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Abstract- Direct Current (DC) motors have broad range Il. MODELLING OF DC MOTOR AND PWM
of use. Therefore, studies on various semiconductor GENERATOR
devices have been performed for best speed control. Field DC motors have many features that are expected to be

Programmable Gate Array (FPGA) is one of the most  inamachine. Some of them are safe, long-term, cheap, and
talented platforms for robust control. For generating FPGA  in addition to being able to operate at low voltage. Because
code Xilinx System Generator (XSG) usage makes writing  of these, DC motors often find space in applications. The
and saves time. In this study Permanent Magnet Direct  equivalent circuit of the PMDC motor is demonstrated in
Current (PMDC) motor was modelled and simulated by  Figure 1.
using MATLAB/Simulink environment and XSG block

sets. Then XSG blocks were implemented to FPGA board

by using Hardware Co-simulation tool. Proportional-

Integral (PI) controller was used to control speed. The Pl

parameters were found by PID Tuner in MATLAB.

Simulations was performed to verify the theoretical results

and implementation. The results of the application were

consistent with the results of the simulation study.
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. INTRODUCTION Figure 1. Equivalent circuit of PMDC motor
PMDC motor is a machine that converts the current . L .
generated from the wire coils in the motor to mechanical The equations of the DC motor which is used in the

energy. It supplies high torque initially and makes wide simullation are given below [5]. From Kirchhoff's circuit
range speed control possible [1]. It has a broad range of ~ laws:

applications including DC motors, electric traction, lifting . di (t)

equipment and rolling mills [2]. The crucial point for usage Va (t) =Ral, (t)+ La —;t +Ea (1) )
of DC motor is speed control under the variable load. For

. . The motor back emf is expressed as:
this purpose, different controllers are developed used. One P

of boards which make possible to perform these controllers Ea (t) - Kb“’(t) ©)
is FPGA. It is capable of massively parallel operations. By In order to maintain energy equilibrium in the system,
using FPGA, numerous computational operations on real-  the sum of the motor moments must be zero. In this case;
time control systems can be made within a short period of ~ torque developed by the motor is:

time [3]. The system needs some important blocks suchas  + _t _1 _1 _g 3)
controller for speed, incremental counter signal converting e e L7 )

speed controller output to Pulse Width Modulation (PWM) When rearranged Equation (3):

signals. There are XSG toolbox in MATLAB/Simulink for Ki. —J d_a)_ Bw_T =0 @)
both simulation and implementation. With these blocks in ta dt L

the toolbox many new models can be created. For  \when converted Equations (1) and (3) into Laplace
simulation some MATLAB/Simulink blocks can be used.  transform;

However, for implementation all blocks must be XSG ) _ R. K 1

blocks. Mainly used as a speed controller are proportional i, (s)—i, (0) =—L—ala (S)—L—Vw(5)+L—Va (s) ©)
(P), proportional integral (PI), proportional derivative a a a

integral (PID), adaptive, fuzzy logic controller (FLCs) and L 1

Artificial Neural Networks (ANN) [4]. so(s)-o(0)= T'a (s)—ja)(s)—jT,_ (s) ©)
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Assume that initial conditions are accepted as zero, the
equations will be below:

() =——K””L(:S):;/:(S) ™
-S4l

The block diagram of the PMDC motor with the help
of the equations is shown in Figure 2.
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Figure 2. General transfer function of PMDC motor

Table 3. DC motor parameters

Parameters Values Units
Armature Resistance, R, 4.3 Q
Armature Inductance, L, | 0.0263 H

Moment of Inertia, J 0.022 Nm?
Friction constant, B 0.00034 | Nms/rad
Torque constant, K; 0.662 Nm/A
EMF constant, K, 0.662 Vs/rad
Friction moment 0.17437 N.m
Armature Voltage 180 \
Power 0.4 HP
Nominal Speed 1750 RPM

When DC motor parameters in Table 3 are replaced in
Figure 2, transfer function of DC motor we used is shown
as Figure 4.

1
0.0263s +4.3

rad/s to rpm

Figure 4. Transfer function of PMDC motor used

The technique of Pulse Width Modulation (PWM)
provides a logic 1" and logic “0” for a specific period of
time. PWM s used in lots of applications like speed
control of DC motor [6]. Assuming a modulated signal as
a square waveform f(t) with a high value (ymax), a low value
(Ymin) and a duty cycle, the mean waveform value is written
as below:

lT
== |f(t)dt
y T'([()

When f(t) is a square wave, maximum value is for the
highest duty cycle and minimum value is for low value of
duty cycle [7]. Then equation (9) will be as the following:

f (X)=D.Ymax +(1=D).Ymin (10)

9)
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In this study we use right-aligned PWM shown in
Figure 5. For the variable duty cycle, the left edge of the
signal is fixed at the edge level and the rising edge is
modulated [8].

Maximum value
X
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PWM Counter /
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Figure 5. Right-aligned PWM generator

A Counter and a Relational block to create PWM
Generator shown in Figure 6. When input signal is greater
less than sawtooth signal, the relational block yields a logic
‘61”.
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Figure 6. PWM generator with XSG block set

In this study Genesys Il was used as a FPGA
development board. When using Hardware Co-simulation,
Genesys |1 is able to support 50 MHz as a clock speed.
Thus, the period of the counter is set to 1/50000000. That
means this counter is 50 million counts per second.
Because we want to run the simulation in 20 kHz,
counter’s type is chosen as count limited and count to
value option is adjusted to 2499 for the counter begins
from 0. In doing so, we set frequency of the simulation to
20kHz. When set input of blocks shown in Figure 6 to
value of 249, the outputs of PWM generator illustrated in
Figure 7.
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Figure 7. PWM output, setting input to 249



When input of blocks shown in Figure 6 is adjusted to
value of 2249, the PWM generator yields output shown in
Figure 8.
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Figure 8. PWM output, setting input to 2249

I1l. CHOPPER TOPOLOGY

The use of chopper drivers in mobile applications,
which are connected to change the armature voltage
between a constant voltage source and the motor, is quite
common. The DC-DC converter drives are used both to
control the armature voltage and to restore the source of
energy to the DC-DC converter motors by regenerative
braking [9]. Chopper circuit is shown in Figure 9.

/N D1

Figure 9. Chopper circuit

A transistor chopper controlled PMDC motor driver
has transistor Q1 which is drived periodically with period
‘T’ and stays on for a time ton. In this interval, armature
current increases from i,z to ial shown in Figure 10.
Because motor voltage is equal to the source during this
interval, it is known as duty interval. At t=tq, transistor Q1
is turned off [10].

t

Va Va

ia:
ia:

11—

ton T t

Figure 10. Switching pulses

For forward power control, transistor Q1 must
operate. When Q1 is opened, the voltage source appears at
the motor terminals and motor runs shown in Figure 11
[11].

When the transistor is opened, 0 <t < to,, the motor
terminal voltage equals source voltage Va. The operation
is characterized by

di, (1)
dt

Raia (1) + L4

+E, (1) =Va(t) (11)
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Figure 11. T Forward power control

Motor current flows through freewheels diode D1
showin in Figure 12 and motor terminals voltage is zero in
the course of interval ton <t < T [10].

Va D1

Q1

Figure 12. Freewheeling interval

During this interval motor operation, known as
freewheeling interval [10], is described by,

Raia (1)

In this study IR2113 was used to drive MOSFET.
IR2113 applies the control signal to the MOSFETs by
increasing the high side and the low side MOSFET to the
level of the supply voltage isolated from each other. In this
study only low-side driver was used. The basic
components of a low-side driver circuit using an IR2113
[12] were given in Figure 13 with the Proteus/ISIS
drawing.

di, (t) _
+L, it +E,(t)=0 (12)

<)

=

= I—l_l J_
+12V c3 c4

22uF 100nF
[

)

T

D2 -
UF4007

U1
R2110 1

LIN [ LIN Q2

SD

VSS

R4
1k

10R

Figure 13. Chopper driver circuit

IV. CONTROLLER

PI control is a kind of closed loop control method. In
the closed loop control systems, the information related to
the current state of the system is provided with the help of
sensors. At the same time, the controller detects and
corrects the error that occurs when compared to the
reference input at the output. The data from the feedback
is compared with the desired reference value to determine
the error signal. The detected error signal is sent to the
controller [13].



u(t)=Kye(t)+ Kije(t)dt (13)

The transfer function of Equation (13) can be
formulated as
Ki
K (s) Kp + 5 (14)
The PI controller system block diagram of this paper is
shown in Figure 14 and its XSG block design can be seen
in Figure 15.
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Figure 14. PI controller block diagram
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Figure 15. PI Controller Block Diagram with XSG blockset

The PID controller setting is easy to find, but it is a
complex task to find the gain set that provides the best
performance for your control system. Traditionally, PID
controllers are set using manual or rule-based methods.
Manual setting methods are repetitive and time-consuming
and can cause damage if used on hardware. Rule-based
methods also have serious restrictions: they do not support
unstable plants, higher order plants or plants have little or
no delay [14].

MATLAB has PID Tuner application to find P, PI,
PID  parameters shown in Figure 16. The
MATLAB/Simulink PID controller block offers some key
advantages for controller design. The user has the
flexibility to experiment with writing on the PID
parameters to achieve better system performance. As a
result, the PID controller design process has been greatly
accelerated [15].

Amplitude

Controller Parameters: £ = 0.1145, 1 = 1104

Figure 16. PID Tuner

By adjusting Response Time and Transient Behavior
shown in Figure 16, some acceptable Pl parameters were

found. One of these parameter couple is K, =0.1145and

K; = 1.104.

V. STUDY RESULTS
Simulation blocks and code generated XSG blocks are
set to run PWM out at 20 kHz. The parameters of Pl
controller were set is K, = 0.1145 and K; = 1.104 by

using MATLAB/Simulink PID Tuner.

A. Simulation Result

For simulation result, MATLAB/Simulink blocks are
shown in Figure 17. In first section chopper circuit was
designed and measured the chopped voltage. In second
section transfer function of PMDC motor created and
speed converted into RPM. Lastly speed of motor was
subtracted from reference speed. The output of this
operation went to Pl block. PI controller output was
limited between ‘0’ and ‘1’ because the sawtooth signal
increases from ‘0’ to ‘1°. Then it compared to 20 kHz
sawtooth signal. The output of this comparison was given
to MOSFET in chopper circuit shown in Figure 17.
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Figure 17. Simulation blocks

PMDC Motor simulation was created by
MATLAB/Simulink blocks shown in Figure 17. Result of
this simulation, speed of PMDC motor is illustrated in
Figure 18. When the speed of the motor increased to 1000
RPM, it traveled at 1000 RPM after making an
approximate 6% overshoot. It sat at a reference speed after
about 1 seconds.
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Figure 18. Motor speed on simulation

B. Experimental Result

For experimental result, blocks generated code are
shown in Figure 19. The duration of two consecutive
signals was calculated using the increasing edge of the
logic signal taken from the shaft of the PMDC motor. Then
this duration was converted into RPM. After subtracted
from reference speed it went to PI controller created by
XSG blocks shown in Figure 19. PI controller output was
compared to 20 kHz sawtooth signal. The output of this
comparison was given to physical port represented
Gateway Out shown in Figure 19. Gateway Out port was
sent signal to Chopper Driver and motor’s shaft turned.
And whole process was repeated during operation.
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Figure 19. XSG blockset generated code
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We used Arduino Mega board to calculate and show on
MATLAB/Simulink scope by using m- function. Because

both  Arduino and FPGA boards run by
MATLAB/Simulink on one PC, Arduino board was run
before FPGA board. Therefore, there are about 11 seconds
delay in Figure 20. When the speed of the motor increased
to 1000 RPM, it traveled around 1000 RPM after making
an approximate 7% overshoot. It sat at a reference speed
after about 2 seconds.

b

Figure 20. Motor speed on experiment

VI. CONCLUSIONS

The results obtained from the simulation and
experimental studies in the scope of the study correspond
to 90% because of the fact that each element works ideal
in the simulation program, the driver circuit used in the
experimental operation transmits the signals with a certain
delay. The implementation of FPGA board which has
higher speed operation compared to other microcontrollers
for speed control of chopper based PMDC is the main
contribution of this study.

NOMENCLATURES
L, : Armature inductance

R, : Armature resistance
i, : Armature current
: Field current

: Input voltage

: Back electromotive force (EMF)

: Motor torque

o : An angular velocity of rotor

J : Rotating inertial measurement of motor bearing
Ky, : EMF constant

K. : Torque constant

B: Friction constant
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