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List of Definitions 

ILR​: Inverter load ratio, the ratio between DC input capacity and the inverter AC output 
capacity. 

PV​: Acronym for photovoltaic 

Combiner Box​: A device that combines the output of multiple strings of PV module to 
connect to the inverter. 

Inverter​: A device that converts direct current (DC) voltage to alternative current (AC) 
voltage. 

String​: A series connection of solar panels 

Array​: Made up of rows of multiple rack, with inverter and combiner boxes 

Rack​: Made up of strings 

MW​: MegaWatts 

kV​: KiloVolts 

NEC​: National Electrical Code 
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1. Introduction 

1.1 ACKNOWLEDGEMENT 

The senior design team would like to thank Cole Beaulieu, Emily Neumann and Patrick              
Kester, employees of Black & Veatch, for their time and willingness to oversee the              
project and provide the team with the tools necessary for the design aspects of the project.                
The team would also like to thank Dr. Ajjarapu for his time and expertise while acting as                 
the faculty advisor. This project has been a great learning experience, and the team would               
like to express gratitude to the Department of Electrical and Computer Engineering at             
Iowa State University for this wonderful opportunity.  

1.2 PROBLEM AND PROJECT STATEMENT 

Black & Veatch wanted to provide clean energy for a grid that is shifting towards               
renewables in order to decrease its dependence on fossil fuels. Because of this, the senior               
design team was assigned to design a 60 MW solar power plant that feeds a               
115kV/34.5kV substation based on various specifications and requirements set by Black           
& Veatch. Deliverables for this design project include: 

● Location specification 
● Solar power plant layout drawings 
● Conductor sizing 
● Voltage drop calculations 
● Collector and feeder drawings 
● Substation protection and controls schematics 
● Substation grounding grid design 
● Man-hour budget, schedule and cost estimates 

1.3 INTENDED USERS AND USES 

Since the team is acting as a consulting company, the solar power plant and substation are                
designed for a utility company and not the end users, who are those that are connected to                 
the opposite end of the grid.  
The team understands that the electrical power generated could be used directly and             
indirectly. The appropriate way to ensure that the project is successful is by doing              
extensive research on the subject matter, accurate calculations, and following the           
specifications set by the client.  
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1.4 ASSUMPTIONS AND LIMITATIONS 

Assumptions 

Assuming that the average home in the United States consumes approximately 5kW of             
power. Under this assumption, the design would provide power to roughly 12,000 homes.             
Another assumption is that the end product is designed to meet all the standards and               
codes in the U.S., and therefore, the possibility of integrating such a system in other parts                
of the world is possible as long as it meets the standards set by those places. 
Limitations 
The end product will produce no more than 60 MW of AC power according to client                
specification. The total cost of the project was found to be approximately 73.7 million              
USD excluding the cost of labor. The team worked to reduce the cost of the project                
throughout the year. 

1.5 EXPECTED END PRODUCT AND DELIVERABLES 

The team separated the project into two phases, one carried out in the Fall 2018 semester                
and the other in the Spring 2019.  

First Semester Deliverables: 

1. Solar power plant layouts 

This included finding the perfect location for the project and using the array parameter              
tool provided by the client to calculate the number of solar panels, inverter, combiner              
boxes, and land size. The total cost of designing the product was calculated and a               
complete solar plant layout created based on this information. 

      2. Solar plant wiring diagrams 

After carrying out array parameter calculations and going through system evaluation, the            
team determined how different components of the solar power plant would be wired. To              
do this, the team placed components in suitable locations to wire the plant efficiently and               
minimize voltage drop across the conductors. 

      3. Conductor sizing  

Conductor sizing is the selection of conductors used in system wiring based on the              
Maximum Power Current or IMP, which is multiplied by a safety factor of 1.25. This               
information is used in the voltage drop calculation for validation and verification of the              
system. 
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      4.  Engineering man-hour budget  

The team developed a Gantt Chart to track the actual hours spent on activities related to                
the completion of the project. This information was then used to create a man-hour              
budget, which shows the amount of work performed by a worker in one hour.  

Second Semester Deliverables: 

1. Protection and Controls Schematics 

The second semester involved working on substation protection and controls schematics,           
which can be split into AC schematics, DC schematics and substation grounding. 

AC schematics are drawings that show all three phases of the primary system. The              
location of all the important equipment is shown in these, as well as detailed connections               
and terminal numbers for the system.  

DC schematics are primary drawings that show the protection and controls functions of             
equipment in the substation. Although some control functions utilise AC power, they are             
included in the primary wiring diagrams. 

Substation grounding is a necessary protection process that ensures that humans in            
physical contact with the substation are not harmed by high voltages in the system.  

2. Revise/improve last semester's drawing 

One of the main focuses of the second semester was reviewing and justifying designs              
created in the first semester to add improvements are refresh the memory of team              
members.  

3.  Finalize the project requirements 

This included carrying out system tests and preparing documentation so that deliverables            
can be provided to the client in a timely and clear manner.  
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2. System Design and Development 
This section describes and explains the designs of the solar power plant and substation              
designs. Section 2.1 explains the final design of the project and section 2.2 explains the               
analysis of the design.  

2.1 PROPOSED DESIGN  

We are breaking down the design into two main separate phases: ​2.1.1 Phase 1: 60MW               
Solar Power Plant and ​2.1.2 ​Phase 2: 115kV/34.5kV Substation Design. ​Figure 2.1 ​is the              
block diagram of the design project, and it shows the power flow from generation all the                
way to transmission. 

Figure 2.1: Project Block Diagram 

 

Solar racks consist of solar panels that generate DC power from the Sun’s solar radiation.               
The panels are connected in series, and a series connection of panels is called a string.                
The strings are connected to the combiner boxes, which will combine the voltages of all               
the strings together in a parallel connection. Then, the combined voltage (1000V) is input              
into inverters to convert the DC power into AC power with a DC-to-AC ratio, also known                
as Inverter Load Ratio (ILR) of 1.3 to 1. Since the goal is to output an AC power of 60                    
MW, this means that the panels need to generate a DC power of 78 MW. The reason of                  
having an ILR of 1.3 is to provide stability in the generated power because the solar                
power plant might not always generate power at its nominal condition. Therefore, having             
a higher ILR ratio might cause a little more power loss as heat under nominal condition                
but it provides a more consistent power throughout the year. After the conversion to AC               
power, the output of the inverters is stepped-up by a transformer and fed into the               
substation through the collector and feeder components of the substation. Finally, the            
substation will transmit the power to the grid at a voltage of 115kV. 
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Figure 2.2 outlines the tasks that need to be done in order to complete each phase of the                  
project.  

 
Figure 2.2:  Solar Power Plant to Substation Design Connection 

 

 

2.1.1 Phase 1: 60 MW Solar Power Plant Design 

To assist the student team with the design of the power plant, Black & Veatch has                
provided the following tools: 

● Array Parameter Tool: Excel spreadsheet used to determine the parameters and           
details of the solar plant. 

● Voltage Drop Tool: Excel spreadsheet used to calculate voltage drops across           
cables to determine the placement of combiner boxes. 

● NREL SAM: A software that models the solar plant design based on the             
specifications of the power plant. Will be used for testing of our solar power plant               
design. 
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2.1.1.1 Location Selection 

The very first step of designing the power plant is to select an optimal location for it. It is                   
also a very important step as it determines how much solar radiation the solar power plant                
will receive and what type of solar rack system will be used in order to meet the                 
requirements set by the client.  

Initially, the team selected six locations: two in California, two in New Mexico, and two               
in Texas. ​These states are ideal for solar power generation because they get high solar               
radiation all-year long, and do not receive much cloud coverage throughout the year. The              
team then chose one location in each state, with the choices being Millville in California,               
Alpine in Texas, and Estancia in New Mexico. To narrow down on the optimal location,               
the team came up with a list of factors. Most of the factors were considered because they                 
affect how much solar radiation the solar panels get and the total cost of the project,                
while others were considered for possible future solar plant expansions and the public’s             
safety or concerns. The table below shows the factors that were considered, along with a               
description for each. Since Estancia wins the most categories compared to the other two              
locations, the team decided that Estancia would be the best location compared to Alpine              
and Millville. 

 

Categories Description Millville, 
CA 

Alpine, 
TX 

Estancia
, NM 

Who 
Wins? 

Average Solar 
Radiation Per Day 
(kWh/m​2​/day) 

How much solar 
radiation a location 
gets per day. Higher 
solar radiation is 
better. 

5.67 6.49 6.41 Alpine, TX 

Land Size and 
Price  

The size and price of 
each location. More 
land for a cheap price 
is what we want. 

440 acres 
for 

$375,000 

280 
acres 
for 

$147,0
00 

560 
acres for 
$195,00

0 

Estancia, 
NM 

Sunny Days/Year 
(Days) 

An average of how 
many sunny days each 
location gets per year. 
More sunny days is 
better. 

249 247 280 Estancia, 
NM 
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Higher Than 
Average Sunshine 
Compared to the 
Rest of the Nation 
Per Year 

How much higher 
than average sunshine 
each location gets. 
Higher percentage is 
better. 

19.1% 33.1% 33.8% Estancia, 
NM 

Elevation (ft) How high the location 
is from sea level. UV 
increases at higher 
altitudes.. Higher 
elevation is better. 

600  4514 6103 Estancia, 
NM 

State Financial 
Incentives 
Ranking (Out of 
50) 

The ranking of states 
giving loans or grants. 
#1 is the best and #50 
is the worst. 

#28 #27 #8 Estancia, 
NM 

Total Cost of 
Solar Plant 
(Million $) 

How much the solar 
plant would cost in 
each location. Less 
cost is better. 

64.72 65.02 
64.58 
 (5x35 

version) 

Estancia, 
NM 

How Much Land 
Left For 
Substation/ 
Expansion(acres) 

How much land is left 
for the substation and 
future expansions. 
More land is better. 

252.7 30.8 
211.7 
(5x35 

version) 

Millville, 
CA 

More 
Cost-Effective 
Than the Rest of 
the Nation 

How much more 
cost-effective each 
location is compared 
to the rest of the 
nation. Higher 
percentage is better. 

38.1% 21.6% 22.0% Millville, 
CA 

Distance To 
Nearest 
City/Town (m) 

How far the nearest 
town is to the 
location. The further 
the better, considering 
the dangers of having 
a large scale plant 
close to people.  

Palo 
Cedro  
(6,343) 

Alpine 
(50,291

) 

Estancia 
(7,893) Alpine, TX 

Table 2.1: Location Comparison 
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2.1.1.2 Solar Power Plant Parameters and Layouts 

After selecting the optimal location for the solar power plant, the student team proceeded              
with the project by using the Array Parameter Tool to determine the parameters of the               
solar power plant, including its cost and size. ​Figure 2.3 shows the output of the tool for                 
designing a single rack of solar panels. The minimum temperature refers to the lowest              
temperature in Estancia, and the rest of the values in the yellow cells were obtained from                
the solar panel datasheet. 

 

Figure 2.3: Parameter Tool Location and Solar Panel Inputs 

 

The minimum temperature of a location is an important factor when designing a solar              
power plant because temperature affects the voltage generated by the solar panels. By             
implementing the minimum temperature into the design, the student team was able to             
calculate the corrected open circuit voltage of each solar panel and determine how many              
panels are in a string. There are 19 panels connected in a string, and the actual string                 
voltage is 972 V, which is the closest value the team could get to the desired value of                  
1000 V, without exceeding it.  

 

Since the client wants a single solar rack to have two strings of panels, the student team                 
designed their solar rack to be that way. As shown in the ​Figure 2.4​, a single solar rack is                   
made up of two strings of nineteen solar panels. Therefore, there are thirty-eight panels in               
a single rack. Its height is 13.1 ft, and its width is 62.4 ft. The team arranged the solar                   
panels in portrait because this arrangement would take up less space than if the panels               
were arranged horizontally. 
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Figure 2.4: Single Rack Layout 

 

After designing the layout of a single rack, the team designed the layout of a single solar                 
array, which is made up of racks, combiner boxes, and an inverter. To do this, the team                 
tried different combinations of “racks per row of array” and “rows per array” to get an                
ILR value as close to 1.3 as possible. By doing this, the team concluded that the best                 
design for the array is to have 22 rows of 8 racks, with two racks removed to make space                   
for an inverter. Then, the team calculated how many racks a combiner box of an allowed                
current of 250 A can handle, which turned out to be 8. This means that in a single array,                   
are 22 combiner boxes.  

 

Figure 2.5 ​shows the output of the array parameter tool for designing a single array.               
“Allowed current” refers to the maximum current a combiner box can handle, and “tilt”              
refers to the tilt angle of the racks, which was determined by the latitude of Estancia. The                 
tilt angle is also a very important factor when designing a power plant because the tilt                
angle of solar panels determine how much solar energy is being generated. Therefore, the              
design team chose the tilt angle that would allow the most power generation. The space               
between the rows in an array was determined by adding the vertical height of a tilted rack                 
and the tangent of the tilt angle together. By including the vertical height of a tilted rack,                 
the team eliminated the chance of a rack being shielded by the rack in front of it. 
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Figure 2.5: Parameter Tool Single Array Outputs 

 

After getting an idea of how a single array should look like, the student team used the                 
values that were previously calculated to design the layout of a single array, as shown in                
Figure 2.6​. A single array is made up of 22 rows of racks, and each row consists of 8                   
racks, with 2 removed for one of the rows. Therefore, a single array consists of 174 racks,                 
22 combiner boxes, and an inverter. The arrangement of the combiner boxes and inverter              
was determined by the voltage drop calculations across the cables connecting the racks to              
the combiner boxes and the cables connecting the combiner boxes to the inverter. Also,              
there is a distance of 16 ft between the inverter and the row of racks below it to reserve                   
enough space for inverter maintenance and repair. As shown in the figure below, the              
length of an array is 527.7 ft and its width is 499.1 ft.  
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Figure 2.6: Array Layout 

 

 

Figure 2.7 ​shows the actual AC power output of the solar plant, and its size and cost,                 
along with the number of solar plant components needed to build the plant. Note that the                
total cost of the solar plant is solely the total cost of solar panels, combiner boxes,                
inverters, and land; it does not include the cost of labor and other costs. 
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Figure 2.7: Parameter Tool Solar Plant Outputs 

 

 

Figure 2.8 ​shows the layout of the entire solar power plant, which consists of thirty-six               
arrays. The length of the solar plant is 3278.4 ft, and its width is 3106.4 ft. The distance                  
between each array is 16 ft to comply with the standards set by the National Electrical                
Code (NEC). The space between each array also acts as roads for vehicles, which allows               
easy access for solar plant maintenance. 
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Figure 2.8: Solar Power Plant Layout 

 

2.1.1.3 Conductors Sizing and Voltage Drop Calculation  

The final step for designing solar power plan was to calculate the current go through each                
connection to choose appropriate conductors and to consider about the voltage drop in             
each conductor. 

STEP 1: Determining the conductors size. The table below shows the amount of each              
current that will go in different connections of an array. It includes the current between               
the string, the current from the racks to the combiner boxes, and the currents from the                
combiner boxes to the inverter. Then, from the safety factor (additional 25%) and the              
National Electrical Code (NEC), determining the conductor size for each connection. 
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Table 2.2: Conductors Sizing 

STEP 2: Determining the voltage drop from solar panels to combiner boxes. The table              
below shows the resistances in each string of solar panels and in each connection from               
the racks to the combiner boxes. From that, the voltage drops from the solar panels to                
combiner boxes were calculated. 

 

Table 2.3: Solar Panels to Combiner Boxes Voltage Drops 

STEP 3: The final step was to determine the voltage drops from combiner boxes to the                
inverters, then from that, determining the voltage drops of the whole solar power plant.              
The table shows the voltage drops from the combiner boxes to the inverters (yellow side).               
Sames as the last step, these voltage drops were calculated from the resistance of the               
conductors that connect the combiner boxes with the inverter (called feeder on the table).              
From that, the voltage drops for the whole solar power plant were calculated, and the               
average worst voltage drop would be 1.30%. 
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Table 2.4: Combiner Boxes to Inverters Voltage Drops 

 

2.1.2 Phase 2: 115kV/34.5kV Substation Design 

The substation components can be broken down into ​inverter skids, collectors, feeders,            
key protection diagram/one-line diagram, dc schematic,, ac schematic/three-line        
diagrams and ​substation grounding. Collectors ​and ​feeders ​act as wiring connections to            
integrate solar power plant design into substation design through inverter skids. ​Key            
Protection Diagram is the first substation design drawing that was designed based on             
Arcadia one-line diagram. Therefore, all the rest of our drawings will be designed based              
on the ​Key Protection Diagram​. ​Figure 2.9 ​shows the hierarchy of substation design             
drawings that are included in our project  scope.  
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Figure 2.9: Protection and Control Drawings Hierarchy 

 

2.1.2.1 Inverter Skids 

Inverter skid is the combination of both solar        
inverter and 357V/34.5kV Step-Up    
Transformer. Based on the requirement of      
client, we will be using Eaton 1831kVA Solar        
Inverter in our design. From earlier, we know        
that each solar array has one inverter skid, since         
we have 36 solar arrays, we will be having a          
total number of 36 inverter skids. Inverter skids        
are all connected to the substation design by the         
combinations of collectors and feeders. ​Figure      
2.10 ​shows the inverter skid layout design with        
its connections and parameters. 

 

   Figure 2.10: Inverter Skid Layout 
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2.1.2.2 Collectors 

A collector is made up of three inverter skids, each of which contains an inverter and a                 
step-up transformer. The inverter skid takes in the the DC power generated from the solar               
panels, convert it into AC power, and step up the voltage. A collector system then               
collects the total power generator from three inverter skids and feeds it into the substation               
via a feeder. There are three feeders, and each feeder is connected to four collectors. This                
means that there are a total of twelve collectors that are connected to the substation viz                
the three feeders. ​Figure 2.11 ​shows the collector layout design of one collector that              
contains three inverter skids and a surge arrester. 

 
Figure 2.11: Collector Layout 

 

2.1.2.3 Feeders 

Feeders take the output of the collectors and        
feed it to the 34.5 kV bus of the substation.          
There are a total of three feeders that are         
connected to the substation, and each feeder is        
connected to a circuit breaker and relay for        
control and protection purposes in case of fault        
currents. ​Figure 2.12 ​shows the feeder layout       
design of feeder that contains 4 collectors and 4         
surge arrestors. 

 
 
 
  

Figure 2.12: Feeder Layout 
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2.1.2.4 Key Protection/One-Line Diagram 

The key protection diagram consists of 4 combiner boxes (CB1, CB2, CB3, CB4) and 6               
relays(CB1 RELAY, CB2 RELAY, CB3 RELAY, CB4 RELAY, BANK 1 PRI RELAY,            
BANK 1 BU RELAY). CB1-4 RELAYs are connected to be tripped by CB1-4 while              
BANK 1 PRI RELAY is the primary relay and BANK 1 BU RELAY is the backup relay. 

CB1-3 relays are connected to feeders 1-3 on one side and 34.5kV BUS 1 on the other                 
side. ​Figure 2.13 ​illustrates the design of CB1, CB2, and CB3 relays and protections              
drawings.  

 
Figure 2.13: Key Protection Diagram (CB1) 
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CB4 is located in between the 34.5kV bus and 115kV bus. ​Figure 2.14​ ​shows the design 
of CB4 relay and protection drawings. 

 
Figure 2.14: Key Protection Diagram (CB4) 

 

Figure 2.15​ ​shows the design BANK 1 BU RELAY and its I/O connections in layout 
drawings. 

 
Figure 2.15: Key Protection Diagram (BANK 1 BU RELAY) 
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Figure 2.16​ ​shows the design BANK 1 PRI RELAY and its I/O connections in layout 
drawings. 

 
Figure 2.16: Key Protection Diagram (BANK 1 PRI RELAY) 
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2.1.2.5 Three-Line Drawings 

The three-line diagrams that are in the scope of our project includes: 

1. AC 1 
2. AC 2 
3. BANK 1 AUX 
4. Main Connection 
5. AC Auxiliary 

The three-line diagrams illustrates the actual connections of the substation in three-phase,            
it shows an overview of the substation design connections. These drawings are designed             
mainly based on the key protection/one-line diagram. 

 

2.1.2.6 DC Schematic Drawings 

The DC schematic drawings that are in the scope of our project includes: 

1. Feeder 1-3 
2. Installation Relay 
3. Primary Relay 
4. Backup Relay 
5. Bank 1 Annunciator 
6. Distributed I/O Board 
7. Comm Outside 
8. Comm RTU 
9. ABS 10 
10. ABS 13 
11. Breaker failure drawing 
12. DC Auxiliary 

The DC Schematic drawings are detailed circuit drawings on substation relatable electric            
components that take charge of the circuit breaking and communication signals. The            
designs are mainly based on standard drawings except some hardware changes on            
connections are needed to be compatible with our substation design.  
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2.1.2.7 Substation Grounding 

The purpose of Substation Grounding Design is to design the layout of the ground grid               
and determine the number of rods and conductors to ensure the substation area has              
appropriate maximum step and touch voltage. The steps needed to fulfill the purposes             
will be described below: 

STEP 1: Calculating the uniform resistivity (ρ​a​) in ohm-m using the given soil resistivity              
measurements. The equation below, which was found in 13.4.1 of the IEEE Std 80-2000              
document, was applied to calculate the soil resistivity. 

 

The calculated resistivity was:  

 

 

STEP 2: Determining the minimum conductor size in kcmil for a copper, soft-drawn             
grounding conductor using the equation below, which was found in chapter 11.3.1.2 of             
the IEEE document. 
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The K​f​ value of 7 was chosen since the conductor was a soft-drawn copper.  

 

The calculated conductor size was 224 kcmil. However, the next available size was 250              
kcmil, so the chosen size would be 250 kcmil. 
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STEP 3: Finding the tolerable Step (E​STEP​) and Touch (E​TOUCH​) voltages with a surface              
layer derating factor C​S​ = 0.8 using the equations found in 8.3, as shown below. 

 

 

 

 

 

The calculated tolerable E​STEP was 2526.35 V and calculated tolerable E​TOUCH was             
754.624 V for a body weight of 50 kg. 

 

STEP 4: Calculating the maximum step (E​S​) and maximum touch (E​m​) voltages using the              
given equations from the IEEE Std 80-2000 document. Then, adjusting the number of             
rods to ensure the maximum step and touch voltages are less than the tolerable step and                
touch voltages from the last step. The calculations were shown below: 
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Figure 2.17: Maximum Step Voltage Calculation 

 

 

Figure 2.18: Maximum Mesh/Touch Voltage Calculation  

With the use of 149 ground rods, the value of the maximum Step and Touch Voltages 
were smaller than tolerable ones, which is appropriate with the requirement. 

STEP 5: Designing the grounding grid based on the yard size of our substation, including 
the 3 ft extension on all sides.  

 

Figure 2.19: Substation Grounding Layout 
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2.2 DESIGN ANALYSIS 

The approach the student team has taken thus far has worked in their favor to a degree.                 
By breaking the project down into phases and then subcomponents, the students have             
been able to gain a better understanding of project requirements and learn about             
substation and power plant design. This has allowed the team to take designing the              
product on a step by step basis and allowed for testing of smaller parts of the project at a                   
time. For a group of students with little to no knowledge of substation design, this has                
been a great approach.  
There is a bit of difficulty in the testing of phase one as there is a limit to the power flow                     
analysis of the solar power plant. To work around this, the team uses different solar               
power plant development tools such as NREL SAM, the array parameter tool, the voltage              
drop calculator and Helioscope to compare system outputs once the same input factors             
are introduced. So far, this test method has proved successful but there is always a chance                
that it will fail future tests. The student team has also considered using PSS/E by               
modeling the power plant as a generator but this would mainly support the substation              
testing phase.  
Some of the constraints of the system that the student team designed include the use of a                 
fixed rack system for the power plant. Although this racking system is cheaper than the               
rotating racks available for use, using it reduces the productivity of the plant as some               
solar radiation that could have been used in power generation is missed once the sun               
moves from the optimal position. To make up for this loss, the student team chose a                
location with a very high solar radiation thus reaching their goal of 60MW power              
produced. Even with this idea, during months of bad weather system efficiency is             
expected to be reduced as the panels will not be able to rotate with the sun.  
A common misconception in the design of systems that make use of a DC/AC conversion               
is that the Inverter Load Ratio (ILR) should be 1.2 at most. In reality, the ILR should be                  
1.3 as systems rarely perform at optimal conditions, and clipping usually should not be an               
issue at this ILR. However, clipping is a concern at optimal conditions as it increases               
system losses due to heat and lowers efficiency of the plant.  
The use of a 250A combiner box versus a 400A combiner box means an increase in the                 
number of combiner boxes used in the system. An increase in the number of combiner               
boxes means that the cost of the whole solar plant goes up 
One of the main issues that the team has encountered thus far is the final array layout.                 
Finding a good arrangement for the solar array to make a symmetric solar power plant in                
compliance with IEEE and NEC standards proved difficult as not enough research was             
done on this. The voltage drop tool provided by the client will hopefully aid in making                
the solar plant more symmetric.  
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3. Testing and Implementation 

3.1 TESTING AND EVALUATION PLAN 
National Renewable Energy Lab System Advisor Model (NREL SAM) is a renewable            
energy cost and performance simulation program that was used to simulate the proposed             
solar power plant design to predict the amount of power that would be generated by the                
power plant. 

Array Parameter Tool is an Excel spreadsheet provided by the client that consisted of a               
series of calculations that were used to determine the parameters of the solar power plant,               
such as the number of components needed in the design and the area and cost of the solar                  
power plant. The tool was also used to verify that the ILR value of the solar plant was                  
approximately 1.3, as desired by the client. This tool helped with the selection of a               
suitable location, based on the total estimated cost of the project in different locations. A               
desirable shape and layout of the solar plant was based off of the array parameter tool                
output as well.  

Using codes like the National Electrical Code (NEC) and Institute of Electrical and             
Electronics Engineers Substation Grounding Code (IEEE 80-2000) the team was able to            
validate parameters and calculated values used in the design of the system.  

3.2 VALIDATION AND VERIFICATION 

Since both the array parameter tool and NREL SAM provide similar data in terms of the                
number of components needed and cost of project, the team was able to compare these               
results to ensure that the data obtained from the array parameter tool looked like the data                
obtained from NREL SAM. The team was able to compare costs, analyze system losses              
and generate energy estimations based on the data entered in the simulator.  

The NEC was implemented when doing conductor sizing and voltage drop calculations.            
After creating the solar power plant layouts, the team carried out conductor sizing which              
is the selection of conductors for solar plant wiring. This is where the NEC codes were                
implemented for verification. The following NEC codes were used to select the type of              
wires, wiring conditions and necessary material to be used. It is important to note that the                
125% safety factor required in the NEC was applied to all currents flowing through              
conductors.  
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Figure 3.1: NEC Codes Applied to Design 

After determining the sizes of the conductors used in the solar power plant wiring, the               
team carried out the voltage drop calculations. As verification, the team was required to              
keep the total voltage drop percentage across the conductors from the solar panels to the               
combiner boxes at 3% or less. The actual voltage drop of the system up until this point                 
was at most 1.56% which was excellent. The average worst case voltage drop across the               
conductors from the solar panels to the inverter was required to be no more that 5%, and                 
the team achieved an average worst-case drop of 1.30%, thus meeting the safety             
requirement set by the NEC. 

The IEEE 80-2000 was used as verification for the substation grounding phase by             
utilising the equations and theory highlighted in this document for the design of the              
substation grounding grid. The equations shown in the following tables were used as             
validation for values calculated.  
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Figure 3.2.1: Substation Grounding Equations 

Figure 3.2.2: Substation Grounding Equations 
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3.3 EVALUATION 

System evaluation is done using NREL SAM, as stated in previous sections. NREL SAM              
takes in inverter and solar panel specifications and weather information for the desired             
location. It then calculates the number of solar panels (also the number of racks), power               
from each rack, currents collected from each rack, number of combination boxes needed,             
Inverter Load Ratio (ILR), the size and the cost of the plan. The process of using this                 
software for evaluation is detailed in the section below. 

3.4 PROCESS 

The steps of using the Array Parameter Tool have been explained in the design section of 
this report. The steps of using NREL SAM to simulate the proposed solar power plant 
are: 

1. Location and Resource 
2. Module 
3. Inverter 
4. System Design 

 
3.4.1 Step 1: Location and Resource 

To use NREL SAM, the team selected the weather profile of the desired location which 
contains information solar irradiation, latitude and longitude of the system as well as 
elevation and minimum temperature. 

 
3.4.2 Step 2: Module 

The next step was to select the exact solar module or panel that will be utilised in the 
design of the system. NREL SAM had a library of solar panels the team could select 
from, so attention to detail was a necessary trait for this step. The team then compared 
module information, such as temperature coefficients and nominal information from the 
datasheet of the module to the information of NREL SAM for verification.  

 
3.4.3 Step 3: Inverter 

Similarly, the team selected the exact inverter information from the system library and 
compared datasheet parameters as a proofing mechanism.  

 

SDMAY 19-26     36 



 

3.4.4 Step 4: System Design 

After entering this information, the team was able to input the number of inverters in the 
system and evaluated a new ILR of 1.29, which is the exact value obtained in the array 
parameter tool. The team then compared the total AC capacity of the system obtained by 
NREL SAM to the one that was calculated in the array parameter tool and noticed that 
the two values matched. 

 

3.4.5 Step 5: Shading and Layout 

The team ignored “Shading and Layout” tab because the proposed solar plant layout was              
designed specifically to prevent the shading of solar panels on other panels. For the              
“Losses” tab, the team entered the DC power losses caused by the voltage drop across               
each conductor, which was determined by various calculations done in the Voltage Drop             
Tool. 
 
3.4.6 Step 6: Lifetime 

The results of this simulation include system performance degradation which is a value of 
0.6% per annum for the solar plant. This degradation is applied to the total kilowatt hour 
output for the previous year from year two.  

 

3.5 SIMULATION & RESULTS 

The figure below shows the estimated kWh per month for the first year of operation of 
the solar power plant. It is important to note that the system evaluation results were 
constrained by input parameters, as the team could not select 36 separate arrays in the 
design. As a result, the team simulated the plant as one large solar array instead of 36 
separate arrays. By doing this the team affected the total land area of the system but not 
the AC or DC power generated by the plant. 
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Figure 3.5: System Output in kWh per Month 

4. Project Risk and Management  

4.1 TASK DECOMPOSITION 

Task decomposition can be separated according to the two phases of the senior design 
project. The tables below outline the contribution of members and the tasks performed by 
members.  

4.1.1 Phase One: Solar Plant Design 

Task Person 

Location Selection Everyone 

Parameter Tool Everyone 

Solar Power Plant Layout CZ 

Singe Array Wiring Diagram NS 

Solar Plant Wiring Diagram NS 
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Task Person 

Conductor Sizing and Voltage Drop 
Calculation 

KK 

 

Table 4.1: Phase 1 Task Decomposition 

 

4.1.2 Phase Two: Substation Design 

Task Person 

Collector One-Line TN 

Feeder One-Line TN 

Substation Key Protection 
(One Line) YC 

AC 1 Three-Line CZ, YC 

AC 2 Three-Line NS 

AC Main Connection NS 

Bank 1 AUX CZ 

AC Auxiliary KK 

DC Schematic Feeder 1 KK 

DC Schematic Feeder 2 TN 

DC Schematic Feeder 3 KK 

Breaker Failure TN 

Back-Up Protection KK 

DC Auxiliary NS 

Primary Relay NS 

Installation Relay YC 

Distributed I/O Board CZ 

Communication Outside YC 

Communication RTU YC 

Bank 1 Annunciator TN 

ABS 10 NS 

ABS 13 KK 
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Task Person 

W01 TN 

W02 CZ 

W03 YC 

W04 NS 

W05 CZ 

W06 TN 

Grounding Grid YC 

 
Table 4.2: Phase 2 Task Decomposition 

 

 

4.2 PROJECT SCHEDULE 

The Fall 2018 Gantt chart is shown in the figure below. The main focus of the first 
semester was to work on the solar power plant aspect of the design project. Some of the 
deliverables include solar plant layouts, feeder and collector drawings, conductor sizing, 
and voltage drop calculations. Towards the end of the semester, the team started working 
on the substation design by editing and reviewing the key protection diagram and the 
AC1 & AC2 schematics.  
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Figure 4.2.1: Man Hour Budget for Fall 2018 

 

Figure 4.2.2: Man Hour Budget for Spring 2019 
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4.3 RISKS AND MITIGATION 
4.3.1 The Natural Environment Risk 

Natural environmental risks refer to risks caused by changes in the natural environment             
that may be encountered during substation construction, including severe weather          
conditions and adverse geographical conditions. In general, natural environmental risks          
have a great impact on substation construction. We should rationally arrange the            
construction period and plan, and adopt the risk-retaining and risk-controlled disposal           
methods. 

4.3.2 Technical Risk 

As substation designers, we face no real risks during our design stage. A risk that could                
be faced during the implementation of our design is component defect. This risk is of a                
high rank because it could lead to damage of the system and even death in extreme cases.  

To mitigate this risk, the design team recommends system testing which involves a             
component by component assessment to ensure that each piece of the design can function              
on its own, then testing they system as components are connected to reduce risk.  

4.4 LESSONS LEARNED 

Throughout the senior design project, not only did the team learn about the working 
principle of substations, but also substation design that meets the customer's requirements 
as well as NEC and IEEE 80-2000  codes. In the process, the team learned how of solar 
power plants operate and learned about designing protection and controls systems for 
substations. 

Participating in this course has showed the team the importance of working on a team and 
how to work as engineers in real situations. The team also learned the importance of 
having a design process and proper documentation techniques.  

5. Closure Materials 

5.1 Conclusion 

In order to design a utility-scale 60 MW Solar Power Plant and a 115/34.5 kV substation,                
the team worked closely with Black & Veatch representatives to successfully complete            
the design project. To make the design process easier, the project was split into two               
phases. The first phase was to design the solar power plant, which is where power               
generation and conversion from DC to AC power happen. To meet the safety             
requirements set by the NEC, the team did conductor sizing and voltage drop calculations              
across each conductor. The second phase was to design the substation, which steps up the               
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voltage from 34.5 kV to 115 kV and transmits it to the grid. The bulk of this phase was to                    
create the protection and controls schematics on AutoCAD based on the key protection             
diagram and project scope document given by the client. The team also worked on the               
substation layout drawings which were based on the protection and control schematics.            
To ensure the safety of the people inside the substation, the team designed the grounding               
grid based on the guidelines set by the IEEE.  

Overall, the project was a success because all the design aspects of the project were               
submitted on time and received satisfaction from the client. The project was also a              
success because of the extensive amount of knowledge and valuable design experience            
the team acquired throughout the two semesters. 

5.2 Future Work 

It is now up to the client to implement the project themselves or modify the design to                 
utilize it in similar projects. By implementing the project, not only would it make the grid                
less dependent on fossil fuels, but it would also decrease the effect of greenhouse gases               
on the environment. 
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