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FPGA Based Speed Control of Three-Phase Induction
Motor Using Stator Voltage Regulator

Pl skl I il & jadll e jun (g8 oSl FPGA ) alaiiad
PO pmall aga b pSaie .

Dr. Ali. M. Eltamaly
Electrical Eng. Dept., Faculty of Engineering, Mansoura University, Al_dakhlya, Egypt
E-mail eltamaly@yahoo.com

08 .Ji_,la‘ilgx#ld}mi&y@,&mFpGAdxt.usmgieaiJ@)L ely o Cumall 1 3 1 adlall
_«htyg_,‘&:gcﬁ.dl?mﬂl,,&yujesasﬂdy.dl.;uauﬂqunwﬂdslm Ml s e addad A3kl
aSadll A ya dgn 5plia s sk e 03 i il phata e ez AT agall b WSadll Sy o dkela da gl AT
Gk oe eall gl Jae ol jlphaY1 B35 Aadt o jadll s e alii Loyl a1 pSa3l &y i (Llial Om)
Aot ASLaall Jaad PSIM geolin phass ol o5 el 5 58 JNA Lisg 38 4giah 5 5 oSas L OBY Uil (s A ga 35 Jaa
d.ua.uil.; F'Il’GA aladiuly JUsill u.l.iJlt pracaill i 5 5 A48 0 8Tl Ay e olid FPGAJ! aladdud &5 4 oLl 13
PR c.l\.:\.: C_L:...'a_" el G..\J.d.“ Oe lgle Jpeasdl o i CA;E\A.AH e e d_,,-.na.ll‘;i | C_Il:uj\ A5 i e
a3 5l Jalaa 3 ol pnall 15y il DS Al gl o giine Laglall (Ladih 5 NS 0 30 Jainds Splanddl il

) Adbiaal Jaadih G5l 4 ia e
Abstract — In 1his paper a digital speed conlrol sirategy for three-phase induction motor is implemented. This
strategy depends on varying the stator voltage to control the specd of induction motor. The system consists of six
bidirectional switches. The digital control strategy uses saw-tooth waveform with twice the supply frequency as a
control signal 1o be compared with triangular waveform as a carrier signal. The voltage output from ac voltage
regulator can be controlled by varying the voltage level of saw-tooth waveform. The control strategy provides also soft
starting for the induction motor. The soft starting is implemented by starting the motor in low value of modulation
index and increasing it gradually during the starting period. The simulation of the system is carried out by PSIM
computer program. The control strategy is implemented by using FPGA. A dctailed digital design of control system
has been introduced in details, The simulation results have been compared with the experimental resulls from
laboratory prototype. The simulation and experimental results show stable operation for wide range of speed control.

The levels of harmonics in the supply and motor currents and power factor have been evaluated for different operating
conditions.

coming into their own as a way to achieve
[. INTRODUCTION application specific integrated circuits {(ASIC)
like performance-levels with hardware that has
off-the-shelf convenience similar to traditional
DSP  processors.  Sophisticated  control
algorithms become easier to be implemented
with FPGAs. One of the fundamental
advantage of FPGA over DSP or other
microprocessors is the freedom of parallelism.
Since different parts of FPGA can be
configured to perform independent functions
simultaneously, its performance ts just not tied
to clock rate as in DSPs. The FPGA provides a
low cost control for induction motor by many
control strategy [7).

The  availability of  microprocessors,
microcontrollers, and digital signal processors
(DSP) facilitates the digital implementation of
control system of electrical machines. The DSP
is the most commonly used device for such
applications. The DSPs are highly optimized
application-specific microprocessors designed
to process signals, including control signals.
With the increasing density and complexity of
field programmable gate arrays (FPGAs),
programmablc  architecturcs are  becoming
more aftractive for implementing embedded
system designs. FPGAs are increasingly
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Three-phase ac chopper is one of the
simplest ways to control the speed of induction
motor. AC choppers have been used to control
both static and dynamic loads [1-3]. Three-
phase ac chopper has been used to feed three-
phase induction motor [4,5]. Single-phase and
three-phase ac choppers are showing cost
reduction and effective control. The main
problems associated with the ac choppers are
the high harmonic contents in the supply and
motor currents, very poor power factor
especially at light loads, and low efficiency:
Modem PWM techniques can help in
modifying these performance parameters [1,6].
Using FPGA can generate the required PWM
switching function easily and economicalily.

The essence of this paper is to explain the
design of digital speed control strategy of
three-phase ac chopper under three-phase
induction molor load by using FPGA.

1. SYSTEM UNDER STUDY

The proposed system consists of six
bidirectional switches as shown in Fig.1. Three
switches are connected in series with stator
terminals of the motor and another three are
used to provide freewheeling path across stator
windings. In this study a saw-tooth PWM
strategy has been used to control the speed of
three-phase induction motor. Saw-tooth PWM
1s characterized with high power factor, lower
THD at machine currents and high frequency
component of supply current which can be
easily removed by using simple passive filter.
Fig.2 shows the waveform of switching signal
of series switch, motor voltage and its FFT
components for saw-tooth PWM strategy.

IIl. MATHEMATICAL MODEL FOR
SAW-TOOTH PWM CONTROL
STRATEGY

The relation between motor phase voltage and
supply voltage can be expressed as:

v (@)= 8 (w)* vy(er) m
s{or) is the switching function and
v,(ex) are the motor and supply voltages.

where,

Vr(ﬂ-"“%

All the PWM schemes are designed with
certain switching frequency f; and the
modulation frequency, my and the modulation
index, m,. The main function of the PWM is to
produce near sine-wave supply current with
very low amplitude high frequency harmonic
contents. Simple filters can easily remove such
low amplitude-high frequency harmonic
contents. The main problem associated with
PWM technique is the relatively high switching
losses.

In saw-tooth PWM control strategy of a
three-phase ac chopper, the switching function
can be obtained by comparing negative slope
saw-tooth signal with trangular signal as
shown in Fig.2. The same switching function
can be obtained in digital manner by using
FPGA as shown in this study. The negative
slope saw-tooth PWM, SPWM is introduced to
improvc the input power lactor and THD ol the
three-phase ac voltage regulator. The saw-tooth
waveform has its peak at the intersection of
phase voltage with the time axis, i.e. the saw-
tooth wave of which the frequency is twice as
that of ac supply. The control has been done by
adding or subtracting a dc component to the
saw-tooth signal. So, the slope of the saw-tooth
signal is always constant, but the amplitude is
varied with. The modulation index,m, is the

ratio between the peak values of the saw-tooth
to the peak of triangular signal as shown in {2).

My = ﬁSalem 2
where: VSaw: peak value of the saw-tooth
signal.

17,,,- : peak value of the triangular
signal.

The output voltage is changmg with the
modulation index in the over-modulation
region (m,>1). In the linear region (0 < m, <1),
the fundamental component of the motor
voltage is directly proportional to the value of
m, as shown in (5). The continuous time
varying of motor voltage can be obtained by
using Fourier transform of switching function
and using the results in (1). The continuous
time varying of motor voltage of SPWM is:

v, ()= [m,, JV 3"’(‘2”)+Z; i[” cos(nax)] (3)

n=l
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The continuous time varying fundamental

componenl of motor voltage of SPWM is:
v,,(cv!)— 4 [;r(Zm +1)sin{ax )+ cos(ar)]; (4)

Then, the rms of fundamental component of
motor voltage is:

\/ﬁz(zma+l)2+l )

The angle of ¥}, with respect to supply voltage
is V| where;

¥, = tart“l[lf[zz'(2mﬂr + 1)]] (6)

Volor)= 2

Fig.2. Saw-tboth, triangle, motor voltage
waveforms and FFT components of motor voltage.

IV. DIGITAL IMPLEMENTATION OF
SPWM

The digital control system for the laboratory
prototype was implemented using Spartan3E
starter kit. This kit incorporates XC3SS500E
FPGA from Xilinx and a Iot of other
peripherals to make the development of digital
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control and embedded systems such an easy
task. The package used is fg320 with speed
grade of -4 and 500k system gates. Xilinx ISE
9.1 Web-Pack edition with VHDL are used as
developing environment and programming
language.

The block diagram of the digital “control
system is shown in Fig.3. This system uses
three saw-tooth generators .cach of them is
synchronized with one of the supply voltages.
The synchronization is achieved by detecting
the zero crossing point of phase ¢ voltage (only
negative to positive transitions are detected).
Another module of this system is dedicated to
control the modulation index. This module
shifts each saw-tooth up or down to change the
modulation index in the range from 0 to 1.5. A
triangular generator is used to generate a
triangular waveform with a frequency of
360Hz (as an example to make the frequency
modulation equal to 360/60=6 and it is casy to
change this value)., The triangular waveform
oscillates between zero-voltage to the peak-
voltage. This means that the triangular and
saw-tooth waveforms are shifted up by the
value of the peak to avoid representing
negative values in FPGA. Each saw-tooth is
compared with the triangular signal (after
adding the shift value). Comparators outputs
and their negations are passed to dead beat time
module then to the output buffers. The control
system is divided into seven modules as shown
in the following sections.

A. Triavgular Generator

The triangular generator was 1mplemcnled in
FPGA like an up-down counter where a clock
input is fed to a counter, m. This counter resets
to its maximum value m each time phase a
voltage cross its zero level (negative to positive
crossings only), The counter counts from its
maximum value down to 0 then counts in the
opposite direction from 0 to » and so on. So
the triangular generator counts a total number
of 2m counts in each cycle of switching period.
The clock used to trigger the counter has a
frequency of SOMHz, so the frequency of the
generated triangular waveform f can be
calculated from the following relation:
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£, =150x108 J2m )
£, equals 360Hz (as an example), so m can be

calculate from the above cquation as following:
50x10%  50x10°

- ~ 69444 )
2x f,  2x360

m=

B, Saw-tooth Generator
Each saw-tooth generator is implemented like a
down counter. Each counter counts from m/2
down to 0. Every counter is synchronized with
one phase of the three phase line voltages; each
of them starts counting from its maximum
value with the zero crossing of the appropriate
phase (negative to positive crossings only). The
counters recycle when the value of minimum
counts is reached. The saw-tooth waveform has
to oscillate at a frequency 24 =1204z, so the
counters should be triggered using a clock
frequency f. calculated by the following
relation:
fo =(f, xm)/2 = (120x 69444)/ 2 = 4166640Hz (9)
So, £, can be generated by dividing the main
system frequency (50MHz oscillator exists on
the board) by 12 as shown in Fig.5.

Fig.3. The block diagram of the digital control
sysem.
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Fig.4. The schematics of triangular generator
module.

Zoro Crogsing
17bits
RST Digitized
Sawtooth Sawtooth
Down e
Counter

4156640Hz Clock D

Divide 4
by 12

Fig.5. The block diagram of saw-tooth generator.
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C. Zero-Crossing Detectors

A simple analog comparator used to compare
phase a voltage with zero Ilevel. The
comparator produces square wave voltage
which is sampled by FPGA to determine the
instant when the square wave goes from low to
high (zero crossing) by using zero-crossing
module. The block diagram of zero crossing
circuit is shown in Fig.6. The generated pulse
can be directly applied to the three saw-tooth
generators where each generator resets to a
value corresponding to the phase delay for each
phase. Phase a saw-tooth will reset to its
maximum value m/2 which corresponds to a
zero phase delay. Phase b saw-tooth will reset
to m/3, and phase c saw-tooth will reset to m/6
as shown in Fig.7.
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D, Maoduiation Index Controf

The starting value of the modulation index is
set to zero to reduce the output voltage to
starting the motor at low voltage to avoid high
starting current. By adding a variable value
from 0 to m into the generated saw-tooth, the
value of the modulation index varies from 0 to
1.5. A stmple increment/decrement module
was used to generate this adjustable value. The
value of this variable can be adjusted using two
push buttons on the FPGA. A block diagram of
this module is shown in Fig.8, The output is
incremented/ decremented by a ‘fixed step
every 0.1 second so the system clock was
divided by 5*10° before being applied to this
module. A reset signal is used to force the
modulation index to be 0 at any time. The
output of this module can be added to the
output  of
comparing with triangular waveform.

saw-footh  generators before
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Fig.8. The modulation Index control module.

E. Digital Comparators

Saw-tooth waveform is added to the
modulation index variable and then compared
with triangular generator using a digital
(binary) comparator. The binary comparator
outputs logic '1' if the value of saw-tooth wave
less than the value of triangular; otherwise it
outputs logic '0". A reset signal can force the
comparators outputs to logic '0' at anytime.
Each of the comparator outputs is negated to
produce the complement signal of each value.
Comparator output is used to trigger the shunt
switch in power circuit, while its complement
used to trigger the series switch in the same
phase circuit. The block diagram of digital
comparator module is shown in Fig.9.
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Fig. 9. The block diagram of digital comparator
module.

F. Deadbeat Time

It is required to provide a dead beat time in
each transition between any serics and shunt
switches to avoid sudden short circuits or
voltage and current spikes. The deadbeat time
insertion was embedded after the outputs of the
comparators. Every comparator output and its
complement are subject to an adjustable delay
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when they switch from logic '0' to logic 'l'. The
deadbeat time can be adjusted using two push
buttons, these push buttons control the
frequency of the clock which is used to tngger
deadbeat time delay registers. The control over
deadbeat time is achieved by controlling the
divider value which is used to divide the main
system clock (S0MHz). The time value of the
deadbeat time is shown on the monitor of
FPGA. The block diagram of deadbeat time
module is shown in Fig.10.

An inverter placed at each output to
counteract the negation done by using the
optocoupler used between the control and
power circuits.

- o
P |

Fig.10. The block diagram of deadbeat time
module.

G. LCD Controller

As a part of system design; it is required to
display the modulation index and deadbeat
time values on a LCD screen. The development
kit incorporate LCD module which can be used
to show any data. The LCD is 2 lines, each line
consists of 16 characters. PicoBlaze is a soft 8
bits microcontroller provided by Xilinx as a
royalty free IP. This microcontroller is used to
control the LCD module. For simplicity; a
counter is used to hold the number of times the
user press modulation index push buttons
{up/down buttons), then a ook up table (LUT)
is used to convert these counts directly into the
modulation index value. The range from 0 to
1.5 of modulation index is divided into 256
steps, and each step corresponds to about
{0.006) increase/decrease in the modulation
index value. Pre-calculated modulation index
values were stored in the LUT and the number
of steps was used to access the LUT and
produce 20bits of 5 digits BCD representation

of the current modulation index value. Then
PicoBlaze reads these digits, converts them to
ASCII codes, and sent them to LCD module
using the appropriate method (refer to
Spartan3E starter kit data sheet for more
information). The same technique was used to
display the deadbeat time value on the LCD.
Fig.11 shows a simplified block diagram of the
LCD controller.
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Fig. 11. The block diagram of LCD controller
module.

V. SIMULATION AND
EXPERIMENTAL RESULTS

The simulation of the ac voltage regulator
for different strategies has been carried out by
using PSIM computer program ([8]. The
induction motor used 'in the study is a 380V,
381 A, 1.0 kW, 60 Hz and 4 poles. lts
parameters are shown in Table(1).

Table (1) The induction motor parameters.
RQ | RQ|L=LH|L HIN mpm
1770

313 | 1.74 | 0.008334 | 0.1369

The power circuit consists of the following:
1- The power MOSFET n-channel (Part #
IRFPCS50) has a Vpgy=600V and Id=11A
2- The ultra-fast recovery diodes used in
bidirectional switch is ({RURP860) has a high-
reverse voltage (600 V), low-forward voltage
drop (1.5 V at 8 A),
3- Snubber circuit to protect the power
MOSFET.
4- Three-phase supply and induction motor.
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Fig.12 shows the experimental result of L
supply current with respect to phasc a voltage. | " o | : ‘Tmﬁzu |
Fig.13 shows the variation of THD of supply . ' 2
and motor currents with motor speed al rated

o
2

load. It is clear from this Fig.that the THD of S ;
supply cusrents contains high hammonics level. = ,
The harmonic components in supply current s L :
have a frequency around switching frequency, 0% g

s0 it is easy to remove it by using simple
passive filter. Fig.14 shows the power factor
with motor speed at raied load.
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VI. CONCLUSIONS

Three-phase ac choppers provide a simple and
low cost option for speed control of three-
phase induction motor. Invention of modern
fast switches as IGBT and MOSFET improves
the performance of ac voltage regulators. Saw-
tooth PWM control strategy is used for speed
control of thee-phase induction motors to
improve the motor performance. FPGA is used
: in producing the required switching signal in
Fig. 12. The experimental result of supply current  efficient manner. The FPGA provides a digital
with respect to phase a voltage. control for the induction motor. The digital
control system provides a speed control and

soft starting technique for the induction motor.

80- : S R The digital control system provides on line
’ | controllable deadbeat time. The modulation

index and deadbeal time are shown on the buill
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