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“ Anyone who has never made a mistake has never tried anything new. The important thing is not to
stop questioning. Curiosity has its own reason for existing. ”

Albert Einstein (1879-1955)
“Why do we fall? So that we can learn to pick ourselves up. ”

Batman Begins The Movie (2005)
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Abstract

Generally uncontrolled rectifier is made of diodes and controlled rectifiers are made
of thyristors. Both these types of rectifiers distorts the input current in a way that the
shapes of the current are nonsinusoidal. These distortion of the current increases the
harmonic terms. In other words, there remains total harmonic distortion or THD in
the current. These THD not only degrades the power factor but also degrades the
power quality of the grid. In recent years, these THD have become significant because
of the increase of use of rectifier based electrical and electronic devices. To eliminate
the THD, Space Vector Pulse Width Modulated(SVPWM) rectifier has been proposed
over conventional rectifiers. But the pulse generation is very complex for this kind of
rectifier. This thesis analyzes the SVPWM rectifier and proposes a new hybrid scheme
to generate real time PWM patterns. Because of the new scheme the rectifier will be a
fully functional device which will draw sinusoidal input current in phase with input
voltage. By modifying the timing of the pulses, the pulses can be lagged or lead from
the original time. By thus, the device is also capable of drawing leading or lagging cur-
rent. This capability gives the devices functionality as a reactive power compensator at
some extents. The goal of this thesis is to develop a prototype of the rectifier. At first,
simulation will be done in MATLAB Simulink. After that microcontroller and Look Up
Table(LUT) based hybrid circuit to generate real time PWM patterns will be interfaced
with proper switches to conduct the work.
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Chapter 1

Introduction

1.1 Background

Power electronic converters are very common in almost all electronic and electrical devices.
This converters are mainly of three types: DC-AC converters or inverters, AC-DC converters or
rectifiers and AC-AC converters. Almost all electronic and a major portion of electrical devices
run by DC. These devices operate in all ranges of voltages from micro-levels to kilo-levels.
Depending on the applications, rectifiers have uses in Aerospace Applications [1], Industry
Applications [2], Battery Charging Applications [3] etc. So, rectifiers are of special interests of
researches so that the technology can be more sophisticated to meet the power, current and
other important constraints of the devices. Moreover, with the invention of modern switching
devices, high voltage DC transmission is also possible and it is advantageous in some cases [4,
5].

But, rectifiers are non-linear devices which generate harmonic voltages and currents. The non-
linear operation causes highly distorted input currents. The harmonics generated not only
disturbs other electrical devices throughout the power distribution system, but also, degrades
the power factor of the rectifier which by turns, derives reactive power from generators of the
system and forces to increase Volt-Ampere rating of the generators, transformers and distri-
bution system line. Recently, with emergence of battery powered electric vehicle, the use of
rectifiers have been heavily increased throughout the world and also in Bangladesh. These
Battery charging rectifiers are degrading the power quality due to the non-linearity[6].

The Space Vector Pulse Width Modulated Rectifier presented in this thesis can draw sinusoidal
input current with input power factor. By thus it ensures safety of other devices connected to
the system and minimum Volt-Ampere ratings of components of the system. Moreover, it has
flexibility to have a leading or lagging power factor which gives it the ability to compensate
reactive power of the system in some extents. In other words, presented rectifier in this thesis
has the ability to act as resistive, capacitive and inductive load according to instructions and
so, it is a ideal load which can also improve the condition of the power distribution system.

1.2 Literature Review

Inductors followed by uncontrolled rectifier and a capacitor in parallel to the load already
shows a power factor greater than 0.9 with THD around 30% [7, 8]. Power Factor Correc-
tion (PFC) rectifiers only targets a slight improvement of PF(>0.99)[9]. The requirements of an
ideal Active PFC Rectifiers are sinusoidal input current with THD<5%, linear load behaviour,
fault tolerance, unidirectional power flow and reduced EMI emission [9]. With the progress of
Semiconductor Device Physics, new types of switches are being invented which can operate
in different quadrants [10] and thus new topologies are being proposed to convert AC to DC
voltage [9, 11] which cover the mentioned characteristics.
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Replacing the diode switches of uncontrolled rectifier with switches of first and second quad-
rants, active six switch Buck type rectifier has been proposed [12]. But, the switching frequency
of such switches are relatively low(less than 10 KHz)[13]. Basically a rectifier is a inverter seen
from the input side. Based on that view, all the proposed PWM techniques for inverters[14, 15,
16,17, 18,19, 20, 21] can be used to control the Buck type rectifier [22].

Real time PWM pattern generation for converters (inverters and rectifiers) is a big challenge.
Few literatures have discussed the pulse generation techniques in details for academic purpose.
Generally the PWM pulses are generated by DSP processor or FPGA which have the capability
of high computing[23, 24].

Muhammad Quamruzzaman and Kazi Mujibur Rahman presented a new hybrid scheme to
generate real time pulses to be implemented with Voltage Source Inverters[25]. This hybrid
scheme generated Sine Pulse Width Modulated(SPWM) pulses with the help of a micropro-
cessor and external memory. The microprocessor used a real time pulse generation algorithm.
This type of scheme has not been found in literature for the case of rectifiers.

A variable PF rectifier has been proposed based on Space Vector PWM which is able to pull
lagging, leading or synchronized current from three phase power system [26]. A DSP processor
with minimum flexibility controls the total system. Based on the programming the system can
operate at a particular power factor and output voltage at a particular operation. The main
advantage of this system is control by full software operation.This kind of system can be used
as reactive power compensator for the grid [27] also.

In this work, the proposed software controlled SVPWM rectifier[26] has been implemented in
the hybrid scheme[25] described for inverters. The Phase Locked Loop for synchronization has
been made by following and customizing this work [28].

1.3 Objective and Expected Result of the thesis

The goals of this research is to investigate feasibility of a rectifier to compensate VAR as well
supplying real power to the load. In this purpose a simple and cost effective micro-controller
based circuit will be built to implement space vector pulse width modulation. The circuit will
have the capability to regulate the output voltage. Sinusoidal current from the input will be
ensured by the SVPWM. By making the current leading or lagging from the input voltage, the
power factor will be varied. The possible outcomes of this research are as follows:

e A hardware prototype of rectifier with unity PF and flexibility of VAR compensation.
e A circuit to generate SVPWM pulses in synchronization with the power system.
e Gate driving circuits for the switches of the rectifier.

At first, simulation will be conveyed to develop the theoretical model and verify it. After that,
Hardware circuits will be built to be matched with the simulation results.

1.4 Thesis Outline

This work has been described in the next four chapters. Chapter two includes the basics of
PWM rectifier and theoretical analysis for SVPWM rectifier. Using the expressions and equa-
tions of chapter two a Simulink model have been simulated in chapter 3. Based on the findings
of chapter two and three, a hardware version of the rectifier has been built and the details have
been included in chapter 4. Chapter 5 summarizes this dissertation and states possible future
developments in this research.



Chapter 2

Space Vector Pulse Width Modulated
Rectifier

2.1 Concept of PWM Rectifier

The circuit operation of a six switch PWM rectifier is very complex. Before going into deep of
the control scheme, it is required to understand the complex behavior of such a circuit. In this
purpose, the operation of a six switch rectifier is explained by comparing with a Buck DC-DC
converter. At the first of the chapter, the simple operation of Buck converter is presented. Based
on the concept and with the help of uncontrolled rectifier, the PWM rectifier is explained.

2.1.1 Overview of a Buck DC-DC Converter

Buck converter can be called as the very basic circuit of Power Electronics. Its work is to con-
vert a DC voltage level to another level which is lower. A typical Buck converter(Figure 2.1)
consists of a SPDT switch and L-C filter. The SPDT switch can be replaced with two SPST
switches. In real circuits, Two SPST switches are generally used. For, asynchronus operation,
one transistor/MOSFET and one diode are used to realize the SPST switches whether two tran-
sistor/MOSFETs are required for synchronus operation [10].

When SPDT switch in Figure 2.1 is in position 1, the inductor is connected with the input
voltage source, V;;,, and when the switch is in position 2, the inductor is connected with ground.
In a certain period of time switching between position 1 and both occurred and this operation
is repeated continuously. So, the voltage waveshape at the inductor’s end or V, is a pulse train.
If the switch continues to stay at position 1 and 2 same time for every repeating period, the
average of the pulse train is always constant. The voltage at V, is filtered with the L-C filter
and the output voltage is obtained as the average voltage of V,.. The voltage shapes of Vj,, Vou:
and V;, are shown in Figure 2.2.
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FIGURE 2.1: A typical Buck Converter
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FIGURE 2.2: Wave shape of input voltage, output voltage and node voltage of a
Buck converter

To understand the operation the operation of PWM rectifier, the current direction in Buck con-
verter in the switching positions are needed to be clearly understood. As an inductor opposes
the change of current, current flowing through it is almost constant. This constant current
comes from the input voltage source when the switch is in position 1 and stores energy in
the inductor, this energy forces the current to be continuous and flowing through the inductor
when the switch is in position 2(Figure 2.3 and 2.4). Switching position 2 is called free whiling
operation of Buck converter.

It is apparent from the above discussion that Buck converter’s output voltage is the average
voltage of the node prior to the filter and output current is supplied from the input source as
well as from the free whiling operation of inductor.
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FIGURE 2.4: Current direction through inductor at switch position 2
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2.1.2 Three Phase Uncontrolled rectifier

Three phases of the power supply system are sine waves of voltages and they are shifted se-
quentially by 120°. For full wave rectification they are connected with six diodes (Figure 2.5).
At a particular time, the output voltage V,.;: stems from two different phases which have the
highest positive voltage difference. The resultant wave shape of V,ut is shown with different
phase to phase voltage for a particular period in Figure 2.6. But the phase current shape is not
sinusoidal like the phase voltage. This results in a THD greater than the specified range and
thus worsening the PF(Figure 2.7).
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FIGURE 2.5: Diode Rectifier
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FIGURE 2.6: Wave shapes of Uncontrolled Rectifier
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FIGURE 2.7: Wave shapes of Phase Voltage and Phase Current

2.1.3 Three phase PWM rectifier

The output of an uncontrolled rectifier can be connected with a Buck converter to control the
output by Pulse Width Modulation(Figure 2.8). But, this will not ensure a sinusoidal wave
shape of the input phase current (Figure 2.9).

To make the phase current sinusoidal or directly proportional to the phase voltages, the switch-
ing should be done according to the magnitude of the phase voltages. Observation of the phase
voltages (Figure 2.10) reveals that

Vot Vo+Ve=0 @.1)
‘?llx aayg! _
1&7 L A
AN 2
\V4 H-
: A%
Vb C’_‘T; §RLoad f’m
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Z‘S ZE vy

FIGURE 2.8: Uncontrolled rectifier followed by a Buck Converter



Chapter 2. Space Vector Pulse Width Modulated Rectifier 7

2 T T T T T T T T T

—— Phase Current
15 —— Phase Voltage |

0.5 ,

op—4-< U e N —
-0.5 / T

L I

-2 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time/Period (sec/sec)

FIGURE 2.9: Phase Voltage and Phase Current of an Uncontrolled rectifier fol-
lowed by a Buck Converter

If at a particular time, one of the phase voltages is positive and the other two phase are negative,
then current should come from the positive phase and enter into the negative two phases. And
if two of the phase voltages are positive and other one is negative then load current will come
from the positive phases and go back to the negative phase.

The diode switches of uncontrolled rectifier should be replaced with controllable switches in
this purpose. To a get a DC voltage, a filter should be added after the three legs of the switches.
The total structure is shown in Figure 2.11. The switches are numbered according to conven-
tional way.

If at a particular time, current should come from phase a and go back to phase b and c. Then,
switch 1, switch 6 and switch 2 should be controlled carefully so that the system can be forced
to follow the said operation. Here is a point to be noted that, due to the inductor effect of the
load side, the load current will be nearly constant. And this system will always take constant
current from the total three phase system when connected. So, sinusoidal current output is
not actually possible from this structure. Rather, a constant magnitude of current which has a
average sinusoidal magnitude is possible by this structure. The trick is switches should be kept
closed according to their relevant phase magnitude. However, in discussing example, switch
6 and 2 should never be closed together. Rather keeping the switch 1 closed, switch 6 and 2
should be closed according to their phase magnitude. And thus the load will take a average
sinusoidal phase current from the system. So, in a particular period, switch position 4 should
be kept close when switch 1 is closed and switch 6 and 2 is open. Vx will be the average of two
line voltage V,; and V,.. From the concept of Buck converter, it is evident that the system will
need a free whiling operation. This operation system is valid for all other phase orientation
with valid switch operations. This example is illustrated in Figure 2.12, 2.13 and 2.14.
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FIGURE 2.11: Structure of a Three Phase PWM rectifier

In summary, when a upper switch is fully on, all the lower switches should be turned on se-
quentially and according to the magnitude and vice versa. The current shape resultant to this
kind of PWM system varies according to the modulation technique. The resultant current wave
shape of SVPWM rectifier will be shown later in this thesis.

However, the resultant constant magnitude average sinusoidal current can be filtered (Figure
2.15) and turned into total sinusoidal wave shape although current filtering is very difficult.
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2.2 Space Vector PWM Rectifier

This section contains theoretical and mathematical analysis of a Space Vector PWM Rectifier
in order to calculate the switching functions. The analysis has been done with the help of the
work of Kwon et al[26].

2.2.1 Space Vector of three phases

Three phase voltages of power system are shifted by 120°. It is very difficult to keep track of all
the voltages and change switching conditions according to them. So, the voltages are converted
to Space Vector domain.

_Va at 0 degree
0.8 1 7Vb at 0 degree
06 {——V_ at 0 degree
— — V_at 30 degree
0.4 r 1 a
. ~- - Vb at 30 degree
<z>< 0.2} 1— — VC at 30 degree
>
§ 0 —_ Va at 60 degree
éﬂ ook A_._.Vb at 60 degree
= —_ Vc at 60 degree
041
-0.6 1
-0.8 1
-1 L L L
-1 0.5 0 0.5 1

Real Axis

FIGURE 2.16: Change of Three Phase Voltages
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FIGURE 2.17: Change of Space Vector of Voltages

Any three functions of time that satisfy
Va(t) + Vo(t) + Ve(t) = 0 (2.2)

can be represented in a two-dimensional space where coordinates are chosen so that the vec-
tor [V, 0 0] is placed along the horizontal axis, the vector [0V}, 0]7 is by 120° and the vector
[00 V,]T is by additional 120°. Then the space vector is given by,

) . .
u(t) = 5 (Vo + Vies™ + Ve 577) (2.3)

where,
u(t) = uy + Juy (2.4)

and 2 is a scaling factor.

In simple, space vector representation of phase voltages at a particular is a complex number
in Argand plane. As the phase voltages are changing over time, the complex number also
changes. The change of the phase voltages and the resultant space vector is shown in Figure
2.16 and 2.17.

The conversion formula from phase voltages to space vector is

Uy 211 =1 =1 Va
[uy] 25{0 V32 —3)2 “;b 2.5)

This is the formula for abc to alpha-beta conversion. It is clear from the Figure 2.16 and 2.17
that only keeping track of this space vector, it is possible to get clear idea of the phase voltages
and changing switching states according to them.
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TABLE 2.1: Switch Combinations of the PWM rectifier with current link

L I I3 Iy Is Is Ir Is Iy
ss 1 0 0 0 O 1 1 0 O
SS 1 1 0 0 0 0 0 0 1
S 0 1 1 0 0 0 0 1 O
ss, 0 0O 1 1 0 0 1 0 O
Ss 0 0 O 1 1 O 0 0 1
Ss 0 0O O O 1 1 0 1 O
iw I 0 -I - 0 I 0 0 O
w O I I O -I -I 0 0 O
e -1 -l I T 0 0 0 O

2.2.2 PWM Algorithm

It is evident from the previous discussion that, only one switch among 51,53 and S5 and one
among S2, 54 and S6 (Figure 2.15) should be on at a particular time. If the switches S1 to S6
have duty cycles d1 to d6, the following relations are satisfied:

di+ds+ds=1 (2.6)

dy+deg+dy=1 (2-7)

Now, if the line current of the three phase are i,, ;4 and i,. and the output DC current is /,
then the following relations exist among line currents, duty cycles and DC current:

irq = (d1 — dyg) * 1 (2.8)
irq = (dg —dg) * I (29)
ira = (d5 — dg) x 1 (210)

The rectifier can only produce six space vectors (/1 —16) and three zero vectors (/7 —19) shown
in Table 2.1. From equation 2.3, the current equations are

Ip= —2 s T =0/ gor 1 96 @.11)

V3)

I, =0forforn="7,89 (2.12)

Depending on the space vectors, the space vector plane is divided into six sectors (Figure 2.18).
Switching sequence are change at the beginning of every sector.

Given the constraint that only one from the upper and one from the lower switches will be
closed at a time, the rectifier is capable of only generating the border vectors of the sectors(I1 to
16) and three zero vectors of the current. If the required output voltage is V,,: and load is Ry,

then load current is
I o ‘/out

Rload

From Figure 2.18 and 2.1 it is clear that, switches can only generate border vectors of current.
It is not actually possible to generate a continuous current vector which will follow exactly the
voltage space vector. Rather, steps are taken such that at a particular span of time, the current

(2.13)
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FIGURE 2.18: Sectors in Space Vector Plane

space vector matches with the average voltage space vector of that time in space angle. The
magnitude of the current space vector is chosen from the required output current.
The required space vector i,(t) is modulated as follows:

ir(t) = (Tola +T3lg) (2.14)

which is defined as the space vector modulation. This modulation is achieved by using two
adjacent vectors I, and Iz with the appropriate on-time 7, and Teta. T is the period of career
frequency. The real and imaginary components are decomposed as

in(t) = %1((:/; } Tssin60°) + jTsc0s30°) 2.15)
Figure 2.19also gives

ir(t) = /(3) I ((ira + ir55in60°) + jirpcos30°) (2.16)
where 5 5

i (t)|(5in60°cosh, — cos30°cosh,) = |ir(t)|sin(60° — 6,) (2.17)

@ﬁu,ﬂ(msmer
I D _ \/Z3)|zr(t)|sm(60 —0) (2.18)

6, and |i,(t)| denote the location and magnitude of the space vector i, (¢). Comparing the equa-
tions

T, = er(_t)Tssin(GO -0, (2.19)
T; — ”“l(rt) Tysind, (2.20)

The on time of the zero vector is
To=Ts— Ty —1Tp (2.21)
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FIGURE 2.19: Current Components

From equations 2.6,2.7,2.19, 2.20 and 2.21 switching functions of the switches in the sector n=1
are obtained as follows:

dy =1 (2.22)
dy =0 (2.23)

ds = 0 (2.24)

dg = msin(60° —6,.) (2.25)
ds = msinf, (2.26)

dy =1 —dg — do (2.27)

where the modulation index m(0 < m < 1) is defined as

_ ir(®)
m= - (2.28)
Since these switching functions are positive for the full range of 6,, they can be implemented.

The switching function of the switches for all sectors are shown in Table 2.2.
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Chapter 3

Simulation of Space Vector Pulse Width
Modulated Three Phase Rectifier

3.1 Switch Realization

Switch realization means selection of proper switches to operate a system. There are four quad-
rants of operation for switches [22]. Based on the operation, switches operating in one, two or
even four quadrants are selected for a system. In a six switch PWM rectifier, every switch
needs to behave like a diode but the switch must have the option to be controlled. So, The
switch must be working in second quadrant of switching. Instead of a diode, a MOSFET can
be used as a switch as it is a current bi-directional switch, and one of its working quadrant is
second quadrant. But, Due to the fabrication process, there is always a anti-parallel diode built
in within a MOSFET. And this might result a current flow int he reverse direction when the
MOSFET is OFF. To overcome this problem, a diode in series with a MOSFET can be used to
replace the diodes of an uncontrolled rectifier to make it a controlled rectifier.

FIGURE 3.1: Switch Realization

3.2 Pulse generation by MATLAB

The calculation to generate the six gate pulses are done in MATLAB in purpose of using them
to simulate the system in Simulink. The procedure to generate the pulses are enlisted below:
1. The phase voltages of power system is calculated for a period.

2. The alpha-beta transformation of phase voltages is performed. This transformation repre-
sents the space-vector representation of phase voltages.

3. Carrier frequency is selected as 1500/ z, which is 30 times of the line frequency. So, the entire
period is divided is 30 equal time-lengths. Each time-length is the period of carrier.

4. The values of the space vector at the mid-times of the carrier-periods are assumed as the
average value of the space vector in the period.
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5. The position of the space vector determines the sector of operation.

6. The modulation index, m is varied and the values msin(6,.),msin(60°—6,) and 1 —msin(6,)—
msin(60° — 6,) changes.

7. The values calculated in step 6 are compared with the carrier which is a sawtooth wave of
1500 Hz.

8. The generated pulses from step 7 are stored as the pwm pattern of the respective switches
according to the sector.

The pulses for six switches are shown in Figure 3.2 and 3.3. Pulses have been generated for a
period of line voltage. These pulses need to be repeated for every period synchronizing with
the system.
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FIGURE 3.2: Gate Pulses generated by MATLAB (Switch 1, 2 and 3)
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FIGURE 3.3: Gate Pulses generated by MATLAB (Switch 4, 5 and 6)
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3.3 Simulation in MATLAB-Simulink

Building the rectifier system in Simulink (Figure 3.4), the generated pulses have been used
to drive the system. In practical, a load of 12V-12A rating was intended to connect with the
rectifier which will be given power a three phase system(Amplitude of the phase voltage is
30V). That’s why a load of resistance 12 was connected with the system. The filter in the load
side has inductance 100mH and capacitance 4700uF". The input current filter consists of 40mH
inductor and a 47uF capacitor in each phase. A zero-crossing detector followed by a PLL
ensured the synchronization.

FIGURE 3.4: Block diagram of controlled rectifier in Simulink

3.3.1 Simulation

To understand the effect of filtering, the system was simulated without the current filter at first.
After that, the filter was included and the system was simulated again. Input voltages and
resultant input currents were observed.

At first the system was simulated without any current filter at the input side. The modula-
tion index was selected as 0.25, 0.5, 0.75 and 1.0. The pulses were made lagging or leading to
understand the effect of firing angle change.

After that the input current filter was introduced in the system and the system was simulated
with the same modulation index change and pulse angle change. The resultant current with
and without current filter for modulation index 0.50 and for angles of pulses —36°, 0° and
36° respectively are shown in Figure ?? to Figure 3.10. The characteristics of the system have
been observed for four different modulation indexes and 15 different pulse angles. They have
been listed in Table 3.1 to 3.4. The angle of pulses term here is used to describe the difference
between the zero crossings of phase a and instructed angle of the current’s phase. The pictorial
representations of the tables are shown in Figure 3.11 to 3.19.
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FIGURE 3.11: Peak Amplitude of Phase Current without Current Filter
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FIGURE 3.12: Total Harmonic Distortion of Phase Current without Current Filter

60 T T T T T T T T T

— m=0.25
— m=0.50

wn
(=}

IS
=)
T

without Current Filter (A)
[\=] w
(=] (=]

Peak Amplitude of Phase Current
S

0 Il 1 1 1 1 1 1
-100  -80 -60 -40 -20 0 20 40 60 80 100

Angle of pulses

FIGURE 3.13: Peak Amplitude of Phase Current with Current Filter
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FIGURE 3.14: Total Harmonic Distortion of Phase Current with Current Filter
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FIGURE 3.16: Power Factor with Current Filter
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FIGURE 3.17: Real Power with Current Filter
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FIGURE 3.19: Power Supplied to load with Current Filter
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3.3.2 Simulation at fixed Output Voltage

The intended output of the controlled rectifier is 12 V. Under the above mentioned condition
(load value and filter element values), the system was simulated so that the outputis 12 V with
lagging and leading current drawing from the input side. The figures from ?? to 3.28 shows
voltages and currents through different elements of the system for output voltage 12 V with
pulse angle 0°. The system characteristics for all the simalations are listed in 3.5. The pictorial
representation of the table has been shown in Figure 3.29 to 3.40.
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FIGURE 3.21: Current through the switches at output voltage 12V with 6, = 0°
(Switches 1,2 and 3)
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FIGURE 3.22: Current through the switches at output voltage 12V with 6, = 0°
(Switches 4,5 and 6)
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FIGURE 3.23: Current through the switches at output voltage 12V with 6, = 0°
(Switches 1,2 and 3)
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FIGURE 3.24: Current through the switches at output voltage 12V with 6, = 0°
(Switches 4,5 and 6)
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FIGURE 3.25: Voltage across MOSFETSs of the switches at output voltage 12V with

0, = 0° (Switches 1,2 and 3)
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FIGURE 3.26: Voltage across MOSFETs of the switches at output voltage 12V with

0, = 0° (Switches 4,5 and 6)
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FIGURE 3.27: Voltage across filter elements at output voltage 12V with 6, = 0°
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FIGURE 3.28: Output Voltage before and after filtering at output voltage 12V
with 6, = 0°



44

Chapter 3. Simulation of Space Vector Pulse Width Modulated Three Phase Rectifier

09TO'ETT | €€04°CT | 0T8LITT | 8V €TC | S6CLIVT | 6079°8CC | 0£9T 641 ¥009°0 | 000T"€S L¥86°0 L6949 61CY'0 8¥
¥T6€90T | 884G°CL | €LIV'F8T | €920°98T | 969¢°9¥L | THL'GIT | 0986 VL1 89T40 | 008c'EY 099T'T VLLY'S 86¢¢0 9¢
£9€9'16 | 600S°CL | ¥ECT'9ST | LVLLLST | €94S°9%1 | 80TE'STT | 948%'€LT 79780 | 006CF¢E S0€20 €1L9¥ 0€62°0 4
Pe1¥8 | 61l6€Cl | PIITOVL | 8SLTTIVL | GE86'FP1 8¥0€'CL | 00€Y TLT ¥126'0 | 0098CC VLET'T gadry 99920 cl
65164 | 1¥PPCL | 619TLTL | ¥E8C°6C1 | ¥TCT LY $999°9€ | 641S°TLL ¥646'0 | 0019°TT 9209'1T 096°¢ 84820 0
€v20°CL | ¥99¢CL | 16ST6IT | 60€8°1CT | STITIVI 64S1°€- | 6197 TLT 86660 | 00600~ 05¢8'T ¥.¥8°¢€ 845C°0 1%
€TV6'L9 | 66CY'TL | 969 CLT | ¥/£84°811 | OCIT8YL | €ETTLE- | TTLICCLL 84460 | 0090°CI- L60Y'T €Ir6'c ¥€42°0 ¥e-
90€9'99 | S66C°CL | TOTT80T | ZZTCETT | 64£TSVT | 8E9T'64- | TL6V 691 09060 | 0020"sC- ST09°1T (A% % 800¢€°0 9¢-
€9€9'99 | Z¥8CTI | 819%'Z0T | £Z80L°CTT | T00L9VL | 6C8L9V1- | €¥S9 14T 00940 | 0009°6¢- €6CC'T 7886'F ¥65€°0 8¥-
6v9°08 | T¥ev' Tl | 6£89°6€1 | 6CTTIVT | T8C6'SYL | €TLLOVC | 6868 141 1185°0 | 004T¥S- 62080 16459 99/%°0 09-
0¥66'CST | T1S9CL | TE06'S8T | OCVL LS8T | LT9V'SYL | 8FES9¢S- | OFPE a8l G92¢’0 | 00¥L 04~ S796'0 | 9¢TSTL 7868°0 [
W
19N
(%)
juaLIn
: D ) (A) () e V)
Ui JO | SaUdImg RIKE
1031 o | PP O (M) (o) | 9seyd | yuaim) W
-oede) | ySnoryy o ayy peol o (IvA) (M) d 103081 LMY | oW 3O 9SeUd Xapujp 913
ssoxoe 0} pard | O “POMmog ‘ToMoJ aseyq uonIo} | 3y} Jjo
ssome | juaLm)) ssoxe IOMOJ UOT}R[NPOIA -uy
a3ey[0A -dng | aanoeay 129y ay} Jo -SI(] | opmu
adejoA | o jo a3ey[0A Suny
JSIDAIY IDMOJ Jduy druowt -Sey
JO anfep anfea 3O
Neo ] -1 yea
am| Mo yea ]
[e10L
-0sqy
ead

A T1 93€1[OA peoT I0J I9YNIY PI[[ONU0)) 33 JO sonsLderey)) (G ¢ I14vV]




Chapter 3. Simulation of Space Vector Pulse Width Modulated Three Phase Rectifier 45

0.9 T T T T T T

Modulation Index, m
o o o o o
N W N ~ o0
T T T T T
L 1 1 L 1

o
[9%)

-40 -20 0, 20 40 60
Angle of Pulses ()

o
o

%
S
\

=N
S
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FIGURE 3.30: Peak Amplitude of Phase Current at Load Voltage 12V

2 T T T T T T

1.8 A\

1.6 -

1.4+

0.6 1 1 1 1 1 1
-30 -60 -40 -20 0 20 40 60

Angle of Pulses (o)

Total Harmonic Distotion of Phase Current (%)

FIGURE 3.31: Total Harmonic Distortion of Phase Current at Load Voltage 12V
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Chapter 4

Hardware Implementation of SVPWM
Rectifier

The simulated system was totally implemented in hardware. Hardware circuits can be divided
into four categories : Phase Locked Loop for Synchronization, PWM Pattern Generation Cir-
cuit, Gate Driving circuit and Main Rectifier.

4.1 Phase Locked Loop for Synchronization

A Phase Locked Loop is required to synchronize the pulses with line voltages. That is why,
a zero crossing detector circuit needs to detect the zero crossings of phase in terms of square
pulses. At first a optocoupler was used to detect the zero crossings of phase a. A transformer
was used to downsize the high voltage and then the downsized voltage was sent to the opto-
coupler. Optocoupler IC 4N25[29] was used in this purpose. A current limiting resistor was
added in in series with the secondary side of the transformer and optocoupler’s light emitting
diode. This resistor selection was done according to the datasheet of IC 4N25 so that current
through the light emitting diode was under the maximum value. The npn transistor of the op-
tocoupler was connected to the ground by emitter and to the VDD(5V) by collector via a 1k}
resistor. By this arrangement, the collector point of the transistor served as an inverted output.

FIGURE 4.1: Zero Crossing Detection by Operation Amplifier(Yellow: Trans-
fomer’s Secondary Voltage and Blue: Operational Amplifier’s Output)
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FIGURE 4.2: Phase Locked Loop

FIGURE 4.3: Synchronization of the Input Signals of the Phase Detector(Yellow:
From Counter and Blue: From Comparator)

Another arrangement was also possible in which The resistor is connector between emitter and
ground instead of the VDD and collector. And then, the emitter served as a non-inverted out-
put. But the output was not sharp enough to be compatible with the following PLL circuit.
That is why, a comparator built with operational amplifier was used to detect the crossings.
LM324[30] operational amplifier was selected in this purpose because it can be driven by bias-
ing only by one voltage source which is sufficient tin this application. The downsized voltage
waveform of the phase a was further reduced by a voltage divider circuit by two resistors so
that the seen input by LM324 was smaller than the biasing voltage. But theoretical values of the
resistors did not served as expected. So, the fixing the ground side resistor to 1k(2, the other one
was varied in the ascending order. The lowest resistor which allowed the output with square
pulses to the consistent with the input was selected. The detected output with the input has
been showed in Figure 4.1.

The output of the comparator served as the input of a Phase Locked Loop System (Figure
4.2). The Phase Locked Loop has been implemented by a PLL IC CD4046[31] and a digital
counter IC CD4040[32]. The PLL IC has a built-in voltage controlled oscillator in it whose
output serves as the clock of the counter. The highest bit of the counter is sent to the Phase
Detector which remains in synchronization with the output of the comparator. Phase detector’s
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output is passed through a low pass filter and conveyed to the input of the voltage controlled
oscillator. The low pass filter was a normal R-C filter. The resistance and capacitance of the
filter was chosen according to the datasheet of CD4046[31]. The synchronized signals at the
phase detector are shown in Figure 4.3.

For the application purpose, the time period of the line voltage was required to be divided
among 30 equal time lengths. The used counter IC CD4040 in the Phase Locked Loop system
has 12 outputs. Including the input clock from the voltage controlled oscillator, it has the ability
to serve the time division purpose with resolution of 8 bits per time length. To reset the counter
some extra logic gates were included in the circuit. Figure 4.4 shows the time division.

FIGURE 4.4: Division of One Time period into 30 equal timelengths(Yellow: From
Zero Crossing Detector and Blue: From Counter C8)

4.2 Pattern Generation Circuit

The pulse generation circuit is basically a memory based circuit. The pulses required for each
gate for a faction of time of a period are stored in EEPROMs. These pulses are supplied to
the gates of the switches when required. The modulation index and firing angle are deter-
mined from two potentiometer’s output which respectively control the output voltage and
input power factor. These output are read by ADCs of a microcontroller. The microcontroller
uses its interrupts to be synchronized with the PLL and ensures that every gate gets its proper
signal.

From Figure 4.2, the 12 bit counter in the system, which with its clock actually can give a total 13
bit resolution. With 13 bit resolution a time period can be divided into 8192 equal time lengths.
But for the ease of calculation and limitation of hardware, a period was divided into 7680 equal
time lengths using 13 bits(30 equal time lengths with 8 bit resolution or 30 multiplied by 256).
This arrangements gives advantages with a career frequency 30 times of line frequency with
each career period dividing into 256 equal time lengths. The selection of career frequency 30
times of line frequency is advantageous because 30 is a multiple of 6 which is the number of
sector. And for this work, memory requirements can be reduced by only storing pulses for only
one sector by this kind of time division.
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The C8 of the counter was sent to an edge detection circuit. The edge detection circuit is basi-
cally a level to edge converter circuit. The output edges from EC8 were sent to microcontroller
to interrupt its normal function. The microcontroller was programmed so that it can be exter-
nally interrupted by a rising edge at its interrupt pin. The EC8 were further required as the
clock of the second bulffer line of Figure 4.5.

The EC8 generates an interrupt in the microcontroller. After each interrupt the microcon-
troller supplies the pre-calculated modulation index, sector and subsector number respectively
through D7-D0. After each time loading the D7-D0 with a particular number, it generates a
pulse through the corresponding Load pins(Load Modulation Index, Load Sector, Load Sub-
sector). After completing these, the microcontoller samples the modulation index and firing
angles by ADC and calculates it for the next interrupt. It also calculates the current division of
the period through C12-C8.

The system generates required duty cycles by modulation index and subsector number. Mod-
ulation index was directly obtained deom ADC but the subsector number and sector numbers
were calculated from the time division. This task was also done by the microcontroller. The du-
tycycles were calculated before during the software simulation(Chapter 3). The precalculated
dutycycles were stored in the memory units. The edges of C8, EC8 ensures the loading of the
duty cycle in the buffers at the right time.

The dutycyles are generated by X7-X0 nd Z7-Z0 pins. These dutycyles are again supplied to
memory units containing 1s and Os which. The memories implement the dutycycles with 256
pulse resolution because of the counter of the PLL. The input dutycyles are all integer numbers
less than 256. The memory with X input generated 1s first according to the duty cycles and the
rest of the pulses are 0s. The memory with Z input generated Os first and after that generated
1s according to the number of the dutycycles. The Y pulses are generated by logic synthesis
from X and Y pulses. These X, Y And Z pulses are supplied to the proper gates according to
the sector number 52-S0. The selection procedure was done by six 6 to 1 multiplexers.

The whole process’s pictorial representation has been shown in Figure 4.5. The digital ICs
used in this process are 8 bit register 74L5273s[33] as buffer, 64kbytes EPROM 27C512s[34] as
memory and 8 to 1 multiplexer 74LS151[35]. A pulse generated by this circuit for gate 1 has
been shown in Figure 4.6. The pulse is totally similar to the pulses of Figure 3.2 and 3.3.

FIGURE 4.6: Generated Pulse for Gate 1(Yellow: Generated Pulse for gate 1 and
Blue: Zero Crossing Detector’s output)
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4.3 Algorithm for Real time Pulse generation

To generate real time pulses, a microcontroller was needed which ensured the proper operation
of the circuit. Atmega32A[36] served this purpose. By the Double Buffered scheme described
in the previous section, real time PWM pattern generation algorithm is stated below:

1. Enable the golabl interrupt.

2. Set the ISC00 and ISC01 of MCVCR to enable the microcontroller to be interrupted at the
rising edge at its INTO pin.

3. Enable the INTO pin(Incoming Ec8).

4. Declare B2 of PORTD as output and B0, B1 and B7 as input pins.

5. Set PORTA as input and PORTB as output.

6. Initialize Analog to Digital conversion.

7. Continue to read the modulation index and pulse angle in a loop manner and until a inter-
rupt occurs.

8. If interrupted, then follow the interrupt routine below:

a. Set PORTB(D7-D0) as the modulation index.

b. Give a pulse at BO of PORTD(Load_modulation index).

¢. Set PORTB(D7-D0) as the subsector number.

d. Give a pulse at B1 of PORTD(Load_subsector).

e. Set PORTB(D7-D0) as the sector number.

f. Give a pulse at B7 of PORTD(Load_sector).

g. Read the digital count value by least significant 5 bits of PORTA.

h. Determine the sector and subsector number for the next interrupt.

i. Go to step 7.

4.4 Gate Driving Circuit

The generated pulses by the pulse generation circuit must be supplied to the gates of the MOS-
FETs with proper magnitude and with proper references. To properly turn on a MOSFET the
gate pulses should be with respect to their sources. A typical power MOSFET properly turns
on when the magnitude of the applied pulse is much greater than the threshold voltage. The
compatible MOSFETs for this application requires gate to source voltage of at least 10 V to turn
them on. The maximum gate to source voltage is 20V.

The required voltage source for the pulse generation circuit was 5V. So, that is not suitable to
supply required voltage to the MOSFETs. 12V fixed voltage sources would have been perfect
for this purpose. At least 4 such sources were required for the six MOSFETs because three
of them are tied together by their sources. Unfortunately, four 12V fixed voltage sources for
this purpose would have been very costly. Batteries availabe in market become costlier with

( )
Voltage
Pulse _[ Opto-Isolator ]_.[ Buffer ]_‘L Doubler )

Auto-
Discharging Gate to Source Pulse
. . —
Circuit

FIGURE 4.7: Block Diagram of Gate Driving Circuit
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FIGURE 4.8: Practical Gate Driving Circuit

FIGURE 4.9: Pulses Generated by the Gate Driving Circuit(Yellow)(Pink coloured
waveshape is a reference from the oscilloscope)

the preciseness and supply voltage by then reduces with time which have a strong possibility
to interrupt the normal behaviour of MOSFET. That is why, a proper technique was required
which can uninterruptedly supply the required biasing voltage to the MOSFETs. And another
important thing here is the isolation. As three sources are tied so there are actually four seperatd
nodes which will act as the reference point of the gates of six MOSFETs. And for protection,
the reference nodes should be isolated from the ground of the pulse generation circuit.

So, at first, the pulses from pulse generation circuit is isolated by optoisolators. 4N25 ICs[29]
were used in this purpose. The opto-isolated outputs are then passed through a buffer circuit
and a voltage doubler circuit. These circuits are biased by 9V batteries. These batteries are very
low cost and available everywhere. But the 9V voltage is not suitable to turn on a MOSFET
when required. That is why, the voltage doubler circuit was used which stored energy when
there was no pulse and then whenever the pulses required to be conveyed to the gate, the
stored energy adds up with the biasing 9V voltage as series voltage source and doubled the
voltage. This procedure ensured lowest possible on resistance of the MOSFET to exist while
operation.
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FIGURE 4.10: Effect of Change of Modulation Index: Highest Modulation In-
dex(Pink coloured waveshape is a reference from the oscilloscope)

FIGURE 4.11: Effect of Change of Modulation Index: Medium Modulation In-
dex(Pink coloured waveshape is a reference from the oscilloscope)

FIGURE 4.12: Effect of Change of Modulation Index: Lowest Modulation In-
dex(Pink coloured waveshape is a reference from the oscilloscope)
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When a MOSFET should be turned off, not only removing the applied voltage is enough to
turning it off. There is a stray capacitor between MOSFET’s gate and source. This capacitor
become charged during the pulse voltage. When ever the MOSFET should be turned off, it is
required to pull the charges out of the capacitor to pull down the gate to source voltage less
than the threshold voltage. An extra mechanism was added with the help of a pnp transistor
between MOSFET’s gate and source so that the stray capacitor’s charge did not stay in it during
the off-time. This mechanism could have been replaced with high resistance between the gate
and source. But, that would have resulted an increased off time.

The practical gate driving circuit built is shown in the schematic diagram of Figure 4.8. The cir-
cuit was built with mainly optocoupler 4N25[29], npn transistor BD135[37], pnp transistor[37]
and diode 1N4007[38]. The figure of shown for a single MOSFET and a simple circuit. In
the application of the three phase controlled rectifier six such circuit was required to drive the
MOSFETs. The pulse generated by the gate driving circuit has been shown in Figure 4.9. The
pulses had magnitude fluctuation caused by the voltage reduction of the capacitor by discharg-
ing to generate the pulses.

One feature of the pulse generation circuit was to control the pulse angle and modulation index
to change the magnitude and phase of the current. This was performed by analog to digital
conversion by the microcontroller. The microconytoller was programmed to regulate the phase
angle from —36° to 36° at 12° step. The modulation index change results can be observed
Figures 4.10, 4.11 and 4.12. The change of the phase angle over the pulse for gate 1 can be
observed from Figure 4.13 to 4.19.

4.5 Rectifier Circuit

The main rectifier circuit was comparatively easy to build in respect to the pulse generation
and gate driving circuits. Following Figure 3.4, the MOSFETs and diodes were placed and
connected through wires with sufficient thickness so that a large amount of current can flow.
Application and regulation for unit power factor suggest that a large amount of current de-
pending on the capacitor of the current filter should be pulled by the rectifier. That is why, the
MOSFETs and diodes were also needed to be capable of conducting large current without heat
dissipation. In other words, the on resistances of both the MOSFETs and diodes should have

FIGURE 4.13: Effect of Change of Pulse Angle: Pulse Angle=—36°(Pink coloured
waveshape is a reference from the oscilloscope)
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FIGURE 4.14: Effect of Change of Pulse Angle: Pulse Angle=—24°(Pink coloured
waveshape is a reference from the oscilloscope)

FIGURE 4.15: Effect of Change of Pulse Angle: Pulse Angle=—12°(Pink coloured
waveshape is a reference from the oscilloscope)

FIGURE 4.16: Effect of Change of Pulse Angle: Pulse Angle=0°(Pink coloured
waveshape is a reference from the oscilloscope)
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FIGURE 4.17: Effect of Change of Pulse Angle: Pulse Angle=12°(Pink coloured
waveshape is a reference from the oscilloscope)

FIGURE 4.18: Effect of Change of Pulse Angle: Pulse Angle=24°

FIGURE 4.19: Effect of Change of Pulse Angle: Pulse Angle=36°(Pink coloured
waveshape is a reference from the oscilloscope)
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FIGURE 4.20: Circuit for Switch Testing

been very low. According to the datasheets a number of MOSFETs were eligible for this pur-
pose. But practically, most of them do not match with the datasheets in practical behaviour. To
test the switches the circuit in Figure 4.20 was built and the MOSFET and diode was replaced
with available ones in market. The current of the current was increased and on resistance of the
switches was calculated. Also it was observed if the heat dissipation of the switches were com-
patible. By this procedure MOSFET IRFP250N[39] and diode MBR30H200CT[40] were chosen
for this work.

4.6 Circuit Assembly and PCB prototyping

The total circuit was at first built in breadboards. At first the circuit was built part by part and
then they were assembled together. The pulse generation circuit and the gate driving circuit
built in breadboards can be seen in Figure 4.21 and 4.22.

FIGURE 4.21: Built Pulse Generation Circuit in Breadboards
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FIGURE 4.22: Built Gate Driving Circuit in Breadboards

After proper testing and verification the circuit was implemented in printed circuit board or
PCB. For that purpose, the circuit was built in Proteus(Figure 4.23 to 4.27). Then PCB version
of the circuit was then designed(Figure 4.28).

FIGURE 4.23: Phase Locked Loop Circuit built in Proteus

4.7 Outputs

Three small resistors(0.5{2) was connected in each phase prior to the rectifier to observe the
waveshapes of the currents. Current was forced to lead or synchronize with the input volt-
age(shown in Figure 4.29 and 4.30). Rectified output voltage is also shown in Figure 4.31.
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FIGURE 4.24: Edge Detector Circuit built in Proteus

FIGURE 4.25: Atmega32A Microcontroller Connection in Proteus

FIGURE 4.26: Double Buffered Circuit with Memory built in Proteus
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FIGURE 4.29: Input Current leads Voltage(Yellow: Voltage and Blue: Current)

FIGURE 4.30: Input Current and Voltage are synchronized (Yellow: Voltage and
Blue: Current)

FIGURE 4.31: Rectified Output Voltage
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Chapter 5

Conclusion

51 Summary and Discussion

In this work, a hardware prototype of three phase variable power factor rectifier has been de-
veloped. This has also the capability of compensating reactive power at some extents. At first,
on and off time of the switches was calculated by graphical space vector analysis. Calculated
times are verified by simulating the rectifier in Matlab Simulink environment. Pulses were
generated according to the on and off times. After successful simulation and required voltage,
current and power observation, proper circuit components for the work have been selected to
implement the rectifier in hardware level. A micro-controller based digital circuit was built to
generate the pulses according to the required on and off times. Six MOSFET driver circuits
were also built to conduct these pulses to the gates of the MOSFETs of the rectifier. With MOS-
FETs and diodes with proper voltage, current and power rating, the rectifier circuit was built
and tested in laboratory.

Pattern generation by Space Vector reduces hardware complexities comparing other modula-
tion methods such as Sinusoidal Pulse Width Modulation(SPWM). If this work was done using
SPWM method, then more than 30 times of memory blocks had to used to store the duty cycles.

5.2 Recommendations

e This system has been designed in a open loop manner with manual control operation
for both output voltage and input current angle control. This manual control can be
accompanied with close loop feed back control. Two types of feed back will be needed in
that case: output voltage or current feedback and condition of grid.

o The control can be made far more sophisticated if real time dq transformation can be
done of the voltages and currents. dq transformation will give chance to control real and
reactive power separately.

e An LCD display can also be included in the hardware prototype which will show the
condition of output voltage/current and input voltage and current.
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