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ABSTRACT
FPGA BASED PULSE WIDTH MODULATION DRIVE FOR
UNDERWATER LOW FREQUENCY MAGNETIC FIELD

GENERATION

Taha Ufuk TASCI
M.S in Electrical and Electronics Engineering
Supervisor: Prof. Dr. Yusuf Ziya Ider
January 2014
Main focus is to design an electronic circuit which drives a coil for producing
underwater magnetic fields at aimed distances. This circuit should handle AC, DC
drive individually and both at the same time. After some trials of quite lossy analogue
circuitry, the switching converter & inverter structure is determined to be the
framework. Although that brings extra complexity of controlling switches digitally
with a processor circuitry; it is quite flexible for modes of operations. H-bridge with
MOSFETSs as switches, is the drive circuitry and with proper software selection, the
hardware serves a DC-DC converter or a DC-AC inverter. In addition, because
switches do operate at “"saturation”, it is much more efficient than the previous

design.

Besides EMI handicap and some switching losses of the structure, controlling the
switches is also somewhat cumbersome. The asynchronous double-edge natural
sampling pulse width modulation is employed as the switching scheme of DC-AC
inverter mode. With this technique, the output waveform has none of fundamental
frequency harmonics which are of prime concern. However, digital application of
such analog circuit compatible method will be problematic. There may occur
"glitches™ at PWM drive signals, because of the mismatch between sampling rates of
fixed carrier and variable modulating signal frequencies. In addition, the finite

switching duration also is another issue to be considered. For both inverter and



converter mode of operation, some precautions must be taken to prevent DC supply
from being shoot-through.

For removing the previously mentioned "glitch", re-adjusting the sampling rate of the
comparator to a suitable value seems practical. For preventing the shorting of the DC
supply, an idle time along switching duration, “dead-time” is generated. For EMI and
carrier harmonics in the output waveforms, no snubber or such switching-aid network
is planned to be used because these high frequency components of the load current
pass through the self-capacitance of the load coil. The magnetic field generating
inductive part only has negligible ripple at the switching frequency. Even this
situation is ignored; such high frequency alternating fields cannot penetrate through
much distance underwater. They are attenuated sufficiently according to underwater
characteristics of the magnetic fields propagations. Thus, magnetic field of the

fundamental frequency at the target will not be distorted.

Keywords: Full-Bridge, Class-D, Underwater Magnetic Field, PWM, dead-time,

natural sampling, uniform sampling, switching converter & inverter, class-D EMI



OZET
SUALTI MANYETIK ALAN YARATIMLARI IiCIN FPGA

TABANLI DARBE GENISLIK MODULASYON SURUSU

Taha Ufuk TASCI
Elektrik ve Elektronik Miihendisligi, Yiiksek Lisans
Tez Yoneticisi: Prof. Dr. Yusuf Ziya ider
Ocak 2014

Arastirmanin temel odagi belirli bir mesafede manyetik alan iretebilmek i¢in
elektonik devre tasarimi yapmaktir. Bu devre AC ve DC isaretlerle siiriilebildigi gibi
ayni zamanda bu iki isaretin tipinin birlesimlerinde de galisabilmelidir. Bir hayli
verimsiz bir kag analog devre denemesinden sonra, anahtarlanan donistiiriicii devre
yapilart secilmistir. Bu yapidaki anahtarlarin, bir mikroiglemci gibi dijital ortamlarda
kontrol edilemesi ilave bir kiilfet getirir. Fakat bu, kontrol devrenin ayni zamanda
farkli operasyonlar icin esnek olmasini saglar. Buna ek olarak "satlirasyon"
alanlarinda kullanilan transistorler, devrenin ilk opsiyona gore c¢ok daha verimli
olmasini saglar. Bu tez kapsaminda, giic MOSFET lerinin anahtar olarak kullanildigi
bir H-kopriisii kurulmus ve uygun siiriis sinyalleriyle bu donanim hem DC-DC hem

de DC-AC ¢evirici olarak kullanilmistir.

Elektromanyetik enterferans ve 6nemsiz anahtarlama kayplaria ek olarak, devredeki
anahtarlarin durum kontrolleri de bi derece karmasiktir. Asenkronize cift-kenarl
dogal oOrneklemeli darbe genislik modiilasyon teknigi, DC-AC ¢eviriminde
kullanilacak anahtarlama kontrolii i¢in se¢ilmistir. Bu teknigin se¢iminde temel
sinyal harmoniklerinin ¢ikis dalga formunda goziikkmemesi esas alinmistir. Fakat
analog sistem ¢ikisli boyle bir teknigin dijital ortamlarda isletilmesi bazi problemleri
beraberinde getirebilir. Anahtarlar1 siiren kontrol sinyalleri yaratilirken istenmeyen
kiiclik zamanli darbeler ortaya ¢ikabilir. Bu durum modiile edilen ve tasiyict sinyal
ornekleme frekanslarindaki uyumsuzluklardan ileri gelir. Ik sinyalin frekansinin

degisken ikincisin sabit olmasi boyle bir uyumsuzluga neden olur. Bundan baska,



transistorlerin sonlu anahtarlanma stireleri dikkat edilmesi gereken baska bir
konudur. Bu nedenle hem DC-DC hem DC-AC ¢evrim sirasinda, DC gii¢ kaynaginin

kisa devre olmasinin engellenmesi i¢in bazi tedbirler alinmalidir.

Bahsi gecen problemlerden sinyal 6rnekleme frekans uyumsuzlugu ve sonucunda
istenmeyen darbelerin siiriis isaretelerinde ortaya ¢ikmasi, tasiyici sinyal frekansinin
disiiriilmesiyle onlenir. DC gilic kaynagmin kisa devre olmasi ise anahtarlama
isaretlerine 6lii zaman eklenerek Onlenebilir. Buna karsin elektromanyetik interferans
ve tasiyict sinyal harmonikleri i¢in herhangi bir sondiriicii devre yapisi
kullanilmamistir. Ciinkii boylesine yiiksek frekanslardaki yiikk akim bilesenleri,
indiiktif yilikiin i¢ kapasitansi lizerinden akar. Manyetik alan yaratimindan sorumlu
indiiktif kisimda sadece Onemsenmeyecek biiyiikliiklerde anahtarlama frekansi
bileseni gozlenir. Bu durumun gbéz onilinde bulundurulmasa bile, bu frekanslardaki
manyetik alanlar sualtinda fazla bir mesafeye niifuz edemezler. Sualti manyetik
yayilim karakterine gore yeterince soniimlenirler. Bu sekilde, ¢alismada belirlenen

hedef uzaklikta, temel frekanstaki alan bozulmaz.

Anahtar sézciikler: tam-koprii, D-tip amfi, sualti manyerik alan, darbe genlikli
modiilasyon, 6lii-zaman, dogal drnekleme, tekdiize 6rnekleme, anahtarlanan gevirici,

D-tip amfi elektromanyetik enterferans.
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Chapter 1

Introduction

1.1 Purpose of the Study

This thesis is the result of work for constructing an underwater magnetic and
electromagnetic field generator circuitry. Basically, it consists of two main parts: a
signal amplification stage (driver circuit) and a load which is a pre-designed inductor
out of the scope of the study has been made here. Briefly, the casing concerns and
reaching proper levels of target (in a 1m radius) magnetic field levels have
determined the form of this coil. As the name of the work suggests, the driver circuit
provides the required amounts of DC and AC currents. The type of the amplifier is
selected to be a full-bridge Class-D amplifier which can be used as either a DC-DC
converter or a DC-AC inverter. The pulse width modulation (PWM), which is the
essential drive technique for this type of circuits, has been employed as the drive

method and a Xilinx FPGA chip is used as the digital application platform.

1.2 Scope of the Study

This work has mainly dealt with issues which appear while deploying a pulse width
modulation at a digital platform. The pulse width modulated signal generation has
been discussed here with some modifications involved in for the proper operation of
the circuitry. The hardware part, the driver circuit, has also been analyzed by
simulations. In addition, the load signal characteristics have been investigated for

their great influence on the spectrum of the generated target magnetic field.



1.3 Literature Survey

1.3.1 Full Bridge (H-Bridge)

A full bridge is a kind of a circuit structure used for the purpose of either an AC
signal amplification (DC-AC inversion) or a DC voltage conversion [1]. As its name
implies, a full bridge consists of four switches which are arranged in a bridge
formation. The structure is like the letter “H” and this is why the circuitry is also
called “H-bridge”. As seen in “Figure 1” below, a load is connected between two

arms of the bridge right in the middle of switches.

DC supply +
ARM 1 vd ARM 2
,.( I 4 ")
j
Switch 1
TA+ TB+ o
D1 D3 Switch 3 High Side
L y
A — — B
Switch 2
TA-
TB- Low Side
b2 \ D4 \ Switcha
\, y
N
DC supply -

Figure 1 - Full Bridge (H-Bridge)
By controlling conducting and non-conducting durations of these switches, desired

voltage and current levels are acquired at the output [1]. As mentioned before, a
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special technique called “Pulse Width Modulation” (PWM) is used to produce drive
voltage signals for the supervision of states of voltage controlled switches. In this
work, the full bridge can be used either as a DC-DC converter or a DC-AC inverter
by only modifying these PWM drive signals. This is accomplished by changing the
type of the signal, called “modulating signal”, which is subjected to the modulation.
If pulse widths of drive signals are determined by modulation of a DC signal, these
pulse durations will be constant through the entire operation and the circuitry behaves
as a DC-DC converter [1]. In case of the modulating signal to be an AC type, the
amplitude information of this signal will be encoded into changing pulse widths of
drive signals, then the circuit serves as a DC-AC inverter [1].

PWM signals are produced digitally at microprocessors which have simple digital
logic voltage levels. The low state level is able to make a switch (transistor) not to
conduct however; the high state is only able to make upper sides switches to conduct
after proper voltage level adjustments. These are done by some electronic networks,
called driver circuits. The reason behind this is either TTL or CMOS logic voltage
levels are not sufficient to be higher than the source voltage plus the gate-to-source

threshold of a transistor which resides at a high side of a bridge.

1.3.2 What is Pulse Width Modulation (PWM)?

The “Pulse Width Modulation” is a devoted drive technique for “Class-D” amplifiers
and bridge type DC-DC converters. The essence of the method relies on modulating a
signal by coding its amplitude variations in time (phase angles) into pulse widths of
the produced PWM signal as a pulse train [1]. This resulting signal is called
“modulated signal” [1]. Obviously, the signal of which amplitude levels are used is
called “modulating signal” [1]. The modulation procedure also needs another signal
called “carrier signal” in addition to a modulating signal. This is mostly triangular or
saw-tooth shaped and compared with the modulating signal with respect to the
amplitude [1]. The resulting modulated signal pulse widths are determined by the
duration where the modulating signal is bigger than the carrier in amplitude [1]. This

scenario is illustrated in “Figure 2 below.



Modulating Signal Period

F 3
¥

Amplitude

Carrier Period

CARRIER SIGNAL

MODULATING SIGNAL

Carrier Amplitude
Maodulating Amplitude

i

i

T
___________.H._____

LOGIC'1' LEVEL ~ —{—-— PWM Signal

LOGIC 'O LEVEL

time

Figure 2 - Pulse Width Modulation Procedure

1.3.2.1 DC-DC Converter

In this type of use of a full-bridge, desired DC voltage levels at the output of the
circuitry are produced from an independent level of a supply voltage [1]. In other
words, a DC level is converted to another DC level. The modulating signal used here
to produce the PWM signals is just a DC level. It is adjusted according to the carrier
signal amplitude to get desired levels at the output. The fundamental component level
of the voltage across the output load will then be the supply voltage multiplied with

the ratio of the modulating DC signal level to the carrier peak [1].

There are two main switching schemes which are called PWM with a bipolar and
PWM with a uni-polar voltage switching. For the bipolar case; “switch 1 (Ta+)” with
“switch 4 (Tg-)” and “switch 3 (Tg+)” with “switch 2 (Ta-)” in “Figure 1” forms two
switch pairs. Each switch of the couples, conducts or not simultaneously with their
pairs [1]. In addition, the couples also work complementarily among themselves, not
to short the power supply which refers a phenomenon called the “shoot-through” or
the “cross-conduction”. This means then, the both of the cross switches and the ones
4



at the same arm operate complementarily. However, for the unipolar switching, only
the switches at same arms operate in that fashion. There is no relation in the working

of the switches which belong to the different pairs [1].

1.3.2.1.1 PWM with Bipolar Voltage Switching

At the bipolar switching, either one of the pre-defined switch pairs conducts at
switching periods (Following calculations are made by no dead time, which is going
to be mentioned afterwards, is assumed to be involved.) [1].

—————— — — — Vtripeak
v_tri
v_control

v_AN ——-—vd

——————————————————— ——-v.d
v_BN
I |
| |
| | |
v O l
T o) - - ———=Vvd
______ —— - v d
i |
Q ;\ el
pair 2 pair1 |

conducting  conducting

Figure 3 - DC-DC Conversion by bipolar switching
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As can be seen in “Figure 3” above:

t 1
Veri = Vt‘ri_peak m 0<t< Z Ts (D
t = t1, Vtri = Veontrol (2)

1% Ts
t, = control © (3) [1]

Vtri_peak 4

It is found that the conducting duration “t,,” of the “switch pair 1” (T,+, Tg —) is:

1
ton = 2t + ETS (4)

then the duty cycle of the same pair will be:

p, =t = 1 (1 +M) for (Ty+,Tg—=) (5)[1]

T 2 Vtri_peak

The duty cycle of the other pair, pair 2 (Tg+, T4 —), which works complementarily

with first one is then:
D,=1—-D; for (Tg+,T4—) (6)
and, the average voltage across the output terminals will be:
Vo =Van — Vagy = D1Vg — DVg = (2D — D)Vy (7 [1]

Substituting “D;”:

Va

= Ve Veontrol = KVcontrol (8) [1]
tri_peak

Va

and “k =

" = constant” implies that the average output voltage changes
tri_peak

linearly with the input control signal, as it is the case for a linear amplifier [1].

The output voltage “v,” can only have two values: either “+Vy” or “~Vy”. This is

why the switching scheme is called the “bipolar voltage-switching PWM” [1].



1.3.2.1.2 PWM with Unipolar Voltage Switching

— — — Vtripeak
v_tri
v_control

-v_control

I
I
I
| ——vd
I
|
I ! I |
| | !
——— e — —I—— ——-I——-——V_d
| 1
v_BN L |
I | | |
| o . |
"o || I !
I | | [ | I
Uh__ﬁ ﬁ——— v d
<> >
pairl pair 2
conducting conducting v d

Figure 4 - DC-DC Conversion by Unipolar Switching
In “Figure 4” above, a triangular carrier signal is compared with both the control
voltage (modulating signal) “Veontrol” @and ““~Veontror”” fOr producing PWM drive signals
for the switches resides at first and second arm of the bridge, respectively [1]. States

of these switches are determined then as the following comparison suggest:
Ty + on: if Veontror > Vieri 9)

TB + on: if ~ Vcontrol > Vtri (10) [1]



By analyzing the “Figure 4”, it is intuited that the duty cycle values are very similar
to the ones bipolar PWM has:

ton 1 ( Vcontrol >
D, === 14+ (T,+Tg—) (11
! Ts 2 Vtri_peak 4 B

D,=1-D, (Te+,Ty —) (12)

V
Vo= (2D1 - 1)Vd =—42 VUcontrol (13) [1]

tri_peak

Thus, the results shows that the average output voltage “V,” of the unipolar
switching PWM is same with the bipolar voltage-switching scheme’s and again it

varies linearly with the input control (modulating) signal, “Veontrol” [1]-

For the same switching frequencies (carrier signal frequency), the use of the unipolar
voltage switching method will result in a better frequency response at the output, a
spectrum with lowered levels of unwanted harmonics [1]. In other words, ripple
magnitudes at output waveforms will be reduced [1]. This is because of the
“effective” switching frequency of the output voltage signal is twice the one belongs

to bipolar case [1].

The output voltage of the two methods is assumed to be independent of the output
load current “iy”, because a “dead-time”, which will explained at the following
sections, is not involved in PWM drive signals of switches [1]. Then the RMS value
of the voltage ripple “V,” across output terminals in terms of the average “V,” can be

calculated for [1]:
a) PWM with the bipolar switching:

The RMS value of the output voltage signal “v,” shown in “Figure 3” is

calculated as follows:
Vo,rms =V (16)
Vo = (2D — DVy (17)
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Vy rms = /Vo%m — V2 =V4/1— (2D, — 1)2 = 2V, /01 — D?

for0<D; <1(14)[1]
b) PWM with the unipolar switching:

The RMS value of the output voltage “v,” shown in “Figure 4” can be

calculated as follows:

Vcontrol Ts
ty = —m —

- % fOT Vcontrol >0 (15)
tri_peak

4t, V2 v
Voyms = |——%= [y, = /2D, — 1)V,  (16)

Ts Vtri_p eak

Vr,rms = \/V;)?rms - Vo2 = \/6D1 — 4D12 — 2V,
for05<D;, <1(17)[1]

Vr_rms s Bipolar Switching
vd ‘ === Unipolar Switching

Figure 5 - Comparison between RMS Output Voltage Ripple of Unipolar and Bipolar Switching
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1.3.2.2 DC-AC Inverter (Class-D Amplifier)

As its name suggests DC-AC inverters are used to produce AC signals from DC
levels. This can be done by the use of proper AC modulating (control) signals to
produce PWM signals. So, pulse widths vary for different switching periods with
respect to the magnitude levels of the control signal sampled at the corresponding
switching interval. Desired AC waveforms can be acquired by driving a full-bridge
with this PWM signals. Before providing a more detailed explanation of full-bridge
DC-AC inverters, a few points should be considered. The ratio of the amplitude of

the modulating (control) signal to carrier’s is called the “modulation index”:

= Voo
Viri peak

This index differs from ‘0’ to 1’ in general but also may exceed ‘1’ in some special

cases which are called the “over modulation” [1]. The other important ratio is made

up from frequencies and it is the ratio of the modulating signal frequency to the

carrier’s and called the “frequency ratio” of the pulse width modulation:

fcontro
myg = # (19) [1].

This is another important indicator of modulated signal characteristics accompanied
with the modulation index. These characteristic, like the spectrum content, will be

explained in further chapters.

The pulse-width modulation techniques which are used to generate drive signals for
DC-AC inverters differ from analog to digital systems. Methods used in analog
applications can be adapted to digital platforms. This means that the following
remarks which have been given for analog systems are also valid for digital ones as

well. However, solely digital methods have peculiar features and approaches.

1.3.2.2.1 Analog Technique
In the essence of analog techniques, which are called the “natural sampling” in

general, analog carrier and modulating signals are compared with the help of a

10



comparator which output PWM signals. Although this seems easy in implementation,
it is also very sensitive towards small amplitude variations of the input signal because
switching instants are determined by detecting exact intersections of continuous
signal amplitudes [2]. In theory, this results in a frequency spectrum of output PWM
signals with lower levels of harmonics, but the method itself is very error prone under
the practical situation of noisy signals. It is not surprising to encounter glitches and
spikes in the output waveforms.

1.3.2.2.1.1 PWM with bipolar switching for Full-Bridge

Ts=l/fs v_control v_tri
T Iy fl A\
| I 1 ‘““"‘-:.‘ d’/
Vd T fr— —1 5 1 ~
Vel el —L 1. . . . 1 L
V_o_rms/Vd
1.2
1.0
0.8 +-
0.6
0.4
0.2
0.0 | 12 1t 21 -QTIT,n ) .QqT’Q. /1
1 mf mf+2 o2 3mf

3mf+2

Figure 6 - Output Voltage and Its Spectrum of AC-DC inverter with Bipolar Sinusoidal PWM switching
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“Figure 6” above shows the procedure of generating bipolar PWM signals for the
DC-AC inversion purpose. The only difference from the DC-DC bipolar case is the
control signal. Here, it is an AC signal which is a “sinusoid” in this. The third part of
the same figure shows a section of the spectrum of the output voltage and it is
obvious that the amplitude of the fundamental-frequency component “(Vo)1 peak” IS
equal to “m,” times “Vy” [1]. This can be analyzed for the sinusoidal PWM by first
assuming that “veontror” IS constant during a switching period where “mg” is provided
to be very large [1]. Then the situation here is very similar to the one as in the DC-
DC converter bipolar switching scheme, where the average output voltage (the output
voltage averaged over switching period Ts) “V,” depends on the ratio of the “Vcontrol”
to the “Vy;” for a given “Vy”:

_ Vcontrol

V. =
? Vtri

Vd (vcontrol < Vtri) = (ma < 1) (20) [1]

It can also be assumed (though not necessarily) that the “veontror”” Signal changes very
little during a switching period, which necessitates “m¢” to be large [1]. So, with the
assumption made over the “voniror”, the above equation indicates the variation of “the
instantaneous average value” of the “v,” from one switching instant to the following
[1]. This “instantaneous average” is the fundamental component of the “v,” [1]. If the
“Veontrol” term at the above equation is substituted with the modulating signal peak
value “Veontrol peak”’, the result will be the peak of the fundamental component of the
“Vo”, (Vo)1

(Vo)1 = mqVq 21) [11

This implies that in a sinusoidal PWM, the fundamental component of the output
voltage changes linearly with the “m,” (for m,<1) in other words with the input
control signal level (modulating signal) as in linear amplifiers [1].The range of
“0<m,<1”is called the linear region [1].

12



At the output voltage spectrum, harmonics appear at the switching frequency, its
multiples and also at their sidebands [1]. This generalization is valid for “m,” values

in between 0 and 1 [1]. Theoretically, the harmonic frequencies can be calculated as:

fo=(0ms £ k)fy (22)

which can be turned into the harmonic order by dividing to the fundamental
frequency [1]. Then, it corresponds to the “k™ sideband of the harmonic which is

centered at “j” times the frequency modulation ratio “ms”:
h=j(ms) tk (23)

where “h = 1” means the fundamental component [1]. When the “j” is odd, the “k”
may only takes even values; for even “j”s, the harmonics occurs only when the “k” is

odd [1]. The reason for this will be explained later.

The equation, which is used to calculate the levels of the harmonic components at the

output for sinusoidal PWM, is the following output voltage waveform equation (24):

manm)

Vymgcos(nw,t) N i i ZVd]n(

2
t) =
v(®) 2 mm

Sin

(m+n)m
(™5

)cos(nw,,t +mw,.t) (24)

m=1n=-oo

where the "w," is the angular frequency of the control signal and the "w." is the

angular frequency of the carrier signal [3].

In “Table 17, the normalized harmonic levels “(Vo_peak)h /V;” are given with respect

to the amplitude modulation ratio “m,” under the constraint of “mg9” [1]. Harmonics
up to “j=4” at the “equation (23)” with amplitude levels comparable to the

fundamental component are given by using equation (24) [1].
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1- 0.2 0.4 0.6 0.8 1.0

Fundamental

mf 1.242 1.15 1.006 0.818 0.601
mf+2 0.016 0.061 0.131 0.22 0.318
mf+4 0.018
2mf+l 0.19 0.326 0.37 0.314 0.181
2mf+3 0.024 0.071 0.139 0.212
2mf5 0.013 0.033
3mf 0.335 0.123 0.083 0.171 0.113
3mf+2 0.044 0.139 0.203 0.176 0.062
3mf+4 0.012 0.047 0.104 0.157
3mft6 0.016 0.044
4mf+l 0.163 0.157 0.008 0.105 0.068
4mf+3 0.012 0.07 0.132 0.115 0.009
4dmf+5 0.034 0.084 0.119
Amft7 0.017 0.05

. . (Vopeak)h
Table 1 - Normalized Harmonic Levels ———
d

The “my¢” value should be chosen to be as an odd integer for the bipolar PWM to have

an odd symmetry “[f(—t) = —f(t)]” as well as a half-wave symmetry “[f(t) =

-f (t+%T1)]” as it is the case at “Figure 6” plotted for the “m; = 15 [1].

Therefore, no even harmonics occur at the spectrum of the output voltage signal “v,*
but only the odd ones do [1]. Thus, the “j” and the “k” values can be either odd or
even oppositely for an odd “m¢” when only non-zero harmonic levels occur at odd

harmonic orders.

For selecting the switching frequency, the relative ease in the filtering high frequency
harmonics should be considered [1]. For this purpose, it is preferable to determine a
high switching frequency as much as possible, with keeping in mind an important
resulting drawback: switching losses which is the only significant dissipation source

of the inverter which increase proportionally with the switching frequency “fs” [1].
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Therefore, in most applications, the switching frequency is chosen to be 20kHz,

above the audible range [1].

The discussion of the switching frequency selection is carried on by analyzing

situations under specific frequency ratio, “m¢”, values. Arbitrarily; frequency ratios

under the “21” are specified as small and above this level they are said to be large

[1]. For the following evaluations, the amplitude modulation ratio “m,” is assumed

to be in the linear region, in between “0” and “1” [1].

Small mg (me=21):

1.Synchronous PWM:_ For the low values of the “my¢”, the frequency of the

carrier signal should be an integer multiple of the modulating signal’s and the
resulting PWM technique will be qualified as the synchronous PWM as
shown in “Figure 6” [1]. The reason for the using synchronous PWM rather
than the asynchronous (where the “m¢” is not an integer) is for avoiding from
sub-harmonics which appears close to the fundamental component and should

be avoided in most applications [1](book p. 208).

2. Not to have the even orders of harmonics at the output waveforms as
discussed previously, the “mg” should be an odd integer for single-phase

inverter applications with the bipolar switching PWM [1].

Large m¢ (me>21):

The sub-harmonic levels which are observed using the asynchronous PWM as
the switching scheme are small at large values of the non-integer “m¢* [1].
Therefore, it is not inconvenient to use the asynchronous PWM with the large
values of the “m¢”; as it is the case for constant carrier frequency applications
where the modulating frequency varies [1].

Over-modulation (m,>1.0): For linear region values of “m,<1.0”, harmonics

are shifted towards the switching frequency and its multiples with the

drawback of the having fundamental component amplitude at the output
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voltage not as great as desired [1]. As explained before, its amplitude varies
linearly with the modulation index “mj,”. Therefore, to increase the amplitude
of the fundamental at the output further, the “m,* can be increased beyond its
linear range to be bigger than “1.0” [1]. The situation is described as the
“over-modulation” [1]. However, this results in many more harmonics, even
ones at the fundamental frequency multiples, to occur in the output voltage
spectrum with respect to the case with “m,<1.0” [1].

Moreover, not only the fundamental component amplitude quits changing
linearly with the modulation index as in the linear range but also it starts to be
affected from the frequency ratio “mg¢ additionally [1]. This is shown in

“Figure 7” below:

V_o_peak/vd
L] ma=2.5
mf=15
1.0 +
0.5+
]TTTII]IT'.!!
3 5 7 g

1 13 15 17 19 21 23 25 27 f/f1

mif

Figure 7 - Spectrum Performance of Over-modulation

As it can be seen in “Figure 8” below, increasing the “m,” after a certain
value outside the over-modulation range does not increase the fundamental
amplitude any more. Since drive signals deteriorate from a PWM waveform

and turns into a square wave with the frequency of the modulating signal [1].
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. . 4
As a result, the normalized fundamental component amplitude saturates to “;”

for the “m=15"[1].

(V_o_peak)1/vd

&4/ pi .
[=1.278)

10} - -

Over-modulation
region

M * Square-wave

Linear region

|
|
I
I
|
|
2

1.0 3.24 ma

mf=15

Figure 8 - Fundamental Component Variation With ‘ma’
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1.3.2.2.1.2 PWM with unipolar switching (double phase)

08+~

0.2
00 — gy elle o 20t Te, /1
: |

mf
amf 5 e 3mf 4mf

Figure 9 - DC-AC Uni-polar PWM Switching
As mentioned before, the unipolar PWM switching scheme suggests only the
switches at the same arm of the full-bridge work complementarily. In this case, PWM
signals are created from a modulating signal and its 180° phase shifted version for
controlling the legs A and B separately [1]. The switching instants which are shown

in “Figure 9” are determined as follows:
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Veontrol > Viri: Ta+ 0N and Van =Vy
Veontrol < Viri: Ta- 0N and Van =0
(-Veontrol )>Viri: Te+ On and Ven =Vy4
(‘Vcontrol )< Viri- TB- on and VBN =0 [1]

For this switching scheme there are not any switch couples acts in the same way as in
the bipolar case. Then, there occur four combinations of switch states rather than two.
Except the simultaneous conduction and the non-conduction states for the switches at

the same arm, every other state is valid as below:

Tar  Te. on: van = Vg, Ven=0; Vo=V

Ta- Te+ on:van=0, Vven= Vg, Vo=-Vyq

Tar  Te+  ON:Van = V4, Ven= Vg, V=0

Ta- T on:van=0, ven=0; Vo=0
[1].

The output voltage can has three voltage levels as given above and the only
transitions are either between the zero and the “+Vy” or between the zero and the
“-Vy” voltage levels [1]. This is why this type of PWM technique is called the
unipolar voltage switching [1]. The crucial superiority of this scheme over the bipolar
switching is its “effectively” doubling the switching frequency in the output
waveforms [1]. Thus, the switching harmonics in the corresponding signal spectrums

only occur at the even multiples of the switching frequency and their sidebands. [1].

If the frequency modulation ratio “m¢” is selected as an even integer (odd for the
PWM with bipolar switching), the harmonics at the exact switching frequency
multiples are further disappeared in a single-phase inverter [1]. The fundamental
components of the output terminal voltages, the “van” and the “Vgy” are displaced

by 180° from each other’s [1]. Therefore, the harmonic components of these signals
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at the switching frequency are in-phase ((®an- ®sn =180°) * mf =0°, because the
“m¢” is chosen even) [1]. As a result, the odd number order harmonics of the

switching frequency will not appear in the output voltage, “vo= Van - Van™, SPeEctrum

[1].

For the unipolar voltage switching, the harmonic order “h” is:
h=j(2ms)+k  (25)

the order of the harmonics which occur at the multiples of the “2myf” and its
sidebands [1]. Additionally, because the “h” is odd, the “k” can only have odd values

for the harmonic order to be odd [1].

If a comparison between the unipolar and the bipolar voltage switching should be
made; then it can be said that, in both of the methods, the voltage levels of the
fundamental-frequency component of the produced PWM signals are same for the
use of equal “ma” values [1]. However, in the unipolar voltage switching with proper
selection of the “mf”, no harmonic components occur at odd multiples of “mf” and

their sidebands and results in a remarkable reduction in the harmonic content [1].

1.3.2.2.2 Digital Techniques

For digital systems, as well as the natural sampling is an option with proper
precautions taken, the most basic digital method of the PWM generation is the
“uniform sampling”. A similar trouble arises in the digital case of the “natural
sampling” as in the analog one and it is caused by the unwanted amplitude variations
at the modulating and carrier signals. This time the discrete structure of the signals
makes it hard to compare them directly when they are sampled at different rates. As a
result, glitches may occur at produced PWM signals. For avoiding this, one solution
is to sample the modulating signal with the carrier signal frequency and make the
comparison afterwards [4]. This corresponds to the sampling method of the “uniform
sampling” [4]. However, this causes to miss the exact intersections of two signals.
Therefore, erroneous pulse widths as well as increments in harmonics levels will

occur as differently from the natural sampling [4]. The theoretical comparison of
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these two methods can be seen in “Figure 10” below. If the PWM signals are
inspected carefully, it is seen that their widths do differ.

Modulating Signal

Carrier Signal

Amplitude

LOGIC "1 LEVEL

PWM Signal

LOGIC '0' LEVEL

time

Modulating Signal

Sampled Modulating Signal
(Ts=fcarrier_signal)

Carrier Signal

Amplitude
LOGIC "' LEVI [ - - —_— —_—— —_——
PWM Signal
LOGIC'0' LEVEL

Figure 10 - A. Symmetrical Natural Sampling, B. Uniform Sampling

time
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1.3.2.2.2.1 Asymmetrical and Symmetrical Uniform Sampling

Figure 11 - Uniform Sampling Types

In “Figure 11” above, uniform sampling types are illustrated. These are separated
into two as the “single sided” (c.) and the “double sided” (a., b.) with respect to the
carrier signal shape. For the single sided uniform sampling, the modulating signal is
compared with a saw-tooth type carrier signal [4]. This causes only the one of the
two switching edges in each switching periods to be determined with the comparison
process [4]. The other is just at the instant when the corresponding switching period
ends [4]. The shape of the carrier waveform is triangular in the case of the double
sided type which requires two comparison operations for deciding the switching
instants [4]. This method has the two different implementations of using either one or
two samples for determining the switching edges at a switching period [4]. The
method is called the “asynchronous uniform sampling” in the case of the use of two
samples. This implies the modulating signal should be sampled with the rate of twice
the carrier (switching) frequency. The synchronous implementation involves the use

of one sample and the modulating signal which is sampled at the switching rate.

The output voltage waveform of the asymmetrical uniform sampling of a sinusoid is

as the following equation suggests:
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MgNAWy

2Val
f@ = Zf:l%sin (nz—n) cos (nwvt — n”W") +...

2w,
we ¢

20 ("8 (me5e2)
Tt Dot (:H%) sin (527) cos (nwy t + mwt — ) (26)[3]

The PWM signal generation is easy and practical with digital platforms. Therefore,
there are many different digital modulation techniques with different features [5].
One is the optimizing PWM signals of which switching angles are pre-determined
with minimization algorithms for lowering harmonic levels in the output waveforms
[5]. The “enhanced uniform PWM?”, which will be analyzed following, is the one of
these examples among many digital PWM application methods.

1.3.2.2.2.2 Enhanced Uniform PWM - Interpolation (An Alternative Digital

Sampling Process)

sample #3

sample #1

Figure 12 - Linear Interpolated Natural Sampling
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For producing PWM signals digitally, one proposed solution which emulates the
natural sampling is called the “Linear Interpolated Natural Sampling” [3]. This
method interpolates the levels of the two consecutive samples of the modulating
signal. So, the switching instants are determined more precisely as it is illustrated in
“Figure 12 above [3].

The switching time instants which are shown in the figure above the “t,;” and the
“tp2” can be calculated by using the amplitude values of the samples

"Sln, HSZH and "53":

(=t . 27

n=3 -5y @D
1-8,

¢ T (28)

P27 2 — (S, —S3)

where the “T” is the sampling interval which is equal to the half of the carrier signal
period [3].

This type of modification improves the uniform PWM by lowering the harmonics
levels in the output voltage spectrum [3]. However, their magnitudes do not decay

rapidly with the increasing carrier frequency [3] .

For improving this method even more, a weight coefficient of the “e” in the interval
from “0” to “1” can be introduced to modify switching instants [3]. It changes the
effect of the sample which determines the following switching instant in a switching

period [3]. The pulse edge instants are now calculated as follows:

S, +1
tpl =
2—-(1—-e)S2— 51

T  (29)

1-S,

Y2 = o)

T  (30)[3]2.
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Figure 13 - Enhanced Uniform Sampling

The function of the weight “€" is illustrated in “Figure 13” above. It is deduced that
when the “e = 07, the method turns out to be the linear interpolated natural sampling

[3]. Moreover, setting the “e” equals to “1” will result with the uniform sampling [3].

The analysis of the spectrum of the enhanced sampling method shows the magnitude
of the third harmonic distortion is a function of the coefficient “e” [3]. The minimum
distortion caused by this third harmonic is observed for the “€” to be around “0.35”
and this value does not depend on the signal or carrier frequencies [3]. With the use
of this new method, it results in that, up to a 30dB decrease can be reached at the

third harmonic level with respect to the conventional uniform sampling [3].

1.3.2.3 Dead-Time for Single Phase Inverters

In practice, since the switches used at the bridge have finite turn-off and turn-on
times, the switching timings will be updated [1]. The instants of transistors’ going
into the conduction state will be delayed for a significant duration of time as can be

seen in “Figure 14” [1]. This time durations which are called “dead-time”, “tA”,
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should be chosen conservatively to prevent the phenomena called “shoot through”
[1]. This refers to the cross-conduction when DC supply is shorted through the arms
of the bridge [1]. The amount of the dead-time is advised to be chosen a few

microseconds for the fast responding MOSFETSs [1].

v_tri

/ v_control
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I | -t
-—
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- Loss :
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iA>0
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| Gain | I V_AN
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t
£
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Figure 14 - Dead-time Effect on the Output Voltage Level with Load Current Direction
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During the dead-time, the switches of the same arm are in non-conducting state, and
the output terminal voltage levels “van® or “vgn™ are determined according to the
direction of the output load current “ia” as shown in the figure above [1]. For the
single phase inverters, the voltage level of the output terminal “A” becomes “Vgy”
when the “ia<0” and “0” for the “ia<0” because of the path which is provided by the
conducting fly-back diodes for the load current. If the ideal voltage waveform of the
output terminal “A”, the “van®, in which no dead-time is imposed is subtracted from

the actual waveform with the dead time, it results in an output voltage error function:

Ve = (Wan)idear — (Wan) actua (31) [1].

The variations (defined as a drop if positive) at the output voltage level because of
“t,” and the average voltage error over a switching period can be calculated as

follows:
AVyy = o ) (34) [1].

The “AV,y5” only depends on the direction of the output current but not on its
magnitude as can be seen in the equation above [1]. Moreover, it is deduced from the
same equation that the “AV,,” is proportional to the dead-time duration “t,” and the
switching frequency “f;” [1]. This is interpreted as the necessity of using fast
responding devices which can operate with small dead-time durations in bridge

inverter applications which require fast switching (high “£;”) [1].

The same analysis of the output voltage level variations can be made for the output

terminal “B” as well, with considering “i, = ig”:
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Because "v, = v,y — vy~ and “i, = i,”, the instantaneous average value of the

output error voltage over one switching period “Ty” is:

+22Vy, 15> 0
av,={ I (36) [1].
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Figure 15 - Output Voltage Dead-Time Variation At Zero Crossings of The Output
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For the application of a full-bridge with the single phase sinusoidal PWM, the
instantaneous average output voltage “V, (t)” is given in the “Figure 15” above. The
dead-time causes an average voltage distortion in the output when the output current
change its direction [1]. This can be modeled as seen in the same figure above and
will results in low order fundamental frequency harmonics to appear: like third, fifth,

seventh, and so forth [1].

1.3.2.3.1 The Analysis of Dead-Time Effect in PWM Inverter

It is discussed following that the effect of the dead-time on the output voltage
spectrum of a full-bridge inverter in detail. A decrement at the fundamental
component level as well as an increase in the low-order harmonics levels is observed
[6]. It is also shown that these effects of the dead-time duration are highly related

with the load power factor [6].

As mentioned before, the output voltage during the dead-time is determined by the
output load current direction and it opposes the current flow in either direction [6]. In
other words, there occurs such a voltage alteration which makes the current

magnitude to be smaller than it should [6].
The following assumptions are made for the analysis:

1-The switching frequency is sufficiently large in comparison with the

fundamental frequency,
2-The output current is nearly sinusoidal [6].

These assumptions make possible to calculate the cumulative effect of the dead —time
durations, “Td”, by averaging the voltage variations, which occur in these time
intervals, over the fundamental period of the output current [6].

At the each switching period, the variation at the output voltage “Ae” is calculated by

Ae = TdVd (37)
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and its average, “AV", over a half cycle of the inverter output current is:

_ (M/2)de  MT,

AV
T/2 T

Va (38)

where the “M” is the number of switching per one fundamental cycle and “T” is the

fundamental component period [6].

N //
"/ AN
N ——

Figure 16 - Dead Time Effect On Fundamental Output Voltage

In “Figure 16 above, the “v,..;” is the output voltage fundamental component of the
inverter in the case of no dead-time effect is ever involved. Additionally, it is
assumed that the load is inductive and the current lags the “v,..,” with the “®'  [6].
The average voltage deviation over an entire fundamental cycle can be treated as the
square wave “Av” shown in the figure above [6]. It is shifted 180° in phase with
respect to the output current [6]. The “Av;” is the fundamental component of that
representative voltage deviation square wave and its RMS value “AV;” is calculated

as:

22y (39) [6].

T

AVl =
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In the pre-determined assumption, it is said that the output current is nearly
sinusoidal. So its harmonic components are neglected; and the phase difference “®”

among the "v;" and the “I” is defined as the load fundamental power factor [6].

Figure 17 - Phasor Representation of Dead Time Effect

In “Figure 17” above, a phasor diagram is provided which shows that the “AV;” and
the output current has a 180° phase difference between each other’s [6]. The
fundamental component of the output voltage with the dead-time imposed on, “V,”,
leads the current with a phase angle of “®” [6]. Therefore, a phase difference of
“m — ®” appears between the “AV,” and the “V;” [6]. Using the trigonometrical
identity for the triangles which has sides of the “AV;” and the “V;”, an equation for

finding the unknown variable “V;” can be derived:
Vir = AVE + VE — 20,V cos(m — @) (40)

where the “V,..(”, the “AV;” and the “V;” are the RMS values of the “v,.;”, the

“Av,” and the “v;” [6]. Then the solution for the “V;” is:

V, = —AV cos® + \/Vrzef — (AV;sind)? (41) [6].

A normalized form with respect to the “V,..” is:
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|%
L= —ncos® ++/1 —n?sin? @ (42)

Vre f

where the “n = VAL” is the normalized voltage deviation which is observed at the
ref

fundamental component of the output voltage waveform and is in the range of
“O< n<l79 [6]

The RMS value of the “V;..” is:

sV,
MY

where “6” is the modulation index [6]. Then the normalized voltage deviation can be

(43)

written in terms of the “M”, the “T4” and the “6” as:

n=-——0-7 (44) [6].
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Figure 18 - Dead-time Effect with Respect to Load Power Factor Angle
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As pointed before, the power factor does affect the output fundamental voltage level.
It can be seen in “Figure 18” above that as the power factor increases, the voltage
deviation becomes smaller and the decrement in fundamental current component will
be less [6]. The “Vyax(= V4/2¥2)” is the ideal value of the output voltage when
modulation index is unity [6].

1.3.2.3.2 Harmonic distortion of Dead-Time Effect in PWM inverter output

waveforms
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i | . : . | | t
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Figure 19 - Dead-time Insertion Method

The dead-time durations are inserted into the drive signals in such a way that; the
“turn-off” instants are advanced and the “turn-on” instants are delayed for the half of
the dead-time duration “td/2” from the ideal instants [7]. This result in the total
dead-time period of the “td” as can be seen in the first part of the “Figure 19”
above[7]. In the second part of the same figure the conventional way of the dead-time
insertion is illustrated. The method depends on delaying only the turn-on switching
edges for the exact amount of the dead-time [7]. Therefore the switching edges will
be shifted right in each switching period with respect to the first method proposes [7].
The amount of this duration is the half of the dead-time “td/2” [7]. As a result the
harmonic levels at the switching frequency multiples and at its sidebands will be

differ because of the ruining the pulse symmetries in such a way [7]. However, the
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low-order harmonics of the fundamental frequency which are considered important

mainly will be substantially unchanged [7].

1.3.2.3.2.1 Method of analysis

The analysis of the spectrum is made for the output waveform which is produced
with the asymmetrical double-edge uniform sampling pulse-width-modulation is the
PWM [7]. This waveform consists of “p” pulses with the characteristics shown in the
“Figure 20” below [7]. Then the amplitude of the "n.," harmonic "A,;" which is

originated by the "k,," pulse can be calculated as follows:

JVs . . . .
Apg = ﬁ{eXp(—JmSzk) — exp(jnéyx) + jsinnA/2 exp(—jnay)}  (45)

where the “V;” is the supply voltage, the "A" is the switching period, the "a;" is the
position within the fundamental period of the midpoint of the “k™ pulse [7]. The
"B1x" and the "B, " are the normalized half-widths of the "k.," pulse; the "§;," and

the "8,, " are the ideal half-widths of the same "k,;," pulse and can be calculated by:

81k — 6o
o

Bk = M sin(ay — &) = (46)

. Sax—8
Bzr = M sin(ay + &,) = % 47) [7].

@

>
60

8o

Figure 20 — The “k"” Pulse Characteristics
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The "ng" harmonic amplitude level "A," is calculated by considering the

contributions of all “p” pulses in the fundamental period:
Ap = ZI;:lAnk (48) [7]

The dead-time changes the values of the "§;," and the "&,," into the "6;," and the
"85, with the employment of the method of the dead-time insertion as proposed in

the first part of the “Figure 19” as:

e For the positive load current direction:
o 8= 01 —tgq/2 (49)
o Oy = Og —ta/2 (50)
e For the negative load current direction:
o O = O +t4/2 (51)
o O = Oy +ta/2 (52) [7]

For both of the current directions, these half cycles can be found by calculating “®’”
as stated in the section “1.2.3.2-The Analysis of Dead-Time Effect in PWM Inverter

” [7].

“Figure 21” and “Figure 22” below show that the levels of the low-order harmonics
at the output voltage waveforms increase linearly with dead time duration [7]. For
example, the calculated 5th harmonic level increases from 1.1% to 5.5% while the

dead time duration increases from 5 to 25 us for the corresponding switching period

[7].
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Figure 21 - Low-order Odd Harmonics vs. The Ratio of The Dead-time Duration to The Switching Period

In “Figure 21” above, the relative amplitude change (with respect to the supply
voltage level) in the fundamental component can be seen with respect to the amounts
of dead-time durations. Therefore, it is interpreted from the same graph that the net
amplitude level of the fundamental component at the output voltage waveform

decreases linearly while the increasing dead time durations [7].

“Figure 21 also shows that the low-order odd harmonic amplitudes vary linearly
with the ratio of the dead-time duration to the switching period “td/Ts” [7].
Therefore, this implies that harmonic levels will not change for the cases of the “td”
and the “Ts” values change as long as their ratio stays the same [7]. Then the odd
low-order harmonic content of the cases of 10us dead time with a switching
frequency of 2 kHz and a dead time of 1us with a switching frequency of 20 kHz will

be same [7].
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Figure 22 - Low-order Even Harmonics vs. The Ratio of the Dead-time Duration to Fundamental Period
for Even Frequency Ratios

The amplitude levels of the even order fundamental frequency harmonics in the
output voltage varies with the ratio of the dead-time duration to the fundamental
period “td/T1” [7]. It can also be deduced that these levels of the even harmonics do

not depend on the switching frequency directly [7].
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Chapter 2

Design of the System

2.1 System Layout

The overall system layout is like the one in “Figure 23” below. As for the hardware,
an H-bridge has been designed for the driver circuitry. However, before the design
was finalized, some alternative designs were tried for this power stage. A detailed
analysis is provided in “Appendix A” and the reasons are given in very same section

why the alternative design was not successful.

PWM_A
Basys 2 PWM_B
FPGA Board GND
| 5V
GND Full-Bridge

Class-D Amplfier

PWM_OUT A
PWM_OUT B asv

Figure 23 - System Layout

As previously mentioned, a BASYS2 FPGA demo board is used for producing PWM
signals. The signals “PWM_A” and “PWM_B” are the complementary PWM signals.
The “PWM_A” is the reference for determining the “duty cycle” value. These signals

are in 3.3V voltage level and are increased to the 5V level with the help of a simple
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inverter IC supplied with 5V. This is necessary for the MOS gate driver ICs’ to be
able to input signals. Driver ICs are also required to increase PWM signals to full-
bridge network supply voltages. For high side transistors to be able to conduct, their
gate voltages should be higher than their source voltages which should be either
ground reference or circuit supply level. The “PWM_OUT_A” and the
“PWM_OUT_B” are the final output voltages of the full-bridge class-D amplifier

outputs’. They should be either ground reference or 45V amplifier supply voltage.

2.2 Driver Circuitry — Full Bridge (H-Bridge)

Class-D type amplifiers are very flexible for different operations; by varying drive
signals, hardware becomes either a DC-DC converter or a DC-AC inverter [5].
Because these drive signals are mostly produced by microprocessors or controllers;
therefore, the operation of the circuitry is a matter of changing of a few lines of the

software without altering the hardware [5].

The design of the processor circuitries and codes are extra tasks which the alternative
design requires none of it. However, it can be interpreted as a pay for overcoming the
troubles which the alternative circuit structure has. This alternative circuit structure is
widely used and its responses are known from the many studies that have been done
on this. Additionally, the structure itself is simple and not as big as the first option’s
Class-A stage. Power transistors are driven as switches by either turning on or off at
their SAT regions, as a result only significant power will be dissipated at the
switching instants [8]. Therefore, this provides high power efficiency greater than
90% for a large output swing in case of a high modulation index [9]. The reason
behind this is the small “SAT” region drain-to-source resistance with respect to the
power transistor’s “Rpg” of the first option which is used in the active region. This
saves designers from using bulky coolers and concern about thermal stability.
Although it seems efficient, an extra electrical energy loss occurs from transistors
switching as mentioned. However, this will not negatively impact high efficiency;

losses are much less than the previous case.
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The digital class-D type amplifiers have also astonishingly linear responses and are
very immune against noise. Moreover, the circuitry has a wide operation band, as
from DC in DC-DC conversion applications and up-to one half of the sampling
frequency when it is used as a DC-AC inverter [8]. While providing these
advantages, the amplifier can be constructed to be compac