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PROJECT ABSTRACT 

  
The KSU solar house is a model house designed to be fully powered by a photovoltaic (PV) system. The house was 

constructed to participate in the 2018 edition of the Solar Decathlon Middle East (SDME) competition, which was held 

in Dubai in December 2018. The PV system of the house is grid-tied, and consists of PV modules rated for 18kWp. 

However, due to the regulations imposed by the competition, the output of the system is limited to only 8kW. Thus, while 

the installed inverters have a larger maximum capacity, they are programmed to limit their output to 8kW in order to 

satisfy the competition conditions.  

  

The objective of this project is to utilize the installed capability of the PV system in a cost-efficient manner. This should 

be done without compromising the original goals of the solar house and should build upon the engineering work done on 

the original construction. Tools and materials should be reused from the initial construction effort where possible. A new 

design should be created based upon industry guidelines and simulation data. Testing and verification of the current 

system should be done before any modification. The new system should be tested and the data collected compared to the 

pre-modification system. The new system should be capable of remote monitoring. The performance of the new system 

should be judged based upon the metrics of power generation, energy yield, cost, and ease of maintenance. 

 

During the design phase, the original Solar House project specifications were used as a base, alongside research of PV 

systems. A modified design was devised. This design would improve the performance of the PV system without undue 

cost and effort to install and maintain. The design would reuse much of the currently installed system and integrate 

seamlessly. Upon further inspection of the current system, and constructing additional models for simulation, it was found 

that the system was bottlenecked at the PV array, rather than at the solar inverters as the proposed design initially assumed. 

Thus, based upon this revelation, a different solution was chosen that would improve the performance of the PV system 

at a lower material cost. 

 

After the design phase, the current system was tested and compared to the data collected from the SDME competition 

results. It was further compared to simulation data. Major discrepancies were found while testing the current system. 

After detailed inspection of the connections and wiring of the PV system, it was found that the PV system had been 

incorrectly installed and configured after being returned from the competition venue in Dubai. These issues were with the 

wiring and configuration of the system were rectified, and further data collected. It was also found that the solar modules 

had not been properly maintained, and were suffering from a large amount of dirt buildup on the surfaces. The modules 

were cleaned and a large increase in the generation was noted. 

 

Data collection and aggregation was set up via an internet-connected portal that could be used to monitor and verify the 

PV system data. The firmware of all the installed hardware in the technical room, which had not been updated since the 

competition date, was updated. The software of the installed hardware was reconfigured to maximize power generation. 

  

Finally, the limits imposed on the solar inverters during the competition were removed, and the performance of the system 

at its unleashed state measured. It was found that the power generation aligned closely with the expected data given the 

solar irradiance and simulation models. An online dashboard was built and deployed to collect and view the system data, 

which is automatically updated daily from the solar house. 
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1 INTRODUCTION 

1.1 Problem Formulation 
 

1.1.1 Problem Statement:  
The PV system of the solar house is limited at the solar inverters to 8 kW, thus the system cannot access the full 

capacity of the installed PV array, which is 18 kWp. The system needs to be reconfigured to fully utilize the 

installed PV array. The wiring of the PV array and solar inverters will need to be adjusted, as will the settings of 

the inverters and other attached devices. 

 

1.1.2 Problem Formulation:  
The PV output of the solar house is currently limited to 8 kW whilst the installed PV array is rated for 18 kWp. 

The excess power generation capabilities of the PV array is currently wasted. By modifying the system, it 

should be possible to increase the AC output in order to utilize the entire capacity of the PV array.  

 

1.2 Project Specifications 
 

 The modified system should utilize the entire 18-kWp PV array. 

 The modified system should be capable of remote monitoring and data collection. 

 The modified system should build upon the original construction, reusing as much as possible. 

 The modified system should increase the power generation and energy yield of the system. 
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2 BACKGROUND 

2.1  Literature Review: 
In modern times, sunlight has become an increasingly important source of electrical power. Fundamentally, solar 

cells depend upon the photovoltaic (PV) effect for their operation. This effect is caused by the unique electrical 

properties of semiconductor materials when exposed to light. A solar module is made by combining many such 

solar cells in one housing to create a single unit capable of generating electrical power, as shown in Figure 2.1. 

These solar modules generate electricity by converting sunlight directly into electricity [1]. 

 

Solar power is attractive for a variety of reasons. Firstly, it extracts energy from sunlight, and thus it is a renewable 

resource. There is no waste or pollution produced by this process, and so solar power is a clean source of energy. 

This is in stark contrast to fossil fuels, which produce large amounts of waste and pollution during both extraction 

and harvesting. Solar power is a clear answer to climate change, and the technology has been improving rapidly 

for decades [2].  

  

Second, it is much cheaper in the long term than other sources of energy. Figure 2.2 shows how the price of solar 

modules is decreasing rapidly [3]; this decrease in cost is termed Swanson’s law and it is analogous to Moore’s 

law in integrated circuits. Aside from the initial upfront cost, a PV system requires minimal upkeep, making it an 

excellent option for residential power generation. This has great benefits for both the user and the power grid as a 

whole, alleviating peak demand and helping to accomplish peak load shaving. Solar power also has a long lifetime, 

with many modules offering guaranteed lifetimes of 25 years of constant service [4]. Selling excess power 

generated to the grid is also an option in situations where generation exceeds demand and a battery storage system 

is undesirable. 

 

This allows for potential zero 'net-energy' consumption, where a 

home sells to the grid as much or more power than it purchases.  

 

In terms of its electrical characteristics, solar modules generate 

direct current (DC) rather than the customary alternating current 

(AC) used in power grids. This has some benefits and some 

drawbacks. Because it is DC, it allows for easier storage in 

batteries whenever there is excess generation. However, because 

the majority of household devices are designed to run on AC, a 

device to convert DC to AC (called an inverter) is required to 

use the generated solar power in the home [5]. 

 

 

 

 

 

 

Because solar power is dependent on sunlight, it is 

only able to generate power when there is sunlight. 

This limits operation to certain times of the day, 

depending on the location and time of year. Thus, 

homes with PV systems have a need for an alternate 

source of power during the night. Some solar 

systems utilize battery storage to store excess energy 

produced during the day for nighttime use. Others 

use a grid-connected system where a traditional 

power grid is tapped when solar power production is 

not enough to satisfy demand. Other backup systems 

are also used, such as diesel-fueled generators, or 

other renewable energy sources (hydro, wind, 

geothermal, etc.). Systems that use both a battery 

storage solution and an emergency grid connection 

are also prevalent [5]. 
Figure 2.2 Swanson's Law for solar modules 

Figure 2.1 Solar cell to solar array 



 

Page | 3  

 

2.1.1 PV System Design 
Designing a PV system begins with identifying needs and constraints. The needs of a system can be deduced by 

answering the following questions: 

 

I- How much power the system will be required to produce. 

II- Whether the system will need a battery backup. 

III- Whether the system will be connected to an external power grid. 

Answering the first question requires knowledge of the loads that will be powered by the system. Table 1 shows 

the daily load power usage for a home. With this knowledge, a system designer can estimate the size of the PV 

system required to supply these loads for a certain amount of time. Because the system can only generate power 

during sunlight hours, the designer may choose to overprovision the solar array in order to charge a battery bank 

during the daylight hours [5]. This battery bank can then supply the loads when there is no sunlight.  

 

An alternative to the battery backup is a grid connection. A grid connected PV system can sell excess power to 

the grid during sunlight hours, and purchase power from the grid during the nighttime. As long as the system sells 

to the grid more than it purchases, it will be net positive in terms of cost and energy generation. Both systems can 

be used in tandem as well, with the battery system being charged from the grid for example and being utilized as 

an emergency source if the grid is down. 

 

The constraints are then related to the cost of the system and the site available for the system. In terms of costs, 

the type of module used and its efficiency plays a large role. A high quality mono-crystalline module with very 

good efficiency will be more expensive than a less efficient poly-crystalline module. The type of solar inverter 

and/or solar charge controller will also have an effect on the costs. A high efficiency inverter with a wide MPPT 

range will produce more energy in the long term but have a larger upfront cost. The costs of the supporting 

equipment such as mounting, cabling, and protection devices should be taken into account when comparing two 

systems. 

 

Environmental concerns are a factor as well, a higher efficiency module means less total modules used for the 

same power production, reducing waste. Higher quality modules tend to have longer lifespans as well, meaning 

higher reliability in the long term. 

 

The site available plays a very large role in the system design. Firstly, every location on earth has different sunlight 

hours. In addition, the sun will be at an angle relative to the latitude coordinate of the location, which will require 

the modules to be mounted at an angle for maximum generation [1]. The irradiation intensity of the sunlight will 

also be different at different locations. Second, the unobstructed area dictates how many solar modules can be 

placed. Third, the presence of shading from nearby structures can also affect generation [6]. Thus, it is very 

important to consider whether the location is suitable for a PV system before beginning the design process. 
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2.1.2 Design Example 
Consider a home with daily load power usage1 as in Table 1. 

Table 1 Daily power consumption of common household appliances 

Load Power (W) Daily Usage (hours) Energy (kWh) 

Refrigerator 140 8 1.12 

Microwave 1200 0.5 0.6 

Television 68 5 0.34 

Lighting 12 200 10 2 

Lighting 23 22 24 0.53 

Electric Kettle 1500 .2 0.3 

Air Conditioner 520 8 4.16 

Ceiling Fan (x2) 100 6 0.6 

Computer 120 6 0.72 

Total 3870 - 10.37 
 

The PV system for this home must supply 10.37 kWh of energy in one day to be self-sufficient. If we assume the 

sunlight hours suitable for generation in this location are six hours, then that means the PV system must generate 

the entirety of the annual daily energy usage in those six hours. This means that the PV system for our home must 

be able to generate: 

10.37 kWh

6 hours
= 1.73kW 

Thus, the PV system needs to generate at least 1.73kW of power over those six hours of generation to satisfy the 

loads. If we assume system losses of 10%, and an inverter efficiency of 96%, we can calculate the power that 

must be supplied to the inverter to achieve this as: 

   
1.73kW

0.9
×

1

0.96
= 2kW 

Thus, the PV array size we need for this system is 2 kW. This will be enough to generate 10.37 kWh of energy 

per day, and satisfy the loads of the house. 

 

However, this energy will be generated over six hours, while the house requires the energy over twenty-four hours. 

This means we require a battery system to store the energy generated for usage throughout the day. 

 

To implement a battery system, we would need to account for the losses in charging and discharging a battery, 

which usually amount to 10% either way. Battery technology plays a role as well, with most chemical batteries 

requiring overprovisioning to maintain stability. Thus in our example, assuming a battery bank voltage of 48 V 

and depth of discharge of 80%, we would need batteries of capacity: 

  
10.37kWh

48V
×

1

0.82 = 337.6 Ah  

 

Thus the battery bank would be made up of four 340 Ah 12V batteries connected in series, and would store enough 

energy to supply the home for an entire day. 
  

                                                           
1 See Appendix for detailed load calculations. 
2 Lighting fixture with 20 LED bulbs. 
3 Lighting fixture with 4 LED bulbs. 
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2.1.3 Original Solar House Design  
The hardware used in the original design consists of 

one Fronius Primo1 solar inverter, one Victron 

Multiplus1 inverter, and two Victron SmartSolar1 

charge controllers. Figure 2.4 shows the original 

arrangement, where inverter 1 refers to the Primo and 

inverter 2 refers to the Multiplus inverter. 

  

The original design employed 60 290W Grie1 solar 

modules, arranged in four strings as shown in Figure 7. 

The strings were connected to the solar inverters as 

shown in Figure 2.3. The two strings connected to 

inverter 1 directly via the two input ports present. The 

other two strings are each connected to one of the solar 

charge controllers, which have MPPT functionality. 

The output of the two charge controllers is then 

connected to both the two inputs of inverter 2 and the 

input of the batteries through a connection point. 

 

The batteries are charged through the connection point, 

and are monitored via a smart battery monitor. This 

links them to the ESS of the Color Control, which 

controls their charge level.  

 

The Victron Multiplus is connected through its AC bus to the local power grid. The system sells power to the grid 

through this connection when there is excess generation and the batteries are full, and purchases power when the 

PV generation and battery system cannot satisfy the loads. 

                                                           
1 See Appendices for datasheets 

Figure 2.3 Original string configuration 

Figure 2.4 Original block diagram 
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2.2 Design Methods 

2.2.1 Design tools and software used 
For this project, we used a variety of software tools and programs, either to simulate systems, process data, or 

design systems. The tools used were:  
 

 Microsoft Excel:  A spreadsheet program. It was used to process raw data of simulation results and to 

produce graphs and charts. 

 PVWatts:  A web-based calculator made by NREL to estimate the energy production and cost of grid-

connected PV systems. It was used to simulate solar irradiance and PV system collection and DC 

generation.  

 HelioScope: A web-based PV design software. It was used for simulating the PV system collection, DC 

generation, and AC generation. 

 Global Solar Atlas: The Global Solar Atlas is a collection of solar data and related solar energy 

assessment services, which provides access to solar resource and photovoltaic power potential data 

globally. It was used for analyzing the solar power potential at the solar house location. 

 Autodesk AutoCAD: A CAD tool. It was used for drawing schematics, single line diagrams, and string 

configurations.  

 Pandas: An open source data analysis and manipulation tool. It was used to process the raw data collected 

from the solar house. 

 Streamlit: An open-source framework for creating data apps. It was used to build and deploy the online 

dashboard for the solar house. 
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2.3 Design Proposals 

2.3.1 Modified design 
2.3.1.1 Design Synthesis 

When considering the problem, we had certain thoughts. The first thing we wanted was to retain as much of the 

original design as possible. This is for multiple reasons: 

 

 It would allow us to reuse the proven and tested work of the original project. 

 It would reduce the costs involved.  

 It would lower the effort required for the upgrade 

 

Thus, our first approach to the problem was in regards to the string arrangement. The original string arrangement 

(see Figure 7) overprovisioned both inverters. Inverter 1 was connected to 25 modules directly via two strings as 

in Table 2. Contrast the peak generation of 7.25kW with the inverter 1 AC output of 5 kW. By reducing the 

number of modules connected to this inverter, we can reuse them for our new upgrade. Reducing string 1 and 

string 2 to 10 modules each would still leave inverter 1 overprovisioned and free up 5 modules for our use in the 

upgrade. The total peak DC generation for inverter 1 post upgrade would thus be: 

 2 strings × (1 × 10 modules/string) × 290W/module = 5800W 

 

Table 2 Inverter 1 Original String Configuration 

 

 

Similarly, inverter 2 was connected to 35 modules via four strings connected through the two solar charge 

controllers (see Figure 7). Table 3 shows the breakdown of per string generation and peak DC generation. Again, 

the total peak generation of 10.15kW is much larger than the AC output of inverter 2, which is limited to 3 kW. 

 

Again, we see that by reducing the number of modules in string 3 and string 4 to 10 modules each, we can free up 

15 modules for our use in the upgrade. The simplest way to do so is by reducing the number of strings in parallel, 

to maintain the voltage level required for the MPPT of the solar charge controllers.  

 

Thus inverter 2 would be connected, via the two solar charge controllers, to 20 modules. Giving a total peak DC 

generation for inverter 2 post upgrade of: 

 

 2 strings × (2 × 5 modules/string) × 290W/module = 5800W 

This arrangement gives us 20 modules in total to use in our upgrade, and retain mostly the same wiring for the 

rest of the system. 

Table 3 Inverter 2 Original String Configuration 

String Number of modules in 

series 

Number of strings in 

parallel 

Total 

Modules 

Peak DC generation at 

STC (W) 

1 13 1 13 3770 

2 12 1 12 3480 

Total 7250 

String Number of modules in 

series 

Number of strings in 

parallel 

Total 

Modules 

Peak DC generation at 

STC (W) 

3 5 4 20 5800 

4 5 3 15 4350 

Total 10150 
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2.3.1.2  Design Details 

The new design will add a third inverter of the same 

type as inverter 1 to the system. This necessitates a 

change in the module string configuration. The new 

string configuration can be seen in Figure 8. The new 

inverter will be connected in parallel to the old 

system, at the same connection point between 

inverter 1 and 2 in Figure 6. The new single line 

diagram is shown in Figure 9. 

 

In terms of the rest of the system, it will be mostly 

unchanged. The grid connection will stay as is, 

connected via inverter 2. The battery system likewise 

will be unchanged, connected to the outputs of the 

two solar charge controllers. 

  

Figure 2.5 Modified string configuration 

Figure 2.6 Modified block diagram 
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2.3.1.3 Design Safety Features 

In terms of the protection circuitry, the new inverter will be connected via FG7R 0.6/1 kV PVC sheath cable 

according to the ampacity calculations in Table 4. Circuit breakers are used between elements. A disconnect 

switch is installed between the strings and the rest of the circuit. The new inverter is grounded via the same method 

as inverter 1. 

 

 

Table 4 Cable capacity 

 

  

Connection path  Thickness  

(mm²) 

Length. 

(M) 

Current 

(A) 

Cable 

Capacity (A) 

PV string to 

Inverter1 inputs 

6 8 9.384 14.3 

Inverter1 output 

to MDB 

6 5 21.74 31.25 

Inverter2 output 

to MDB 

6 5 21.74 31.25 

Figure 2.7 Modified DC circuit, showing protection circuity and string connections. 
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2.3.1.4 Design Simulation 

2.3.1.4.1 Simulation setup & parameters 
 

HelioScope:  

 

Using HelioScope, the location was set to the KSU Solar House at its 

current location.  

 

The array was set on the roof of the solar house, with 60 290w 

modules in total. 

 

The strings were configured for three inverters, with the solar 

modules divided evenly between them.  

   

Each inverter was thus 

connected to 20 x 

290W = 5.8kW DC 

output at STC. 

 

 

 

 

 

 

 

 

PVWatts: 

 

In PVWatts, the location was set to the Solar House roof, and the 

system info was entered, using the losses figures from HelioScope 

and the rated (average) inverter efficiency.  

 

 

 

  

Figure 2.8 Setting location in 

HelioScope 

Figure 2.9 HelioScope electrical 

wiring 

Figure 2.10 Entering system info in PVWatts 

Figure 2.11 Setting location and array dimension 

in PVWatts 
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2.3.1.4.2 Simulation Results 
 

The graph in Figure 18 shows the annual energy generation for the system. The peak is in the summer months 

when the solar irradiance is highest. As expected, the change in annual AC power generated is not as large as the 

change in AC output capacity. The largest increase in energy yield is during the peak months, when the solar 

irradiance is highest. On the other hand, when the solar irradiance is not enough to fully saturate the larger system, 

there is only a small difference in energy yield between the two. 

 

 Table 5 System output change due to modified design 

 

If we consider the value difference of the energy generated annually as in Figure 19, it amounts to 505.75 SR1.  

 

  

                                                           
1 Value based upon the Saudi Electric Company consumption tariff of 0.18 SR/KWh. Annual energy yield 

difference between old and new system is:29071.8Wh − 26261.298Wh = 2810.502Wh then multiplied by 

the tariff: 2810.502Wh × 0.18SR/kWh = 505.75SR 

 AC output capacity (kW) Simulated annual energy yield 

(Wh) 

Original System 8 26261.3 

Modified System 15 29071.8 

Change (%) %87.5 %10.7 

Figure 2.13 Monthly energy generation graph 

Figure 2.12 HelioScope annual energy generation summary 
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The main source of losses in the system 

is due to temperature. Temperatures in 

Riyadh regularly reach over 40° C in the 

summer, which has a hugely detrimental 

effect on solar module energy 

generation. As we can see in Figure 

2.15, HelioScope calculates the average 

operating ambient temperature as 29.6 

°C, which is considerably higher than 

the NOCT ambient temperature of 20 

°C.  

Figure 2.14 PVWatts annual energy generation and value 

Figure 2.15 HelioScope simulation system losses 
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2.3.1.5 Design Summary 

We expect the change to result in an increase to the AC power generation of the system. Although the change in 

AC output capacity represents an 87.5%1 increase, we do not expect the actual annual energy yield to change by 

this much. This is because the results will be dependent upon the solar irradiance expected, and for much of the 

year the larger system will not be saturated fully. That is to say, the inverter AC output of the current system is 

only a bottleneck in power generation when the solar irradiance is at its peak. 

  

In total, the hardware required for the upgrade is summarized Table 5: 

 Table 6 Hardware required 

  

                                                           
1 

15−8

8
= 0.875, where 15kW is the new inverter capacity, and 8 kW is the original inverter capacity 

 

  Solar Inverter 

Type  Rating  Amount 

Fronius Primo 5.0.1 5kW 1 

  Cables 

Connection Path  Length  Thickness 

PV string to inverter 8 m 6 mm2 

Inverter output to MDB 5 m 6 mm2 

Protection Equipment 

Type  Rating   Amount 

Disconnect Switch 16 A 1 

MCB 16 A 1 

MCB 32 A 1 

Voltage Surge Arrestor  1 
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2.3.2 Design Alternative 
After completing the earlier modified design, we decided to do another simulation based upon four alternative 

models, three of which did not require any extensive hardware additions to the solar house system. This was 

because we learned late into the design process that the solar inverters currently installed actually had the ability 

to operate at a capacity of 15 kW. Each of the two solar charge controller has a nominal rating of 5.8kW, and the 

Multiplus inverter has a rating of 10kW, while the Primo inverter has a rating of 5 kW. 

  

Thus we designed four different models and simulated them using HelioScope. In the first setup, the system was 

limited to only 8 kW of inverter capacity. This represents the Solar House as it was in the SDME competition 

until now. In the second setup, the system has 15 kW of inverter capacity. This represents the Solar House if the 

limit were removed on the inverters presently installed. In the fourth setup, the system has 15 kW of inverter 

capacity, but the strings are reconfigured into a 40/20 panel arrangement in place of the current 35/25 arrangement. 

In the last setup, the system has 20 kW of inverter capacity. This represents the Solar House if the limit were 

removed on the inverters presently installed and an additional 5 kW inverter were to be installed. 

 

 

 

 

 

 

 

 

 

 

Figure 2.19 8kW Setup Figure 2.19 15kW 35/25 Setup 

Figure 2.19 15kW 40/20 Setup Figure 2.19 20kW Setup 
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2.3.2.1 Simulation Results 

Table 7 Simulation energy yield comparison 

Setup 8kW 15kW 35/25 15kW 40/20 20kW 

Annual Energy 

Yield 

23.08 MWh 30.37 MWh 30.43 MWh 30.40 MWh 

 

 Based upon the results seen in Table 7 and Figures 2.20 and Figure 2.21, we decided to forego the modified 

design which called for the addition of another inverter. It is clear from this data and the graphs that the system is 

not bottlenecked at the solar inverter stage. In fact, the 15kW and 20kW setups perform almost identicaly, with 

the alternative string arrangement setup performing similarly as well.  

  

Figure 2.21 Simulation power generation for August 8 

Figure 2.20 Simulation power generation for June 5th 
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2.3.3 Final design 
Based upon our findings in the design and simulation phases, we decided that the best course of action would be 

as follows: 

 

1- Test the current system and establish a baseline 

 

2- Perform any repairs required 

 

3- Reconfigure the system to follow the proposed 15 kW 35/25 setup 

 

4- Remove all software limits imposed upon the system 

 

5- Measure the final performance and verify with simulation data 

 

If successful, this would result in maximizing the usage of the PV array, increasing the power generation of the 

system, and minimizing costs.  
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3 TESTING AND REPAIR 

3.1 Assessing the State of the Current System 
The initial visit to the Solar House gave us a chance to inspect the technical room1 and the hardware installed 

therein. The technical room of the Solar House contains several important devices for the electrical, network, and 

security systems of the Solar House. The north wall of the room is dedicated to the PV system. Mounted there are 

the two solar charge controllers, the Victron Multiplus inverter, the Fronius Primo inverter, and the distribution 

panel. Affixed to the front of the distribution panel are the Color Control and the battery monitor. Figure 3.2 shows 

the north wall of the technical room. 

 

The PV array string cables are collected at the west 

of the Solar House roof and enter the technical room 

via tubing in the north wall. These high voltage DC 

wires enter the distribution panel, shown in Figure 

3.1, where each cable pair passes through a 

disconnect switch, a circuit breaker, and a surge 

arrestor before finally leaving the distribution 

panel.  

 

Two strings are attached to the two MPPT inputs of 

the Fronius Primo solar inverter. The remaining two 

strings are each attached to the input of one of the 

two solar charge controllers. The output of the two 

solar charge controllers is then connected to the DC 

input of the Multiplus, while the output of the Primo 

inverter is connected to the AC input of the 

Multiplus. The battery system is further connected 

to the DC bus of the Multiplus, and finally a grid 

tie-in is connected to the AC bus of the Multiplus. 

 

Thus, when the PV array is functioning and the 

power generation is sufficient to power the 

electrical loads of the Solar House, the Multiplus 

prioritizes first the AC loads of the house, then 

charging the batteries, and finally transfers excess 

power to the power grid. However, if the power 

generated by the array is too low to satisfy the loads, 

or during nighttime when there is no generation, the 

Multiplus draws power from the grid to power the 

Solar House. 

As currently 

configured, the ESS (energy storage system) is configured to only keep the 

batteries charged and not draw power from the battery system. 

 

A cursory inspection of the solar 

inverters showed that both were 

operating, however the power 

generated was very low when 

considering the size of the array. This 

can be seen in Figure 3.3, which 

shows the display of the Color 

Control GX as seen during the first 

visit to the Solar House. Note that the 

Primo inverter was not connected to 

the Color Control at the time.  

 

                                                           
1 See Appendix for house layout 

Figure 3.1 The north wall of the technical room 

Figure 3.2 The main 

distribution panel 
Figure 3.3 The Color Control GX 

display 
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The ‘PV Charger’ reading is the combined output of both charge controllers, while the ‘Grid’ reading is the net 

power transfer to or from the grid. A positive value indicates power purchased from the grid, while a negative 

value indicates power sold to the grid. 

  

The data collected by the Color Control was not being recorded, and so there was no historical data for the system. 

The system had not been used for any purpose after the competition, and thus data logging was not enabled. The 

only loads in the system were the devices in the technical room and small loads left on in the house (lights, water 

fixtures, utilities, etc.). 

3.2 Testing the System 
Before implementing any changes to the system, we had to measure the baseline performance, and ensure that the 

system was operating in the manner we expected it to. Thus, we had to test each device in the technical room, and 

inspect the PV array and all the wiring. We decided to begin in the technical room, as it was more accessible and 

any issues in the array or wiring would likely be seen in the device data. 

 

We started at the Color Control monitor, which is a device that aggregates data from all connected devices and 

allows for data logging, and remote management of the system. It also serves as the hub for configuring the ESS. 

We noted that the device was not connected to the internet, and thus the remote logging and management 

capabilities were disabled. The device is capable of storing logs locally, however the internal storage is only allows 

for two days of local storage before logs are overwritten. This can be extended further via the use of a USB 

memory stick or a microSD memory card; however, neither option had been used to enable data logging [7]. 

 

The first step taken was to attempt to 

individually connect to the devices in the 

technical room and read their status. To 

achieve this, the Victron Connect 

application was used, this allowed a direct 

connection via Bluetooth to both solar 

charge controllers and the battery monitor. 

We first noted that the devices firmware was 

out of date; the firmware on the solar charge 

controllers was from February 20191, and 

had undergone several revisions since then 

that included fixed issues and added 

improvements. The two solar charge 

controllers were updated to the latest 

firmware release, and the battery monitor 

was similarly updated.  

 

The data from the solar charge controllers indicated that 

the second solar charge controller, henceforth MPPT2, 

was off due to insufficient PV voltage, and additionally it 

had generated only 302 kWh during its lifetime1. The first 

solar charge controller, henceforth MPPT1, had in contrast 

logged 6175 kWh of energy yield during its lifetime. This 

indicated that there was an issue with MPPT2, and that it 

likely had not been operating correctly for some time. 

  

                                                           
1 The version installed was v1.39, released in February, 2019 as per VictronConnect changelog and beta releases 

Figure 3.4 The PV array 

Figure 3.5 A disconnected string cable 

https://www.victronenergy.com/live/victronconnect:beta
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The max power generated during that day by MPPT1 was 

recorded as 2.6kW1, whereas the 20 panels connected to 

MPPT1 had a rating of 290Wp each, leading us to expect a 

maximum of 5.8kWp. However, this data point was 

recorded in the month of November, when ambient 

temperatures and irradiance data indicates that we would be 

better served by using the NOCT rating of the panels, which 

is 210Wp. Thus, we would expect 20 panels to peak at 

4.06kW, rather than the 2.6kW reported by MPPT1. This 

indicated an issue with either the configuration of MPPT1 

or the PV array. 

 

 

We then turned our attention to the Fronius Primo solar inverter, 

which was not connected to the Color Control and thus its data was 

not being aggregated with the rest of the system. We connected it 

to the Color Control via a wireless network connection, and 

proceeded to verify its power generation log. It is relevant to note 

here that the Primo contains two MPPT ports, each capable of half 

its rated power generation. We noted an issue with the MPPT1 of 

the Primo, in that it was not producing power at all.  

 

After securing proper safety equipment, we moved to inspect the 

PV array located atop the Solar House. We noted immediately the state of the modules; there was a large buildup 

of dust on the surface of the panels, and many of the MC4 connectors and string cables were exposed to the 

elements. We noted a frayed cable end near string 3, which is the string connected to MPPT22. We measured the 

tilt angle3 of the solar modules to be 7°, which agreed with the design specifications from the original project4. It 

should be noted that the optimum tilt angle for the current site is actually 26° [8]. This optimum angle is a yearly 

average, in the summer months the optimum angle is actually lower while in the winter months it is higher [9].  

 

We attributed the low power generation of the system mainly to soiling. As can be seen in Figure 3.4, there was 

a large accumulation of dust on the panels. 

 

Finally, there was the status of the limitations imposed upon the system during the competition. The Primo AC 

power generation was limited to 3 kW via the ‘Manual Power Reduction’ setting in the hidden menu accessible 

using an access code obtained from Fronius technical staff. Figure 3.7 shows this setting option. The other limiting 

in the system was imposed through the ESS settings in the Color Control, where it was set to limit charge power 

to 5 kW as shown in Figure 3.6.  

  

                                                           
1 See Appendix for data. 
2 See Figure 3.11 for string diagram. 
3 See Appendix for detailed measurements 
4 See KSU Project Manual, page 40. 

Figure 3.6 The ESS settings menu 

Figure 3.7 The primo settings menu 

https://www.solardecathlonme.com/2018/storage/reports/KSU-Project-manual.pdf
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3.3 Soiling and Cleaning the Modules 
In order to properly diagnose the system, we needed to eliminate the effect of soiling. Soiling, as noted before, 

can have a large detrimental effect on solar cell generation, by blocking the transmittance of light through the 

module glass to the solar cells enclosed within. Generally, this effect is not very large in climates with low rates 

of dust deposition [10]. In addition, it is mitigated in part by rain, where the solar modules, usually installed at an 

angle, are washed clean by rain to give a self-cleaning effect. 

 

Unfortunately, the climate in Riyadh does not lend itself 

to this self-cleaning method. The rate of dust deposition 

in Riyadh is among the highest in the world [11] [12], 

and the composition of the dust particles is at the same 

time highly detrimental to the efficiency of the panels 

[13]. A study performed in Baghdad, found that one 

month of dust deposition led to a degradation of 18.74% 

in the efficiency of solar modules [14]. However, the 

rate of dust deposition in Riyadh is, on average, higher 

than in Baghdad [11]. Additionally, the Solar House 

modules have been exposed to dust in longer than one 

month, and thus the degradation should be even higher. 

In a study performed in Saudi Arabia, it was found that 

solar panel efficiency decreased by 40% after being 

exposed to dust deposition over a period of about six 

months [15]. Another study found that soiling could 

result in daily energy losses of over 20% [16]. 

 

We judged therefore that soiling was the main cause of 

the lower than expected power generation of the system.  

Taking as an example the case of the power generation 

figures recorded by MPPT1, we would expect a value 

around 4.06kW, whereas the device recorded a value of 

2.6kW. This represents a difference of 35.9% percent, 

much higher than the standard losses in a PV system, 

and which agrees with the values of 18.74% and 40% 

set by [14] and [15] respectively. It should be noted also that the daily energy yield was similarly lower than 

expected.  

 

Thus, we began the process of cleaning the modules, following established industry guidelines [17] [18] [19]. We 

chose to clean the modules before sunset, at a time when generation would be low so that module temperatures 

would not be high. Figure 3.8 highlights the contrast between the cleaned and uncleaned modules. 

  

  

Figure 3.8 The solar modules during cleaning 
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Following the cleaning process, we noted a large increase in both peak power generation and the daily energy 

yield of the system. Figure 3.9 shows the power generation plot for the days before and after cleaning, while Table 

1 shows the detailed data. Peak power generation the day before cleaning (November 23) was recorded as 4194W, 

while the day after cleaning (November 24) was recorded as at 5259W. This represents a substantial increase of 

25.39% in peak power generation. Similarly, daily energy yield went from 25.37 kWh on November 23 to 33.59 

kWh on November 24, which represents an increase of 32.40% in daily energy yield. The total energy yield for 

the 3 days before cleaning amounted to 78.48 kWh, whereas the total energy yield for the 3 days following 

cleaning was 100.91 kWh. This represents an increase of 28.58% in energy yield. Overall, it is clear that soiling 

had a large effect on the PV system of the Solar House, and was responsible for a large chunk of the lower than 

expected power generation. 

 

We resorted to cleaning the modules a second time following a week of light rain showers, as it has been found 

low intensity rainfall can actually result in a decline in PV performance [20]. 

Table 8 Power generation and energy yield figures before and after cleaning 

   

Day November 23 November 24 

Device 
Peak Power 

(W) 

Average 

Power (W) 

Energy Yield 

(kWh) 

Peak 

Power (W) 

Average 

Power (W) 

Energy Yield 

(kWh) 

MPPT1 2338.00 372.21 14.03 2873 578.58 18.32 

Primo 1858.00 321.73 11.34 2374 472.60 15.27 

Total 4194.00 687.06 25.37 5259 1050.82 33.59 

Figure 3.9 Power generation data before (left) and after (right) cleaning 
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3.4 Wiring Issues Found and Fixed 
Having eliminated the issue of soiling from the system, we proceeded to further troubleshoot the state of MPPT1. 

As evident in Figure 3.10, MPPT1 is not functional, and reported a status of ‘Insufficient PV Voltage’. This led 

us back to the wiring issue found earlier, seen in Figure 3.5. This cable is attached to String 3, which attaches to 

the input of MPPT1, thus we assumed it was the root cause of the issue. 

 

We began by disconnected the system at the 

distribution panel, by flipping the disconnect 

switches and circuit breakers. We then used a 

digital multimeter to verify the open-circuit voltage 

of the cables adjacent to the broken end. The results 

of these measurements indicated that the strings 

were functioning normally. Afterwards, we 

proceeded to disconnect the panels upstream of the 

problem, in order to ensure that the naked cables 

would be safe to handle. After disconnecting all the 

upstream cables at the MC4 connectors, and 

ensuring that the cables were not live, we attached 

a new MC4 connector to the broken end.  

 

We then reconnected the panels and measured the 

open-circuit voltage at the newly attached cable. 

This reading agreed with earlier readings of the 

functional cables.  

 

We then followed String 3 to the collection point where all the string cables passed into the technical room, and 

found that it had not been connected to the collection point. We rectified this, and connected String 3 to the cable 

running into the technical room. Whilst connecting String 3, we noted an unconnected neutral wire.  

 

Following this unconnected neutral wire to its origin, we found that it was one of the substrings making up String 

4. We found that the MC4 Y-connector which was damaged, and could not be connected. We acquired a new 

MC4 Y-connector, and proceeded to remove the cables from the damaged connector. After connecting the wires 

using the new connector, we reconnected the panels and tested the open-circuit voltage of the wires, and the 

reading was reasonable.  

 

We then reconnected the system and found that both MPPT1 and MPPT2 were functioning. Unfortunately, we 

could not immediately compare the newly collected data to the earlier data, as that week the weather was cloudy 

with light rain showers. 

 

Figure 3.11 String layout atop the roof 

Figure 3.10 Line diagram of the system 
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On the next clear day, we noted that although the Primo was connected to 25 solar panels in total, its output peaked 

at only 2.4 kW as can be seen in Figure 3.14. This was in contrast to MPPT1, which was connected to only 20 

solar panels but had a peak power of 3.9 

kW. Thus, we would expect the Primo to 

peak at 3 kW, due to the limit of 3 kW 

imposed via the ‘Manual Power 

Reduction’ setting.  

 

After looking into the detailed statistics in 

the Primo control panel, we found that the 

first internal MPPT in the primo, 

connected to String 1, was not functioning. 

We disconnected the system and measured 

the open-circuit voltage at the distribution 

panel. We found an abnormal reading 

compared to the reading for the second 

internal MPPT. 

 

We moved to the PV array and measured 

the open-circuit voltage directly at the 

string, and found a normal reading. We 

diagnosed the issue to be between the collection point and the distribution panel. We reset the MC4 connectors at 

the collection point, and ensured that the circuit breakers and disconnect switch were functioning properly. After 

this, we measured the open-circuit voltage again at the distribution panel and found the same reading as that taken 

at the string. 

 

We think it is likely that there was a bad 

connection in one of the MC4 connectors at the 

collection point, and the issue had been hidden 

by the combination of the power limit set, and 

the effect of soiling causing it to be overlooked. 

After the issue was fixed, the Primo fully 

saturated the 3 kW power limit. 

After ensuring that all the connections were 

correct, we secured the cables in a fashion to 

reduce any stress, and then covered the cables to 

protect them from the elements. This final 

arrangement of the cables can be seen in Figure 

3.14. 

 

Finally, we proceeded to remove the software 

limits set on the system, firstly by disabling the 

ESS power limit, and then by disabling the Primo 

power reduction setting. 

  

Figure 3.13 String cables after repair 

Figure 3.12 Primo power generation data 
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4 DATA COLLECTION AND ANALYSIS  

4.1 Setting up data collection and logging 
Our goal was to analyze the live data from the system, and be able to compare that data to our simulation data. 

The Color Control GX has the ability to connect to an online portal called VRM (Victron Remote Management), 

where data would be uploaded and available for up to six months. The other option would be to utilize the local 

logging functionality of the Color Control and use a microSD card or flash drive to store the data, and then copy 

it to another device for processing. The first option was more attractive, as it would also enable remote 

management features such as a remote console, and alerts for system issues. 

 

In order to setup data collection via the Color Control, we needed 

to connect all the devices to the Color Control, and then connect 

the Color Control to the internet. We used a 4G wireless router 

that had been used during the competition to connect the Primo 

to a wireless network. We then connected the Color Control to 

the same network using an Ethernet cable. The Color Control 

was then configured with the IP address of the Primo in order to 

connect the two. The Multiplus, solar charge controllers, and 

battery monitor were connected to the Color Control via direct 

cable connections as seen in Figure 4.1. 

 

 

 

 

 

 

 

 

 

 

 

 

Next, we installed a new data SIM to the router for internet 

connectivity, and configured the VRM portal settings on the Color 

Control. We also installed a backup microSD card to log data in case 

of any connection issues.  

 

This gave us access to the VRM online portal, where we could view 

live data from the system, access a remote console, and download 

archived system data. Figure 4.3 shows the VRM online portal. 

  

Figure 4.1 The back panel of the Color 

Control GX 

Figure 4.2 VRM portal settings on the Color Control 

Figure 4.3 The VRM online portal 
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4.2 Creating online dashboard 
In order to access the VRM portal, a user name and password associated with the Solar House Victron account 

are required. Thus, in order to make viewing the data easier, and to allow us to highlight the data alongside our 

simulation models, we decided to create an online dashboard for the Solar House.  

 

The dashboard would require access to the raw data collected from the Solar House. The VRM portal has a data 

export function, but this is unwieldy when trying to access large amounts of data. We looked therefore to the 

VRM API, which allows for easy programmatic access to site data. We made use of the python vrmapi library 

created by Victron in order to access the VRM API. We extended the library with a function to download the site 

data as a csv1 file and created a program to parse the csv file into a pandas2 dataframe. 

 

Having the data in a usable format, we proceeded to create a dashboard using the Streamlit3 framework. We 

wanted to highlight the daily performance figures of the solar house, as well as compare it to the simulation 

models. Figure 4.5 shows the main page of the online dashboard. This page allows for viewing the daily data for 

the system, as well as the individual device power statistics and energy yield. 

 

Figure 4.4 shows the simulation page, where simulation data is plotted against the available solar house data, 

highlighting daily power statistics and cumulative energy yield. 

 

The online dashboard also includes an about page, providing general information about the solar house and the 

project. 

 

Once complete, the dashboard was a powerful tool in monitoring the solar house performance, and comparing it 

to the modeled data. Most of the graphs featured in this report, were generated using the online dashboard, such 

as Figure 4.6. 

                                                           
1 Comma-separated values, a simple file format for storing data records. 
2 Pandas is a Python library for working with data sets. 
3 Streamlit is an open-source framework for creating data apps. 

Figure 4.4 Main page of the online dashboard 

https://pandas.pydata.org/
https://www.streamlit.io/
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The dashboard can be accessed online at 

https://solarhouse.live 

  

Figure 4.6 The simulation page of the online 

dashboard 

Figure 4.5 An example of two graphs generated using the online dashboard 

https://solarhouse.live/
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4.3 Comparing to competition results  
According to the SDME website1, the solar house produced 550 kWh of energy over a period of ten days, from 

November 18 to November 28. This equates to an average daily energy yield of 55 kWh. Figure 4.8 shows the 

energy production graph from SDME. Figure 4.7 shows the energy production of the solar house over the period 

of December 11 to December 16, after the system had become fully operational. The total energy yield over this 

six-day period was 431.69 kWh, which represents an average daily energy yield of 71.83 kWh. This represents 

an increase of 30.6% in total energy yield over the competition results.  

  

According to the Global Solar Atlas2, the photovoltaic potential for Riyadh in mid-December is comparable to the 

photovoltaic potential for Dubai in late November. 

Table 9 Competition results comparison 

  

                                                           
1 Accessed at https://sdme-contest.com/, energy consumption and production data viewed via the Weather Data 

subheading 
2 Based upon this page for Riyadh and this page for Dubai 

 Solar House at SDME Solar House Unleashed % Difference 

Average Daily Energy 

Yield (kWh) 

55 71.83 +30.6% 

Figure 4.8 Energy yield of the solar house during SDME competition 

 

Figure 4.7 Graph of solar house energy yield over six-day period in December 

https://sdme-contest.com/
https://globalsolaratlas.info/detail?s=24.732556,46.61843,10&pv=small,180,7,18
https://globalsolaratlas.info/detail?c=25.183811,55.11406,11&s=25.233511,55.278508&m=site&pv=small,180,7,18
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4.4 Comparing to simulation data 
Using the dashboard, we were able to compare the solar house data to the HelioScope simulation data. Figure 4.9 

shows the three simulation models and the solar house data for the date of November 16. This is the first day we 

began data logging at the solar house, the modules were yet to be cleaned, and the wiring issues noted earlier had 

not yet been rectified. It is clear that the PV system of the solar house is underperforming by a significant amount, 

as the energy yields shown in Table 2 show clearly. 

 

Table 10 Energy yield comparison for November 16 

 

 

 Following the cleaning of the modules, we saw a large increase in the power generation of the solar house and 

daily energy yield.  Table 3 and Figure 4.10 show the energy yields and power plots respectively for the day of 

November 24, the first day after module cleaning. The difference in energy yield compared to the simulation 

models has shrunk significantly after cleaning, although the wiring issues had still not been fixed at this time. 

 

Table 11 Energy yield comparison for November 24 

Data source Energy Yield (kWh) % Difference compared to solar house 

20kW Setup 88.33 +265.9% 

15kW Setup 88.288 +265.73% 

8kW Setup 64.87 +168.72% 

Solar House 24.14 +0% 

Data source Energy Yield (kWh) % Difference compared to solar house 

20kW Setup 92.77 +160.81% 

15kW Setup 91.76 +157.97% 

8kW Setup 65.99 +85.52% 

Solar House 35.57 +0% 

Figure 4.9 Power generation data comparing simulation to solar house for November 16 
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The next change in the solar house system occurred after fixing the issue found with MPPT2. Table 4 and Figure 

4.11 show the relevant data from December 6. Note that the wiring issue with the internal MPPT of the Primo had 

not yet been fixed as of this data, and the house still has the 8kW limits imposed. This shows in the curve being 

clipped at 8kW. It is clear however that the solar house performance is very close to that of the 8kW simulation, 

with the deficit likely being caused by the Primo underperforming due to its wiring issue.  

Table 12 Energy yield comparison for December 6 

Data source Energy Yield (kWh) % Difference compared to solar house 

20kW Setup 91.88 +46.86% 

15kW Setup 90.98 +45.93% 

8kW Setup 65.44 +13.79% 

Solar House 57 +0% 

Figure 4.10 Power generation data comparing simulation to solar house for November 24 

Figure 4.11 Power generation data comparing simulation to solar house for December 6 
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The next data point comes after fixing the issue with the first internal MPPT of the Primo inverter, and the data 

can be seen in Table 5 and Figure 4.12. At this point, the only issue in the solar house PV system is the software 

limitation. 

Table 13 Energy yield comparison for December 11 

 

At this point, the difference between the 8kW simulation and the live solar house data are likely entirely covered 

by the combination of two factors: variability in daily irradiance from the weather data used to generate the 

simulation, and the simulation using a different more optimal tilt angle (22°) compared to the actual angle (7°) of 

the solar house modules. 

The final data point is that of the house with all limitations removed and the system running at full potential. This 

data is shown in Table 6 and Figure 4.13. The house at this point has 15 kW of inverter capacity, and 18kWp of 

solar modules. Its performance should approach that of the 15kW simulation, albeit with the caveat that the tilt 

angle of the simulation differs from the tilt angle of the PV array at the solar house. The remainder of the difference 

in performance compared to the simulated model can be attributed again to variability in daily irradiance from the 

weather data used to generate the simulation. 

  

Data source Energy Yield (kWh) % Difference compared to solar house 

20kW Setup 86.91 +34.67% 

15kW Setup 86.74 +34.48% 

8kW Setup 63.6 +3.8% 

Solar House 61.23 +0% 

Figure 4.12 Power generation data comparing simulation to solar house for December 11 
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Table 14 Energy yield comparison for December 13 

 

  

Data source Energy Yield (kWh) 

% Difference 

compared to solar 

house 

20kW Setup 75.54 +7.58% 

15kW Setup 75.68 +7.77% 

8kW Setup 58.33 -18.22% 

Solar House 70.02 +0% 

Figure 4.13 Power generation data comparing simulation to solar house for December 13 
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4.5 Discussion of Data 
The solar house at its final state aligns closely with the 15kW simulation model. 

  

The effect of tilt angle on energy yield is well known and has been quantified [21]. The tilt angle of the modules 

at the solar house is 7°, as opposed to the optimal annual angle of 26° [8]. The recommended method to increase 

generation would be to shift the tilt angle upward during the winter months and shift it downward during the 

summer months [9]. The choice of 7° for the solar house is interesting, as it does not appear to have been chosen 

to maximize production. The simulation models use the angle of 22°, which is closer to the optimal, and the most 

likely source of any discrepancies between the simulation data and the real world data. 

 

The HelioScope simulation allows for the choice of either fixed-tilt or flush-mount modules. The main difference 

between these two configurations is in module cooling, where the fixed-tilt modules take up more space and suffer 

from shading, but have better ventilation allowing for lower module temperatures. The solar house array in effect 

is a hybrid of the two; the modules are placed in a configuration that eliminates inter-modules shading, but are not 

flush with the roof to which they are mounted. This means that thermal performance of the solar house PV array 

should be similar to a fixed-tilt array, while the shading performance should be similar to a fixed-tilt system. To 

test this hypothesis, we ran three additional simulations, all based upon the 15 kW model. 

 

The tilt angle of all three models is set to 7°, as in the real solar house PV array. All three models have 15 kW of 

solar inverter capacity split into 35/25 strings. The first model has a fixed-tilt array. The second model has a flush-

mount array. The third model has a flush-mount array with the temperature coefficients modified to be the same 

as the fixed-tilt model. Figure 4.14 shows the results of these simulations, averaged over one week of generation. 

 

It is clear that the solar house data over performs compared to both the fixed-tilt and flush-mount models. This 

agrees with our hypothesis that the solar house PV array is a hybrid combining the best of each configuration. 

This is further reinforced by the results of the hybrid simulation model, termed flush temp on the graph. This is 

the model closest to the actual solar house data. This also explains why the solar house data performs so closely 

to the 15kW simulation with a 22° tilt angle, despite the large effect of tilt angle. 

 

Figure 4.14 Different tilt model simulations 
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In reviewing the power production data, many sharp spikes, and steep drops can be observed. To understand this 

effect, it is helpful to think of solar modules as a very responsive sensor to sunlight. This is most noticeable on 

cloudy days or days with rainfall, a cloud passing over the modules can be seen as a steep drop in production, 

whereas a break in rainfall results in a sharp spike in production. This effect can be seen in Figure 4.15, where the 

spikes in generation correspond to the sky clearing up and vice versa vis-à-vis the drops in generation. Overall, 

we feel the data obtained indicates that the PV system is currently maximizing the potential of the PV array.  

Figure 4.15 Power plot on a rainy day 
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5 CONCLUSION 

5.1 Evaluating results achieved 
The objectives of this project were as follows: to increase the generation of the PV system of the solar house, to 

maximize the usage of the entire PV array, and to establish remote monitoring and data collection. All while 

minimizing costs and modifications to the system. 

 

The daily energy yield of the solar house PV system at the beginning of this project measured 24.15 kWh. The 

average daily energy yield of the solar house PV system at the SDME competition was 55 kWh. The average daily 

energy yield of the solar house PV system at the end of this project measured 71.83 kWh. Thus, we have achieved 

the goal of increasing the generation of the PV system of the solar house. 

 

This value is very close to the peak potential of the solar house system according to simulation models, and thus 

we have maximized usage of the entire PV array. 

 

The online dashboard we created and deployed allows for remote monitoring, data collection, and data analysis. 

The online dashboard is accessible online at https://solarhouse.live. 

 

All of this was accomplished with minimal costs, namely only the cost of materials for repair and cleaning costs. 

Thus, this project has successfully achieved all the objectives laid out. 

  

5.2 Potential uses of solar house 
We suggest that the solar house be used for study of PV systems. During the course of our studies at KSU, we 

have taken a course on photovoltaics, which included a visit to a PV system not affiliated with the university. The 

solar house presents an opportunity to allow students access to a functional PV system built, managed, and 

maintained by students. We believe it would prove a very valuable resource for students and faculty alike. 

  

Likewise, there is potential for using the solar house as a model for fully self-sufficient homes in a desert 

environment. Many models exist for other climates, but data for solar powered homes that deal with the difficulties 

of HVAC and soiling in a desert environment is relatively scarce. This could be achieved through opening the 

home to guided tours, and educational visits, as well as documenting in detail the challenges faced in construction 

and maintenance. 

5.3 Future work 
Possible avenues for further improvement to the solar house PV system are listed below: 

  

 Adjusting the tilt angle of the modules to maximize generation, possibly with a tracking system. 

 Better utilization of the battery storage system, which is currently unused. 

 Expanding the PV array to the adjacent utilities and parking spaces nearby the solar house. 

 Installing an automated cleaning system for the PV array. 
  

https://solarhouse.live/
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7 APPENDICES 

7.1.1 Definitions 

AM: Air mass. Defined as 
1

cos(𝜃)
 where θ is the zenith angle. The air mass is 1 when the sun is directly overhead. 

 

Ampacity: Refers to "ampere capacity", the maximum current, in amperes, that a conductor can carry continuously 

under the conditions of use without exceeding its temperature rating. 

 

FF: Fill Factor. It is defined as 
𝑉𝑚𝑝×𝐼_𝑚𝑝

𝑉𝑜𝑐×𝐼_𝑠𝑐
 and it determines the maximum power output of a solar cell. A higher fill 

factor is desirable. 

 

Imp: Max power current. It is the current at the maximum power point. 

 

Isc: Short circuit current. It is the current through the solar cell when the solar cell is short-circuited. 

 

MCB: Miniature Circuit Breaker, a type of circuit breaker that is rated for less than 100 amperes. 

 

MPPT: Maximum power point tracking. MPPT allows the PV modules to operate at the maximum power point 

in the IV curve, and usually operates in a certain voltage range only. 

 

NOCT: Nominal operating cell temperature. The NOCT is the temperature the cells will reach when operated at 

open circuit in an ambient temperature of 20°C at AM 1.5 irradiance conditions, G = 0.8 kW/m2, and a wind 

speed less than 1 m/s. 

 

PV: Photovoltaic. The photovoltaic effect is the basis of operation upon which solar cells are built. 

 

Soiling: Soiling refers to the accumulation of dirt, dust, and other particles on the surface of a solar module, 

leading to losses in power generation [4] 

 

Solar Charge Controller: A device that acts as a connection point between a PV array and other components. 

Usually it integrates some kind of MPPT and battery charging functionality. The input and output are both DC, 

although the input is usually the variable DC produced by a PV array and the output is fixed voltage DC. 

 

Solar Inverter: A device that converts direct current produced by a PV array in alternating current usable in 

households or ready for grid tie.  

 

Solar Module: Also called a solar panel, a solar module is made up of many solar cells connected together and 

enclosed by some kind of encapsulation.   

 

STC: Standard testing conditions. Refers to ambient temperature of 25°C at AM 1.5 irradiance conditions, G = 1 

kW/m2. 

String: A series-connected set of solar modules. 

 

Vmp: Max power voltage. It is the voltage at the maximum power point. 

 

Voc: Open circuit voltage. It is the maximum voltage available from the solar cell, when the current is zero. 

 

Wp: This refers to the nominal power of a PV device. This is usually the nameplate rating, and differs significantly 

from the capacity under real world conditions.  
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7.1.2 Additional Figures 
  

Figure 7.1 Original design simulation consumption and generation for Aug. 

1st 

Figure 7.2 Original design simulation annual energy yield 
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Figure 7.4 Temperature reading of the modules during 

operation 

Figure 7.5 Picture showing the shading provided by the PV array 

Figure 7.3 Screenshot of the issue reported by 

MPPT2 
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Figure 7.6 Taking measurements of the string voltages at the distribution panel 

Figure 7.8 Updating the firmware of the MPPT Figure 7.7 Status page of battery monitor 
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Figure 7.9 Lifetime total and log of MPPT1 

Figure 7.10 Lifetime total and log of MPPT2 
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Figure 7.13 8kW Setup simulation parameters 

Figure 7.12 15kW 35/25 Setup simulation parameters 

Figure 7.11 15kW 40/20 Setup simulation parameters 
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  Figure 7.14 20kW Setup simulation parameters 
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7.1.3 Calculations 

 

Figure 7.15 Calculation of daily loads power usage for design example 
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7.1.3.1 Calculation of tilt angle: 

 

To calculate the tilt angle of the solar 

modules, two measurements were 

taken; one at the highest point of the 

module and one at the lowest point. 

The angle was then calculated based 

on Figure 6.18 using: 

 

sin−1 (
21

165.8
) = 7.2° 

 

The value for the length of the solar 

module was taken from the datasheet. 

Figure 7.17 Height at tallest point 

Figure 7.16 Height at shortest 

point 

Figure 7.18 Tilt angle calculation 
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7.1.4 Technical Drawings 
  

Figure 7.20 PV System String Layout and Technical Room Layout 

Figure 7.19 Solar House Elevations 
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Figure 7.21 Solar module datasheet page 1 

7.1.5 Datasheets 
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Figure 7.22 Solar module datasheet page 2 
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Figure 7.23 Fronius Primo datasheet 
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Figure 7.24 Victron Multiplus datasheet 
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Figure 7.25 Victron SmartSolar Charge Controller datasheet 


