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Abstract 

The AESCU-BIKE project is a cargo bike which has an inbuilt off-grid photovoltaic and a 
monitoring system. The off-grid photovoltaic system consists of a PV module, a lithium-ion 
battery, a lead acid battery, a charge controller and an electrical fridge. The PV module 
produces electrical energy which is used to cover the demand of an electrical fridge to supply 
enough cooling to store and transport pharmaceutical at temperature ranges between 0 °C 
and 8 °C within the city of Ulm. The monitoring system acquires, saves and plot information 
regarding the performance of the AESCU-BIKE such as voltages, currents, irradiance, 
temperatures, location and speed. 
 
The first aim is to theoretically estimate the performance of the off-grid photovoltaic system 
during summertime and verify that the off-grid photovoltaics system components match. 
The second aim is to experimentally verify the theoretical estimation of the off-grid 
photovoltaic system performance during summertime by designing and implementing a 
monitoring system. The third aim is to visualize in real time information regarding the 
performance of the AESCU-BIKE. This information is used for an instant analysis of both 
transportation quality and correct functionality of the off-grid photovoltaic system. A user 
interface is programmed by using the software Nodered which can be installed in any smart 
device such as a computer, a smartphone or a Raspberry Pi. 
 
Three different tests are performed to experimentally verify the theorical estimation of the 
off-grid photovoltaic system performance during summertime. Information such as PV 
module electrical energy production, fridge electrical energy demand, fridge temperature, 
ambient temperature, location and speed are plotted and analyzed using the software Excel. 
 
After the results analysis, it is concluded that the monitoring system provides essential 
information to validate theoretical estimations and to deeply understand the behavior of the 
off-grid photovoltaic system. Regarding the PV module electrical energy production, losses 
related to the lack of a MPPT, not optimal PV module inclination angle and shading effect 
are clearly understood. Regarding the fridge electrical power demand, it is shown that the 
energy demand is highly related with the ambient temperature. The user interface makes the 
entire system more friendly. The instant visualization of the measurements helps the user to 
relate the physical phenomena with the system behavior.  
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Nomenclature 

Symbol Description Unit 
𝐸  Theoretical PV module electrical energy production Wh 
𝑃  Theoretical PV module electrical power production W 
𝑃𝑆𝐻 Peak sun hours on tilted surface 𝑘𝑊ℎ ⋅ 𝑚  
𝜂  Non-standard condition loss % 
𝜂  Charge controller efficiency % 

𝜂  Battery efficiency % 
𝐶  Lithium-ion battery capacity Ah 

𝐸  Estimated daily fridge electrical energy demand Wh 
𝐷𝑜𝐷 Depth of discharge % 
𝑉  Battery array voltage V 
DoA Days of autonomy unit 
𝑉  Output analog voltage V 
𝑉  Input analog voltage V 
𝑅   First resistance Ω 
𝑅   Second resistance Ω 
𝑃   𝑅  power consumption W 
𝑃   𝑅  power consumption W 

I Current A 
𝑈  Uncertainty V 
𝐴𝑐𝑐 Accuracy V 
𝑅𝑒𝑠 Resolution V 
𝑉  Voltage reference V 
#bits ADC resolution unit 

𝑉  Current transducer output analog voltage V 
𝐼  Current transducer current A 

𝑉  Irradinace output analog voltage V 
E Irradiance 𝑊 ⋅ 𝑚  

𝑉  Solar cell temperature output analog voltage V 
𝑇  Solar cell temperature ℃ 

𝑈  Total uncertainty V 
𝑈  Sensor uncertainty V 
𝑈  ADC uncertainty V 

𝑇  Corrected temperature ℃ 
T Instantaneous temperature ℃ 

RefH High reference temperature ℃ 
RefL Low reference temperature ℃ 

RawH High instantaneous temperature ℃ 
RawL Low instantaneous temperature ℃ 

𝑇  Ambient temperature sample ℃ 

𝑇  Fridge temperature sample ℃ 

𝑇  Solar cell temperature sample ℃ 

𝐸  Irradiance sample 𝑊 ⋅ 𝑚  
𝑉  PV module voltage sample V 

𝐼  PV module current sample A 

𝑉  Electrical fridge voltage sample V 

𝐼  Electrical fridge current sample A 
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𝑉  Lead acid battery voltage sample V 

𝐼  Lead acid battery current sample A 

𝐿𝑎𝑡  Latitude degree 

𝐿𝑜𝑛𝑔  Longitude degree 

𝑆  Speed 𝑘𝑚 ⋅ ℎ  
𝑇  Time stamp unit 

𝑃  PV module power production W 

𝑃  Electrical fridge power demand W 

𝑃  Lead acid battery power W 

𝑇𝑖𝑚𝑒 Test duration ℎ 
𝑇  Average ambient temperature ˚C 

𝑇  Average fridge temperature ˚C 
𝑇  Average solar cell temperature ˚C 

𝐸 Average irradiance 𝑊 ⋅ 𝑚  
G Irradiation 𝑊ℎ ⋅ 𝑚  

𝑃  Average PV module power production W 

𝐸  PV module energy production 𝑊ℎ 
𝑃  Average electrical fridge power demand W 

𝐸  Electrical fridge energy demand 𝑊ℎ 
𝑃  Average lead acid battery power W 
𝐸  Lead acid battery energy 𝑊ℎ 

Z Number of samples unit 
TD Test duration h 
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1 Introduction  

Reaching the global climate targets set by the COP 21 Paris Agreement imposes significant 
challenges on different sectors of our daily life. Not only concerning low-emissions and 
sustainable urban ecosystems but also socio-economic, socio-cultural and socio-geographic 
challenges. [1] 
 
The transport sector plays a key role in reaching the climate targets. An inherent challenge 
to the transport sector arises from the limited storage capability of non-fossil energy sources 
on mobile platforms and from the fact that the worldwide trend of urbanization leads to a 
concentration of traffic. [1] 
 
The growth of pedestrian zones in our city centers imposes the additional problem of the 
last mile. Inhabitants with a restricted mobility due to physical handicaps cannot use public 
transport for their daily needs such as the access to health care or other goods. They 
absolutely depend on the availability of delivery and other services at home. [2] This 
increasing challenge is underlined by statistics from the German healthcare sector stating 
that more than 70 % of old people who need special care can nowadays stay at home as an 
outcome of healthcare services. [2] With respect to the access to pharmaceuticals, 30 million 
pharmaceuticals which have to be kept cooled are issued every year from pharmacies in 
Germany. Furthermore, 19.5 million pharmaceuticals require storage temperatures below 8 
°C in addition to 8.2 million pharmaceuticals with strictly specified storage and transport 
temperature ranges between 2 °C and 8 °C. Therefore, delivery services for pharmaceuticals 
have to cope with transport conditions for such sensitive goods. These statistics and findings 
emphasize that delivery services in the health care sector will play an increasing role for the 
adaption of our societies to ongoing demographic changes. [2] 
 
Recently, cargo bikes for individuals and for delivery services exhibited a rather explosive 
revival. The invention of the Christiania-Bike in Copenhagen expressing the vision of an 
alternative (and sustainable) lifestyle points certainly at one root for the widespread 
dissemination of such transport vehicles primarily in the Netherlands, Denmark and 
Sweden. [1] One might argue that the topography of these countries allows for a comfortable 
and daily use of such cargo bikes. However, there is a lucky coincidence with the 
development and widespread acceptance of pedelecs in combination with an enhancement 
of available battery storage explaining this renaissance of the cargo bike. Furthermore, 
modern communication, navigation and sensor technologies enable integrated and smart 
logistics on demand and on time in combination with a safe and green transport exhibiting 
a high degree of automation and digitization. [1] 
 
SMEs, academic and private institutions from Borlänge / Sweden, Ulm / Germany, Novi 
Sad / Serbia and Budapest and Pecs / Hungary plan to work together in the project AESCU-
BIKE (On demand delivery of Pharmaceuticals for cities and Periurban areas) aiming to 
contribute to a low-emission, smart and integrated transport sector. The AESCU-BIKE will 
address the delivery of sensitive pharmaceuticals, thus, impacting the health sector and 
improving the quality of individual life for inhabitants of metropolitan, urban and peri-urban 
areas profoundly. [1] 
 
The AESCU-BIKE project, shown in Figure 1.1, is a cargo bike which has an inbuilt off-
grid photovoltaic and a monitoring system. The right picture shows the electrical fridge, the 
battery and the data acquisition board. The components of each system are stated in Figure 
1.2. 
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Figure 1.1 AESCU-BIKE project 

 

 
Figure 1.2 AESCU-BIKE system components 

 
The off-grid photovoltaic system consists of a PV module, a lithium-ion battery, a lead acid 
battery, a charge controller and an electrical fridge. The PV module produces electrical 
energy which is used to cover the demand of an electrical fridge to supply enough cooling 
to store and transport pharmaceutical at temperature ranges between 0 °C and 8 °C within 
the city of Ulm. The batteries are used to store any excess of electrical energy produced by 
the PV module which is not converted into cooling by the electrical fridge. The electrical 
energy stored in the batteries is used in later stages when the sun is not shining or during the 
night. The charge controller controls the charging and discharging of the batteries. Only the 
lithium-ion battery is used for the current project. 
 
The monitoring system consists of data acquisition, data processing and real time 
visualization. The data acquisition acquires and saves information every 10 seconds 
regarding the performance of the AESCU-BIKE such as voltages, currents, irradiance, 
temperatures, location and speed. The data processing plot and analyze the information 
saved by the data acquisition in a later stage. The real time visualization is used for an instant 
analysis of both transportation quality and correct functionality of the off-grid photovoltaic 
system. This is performed by programming a user interface in any smart device which shows 
the information acquired by the data acquisition in real time. 
 

 Aims 
The first aim is to theoretically estimate the performance of the off-grid photovoltaic system 
during summertime. The off-grid photovoltaic system consists of a PV module, a charge 
controller, a lithium-ion battery, a lead acid battery and an electrical fridge. For the current 
project the lead acid battery is not included. 
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The second aim is to experimentally verify the theoretical estimation of the off-grid 
photovoltaic system performance during summertime. A data acquisition is designed, 
implemented and tested to acquire and save information regarding the performance of the 
AESCU-BIKE such as voltages, currents, irradiance, temperatures, location and speed. 
 
The third aim is to visualize in real time information regarding the performance of the 
AESCU-BIKE. This information is used for an instant analysis of both transportation 
quality (location, speed and fridge temperature) and correct functionality of the off-grid 
photovoltaic system (PV module electrical production and fridge electrical energy 
consumption). 
 

 Method  
An analysis is performed to verify that the off-grid photovoltaics system components match. 
An experimental test is performed with the components working together. Further 
information is given in sections 2.1, 2.2 and 2.3. The following steps were followed: 
- Read the data sheets of the off-grid photovoltaic system components. 
- PV module test. Open circuit voltage and short circuit current are measured with a 

multimeter. 
- Fridge test. Maximum currents of the compressor are measured with a multimeter. 
- Lithium-ion battery and charge controller test. Charging and discharging currents are 

measured with a multimeter. 
 
A theoretical analysis is performed to estimate the performance of the off-grid photovoltaic 
system components during summertime. Further information is given in sections 2.4, 2.5 
and 2.6. The following steps were followed: 
- Obtain data regarding the yearly, monthly and daily peak sun hours (PSH) in the city of 

Ulm.  
- Estimate the PV module electrical energy production during summertime based on the 

NASA database information. 
- Estimate the fridge electrical energy consumption during summertime based on 

experimental data. 
- Estimate the recommended battery capacity during summertime. 
 
An experimental analysis is performed to verify the performance of the off-grid photovoltaic 
system components during summertime. The following steps were followed. 
- Design, implement and test an electronic board (PCB) with its enclosure capable to 

acquire and saves information regarding the performance of the AESCU-BIKE such as 
voltages, currents, irradiance, temperatures, location and speed. Further information is 
given in section 3.1. 

- Three different tests are performed to experimentally verify the theorical estimation of 
the off-grid photovoltaic system performance during summertime. Further information 
is given in section 4. 

- The results information is plotted and analyzed using the software Excel. Further 
information is given in section 3.2. 

 
A user interface is used for real time visualization of the information regarding the 
performance of the AESCU-BIKE such as voltages, currents, irradiance, temperatures, 
location and speed. The user interface is programmed by using the software Nodered which 
can be installed in any smart device such as a computer, a smartphone or a Raspberry Pi. 
Further information is given in section 3.3. 
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 Previous work 
Recently, cargo bikes for individuals and for delivery services exhibited a rather explosive 
revival. The invention of the Christiania-Bike in Copenhagen expressing the vision of an 
alternative and sustainable lifestyle. The bike can carry up to a hundred kilograms. At least 
20,000 cargo bikes are estimated to be in the Danish capital. Now all the driving data is 
recorded in order to be able to evaluate afterwards how e-cargo bikes are used. [3] 
 
The idea of the AESCU-BIKE is new in the market. Therefore, there is not a lot of 
information about it. However, the idea can be separated in two main sections which have 
enough previous research. 
- Off-grid photovoltaic system 
- Internet of things (IoT) for real-time monitoring 
 
With the increasing population as well as with the depleting resources of fossil fuels, the 
utilization of solar energy is gaining popularity worldwide. The rapidly decreasing prices of 
PV modules has proven that off-grid systems can be cost-effective. [4] Sandia National Lab 
gives the following recommendation when it comes to off-grid PV system designs. [4] 
- Keep it simple. Complexity lowers reliability and increases maintenance cost 
- Understand system availability. Achieving 99 percent availability is expensive. 
- Design for the worst case or for the month in which the application is needed. 
- Calculate the loads (energy and power). 
- Determine the irradiation expected during the designed months. 
- Calculate the battery size. 
- Calculate the PV array size. 
- Calculate other system components. 
 
A monitoring system, shown in Figure 1.3, for a small off-grid PV system was installed in 
the facilities in IMDEA Water Institute in Spain. The results show that the integration of 
IoT for monitoring of small off-grid PV systems via Web enhances the maintenance of the 
system. Generally, the integration of commercial data loggers is not viable as it might be too 
expensive compared to the price of the PV system. Thus, autonomous and low-cost 
dataloggers are required. With the emergence of the IoT, several cloud platforms allow 
connect devices to the internet and store the data collected by the sensors for free. [5] 
 

 
Figure 1.3 Scheme of the monitoring system based on IoT [5] 
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2 Off-grid photovoltaic system 

The off-grid photovoltaic system, shown in Figure 2.1, consists of a PV module, a lithium-
ion battery, a lead acid battery, a charge controller and an electrical fridge. The PV module 
produces electrical energy which is used to cover the demand of an electrical fridge to supply 
enough cooling to store and transport pharmaceutical at temperature ranges between 0 °C 
and 8 °C within the city of Ulm. The batteries are used to store any excess of electrical energy 
produced by the PV module which is not converted into cooling by the electrical fridge. The 
electrical energy stored in the batteries is used in later stages when the sun is not shining or 
during the night. The charge controller controls the charging and discharging of the 
batteries. For the current project is only used the lithium-ion battery. 
 

 
Figure 2.1 Off-grid photovoltaic system components 

 
The off-grid photovoltaic system components were chosen before the beginning of the 
project based on the supplier availability. The first aim of this section was the verification 
that the off-grid photovoltaics system components match and work together. If this 
wouldn’t have been the case, a customized design would have been needed.  The second 
aim was a theoretical analysis to estimate the performance of the off-grid photovoltaic 
system components during summertime. 
 

 Lithium-ion battery and charge controller 
The Fosera EVO 320, shown in Figure 2.2, consists of a lithium-ion battery with its charge 
controller, a charge controller for an external lead acid battery and a 5 V voltage regulator. 
The batteries are used to store any excess of electrical energy produced by the PV module 
which is not converted into cooling by the electrical fridge. The electrical energy stored in 
the batteries is used in later stages when the sun is not shining or during the night. The 
charge controllers control the charging and discharging of the batteries. For the current 
project is only used the lithium-ion battery. 
 

 
Figure 2.2 Fosera Evo 320 [8] 
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The Fosera Evo 320 connectors are stated in Table 2.1. Further technical specifications are 
given in Table 2.2. 
 
Table 2.1 Fosera Evo 320 connectors 

Fosera Evo 320 Quantity Connector 
PV module 2 Screw 

Lead acid battery 1 Screw 
12 V load 3 Screw 
12 V load 4 Fosera jack 
5 V load 2 USB 

 
Table 2.2 Fosera EVO 320 technical specifications [8] 

Fosera battery characteristics 
Manufacturer Fosera 

Model Evo 320 
Nominal system voltage 12 V 

Lithium capacity 25.6 Ah 
Recommended lead acid battery 70 – 90 Ah 

Maximum PV open circuit voltage 25 V 
Maximum PV charging current 18 A 

Nominal system output 230 W 
Maximum 12 V load output current 18 A 
Maximum 5 V load output current 1 A 

Ambient temperature 0 ℃ to 50 ℃ 
 
 

 PV Module 
The Offgridtec PV module, shown in Figure 2.3, produces all the electrical energy for the 
off-grid photovoltaic system. It is a foldable module of 120 W.  
 

 
Figure 2.3 Offgridtec 120 W PV module [6] 

 
The PV module matches with the Fosera Evo 320 as it has an open circuit voltage of 21.6 
V. This voltage value is lower than the maximum voltage allowed in the Fosera Evo 320 of 
25 V. Regarding the charging current, the PV module has a short current circuit of 6.2 A. 
This current value is lower than the maximum charging current allowed in the Fosera EVO 
320 of 18 A. Further technical specifications of the PV module are given in Table 2.3. 
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Table 2.3 PV Module technical specifications [6] 

PV module characteristics 
Power at STC conditions 120 W 

Manufacturer Offgridtec 
Cell type Monocrystalline 

Cell efficiency 22.6 % 
Open circuit voltage (𝑽𝒐𝒄) 21.6 V 
Short circuit current (𝑰𝒔𝒄) 6.2 A 

Maximum power voltage (𝑽𝒎𝒑𝒑) 20.7 V 
Maximum power current (𝑰𝒎𝒑𝒑) 5.8 A 

Weight 2.7 kg 
Dimensions unfolded 560 x 1280 x 6 mm 

 
 Electrical fridge 

The Bluefin active portable compressor electrical fridge, shown in Figure 2.4, has a nominal 
consumption of 30W and operates with 12 V. It matches with the Fosera EVO 320 as it has 
a maximum start current of 14 A. This current value is lower than the maximum discharging 
current allowed in the Fosera EVO 320 of 18 A. The electrical fridge operates at 
temperatures between -18 ℃ and 10 ℃. The temperature set up is done by an inbuilt display. 
Further technical specifications are given in Table 2.4. 
 

 
Figure 2.4 Bluefin active portable compressor electrical fridge [7] 

 
Table 2.4 Bluefin active portable compressor electrical fridge technical specifications [7] 

Fridge characteristics 
Manufacturer Bluefin Active 

Model DC-35T 
Nominal power 30 W 
Nominal voltage 12 V 

Start compressor current 14 A (ms) 
Cooling temperatures -18 ℃ to 10 ℃ 

Dimensions 540 x 379 x 455 mm 
Weight 12 kg 

Net volume 33 liters 
Refrigerant R134A / 35 g 
Isolation Cyclopentane 
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 System boundaries 
The project takes place in the city of Ulm, Germany. Table 2.5 states the geographical 
specifications. 
 
Table 2.5 Ulm – Geographical specifications [9] 

Parameter Value 
Longitude 

 
48.39841° 

Latitude 9.99155° 
 

Elevation 
 

 
478 𝑚 

 
The yearly, monthly and daily peak sun hours (PSH) in the city of Ulm is shown in Table 
2.6. The peak sun hours (PSH) is the average solar irradiation a certain location receives 

throughout the year, month or day. Its unit is . This information is obtained using the 
NASA data base. [9] 
 
Table 2.6 Yearly, monthly and daily PSH – Ulm [9] 

 
Monthly 

PSH 
Average 
daily PSH 

Maximum 
daily PSH 

Minimum 
daily PSH 

January 22.96 0.7 1.41 0.19 
February 43.31 1.4 3.38 0.38 

March 97.22 3.1 4.76 1.06 
April 136.94 4.4 6.64 1.06 
May 135.4 4.4 6.33 1.35 
June 154.3 5 7.66 1.53 
July 181.56 5.9 7.89 1.98 

August 151.74 4.9 6.94 2.04 
September 90.71 2.9 4.71 0.84 

October 55.62 1.8 4.18 0.78 
November 37.03 1.2 2.21 0.13 
December 28.77 0.9 1.31 0.22 
Year 2015 1135.56 3.05 7.89 0.13 

 
 

 Theoretical performance estimation 
A theoretical estimation of the off-grid photovoltaic system performance during 
summertime is performed by theoretically calculating the daily PV module electrical energy 
production (𝐸 ) and the daily fridge electrical energy demand (𝐸 ). 
 
To calculate 𝐸 , it is important to take into consideration the PV module power under 
STC conditions (𝑃 ), daily peak sun hours on the tilted surface (PSH),  losses due to 
non-standard conditions (𝜂 ), losses due to shading effects, losses due to the charge 
controller (𝜂 ) and losses due to the battery (𝜂 ) as expressed in Equation 2.1. [4] 
 
 

𝐸 = 𝑃 ⋅ 𝑃𝑆𝐻 ⋅ 𝜂 ⋅ 𝜂 ⋅ 𝜂   Equation 2.1 
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The PV module is placed on the roof of the AESCU-BIKE. Therefore, the PV module 
inclination angle can be assumed to be 0 degree, and the tilted irradiation assumed equal to 
the horizontal irradiation. 
 
The 𝜂  represents the yield loss due to the PV module solar cell high temperature 
operation. The Offgridtec PV module can produce electrical power up to 120 W under an 

irradiance of 1000  at a solar cell temperature of 25 ℃. However, the PV module solar 

cell typically operates at higher temperatures. In cold weathers, 𝜂  can be assumed around 
0.95, and for hot weathers around 0.7. [4]  
 
Shading of PV modules is one of the most significant causes of yield losses. In fact, the 
shading of 10% of the PV module area could cause a yield loss of 50 %. If there is one 
shaded cell in the module, the whole module underperforms. [4] 
 
A maximum 𝐸  of 749 Wh and a minimum of 188 Wh are calculated in the month of 
July using Equation 2.1 assuming 𝜂  equal to 0.95, 𝜂  equal to 0.98 and 𝜂  equal to 
0.85. The uncertainties for 𝐸  is hard to calculate since the error values are basically 
chosen based on the experience of the designer. 
 
To calculate 𝐸  is necessary to run a simulation including parameters such as desired 
cooling temperature, type of thermal load, type of compressor cycle, thermal losses and 
ambient temperature. However, for the current project, results from an experimental test 
are used. An average fridge electrical power demand of 24 ± 3 W is experimentally obtained 
under an average ambient temperature of 26.7 ± 0.5 ℃ and an average fridge temperature 
of 3.9 ± 0.5 ℃. Assuming this power demand during the day, a 𝐸  of 566 Wh is 
estimated. The uncertainty for 𝐸  is hard to calculate as a lot of assumption are made. 
 
It can be concluded that it is not always possible to guarantee 100% availability during the 
month of July. Even in summer days, there are cases in which the electrical energy demand 
might be higher than the electrical energy production. 
 
The lithium-ion battery capacity (𝐶 ) must be big enough to guarantee high availability 
for those days when the sun is not shining. A recommended 𝐶  can be calculated using 
the 𝐸 , the depth of discharge (DoD), the battery voltage (𝑉 ) and the day of 
autonomy (DoA) expressed in Equation 2.2. [4] 
 
 

𝐶 =  
𝐸 ⋅ 𝐷𝑜𝐴

𝐷𝑜𝐷 ⋅ 𝑉
  Equation 2.2 

 
 
A recommended 𝐶  of 52.4 Ah is calculated using the estimated values for the month of 
July, a DoD of 0.9, a DoA of 1 day and a 𝑉  of 12 V. The recommended battery capacity 
is larger than the lithium-ion battery capacity of 25.6 Ah in the Fosera Evo 320. 
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 Off-grid photovoltaic system limitations 
The lithium-ion battery voltage is 12 V and the PV module voltage for the maximum power 
is 20.7 V. Since the charge controller does not have an inbuilt MPPT, the PV module is 
forced to operate at the voltage of the battery which is 12 V. 
 
The PV module I-V curve, shown in Figure 2.5, is simulated using LTspice. [10] The 
simulation shows that the PV module without a MPPT charge controller produces an 

electrical power of 81 W instead of 120 W at 1000 .  
 

 
Figure 2.5 PV module I-V curve simulation at 1000  

 
The lithium-ion battery and the charge controller are installed within the Fosera Evo 320. 
Therefore, it is not possible to distinguish losses between these two components.  
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3 Monitoring system 

The monitoring system, shown in Figure 3.1, consists of data acquisition, data processing 
and real time visualization.  
 

 
Figure 3.1 Monitoring system components 

 
The data acquisition is responsible for acquiring information every 10 seconds regarding the 
performance of the AESCU-BIKE such as voltages, currents, irradiance, temperatures, 
location and speed. Then, the information is both saved into the micro secure digital (SD) 
module for later processing and sent to the smart device for real time visualization. 
 
The data processing uses the software Excel to plot and analyze the data acquisition 
information saved in the micro SD module. 
 
The real time visualization is used for an instant analysis of both transportation quality and 
correct functionality of the off-grid photovoltaic system. This is performed by programming 
a user interface which shows the information acquired by the data acquisition in real time. 
The user interface is programmed by using the software Nodered which can be installed in 
any smart device such as a computer, a smartphone or a Raspberry Pi. 
 

 Data acquisition 
The data acquisition is responsible for acquiring information every 10 seconds regarding the 
performance of the AESCU-BIKE such as voltages, currents, irradiance, temperatures, 
location and speed. The information consists of 14 readings which are stated in Table 3.1. 
 
Table 3.1 Data acquisition readings 

Reading Unit Sensor Type 
PV module voltage V Voltage divider Analog 

Lead acid battery voltage V Voltage divider Analog 
Electrical fridge voltage V Voltage divider Analog 

PV module current A Current transducer Analog 
Lead acid battery current A Current transducer Analog 
Electrical fridge current A Current transducer Analog 

Irradiance 𝑊 ⋅ 𝑚  Irradiance sensor Analog 
Solar cell temperature ℃ Temperature sensor Analog 
Ambient temperature ℃ Temperature sensor Digital 
Fridge temperature ℃ Temperature sensor Digital 

Latitude 𝑑𝑒𝑔𝑟𝑒𝑒 GPS Digital 
Longitude 𝑑𝑒𝑔𝑟𝑒𝑒 GPS Digital 

Speed 𝑘𝑚 ⋅ ℎ  GPS Digital 
Time Time stamp GPS Digital 
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The data acquisition, shown in Figure 3.2, consists of one microcontroller, eight analog 
sensors, two digital sensors, one GPS and one micro SD module. The microcontroller reads 
the information from the GPS and from the digital and analog sensors. Then, the 
information is both saved into the micro SD module for later processing and sent to the 
smart device for real time visualization. 

 
Figure 3.2 Data acquisition components 

 
The serial protocols used by the microcontroller for communication are Serial Peripheral 
Interface (SPI) for the micro SD module, Universal Asynchronous Receiver - Transmitter 
(UART) for the GPS and Universal Serial Bus (USB) for real time visualization. The 
microcontroller uses the analog to digital converter (ADC) for the analog readings as shown 
in Figure 3.3. 
 

 
Figure 3.3 Data acquisition – Analog sensors 
 
The electronic board (PCB) and the enclosure, shown in Figure 3.4, are designed, 
implemented and tested so that the data acquisition components, shown in Figure 3.2, can 
work together. The only components which are not placed within the PCB are the irradiance 
sensor and the temperature sensors. 
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Figure 3.4 Data acquisition PCB and enclosure 

 

3.1.1. Microcontroller 
The microcontroller reads the information from the GPS and from the digital and analog 
sensors. Then, the information is both saved into the micro SD module for later processing 
and sent to the smart device for real time visualization. The serial protocols used by the 
microcontroller for communication are SPI for the micro SD module, UART for the GPS 
and USB for real time visualization. 
 
In the market, there are plenty types of microcontrollers capable to fulfill the requirements 
for this project such as the Arduino UNO, Arduino NANO or the Raspberry Pi. The 
Arduino NANO is chosen due to its low power demand, small dimensions and low cost 
compared with the others. The Arduino NANO, shown in Figure 3.5, is powered with an 
external regulated power supply of 5 V. Further characteristics of the Arduino NANO are 
stated in Table 3.2 [11] 
 

 
Figure 3.5 Microcontroller Arduino NANO [11] 

 
Table 3.2 Microcontroller Arduino NANO characteristics [11] 

 Microcontroller characteristic 
Manufacturer Arduino 

Model Nano 
Nominal power 19 mW 

Input voltage supply 7 V to 12 V 
Flash memory 32 kB 

SRAM 2 kB 
Clock speed 16 MHz 
EEPROM 1 kB 

Dimensions 18 x 45 mm 
Weight 7 g 

Analog inputs 8 (10 bits) 
Digital I/O pins 22 
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The microcontroller ADC resolution is improved by connecting an external reference 
voltage of 3.3 V with an accuracy of 0.2 %. The value of 3.3 V is chosen due to the proximity 
it has with the maximum analog value to be read. The external reference voltage circuit is 
shown in Figure 3.6. 
 

 
Figure 3.6 External reference voltage circuit 

 
A precision micropower shunt reference voltage LM4040-41 is used to obtain a regulated 
output voltage of 4.1 V with an accuracy of 0.2 %. Further characteristics are mentioned in 
Table 3.3. The resistor of 1 𝑘Ω, shown in Figure 3.6, is used to reduce the current passing 
through the LM4040-41. A voltage of 3.3 V is obtained using a voltage drop with two 
resistors in series. The 32 𝑘Ω is the Arduino NANO inbuild pull-up resistor, and the 10 𝑘Ω 
is a potentiometer which needs to be adjusted to 7.8 𝑘Ω to obtain the 3.3 V. 
 
Table 3.3 External reference voltage LM4040-41 characteristic [12] 

LM4040-41 characteristic 
Manufacturer Texas Instruments 

Model LM4040-41 
Output voltage 4.1 V 

Output voltage accuracy 0.2 % 
Maximum current 15 mA 

Operation temperature -40 ℃ to 125 ℃ 
 

3.1.2. Voltage dividers 
The voltage divider has the aim to adjust the voltage to be measured within the range from 
0 V to 3.3 V which is the external reference voltage. This is performed by using two resistors 
in series to simulate a voltage drop. Figure 3.7 shows a standard voltage divider circuit where 
 𝑉  is the input analog voltage, 𝑉  is the output analog voltage, 𝑅  and 𝑅  are the resistors 
and I is the current passing through the resistors. 
 

 
Figure 3.7 Voltage divider circuit 
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The relationship among 𝑉 , 𝑉 , 𝑅  and 𝑅  is expressed using Equation 3.1. 
 

𝑉 =  ⋅ 

  
  

 
 Equation 3.1 

The resistors 𝑅  and 𝑅  are E24 series. This type of resistors have a tolerance of 5 % and a 
maximum power consumption of 0.33 W. [13] The power consumption 𝑃  and 𝑃  , for 
the resistors 𝑅  and 𝑅 , are calculated using Equation 3.2 and Equation 3.3 respectively. 
 

𝑃  = 𝐼 ⋅ 𝑅   
 

 Equation 3.2 

𝑃  = 𝐼 ⋅ 𝑅   
 

 Equation 3.3 

The voltage divider uncertainty is calculated using the microcontroller ADC resolution and 
the resistors tolerance. The ADC uncertainty (𝑈 ) is calculated using Equation 3.4, 
Equation 3.5 and Equation 3.6. The resistors uncertainty is reduced by measuring the 
resistors values with a multi-meter in the laboratory. Therefore, the voltage divider and ADC 
uncertainties can be assumed similar. The ADC uncertainty calculated is ±7.2 𝑚𝑉 given a 
voltage reference (𝑉 ) of 3.3 V and an ADC resolution (#𝑏𝑖𝑡𝑠) of 10 bits. 
 

𝑈 = ± 𝑅𝑒𝑠 + 𝐴𝑐𝑐             
 

 Equation 3.4 

𝑅𝑒𝑠 =
𝑉

2#
 

 
 Equation 3.5 

𝐴𝑐𝑐 =  ±2 ⋅ 𝑅𝑒𝑠 
 

 Equation 3.6 

A total of three voltage dividers are designed. The first one for the PV module, the second 
one for the optional external battery, and the third one for the fridge. A thumb rule is to 
design the resistors values in such a way that the current (I), passing through the circuit, is 
around 1 mA. Table 3.4 shows the result values for the three voltage dividers circuits in the 
data acquisition. 
 
Table 3.4 Data acquisition voltage dividers information 

 PV module Lead acid battery Electrical fridge 
𝑅  (E24 series) 22 𝑘Ω 43 𝑘Ω 12 𝑘Ω 

𝑅  (Multimeter value) 22 𝑘Ω 42.9 𝑘Ω 12.02 𝑘Ω 
𝑅  power consumption 22 mW 42.9 mW 12.02 mW 

𝑅  (E24 series) 3.3 𝑘Ω 3.3 𝑘Ω 3.3 𝑘Ω 
𝑅  (Multimeter value) 3.28 𝑘Ω 3.29 𝑘Ω 3.28 𝑘Ω 

𝑅  power consumption 3.28 mW 3.29 mW 3.28 mW 
Range (𝑉 ) 0 − 25 𝑉 0 − 45 𝑉 0 − 15 𝑉 

Voltage divider uncertainty ±55.49 𝑚𝑉 ±101 𝑚𝑉 ±33.59 𝑚𝑉 
 

3.1.3. Current transducers 
The current transducer measures the current by using a galvanic isolation between the 
primary circuit (high power) and the secondary circuit (electronic circuit). The current 
transducer LTSR 15-NP is used in this project to measure currents up to ±15 A. [14] 
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The LTSR 15-NP current transducer requires a power supply of 5 V, and it has a current 
consumption of around 30 mA. It has three possible configurations (±5 A, ±7.5 A and ±15 
A) based on the maximum current to be measured. [14]. The configuration of ±15 A, shown 
in Figure 3.8, is chosen. The positive voltage of the PV module, the optional external battery 
and the fridge can be connected either in the voltage input #1 (𝑉 ) or in the voltage 
input #2 (𝑉 ) based on the design. Further information regarding the connection is 
found in section 3.1.10. 
 

 
Figure 3.8 LTSR 15-NP configuration 

 
The relationship between the transducer current (𝐼 ) and the output analog voltage (𝑉 ), 
shown in Figure 3.8, is expressed by using Equation 3.7. [14] The possible values for 𝑉  
are from 1.875 V (-15 A) to 3.125 V (15 A). Therefore, it is not necessary to use a voltage 
drop since the 𝑉  values are within the range from 0 V to 3.3 V which is the external 
reference voltage. 
 

𝑉 = 2.5 + 0.625 ⋅
𝐼

15
  Equation 3.7 

 
The current transducer uncertainty is calculated using the microcontroller ADC resolution 
and the LTSR 15-NP offset value. The ADC uncertainty is calculated  using Equation 3.4, 
Equation 3.5 and Equation 3.6. The LTST 15-NP offset value of ± 25 𝑚𝑉 is reduced by 
measuring 𝑉 , with no current through the circuit, with a multi-meter in the laboratory. 
This value must be placed in Equation 3.7 instead of the value 2.5. Then, the current 
transducer and ADC uncertainties can be assumed similar. The ADC uncertainty calculated 
is ±7.2 𝑚𝑉 given a voltage reference of 3.3 V and an ADC resolution of 10 bits. 
 
A total of three current transducers are designed. The first one for the PV module, the 
second one for the lead acid battery, and the third one for the electrical fridge. Table 3.5 
shows the result values for the three current transducer circuits in the data acquisition. 
 
Table 3.5 Data acquisition current transducers information 

 PV module External battery Fridge 
𝑉  @ 𝐼 = 0 2.507 2.510 2.502 

Range (𝐼 ) 0 - 15 A 0 – 15 A 0 – 15 A 
Current transducer uncertainty ±0.173 𝐴 ±0.173 𝐴 ±0.173 𝐴 

 

3.1.4. Irradiance and solar cell temperature sensors 
The sensor Si-01TC-T, shown in Figure 3.9, includes both the irradiance and solar cell 
temperature sensors. It uses a monocrystalline Si solar cell with a temperature compensation 
for accurate measurements. The sensor calibration is performed at the Physikalisch-
Technische Bundesanstalt (PTB – National Metrology Institute of Germany). [15] 
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Figure 3.9 Irradiance and solar cell temperature sensor Si-01TC-T [15] 

 
The Si-01TC-T delivers two output analog voltages. The irradiance output analog voltage 
(𝑉 ) is used to calculate the irradiance (E) using Equation 3.8, and the solar cell 
temperature output analog voltage (𝑉 ) is used to calculate the solar cell temperature 
(𝑇 ) using Equation 3.9.  
 

𝐸 = 1000 ⋅ 𝑉  
 

 Equation 3.8 

𝑇 = 100 ⋅ 𝑉 − 123.5 
 

 Equation 3.9 

The possible values for 𝑉  are from 0 V (0 ) to 1.4 V (1400 ). For 𝑉  are from 

0 V (-123.5 ℃) to 2 V (76.5 ℃). Further information is stated in Table 3.6. [15] It is not 
necessary to use a voltage drop since the output analog voltage values are within the range 
from 0 V to 3.3 V which is the external reference voltage. 
 
Table 3.6 Irradiance and solar cell temperature sensor Si-01TC-T characteristics [15] 

Si-01TC-T characteristic 
Manufacturer Ingenieurbüro 

Model Si-01TC-T 
Power supply 5 to 28 V 

Maximum current consumption 1 mA 
Irradiance reading range 0 to 1400  

Temperature reading range -123.5 to 76.5 ℃ 
Weight 470 g 

Dimension 155 x 85 x 39 mm 
Storage temperature -35 ℃ to 80 ℃ 

 
The sensor Si-01TC-T uncertainties are calculated using the microcontroller ADC resolution 
and the errors specified in the sensor manufacturer data sheet. The ADC uncertainty is 
calculated using Equation 3.4, Equation 3.5 and Equation 3.6. The ADC uncertainty 
calculated is ±7.2 𝑚𝑉 given a voltage reference of 3.3 V and an ADC resolution of 10 bits. 
 
For the sensor Si-01TC-T, the following errors are specified: 
- Solar cell temperature error: ±5 ℃ 

- Irradiance error: ±5 ± 2.5 % of the measurement value 

This means that at 0 , the error is ±5 ; and at 1400 , the error is ±40 . 
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The total uncertainty (𝑈 ) is calculated by doing the root of the sum of all the individual 
square uncertainties such as sensor uncertainty (𝑈 ) and ADC uncertainty (𝑈 ) as expressed 
in Equation 3.10. 
 

𝑈 = ± 𝑈 + 𝑈             

 
 Equation 3.10 

Table 3.7 shows the result values for the sensor Si-01TC-T in the data acquisition. 
 
Table 3.7 Data acquisition irradiance and solar cell temperature sensor Si-01TC-T information 

 Irradiance Solar cell 
temperature 

Range 0 – 1400  -123.5 – 76.5 ℃ 

   
Uncertainty ±8.77  @ 0  ±5.05 ℃ 

   
 ±40.64  @ 1400   

3.1.5. Digital temperature sensors 
Two digital temperature sensors DS18B20 are used to measure the ambient and fridge 
temperatures. The fridge temperature sensor is placed as shown in Figure 3.10. 
 

 
Figure 3.10 Fridge temperature sensor position [16] 

 
The DS18B20 sends information every 750 ms as a string of 12 bits with a maximum current 
consumption of 1.5 mA. It can measure temperatures from −55 ℃ to 125 ℃ with an 
accuracy of ±0.5 ℃. [16] 
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The calibration of the DS18B20 is performed with two reference values (RefH and RefL) 
and two instantaneous values obtained from the temperature sensors (RawH and RawL). 
The corrected temperature (𝑇 ) for the instantaneous temperature measured (T) is 
calculated using Equation 3.11. [16] 
 

𝑇 =
(𝑇 − 𝑅𝑎𝑤𝐿) ⋅ (𝑅𝑒𝑓𝐻 − 𝑅𝑒𝑓𝐿)

𝑅𝑎𝑤𝐻 − 𝑅𝑎𝑤𝐿
+ 𝑅𝑒𝑓𝐿 

 
 Equation 3.11 

The calibration is performed using the temperatures stated in Table 3.8.  
 
Table 3.8 Temperature sensors DS18B20 calibration values 

 Ambient temperature sensor Fridge temperature sensors 
RefH 100 ℃ 100 ℃ 
RawH 99 ℃ 99 ℃ 
RefL 0 ℃ 0 ℃ 
RawL 1 ℃ 1 ℃ 

3.1.6. GPS 
It is used the GPS NEO7M to acquire information such as latitude, longitude, speed and 
time. It requires a power supply of 5 V with a maximum current consumption of 50 mA. It 
communicates with the microcontroller by serial communication UART (Universal 
Asynchronous Receiver-Transmitter). [11] This type of protocol requires two pins of the 
microcontroller.  
 
The information is sent using the NMEA (National Marine Electronics Association) 
standard $GPGGA. The string of characters has the following structure: $GPGGA, 
181908.00,3404.7041778,N,07044.3966270,W,4,13,1.00,495.144,M,29.200,M,0.10,0000*40. 
The microcontroller Arduino Nano uses a library called “TinyGPS++” to obtain easily the 
information out of the NMEA string of characters. 
 
All NMEA messages start with the “$” character, and each data field is separated by a 
comma. The 181908.00 is the UTC time stamp expressed in hours, minutes and seconds. 
The 3404.7041778 is the latitude in the DDMM.MMMMM format with “N” denoting north 
latitude. The 07044.3966270 is the longitude in the DDDMM.MMMMM format with “W” 
denoting west longitude. The 13 denotes the number of satellites used in the coordinate. 
The 495.144 denotes the altitude of the antenna with “M” denoting meters.. [17] Further 
information regarding the GPS NEO7M is stated in Table 3.9. 
 
Table 3.9 NEO7MGPS characteristics [17] 

NEO7MGPS characteristic 
Manufacturer uBlox 

Model NEO7M 
Power supply 5 V 

Maximum current consumption 50 mA 
Serial communication UART 

Cold start 32 kB 
Warm start 2 kB 
Hot start 16 MHz 

Position accuracy 2.5 m 
Velocity accuracy 0.1 m/s 
Maximum altitude 50000 m 
Maximum velocity 500 m/s 

Storage temperature -40 ℃ to 85 ℃ 
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3.1.7. Micro SD module 
The micro SD module saves the information acquired by the data acquisition. The micro 
SD module requires a power supply of 5 V, and it communicates with the microcontroller 
with serial communication SPI (Serial Peripheral Interface). [11] This type of protocol 
requires 4 pins of the microcontroller. Further characteristics are stated in Table 3.10.  
 
Table 3.10 Micro SD module characteristics [18] 

Micro SD module characteristic 
Manufacturer Catalex 

Model Micro SD adapter 
Power supply 5 V 

Maximum current consumption 200 mA 
Typical current consumption 80 mA 

Serial communication SPI (4 pins) 
Dimensions 31.85 x 25.4 x 3.75 mm 

3.1.8. Power supply 
The data acquisition power supply power up the components of the data acquisition by 
delivering a voltage source of 5 V. This voltage is obtained by using a voltage regulator 
connected to the lithium-ion battery of 13 V. 
 
The data acquisition power demand is calculated by summing up all the power consumption 
of the data acquisition components as shown in Table 3.11. It is calculated a maximum 
power consumption of 1234 mW which lead to a maximum current of 0.25 A having a 
voltage value of 5 V. Therefore, it is chosen the 5 V regulator R-78E5.0-0.5 which can 
manage currents up to 0.5 A. [19]  
 
Table 3.11 Data acquisition components power consumption 

 
Item 

Power  
Consumption [mW] 

Microcontroller 19 
External reference voltage 1.23 

PV voltage divider 25.28 
External battery voltage divider 46.19 

Fridge voltage divider 15.3 
PV current transducer 150 

External battery current transducer 150 
Fridge current transducer 150 

Irradiance sensor 12 
Ambient temperature sensor 7.5 
Fridge temperature sensor 7.5 

GPS device 250 
Micro SD module 400 

 𝟏𝟐𝟑𝟒 

3.1.9. Microcontroller code 
The microcontroller Arduino NANO is programmed with the Arduino software which is 
based on C++. The code, shown in Appendix C, reads the information from the GPS and 
from the digital and analog sensors. Then, the information is saved into the micro SD 
module for later processing and sent to the smart device for real time visualization. The 
information saved and sent has the format shown in Figure 3.11.   
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Figure 3.11 Information format 

 
The information format, shown in Figure 3.11, has multiple lines of data sent every 10 
seconds. Each line has 22 readings separated by a space. Figure 3.12 shows a real example 
of data acquired with the data acquisition. 
 

 
Figure 3.12 Information format example 

 
A brief explanation of each data and its denotation is stated below. 
- Data 1: Ambient temperature reading in Celsius (℃) with two decimals.  
- Data 2: Fridge temperature reading in Celsius (℃) with two decimals.  
- Data 3: PV module voltage reading in Volts (V) with two decimals.  
- Data 4: PV module current reading in Ampere (A) with two decimals.  
- Data 5: Lead acid battery voltage reading in Volts (V) with two decimals. 
- Data 6: Lead acid battery current reading in Ampere (A) with two decimals. 
- Data 7: Electrical fridge voltage reading in Volts (V) with two decimals.  
- Data 8: Electrical fridge current reading in Ampere (A) with two decimals.  

- Data 9: Irradiance reading in Watts per square meter ( ) with two decimals. 

- Data 10: Solar cell temperature reading in Celsius (℃) with two decimals. 
- Data 11: Latitude reading in degrees with six decimals. 
- Data 12: Longitude reading in degrees with six decimals. 
- Data 13: Altitude reading in meters (m) with two decimals. 

- Data 14: Speed reading in kilometers per hour (  ) with two decimals. 
- Data 15: Raw date in u32 format DDMMYY. 
- Data 16: Year reading in format YYYY. 
- Data 17: Month reading. Format from 1 to 12. 
- Data 18: Day reading. Format from 1 to 31. 
- Data 19: Raw time in u32 format HHMMSSCC. 
- Data 20: Hour reading. Format from 0 to 23. 
- Data 21: Minute reading. Format from 0 to 59. 
- Data 22: Second reading. Format from 0 to 59. 
 
The following Arduino libraries were used for the code: 
- OneWire: Allows the communication with 1-wire sensors, memories and other chips.  
- DallasTemperature: Allows the communication with the DS18B20 sensors. 
- SD: Creates the commands to operate the micro SD module. 
- SPI: Allows the usage of the serial protocol SPI. 
- SoftwareSerial: Allows the usage of the serial protocol UART. 
- TinyGPS++: This library converts all the NMEA messages, sent by the GPS, into a 

readable format by stuffing the character sequences into variables. 
 



22 
 

3.1.10. Data acquisition electronic board and enclosure 
The electronic board (PCB) and the enclosure, shown in Figure 3.4, are designed, 
implemented and tested so that the data acquisition components, shown in Figure 3.2, can 
work together. The only components which are not placed within the PCB are the irradiance 
sensor and the temperature sensors. The data acquisition PCB is designed using the software 
EAGLE. The schematic is shown in Figure 3.13 and the route connections is shown in 
Figure 3.14 keeping a board dimension of 10.45 cm x 8.93 cm x 4.25 cm. 
 
It is used electrical connectors to connect the PCB with the 12 V power supply, smart device 
USB, ambient and fridge temperature sensors, irradiance and solar cell temperature sensors 
and PV module – lead acid battery – electrical fridge positive lines. 
 

 
Figure 3.13 Data acquisition PCB schematic [20] 
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Figure 3.14 Data acquisition PCB route connections [20] 

 
The GPS and the micro SD module communicate with the microcontroller using serial 
communication protocols. It is required six pins of the microcontroller for this task. 
- Pin ‘D2’: Connected to the GPS transmitter pin. 
- Pin ‘D3’: Connected to the GPS receiver pin. 
- Pin ‘D10’: Connected to the micro SD module slave select (CS). 
- Pin ‘D11’: Connected to the micro SD module master output slave input (DI). 
- Pin ‘D12’: Connected to the micro SD module master input slave output (DO). 
- Pin ‘D13’: Connected to the micro SD module serial clock (CLK). 
 
The eight analog sensors, explained in Figure 3.3, require eight pins of the microcontroller. 
- Pin ‘A0’: Connected to the PV module voltage divider. 
- Pin ‘A1’: Connected to the PV module current transducer. 
- Pin ‘A2’: Connected to the lead acid battery voltage divider. 
- Pin ‘A3’: Connected to the lead acid battery current transducer. 
- Pin ‘A4’: Connected to the electrical fridge voltage divider. 
- Pin ‘A5’: Connected to the electrical fridge current transducer. 
- Pin ‘A6’: Connected to the irradiance sensor. 
- Pin ‘A7’: Connected to the solar cell temperature sensor. 
 
The ambient and fridge temperature sensors require two digital pins of the microcontroller. 
Each temperature sensor has 3 wires: ground (black), 5 V (red) and data (yellow). A resistor 
of 4.7 𝑘Ω is connected between 5 V and data to adjust the temperature signal. [16] 
- Pin ‘D4’: Connected to the ambient temperature sensor. 
- Pin ‘D5’: Connected to the fridge temperature sensor. 
 
A fuse of 0.3 A is installed in series with the 5 V power supply to avoid shorted circuit 
damages. 
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An important fact to take into consideration, during the design, is the width and the 
thickness of the tracks. Depending on how much current goes through each track, a certain 
recommended width is established by IPC. Table 3.12 shows the recommended tracks width 
for 1 oz of cooper thickness and 10 ℃ temperature rise. 
 
Table 3.12 IPC recommended track width for 1 oz of cooper thickness [20] 

IPC recommended 
track width  

1 A 0.25 mm 6 A 3.81 mm 
2 A 0.76 mm 7 A 4.57 mm 
3 A 1.27 mm 8 A 5.59 mm 
4 A 2.03 mm 9 A 6.60 mm 
5 A 2.79 mm 10 A 7.62 mm 

 
The PCB has four types of tracks: Signal, power supply, high current and ground. For the 
signal tracks, as the current is low, the minimum width of 0.4 mm is chosen. For the power 
supply tracks, having a maximum current of 0.25 A, a width of 1.0 mm is chosen. For the 
high current tracks, an average current of 7 A is expected. Therefore, to maintain a maximum 
10 ℃ temperature rise in the board copper, a track width of 4.7 mm is chosen. And for the 
ground tracks, it is used all the remaining copper in the boards keeping a separation 
(clearance) of 0.3 mm with the other tracks. 
 
For the PV module, lead acid battery and electrical fridge current-voltage measurement, it is 
needed to connect the PCB with the positive lines of each of those components. Therefore, 
it is used the six-pin electrical connector, shown in Figure 3.15, which has a pitch of 5.0 mm 
and can support a maximum current of 15 A. 
 

 
Figure 3.15 PV module, lead acid battery and electrical fridge electrical connectors – Pitch 5.0 mm 

 
For the irradiance and solar cell temperature sensors (4 pins), 12 V power supply (2 pins), 
ambient temperature sensor (3 pins) and fridge temperature sensor (3 pins); the electrical 
connector, shown in Figure 3.16, is used which has a pitch of 2.54 mm and can support a 
maximum current of 10 A. 
 

 
Figure 3.16 Electrical connectors – Pitch 2.54 mm 

 
In the market, there are multiple machines which can manufacture the PCB based on the 
schematic and route connections performed in EAGLE. The PCB can be designed with 
multiple layers, different tracks width, different tracks distance separation (clearance), etc. 
However, it is important to respect the limitations of each machine. The machine used for 
this project, shown in Figure 3.17, is from the company Bungard and has the following 
limitations:  
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- Only one-layer design. 
- Minimum tracks width of 0.4 mm. 
- Recommended clearance of 0.3 mm. 
 

 
Figure 3.17 PCB manufacturing machine – Company Bungard 

 
A polycarbonate enclosure is implemented with the dimension of 10.45 cm x 8.93 cm x 4.25 
cm. The enclosure has the aim to protect the PCB from the sun (UV resistance UL 508), 
high temperatures (-40 ℃ to 80 ℃), hard impacts (IK 08), humidity and dust. [21] 
 
The polycarbonate enclosure must also have its own electrical connectors so that it can be 
connected to the PCB electrical connectors. The enclosure electrical connectors are chosen 
based on the supplier availability. Figure 3.18 shows the data acquisition PCB and enclosure 
electrical connectors. 
 

 
Figure 3.18 Data acquisition PCB and enclosure electrical connectors 
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 Data processing 
The data processing uses the software Excel to plot and analyze the data acquisition 
information saved in the micro SD module. The information consists of 14 readings which 
are stated in Table 3.1. The reading samples are acquired every 10 seconds which are later 
used for further calculations such as power, energy and mean values. The denotation used 
for each reading sample is as follow: 
 
- 𝑇            : Ambient temperature sample (℃) 

- 𝑇         : Fridge temperature sample (℃) 

- 𝑇              : Solar cell temperature sample (℃) 

- 𝐸                : Irradiance sample ( ) 

- 𝑉                : PV module voltage sample (𝑉) 

- 𝐼                : PV module current sample (𝐴) 

- 𝑉         : Electrical fridge voltage sample (𝑉) 

- 𝐼          : Electrical fridge current sample (𝐴) 

- 𝑉             : Lead acid battery voltage sample (𝑉) 

- 𝐼             : Lead acid battery current sample (𝐴) 

- 𝐿𝑎𝑡               : Latitude (𝑑𝑒𝑔𝑟𝑒𝑒) 
- 𝐿𝑜𝑛𝑔            : Longitude (𝑑𝑒𝑔𝑟𝑒𝑒) 

- 𝑆                   : Speed ( ) 

- 𝑇                   : Time stamp 
 
The PV module power production (𝑃 ) , the electrical fridge power demand 

(𝑃 )  and the lead acid battery power (𝑃 ) are calculated for every 

reading sample using Equation 3.12, Equation 3.13 and Equation 3.14 respectively. 
 

𝑃        = 𝑉 ⋅ 𝐼   Equation 3.12 

 
𝑃 = 𝑉 ⋅ 𝐼   Equation 3.13 

 
𝑃     = 𝑉 ∗ 𝐼   Equation 3.14 

 
The following eight plots are used to show the results. However, for the current project, the 
plots including information regarding the lead acid battery are not included since it is not 
connected to the off-grid photovoltaic system. 
 
- 𝑇 ,  𝑇  and 𝑇  against 𝑇 . 

- 𝐸  and 𝑃  against 𝑇 . 

- 𝑉  and 𝐼  against 𝑇 . 

- 𝑃  and 𝑇   against 𝑇 . 

-  𝑉  and 𝐼  against 𝑇 . 

- 𝑃  against 𝑇 . 

- 𝑉  and 𝐼  against 𝑇 . 

- 𝑆  against 𝑇 . 
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The performance parameters shown in Table 3.13 are calculated using the reading samples 
stated in Table 3.1 and the power calculated for every reading sample using Equation 3.12, 
Equation 3.13 and Equation 3.14. 
 
Table 3.13 Performance parameters 
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𝑇𝑖𝑚𝑒 Test duration (ℎ) 

𝑇  Average ambient temperature (˚C) 
𝑇  Average fridge temperature (˚C) 

𝑇  Average solar cell temperature (˚C) 

𝐸 Average irradiance ( ) 

G Irradiation ( ) 

𝑃  Average PV module power production (𝑊) 
𝐸  PV module energy production (𝑊ℎ) 

𝑃  Average electrical fridge power demand (𝑊) 
𝐸  Electrical fridge energy demand (𝑊ℎ) 

𝑃  Average lead acid battery power (𝑊) 

𝐸  Lead acid battery energy (𝑊ℎ) 
 
 
The average values for the temperatures, irradiance and power are calculated using Equation 
3.15 to Equation 3.21. This is performed by dividing the sum of the reading samples with 
the number of samples during the test (Z). 
 
 

𝑇  =
∑ 𝑇

𝑍
  Equation 3.15 

   

𝑇  =
∑ 𝑇

𝑍
  Equation 3.16 

   

𝑇  =
∑ 𝑇

𝑍
  Equation 3.17 

   

𝐸  =
∑ 𝐸

𝑍
  Equation 3.18 

   

𝑃  =
∑ 𝑃

𝑍
  Equation 3.19 

   

𝑃  =
∑ 𝑃

𝑍
  Equation 3.20 

   

𝑃  =
∑ 𝑃

𝑍
  Equation 3.21 
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The energy is calculated by integrating the power curve against time. Another way to do this 
calculation is by summing multiple discrete energy samples during the test duration. The 
smaller the sample duration (SD), the more accurate the calculation. However, this leads to 
higher energy consumption and higher storage of the data acquisition. For the current 
project, it is used a SD of 10 seconds. The energy values are calculated using Equation 3.22 
to Equation 3.25. 
 

𝐺 = (𝐸 ⋅ 𝑆𝐷)  Equation 3.22 

 

𝐸 = (𝑃 ⋅ 𝑆𝐷)  Equation 3.23 

 

𝐸 = (𝑃 ⋅ 𝑆𝐷)  Equation 3.24 

 

𝐸 = (𝑃 ⋅ 𝑆𝐷)  Equation 3.25 

 
The test duration (TD) is calculated by multiplying the number of samples during the test 
with the sample duration as shown in Equation 3.26. 
 

𝑇𝐷 = 𝑍 ⋅ 𝑆𝐷  Equation 3.26 

 
 Real time visualization 

The real time visualization is used for an instant analysis of both transportation quality and 
correct functionality of the off-grid photovoltaic system. This is performed by programming 
a user interface which shows the information acquired by the data acquisition in real time. 
The user interface, shown in Figure 3.19, is programmed by using the software Nodered 
which can be installed in any smart device such as a computer, a smartphone or a Raspberry 
Pi. 
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Figure 3.19 User interface [24] 

 
Nodered is an open source originally developed by IBM. It is a programming tool for wiring 
together hardware devices, APIs and online services. Primarily, it is a visual tool designed 
for the Internet of Things, but it can also be used for other applications to very quickly 
assemble flows of various services. [24]  
 
Figure 3.20 shows the Nodered code used for the user interface. The programming consists 
of joining nodes which has a specific function. The information flows between the nodes by 
using object. 
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Figure 3.20 AESCU-BIKE Nodered code [24] 

 
The nodes “msg” are used to analyze and visualize the data format within the objects. For 
the Nodered code, it is used four “msg” nodes to analyze the data coming from the following 
nodes: “COM”, “to String”, “split” and “Payload Object”. 
 
The node “COM” is used to create a serial communication between the software Nodered 
and the Arduino Nano. The node is configured in such a way to buffer all the characters 
received until an enter “/n” is detected. Then, all the information buffered, containing the 
22 readings, is sent as a unique object as shown in Figure 3.21. The important information 
is placed in the object payload (msg.payload). Note that the information is sent using 119 
characters with hexadecimal format. 
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Figure 3.21 Nodered node “COM” output object [24] 

 
The node “to String” is used to convert the information within the msg.payload into a string. 
The new object has the modified information in the msg.payload as shown in Figure 3.22. 
 

 
Figure 3.22 Nodered node “to String” output object [24] 

 
The node “split” is used to create 22 output objects containing the information of every 
object received. The information of the input object is split every time a space character is 
detected. Each output object is associated with an object index (msg.parts.index) which goes 
from 0 to 21. This is used in a later stage to re-group all the data within the same object. 
Figure 3.23 shows the object structure for the first two splits. 
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Figure 3.23 Nodered node “split” output object [24] 

 
The node “Payload Object” is used to create a unique object containing the data from 22 
input objects. The input objects are re-group using the object index (msg.parts.index) which 
goes from 0 to 21. The output object payload (msg.payload) contains all the information 
with a documented field as shown in Figure 3.24. 
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Figure 3.24 Nodered node “Payload Object” output object [24] 

 
The node “Split data” sends each field of the input object into a different output. New 
outputs are created with information regarding the PV module electrical power production, 
electrical fridge power demand and lead acid battery power using Equation 3.12, Equation 
3.13 and Equation 3.14 respectively. 
 
The nodes “World map” uses the GPS information from the input object to create a 
graphical map interface. 
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4 Results 

Three different tests are performed, following the specifications stated in Table 4.1, to 
experimentally verify the theorical estimation of the off-grid photovoltaic system 
performance during summertime explained in section 2.5. Information such as PV module 
electrical energy production, fridge electrical energy consumption, fridge temperature, 
ambient temperature, location and speed are plotted and analyzed using the software Excel. 
 

Table 4.1 Experimental tests specifications 

 Test #1 Test #2 Test #3 
PV module inclination 45° Horizontal Horizontal 
PV module azimuth South Horizontal Horizontal 

Irradiance sensor inclination 45° 45° 45° 
Irradiance sensor azimuth South East N/A 

AESCU-BIKE motion Stationary Stationary In motion 
Fridge temperature 0 ℃ -2 ℃ and 0 ℃ 0 ℃ 

Thermal load Full of food 
and drinks 

Full of food 
and drinks 

Empty 

Lid opened for 20 seconds Every 20 min Every 20 min Never 
Weather Sunny Cloudy Cloudy 

 
 
 Test #1 (Optimal conditions – Bike still) 

The purpose of test #1 is to understand the behavior of the off-grid photovoltaic system 
under optimal conditions with the bike still. The test is performed in a sunny day from 09:30 
to 14:30. The test set up is shown in Figure 4.1. 
 
The PV module is placed facing south with an inclination of 45°. The electrical fridge is set 
up with a cooling temperature of 0 ℃. The fridge is full of food and drinks to simulate the 
thermal load. The fridge lid is opened every 20 minutes for 20 seconds. 
 

 
Figure 4.1 Test #1 set-up (Optimal conditions – Bike still) 
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The performance parameters, for the test #1, are shown in Table 4.2. The total fridge 
electrical energy demand during the test is 73 Wh with an average power of 15 W. The fridge 
maintains an average temperature of 1.9 ˚C under an ambient temperature of 19.9 ˚C. The 
PV module electrical energy production during the test is 224 Wh with an average power of 

47 W. The total irradiation received during the test is 3918  with an average irradiance of 

821 . The solar cell has an average working temperature of 43 ˚C. 
 
Table 4.2 Performance parameters – Test #1 
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Test duration (ℎ) 4.77 

Average ambient temperature (˚C) 19.9 ± 0.5 

Average fridge temperature (˚C) 1.9 ± 0.5 

Average solar cell temperature (˚C) 43 ± 5 

Average irradiance ( ) 821 ± 18 

Total irradiation ( ) 3918 ± 90 

Average PV module power production (𝑊) 47 ± 3 

Total PV module energy production (𝑊ℎ) 224 ± 14 

Average fridge power demand (𝑊) 15 ± 3 

Total fridge energy demand (𝑊ℎ) 73 ± 13 

Average lead acid battery power (𝑊)  

Total lead acid battery energy (𝑊ℎ)  
 
 
Figure 4.2 shows the behavior of the ambient, fridge and solar cell temperatures during the 
test. The solar cell temperature follows the behavior of the irradiation. The minimum solar 
cell temperature measured is 28 ˚C at 12:05 due to clouds in the sky, and the maximum is 52 

˚C when the irradiance is around 1000 . The ambient temperature reaches temperatures 

up to 28 ˚C at 14:00. Nevertheless, an ambient temperature of 19 ˚C is measured most of the 
time. The fridge temperature oscillates between -1 ˚C and 2 ˚C. 
 

 
Figure 4.2 Temperatures plot – Test #1 
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Figure 4.3 shows the behavior of the irradiance and the PV module electrical power 
production during the test. It is explained is section 2.6 that the maximum PV module power 

production is 80 W instead of 120 W at an irradiance of 1000  due to the lack of an MPPT 
in the charge controller. This is experimentally verified looking at the measurement at 11:00. 
  
More irradiance leads to more PV module electrical power production. Nevertheless, when 
the battery is full, the charge controller stops the charging and drops the PV module 
production to 0 W even when the sun is shining. This occurs several times after 13:00 when 
the PV module electrical power production drops to 0 W even when the irradiance is around 

850 . 
 

 
Figure 4.3 Irradiance and PV module electrical power production plot – Test #1 

 
Figure 4.4 shows the behavior of the PV module voltage and current during the test. It is 
explained is section 2.6 that the PV module is forced to work at the same voltage as the 
lithium-ion battery due to the lack of an MPPT in the charge controller. This is 
experimentally verified looking at the measurement at 11:00 where the PV module voltage 
is around 14 V and the PV module current is around 5.8 A which is the expected current 

under an irradiance of 1000 . 
 
When the battery is full, the charge controller stops the charging and drops the PV module 
current to 0 A even when the sun is shining, and the PV module voltage goes to the open 
circuit voltage of 21.6 V. This occurs several times after 13:00. 
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Figure 4.4 PV module voltage and current plot – Test #1 

 
Figure 4.5 shows the behavior of the electrical fridge power demand and temperature during 
the test. The fridge temperature oscillates between a minimum and a maximum temperature 
value around the desired cooling temperature set up. Similarly, the electrical fridge power 
demand oscillates based on the fridge temperature behavior. The maximum fridge electrical 
power demand is 69 W. 
 

 
Figure 4.5 Electrical fridge power demand and temperature – Test #1 

 
Figure 4.6 shows the behavior of the electrical fridge voltage and current during the test. 
The electrical fridge operates at the same voltage as the lithium-ion battery. The electrical 
fridge current oscillates in such a way to maintain the desired cooling temperature set up. 
The maximum electrical fridge current measured is 5.3 A. 
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Figure 4.6 Electrical fridge voltage and current plot – Test #1 

 
 

 Test #2 (Real conditions – Bike still) 
The purpose of test #2 was to understand the behavior of the off-grid photovoltaic system 
under real conditions with the bike still. The test is performed in a cloudy day from 13:00 to 
20:00. The test set up is shown in Figure 4.7. 
 
The PV module is placed on the roof of the bike looking upwards. The electrical fridge is 
set up with two different cooling temperature of −2 ℃ and 0 ℃. The fridge is full of food 
and drinks to simulate the thermal load. The fridge lid is opened every 20 minutes for 20 
seconds. 
 

 
Figure 4.7 Test #2 set-up (Real conditions – Bike still) 
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The performance parameters, for the test #2, are shown in Table 4.3. The total fridge 
electrical energy demand during the test is 284 Wh with an average power of 41 W. The 
fridge maintains an average temperature of -0.7 ˚C under an ambient temperature of 27.0 ˚C. 
The PV module electrical energy production during the test is 193 Wh with an average power 

of 28 W. The total irradiation received during the test is 1430  with an average irradiance 

of 206 . The solar cell has an average working temperature of 29 ˚C. 
 
Table 4.3 Performance parameters – Test #2 
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Test duration (ℎ) 6.94 

Average ambient temperature (˚C) 27.0 ± 0.5 

Average fridge temperature (˚C) -0.7 ± 0.5 

Average solar cell temperature (˚C) 29 ± 5 

Average irradiance ( ) 206 ± 5 

Total irradiation ( ) 1430 ± 32 

Average PV module power production (𝑊) 28 ± 3 

Total PV module energy production (𝑊ℎ) 193 ± 19 

Average fridge power demand (𝑊) 41 ± 3 

Total fridge energy demand (𝑊ℎ) 284 ± 19 

Average lead acid battery power (𝑊)  

Total lead acid battery energy (𝑊ℎ)  
 
Figure 4.8 shows the behavior of the ambient, fridge and solar cell temperatures during the 
test. The solar cell temperature follows the behavior of the irradiation. The maximum solar 

cell temperature measured is 55 ˚C at 13:30 when the irradiance is around 1000 . 

Nevertheless, the solar cell temperature of 30 ˚C is measured most of the time due to clouds 
in the sky. The ambient temperature sensor reaches temperatures up to 30 ˚C. The desired 
fridge cooling temperature set up is changed from -2 ˚C to 0 ˚C at 17:10. Therefore, the 
fridge temperature is around -2 ˚C at the beginning of the test, and then it oscillates between 
-1 ˚C and 2 ˚C.  
 

 
Figure 4.8 Temperatures plot – Test #2 
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Figure 4.9 shows the behavior of the irradiance and the PV module electrical power 
production during test. It is explained is section 2.6 that the maximum PV module power 

production is 80 W instead of 120 W at an irradiance of 1000  due to the lack of an MPPT 
in the charge controller. This is experimentally verified looking at the measurement at 13:15. 
  
More irradiance leads to more PV module electrical power production. Nevertheless, when 
the battery is full, the charge controller stops the charging and drops the PV module 
production to 0 W even when the sun is shining. This occurs several times during the test 
for small periods of time. For example, at 16:20 the PV module production drop to 0 W 

even when the irradiance is around 160 . 
 

 
Figure 4.9 Irradiance and PV module electrical power production plot – Test #2 

 
Figure 4.10 shows the behavior of the PV module voltage and current during the test. It is 
explained is section 2.6 that the PV module is forced to work at the same voltage as the 
lithium-ion battery due to the lack of an MPPT in the charge controller. This is 
experimentally verified looking at the measurement at 13:15 where the PV module voltage 
is around 14 V and the PV module current is around 5.8 A which is the expected current 

under an irradiance of 1000 . 
 
When the battery is full, the charge controller stops the charging and drops the PV module 
current to 0 A even when the sun is shining, and the PV module voltage goes to the open 
circuit voltage of 21.6 V. This occurs several times during the test for small periods of time. 
For example, at 16:20. 
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Figure 4.10 PV module voltage and current plot – Test #2 

 
Figure 4.11 shows the behavior of the electrical fridge power demand and temperature 
during the test. The desired fridge cooling temperature set up is changed from -2 ˚C to 0 ˚C 
at 17:10. With a cooling temperature set up of -2 ˚C, the electrical fridge never stops working. 
However, at a cooling temperature set up of 0 ̊ C, the fridge temperature and electrical power 
demand oscillates between a minimum and a maximum value. The maximum fridge electrical 
power demand is 91 W. 
 

 
Figure 4.11 Electrical fridge power demand and temperature – Test #2 

 
Figure 4.12 shows the behavior of the electrical fridge voltage and current during the test. 
The electrical fridge operates at the same voltage as the lithium-ion battery. The electrical 
fridge current oscillates in such a way to maintain the desired cooling temperature set up. 
The maximum electrical fridge current measured is 7.3 A. 
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Figure 4.12 Electrical fridge voltage and current plot – Test #2 

 
 

 Test #3 (Real conditions - Bike in motion) 
The purpose of test #3 was to understand the behavior of the off-grid photovoltaic system 
under real conditions with the bike in motion. The test is performed in a cloudy day from 
10:40 to 12:10. The test set up is shown in Figure 4.13. 
 
The PV module is placed on the roof of the bike looking upwards. The electrical fridge is 
set up with a cooling temperature of 0 ℃. The fridge is empty, and the lid is keep closed. 
 

 
Figure 4.13 Test #3 set-up (Real conditions – Bike in motion) 

 
The plot of the latitudes, longitudes and speeds using google maps is shown in Figure 4.14. 
The speed in google maps is represented with a color mark. The number associated with the 

mark needs to be divided by 100 to obtain the speed value in . 
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Figure 4.14 Latitude, longitude and speed information in google maps – Test #3 

 
Figure 4.15 shows the bike speed during the test. From 10:42 to 11:20 the AESCU-BIKE is 
not moving, and the PV module is not experiencing shading effects due to trees in the road. 
From 11:42 to 11:50 the AESCU-BIKE is not moving, and the PV module is experiencing 
some shading effects due to the trees in the road. The maximum speed reached with the 

bike is 21 . 
 

 
Figure 4.15 Bike speed plot – Test #3 

 
The performance parameters, for the test #3, are shown in Table 4.4. The total fridge 
electrical energy demand during the test is 34 Wh with an average power of 24 W. The fridge 
maintains an average temperature of 3.9 ˚C under an ambient temperature of 26.7 ˚C. The 
PV module electrical energy production during the test is 61 Wh with an average power of 

42 W. The total irradiation received during the test is 859  with an average irradiance of 

598 . The solar cell has an average working temperature of 36 ˚C. 
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Table 4.4 Performance parameters – Test #3 
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Test duration (ℎ) 1.44 

Average ambient temperature (˚C) 26.7 ± 0.5 

Average fridge temperature (˚C) 3.9 ± 0.5 

Average solar cell temperature (˚C) 36 ± 5 

Average irradiance ( ) 598 ± 14 

Total irradiation ( ) 859 ± 20 

Average PV module power production (𝑊) 42 ± 3 

Total PV module energy production (𝑊ℎ) 61 ± 4 

Average fridge power demand (𝑊) 24 ± 3 

Total fridge energy demand (𝑊ℎ) 34 ± 4 

Average lead acid battery power (𝑊)  

Total lead acid battery energy (𝑊ℎ)  
 
Figure 4.16 shows the behavior of the ambient, fridge and solar cell temperatures during the 
test. The solar cell temperature follows the behavior of the irradiation. The minimum solar 
cell temperature measured is 27 ˚C at 11:52 due to shading effects, and the maximum is 41 

˚C when the irradiance is around 900 . The ambient temperature reaches temperatures up 

to 29 ˚C at 11:35. The fridge temperature oscillates between -1 ˚C and 2 ˚C. 
 

 
Figure 4.16 Temperatures plot – Test #3 

 
Figure 4.17 shows the behavior of the irradiance and the PV module electrical power 
production during the test. More irradiance leads to more PV module electrical power 
production. Nevertheless, when the battery is full, the charge controller stops the charging 
and drops the PV module production to 0 W even when the sun is shining. At 11:32 the PV 

module production drop to 0 W even when the irradiance is around 600 . 
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Figure 4.17 Irradiance and PV module electrical power production plot – Test #3 

 
Figure 4.18 shows the behavior of the PV module voltage and current during the test. It is 
explained is section 2.6 that the PV module is forced to work at the same voltage as the 
lithium-ion battery due to the lack of an MPPT in the charge controller. This is 
experimentally verified looking at the measurements during the test which show a PV 
module voltage of 14 V. 
 
When the battery is full, the charge controller stops the charging and drops the PV module 
current to 0 A even when the sun is shining, and the PV module voltage goes to the open 
circuit voltage of 21.6 V. For example, at 11:32. 
 

 
Figure 4.18 PV module voltage and current plot – Test #3 
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Figure 4.19 shows the behavior of the electrical fridge power demand and temperature 
during the test. The fridge temperature oscillates between a minimum and a maximum 
temperature value around the desired cooling temperature set up. Similarly, the electrical 
fridge power demand oscillates based on the fridge temperature behavior. The maximum 
fridge electrical power demand is 95 W. 
 

 
Figure 4.19 Electrical fridge power demand and temperature – Test #3 

 
Figure 4.20 shows the behavior of the electrical fridge voltage and current during the test. 
The electrical fridge operates at the same voltage as the lithium-ion battery. The electrical 
fridge current oscillates in such a way to maintain the desired cooling temperature set up. 
The maximum electrical fridge current measured is 7.5 A. 
 

 
Figure 4.20 Electrical fridge voltage and current plot – Test #3 
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5 Discussion 

In this section the experimental and theorical results are compared and analyzed. Table 5.1 
shows the summary of the results of test #1, #2 and #3. The result values uncertainties are 
stated in Table 4.2, Table 4.3 and Table 4.4. A summary of the data acquisition measurement 
accuracy is given in Table 5.2. 
 
Table 5.1 Experimental and theorical results summary 

 Test #1 Test #2 Test #3 Theory 
Test duration (ℎ) 4.77 6.94 1.44 24 

Average ambient temperature (˚C) 19.9 27.0 26.7  
Average fridge temperature (˚C) 1.9 -0.7 3.9  

Average solar cell temperature (˚C) 43 29 36  
Average irradiance (𝑊 ⋅ 𝑚 ) 821 206 598  
Total irradiation (𝑊ℎ ⋅ 𝑚 ) 3918 1430 859 7890 

Total PV module energy production (𝑊ℎ) 224 193 61 749 
Average PV module power production (𝑊) 47 28 42  

Total fridge energy demand (𝑊ℎ) 73 284 34 566 
Average fridge power demand (𝑊) 15 41 24 24 

Maximum fridge power demand (𝑊) 69 91 95  
Maximum fridge current demand (𝐴) 5.3 7.3 7.5  

 
 
Table 5.2 Data acquisition measurement accuracy summary 

 
Reading 

Reading  
range 

Reading  
uncertainty 

PV module voltage divider 0 to 25 V ±55.5 mV 
Lead acid battery voltage divider 0 to 45 V ±101 mV 
Electrical fridge voltage divider 0 to 15 V ±33.6 mV 
PV module current transducer 0 to 15 A ±0.2 A 

Lead acid battery current transducer 0 to 15 A ±0.2 A 
Electrical fridge current transducer 0 to 15 A ±0.2 A 

Irradiance sensor at 0   

0 to 1400 
W

m
 

±9 
W

m
 

Irradiance sensor at 1400  ±41 
W

m
 

Solar cell temperature sensor −123 to 76 ℃ ±5 ℃ 
Ambient temperature sensor −55 to 125 ℃ ±0.5 ℃ 
Fridge temperature sensor −55 to 125 ℃ ±0.5 ℃ 

Location (GPS) 0 to 50 𝑘𝑚 ℎ𝑖𝑔ℎ ±2.5 m 
Speed (GPS) 

500 
m

s
 ±0.1 

m

s
 

 
 
In section 2.5, a theoretical daily PV module electrical energy production of 749 Wh in the 
month of July was calculated using Equation 2.1. The same equation is used to calculate the 
theoretical PV module electrical energy production with the irradiation measured with the 
data acquisition. Table 5.3 shows the calculated values for tests #1, #2 and #3. 
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Table 5.3 Theoretical PV module electrical energy production in tests #1, #2 and #3 

 Test #1 Test #2 Test #3 

Theoretical PV module energy production (𝑊ℎ) 372 136 82 
Experimental PV module energy production (𝑊ℎ) 224 193 61 

 
For test #1 is expected a theoretical PV module energy production of 372 Wh. However, 
the experimental production is 224 Wh. This reduction of the expected production is mainly 
because of the losses associated with not having an MPPT in the charge controller and the 
fact that the charge controller stops the charging due to a full battery. 
 
For test #2 is expected a theoretical PV module energy production of 136 Wh. However, 
the experimental production is 193 Wh. This increment of the expected production is mainly 
because the irradiation sensor is facing east with an angle of 45 degrees during the test, and 
the PV module is facing upwards with a curvature. Therefore, the PV module receives more 
irradiation than what is measured. Losses associated with not having an MPPT in the charge 
controller and the fact that the charge controller stops the charging due to a full battery 
remains. 
 
For test #3 is expected a theoretical PV module energy production of 82 Wh. However, the 
experimental production is 61 Wh. This reduction of the expected production is mainly 
because of the losses associated with not having an MPPT in the charge controller, the fact 
that the charge controller stops the charging due to a full battery and shading effects. The 
actual irradiation received by the PV module can be either underestimated or overestimated 
since the irradiance sensor has an inclination of 45 degrees, and the PV module is facing 
upwards with a curvature. 
 
The electrical fridge power demand increases at higher ambient temperature, lower fridge 
temperature and bigger thermal loads. For test #1, the average electrical fridge power 
demand is 15 W with an average ambient temperature of 19.9 ℃ and with an average fridge 
temperature of 1.9 ℃. For test #2, the average electrical fridge power demand is 41 W with 
an average ambient temperature of 27.0 ℃ and with an average fridge temperature of 
−0.7 ℃. For test #3, the average electrical fridge power demand is 24 W with an average 
ambient temperature of 26.7 ℃ and with an average fridge temperature of 3.9 ℃. 
 
Test #1 and test #2 are performed with the same thermal load. Nevertheless, the average 
electrical fridge power demand in test #2 is 25 W higher than in test #1. This is mainly due 
to the big difference in the average ambient temperature. 
 
Test #1 and test #3 have close average electrical fridge power demand even though test #3 
is performed without thermal load. This is mainly due to the big difference in the average 
ambient temperature. 
 
These results are essential to validate future simulation of the off-grid photovoltaic system 
and adjust the theoretical calculation.  
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6 Conclusion 

The monitoring system provides essential information to validate theoretical estimations and 
to deeply understand the behavior of the off-grid photovoltaic system. The PV module 
electrical energy production and losses related to the lack of a MPPT, not optimal PV 
module inclination angle and shading effect are clearly understood with the graphs in tests 
#1, #2 and #3. Regarding the fridge electrical power demand, it is shown that the energy 
demand is highly related with the ambient temperature. Test #1 and #3 have a close power 
electrical demand even though test #3 does not have a thermal load. 
 
The off-grid photovoltaic system can produce most of the time enough electrical energy to 
cover the demand of an electrical fridge to supply enough cooling to store and transport 
pharmaceutical at temperature ranges between 0 °C and 8 °C within the city of Ulm during 
summertime. This is the case for Test #1 and Test #3. Test #1 shows that in sunny days 
the electrical energy production might be higher than the battery capacity. On the other 
hand, test #2 shows the case when the electrical energy generation is lower than the electrical 
energy demand. Under these scenarios, the battery might be charge using an external power 
supply during the night. 
 
The user interface makes the entire system more friendly. The instant visualization of the 
measurements helps the user to relate the physical phenomena with the system behavior 
based on the experience in test #3.  
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7 Future work 

Further tests to obtain a model for the off-grid photovoltaic system. Not only for few hours 
during the summer, but for several days during Summer, Spring, Autumn and Winter with 
different thermal loads and cooling temperatures. 
 
Implementation of racks and structures to fix the off-grid photovoltaic and monitoring 
system components within the AESCU-BIKE. The irradiance sensor should be placed 
looking upwards. This is fundamental for estimating the PV module electrical energy 
production. 
 
Implementation of a MPPT between the PV module and the charge controller. 
 
Implementation of additional resources to store the excess of the electrical energy produced 
by the PV module. It can be either store in the in-built e-bike battery or in an external lead 
acid battery connected to the Fosera Evo 320. 
 
Implementation of additional hardware for the monitoring system so that the measurement 
can be sent to the internet. Consequently, the information regarding the behavior of the 
AESCU-BIKE can be visualized by any user in any location in the world. 
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Appendix A – Arduino Code 

 

 

 

 

 


