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Motors are very widely used in our modern life. Every vehicle and vast majority of
house appliances that are related to motion of any kind, contains one. One of the
most popular types of motor is a BLDC which stands for Brushless Direct Current
Motor. The speed of the motor would have been controlled by a PID controller
implemented on a FPGA kit using VHDL.

FPGA programming and VHDL are not the most common solutions for previously
stated goals, but it’s difference from usual programming languages and unique
features which seemed an interesting challenge, as well as possibility of broaden-
ing horizons it the field of study were reasons enough to use them as a base of the
project. The goal of the thesis was to learn this unfamiliar field as well as study the
principles of BLDC motor control.

During the work on the project, it turned out that building a driver for standard
BLDC motor was challenging enough for a separate project such as thesis on its
own. The decision was made to use a generic computer fan with PWM control that
has a BLDC motor inside it, and which could be controlled by a digital signal from
GPIO pin on an FPGA kit.

The results shown that FPGA units are capable of controlling the speed of the mo-
tor in a smooth and accurate manner, however it remained an obstacle to read
the speed of the fan, so the system itself remained in an open loop state.
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1 INTRODUCTION

BLDC motors have a very wide range of applications, from house appliances to
manufacturing tools and vehicles. Ability to control the speed of a motor fast and
smoothly is very important in most cases and sometimes crucial, for safety as well

as time consumption.

FPGA (Field Programming Gate Array) is an integrated circuit that can be pro-
grammed by a user for a specific use after it has been manufactured /6/. They are
flexible in utilisation and handling which “makes them very different from other
types of microcontrollers or Central Processing Units (CPUs), whose configuration
is set and sealed by a manufacturer and cannot be modified” /6/. It is not as widely
spread, but its unique features and rarity is what made it stand apart from other

solutions and was the reason it was chosen for this project.

Combining the two together, the idea of this thesis was that the FPGA kit, in this
project the Altera DE2 kit, would be connected to a BLDC motor, and it would also
have a PID controlled implemented on it with VHDL, which is a description lan-
guage used to describe hardware and is utilized in electronic design automation
to express mixed-signal and digital systems, such as ICs and FPGA /7/. That would
allow the FPGA kit to control motor accurately and without unnecessary delay of
acceleration. The kit would also be connected to a display that would be able to

show the data of processes ongoing inside the FPGA.



2 THEORY

This part of the thesis covers the theory basis of the project. The part is divided
into three subsections which are the most important for understanding how the

system works, which are PID controller, PWM control and UART communication.

2.1 PID Controller

The Proportional Integral Derivative (PID) controller is a control system that can
automatically detect error and change the processed values accordingly. It is used
to control wide variety of parameters from temperature, pressure, water level to
motor speed. In its essence the PID controller is closed loop system, which means
that it gets the feedback each time the process is done and if the result is different
from the setpoint it starts again. The difference between the setpoint and feed-
back value is called an error. The PID controller calculates the error by calculating
the difference between the actual value and the desired value and then sets the
deciding parameters accordingly. This error is continuously being calculated until

the process stops.

The proportional part of the PID controller is used to calculate the error between
the set value and the actual value and is responsible for the corrective response.
The integral part is applied to take all the previous error values and then integrate
them to find out the Integral term. When there is no more error in the system the
integral part stops increasing. The derivative part is used to calculate the future
error values based on the present values so far. The control of the system can be
increased if the system has a dramatic change, which is also a responsibility of thr
derivative part. A combination of all three of these parts makes the name Propor-

tional Integral Derivative (PID) Controller.



The mathematical formula of the PID Controller can be presented as
ut = Kp et + KiOtet'dt' + Kdde(t)/dt (1)
In which:
Kp is the coefficient of Proportional term.
Ki is the coefficient of integral term.

Kd is the coefficient of derivative term.

PID Controller

—1 Proportional

Set

Point Output
_— —| Integration —p Process

—p-1 Differentiation

Feedback

Figure 11. Block diagram of PID controller

In the beginning the input goes to the P, | and D at the same time and their output
is summed together. This PID output is applied to the process which configures all
the necessary parameters. The set of parameters is then sent back to the system
as feedback. This feedback and the input from the beginning are then summed to
calculate the error which then again is fed to the PID, and the loop continues until

the error goes to zero or the system reaches the steady state, which means that
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the output value of the whole system is not going to change, but it may neverthe-
less differ from the original input. The difference between the original input and a

steady state value is called a steady state error.

PID Controllers usually contains all three parts (i.e. P, | and D) however sometimes
processes utilize only two or even one of these units which results in PI, PD, P or |
Controller. This can be achieved by setting the unused parts to zero which renders

those parts non-existent and their effect on the system to zero.

2.1.1 Proportional Term

The output value that is produced by the proportional term is proportional to the
error value at the given cycle. The error is multiplied by the coefficient “Kp” which
allows the tuning of the values. Kp has another name which is proportional gain

constant.

Pout = Kp xe(t) (2)

If the value of the proportional gain constant is high, the system reaction for any
given error will be more significant. If the Kp constant is too high for the system, it
may become unstable. If the proportional gain is too small, then the output results
will be further from the setpoint, meaning that the system becomes unresponsive,
and it may go through disturbance or lagging. Thus, the correct tuning of propor-
tional terms is crucial for creating a sensitive and responsive yet reliable system.
The proportional control term is also responsible for the mechanism of the steady

state error which is inversely proportional to the proportional gain.

2.1.2 Integral term

The integral term value depends on the magnitude of an error and its duration.
The integral term sums all different instants of the error value in time. After that
the result is multiplied by the integral gain coefficient and added to the system

output.
11



lout = Ki *fote(t)’dt (3)

The integral term increases the rate of change of the value in achieving the desired
values and reduces the error caused by the proportional term. However, because
the integral term calculates the sum of values from the past, its calculations may
cause the system to overshoot the set values, which means that the actual value

of the system gets higher than the set value.
2.1.3 Derivative Term

The derivative term is calculating the derivative of the error to estimate the slope
of an error in time domain and then multiplies this derivative with derivative gain
coefficient Kd.

Dout = Kd*d‘;—(t”(zt)

The derivative term predicts system values and behavior in general to speed up
the system and makes it more stable. Derivative terms are quite often left out
from PID Controllers due to their usually insignificant impact on the system stabil-

ity in practical application.

2.1.4 Stability and Characteristics

The three parameters of a PID controller are gain, integral term and derivative

term.

If the parameters are chosen negligently, the PID controller can be insecure mean-

ing that the output of the system may not be as precise or accurate as it could be

12



with other values. Instability could be caused by significant unnecessary gain, es-
pecially when the delay of the system is quite high, in other words if the system

lags, gain amplifies the instability probability.

Instability can be observed in the Laplace domain from the following formula /1/:

Hs = Ks*G(s)1 + Ks*G(s) (5)

Where:

e Ks =PID Transfer Function

e Gs = Plant Transfer Function

The system stability can be measured by the result of the product of K(s) and G(s).

There are these conditions, which are:

o |f Ks*Gs= <1, this means the system is stable

o |f Ks*Gs= -1, this means the system is unstable

The optimal behavior on a process or set point change varies depending on the

application.

The two important characteristics of the system in time domain are Rise Time and
Settling Time. Rise time is considered to be the time between the points where
the system reaches 10% and 90% of the set value /2/. Settling time is the time

when the system reaches and stays within the small error from the setpoint.

The Figure 2 explains the relation between the coefficient values and rise time,
settling time and overshoot. The green line represents the situation, where all the
coefficients are equal one. If we increase the integral gain to two, the system will
have a less rise time but more fluctuation and overshoot, as black line shows. And

the value of 0.5 of the Ki leads to bigger rise time, but no overshoots, as depicted

13



by red line. Each of the conditions could be useful, depending on the real-life ap-

plication case.

reference signal

Figure 12. PID controller behavior comparison

2.2 Pulse width modulation

Pulse width modulation a digital output which can be used to control analog de-
vices. The main characteristic of the PWM signal is duty cycle. Duty cycle is the
relation between the time in the period where the signal is high (logical 1) to the
whole period of the signal. If the period of a PWM signal is 4ms and during this
period, the signal is high for 1ms then the duty cycle is equal 25%. If the time of
high state is exactly equal the time of low state, then the duty cycle is 50%. Con-

stant high state of the signal indicated a 100% duty cycle.

14



50% duty cycle

75% duty cycle

25% duty cycle

Figure 13. PWM signals with different duty cycle

The duty cycle affects the analog signal in a directly proportional manner. If the
PWM controls the output voltage and the maximum output voltage value is 5V,

then the output at 50% duty cycle would around 2.5V.

15
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Figure 14. Correlation between the duty cycle and voltage level

In this project the PWM signal was used to control the speed of a fan. According
to the datasheet provided by the manufacturer, at the 100% duty cycle the fan is

supposed to rotate at 12000 RPM, at 20% the speed is 3000 rpm and at 0% the fan

had to stay idle.
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3 DEVELOPMENT

This section consists of the description of the development of the project including

the hardware, software, and coding as well as the final testing and measurement.

3.1 Hardware

Two main hardware pieces were used in the project: an FPGA board that hosted
the VHDL code implementation of PID controller, a PWM signal generator and

other modules.

3.1.1 FPGAKit

The FPGA board Altera DE2 (Figure 5) was chosen as the base for the thesis project.

HHHHHHF‘! Slalalaln

e e

Figure 15. Altera DE2 board
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It was intended to be used as an educational board to study digital logic, hardware
organisation and concept of FPGA. Moreover, this was the board that was used in
the “FPGA and VHDL” course, so it was already familiar; in addition, this board,
though being quite old, was known to have enough resources to handle a relatively

light project.

3.1.2 Fan with BLDC Motor

Initially, the BLDC motor was supposed to be used, but, as it turned out, creating
a driver for a bare BLDC motor, is a major project, probably even of a thesis scale
on its own. So, the decision was made to use a regular fan with PWM control,

which was simpler in implementation.

Figure 16. Sanyo Denki fan with PWM control
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The fan that was eventually used was manufactured by Sanyo Denki (see Figure
6), has maximum speed of about 12000 RPM and has four wires: source, ground
and PWM wire as well as tachometer wire that can be used to read the speed of

the fan.

3.2 Software

Intel Quartus Il Web Edition Design Software Version 13.0sp1 is the full name of
the program that was used to upload the VHDL code onto the Altera DE2 board.
This version of the software is not the latest one, in fact, it is quite old, but because
of the age of the FPGA kit itself, they were compatible in all the ways that were

important for the project.

G Quartus 132-bit- ¢ 1) TS/apd_gate/and_top - and_top - - h e B _J =) =
Fie €3t View FProject Assgnments Processng Toos Window Help & P — ®
DSHd 4 0@ 9o feodion. Y SO D e O R P A 0D

iex|

New Quartus If Project
4 Design Files
AHOL File
Block Diagram/Schematic Fie
EDIF File

- woL
D Herarchy | E] Fies [ F Desonunits | 4[» a th L ®
= Hexadeamal (Intel-Format) File 1 =
Tass = X Memory Initaization Fie

N T || P | 4 Venfication/Debuggng Files .
Fiow: [Compiation [custonze...] In-System Sources and Probes Fie Version 13.0
- —————————— Logic Analyzer Interface File
SignalTap 11 Logc Analyzer Fle
4 P Compile Design University Program VWF
P Analyss & Synthess
» Fitter (Place &Route)

B Asserbler (Generate programming fles)
P TimeQuest Tming Analysis
P EDA Nethst Writer
4 program Device (Open Programmer)

Synopsys Design Constrants File

@ ViewQuartusii
Information

} TextFie X
|
|

- . @ Documentation

<
ReEE@ v

#/lType ID Message

Figure 17. GUI of Quartus Il

For a short period of time software named ModelSim was used to simulate certain
modules before integrating them into the main project to test and debug errors

without causing problems in other modules.
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3.3 System Overview

This chapter concentrates on the overall system description, its functionality work-

flow and circuitry.
3.3.1 Function Block Diagram

In this project, the FPGA kit has two connections to the fan; the first is the PWM
signal and second is the tachometer wire, each connected to GPIO pins on the
board. The Altera board has three modules on it implemented in VHDL: PID, PWN
and UART. The PWM signal directly controls the speed of the fan and the PID con-
troller was intended to change the duty cycle of the PWM. To generate a correct

system response, the tachometer wire serves the purpose of the feedback value.

The UART module makes it possible to communicate with the PC via a terminal, to

send information about processes happening inside the board.

Tachometer

Figure 18. Functional block diagram
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3.3.2 Circuit Diagram

The wire connection in practice is most simple. The fan is connected to the voltage
source and both the FPGA kit and the fan are connected to the common ground
and the PWM wire is connected directly to the GPIO pin that is set into the output
mode. The tachometer wire however requires a pull up resistor, according to the
manufacturer’s datasheet. The value of the resistor was not known in the begin-
ning, but in the same datasheet it is mentioned that the current on the tachometer
wire had to be 5mA at most, and from that value it was calculated that the resistor
must be at least 2.6kOhm, but the closest of the greater values that Technoboth-

nia had at disposal was 2.7kOhm which worked just fine.

41 2VDC

2.7 kOhm
(  GPIO 0 Tachometer ( A
GPIO_1 PWM
Altera DE2 Sanyo Denki Fan
\ y, \ J

Figure 19. Circuit diagram

During the development process, the oscilloscope was used to monitor the state
of the GPIO pin as well as the signals on the tachometer and PWM wires. The de-

vice was also used during the testing and measurement phase.
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Figure 20. Assembled system with connected oscilloscope

3.4

VHDL code

The source code of the project consists of six VHDL files:

counter.vhdl
pid.vhdl
pwm.vhd|
pwm_led.vhdl
reset.vhd|

tx.vhdl

As the name of the file implies, counter.vhdl implements the code for measuring

time and creating different time frames, using the high frequency clock, integrated

in the board. The time slice that is calculated in this file is then used to tell the

22



PWM when to change the state of the signal, thus creating an accurate duty cycle,

allowing the control of the fan.

The PID file is responsible for controlling the value of the duty cycle of the PWM
signal. It uses the formulas described in the PID related theory part of the thesis,
to calculate the system response in accordance with the feedback value that it gets
through the tachometer wire, which is connected to the GPIO pin, set in the input

mode.

The generation of the PWM signal happens in pwm.vhdl file with the help of the
Counter. It puts the signal in the high state and defines the counter limit, which
corresponds to a certain duty cycle. Then, when the counter limit is reached, the
state changes to back low, and so the PWM signal can be sent onto the output

GPIO pin.

The pwm_led.vhdl serves as a main function file, that includes and combines all
other files in one program. Besides controlling, that correct values are parsed to
correct modules, this file is also responsible for enabling necessary controls on the
board. It enables switches, that are located on the board to let them control the
duty cycle from 0% to 100% with a step of 10, as well as using a press button to

send the values through the UART transmitter to the computer.

The tx.vhdl enables UART communication between the board and the PC terminal.
It is responsible for creating the message with correct format, as well as setting
the correct baud rate values, so that the message can be understood on the other
end of the line. The project functionality did not require the receiver module, so

the communication is not bidirectional.
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3.5 Testing and Measurement

When modules were combined, compiled, and uploaded on the FPGA board, the
testing of the system was performed. Figures 11-21 show the measurements done
with the oscilloscope. Channel 1 (yellow line) represents the PWM signal, that is
sent from the Altera DE2 to the fan and channel 2 (green line) is the tachometer
output of the fan. The trigger is set on channel 2 because its frequency is much
lower than channel 1 and if the trigger is set on PWM, the edges of the tachometer
signal are outside of the scope and the device cannot measure it. On the right side
of figures 11-21 there are two measurements, the duty cycle of PWM and the on-
time of the speed sensor of the fan, which allowed to calculate the speed of the
fan. After the calculation the real speed of the fan was compared to the nominal

speed curve from the datasheet provided by the manufacturer (Appendix 1).
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Figure 21. Duty cycle set 0%
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Figure 22. Duty cycle set 10%
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Figure 23. Duty cycle set 20%
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Figure 25. Duty cycle set 40%
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Figure 25 shows the case when the trigger is on channel 1, and the oscilloscope
cannot measure the period of channel 2. But this clearly shows the signal of the
PWM. While performing the test, the speed was sent to the PC terminal at each

instance, the received information is shown in Figure 26.

DE0-K 20128, MYS1360855: Sat Apr 30 17:258:18 2022

1 2 A0

Figure 32. Trigger on PWM
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Figure 33. RealTerm window
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4 CONCLUSIONS

As a result of the testing the following table was created:

Duty Cycle ON Speed .

Switches {%)y UART time(ms) (FI;PM) Nominal datasheet speed (RPM)
0000 0 0 0 0 0
0001 10 10 12.1 1240 Not specified
0010 20 20 3.4 4412 2450-4550
0011 30 30 2.4 6250 5200
0100 40 40 1.9 7895 6600
0101 50 50 1.6 9375 8000
0110 60 60 1.4 10714 9000
0111 70 70 1.26 11905 10000
1000 80 80 1.16 12931 11000
1001 90 90 1.08 13889 11500
1010 100 100 1.08 13889 10800-12300

Table 2. Testing results

As depicted by the table, the calculated real speed was higher than the nominal
values specified by the manufacturer. However, the magnitude of the difference
between the calculated value and the nominal are very close at every instance of
measurement, therefore it could be the matter of different factors of the environ-
ment of the test, such as the source voltage, PWM signal frequency or pullup re-

sistor value.

One obstacle remained after the end of the project, the information that board
read from the tachometer was not clear, so it could not be used as feedback, so

the system remained open loop.

Nevertheless, the system is proven to be able to control the speed of the fan, and

possibly any other device with PWM control accurately and correctly.
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APPENDIX 1

Extract from Sanyo Denki 9WPA0612P4G201 datasheet

12000

10000

8000

(min)

6000

SPEED

4000

2000

==}

4 4. PWM DUTY-SPEED CHARACTERISTICS EXAMPLE

<PWM DUTY-SPEED CHARACTERISTICS EXAMPLE>

VOLTAGE : 12V DC

PWM FREQUENCY : 25 kHz

(AT ROOM TEMPERATURE, NORMAL HUMIDITY)
—— 12000

. _NOMINAL

100
PWM DUTY CYCLE (%)

<EXAMPLE OF CONNECTION SCHEMATIC>

DC FAN INPUT VOLTAGE |NSIDE OF

DC FAN

<PWM INPUT SIGNAL EXAMPLE>

T1

—5 %100 = PWM DUTY CYCLE [%]

Vi

T2

1 psec MAX.

1 psec MAX,

T Vi

4,75V ~ 525V

Vi

OV ~04V

NOTE  4-1.PWM CONTROL SWITCHING MAY AFFECT THE SENSOR QUTPRUT.
PWMEITEIC £ B Ay F 2 I ey NI T 385155,
4-2,REFER TO PAGE 2 FOR THE SPEED WITH PWM DUTY CYCLE OF 0, 20, 100 %,
PWMZF1—FH L1 0, 20, 100 %08, CinREE2STE8MOTe.,

4-3. WHEN THE CONTROL TERMINAL IS OPEN,
FAN SPEED 1S THE SAME AS WHEN PWM DUTY CYCLE IS 100 %.
PWMA DI FHA — TARBROR, EREEREEPWMT 21— T4 711100 %ERU THBCE.

4-4,EITHER TTL INPUT, OPEN COLLECTOR OR OPEN DRAIN CAN BE USED
FOR PWM CONTROL INPUT SIGNAL.
AND IN CASE OF OPEN COLLECTOR, DRAIN INPUT,
THE PWM DUTY CYCLE SHOULD BE (T-T2)x 100/ T.
PWMANESRTTLAHRE. A—T2IL75, FLA2ANICTERTIEECHEBIE. «

o]
E L_ {BL. A=T2AL99, FLAZAROES, PWMT1—51 = (T-T2) x 100 / T Ok, E
|. i EC Na, &I Tale
4 PWM INPUT SIGNAL CONTROL | ;I ! :2206024 San Ace 60W (9WPA) L
~— Lounes TR e—
s mm |SPToM0 | RIBBED/PULSE_SENSOR/PWM_CONTROL
> FIE Scale| EEES  Dwa. ho. R,
i . - 9OWPA0612P4G201| B |
aroDmed | FE AsprovedBy | BE Checkad By BE Designed By
SANYODENKI (‘' 1o momaws |vown
T T 3 T T B FSG-FS  [Go»  DI2K | EQ [P 474
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