect motion of the object. 
The processes in the smart street post were controlled by a processing unit. 

 
Figure 1.1 Illustration of one of the system application 

 Concept 

Figure 1.2 is a schematic which shows the overall concept of the smart street post system. 
The system included  transmitting and receiving posts. The processes executed within the 
system are classified into: power supply, data processing and communication interface. In 
both posts, the power supply is provided by the PV module to the battery via charge control 
mechanism. The battery in return provides power to processing unit, required sensors and 
circuits. In the transmitting post, the processing unit receives data from the sensors and 
processes this data into output signal. The output signal is transmitted via wireless 
communication interface to the receiving post. The processing unit in the receiving post 
processes the received signal and provides output commands and operates the warning light 
emitting diode (LED) in case of object (i.e. wild animal) detection. 
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Figure 1.2: Schematic Diagram of the Project’s Concept 

 Aims 

The development process of the standalone portable solar (PV) powered smart street posts 
incorporated several aims to be achieved. The main aim of the thesis work was to design a 
reliable standalone PV system via simulation tools. The design experimented different PV 
technologies including a novel bifacial module.  Another aim was realize this design into the 
practical hardware system with optimal sizing of the components used. In addition to that, 
it was required to choose a processing unit with suitable programming platform to control 
the operation of the system. The processing unit was required to process the data of the 
input and output hardware components. Evaluation of the hardware sensors was required 
for the selection of these components. The selection and development of the wireless 
communication interface was an essential aim to send and receive data between the posts.  
 

 Method  

The development of PV powered smart street post was executed in both hardware and 
software terms. The details of the hardware system setup were discussed in Chapters 2 and 3. 
Calculations were carried out to estimate the load requirements of the system. The load 
profile of the system was generated. This was followed by sizing and selection of the PV 
module and battery system  to feed the load. Since the system was supplied solely by the PV 
system, oversizing of the PV system components was taken into consideration to provide 
sufficient autonomy days. The design and simulation of the PV system was executed via 
PVSyst software. A model based on a site in Ulm, Germany was developed in PVSyst to 
simulate and evaluate the performance of the system including the shading scenario 
experienced by the PV module and different system orientations. The battery system 
designed included a charge controller to manage the charging and discharging processes of 
the battery. Since all the loads were fed by battery, a power stage circuit was developed to 
ensure matching different operating voltages and interfaces for different equipment in the 
system.  
 
Evaluation of two microcontrollers (μ-Controller) was carried out to ensure the selection of 
suitable option to be the processing unit. The sensors were connected to the μ-Controller 
via appropriate interfaces to process the data provided by the sensors. Various wireless 
communication technologies were under study to choose one technology to be used in the 
system. An interface between the wireless communication system and the μ-Controller was 
created to establish the wireless data transmission. Programming of the μ-Controller was 
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carried out to ensure the data processing and transmission were executed correctly via the 
suitable software programming platform as mentioned in Chapter 4.  
 
Chapter 5 covered three tests that were carried out on the street post system components to 
examine the accuracy and functionality of the setup in both hardware and software terms. 
The results, limitations and uncertainties of the system ere demonstrated in Chapter 6. 
Chapter 7 provided discussions, conclusions and future work to be considered for system 
improvement. 
 

 Previous work 

Smart street applications have been emerging in the past years such as: smart lighting, traffic 
signal, information boards and street posts. The latter have been under development and 
several projects have already been implemented. While most of the research carried out and 
systems installed were targeted to detect wildlife on highways, residential applications could 
be a potential field for study. In 2009, the Ontario ministry of transportation in Canada 
started installing smart street posts in attempt to detect wild life crossing highways to reduce 
the number of animal-vehicle collisions on its highways. The move was not just a safety 
measure since crashes are costly. Collisions with wild animals, which account for about six 
percent of all collisions in Ontario, cost the province more than $100 million annually in 
health care, vehicle repair and emergency services costs [1].  
 
The project included two subprojects, the first was laser sensor-based tripwire powered by 
solar panels and back up batteries. When the system is triggered, yellow lights would flash 
to alert vehicles that wildlife is within the vicinity of the sensor. The system was costly 
(approximately $766,00 for two installations). and had some technical challenges. The 
tripwires could be easily triggered by false alarms, including small animals, rain, or vegetation. 
The second system installed in 2012 was radar based large animal warning and detection 
system abbreviated to LAWDS. The system provided operators with a map of the road, 
indicating where the animals were detected. The map was updated once per second. In 
addition to addressing many of the problems caused by laser tripwires, the system also 
provided operators with information about traffic, such as speed and volume, or even 
whether a vehicle is a car or truck[1]. 
 
A research report conducted by California Program named PATH [2] suggested the two 
main factors considered to evaluate the effectiveness of detection system were:  

• The quality of the detection rate of wild animals and the communication of the threat 
to the drivers. The quality of the detection is the ratio of good detection vs. bad 
detection.  

• The communication of the threat to the driver involves the amount of information 
that can be delivered about a threat in a short amount of time. 

 

2 System Components 

The project was divided into hardware and software sections. Studies were carried out on 
the hardware components that were used in the project. The studies aimed to understand 
the characteristics of these components and thus, provide justification for the selection of 
each component over other potential options if present. The hardware section was divided 
into five main modules which were shown in Figure 2.1. The modules of the system were 
divided as follows: 

1. μ-Controller  
2. Wireless communication  
3. Hardware sensors 
4. Power supply module 
5. Output warning LED sign 
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Hardware sensors module included temperature sensor and radar sensor incorporated with 
analog to digital (A/D) data acquisition (DAQ) card. Power supply module included PV 
module, charge controller for the battery, battery pack and power stage circuit to provide 
required power for the other modules. Each module was discussed in detail in the upcoming 
sections. 

 

 
 

Figure 2.1: Schematic Diagram of the Project 

 

 Micro Controller 

Reference to Figure 2.1; the μ-Controller was the central module and considered the brain 
of the street post system. It controlled the operations of hardware components connected 
to it via software programming. In the μ-Controller, the execution of sensors’ data 
processing, communication protocol establishment and output signals took place. The main 
criteria required for the choice of the μ-Controller were set as follows: 

• Efficient central processing unit (CPU) to carry out required processes 

• Compatible hardware interfaces with different modules (e.g. sensors and 
communication module) 

• Available programming languages platforms (e.g. Python) to execute required 
processes 

• User-friendly interface and internet connectivity to ease the programming process  
 

Among different μ-Controllers, Arduino and Raspberry Pi μ-Controllers were presented as 
potential contenders due to their wide popularity, relatability and vast range of applications. 
In order to justify the type of μ-Controller chosen; several articles have been reviewed [3] 
[4] [5] to hold a comparison between the Arduino and Raspberry Pi to understand the core 
differences between them.  
 
The Arduino is a μ-Controller  motherboard that could run one simple repetitive program 
(e.g. opening and closing a gate, operating a motor). On contrary to the Raspberry Pi, the 
Arduino is not a full-fledged computer as they don’t run a full operating system but just 
executes the code interpreted on its firmware. The Arduino presents potential for hardware 
projects as the main purpose for the Arduino board is to interface with the devices and 
sensors. The Arduino supports various hardware interfaces (e.g. Serial Peripheral Interface 
(SPI) and Serial). Figure 2.2 shows a customized Arduino μ-Controller.  
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Figure 2.2: Customised Arduino Board  

Main advantages of Arduino are as follows: 

• Compatible with hardware real-time applications. 

• Simple programming knowledge is required and easily operated. 

• Easy to extend and to be connected with various hardware devices. 
 
However, there are some disadvantages for the Arduino: 

• Limited programming languages using either Arduino or C/C++. 

• Internet connectivity is relatively difficult. 

• Less powerful compared to Raspberry Pi to support other modules. 
 
Overall, Arduino seems to be compatible with projects that had a lot of external hardware 
requirements with limited and simple programming code. 
 
The Raspberry Pi board is a general-purpose computer that runs on Linux-based operating 
system with a dedicated memory, processor, and a graphics card for output through HDMI. 
Although internal storage is not present in the Raspberry Pi, SD cards could be used as the 
flash memory in the total system. This feature allows to quickly swap out different versions 
of the operating system or software updates to debug. Several interfaces are provided by 
Raspberry Pi (e.g. SPI, Secure Shell (SSH) network protocol and 1-wire). Internet 
connectivity is also provided on Raspberry Pi either via ethernet port or wireless network in 
later models. 
 

 
Figure 2.3: Raspberry Pi Model 3B 

Main advantages of Raspberry Pi were as follows: 

• Easy internet connectivity which made updating and importing programming 
libraries accessible. 
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• Variety of programming languages (e.g. Python, Java, C++…) which would provide 
flexibility over complex programming code. 

• Linux-based operating system which provided a user-friendly interface environment 
and accessibility to download software drivers. 

 
On the other hand, Raspberry Pi presented some disadvantages which were as follows: 

• A delay could be presented in accessing the hardware in real-time in case the CPU is 
busy. 

• The incapability to drive inductive loads (e.g. Motors).  

• Absence of built-in A/D converter.   
 
In general, Raspberry PI would be compatible with projects that involved limited hardware 
interactions and complex software coding that would involve implementation of various 
programming languages and software drivers. 
 
After studying the characteristics of the two μ-Controllers and evaluation of the project’s 
requirements, a decision was made to use the Raspberry Pi as it demonstrated compatibility 
with the required application. This decision was made due to the efficient CPU provided by 
the Raspberry Pi, the various programming languages platforms that provided flexibility in 
carrying out different processes. In addition to that, the internet connectivity allowed 
downloading pre-defined function packages and DAQ card driver which eased the 
programming process (as mentioned in Section 4.5).  
 
The street post system required limited hardware connectivity to the input sensors, a wireless 
communication module and output signals. However, complex programming was required 
to carry out the processes within the street post system. 
 
Raspberry Pi provides several models with different performance features, thus a choice for 
a certain model to be implemented in the project was necessary. The criteria of choice were 
based on the CPU performance, power consumption, available hardware interfaces and 
internet connectivity. Raspberry Pi Model 3B and Raspberry Pi Zero W are two potential 
options and are shown in Figure 2.3 and Figure 2.4. The high CPU performance and the 
presence on-board wireless local area networks (WLAN) chip presented a key factor for the 
choice of the μ-Controller.  
 

 
Figure 2.4: Raspberry Pi Zero W 

The CPU performance made it faster to process the data and provide a prompt response. 
The WLAN chip was viewed as an advantage among other Raspberry Pi models as it would 
make it easier to connect the μ-Controller to internet in order to download programming 
libraries and software drivers. Another advantage of the WLAN chip was the prospects of 
project implementation the chip to be connected to gateway network to send data to remote 
data center.  
 

Table 2.1 shows a comparison that was held between the two models to justify which model 
would be more compatible for project requirements. The two models possessed identical 
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pins configuration including the General-Purpose Input / output (GPIO) pins. Model 3B 
demonstrated higher power consumption which was considered as a disadvantage in terms 
of the project aims to provide a reliable system. However, the presence of 4 USB ports 
compared to the sole micro USB port in the zero W model made it easier for the Model 3B 
to be interfaced with various devices. This would lead to the devices to be connected directly 
to Model 3B in terms of data and power.  
 
Table 2.1: Comparison between Raspberry Pi Model 3B and zero W 

 
The other advantage of higher processer speed and RAM of Model 3B compared to the zero 
W model made it possible to process data and execute complex programming code faster as 
well as sending output signal. Model 3B was selected as the compatible option for the 
project. More details on Raspberry Pi Model 3B are mentioned in Appendix F.1. 
 
The Raspberry Pi Model 3B has 40 pins with various GPIO pins which could be 
programmed to serve as the interface between the Raspberry Pi and other components. The 
Raspberry Pi pinout is shown in Table 2.2. The pins include power supply pins (3V and 5 V) 
and ground (GND) pins. Some of the GPIO pins have default settings of interface while 
others required some adjustments. A detailed description of the adjustments is provide in 
Section 4.4. Two important interfaces that were required in the street post system were the 
1-wire interface and Universal asynchronous transmitter / receiver (UART) serial interface. 
The 1-wire interface is device communications bus system that is used for to communicate 
with digital measurement devices. In this application, it is used for the digital temperature 
sensor. UART is a serial communication interface that was used with the wireless 
communication module. The term Universal refers to the speed and data format was 
configurable while the term Asynchronous referred to that clock signal was not required to 
be sent along with data signals . UART provided duplex communication implementing two 

Specification Raspberry pi 3 Model B Raspberry pi zero W 

CPU 
1.2 GHz 64-bit quad-core ARMv8 
CPU 

1 GHz, single-core CPU 

GPU Video Core IV 3D graphics core N/A 

 WLAN 802.11n Wireless LAN 802.11 b/g/n wireless LAN 

Bluetooth 
Bluetooth 4.1 Bluetooth 4.1 

Bluetooth Low Energy (BLE) Bluetooth Low Energy (BLE) 

Ethernet  Available N/A 

RAM 1 GB RAM 512 MB RAM 

SD cards 
push-pull Micro SD card slot push-
pull  

micro SD Card 

GPIO  40 pins 
header at top compatible 40-pin 
header 

USB Port 4 USB ports 1 Micro USB data port 

HDMI Full HDMI port Mini HDMI Port 

AV interface 

Camera interface (CSI) CSI camera connect  

Display interface (DSI) 
Composite video and reset 
headers 

Combined 3.5mm audio jack and 
composite video 

N/A 

Power Input Micro USB (5 V rated up to 2.5 A) 
Micro USB power (5 V rated at 
1 A) 
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data lines for sending via a transmitter (Tx) and receiving via a receiver (Rx). The hardware 
interface between the Raspberry Pi with wireless communication module and temperature 
sensor were discussed in Sections 2.2 and  2.3.2 respectively [6]. 
 
Table 2.2: Raspberry Pi Pinout Configuration 

Interface Pinout Pin No. Pinout Interface 
 3 V  1 2 5 V   

 GPIO2 3 4 5 V    

 GPIO3 5 6 GN   

1-wire (Data) GPIO4 7 8 GPIO14 UART0_TXD 

  GND 9 10 GPIO15 UART0_RXD 

  GPIO17 11 12 GPIO18   

  GPIO27 13 14 GND   

  GPIO22 15 16 GPIO23   

  3 V  17 18 GPIO24   

  GPIO10 19 20 GND   

  GPIO9 21 22 GPIO25   

  GPIO11 23 24 GPIO8  

  GND 25 26 GPIO7  
 GPIO 0 27 28 GPIO1  

  GPIO5 29 30 GND  

  GPIO6 31 32 GPIO12   

  GPIO13 33 34 GND   

  GPIO19 35 36 GPIO16   

  GPIO26 37 38 GPIO20   

  GND 39 40 GPIO21  

 
 

 Wireless Communication 

Wireless communication was required to achieve the aims of the project of providing 
portable application and reduce cabling and accompanied installation requirements. The 
advancements in wireless communication technologies provided various prominent options 
to be considered. The criteria required for the wireless communication technology to be 
implemented were as follows: 

• Transmission Range (in meters) 

• Operating Frequency 

• Transmission Power 

• Data Rate 
 

 A study covering prominent wireless technologies [7] was conducted to compare between 
these technologies. The technologies considered were: Bluetooth, Wireless Fidelity (WIFI), 
ZigBee and Radio Frequency (RF) serial communication. An overview of each technology 
was provided to demonstrate its general features. A comparison was between these 
technologies with the aid of a previous study [8] and RF module datasheet (as mentioned in 
Appendix F.2) which focused on their performance and specific characteristics.  
 
First technology under study was Bluetooth which is a short range wireless technology 
originally intended to replace the cable connecting for electronic devices. The standard of 
the technology uses short range radio links with operating frequency band of 2.4 GHz. 
Bluetooth operates Frequency Hopping Spread Spectrum to avoid any interference with 79 
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channels between 2.402 GHz to 2.480 GHz. A data channel hops randomly 1600 times per 
second between the 79 RF channels. The average range of Bluetooth communication is 0-
100 meters relying on the device power. In the study the built-in Bluetooth module in the 
Raspberry Pi was considered as a reference. 
 
Second technology was WIFI which refers to the IEEE 802.11 communications standard 
for (WLANs). the WIFI network basically connects computers to each other, to internet 
and to the wired network. The Bandwidth for the WIFI network is either 2.4 GHz or 5.2 
GHz as per the 802.11 standard which was developed. The Raspberry Pi model 3B used 
WIFI chip with 802.11n which operated at 2.4 GHz and was considered as reference in the 
study.  
 
Third technology under study was the ZigBee which is a high-level wireless communication 
protocols using small, low-power digital radios based on an IEEE 802.15 standard for 
personal area network. The aim of developing ZigBee technology was to provide an 
alternative for WIFI and Bluetooth technologies which also operates at 2.4 GHz frequency 
range. ZigBee targeted applications that required lower power consumption (i.e. long battery 
life), low data rate (baud rate) and secure networking. In this study a ZigBee module used 
for Raspberry Pi was considered. The data rate would range from 250kbit/s up to 2Mbit/s 
depending on power of transmission and the range.  
 
The last technology under study was the RF serial communication. In general, RF is any 
frequency in the electromagnetic radiation which is used for radio wave propagation. It has 
the frequency range of 3 kHz to 300 GHz. Many protocols were developed using RF such 
as ZigBee and Bluetooth. The module under study is an RF transceiver (HC-12) which 
operates on wireless serial port communication with transmission power (100 mW) 20dBm. 
The operating frequency considered is in the range of 433.4 - 473.0 MHz implementing 
multiple channels with a stepping of 400kHz a total of 100 channels.  
 
The module has an onboard controller which eliminates the need the program the radio 
transmission section separates and make it easy to interface with Raspberry Pi. Moreover, 
the module adopts four different operation modes named FU, thus (FU1, FU2, FU3 and 
FU4) differ in data rate and subsequently range, power consumed and time delay. The main 
differences between the four modes are shown in Table 2.3. 
 
Table 2.3: Modes of Operation for the RF transceiver 

Mode 
FU1 FU2 FU3 FU4 Remarks 

Aspect 

Description 

 Moderate 
power 
saving 
mode 

Extreme 
power 
saving 
mode 

Nominal 
Operation 

Maximum 
Range  

  

Data rate (in 
open air) 

250 kbit/s 250 kbit/s 15 kbit/s 5 kbit/s 
  

Range at 
maximum 

power 
100 m 100 m 

600 m at 
9.6 kbit/s 

and 
1000 m at 
2.5 kbit/s 

1800 m 

Clear line of 
sight 
between 
modules under 
ideal 
conditions 

idle current 3.6 mA 80 μA 16 mA 16 mA Average value 

Transmission 
Time delay 

15-25 mS 500 mS 4-80 mS 1000 mS 
Sending one 
byte 
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It was considered to take FU3 as a reference mode of operation for the RF transceiver in 
comparison to other technologies. 
 
Table 2.4 shows the comparison conducted between the wireless communication 
technologies. The comparison was based on previously mentioned criteria to evaluate the 
compatible technology for the application as follows: 
 
Table 2.4: Comparison between communication technologies 

Technology 
Bluetooth WIFI ZigBee RF serial 

Aspect 

Transmission Range 
(in meters) 

 10m 100m Up to 500m 
Up to 
1000m 

Operating 
Frequency 

 2.4 GHz 2.4-5.2 GHz 2.4 GHz 433 MHz 

Transmission Power 0 - 10 dBm 15 - 20 dBm max 21 dBm 
max 20 
dBm 

Data Rate (kbit/s) 720 54000 250-2000 15 

 

ZigBee and RF serial technologies standout in regards of the transmission range which was 
a crucial criterion for the application with the advantage of the RF serial due to wide 
operating ranges. However, The ZigBee module made a clear advantage over the RF Serial 
in terms of data rate. The RF transceiver was used in the application and was recommended 
to be used in case the transmission range is over 500m and ZigBee module for lower 
transmission range. 
 
The RF transceiver HC-12 was selected to be implemented in the system. The pinout of the 
transceiver is shown in Figure 2.5. The antenna was connected to enhance the signal quality 
and range. The 5 pins of the RF transceiver chip consisted of pins for power supply (2.5 – 
5 V), GND, transmitter (TxD), receiver (RxD) and SET pin for enabling the operation of 
the RF transceiver, where the latter was used in the configuration of the transceiver (as 
discussed in Section 4.4). 
 

 
Figure 2.5: RF Transceiver Pinout 

The communication interface between the transceiver and the Raspberry Pi was 
implemented via UART serial port where the UART pins (GPIO 14 and 15) on the 
Raspberry Pi were activated. Figure 2.6 shows that wiring connection required cross 
connections between the transmitter and receiver pins of both components.  

SET 
TxD RxD 

GND 

5V 

Antenna 
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Figure 2.6: Schematic Connection between RF Transceiver and Raspberry Pi 

The schematic of wiring connection between the transceiver and Raspberry Pi was shown 
in Figure 2.7 and the programming procedure for the transceiver operation was detailed in 
Section 4.4.  

  
Figure 2.7: Hardware Interface between RF Transceiver and Raspberry Pi 

 

 Hardware Input Sensors 

This section covered the components implemented in temperature measurement and 
motion detection mechanism. The temperature measurement was carried out via a digital 
temperature sensor (as mentioned in Section 02.3.1 ) while the motion detection mechanism 
were carried out via a radar sensor and DAQ card (as mentioned in Sections 2.3.2 and 2.3.3 
respectively). Studies were carried out to evaluate the characteristics of the components and 
implement them with the μ-Controller using the suitable interface option in respect to the 
component. 

2.3.1. Temperature Sensor 

The (DS18B20b) digital thermometer manufactured by maxim integrated was chosen since 
it fulfilled the required criteria of being interfaceable with the μ-Controller and operating in 
the temperatures range of the application with high accuracy. The DS18B20b communicated 
with the μ-Controller via 1-Wire bus through the data pin (as shown in Figure 2.8) and had 
a power supply range of 3.0 V to 5.5 V. The sensor reported temperature in degrees Celsius 
(ºC) with 9 to 12-bit precision. It had an operating temperature range of -55 ºC to +125 ºC 
and accuracy of ±0.5 °C over the range of -10 °C to +85 °C (as shown in Appendix F.3). 
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Figure 2.8: Temperature Sensor Pinout 

Figure 2.9 shows the schematic wiring between the temperature sensor and Raspberry Pi. 
The software programming was executed as mentioned in Section 4.3. While the presence 
of the two LEDs was attributed to testing the temperature sensor as mentioned in Section 
5.1. 

 

 
Figure 2.9: Temperature Sensor wiring with Raspberry Pi 

 

2.3.2. Radar Sensor 

There are different techniques and technologies used for motion detection of an object. In 
this case pre-selected radar sensor with an A/D DAQ card module used in an earlier project, 
was presented by Prof. Thomas Walter and supplied by Hochschule Ulm to be used in the 
application. The sensor is (K-MC4) mono-pulse radar transceiver manufactured by RFbeam 
Microwave Gmbh (as shown in Appendix F.4).  
 
The radar sensor operated as 24 GHz short range phase-comparison doppler transceiver 
utilizing doppler effect. Doppler effect referred to the change in frequency or wavelength of 
a wave when a wave source and an object moved towards or away from each other. 

5V 
Data 

Ground 
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Asymmetrical beam was transmitted from the transmitter (Tx) and reflected signals were 
received in the two receiver antennas (Rx1 and Rx2) (as shown in Figure 2.10 ). The received 
signals in Rx1 and Rx2 are analyzed via in-phase and quadrature (I/Q) modulation to 
provide the sensor outputs.  
 
The radar sensor provided outputs with in-phase and quadrature (I/Q) modulation, where 
a moving object generated doppler signals on both I and Q outputs. Phase relations between 
Ix and Qx indicate forward or backwards movements. Objects approaching the sensor 
generate 90° shift between Ix and Qx outputs. Objects moving away from the sensor 
generate -90° shift between Ix and Qx outputs. Phase relations between I1 an I2 or Q1 and 
Q2 indicate the object's deviation angle from the 90° axis. Figure 2.11 explains the operation 
of the radar sensor and the phase shift between the signal base of the moving object. 
 

 
Figure 2.10: Radar Sensor K-MC4 

The I/Q outputs provided amplified low noise signals generated by doppler effects the 
signals could be used directly to drive an A/D converter to be used in signal processing. The 
outputs cover a frequency range of 15Hz -300kHz. It is recommended to use 12Bit A/D 
converters for higher sensitivity to get optimal resolution for filtering and signal processing. 
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Figure 2.11: Phase shift relation with object deviation angle (Reprinted from Appendix F.4) 

Radar sensor provided the Rapid Sleep Wakeup (RSW) function with <5μs wakeup time 
which allowed power saving of more than 90 %. The power saving feature was considered 
advantageous in terms of reducing power consumption and thus reducing overall system 
power requirements.  
 

2.3.3. DAQ Card 

Raspberry Pi did not contain A/D converter, thus, it was necessary to have one used as an 
interface between the Radar Sensor and μ-Controller. The DAQ card was presented as part 
of the radar sensor module, so no selection process occurred. The DAQ card presented was 
a Bus-Powered Multifunction DAQ USB Device (NI 6009 USB) manufactured by National 
Instruments. 
 
The DAQ cards provides two types of analog inputs (Differential and Single-ended). 
Single ended input ports were used in the hardware wiring with the radar sensor. The 
single-ended analog input is provided with 13-bit resolution. The DAQ card provided 
maximum sampling rate of 48000 Samples/s (as mentioned in Appendix F.5). 
 

 
Figure 2.12: USB DAQ card NI6009 

The schematic wiring between the radar sensor and the DAQ was set as shown in Figure 
2.13. The four I-Q modulations outputs of the radar sensor were set as analog inputs (AI) 
in the DAQ Card. The USB interface between the DAQ Card and the Raspberry was 
responsible for providing power to the DAQ card and sending acquired data to the 
Raspberry Pi via special National Instruments driver as mentioned in Section 4.5.  
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Figure 2.13: Radar Sensor and DAQ Card wiring 

 
 

 System Outputs 

The components that gave indications that the system was operating as required were 
considered system outputs and were shown in detail in Table 2.5. The outputs were defined 
into two types: physical and signal components. Physical component was mainly the warning 
LED sign. Signal components referred to the wireless signals transmitted between the two 
μ-Controllers to provide data required for output decision execution. 
 
Table 2.5: System Outputs Details 

Type Output Description 

Physical 
Warning 
LED sign 

Provided the vehicles with a warning signal on the receiving 
post 

Signal 

Control 
signal 

Signal developed in the transmitting μ-Controller when 
object detected by radar sensor and transmitted wirelessly to 
the receiving μ-Controller 

Action signal 
Signal developed in the receiving μ-Controller to operate the 
electronic switch connected to the warning sign 

Temperature 
signal 

Data acquired from the temperature sensor sent wirelessly 
from transmitting μ-Controller to the receiving μ-Controller  

 
The warning LED sign was chosen to operate at 12 VDC with 20 W power. In operating 
system, the sign should operate when an object was detected by the radar sensor. The data 
from the radar sensor was analyzed and processed by the transmitting post μ-Controller. A 
control signal was sent wirelessly to the receiving post μ-Controller which in turn provided 
an action signal for the electronic switch to operate the warning sign.  
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 Power Supply 

The power supply section covers all necessary components to power the street post. Figure 
2.14 shoes the entire components of the power supply module. A power supply which is 
basically a standalone system where the PV module is fixed with a long pole on top of the 
post. A battery storage was attached to the post to ensure a reliable power supply during low 
radiation days and night. A charge controller is used to control the charging and discharging 
of the battery.  
 
The final stage of the power supply was the power stage, which provides two different 
voltage levels 12 V and 5 V to the sensors, processing unit, wireless communication, and the 
LED signal. In this section, the choice of the power supply system components is motivated, 
however, the sizing of these components is covered in Chapter 3. 

 
Figure 2.14: Schematic for the power supply module 

 

2.5.1. PV Module 

The PV module was the sole source of electrical power generation in the street post system. 
A study has been conducted to test the performance of several PV modules from different 
technologies, as well as incorporating new emerging innovation in the PV module industry. 
The PV technologies under study were mono-crystalline silicon (m-Si), poly-crystalline 
silicon (p-Si), copper indium gallium selenide (CIGS) and cadmium telluride (CdTe) PV 
modules. The emerging PV technology was bifacial silicon PV modules. The test conducted 
was done via PV simulation software PVSyst to estimate the output energy of each PV 
module in different scenarios for a chosen site in Ulm, Germany. The results provided an 
insight of optimal technology to be used in the system.. 
 
 The basic operation of the PV module was the generation of electricity in the PV cells when 
subjected to solar radiation. Three main types of solar radiation were considered to affect 
the output of the PV module (shown in Figure 2.15). These types were: beam radiation, 
diffuse radiation and albedo or (ground reflectance). Details for solar radiation principles 
and PV modules characteristics and operation were mentioned in Appendix A.  
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Figure 2.15: Type of Solar radiation on tilted surface 

 
Unlike conventional PV modules where their electrical output is attributed mainly to beam, 
and diffuse radiation captured on the front side, bifacial modules utilize light captured on 
both front and back sides to generate electrical power. This feature would improve the 
performance of the module utilizing the albedo of the surrounding ground resulting in 
energy gain [9]. The sizing and selection of the PV modules used in the simulation were 
explained in detail in Section 3.2. The details for the simulation and its parameters were 
mentioned in Section 3.5. 

2.5.2. Battery 

A battery package was chosen as means for storage, due to the intermittent nature of the PV 
module. Several technologies in battery systems were presented as potential options. The 
selection was based on the comparison between three established battery technologies 
(Lithium ion (Li-ion), Nickel Cadmium (NiCd) and Lead Acid) batteries. 
 
In order to hold the comparison between the battery technologies, several battery 
characteristics were defined to evaluate the performance of each battery as follows [10]: 
 
Battery Cell: the smallest, packaged form a battery can take and is generally on the order of 
1 V to 6 V. The battery pack would be made up of several cells connected in series and/or 
in parallel 
 
Specific Energy (Wh/kg): The nominal battery energy per unit mass (referred to as the 
gravimetric energy density). Specific energy is a characteristic of the battery chemistry and 
packaging. It determines the battery weight required to achieve a given electric range. 
 
State of Charge (SOC) (%): An expression of the present battery capacity as a percentage 
of maximum capacity. SOC is generally calculated using current integration to determine the 
change in battery capacity over time. 
 
Depth of Discharge (DOD) (%): The percentage of battery capacity that has been 
discharged expressed as a percentage of maximum capacity. A discharge to at least 80 % 
DOD is referred to as a deep discharge. 
 
Cycle Life (number for a specific DOD): The number of discharge-charge cycles the 
battery can experience before it fails to meet specific performance criteria. Cycle life is 
estimated for specific charge and discharge conditions. The actual operating life of the 
battery is affected by the rate and depth of cycles and by other conditions such as 
temperature and humidity. The higher the DOD, the lower the cycle life. 



18 

 
C-rates: In describing batteries, discharge current is often expressed as a C-rate to normalize 
against battery capacity, which is often very different between batteries. A C-rate is a measure 
of the rate at which a battery is discharged relative to its maximum capacity. A 1C rate means 
that the discharge current will discharge the entire battery in 1 hour. For a battery with a 
capacity of 100 Ah., this equates to a discharge current of 100 A. A 5C rate for this battery 
would be 500 Amps, and a C/2 rate would be 50 Amps.  
 
A comparison was held between the three technologies based on several characteristics as 
shown in , to evaluate the most suitable battery technology for the application [11]. 
 
Table 2.6: Comparison between Battery Technologies 

Characteristic Lead-Acid NiCd Li-ion 

Cell voltage (V) 2 1.2 3.6 

Gravimetric energy 
density (Wh/kg) 

30-50 45-80 150-250 

Cycle life (80 % DOD) 200 - 300 1000 500 - 1000 

Load current 
- peak 

- best result 

5C 
0.2C 

20C 1C 
2C 

<1C  

Operating temp. (°C) -20 to 60 -40 to 60 -20 to 60 

Self-discharge/month  5 % 20 % 

<5 % 
(Protection 

circuit consumes 
3 %/month) 

Maintenance 
requirement 

3 to 6 months 30 to 60 days not required 

Columbic efficiency Approx. 90 % 
Approx. 90 % (fast 

charge) approx.70 % 
(slow charge) 

99 % 

Toxicity Very high Very high Low 

Safety requirements 
Thermally 

stable 
Thermally stable, fuse 

protection 
Protection 

circuit required 

Cost Low Moderate High 

 
Lead Acid batteries are the oldest rechargeable battery system. Lead acid battery is rugged 
and relatively low cost, on the other hand it has a low specific energy and limited cycle life. 
Although Lead acid batteries have wide applications, they are highly toxic and cannot be 
disposed in landfills. 
 
NiCd batteries are considered mature technology and used where long service life, high 
discharge current and extreme temperatures are required. NiCd is one of the most rugged 
and enduring batteries; it is the only chemistry that allows ultra-fast charging with minimal 
stress. However, due to environmental concerns, NiCd is being replaced with other 
technologies. Other disadvantages were high maintenance requirement and self-discharge. 
 
Li-ion batteries are relatively new and most prominent in replacing many applications that 
were previously served by lead and nickel-based batteries. They provide the highest 
gravimetric energy density and efficiency (99 %). They also show relatively high life cycles, 
low self-discharge and no required maintenance which would justify the high cost. Due to 
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safety concerns, Li-ion needs a protection circuit which was provided in the charge 
controller. 
 
Although, NiCd would be suitable for such application especially with extreme operating 
temperatures, the high maintenance requirement does not make it favorable for the required 
application. Li-ion battery was chosen to be the technology for the high energy density which 
meant low battery weight compared to other technologies as well as for high life cycle and 
no maintenance requirement despite the high cost. Regarding the operating temperature and 
the possibility of providing the application to places with lower temperature than -20 °C, a 
proper housing on the post for the battery with embedded insulation would be sufficient to 
solve this problem. 

2.5.3. Charge Controller 

In standalone systems, batteries are the most expensive component of the system, thus 
protecting them and ensuring their optimal operation become  priority. Therefore, charge 
controller was needed to optimize the system performance as well as keep the battery pack 
safe. The main function of the charge controller was to protect the batteries against 
overcharging and deep discharge by regulating the voltage on the battery side and electric 
current going to or drawn from the battery during charging and discharging operations. 
Simple charge controllers protect batteries from overvoltage by disconnecting (in case of 
series connection) or diverting to an auxiliary load (in case of shunt connection) current 
from PV generator when a set value voltage is achieved. On the other hand, modern 
electronically sophisticated charge controllers operate via power electronic switches such as 
metal oxide semiconductor field effect transistors (MOSFETs) and insulated-gate bipolar 
transistor (IGBTs) to disconnect the battery circuit from the PV generator. 
 
 Certain performance criteria are required from modern charge controllers as follows [12]:  
• preventing unintentional discharge 
• optimal charging of batteries 
• battery indicator 
• short-circuit protection 
• reverse polarity protection (When no power is generated from the PV module during 
night). 
 
Two main technologies implemented in the charge controllers were the pulse width 
modulation (PWM) and maximum power point tracker (MPPT). A study has been 
conducted to compare between the two technologies to select the optimum technology for 
each PV technology implemented in the simulation that fits the system’s design. 
 
The basic operation of the PWM charge controller can be simplified that during the charging 
of the battery, the controller allows as much current from the PV generator in order to reach 
the target voltage [13]. Once the target voltage of the battery is reached, the controller starts 
to switch on and off the electronic switches via high frequency pulses (as shown in Figure 
2.16). This operation leads the battery to be charged efficiently, thus protecting it from 
overcharging and can maintain the battery at fully charged state (as shown in Figure 2.18). 
 



20 

 
Figure 2.16: Schematic of PWM Charge controller circuit (Reprinted from [13])  

 
The MPPT controller is connected to the PV generator and battery via DC-DC converter 
(as shown in Figure 2.17). The MPPT controller follows an adaptive algorithm that tracks 
the maximum power point of the PV module (MPP) on the characteristic I-V curve of the 
PV generator [13]. Since the PV generator can deliver more voltage than required to charge 
the battery, the MPPT charge controller adjusts the PV output voltage, converting this 
excess of voltage into more current drawn to the battery. This charging voltage is maintained 
at required level and system is maintained in optimum operation (as shown in Figure 2.18).  
 

 
Figure 2.17: Schematic of MPPT Charge controller circuit (Reprinted from [13]) 

 



21 

 
Figure 2.18: PV Module I-V curve under PWM and MPPT operation (Reprinted from [13]) 

Table 2.7 shows the comparison that was carried out to assess the two charge controller 
technologies [14], in order to make the optimal selectin for each PV technology used Table 
2.7.  
Table 2.7: Comparison between PWM and MPPT charge controllers 

PWM Charge Controllers MPPT Charge Controllers 

PROS 

PWM is time-tested technology 
Well established technology which provided 
charging efficiency up to 30 % 

Relatively inexpensive  
Potential ability to have an array with higher 
input voltage than the battery bank 

These controllers are available in 
many sizes for a variety of 
applications up to 60 A 

Available in sizes up to 80 A 

PWM controllers are durable, most 
with passive heat sink style cooling 

MPPT controller warranties are typically longer 
than PWM units 

  MPPT offers great flexibility for system growth 

CONS 

 Solar input nominal voltage must 
match the battery bank nominal 
voltage  

MPPT controllers are more expensive, 
sometimes (costing two or three times as much 
as a PWM controller) 

Many smaller PWM controller units 
are not UL listed 

MPPT units are generally larger in physical size 

PWM controllers have limited 
capacity for system growth 

Sizing an appropriate Solar array can be 
challenging without MPPT controller 
manufacturer guides 

  

Using an MPPT controller forces the Solar 
array to be comprised of like photovoltaic 
modules in like strings 

Shorter lifespan due to complex electronic 
components and greater thermal stress 
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Based on the comparison, the PWM charge controller demonstrated advantages in regards 
of, durability and relatively inexpensive costs. On the other hand, some restrictions came 
evident for implementing PWM charge controller. Most important restriction was the 
required matching between the PV output nominal voltage and battery nominal voltage. The 
MPPT charge controller demonstrated increasing in charging efficiency up to 30 % (i.e. 
increasing the efficiency of the whole system) as well as the potential of implementing PV 
modules with higher nominal voltage than the nominal voltage of the battery. While some 
disadvantages were higher cost of the MPPT controller and shorter lifespan in comparison 
to the PWM controller. The selection of the charge controller was discussed in Section 3.4.  

2.5.4. Power Stage 

Power stage was designed to provide the required connection between the load and the 
power supply. Figure 2.19 show the schematic of the power stage circuit. Since the loads 
operated at different voltage levels than the power supply, the design took in consideration 
the operating voltages of the loads as well as the suitable interface for each load type. The 
loads were mainly divided into two min parts: the output warning LED sign which operated 
at 12 V and the μ-Controller which operated at 5 V. 
 
The nominal voltage of the battery was 12.8V (as shown in Section 3.3), thus voltage 
regulation in the power stage circuit was required. The voltage regulation was mainly 
performed in to provide 5V voltage levels required for μ-Controller. For the warning LED 
sign voltage regulation was not required since the operating voltage was near the nominal 
battery voltage. 
 
The warning LED sign is connected to the circuit via an electronic switch that operates with 
a control signal from the μ-Controller. The LED sign is connected to resistance R1 with 
value 1 kΩ for current limitation purpose. The signal was based on the operation of the 
radar sensor when an object is detected. The 5V level was achieved via a voltage regulator 
integrated circuit (LM7805CT) (as shown in Appendix F.6) with the aid of two capacitors 
C1 and C2 to stabilize the voltage with values 100 μf and 10 μf respectively.  
 
The output of the voltage regulator was connected to USB female port to provide an 
interface between the power stage circuit and the μ-Controller via USB cable. The input 
power of the μ-Controller has a micro USB socket. 
 

  
Figure 2.19: Schematic Diagram of the Power Stage Circuit 

 

 Hardware Interface 

This section covered the compatible hardware interfaces that were established between 
different system components. Some components required hardwiring while others required 
special kind of interface (as shown in Table 2.8). 
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Table 2.8: Interface between hardware modules 

Interface 

Between Details Module Via 

Power Stage 
μ-Controller Raspberry pi 

Power 
connection 

USB port 

Warning LED sign 12V DC 20W 
Power 

connection 
Electronic 

switch 

μ-Controller 

Radar sensor K-MC4 A/D DAQ card 

Temperature sensor D18B20b 1-Wire   1-Wire pin 

RF transceiver HC12 Serial port  UART pins 

 
The interface between the power stage and the μ-Controller was established via the USB 
port while the connection with and the warning LED was hardwired connection through 
electronic switch. 
 

3 PV System Sizing, Selection and Simulation 

This chapter covers the sizing and selection of PV system components and implementing 
these components in the PVSyst simulation. The simulation is set to provide evaluation for 
the system performance under different PV technologies and orientations. The sizing 
procedures had three main steps which was the estimation of the load profile of the system, 
sizing the PV module for different technologies and sizing of the battery package required 
to keep the system sustainable. The system location was considered to be in Ulm, Germany 
with the following coordinates (48.42 °N, 9.95 °E). 
 

 Load Profile 

The hardware components were connected to the microcontroller as shown in Figure 3.1 
and power consumption was measured. The measurements were carried out by connecting 
a power supply set for 5 V to the μ-Controller which was connected to the sensors and 
wireless communication module. The current was measured via an ampere meter. 

 
Figure 3.1: Setup Connection for Load Measurement 

Several measurements were taken into consideration for possible different modes of 
operation as shown in Table 3.1. Based on the measurements a load profile was created to 
be taken in consideration in both at the sizing calculation and the PVSyst simulation. A 12 
V-20 W warning LED sign was taken in consideration as part of the load. The LED was 
considered to be powered directly from the battery while receiving the control signal from 
the μ-Controller. 
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Table 3.1: Power Consumption of hardware components 

Condition (5V Supply) 
Current 

(A) 
Power 

(W) 

Idle (with comm. and temp. sensor) 0.27 1.36 

Operating (w/o radar and DAQ card) 0.28 1.41 

Operating (idle radar and DAQ card) 0.61 3.07 

Idle (all hardware connected) 0.61 3.05 

Operating (all hardware connected) 0.73 3.65 

 
While estimating the daily load profile several consideration and assumptions were made in 
order to simplify the calculations as well as limitations in identifying the load in the PVSyst 
software: 

• The load profile was identical for the entire year  

• The load profile was divided as half hour segments as per PVSyst load identification 

•  The radar sensor was considered to operate at 10 % duty cycle (i.e. operating 10 % 
of the time during the day) which was equivalent to 2.4 hours but considered to 2.5 
hours as per the hourly distribution requirement in PVSyst 

• The 20 W warning LED sign was estimated to work for half hour in terms of worst 
case scenario. 

• Additional 25 % losses across the system (i.e. through cables, charge controller and 
battery) were taken in consideration as balance of system efficiency (ηBOS)  

 
Where ELoadT is the total electricity consumption taking in consideration the balance of 
system in (Wh), ELoad is the electricity consumption of the system in (Wh) and ηBOS is balance 
of the system efficiency resembling the losses across the other components of the system 
taken at 0.8. The estimated daily electricity consumption is shown in Table 3.2. 
 
Table 3.2: Daily consumption of the street post 

Condition 
Power 

(W)  
Hours 

(h) 

Electricity 
consumption 

(ELoad) (Wh) 

Electricity 
consumption with 
balance of system 

(ELoadT) (Wh) 

Idle (all hardware 
connected) 

3.1 21.5 66.7 83.3 

Operating (all hardware 
connected) 

4.0 2.0 8.0 10.0 

Operating (all hardware 
connected) and with 

warning sign 
24.0 0.5 12.0 15.0 

Total 86.65 108.3 

 
The daily load profile was plotted across the day with half hour time segment as shown in 
Figure 3.2. The operation of the system was estimated to be concentrated along the certain 
time slots which was considered as a further simplification. 
 

𝐸LoadT =
𝐸Load

𝜂BOS
  Equation 3.1 
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Figure 3.2: Daily load profile of the street post 

 

 PV Module Sizing 

The sizing of the PV module was essential to select the rating of the modules used in the 
PVSyst simulation and select the suitable module models for each technology. 
 
The sizing of the PV module was calculated using the following equation: 

 

Where 𝑃PV is the rating of the PV modules in (W), 𝐸LoadT is the total electricity consumption 

taking in consideration the balance of system in (Wh), 𝑝𝑠ℎ is the peak sun hours in (h) and 

𝜂nSTC is the non STC factor since it was required for the PV to perform at worst conditions. 

𝜂nSTC was taken at 0.7. 
 
The system was expected to be reliable, thus was expected to operate throughout the entire 
year, so the design was considered in winter and December was considered the design month 
due to the relatively scarce solar radiation in Ulm. The peak sun hours referred to the solar 
insolation which a particular location would receive if the sun were shining at its maximum 
value for a certain number of hours. Considering the peak solar radiation is 1 kW/m2, the 
number of peak sun hours is numerically identical to the average daily solar insolation (e.g. 
a location that receives 8 kWh/m2 per day can be said to have received 8 hours of sun per 

day at 1 kW/m2.) The peak sun hours (𝑝𝑠ℎ) for the design was 2 hours. Based on Equation 
3.2 and the previous calculations, the required PV rating was 77 W. 
 
Several considerations were taken when selecting the respective modules for each 
technology. The considerations were mainly based on the available ratings of the 
manufactured modules, the ratings of available charge controllers to avoid mismatching 
between the ratings and the output voltage that was required to be connected to the battery 
system. Table 3.3 showed the PV modules selected in the PVSyst simulation from different 
technologies that where under study. 
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Table 3.3: PV modules selection table 

Technology Manufacturer Model 
Rating 

(𝑷𝐏𝐕 ) (W) 

Module 
Efficiency (η) 

(%)  

m-Si Sun Link PV SL110-12M145 145 14.7 

p-Si Sun Link PV  SL110-12P145 145 14.6 

CIGS STION  STN-145 145 13.3  

CdTe  N/A N/A  N/A N/A 

Bifacial 
 (m-Si) 

Lumos  
GSX 60/24 

 (20 % Bifi Boost)  
144  8.5  

 
The details of the characteristics of the Solar modules used were mentioned in Appendix 
F.7. The performance of each PV module implemented in the system was studied using the 
PVSyst software. 
 
There were some limitations in the selection process of the modules. The CdTe modules 
were not applicable for the system, since the operating characteristics and ratings were not 
compatible with the available charger controller. Regarding the bifacial module, most of 
available ratings of the modules were higher than the required. The presented module was 
characterized by light transmittance of 57 % which justified the relatively low module 
efficiency in comparison to other modules.  
 

 Battery Sizing 

The battery voltage determined the system voltage and subsequently the requirement for the 
charge controller as well as the power stage to operate at the suitable voltage. Output 
voltages of 12, 24 and 48 V were established common system voltages. Since Li-ion battery 
was chosen as a technology to be implemented in the system, a research was conducted to 
select a specific battery for the system based on the design requirements. Several parameters 
were considered to size the capacity of the battery. 
 
Design guidelines for battery selection were provided by German solar energy society (DGS) 
for planning and installing standalone PV systems [12]. One important design parameter 
that was taken in consideration was the term autonomous days (Ad) which referred to how 
long the system could supply the required load with a fully charged battery and without any 
exposure to radiation. Autonomous days relied mainly on the application where the selection 
was between two days up to more than ten days. Since the aim of the project was to provide 
a sustainable system for the entire year, a design more inclined towards winter data was 
considered.  
 
The downsides of increasing the autonomous days were the increase of system cost due to 
large battery capacity as well as the risk of reducing the service life of the battery since the 
battery had the probability of suffering extreme deep discharge and thus accelerated ageing. 
However, the Li-ion batteries demonstrated reliable performance in such high DOD. 
 
A formula was provided by DGS [12]to calculate the required battery capacity to be 
implemented in the application as follows: 
 

Where Cb is the required battery capacity in (Ah), 𝐸LoadT is the total electricity consumption 
taking in consideration the balance of system in (Wh), A is the number of autonomous days, 

𝐶𝑏 =
𝐸LoadT · 𝐴d

𝐷𝑂𝐷 · 𝑉𝑏
 

 

 Equation 3.3 
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DOD is the allowed depth of discharge for the battery in (%) and Vb is the battery voltage 
(V). 
 
Since the total electricity consumption was previously calculated, setting the other 
parameters was required to calculate the required battery capacity. As the system was 
designed to be sustainable in winter period, a period of 10 autonomous days was considered 
due to the low radiation resources in Ulm in winter. Regarding the choice of DOD value, 
the battery was not expected to be discharged of its full capacity since an extreme deep 
discharge would reduce the service life of the battery. Li-ion battery were chosen as they 
proved to withstand high DOD and thus a DOD value of 80 % was chosen as a factor. The 
battery voltage was chosen as per the Li-ion battery packs provided by Victron Energy. The 
company provided a series of Li-ion batteries at voltages of 12.8 V as shown in Table 3.4. 
The battery implemented Lithium-iron-phosphate (LiFePO4 or LFP) which was considered 
safest of the mainstream Li-ion battery types. Based on the calculation in Equation 3.3, the 
battery capacity (Cb) should be 106 Ah. 
 
One challenge rose to choose an exact capacity between the design capacities provided by 
the company, the choice was between a 100 Ah and 160 Ah batteries. A comparison was 
held between the two batteries as shown in Table 3.4. 
 
Table 3.4: Comparison between Li-ion Battery Models 

Characteristic 
Model: LFP-

Smart 
12,8/100 

Model: LFP-
Smart 

12,8/160 

Nominal Voltage (V) 12.8 12.8 

Nominal capacity at 25 °C 
(Ah) 

100 160 

Cycle life at 80 % DOD 2500 cycles 

Operating Temperature 
(°C) 

-20 to 50 

Weight (fully charged) (kg) 18 33 

 
The choice was made to go for the 100 Ah battery, since the significant weight difference 
between 100 Ah and 160 Ah batteries which were 18 kg and 33 kg respectively. The lighter 
the battery the easier it was to be attached to the post without exerting excessive force on 
the post, besides the difference between the required capacity and the available was no 
significant. 
 

 Charge Controller Selection 

In terms of comparison between the PWM and MPPT technologies for the charge 
controller; the type of the PV technology implemented played a role in the selection of the 
technology. It was possible to implement both technologies for m-Si, p-Si and bifacial 
modules, since the PWM was only applicable for PV voltage levels near to the operating 
voltage of the battery and system. On the other hand, for thin film technologies modules 
(CIGS and CdTe) the operating voltages were relatively high in comparison to the battery 
voltage, thus PWM technology was not applicable. The details for the applicable charge 
controller technologies as well as the operating voltages of the PV modules and battery were 
shown in Table 3.5. 
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Table 3.5: Operating Voltages of PV modules and applicable Charge Controller technologies 

Component Technology 
Operating 

voltage 
(V) 

Battery 
voltage 

(V) 

Applicable 
charge 

controller 
technology 

Remarks 

PV module 

m-Si 17.2 

12.8 

PWM and 
MPPT 

Operating 
Voltage 
refers to 

VMPP at STC  

p-Si 17.2 
PWM and 

MPPT 

CIGS 46.8 MPPT 

CdTe N/A N/A 

Bifacial 12.9 
PWM and 

MPPT 

 
Since, the main aim of the project was to provide an efficient and sustainable standalone 
system, MPPT technology was implemented for all the PV modules, because its main 
advantage was increasing the charging efficiency in comparison to the PWM technology. 
 
Once the charging controller technology was chosen, an actual charge controller available in 
the market was selected. Several challenges were faced to select the required MPPT charge 
controller. The challenges were as follows:  

• The operating voltage of the charge controller should be compatible with the 
operating voltages of the PV (especially thin film technologies) taking in 
consideration the operating voltages at low temperatures.  

• The charge controller should be compatible with the battery technology (which was 
Li-Ion technology)  

• The rating of the charge controller should be matching the ratings of the PV modules 
(to perform the simulation) 
 

Taking these requirements in consideration a charge controller was selected. The charge 
controller selected was from Victron Energy which was compatible with the battery chosen. 
The model was from Blue Solar MPPT charge controller series. The specifications of the 
charge controller for 12V system were demonstrated as shown in Table 3.6. 
 
Table 3.6: Charge controller specifications for 12V system 

Specification 
Blue Solar 

MPPT 75/10 

Rated charge current (A)  10 

Nominal PV power (12V) (W) 145 

Max. PV short circuit current (A) 12 

Maximum PV open circuit Voltage (V) 75 

Peak efficiency (%) 98 

Self-consumption (mA) 10 

Floating charge voltage (V) 13.8 

Temperature compensation (mv/°C) -16 

Operating temperature (°C) -30 to +60 

Dimensions (h · w · d) (mm) 110 · 130 ·40 

Weight (kg) 0.5 
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During the selection progress this model fulfilled the three requirements for the selection, 
where oversizing of the PV modules was required to the match the controller rating of 145 
W. Nevertheless, it was the nearest rating available for the required PV module size required 
to match the system size. The implementation of the thin film technologies with the charge 
controller was challenging to match the operating voltage of the modules at low temperature 

(-20 °C) with the maximum operating voltage of the charge controller (75 V). The selection 
of the CIGS module was compatible with the charge controller. However, for CdTe the 
operating voltages were relatively high (75 V at STC) for the maximum available rating in 
market of the CdTe module was 122 W in comparison of that of the charge controller. Thus, 
CdTe was incompatible with such charge controller and for such system. 
 

 PV Simulation 

A PVSyst simulation model was built to evaluate the performance of the PV system utilizing 
the previously selected components in this chapter. The aim of the simulation was to provide 
comparison between the four PV modules under study and select the optimal module. The 
optimal module ensured the reliability of the PV system under different orientations. In this 
section, five detailed design steps were followed to identify the parameters and build the 
PVSyst simulation model. The steps were explained in the following sections.  
 
The PVSyst version used in the project was 6.7, which included features that were helpful 
in the system design such as the bifaciality factor for identifying bifacial PV modules and 
more details on Li-ion batteries. One of the limitations in PVSyst was related to the bifacial 
modules simulation, where the bifacial module could only be simulated in case of grid-
connected system. To overcome this limitation a grid-connected model was created with 
same data and parameters of the required standalone system. After completing the 
simulation, the data was extracted to be used in further calculations. The output of the 
bifacial PV module before entering the inverter of the grid-connected system was used in 
further calculations. and subjected to the same estimated losses of the standalone system as 
in case of the m-Si modules. This provided an understanding of the behavior of the bifacial 
module in case of standalone system. 

3.5.1. Location and Meteorological Data 

The location of the system was set to be in Ulm, Germany with the following coordinates 
(48.42 °N, 9.95 °E). Meteorological data was generated with the aid of Metronom software, 
where the location data was entered, and synthetic meteorological data was generated to be 
implemented in the simulation. The meteorological resources provided were monthly 
average based values and included the global irradiation, diffuse irradiation, temperature and 
wind velocity (as shown in Table 3.7). This step was essential to provide the system with the 
required resources to estimate its performance as well as the system losses. 
  



30 

Table 3.7: Monthly Average Meteorological Data of Ulm 

Month 
Global irradiation 
(kWh/m2·month) 

Diffuse 
irradiation 

(kWh/m2·month) 

Temperature 
(°C) 

Wind 
velocity  
(at 10 m 
height) 
(m/s) 

January 30.5 16.9 -0.7 3.21 

February 44.0 21.6 0.7 3.5 

March 84.1 43.1 4.4 3.4 

April 128.9 61.7 8.6 3.1 

May 153.3 74.6 13.6 2.9 

June 167.5 85.7 16.8 2.5 

July 17.2 80.1 18.0 2.7 

August 137.2 67.1 17.9 2.5 

September 98.6 51.9 13.1 2.5 

October 58.1 34.8 9.2 2.6 

November 33.1 21.8 3.7 2.9 

December 23.1 13.8 0.1 3.2 

 
The relatively low irradiation levels around the winter months, which were considered from 
November to March, derived the design to be based on winter data to ensure the efficient 
performance of the system throughout the year. The temperature and wind velocity values 
played role in the design temperatures as well as possible thermal losses of the system.  

3.5.2. Project Settings and User’s Needs  

Identifying the specific parameters of the system were necessary to provide accurate 
conditions for the performance evaluation. Project settings were identified based on the 
specific condition of the project location and surrounding environment. Among the project 
settings parameters were the albedo settings. The identification of the albedo was essential 
for demonstrating the contribution of the ground reflectance on the total solar energy 
production of the PV module. Table 3.8 shows the usual albedo values provided by PVSyst 
and the albedo values which were set to change throughout the year depending on the 
month. The albedo values for the winter months (from December to January) were set to 
0.82 resembling fresh snow, while in March it was set to 0.7 to resemble wet snow. The 
albedo values for the other months were to 0.18 to resemble grass.  
Table 3.8: Albedo values for System and Reference values 

Month Albedo Usual Values of Albedo 

January 0.82 Urban Situation 0.14 - 0.22 

February 0.82 Grass 0.15 - 0.25 

March 0.70 Fresh Grass 0.26 

April 0.18 Fresh Snow 0.82 

May 0.18 Wet Snow 0.55 - 0.75 

June 0.18 Dry Asphalt  0.09 - 0.15 

July 0.18 Wet Asphalt 0.18 

August 0.18 Concrete 0.25 - 0.35 

September 0.18 Red Tiles 0.33 

October 0.18 Aluminum 0.85 

November 0.18 New Galvanized Steel 0.35 

December 0.82 Very Dirty Galvanized Steel  0.08 
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The operating temperatures of the PV modules were set to provide limits of operating 
conditions due to the effect of temperature on the performance and outputs of PV modules. 
The lower temperature for absolute voltage limit was set to -20 °C where in this case the 
output voltage of the PV modules is expected to be maximum. Ensuring that other system 
components would withstand this absolute voltage limit ensured the compatibility of these 
components. On the other hand, summer operating temperature and usual operating 
temperature were set to be 60 °C and 50 °C respectively. The system components were also 
able to withstand the increase in the output current of the PV modules with the rise in 
modules temperature. The user’s needs were identified based on the load profile generated 
in Section 3.1. The PVSyst provided a limitation when identifying the load profile, where 
the load had to be constant over half hour segments.  

3.5.3. System Losses 

Other important parameters that were taken in consideration were the detailed system losses. 
The losses that were taken in consideration were the losses due to thermal, ohmic and soiling 
factors. The temperature of the PV cell and consequently the module affects its 
performance, i.e. its efficiency and power output. The analysis of the PV module efficiency 
suggested that a drop in the module efficiency occurred when the temperature of the module 
increased. According to a study conducted, energy balance of the PV modules was presented 
as follows: [15] 
 

 
Where U the overall thermal loss coefficient (or heat loss factor) (in W/m2·K), Tc and Ta are 

the cell (i.e. module) and ambient temperatures respectively (in K). 𝜂 is the efficiency of the 

PV module while 𝜏 is the PV glazing-cover transmittance, 𝛼 is the absorption coefficient of 

solar irradiation and the term ( 𝜏 · 𝛼) was considered a value of 0.9. 
 
The thermal losses for the PV modules could be represented in the following equation:  

 
Where the heat loss factor was approximately summed into two components: UO and UW. 
UO represented the constant loss factor which resulted from the specific installation 
characteristics and the temperatures. UW represented the wind speed of the area related 
component. Based on the meteorological data provided from PVSyst and recommended 
values from similar type of installations. The heat loss factor was considered to 28.6 W/m2·K 
all contributed from the constant loss factor. 
 
The ohmic losses the occurred in the system was related to the losses in the wiring. Since 
the wiring of the system was relatively simple. The calculation of the losses was given by the 
following equation: 

Where the Ploss is the ohmic power loss due to wiring (in W), IPV is the current passing from 
the module to the system (in A) and RW is the equivalent resistance of the system as seen by 
the PV module (in Ω).  
 
The wiring losses were determined as a loss fraction at STC where the wiring losses was 
considered as a percentage from the system power at STC. The ohmic losses was considered 
to be 2 % wiring loss fraction at STC. 
 
Another type of losses that was taken in consideration was the soiling losses, which is usually 
result of accumulation of solid particles on the PV module causing shading. These losses 
usually deteriorate the performance of the module in specific and affect the system efficiency 

𝑈 · (𝑇c − 𝑇a) = 𝐺T · (𝜏 · 𝛼 − 𝜂 )  Equation 3.4 

𝑈 = 𝑈𝑂 + 𝑈𝑊  Equation 3.5 

𝑃loss = 𝐼PV
2 · 𝑅W  Equation 3.6 
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in general. The solid particles that cause the soiling losses are usually related to the 
environment of the system and these particles could be dirt, bird droppings or snow. The 
soiling losses were presented to be a loss factor percentage from the total yearly energy 
production of the system. This factor could be also presented as individual value for each 
month depending on the seasonal conditions. In regards of the meteorological data for Ulm, 
the soiling losses were not considered very significant and thus the soiling loss factor was 
considered to be a yearly value of 1 %. 
 

3.5.4. Simulation System Components 

After setting the project parameters, the system components previously selected were 
chosen in the PVSyst system section. Some of the components selected were not available 
in the PVSyst database such as bifacial module and charge controller. However, with the aid 
of the components’ datasheets, these components were added to the database.  
 
One of the important features in PVSyst was the bifacial module identification. This was 
done by setting a value to the bifaciality factor, which referred to the ratio between the 
efficiency of the rear plane to the efficiency of the front plane under STC. The bifaciality 
factor in this case was set to 0.9. Other features regarding the Li-ion battery technology were 
added to the charge controller data, so it provided more accurate data for the performance. 
In addition to the that Victron Energy Li-ion batteries have added to the database, which 
only required some modifications in this data for the selected battery model. The system 
components summary and their data availability in the database were presented in Table 3.9. 
 
Table 3.9: System Components Summary 

Component Technology Manufacturer Model 
PVSyst 

database 
availability 

PV module 

m-Si Sun Link PV SL110-12M145 Added 

p-Si Sun Link PV SL110-12P145 Available 

CIGS Stion  STN-145 Available 

Bifacial (m-Si) Lumos 
GSX 60/24 

(20 % Bifi Boost)  
Added 

Battery Li-ion Victron Energy LFP-Smart 12,8/100 Modified 

Charge 
controller 

MPPT Victron Energy 
Blue Solar MPPT 

75/10 
Added 

 
Some previously identified constraints were set for the system. One of the constraints way 
setting the battery autonomy days which was set to 10 days. Another important constraint 
was the accepted loss of load which referred to the probability that the user's needs could 
not be supplied by the system. This value was set to 0 % to ensure the sustainability of the 
system and to achieve the maximum efficient performance.  

3.5.5. System Model 

Building a system model was a crucial step before running the simulation to provide an 
insight of the local environment surrounding the system. The model built was set to emulate 
a highway road with forest trees on both sides with the street post fixed on one side of the 
road. The model was set to provide reasonable shading area on the PV plane to test the 
efficiency of the system and ensure its sustainability in such cases that match the application 
(as shown in Figure 3.3). The trees were set to be of 10 m height with an arrangement of 
two layers for increased shading area on the PV plane. On the other hand, the PV plane was 
set at 3 m height since it was fixed on top of the pole.  
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Figure 3.3: PVSyst System Model with South Orientation 

For each of the four implemented PV technologies the system, different scene orientation 
scenarios were tested. The aim of these variations was to provide an estimate of system 
performance under different shading scenarios as well as varied solar irradiance exposure. 
The five orientations tested in the simulation were: direct facing south, South-West with 
angle of 45 °, South-East with angle of 45 °, direct East and direct West. The system was 
designed to be a fixed structure, so no tracking system was implemented in the design (as 
shown in Figure 3.4). This led to the adjustment of the PV plane tilt angle to maximize the 
global irradiation on the PV plane. The design parameter was set to maximize the winter-
based yield (from October till March). 

 
Figure 3.4: PV Plane South Orientation and Tilt 

The tilt angle of the PV plane was adjusted for each orientation to minimize the loss with 
respect to optimum (i.e. maximize the available irradiation on the PV plane) (as shown in 
Table 3.10), where the azimuth angle referred to the deviation of the projection on a 
horizontal plane of the normal to the surface from the local meridian, with zero due south 
(for northern hemisphere), east negative, and west positive [16]. The results of the simulation 
were demonstrated in Chapter 6 and detailed PVSyst simulation results and generated 
reports were shown in Appendix C. 
 
Table 3.10: System Field Parameters 

Orientation 
Azimuth 
angle (°) 

PV plane tilt (°) 
Minimum loss 
with respect to 
optimum (%) 

South 0 61 0 

South-West 45 55 -16 

West 90 15 -42.5 

East -90 15 -42.5 

South-East -45 55 -16 

PV Plane 
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4 Software Programming 

This chapter covers the aspects of the software development in the μ-Controllers for the 
street post system. Implementation of various programming tools were required for the 
processes of input data acquisition, data analysis and output actions. Different processes 
were carried out in the sender and receiver μ-Controllers (as shown in Table 4.1). These 
different processes required different programming procedures in each μ-Controller.  
 
Table 4.1: Processes carried out in the μ-Controllers 

Process 

Sender μ-Controller Receiver μ-Controller 

Data acquisition from radar and temp. 
sensors 

Receiving wireless signals from the sending 
μ-Controller 

Processing of radar sensor data via FFT 
Sending feedback to the sending μ-
Controller for message reception 

Sending wireless signals to the receiving 
μ-Controller via RF Transceiver 

 Providing output signals for the system 

 

 Flow Chart 

The program structure is described with a flow chart in Figure 4.1. The flow chart 
demonstrated the steps followed starting from the data received from the sensors, 
processing of different types of data, decisions made based on the processed data and final 
output signals of the system. 
 

 
Figure 4.1: Flow Chart of the Programming Structure 
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 Overview 

The Raspberry Pi is a Linux-based operating system μ-Controller. Three main tools within 
the operating system were implemented in the programming process of the project (as 
shown in Figure 4.2). The first tool was the terminal where the main commands of setting 
up the interfaces and operating drivers on the Raspberry Pi took place. The second tool was 
the Python shell where the programming codes for the system were written using Python 
programming language. Python shell provided the feature of importing built-in function 
packages essential for the programming process. The third tool was the bash script which 
was used to run and integrate the python codes and the operating drivers autonomously 
when the Raspberry Pi started up.  
 

 
Figure 4.2: Software tools used in Raspberry Pi 

 
Two Raspberry Pi μ-Controllers were programmed and were named: sender and receiver. 
The different operations that were carried out in the two Raspberry Pi μ-Controllers were 
demonstrated in Table 4.1. The breakdown of the programming structure was based on 
programming packages of the main system components: temperature sensor, wireless 
communication and the radar sensor. The programming procedures and codes were 
mentioned in the upcoming sections. Section 4.6 was dedicated for the procedures of 
integrating the codes and commands and operating them autonomously on booting the 
system. 
 

 Package A: Temperature Sensor  

The hardware setup of the temperature sensor with the Raspberry Pi was set as shown in 
Figure 2.9. The programming of the temperature sensor was established by changing the 
configuration settings in the Raspberry Pi. The Raspberry Pi configuration settings were 
either accessible by adding the command line: dtoverlay=w1-gpio in the configuration file 
/boot/config.txt or from the terminal box by running the command: Sudo raspi-config. 
In the Interface section, the 1-wire interface was enabled, this allowed the data to be sent 
from the data pin in the temperature sensor to the 1-wire pin in the in the Raspberry Pi. This 
process enabled the default 1-wire pin in the Raspberry Pi. A Python to display the 
temperature read by the sensor on the screen was written (as shown in Appendix D.1).  
 

 Package B: Communication 

The hardware interface between the HC-12 RF Transceiver and the Raspberry Pi required 
some adjustments. The main UART port which possessed high performance (present in 
/dev/ttyAMA0 driver file) for newer models of Raspberry Pi (Raspberry Pi 3 and Zero W) 
was assigned to Bluetooth chip while a secondary serial port referred to as mini-UART 
(present in /dev/ttyS0 driver file) was mapped to the serial GPIO pins (GPIO14 and 
GPIO15). The secondary serial port calculated its bit timing from the CPU cores frequency 
and if the CPU was under heavy load it would lead to corruption in the serial 
communications [17].  
 

Terminal Python Bash Script 
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Swapping the serial ports between the Bluetooth chip and the serial GPIO pins was required 
to ensure more stable performance. The swapping of the serial ports was carried out by 
adjusting booting configuration file by running the following command on the terminal: 
sudo nano /boot/config.txt and adding the following line: dtoverlay=pi3-miniuart-bt. 
To check that swapping the serial ports worked the command: ls -l /dev was run on the 
terminal to list the devices on the raspberry pi. It was shown that the port serial0 which 
referred to the UART pins was connected to the ttyAMA0 file ensuring the swapping was 
successful (as shown in Figure 4.3). 
 

 
Figure 4.3: Serial Ports List 

Python code was written to implement the serial port via to send the temperature data 
acquired from temperature sensor from the sender Raspberry Pi. Another code was written 
to receive this signal in the receiver Raspberry Pi (as mentioned in Appendix D.2). 
 

 Package C: Radar Signal Processing 

Programming the radar sensor and processing the data acquired via DAQ card incorporated 
several software tools to process the data. The input data from the sensor was transmitted 
to the DAQ card. In order to acquire and process the data from the DAQ card, National 
Instruments (the manufacturer of the DAQ card) provided USB driver compatible with the 
DAQ card model used (NI-USB 6009) and run on the Raspberry Pi. The driver permitted 
the acquirement of data from analogue input channel either in continuous or finite 
manner [18]. 
 
The driver installed could be run from the directory: /usr/local/bin/natinst/rpi via the 
terminal. The command file named (./aiondemand) allowed reading set number of samples 
on demand and output to the console and web services as requested [18].  The command 
should be provided with various flag that set the required data details such as: 
./aiondemand -c 0 -s 500 -t 10000 -v -w.  
 
Where:  
 -c: Channel Number 
 -s: Samples to fetch 
 -t: Timeout in ms, timeout of the device before erroring 
 -v: Verbose, output to terminal window 
 -w: WebServices, output to Web Service for Data Dashboard 
Thus, a setup for input data from the DAQ card was ready to be implemented. 
 
The sequence of work required to implement and test the data processing mechanism before 
importing and utilizing the data acquired from the DAQ card. The data processing 
mechanism referred to utilization of FFT which was required for the signal from the radar 
sensor. Fourier Transform (FT) in general referred to the algorithm of decomposing a 
function in the time domain into functions of the frequencies that made up this function. 
FFT referred to the computing algorithm of Discrete Fourier Transform (DFT) by using 
symmetries in the calculated terms, where DFT in turn referred to the FT when performed 
on discretized function. Since DFT was performed on discretized frequencies [19]. More 
details about the equations implemented in the calculations were mentioned in Appendix E. 
The implementation of FFT in the Python programming code was carried out by importing 
numpy.fft package and utilizing the built-in functions in the package. Thus, the FFT was 
performed on the required discretized signal by identifying the number of samples. 
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Before implementing the data from the radar sensor, FFT code was verified to operate by 
using a signal with a well-known FT curve. The signal chosen was a sine wave, where the 
FT curve showed a peak at the fundamental frequency of the wave. Figure 4.4 shows a sine 
wave of fundamental frequency 1 Hz. The FFT output signal is expected to provide a peak 
value at 1 Hz while other frequencies are attenuated. Figure 4.5 show the output FFT signal 
of the sine wave which is consistent with the expected output signal. 
 

 
Figure 4.4: Sine Wave  

 

 
Figure 4.5: FFT Signal of Sine Wave 

A code implementing the programming operation was carried out that involved acquiring 
data from the DAQ card by running the designated driver command file from the on the 
terminal and utilizing this data to perform FFT function on the signal acquired via Python 
code (Appendix D.3).  
 

 Package D: Integration 

A Python code was written as shown in Appendix D.4 to integrate all the previous 
operations. Final step was required to ensure that the programming sequence was working 
as required. A bash script (DataReading.sh) was written to operate that the programming 
codes on startup of the Raspberry Pi (Appendix D.5). In the terminal, the command: 
crontab -e was used to edit the driver file  to establish running all required python codes 
and DAQ driver commands on startup by adding a line to driver file:  
-@reboot sh /home/pi/Desktop/DataReading.sh .  
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5 Tests and Measurements 

The testing procedures for the sensors and communication components included the 
temperature sensor, the radar sensor and the RF transceiver wireless communication and 
were covered in this chapter to examine the performance of each component. Each section 
in this chapter covered the testing of each component separately, ensuring the hardware and 
software combined were operating as required.  
 

 Temperature Sensor Test 

A test was conducted to examine the performance of the temperature sensor and the 
accuracy of the reading provided. The hardware setup for the test was set as shown in Figure 
2.9 and the Python code executed was as shown in Appendix E. The test procedure was 
carried out to display the temperature and perform a comparison between the reading and a 

set point (e.g. 10 ℃). Through the comparison between the temperature reading and the set 
point two different scenarios with different outputs as shown in Table 5.1. The temperature 
sensor provided reading accuracy of accuracy of ±0.5 °C over temperature range of  -10 °C 
to +85 °C and the test shown was carried with various set points to ensure the reliability of 
the reading. 

 
Table 5.1: Test procedure of the temperature sensor 

Scenario LED operation Display message 

Reading above setpoint Red LED operates Temperature above limit 

Reading below setpoint Yellow LED operates Temperature below limit 

 

 Radar Sensor Test 

The radar sensor testing was directed to testing the FFT process of the data acquired from 
the sensor. The test was carried out by comparing the FFT signal output from the system 
with the an FFT result from a simulation model via LabView software (the simulation 
software provided by the DAQ card manufacturer National Instruments). The aim of the 
test was to verify the results acquired from the system in comparison to the simulation model 
given that same input data was utilized. The input signal was acquired from and object 
motion in close proximity to the radar sensor (e.g. hand motion), which was acquired from 
the DAQ card.  
 
The hardware setup was carried out as shown in Figure 2.13 and the software setup was run 
as mentioned in Section 4.5. A simulation model was built on LabView as shown in Figure 
5.1. The input signal was set to be 15000 samples and the data was utilized in both 
operations. Since FFT output results contained complex points with real and imaginary 
parts, the absolute value of the output was considered to plot the output signal. The input 
radar signal was shown in Figure 5.2. Output FFT signals of the system and LabView model 
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were show in Figure 5.3 and Figure 5.4 respectively. The results verified the accuracy of the 
FFT from the system in comparison to the LabView simulation model.  
 
 

 
Figure 5.1: FFT LabView Model 

 
Figure 5.2: Input Signal from Radar Sensor 
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Figure 5.3: FFT output of the system 

 
Figure 5.4: FFT of LabView Output 

 

 Open Range Test for Communication 

The open range test was set to examine the capability of the RF Transceiver of sending and 
receiving signal over various range of distances and calculate the time delay in the data 
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transmission. The measured time delay was then compared to the expected time delay of 
one-byte transmission. Three different distances used for the test were: 50 m, 100 m and 
150 m. The RF transceiver operated at FU3 mode which provided operating conditions as 
shown in Table 5.2. The upper limit of the transmission time delay of 80 ms was considered 
to be the reference in the results comparison. 
 
Table 5.2: RF transceiver operating conditions 

FU3 operation mode 

Operating condition Unit Data Remarks 

Serial port data rate kbit/s 9.6   

Data rate in air kbit/s 15   

Transmission time delay s 0.004 - 0.08 Sending one byte 

Operating range m 600   

 
The test was carried out by sending one string character (i.e. one byte) signal from the 
sending Raspberry Pi to the receiving Raspberry Pi. The successful signal transmission was 
indicated by the operation of red LED connected to the receiving Raspberry Pi. A signal of 
one byte was transmitted back to the sending Raspberry Pi to confirm the successful data 
transmission. The time was calculated from the initially sent signal to the reception. Half the 
time calculated was considered to be the time delay in data transmission. Due to insignificant 
variations between the time delay over the ranges of distances, the highest values of time 
delay (i.e. at 150 m) were considered to be reference result. This was attributed to relative 
high data rate in air in comparison to serial port data rate. The results of the time delay were 
demonstrated in Table 5.3.  
 
Table 5.3: Time Delay Test Results 

Data 
sent 

Data 
received 

Time delay 
(s) 

Data sent 
Data 

received 
Time delay (s) 

22:55:55 22:55:56 0.501251459 22:56:42 22:56:43 0.500663996 

22:55:57 22:55:58 0.500663996 22:56:44 22:56:45 0.500749946 

22:55:59 22:56:00 0.500722408 22:56:46 22:56:47 0.500719547 

22:56:01 22:56:02 0.500666976 22:56:48 22:56:49 0.500701427 

22:56:03 22:56:04 0.500742555 22:56:50 22:56:51 0.500683427 

22:56:05 22:56:06 0.500709057 22:56:52 22:56:53 0.500724554 

22:56:28 22:56:29 0.500810027 22:56:54 22:56:55 0.500699043 

22:56:30 22:56:31 0.500659466 22:56:56 22:56:57 0.500674009 

22:56:32 22:56:33 0.500694036 22:56:58 22:56:59 0.500723004 

22:56:34 22:56:35 0.500703931 22:57:00 22:57:01 0.500705004 

22:56:36 22:56:37 0.500717521 22:57:02 22:57:03 0.50067997 

22:56:38 22:56:39 0.500716448 22:57:04 22:57:05 0.500725389 

22:56:40 22:56:41 0.500670075 22:57:06 22:57:07 0.5006845 

Average value 0.500748304 

 
The average time delay in the results was approximately 500 ms which is considered to be 
significantly higher in comparison to the expected 80 ms time delay. This variation was 
contributed to several factors which were discussed in Chapter 7. 
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6 Results  

This chapter covered the results of the smart street post system. The results include the 
PV system simulation, the limitations and uncertainties of the PV simulation and radar 
signal processing. 
 

 Results of PVSyst Simulation 

This section covers the results of the PVSyst simulation which was described in detail in 
Section 3.5. The loss diagram shown in Figure 6.1, provides the calculated losses, gains and 
annual output yields of the system. The values provided by the loss diagram were essential 
to evaluate the system’s performance.  
 

 
 

Figure 6.1: Loss diagram of the simulation model 

All losses and gains which were mentioned in the loss diagram, are shown in detail in Table 
6.1. 
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Table 6.1: Detailed losses and gains of the PVSyst Simulation 

Type Details Remarks 

Optical losses 

Global incident on module plane   

Near shadings from model   

Incident angle modifier factor on global   

Soling loss factor   

Ground reflection on front side Only in bifacial module 

Bifacial ground reflection loss Only in bifacial module 

View factor from rear side Only in bifacial module 

Shading loss on the rear side Only in bifacial module 

Optical gain 
Sky diffuse on the rear side Only in bifacial module 

Beam effective on the rear side Only in bifacial module 

Array losses 

PV loss due to irradiance level   

PV loss due to temperature   

Module quality loss   

Mismatch loss, modules and strings   

Ohmic wiring loss   

Shadings: Electrical loss detailed calculation Only in bifacial module 

Converter losses 
Converter loss during operation (efficiency)   

Converter loss due to power threshold   

Battery losses 

Battery stored energy balance   

Battery efficiency loss   

Charge/discharge current efficiency loss   

Battery self-discharge current   

 
The results from the simulations for every orientation for all the PV modules were acquired 
from the comprehensive PV reports and presented in tables. Table 6.2 shows the systems 
outputs for the south orientation. Loss of load time fraction and thus missing energy was an 
important criterion to demonstrate the reliability of the system. The bifacial, m-Si and p-Si 
PV systems achieved 0 % loss of load time fraction and were able to supply the system 
continuously throughout the year in case of the south orientation. 
 
Table 6.2: PVSyst Results for South Orientation 

Orientation: South, Azimuth: 0 º 

Aspect Unit m-Si p-Si CIGS Bifacial 

Required energy (load) kWh/year 39.6 39.6 39.6 39.6 

Array nominal energy (at STC) kWh/year 110.5 110 109.9 150.0 

Array losses % 7.7 8.3 9.6 16.8 

Excess (unused) energy kWh/year 55.0 54.4 52.3 77.8 

Effective output of the array kWh/year 46.9 46.9 46.9 46.9 

Converter losses % 11.5 11.5 11.6 11.5 

Energy stored kWh/year 41.5 41.5 41.5 41.5 

Battery losses % 7.4 7.4 7.4 7.4 

Loss of load time fraction % 0 0 0.1 0 

Missing energy kWh/year 0 0 0.02 0 

Used energy (supplied to load) kWh/year 39.6 39.6 39.6 39.6 
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Table 6.3 show the results of the PV systems in case of south-east orientation. Only bifacial 
PV system was able to meet the required criterion of 0 % loss of load time fraction. From 
the simulation results for the remaining 3 orientations shown in Appendix C, none of the 
systems were able to the meet the required criterion. Therefore, bifacial PV system was 
selected in case of south and south-eat orientation. In regards of the other orientations, 
further optimizations were required as discussed in Chapter 7. 
 
Table 6.3: PVSyst Results for South-East Orientation 

Orientation: South-East, Azimuth: -45 º 

Aspect Unit m-Si p-Si CIGS Bifacial 

Required energy (load) kWh/year 39.6 39.6 39.6 39.6 

Array nominal energy (at STC) kWh/year 115.0 115.0 114.1 148.8 

Array losses % 7.9 8.4 9.4 15.7 

Excess (unused) energy kWh/year 59.6 59.1 57.1 78.3 

Effective output of the array kWh/year 46.1 46.0 45.9 48.1 

Converter losses % 10.9 10.9 11.2 10.9 

Energy stored kWh/year 41.0 41.0 40.8 42.8 

Battery losses % 7.5 7.5 7.5 7.5 

Loss of load time fraction % 1.3 1.4 1.7 0 

Missing energy kWh/year 0.5 0.6 0.7 0 

Used energy (supplied to load) kWh/year 39.1 39 38.9 39.6 

 

 Limitations and Uncertainties in PVSyst Simulation 

Two main limitations were encountered while working on PVSyst. First limitation was the 
identification method of the load profile. The load had to be defined in terms of half an 
hour interval, and thus the load profile generated was restricted to this limitation. Another 
limitation encountered was regarding the bifacial module simulation. The simulation of 
bifacial PV system in PVSyst was restricted to grid-connected systems. The method followed 
to overcome this limitation was mentioned in Section 3.5.  
 
The PVSyst simulation results provided some degrees of uncertainty. A study was conducted 
to calculate the uncertainty of the PVSyst simulation [20]. PVSyst results demonstrated an 
overall uncertainty 5 %. This uncertainty can be attributed to the mathematical algorithms 
used in modelling tools. These included the calculations of the solar irradiation on the PV 
plane derived from global horizontal irradiation, self-shading and horizon shading 
calculations. The uncertainty of the meteorological data contributed also to the overall 
uncertainty. 
 

 Uncertainties in Radar Signal Processing  

Calculating the uncertainty in the output signa of the radar signal processing was essential to 
evaluate the signal going to the Raspberry Pi. Uncertainty rises from the measurement errors 
occurring in the radar sensor and DAQ card as shown in Figure 6.2. Before calculating the 
compound uncertainty of the radar signal processing, uncertainty calculations for radar 
sensor and DAQ card were done separately as.  
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Figure 6.2: Uncertainty Diagram of Radar Signal Processing 

 
Calculating Uncertainty in Radar Sensor 
The uncertainty calculation of radar sensor was done in several steps. First step was to 
calculate the IF output signal bandwidth as follows: 
 

 
Where IFb is the output signal bandwidth, fT is the frequency of the transmitter signal which 

was 24 GHz, c is the velocity of light which is 3 · 108 m/s and vb is the velocity of the body 
moving to be detected. The velocity of the body was assumed to be of an elk at 72.8 km/h 
(i.e. 20 m/s) [21]. Thus, the output bandwidth calculated was 3.2 kHz. 
 
The uncertainty of the radar sensor output signal was calculated as follows: 

 
Where ur is the uncertainty of the radar sensor and IFn is the IF noise voltage provided by 
the datasheet shown in Appendix F.4 which had the value of 1 μV/Hz. Therefore, the 
uncertainty of the radar sensor signal was ± 3.2 mV.  
 
Calculating Uncertainty in DAQ card 
The uncertainty of the DAQ card was calculated as follows:  

 
Where uDAQ is the uncertainty of the DAQ card and RsDAQ is the resolution of the DAQ card 
which was calculated by dividing the input voltage range of the signal by the bit resolution 
of the DAQ card. For the single-ended input signals the voltage range was ± 10 V while the 
bit resolution was 13 bits. Therefore, the calculated uncertainty of the DAQ card was ± 1.2 
mV. 
 
Calculating Uncertainty in the combined uncertainty 
The combined uncertainty of the radar signal processing system was calculated by root-sum-
squares (RSS) method as follows: 

 Where uRT is the combined uncertainty of the radar signal processing system. The 
compound uncertainty calculated was ± 3.4 mV. 
 
 
 
 
 
 
 
  

𝐼𝐹𝑏 = 2 ·  𝑓T ·  
𝑣𝑏

𝑐
  Equation 6.1 

𝑢r =  𝐼𝐹𝑏  ·  𝐼𝐹𝑛   Equation 6.2 

𝑢DAQ =  0.5 · 𝑅𝑠DAQ  Equation 6.3 

𝑢RT = ±√𝑢𝑟
2 + 𝑢DAQ

2  Equation 6.4 
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7 Discussion and conclusions  

In this chapter, discussions regarding smart street post system performance, further 
suggested optimizations and future work are demonstrated. The discussion part was divided 
into three sections, where each section discusses one main system included in the smart 
street post. 
 

 Optimizations of the PV System 

The results from the PVSyst simulation mentioned in Section 6.1 demonstrated that the 
bifacial PV system provided high reliability by supplying the load continuously only in two 
orientations: South and South-East. In the other three orientations, Bifacial modules 
achieved lower loss of load time fraction compared to the other PV modules as shown in 
Table 7.1. The results demonstrated that bifacial modules provided better performance in 
comparison to other modules under study.  
 
Table 7.1: Loss of Load Time Fractions of PV modules 

Loss of Load Time Fraction (%) 

Orientation Azimuth (º) m-Si p-Si CIGS Bifacial 

South-West 45 4.3 4.7 6.4 2.7 

West 90 18.2 18.8 20.1 17.2 

East -90 15.4 16.0 17.1 13.5 

 
Limited load profile definition and bifacial module simulation were two main limitations in 
PVSyst simulation which had impact on the simulation results. The limited load profile 
assumed in the PVSyst does not reflect accurately the operation of the system. The system 
was assumed to detect an animal motion and operate in full load on daily basis for half an 
hour which is considered unlikely to occur. This assumption does not reflect the operation 
in real life and thus, was considered worst case scenario. This meant that the system is 
expected to provide better performance than the results provided by the simulation. The 
bifacial module simulation was limited to grid-connected system. This limitation required 
further assumptions and calculations to provide the results of the bifacial module as 
explained in Section 6.2. These assumptions and calculations would add to the overall 
uncertainty of the PVSyst simulation.  
 
Two methods could be considered to improve the performance of the PV system in case of 
the three orientations that did not meet the required loss of load time fraction. The methods 
are increasing the PV modules area and adjusting the orientations of the PV modules such 
that they would be fixed to east-west orientations as shown in Figure 7.1. Based on the 
experience acquired from the studies, adjusting the orientation of the PV modules to be 
west-east based is expected to provide better performance ad output yield than increasing 
the PV module area. 

 
Figure 7.1: Street post with east-west PV planes orientations 
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 Optimizations of the Radar Signal Processing System 

The radar signal processing system can be evaluated in terms of hardware and software. In 
regards of the results provided in Section 6.3, the calculated combined uncertainty in the 
radar signal processing system was acceptable. The variation between the upper limit 
uncertainty of the signal and lower limit in comparison with the output signal was 
insignificant. However, some simplifications were considered in the uncertainty calculations. 
The device uncertainty of the DAQ card was not calculated, due to the complexity of the 
measurement procedures used for this calculation which was supposed to be provided by 
the manufacturer. The uncertainty of the DAQ card was considered to be the zero-order 
uncertainty as shown in Equation 6.3. The output signal from the radar signal processing 
system had a DC offset which required further signal filtering to improve signal quality.  
 
In regards of the software development, data acquisition of the signal and the FFT signal 
processing of the radar signal provided acceptable accuracy in the results in comparison to 
LabView simulation model as shown in Section 5.2. However, the programming required 
for the signal analysis to calculate the phase shift between the IQ outputs of the radar sensor 
and thus, detecting the object was complex and required a separate master thesis load of 
work.  
 

 Optimizations of the Wireless Communication  

The open range test mentioned in Section 5.3 showed that the time delay of the 
RF transceiver over various ranges was approximately 500 ms. When a speeding object (e.g. 
an elk) is detected and by applying this time delay on street posts distributed 50 m apart as 
shown in Figure 7.2, this would generate different reactions for the vehicles’ drivers 
depending on their location from the elk. Vehicles in the range of 50 m would be suggested 
to speed up to avoid the elk, while vehicles in range of 100 m and more would have the time 
to respond and brake.  

 
Figure 7.2: Operation of three posts at different distances 

 
The time delay in the RF transceiver calculated was approximately 500 ms while the expected 
time delay was 80 ms. The variation between the expected and calculated time delay was 
attributed to several factor. The factors were outdoor signal interference, the relative low 
serial port data rate of the RF transceiver (9.6 kbit/s) and the type of wiring and quality of 
the circuit board used. The circuit board used was breadboard circuit and connected with 
the Raspberry Pi via male-female jumper wires. Implementation of printed-circuit board 
(PCB) is expected to improve the performance of the RF transceiver and reduce the time 
delay. Since the operating range of the street posts is less than 500 m, it is recommended to 
implement comparison ZigBee technology instead of RF transceiver. This recommendation 
is based on the high data rate demonstrated by the ZigBee technology which is in the range 
of (200-2500 kbit/s). Implementing ZigBee technology is expected to reduce the time delay 
and thus, provide enough response time for drivers in the 50 m range to brake. 
 



48 

8 Conclusions 

The thesis work presented novel application. The application was implementation of bifacial 
modules in standalone smart street post application and integration with radar signal 
processing and wireless communication systems. The conclusions for this thesis work are as 
follows: 

• In comparison between different PV technologies tested, bifacial PV modules 
provided the highest yield among the PV modules. 

• Bifacial PV systems’ output results demonstrated better performance than other PV 
modules implemented. The bifacial module system was able to provide 0 % loss of 
load time fraction in case of south and south-east orientations 

• Adjustments were required on the PV system depending on the orientation of the 
system to achieve required reliability.  

• PVSyst provided considerable limitations and uncertainties especially in terms of 
standalone systems. 

• Integration of the radar sensor with the DAQ card provided relatively low 
uncertainty level 

• The output signal of radar signal processing required additional filtering to improve 
the signal quality and consequently improve FFT signal processing.  

• RF transceiver presented time delay in the operation which affected the street post 
operation and thus an alternative technology could be explored.  

 

9 Future Work 

The thesis work presented future improvements and studies to be investigated. In regards 
of the PV system, a study to compare between increasing module area and adjustment of 
PV module orientation and their impact on PV system’s performance and reliability. In 
radar signal processing system, the output signal bandwidth was calculated with respect to 
speed of the elk resulting in a bandwidth of 3.2 kHz. Thus, a low pass filter circuit allowing 
frequencies lower than the bandwidth calculated would be added to the radar sensor. This 
would improve the signal quality of the radar sensor. The amplitudes in the radar signal 
amplitude were considerably low and therefore, an amplifier circuit would be required to 
increase the amplitude of the signal. The implementation of these two hardware circuits 
and their impacts on the output signal quality should be studied. In terms of software 
development, a program should be developed to analyze the radar sensor signals and 
calculate the phase shift between the IQ output signals and thus, detect the object motion. 
For wireless communication, the implementation of ZigBee technology should be studied 
and compared with RF transceiver in terms of operating range and time delay. 
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Appendix A  
Basics of PV Operation 

Beam radiation was defined as the solar radiation received from the sun without having been 
scattered by the atmosphere, while diffuse radiation was defined as the solar radiation 
received from the sun after its direction has been changed by scattering by the atmosphere. 
Albedo can be taken in consideration as the solar radiation reflected from the ground. The 
reflectance of the ground (rg) are given as values (e.g. snow has high reflectance of 0.7 while 
asphalt has an average value of 0.2) [16]. 

 
 
The solar radiation data is collected either through weather stations on the ground via 
measurement devices or through satellite data collection. Several mathematical models were 
developed to estimate and calculate the global solar radiation on the tilted surface. 
The solar radiation data can be quantified in two common values: irradiance (G) measured 
in (W/m2) and irradiation (mostly hourly values) (I) measured in (J/m2 or kWh/m2). The 
total (global) irradiation is the sum of beam and diffuse radiation taking in consideration the 
albedo. The global radiation on a tilted surface (IT) can be shown in () where hourly solar 
irradiation values were considered. 

Where 𝐼T is the global irradiation on the tilted surface, 𝐼T b and 𝐼T d are the beam and diffuse 

solar irradiation on the tilted surface respectively and 𝐼T rg is the ground reflectance on the 

tilted surface. 
The efficiency of PV cell or module (η) refers to the power generated by the cell with respect 
to the incidence solar irradiance on the cell.  

 

Where η𝐶  is the efficiency of PV cell (in %), P is the output power of the PV cell (in W), 𝐺T 

is the incident solar irradiance subjected to the PV cell (in W/m2) and 𝐴C is the are of the 
PV cell (in m2). 
STC refers to an industry-wide standard to indicate the performance of PV modules with 
specific condition of PV cell temperature of 25 °C and an irradiance of 1000 W/m2 with an 
air mass 1.5 (AM 1.5) spectrum [22].Air mass refers to the ratio of the mass of atmosphere 
through which beam radiation passes to the mass it would pass through if the sun were at 
the zenith. NOCT conditions were normally defined at PV cell temperature 45 °C, 
Irradiance of 800 W/m2 and wind speed of 1 m/s. 
 

𝐼T = 𝐼T b +  𝐼T d +  𝐼T rg   

𝜂𝐶 =
𝑃C

𝐺T · 𝐴C
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Silicon has been dominant as material used PV modules contributing to approximately to 82 
% of PV global annual production [23] with two main high efficiency (η) technologies ( m-
Si and p-Si). Other technologies implementing other materials have been used in making 
thin film PV modules. Among well-established thing film technologies are CIGS and CdTe. 
Thing film technologies contributed to 5 % of the PV global annual production [23]. The 
four technologies were considered in the studies and model simulation of the system. The 
efficiencies of the four PV technologies have been tested in lab under standard test 
conditions (STC) [22] as cells and modules. 
 
The electric output performance of crystalline silicon and thin film PV modules are generally 
measured under STC, in order to ensure a relatively independent comparison and output 
evaluation of different solar PV modules. The efficiency of PV module is determined by the 
maximum electrical power acquired from the irradiance under STC conditions. The record 
efficiencies for the m-Si and p-Si PV cells have been tested in lab under STC were 26.7 %, 
21.9 % respectively. The highest efficiencies achieved for thin film technologies solar cells 
have been tested in lab under STC were 21.7 % for CIGS and 21.0 % for CdTe [23]. These 
efficiencies drop when implemented into modules under non-STC conditions since 
numerous factors (e.g. irradiance, temperature) would affect the PV module performance 
characteristics. The performance of the PV cells in the field, where they operated at higher 
temperatures and lower irradiation levels, were tested in Nominal Operating Cell 
Temperature (NOCT) conditions [24]. 
 
PV module performance is usually characterized by open circuit voltage (VOC), short circuit 
current (ISC) and the maximum power derived from PV (PMPP) is the point at which is the 
point where maximum power voltage (VMPP), and maximum power current (IMPP) are 
achieved. The voltage and current curve (I-V curve) (shown in ) indicated the performance 
of a Sun Link PV 145W m-Si PV module under STC and NOCT conditions. 
 

  
 

Figure A.1: I-V curve for m-Si PV module 

 
 Temperature of the PV module plays a role in the performance where the short circuit 
current (ISC) has a proportional relation with the increase of the temperature. On the other 
hand, the open circuit voltage (VOC) is inversely proportional with temperature. Temperature 
coefficients for the voltage and current are provided as percentage per unit temperature in 
Kelvins (K). The performance of a PV module in STC conditions and in case of increased 
module temperature is shown in , where the rise in module temperature would lead to slight 
increase in the short circuit current while the open circuit voltage would decrease in 
comparison to STC conditions.  
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Figure A.2: PV I-V curve in STC condition vs. in increased temperature 

 
 
 
 
Tests have been conducted by Trina Solar to demonstrate the increased energy production 
of bifacial PV modules compared to conventional mono-facial modules [25]. The tests 
measured the bifacial module power output and energy gain with and without a mechanical 
tracker on three different fields: grass, sand and a white-painted surface Using mono-facial 
modules as a baseline. The result was as follows: 

• On grass: 5.2 % energy gain. 

• On grass with a tracker: 10.57 % energy gain. 

• On sand: 10.79 % energy gain. 

• On sand with a tracker: 24.42 % energy gain. 

• On white-painted surface: 21.9 % energy gain. 

• On white-painted surface with a tracker: 33.2 % energy gain. 
These results showed the potentials of bifacial modules to outperform the conventional 
mono-facial modules. 
Currently many m-Si PV modules manufacturers have successfully produced bifacial cells 
using m-Si, while some challenges are ahead of thin-film manufacturers in terms of material 
science issues necessary for bifacial thin-film modules. 
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Appendix B  
System Schematics 

The schematics in the thesis work were drawn using Inkscape software. The figure showed 
the full schematic of the system. 
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Appendix C  
PVSyst Simulation Data 

This Appendix covers the results acquired from the PVSyst simulation for all the PV 
modules used. The tables comparing the PV system outputs of the PV modules understudy 
for different orientations ae presented. The comprehensive reports generated by PVSyst for 
all the simulations are available upon request. 
 

Orientation: South, Azimuth: 0 º 

Aspect Unit m-Si p-Si CIGS Bifacial 

Required Energy (Load) kWh/year 39.6 39.6 39.6 39.6 

Array Nominal Energy (at STC) kWh/year 110.5 110 109.9 150.0 

Array Losses % 7.7 8.3 9.6 16.8 

Excess (Unused) Energy kWh/year 54.98 54.4 52.33 77.8 

Effective Output of the array kWh/year 46.9 46.9 46.88 46.9 

Converter losses % 11.5 11.5 11.6 11.5 

Energy Stored kWh/year 41.5 41.5 41.4 41.5 

Battery Losses % 7.4 7.4 7.4 7.4 

Loss of Load Time Fraction % 0 0 0.1 0 

Missing Energy kWh/year 0 0 0.02 0 

Used Energy (Supplied to Load) kWh/year 39.6 39.6 39.58 39.6 

 
     

Orientation: South-West, Azimuth: 45 º 

Aspect Unit m-Si p-Si CIGS Bifacial 

Required Energy (Load) kWh/year 39.6 39.6 39.6 39.6 

Array Nominal Energy (at STC) kWh/year 104.9 104.9 99.8 150.9 

Array Losses % 8.3 8.9 10.5 23.1 

Excess (Unused) Energy kWh/year 50.2 49.8 44.1 69.2 

Effective Output of the array kWh/year 45.8 45.6 45 47.8 

Converter losses % 13.3 13.4 13.8 13.3 

Energy Stored kWh/year 39.6 39.5 38.8 41.5 

Battery Losses % 7.2 7.3 7.12 7.2 

Loss of Load Time Fraction % 4.3 4.7 6.4 2.7 

Missing Energy kWh/year 1.7 1.9 2.5 1.1 

Used Energy (Supplied to Load) kWh/year 37.9 37.7 37.1 38.5 

  



56 

Orientation: West, Azimuth: 90 º 

Aspect Unit m-Si p-Si CIGS Bifacial 

Required Energy (Load) kWh/year 39.6 39.6 39.6 39.6 

Array Nominal Energy (at STC) kWh/year 78.8 78.8 78.9 114.1 

Array Losses % 7.2 8.3 10.8 21.4 

Excess (Unused) Energy kWh/year 32.3 31.8 30.4 45.8 

Effective Output of the array kWh/year 40.5 40.3 39.7 41.0 

Converter losses % 16.0 16.0 16.4 16.0 

Energy Stored kWh/year 34.0 33.8 33.2 34.4 

Battery Losses % 7.6 7.6 7.7 7.6 

Loss of Load Time Fraction % 18.2 18.8 20.1 17.2 

Missing Energy kWh/year 7.2 7.4 8.0 6.8 

Used Energy (Supplied to Load) kWh/year 32.4 32.2 31.6 32.8 

 
     

Orientation: East, Azimuth: -90 º 

Aspect Unit m-Si p-Si CIGS Bifacial 

Required Energy (Load) kWh/year 39.6 39.6 39.6 39.6 

Array Nominal Energy (at STC) kWh/year 119.4 119.5 119.3 148.9 

Array Losses % 8.0 8.5 9.7 12.9 

Excess (Unused) Energy kWh/year 69.7 69.2 68.2 89.4 

Effective Output of the array kWh/year 40 39.9 39.4 40.2 

Converter losses % 11.4 11.4 12.7 11.4 

Energy Stored kWh/year 35.0 34.9 34.4 35.7 

Battery Losses % 14.0 13.2 7.5 14.0 

Loss of Load Time Fraction % 15.4 16 17.1 13.5 

Missing Energy kWh/year 6.1 6.4 6.8 5.4 

Used Energy (Supplied to Load) kWh/year 33.5 33.2 32.8 34.2 

 
     

Orientation: South-East, Azimuth: -45 º 

Aspect Unit m-Si p-Si CIGS Bifacial 

Required Energy (Load) kWh/year 39.6 39.6 39.6 39.6 

Array Nominal Energy (at STC) kWh/year 115.0 115.0 114.1 148.8 

Array Losses % 7.9 8.4 9.4 15.7 

Excess (Unused) Energy kWh/year 59.6 59.1 57.1 78.3 

Effective Output of the array kWh/year 46.1 46.0 45.9 48.1 

Converter losses % 10.9 10.9 11.2 10.9 

Energy Stored kWh/year 41.0 41.0 40.8 42.8 

Battery Losses % 7.5 7.5 7.5 7.5 

Loss of Load Time Fraction % 1.3 1.4 1.7 0 

Missing Energy kWh/year 0.5 0.6 0.7 0 

Used Energy (Supplied to Load) kWh/year 39.1 39.0 38.9 39.6 

 
 
 
 
 
 
 



57 

Appendix D  
Programming Codes 

D.1: Temperature Sensor Package Python Code (Section 4.3) 
#!user/bin/python 

# -*- coding: utf-8 -*- 

import serial 

import RPi.GPIO as GPIO 

import time 

import sys 

import os 

import glob 

# Setting up Temperature Sensor 

os.system('modprobe w1-gpio') 

os.system('modprobe w1-therm') 

GPIO.setmode (GPIO.BOARD) 

GPIO.setwarnings(False) 

base_dir= '/sys/bus/w1/devices/' 

device_folder=glob.glob(base_dir + '28*') [0] 

device_file=device_folder + '/w1_slave' 

  

def read_temp_raw(): 

 f= open(device_file, 'r') 

 lines=f.readlines() 

 f.close() 

 return lines 

 

def read_temp(): 

 lines= read_temp_raw() 

 while lines[0].strip() [-3:] != 'YES': 

 time.sleep(0.2) 

 lines= read_temp_raw() 

 equals_pos=lines[1].find('t=') 

 if equals_pos != -1: 

 temp_string=lines[1] [equals_pos+2:] 

 tempc= float(temp_string) /1000 

 return tempc 

while True: 

 tempc=read_temp() 

 n=str(tempc) 

 GPIO.setmode (GPIO.BCM) 

 GPIO.setwarnings(False) 

 GPIO.setup(17, GPIO.OUT) 

 cel=float (n) 

 print (cel) 

 if cel > 10: 

 GPIO.output(17,GPIO.HIGH) 

 print (ser.write(bytes('Temperature Above Limit',"UTF-8"))) 

 ser.write(bytes('\n\r',"UTF-8")) 

 time.sleep(1) 

 else: 

 GPIO.output(17,GPIO.LOW) 

 print (ser.write(bytes('Temperature Below Limit',"UTF-8"))) 

 time.sleep(1)  

 GPIO.cleanup() 

 time.sleep(1) 
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D.2: Wireless Communication Package Python Code (Section 4.4) 
Sender Raspberry Pi 
import serial 

import RPi.GPIO as GPIO 

import time 

import sys 

import os 

import glob 

# Setting up Tmperature Sensor 

os.system('modprobe w1-gpio') 

os.system('modprobe w1-therm') 

GPIO.setmode (GPIO.BOARD) 

GPIO.setwarnings(False) 

base_dir= '/sys/bus/w1/devices/' 

device_folder=glob.glob(base_dir + '28*') [0] 

device_file=device_folder + '/w1_slave' 

port= serial.Serial("/dev/ttyAMA0", baudrate=9600, timeout=1) 

 

  

def read_temp_raw(): 

 f= open(device_file, 'r') 

 lines=f.readlines() 

 f.close() 

 return lines 

 

def read_temp(): 

 lines= read_temp_raw() 

 while lines[0].strip() [-3:] != 'YES': 

 time.sleep(0.2) 

 lines= read_temp_raw() 

 equals_pos=lines[1].find('t=') 

 if equals_pos != -1: 

 temp_string=lines[1] [equals_pos+2:] 

 tempc= float(temp_string) /1000 

 return tempc 

while True: 

 tempc=read_temp() 

 n=str(tempc) 

 port.write(n) 

 m=port.readline() 

 time.sleep(1) 

 GPIO.setmode (GPIO.BOARD) 

 GPIO.setwarnings(False) 

 GPIO.setup(11, GPIO.OUT) 

 GPIO.setup(13, GPIO.OUT) 

 GPIO.setup(15, GPIO.OUT) 

 GPIO.setup(11, GPIO.HIGH) 

 if m !=(""): 

 print("Temperature is :" + str(tempc) + ", Data Received") 

 GPIO.setup(15, GPIO.HIGH) 

 time.sleep(1) 

 else: 

 print ("Data Not Received") 

 GPIO.setup(13, GPIO.HIGH) 

 time.sleep(1) 
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Receiver Raspberry Pi 
import serial 

import RPi.GPIO as GPIO 

import time 

import sys 

GPIO.setmode (GPIO.BOARD) 

GPIO.setwarnings(False) 

GPIO.setup(11, GPIO.OUT) 

 

port= serial.Serial("/dev/ttyAMA0", baudrate=9600, timeout=1) 

while True: 

 GPIO.cleanup() 

 GPIO.setmode (GPIO.BOARD) 

 GPIO.setup(11, GPIO.OUT) 

 GPIO.setup(16, GPIO.OUT) 

 GPIO.setup(15, GPIO.OUT) 

 GPIO.output(11,GPIO.HIGH) 

 GPIO.output(16,GPIO.LOW) 

 GPIO.output(15,GPIO.LOW) 

 data=port.readline() 

 if data !='': 

 port.write("Data Received") 

 n=float (data) 

 if n>=24: 

 GPIO.output(15,GPIO.HIGH) 

 print(data + (" °C ") + ("Temperature Above Limit")) 

 time.sleep(1) 

 GPIO.output(15,GPIO.LOW) 

 elif n<24: 

 GPIO.output(16,GPIO.HIGH) 

 print (data + (" °C ") +("Temperature Below Limit")) 

 time.sleep(1) 

 GPIO.output(16,GPIO.LOW) 

 else: 

 print("Data Unvailble!!") 

 else: 

 pass 

 port.write("No Data Received") 

 time.sleep(1) 

 GPIO.cleanup() 

  

 
D.3: Radar Sensor Package Python Code (Section 4.44.5) 
 
import math 

import numpy as np 

f = open('FFT.dat', 'w') 

# Loop 

# Generate three data points 

m= open('dataradar.dat' ) 

x=m.readlines() 

y=np.array([np.float (i) for i in x]) 

ft= np.fft.fft(y) 

fft= abs(ft) 

w=np.arange(len(y)) 

print (w,y,fft) 

print (len(y)) 

data = np.column_stack((w, y, fft)) 

f.write(np.str(data)) 

f.close() 

np.savetxt('mix.dat',data) 
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D.4: Integration Package Python Code (Section 4.6) 
Sender Raspberry Pi 
import math 

import numpy as np 

import serial 

import RPi.GPIO as GPIO 

import time 

import sys 

import os 

import glob 

 

os.system('modprobe w1-gpio') 

os.system('modprobe w1-therm') 

GPIO.setmode (GPIO.BOARD) 

GPIO.setwarnings(False) 

base_dir= '/sys/bus/w1/devices/' 

device_folder=glob.glob(base_dir + '28*') [0] 

device_file=device_folder + '/w1_slave' 

port= serial.Serial("/dev/ttyAMA0", baudrate=9600, timeout=1) 

 

def read_temp_raw(): 

 f= open(device_file, 'r') 

 lines=f.readlines() 

 f.close() 

 return lines 

 

def read_temp(): 

 lines= read_temp_raw() 

 while lines[0].strip() [-3:] != 'YES': 

 time.sleep(0.2) 

 lines= read_temp_raw() 

 equals_pos=lines[1].find('t=') 

 if equals_pos != -1: 

 temp_string=lines[1] [equals_pos+2:] 

 tempc= float(temp_string) /1000 

 return tempc 

while True:  

 f = open('FFT.dat', 'w') # Loop 

 m= open('dataradar.dat' ) # Generate three data points 

 x=m.readlines() 

 y=np.array([np.float (i) for i in x]) 

 ft= np.fft.fft(y) 

 fft= abs(ft) 

 w=np.arange(len(y)) 

 data = np.column_stack((w, y, fft)) 

 print ([w], [y], [fft]) 

 f.write(np.str(data)) 

 f.close() 

 np.savetxt('mix.dat',data) 

 

 tempc=read_temp() 

 n=str(tempc) 

 port.write(n) 

 m=port.readline() 

 time.sleep(1) 

 GPIO.setmode (GPIO.BOARD) 

 GPIO.setwarnings(False) 

 GPIO.setup(11, GPIO.OUT) 

 GPIO.setup(13, GPIO.OUT) 

 GPIO.setup(15, GPIO.OUT) 

 GPIO.setup(11, GPIO.HIGH) 

 if m !=(""): 

 print("Temperature is :" + str(tempc) + ", Data Received") 

 GPIO.setup(15, GPIO.HIGH) 

 time.sleep(1) 

 else: 

 print ("Data Not Received") 

 GPIO.setup(13, GPIO.HIGH) 

 time.sleep(1) 
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D.5: Integration Package Bash Script (Section 4.6) 
 
#Data Reading from Radar Sensor 

 

#Enter Reading data 

samples=$1 

runs=$2 

waiting=$3 

if [ $# -eq 3 ] 

then 

 

for c in $(seq "$runs"); 

do 

#if [ $# -eq 3 ] 

#then 

#Creating file 

filename=`date +%Y-%m-%d-%H-%M-%S` 

filenametxt="$filename.txt" 

 

#DAQ card starting reading data 

cd /usr/local/bin/natinst/rpi;  

sudo ./aiondemand -c 0 -s $samples -t 1000 -v -w > $filenametxt; 

 

sudo sleep $waiting 

 

# Saving the Text File 

sed '1,6d' /usr/local/bin/natinst/rpi/$filenametxt > 

/home/pi/Desktop/Data/temp.txt 

rm /usr/local/bin/natinst/rpi/$filenametxt 

tr -d ',' < /home/pi/Desktop/Data/temp.txt > 

/home/pi/Desktop/Data/$filenametxt 

tr -d ',' < /home/pi/Desktop/Data/temp.txt > /home/pi/Desktop/dataradar.dat 

rm /home/pi/Desktop/Data/temp.txt  

 

 

#echo "Das war Durchlauf No.$c" 

done 

else echo "Please Enter Samples,Runs and Waiting Time! " 

fi 

 

echo "Samples: $samples" 

echo "Runs: $runs" 

echo "Waiting: $waiting" 

 

cd /home/pi/Desktop; 

sudo python Fulloperation.py; 

sudo gnuplot; 

echo plot [] [0:10] "mix.dat" u 1:2, "mix.dat" u 1:3 
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Appendix E  
Fourier Transform Equations 

This appendix explains FT and provides an understanding of FFT calculation. The 
document provided is an article from a website[26].  
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Appendix F  
Datasheets 

F.1: Raspberry Pi Model 3B  
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F.2: HC-12 RF Transceiver
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F.3: Temperature Sensor (DS18B20) 
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F.4: K-MC4 Radar Sensor
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F.5: DAQ Card (NI USB-6009) 
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F.6: Voltage Regulator (LM7805CT) 
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F.7: PV Modules 
F.7.1: m-Si module 
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F.7.2: p-Si module
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F.7.3: CIGS module
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F.7.4: Bifacial Module 
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Appendix G  
Check-list before submitting your first draft 

Please go through this check-list before you submit your first draft to your supervisor. To 

show that you have done it; mark the done parts by clicking on the check box☒. If the 

instructions in this document are not followed, your supervisor can refuse to read your 
thesis. You will remove the checklist from the appendix after you have received grade and 
the comments from the examiner.  
 

☒ Use the given thesis template and do not change the style. Note the page breaks 

after each section were taken away to make the document shorter. Please add them 
where it is necessary. Each section should always start on a new page. 

 

☒ Always use the spell check in the text editor before you hand in a report to avoid 

misspellings. Set the language before you start writing in the document. You can use 
US or UK English, but you must be consistent with the one style all the way through 
the thesis 

 

☒ Use the check-list in [7] for the SI rules and style conventions. 

 

☒ The Abstract should include the important parts of introduction, method, results 

and conclusion with focus on method and conclusions. 
 

☒ The Abstract should stand alone from the report, thus no references or cross-

reference to figures or tables should be made. 
 

☒ All abbreviations must be listed in alphabetical order in the Abbreviation section and 

have to be introduced the first time they are used in the text; same for the 
nomenclature list. 

 

☒ Do not include a list of figures to the thesis. 

 

☒ Does the Introduction give a good background to the research question and is it put 

into perspective and do you describe why it is relevant to make this investigation? 
 

☒ Does the Method section clearly describe the procedure of the study and performed 

experiments and are the main simplifications and limitations of the method 
discussed. 

 

☒ Preferably the used method should be motivated in relation to the aim of the study 

and other possible methods. 
 

☒ Are the results clearly presented and easy to understand for the reader? 

 

☒ Have you really looked at the results with critical eyes and tried to find contradictory 

data and unexplainable results or trends? 
 

☒ Have you critically evaluated the results and critically discussed simplifications and 

uncertainties in the method and possible implications for the results due to these 
imperfections? 
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☒ Have you critically evaluated the results and critically discussed simplifications and 

uncertainties in the method and possible implications for the results due to these 
imperfections? 

 

☒ Are your results put in relation to the results from other similar studies? 

 

☒ Excluding or avoiding the presentation of data which does not fit what you expect is 

strictly forbidden. Just if you know that there was a specific mistake in the 
measurement or the methodology for that particular data point, then the data could 
be excluded and the criteria to exclude data should be given in the Method section. 

 

☒ Recommendation for further work should be included in the thesis. 

 

☒ Are all figures, tables, equations, references and appendices referred to in the text? 

Use the Word cross-reference function. 
 

☒ A report is usually a formal text where personal words such as “I”, “we”, “us”, 

“our” etc. are seldom or never used. Therefore formulate without using these words, 
i.e. the passive form, e.g.: 
Do not write: 
I will investigate the effect of climate on xxxx. 
 
Instead: 
The effect of climate on xxxx will be investigated. 

 

☒ Original figures (copy/paste) used from other sources should be referred in the 

figure text and permission needs to be requested from the author. In that case the 
figure text will include “[ref] with permission from (the publisher/copyright owner)” 
This should be only done if it is really necessary to understand the context. 
Otherwise avoid it. 

 

☒ Redrawn figures used from other sources should be referred in the figure text. In 

that case the figure text is “Reprinted from [ref]”. 
 

☒ All statements and conclusions presented must be backed up with either a reference, 

a logical discussion, which explains the point of view or it should be concluded from 
your own results. 

 

☒ If you use labels in equations or figures they must be explained the first time they 

appear and then shown in a nomenclature list (with units) placed before the 
reference section. 

 

☒ Use consistent terminology if you talk about the same thing: e.g. do not use once 

“solar radiation” and somewhere else “sunlight”. 
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Appendix H  
Summary of your thesis for the examiner 

This thesis work presented faced a lot of challenges and setbacks due to the complex nature 
of the system developed which resulted in more time needed to meet the possible 
requirements. The street post system required knowledge in many fields, it was a beneficial 
learning process, but it took time to understand and integrate this knowledge in the system. 
The thesis work required knowledge in programming, microcontrollers, radar sensor 
operation and wireless communication which required time from me to study and learn. 
 
There were several unsuccessful experiments with wireless communication which involved 
testing Bluetooth pairing between the two microcontroller, establishing one microcontroller 
as a server and the other as a host and implementing the wireless LAN network. This 
consumed lots of time and took three months instead of estimated one month to reach the 
implemented RF technology. 
 
Selecting the microcontroller also faced unsuccessful attempts where I started using the 
Raspberry Pi zero W. This presented a problem because the Radar sensor could not operate 
on it because of the single available USB port and even using a USB hub did not work. I 
then had to turn to use the Raspberry Pi 3B after spending time working on the zero W. 
 
Programming was not a straight forward process. I had to learn Python programming 
language and test what I have learnt on simple programs and adding up complexity step by 
step. Several programs were written in attempt to adjust the settings of the microcontroller, 
establish the wireless communication and process the data of the radar sensor. The later was 
challenging and it required lots of learning and even required more complex programming 
to achieve. The motion detection programming is complex and will require separate 
dedicated thesis work to achieve. 
 
The challenges that were encountered in the PV system development were less challenging 
due to the expertise acquired from my study in Dalarna University, but the nature of the 
challenges was different. I had to reset my laptop due to some technical problems which 
meant that some of the simulation data was lost. This setback was complemented by the 
new version of PVSyst I had to install which included new helpful feature but also meant 
that the whole work had to be redone. 
 
Finally, on a personal note, when I arrived in Germany in march 2017, it took one month 
to settle down and start working on the thesis. In June some problems regarding the 
residence permit visa cost me some time due the required paper work and correspondence 
that had to be done. 
 


