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Abstract 
Electric Vehicles have become a viable alternative form of transportation and present many 

engineering challenges. This project will develop a bidirectional DC-DC converter drive system 

for an electric vehicle which consists of a battery, motor, DC-DC Converter, charger and control 

system. The DC-DC converter is required to perform mainly two functions: first to match the 

battery voltage to the motor rated voltage, and second to control the power flow under 

acceleration and braking conditions. During acceleration and normal modes the power flows 

from battery to motor, and during braking or regenerative mode the kinetic energy of the motor 

is converted into electrical energy and fed back to the battery. In this project, operation of the 

bidirectional DC-DC converter powering a DC motor and energy recovery with regenerative 

braking will be accomplished.  Simulations of the design will first be presented to confirm that 

the design is functioning properly.  Confirmation of the simulation designs will then be discussed 

during construction and testing of a physical working prototype. 

 

  



6 
 

 

 

 

 

 

Section I:  Problem Statement 
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The proposed project is to design and implement a system that will consist of a battery and motor 

interconnected by a DC-DC converter.  The converter is required to be bidirectional in order to 

recover some energy from the motor during braking of the vehicle and transfer it back to the 

battery.  In order to fulfill this requirement, our system will need to follow certain guidelines 

described below.  The system will need to operate under these conditions in order for it to be 

effective and successful. 

Section 1.1:  Requirements & Specifications 
The following is a list of topics that are an absolute necessity for the system. The battery and DC 

motor need to be connected via the DC-DC converter.  The converter must be able to efficiently 

step up the battery voltage to the motor rated voltage.  

 The motor needs to have a regenerative phase.  During the regenerative phase, the motor 

will need to operate as a generator and transfer partial energy back to the battery. 

 The DC-DC converter needs to be bidirectional.  The battery will transfer energy to the 

motor, but the motor will also transfer energy back to the battery. 

  The system will need to have a charging unit, with power input from a solar panel or AC 

voltage.  This can be used to charge the battery back to its full state while the system is 

not in use. 

 The system needs to have an adjustable speed range.  In order for the motor to be 

practical, there needs to be more than one speed at which the system can operate.  The 

motor should be able to function in a speed range of zero RPM up to the motor’s full 

RPM rating via control from the user. 

 The system should comply with appropriate electrical standards (IEEE).  In order for the 

system to be effective, it needs to uphold approved standards which would make it 

suitable for a commercial environment. 

 The system should have a measurement display for speed and battery charge level.  

Display of temperature could also be added if possible.  These components would make 

sure that the system doesn’t overheat or experience any other setbacks.     

 The solar panel should be used as a supplemental energy source when the system isn’t 

plugged into an AC source, which has a faster charging time.  Reusable energy is 

preferred to an AC source when charge time is not limited 
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Section 1.2:  Given Parameters 
The design should follow fixed parameters. 

 The charging unit should be powered by a single Kyocera Photovoltaic Module, Model # 

KC85T with a peak power output of 87 Watts at 25°C or a comparable unit which can 

provide an equivalent or higher power range. 

 The charger should also be powered by 120 VAC, 15A, 60Hz input, with an option to 

select either solar or AC power. 

 The motor size should be greater than 5 horsepower 

 The range of RPM should be from 0 to the maximum value that the motor allows.  This 

allows the system to be a practical use for a vehicle.  

Section 1.3:  Design Variables 
The design variables include hardware and operating conditions.  Hardware variables consist of 

components of the system, dimensions, and materials.  Operating conditions refer to parameters 

that can be varied easily over specified ranges without changing the hardware of the system.  

Some examples include system speed and power input. 

      Hardware 

 Motor – The design must contain a properly sized motor that will be able to drive the 

system and partially recharge the battery.  The size of the motor should be at least 5hp. 

 Battery – The design must also contain a battery which will be used to power the motor 

and control system. 

 Converter – The motor and battery must be connected via the DC-DC converter.  The 

converter must be bidirectional to allow power transfer back and forth between the motor 

and battery.  

 Control System/Interface – The system needs to contain a controller that allows for the 

adjustment of motor RPM based on direct user control. The controller will also allow for 

braking and reverse modes. 

 Display - The system needs to have a measurement display for speed, battery charge 

level, and temperature.  These components would make sure that the system doesn’t 

experience any setbacks.     
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     Operating Conditions 

 Speed – The system needs to be able to operate across a range of various speeds which 

are controlled directly by the user. The system should operate at a minimum of 0 RPM 

and operate at a maximum of what our motor will allow. 

 Forward and Reverse Mode– The system needs to be able to operate in forward and 

reverse modes based on user selection, which will switch motor phase or DC polarity. 

Section 1.4:  Limitations and Constraints 
The system must follow limitations and constraints.  These constraints include cost, size, and 

time. 

 Cost – The total system cost must comply with the fund allotment from the IPFW 

Engineering Department. 

 Size – The overall size of the system should be appropriate for the type of vehicle it will 

be implemented into. 

 Time – The project needs to be completed by May 2014 with a final design completed by 

December 2013. 

Section 1.5:  Additional Considerations 
While the project needs to follow all of the above guidelines, there are other factors which need 

to be taken into account. 

 Safety – The system will contain safety features to prevent injury from mechanical and 

electrical components.  We will also consider safety features for the electric motor and 

battery. 

 Parts – The project will be completed with commercially available parts.  Specifications 

and operational limits of all parts should be observed for proper performance and 

efficiency. Consideration of life expectancy of these parts will also be taken into account. 

 Accuracy – We need to take into account that all of our measurements may not be 

completely ideal since components contain uncertainty. 
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Section II:  Detailed Design 
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Section 2.1:  Brushless Motor Subsystem 

The type of motor selected for the project is a brushless DC motor. This type of motor provides 

high efficiency due to the arrangement of permanent magnets on the rotor and electromagnetic 

coils on the stator.  This eliminates the need for commutating brushes. Commutation of the 

brushless motor is accomplished externally as shown in Figure 1. Three Hall effect sensors are 

built into the motor housing and placed 120 degrees apart. These sensors detect rotation of the 

permanent magnet rotor and output a binary signal when the rotor passes by one of the sensors. 

Based on the signal pattern of the Hall effect sensors, the commutation control circuit switches 

on one of the high side bridge transistors (Q1, Q3, Q5) and one of the low side bridge transistors 

(Q0, Q2, Q4) on in a six step pattern. This will allow current to flow into one of the motor phase 

coils and out of another while the third coil is left open. The motor supply voltage DC+ and DC– 

is connected to the output of the DC-DC converter. The switching pattern of the six bridge 

transistors are timed according to the position of the rotor, identified by the Hall sensors, so that 

the angle between rotor magnetic flux and armature winding electromagnetic flux is 

approximately 90 degrees at all times. This flux angle provides maximum torque output from the 

motor. In regenerative braking mode, all six commutation transistors are turned off and the motor 

generates a three phase alternating output voltage proportional to its rotational speed. Voltage 

output from the motor is rectified through the body diodes across each of the six transistors to 

convert to a DC voltage.  This DC voltage is sent to the battery via the bidirectional DC-DC 

converter. 

 
Figure 1:  General block diagram and schematic for brushless motor commutation control 
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Selection of an appropriately sized brushless DC motor is based on the given parameters for 

overall motor power and output speed defined in the problem statement. The requirement for the 

motor is a minimum output power of 5 horsepower.  The motor also needs to have a fully 

adjustable speed range of zero RPM up to the motor maximum rated RPM. Electrical motors are 

often rated with output power in units of Watts.  Therefore the conversion presented in Equation 

1 will be used, where PW represents the power in Watts and PHP represents the power in horsepower. 

                                                                            (1) 

            

                

Using this calculation, the motor needs to be capable of producing an output power of 3.728 kW. 

Based on the selection of a brushless type DC motor for the drive system, and the power 

calculations detailed above, the motor selected will be a 5kW, 72V, three phase brushless DC 

motor made by Golden Motor, shown in Figure 2. The motor features built in Hall effect sensors 

for commutation control, a self-cooling housing fan, and a rated rotational speed of 3500RPM. 

Specifications for the motor are shown in Table 1. 
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Figure 2: HPM5000B Brushless Motor made by Golden Motor 

 

 

Table 1: Specifications and ratings for the HPM5000-B Brushless DC Motor 

Model: HPM5000B 

Voltage: 72V 

Rated Power: 5kW 

Efficiency: 91% 

Phase R: 6 mΩ 

Phase L: 77 µH 

Weight: 11Kg 

Casing: Aluminum 

Length: 126mm 

Diameter: 206mm 

Features: Water resistant 

Stainless Steel Shaft 

Self-Cooling Fan 
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Based on the given parameters for the brushless motor, analytical calculations can be performed 

to confirm that the motor will operate across a range of input voltages from 0 to 72V, which will 

allow for a full speed range output from the motor. When driven from a six step commutation 

source, the following permanent magnet motor equations are applicable in steady state operation. 

 

                                                            (2) 

                                                             (3) 

   = Voltage applied to the commutation bridge [V] 

   = Winding Resistance [Ω] 

   = Motor Current [A] 

   = Voltage constant [
   

   
  

   = Torque constant [
   

 
  

  = Motor speed [
   

 
] 

τ = Torque [     

 

Using the Dynamic Test data provided by the manufacturer for the HPM5000-B brushless motor, 

which can be found in the appendix, the torque constant can determined by plotting the full range 

of values provided for motor current and torque. When plotted, the slope of the line fitted to the 

data points gives the average torque constant for the predominantly linear relationship. This can 

be seen in Figure 3.  The torque constant    is then calculated to be 0.1679 [
   

 
]. 
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Figure 3: Calculation of the motor torque constant based on given parameters 

 

The voltage constant is determined by rearranging Equation 2 into the following form: 

   
       

 
                                                        (4) 

Using Equation 4, along with the dynamic test data points measured at peak efficiency, the 

resulting voltage constant is determined to be:  

   
                  

      
 

           [
   

   
] 

 

By combining Equations 2 and 3, the following relationship between output speed and input 

voltage at a constant load torque can be calculated using the conversion of RPM = 9.5493   . 

  
      

 

  

  
                                                  (5) 

y = 0.1679x - 0.5644 
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                                              (6) 

Using Equation 6, the rotational speed output of the brushless motor can be plotted as a function 

of input voltage for a constant load torque of 5 Nm.  The resulting plot is shown in Figure 4. 

 
Figure 4: Linear output relationship of motor speed and motor voltage 

 

Using these analytical results, the motor will give a full speed range proportional to motor 

voltage from 0V, up to the motor’s maximum rated voltage of 72V.  This will accomplish 

meeting the requirement set forth in the problem statement parameters section. A fully adjustable 

voltage range into the motor will be provided by the DC-DC converter circuit. 

Commutation and control of the brushless DC motor will be accomplished using a UC3625N 

brushless control chip from Texas Instruments. The control circuitry is housed in a 28 pin DIP 

form factor as shown in Figure 5. The UC3625N performs six step commutation of brushless 
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motors via an external six MOSFET bridge based on inputs from three Hall effect sensors. It also 

features signal inputs for clockwise or counterclockwise motor rotation, bridge enable/disable 

control to allow for regenerative braking, and also comes with a built in circuit which serves as a 

tachometer. Figure 5 details the pin assignment on the chip and shows the relevant function pins 

needed for this specific project. Table 2 contains a detailed list of all necessary pins and their 

basic function. The three Hall sensors allow for 2
3
 = 8 different states based on motor position. 

Hall states 000 and 111 are not possible based on sensor positioning and rotor magnetic pole 

placement. If these states are sent to the controller then a hardware fault has likely occurred. 

According to the Table 3 truth table, which is provided in the UC3625N datasheet, the six 

remaining Hall states represent the six patterns that the bridge transistors can be set to. The low 

side bridge signals are active high and the high side bridge signals are active low. 
 

 
Figure 5: Texas Instruments UC3625N brushless motor control chip pin layout 
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Table 2:  Pins of the UC3625N chip and corresponding functions 

Pin Number Label Function 

11,19 VCC, PWR VCC 15v Input Supply Voltage 

2 VREF Supplies 5v to the Hall sensors 

15 GND Ground 

6 DIR Input from Arduino for forward or reverse mode 

8 H1 Input from Hall sensor 1 

9 H2 Input from Hall sensor 2 

10 H3 Input form Hall sensor 3 

18, 17, 16 PUA, PUB, PUC 
Controls the 3 switching MOSFETs on the high 

side of the commutation bridge 

14, 13, 12 PDA, PDB, PDC 
Controls the 3 switching MOSFETs on the low 

side of the commutation bridge 

20 TACH-OUT Outputs RPM to the Arduino 

23 OV-COAST Input from Arduino for regenerative braking 

7 SPEED-IN Internal speed reference 

 

Table 3:  Commutation truth table for the UC3625N brushless controller 

Dir H1 H2 H3 PDC PDB PDA PUC PUB PUA 

1 0 0 1 L H L L H H 

1 0 1 1 L L H L H H 

1 0 1 0 L L H H L H 

1 1 1 0 H L L H L H 

1 1 0 0 H L L H H L 

1 1 0 1 L H L H H L 

0 1 0 1 L L H H L H 

0 1 0 0 L L H L H H 

0 1 1 0 L H L L H H 

0 0 1 0 L H L H H L 

0 0 1 1 H L L H H L 

0 0 0 1 H L L H L H 

X 1 1 1 L L L H H H 

X 0 0 0 L L L H H H 
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Section 2.2:  Battery Subsystem 
This section will discuss the battery subsystem in three main parts. These include the 

measurements that were used to select sizing, the actual battery selected, and the full battery 

system. Based on the conceptual design and evaluation, the battery subsystem will consist of four 

Lead-Acid batteries connected in series.   

Using four 12V Lead-Acid batteries connected in series, a total voltage of 48V will be created to 

drive the entire system. The Lead-Acid battery chosen for the design will be the UB12500, 

which can be seen in Figure 6. The main reason for choosing this battery is because it features an 

adequate run time, measured in ampere hours (Ah). This consideration is necessary for the 

system to run for a sufficient time interval.  Another good characteristic about this battery is that 

it is able to maintain charge for approximately 3 months with only 9% of capacity lost.  For this 

battery, a male adapter will be needed to allow the battery to connect to the AC charging source 

and solar power charging source separately.   

 

Figure 6:  UB12500 sealed Lead-Acid battery 

Sizing of the battery is necessary to ensure that the loads will be supported appropriately by the 

battery. Selecting the wrong size of batteries may cause them to be drained completely, which is 

not efficient for cycle duration. It is also inefficient for the battery to be undercharged or 

overcharged.  With this in mind, determination of the size of the battery is needed to allow the 

battery to charge to the correct capacity.    
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Selecting a battery type is determined based on six factors. The first factor is design energy over 

autonomy time, which is the period of time that the battery can supply power to the system 

without needing further charging.  The second factor is battery aging factor, which is the 

decrease in battery performance due its age.  The third factor is the temperature correction factor, 

which is part of IEEE standard 485 for Lead-Acid cells.  The fourth factor is capacity rating 

factor, which adjusts for voltage depression (battery holds less charge) when the battery is being 

discharged. The fifth factor is nominal battery voltage, which is the no load voltage of a fully 

charged battery. The sixth factor is maximum depth of charge, which is the amount the battery 

has been discharged until it needs charged again. With all these factors combined, Equation 7 

can be used to determine the minimum battery capacity, which will help to correctly size the 

battery.   

     
            

        
      (7) 

  Where: 

       is minimum battery capacity [Ah] 

     is design energy over autonomy time [VAh]   

     is battery aging factor [%] 

     is temperature correction factor [%] 

     is capacity rating factor [%] 

      is nominal battery voltage [VDC] 

       is maximum depth of discharge [%] 

 

Table 4:  UB12500 Parameters 

Factor UB12500 Value 

Energy Over Autonomy Time 5000VAh 

Aging Factor 25% 

Temperature Correction 1 

Capacity Rating 4.5% 

Nominal Voltage 12V 

Depth of Charge 50% 
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Using the values in Table 4 and placing them in Equation 1, the minimum battery capacity came 

out to be 46.88Ah for the UB12500 battery.  This means that the system should use a battery that 

has about 50Ah to provide adequate results.  Since the nominal battery voltage is 12V and the 

system needs a 48V source, 4-12V batteries will be used in series. 

Section 2.3:  Charger Subsystem 
This section will discuss the charger subsystem in two main parts.  The first part will include the 

AC charging unit.  The second part will include the solar charging unit.  A female adapter will be 

needed, which will be used to connect either the AC or solar power charging input. This will be 

plugged into the male adapter of the battery. One of the considerations for charging is total 

charging time. Equation 8 and 9 show the method to calculate the charge time for the UB12500 

Lead-Acid battery. 

 

               (8) 

Where 

      is the constant for a standard charger 

       is the battery capacity [Ah] 

   is the energy needed to charge [Ah] 

 

 

     
       (9) 

Where 

   is the time it will take to charge the battery in hours 

The battery capacity      was found to be 50 Ah. Therefore, the energy needed for the battery to 

charge is 70Ah.  Since the charger will be standard, the energy needed will be divided by 

17.50A, which is the initial charge current.  This gives a charging time of 4 hours, which is 

reasonable for this system.  Both chargers will be standard, but charging from the solar panel will 

take longer than charging from the AC power source. 
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The first charging system discussed is for the AC source, shown in Figure 6.  The AC source will 

be from a 120V receptacle and will be rectified to DC and boosted to the battery voltage of 48V 

within the charging unit.  The AC charger will be an off-the-shelf product and will need to be 

able to match the battery voltage.   

 

 

 

Figure 6: Basic AC Charging Schematic 

 

The AC charger that will be used is seen in Figure 7.  The charger will rectify the AC power and 

then boost the DC voltage to 48V at 2.5A.  The charger will have both male and female adapters, 

which will be used to connect to the AC source and also to the battery.  This type of charger is an 

automatic battery charger which means it can turn itself off whenever the charging cycle is 

complete, so overcharging will not occur. 
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Figure 7:  CHR-48V2.5A AC charging module 

The second charging system discussed is the solar power source, seen in Figure 8.  Charging the 

battery from the solar panel will take longer.  The solar output of a solar panel is in watts.  For 

every 15 watts that the solar panel is rated, it will deliver about 1Ah per hour when it is in direct 

sunlight.  The Kyocera panel that was donated by IPFW, is rated for 87 W at 77°F, which means 

it will produce about 5.8 Ah per hour.  This means that it will take 8.6 hours to charge the battery 

completely, which is about twice as long as the AC source. The output of the panel is DC voltage 

and will be between 13V and 17V.  This voltage is then stepped up to 48V, using a low power 

boost converter.  The DC-DC converter that will be used to boost the solar power DC voltage to 

that of the battery is from PowerStream. This DC-DC converter has good quantities for input 

voltage, peak output power, and output voltage.  The output voltage needs to be at least 48V to 

match that of the battery. 
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Figure 8: Basic Solar Power charging schematic 

 

The solar charge controller, seen in Figure 9, has a safety feature that prohibits the battery to be 

overcharged.  This controller will also be able to detect when the voltage of the battery is running 

low.  At this point, the controller will shut off power to make sure that the battery is not 

damaged.  

 
Figure 9: Solar charge controller module 
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Section 2.4:  DC-DC Converter Subsystem 

This section will discuss the four quadrant converter subsystem component selection. The 

converter subsystem is designed to operate under dynamic load conditions with variable output 

current and voltage.  The four quadrant converter operates from four control signals that control 

power magnitude and direction.  The device construction consists primarily of four power-

semiconductor switches along with supporting switch drivers and input/output filters. The 

converter operates under four basic modes of operation: as a boost converter stepping up voltage 

to the motor from battery, as a buck converter stepping down voltage to the motor from the 

battery, as a boost converter stepping up voltage to the battery from the motor, and as a buck 

converter stepping down voltage from the motor to the battery.  In each mode of operation, 

control signals are modified to each of the four power semiconducting switches.  Table 5 under 

the control subsystem section 2.5 describes the switching logic supplied to the converter during 

each mode of operation. 

Component Selection 

The first step in choosing component values, such as those for the output ripple capacitor and 

inductor, is to outline the necessary operating parameters of the system. The following 

parameters were realized based on the specific brushless DC motor specifications as well as 

nominal battery supply voltage and ratings. 

1. Input voltage range:          ,          ,        

a. This can be described as the voltage supplied by the battery pack at the minimum 

and maximum states of charge in which the system can safely operate, as well as 

the nominal state of charge. 

i.              or 50% of the nominal state of charge 

ii.              

iii.           , nominal state of charge 

2. Nominal output voltage:      

a. The nominal output voltage desired in this case will be the maximum voltage 

rating of the motor. 

i.            
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3. Maximum output current:      

a. The maximum output current is determined by motor ratings, as well as how 

much current that can be continuously supplied by the battery source in a safe 

manner. 

i.           

4. Estimated efficiency:   

a. The efficiency of the converter is estimated from how much power is lost through 

switch on resistance, other impedances throughout the system, leakage flux from 

the inductor, as well as rise and fall times of switching components.  Since the 

exact efficiency cannot be calculated at this time without physical 

experimentation, a best estimate scenario has been used based on the switch ON 

resistance of 0.009Ω using IRFP3810 FETs, voltage drop across reverse current 

diode on the IRFP3810, and typical performance from similar systems and 

simulations.  

b. A realistic efficiency of power throughput has been estimated to be 90% 

Duty Cycle Calculations 

To calculate a capacitor value that will be sufficient to operate the converter under over 

necessary ranges, the optimal duty cycle in boost mode, and optimal duty cycle in a buck 

regenerative mode is used. The maximum and minimum duty cycle during a regenerative phase 

given a maximum voltage across the motor should be: 

                 
               

      
                                              (10) 

                 
            

   
 

                     

                 
               

      
                                              (11) 
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The maximum and minimum duty cycle during a motor drive phase with various battery states of 

charge should be: 

            
          

      
                                                (12) 

            
       

   
 

              

            
          

      
                                                 (13) 

            
       

   
 

                

Inductor Selection 

High inductor values are ideal in order to operate the converter in continuous mode with higher 

output current and reduced output ripple.  However high inductor values tend to be physically 

larger with greater equivalent series resistance without increasing the wire gauge and, as a result, 

significantly more expensive.  Therefore the minimum inductor value should be chosen to satisfy 

the given operational parameters.  An acceptable inductance value is calculated for both boost 

and buck modes of operation, the largest value calculated is then used as a minimum value in the 

design. The following equation estimates a reasonable minimum inductance value for the 

regenerative mode of operation: 

                       

                                                                                  

   
                          

                   
                                              (14) 
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The following equation estimates a reasonable minimum inductance value for the boost, motor 

drive mode of operation: 

  
        

                   

                   
                                               (15) 

  
              

                
 

         

Since the inductor will be shared during all modes of operation, the value of 12.73µH is used as 

an inductor minimum value. 

Input/ Output Capacitor Selection 

The following equations estimate appropriate values for input and output ripple capacitors in the 

converter.  The maximum value derived from the following four equations is used for both the 

input and output capacitors. 

An appropriate ripple capacitor for regenerative mode is calculated using the following 

equations, the largest of which is used: 

         Desired output voltage ripple (should be as small as possible) 

     
         

            
                                                        (16) 

     
   

              
 

             

The following equation can be used to find the minimum capacitor required during an overshoot 

situation in which the load is removed. 
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                                        (17) 

              
           

          
 

                      

The following equations are used to adjust output voltage ripple during a motor drive boost mode 

of operation: 

     
                    

          
                                                 (18) 

     
        

            
 

            

The value of 5250uF is used as a guideline for selecting the output ripple capacitor.  The closest 

commercially available capacitor value is 5000uF.  

Power semiconductor selection and supporting components 

A MOSFET is the preferable device used as a converter switch.  The low power consumption, 

high switching speed and low current draw make the MOSFET an ideal device.  N-type 

enhancement MOSFETs with bootstrapped half bridge MOSFET drivers have been selected. 

MOSFET selection 

The IRFPS3810PBF MOSFET is appropriate given the operational parameters of the system.  

The IRFPS3810PBF has a drain to source breakdown voltage of 100V, which is high enough to 

withstand the maximum amount of voltage that will be supplied to the motor, 72V.  The series 

resistance from the drain to source when the MOSFET is ON is very low, at 9 milliohms.  The 

maximum continuous drain current is rated at 170A which is above the operational parameters of 

the converter for safety reasons.  At the maximum output current of the converter, 100A, the 

power dissipation of the device can be calculated as the series drain to source ON resistance 

multiplied by the drain to source current squared. 
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                                                        (19) 

               

      

Low power dissipation is ideal to improve the efficiency of the system.  The maximum power 

dissipation of the IRFPS3810 is 580W.  The power dissipated given a constant maximum current 

of 100A is well below the maximum rating of the IRFPS3810. 

The gate to source threshold voltage is rated between 3V and 5V to turn the n-type enhancement 

MOSFET in an ON state while the drain to source voltage is 10V.  With low drain to source 

voltages the FETs can be operated with TTL level voltages, however since the drain to source 

voltage experienced by the MOSFET will exceed 25V during normal operation a charge pump 

driver circuit is necessary to saturate the gate in order to minimize the ON series resistance. 

MOSFET driver selection 

The IR2110 high voltage half bridge driver is selected to drive the IRFPS3810PBF MOSFETS.  

The MOSFET driver is capable of driving MOSFETS with up to 500V drain to source voltage.  

The gate supply drive range varies from 10 to 20V.  The driver is designed for high side 

bootstrapped operation, requiring an external bootstrap diode and capacitor.  The minimum 

bootstrap capacitor value can be determined from the following equation: 

  
          

         

 
     

          

 
 

               
                                      (20) 

The parameters of the bootstrap capacitor equation: 

  = Gate charge of high-side FET (260nC typical) 

 = Frequency of operation (40,000Hz) 

          = Bootsrap capacitor leakage current (not applicable to non-electrolytic capacitors) 

         = Maximum     quiescent current (125µA) 

   = Logic section voltage source (15V) 

  = Forward voltage drop across the bootstrap diode (0.7V for 1N4148 diode) 
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   = Voltage drop across the low-side FET or load (0.9V) 

    = Minimum voltage between    and    (8.6V typical) 

   = Level shift charge required per cycle, (5nC for the IR2110) 

  
             

     
            

                  
 

Minimum bootstrap capacitor value: 

          

Commercially available capacitor value: .22µF 

Section 2.5:  Control Subsystem 
This section will discuss the control subsystem in four main parts. These parts include the 

microcontroller, the DC-DC converter control algorithms, the measurement inputs, including 

sensor selection and the user control inputs, and finally the system display. Based on the 

conceptual design and evaluation, the control system will be composed of an Arduino 

microcontroller and an LCD character display. Supporting control components which will be 

introduced and discussed include temperature sensors, current sensors, and voltage measurement 

devices. The other components necessary for operation of the control system are the user input 

controls, which include throttle, brake, and reverse. 

The main functions of the microcontroller include reading in values from the sensors, controlling 

the DC-DC converter via PWM waveforms, taking inputs from the user controls, and displaying 

proper values to the LCD display. The Arduino model chosen for the converter system is the 

Arduino Mega 2560, shown in Figure 10, which is based on the Atmel ATmega 2560 8-bit 

microcontroller chipset. This decision was made based on the number of analog inputs needed as 

well as digital input/output pins needed. The number of analog input pins needed is at least 7, 

which includes motor and battery temperature, converter voltage input and voltage output, 

converter current input and current output, and a throttle potentiometer. The number of digital 

I/O pins was also calculated to be at least 16 with 12 pins dedicated to the LCD display and 4 

pins controlling each of the four switching MOSFETs in the converter. Based on these 

requirements, the Arduino Uno board was determined to be undersized with only 6 analog input 
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pins and 14 digital I/O pins. The Arduino Mega board contains 54 digital I/O pins and 16 analog 

inputs, which will be sufficient for this project. The Mega microcontroller also contains more 

flash memory compared to the Uno board with 256KB and 16KB respectively. 

 

Figure 10: Arduino Mega 2560 Microcontroller 

Control of the four quadrant DC-DC converter is accomplished by selecting which switching 

device in Figure 11 is actively switched via a PWM signal.  The converter can boost or buck 

voltages in either direction based on the requirements of the vehicle system. A reference throttle 

signal specifies how much voltage should be supplied to the motor in the range of 0 to 72V. The 

microcontroller compares the desired output voltage with the voltage of the battery and 

calculates the required PWM duty cycle.  Based on this comparison, the controller either boosts 

or bucks the battery voltage into the motor. If the regenerative brake button is active, the power 

flow is reversed and voltage output from the slowing brushless motor (generator) is converted to 

the proper battery voltage for partial recharging. Table 5 details the signals sent to each 

switching transistor based on power flow and switching mode. VA represents the motor voltage 

and VB represents the battery voltage. VAref and VBref are the reference signals for the desired 

motor voltage (throttle) and the charging voltage for the battery respectively. The outputs to the 

switches correspond to the switch names in Figure 11.  
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Figure 11: Four quadrant converter topology with four switching elements 

 

 

Table 5: Modes of operation and switching states for the four quadrant converter 

Power Flow Mode Switch SAup Switch SBdown Switch SBup Switch SAdown 

A to B Buck PWM(D) 0 0 0 

A to B Boost 1 PWM(D) 0 0 

B to A Buck 0 0 PWM(D) 0 

B to A Boost 0 0 1 PWM(D) 

 

Inputs to the microcontroller are detailed in Table 6. Motor and battery voltage along with the 

throttle reference signal are used to control the DC-DC converter through the four modes of 

operation. Motor current and temperature as well as battery current and temperature are 

monitored for safety and to prevent system overloading. Motor RPM is displayed to the user and 

is also used to ensure that reverse mode is not engaged when the vehicle is in motion. User 

control inputs include the throttle potentiometer, which allows the user to vary motor rotational 

speed, the brake control button, which allows the vehicle to enter regenerative braking mode, and 

a switch to select clockwise or counter clockwise motor rotation. 

 

 

 

 

 

Battery Motor 
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Table 6: Analog and Digital inputs to the microcontroller 

Input Parameter Parameter Range 
Measurement 

Device 
Signal Type Arduino Pin 

Motor Voltage 0 to 75V Voltage Divider Analog A15 

Motor Current -100 to 100A Current Sensor Analog A5 

Motor Temp. 0 to 125° C Temp. Sensor Analog A2 

Battery Voltage 0 to 50V Voltage Divider Analog A14 

Battery Current -100 to 100A Current Sensor Analog A4 

Battery Temp. 0 to 125° C Temp Sensor Analog A1 

Motor RPM 0 to 5000 RPM BLDC Chip Analog A13 

Throttle 0 to 5V Potentiometer Analog A0 

Brake 0 or 5 V On/Off Button Digital D45 

Reverse 0 or 5 V On/Off Switch Digital D47 

 

Sensor selection was completed based on the value range of the parameter to be measured and 

the output format of the sensor. Temperature measurement will be performed using the TMP36 

linear temperature sensor from Analog Devices, shown in Figure 12. The TMP36 can measure a 

temperature range from -25° C up to 125° C with ±2°C accuracy.  It will output a voltage from 

0.2V to 1.7V proportional to the temperature with operational parameters of 5V and 50µA. 
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Figure 12: Analog Devices TMP36 temperature sensor 

 

Current measurement will be performed at both ends of the DC-DC converter via the 

ACS759KCB-150B current sensor from Allegro, shown in Figure 13. The sensor is capable of 

measuring up to 150A in either direction, which is necessary due to the bidirectional nature of 

the DC-DC converter. The current sensor operates at 5V and the measurement signal is 

proportional to system current with an output range of 0 to 5V. 

 

Figure 13: Allegro ACS759KCB-150B Current Sensor 

 

Voltage measurement of converter input voltage (battery) and converter output voltage (motor) 

will be accomplished using voltage divider circuits which will convert an actual voltage range of 

0 to 100V down to 0 to 5V for input into the microcontroller. After input into the 

microcontroller, the values can be scaled up to represent the actual voltage measured. Equations 

21 and 22 detail the design of the voltage divider to be used, following the format of the circuit 

in Figure 14. Resistor R1 is chosen to be 10MΩ in order to keep the current through the voltage 

divider in the µA range.  This will help avoid unnecessary power losses. 
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Figure 14: Voltage divider circuit 

 

         
  

     
                                                       (21) 

 

        
  

        
                                                      (22) 

 

     
   

     
                                                                                

 

            

 

Standard resistor values include 510k , which is suitable for this application. R2 will be 

composed of a standard 510k  resistor and a 25k  variable trim potentiometer.  This will allow 

for the ability to finely calibrate the conversion ratio from system voltage to controller input 

voltage. This arrangement will also allow for correction due to 1% or 5% tolerances in resistor 

values. Total power loss through the voltage divider will be less than 0.5mW. 

 

User control inputs consist of a variable throttle potentiometer, an on/off button for braking 

mode, and a switch to allow for clockwise or counter clockwise motor operation. The throttle 

potentiometer will be a 10k  variable resistor connected across a 5v source. This results in less 

than 2.5mW of power dissipation. The output voltage from the throttle potentiometer will be 

input into the microcontroller and automatically digitally converted and quantized with a range 

of 0-5V corresponding linearly to values of 0 to 1023 based on a 10 bit analog to digital 

converter. Using a scale factor of approximately 0.070381 within the microcontroller, the actual 

value of 0-72 will be represented. Braking control will use a pushbutton and the forward or 
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reverse operation will be accomplished using a two position switch. Both braking and 

forward/reverse controls use on/off states and will be connected to the microcontroller using 

digital input pins. 

 

Display of system parameters will be accomplished using a 20 by 4 character LCD screen, 

shown in Figure 15. The Xiamen GDM2004D display uses the HD44780 parallel interface 

chipset, which is a common interface for LCD screens. It is compatible with Arduino 

microprocessors and the interface source code is freely available. The LCD display will use 

approximately 12 digital output pins from the microcontroller for the serial interface. Figure 16 

shows an example of what the LCD screen would look like and the parameters it would display 

including voltage, current, and temperature for the motor and battery. It will also display the 

current rotational speed in RPM and the battery charge level as a percentage of full capacity. 

 

Figure 15: Xiamen GDM2004D 20 by 4 Character LCD Display 

 

 
Figure 16: Sample format of display parameters for the LCD screen 
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The control system will operate based on programming within the Arduino Mega 

microcontroller, which is represented in the logical flowchart shown in Figure 17. The flowchart 

demonstrates how the microcontroller will operate the DC-DC converter based on input 

measurements and also how overload conditions and output signals will be controlled. Figure 18 

shows the complete schematic for the control system based on the design elements detailed 

above. 
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Figure 17: Flowchart Logic for the Arduino microcontroller programming 



40 
 

 

 

F
ig

u
re

 1
8

: 
F

u
ll

 c
o
n
tr

o
l 

sy
st

em
 s

ch
em

at
ic

 

 



41 
 

Section 2.6:  Design Simulations 
 

Pspice Simulation 

An ideal model of the four quadrant converter was simulated in Pspice using voltage triggered 

switches.  A model comparable to an actual physical implementation was simulated in Pspice as 

well, using IRFPS3810 MOSFETs, and HIP2500 MOSFET drivers.  The HIP2500 is comparable 

in function to the IR2110, using the same pin designations and external bootstrap supporting 

components.   

The ideal model was constructed and simulated to verify the operation of the four quadrant 

converter concept.  The series resistance of the switch in the ON state was modified to that of the 

IRFPS3810, 9 mΩ.  Figure 19 shows the Pspice schematic used for the ideal model. 

 

 

Figure 19: Pspice model schematic 

 

A resistive and inductive load of 100 Ω and 100 µH is used to simulate motor windings across 

the power terminals.  Figure 20 details the simulation performance of the output voltage of the 

converter.  The output average settles at approximately 68V using a duty cycle of 0.33.  The 

series on resistance of the voltage controlled switches dissipates energy thereby reducing the 

calculated output of 72V by 4V. 
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Figure 20: Pspice simulation output voltage for ideal converter 

 

Figure 21 illustrates the schematic used to simulate the four quadrant converter using non-ideal 

parts.  Each HIP2500 operates as a half bridge driver.  The high drive MOSFET outputs on the 

MOSFET driver utilize a bootstrapped charge pump to drive the power MOSFETs into 

saturation, minimizing the on resistance of the MOSFET.  The resistor across the two MOSFET 

half bridges represents a series resistance in the inductor.  Resistors are placed in series with the 

control signals to reduce the input current into the MOSFET drivers.  A 1Ω resistor and 100 µH 

inductor are placed in series to simulate the output load.  The 1Ω resistor was chosen so that the 

output current could be displayed on the same scale and graph as the output load voltage. 

 

 

Figure 21: PSPICE simulation schematic using non-ideal components 

 

           Time

0s 10ms 20ms 30ms 40ms 50ms 60ms 70ms 80ms 90ms 100ms

V(R15:2)

40V

60V

80V

100V



43 
 

Figure 22 shows the converter output with a duty cycle of approximately 0.33 when operating 

the converter in power drive mode, attempting to drive the motor to its maximum voltage.  The 

output voltage during a 10ms time interval displays a dampened response to the converter output.  

The average output voltage levels off to approximately 58V due to switching losses using actual 

components in the simulation.  This drop in output can be compensated for using the controller 

feedbacks to increase the duty cycle so the converter output reaches the desired voltage. 

 

Figure 22: Realistic converter output using a duty cycle of 0.33 during boost power drive mode 

 

Figure 23 demonstrates the realistic converter output using a duty cycle of 0.66.  The output 

voltage can reach 80V with a slower response rate.  Although the motor bus voltage should never 

exceed 72V, the higher duty cycle was tested to verify the converter could reach the maximum 

rated voltage of the motor to drive it to its maximum rated RPM.  The yellow and blue signals 

shown on the same graph display the switching signals sent to MOSFETs M3 and M4. 
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Figure 23: Realistic converter output using a duty cycle of two-thirds during boost power drive 

 

Figure 24 shows the output when the voltage is stepped down to the motor with a duty cycle of 

0.66.  During this phase power MOSFETS M1 and M2 cease operating in boost mode while M3 

and M4 operate in buck mode.  The average output after the response settles is approximately 

27V. 

 

 

Figure 24: Realistic converter output using a duty cycle of 0.66 during buck power drive mode 
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Figure 25 shows the output when the voltage is stepped down with a duty cycle of 0.33.  After 

the response settles the average output is approximately 19V. 

 

Figure 25: Realistic converter output using a duty cycle of one-third during buck power drive 
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Simulink Implementation 

The complete electric motor and DC-DC converter drive system was modeled using MATLAB 

Simulink software as shown in Figure 26. The brushless motor was implemented using a 3 phase 

permanent magnet synchronous machine from the Simulink library set to the parameters of the 

HPM5000-B which include phase resistance, phase inductance, and torque constant. The DC-DC 

converter was modeled using MOSFETs with on state resistance and diode forward voltage 

matching the IRFPS3810 power MOSFET’s specifications. Logical block diagrams were 

implemented for both the commutation control chip and the microprocessor control for the DC-

DC converter section. The system is powered by a Lead-Acid battery set to a nominal voltage of 

48v with a charge capacity set to 50Ah to match the battery parameters. The DC-DC converter 

operates through all four operating modes, including forward and regenerative modes, as well as 

boost and buck conversion between the battery and motor. Logical control of the DC-DC 

converter follows the same control scheme as detailed in the control section flowchart wherein 

the controller actively calculates the duty cycle continuously based on the converter input and 

output voltage and controls the four MOSFETs of the converter accordingly. The motor load 

torque can be varied from 1 to 10 Nm as a constant or it can be set to change dynamically with 

motor rotational speed changes, as is the case with regenerative braking mode, where the torque 

value changes. Throttle control can be changed across a range of speeds from 0 to approximately 

4000 RPM and braking input engages regenerative braking mode. System output is verified 

though several measurement scopes connected to system components which display parameters 

across a preset simulation time. Approximate power measurements are accomplished by 

measuring input power as the average product of battery voltage and battery current and output 

power as the average product of output angular velocity and motor torque. Approximate 

efficiency is calculated as output power divided by input power. Figure 27 shows the simulation 

rotational speed measured with different input motor voltages overlaid with the analytical results 

of Figure 3. As the figure shows, the two speed plots and nearly identical with the simulated 

motor behaving closely to the analytical calculations. This result verifies that the constructed 

motor in Simulink closely represents the real parameters of the HPM5000-B brushless motor. 
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Figure 27: Predicted analytical motor speed and simulation motor speed 

 

Simulation one features a speed increase from 0 to approximately 4000 RPM and a decrease in 

speed from 4000 to approximately 1900 RM based on the changing input throttle. Figure 28 

shows the throttle input signal and the motor RPM changing with a fast response from the motor 

in mirroring the throttle reference. Figure 29 displays the converter output voltage which changes 

in response to the throttle input with approximately 5v of ripple voltage during transient states 

and 1 to 2 volts of ripple voltage during steady states. The last plot of Figure 29 shows the 

switching duty cycle for the converter changing with the reference throttle. The first increasing 

section represents operation in buck mode with a converter voltage output changing from 0 to 

48v. From 0.6s to 1.8s the converter is in boost mode, and from 1.8 to 3s the converter is in buck 

mode again. The transitions at 0.6s and 1.8s represent the converter changing from one operating 

mode to another and although the transitions are sharp for the duty cycle signal, the output 

voltage shows no noticeable response to change between conversion modes. This is due to the 

way in which the converter controller calculates the duty cycle using the actual input and output 

voltages from the converter and calculates the required duty cycle in real time for conversion 

across a full range of values. Figure 30 displays the parameters for the battery with voltage, state 
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of charge, and current. The state of charge decreases more rapidly during acceleration periods 

and decreases less rapidly during steady state periods. The changing battery current is due to the 

inductor current changing as part of the DC-DC converter. Figure 31 shows the inductor ripple 

current which increases with acceleration and levels off to a steady ripple during steady state 

periods. Approximate measurements for power are shown in Figure 32, efficiency is above 90% 

during steady state periods and during deceleration, the efficiency value becomes less accurate 

due to constantly changing input and output power. Figure 33 shows the current in each phase of 

the brushless motor, individual commutation cycles can be seen near the beginning of the plot as 

the motor speed increases from 0RPM. 

 

 
Figure 28: Throttle input reference signal and motor output RPM for a sample running showing 

increasing speed and decreasing speed. 
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Figure 29: Converter voltage output, output voltage error, and switching duty cycle for a sample 

running showing increasing speed and decreasing speed. 
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Figure 30: Battery parameters including voltage, state of charge, and current for a sample 

running showing increasing speed and decreasing speed. 
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Figure 31: DC-DC converter inductor current for a sample running showing increasing speed 

and decreasing speed. 

 

 

 

 

 

 

 

 

 



53 
 

 
Figure 32: Approximate power input, power output, and efficiency for a sample running 

showing increasing speed and decreasing speed. 
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Figure 33: Brushless motor phase currents for a sample running showing increasing speed and 

decreasing speed. 
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Simulation two demonstrates regenerative braking ability. The motor first accelerates to full 

speed within 1s, then regenerative braking is applied between 1s to 2s. The result is shown in 

Figure 34 where the motor speed rapidly decreases after 1s and approaches zero. Figure 35 

shows the average current supplied into the motor which is negative between 1s and 1.5s, 

indicating power flow from the motor to the battery. The regenerative current quickly hits a peak 

of 100A and diminishes as the motor slows. Motor voltage is displayed in Figure 36, which 

shows the voltage increasing with initial throttle increase, then dropping as the motor slows 

down during braking mode, finally the motor voltage increases after 2s with an increase in 

throttle reference. Figure 37 shows the battery parameters during regenerative mode including an 

increase in battery voltage, an increase in the state of charge of the battery, and current flow into 

the battery from 1s to 1.5s. Finally, Figure 38 displays the motor phase currents during the 

normal acceleration from 0 to 1s, and the regenerative braking between 1s to 2s. As the motor 

first speeds up and also as the motor slows down, individual commutation pulses can be seen in 

the phase current waveforms. 

 

 
Figure 34: Brushless motor output RPM during acceleration from 0s to 1s, regenerative braking 

applied from 1s to 2s, and re-acceleration after 2s. 
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Figure 35: Average current supplied to motor during acceleration from 0s to 1s, regenerative 

braking applied from 1s to 2s, and re-acceleration after 2s. 

 

 

 

 
Figure 36: Motor voltage during acceleration from 0s to 1s, regenerative braking applied from 

1s to 2s, and re-acceleration after 2s. 
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Figure 37: Battery parameters including voltage, state of charge, and current during acceleration 

from 0s to 1s, regenerative braking applied from 1s to 2s, and re-acceleration after 2s. 
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Figure 38: Motor phase currents during acceleration from 0s to 1s, regenerative braking applied 

from 1s to 2s, and re-acceleration after 2s. 
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Section III:  Build Process 
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In order to confirm that the DC-DC bidirectional converter design was functional and could be 

implemented into a vehicle, a prototype needed to be constructed.  Using the simulation results, 

from the Detailed Design Section, construction of a prototype began.  The following section 

displays the build process of each component within the prototype for the bidirectional converter. 

 

Section 3.1:  Controller Build Process 
The first steps of constructing the converter prototype were to design and build the control board.  

The control board schematic, seen in Figure 39, was created in a program called Eagle CAD.  

The program allowed for placement of all components within the board including capacitors, 

resistors, FET drivers, and control chips.  All parts were imported with a physical footprint to 

allow for easy pin connections.  The yellow lines seen in the schematic are known as a rat’s nest.  

These are the pin connections for each component.   

 

Figure 39:  Control board schematic created in Eagle CAD 
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Once the schematic is laid out, the PCB traces for the board are placed manually.  The program 

has the ability to place traces automatically, but this ended up resulting in a tangled mess.  

Therefore it was much easier to place the traces manually.  The final result is a dual sided board 

with ground planes, seen in Figure 40.   

 

Figure 40:  Final dual sided control board with ground planes.  Traces are seen in blue 

The PCB layout was then sent to a company called Advanced Circuits, which printed the PCB 

with all traces and ports laid out properly, seen in Figure 41.  The PCB matched the schematic 

design except for one faulty trace.  The board was then populated by manually placing 

components and soldering them in place.  Figure 42 displays the completed control board with 

all soldered components.  The blue wire in the upper left of the board is used to branch away 

from the faulty trace.   
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Figure 41:  Printed control board with pins and traces 
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Figure 42:  Final populated control board 

The control board was then placed into a control box along with the Arduino microcontroller and 

LCD display, seen in Figure 43.  The box also contained a 15 volt power supply which was 

responsible for operating the entire control system.  The outside of the box contained user 

operated control dials; throttle, rotation control, and brake, as well as the LCD screen.  This can 

be seen in Figure 44.  The LCD screen was able to display readings of motor voltage, battery 

voltage, and RPM of the motor.   
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Figure 43:  Completed control box with control board, Arduino microcontroller, and LCD 

display.  The 15 volt power supply is located in the upper right corner of the box 
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Figure 44:  Outside cover of the control box containing throttle, rotation control, brake, and 

LCD screen 

Following the flow chart diagram in Figure 17, code was created for the microcontroller which 

was able to read in system voltages and throttle references.  The code was also able to calculate 

the proper duty cycle for the motor with a loop time of less than 2 milliseconds.  The memory of 

this code required less than 9kB/256kB, which was well within the range of the Arduino-mega 

microcontroller.  Figure 45 displays a sample of this code.  A complete version of the code used 

in the microcontroller can be seen in the Appendix at the end of this report. 
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Figure 45:  Sample code for the Arduino microcontroller 

 

 



67 
 

Section 3.2:  DC-DC Converter Subsystem Build Process 
A similar process was used to design the power board for the DC-DC converter.  Using Eagle 

CAD, a schematic was completed for the component layout of the converter.  There was not a 

physical footprint for the inductor chosen for the design.  Therefore, one was created manually.  

Figure 46 displays the initial schematic for the power board.  The pin connections for each 

component are again represented by a rat’s nest. 

 

Figure 46:  Initial schematic for converter power board 

Next, the traces for the board were input manually.  Figure 47 displays the schematic of the 

power board complete with traces.  The small, red traces are for control signals and the large, 

blue traces are for power.   
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Figure 47:  Schematic of converter power board complete with control traces, seen in red, and 

power traces, seen in blue 

The design was again sent into Advanced Circuits for printing, seen in Figure 48.  When the 

board was returned from Advanced Circuits, the power traces weren’t properly sized to handle 

the current within the design.  To accommodate for this inconvenience, the traces were 

reinforced with solid copper wire, seen in Figure 49.  The copper was manually shaped and 

soldered to the bottom of the traces.  Once the traces were complete, population of the power 

board could begin.   
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Figure 48:  Printed power board with pins and traces 

 

Figure 49:  Copper wire soldered to the bottom of the power board traces 
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The Power MOSFETs were the first components soldered to the board.  Soldering took place 

with consideration of their temperature limit, which is 300 degrees C for 10 seconds. Figure 50 

displays the MOSFETs attached to the power board.   

 

Figure 50:  MOSFETs attached to the power board 

The MOSFETs were then mounted to heat sinks by bolting the backs of each to the heat sinks.  

The back side of each MOSFET however is connected to its drain terminal.  To keep the 

MOSFETs from creating a short circuit, the back of each MOSFET was placed on the heat sink 

with silicon pads and thermal paste.  Figures 51 and 52 display the construction of the heat sinks.  

The dimensions of the heat sinks were determined by analyzing the maximum power dissipated 

in each MOSFET, and factoring in the thermal impedance of the MOSFET, thermal pad, thermal 

paste, and heat sink. 
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Figure 51:  Heat sink with holes drilled for placement of MOSFETs 

 

Figure 52:  Completed heat sink with MOSFETs attached 

Cooling fans were then mounted to the heat sinks to allow for more efficient transfer of heat 

away from the power board components. Each fan has an output of 13 CFM. The inductor was 

placed in the middle of the power board and the capacitors were attached to their respective 

ports.  The motor and controller were also interfaced with the power board.  Figure 53 displays 

the completed power board. 
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Figure 53:  Completed power board with heat sinks, cooling fans, and inductor 

 

 
 

 

 

 

 

 



73 
 

Section 3.3:  Brushless Motor Build Process 
The brushless motor received from Golden Motor didn’t contain a supporting frame for the 

motor to be placed in.  This was an issue because the motor would violently jump at high voltage 

inputs.  To account for this violent reaction, the motor was built into a stable ¼” steel frame for 

high speed tests.  The frame was reinforced with rubber feet for vibration dampening and 

increased stability.  Figure 54 displays the motor within the built frame. 

 

Figure 54:  Motor mounted into frame for stability 
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Section 3.4:  Battery Build Process 
The lead acid batteries used in this project were all 12 volts.  In order to obtain the desired input 

of 48 volts, the batteries were connected in series using strips of wire, washers, nuts, and bolts.  

The batteries were then connected to the power board by another set of wires, washers, nuts, and 

bolts.  Figure 55 displays the battery array. 

 

Figure 55:  Series battery array used to create input of 48 volts 
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Section 3.5:  Charger Build Process 
The charging subsystem was comprised of two different components, a solar charging unit and 

an AC charging unit.  The solar charging unit was comprised of a solar panel, charge controller, 

and a step up converter.  The solar panel output a voltage of 12 volts and needed to be stepped up 

to 48 volts to charge the battery array.  The step up converter was bolted to the frame of the solar 

panel for easy access to the power box on the back of the solar panel.  The step up converter was 

then connected to the charge controller and wires connecting to the battery.  The charge 

controller was attached to the power box and is used to determine when to stop charging the 

batteries to ensure overcharging doesn’t occur.  The output wires of the solar charging unit were 

soldered to the end of a plug and cable.  A separate set up wires were soldered to another plug 

and cable which lead to the input of the batteries.  This setup would allow for efficient charging 

of the battery array.  Figure 56 displays the solar panel charging unit. 

 

Figure 56:  Solar charging unit with step up converter, mounted in the upper right of the solar 

panel, and charge controller, mounted on the power box of the solar panel 
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The other charging unit was the AC charging unit.  This was a much more simple design.  The 

output of the AC charging unit was soldered to a plug and cable similar to that of the solar 

charging unit.  When the batteries needed to be charged, the plugs of the AC charging unit and 

battery array would connect to allow for charging. 

Once all of the components were individually modified for compatibility, they were all 

connected to form the final DC-DC converter, seen in Figure 57.  As seen in the figure, a breaker 

was placed between the battery array and power board to prevent too much current from entering 

the board and possibly damaging components. 

 

 

Figure 57:  Completed DC-DC converter with motor, control box, power board, and battery 

array 
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Section IV:  Testing 
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In order to determine how effective the design of the DC-DC converter was, testing needed to be 

completed.  In order to keep from draining the batteries, the tests were completed using a 

variable power supply.  Before testing started though, a checklist of safety precautions needed to 

be observed.  First, the batteries needed to be checked to make sure that they were indeed 

connected in series and connected in the correct sequence.  Next, the breaker needed to be 

connected properly to ensure a spike of supply current exceeding 100 amps wouldn’t occur.  This 

spike would not only be dangerous for the components within the system, but also for the user 

controlling the converter.  The following tests verified that the system was working properly. 

Section 4.1:  Continuity/Isolation Test 
The continuity and isolation test was completed to ensure that all connections between the motor, 

control board, power board, and battery array were connected properly with no shorts.  These 

shorts could have been connected to a common ground or a power rail.  Each PCB was 

individually tested before being completely assembled.  As stated earlier in the build process, 

one of the traces on the control board was faulty and needed to be bypassed.  Once each 

component was individually tested, they were assembled and tested again to ensure that the 

connecting wires were routed correctly between PCB terminals.  Table 7 displays the results of 

the continuity and isolation test. 

Table 7:  Continuity/Isolation Test results 

Test 
Paragraph/Step 

From Pin(+) To 
Pin(-) 

Upper 
Limit 

Lower 
Limit 

Measurement Units PASS/ 
FAIL 

Control Board 

Isolation/Continuity 
1.1 

       

 X1-2 

(TACHC) 

X1-1 

(GND) 

- 10 21.72 kOhm PASS 

 X1-3 
(TACHB) 

X1-1 
(GND) 

- 10 0 kOhm FAIL 

 X1-4 

(TACH3) 

X1-1 

(GND) 

- 10 13.47 kOhm PASS 

 X1-5 (+5V) X1-1 
(GND) 

- 5 8.16 kOhm PASS 

 X1-6 

(FWD/REV) 

X1-1 

(GND) 

- 10 38.9 kOhm PASS 

 X1-7 (+5V) X1-1 
(GND) 

- 1 8.15 kOhm PASS 

 X1-8 

(Contrast) 

X1-1 

(GND) 

- 0.5 0.788 kOhm PASS 

 X1-9 (GND) X1-1 
(GND) 

0.5 -0.5 0.4 Ohm PASS 

 X2-1 (GND) X1-1 

(GND) 

2 0 0.3 Ohm PASS 

 X2-2 (GND) X1-1 
(GND) 

2 0 0.2 Ohm PASS 

 X2-3 (+9V) X1-1 

(GND) 

- 10 27.4 kOhm PASS 

 X2-4 (GND) X1-1 
(GND) 

2 0 0.3 Ohm PASS 

 X2-5 

(+15V) 

X1-1 

(GND) 

- 10 24.39 kOhm PASS 
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Section 4.2:  Power Supply Test 
The power supply test will be used to verify the operation of the on-board power converters.  A 9 

volt DC and 5 volt DC regulator are contained on the control board to power the LCD, FET 

drivers, Arduino microcontroller and motor control integrated circuit (IC).  Each of these 

regulators is powered by an additional 15 volt DC converter mounted in the control box.  This 15 

volt converter is fed directly by the lead-acid battery array.  The power supply test will first 

isolate the power board from the control board by connecting the battery array directly to the 

control board.  The output of each on-board power converter will then be verified using a digital 

multi-meter by probing the soldered leads on the board.  The testing process will continue only 

after the output of each converter is verified to be within five percent of its operating state.  

Table 8 displays the results of the power supply test. 

Table 8:  Power Supply Test results 

Test 

Paragraph/Step 

From 

Pin(+) 

To 

Pin(-) 

Upper 

Limit 

Lower 

Limit 

Measurement Units PASS/ 

FAIL 

Power Supply 

Come 

Alive/Stay 

Alive 2.0 

       

 X2-5 

(+15V) 

X1-1 

(GND) 

18 12 15.15 VDC PASS 

 X1-5 

(+5V) 

X1-1 

(GND) 

5.5 4.5 5.05 VDC PASS 

 X1-7 

(+5V) 

X1-1 

(GND) 

5.5 4.5 5.06 VDC PASS 

 X4-1 

(+5V) 

X1-1 

(GND) 

5.5 4.5 5.07 VDC PASS 

 X4-2 

(+5V) 

X1-1 

(GND) 

5.5 4.5 5.06 VDC PASS 

 X4-3 

(+5V) 

X1-1 

(GND) 

5.5 4.5 5.05 VDC PASS 

 X4-4 

(+5V) 

X1-1 

(GND) 

5.5 4.5 5.07 VDC PASS 

 X4-5 

(+5V) 

X1-1 

(GND) 

5.5 4.5 5.05 VDC PASS 

 X2-3 

(+9V) 

X1-1 

(GND) 

9.5 8.5 9.01 VDC PASS 

 

Section 4.3:  Arduino PWM/LCD Test 
The Arduino PWM and LCD test will verify the operation of the Arduino microcontroller and 

LCD screen.  Mainly, this test will ensure that there is no shoot through within the MOSFETs.  

Once the control box is assembled it will be isolated away from the power board.  Then voltage 

will be applied to the on-board converters within the control box.  Once the operating software is 

uploaded to the microcontroller, the throttle on the front of the control board will be increased to 

run through both buck and boost mode of the switching MOSFETs.  The MOSFETs are 
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connected to the converter, so this test will verify that the converter is functioning properly once 

current is applied to it.  Using an oscilloscope, the PWM output duty cycles, frequency, and rise 

and falls times of the converter are measured.  Figures 58 through 63 confirm that the PWM 

cycles are working correctly through both buck and boost mode.  During this time, the LCD 

screen should also be displaying the correct RPM values to indicate proper system health and 

performance. 

 

Figure 58:  PWM output of the microcontroller when the throttle is turned down to zero.  The 

yellow and blue signals indicate the MOSFETs for buck mode, while the purple and green 

signals indicate the MOSFETs for boost mode. 

 

Figure 59:  PWM output of the microcontroller during buck mode.  Notice that the yellow and 

blue signals are square waves indicating buck mode, while the purple and green signals remain 

unchanged. 
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Figure 60:  PWM of the microcontroller operating further into buck mode.  Notice that the 

yellow and blue signals are inversely related to each other. 

 

Figure 61:  PWM of the microcontroller operating during boost mode.  Notice that the yellow 

and blue signals are now at full duty cycle.  This causes the purple and green signals to form 

square waves, which confirms operation in boost mode. 
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Figure 62:  PWM of the microcontroller operating further into boost mode.  Notice that the 

purple and green signals are also inversely related to each other. 

 

Figure 63:  Display of MOSFET signals.  Again, the yellow and blue signals are inversely 

related to each other, while the purple and green signals are inversely related to each other as 

well.  There are also no sudden spikes within each square wave, which indicates there is no shoot 

through within each MOSFET. 
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Section 4.4:  MOSFET Driver/Control Panel Test 
The MOSFET Driver test will verify the operation of the MOSFET drivers on the control board.  

Once the Arduino PWM outputs are verified, they will be connected to the control panel PCB 

while the PCB is isolated from the power board.  This test will also verify that the switching 

MOSFETs don’t experience any overlap in switch time, which would cause a shoot through.  

The results of this test can be seen in Figure 64. 

 

Figure 64:  Oscilloscope reading used verify that the output peak voltage is 15 volts from the 

converter in the control box.  Also notice how the two signals are inversely related to each other. 

 

Section 4.5:  BLDC Commutation Test 
The BLDC commutation test will verify that the commutation circuit, including commutation 

power electronics and control module, are operating correctly.  Once the system is assembled, 

the converter will be isolated from the commutation MOSFETs on the power board and a single 

12 volt DC power supply will be connected to the commutation circuit.  Test code will then be 

loaded into the Arduino microcontroller.  This code will omit converter functionality and send an 

enable signal to the respective MOSFET drivers on the control board.  The motor should then 

commutate correctly and rotate in the direction determined by the directional control switch.  

The test code input to the Arduino microcontroller won’t allow the motor to switch between 

forward and reverse mode until the motor has been throttled down to zero.  This ensures that the 

motor won’t jump or damage itself when running at a high value of RPM.  During this test, the 
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RPM of the motor was measured with respect to input voltage, and the tachometer chip was 

calibrated.  Table 9 and Figure 65 display the results of the BLDC commutation test. 

Table 9:  BLDC Commutation Test results 

PSU Output Voltage 

(DCV) 

PSU Output Current 

(DCA) 

Peak RPM Min RPM Tachometer Output 

(V) 

1 2A 55.1 54.7 0.053 

2 2.2A 122 113 0.104 

3 2.2A 175.5 175.5 0.153 

4 2.2A 237.4 236.6 0.205 

5 2.4A 298.7 295.3 0.256 

6 2.6A 358.5 356.8 0.307 

7 2.6A 420.1 419 0.358 

8 2.6A 481.1 479.5 0.409 

 

 

Figure 65:  Tachometer Chip Calibration 
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Section 4.6:  Motor Test 
The motor test will extrapolate performance and operating data from the functioning assembled 

motor and control circuit.  This test will also test the converter functionality with a load attached 

to it.  The converter operation will be verified if the motor speed is able to be adjusted in a 

predictable manner and the converter buck and boost modes function as designed at different 

RPMs and torque loads.  The regenerative braking function will be tested by applying different 

loads to the motor, pressing the brake button on the control box, and measuring the current using 

the current sensors located on the power board.  Figure 66 displays the clamping device used to 

apply loads to the motor.  The currents will then be displayed on the LCD screen.  Motor RPM 

will also be verified using an optical tachometer as well as the decoded output displayed on the 

LCD screen.  The overall system efficiency and performance will be calculated using Equation 

24.  The resulting data of the motor test can be seen in Table 10. 

 

Figure 66:  Designed clamp for torque load testing.  The clamp has two brake pads that tighten 

on the rotor of the motor by adjusting the wingnut on the top of the clamp. 

 

  
           

             
      (24) 
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Table 10:  Motor test results including efficiency of the system 

Motor V Motor I Supply V Supply I Eff [%] Motor P Batt P 

30.90 10.30 24.02 21.13 62.71 318.27 507.52 

30.80 11.40 24.02 23.12 63.22 351.12 555.41 

30.80 12.50 24.02 25.98 61.70 385.00 624.02 

30.90 13.70 24.02 26.31 66.98 423.33 632.04 

30.90 14.20 24.02 28.55 63.99 438.78 685.65 

31.10 15.80 24.02 31.07 65.85 491.38 746.21 

31.20 16.70 24.02 32.60 66.54 521.04 783.05 

31.30 17.20 24.02 34.16 65.61 538.36 820.50 

31.50 18.40 24.02 35.67 67.65 579.60 856.75 

31.40 18.90 24.02 35.80 69.02 593.46 859.87 

31.20 17.80 24.02 33.96 68.09 555.36 815.60 

31.60 16.20 24.02 31.23 68.24 511.92 750.22 

 

Section 4.7:  Solar Panel Test 
The solar panel test was used to verify that the solar powered part of the charging subsystem 

worked.  The solar panel subsystem was connected to the battery array and placed out in the sun.  

In order to verify that the solar panel was working, the output voltage of the solar panel was 

measured.  The solar panel initially output 12 volts, but the step up converter was able to 

successfully step up the voltage to 48 volts to charge the battery array.  The voltage at the 

terminals of the battery array will be measured to ensure that the solar panel is producing the 

correct voltage.  Since the solar panel takes longer to charge the batteries due to harvesting its 

energy from the sun, the time it takes to solar charge the batteries will be compared to that of the 

AC charging unit.  This test will confirm how efficient the solar panel is for charging the 

batteries. 

Section 4.8:  Torque Load and Regenerative Braking Testing 
This section goes into more detail on the testing results of the converter, specifically in respect to 

torque load and regenerative braking.  This section also includes links to videos with a 

description of each test.  In each video, a multimeter is placed across a 1milliohm shunt resistor.  

This resistor is located between the motor commutation bridge and the converter.  Based on 

Equation 25, the value on the LCD screen is the voltage across the resistor.  Therefore, a reading 

of 5 millivolts (mV) = 5 amps (A), 20mV=20A, and so on.  This calculated current is the current 

supplied to the motor.  During regenerative braking tests the current displayed will appear as a 

negative value.  This means that current is flowing back to the battery.  There would be more 

regenerative current if there was a load with inertia attached to the motor.  This would cause the 

motor to continue moving while the vehicle coasted to a stop, thus causing reverse current to 

flow for a longer period of time.  Because there is such a small inertial load on the motor, only a 

small pulse of regenerative current is displayed.  These tests are just a limited proof of the 

concept that verifies regenerative braking.  The following are a list of test video links with a 

description of each test. 
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            (25) 

where: 

  resistance (1mΩ) 

 

 http://tinyurl.com/kmsv95f 

This video shows that the on board tachometer changes with the motor speed and is 

accurate to within a few rpm of the optical tachometer measurement.  Table 11 

summarizes these results. 

 

Table 11:  Tachometer RPM values compared to actual RPM values 

Actual RPM Value Tachometer  RPM Values (Displayed on LCD) 

552.7 545 

898.4 896 

1486 1485 

1983 1982 

2489 2491 

 

 

 http://tinyurl.com/pcjxosm 

This video shows the motor running through the full speed range set by the controller.  

It also shows the max speed of approximately 2640 rpm when the motor voltage is at 

44V.  Motor current is displayed on the multimeter. 

 

 http://tinyurl.com/plypuxs 

This video displays the setup for the regenerative braking test.  The multimeter again 

displays the motor current.  Notice how the current goes from positive to negative 

once the brake is set.  This confirms that regenerative braking is occurring. 

 

 http://tinyurl.com/navpkun 

This video is the first regenerative braking test.  The motor voltage is increased to 

31.6V, as opposed to 24V in the first video, and the brake is applied.  There is a pulse 

of regenerative current with a peak of 7.5A sent back to the batteries. 

 

 http://tinyurl.com/pbozddq 

This is the second regenerative braking demonstration.  The motor voltage is 

increased to 34.6V and the brake is then applied.  A regenerative current with a peak 

of 8.2A is then sent back to the batteries. 

 

 http://tinyurl.com/q3runba 

This test displays the torque load clamp that was designed for torque load testing.  

When the clamp is tightened, torque is applied to the motor which causes the motor 

current to increase up to a value of 21A, which is displayed on the multimeter.  This 

http://tinyurl.com/kmsv95f
http://tinyurl.com/pcjxosm
http://tinyurl.com/plypuxs
http://tinyurl.com/navpkun
http://tinyurl.com/pbozddq
http://tinyurl.com/q3runba
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current is not necessarily the maximum torque of the motor.  It is just the maximum 

value that the clamp will allow.  Using Equation 3, the max torque of the motor can 

be determined.  In a real vehicle application, there is a tradeoff of speed for torque 

through a gear ratio or transmission.  This would cause speed to decrease and torque 

to increase. 
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Section V:  Cost Analysis 
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Our design never could have been completed without help from our sponsors.  They were 

generous enough to donate $6000 dollars to aid in the build process.  After completing the DC-

DC bidirectional converter, we were able to stay well within our budget range using less than 

$2500.  A breakdown of the cost and items purchased can be seen in Table 12. 

Table 12:  Cost Analysis 

Description Part Number Supplier Quantity Unit Price Total Price 

5kW BLDC 

Motor 

HPM5000-B Golden Motor 1 $508.90 $508.90 

Battery UB12500 Power Stride 4 $99.97 $399.88 

Solar Panel KC85T SolarHome 1 $295 $294.69 

Solar DC-DC 

Converter 

PST-DC1248 Powerstream 1 $99.50 $99.50 

Misc. hardware  Lowe's 100 $0.99 $99.00 

AC Charger CHR-48V2.5A Electricscooterparts 1 $82.20 $82.20 

Power Mosfet IRFP4468PBF-ND Digi-key 10 $7.85 $78.50 

5000 µF Filter 

Capacitor 

338-1411-ND Digi-Key 1 $67.31 $67.31 

28 µH Inductor ES55246-300M Coil WS 1 $63.63 $63.63 

Control Board 

PCB 

 Advanced Circuits 1 $52.64 $52.64 

Power Board PCB  Advanced Circuits 1 $52.64 $52.64 

Arduino 

Microcontroller 

MEGA2560 Digi-key 1 $51.91 $51.91 

Power Supply 48 

to 15v 

VYB15W-Q48-

S15 

Digi-key 1 $43.18 $43.18 

Solar Charge 

Controller 

SBL-2402-48 Powerstream 1 $38.00 $38.00 

1000 µF Filter 

Capacitor 

495-3514-ND Digi-key 1 $31.91 $31.91 

100A Circuit 

Breaker 

MNEDC100 Affordable Solar 1 $29.57 $29.57 

Cooling Fans 259-1631-ND Digi-key 6 4.06 $24.36 

Heatsink 1.813"x8" heatsinkusa.com 2 10.68 $21.36 

MOSFET Driver IR2110 Digi-key 5 $4.18 $20.90 

LCD Display GDM2004D Sparkfun 1 $18.45 $18.45 

Current Sensor ACS759KCB Digi-key 2 $7.18 $14.36 

Control Box SR194B-ND Digi-key 1 $13.99 $13.99 

Terminal Block 

9pin 

ED2747-ND Digi-key 6 1.27 $7.62 

Push In Connector 

Kit 

8026K1 Mcmaster Carr 2 $3.49 $6.98 
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Description Part Number Supplier Quantity Unit Price Total Price 

Shaft Collar 9414T17 Mcmaster Carr 3 $2.25 $6.75 

15 to 9V 

Converter 

MEE1S1509DC Digi-key 1 $5.26 $5.26 

8AWG Ring 

Terminal 

A27059-ND Digi-key 12 $0.44 $5.26 

24AWG Wire C2003L-5-ND Digi-key 20 0.26 $5.20 

5 mΩ Shunt 

Resistor 

989-1096-ND Digi-key 5 $1.00 $5.00 

Throttle Knob 226-4105-ND Digi-key 1 $4.52 $4.52 

Brushless Control 

IC 

MC33033 Digi-key 1 $4.41 $4.41 

15 to 5V 

Converter 

PDS1-S15-S5-S Digi-key 1 $4.31 $4.31 

7812 Regulator 276-1771 Radio Shack 2 $1.99 $3.98 

Terminal Block 

6pin 

ED2744-ND Digi-key 4 0.85 $3.40 

Fwd/Rev Switch A101SYZQ04 Digi-key 1 $3.17 $3.17 

Thermal Pad BER221-ND Digi-key 10 $0.28 $2.81 

Brake Button MSPS103C Digi-key 1 $2.72 $2.72 

0.1 µF Capacitor BC2665CT-ND Digi-key 10 $0.25 $2.46 

10kΩ Trimpot 3362P-103LF-ND Digi-key 2 $0.98 $1.96 

25kΩ Trimpot 3362P-253LF-ND Digi-key 2 $0.98 $1.96 

BLDC 

Tachometer IC 

MC33039 Digi-key 1 $1.70 $1.70 

Fan Mosfet 2SK4017Q-ND Digi-key 2 $0.66 $1.32 

510kΩ Resistor RNV14FAL510K Digi-key 2 $0.55 $1.10 

14 Pin IC Socket A100205-ND Digi-key 5 $0.22 $1.10 

10 kΩ Resistor CF14JT10K0CT-

ND 

Digi-key 13 $0.08 $1.04 

10kΩ Throttle 

Pot. 

PDB12-H4301 Digi-key 1 $0.84 $0.84 

Terminal Block 

2pin 

ED2740-ND Digi-key 2 $0.36 $0.72 

IC Hex Inverter 296-3542-5-ND Digi-key 1 0.68 $0.68 

NPN Transistor 2N3904-APCT-ND Digi-key 3 $0.19 $0.57 

Bootstrap Diode 1N4149CT-ND Digi-key 5 0.1 $0.50 

5.1 kΩ Resistor CF14JT5K10CT-

ND 

Digi-key 3 $0.08 $0.24 

  Total $2,194.46 
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Evaluation and Recommendations 
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After building the DC-DC bidirectional converter, we were able to make multiple conclusions 

and recommendations for our design.  We were first able to confirm that the brushless motor 

varied speed at a range of applied voltages, as seen in Figure 65.  We were also able to confirm 

that the DC-DC converter was able to step voltage up or down to the motor.  This can be seen in 

the wave signals in Figures 58 through 62.  These Figures were also able to confirm that the 

microcontroller PWM signals could control the MOSFETs through driver chips. 

We were also able to make a few recommendations based on our results.  While testing the 

power board, one of the MOSFETs exploded and needed to be replaced.  This occurred during 

the first PWM test in which the converter didn’t have a load attached to it.  Due to the high 

influx of voltage with no load attached, the switching MOSFETs kept building up energy until 

one of them finally blew.  This tripped the breaker and brought all testing to a halt for a few 

days.  After that incident all power board tests were performed with the board connected to the 

motor to act as a load.  We also had a problem with the hall-effect sensors of the motor.  During 

the first couple of tests the motor wouldn’t run when the system was turned on.  Instead it 

emitted a high frequency pitch.  After rearranging and shielding some of the wires within the 

control board, the motor started to run during our testing sessions.  However, we weren’t able to 

input the maximum voltage of 48 volts that we wanted.  Due to lingering interference and noise 

we were only able to input 24 volts into our system.  That being said, our project operated 

properly as we were able to output more than 24 volts from the motor.   

To explain further, the main flaw in our DC-DC converter design was that the MOSFET drivers 

were not placed as close as possible to the MOSFETs themselves.  The drivers were placed on 

the control board, while the FETs were placed on the power board.  This was a design point that 

was not known during the design phase.  For systems using one PCB this design is usually 

assumed.  Our system contained two PCBs and was therefore not known.  This slight flaw 

caused loss in the gate drive signals as the MOSFETs were not fully driven to saturation.  This 

lead to the minimal efficiency value of 68%, seen in Table 10.  This flaw also caused switching 

noise in nearby wires and in the ground plane for other circuits.  This is why the system could 

not operate at an input of 48V as planned.  The system still functions properly, but the 

recommended input voltage is now 24V.  Therefore our project is still deemed to be a success 

since it was able to perform both buck and boost mode during operation. 
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Arduino Microcontroller Code 

// IPFW Senior Engineering Design 

// Fall 2013 & Spring 2014 

// Group Members: 

//   David Spaulding 

//   Derek Krebs 

//   Steve Danielak 

//   John Haverstock 

// Project Advisor: Dr. Eroglu 

 

// This code was developed for control and interface with the 

//   bidirectional dcdc converter drive for an electric vehicle 

 

// Written by Derek Krebs and David Spaulding 

// Code developed for the Arduino Mega 2560 

 

// Include the LCD library 

#include <LiquidCrystal.h> 

 

// Establish variable names for each I/O pin used 

const int pwm_M = 9;  // PWM for MOSFET Q4, inverted signal to Q9 

const int pwm_B = 11; // PWM for MOSFET Q5, inverted signal to Q10 

const int potPin = A0;  // Connected to the potentiometer's output 

const int TachPin = A1; // Connected to Tachometer Signal 

const int MotorIsense = A2; // Connected to Motor Current Sense 

const int MotorVsense = A3; // Connected to Motor Voltage Sense 

const int BattIsense = A4; // Connected to Battery Current Sense 

const int BattVsense = A5; // Connected to Battery Voltage Sense 

const int directionSwitchPin = 22; // Connected to the switch for direction 

const int brakeSwitchPin = 24; // Connected to the button for braking 

const int LCDrs = 43; // LCD RS Connection //26 

const int LCDen = 45; // LCD EN Connection 

const int LCDd4 = 47; // LCD D4 Connection 

const int LCDd5 = 49; // LCD D5 Connection 

const int LCDd6 = 51; // LCD D6 Connection 

const int LCDd7 = 53; // LCD D7 Connection //36 

const int BLDCRotate = 38; // Rotation signal to BLDC Chip 

const int enBLDC = 40; // Enable signal for BLDC Chip 

const int sdConverterFETdrive = 42; // Enable signal to Converter FET Drivers 

const int sdCommutatorFETdrive = 44; // Enable signal to Commutator FET Drivers 

const int enLowSideFans = 26; // Enable Signal for Low Side Fan FET Gate 

const int enHighSideFans = 28; // Enable Signal for High Side Fan FET Gate 

 

 

// Establish values to be used for a moving average filter for each analog value being 

read in 

      /* 

       

        Smoothing 

       

        Reads repeatedly from an analog input, calculating a running average 

        and printing it to the computer.  Keeps ten readings in an array and 

        continually averages them. 
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        Created 22 April 2007 

        By David A. Mellis  <dam@mellis.org> 

        modified 9 Apr 2012 

        by Tom Igoe 

        This example code is in the public domain. 

       

      */ 

const int RPMnumReadings = 400; 

long RPMreadings[RPMnumReadings];   // the readings from the analog input 

int RPMindex = 0;                  // the index of the current reading 

long RPMtotal = 0;                  // the running total 

long RPMaverage = 0;                // the average 

 

const int POTnumReadings = 400; 

int POTreadings[POTnumReadings];   // the readings from the analog input 

int POTindex = 0;                  // the index of the current reading 

long POTtotal = 0;                  // the running total 

float POTaverage = 0;                // the average 

 

const int BVnumReadings = 400; 

int BVreadings[BVnumReadings];   // the readings from the analog input 

int BVindex = 0;                  // the index of the current reading 

long BVtotal = 0;                  // the running total 

float BVaverage = 0;                // the average 

 

const int MVnumReadings = 400; 

int MVreadings[MVnumReadings];   // the readings from the analog input 

int MVindex = 0;                  // the index of the current reading 

long MVtotal = 0;                  // the running total 

float MVaverage = 0;                // the average 

 

const int BInumReadings = 400; 

int BIreadings[BInumReadings];   // the readings from the analog input 

int BIindex = 0;                  // the index of the current reading 

long BItotal = 0;                  // the running total 

int BIaverage = 0;                // the average 

 

const int MInumReadings = 400; 

int MIreadings[MInumReadings];   // the readings from the analog input 

int MIindex = 0;                  // the index of the current reading 

long MItotal = 0;                  // the running total 

int MIaverage = 0;                // the average 

 

 

// Establish variables used within the program and initialize to zero 

int brakeSwitch = 0; // State of the Brake switch 

int directionSwitch = 0; // State of the direction switch 

int dCycle = 0; // Integer value of duty cycle 

int batteryVref = 0; // Battery Reference Voltage 

float motorVref = 0; // Value of potentiometer input to a working voltage reference 

float motorV = 0; // Value of motor voltage 

float batteryV = 0; // Value of battery voltage 

int motorI = 0; // Value of motor current 

int batteryI = 0; // Value of battery current 

int efficiency=0; 
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long rpm = 0; // Integer value of motor rotational speed 

int startup = 0; // Variable used for startup check 

int displaycounter=0; 

 

// Initialize the LCD display with the numbers of the interface pins 

// Pins are:     (RS, EN, D4, D5, D6, D7) 

LiquidCrystal lcd(LCDrs, LCDen, LCDd4, LCDd5, LCDd6, LCDd7); 

 

 

void setup(){ 

   

  // Establish PWM outputs to operate at 31.3kHz 

  TCCR1B = TCCR1B & B11111000 | B00000001; 

  TCCR2B = TCCR2B & B11111000 | B00000001; 

   

  // intialize the inputs and outputs 

  pinMode(directionSwitchPin, INPUT); 

  pinMode(brakeSwitchPin, INPUT); 

  pinMode(pwm_M, OUTPUT); 

  pinMode(pwm_B, OUTPUT);  

  pinMode(enBLDC, OUTPUT); 

  pinMode(BLDCRotate, OUTPUT); 

  pinMode(enLowSideFans, OUTPUT); 

  pinMode(enHighSideFans, OUTPUT); 

  pinMode(sdConverterFETdrive, OUTPUT); 

  pinMode(sdCommutatorFETdrive, OUTPUT); 

   

 // set up the LCD's number of columns and rows: 

  lcd.begin(20, 4);  

     

  // set all initial signals low to avoiding floating levels 

  digitalWrite(pwm_M, LOW);  

  digitalWrite(pwm_B, LOW);  

  digitalWrite(enBLDC, LOW);    

  digitalWrite(enLowSideFans, LOW); 

  digitalWrite(enHighSideFans, LOW); 

  digitalWrite(sdConverterFETdrive, HIGH); 

  digitalWrite(sdCommutatorFETdrive, HIGH); 

   

  // loops to establish the averaging functions of each analog input       

  for (int RPMthisReading = 0; RPMthisReading < RPMnumReadings; RPMthisReading++) 

   RPMreadings[RPMthisReading] = 0;    

  for (int POTthisReading = 0; POTthisReading < POTnumReadings; POTthisReading++) 

   POTreadings[POTthisReading] = 0; 

  for (int BVthisReading = 0; BVthisReading < BVnumReadings; BVthisReading++) 

   BVreadings[BVthisReading] = 0; 

  for (int MVthisReading = 0; MVthisReading < MVnumReadings; MVthisReading++) 

   MVreadings[MVthisReading] = 0;  

  for (int BIthisReading = 0; BIthisReading < BInumReadings; BIthisReading++) 

  BIreadings[BIthisReading] = 0;  

  for (int MIthisReading = 0; MIthisReading < MInumReadings; MIthisReading++) 

  MIreadings[MIthisReading] = 0;  

   

} 
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void loop(){ 

 

  // When the system is powered on with the throttle high, prompt user to  

  //    turn throttle to zero to avoid large initial current surges 

  while(startup==0){ 

    lcd.setCursor(0,0);  

    lcd.print("                    "); 

    lcd.setCursor(0,1);  

    lcd.print("Set throttle to zero"); 

    lcd.setCursor(0,2);  

    lcd.print("                    "); 

    lcd.setCursor(0,3);  

    lcd.print("                    "); 

     

    motorVref = (analogRead(potPin)); // read in potentiometer output reference 

    delay(1); 

    motorVref = ((analogRead(potPin)*45.0)/1023); // read in potentiometer reference 

   

    if(motorVref<1){ 

      startup=1; 

    }  

  } 

   

  // read the value of the brake switch 

  brakeSwitch = digitalRead(brakeSwitchPin);   

  // read the value of direction switch   

  directionSwitch = digitalRead(directionSwitchPin);      

    

  batteryVref = 55; //Battery charging level for regenerative mode  

   

  // Moving average calculation: 

  MVtotal= MVtotal - MVreadings[MVindex];         

  // read from the sensor:   

  MVreadings[MVindex] = analogRead(MotorVsense); 

  delay(0.5);                                         // delay in between reads for 

stability 

  MVreadings[MVindex] = analogRead(MotorVsense); 

  // add the reading to the total: 

  MVtotal= MVtotal + MVreadings[MVindex];       

  // advance to the next position in the array:   

  MVindex = MVindex + 1;  

  // if we're at the end of the array... 

  if (MVindex >= MVnumReadings)               

    // ...wrap around to the beginning: 

    MVindex = 0;                           

 

 

  // Moving average calculation: 

  MVaverage = MVtotal / MVnumReadings; 

  motorV = (MVaverage*0.0775)+0.0473; 

  // subtract the last reading: 

  BVtotal= BVtotal - BVreadings[BVindex];         

  // read from the sensor:   

  BVreadings[BVindex] = analogRead(BattVsense); 
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  delay(0.5);                                         // delay in between reads for 

stability 

  BVreadings[BVindex] = analogRead(BattVsense); 

  // add the reading to the total: 

  BVtotal= BVtotal + BVreadings[BVindex];       

  // advance to the next position in the array:   

  BVindex = BVindex + 1;   

  // if we're at the end of the array... 

  if (BVindex >= BVnumReadings)               

    // ...wrap around to the beginning: 

    BVindex = 0; 

  // calculate the average: 

  BVaverage = BVtotal / BVnumReadings;    

  batteryV = (BVaverage*0.0638)+0.223;    

  

  // Moving average calculation: 

  BItotal= BItotal - BIreadings[BIindex];         

  // read from the sensor:   

  BIreadings[BIindex] = analogRead(BattIsense); 

  delay(0.5);                                        // delay in between reads for 

stability 

  BIreadings[BIindex] = analogRead(BattIsense); 

  // add the reading to the total: 

  BItotal= BItotal + BIreadings[BIindex];       

  // advance to the next position in the array:   

  BIindex = BIindex + 1;  

  // if we're at the end of the array... 

  if (BIindex >= BInumReadings)               

    // ...wrap around to the beginning: 

    BIindex = 0;  

  // calculate the average: 

  BIaverage = BItotal / BInumReadings;    

  batteryI = ((BIaverage*3675L)-1902300L)/10000;  

   

     

  // Moving average calculation: 

  MItotal= MItotal - MIreadings[MIindex];         

  // read from the sensor:   

  MIreadings[MIindex] = analogRead(MotorIsense); 

  delay(0.5);                                         // delay in between reads for 

stability 

  MIreadings[MIindex] = analogRead(MotorIsense); 

  // add the reading to the total: 

  MItotal= MItotal + MIreadings[RPMindex];       

  // advance to the next position in the array:   

  MIindex = MIindex + 1;   

  // if we're at the end of the array... 

  if (MIindex >= MInumReadings)               

    // ...wrap around to the beginning: 

    MIindex = 0;  

  // calculate the average: 

  MIaverage = MItotal / MInumReadings;   

  motorI= ((MIaverage*3675L)-1894700L)/10000;  //calibrated based on the current 

sensor datasheet 
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  // Moving average calculation: 

  POTtotal= POTtotal - POTreadings[POTindex];         

  // read from the sensor:   

  POTreadings[POTindex] = analogRead(potPin); 

  delay(0.5);                                         // delay in between reads for 

stability 

  POTreadings[POTindex] = analogRead(potPin); 

  // add the reading to the total: 

  POTtotal= POTtotal + POTreadings[POTindex];       

  // advance to the next position in the array:   

  POTindex = POTindex + 1; 

  // if we're at the end of the array... 

  if (POTindex >= POTnumReadings)               

    // ...wrap around to the beginning: 

    POTindex = 0;                           

 

  // calculate the average: 

  POTaverage = POTtotal / POTnumReadings; 

  motorVref = (POTaverage*45)/1023; // read in potentiometer reference  

    

  // Moving average calculation: 

  RPMtotal= RPMtotal - RPMreadings[RPMindex];         

  // read from the sensor:   

  RPMreadings[RPMindex] = analogRead(TachPin); 

  delay(0.5);                                         // delay in between reads for 

stability 

  RPMreadings[RPMindex] = analogRead(TachPin); 

  // add the reading to the total: 

  RPMtotal= RPMtotal + RPMreadings[RPMindex];       

  // advance to the next position in the array:   

  RPMindex = RPMindex + 1;  

  // if we're at the end of the array... 

  if (RPMindex >= RPMnumReadings)               

    // ...wrap around to the beginning: 

    RPMindex = 0;   

  // calculate the average: 

  RPMaverage = RPMtotal / RPMnumReadings;         

  // send it to the computer as ASCII digits 

  rpm = RPMaverage; 

  if (rpm<1) 

    rpm=0;  

  else  

    rpm=(RPMaverage*57774L+184730L)/10000L; 

    

    

  // only allow motor to change direction if speed is low    

  if (rpm<60){ 

    digitalWrite(BLDCRotate, directionSwitch);  

  } 

  

 //stop motor rotation for very low throttle references  

 if (motorVref<1){ 

    digitalWrite(enBLDC, LOW);  

  } 
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    digitalWrite(enHighSideFans, HIGH);  

    digitalWrite(enLowSideFans, HIGH);  

 

   

     

        if (brakeSwitch == 0){                                                        

// Drive mode  

                if (motorVref<1){ 

                    digitalWrite(enBLDC, LOW);  

                } 

                else{ 

                    digitalWrite(enBLDC, HIGH); 

                } 

               digitalWrite(sdConverterFETdrive, LOW); 

               digitalWrite(sdCommutatorFETdrive, LOW); 

               if (motorVref > batteryV) {                                             

// Boost 

                      dCycle = 255-(((1 - ((batteryV)/motorVref))*255)); 

                             if (dCycle>=250) 

                               dCycle=250; 

                             if (dCycle<=5) 

                               dCycle=5; 

                             analogWrite(pwm_M,dCycle); 

                             analogWrite(pwm_B,250); 

                } 

                else {                                                                   

// Buck 

                     dCycle = ((((motorVref)/batteryV)*255)); 

                             if (dCycle>=250) 

                               dCycle=250; 

                             if (dCycle<=5) 

                               dCycle=5; 

                             analogWrite(pwm_M,250); 

                             analogWrite(pwm_B,dCycle); 

                } 

        } 

        else {                                                                

//Regenerative Braking Mode    

               digitalWrite(enBLDC, LOW); 

               digitalWrite(sdConverterFETdrive, LOW); 

               digitalWrite(sdCommutatorFETdrive, LOW); 

               if (motorV > batteryVref) {                                            

// Buck 

                      dCycle = ((((batteryVref)/motorV)*255)); 

                             if (dCycle>=250) 

                               dCycle=250; 

                             if (dCycle<=5) 

                               dCycle=5; 

                             analogWrite(pwm_M,dCycle); 

                             analogWrite(pwm_B,250); 

                } 

                else {                                                                  

// Boost 
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                             dCycle = 255-(((1-((motorV)/batteryVref))*255)); 

                             if (dCycle>=250) 

                               dCycle=250; 

                             if (dCycle<=5) 

                               dCycle=5; 

                             analogWrite(pwm_M,250); 

                             analogWrite(pwm_B,dCycle); 

                } 

        } 

          

// Update the LCD display every 400 cycles          

displaycounter = displaycounter+1; 

 

  if (displaycounter==400){ 

        //Print characters on the screen  

        //Set cursor with setCursor(column,row)  

        lcd.setCursor(0,0);  

        lcd.print("Battery:     V      "); 

        lcd.setCursor(0,1); 

        lcd.print("Motor:       V      ");  

        lcd.setCursor(0,2); 

        lcd.print("Motor Speed:     RPM");  

        lcd.setCursor(0,3);  

        lcd.print("                    "); 

 

   

        lcd.setCursor(9,0);  

        lcd.print(batteryV); 

         

        lcd.setCursor(13,0);  

        lcd.print("V ");  

 

        lcd.setCursor(9,1);  

        lcd.print(motorV); 

         

        lcd.setCursor(13,1);  

        lcd.print("V ");  

         

        lcd.setCursor(13,2);  

        lcd.print(rpm); 

         

        lcd.setCursor(17,2);  

        lcd.print("RPM"); 

                       

        displaycounter = 0; 

  } 

    

   

} 
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Table A1:  Abbreviations 

Abbreviation Description 

PWM Pulse Width Modulation 

BLDC Brushless DC 

DIP Dual Inline Package 

MOSFET Metal Oxide Semiconductor Field Effect Transistor 

LCD Liquid Crystal Display 

DC Direct Current 

AC Alternating Current 

RPM Revolutions per Minute 

 

 

 

 

 

 

 


