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ABSTRACT 

Energy Management System Modeling of DC Data Center with Hybrid Energy Sources 

Using Neural Network  

Khalid Althomali 

 

As data centers continue to grow rapidly, engineers will face the greater challenge 

in finding ways to minimize the cost of powering data centers while improving their 

reliability. The continuing growth of renewable energy sources such as photovoltaics 

(PV) system presents an opportunity to reduce the long-term energy cost of data centers 

and to enhance reliability when used with utility AC power and energy storage. However, 

the inter-temporal and the intermittency nature of solar energy makes it necessary for the 

proper coordination and management of these energy sources.  

This thesis proposes an energy management system in DC data center using a 

neural network to coordinate AC power, energy storage, and PV system that constitutes a 

reliable electrical power distribution to the data center. Software modeling of the DC data 

center was first developed for the proposed system followed by the construction of a lab-

scale model to simulate the proposed system. Five scenarios were tested on the hardware 

model and the results demonstrate the effectiveness and accuracy of the neural network 

approach. Results further prove the feasibility in utilizing renewable energy source and 

energy storage in DC data centers. Analysis and performance of the proposed system will 

be discussed in this thesis, and future improvement for improved energy system 

reliability will also be presented. 

          Keywords: DC Data Centers, Renewable Energy Source, Neural Network, Hybrid 

Energy 
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Chapter 1:  Introduction  

 

In the late 19th century, Thomas Edison and Nikola Tesla waged the war of the 

currents where opposing views of the way electricity should be transmitted were battled. 

Edison established direct current (DC) to be the standard in the United States in the early 

age of electricity. However, at higher voltages, DC transmission revealed its difficulties. 

As a result, power plants at the time were only able to provide power to individual 

neighborhoods or small areas of a city. It became a challenge to provide electricity to 

rural areas because the power plants need to be at close proximity to prevent significant 

voltage drop. As the distance of the conductor increases, its resistance becomes higher 

which consequently results in a higher voltage drop. To solve this issue, Tesla proposed 

his idea of alternating the direction of current giving rise to the term alternating current 

(AC).  

At the end, Edison’s DC system proved to be inefficient and costly while Tesla’s AC 

system became increasingly popular. The more prevalent use of AC owed greatly to 

Tesla’s invention of poly-phase induction machine with a rotating magnetic field and an 

earlier invention on Transformer. With the two equipment, it was then possible to step the 

AC voltage produced by a three-phase generator to a much higher voltage, further 

allowing electrical power to be transmitted long distance while minimizing line losses.  

As technology has developed in the past decades, in particular on solid-state devices 

and power electronics, so has the push toward the use of DC electricity again. This has 

also been coupled with the increasing use of renewable energy but in particular the solar 
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energy through solar panels that inherently produce DC power. In the United States 

alone, the more prevalent use of solar photovoltaic installations is evidenced by the 24% 

increased PV installations between quarter 1 of 2015 and quarter 1 of 2016 as shown in 

Figure 1-1 [1]. In addition, Figure 1-2 shows that last year solar exceeded natural gas 

capacity in the US for the first time, and by the first quarter of 2016 solar rose to 64% of 

all electric generation capacities in the United States [1]. Therefore, it makes sense to see 

that solar PVs will present the potential of where DC electrical system may find its new 

home and implementations.  

 

Figure 1-1 Annual U.S. Solar PV Installations 
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Figure 1-2 Share of New U.S. Electric Generating Capacity Additions 

 

Another reason for the coming back of DC is that DC internally powers most 

electronic devices used at homes such as cell phone and tablet chargers, laptop adapters, 

etc. With the existing AC system, the available AC voltage must go through AC to DC 

conversion process that causes power loss. ABB is estimating saving from using DC 

instead of AC in buildings about 10% to 20% [2]. Additionally, the emerging and the fast 

growth in LED light bulb technology is another factor to coming back to DC. LED light 

bulbs phased out the traditional incandescent lamps, and it is inherently run on DC. This 

is estimated to save millions of kWh in the United States alone [3]. When comparing the 

LED light bulbs to the traditional incandescent lamps, LEDs typically use about 25% to 

80% less than the incandescence lamps [4]. The benefit of LEDs includes longer 

operation life since they can last about 3 to 25 times longer [4]. As indicated in the 

United States Department of Energy website, the table below compares the incandescent 

with energy efficient bulbs.  
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Table 1-1 Comparison Between Different Light Bulbs [4] 

 

One industry sector that has shown interest in taking advantage of DC electricity to 

improve energy efficiency is Data Center [5]. With the continued rapid growth in data 

centers, the demand for processing power will significantly increase. Such increase in 

power demand is related to the fact that there are typically tens of thousands of servers 

and their energy consumption is in raise. It is reported that Google alone has more than 

900,000 servers [6], Meanwhile, Microsoft’s Chicago data center as another example 

contains over 300,000 servers [7].  To further understand the scale of the problem, 

assuming each server consumes 200 watts per year, one million servers require 200 

megawatts per year. When building data centers, usually they are priced by megawatt, 
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and it is around $10 million per megawatt, and that will bring the cost to $2 billion. That 

was even before powering the data centers [8].  

In 2013, the United States data centers consumed an estimated 91 billion kWh of 

electricity [9]. This amount of power is equivalent to an annual output power of 34 large 

500-megawatt coal power plants, and it is enough to power all of the New York City 

households twice over a year [9]. By the year 2020, the power consumption is expected 

to increase to roughly 140 billion kWh annually, the equivalent output of 50 power plants 

with a total cost of $13 billion a year [9].      

In the study of Integrated Approach to Data Center Power Management [7], it is 

demonstrated that 35% of the total cost of the data centers account for its energy, and the 

cost of this energy is competing with the cost of the computer servers. One reason for this 

high cost is that overall system efficiency for power usage of a typical data center is 

around 50% [7].  Such inefficiency, and thus the opportunity to improve the figure to 

reduce the energy cost, has brought back the century-old battle of AC versus DC for 

electrical power distribution in data centers. The AC supporters suggest that data centers 

maintain the AC system and improve efficiency by implementing high-efficiency UPS 

system. Those who believe that DC is the way to go, insist that the use of DC reduces the 

number of conversion stages along the power chain, and hence increases the overall 

efficiency. 
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Chapter 2:  AC and DC Data Centers Power System Configuration  

 

2.1 General Overview  

 

Data centers consist of servers, cooling equipment, and power distribution equipment. 

They all come together to create a large system that consumes enormous amounts of 

energy which affect the system efficiency. In a typical data center, the computer load 

contributes to less than half the total energy consumption with the rest being lost in the 

UPS and cooling [10]. It has been estimated that the total energy consumption of a typical 

data center is at 40 TWh in 2005 in the United States, and 120 TWh worldwide [11]. Due 

to such tremendous amount of energy usage, the EPA in 2007 represented a report to the 

congress that included a recommendation to reduce the energy consumption in data 

centers [12]. The industry quickly responded and attempted to design more efficient 

servers, power supplies, and alternative ways of cooling. However, the overall 

complexity of the data center system poses a great challenge to find an efficient way to 

deliver power from the main generator to the load with less energy losses.  

To help reduce energy loss, a few approaches for electrical power distribution in data 

centers have been used with some showing better efficiency than others. For example, 

data centers in North America typically use 480 V/ 600 V AC power distribution 

topology. This topology has been known to yield a less efficient system due to the 

relatively many numbers of conversions needed in order to feed a DC source (e.g. the 

server). This problem gets even worse when renewable energy is put into the mix. 

Therefore, industry and researchers have been investigating alternative ways to achieve a 
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more efficient power distribution system in data centers. The following sections review 

literature that explain different topologies of power delivery architectures in data centers.    

2.2 AC Powered Data Centers 

 

As previously mentioned, in North America the traditional way to power a data center 

is through AC power distribution as shown in Figure 2-1 [12]. The 480 V AC connects 

into a UPS to produce DC voltage needed to charge energy storage device such as 

batteries. This power needs to be inverted back to AC voltage to feed the AC bus; hence, 

the process is called the double conversion mode. The AC voltage is then stepped down 

to 208 V AC in the power distribution unit (PDU). The next step of conversion happens 

in the power supply unit where the AC voltage is rectified to yield DC voltage which then 

goes through DC-DC converter stage to distribute the DC power to typically 12 V DC. 

This DC power supplies the main DC loads consisting of processors, memory, and 

storage.  

 

Figure 2-1. Typical 480V AC data center power system configuration 

 

To achieve higher operating efficiency, data center manufacturers have developed 

some variations of the AC power distribution for data centers as illustrated below. 
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 Bypass Filter (Eco-mode) 

 

In this AC topology, manufacturers try to reduce the number of conversion in the 

typical 480V AC data center architecture by using a bypass filter. The bypass filter 

connects the AC source and the transformer as shown in Figure 2-2. This attempt 

eliminates the conversion step that is normally done by the inverter known as the eco-

mode. This results in efficiency improvement; however, system reliability is affected. 

The load is no longer isolated from the power source and voltage regulation previously 

provided by the inverter no longer exists. To overcome these issues, a synchronous 

circuit may be used to ensure voltage regulation and high system reliability [12]. 

 

Figure 2-2. 480V AC data center power system configuration, power bypasses the 

inverter (ech-mode) 

 

 Delivering Higher Voltages to the Load 

 

Another approach to increasing efficiency is to remove the phase voltage from the 

UPS (277 V AC instead of the 208 V AC coming from the transformer) and deliver a 

higher voltage to the load as illustrated in Figure 2-3 [12]. By doing this, the step-down 

conversion that is done by the power transformer in the power distribution unit is 

eliminated. However, this approach introduces new current harmonics in the system that 
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will affect the efficiency gain. On top of that, the higher voltage presents a higher risk for 

IT workers.  

 

Figure 2-3. 480V/ 277V AC data center power system configuration 

  

 Modular Scalable AC UPS 

 

Another method to increase the efficiency of AC data centers is a modular scalable 

AC UPS as depicted in Figure 2-4 [13]. The traditional double conversion AC UPS is 

usually built with future demand growth in mind. Data centers are typically lightly loaded 

and the IT loading factor is low. Therefore, the power converters will operate at lower 

efficiency which decreases the system’s efficiency. The modular topology aims to 

combat this under-utilization of resources by keeping the working modules of an AC 

UPS at close to maximum load while retaining the flexibility to turn-on or turn-off 

online/offline modules as IT load/demand increases; hence, maximizing efficiency 

throughout the data center’s life cycle [13]. 
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Figure 2-4. 400V AC data center power system configuration with scalable AC UPS 

 

2.3 DC Powered Data Centers 

 

From the system perspective, the UPS inverter that converts the DC power to AC and 

the PDU rectifier that converts it back to DC are only present in the architecture because 

electrical power is being distributed to the data center in AC form. For a DC topology, 

those conversion stages are duly taken out of the picture and hence may increase the 

overall system efficiency. 

 48V DC Data Center 

 

One of the first DC data centers is the 48V DC data center used by 

telecommunication companies [14]. Here, the 480V AC is rectified to 48V DC and wired 

to the PDU from the DC UPS as shown in Figure 2-5. Although this method is more 

efficient than their AC counterparts due to the fewer conversion stages, the relatively low 

48V DC voltage produces higher current in the power system and remains as a major 
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limitation of the topology. In order to solve the problem, a much larger voltage of 400V 

DC was introduced. In comparison, a 400V DC topology requires cables that are 15 times 

smaller than a 48V topology [15] to transmit a 100kW of power. 

 

Figure 2-5. 48V DC data center power system configuration 

 

 400V DC Data Center 

 

In order to further improve the efficiency of DC data centers, the DC voltage used to 

distribute the power is made larger at 400V DC as shown in Figure 2-6. Each of the 

conversion devices has been optimized in separate studies: a front-end three-phase buck-

rectifier topology converting 480V AC to 400V DC and utilizing SiC (Silicon Carbide) 

devices in place of Si (Silicon) with 98.5% efficiency [12]. These single-stage conversion 

devices lead to smaller and cheaper data centers and more efficient power consumption 

with 28% efficiency improvement over typical AC power distribution [16].    
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Figure 2-6.  400V DC data center power system configuration 

 

 Modular Scalable DC UPS 

 

In this approach, the operation is similar to the 400V DC distribution. However, 

further efficiency improvement was introduced by using DC power for the scalable UPS. 

This approach eliminates the double conversion in AC UPS. In addition, DC UPS loss is 

reduced by 2% to 3% due to a single stage of conversion [12]. Figure 2-7 depicts the 

modified 400V DC architecture with modular scalable DC UPS. 

 

Figure 2-7. DC data center power system configuration with scalable DC UPS 
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2.4 Data Centers Powered by Renewable Energy  

 

As explained above, the 400 Volt DC topology proved to be much more efficient 

than the traditional AC topology. As such, there has been a rise in the use of renewable 

resources to help power Data Centers. This trend has become popular among the largest 

Tech companies in the United Sates. For example, Apple has brought major changes to 

the functionality of their Data Centers.  As stated in their 2016 Environment 

Responsibility Report [17], their Data Centers located in California, Nevada, North 

Carolina, and Oregon are 100% powered by Renewable Energy resources. These Data 

Centers are all powered by a mix of Solar PV, Biogas fuel cells, NC green Power, and 

Wind.  To highlight Apple uses approximately 64% of Solar PV to power their North 

Carolina Datacenter and approximately 80% of Solar PV in Nevada.  Ultimately, Apple’s 

goal is to archive a 100% use of renewable energy resources to run all of their Data 

centers by the year 2017.  

Because Solar PV energy is irregular throughout the day, it becomes a challenge 

to fully rely on it as the main power source. One approach to overcome this issue is to use 

batteries to store the energy or to maintain another backup source such as a utility grid. 

Further, another approach is to adapt the load and its energy demand to the generation 

from the renewable energy [18]. In this thesis, the approach applied is to use a grid as a 

backup source of the Solar PV and the use of batteries as an additional backup in the case 

of any power failures. The software would be developed to help control the shifting 

between these power sources based on the load demand.  
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Chapter 3:  Design Requirements 

  

System Overview The proposed topology for this thesis is influenced by the use of 

high voltage DC powered data center with the integration of renewable energy source as 

reported in references [12,16,17,18]. For the proposed topology, a PV system as the 

renewable energy source will supply the DC electrical power directly to the data center as 

the main power source instead of relying on DC power resulting from rectified AC 

power. However, because of the inter-temporal and the intermittency of solar energy, the 

design will not eliminate the use of the AC grid to achieve reliability of the data center. In 

addition, to enhancing power reliability even further, the proposed topology will also add 

an energy storage system utilizing a battery bank. The operation and coordination of the 

PV system, AC grid, and the battery bank depend on the load requirements and the 

energy availability. Since the proposed design uses a PV system as an energy source, 

priority assignment based on time in the day will be implemented. During the day, the 

solar panels get the first priority as the main energy source to supply the load. If the solar 

PV system does not produce enough energy, the AC grid will compensate for the energy 

and will be combined with the PV. If the PV system fails to generate power, the AC grid 

will supply the entire required energy to the load. During the nighttime, the priority goes 

to the AC grid to supply power to the load. For the case where the system experiences 

loss on both PV and AC power from the utility, the battery bank will take over and power 
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the load. Figure 3-1 illustrates the high-level block diagram of proposed design showing 

its major components. 

 

Figure 3-1 High-Level System Block Diagram 

 

3.1 Prototype Specifications   

 

Data centers consume a big amount of energy. As an example, Apple data center’s 

energy consumption is estimated to be 324 million kWh in 2013 as mentioned in their 

Environmental Responsibility Report [17]. Therefore, the design of a PV system is based 

on the load requirements. Such intensive energy demand will require a large PV system 

especially when the sole use of PV is desired to cover the entire load demand during the 

day. In the proposed design, the size of the PV system size should match the peak load 

energy demand. For the lab-scale model of the proposed design, the system load will 
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have a maximum power of 100 W to keep the cost of the lab setup low and to minimize 

risk when performing the test. Furthermore, for safety purpose, the lab setup will not be 

using 400 V DC as mentioned in [12,15,16]. Instead, the operating voltage of the lab 

setup will be 24 V DC. The lower operating DC voltage will also allow test 

measurements using standard lab equipment.    

Lastly, to demonstrate the functionality and performance of the proposed topology, a 

lab-scale construction of the proposed design will be assembled and tested. The lab scale 

high-level block diagram will be explained in details in Chapter 5.     

 

3.2 Switching Control and Coordination  

 

To ensure proper operation and coordination of such mixture of energy sources, the 

proposed design utilized a microcontroller to control the switching between the energy 

sources. When developing an algorithm for the microcontroller, two combined techniques 

were used. The first technique utilizes Neural Network (NN), and the other technique 

utilizes combination using C language. NN is chosen because of its ability to respond to 

any unexpected inputs to the network. During training, neurons are taught to recognize 

different patterns and generate an output for each pattern. If an unexpected pattern is 

received, the NN will generate the output from the set of the patterns that has been taught. 

With the use of NN, all of the possible load values (load power) can be uncovered. Also, 

NN was able to recognize all of the possible power values generated from the PV system. 

These values were then used for selecting the proper switch to connect the suitable power 

source to supply the load.  
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In the hardware implementation, every power source was connected to the load via a 

switch that is continuously monitored by sensors. The sensors provide a Multiple Input 

Multiple Output (MIMO) microcontroller system that measures the amount of power 

coming from each source and compares them to the power demand at the load. The 

microcontroller then decides which power source will supply power to the load. As stated 

earlier and as depicted in Figure 3-2, the algorithm was developed using NN and C 

language. As previously shown, the block diagram is divided into two halves: the first 

half shows the NN modeling, and the second half shows the C code modeling. The inputs 

to the NN are the power generated from the PV and the power at the load. Also, the day 

time and the AC status are needed for the NN to run. The NN will run only if it is day-

time the power from the grid is available. These two parameters are also used in the C 

code as illustrated in the second half of the block diagram. They are used to control the 

power sources during the night. The operation of the backup power source (battery bank) 

was controlled using “if” statement. Also, the block diagram shows that the relay 

connected to the PV system is controlled by the NN, while the relay connected to the 

battery bank is controlled by the added C code. However, the relay connected to the AC 
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grid is controlled by the NN only in the day-time and by the C code modeling during 

night time.  

 

Figure 3-2 System Modeling 
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Chapter 4:  System Design  

 

4.1 System Flowchart 

 

The first step to developing the C code for the proposed system was to create the 

flowchart as illustrated in Figure 4-1. It starts with reading five different values: the 

required load power, the power generated from the PV system, the AC grid availability, 

day/night time status, and the availability of the backup system (batteries). The power 

measurement of the PV system and the load are analog inputs obtained from voltage and 

current sensors. The time of day status is a digital input represented by either “1” for 

daytime or “0” for night-time. During the day and when the status is “1”, the energy will 

be delivered to the load from the PV system if “MPPT >= Load”. If the PV system is not 

enough to power the load, the system will combine the AC grid with the solar panels 

when the AC status is “1” or available. If the AC status is “0” which means unavailable, 

the battery bank will serve as a backup. The second possible state is the night-time that 

means the day status displays “0”. The load gets its power either from the utility grid if 

the AC status is “1”, or from the battery bank if the AC status is “0”.  Specifically, for the 

battery bank, the status “0” means the battery is not charged while the status “1” means 

the battery is charged. SWAC, SWMPPT, and SWBAT represent switches connected to the 

AC grid, MPPT charge controller, and the battery bank respectively. The number “0” 

means the switch is not connected, and the number “1” means the switch is connected.     
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Figure 4-1 System Flowchart 
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To develop the firmware in C for the flowchart, different tools are utilized as illustrated 

in Figure 4-2. These tools are discussed separately in more details later in this chapter.    

 

Figure 4-2 Tools to develop the FW for STM32F7 

 

4.2 Matlab and Simulink Model for the Neural Network 

 

A Matlab tool is used to develop an algorithm for the Neural Network (NN). The NN will 

function only during the day to determine which power source supplies the load, and 

whether or not to combine the grid with the energy coming from the solar panels. As 

mentioned in Chapter 3, the NN has two inputs: the load power, and the PV system 

power. These values are listed in the first two columns of the Table in Appendix (A). 

These values were chosen between 0.5W and 100W since the goal is to demonstrate a 

proof-of-concept lab-scale system rather than testing the concept in a real system. The 

third and the fourth columns of the Table in Appendix (A ) are the targets representing 
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the status of the relays connected to the PV and to the grid. Based on the load value and 

the PV generation, either one relay or two relays will be connected. The number “0” 

indicates that the relay is not connected, while “1” means that the relay is connected. 

Below is the NN MATLAB command line for testing the NN.   

 
 

The first three lines of the code choose the input values from a predefined table. 

Following this step is to choose the number of layers and the number of neurons in each 

layer. For this design, there are two layers: a hidden layer with five neurons and an outer 

layer with two neurons. The mean and the standard deviation of the inputs and targets are 

then computed and normalized to zero mean and unity standard deviation using the 

“mapstd” function. Once the normalizing is done, the function “newff” follows to create 
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a feedforward network. The transfer function in the first layer is tan-sigmoid, and the 

output layer is linear. The “Sim” is used to simulate the NN which takes the network 

inputs and target, and then return the network outputs.  The network output is saved in a 

new variable called Rslt_NN. These values are also listed in the last two columns in the 

Table in Appendix A, and their values are equal to the network targets.      

 

 

Figure 4-3 NN Training 

 

From the MATLAB training window, three plots were captured: performance, training 

state, and regression. The performance plot in Figure 4-4 shows the mean square error 

(MSE) which is always decreasing under training. The training state in Figure 4-5 shows 
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that we reached the bottom of the local minimum of the goal function. The regression 

plot in Figure 4-6 indicates that the target and the output are having a linear relationship.       

 

Figure 4-4 Performance plot 
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Figure 4-5 Training State 

 

Figure 4-6 Regression Plot 
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4.3 Simulink  

 

Referring to Figure 4-2, the second tool to develop our code was to build the Matlab 

function model in Simulink. By typing the command line “gensim(NN)” in the command 

window, the equivalent NN model was generated in Simulink as shown in Figure 4-7. 

The Custom Neural Network contains the Matlab code listed in the previous section. The 

function block mapstd normalizes the inputs and the targets so they both have zero mean 

and unity standard division. When the mapstd is used to normalize the targets, the 

network is trained to produce outputs with zero mean and unity standard division. These 

outputs are finally converted to their original units by means of the mapstd_reverse 

function block.  

To test and verify the model, three cases are presented as depicted in Figures 4-7 through 

4-9. In Figure 4-7, the relay connected to the PV system is turned ON while the other 

relay connected to the AC grid is turned OFF. The reason is that the PV system is 

generating 80 W that is equal to the power needed by the load. When the PV system is 

generating more power than what the load requires as shown in Figure 4-8, the relay 

connected to the PV system is turned ON while the other relay is turned OFF.  Lastly, if 

the power needed by the load is 80 W and the generation from the solar panel is 75.5 W, 

both switches are turned ON. As expected, the 75.5 W consumed by the load comes from 

the PV system while the remaining 0.5 W comes from the AC grid, as presented in  
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Figure 4-9.

 

Figure 4-7 Custom NN Model in Simulink when P load is equal to PPV 

 

  

 

Figure 4-8  Custom NN Model in Simulink when P load is Less than PPV 

 

 

 

Figure 4-9 Custom NN Model in Simulink when P load is greater than PPV 

 

4.4 STM32-MAT/TARGET 

 

After creating the MATLAB and the Simulink design files, the STM32 Embedded Target 

is used to deploy the design files to STM32 MCU. This step can be done before or after 
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the configuration using STM32CubeMx. The embedded target allows the user to upload a 

saved configuration or create a new one. When the cubeMx file is uploaded, the STM32-

MAT will generate the “C” code in Keil tool. Figure 4-10 shows the Simulink model to 

generate the “C” code using STM32-MAT. When using the target support package 

STM32 in Simulink, the equivalent STM32 model for the MCU will be created as shown 

in Figure 4-11.     

  

 

Figure 4-10 Custom NN Model for Mat/Target Showing Two Inputs and two Outputs 

 

 

 

 

Figure 4-11 Target Support Package STM32 
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4.5 STM32CubeMx 

 

The STM32CubeMX is a software tool to develop applications on STM32 

Microcontrollers based on the user choice and configuration. The STM32CubeMx 

graphical software configuration tool helps generate the “C” code skeleton. This package 

includes a low-level hardware abstraction layer (HAL) that covers the Microcontroller 

hardware. The board STM32F746G-DISCO was first selected for the design. Following 

this is pin assignments from the pinout window based on the design requirements as 

explained later in this chapter as pictured in Figure 4-17 and Figure 4-18.  

 

Figure 4-12 STM32CubeMx Pinout 
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Additionally, pin assignments were also determined according to the microcontroller pins 

layout in Figure 4-16 that describe the pin number and its name. In Figure 4-12 the pins 

in green are those assigned for building the C code. Under Pin Configuration window in 

Figure 4-13, there is a list of all of the assigned digital inputs/outputs. Under GPIO, the 

pins assigned as outputs are PB4, PG6, and PG7. These pins are for the relay connected 

to the PV (RLY_MPPT), the relay connected to the AC (RLY_AC), and the relay 

connected to the battery bank (RLY_BATT) Respectively. The input digital pin is PI3 

which serves as an input pin for the day status (STS_DAY). The labels used in this 

configuration are discussed in more detail under the hardware design section.   

 

 

Figure 4-13 Pin Configuration GPIO 

 

Figure 4-14 list shows all the analog pins for the Microcontroller. These pins are PA0, 

PF6, PF7, PF8, PF9, and PF10They are assigned to read the current coming from the 



31 

PV(MPPTI), the AC Status(STS_AC), the load current(LOADI), the load voltage 

(LOADV), and the PV voltage(MPPTV).   

 

Figure 4-14 Pin Configuration ADC 

 

4.6 KEIL Tool by ARM 

 

The “C” code resided in STM32-MAT Embedded including all of the configurations 

STM32CubeMx will be opened in KEIL software developing tool. The complete “C” 

code is included in Appendix (B). However, some of its lines will be explained next since 

they pertain to this section.  For the NN model illustrated in Figure 4-10 the equivalent 

“C” code generated is:  
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Within these codes, “SysteIntgration” is the Simulink file’s name. There are two inputs 

and two outputs: LOADP and MPPTP are the two input quantities to the NN, and 

my_Out1 and my_Out2 are the output quantities. These output values will determine 

which relay is connected.  

Next, based on the assumptions mentioned in Chapter 3, and according to the flowchart 

explained earlier in the Chapter the “C” code was developed.  
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These codes basically summarize what is happening inside the NN. It starts with reading 

the day status based on the output value from the LDR. If both AC grid and PV are 

available, the NN will control the relays as previously explained in Chapter 3.  

If for any reason and as shown in the code below the PV is not operational, then the 

power comes from the grid. Also, if both the PV and the grid are not supplying power 

then the battery bank powers the load.  

    

The equivalent “C” code for the night time is illustrated below. The codes implement the 

idea that if the AC is available at night time, the power will travel from the grid to the 

servers. Otherwise, when the AC is not available the battery will serve as a backup.  
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4.7 Hardware Design: Microcontroller  

 

The hardware implementation requires a microcontroller unit to control the relays. 

STM32F746G-DISCO Board was chosen in the design as illustrated in Figure 4-8. This 

MCU features 12-bit ADCs, two 12-bit DACs, and a colored LCD. It also comes with 

powerful firmware libraries to support the hardware and comes with the STM32 

comprehensive software HAL library. The HAL driver layer comes with a complete set 

of ready to use APIs (Application Programing Interfaces). As an example, the API that is 

used to read pin is “HAL_GPIO_ReadPin()”.       
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Figure 4-15 STM32F746G-DISCO Board Top and Bottom View 

 

By looking at the STM32F7 board layout in Figure 4-16, there are six Analog pins 

labeled as A0, A1, A2, A3, A4, and A5.  It also has 16 digital pins labeled D0 through 

D15. Hence, some of these pins are used for inputs and some for outputs as illustrated in 

Figure 4-17 and Figure 4-18.    

 

Figure 4-16 Pinout for the STM32F7 
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As shown in Figure 4-13, there are six analog inputs: two pins to measure the PV power, 

another two inputs for the load power, one input for the availability of the AC grid, and 

one input for the availability of a backup system. Also, there is one digital input for the 

day/night time. However, the three output pins are all digital, and they are for the relays.      

 

 

Figure 4-17 Microcontroller I/O 
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Figure 4-18 Assigned pins to the STM32F7 

 

As previously explained, pin assignments were processed by the STM32CubeMx while 

the KEIL environment develops the C code. To read from the pins, the following code 

was utilized. 



38 

 

The library driver used in the code above to read analog input was “ADC_BUFFER[]”. 

These read values are from the current and voltage sensors for the PV system and the 

load, and from the voltage dividers for the AC and the read battery status. In addition, the 

HAL driver “HAL_GPIO_ReadPin()” is being used to read the digital input for the day 

status. Further explanation on these sensors will be presented in the next chapter. 
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These values were displayed in the MCU colored LCD as shown in Figure 4-19 using 

Board Support Package Driver (BSP). The driver provides a set of user-friendly APIs.  

 

Figure 4-19 LCD Display for STM32F7 

 

 



40 
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4.8 Current sensor  

 

The design employs two current sensors ACS712ELCTR-30A-T to measure the MPPT 

and the load current values. Based on their datasheet and as shown in Figure 4-20 the two 

terminals on the left side tie to the positive terminal of the load/MPPT to measure the 

current. If zero current flows in the sensor, the output voltage is 2.5 V which is half of the 

supply voltage VCC. When an increasing current flows in the sensor, the out voltage 

changes as a fraction of this current creating a positive slope as shown in Figure 4-21. 

 

Figure 4-20 ACS712ELCTR-30A-T Current Sensor Model 

 

 

Figure 4-21 Output Voltage Vs Sensed Current (Datasheet Result) 
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The right side of the sensor requires three connections: 5 volt VCC, ground, and the 

output voltage must connect to the analog input of the microcontroller PA_0 and PF_8. 

For testing purposes, one terminal of the sensor connects to 40 VDC power supply while 

the other terminal is connected to the electronic load. The electronic load acts as a 

variable resistor to control the current value. The current values and their corresponding 

voltage value were measured at different resistance as shown in Figure 4-22. Figure 4-23 

shows the resulting voltage to current ratio graph. 

 

Figure 4-22 Current Sensor Testing 

 

Figure 4-23 Output Voltage Vs Sensed Current (Lab Result) 
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Next, for the microcontroller to read the current value, each current sensor (MPPTI and 

LOADI) needs two lines of code. The first line is to read an analog input that converts to 

Ampere (A) using Equation 4-1.  

𝑉𝑟𝑒𝑓𝑟𝑒𝑛𝑐𝑒

2𝑁
 𝑋 𝑟𝑒𝑎𝑑 𝑉𝑎𝑙𝑢𝑒 

                  

                                        Equation 4—1 

 

 where N is the number of bits  

The second line of code is to subtract the sensor initial value from the value read and 

divide it by the efficiency as in Equation 4-2. 

(𝑅𝑒𝑎𝑑 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 − 2.5)

𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 
 

 

                                         Equation 4—2 

 

 

 

 

 

4.9 Voltage Sensor  

 

The system uses four voltage sensors to measure the MPPTV, LOADV, DAY_STS, and 

STS_BAT.  The voltage sensors also scale down the system voltage from 24 V DC to 3.3 

V DC to provide the suitable maximum analog input of the microcontroller. For the 

purpose of this thesis, voltage divider operates as a linear circuit that generates an output 

voltage Vo as a fraction of its input voltage Vin. The voltage divider accepts variable Vin 



45 

= 0 - 24 V, and maximum Vo= 3.3 V. The ratio needed to select the resistor values for 

the voltage divider was calculated from Equation 4-3.  

𝑀𝑎𝑥 𝑆𝑦𝑠𝑡𝑒𝑚 𝑉𝑜𝑙𝑡𝑎𝑔𝑒

𝑀𝑎𝑥 𝑉𝑜
=  

24

3.3
= 7.27 

     

                                         Equation 4—3 

 

 

The resulting ratio is approximately 7:1, and an example of standard resistance values 

that meet this ratio are 1kΩ and 6.8 kΩ. These two resistors make the series connection 

as in Figure 4-24.  

 

Figure 4-24 Voltage sensor Circuit 

 

Before start using the divider, tests were conducted to the voltage sensor circuit 

by connecting them to a variable DC power supply. The voltage value was varied and 

recorded with the corresponding Vout as listed in Table 4-1. The resulting plot that shows 

the relationship between Vin and Vout is presented in Figure 4-25.  
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Table 4-1 Voltage Divider Testing Result (Vin Vs Vout) 

Vin 

(Volt) 

Vout 

 (Volt) 

0.5 0.0635 

1 0.1269 

1.5 0.19074 

2 0.25402 

2.5 0.31737 

3 0.38117 

3.5 0.4447 

4 0.5083 

4.5 0.5717 

5 0.6353 

5.5 0.6991 

6 0.7628 

6.5 0.8262 

7 0.8895 

7.5 0.953 

8 1.0166 

8.5 1.0803 

9 1.1434 

9.5 1.2071 

10 1.2709 

10.5 1.3347 

11 1.3983 

11.5 1.4616 

12 1.5253 

12.5 1.5888 

13 1.6524 

13.5 1.7161 

14 1.7798 

14.5 1.8434 

15 1.9069 

15.5 1.9706 

16 2.0344 

16.5 2.0978 

17 2.1615 

17.5 2.2253 

18 2.2888 

18.5 2.3528 

19 2.4163 

19.5 2.4798 

20 2.5435 

20.5 2.6073 

21 2.671 

21.5 2.7347 

22 2.7985 

22.5 2.8622 

23 2.9259 

23.5 2.9898 

24 3.0536 

 



47 

 

 

Figure 4-25 Voltage Divider Result (Vout as a fraction of Vin) 

 

For the microcontroller to read the voltage value, only one line of code was used for the 

MPPTV and the LOADV divider as shown below. 

 

 

Both dividers used Equation 4-4 to convert the read value to voltage  

 3.3

2𝑁
 𝑋 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝐷𝑖𝑣𝑖𝑑𝑒𝑟 𝑅𝑎𝑡𝑖𝑜 𝑋 𝑅𝑒𝑎𝑑 𝑉𝑎𝑙𝑢𝑒 

 

                                                          Equation 4—4 

 

where  N: is the number of bits  

 

The codes for the voltage dividers used in STS_AC and STS_BAT are a little bit 

different. If there is a voltage exist in the divider, that means the AC/Battery is available 

and the opposite is true if no voltage was measured, as in the code below.   

0
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Voltage Divider Result (Vout as a fraction of Vin) 
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4.10 Light Dependent Resistor 

 

The Light Dependent Resistor (LDR) is a device that can simulate day and night times. 

For this project, the LDR chosen is PGM5506 LDR. Figure 4-26 shows the voltage 

divider for the LDR where one leg of the LDR is connected to ground, the other leg to the 

digital input of the STM32F7 microcontroller and a 10.4 kΩ resistor, and the other side 

of the resistor is connected to 3.3 V of the Vcc.  
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Figure 4-26 LDR Circuit Design 

 

Before designing the circuit, the resistor across the two terminals of the LDR was 

measured using Fluke 116 HVAC Multimeter. The dark resistance for the LDR is 48 kΩ, 

and the photo resistance is 1.4 kΩ. A 10.4 kΩ in the divider is selected to maintain the 

output voltage values so that the voltage levels will correspond to digital 0 or digital 1. 

Figure 4-27 illustrates the standard CMOS voltage level [19].     

 

Figure 4-27 CMOS voltage level 

 where 

VIL is the input voltage needs to be sent to the device to read logic 0 

VIH is the input voltage needs to be sent to the device to read logic 1 
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VOH is the output high-level voltage which measures the output to generate 1 

VOL is the output low-level voltage which measures the output to generate 0 

 

For this design with LDR resistor is 48 kΩ, the output voltage is equal to:  

48 𝑘 Ω 

48𝑘 Ω + 10.4𝑘 Ω 
 𝑥3.3

= 2.71 𝑉 (𝐿𝑜𝑔𝑖𝑐 1) 

                                       Equation 4—5 

 

  

And when LDR resistor is 1.4 kΩ, the output voltage is equal to: 

1.4 𝑘 Ω 

1.4𝑘 Ω + 10.4𝑘 Ω 
 𝑥3.3

= 0.39 𝑉 (𝐿𝑜𝑔𝑖𝑐 0) 

                                      Equation 4—6 

 

 

The above two equations provide logic 1 for the night time and logic 0 for the day time. 

However, these values are the opposite to what being used in the design. Hence, these 

values were inverted in the C command for the microcontroller to read logic 1 during the 

day and logic 0 during the night. Below shows the C command line to read the value 

coming from the LDR:  

 

 

The status the day will then be displayed on the screen as shown in Figures 4-28 and 4-

29.  
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Figure 4-28  Daytime testing 

 

 

Figure 4-29  Night time Testing 
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4.11 Relay Board 

 

The relay board is the DT-I/O Quad Relay Board as shown in Figure 4-30. The model 

requires 5 V supply voltage and can handle up to 10 A rated current. Out of the four 

relays, the model has only three relays are actually used which are labeled 0, 1, and 2 in 

the Figure. Relay 0 is connected to the MPPT charge controller which is RLY_MPPT in 

our C code. Relay 1 is RLY_AC in our code which connects to the AC grid, and finally 

Relay 2 is connected to the battery bank assigned as RLY_BAT.   

 

Figure 4-30 DT-I/O Quad Relay Board 

 

 

Figure 4-31 High Level Block Diagram showing Power Sources Connections to the Relay 

Board 



53 

 

From Figure 4-31, the NO1 (Normally Open) terminal is connected to the positive line 

that is coming from the MPPT, and the COM1 (Common) is connected to the load. Also, 

NO2 terminal is connected to the phase line coming from the AC grid, and the COM2 is 

connected to the load. The last two relay terminals NO3 and COM3 are connected to the 

battery bank.  

To connect the relay board to the STM32F7 Discovery kit, the communication pins (J1 

IN Port), are labeled as IN1, IN2, and IN3. IN1 is the control input signal connected to a 

digital input D3 in the microcontroller. IN2 and IN3 are also control signals connected to 

D2 and D4 respectively. For the MCU to send the command to the relay to be turned ON 

of OFF, the GPIO HAL function is utilized from the HAL driver as illustrated below:  
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Chapter 5:  Hardware Results  

 

A lab-scale construction of the system previously explained in Figure 3-1 was 

conducted as illustrated in Figure 5-1. Each power source of the system was simulated 

using a DC power supply (RIGOL DP832 Triple Output Power Supply). Since each 

power supply has three outputs 30V/3A, 30V/3A, and 5V/3A, only two of the higher 

voltage outputs are being used from the first power supply, while the third source comes 

from one output of the second power supply to meet the design requirements of 

24V/4.2A. The two outputs of the first power supply simulate the power coming from the 

solar MPPT charge controller and the rectified AC grid. The second power supply 

functions to simulate the power coming from the battery. A diode connects to the positive 

side of each power supply to prevent the current flowing back to the outputs of the other 

power supplies when one power supply is conducting. These diodes are marked as D1, 

D2, D3 in Figure 5-1(NTE5812) and rated at 6A. For D1, the cathode of the diode 

connects to a voltage divider (V1) and current sensor (I1) to measure the power coming 

from the PV. These two sensors are connected to the MCU to control the relay 

(RLY_MPPT) based on their values. The operation of the relays follows the assumptions 

as described in Chapter 3 and Chapter 4. Moreover, the cathode of D2 connects to a 

voltage divider (V2) to simulate the power coming from the grid. The voltage divider 

informs the MCU whether or not the AC grid is available. As explained in Chapter 4, if a 

voltage exists at the output of the divider, then the AC grid is available to provide power 

to the load. This connection operates based on the assumption made in Chapter 4 via a 

relay (RLY_AC). The last line is the line connected to D3 to simulate the battery. To 

determine the status of the battery, the line connects to a voltage divider (V3). If the 
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MCU detects any voltage at the output of the divider, then the battery is available. The 

power coming from the battery is controlled by the relay connected to D3 (RLY_BAT).    

 

Figure 5-1 Lab-Scale wiring diagram 

 

Again, the STM32F7 Microcontroller controls all relays by following the 

assumptions made in Chapter 3. These relays connect to an electronic load to simulate the 

load (PLZ303W Electronic Load). This load-current ties to a voltage divider (V4) and a 

current sensor (I2) to measure the power at the load. Based on the two values measured 

via these two sensors the microcontroller controls the operation of the system.    
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Figure 5-2 RIGOL DP832 triple output power supply used for test setup 

 

Figure 5-3 PLZ303W electronic load to simulate the load 

 

In order to analyze the results and to demonstrate the functionality and 

performance of the proposed system, the lab setup illustrated in Figure 5-4 was 

assembled. Additionally, several cases were tested whose results were captured from the 

LCD of the STM32F7 microcontroller. These cases are as follows:  

 Case #1: getting the microcontroller to combine the power from the PV and 

the AC grid 

 Case #2: powering the load from the PV system only 
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 Case #3: connecting the battery to the load when the grid and the PV are not 

available 

 Case #4: supplying the load from the grid at night 

 Case #5: using the batteries as a backup at night.      

 

Figure 5-4 Lab setup 

 

Figure 5-5 Lab setup zoomed in 
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Case #1 

When simulating the first case, the LDR was exposed to light, so the MCU is 

automatically set as “day-time” as shown in Figure 5-6. In this case, the load power was 

adjusted from the electronic load to 24 W and the PV system power was adjusted from 

the DC power supply to 14 W. Since the generation from the PV is less than the power 

required by the load, the MCU will automatically turn on the two relays connected to the 

AC grid and the MPPT charge controller. Therefore, the AC grid will compensate the 

remaining 10 W needed to power the load. Figure 5-6 displays the STM32F7 

microcontroller screen indicating that the PV system and the AC grid are both connected. 

Further, we can see that the battery is available and can be used as a backup if needed.  

 

Figure 5-6 Case 1: AC Grid and PV are combined 

Case #2  

In this case, the microcontroller remained set at “day-time”. The load was 

adjusted from the electronic load to 18W and the PV system was adjusted from the DC 
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power supply to 24W. Since the load only needs 18W of power, and the PV system was 

sufficient to supply the needed power to the load; therefore, the MCU automatically 

turned off the relay connected to the grid and the relay from the PV charge controller 

remained connected. As you can see in Figure 5-7, the AC grid is available but 

disconnected, while the PV system is the only source of power connected. As mentioned 

above the battery will still serve as a backup power source if needed.  

 

Figure 5-7 Case 2: PV is Supplying the load 

Case #3 

With the microcontroller still functioning at day-time, the PV and the AC system 

were both set to 0W. Because the two sensors at the PV line did not send any readings to 

the microcontroller, the relay connected to the PV was automatically turned off. Further, 

the voltage sensor that was placed in the positive line coming from the AC grid did not 

measure any voltage across its terminals, the MCU also automatically disconnected that 

relay. As shown in Figure 5-8, the PV system and the AC grid are not available and 
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disconnected. The battery is the only source of power that is available and connected to 

the system.  

 

 

Figure 5-8 Case 3: Battery is connected as backup during the day 

Case #4 

In conducting this case, the LDR sensor was covered to notify the MCU that it is 

“night time”. During this setting, the MCU will read 0 power coming from the PV; 

therefore the PV is automatically disconnected from the network. The MCU will fully 

rely on the AC grid power source. The relay connected to the grid will be turned on to 

deliver the power to the load. As shown in Figure 5-9, the PV system is disconnected and 

the AC grid is available and connected to the system. Again the battery will remain as a 

backup power source if needed.   
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Figure 5-9 Case 4: AC Grid is supplying load 

Case #5 

The purpose of this case was to test the backup power supply during night time. 

The power supply that was assumed to be the rectifier AC grid was turned off, leaving 

the backup battery as the only power source available to feed the load. Figure 5-10 

displays both AC and PV as not available and not connected. the backup battery as a 

source that is available and connected to the system.  
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Figure 5-10 Case 5: Battery is connected as backup at night 
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Chapter 6:  Conclusion and Future Work  

 

This thesis presents the hardware and software for modeling DC data center using 

hybrid power sources that combines the utility grid with a renewable energy source (PV 

system). The proposed design topology was first simulated before implementing the 

design in the lab. The results from the simulation and the neural network model of the 

system as elaborated in Chapter 4 demonstrate the accuracy in the operation of such mix 

of energy sources and hence proved the possibility of combining different power sources. 

However, the assumptions implemented when developing the software could be an 

improvement in future work. Voltage and current sensors could be employed to the line 

coming from the utility grid for monitoring the power. Then the measured power value 

could be used as an input to the NN. In addition, the battery state of charge could be 

measured and used as an input when developing the NN model. These additional 

requirements consequently will demand the use of a different microcontroller with more 

analog to digital ports. 

Furthermore, the hardware design was constructed using two DC power supplies to 

characterize each power source. The goal was to demonstrate a proof-of-concept lab-

scale system rather than testing the concept in a real system. When interfacing the 

microcontroller with the sensors and the relay board, the result demonstrated accuracy 

with the software. Also, the NN model worked very well as looked-for when developing 

the model. However, further work could be done to achieve a much closer lab-scale 

design to the real system. Instead of using DC power supplies to simulate the energy 

sources, a solar panel, the utility grid, and lead-acid batteries could be used. Additionally, 

the assumption that the battery bank could only be charged from the PV system may be 



64 

improved by allowing the utility line to charge the battery, in case PV power is not 

enough or not available.   
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Appendix A: Neural Network Model Table  

Input to the NN Target Values Output (NN Result)  

Load in W PV in W PV On or Off AC On or Off PV On or Off AC On or Off 

100 100 1 0 1                   0  

100 95 1 1 1                   1  

100 90 1 1 1                   1  

100 85 1 1 1                   1  

100 80 1 1 1                   1  

100 75 1 1 1                   1  

100 70 1 1 1                   1  

100 65 1 1 1                   1  

100 60 1 1 1                   1  

100 55 1 1 1                   1  

100 50 1 1 1                   1  

100 45 1 1 1                   1  

100 40 1 1 1                   1  

100 35 1 1 1                   1  

100 30 1 1 1                   1  

100 25 1 1 1                   1  

100 20 1 1 1                   1  

100 15 1 1 1                   1  

100 10 1 1 1                   1  

100 0.5 1 1 1                   1  

95 100 1 0 1                 (0) 
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95 95 1 0 1                   0  

95 90 1 1 1                   1  

95 85 1 1 1                   1  

95 80 1 1 1                   1  

95 75 1 1 1                   1  

95 70 1 1 1                   1  

95 65 1 1 1                   1  

95 60 1 1 1                   1  

95 55 1 1 1                   1  

95 50 1 1 1                   1  

95 45 1 1 1                   1  

95 40 1 1 1                   1  

95 35 1 1 1                   1  

95 30 1 1 1                   1  

95 25 1 1 1                   1  

95 20 1 1 1                   1  

95 15 1 1 1                   1  

95 10 1 1 1                   1  

95 0.5 1 1 1                   1  

90 100 1 0 1                   0  

90 95 1 0 1                 (0) 

90 90 1 0 1                   0  

90 85 1 1 1                   1  

90 80 1 1 1                   1  

90 75 1 1 1                   1  
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90 70 1 1 1                   1  

90 65 1 1 1                   1  

90 60 1 1 1                   1  

90 55 1 1 1                   1  

90 50 1 1 1                   1  

90 45 1 1 1                   1  

90 40 1 1 1                   1  

90 35 1 1 1                   1  

90 30 1 1 1                   1  

90 25 1 1 1                   1  

90 20 1 1 1                   1  

90 15 1 1 1                   1  

90 10 1 1 1                   1  

90 0.5 1 1 1                   1  

85 100 1 0 1                   0  

85 95 1 0 1                   0  

85 90 1 0 1                 (0) 

85 85 1 0 1                   0  

85 80 1 1 1                   1  

85 75 1 1 1                   1  

85 70 1 1 1                   1  

85 65 1 1 1                   1  

85 60 1 1 1                   1  

85 55 1 1 1                   1  

85 50 1 1 1                   1  
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85 45 1 1 1                   1  

85 40 1 1 1                   1  

85 35 1 1 1                   1  

85 30 1 1 1                   1  

85 25 1 1 1                   1  

85 20 1 1 1                   1  

85 15 1 1 1                   1  

85 10 1 1 1                   1  

85 0.5 1 1 1                   1  

80 100 1 0 1                 (0) 

80 95 1 0 1                   0  

80 90 1 0 1                   0  

80 85 1 0 1                 (0) 

80 80 1 0 1                   0  

80 75 1 1 1                   1  

80 70 1 1 1                   1  

80 65 1 1 1                   1  

80 60 1 1 1                   1  

80 55 1 1 1                   1  

80 50 1 1 1                   1  

80 45 1 1 1                   1  

80 40 1 1 1                   1  

80 35 1 1 1                   1  

80 30 1 1 1                   1  

80 25 1 1 1                   1  
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80 20 1 1 1                   1  

80 15 1 1 1                   1  

80 10 1 1 1                   1  

80 0.5 1 1 1                   1  

75 100 1 0 1                 (0) 

75 95 1 0 1                 (0) 

75 90 1 0 1                   0  

75 85 1 0 1                   0  

75 80 1 0 1                 (0) 

75 75 1 0 1                   0  

75 70 1 1 1                   1  

75 65 1 1 1                   1  

75 60 1 1 1                   1  

75 55 1 1 1                   1  

75 50 1 1 1                   1  

75 45 1 1 1                   1  

75 40 1 1 1                   1  

75 35 1 1 1                   1  

75 30 1 1 1                   1  

75 25 1 1 1                   1  

75 20 1 1 1                   1  

75 15 1 1 1                   1  

75 10 1 1 1                   1  

75 0.5 1 1 1                   1  

70 100 1 0 1                 (0) 
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70 95 1 0 1                 (0) 

70 90 1 0 1                 (0) 

70 85 1 0 1                   0  

70 80 1 0 1                   0  

70 75 1 0 1                 (0) 

70 70 1 0 1                   0  

70 65 1 1 1                   1  

70 60 1 1 1                   1  

70 55 1 1 1                   1  

70 50 1 1 1                   1  

70 45 1 1 1                   1  

70 40 1 1 1                   1  

70 35 1 1 1                   1  

70 30 1 1 1                   1  

70 25 1 1 1                   1  

70 20 1 1 1                   1  

70 15 1 1 1                   1  

70 10 1 1 1                   1  

70 0.5 1 1 1                   1  

65 100 1 0 1                 (0) 

65 95 1 0 1                 (0) 

65 90 1 0 1                 (0) 

65 85 1 0 1                 (0) 

65 80 1 0 1                   0  

65 75 1 0 1                   0  
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65 70 1 0 1                 (0) 

65 65 1 0 1                   0  

65 60 1 1 1                   1  

65 55 1 1 1                   1  

65 50 1 1 1                   1  

65 45 1 1 1                   1  

65 40 1 1 1                   1  

65 35 1 1 1                   1  

65 30 1 1 1                   1  

65 25 1 1 1                   1  

65 20 1 1 1                   1  

65 15 1 1 1                   1  

65 10 1 1 1                   1  

65 0.5 1 1 1                   1  

60 100 1 0 1                 (0) 

60 95 1 0 1                 (0) 

60 90 1 0 1                 (0) 

60 85 1 0 1                 (0) 

60 80 1 0 1                 (0) 

60 75 1 0 1                   0  

60 70 1 0 1                   0  

60 65 1 0 1                 (0) 

60 60 1 0 1                   0  

60 55 1 1 1                   1  

60 50 1 1 1                   1  
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60 45 1 1 1                   1  

60 40 1 1 1                   1  

60 35 1 1 1                   1  

60 30 1 1 1                   1  

60 25 1 1 1                   1  

60 20 1 1 1                   1  

60 15 1 1 1                   1  

60 10 1 1 1                   1  

60 0.5 1 1 1                   1  

55 100 1 0 1                 (0) 

55 95 1 0 1                 (0) 

55 90 1 0 1                 (0) 

55 85 1 0 1                 (0) 

55 80 1 0 1                 (0) 

55 75 1 0 1                 (0) 

55 70 1 0 1                   0  

55 65 1 0 1                   0  

55 60 1 0 1                 (0) 

55 55 1 0 1                   0  

55 50 1 1 1                   1  

55 45 1 1 1                   1  

55 40 1 1 1                   1  

55 35 1 1 1                   1  

55 30 1 1 1                   1  

55 25 1 1 1                   1  
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55 20 1 1 1                   1  

55 15 1 1 1                   1  

55 10 1 1 1                   1  

55 0.5 1 1 1                   1  

50 100 1 0 1                 (0) 

50 95 1 0 1                 (0) 

50 90 1 0 1                 (0) 

50 85 1 0 1                 (0) 

50 80 1 0 1                 (0) 

50 75 1 0 1                 (0) 

50 70 1 0 1                 (0) 

50 65 1 0 1                   0  

50 60 1 0 1                   0  

50 55 1 0 1                 (0) 

50 50 1 0 1                   0  

50 45 1 1 1                   1  

50 40 1 1 1                   1  

50 35 1 1 1                   1  

50 30 1 1 1                   1  

50 25 1 1 1                   1  

50 20 1 1 1                   1  

50 15 1 1 1                   1  

50 10 1 1 1                   1  

50 0.5 1 1 1                   1  

45 100 1 0 1                 (0) 
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45 95 1 0 1                 (0) 

45 90 1 0 1                 (0) 

45 85 1 0 1                 (0) 

45 80 1 0 1                 (0) 

45 75 1 0 1                 (0) 

45 70 1 0 1                 (0) 

45 65 1 0 1                 (0) 

45 60 1 0 1                   0  

45 55 1 0 1                   0  

45 50 1 0 1                 (0) 

45 45 1 0 1                   0  

45 40 1 1 1                   1  

45 35 1 1 1                   1  

45 30 1 1 1                   1  

45 25 1 1 1                   1  

45 20 1 1 1                   1  

45 15 1 1 1                   1  

45 10 1 1 1                   1  

45 0.5 1 1 1                   1  

40 100 1 0 1                   0  

40 95 1 0 1                 (0) 

40 90 1 0 1                 (0) 

40 85 1 0 1                 (0) 

40 80 1 0 1                 (0) 

40 75 1 0 1                 (0) 
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40 70 1 0 1                 (0) 

40 65 1 0 1                 (0) 

40 60 1 0 1                 (0) 

40 55 1 0 1                   0  

40 50 1 0 1                   0  

40 45 1 0 1                 (0) 

40 40 1 0 1                   0  

40 35 1 1 1                   1  

40 30 1 1 1                   1  

40 25 1 1 1                   1  

40 20 1 1 1                   1  

40 15 1 1 1                   1  

40 10 1 1 1                   1  

40 0.5 1 1 1                   1  

35 100 1 0 1                   0  

35 95 1 0 1                   0  

35 90 1 0 1                 (0) 

35 85 1 0 1                 (0) 

35 80 1 0 1                 (0) 

35 75 1 0 1                 (0) 

35 70 1 0 1                 (0) 

35 65 1 0 1                 (0) 

35 60 1 0 1                 (0) 

35 55 1 0 1                 (0) 

35 50 1 0 1                   0  
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35 45 1 0 1                   0  

35 40 1 0 1                 (0) 

35 35 1 0 1                   0  

35 30 1 1 1                   1  

35 25 1 1 1                   1  

35 20 1 1 1                   1  

35 15 1 1 1                   1  

35 10 1 1 1                   1  

35 0.5 1 1 1                   1  

30 100 1 0 1                   0  

30 95 1 0 1                   0  

30 90 1 0 1                   0  

30 85 1 0 1                 (0) 

30 80 1 0 1                 (0) 

30 75 1 0 1                 (0) 

30 70 1 0 1                 (0) 

30 65 1 0 1                 (0) 

30 60 1 0 1                 (0) 

30 55 1 0 1                 (0) 

30 50 1 0 1                 (0) 

30 45 1 0 1                   0  

30 40 1 0 1                   0  

30 35 1 0 1                 (0) 

30 30 1 0 1                   0  

30 25 1 1 1                   1  
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30 20 1 1 1                   1  

30 15 1 1 1                   1  

30 10 1 1 1                   1  

30 0.5 1 1 1                   1  

25 100 1 0 1                   0  

25 95 1 0 1                   0  

25 90 1 0 1                   0  

25 85 1 0 1                   0  

25 80 1 0 1                 (0) 

25 75 1 0 1                 (0) 

25 70 1 0 1                 (0) 

25 65 1 0 1                 (0) 

25 60 1 0 1                 (0) 

25 55 1 0 1                 (0) 

25 50 1 0 1                 (0) 

25 45 1 0 1                 (0) 

25 40 1 0 1                   0  

25 35 1 0 1                   0  

25 30 1 0 1                 (0) 

25 25 1 0 1                   0  

25 20 1 1 1                   1  

25 15 1 1 1                   1  

25 10 1 1 1                   1  

25 0.5 1 1 1                   1  

20 100 1 0 1                   0  
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20 95 1 0 1                   0  

20 90 1 0 1                   0  

20 85 1 0 1                   0  

20 80 1 0 1                   0  

20 75 1 0 1                 (0) 

20 70 1 0 1                 (0) 

20 65 1 0 1                 (0) 

20 60 1 0 1                 (0) 

20 55 1 0 1                 (0) 

20 50 1 0 1                 (0) 

20 45 1 0 1                 (0) 

20 40 1 0 1                 (0) 

20 35 1 0 1                   0  

20 30 1 0 1                   0  

20 25 1 0 1                 (0) 

20 20 1 0 1                   0  

20 15 1 1 1                   1  

20 10 1 1 1                   1  

20 0.5 1 1 1                   1  

15 100 1 0 1                   0  

15 95 1 0 1                   0  

15 90 1 0 1                   0  

15 85 1 0 1                   0  

15 80 1 0 1                   0  

15 75 1 0 1                   0  
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15 70 1 0 1                 (0) 

15 65 1 0 1                 (0) 

15 60 1 0 1                 (0) 

15 55 1 0 1                 (0) 

15 50 1 0 1                 (0) 

15 45 1 0 1                 (0) 

15 40 1 0 1                 (0) 

15 35 1 0 1                 (0) 

15 30 1 0 1                   0  

15 25 1 0 1                   0  

15 20 1 0 1                 (0) 

15 15 1 0 1                   0  

15 10 1 1 1                   1  

15 0.5 1 1 1                   1  

10 100 1 0 1                   0  

10 95 1 0 1                   0  

10 90 1 0 1                   0  

10 85 1 0 1                   0  

10 80 1 0 1                   0  

10 75 1 0 1                   0  

10 70 1 0 1                   0  

10 65 1 0 1                 (0) 

10 60 1 0 1                 (0) 

10 55 1 0 1                 (0) 

10 50 1 0 1                 (0) 
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10 45 1 0 1                 (0) 

10 40 1 0 1                 (0) 

10 35 1 0 1                 (0) 

10 30 1 0 1                 (0) 

10 25 1 0 1                   0  

10 20 1 0 1                   0  

10 15 1 0 1                 (0) 

10 10 1 0 1                   0  

10 0.5 1 1 1                   1  

0.5 100 1 0 1                   0  

0.5 95 1 0 1                   0  

0.5 90 1 0 1                   0  

0.5 85 1 0 1                   0  

0.5 80 1 0 1                   0  

0.5 75 1 0 1                   0  

0.5 70 1 0 1                   0  

0.5 65 1 0 1                   0  

0.5 60 1 0 1                   0  

0.5 55 1 0 1                 (0) 

0.5 50 1 0 1                 (0) 

0.5 45 1 0 1                 (0) 

0.5 40 1 0 1                 (0) 

0.5 35 1 0 1                 (0) 

0.5 30 1 0 1                 (0) 

0.5 25 1 0 1                 (0) 
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0.5 20 1 0 1                 (0) 

0.5 15 1 0 1                   0  

0.5 10 1 0 1                   0  

0.5 0.5 1 0 1                   0  
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Appendix B: STM32F7 C Code in Keil Software   
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