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Abstract .0

it ',.-. 1

in detail the

Wava De]ta Modu- :
fation (RWDM) for Uninterriptible Power Supply (UPS) appl)cntlons

dul schemes ly used in

Va:mus types of Delta

wnh a view lecting the

* for UPS apphcahons It .A shown that RWDM posseses many qnmctwe fentures- ! {

. ‘which make it suitable for UPS applicationss simple control, clrcmtry, ease of - &
" control of thefrequenc){‘speclmm of the modulator oufput through the vnnatxon 1
- of modulator ters, . 4 : . sl - a2
An, Lytie 1 model®f the wa.ve deha. odul ( iuj 1 ped d ":t;\ k.

q\ﬁ]ltatwely descnbe :he effect of various madulator pu.mmeters on the modu.*

lator per ‘A nu rical h ba.sed on Dlscrece Founer ’I\mnsform

and harmor 'amlysis

pexfomiance of the‘modulator

The effect -of various nodulator puameters on the smgle phase.delta mudu-
lnted UPS inverter with two commonly used loud filtérs, namely L-C pnd tank 7]

cn-cun ﬁlter, is slud)ed for various typesof lond It is shown that ‘RWDM provides

slgn'ﬁcxmt improved performance in single phase delta modulnlecf UPS mverter ¢ s !
‘It offers improyed voltage utili ritio, d ampl des of low aride: 7 47
hiarmonies-at, the inverter output and hence o sinall S1te} sise.” '
' Analytical expredsio: a.nd 1 odvbltages and currents in the
load ﬁltet are pro\uded The d results are . by ] ¢
<xpetimental results. 4 t 2
N -
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Chapter 1

INTRODUCTION v T

. The inYued numb’er‘of critical loads, syucH as medical instrumentation, process
controllets, monitoring circuits and data procésging systems (computers, commiu- _

" nication systems, protection systems, etc..), requires continuity of energy power
siupply, high quality load voltage, and high rate % vailabilits (high relmbxhty)

" The above tequirements dictate that a source of subply} other than from the local

clectric utility, which is disturbance free is mangatory. This demand has been
met recently by the Uninterruptible Power Supply (UPS).

The UPS system has o provide electric power within precise specifications.
The high rate of availability implies the use of very reliable elements with very
Imle or no maintenance. The totu.l loss of pow:r u{ the utility and the UPS system
shou(d be kept withjp speuﬁed limits, \mmlly one complm cycle based on the
nuhty ‘frequency. Until recently, these requirements were met by the rotary t;
'UPS. ayntcm However, the solid state UPS system has gmned more prominence,

I\icgem static UPS syatems employ various pulse width modulation schemes'

) .
di jon). Several I icliminati hini have been used to

- to impYove the quality of the load voltage (i.e., to provide load voltage with




reduce or eli the lawer order ics ( i thh Lhe dulatio

’
scherne). This has led dn‘ectly to a reduction in the size, weight and mst of the ¢

UPS systent. ‘This thesis investigates the use of the deltu(_mndulntxoh techmgue

_ “tor UPS applications. 2 T

" In this chapter, a reviev of diffrent types of UPS sysuma and various modu-
lnuon techniques often used to controk t.he sw:tchmg inverter is presented, A brief

outline of various types of delta modulators, na.mely lmem‘, sigma, adaptive and

h del!n dul is ng with their main characterxuhcs
E

witha vigw to selecting a suitable delta modulation scheme ror UPS upphcnzkons. .

TFinally, the thesis' ob;ecnves a.nd outline presentcd

(UPS System Sp iﬁcai;iéns 4

The-objective of the UPS system is to ensure contintious fow of a specified quality
of ac power to critical loads when the mam ac power supply malfunctions. There
are two basic methods of producmg thxg ac power; the rotary generator type and
the solid state converter type. The rotafy geneiator type is a complete mini-
geterating station which produces a ‘preciss’ power (uninterruptible) to the load
. wae\’rer‘ The rotary geherntor type can be only economicsl:lly topsidered for )
large power requnremencs. The syswm suffers from high noise levels bccause of its
mechanically rotmng _parts, and the need for large installation spncc Thc solid
state convester type, on the other hand, is compact, generates less acoustic noise

andhenceldea.llysuxtedformedlcal bmmunication and

This work i i he suitability of delta modulati hni for solid state
- v ;
uninterruptible gower supply. Thus, the study of the performance of the rotary

e . e




o

generator type is not discussed in this work.
The perf h

other static ac pawer supplies such as variable speed ac drives, are the ‘clean’ and

that distinguish solid state UPS systems from

well regulated ac output power. To, achieve these performance characteristics, the

| UPS system should meet,_the following specifications [1,2,3]:

1. The amplitude of the load voltage should be kept constant irrespective of the o
o ) _variations in the dc supply voltage level (within +10% ﬁ the load chsmges . o
" (magnitude or power. factor). Fluctuation of thie critical load voltage could

\ . o result in permu.nent damage to the load cqulpment
v 2 The ﬁ-equency of lhe tead vo]tuge shotild be kept ccnstml Th)s condition -

is essenha.l for cnhca.l loads with an ac-de adaptor ‘The load adaptor is

usually provided with a dc filter whose mmponents are optimally chosen

to minimize its size for nominal supply frequency and amplitude. When

the supply frequency deviates from its nomirial value, the load filter compo-

nents become ineffective in producing a well regulated and ‘clean’ dc output

i voltage. This could lead to a system failure.
_ o
3. High quality of the lopd voltage, i.e., the total harmonic distortion of the
load voltage (THD) shoiild be less than § %. The concept of high quality of
. the load voltage expresses the reldtive harmonic content in the load voltage Lt

and a stable output voltage independent of the pollution on the utility

- network. : .

4. The UPS system should have fast transient response. Systems with slug- *

. ‘
gish response to either load changes or supply variations could result in




o

o

. the fundamental com\ponenl of the inverter output voltage.
: : , °

deteriorating the load perfc or malfunctioning of the critical load,

by

. Yhe system should have high avilebility and reliability. Typically, the

ma:imum permissible duration of total loss of lon‘d voltage for ‘cnr‘nputer
applications is 16 ms, after which inss/of mexz{ory of data takes place. "The
system batteties should have sufficient-ampere-hour rating to maintain the
UPS output for a specified time (ususlly 30 min,) to-allow for data’ suvmg

and | proper shut down procedures of the computer system.

. The inverter output ﬁher should provide the least possible attenuation for ;

. The above specificatiops have been met in the solid state UPS system through

|

. improvements in system topology and modulation techniques.

1.2 UPS' System Configurations. “ #

-

. Smc,e its ‘introduction in 1965, the solid state UPS system has undergone several

~ topolcgmal evolution. Presently, solid sme unmt.etmpcxhle power supplies can be

categorized into five main conﬁgurntmns, namelyA

~ .

The voltage-fed UPS configuration.
7o .
The Gurrent-fed UPS configuration.
The high frequency link UPS configuration.
The triport UPS configuration.

The hybrid UPS system




r ‘ B
1.2.1 The Voltage-Fed UPS Configuration [4,5,6] o

Figure L 1a shows the block diagram of the voltagefed for the conventional) UPS
system. It consists of a controlleddyridge rectifier, a low pass input filter, a battery
bank,  switching nvertes, an slation transformer,  low pass output fler and
a static bypass switch. / w s 8
The function of the controlled Bridge sectifies is to  conveit the/ ac supply - N
voltage into dc voltage at different levels, The level of the d voltage af the output
of the controlled bridge fectifieris controlled using conventional coftrol schemes
such as phase angle control [4]. The output of the bridge rectifier is smodthed out
ueing the input filter. The de voltage atthe output of the input fltggpchatges s~
barik of batteFies'as well as feeds the switching inverter. The battery bank is kept
floating and is used when the ac line malfunctions. During ac line power falire;
the battery bank feeds the load through the switching inverter. When the utiftty
line recovers, the controlled bridge rectifier recharges the batteries‘and sapplies 0
the loid through the switching inverter. TheWwitching invérter converts the de
. voltage into ac using a conventional pulse width modulation scheie (PWM):
Although the pulse width modulated inverter output waveform contains switch-

ing ics, its fund is the same as the supply frequency. The ’

switching harmonics are filtered out bythe load filter to produce a load voltage
whose harronic content is within the THD specification.

Tn the event of & UPS system failure, the load is fed directly from the utility
line through the static bypass switch. Supplying the load directly from the utility
lifie is meant only for emergency cases and is not recommended for long duration

of load operation. . g : 5
! i




From the principle of operation of the conventional UPS systers, it can be seen
that. the UPS system interfaces the critcal lond with Me utility power supply.

ﬂ}ga featurg has the advmtuge of protecting the load {my events (such as
voltage and fre X fl 1

take place in the

b e
ucility network. In other words, in" 1 opgration’, the load is disturt

<6l 7

free

Oneof the drawbacks of the voltage-fed UPS system is that, the system output
voltagt; is p‘rone f.o havé a de com'ponent due to the rip‘ple on the dc link voltage
[7). Significant level of the dc compcnene at the mvemr output could result X
in saturating the load transforer. This drawback can be ﬁrcome byuings O °

relatxvely large flter at the inverter input. .

& 1.2. 2 The Current-Fed UPS Conﬁguratmn iy

Pl 115 shows the current-fed UPS systern. It consists of & connrolled bridge ¢
seskifier, ¥16v pass inphY Altes 5 bastery bl s do chioppes, o oot hig Femctor,
a current source inverter, a load filter, an isolation transformer and static bypass
switch, "
The main feature of the controlled bridge rectifier and the input filter is the
same as that for the voltage-fed UPS system. The current source reactor (CSR)
.

converts the voltage source into'a current source, while the dc chopper allows

control of the current level to ensure constant output voltage irrespective of the 2
load or supply changes. ) f‘"’ N\

The function of the current source-inverter is to convert-the input dc current .

into an ac current. Since the load filter is fed from a train of current pulses,
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Figure 1.1: UPS system configurations: (a) Voltage-Fed UPS systein (b) B
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its input component i to be capecitive. The fltr input capacitor fedices the
voltage spikes associated with the current sourcé inverter switching arid hence the
stresses on the switching devices [7].v. . o X

Since the current source reactor converts the dc link voltage into a current
source, the current-fed UPS system is immune to dc components in its output
voltage. However, it requires an extra power conversion stage (the CSR and ™~
the de chopper), to create a regulated curent sourge. The systemn efficiency is
therefore reduced and its response is expected to be slower than its voltagefed

UPS system counterpart.
e .

1.2.3 The High Frequency Link UPS Conﬂguratiot'x'[ﬂ]

o . -
Figure 1:2a shows the block diagram of the high frequency link UPS system. It

consists of a controlled bridge rectifier, a low pass input filter, a dc battery bank,

& high frequency inverter, an isolation transformer, a cycloconverter, a low pass

outpit filter and a static bypass switch. ‘ N

The Functions of#k bridge rectifier, the low pass input filter and the battery
bank are the same as those described for the previous UPS systems.

The output of the high frequency inverter is a pulse-width-modulated ac volt-+
age switched ot a very high frequency. A sinusoidal output voltage of the UPS-

system ‘whose frequency is the same as the supply frequericy is synthesized from

the inverter output voltage using a cyclo ter. The undesired ics at
the cycl ter output are supg d by the low pass filter at the load termi-
nals.

The high frequency UPS scheme offers several improved performance fea-

-




tares over the voltage-fed and the current-fed UPSsystems. Since the inverter
s witetiad At VeryThigh Sregieney; Wesipaotikie twolation transforeand
the output filter are significantly reduced. Moreover, The level of audible noise
produced by the isolation transformer is also reduced especially if the inverter is-
switched at frequencies higher than 20 KHz, However, these desirable features are
achieved at the expense of increased number of switching devices, complex control
cireuitry and hence, a reduction in thé system reliability. A major problem with

the system is the ion of the cycl which is load d dent and

. S
is not effective under all load ¢onditions(8].
- Lt ‘ P
1.24 The Triport UPS Configuration (2,9}

«Figure 1.2b shows the block diagram of the triport system.iIn this scheme, the

load is constantly supplied by the commecial ac line througlj a voltage regulator.

-

“The voltage is mormally a with two pt:ima:y windings: one
winding is fed by the ac line while the other is fed'b; the inverter. The output
transformer regulates the ac line voltage while the inverter is in a hot standby
condition. When the ac line fails, the inverter provides the critical load with the
required power. e versions, the inverter is in OFF standby condition. This
design is justified since the energy stored in’ the transformer core will supply the

load until the inverter is brought on-line [2]

As.opposed to the converitiorfal UPS system, the triport configuration does

.

not buffer the load from the utility network ients. The output

is also larger because of the multiple primary windings. Furthermore, an addi-
# N N . G

tional voltage regulation at the secondary of the output transformer is required
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to maintain a constant supply voltage to the 1o¢ad [9). .
1.2.5 The Hybrid UPS Configuration [10] - P

The hybrid UPS system comprises of both static and rotary type UPS configura:
tions. Figure 1.3 shows the black diagram of the hybrid UPS'system. It cansists,
of & synchronous motor-generator set, a static UPS system, and a bypass switch.
" Under normal operating conditions, the critical load is supplied by the utility’
supply through'the motor- generator set via a static swiich. The utility supplies
the major part of the-load (normally 95 %). The conventional UPS system is
connected in parallel with' the static switch and feeds the critical load through
the motor-generator set wih the rest of the load power (5 9%). Such power flow
arrangement is justified because it ensures that the static inverter path remains
operational and rend‘y-to deliver full power-instantaneously when needed.

I the utility supply deviates from its specified limits for a certain duration of
time (normally 20 ms), the static switch of the motor-generator set is switched
OFF and full lond power s supplied by the de batteries through the staticinverter.
When the utility supply regains its normal conditions, the power arrangement of
the power flow reverts to its normal operation. In the event of failure in the static
inverter and motoX generator set, the critical load is supplied directly by the
“ubRity line through the bypass switch. In some cases, the system bypass switch
is chosen to be a non-static switch. This prevents the critical load from. béing
subjecied to high voltage transients that can pass through a static switch.

“The hybrid jon offers high reliability and effici However, the

Ny . A .
system requires complex control circuitry.” For example, to adjust the level ‘of

v
. .
—D
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power flow in the system buses, a special synchronization circuit is reqpired.

Moreover, it is very expensive and can only be cconomically considered for large |

. r
loads. The system size is large and its noise level is higher than the conventional

s .
static UPS system. .

2.6~ “Stand-by and On-line UPS Systems
\ s

The configurations described above may be further classified as.stand-by and on-
line UPS systems. ‘In the stand-by system, of which the triport configuration is

an example, the load is supplied by the raw ac line and the UPS inverter may

be either working in an idle or OFF condition: When the loss of the utility line |

voltage is detected, the inverter xs brought on-line via a transfer switch. -The

- stand-by system isa redundant system, and hence it provldes ‘higher reliability
and efficiency. However, it requires & finite time for the stand- by equipment to
be brought. on-line to supply the cnt:cul load.

On-line systems, such as the conventional UPS system, the current- fed UP$

—_—

and the high frequency link UPS, provide the load with ‘clean’ and well regulated

ac power. The load is constantly supplied by the utility through the UPS-system.

In other words the UPS system interfaces the ac line voltage to the critical load

and when the ac input is lost, the battery bank provides the dc voltage which s

converted to ac by the inverter. On-line systems have the advanta e of protectin,
ge ol pi g

the load frori utility d:sturba.nces itt normal operation [6)].

«
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1.3 Control Schemes for Uninterruptible Power
Supplies <
The evolution in UPS system configurations has resulted in_improved system

y and p in the system 1 in

However, i
- terms of the system providing constant load voltage and frequency, high quality
: of load voltage, fast transient response and reduced component size hns been

X, achieved through various modulation schemes for the inverter of the UPS system.

In this sc:hon, a review of various pulse “width modqlnuon schemes, often used
X concmllmg the mverter switching devices is presented.

Pulse width modulation (PWM) is a,procéss by whmh a smuaoldbl waveform

3\d negative pulses with their widths

\ carf'be synibesized from s brein of Po

varying ding to a certain

The purpose of using mod- "
a ¢ .

ulation technique for UPS system is-to control th\amplitude of the load voltage
and minimize the low order harmonic(contents of the oytput voltage.

e ea:liesl. PWM technique #@bplied to UPS systel s is the single PWM

schbme [3]. This technique is capable of logd volthgd variations and minimization
‘few selected harmonics+in the Tnverter output, However, significant improve-
t ve i

ment in UPS systemsperformance and quality of load voIl;xg'e have been achieved
through the use of one of the&ahn\%g: schemes: ]
o The sine pulse width modulation. . !

o The harmonic elimination technique.

(SPWM) is a very popular scheme for both

1 pulse width 1

,‘ . 7 adjustable speed ac drives and UPS systems [3} The nianner of generating the




ha N 15

switching points depends on the method of implementation of the modulation
technique and may be classified as natural and iniform sampling techniques.

Figure 1.4a shows the general principle of the naturally sampled SPWM where

a triangular carrier wave is d withi a ref dulating signal, and
the natural points of i ion determine the points for the inverter

switching devicagg, The distribution of the undesired karmonics depends on the
frequency ratio of the carrier signal and the reference (modulating) signal. The

higher the frequency ratio, the greater the ‘gap’ between the fundamental compo-

nent and the dominant h ics, i.c., the dominant h ics occur at higher
b F y i 4
frequencies: ¥ « = ~

The uniform sampling méthod is b;;.sed on the sample and hold principle. Fig-
ure 1.4b shows the principle of operation of the uniform sampling technique. The
} sine modulating signal is replaced by an equivalent stepped signal. This tech-

nique is’popular in mi impl jon, since ing a real time

reference modulating sine wave is a time consuming process for the microproces-

sor. The ufiiform sampling techriique has the advantagé of prod

pulses about the trouéh of the carriér.wave. Thus no sub-harmonics exist in the
frequency spectrum of ‘the invefter. output voltage [11].

have been successfully impl in UPS

* The sbove
o
applications (12,13]. Although these techniques attenuate the low order harmon-
ics. and result in relatively small filter sizes, they ‘suffer from complex control

circuitry and moderate utilization of the dc supply voltage level.

In the harmonjc eliminati hni the switching instants of the pulses

which result in the elimination of selected order of harmonigs are determined in
‘.
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Figure 1.4: Sinusoidal Pulse Width Modulation (SPWM) (a) Natural samplmg
* (b) Uniform sampling .
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lized h of eliminating a fixed number of harmonics was

advance. A
developed by Patel, et al [14].

: ‘ﬂ; determine the switching instants of the inverter output pulses, elegant
numerical techniques are used to solye the non-linear equations which describe
these switching instants. Therefore the scheme‘has the disadvantage of being
computation- intensive. As opposed to the natural sampling technique, it requires
off-line calculations. = ~A

It is therefore proposed to investigate the use of delta modulation (DM) tech-

hique a4 & ineans of ring the disadvantag ated with the sine pite
width modulation scheme and the harmonic elimination technique. @

DM technique fas been extensively used in digital communication netrvorks
[15). Rece‘ntly, the DM technique has been used'in power electronics applica-
tions and it has become an established alternative to sine PWM for producing

a sinusoidal output {16,17,18]. Its aftractive feature in UPS application is tf#)

provision of a modulation process, which bines the modulation technique and

the harmonic elimination technique'in a simple circuit implementation.

“1.4 The Delta Modﬁlation Technique

In many of the information signals, e.g., speech and TV signals, a significant
correlation exists between successive samples at the Nyquist rate. Therefore, it
is;advanbageous to encods: the sighel desivatives rathier tha the signal itself and -
reconstrict it again through a simple integrator circuit. Differential pulse code
modulation (DPCM) is one of the methods which encodes the informatior signals
into digital format (19). i ’

.
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is one of the simplest known methods for convegging analog signal into digital’

Delta modulators are simple forms of differential pulse code modulation. It

format and may be grouped into the following categories

v

@ The linear delta modulator. (LDM)

o The sigma-delta modulator. (£ — AM)

¢ The adaptive delta modulator,
o The asynchronous delta modulator. (ASDM)

1.4.1 The Linear Delta Modulator

Figure 1.5a shows the block diagram of the linear delta modulator (LDM). It
consists of a comparator, quantizer, sampler in the feed-forward pavth and an in-
tegrator in-the feedback path. The input analog signal va(t) is compared with the
feedback signﬁ .f:('t) to generate the error signal e(t). The output of the quantizer
is régularly sampled at the lock frequency f., to produce an output waveform
‘which is a binary encoding of the reference signal. This closed arrangement en-
sures that the integrator output Iracks the input signal faithfully (20]. ’

The performance of the basic LDM is strongly coupled with the inplt signal
frequency. When the input signal frequency exceeds the clock frequency, the

modulator loses its encoding ability and runs into what is known as slope overload

ditions: When the modulator is overloaded, its binary output is no longer-
an accurate encoding of the reference analog signal. Under such condition, the

f pectrum. of the modulator output

will contain low order

1 ics with high litudes. From UPS application viewpoint, the low order

(ADM) v S
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harmonics with high amplitude would require large load filter to suppress the

undesired harmonics and produce a ‘clean’ load voltage.

1.4.2 The Sigma-Delta Modulator

In the Sigma-Delta modulator (£ — A M), shown in Fig. 1.5b, the integrator

" in the feedback path of Fig. 1.5a, is placed in the feed-forward path after the
egror pomt The modulator output is compared with the input signal fo produce
the error signal e(t) which is quantized and sampled at the’ clock frequency A
sumple and hold circuit 1s used to synthesize the feedback signal v.(t). The mod:
ulator ehmmaz’bs the strongly coupled relamonshnp between the reference signal
frequency and the limit at which slope .overl(g condition takes place, and is
therefore, able to encode mput}xgnals at high frequencies (21].

Since the reference signal fr€quency in UPS applications is fixed and it is

normally equal to the supply fr suchi d perfe nce of the S—AM

*is of no significance in UPS applications.
1.4.3 The,Adaptive Delta Modulator

The linear delta modulator has  serious limitation when encoding signals having
a large dynamic range. To extend the dynamic range of linear delta modula-
tors, adaptive delta modulator (ADM) is introduced [22]. Figure 1.6a shows the
blofk diagram of conti ADM. In this technique, the DM system is forced to

adaptively respond to che rapld changes in the faput signal by changing the step.
size of v(t). The step size is concrolled by the control signal obtained form ‘the
contintious détivative of the input slgmﬂ 15 UPS applications, such modulator

feature is of no importance because the modulator reference signal is a sine wave
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at a frequency equal to the supply frequency. Although adaptive delta modu-
lator overcomes the problem of encoding rapidly changing signals, its complex
circuitry demolishes one of the mail features of the’DM family, which i‘s simple
circisit implementation. The modulator complex circuitry degrades the system

reliability. *
1.4.4 The Asynchronous ﬁelta Modulator ,

Figure 1.6b shuw%one type of the asynchmnous delta modulator (ASDM) called

the ectanguler wave:delis modilator (RWDM). "l his system, the information

~“signal vp(t) is encoded into binary ulses wnh varying widths and”quantized.

amplitudes. Thus, the output of the asynchronous delta modulation system is
quantized only il amplitude but not in time, and no sampling is required [20],
ous o free ryfnig delta modulator system. Asa resdl i

the RWDM has & fast re: ansq%nd best suited for analog implementation.

hence, the name asy:

From the above discusgion, it can be seen that rectangulgr wave ‘delta mod-

ulatlon is very suitebls f;:.powe{ Electronics apphoalmns ‘because of its simple

and fast response to any changes in the reference signal.

In addition, its output waveform is a binafy-output of the pulse width modul3

type [23]. . .

1.5 Objectiyes and Outline of the Thesis

‘Rectangular wave delta has been su: ully impl d in ad-

justable spc e drives [24]. To the best of the suthor's knowledge, no thorough

analysis of the lication of lar wave delta to uninterrupt-

o
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ible power supply applications, has been reported in the literature. The objective
of this thesis is, therefore, to examine the application of rectangular wave delta
raodulator to the single phase version of the conveptional UPS system.

Chapter 2 focuses on the basic characteristics of rectangular wave delta mod-

ulation techni for UPS licati An lytical model of the dul: is'f
derived and used to qualitatively describe the modul. perfc A quan-
titative analysis of the 1 from UPS application viewpoint,

and curves describing the effectiof various modulator parameters on the modula-

tor p d. Experimental vesification of the predicted results”
is also provided. \

'Chapter 3 discusses the performance of the single phase UPS delta modulated
inverter with resistive load for two frequently Gsed switching schemes. The effect,
of various modulator parametes on the invertén output-frequency spectrum is

i E ; 1 verifi aHd 1

of the inverter

output frequency spectrum are also provided.
Chnpter 4is devoted to the analysis of a single phase delta modulated UPS i in-
verter with L-C a.nd tank circuit filters.” Filter transfer cha\‘actenstlcs are derwed

and used to examine the system performance with various types of loads. Curves

describing the total h ic di ion (THD) of the load voltage and the filter

and i verii ion of

ratings are also provided. Comiputer si
the voltages and currents at various nodes of the filter with lagging power factor
Toadsare rovided] ’

Chapter 5 ofitlines a general procedure for designing a single phase délta
modilated UPS inverter. Various issues involved in the selection of the system
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parametres are presented along with a design example for R-L load to illustrate
the general design procediure. i

Finally, in ciinpta 6, a summary of the thesis highlighting the contribution of
the research and suggestions for further work are outlined.




Chapter 2«

CHARACTERISTICS OF THE .
RWDM FOR UPS
APPLICATIONS

This chapter focuses on the analysis and performance of the rectangular wave
delta modulation (RWDM) from UPS applications viewpoint.' At the outset, the
principle of operation of the modulator and its circuit implementation are briefly

lained. An analytical equation g ing the switchi of the mod-

ulator is developed and employed to provide an insight into the operation of the
modulator. A methodology based on the use of the Disprete Fourier Transform
(DFT) technique and the switching instants of the modulator digital output is

used for evaluating the modulator fi The analytical model is *

used to evaluate the frequency spectrum of the RWDM and to obtain characteris-

tic curves describing the modul f Finally, predicted results along

with their experimental verification are
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2.1 Principle of Operation of the Rectangular
Wave Delta'Modulation .

- .
The rectangular wave delta moduhtor is one of\the simplest known methods o{

cunvert)ng an analog signal into a digital format. Figure 2.1 shows the block dise

gram of the RWDM techni .It consists of a ah
in the feed- forward-path and an integrator or a low pass filter in the feedback
path. ® s

The principle of operation of the modulnitor can be described as follows.:

reference signal vg(t) is compared withea feedbuk signal or the carrier wave dg(t), :

btained by i ing the modul outpub signal), to produce the error signal
e(t). According to the sign and predetermined magnitude of e(z) the output of
the modulator has two possible levels £V, whlle, the hmevdurnhon between two
successive levels is determingd-by the slope of the reference signal. Referring to
Fig. 2.1a, and assuming thaﬁk modulator outp: + V., i,/e,, Vino = +V,, this
oufput is integrated by the integrator in the feedback path to pr;)duce a si;nu.l

which ramps up with & slope equal to the integrator gain. When th itud

of the,integrator output exceeds the magnitude of the reference signal by a preset

- value AV ( defined by the is bandwidth), the mqdulator output switches,
to =V;. Consequéntly, the integrator output ramips down with the same slope ill
the error signal e(t) teaches the preset value + AV (the upper hysteresis limit)

when the modulator output switches to + V,.

The modulator output can be d ns

vmo(t) = Visgnle(t)] \ T(21)

C D
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s

. e = wt) e Y (22)
¢ . » “

;. where i}mo(t.) is the modulator output waveform.

V,  isthe ion level of the k

vp(t) s the reference signal.
v(t) s the carrier signal,

sgn  is the sign function.

Figure 2.1b shiows the wave[orms at various nodes in the modulator block diagram.

Itrcan be seen that the feedhack signal tracks the reference signal within the upper “

and lower boundary levels AV, From the modulator” operatmg pnncxplea it

observed that when the modulator digital output is. decoded by the_ integrator
in the feedback path, a replica v,(t) of the reference signal is produced (within
allowable tolerarice). The more flthful the feedback signal-tracks the reference’

signal the more accurate is the encoding process of the analog reference signal

. into a digital one. Since recovering the reference signal (or a close replica ) is

done by a simple integration process, it can be concluded that the rectangulas

wave delta modulator encodes the derivative of the refe signal,
-
Two serious limitations inherent in DM systems, when encoding an analog

signal into digital format, are known in the literature gs [10]:
o The idle channel condition.
o The slope overload condition., ’ it

Idle channel condition Gccurs when the RWDM is required to encode de signals,
Idle channel condition does not usually exist in RWDM for iJPS applications,

pd
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since the input signal at the modulator is a sine wave at the utility frequency.
Hence, idle channél condition is not discussed in this work. i

Slope overload condition takes place when the rate of change of the reference
signal is faster than that ofthe carrier wave. The latter fails to track the former
fuithfully and the encoding proges is no longer an accurate one. For rapidly
\changing signals, dope overload condition can take place in somie intervals of the
signal where th&Tate of change of the signal is faster than the slope of thécarrier
wave. When the slope of the reference signal is greater than that of the carrier
wave over the whole cycle, what is referred to as“square wave mode of ugeraﬁon"'
results. In this mode; the modultor output is a square wave with a frequency

equal to the refe signal fi

Under this dition, signifi errors
are introduced in the encoding process. To avoid slope’ overload condition, the
maximum slope of the reference signal should be less than or equal to the slope
ofthe Sarries weve. '

Por a reference sine wave at the modulator input expressed as
on= Vasinwt ) g ©(23)
T T T
(Sthmas =6V e
The slope of the carrier wave, S, is defined as
(2.5)

where' 7 “is the integrator tjme constant.
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To'avoid slope overload condition,
' \

(Swmas <S. - (28)

or : 5
whr < % 27
Equation 2.7 shows thlnt lope overl d can be avoided if small values of inlegratérr
time constant &re used. Moreover, in UPS applications where the frequency of the

referencé signal is fixed but its amplitude is used for output voltage regulation,
* slope overvlon‘cc/mxdition Gan be preyented by using higher hysteresis compa.rutol:v
switching levgls V; or small values of the reference sighal amplitude. These voltage

levels are circuit and devices dependent. )

2.2 The Practical Rectaﬁgular Wave Delta Mod-
ulator ‘

N

The rectangular wave delta modulajor may be practically implemented using
\

-either an analog or digital scheme. A brief discussion of the principle of operation

along with the maip features of each schdme is presented in this section.
2.21 Analog Implementation of the DM

There are two types of analog RWDM, namely the single stage and the multistoge
RWDM. . ~ '

Figure 2.2a shows one of the methods for realizing the single stage RWDM. In_

this circuit, three O, jonal lifiers are used. A, functionsas a hard limiter.

Azisan i with ti tant determined by the R-C ination. Ay
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Figure 2.2: Circuit realization of RWDM : (a) Three Operational amplifiers cir-
cuit (hard limiter ) (b) Two OperationaBamplifiers cireuit (b T
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functions as & summing point in which-AV is added to the carrier wave.” The

magnitude of AV is determined by : ~
’ | A %V, ; (28
where | Ry, Ry are resistu.nce values.
The cnrcmt of figure 2. Za can be simplified by combining the functions d
Jby Ay und A;, F:gure 2.2b shows the mmphﬂed circuit in which A, functions as
a hysteresis comparator ., w B z
A block diagram ill ing the multist: gular wave delta ;noduln’-

tor (MSRWDM) for power electronics applications is shown in figure 23a (28]
A practical implementation of the scheme is shown in Fig. .2.3b, The scheme
consists of two delta modulated stages , in which the ;nodulazl)r carrier wave of
the first stage is filtered by a 15{, pass-flter ‘and followed by ' second-DM stage
which produces a filjered qul:lated wave with reduced harmonics. It has been

shown by Rahman et al... [25] that multistage RWDM has improved harmonic *

spectrum and the ability to suppress certain undesired harmonics. Thus, with the -

proper choice of the filter components, the MSRWDM scherne allows harmanic

dlimination technique to be incorporated in the modulatién scherte.

The Multistage delta modulator requires additional circuitry which.compli-+

cates the simple circuit impl ion of the DM techni Besides,

circuit components have the impact of degrading the system reliability which is
one of the most essential speciﬁca‘ in UPS systems. Furthermore, in UPS ap-

plicatibns where feedback control of the reference signal is employed to maintain

a constant load voltage, the multistage systém could result in a slow ‘dynamic

* response.
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2.2.2 Digital Implementation of the RWDM

Figure 2.4 shows the block diagram of the digital implementation of the rectangu-
lar wave delta modulation(26]. It consists of two main parts, the microprocessor
part and the inverter part. The microprocessor part consists of the CPU with as-

sociated ries, A/D and D/A

The output of the mictoprocessor _

part is processed by the logw circuit to provide appropriate sngna.ls to control the'

sw:tchmg devices in the inverter &ircuit.

“Th stehi

thé regular sampli
and the look-up tables have been proposed for the digital implementation of the |
RWDM. The x

ral and-regalar sampling schemeg were found iwsuitable for

real time o 1 of I ‘37 delta modul

because of the time constraints of the sampling and the A/D, D/A conversions

(26, . . e
In the lgok-up table method, the memory required to store the DM waveform

this disad the delta dulated

switching instants is large. To

hi leul

instants are

d at particular values of modulator parameters

and stored in the look-up table. This method has the advantage of eliminating the

“ analog to digital converter stage. The main disadvantage of the look-up tables

method is that it does not allow the

of delta modulated switching
signalsfor cofitinuous values of the amplitude of the reference signal,

Althoug,h thie digital RWDM has improved noise immunity, it is'complex and
costly In addition, .zﬁynamc response is slower than that of the smgle stage .
analog scheme.

; L v
" In this thesis, the single stage analog RWDM is used to investigate the per-




Figure2.4: Block diagram of the digital impl ion of the R lar Wave
Delta Modulation [26]
i
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of the delta i hni for UPS

2.3 Analytical Model of the RWDM

The rectangular wave delta modulation, though conceptually simple, ia diffifult

to analyze. The presgnce of the non-linear hysteresis comparator and the builtin

cartier waveform make it difficult to obtain closed form equations for describing,

the modulator performance. L b

Inthis section, analytical procedures for obtaining qualitative and has
of the modulator are 1. Initially, equations which defugibe the
itehi uency of the modulator are dérived. These equations are employed
to qualitatively describe the peri: of the modulator. A icalupproach
" based on the determination of the switching irstants of the modulator output, aad
the use of the DFT technique is then employed to obtain cb istic curves,
and the frequency spectrum of the modul output. In particular, the ical

approach is used to investigate the effect of various modulator parameters ‘on the

per ce of the-moduta ‘f\rom UPS appli poi

2.3.1 Simplifying Assumptions

Upon examining the principle of operation of the n.m.log\RWDM, it can be seen
that the modulator is not strictly periodic. Although, the carrier wave initially
starts at the zero crossing point at the same time as the reference signal, there is no
guarantee that the carrier wave will pass through the same point on the completion

of a full cycle of the reference signal. Hence, it can be seen that the refercncc sxgnn[

and the carrier waveform are not strictly sy ized. In some applicd for
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I
example, three phase inverters, it is essential to have a strictly periodic waveform

output, otherwise the output will not be bal d. To

at the
synchronize the carrier wave with the réference signal, the carrier wave amplitude

can be reset to zero at each zero crossing o the reference signal. This s practically

achieved by discharging the capacitor (in the i circuit) through a small
resistance at each zero érossing of the reference signal. However, if the carrier
wave frequency is made very high compared to the reference signal frequency, the
effect of the drift between the modulator output and the reference signal on the

N
three phase output voltpge is reduced. Alternately, synchronism can be achieved ,

by using a phase locked loop as a freq to produce

pulses from the reference signal [27).
The following assumptions are made to simplify the analytical model devel-

oped for the réctangular delta modulator: .
-

1. The modulator switching frequency is assumed to be high so that a small

portiori of the reference signal can be approximated by a straight line during

one switching.cycle of the modulator.
2. The circuit components of the rectangular wave delta modulator are ideal.
2.3.2 Determination of the Modulator Switching F‘A:equency

Figl{re 2.5 shows a small portion of the reference signal vn(tf and the carrier
waveform u(t) (201, ; :

During the positive output pulse, the slope of the reference signal is given by

- R ‘ 5
Shlas = T ' (2.9)




Figure 2.5: Graphical illustration of the RWDM for developing the analytical
model : .
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where  Splap is the slope of the reference signal between points A and
B.
R is the vertical distance between poinu A and B. .
T,  isthe time duration of the positive pulse of the modsi-
5 lator output.
The slope of the carrier wave S, is obtained as
R+2AV
5 (2.10)
Substituting the value of R from equation 2.9 into 2.10 gives
' ZAV
% Se = Srlap + —— " (2.11)
g \
and T g
‘ Y Tym e 212
*=S—Saa | @13

Equanon 2.12 shows that when the slope of the refexen& signal approaches that
of the carrier wave, the oulpu! of the positive pnlse reachea lts maximum value
and the modulator operates in the square mode of o operation.

Similarly, during the negative output pulse, the slope of the reference signal is"

given as )
Y .
Srlsc = i Lfe.m)
where  Sglpc is the slope of the reference signal between points B and *
Y s the vertical distance between points B and C. )
T_. - is the time duration of the negative pulse of the modu-

lator output

and

= Y =-S.T. +2AV (2.14)



40
substisuting the value of Y from equation 2.14 into equation 2.13 gives
=S.T. +2AV
- Splge = =251 20F (2.15)
’ /md . =
280
—sc+siﬂnp . (2.16)
The duration between two successive positive and negativé pulfes is given by
T=T, +T £ (217)
and from equations 2.12 and 2.16
) 28V 24V :
& . T = o1 tg—a7 " . 2.18]
—Salis V54 Sase v - v 8
_aavs,
R . @w

Equation 2.19 is obtained assuming that the slope of the reference slgnnl does not
change dunng the interval T, hence

Srlas = Salsc = salt) (2.20)
where  sp(t)  is the slope of the reference signal between points A and
C.

The frequency of the carrier wave V. is obtained from equation 2.19 as L4

f(t) = %= N (82 — sa(t)?) e (221)
or
. : 10 = o=y L e

) For a reference sine wave signal, the instantancous slope of the signal is giveri by

sp(t) = Vaw coswt o (2.23)
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)
Hence, the carrier frequency can be expressed as .-
f(t)= m—V(l L Kco! wt) T (224)
where :
K =("'sﬁ)’ (2.25) —

Equation 2.25 shows the following:

1. The frequency of the carrier wave reaches its maximum value, and hence

" minimum output pulse width'duration at «

' ) _onr
wt = 7 -
where n = 1,3,
The {m fi of the modulator is obtained from equation 2.24 -
= ]
S =
Free= 25" (2:26) .

2. The frequency of the carrier wave has its minimum value, and hence maxi- -

mum output pulse width duration at

wt = —

o where n = 2,4,6,...

and its value is equal to

an o
Foin = 4AV(1 = ( ) (2.27)
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The switchi of the modulator varies ifversely with the hystere-

sis bandwidth AV Thus, fairly small hysteresis bandwldth generally resulta

in high switchi ies, with i }nthosses in the inverter of
the power circuit. Conversely, a fairly large AV results in a lower switch- -
ing frequency. However, allowing the carrier wave to tratk the reference
signal with a/ély la.r.ge hysteresis bmdwidti: results in errors in the en-
coding process and hence an output voltage with hiigh harmonic distortion.

Hence, it ean be seen that.there is a. tmde off bef.ween mverter loss:ﬂ and

the harmonic distottion of the output voltage. . **

il

. ", 4, The modul itching f 1cy increases witl i sing values of the 4

slope of the carrier wave.

The modul itching f d with increasing either the am-

plitude or the frequency of the reference signal. However, increasing the

amplitude or the frequency of the reference signal beyond certain critical

values d ined by the of the modulator results in slope over-

load condition (equation 2.7). °

"The modulator provides an output waveform with an inherent minimum

pulse width which ds to o maxi itching frequency. This

gives the RWDM an advantage over Sine Pulse Width Modulation (sPW)

in which special efforts have to be made to provide minimum pulse wndth of

the modulated if si duction of the power switches

is to be avoided.
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2.3.3 Determination of Modulator Average Switching Fre-
quency

The average switching frequency of the RWDM is obfained by averaging the in-

hing f of the modulator over b full cycle of the reference
signal. The average switching frequency is therefore given by:
: . y
1 o7 S? - sh(d) -
= — 2.2
Fay = 5 / i Duet) i (2.28)
= 2 _, 292
& -r, - smvs / (s? wVRcos wt)d(wt) . ew
where Fi,, _is the average switching ft of the modula
Heice,
F. 23
Since
: 5
Fos =357 (2.31)
Equation 2.30 may be rewritten as .
& . WVR b
4 o R
I LN @23)

Equation 2.32 gives the average frequency nf tl{/a.mer .wave, and hence the

average

with a sine wave at the modulator input.

In general, the average switching freq determines the dominant b

order of the modulator output frequency spectrum. The équacion also shows that

the order of the domi h ic of the mpdul tor output can be

..,.by the b is bandwidth and the slope of the carrier
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average switching fre of the modul Thus equation 2.32 also shows
that the system efficiency can be ized by selecting iate values of the

modulator parameters

2.4 Evaluation of the Frequency Specttum of"

the RWDM *
For inverter applications, the knowledge of the frequer ctrum of th output
" is an essential per measure of the mverter perfaﬁnun More-
over, controlling the position of the domi ) ics of the modul oljtput

waveform aids in optimizing the inverter output iter "design.
In ll:us{echon a numerical procedure based on the use of numerical method

to determine the switching instants of the médulator output and the use of Dis-

crete Fourier Ty f (DFT) techni to obtain the spectrunt of
the modulator output is described. . )

24,1 Determination of the Switching Insta_nté of fixe RWDM

Ts itatively examine the perf of the modulator output ,a

numerical approach which enables the switching instants of the modii

(ator output
P devel J

to be d ined, is d
] %

A4 shown earlier, the modulator output waveform is non periodic, and hence

the use of Fourier series tod ine the fr speqtrulﬁ of the sig-
nal is not strictly accurate. This difficulty can be overcome by using an averaging
technique [28].

In the averaging process approach Fourier analysis technique is used to obtain
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the frequency spectrum over integer multiples of the period of the modulated.
waveform. This approach sssumes that for a ime period equal to integer miltiples
of the referene signal period, the modulator output waveform becomes periodic.
For a high carrier to fundamental frequency ratio, Fourier series analysis of the
sediilstos ot wavdora gives sceibaleesulbswhentha milysis s carrie onik

over & period several;times that of the reference signal. This approach has the

| of ing the sub-h i of the output
i
In this work, the averaging process is done over five cycles of the reference signal.
Hence,the modulator output becomes periodic, yith the period equal o ive times

that of the refe signal. C the ion between each b

dulator output waveform fi

coiponent in the frequency domain of the
spectruim is one-ffth that of the reference signdl frequency. .

Figure 2.6 shows the first few switching pulses in the modulation process. As’
shown in the figure, it is assumed that the carrier wave initially passes through
the zero crossinig point of the reference signal with a positive slope. ’

It can be seen that switching instants occur when the carrier wave reaches
the upper or the lower boundary level of thé reference signal,. Thus, a switching
instant ocgurs when ; i

.
(2.33)

le(®)] = [vr(t) = ve(t)] = |AV]

The sign of the output voltage pulses is determined by the sign of the error
signal. For a p‘osiﬁvc error w.\]uc. the modulator output has a positive pulse till
thie error signal hits the upper boundary level whén the modulator switches from
a positive output pulse to a negative one and vice versa. A detailed deriv;tion

of the switching instants is given in Appendix A. The governing equations of the
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"2.4.2 Determi tion of the Freq

switching instants are as follows [24]:

The first switching instanf t, is given by ; .
t:z Va slnu;l +AV | 230)

and for subsequent switching instants ¢ is given s,

AV + Sitiy ', |, (inwtig = sinwty) 5
4 : .35
% T sy - 28)
where i = 2,3,4
where # ~ i the value of the first switching instant in seconds
t v s thei values of sut itching in- )

stants in sec(i >1). )
the value of the preceedmg switching instant in gec. |

is the number of switching points ~ * -

The transcendental nature of equation 2.35 suggests the need for a numerical

solistion method to obtain the switching instants. An I ional Math

and Statistles Library (IMSL) routine, ZREAL (Version 10.0) is used to solve
equation 2.35. The list of the PORTRAN program for obtaining the switching

points is given in Appendix B. .

y Spectrum of the
RWDM

b

Following the determination Of the switching instants of the modulator output,

a harmonic analysis technique based on the use of Discrete Fourier Transform

(DFT) is employed to evaluate the fx

spectrum of the modulator outpht.

The DFT h involves the discretization of the modulator output waveform

such that the time elapsed between two successive samples is smaller than the

N
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shortest pulse width that could be obtained at the modulator output. An IMSL
routine ( FFTSC : version 9.2 ) is employed to carry out the DFT operation. The
program listing is given in Appendix B.

N
2.5 Performance Analysis of the RWDM

As indicated ealier, the of the which affect the f
spectmm of the modqlntor output are: / '

K The hysteresis bandwidth, AV ~ . . ¥
o The integrator g.n.in,Sg .
* The amplitude and frequency of the reference signal, (Va and w)

In UPS upplll:atlons, the frequency of the load voltage s determined by the fre-
quency of the reference signal, and since the frequency of the load voltage is
maintained constant, the reference signal {mquzncy is kept constant. Hence, the
effect of changing the frequency of the reference signal an the ascdulator output
is not considered. Howeter, the effect of chenging the amplitude of the refereace

signil 6o i magsitids o The ootk voliess . of gedat Bfoctascelfir output

voltagf regulation. % o
In this section, a pnramelru: study is carried out to mveahgute the relationship
,bezwee the modul itching freq dulator output freuency Npoe-

trum and\various modul The

‘/ ﬁprovide
degcribe the perfc % h Finally, an irical formula that

v is carned out by

lized modul actyristics curves which




49

governs the relationship between the litude of the fund 1 of

the ;)utput voltage and the modulator parameters is developed.
N
2.5.1 - “Normalized RWDM Parameters __,

Normalized parameters bf the RWDM are used to obtain general performance
cusves for hé modsiistor; independentiofilhé shaolute yalues:ofithe moduiator
parameters. Base values of the modulator parameters are chpsen such that the
analysis for the modulator output waveform can be adapted torthe inverter output
voltige waveforms. .

The base value for voltages is chosen as the hysteresis comparator saturation
level V.. ’
Thus, the amplitude of the referefice sine wave at the modulator input, has a
normalized value given by

where M- is the lar wave delta-modulation index (the

maximum value that M can take is unity.)

Va
7 (2.36)

The normalized value of the hysteregis bandwidth is given by

AV
Vo= a (2.37)
The frequency of the reference signal\(f=60 Hz), is chosen as the base frequency.
To avoid slope overload condition) the maximum value of the slope of the

<

reference signal should be less than or equal to the slope of the carrier wave. &
- wVr < S. % (2.38)
Where S, the slope of the carrier wave (or the integrator gain) is given by

iy
(2.39)
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In equation 2.39, / . .
[-N R is the integrator resistance. :
e is the integrator capacitance o S g
v is the saturation level of the hysteres f : "

“"Normalizing the modulator time constant to the apgular frequency of the reference . -~ =

signal yields the normalized slope of the carrier wave,.and is given by

1 - . LN
o= 5w : ¥ . (240)
Substituting equation 2.39 into 2.38 gives A
Vr 1 . o .
—_ 8
V. *Rcw . @4
Using equation 2.36, equation 2.41 may be expressed in terms of the
modulator pasgmcters as ; s
M<Sa . (242)
where S, is the normalized value of the,carrier wave slope or the T ks
normahzed value of the integrator gain. .

'2 5.2 Effect of Modulator Parameters on the Modulator
Switching Frequency E !

Figure 2.7 shows the variation of the instantaneous switching frequency and aveld

age of the modulator with various modul 1t is observed

that in general the relationship is periodic with a period equal to half the period
of the referenge sine wave. This is also indicated by the quarte wave symmetry ¢

that ngular wave delta modulati;
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2.5.3 Effect of the Hysteresis Bandwidth on the Modula-
tor Output Frequency Spectrum

Figure 2.8 shows the effecy of the h is bandwidth, AV, on the

qQ
spectrum of the modulator output, while, Fig. 2!9 and Fig. 2:10 show the vari- -

ation of the fundamental component and the order of the doininant harmonic in

the modulator output with the b is bandwidth respectively. The foll

are observed from the figures:

1. The d d of the litude of the fund 1 of the

outpiit on the io Batidwidth i fuirly weak, In general

the value of AV, does not affect the litude of the output fund i\ ~

component. )

iy N

. ‘There is a significant correlation between the dominant harmonicorder and .

the value of AV;,. The smaller the value of AV, the higher the order of

©

the dominant hazmonic and vice versa. For example, a 4 times increase

in the value of the hysteresis bandwidth results in a five-fold d&crease in

the order of the dorminant harmonic. This is explained by the fact that
small AV, provides a better replica of the reference signal =4 the expense of
higher switchi of the modulator. Hence, the dominant |
p f the switching h ics cluster around the order of the”
dul average switching fi )

In inverterd for UPS application, it is desirable to have the undesired har-

monics at higher orders. This allows filtering out the undesired harmonics

without affecting he litude of the 4 1 of the out-
i .
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put voltage. Besides, the filter size requlred to filter out the hlghcr order
harmonics is small. Thus, from the harmonic vxewpomt smn.ll values of
AV, is desirable. However, small values of AV, result in higher modulator’
switching frequency (Fig. 2.8)‘which in turn means higher inverter switching -

losses.

2.5.4 Effect of the Integrator Gain on the Modulator Rut-
put Frequency Spectrum 2

The effect of changing the integrator gain, S.x, on the frequency spectrum of the
modulator output is depicted in Fig 2.11, Fig. 2.12'and Fig. 2.13. The figures
show'the variation af the, fundamental component and the order of the dominant

harmonic in the modulator output with the mtegrator gain. Flguxe 2 13 shows

that higher values of i gain cause the domi hai P
to be shifted to higher orders. -However, Fig.- 212 shows that increasing the
integrator gain has the adverse effect of reducing the fundamental component of

the modulato: output

2.5.5 Effect of the Modulation Index on the Modulator
Output Frequency Spectrum

Theeﬂ'ectafcha.ngmgthereferenccslgna.l litude on the

of the modulator output ' is shown in Fig. 2.14.. Fig. 2.15 and Fig.2.16, Figure

2.15 shows the relationship between the litude of the fynd 1

of the modulator output and the modulation index with S, us a parsmeter, The

figure shows that the’ litude of the fund dl of the output

voltage i with i ing M, until the dulation index is cqual to the

3,
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i St
integrator gain, when the modulator enters thie slope overload condition region,
" andthe litude of the 1 remains fairly_constant.
The /’ jonship between the fund 1 of th dul output

and the modulation index in the linear region of the modulator characteristics is

linear, and is'described by the equation oy s .t

S - ¢ ) I —

\

where Vi isthe peak mmf the fundamental component of the
modulator output waveform

Flgure 2.16 shows the relationship between the modulation index and the order § 5

of the domi h p in the modulator output. The figure shows Em
that a fairly weak relationship exists between the two variables. In .general, the
value of the modulation index does not gflect the order of the dominant har-
sacnle. InUPS systems, where voltage regulation capability is one of the sysiem
specificatiops, the inherent linear rélationship between the fundaméntal output
voltage and the amplitude of the*reference signal provides a means whereby the ~ *
output voltage of the UPS system can be regulated independent‘ of the dc supply

voltage or load changes within specified limits. The linear 1

the RWDM attractive for UPS applications because it avoids the

control circuitry which generally degrades system reliability.

The effet pf the modul on the performiance of the odul ]
rmay be summatized na foilows (Table 1) / '

1. The modulator parametérs which affect the order of the dominant harmonic

component in the modulator output are the hysteresis bandwidth AV, and

the i g gain S.. The hy cresis bandwidth Has a signifi cffect on
C
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Figure 2.14: Effect of the ref signal amplitude on the f y spectrum of

themodulator output: (a) Sm=1.0 pu., AV,=0.02 pu., (b) Seu=1.0 pu., AV, =0.02

Pu.
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the order of the domi h ic nt and a negligible effect on
the fund 1 in the modulator output.. However, the slope

of the carrier wave S, affects both the order of the dominant hurmomc and

the litude of the fi d 1 ignif ly.. C ently

, the selection of the value of . for the design of the modulator is d:cmed

by the desired value of the amplitude of the fundax 1 ”\“in zh\
odulator output, while theselection of the value of AV, is mainly deter-

mined by the order of the domi . % i in the modul

output and the switching losses of the power circuit, " E

2. The modulatiot index, M hasa negligible effect on the order of thé"dominant
harmonic. However, for a given value of the integrator gain, the modulation

index exhibits a linear relationship with the fund 1 of the

modulator output. i

3. In general, the choice of suitable modulator parameters involves some trade

 offs between the modulator switching frequency, the order of the dominant

harmonic and the fund; ¢ of the modulator gutput.
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quency.

\ :
ot
\
Table 2.1: Summary of the effects of various modulator
on the modulator output freq p
N
increasing Vo H, fs
\-M increases | no effect gdecre,a,ses
- N ' 4
e AV no effect | decreases | decreases
S decreases | increases | increases
where V,; . is the fundamental compo‘-\
, ~ nment of the inverter output
4 voltage
H, - is the order of the dominant .
- harmonic of the inverter out-
JE put voltage.-
L~
S
¥ " is the'inverter switching fre-

65
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2.6 Experimental Verification of the Perfor-

mance of the RWDM ) \

imentally verify the behuvio‘ur of the RWDM. Due to the limitations of avail-
Aable standard resistence and capacitor values, bot.‘im integrator gain and hyneres‘m-
bandwidth values were detérmined by the available resistance and capacifor stin-
dard va.lues These same stnndn.rd values were uaed in the computer progmms to

@ obtain the corresponding predmted rauults

. Veri ation of the i ip between the ribdulation index and the fundm
mental of the output is carried out by fixing the values of
both the i or gain and the b i idth while changing the modu-
lniiqn\'ndex.‘ ‘

Table 2.2 shows the predicted and the experimental results. The results high-

light the fact that the i idth has a igible effect on the funda-

mental of the output The results also confirm the linear

relationship between (e fundamental component of the output waveform and the

modulation index. ,

Table 2.3 st he effect of the i gain on the fund tal c

of the modulator output for.a fixed value of the hodulation index. The table shows

a very good agreement between the predicted and the experimental results.
|
Figure/?}lshows p lyzerspi indicating the effect of AV, on

"

The. circuit of Fig. C.1 (in‘Appendix C) was constructed and used to,exper-.

Ay

the fr ‘of-the modul output. It ¢ can be seen that AV, hasa

ol il d 1

effect on the fi

of thg output waveform.

The verification of the effect of the mtegmtor gm& on the order of the



Table 2.2 Verification of the effect of the modulation index
on the rms value of the fundemental component of the mod-
ulator output

V=1 pu.(10V) “
L

Vo (emis) (J855)

Tase)
01 03 05 0.6
M ¢ (pu.) (pu.) (pu.). (pu)

exp. | pred. | exp. | pred. | exp. | pred. | exp. | pred.

1.05 | 1.11.|'3.27 | 3.26 | 5.62 | 5.48 | 6.50 | 6.57

Sc,.—065 pu.  + 1109 0.94 |3.22] 3.20 | 5.5 | 561 | 6.36 | 6.73

Table 2.3 Verification of the effect of the integrator gain on
the rms value of the fi of the modul:
tor output

V, =1 pu. (10V)

, Vaa (rms) (724)
054 0.’[8_‘

0.957 12§
Sen _(pu) (pu.) (pu.) (pu.)
N 4} exp. | pred. | exp. [ pred. | exp. | pred. | exp. | pred.
M =05 pu. (50 V) . T
AV, = 6.30 | 6.47 [4.42 | 4.51 | 3,62 | 3.69 [3.02| 3.10
M= ¢ 3 R
AV,=0.02 pu. (02 v) | slope overload condition | 5.87 | 5.90 | 4.92| 4.96
-
N
L .
s
s \
¢ g ¥ ogh " 7 '



doitfeot hermonic component is cartied sk for fixed valles of modulation index )
and hysteresis bandwidth. Table 2.4 shows tife meuured and the pmdlcted vu.l\u:
of the dominant harmonic order for various vnlnen of Sene Expmmenul and
predm:d results show good agreement. The dncrepumu obtained between the
expenn_lenta.l and’the predicted results vary in the range of ilo% and is dup

“to the ig\peffecﬁm in ch:kmodululor practical circuit and spectral len.hge of
predicted ﬁe'qmcy spectrfn resulting from the use of the DFT techniqué.
Figures 2. 1s shows spectrum analyzer pmturel mdnutmg the eﬁect of the

gain on the P of the modul output.

The effect of AV, on the modul output fi

is verified by -

changing AV, for fixed values of both Sz and M, Table 2.5 shows both exper-

imental and predicted results of the dominant h ic order of the, modul
output waveform. V
Figuie 2.19 shows the slope overload condition. Figure 2/19a’shows that slépe' , )
overload condition can take place over certain intervals fn the signal where the’
carrier signal can not track the reference signal. Figure 2.19b shows the .q.{.;e
. wave mode of operation, where the modulator is forced deeply into utumuon
Under this condmon, the cu.rne} wave iuls to track the r:f:ren:e slgm.l over the

- '

whole cycle.
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Table 2.4. Verfication of’the effect of the integrator gain on
the order of the dommant harmonic in the modulator output
% V,=1pu (10 V) -
l‘ ! . - .
Order of the dominant harmonic (pii.) .
, 055 078 - | 095 114 |
Se (pu.) (pu.) (pu.) (pu.) ~
' Y . exp. | pred. | exp. [ pred. [ exp. [ pred. [ exp. | pred.
M=02pu (20V) | | _ 5 )
AVa=0.05 pu. (05 V) | 153 | 16.0 | 21.5| 23.9 | 27.0 | 29.4 | 31.9 | 353
M = 0.5 pu. (5.0 V) - f 1
AV,=0.05pu. (0.5V)|14.3| 14.0 [19.0 | 23.0 [ 26.7 | 28:0 | 32.0 | 34.5
Table 2.5 Verification of the effect of the hysteresis band-
wndth AV on the order of the dominant harmonic ¥
=1pu. (10V), Sen= a7s pu. (2940 V/s) "
s 2 -
Order of the dominant harmonic (pu:) N
® . 0.022 0.036 - 0.052 ©0.087
. AV, (pu.) (pu.) (pu) (pu.) <
% 5 exp. | pred. | exp. | pred. | exp. | pred. | exp. | pred.
"M=05pu, (5.0.V) | 508 | 52.6 |39.6 | 41.0 | 308 | 312 |1256] 132
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(a)

17: Spectrum analyzer pictures showing the effect of the hysteresis band

pu.,

1 on the frequency spectrum of the modulator output: (a) AV, =0.022
pu., M=0.5 pu., (b) AV,=0.065 pu., 5.,=0.65 pu., M=0.5 pt

S..=0.6!
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(b)
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integrator gain

yzer pictures sk
Pu., Seu=0.78

2.18: Spectrum analy
on the frequency spectrum of the modulator output: (a

M=0.2 pu., (b AV,=0.05 pu., Smx=1.38 pu., M=




-
)

(b)

Figure 2.19: Oscillograms showing slope overload conditions in the RWDM : (a)
Some interval of the reference signal (b) Over the complete cycle (Square Mode
of Operation)



Chapter 3

THE SINGLE PHASE DELTA
MODULATED UPS INVERTER
WITH A RESISTIVE LOAD

. b e
When the digital output of the delta modulator is used to control the power
switching devices in a static inverter for UPS applications, this inverter is referred.
to as a delta modulated UPS inverter. In this chapter, the implementation of
the delta modulation technique for a single phase UPS inverter with a resistive .
Toad iz described. Two single phase bridge invekter topologies commonly used in
static UPS inverters are presented and their main features are briefly outlined.
The harmonic characteristics of twa possible switching schemes for pulse width*
modulated inverters, namely the unipolar and the bipolar switching schemes, are
examined with a view to selecting the appropriate scheme for the delta modulated
UPS inverter. It is shown that the delta modulated x'JPs inverter using the bipolar

g scheme offers sighificant,perfc imp Finally, the results

of the imulation and experi | verificationsof-the ck
v

" of the delfa l‘llbd“lnﬁed UPS inverter with a resistive load are presented.

s o - 73 . L8 v s
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3.1 The Single'Phas:e UPS Inverter :

UPS inverter applications.

3.1.1 UPS Inverter Configurations ol

Figure 3.1 shows the single phase hulf-bricl_ge»and full‘bridée inverters with re-
sistive load. IrP the half-bridge inverter configuration, the dc supply Vi is split
up equally using two capacitgrs of equal value connected in series. Hence, the
load voltage is equal to half the value of the de supply voltage. The single phase
full bridge inverter uses four switching devices to provide a load voltag; with a
voltage level equal to the de supply voltage.

The single phase half-bridge inverter configuration has the advantage of using
half the number of swit::hing "devices that are used in the full-bridge inverter.
However, this conﬁsurauon is not suitable for\h:gh power upphcanons as well as
for PWM Uedmlquec which require mvoltu;! intervals at the mvcrm output
(smgle pu].se width modulation). Morcover, it requires-& three—w:re de supply.

On the other hand, the {ingle phase full-bridge inverter configuration is suitable

for high power applicati Besides, the confi ion is suitable for PWM tech-

/ niques which require zero-voltage intervals at the inverter output.




iguge)3.1: Single phase UPS inverter topologies: (a) half bridge‘invertcf,‘(b)f 1
bridge inverter ) b : #
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. 3.1.2 UPS Inverter éwitching Schemes

'
Two switching schemes #«'hich are frequently employed in static pulse width mod-

ulated inverters are:

o The unipolar switching scheme.

S

 The Bipolar switching scheme.
. ]

. The basic features and the suitability of each switching scheme for delta modu-

lated UPS inverter applications are discussed. . " .

1. The Unipolar Switching Scheme
In this switching schexyhawn in Fig. 3.2, the positivé pulses of the mod-
ulator output during th€ positive half-cycle of the reference signal appear at

“ s fhiverter oiitpiit, whils:the iegative pulsss ase'replaced by sercsvaltags

intervals. Buring the negative half-cycle of the reference signal, the negative
25

pulses appear)at the inverter output while the positive pulses are replacetl

by zero-voltae intervals. 7
The unipolar switching scheme can be impl  only in the full-bridg

inverter configuration, since zero-voltage intervals at the inverter output are

" only achievable-in this co jon. Z ltage intervals ire jcall,
implementdd by turning on either Q1 and Q2 or Q3 and Q4 simultancously.
Figures 3.2p and 3.2c show the inverter output waveform,and the sequence

of the gating signals for the inverter switching devices respectively..
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Figure 3.2: ldeal waveforms of the unipolar switching scheme: (a) Modulator
output,’ (b) Sequence of the gating signals for the inverter switching devices




. The Bipolar Switching Scheme . e S

Fxgure 33 shows the inverter output waveform ulong wnth the sequence of

the gating sxgna]s of the inverter switching devxces for the bxpola.r‘aw:tchmg .
* . . ‘ s

scheme g . w

In this switching scheme, the inverter output waveform is u tepllcn. of the .
modulaior binary output. ' The bipolar switching scheme can be fnple-
mented in both the half-bridge and full bridge ii¥ertr confgurations.
From the above discussion, it can be seen that the unipelar switching scheme -
" requires more control circuitry to generate the gating signals for the control
of the switching devices in the inverter compiser to that needed in the case

of the bipolar switching scheme. Hovever, the bipolar switching scheme

‘i ible to bus:shoot-through fault if a minimum dwell tinge is not
provided between the positive and negative pulses. - FLV

3.2 Frequency Sp,ectrﬁm of the Output Voltgge‘

of the Delta Modulated Inverter

To determine the suitability of the entioned switching schemes for delta

modulated UPS inverters, the frequency spectrum of the inverter output vqlmgw
with 1es|shve load is examined for cach switching scheme. The DFT technique -
described in section 2.4.2 is used to obtain the frequency spectrum of the inverter

3

output voltage. The effect of various modulator parameters on the inverter output

is i igated for each switching scheme.
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“Figure 3.3: 1deal waveforms of the bipolar switching scheme: () Modulator
output, (b) Sequence of the gmng exgnnls for the inverter uth:hm; devu:es




3.2.1 - Frequency Spectrum of the Unipolar Switching Scheme

Figure 3.4 shows the freqhency spectrum of the invertér output voltage for the
unipolar switching scheme for various modulator paranietérs. The following are

ebserved:
L. Significant ampfitude of the low order harmonics (2 31d, 4th and 5th) are -
presen in the inverter output voltage. The pmse,.ée of the high amplitude,”

low order ha:momcs would requma a fairly large filter sido at the inverter, ; °

S
output to produce a load voltuge with bl totaj harmonie-.
distortion. .

2
2, Incrensmg the va.lue of AV decreases the order of the dommnnt harmonic
a.nd vice : ‘versa. However, vagjation in AV ,hu a neghg;ble effect on the

/" de of the fund: 1 and the litudes of the.low

_ order ha.rmomcs (20d; 314, 4th and 5th) of the inverter output voliage.

3. Although variations in the slope of the carrier wave affect both the order

and the litude-of the i h ic, it has negligibl effectcnthe

amplitude and the order of the low order harmonics in the inverter output

frequency specffum.

3.2.2 Frequency/Spectrum of thie Bipolar Switching Schex’ng :

Figure 3:5-shows the efféct of chenging the modulator parameters on the fre-
quency spectrum of the inverter output voltage for the bipolat switching scheme.
Neglectmg the ‘dwell time between the positive and '.he negative pulses of the
“nverter gutput vesults i an inverter output voltage which is a.replica of the

\
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' -modulatof ouzput voltage. Hence, the discussions of subsechons 2.5, 3 2. 5 4 md

) o . 'Y

2. 5:5:would apply to the inverter outgdt voltage,

' 3% 3 Selection of Inverter w:tch g Scheme and Inverter
Conﬁguratmn & R j: ( i

Table's,1 summarizes the main features of the umpola: .,nd bipolar switching

schemes. ‘Referring to Table 3. L it can be Gontiutied that the deltar modlated -

. ‘unipolar switchi scheme is unsuitabl forUPS licatioris for the, foll

Teasons: X

_hu'gc Th@m the presence of the )ngh nmphtude of the low order,

’ ha:momcs in the inverter output voltage As a result, . systerd size becomeu

bullder and its efficiency decreases.

2. A load filter with low smes induictor is not, recommended: thh thxs kmd of

swntchmg};heme In thxs ~case, the hngh amphtude—of lhe—low*crderhur'—/’

momcs wnll burden the supply nnd exerf sxgmﬂﬁ.nc slresaes Qg the sw:tchmg

! devices. . @

Table Q.l%uhows that the bipolar switching scheme exhibits good characteris-

fics whiclyare desirable {of UPS applications. Ty yeduced ariplitude of the low
S s

" order ha.u'nomcs lmplxes that" the Sltersize requu‘ed to attenunte the high urder

" harmonics is sma.ll Besldes, small filter senes mdugtot size les,ds to improyed

voltage lation. In UPS applicati where it i . 'y to providea means

whereby the load voltage can be independently controlled, the bipolar scheme -/
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Table 3.1 Summnry of the mam features of the unipolar and blpolar
switching ichemes

R

Unipolar switching scheme

Bipolar switching scheme

Present Present X
. High amplitude Jerlizibl litud
w Not variable Variable
. -~ 5 R - :
Dc h Can be lled by Can be controlled by
AV or S, AV, S,
Ease of implementa- | Requires  complex *| Simple control c:r-
. tion circuitry to gener-. cumy
- ate the required gat-
ing signals for the
v switching devices
) ;
T 2
. /\/ .
| 4 i '
v 0




allowis oufput voltage control through the vaiiation of the miodulhtion index. In *
the presént work, the .tupola.r switching schemq is used to investigate the b
chu.ractenshcs of the single phase delta modulnzed Ul% mvener The single phase ~

’
half-bridgeinverter configuration is chosen for the pruc\‘.lca.l implementntmn of the -

| i "
circuit and high efﬂcielncy. & s

|
3.3 Performance Evaluatlon of the Smg!e Phase

" delta modulated singlé phase UPS inverter because of its relatively simple control

‘Delta MQdula,i:ed UPS. Inverter Wlth a Re-

£ ) slstfve Load

s PR v

“ Innddmon,tozhe ic attehuation ch

2

of the\delta ;

plocess, the cwofperfurma.ﬁce vanables which determine e effectivéness of the

delgs modulahon techmque for UPS inverter npphcnhons aret

" o The’ vomge uzJ zation ratio VUR.

. The inverter swjtching frequency F.. /

of various modulator pn.rnmeters on the variables are dxscussed

. In this section, the s)&mﬁcance of the two mxables in U)’S inverters and the cffect

3.3.1 ° Effect of ’Vanous Modulator Parameters on the Volt-

age Utilization Ratio

Voltage utilization ratio is defined as the ratio of the‘rms value of the inverter

fundamental nu:tput voltage, V1 to the dc supply voltage, Vi Thus ifs the level,

P

" of the dc supply voltafge is chosen as the base value for the-voltages in the power-
Y e = P




. . . } w .
sub-circuit of the inverter, the voltage utilization ratio (VUR) may be expressed

as - %

5 N ’ 7, . - .
- ' VUR =V PR (3.1)
In general, high values of VUR jmply that, the inverter de valtage in betng sed
effectively, and the stresses on the power switching devices are reduced. Conse-

‘quently, the inverter derating factor is reduded, system efficiency is improved and

the cost of the inverter ‘system is reduce?. Equation 2.43 givei the relatiorishi
P

between the peak value of the fund 1 component of the modul

output

. . '
and the modulator pam.meters. Since the inveréer output voltage waveform is a

repllcn of the modulator output (for the bipolar switching scheme), equation 2.43

", rcpresents the relatmns}up between the mverter output voltage and the modulator

parameters. Hence the voltage utilization ratio is given by: T .
. ‘M . % - s
VUR =V =~ : 3.2
Chbv ol pu (3.2)

Figure 3.6 shows the relationship bemeen the VUR and the modulator parame-

ters. The ﬁgure shows that the VUR is d ined primarily by the ol

index M, and the slope of the carrier wave, S in the modulator circuit, Figue
8.6 shows that the ideal maximum value of the voltageatilzation ratio s 0.707
pu. Equation 3.2 shows that althotgh small values of the slope of the carrier wave
result in higher voltage wtilization ratio, they lead to slopé overload conditioh if
bigher values of the modulation index are used fo} the delta modulated inverter.
Hence, in general, higher values of véltage utilization ratio are achieved 8t higher

f the ratio of M to Sen. . o

val .
s LS T e %\

v
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- switching frequency is

: . Lo ‘90

3.3.2 Effect of Modulator Paramete‘rs on the Inverter Switch-
mg Frequency v i

The inverter switching ; plays a signi Foll'in detarinisitg thi e

verter efficiency. High inverter switching fi / increases the pwitching losses

“'ifi the inverter and hence causes a reduction in the inverter efficiency. On the

other hand, high inverter switching frequency results in the dominant harmonic
componentin the inverter output volsage being shifted to higher frbquencies. The

use of power MOSFETS in the inverter circuit significantly reduces the inverter -

switching losses. -

Figure 3.7 shows the effect of. various modulator parameters on the inverter

average switching frequency and hence the inverter losses. The figure shows that:

1. The inverter switching frequency increases with decreasing values of the-

/ dul index. The h fi occurs when the
- value of the modulation index reaches zero, In this condition, the maximum

\
= S .
Fraz = 2y (3.3)

The minimum switcliing frequency that the inverter can have is equal to the

reference signal fréquency when the square wave mode of operation takes

place in the modulator circuit. LT
2. The inverter switling sty ereases Wit ficreitng Vs of 1k
slope of the carrier wave and decreasing vabues of the b dwidth. "
.
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3.4 Experimental.V.eri_ﬂcation of the Delta Mod-
ulated UPS Inverter with a Resistive Load.

To ascertain the validity of the predicted h istics of the delta

modulated UPS inverter, a 1 KVA prototype single phase, half-bridge delta mod-
slated invester was consiructed and used to obtain the experimentl resuls. In
this semon, vasious values involved in the practical inverter power circuit and
the logic control circuit are discussed. Selected predicted results with a resistive
load are‘experimentally verified and computer simulation of- the jnverter output

frequency spectra along.with experimentally obtained spectra are presented.

’3.4(i Practical Implementatmn of the Logic and Inverter
Clrcults :

To fully iniples ":‘“., bipolar switching scheme in the delta. modulated
UPS inverter, the inverter output voltage should be as close to the modulator
output waveform as possible. Hovieve, to avoid bus-shoot through fault a min-
imur dwell time must be provided when switching from the upper to the lower
switching device shown in Fig. 3.1a. To meet the above conditions, the inverter *
switching devices should be fast acting, Power MOSFETs possess all the charac-
teristics required for the switching devices to bé used i the delta modulated UPS
inverter. In the presént work IRF 450 devicds are used as the inverter switching
devices and a dwell time of 5us is provided. The timing diagram and the blogk

dingram of the logje circuit are given in figures C.2 and C.3 in Appendix C.
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3.4.2 Computer Simulation and Experimental Verification

The i ion results were obtained by{mking the following assump-

tions.

1. The switching dcvicu_qre ideal.

2. The dc source and the isolating trahsformer are ideal.

3. The dwell tinte provnded between the positive md negnnve pulueu is ne-
s ke
glected.

) Experimental and d results of the inverter output voltage show-

s on the Pt e nf'the
inverter output voltagé are shown in ﬁguxu 3.8 to 3.10. The figures confifi the

ing-the aﬁ‘ect of various

dq dante of the. inant P f and the voltnge utilization
ratio of the inverter output voltage on the modu.luwr parameters. T i
The discrepancies between the results of the computer simulatiomand of the

experiment arise due to the following reasons:

1. I fections in the modul practical circuit and inaccuracies in the

of the. dul ical circuit and’ hence,
modulator parameters. i

2. Spectral leakage due to the use of DFT in obtaining the inverter output

« frequency spectrum. Spectral leakage can be minimized using windowing
techniques [29]. oy 7
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AV=0.04 pu.) : (a) E

serimental (b) Simulated




! A v\w,’ulv‘b" isnntid

nulated

96

ut voltage (M=0.4 pu



3

Chapter 4 j;
THE SINGLE PHASE DELTA

MODULATED UPS: INVERTER“ '

WITH LOAD FILTERS* ii

’

a T . i .

" Static UPS- mverte_ﬁbemp\oy Toad ilters to tmum reduce the’ harmoni¢ content: .

of the mverter otput voltage and produce load voltage with uccepta.ble level of

N
total harmonic d)stortmn (’I‘HD} The filter. should be efficient, light i m wexght

ind produice mini myatten 2 \ of tl:xe d 1 comp t of c‘)w ifverter
output voltage:® - ¥
This chapter focuses on the analysls of a single phase deltn modulated inverter-
wnh load filters. A variety of load filter configurations which are commonly uaed
in UPS applications are p,;ega‘ced along with their main fenturés Baiscd on the
characteristics of various filter configurations, lwo types of load jlters are aelected
for the'delta modula‘teﬁJPS inverter. Harmonic analysis of 1
and voltages for each of che load filter configuration is carried out for la(gsmg,
leadmg and uhity power factor loads. F‘ma.lly, simulation of the filter voltmges
and currents with a lagging power factor load is carried ou, and subdtantiated

with experimental results,

ad filter currents




e
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~4.1 The UPS Inverter Load F-ilter

for delcn

Various types of load ﬁ]tcrs are ined to determine their

modulaled UPS inverters. The filter conﬁg'uranuns 'a_nd their basic features are

qualitatively described. The main perk upon which the load

* filter of the uninterruptible power supply is selected is briefly outlined. e

4.1.1 UPS Joad Filter Conﬂgurahons

F;gure 4.1a shows the second order L-C filter. ’Ehe load is connented across C|
which pmvxdes a path for the harmonicsi i the inverter output vo]tnge. The main
fentures of this ﬂlter areits sxmplmtxnnd high elﬁcxency for linear loads. "™

Flgure 4.1b shows the taskk cu‘cmb flter, Tt consists ofa s Seriesinductor I and
2 punl\el or tank cxrcmt formed by Cy u.nd L,. The tank cl}e\ul is tuﬂed at the
funda.mcnta.l freq\lmcy cf tht-: inverter output wlta@that m‘espectwe of the

e Hissmontie compaﬁem in the inverte output md the type of load, the load

voltage rcmn.mf(mrly sinugoidal. Thus the ilteris capable of providing stable

output voltage for both linear and nonlinear loads. In addmon thefilter pl‘ovldes
short. trnnment suppression through the ia.nk cnpac'tor C| The capacitor Cy is
—
cllosen lnrge’enough to provide a path for the hxgh frequency componentsin the
o\

mverm output voltage. : i

The tank filter has the disad f attenuating the fund ‘compo;:#h

nent of the inyverter output voliage. To keep thiis reduction’ at a low level, the |
series mductor of the filter; Ly, is chosen to be at a. reasonnbly small -value, -«

Fxgux “1c shows thalourth ordet tutied series-parallel filter. L,— C‘ are euned

at the fundamenial frequency. As,a result, the, Mly provides no aitenu. +

T o




" Figured.1:

'PS load filter cmﬁgurauans (2) Second order L:C filter, (b), Tank
circuit filt,

, (¢) Series-parallel tuned circuit, (d) Flﬁ.h order ﬁlaer ~

[
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ation of the fundnmental component of the inverter butput voltage. Ly — C; are

tuned at the fr of the fiind 1 to provlde a low impedance

path for higher-order harmonics contained in the Inverter output voltage. How-
ever, unlike the tank cizcut fter, shown in Fig. 4.1b, this fler creates instabil
ities in the load voltage dn the case of non-linear. dynamic loads. ‘This is due to
the interagtion between.th load and the series Ly = Gy circut

Fxgurc 4.1d shows the fifth order ﬁlter I this filter L, — C; are tuned at

s T s g
the fr of in the inverter output Yoltage, s0'2s to

owp e e i dae ics. The mein disad of this fiter is that

s filtering ability is a function“of the load. Besides, its filtering performance is
. A . ¥ ¥
strongly related ‘to the switching pattern of the inverter output voltage. Hence,

the filter is not suitable for any modu.lat:on or sthchmg scheme which produces

vatiation in the order of the dominant harmonic, since this would reqmre that the

series Lz — C; circuit be tuned at different frequenues
Based on the basic features of the various filter configurations, it s found that
the second order L-C and the tank filter circuits posséss good characteristics which

make them suitable for delta modulated UPS inverters. The second order L-C

L) . . .
filter is simple and has high efficiency for linear loads. The two filter configurations

g

. are,therefore employed to investigate the perf of the single phase delta

modulated UPS inférter with various types of loads.

4.1.2 . Performance evaluatlon of the UPS Inverter Load
Filter . i

The main, critevia upon which the load filter of the uninterruptible power supply .

inverter is selected are; v

’ s




| : : - 100
. . )
S oy ' ’
o The total hx.rmoni«;“ distortion of the load voltage.
~L
o The filter rating and efficieficy.

o The ion level of the fund \ of the inverter,butput

vbltag& * ‘
. B g -,

. L}
The total harmonie distortion (THD) of the load voltage is & measure of how

close the load voltage wavefotm s to a sine wave. The lower the value of the total -
. | . .
harmonic distortion of the 1oad- voltage ihe closer the load voltage waveform is to
\ d @
a sine wave and vice versa. |

In tha analysis which- ioﬂ‘ows the total harmonic distortion (THD) of the lond'

Voltage waveform d“as
‘ 100 \
THD%— —0—‘ Z Vi, - O]
" where Vi, is the rms value of the nth harmonic component of the
load voltage.

Az

* Vi —is the rms value of the fundamental component of the
load voltage.

n is the harmonic order.

I common pgsctice, the lond valage isfequired to have a THD les than 5%.
In most UPS applications, systems of compact size are desirable. Since the

load filter size contributes to the overall size of the system, a load filter with a

small'size and low rati;-ng is desirable. A load filter with low rating value .indics.t‘es 5

higher filter efficiency.
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The load filter should provide the least possible attenuation of the fundamental

. component of the inverter output voltage and hence efﬁcist utilization of the d¢/
supply voltage level.

4.1.3 Assumptions -

The analysis of the delta modulated inverter with loaded filters is ca.r,ied out ™ .
using the following assumptions: . B ' / ) i
- .

-

. The load is assumed to be equal lo' 1 pu impedance at the fundamental
frequency. iy .

0.

The load vollage level of the de supply is'chiosen.as the base voltoge and b
o

assumed to be cqual to 1 pu: voltage

»

The load power factor is assumed to vary from 0.8 lagging to 0.8 leading.

* 4. The inverter output voltage wavéform (flter input) is ideal.

The load transformer is a.ssumed to be idgal a.nd the effect of its leakage

»

inductance on the inverter output frequency spectrum is included i m the

filter series inductor. |

4.2 Analysis of The Single Phase Delta Modu- ’
lated UPS Inverter with an L-C Load Filter
4

Harmonic analysis of the L-C load filter for delta modulated UPS inverters is
carried out in this section. Expressions for the filter currents, and voltages are

derived for lagging, unity and leading power factor loads.
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Flgure 4.1a shows the circuit dmgru.m of the second ordenjpaded L-C filter. The

Via  R1- n’i:':‘) +Hn(1 ~ i) +]n[XLlL +Xen(1- HQE( )
@
where Ry is the resistive component of the load.
Xiw - isthe inductive reactance of the load at the fundn.mentu.l
frequency of the inverter. -
Xa is'the capacitive reactance of the filter shunt" capncxtor
at the funda.menul frequency of the inyerter bdzput
Xn is the mductlve r;acta.nce of the filter series inductor u.t
P ” the fundamental frequency. -
Ry is the resistive component of the filter series inductor.
P n is the harmonic ofder. - :
On the that R, is negligibly smajdequation 4.2 can be e d as:
Via . Ry +inXpw 43)
V= Ri(1= )R+ jnlXu + Xon(1 — i 5e)]
Equatwn 4.3 can be rewritten as: . - N
& Ry +jnXpe 4
WVon (1= ntH)(Ry+jnXen)+jnXn T
or
Vin _ cosf + jnsinf (45)
Von  (cos8 + jnsin0)(1 L n2H,) + jnXy; X :
where es : ~
m=X0_ e S (46)
Xa >

trsnsfer chusctenshc with laggmg power factor load is given hy

R +jnXrer .




’
or
(47)*
and =
Lo\ )
wo= —— g
T VIC . ;
where X1, is expressed in pu of the load impedance. :
9 is the load angle. ' :
w is the angular frequency of the fundamental component
of the ‘inverter Gutput voltage.
wo is the filter cugoff l‘requency in'rad., /sec

The filter transfer characteristic for a'leading power factor load can be derived

b d

g the reactive of the load i

from equation 4.5 by
by -2 The resulting,transfer characteristic for a leading power factor load is
7

givep by:

Viea cosf —
Ven T (- n*Ho)(cosf- %) tyn X,
THe At transter chitaeterstie:for o sesistive logd is obtained by SEBREERY

and cos @ in equation 4.5 tg zero and unity respectively. The resulting transfer

) )

N .
fixed switching pattern of the inverter

characteristic s given by:

Equations 4.5, 4.9 and 4.10 show that for
output Mpltage, the filter transfer characteristic varies with the load power factor,

filter series inductor and filter shunt itor. The eXpressions given in

4.5, 4.9 and 4.10 are employed to examine the effect of the filter parameters on

the total harmonic distortion of the load voltage.




Figure 4.2 shows the effect of various filter parameters on the THD of the load
voltage, for a fixed pattern of the inverter output voltage. The figure shows that

for given values of the filter components, the THD of the load voltage id minimum.

in the case of capacitive loads, and is higher for inductive loads. The figure also
indicates that the THD of the load voltage decreases by either increasing the

filter shunt capacitance o the filter series inductance, For the range'of shynt

_ 7
capacitance chosen, the figure further shows that in general THD valuesless than . ~=
* 5% can be achieved in delta modulated UPS inverter with L-C filters

4.2.2 Input Current of the L-C filter

In order-to investigate the effect of the filter components on the inverter output

current, and obtain the ratings of the filter components, expressions for the input

" impedance and the input current of the loaded filter are derived,

The filter input impedance with lagging power factor load is given by:
oo (FEEa YRy + inXin) | i
Zign = 2L T I 4 n X 411
= R+ 3 Xp - Xy T t

or

(442)

. _ Xa[Re(1 —n*H.) 4+ j(n X+ nXpp = n°HeXin)]
Zin= 3 5

5 X —n?Xpu +jnRy
where H. is defined in equation 4.6. Expressing the load in terms of the impedance
Z1, and load angle 0 equation 4.12 may be expressed as: '

~ |21 Xalcos 61 - n? Ho) + j(nsind + n gty —n®Hesin 6))

Zitn 120l({Ze ~ n? sinb + jn cosf) (4.13)
No izing all i d and e to the load i di the normal-

ized input impedarice of the loaded filter at the nth harmonic is given by:

° ©105
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% _ Xalcos6(1 — n?H,) + j(nsin 8 +nXp, — n’H,sinf))
Zun= Xa - nisin0+ jncosd L)
where:  X.1, X11 'and Zig, are expressed in pu.
The input current of the loaded filter is given by
. @)
where: Von is the nth harmonic component of the inverter output
voltaige (in pu.) ;
! -+
Titn is the nth harmonic component of the input current-of
/the filter with lagging power factor load (in pu.) }
The nth h i it of the input i d of the -loaded filter with

a ]eadmg power factor load can be‘denved from equation 4.12 by suhsmutmg
‘the renctive componem of the load¥impedance by —JL‘ The resulting input

impedarice of the filter with a leading pf load 'is given by

—_ Xalcos8(1 = n*H.) + j(nXyy — nsind + n°H.ging)] -
Zion = X + sinb + jrcos (410)
and the filter input current is given by
Tica = — (4.17)
where  Tin is the nth harmonic corriponent of the input filter with

a leading power factor load (in pu.)

Finally, the'li:)ut 1mpedmce of I:he load filter for the case of unity power 5

factor load is oblgined. by setting the reactive component of the load in eq@mn
412 to zero, and cos8 to unity. The resulting input jmpedance is given by

Z = Xa(l=nH,) + jnX1,
iy =

T tin (4.18)
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)
and the filter input current is given by: € ,
9)
where  Tipa is the nth harmonic component of the filter mpm cur-
rent with unity pf load (in pu.) [ 13
In delta modulated inverters, the domi h are shifted to the high order

frequenciés and the resulting inverter output current with load filter is negligibly

small. Hence the inverter output current may be assumed to comprise of mainly

of the fund 1 The fund 1 nent of the filter input

current for the various loads can be obtained by substituting n=1 in equnuons .

4.12t0 4.19. 3 ! #
Figurs 4,8, shows the effedt of various flier phrameters on the fundamental

component of the filter input current. The figure shows the folloWing:

The fundamental component of the filter input current is highest for leading

power factor loads. R .
«
For a given type of load, the variation of the fundamental component of the

©

filter input current with the filter series inductor is dependent on the value
of the filter shunt cagdeitor. In general, small values of shunt capacmve

reactance us\u in high'fundamental filter current.

3. Irrespective of the nature of the load, when the shunt capdcitive reactance
is 1 pu., the fundamental input current reaches its maximum value at a

series inductive reactance of 0.5 pu. The value of the filter series inductive

which maximizes the fundamental 'of the filter input
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,

ciirrent can be determined by setting n=1 and obtaining an expressiop for -

the minimum value of the resulting exptession, .
= r

A 3 i . . 0y
% general expression which gives the value of the series indsictive reactance

Xy in terms of the the filter shunt capacitive reactance, X and the load

Sangle'is given by: N
Xu _Xn 2 x“
G P17 x, Wity g~ D=t (420)
* Equation 4.20 r a conditioh at which the maximum value of the

fundamental component of the filter input current is produced. The result-

\ ing high filter current leads to a signif ion of the fundamental

component of the inverter output voltage and over-rating of the filter com-

ponents. > )

4. Generally, high values of shunt capacitive reactance (Xa > 1.25p1.) andf
small values of series inductive reactance (Xz; < 0.5pu.) result in accept-
able levels of fundamental input current. However, the choice of these com-
ponents dépends on the filter ratings, efficiency and. the total harmonic

distortion of the Joad voltagg.
“4.3l Analysis of the Tank Circuit Filf‘.ér

« "

The analysis and design of the tank circuit filter for the single phase delta modu-
. S .

‘lated UPS inverter is carried out in this.section. Expressions for the filter currents

and voltages are derived for lagging, leading, Mnity power factor loads: respectively.
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4.3.1 Transfer Charactez\'istic of the Tank Circuit Filter

"~ Figure 4.4a shows the tank circuit filter with a load. The tank cifcuit comporients
are tuned at the fundamental frequency of the inverter output voltage, so that the
tank circuit ideally exhibits an infinite i d to the fund 1

of the filter input current, Thus the fundamental mmpunent of the filter input

current is mdependent of the tank circuit parameters.’

X, Neglecting 'the small resi {ated with the filter shunt inductor and,

shunt capacitor, the relationship between the funidarhental react "o‘uhemk

; circuit g gvenby

Xn= Xd = X ) . (4. 21)

\, where X, is'the reacta.nce of the filter shunt capacitor at the fun- \ v
" damental ﬁjequency of the inverter output voltage, . W ;J

" . g ‘ ~
Xn is the reactance of .the filter shunt inductor at the in-
verter fundamental frequency.

B &
X y - o H
‘ The equivafent impedance of the filter tank circuit at the nth harmonic component
is given by e
- ;
. i oa o inX (—-’—-) i
Zo =g (4.?2)‘
= X
Zen 4. J:B?-(n, 5 (4.23)

The equivalent impedance of the parallel combination of the filter tank circuit

and the lagging power factor load at the nth harmonic component is given by

: _— +,‘nx{“)<,—a&—§._.g) -
f? X "7 Ry +inXin + Frcamt i -
[, - o e Gl )
v i w
S -
” 1S
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" Figure 4.4: The tank circuit filter with load» (a) Circuit diagram'at the nth
harmonic comporient (b) Circuit dmgram at the fundamental irzqnem:y of the
- inverter output voltage




= nX(Ry+ inXps): .
Zan =7z WXt + Xk 3 (o = DRz “2)
The filter transfer characteristic is obtained as: - » )
.
R : Vi lm . >
Vs ZantinXe: (4.%)
or " ' .
Vin _ nX(Ry +JnXu,|) (a2

Von nX(RL 4 jnXii1) +JnXm[n(1 —n?) Xy +nX +J(nz —1)R;] (

Rpurmgmg equanon 4. 27 and expressing the load i in terms of its lmpedn.nce and
'

power factm-, gives M B .
¥ VL,. \ ,{( 50+Jn5m9) (423)
— V,,,. = (casb+jm +(1—n?)Xp] +JnXXm )
" where X' i the tank circuit reactance at the fundamental fre:
quency expressed in pu. of the load fmpedmce ;
X is the seriegjinducto at the fund 1 fre-

O . quency expressed in pu. of the load impédance.”

‘The filter tfansfer characteristicwith a leading power factor load can be derived

. from equation 4.28 by

—L‘ﬂ‘—- ‘The resulting transfer characteristic for a leading power facton is g:ven by

Voon _ X(eost —jine)

Von (cos@ ]""—)[X + (1 —n?)Xp) +]1lXXL|

o (429)-

Sitmilacly, the filter transfer charactéristic with o resistive load is obtained by
<setting the reactive companent of the load impedarice in equation 4.28 to sdho
and cos 6 to unity. The transfer characteristic for resistive load is given by

Vorn _, X

P S— T (430)

Vo~ X+(1=n)Xps + jnX Xy’

the reactive of the load i d by .
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% Equations 4.28 to 4.30 show that for a fixed switching pattern at the inverter
output voltage, the filter transfer characteristic varies with the filter parameters
~  (filter series .indixccor and tank circuit elements) and the load pow¥r factor.
*The fandamental component of the load voltage Vi is obtained frqm equation
) 4.28 by substituting n=1. The transfer characteristic of the load tank filter circuit
. with lagging power factor load at the fundamental frequency is given by

/ - e,
Equation 4.31 shows that the tank circuit component plays no role in the filter

transfer cha istic at the fund 15 of the invertet output voltage.
1t also shows that the ilier transfer characteristic is unity when the reactance of
the flter series inductor is made very small compared to the load impedance.
The expressions given in equations 4.28 to 4.30 are employed to examine the
- ' effect of various filter parameters on the tokal hermonic distoction of the inverter
outputigoltage. Figure 4.5 shows the effect of various parameters of the tank
circuit filter on .the, THD of the load voltage. The load voltage THD decreases,
with either incr;uing the reactance of Ihe.ﬁlmr serie$ inductor or decreasing the
reuctance of the zmk circuit elements. The figure shows that the load voltage
THD is lowest for leading power factor loads and highest for laumg power factor
loads. .
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.4.3.2 lnput Current of the Tank Circuit»F‘iltér

In order to ubtam !.he VA razmgs of the filter components, ,expgessmns for the

“filier input impedance and input current of the loaded flter are derived.,
The filter input impedance with a lagging power-factor load at the nth har-

monic component, Ziy, is given by

Zin

. Zegn +inXpn . L (482)
® r

where Z.qn is given by equation 4.25.

Substituting equation 4.25 into equation 4.32 and simplifying yields:

n[X + (1 = n)Xpa)(Ry +ofnXin) + jniX Xy -
1= n’)(nﬁbu - iR+ nX

Zin= (4.33)

Rewriting equation 433 in terms 6 the load power factor results in the normal- .

ized input impedance expression given by

5 Z = WX+ = ) Xni](c036 + jnsing) + jn’X Xus
i (1-n1)[nsmaﬂcos9]4,nx

(434)

where Zi, X, X11 are expressed in pu. of the load im'pedmce. .
The nth harmonic component of the filter input current, Ty, is given by

” - =
Von B

Zim v

L (4.35)

The filter input impedance at the nth h

s with a leading power

» ¢
factor load can be derived from equations 4.24 and 4.34 by replacing the reactive




ising

component of the load 1mpedm1¢e by =1 and is given by

7"‘_ AlX + (1= )Xy (cos - 882) 4 32X Xy
on = (n? —1)( + jcosf) +nX

) —_—
The corresponding filter input current is given by \

. Von .
Ton= 5=
. % "
* Similarly, the ﬁlter input impedance at the nth harmoni with & re-” -

slstxve load is denved from equmon 4.34 by replacing the reuctwe ‘component of

the load with zero and cos 8 with unity . The resulting expression is given by

n[X 4+ (1-n)Xn] +jn* X X -

Zirn = (438) ¢ L
B X T It
and the corresponding filter input current is given by -
. T,
iRn = 4.
= =%
Neglecting the effecpaf the higher orderx ics, The fund 1

of the filter input current for a lagging power factor load is given by:
. A

p A £ E— ‘(AN

086 + j(Xy1 + sin 6)




/ . a
- Similatly for.a lending power factor load, the fundamental component of the filter

input cirrent is given by:

J _
/ - Var \
- Tov= —5—r— 4.41
O = 0T (X1 —sin ) (441
- -
" and for a resistive load, the corresponding expression is given by:

S Sa 4.42
T+iXn = 4az)

_ As expected, equations 4.40 to 4.42 show that the fundamental component of the
filter input current is independet of the tank circuit parameters . It is determined

Ly the load pm{er factor and the reactance of the filter series inductor. The

equations also show that-the filter input current is higher formthe leading power "

factor load than that of lagging power load.

4.4 Component Ratings of the Load Filter
7

The peak and rms Values of the current of the filter inductors are the qui\nmles o

‘needed to determme the. zah\‘xgs”‘ﬂﬁ'e in

while the pesk voltage and
t
The nth hermonic comporent of the filter input current is defined by;

current FEAT—

for d ining the filfer itor rating. {

IS T, [Z |(smwt b)) (4.43)




-
The peak value of the filter input current can be obtained by cnr‘nputing‘the sum
of the individual harmonic components of the current at various values of wt and

determining the maximum value of the sum as defined by the equation:
i r .

)
¢,.)rm.. ) | (449

"The rms value of thefilter input current is given by: .

g irms = if.’ i " (4.45)

Lirms =

where ¢, the phase angle of the filter-input current.

Linyms is the rms value of the nth hagfienicikomponent of the
flter input current.

Lms s the.rms value of the total § wirent to the filter.

The peak voltage across the filter shunt capacitor js en by:

’ -3
-

3 o a M
> Vep = Va|TFi| = 7—Vae|TFy|
Sen

where V,, is the peak voltage of the shunt capacitor

Vi is the de supply voltage level.

"M is the modulation index.

Vo is the peak value of the fundumenbal component of the
inverter output voltage.
- <
. |TF;| is the magnitude of Lhe filter transfer chumctenshcs at
the fundnmental frequency of the inverter output volt-
age.”
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a

The rms value of the filter capacitor current is given by: |

(4.47)

Ho =, 24 (4.48)

n

where X.. is the capacitive reactance of the filter shunt capacitor
at the nth harmopic component.

The peak value of(the filfer shunt inductor current of the tank circuit filter is

obtained by comp\ltmg the sum of the individual harmonic cmponents of the

current at various values of wt and determining the maximi ueof the sum

1 as defined by the equation: "

. \7
Iy= [";

whete In is the peak value of the filter filter shunt inductor cur-
# rent of the tank circuit filter.

Vin  is the peak value of the nth harmonic component of the
* load voltage.

'
The ratings of the filter components. are given by:

Xup = Z IS g (4.50)
Xy iV.’mm (4.51)
© n=] “ten :

Xap = 3 Yoboms )

s = Xan )

‘ T . (4.53)

2 sin(ruot ~ Bnk T)nae ERNCED)
21 4 !

~H




where
- Xin = nXwa ' (}.54)
Xan = nXn '(4'.55)
and Xrip  is the rating of the filter series inductor in p‘u.

E Xcr  is the rating of the filter shunt capaciter in pu.

Xng s the rating of the tank circuit filter shunt inductor in
© pu. .
In practice, the volt-ampere (VA) rating of the filter series inductor is assumed to

be twice as expensive as the VA, rating of the capaciti The lized

filter cost (NFCyc) of the L-C filter is given by

NFCrc =2Xur+ Xer . (4.56) |
The normalized filter cost of the tank circuit filter (NFCr)is given:
NFCr =2 Xp1r + X21r) + Xer {(57)

Figure 4.6 shows the effect of various filter parsmeters on the normlized filter
cost, of the L-C flter. The figure shows that the normalized filter cost decrenses
with ingreasing valfies of the shunt capasitive zeactance, nad the Hlter cost i
highest for leading power factor loads. Figyre 4.6 shows that the normalized filter

cost decreases for increasing values of the filter shunt capacitive reactance. Figure

4.6 also shows that, the ized filter cost decreases with increasing values of
the shunt capacitive reactance. Generally, low values of the normalized filter cost
occures for low values of the filter series inductive reactance. The choice of flter
perameters is a compromise between the filtet ratings and the level of attenuation

of the fundamental component of the inverter output voltage.

o

J
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Figure 4.6: Effect of various L-C filter parameters on the normalized filter cost:
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! power factor loads, the

~N
Figure 4.7 shows the effect of various parameters of the tank circuit filter on

the normn.bzed filter cost. The figure shows that for both 0 8 pf lngg(ng nnd umty

d filter cost decre \ylth ing values nf

th filter shunt inductive reactance. For leading power factor loads, the NFC

, attains'a minimum value at low values of the filter series inductor, and i mcreasc.!

for increasing valies of the filter series mducnve reactance.

4.5 Computer Simulation and- Exp:-;-rimental Ver-

ification of 'the Single Phase Delta Modu—
lated inverter with Load Filters. -

) ;
To validate the apalysis presented in the-previous sections; computer simulation

. and experimental verification of the single phase half-bridge delta modulated in-
g verter with load flters is p d. The i fon is carried but

asing the two e of lters prevmus%@scussed ’ly the L-C filter and tank
circuit ltor. Since mest practical loads are either MRgging or resistive loads, the
experimental verification is carried out for nnly these two types of load, to show
the effect of various filter components on the UPS’ é;'stem performance. A com-

.
puter program is developed using sthndard FORTRAN given in Appendix B to

provide of thef various

in the filter circuit for R-L

loads. The predicted results iated by experimental results.
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- ) 4
4.5.1 Comp Simulation and Experi l Results of
the Single Phase Delta Modulated Inverter with L-

C Filter.

A 1 KVA Inborstory model of the sitgle phase half-bridge delta modulited in-

verter with-an L-C filter was set up. The set-up consisted of the following:

A single phase half-bridge inverter employihg power MOSFETS as the inverter

switching devices. y

Inverter input de voltage =100 volts.- | . W

An L-Cload filter. Co ’

A load unpedance of 9. 1 chm at a load power factor of 0.8 luggmg md unity.

Table 4.1 shws the predicted and expesimental results, for valona Slle coms
ponents values for lagging and unity power factor loads. However, exizerimentnl
waveformii were obtained a¢ lagging power factor loads only. The modulator
perameters at which the results were obtained are: AV = 0.18 V (0.018 ph.),
Ve =50V (0.5pn.) and S. =3000.0 V/s."(0.79 pu.).

Figures 4.8 and 4.9 show experimental waveorms of the single phase delta
.modulated inverter with 0.8 pf lagging load for filter components, ;=3 mH and

(4=365 iF. Figurea 4.10t0 4.12show the di lation for -,

-
the expenmemn.l results. .

Figures 4.13 and 4.14 show the effect of changing the hysteresis bandwidth in

the modulator circuit on the load voltage THD, filter input current and capacitor *

current for the same values of filter gomponent as in figures 4.8 and 4.9. Figyres

48, 4.9, 413 and 4.14 show that for same VA rating of the,lnid:_u AV

A
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increases the load voltage THD increases and both the filter input current and tHe

shunt capacitor current ificrease as well. This result is expected since increasing ..

AV shifts thte dominant b ics to lower fi ies, and the filter becomes ‘
in sup the undesired h jes. Figures 4.15 through 4.17 ;
show the imulation for the experimental wavelormis shown in figure :
. 413 and 4.14. The expiamental and predicted rosults show close agreement.  ~

7 T

The system efficiency at L, =3 mH and C; = 365uF was measured 'to be 78
%- Since the inverter is operated at a low output powet, it is expected that the -

system efficiency will be higher at hxghetm:tput powers.| el




Table 4.1 Expérimental and predicted mulh ol' the single” phaso half-
bridge delta modulated invertérs with L-C fi
AV=0.18 V (0018 pu), Vr =

+ [l for R-E loads, [b] for Resistive loads

50 708 pas 9:ci000 V/8(0.79 gu)

Experimental resilts

VT T [ THD| Vi
%

Vo

Volts. | Amps

2.6 2.5 32 |28.2

26.0

24 | 23| 115|260

23.0

23 [, 20| 01 [53.0]3.

49.5

1 = 10. . ’
'C=116uF 417 | 186 | 21 36 319

26.9

v R,

- Experimental m{u

Liny Vi I | THD| Va
Volts | Amps | %

83| 27 27 ggﬂ

213 | 241 48 | 26.1

%3 | 32 | 12 |53.0

21| 24 | 12 |319

1}

1 hent of the filter i

Load. voltage
- Load Current
Var i No load voltage
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Figure 4.8: Experimental waveforms
with L-C filter and 0.
trace:filter input cur:

in the single phase del
pf lagging load: (a)Upper trace:§
ent, (b) Upper trace:load volt
Modulator parameters: AV =0.18 Volt,

Ita modulated inverter
ter input voltage, Lower
age, Lower trace:load current,
Va=5.0 Volt, 5.=3000 Volt/sec.
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Figute 4.9: Experimental waveform of the capacitor current of the single phase
delta modulated inverter with an L-C filter and 0.8 pf lagging load. Modulator
parameters:AV=0.18 Volt, V=5.0 Volts, 5.=3000 Volt/sec
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. Figure 4.12: Simulated waveforms of the filter capacitor current in thesingle phﬁe
delta modulated inverter with an L-G filter and 0.8 pf lagging load, Modulator
parameters:, AV—\) 18 Volt, Vz=5.0 Volts, 5.=3Q00 Volt/sec
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Figure 4.13: Experimental waveforms in the single phase delta modulated inverter
with L-C filter and 0.8 pf lagging load: (a)Upper trace:filter input voltage, Lower
trace:filter input current (b) Upper trace:load voltage, Lower trace:load current
Modulator parameters:AV=0.5 volt, Vz=5.0 volt, 5.=3000 V /sec
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Figure 4.14: Experimental waveform of capacitor current of the L-C filter and 0.8

pf lagging. Modulator parameters:AV=0.5 volt, Vi =5.0 volts, 5.=3000 volt/sec
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Figure 4.16: Simulated ‘waveforms in the'single phase delta modulated fnverter
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4.5.2 Computer Simulation afid Experimental Results of
the Singls li'hase‘ Delta Modulated Inverter with

" Tank CircpitFilter. . :
The L-C filter in the it | setup described in sub jon 4.4.1 is replaced

with a tank circuit filter. Table 4.2 shows the experimental and predicted results
of the tank circuit filter at various values of filtér parameters. The results are
obtained ‘at the Tollowing modulator parameters: AV = 0.18 Volts (0.018 pu.),
Vi = 5.0 Volts (0.5 pa) and S, = 3000.0 V/s. (0.79 pu). The discreparicies b
tween the predicted and experimental results are dué tG the difficulty of obtaining

exact tuning of the filter tank circuit at the fund 16

p i i *
Figures 4.18 and 4.19 show experimental waveforms of the single phase delt%
modulated inverter with a tank circuit filter and 0.8 pf lagging. Figures 4.20 "

through 4.22 show the di imuldtion of the experimental
- waveforms shown in figures 4.18 and 4.19. ) '

The efect of increasing the value of the hysteresis bandwidth AV = 0.5 Volts
(005 pu), in the modulator circuit on the filter performance is shown in figures
4.23 and 4.24. Figure 4.23b shows that for larger value of AV, the THD of load
voltage ificreases for the same filter component values shown in figure 4.18 and
4.19. The amplitudes of the filter input current, filter shunt capacitor current
and filter shunt inductor wﬁent also increase: Figulres 4.25 through 4.?7 are the

. simulated wavefo\x:m of the experimental results shown in figure 4.23 and 4.24.




Table

[a] For R-L loads, [b] Resistive loads
AV=0.18 V (0.018 pu.), Vg = 5.0 (05 pu), 5:=3000 V/s (0.70 pu.)

42 and esults of the half-
bridge single phase delta modulated invertor with tank circuit flter

B(pexi'mu.m results

Predicted resulta

Toi | Vi | & [THD | Va | Gt [ Vi | & |THD|Va
. Amps | Volts | Amps | % Amps | Volts | Amps’ | . % iy
24 [213 ) pa | ‘o |247) 24| 215 | 24 | 05 | 22
= o 7
17 (168 ] 19 |"ar [268].21 | 10 | 21 | 23 | 2
Al
L. -
Experimental results + Predicted results
Vi [ & [THD | Var | T | Vi | & [THD| Var |
Volts | Amps % Amps | Volts | Amps %
$.20.8 23 48 253 | 24 22 |24 44 22.1
19.6 2.1 24 262 2 [ 215 24 .13 229
(b

Fufidamental compo'l‘lent of the filter input current

Load voltage

- Load Current

No load voltage

~ Capacitive or inductive reactance of the tank sircuit component
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Figure 4.18: Experimental waveforms in the single phase delta modulated inverter
with tank circuit filter and 0.8 pf Iagging load: (a)Upper trace:filter input voltage,
Lower trace:filter input current, (b) Upper trace:load voltage, Lower trace:load
current. Modulator parameters:AV=0.18 V, Vz=5.0 V, 5.=3000 V /sec
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Figure 4.19: Experimental waveforms in the single phase delta modulated in-
verter with tank circuit filter and 0.8 pf lagging load: (b) Upper trace: filter
shunt inductor current, Lower trace: filter shunt capacitor current. Modulator
parameters:AV=0.18 V, Vzg=5.0 V, 5.=3000 V /sec.
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with tank circuit filter and 0.8 pf | laggmg load: (a) Filter shunt inductor current
. (b) Filter shunt capacitor current. Mod AV=018V, Va=5.0

V, 5.=3000 ¥ /sec.
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Figure 4.23: Experimental waveforms in the single phase delta modulated inverter
with tank circuit filter and 0.8 pf lagging load: (a)Upper trace:filter input voltage,
Lower trace:filter input current (b) Upper trace:load voltage, Lower tracedoad
current, Modulator parameters:AV=0.5 volt, Vz=5.0 volt, S.=3000 v/sec.




Seale:
X-5 ms/div.,

Y-5 A/div.

Figure 4.24: Experimental waveforms in the single phase delta modulated inverter
with tank circuit filter and 0.8 pf lagging load: (b) Upper trace:filter shunt induec-
tor current, Lower trace : filter shunt capacitor current. Modulator parameters:
AV =0.5 Volt, Vg=5.0 Volt, 5.=3000 V/sec.
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with tank circuit filter and 0.8 pf.lagging load: (2) Filter input voltage (b) Fil-
ter input current. Modulator parameters: AV=0.5 Volt, Va=5.0 Volt, 5.=300
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Figure 4.27: Simulated waveforms in- tMe single phase delta modulated inverters
with tank circuit filter and 0.8 pf lagging load: (a) Filter shunt inductor current
(b) Filter shunt capacitor current. Modul AV=0.5 Volt, Va=5.0
Volt, 'S.=3000 V/sec.




Chapter 5

DESIGN. OF A SINGLE PHASE
DELTA MODULATED UPS
INVERTER WITH LOAD
FILTER :

The design of the single phase delta modulated Inverter for UPS applications
,depends on both the delta moduhtor parameters and the power sub-circuit com-

ponents. I the preceding chapters, the of the delta

tescribed

inverter was in terms of variations of the delta giodul
and the load filter parameters. In this chapter, the major considerations involved
“in choosing ‘optimum’ values for both the modulator parameters and the flter
components are discussed with the aid of design curves. A brief methodology for
determining the load transformer rating, system losses and efficiency is outlined.
Pinally; & susnestel deslgnexssaple is given to illlitrate the design procedies

outlined in the chapter.

150
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5.1 Selection of the Modulator Parameters

In this section, "design considerations regarding the choice of suitable modula-

tor are di d and a

for selecting optimum mopdulator
perameters s outlined. -
“The effect of various modulator parameters on the the invertef qutput fre-

quency spectrum was carried out in Chapter 2. It was shovn that the inverter
b

output fi spectrum is lled by the dulaté Spedﬂ- .

cilly, it was shown that the value of the slope of the carrier wave (S,) iffects both

the amplitude of the fundamental of the inverter output voltage (V1) *

and the order of the inant h ics in the ctrum, However;
the value of V;; is determined by the ratio of the modulation index (M) to the

slope of the carrier wave. " .

Figure 5.1 shows the relationship between the order of the dominant harmonie” .

in the inverter output frequency spectrum and S, for & fixed value of V,; (56 %).
The figure shows that incressing the slope of the carrier wave shifts the domi-

nant harmenic in the inverter output to higher fr
5 B

Shifting the dominant h ic to higher f; ies means that small filter size
can be used to obtain a load voltage of THD less than 5%. To marginally avoid

~ slope overload condition and achieve high fundsmental output voltage (i.e., high -

voltage ' ion ratio) with domi: b ics at higher frequenci lmod\i-.

lator parameters of Se = 1.0 pu. and M = 0.8 pu. are preferred and considered
: : :

‘optimum’. ' -

The value of AV has a significant effect on the harmonic spectra of the inverter

output voltage and negligible effect on the litude of Vy. I ing the value
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Figure 5.1: Effect of the slope of the carrier wave on the order of the dominant
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of AV decreases the order of thé domiriant harmonic and vice versa,On thebther

_)hand, decreasing the value of AV results in higher inverter switching frequency.

The value of AV -is chosen as small as practically possible. The limit on the *

small yalue of AV is mainly dictated by the speed of the voltage comparator
% '

in the modulator circuit (41 in Fig. 2.2) and the inverter switching losses. In
general, values of AV ranging from 0.01 pu. to 0.02 pu. are preferred.’

"The value oAV also plays apart in detemumng the system atep response.

A full discussion on the choice of the vilye of AV has to take into account the

_effect o{ its va.mmon on the overall sysum step and transient responses.

5.2 Desxgn Con81derat10ns for the P wer Sub-

circuit

In the previous sections, the half-bridge inverter circuit was employed to cnn:y out

the experimental verification of the single phase delta modulated UPS inverter.
 However, for high power applications the full-bridge inverter circuit is used.

T this et s dedigh prcalire o seléeting otoipansit Valiis i detas.
miniing the ratings of the power sub-ciscuit is presented, Design curves showing
the effect of the filter components on various UPS perfofmance variables are
employed to select values of filter components which meet certain performance
riteria of the UPS system. Based on these values, the. ratings of the components

of the single phase delta modulated UPS inverter are ‘e cnnincd.

5.2.1 Design Considerations of the Load filter Compo-.

nents

The choice of the filter components has to meet the following criteria:

ES

w’
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1. The e s to be small insize and provide the lems possible eétenuation
tothe fundamental component of the inverter output voltage. An indication
ofthe flter size is the normalized fiter cost (NFC). The smaller is the value
of the NFC, the smaller the filter size. . a0

The ‘g ion of the fund I corr of thi inverter output volt-
age due to the filter series inductor is defined by: -
- . ATTN%—-IOO——V‘" Ver . (5.1)

Fundamental yoltage bt St kil kept to,a minimum (usually 10

%), in order to optimally utilize the dc supljy voltage.

o

. The system voltage utilization should be kept at its highest possible value

whi‘the total harmonic distortion of the load voltage is kept below 5 %.

Design curves showing the effect of the filter on the UPS perf

variables are discussed below. . .
Figure 5.2 shows the effect of the filter components on the attenuation of the
fundamental component of the inverter output voltage for both flters. Figure

520 shows that for the LG filter, the ion of the fund

of the load voltage increases with increasing values of Xz,. Except for X, values
less then 2.0 pu, the shunt capacitor does nof have significant effect on the
attenuation level, The fgures also show that there i a wide range of vasiationis
of uttenuatio‘n level for values of Xy, greater than 0.2 pu. Figure 5.2b shows that
forthe tank cireut flter, sitenuation levels less than 10 % can be achieved f Xz,

is less than 0.2 pu. From the voltage utilization viewpoint, Fig. 5.2b suggests




1

r

S
that the tank circuit components can have any vnlue as long as they are tum:d at

the fundamental frequency.

3 % L
Figures 5.3 a.nd 5.4 show the relationghip between the voltage utnhzn.hon ratio
ami the total harmonic distortion of the lond voltage for the L-C filter u.nd the ) |

unk circuit filter respectively. Figure 5.3 shows that for the L C filter , o load y
voltage THD less than 5 % and voltage utilization ratio (VUR) of 0.65 pu..can
be achieved with Xy,

02 pu. and X, = 3.0 pu. However, with load voltage
: 2

lation; total ot

less than 5 % can be achieved af reduced
VUR. with thie same filter corrii:oﬁ-énfé. Figure 5.4 shows that for the tank cir’cui.t
filter, load voltage THD less than 5 % can be achiev{ed_ with X,,;< 0.2 pu. and
X = 2.0 pu. However, compasd to the L-C filter, the‘ voltage- utilizatjon ratio
uing & tank circuit Slter s lower and it is further reduced with foad voltage
tegulatmn h '
F:gure 5.5 shows the relationship bgweeu the normalized filter cost of both L
L-C and tank circuit filters and various filter parameters. The figure shows that
the nonmhzed filter cost of both filters generally decreases with increasing vnlues
of Xz1 and X or Xa. "

The discussion above indicates that the choice of the ‘optimum’ ﬁlter compo-

nents involves trade offs between the total harmonic distortion, filter ccst voltage

=,
attenuation and voltage utilization ratio. Based on the pievious dissussion, pre- ]
ferred filter components can be chosen as :

for L-C ey Xu=020pu. Xa =30pu. s

for tank circuit filter: Xz = 0.17pu.  X=2.0 pu.

v "
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Figure 5.2: Effect of various filter parameters on the attenuation of the funda-
mental component of the inverter output voltage: (a) L-C filter , (b) Tank circuit
filter # § .
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of the 1oudfw_1;5;e: () X1 = 0.1pu., (b) X1 = 0.2 pu.
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5.22 etermmatlon of System C}Jmp(uient‘ ratinés and
eﬂicxency

Figure 5.6 shows t¥eschematic diagram of a single phase full-bridge inverter with
ar’ isolating transformer, L-C filter and load. The full-bridge inverter circuit is
used, in this case, for high output ratigs of the inverter. A transformer is required
nt. the load lmninuln\to provide ohmic isolation bel‘weel: the load and-the dc
power supply and to match the specified load vnl]tuge with .t.he de voltage level at ~

a particular value of modulation index. .
.-

1. Determination of the ', former rating
To specify the transformer, expressions for the turns ratio, current and voltage
ratings are derived. & =

The fundamental component of the load von.ge i¢ given by:

Rl 4 ' (52)

_ where |TF| is the mngmhlde of the filter transfer characteristic at

the inverter fundamental frequency.
N, " s thenuingerof viriok ths tringfecie: pesatiey wink
: g \, . os "
N, is the number of turns in the transformer secondary

winding.
Neglecting the harmonic content in the load voltage, the magnitude of the load

wvoltage is given by:

N, ’ % g
4 Vo = ValTRIF (5.3)
s
Since

M
—r— & (5.4)







the transformer turns ratio is obtained from equations 5.3 and 5.4 as ‘
N

. 4 w N, \/'VL.Sm 4 \t
= TRMVi. (5.8)

Equation 5.5 shows that incm’s;ng the level of the modulation index will reduce;  *

the v,;lue of the trnnsformer turns ratio and hence ifs size: The mugmlude of the =

ller‘ transfer chamclerlshc at the inverter, fundnmentnl frequency, TF}. should
be a4 close to upity as possible. For Values of Tﬂ much less than unity, the

. trunsformer turns ratio has to be }ugh in order to compensute for the attenuation-

# e
% in Vo and provide the specifid level of the lond veltage, - P
/" Thefindamental component of the transformer secondary current, I,y is given
3 : . .
. “ A 4 VLI . 5
L © (56
e (56) _
" where  Zjy . is the load impedance at the fundamental B .
PR Thé fund ental o of the transfc primary current, I, is given by:
. 2 ’ W,
i : In=1I,52 7
L i =L g
» The transformer VA rating is given by = \ h
L y ) Vil = Valp = Vol (5.8)
¥4 e . X .
% . . The transformér rating is determined by neglecting the power losses due to higher g .
o order” humdmcu. To safely,opemte the tto.nsformer without overhentmg it, the ¥

L tmmformer has to be derntcd




2. Inverter Losses and Ratlng’

Owing to the wide seperation between the switching fi and the load fre- |

quency, the effective load at the inverter output appears highly inductive. There-

fore, it js assnmed that the inverter current is approximately constant'during each

switching cycle. 4

T!nere are three different. types of lns‘ses in the ihveréer, nu‘nely:
. lnver;er s’a/itd;ing loss.

L Conductiof loss. _ . .
o Freewheeling diode conduction loss.

Using power MOSFETs os the fiverter awitéhing:devices, thoinverter avernge

swntc!'nng losses are given by (30]:

_2VuRil, 23
Prong = Tk 4 247 [ T 0T dt) . (59)

where

v .

’ L Lk=8m (®10)
I
where F, is;the inverter average switching frequency.
% is the rms value of the inverter output current.
' Q. - is the reverse recovery charge in the source drain diode
(gwen in the device data sheet).
P /] is the diode forwagd current at which Q. is given.

The value of @, depends on the transistor tc;nperuturc and its drain current.
Thus, the value of Q,.. has to be corrected when the trunmtor junction temper-

" ‘ature deviates from that at whxch Q. is given, |+ *
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The device conduction loss is given by [30]:
Pu—avg = 0.46217 Ructon (5.11)
and the diode conduction loss is given by [30): '
Pamaiy = 0.068L,Vag L (812)
where  Poy_ay is the average power loss due to the MOSFET channel
. res:stuce
Pu-avy s the averpge power loss in the MOSFET body diode.
Vi s theforward voltage drop across the diode.
Rus - is the value of the on registance of the transistor channel.
' T 3 .
Inverter total losses (Pi-iny) are given by .
. Proino = Puzavg + Pet-avy + Peo-avg (5.13)

The inverter switching device ratings are calculated at the highest posssbg per-
mitted voltage and current. ’

. The peak current flowing through the mverter sthchmg devices is equu.l to
the peak vu.lue of the filter input current refarred to the transformer pnma.ry side
and is given in equation 4.44. However, the rms value of. the filter input cutrent
is given by equation 4.45. nJ . Y

The pepk repetitive forwud( »4) and reverse (V,,,) volcnges across the inverter

" devices are given by
Voy = Vor'= Vi GO
3. UPS System Eﬂjciency . .

.The UPS system efficiency, 1,,, is given by

Thoys = Tliny X Mt X NF , (615




-y R N
where ‘nF ' is the load filter efficiency o
e is the transformer efficigficy
Tiny is thg inverter efficiency

The RJter. efficiency is given by:

Vil cos

/. B S "FS Vialicos8+ Fy -
I / ¥ . .
.- or R
" __»f
i T E,
where  Fj is the load filter loss. ,

Fyp, is the load filter loss per VA output.
pf  is the load power factor '

The load transformer efficiency is given by:

Vialrscosd t

m=v—'€’:——M Lo
F

n=—2_
Y pf +n¢Tiy

where  Ti, is the transformer losses per VA output.
* Similarly, the inverter efficiency is given by:

' SN S
™= pF + PpoinsiF

where Pip-in " is the inverter losses per VA output.
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5.3¢ Design Example .
i ] % : .
A numerical example invz]lving the L-C filter is given to illustrate the design
+
procedurés pstablished in the previous sections:
The following are the requirements for the design of a single phase full-bridge -

delta, modulated UPS 'systcm. » i

Rated apparent load power = 1000 VA “
Rated load voltage = 110 V (rms]

Rated de supply voltage = 155 + 10 % ES
Operating frequency = 60.0 Hz

Transformer efficiency= 94 %

Load voltage THD < 5.%

Load power factor is expected to vary form 0.8 lagging to unity.
5.3.1 Determination of the modulator parameters

In section 5.1, the following modblator parameters were chosen:
. - .
.
. Sen=1.0,pu,, M=0.8 pu., and AV,=0.015

0 ' ’ - @
I the hysterésis Gomparator saturation level is chosen as 10 V, the values of the

miodulator parameters are obtairied from equations 2.36, 2.37 and 2.40 as:
v -

Va.= MxV,=08x10=80 (5.21)
VAV = AVax V, =0015x 10 = 0.15 (5.22)

t




and

5= XV, X Son = 377 x 10 x 1 #8770 (5.29)

“If the integrator cnpamtor is chosep es 0.05 uF chen the value of the integrator
£ .

i reslsta.nCe (R,) in Flg Clis given by:

i ¥

Voo 5 .
© R=g . om ©20)
or - . _’
Ry = 53k BNCE
- on _ @257

5.3.2 Design of the Power Sub-circuit

+ The peak value of the fundamental component of the inverter output voltageis -

given by:

and

= 87.68)(rms) s (s2m)

Ay

(5.20)

are given in section 5.2 as

These values produce loag.voltage THD less tha.n‘ 5 % for 0. p agging lond,"

As‘shown in chapter 4, the load volt.nge THD is thc worst u!( the case of lagging

power factor loads. In other words, the same ﬁller camponenu that produce a

loﬁd voltage with THD. lesg than 5% for laggmg power factor luads, will provide,,

a loid voltage with THD less than this value for unity power factor loud
v

=0.80 x 165 = 124.0V(peak) (5.28)"
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The dari I transfer ch istic of the lcaﬁl filter at the filter param-
eters given above is calculated from equation 4.3 by substituting n=1, and is

obtained as: . .
TF =095 "o (530)

" Since the load voltage required is 110 V (rms), the turns ratio of the load trans-

Y .

former is calculated from equation 5.5 as
N, w_

N, T 095 x 87.60 581
or /’ N 9
N,
=0 (5.3.2)
The following base ities are ‘
The base voltage =155 V
The base impedance is given by :
VA _ (1107 _
) 7= oo = 1210 (5.33)
The basé imped referred to the f r primary side is calculated as:
Ziawe = (eyx 121 = (0.76)* x 12.1 = 6.98F (5.34)
3
The base current is given by
. 155
) Base = o5 = 22174 (5.35)

1. Filter cumpmfﬁt values i

o : .
The actual valyes of the filter parameters (eferred to the transformer sec-

ondary side) dre given by:

: . =Xy =02x121=2420 (5.36)
Xa =3.0x121=236.3Q (5.37)’
’ 4
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A The values of the filter series inductor and shunit capacitor are obtained u N
; . . &

' ol o= 22 _Gaomp D

. g F:Eﬁﬂsﬂ L (539)

Assuming that the quality fa.ctur/of the filter series inductor is 8, the resis-

tance associated with-the filter séries inductor is obtained as:

\’\ B ’ Ry== . (5.40)'/;

2. Filter rating and efficiency .
Since the filter input current i§ higher for unity power factor loads than
i . that for lagging power factor loads, ‘the currents flowing through various
filter components are determined on the basis of unity power factor load

(worst case design). Substituting the filter values in equation 4.19, 4.44 and
. -

4.45 yield: . . o HE
’ 059 ypu. C (541)
Tijms = 053 pu. (5.42)°
s T eme = 047 pu. (543)...
B . Tam, = 052 pu. (s

Converting the pu values intq/actial values yield:

| ’
! fio= 059 %2217 =13.08 A (péak) (5.48),
Tims = 053%x221731=1175 A (rms)- . (5.40)
B Tme = 047 x22.17 =10:42 A (rms) . (547) .
. % i .
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Veems = 110V (rms) . (5.48)
V. = V2x110=1555 V (peak) (5 49)
Lipms = 0.52 x30.31 = 15.76 A (rms) (5.50)

The copper loss in the resistance associated with the filter series inductor

is obtained by:

F =175 x 0.3 =41.40 W T (s51)
The filter efficiency is given by:
1
6% = 22200 _ 06.00% (5.52) -
T+ ae
@
3. Load ’I\'ansfarmet rating
The rms value fund 1 of the primary cugrent
;
(inverter output) is given as:
Ii=1153 Amp ) (5.53)

The transformer VA rating at the inverter fundamental frequency is given
by ’
VA =

153 x 87.68 = 1010.95 VA (5.54)

Allowing 10 % overating for the harmonic content in thie inverter output

voltage, the transformer VA fating is chosen as:

VA, =1010.95 x 1.1 =1112.0VA (5.55)
o y +
4. Inverter rating and efficiency

 Inverter switching devices should be rated to carry twice the rms value of the

H
R
™~
B




- >
transformer primary current, hence the current. ﬂowmg thtough sw:tchmg

. device (Ig) is given by o
,

Io=20x1175 = 2350 ‘A (rms) )
The peak forward, (V,s) and reverse, (V,,.,) repetmve voltage are chosen to
be equal to the maximum allowable level-of the supply voltage (+-10 %)

and are given by: ) -
Vor = Vi = 155 x 1.1 = 170.50V  (657)

IRF 250 with current. and voltage ratings of 30 Amp and 200.V respectwely

is chosen as the mverter switching device.

The reverse recovery charge Qi, of the MOSFET body diode is given as
Q.+=81 uF at I; of 30.0 Amp., hence

= 0.27uC/Amp. ©58)

».ﬁ'

The inverter average switching frequency is obtained by substituting the
modulator parameters in equation 2.32 to give:
a0 ) 317w 80
1o 1
Frs = 150, 15( Gxamo)] )

¢ . .

or : ! .
Fyoayg = 3770.0 Hz ~ (5.60)
The inverter average switching loss i is obtained from cquntmn 5. 9 as:
Preavg = Ki(2 X 0.27 4 2.47 ECERIS (561)

100 )




where .
= 170.5 x 11.75
Ki =10 x‘2x SXW x 3770 (54
™
Hence; H .
Prgg =515 W . . (563)

@ { o b
The average conduction loss in the MOSFET channel resistance is calculated

from equation 5.10 as: ) - -
Pryoayy = 0.462 x (11.75)* x 008 = 5.1 W (5.64)

Since the forward voltage drop across the MOSFET body diode is 2.0 V,

the average conduction loss in the device body diode is given by:
Paaayy = 0.068 x 11.75 x 2.0 = 1.50W (5.65)

o .8 N
,Total inverter losses are given by:

Priny = Pucavg+Pacang + Pacay (5.66)
Py = 5.15451+159=Q.19 W (567
no From equation 5.19, the inverter efficiency-is calculated as:
7
I . 1x100
it = G 0.7 = 9898 (5.68)

5. System efficiency

The overall system efficiency is calculated from equation 5.14 as:

Tlys = 0.04 x 0.96 x 0.98 = 0.893 . (5.69)

or

Tl 803% - (5.70)




. The design of the single, ghase full-bridge delta modulated iAverter with tank

circuit filter follows along the same procedures as the L-C filter.
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Ch'ap;teré w ,
CONCLUSIONS . ., = - *

v

In this thesis, the analysis and implementation of a rectangular wave delta mod-

ulation (RWDM) .Jhe\m; for UPS applications have been carried out, and it Has

been shown that RWDM offers significant ivmed performance for UPS appli-

cations. . ~

Three types of rectangular wave modulator, namMy, single stage, multistage

and digital RWDM@vege presented. It was sown that the single stage RWDM

possesses all the desired i for UPS licati The basic ch -
istics of the RWDM were evaluated and it was found that the modulator parame-

ters which affect the peric of the modul are the

AV, the i gain S, and the modulation index M. The effects of these pa-

rameters on the modul o were investigated further using Discrete

Fourier Transform technique. It was shown that:

o The order-of the dominant harmonic in the modulator output is strongly
3
influenced by the b is bandwidth AV and the i ¢ gain S.. Con-

sequently, control of the order of the dominant harmonic can be achieved by

varying these However, it is re ded that AV should be
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used to control the order of the domjnant ha.rmomc, w}[le S.is selec‘ied to

p o B
*  .provide the desired value of the fundamental x of the modul

“output and also to avoid slope‘overload condifien.

« The amplituda of the fundamental component of the modulatdf oifput s -7 &

rdecermmed by thie modulation mdex and: the mtegrntor gain. Thus, the
RWDM providés & means why

eby harmonic mlmmuahon and Voltnge.bon-

trol technique can be 4

d in the modulation process.

Tk/ ion of the delta modulation scheme to a simgle phase UPS-inverter ,

with resistive load was investigated. Two switching schemes, nn'rqely the u;-xipo-

lar and @ bipolar, which are commonly used in pulse width modulated-static- ~

inverters were examined for the delta modulation scheime. ;rrb‘pm% switching .
scheme was found to be more suitablefor the single phase delta modulated UPS

inverter. The following basic fcalun:s of the scheme made it nmmcnve for )UPS

apphcnnons o 3
1. 1t provides significant ¢ ion of low order harmonic in the inverter °
= N - -~
output voltage. . { i
T l N = J . : .
2. It provides load voltage lation #hrough an ind dent control of the
modulation index. - ’ 3
3. It provides si i in the voltage utiization ratio.
4. Tt provides high order d harmohic with mod, switch-
ing frequencies. N L
4 ’ f ”
¢
LY » %




The opplication of the DM to a single phasg delta modulited Snverter

L 3
wn,h laad filter was exsmined. Several types of load fieserbiere presented, and
based on their basic charactensucs, two filters, namely the L-C filter and the tank
circuit filter were selected for delta modulated UPS ifivertet.

The effoct of the two filters in ing the undesired h i ined

in the inverter output Voltage was investigatéd for various loads by varying the

values of various filter comp It was showry that for both ﬁlters, i
ey

\the v'a.lue of the filter series mductur or the shunt capacitor decreases the total
hn.rmomc distortion (THD) of the load voltage. It was also shown that for given;
filter component values and load VA rating, the THD of the load voltage was the
Highest for lagging power factor load. However, the - S presented
in the thesid show that THD less than 5 % wjth small flter siaes is achievable;

An investigation of the efféct of varying the filter domponénts on the cost Z

. the filter was carried out. It was sliown éﬁt for bath ﬁlte;s, the normnlized fil

cost- decreases with decréasing va.lues of the shunt capacitance, It was also shown
that for given filter component va.lues load VA rating, the normalized ﬁltcr
cost was the highest for leading powe; blohd o
Exgenmenta.l a.dﬂ- predxcted results showed that the deltd modulation tech-
mquq oﬂ‘ers lmprovcd performn.ﬂce of the UPS inverter. *
qully, a numencal design exampl; of a single phase delta modulated UPS
_inverter with L- C«ﬁlter and lagging power factor load was presented. Various is-
sues involved in selectmg the modulator pa.ramelers.and the load ﬁlter parameters
were presented with the aid of design curves to determine opumum componentu

value-of both the mddulator and the load filter.

&
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Suggestions for future work ¢ o
The-present-work-contains the analysis and analog implementation of the single
phase delta modulated UPS inverter. Future wOxk in the area of delta modulated

UPS systems may be stated as follows: .

. A detailed invéstigation of the suitability of three phase delta modulated

fo

. \
«  UPS inverter, and evaluation of the system with the two comy_
morily used switching schemes-for static pulse width modulated inverter #§

recommended. cl e

o The effect of various system parameters, modulator and load filfer, on the

system response-to step changes in %fma is. recommended. In addition,

a detailed procedure for d ihg the opti i e,
o A mi impl ion of the three phase delta modulated UPS v

since a

system will

inverter should be i

enhartce the noise immunity of the system. )

The characteristics and suitability of the second order rectangular wave

delta modulator,for UPS applications could be investigated

The applicatign of the RWDM scheme to other UPS configurations (for

example the current-fed UPS system) needs to be examined.
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Appen:iix A

/

Rigure A.1shows various isvelprnta b sl modulator circuit for the first few
switching instants. The modulator output vm(t) toggles between £V, The
carrier wave oscillates around the reference signal with equal positive and negative

_ slope, 5., A modulator outpiut switching instant takes place when the amplitude
of the cairier wave cigeeds the amplitude of the Seference siggil by the valig

+  of-the is bandwidth AV, A

that bath the carrier signal and the

B i . T E g
Determination of- The Delta Modulator Switching Instants
: 2 } i

reference signal initially stait at zero, the first sWitching instant takes place when:

Sty = Vasinwt + AV

or the switching instant takes place W

o Vasiniot + AV g o .
1 = 5

T e

The second switching instant takes place when: .

-
Stz — tu) = Vrsinwt, — Vrsinwt, + 24V.
2AV + St | Vasinwt — Vesinwty
= + -

5 » S Se
- The third switching instant is determined by:

or
. t

20V + Sty | Valsinwty —sinwty)
L tg= < + =
The ith switching instant can'be de ined as

4o 2AVE Sty (sinwtiy — sinwt)
N = S. m . (=)
h 4

i=2,34, N

¢ 3 g

A1

A2

A3

vy

%
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where IN is the hysteresis bandwidth.

S . is the slope of the carrier wave. 3
w 'j is the angular frequency of the reference signal va(t).
Ve is the i value of the refe signal litud
i is the pulse number. s
7 4 3
The above i (A.1-A%6), are ically solved.to d ine'the wi hi

instants. The program listing is given in appendix B.

—~ £
- R N . g
v, ! « _ ..
- >
~
% - . - -
N ’ N =
.
\ e
| ’ e
.: \ ( N
<
, .
N
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-Appendix B} . ’ g =

. Computer Programs

To solve the governing jons of the modul itching instants, an Inter-

national Mathematics and Statistiés Library (IMSL) ZREAL (version 10) is used.
As the routine specifies, the equations have to bedefined as external function and -

the routine is’ dly called for computing,each switching point. The routine
employs Muller's algorithm to'solve the governing ions of the modul
switching instants. ~ * * v

A : 3
Bl N ical ion of the Delta i itching Instants
[ . erk
C  PROGRAM 'SOLVES' THE DELTA MODULATION GOVERNING EQUATIONS * *
C AND PROVIDES THE SHITCHING INSTANTS UE’. THE ‘MODULATOR *
C _ WAVEFORM: OUTPUT. . ¥
C  SW = OQUTPUT DATA FILE: CONTAINS NUMBER OF SWITCHING o
C POINTS, THE MODULATOR OUTPUT SWITCHING INSTANTS. *

COMMON DELV,VR,S,0MGA, FLAG,EQN

REAL EPS,ERRABS,ERRREL ,ETA,OMGA

REAL 51(800) ,41(800) ,P4(800) ,E1(800)
EXTERNAL F1,F,ZREAL,WVFRMy

OPEN(UNIT=T ,FILE=’HPLOT.DAT' , TYPE=" NEW")
OPEN(UNIT=8,FILE=’EPLOT.DAT' ,TYPE=’NEW’)
OPEN(UNIT=9,FILE=’SW.DAT’, nPé-'nE:;)
DPEH(UHfT-lO FILE='REF .DAT’ , TYPE="NEW’)

C.
C DV : IS THE HYSTERESIS BAND WIDTH Ihl VOLTS

C VB : IS THE AMPLITUDE OF THE REFERENCE SIGNAL IN VOLTS *
c :, IS THE SLOPE'OF THE CARRIERyWAVE IN VOLTS/s

c E!. : IS THE INSTANTANEQUS VALUE OF tHE CARRIER WAVE

C The PERIOD OF THE MODULATOR OUTPUT WAVEFOM IS. CHOSEN '

C TO FIVE TIMES THE REFERENCE SIGNAL PERIOD.

J - WRITE(6,*) 'ENTER: DV Vh s’ A

i~ READ(6,*)DV,VR,S’ ¥

FEEQ'GO 0
c
Pre2.oABMNC1.) | [D

OMGA=2. tPXtFREQ




20
C

c -
55

150
[

. “TMAX=5 .0/ (FREQ)

Q
CRIT=THAX~ (TAK¥20 .E-6)
$1(1)=0.0 TR ‘
E1(1)=0.0 .
WRITE(6,20)0,0. .
FORMAT(11X,13,6X,E15.6)-

N=1 \
EPS=1.E-8

* ERRABS=1.E-8 g -
84

L]

ERRREL=1.
ETA=1.E-2

ITMAX=100 : '

NROOT=1 - 4
XGUESS=1 41'/‘—5 - o . —

: /
CALCL’LATE FIRST SWITCHING POINT ‘e

CALL ZREAL(Fl EP.RABS ERRREL,EPS,ETA,NROOT, ITMAX, XGUESS X, I"FU)
S1(N+1)=X
Ei.(N-d)=VR‘SIH(UHGA‘X)¢DV

CALCULATE SUBSEQUENT SWITCHI! T

[/ N=N+t

IF(JMOD(N;2) .NE. 0) THEN -
FLAG=-1.0

ELSE -
FLAG=1.0

ENDIF ‘

EQN=2. *DV+S*X+FLAG*VR*SIN (OMGAXX) * b o

XGUESS=X+*1.50
CALL ZREAL(F,ERRABS,ERRREL ,EPS ,ETA, NROOT , ITHAX , XGUESS, X , INFO)
IF(X .GE. TMAX)X=TMAX

S1(N+1)=X

E1 (lI‘+L)-VB#SIN(UMGA*X)‘FLAGtDV .
IF (X .EQ. TMAX)GOTO

IF (X .LE. CRIT)GOTO 50 '

WRITE(6,%) N =’ N y
NPTS=N+1 4
WRITE(9,*)NPTS
DO 150 I=1,NPTS
WRITE(9,#)$1(I)
WRITE(8,#)51(1) ,E1(1)

CALLING WVFRM ROUTINE WHICH CONSTRUCTS THE ‘V,ARIDUS_ “l
. « -




aa

daa

130

© WAVEFORMS IN THE MODULATOR CIRCUIT.

CALL HVFR.M(HPTS Si TMAX,OMGA, VR, M1,P1,L,T, AMP)
DO 130
HRITE(7 ‘)Mll‘(l) P1(I)

EIID
FUNCTION .DESCRIBING FIRST SWITCHING POINT EQUATION

REAL - FUNCTION F1(X)

COMMON DV,VR,S,OMGA,FEAG,EQN
REAL OMGA

F1=(DV+VR*SIN (OMGA*X) ) /S-X A
RETURN -~

END.
GENERAL FUNCTION FOR ALL SEBSEQUENT SWITCKING POINTS
REAL FUNCTION F(X) .
COMMON DV,VR, S ,0MGA, FLAG, EQN
REAL OMGA
F=(EQN-FLAG*VR*SIN(OMGA*X))/S~-X

TURN

END
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4 C ROUTINE TO CONSTRUCT VARIOUS WAVEFORM IN m:
*MODULATOR. CIRC

EPLOT = OUTPUT DATA FILE WHICH cmrmus THE CARRIER .
SIGNAL WAVEFORM

MPLOT
OUTPUT WAVEFO

REF = OUTPUT m-u FILE CONTAINS THE REFRENCE SINE WAVE.

aaaaaa

- DUTPUT ATA FILE WHICH CONTAINS THE MODULATOR -

PR R

° GENERATE SWITCHING. WAVEFORM FROM CALCULATED"

‘M1(1)=51(1) - T

SUBROUTINE' WVFRM(NPTS, 51, TMAX , OMGA , VR, 1, P1,L)

REAL S1(800) Hi(soo) $1(800) ,£1(800)

AMPP=7.0 . oo * o w o g
AMPN=5.0 § - . -
E1(1)=0.0 . . -

SWITCHING INSTANTS

P1(1)=AMPP

L=2

FLAG=1.0 : s

DO0.120 J=2,NPTS

IF(J .NE. (NPTS)) THEN g ; %

IF((S1(J) .EQ. TMAX) .AND. (P1(L-1) .EQ. AMPP)) FLAG¥-1.0
A :

IF(IMOD(J;2) .EQ. 0) THEN -
M1(L)=S1(J) B
P1(L)=AMPP, - g
Lal+i |
M1(L)=51(J)
P1(L)=ANPN

{= LaLl

M1(L)=S1(3) t
P1(L)=AMPN
Lal+y" . -
. M1(L)=S1(J) .
P1(L)=AMPP i
L=L+1
ENDIF :
IF((JMOD(J 2)' .NE. 0) .AND. (S1(J) .NE. TMAX)) THEN
3 M1(L)=S1(J) w
P1(L)=AMPP g

LaL+1
1(L)=51(J)




120 |

CONT!

CONSTRUCT THE RFERENCE SIJH}E WAVE

" T=0.

DELT:

P1(L)=AMPN

E LaL+1

ELSE %
M1(L)=S1(J)
P1(L)=AMPN
Lal+1
Mi(L)=51(J)
P1(L)=ANPP
o LeLsl

ENDIF

ENDIF

LSE
IF(JMOD(J,2) .EQ. 0) THEN
Mi(L)=s1(J) .

P1(L) =AMPP

=L+
M1(L)=51(J)
P1(L)=AMPN

M1(L)=51(J)
P1(LY=AMPN

~ LaL+1 .
M1(L)=S1(J)
P1(L) =AMPN

INUE

0
'=TMAX/800.0

AMP=VR*SIN(OMGA*T)

WRIT!

E(10,*)T,AHP .

“T=T+DELT 1

IF(T
RETUI
END

.LE. TMAX) GOTO 77
RN . M

189




190

4

B.2 ination  of The q Spectrum of The Modulator
Output Waveform,
c
C  PROGRAM COMPUTES THE SINE AND COSINE TRANSFORMS OF .
C THE MODULATOR OUTPUT FREQUENCY WAVEFORM\TO DETRMINE ITS =+
C FREQUENCY SPECTRUM. .
C THE PROGRAM EMPLOYS AN IMSL-ROUTINE FFTSC (VERSION 9.2) +
C SW.DAT = INPUT DATA FILE CONTAINS THE MODULATOR *
C  SWITCEING INSTANTS. -
C ECN.DAT = OUTPUT DATA FILE CONTAINS FOURIER COEFFICIENTS
C  RCW.DAT" = OUTPUT DATA FILE CONTAINS VARIQUS WAVEFORMS IN =
C THE MODULATOR RECONSTRUCTED FROM FOURIER COEFFICIENTS *
C:
c . =
C THIS PART OF THE PROGRAM PROGRAM IS MEANT FOR DISRETIZING
C THE SWITCHING WAVEFORM OF THE PELTA MODULATOR OUTPUT.
c

DIMENSION A(4096),5T(2049),CT(2049) , THK(12) ,WK(12) ,

* HN(2049) ,CN(2049) m(gms) $1(800)

COMPLEX ' CWK(2049)

REAL MAX .

OPEN(UNIT=7,FILE=!SW.DAT’ ,TYPE=0LD’)

OPEN(UNIT=9,FILE='ECN.DAT’ ,TYPE="NEW)
g upu(mn’-u FILE=’RCW .DAT’ , TYPE='NEW')
c

= FREQ=60

OMGA=2. o-n-rm

TMAX=5.0/FR
c

READ(7, *)NPTS

DO 10 I=1,NPTS

10 READ(7,*)S1(1)

c 5 B

P2=13 ~
¢ ;

TS=THAX/(2.0%+P2) ~

DELTS=0.

NMAX=NPTS-1

K=1

DO 20 I=1,NMAX :

L=I+1

IF(MOD(I,2) .NE. 0.)THEN .

FLAG=1.0
ELSE .
FLAG=-1.0

ENDIF




100 A(K)=FLAG

DELTS=DELTS+TS

K=K+1

IF(DELTS .LE. S1(L))GOT@ 100
20 CONTINUE

KPTS=K~1

C, THIS PART OF THE PROGRAM COMPUTES THE COSINE AND SINE
C TRANSFORM OF THE DELTA MODULATOR OUTPUT WAVEFORM.
c 5

N=KPTS

HEITE(G *)'TS=',TS, 'N=",N . -
90 Ni=N/2+ ’ .

CALL FFTSC(A,N,ST,CT,IHK,HK,CHK)

TO DETERMINE THE FREQUENCY COMPONENTS. ..

aoa

DO J=1 %
HH(J)=(J 1)/(N1TS'60 0)

‘{-FLDA’I‘J(N)

‘DO K=1,N1 <

cr(x)-cr(x) Y . ,
ST(K)=ST(K) /Y %

END DO

CT(1)=CT(1)/2.0 - .
ST(1)=ST(1)/2.0
CT(N1)=CT(NT)/Z:0 N
ST(N1)=ST(N1)/2.0 '
CN(1)=CT(1) . /
D0 21 I=2,1001
cn(I)-san(cr(!)uz +ST(I)*92.)
- IF((CT(I) .EQ. 0.0) .AND. (ST(I) .EQ. 0.0))THEN ~
PHI(1)=0.0
: GOTO 21
LSE
PHI(I)=ATAN2(ST(I),CT(I))
o ENDIF . —
21 CONTINUE - ’
WRITE(9,%)1000 1
. D0 25 J=1,1001
25 . WRITE(9, 3)Hn(J) CN(J),PHI(J)
WRITE(;10 N
101 FORMAT()

C ‘ .
. C . SEARCHING FOR THE ORDER OF THE DOMINANT HARMONIC
c ) . .
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103

MAX=ABS(CN(7))

DO 103 I=7,1000

IF( MAX .LT. Aas(cn(m)))mn
MAX=ABS(CN(I+1)) .
XK=HN(I+1)

'ENDIF

CONTINUE
WRITE(6, *)XK HAX

v/
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B3 Ce imulation Prog

B.3.1 Computer Simulation Program For LC Load Filter

C PROGRAM TO SIMULATE THE PERFO! DF THE L-C FILTER FDR
C .DELTA MODULATED UPS INVERTER.

C HCN.DAT:INPUT DATA FILE CONTAINS THE HARMONIC COMPONENTS
C~OF THE HODULATQJQUTPUT WAVEFORM

C VOTP.DAT: OUTPUT DATA FILE CONTAINS THE OUTPUT VDLTAGE

C WAVEFORM

C CAPC.DAT: *OUTPUT DATA FILE CONTAINS THE CAPACITOR CUR!.EIT
C WAVEFORM

C LCRNT. DAT OUTPUT DATA FILE CONTAINS THE LOAD CU'ﬂ.llEllT -
c

c

Cc

WAVEFORM
ICRNT.DAT: OUTPUT DATA FILE CUIITAIDIS THE IHPﬁT CURRENT
WAVEFORM

Ex xR s AR R R

*DIMENSION HN(1010),CN(1010), vun(mlo) PH‘IF(].O!O) VOTP(210),
* THETA(1010), GAHA(lOlO) CIU(T(!OW) CPH(iOlO) CAPC(iOlO)
* CAPH(1010), XLCRJIT(IOIO) XLPHS(iOlO) CAPCl(ZlO) XLCI’LIﬂ‘i(ZiO).
* CRNT1(210)
OPEN (UNIT=7,FiLE="HCN.DAT’ TYPZ-‘OLD’) —
OPEN(URT ,FILE="VL.DAT’, TYPE=’NEW’)
UPH(WIT-Q,FILE-’CAPC.DAT' ,TYPE=’NEW’)
OPEN(UNIT=10,FILE="LCRN.DAT’ ,TYPE=’NEW’)
OPEN(UNIT=11,FILE=’ICRN.DAT’ ,TYPE="NEW’)

READ LOAD POWER FACTOR
WRITE(67%)’INPUT POWER FACTOR’ & : ' o
K1

aaa

READ THE FILTER SERIES INDUCTIVE REACTANCE
AND THE FILTER SHUNT CAPACITIVE R.F.ACI'AICE IN PU.

aacoa

_WRITE(6,*) *INPUT X1,XC’
READ(6,*)X1,XC
XK2=SEN (ACOS (XK1) )
READ (1,‘)nu

DO 10 I .
10 READ(7, t)xm(x) CII(I) THETA(I)

HCeX1/XC

TH=0.0 U]

FR1=0.0

CAPC2=0.0 [

CPH(1)=THETA(1)




W

% B s .
: / VON(1)=CN (1) ’
XLCRIT(I)-CI(I)/XKI
= DO 11 I=2,K1
© e

C COMPUTE FILTER mlsm CHARACTERISTICS :

C MAGNITUDE AND PHASE 3 -

c

Z0=1-((HN (1) #*2) #KC)
Z1=XK1%%2+ (HN (1) +XK2) ##2
n-n(r)t(xuu(z-zo)
. Y2=XK1#Z0
- “Z2eY1482+Y20%2 .
r 2=SQRT(21/(22))
PHIF(I)=(ATAN2 (XK2+BN(I), xK1)~ATAn(Y1 ¥2))

aaa

COMPUTE OUTPUT VCILTAGE HAG]IITUDE“A]!_D PHASE

. : VON(II=CN (1)42/1:414 ’ ¥
- - GLH“I)--THETA(I)WHIF(I) ¥

COMPUTE FILTER INPUT IMPEDANCE, mu-{‘um:lr (sr:n:zs
INDUCTOR CURRENT)

~aaaa

| . . ZI1=XKi*ZO
# * ZI2=(EN (I)#X1+XK24HN (1) -XK2#HC# (RN (I)#+3))
Sewd 'zm-;ﬁ (xxz:(nl(x)nz))
ZI4=XK1*HN(I)
ZT=XC* (sunr((znuzozm:az)/(zzauzozm-z) b))
N CRNT(I)=CN(1)/(2T)
” CPR(Q)=ATAN2(214,713)-ATAN2(Z12,211) ~THETA (1}

c .

c COMPUTE FILTER SHUNT CAPACITOR CURRENT
L \
i CAPC(I)=VOK(I) *EN(1)/XC

I~ CAPH(I)=GAMA(I)+ASIN(1.)

c
c *COMPUTE- LOAD CURRENT
c

xr.cm(x)-vnl(I)/(snnr(muv(mmu(xJ))“'I))

) XLPHS(I)-GAHA(I)-ATAIZ(XK?'HI[(!) xK1) | =
IF(HN(I) .EQ. 6)GOTO 1

* TH=VON(I) ##24TH

4
N

CALCULATE NORMALIZED FILTER COST

aca

. 12 FRim2, 0'(CRIIT(I)ui)tnn(l)‘xlwﬂl(l) cAPc(x)om
# 11 CONTINUE
. ) -
N e




&
~ 195 :
% >
c ‘CDHPUTE‘. TOTAL HARKdHIC DISTORTIGE OF THE LOAD VOLTAGE =
Tﬂn-ioo-ser'r(rﬂ)/ilmlu)
t C: » *
. . C CONSTRUCT VARIOUS WAVEFORMS OF THE LOAD LOAD FILTER
. c N
FREQ=60.0. v
TMAX#20 . O
XOMGA=4 . o sm@)trnaq

- INDKet ) .
PI =2,0%ASIN(1.)

T=0.0 X 3
DELT=TMAX/400.. 0 i

650  VOTP(INDX)=0.0
CAPC{(INDX)=0.0 * .
XLCRNT1 CINDK)=0.0 i~
CRNT1(INDX)0.0
SUMT1=0-. 0 -
SUMT2#0.0 * :
SUMT3=0.0
SUNT4=0.0 ° .
DO 700 I=2,1000 . :
XII=HN(T) 3 (XOMGA+T) ; t
SWX1=VON'CI)*COS (XII+GAMA(I)) ,,,.}

SWX2=CAPC (1)*COS (XII+CAPH(I)) ~
SWX3=XLCRNT(I) *COS(XIT+XLPHS (1)) -
-SWX4=CRNF (1)*COS (XIT+CPH(I)) - ¢ R
—SYMT{=SUMT1+SHX1
" SUMT2=SUMT245WX 2 .
SUMT3=SUMT3+SWX3
SUMT4=SUMT4+SNX4 ;
' 709" CONTINUE .-
) . . VOTP(INDX)=CN (1Y +SUMT1
4, . CAPC1(INDX)=SUMT2
N XLCRNTL CINDX)=CN (1)/XK 14SUNT3
; CRNT1 (INDX)=CN (1) /XK1+SUNT4 -
WRITE(8, *)T,VOTP (INDX) .

" WRITE(9,*)TCAPC1(INDX) o :
- - WRITE(10,*)T,XLCRNT1(INDX) f
. 1 \

WRITE(11,%)T,! CRNT1(INDX) = “
E % T=T+DELT
oo . . =  INDX=INDX+1 L
IF(T,LE. THAX)GOTO 650 =
. “

TOP
ND 2 N
¢ T : Aok Kook daha
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B2 Computer Simulation Program For Tank Circuit, Load Eilter

PROGRAM TO SIMULATE THE PERFORMANCE OF THE TANK CIRCUIT
FILTER FOR DELTA MODULATED UPS INVERTER

HON.DAT : INPUT DATA FILE CONTAINS FOURIER SOEEPXGTRNT 4
OF THE DELTA MODULATED UPS INVERTER OUTPUT VOLTA

VOTP.DAT : OUTPUT DATA FILE CONTAINS. LOAD VDLTAGE WAVEFORM
CAPC.DAT : OUTPUT DATA FILE CONTAINS CAPACITOR CURRENT
WAVEFORM _ .
LCRNT.DAT:/ OUTPUT DATA FILE CONTAINS LOAD CURRENT WAVEFORM
ICRNT.DAT! OUTPUT DATA FILE CONTAINS INPUT CURRENT WAVEFORM
SCIOL.DAT: OUTPUT DATA FILE CONTAINS fFILTER SHUNT INDICTOR
CURRENT :

Qoaana000000Q

P

i i

ﬁHEllSID)’ HN (1010) ,CN(1010) VON(IMD) PHIF(1010); - &
* VOTP(210), THETA(iOlO) GAHA(iOiO) CB)IT(lOiO) CPH(1010), 5
* CAPC(1010),CAPH(1010), XLCRIIT(lOlO) XLPHS(lOiO) CAPCI{QIO),
N L | XLCRHTI(ZN) CMT].(ZXD) SCOIL(iOlO) SCPH(1100) ,XIND(210)
o OPEN(UNIT=7, FILE-‘HCI{ DAT’ ,TYRE=’ l.D ) .
. /OPEN(UNIT=8 , FILE=’ VLT DAT? ,'I'VPE- > NEW?) .
. OPEN(UNIT=9, FILE=> CAPCT.DAT’ , TYPE='NEN ) t
‘ . OPENCUNIT=10,FILE=’LCRNT.DAT’,TYPE='NEW’) » ¥
1 5 . . QPENCUNIT=11,FILE=’ ICRNT.DAT’ ,TYPE=!NEW’) b v
: OPEN (UNIT=13, F’ILE"SCDIL DAT’,TYPE-')IEH’)

c s
c READ FDURIER CUEFFICIE}ITS OF THE DELTA MODULATED OUTPUT
> .C H
[

O

READ (7, t)l[i ) ' P i

DD 10 I=
10 READ(7 , '))I)I(I) CN(I),THETA(I)
READ THE VALUE OF FILTER SERIES INDUCTIVE REACTANCE »
AND THE AND THE LOAD POWER FACTOR

aaaa

WRITE(6,%)'I/P FLTB: SERIES INDUCTOR Xi &|THE LOAD PF’
READ(6 ,*)X1,XK1

INPUT SHUNT INDUCTIVE AND CAPACITIVE REACTANCE :
FOR TUNING TIIB TANK CIRCUIT AT THE FUNDAMENTAL FREQUENCY: X2=X3

aaaa

HR.ITE(G"')'I/P FILTR SHUNT INDUCTIVE & CAPACTIVE *
. * REACTANCE X2 2 X3’ .
READ(6,%)X2, X3

TH =0.0 o
FR1 =0.0




‘eacaaan

Rty
Rt

"CRNT (1)=CN (1)/XK1 L
. CPH(1) =-THETA(1) B '

PHIF (1)=0.0

CAPCR =0.0 .

K2 =SIN (ACOS(XK1))/

00 11 I=2,N1

COMPUTE FILTER TﬁA“SFEIi L CHARACTERISTICS :
MAGNITUDE AND PHASE

710 =X2#X3+X1#(X3- (X2% (HN (1)#%2)))
71 =X2¢X3¥ XKL
R 72 =X2¢X3*XK2+HN (I) k
T Y1 =XK#Z10 -
vz =HN(I)* (XK2+Z10+4X1*X2%X3)
- =SQRT( (Z1##2+Z2%42) / (Y1r+2+Y24%2) )
purr(r)-mmz(zz 2Z1)-ATAN2(Y2,Y1) \

P .

CDHP}J’I‘E OUTPUT VOLTAGE. HAGIIITVDE AND PHASE

. VON(I) =CN(I)*TF
GAMA CT) = THETA(D) +PHIF(D) - \

COMPUTE FILTER INPUT IH'PEDA!(CE,XNPUT CURRENT

pASH =HN (I)*XK1%Z10 y

212 =(HN (I)#*2) * (XK2*Z 10+X1%xX2%X3)

213 =HN (I )% (X2%X3+XK2* (X3- (HN (1)**2) *X2) )

m =XK1% ((HN(L)##2) #X2-X3) -
-sqk‘r((znumzuuz)/(zxauhzxqu:))

cmrr(I)-cn(I)

CPH(I) -nmz(zh 213)-ATAN2(Z12,ZIt) ~THETA(I)

CﬂHPUTE FILTER SHUNT CAPACITOR CURRENT. ..
CAPC (I)=VON (I)*HN(I)/X3

CAPCR  =CAPC (I)#*2+CAPCR

CAPH(I)=GAMA (I)+ASIN(1. )

COMPUTE FILER SHUNT INDUCTOR CURRENT

SCOIL (I)=VON (I)/(HN(I)*X2)
SCPH(I) =GAMA(I)-ASIN(1.)

+" COMPUTE LOAD CURRENT... .




.C
c
€

XLCRNT (TY=VORCT) /(SQRT (XK L2+ (HN (1) #XK2) %2))
XLPHS(I)  =GAMA (T)-ATANZUXK2*HN(I) ,XK1)
IF(HN(I) .EQ. 6.0)GOTO. 12

v TH=VON(I)##24TH

COMPUTE NORMALIZED FILTER COST... "
12 m=(cnu.r(1)uz)»nn(x)miz.oovnn(x).cwc(fm.o*vn_n(r)ascuxr.(x)
11, CONTINI #
tc: CALCULATE|TOTAT: HARMONIC DISTORTION OF THE LOAD VOLTAGE
¢ Tm)-ioo-(suRTQTH)/ynN(z)) == .
g RECONSTRUCT mvsmms OF VARIOUS NODES IN THE.LOAD FILTER

6

70

\ oz
. FREQ=60.0 | W »
TMAX=20E-3 . v
XOMGA=& qsm(1 JWFREQ * .
. - INDX=] X TR
“T=0.0 . “
DELT=TMAX/200. O ) B
50 VOTP(INDX)=0.0
CAPC1(INDX)=0.0
XLCRNT1 (INDX)=0.0
CRNT1(INDX)=0.0 .
XIND(INDX)=0.0
_ SUMT1=0.0 -y
SUMT2=0. 0 z % &
SUNT3=0.0 L
SUMT4=0.0 v
SUMTS=0.0, :
DO 700 I=2,1000
XIT=HN(T) *XOHGAST
SHXI'VDR(I)'CDS(XII*GAHA(I)) <
SWX2=CAPC(I)*COS (XII+CAPH(I)) =
SWX3=XLCRNT(I) *COS(XII+XLPHS (1))
# sga-amr(mcus(xu+cm|(1))
54SCOTL (1) *COS(XIT+SCPH(I))
SUMT1=SUMT1+SWX1
SUMT2=SUMT2+SWX2
SUMT3=SUMT3+SHX3 .
SUMT4=SUMT4+SWX4 .
SUMT5=SUMTS+SWX5 -
CONTINUE i
1 VOTP(INDX )=CH (1) +SUMT1 s
CAPC1 (INDX)=SUMT2

=3




r

XLCRNT1 (INDX)=CN (1)/XK1+SUMT3
CRT1(INDX)=CN (1) /XK2+SUMT4
XIND(INDX)=CH(1) +SUMTS ‘
WRITE(8,*)T,VOTP (INDX)
WRITE(9,*)T,CAPC1 (INDX)
WRITE(10,%)T,XLCRNT1(INDX) .
WRITE(11,*)T,CRNT1(I]
WRITE(13,%)T, xmu(mnx)
T=T+DELT

‘INDX=INDX+1

IF(T .LE. TMAX)GOTO 650

STOP 2 .-

END
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A . ~

To ically verify the predi ted gesulta, u singliphase half bridge delte mod-
- ylated UPS inverter is constructed employing power MOSFETSs as the switching
devices. The inverter is supplied from de supply of 100 volts which is split up
equally using two capacitor of equal value (6000 ul‘)))connected in series.
Figure C.1 shows the practical circuit used fo realize the delta modulator -
Girctiit. The Op-Amp used to zealize zhe,in‘{egmox should-have very low dc
offset. *This will ensure betler encoding and décoding of the reference signal, The
hysteresis comparator should be & fast acting device. - .
¢ The timing and the logic _cimii block diagrams used in processing the delta
modulator output waveform are shown in Fig. C.2 and C.3 respectively. The
; switching signals at the output of the logic gfuit are used to control the inverter |

/ . switching devices through the MOSFET"s driving circuit. 4§ ¥
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Fg re C.2: Timing diagram for ing the lar wave delta
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Figure C.3: Block diagram of the logic circuit for processing the rectangular wave
delta modulator output waveform
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