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ABSTRACT

The concept of an ideal uninterruptible power supply (UPS) has evolved
within the last ten years. In the past, solid state UPS carried performance
specifications slightly better than those for an equivalent motor generator
set. Today< medium power UPS is expected to power a wider variety of critical
loads rendering it virtually as sophisticated as the equipment it powers.
Traditional UPS balanced, linear loads such as motors and transformers are
being displaced by unbalanced and nonlinear Joads such as computers.
Furthermore, UPS are now expected to operate within the human working
environment 1n densely populated areas where the minimization of space and
weight is increasingly important Unfortunately the widening UPS operating
environment and load spectrum often handicaps the current generation of UPS
In view of this, this thesis 1s directed towards the theoretical design and
experimental verification of a UPS power train more compatible to modern ijoads
and environments with streamlined space and weight requirements

In order to achieve the high performance UPS a new topology is proposed
that includes a fully controlled rectification stage, high frequency link
isolation stage and a low output impedance inverter stage

Advanced pulse width modulation (PWM) techniques are critically evaluated
allowing application of the most suitable technique for both the controlled
rectification stage and the inverter stage The  results yield  filter
components of reduced size and weight.

The proposed high frequency link stage is used to provide isolation and
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regulate the inverter input voltage. Evaluation of several feasible topologies
yields a suitable power conversion stage that allows a dramatic reduction of
transforrer size and weight.

The low output impedance inverter stage contains a strategically selected
output filter and a novel PWM technique to allow clean power delivery to most
single and three phase nonlinear loads as well as unbalanced loads.

The thesis includes the evaluation of the switch and drive as well as the
controller design for each of the three stages. The Evaluation of several
suitable semiconductors yields a single common switching device and drive for
the UPS. Further, three different controllers are used respectively for each
stage. In particular a new, completely digital controller without a
microprocessor is developed for the rectification stage allowing for increased
ruggedness.

Two sophisticated software programs are developed to aid the analysis. A
worst case ratings program to quickly solve converter ratings based on load
and applied PWM techniqie and a simulation program to quickly analyze power
electronic circuits which employ PWM are presented.

Finally in order to establish the feasibility of the new UPS topology,
and to validate the analytical techniques predicted, key results are simulated
and experimentally verified on a 10kVA laboratory prototype. Details of
practical importance not typically found in the literature, such as lead
inductance limitations, electromagnetic interference (EMI), snubbers, layout
requirements, switching deadtimes/overlaps and transformer saturation are

included.
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VomIN Minimum HF link output voltage

Ipy, Iz, Ip HF link diode current

ID1AVE, ID2AVE HF link diode ave current

Ap Transformer area product

Aw Transformer core window area

AE Transformer magnetic core cross section area
Ku, K1, Kp, KB Transformer sizing factors

Fsw HF link switching frequency

AB Transformer core flux swing

AP‘ Relative transformer area product

VLo Output inductor voltage

Vci, Ve, Vez Input capacitor voltage

It Transformer current

Fcx Clock frequency

Lsi, Ls2 Saturable reactors

Ix' lz, 13 Inverter output line currents

Z1, Z2, Z3 Inverter output leg impedances including filter

capacitor and load

VrPwM Inverter output line to line PWM waveform
Iu1, luz, lus Inverter mesh analysis loop currents

Za, Zb, Zc Inverter unbalanced load impedances

ZFILTER Equivalent LC filter impedance

VLOADLLN Inverter output line to line voltage amplitude

of harmonic N

kVA Kilo volt-amp




1.0 INTRODUCTION

1.1 General

Electric power utilities have strived to keep ac power at high
availability. However, by virtue of its complex network structure (exceeding
on occasion thousands of miles) power distribution equipment is prone to
abnormalities and failure. Although numerous power line disturbance phenomena
may occur, power blackouts are typically considered the prime problem. The
mean time between failures (MTRF) of a high quality power utility is roughly
200 hours [6). If uncompensated, outages may lead to a life threatening
situation in medical facilities and air traffic control centers.

This problem gave rise to the concept of utilizing an intermediate cor
auxiliary energy stage between the ac mains and the critical load which could
process and provide power during a utility failure. The uninterruptible power
supply [UPS] is such an intermediate stage providing variable amounts of
battery powered, auxiliary energy. Its use is now virtually standard practice
in the traditional life threatening, critical power environments.

The history of the UPS reveals several distinct evolutionary phases
leading to the present generation termed "4th generation UPS" characterized by
PWM control. Recent developments include a thrust towards the production of a
UPS, with more extensive applications leyond those of the traditional life
threatening type. New installations in close proximity to manpower as well as
in expanded industrial environments have led to the imposition of stricter UPS
specifications which have handicapped the present "4th generation’. Two of the
main factors contributing to the increasing use of UPS systems were the

introduction of modern sophisticated electronics equipment into virtually
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every facet of engineering, and the optimization of manufacturing flow

concepts. Each of these two factors are are discussed in more detail.

1) Modern office complexes and many manufacturing divisions now
utilize high technology equipment in the form of telecommunications
apparatus, robotics, data acquisition tools, main frames and personal
computers. On a broader scale, many small business outfits are also
stepping up their employment of similar technologically intensive yet
less complex equipment [7]. The majority of equipment in this
category contain microprocessors which have branched out from their
computer roots into many diverse applications such as cash register
control, telephone operation, security systems supervision, process
control and instrumentation. Such equipment may provide the
industrial leading edge and/or enhanced competitiveness at all
levels, yet are often highly sensitive to mains disturbances. A power
outage in the millisecond range can cause excessive costs and delays
due to loss of services and/or data. Moreover, of equal importance, a
substantial part of equipment damage or inexplicable shut downs are
due to ac mains over voitages and high voltage spikes which typically
occur at a rate of 5/month [6]. Reasonable hydro specifications
guarantee a steady state window of +/-107% nominal voltage. However, a
significant portion of modern technology based equipment (ie.
computers) are only guaranteed to operate properly up to and
including 6% above nominal line voltage [8]. Consequently the MTBF of
the system is influenced to a greater extent by the ac mains quality
rather than the MTBF of the actual equipment. As more institutions
demand higher amounts of ac energy in many areas a negative quality

factor is created. Some experts insist that in certain areas the
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escalating demand for ac power has highly burdened hydro facilities
leading to an actual diminishing of quality [9]. This leads to a
higher risk of ac line abnormalities. In an effort to alleviate the
quality problem many businesses are beginning to accept the need for
a UPS system.

Secondly, an on going industrial trend towards _educed
maintenance and increased quality has led to flow manufacturing
concepts such as the Can Ban Line and push methods. These invelve
strict interaction between machines and operators in a production
line format that are highly vulnerable to interruptions. Reinstating
flow may involve resetting machinery, electronic robots or re-booting
software control. This often results in costly setbacks. With the
expanding awareness of these new manufacturing techniques many
industries are becoming more heavily dependant on the quality of ac
power supplied to them. A detailed study revealing the magnitude of
operating losses attributed to ac failures dictates that on the
average day an average sized Canadian industrial facility will lose
$3000.00 due to a power outage of less than one minute [10]. An Inco
representative recently reported at a conference that a power outage
of 100ms forced the reprocessing of $250,000 worth of nickel {7]. It
is clear that the effect of ac shutdown must today be considered more
damaging and costly to businesses and industries than in previous
years. Consequently to reduce expenses, an increasing demand for
medium power UPS has been generated by manufacturing departments to

reduce costly, unexpected shutdowns.
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1.2 Evolving UPS Requirements
The widening spectrum of applications for medium power UPS has necessitated
the establishment of a new set of power supply requirements both physically

and electricaily.

1.2.1 Physical UPS Requirements

Physical requirements stem from the office environment where floor space
prices are at a premium and consequently raise concerns about supply power
density. Most present medium power UPS have power densities in the range of
1->.4  w/in® [11],12),113},(14],115),[16]  without batteries. Combining this
low power density with added space (approximately 25 inches for rear access
leads to the typical floor space requirement of 2I ft° for a 10kVA UPS. This
renders it expensive to utilize especially in down town locations where floor
space rental is in the order of $3O.00/ft2 to $190.00/ft> per month.

Secondly, from the standpoint of floor loading, many office struactures
can handle approximately 70kg/f‘t2. With a typical weight of.06->.1 kg/w
(without batteries) a medium power UPS could weigh 1000kg [14],[16]). This is
often too heavy for non concrete floors consequently the range of application
may be limited by weight constraints.

Finally, many UPS utilize Pulse Width Modulation (PWM) techniques in
order to improve the waveforms and benefit from the resulting components size,
weight and cost reduction. For medium power semiconductors, the maximum
switching frequency is relatively low creating in many instances unbearable
audible noise in the range of 1 to 18 Khz. This often forces added
consideration and expense for the utilization of such a converter in the
office or working environment.

In summary, the three major physical challenges are weight reduction,
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size reduction and audible noise reduction.

1.2.2 Electrical UPS Requirements

Traditionally UPS are designed to deliver power to linear and balanced
loads which in the past were in the majority. However, modern high technology
equipment is not necessarily balanced or linear. In fact, by the _ ir 2000 it
is estimated that over JG% of the utility’s power grid will consist of
computers or similar equipment [(18]. UPS loads are expected to dramatically
increase accordingly. These loads can create conditions where the typical UPS
inverter stage can no longer guarantee clean power nor abide by the
specifications for the output waveform. This may lead to load failure as well
as a reduction of UPS MTBF and battery life.

Secondly, with expensive shutdown costs, system reliability requirements
are escalating. Surveys have shown that large (327%) UPS downtime is
attributed directly to failures initiated at the control components level
primarily due to IC fajlure ([17). Consequently the need has arisen to
alleviate this condition in order to improve reliability and general
ruggedness of the supply.

Finally, most UPS are equipped to handle loads of limited power factor
typically in the range of .8 lagging to unity [1l]). Limiting the power factor
range typically reduces the voltage transfer function window of the UPS
inverter stage allowing for a more efficient design. This 1is no longer
sufficient as many nonlinear loads exhibit capacitive characteristics in the
leading range and many inductive linear loads have power factors less than
.8. In summary, the main electrical challenges include the capability to
deliver quality power to nonlinear and unbalanced loads, increased power

factor range and imprcvement in supply ruggedness.



1.3 Scope of this Thesis

Todays modern UPS are static, employing semiconductors combined with
battery backed power. Although various configurations are now available the
UPS structure most commonly encountered is termed "4th generation UPS"
[111,116].

Being geared essentially for traditional applications the typical UPS
cannot meet many of the new challenges in modern industrial and office complex
applications without added expense and/or complexity. In an attempt to
compensate for this, many UPS manufacturers have invested heavily in adapters
which when combined with the present generation UPS provide partial solutions
in limited areas. However some physical requirements are often impossible to
meet with the present system. Consequently, a significant amount of research
is being directed towards medium power UPS to complete the present "Sth
Gereration” evolutionary stage and thus eliminating the need for various
acapters, reducing space and weight requirements and permitting less expensive
operation in the widening spectrum of office and industrial applications.

This thesis contributes to this research trend by presenting the theory
and design of a UPS tailored to new applications meeting many of the
challenges required by todays typical UPS customers. Solutions to the major
setbacks presently encountered are derived, implemented and tested leading to
a high performance WUPS.

Chapter two initially outlines a framework of specifications for a UPS
which is expected to complement the new, more specification stringent
environment. Since focus is given on overcoming the modern electrical and
physical challenges previously presented, attention is focused primarily on

the power train. A number of secondary items (which are clearly important
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during actual design) have virtually no significance on the results presented.
For this reason items such as the transfer switch, transient response, battery
storage facilities, low voltage disconnects, overload conditions,
electromagnetic interference, loop compensation and circuitry surveillance are
given little consideration.

The chapter then presents an improved topology which is expected to
satisfy the needs of the modern requirements by reducing weight and size. The
topology highlights a high frequency link stage to provide electrical
isolation.

Thirdly a critical evaluation of pulse width modulation techniques is
presented leading to the selection of the most compatible ones for the UPS
topology selected. This leads to further size and weight reduction.

Finally, chapter two presents developed software tools essential to
accurate UPS design and evaluation. The so‘*ware routines inciude a worst case
inverter ratings program and an analysis/s‘.nulation program.

Chapter three focuses on the UPS power systematic power train design. The
power train is segregated into three stages; the rectifier stage, the high
frequency link stage and the inverter stage. Each is analyzed and optimized
separately, worst case component ratings are evaluated and selected sections
are simulated and/or experimentally proven. Three possible options for a high
frequency link stage are evaluated. The most appropriate one is selected based
on practical limitations. However, not to exclude future improved c¢omponent
availability, all component stresses and ratings are done in a per unit system
thus simplifying future pro rating. Attention is also focused on items which
are of practical importance such as semiconductor drive and switch evaluation,
controllers for each stage, snubbers, gating requirements such as

delays/overlaps, transformer saturation and cost considerations. This ensures
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that practical limitations are not simply ignored during the design and
evaluation process.

Chapter four focuses on special UPS load considerations which are not
typically addressed in present UPS designs. The load effects are evzluated and
utilized to make design and strategy adjustments to the UPS topology. After
optimally designing the output filter and applying a novel high performance
PWM technique the improved inverter stage is simulated and experimentally
verified under various harsh loading conditions.

Chapter five summarizes all conclusions and extrapolates the extent to
which the design goals were achieved. Moreover further areas of continuing

research are presented.
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2.0 UPS DESIGN CRITERIA

2.1 Introduction
An overview of a wide variety of UPS manufactures data sheets will reveal
that specifications can be subdivided into two classes. The first class
encompasses a majority of requirements which have been developed and accepted
over decades rendering them as virtual industry wide standards. These include
specifications such as
-Total Harmonic Distortion (7THD) < 5%
-~Maximum harmonic amplitude < 3%
-Input power factor at rated load >.9
In contrast, the second class contains several specifications which have
not solidified and remain relatively inconsistent. Although many manufacturers
of UPS now list their respective specifications, a uniform standard is often
lacking. Specifications in this category typically include
~Allowable unbalanced load
-Output Power Factor
-Power Density
-Allowable Nonlinear Load
Using typical applications, publications and surveys, a modern
specifications table is constructed encompassing both classes. A comparison
between present typical UPS specifications and the modern specifications table
reveals critical performance characteristics which are in need of being
upgrading to meet the requirements of modern consumer applications.
Given incomplete specifications, the presently existing popular 4th

generation UPS topology is segregated into smaller sections in order to
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evaluate areas where alterations or restructuring would enhance performance.
In order to meet the stringent requirements the overall power train topology
is modified. This includes the application of a high frequency link stage
yielding a high performance type UPS.

Accompanying the high performance topology is the requirement for an
equally high performance PWM technique. The selection of an advanced PWM
technique is not a simplistic procedure. With the wide acceptance of gate turn
off power devices (eg bipolars, power FETs, GTOs etc) significant research
effort has recently been focused on improving converter performance by
improved PWM techniques. With still higher performance power semiconductors on
the horizon (ie ZTO), PWM is envisioned to carry even greater significance. In
response to this a number of "improved" PWM schemes have been proposed to
increase converter gain and/or reduce output distortion. However little or
conflicting data is available about their merits relative to each other.
Further, most PWM schemes are judged by their output voltage spectrum when
applied to an inverter stage while numerous other criteria as well as
applications should be considered. Since UPS typically contain a controlled
rectifier stage as well as an inverter stage it may be erroneous to select the
rectifier PWM scheme based on its application to an inverter stage.
Consequently, selection of the best PWM technique for UPS applications is
accompanied by wuncer-tainty which can lead to less than optimum results.
Recognizing this problem, this chapter compares the most prominent PWM
schemes, providing the framework for selection of the most vompatible PWM
technique for the rectifier as well as inverter stages of the proposed high
performance UPS power train.

Finally, the void in available software directed towards power

electronics necessitates the development of preliminary analysis and design
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software tools specially tailored to three phase power converters. This
chapter develops two programs capable of evaluating UPS performance
characteristics leading to correct component selection. The deve oped programs
include an Analysis/Simulation routine [3] and A Worst Case Components

ratings routire.

2.2 Modern Medium Power UPS Specifications

2.2.1 Input Specifications

Medium power, when referred to UPS driven critical loads typically falls
within the 10-20 kVA range. At this power level three phase 208 volt nominal
lines are by, far the most widely used supply rails in North America. Hydro
systems offer a typical window of +6%,-107% of nominal voltage [8] and although
some power supplies offer brownout handling capabilities until -157 [16], this
is often considered to be too conservative since such occurrences are rare.
Moreover, batteries make such a step unnecessary and costly.

Frequency variation by hydro is typically +/-1% [8] indicating that the
UPS should be conseivatively rated at +/-3% to ensure problem free input
operation when a heavy load steps on line transiently slowing down hydro
generators.

Input power factor is often given little weight by UPS manufacturers yet
since total input apparent power is used by electrical utilities as a pricing
parameter, a poor power factor becomes costly. Moreover, since most UPS are
used at 647 of rated load [6], power factor should be relatively high even at
half load. This translates into a modern input power factor requirement of pf
>9 for 507 to 1007 load. Other input criteria such as surge protection,

electromagnetic interference (EMI) and walk-in are important parameters yet
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have no influence within the scope of this thesis and are thus neglected. A

summa:y of the input specifications are given in table T2.1

2.2.2 Output Specifications

The vast majority of linear and nonlinear loads are capable of operating
properly with a steady state supply voltage of up to 5% total harmonic
distortion (THD) as long as no individual harmonic exceeds 3% in amplitude.
The typical modern UPS is designed to deliver these specifications while
accommodating balanced and linear loads, which in the past were the majority.
However, newer types of loads are not necessarily balanced or linear and can
create conditions where the typical UPS inverter stage can nc longer maintain
waveform specifications possibly leading to Jload failures. In fact many
consumers are now requiring that UPS manufacturers give specifications under
nonlinear load conditions as well as linear in order to guarantee performance
after purchase [8). Further, many manufacturers are outlining testing
standards for nonlinear applications such as three to one crest to rms single
phase load current waveforms at 70% to 857 rated power [8]. This is in
anticipation of nonlinear switch mode power supply (SMPS) current demands
which are now found in a wide variety of equipment. A second standard often
used is a test circuit simulating computer power supplies shown in figure F2.1
[19]). In order to accommodate such loads, the UPS THD requirement should be

held to <5% for linear as well as nonlinear loads.



* LOAD

VIN ==
FILTER

£ %

Figure F2.1 Typical SMPS equivalent circuit C=2.8uF/W 1/R=8.7umhos/W

Unbalanced loads often induce unbalanced load voltages. For some types of
loads connected to the same voltage lines the existence of unbalanced voltage
may be damaging. Ac motors for instance, may experience dramatic overheating
and life reduction due to short circuit, negative sequence rotor currents. The
National Electric Manufacturers Association (NEMA) has recommended heavy motor
deratings for unbalanced supply voltages greater than 2.5% while operation of
motors with greater than 5% supply unbalance is not recommended (20]. By
unbalancing loads on the three phase inverter this limit is easily exceeded.
Since modern loads are not expected to be balanced, the UPS should keep
voltage unbalance to less than 1.57% even under worst case unbalanced load.

Although no standard for acceptable load power factor range has been
widely adopted, many manufacturers design to meet loads with limited range of
.8 lagging to unity (11]. This avoids larger inverter modulation range and
trims down UPS design requirements. However many modern loads such as
computers and SMPS do not fall into this range. This dictates that modern UPS
should be able to deliver power to a wider range of loads typically varying

from .7 lagging to .7 leading.

2.2.3 Physical Specifications

Traditionally size and weight of the UPS has not been a critical
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parameter since battery backup size and weight dominated. However many
industries and office complexes are reducing battery reserve requirements to
the level where only an orderly shutdown procedure need be powered from
backup. This has re-focused attention towards UPS physical specifications.
Typical medium power 4th generation UPS have a power to weight ratio of
roughly (10-15) w/kg without batteries [11],[12],[15). Modern UPS in the same
power range should approach weights that virtually permit wall mounting
eliminating the requirement for occupied floor space. This translates into a
weight ratio of better than 25w/kg.

In general, size is proportional to weight. A typical UPS has a density
of .1-.5w/in". This should be increased to Iw/in® resulting in office volume
cost savings. Further size reduction in the order of 407 can be realized by
exploiting forced air cooling with little cost impact. Moreover, MTBF figures
of 800,000 hours for fans will not effect the overall UPS system MTBF. Since
UPS #re now expected to operate in human working environments where normal
conversations are to be held, power supply audible noise is a concern. Todays
typical 4th generation UPS utilize relatively high semiconductor switching
speeds when implementing PWM strategies. For medium power semiconductors the
maximum switching frequency is relatively low creating in many instances
unbearable noise in the range of 1 to 18Khz. This often forces added
considerations and expense for utilization of such a converter in the working
environment. Further, the use of forced cooling rather than convection will
create additional noise. Summing all elements contributing to noise, the
modern office environment will have audible noise of less than 55 - 65dba at 1
meter distance with a 45dba ambient noise [21].

Operating temperature in controlled environments seldom exceeds 30° C,

however the UPS is expected to operate when environmental control is
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temporarily disabled. The size of the UPS is related to the maximum ambient
temperature and the allowable components temperature rise. The UPS should be
fully operational in a 40° ambient. This gives a Dbaseline for heatsink
size. Efficiency of the power supply is also a critical parameter influencing
cost directly and MTBF indirectly. Todays UPS efficiency ratings fall in the
727 to 857 range depending on operating conditions. Design of a modern UPS
should allow for no lower than 807% efficiency at nominal load to keep user
costs low and MTBF high.

A summary of the specifications is listed in tahtie T2.1

INPUT: Voltage 3-¢ 208 +107 -107%
Freq 60 #3hz
Power Factor >.9 from 50% to 1007 load

OUTPUT: Voltage 208
Power 5-15Kva
THD <5%
Maximum harmonic <37%
100% nonlinear load capacity
typical 120° pulse for 3-¢
typical 3-1 peak to rms ratio for 1-¢
Full unbalanced load capabilities
Including open loads
100% combination of unbalanced and nonlinear loads
Power factor: .7 lag te .7 lead

o

PHYSICAL: Temperature operation 0°-40
Forced air cooling
Weight ratio >%5W/kg
Density >I1W/in
Audible noise <65 dba
Efficiency: >807%

Table T2.1 Modern UPS Specifications
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2.3 UPS Topology Evaluation

Numerous UPS topologies exist for medium power applications with
respective advantages and drawbacks. Included in the list of topologies is the
Ferroresonant version which is either "on line" and inefficient, or "off line"
increasing risk of unavailability . The triport UPS which has the battery
charger and inverter stages merged also has handicaps since during its standby
stage the complex inverter design delivers charging power to the batteries.
Should supply failure occur, the inverter must reverse the power flow to
supply the starved load. The low voltage transfer time interval may be to
severe for some loads. Square wave UPS,s have limited application as they do
not produce a sine wave output. The most common UPS structure available today
and possibly the most reliable one is shown in block form in figure F2.2.
Classified as a 4th generation UPS, this configuration will be referred to

throughout this thesis as the benchmark topology.

PHASE
CONTROLLED
RECTIFIER PHM ISOLATION
- || CRITICAL
INVERTER TRANSFORMER
3 . LOAD
FILTER
FILIER

BATTERY

Figure F2.2 4th generation UPS power train topology

The phase controlled rectifier typically consists of thyristor

semiconductors and a single order inductive filter. This stage is shown in
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expanded form in figure F2.3. The rectifier output voltage swing is given by

Ve = {2 3 (VRus-VoRoP). cosa) (2.1)
where Vdrop = typical combined line and thyristor drop at
at medium power levels

SNV e

A i’_ 1— FILTER

e

— BATTERY
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2 e

——

Figure F2.3 Phase controlled rectifier/battery charger stage

The batteries must be kept at "float" voltage potential continuously in
anticipation of a power failure. This voltage is roughly 2.25 volts per
battery cell. During a power fajlure the battery terminal voltage is permitted
to diminish to 1.75 volts per cell before permanent damage due to deep
discharge will occur. At low ac line

VRMs = 183V
At this voltage the rectifier will be at full conduction angle (ie «=0° =

diode bridge action) giving the rated "float" voltage of the batteries as

VDCFLOAT = Exl(‘lg:;_s 0S(0°) = 240V (2.2)

The maximum firing angle corresponds to maximum input line voltage



- 18 ~

capabilities after an ac failure at which point in time the battery pack
voltage has depleted to virtual low voltage disconnect point. The angle can be

determined from the ratio of minimum to maximum battery voltage given by

_ LIS
Bd = 2—.25 = .78
Therefore at high ac line
VRMs = 229V VoroP = OV

and the minimum battery voltage firing angle is given by

VDCFLOAT-Bd-TI ] (2.3)

a = ARCCOS [
E *3(VRMS~-VDROP)

or

amin = ARCCOS [ 240-.78-1 ] = 52°

E +3(229-0)

The harmonic voltages present at ti. - rectifier output terminals are derived

using fourier series and are given by

2 2

HARN— J HARAN + HARBN (2.4)
a+(2n/3)

where HARAN = =| VIN sin(N-wt) awT
a+(n/3)

6 +(2n/3)
—rVIN cos(N:wt) dwt

HARBN
a+({n/3)

VIN = E VRMS sin(N:wT) (2.5)

N = 6,12,18,.....,00
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The dominant harmonic to be filtered will be the sixth for which at
o = 52°
results in
HARN = 84V
or 447 of the dc level voltage. Since battery manufacturers recommend less
than <57 ripple for full battery life span [22], this hsrmonic would have to
be reduced to roughly 27% indicating a bulky filter requirement. The filter

would typically be at a break frequency of

HAR . Rk 1VFO
FUND
oM

FBk = HARD *ORDER - FBASE (2.6)
Where FBk = Filter break frequency required to
reduce the dominant harmonic to Rx
times the fundamental
RK = Reduction factor=.02
HaRr = 186V
FUND
Har = 84
DOM

FBASE = Input supply frequency=60hz
Fo = Filter order=1 (choke only)

ORDER = dominant harmonic order =6

Evaluation of equation 2.6 gives
FBx =16hz
These result translates into the requirement of a large output filter
reactor going against the desired weight and size reduction. Moreover,
reflected back on the input ac side, the power converter contributes to a
poor power factor and an input line current with low order harmonics. The

input line current harmonic ratios at full conduction are given by



A 207 fifth, 147 seventh, etc. as equation 2.7 indicates, may lead not only to

poor power factor, but input voltage distortion and power line overheating. To
overcome these problems, and the ongoing expense of poor power factor, shunt
capacitors are often used [23]. These components are also large and bulky once
again going against the weight and size reduction requirements.

The battery stage is generally independent of the power electronics
design. Weight and size are directly related to charge required and battery
type. The cells are considered to be external to the UPS electronics and may
not necessarily be located in its vicinity.

The PWM inverter stage generally employs gate controlled semiconductors
such as GTO's or darlingtons. An expanded version of the inverter stage

represented in figure F2.2 is shown in figure F2.4.

CAPACITOR :%:
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R

Figure F2.4 3-¢ UPS inverter stage

By increasing switching frequency the output filter js generally reduced In
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size. However, typical PWM inverters in the medium power class have limited
sw-tching speed due to associated switching stresses. The required filter
design to reduce the harmonic content typically contains poles in low
frequency ranges which pose a high risk of increasing THD when the UPS is
supplying power to a nonlinear load. Further, the relatively high impedance of
the filter causes unbalanced voltages when power is supplied to unbalanced
loads which may cause undesirable effects. Finally, PWM reduces the inverter
voltage gain. This implies higher component currents, higher temperature
operation and lower reliability.

The isolation transformer is used for voltage matching, isolation and to
create a ground reference for single phase loads (delta-wye windings). At 60hz
rated frequency, the three phase transformer may weigh hundreds of pounds. The
transformer stage is generally the largest and heaviest item (excluding
batteries) in the UPS. Therefore a major concern of an improved design is the

redu-tion in the size and weight of the output transformer.

2.3.1 Proposed UPS Topology
The new topology shown in figure F2.5 would address the requirements

associated with the specifications outlined earlier.
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Figure F2.5 Proposed 60hz UPS topology

The novelties of this topology can be categorized as follows:

1)

2)

Input stage;

A PWM controlled rectifier replaces the previous 4th
generation style phase controlled bridge. The associated
advantages are;
~A reduction of input and output harmonic distortion.
This implies reduction of filter size, weight and cost.
-Linear modulation control rather than "COS(a)" control
previously encountered in the phase controlled rectifier.
This should simplify control.

-Improved input power factor which further reduces
required filtering and user ongoing cost penalties.
-Improved dynamic response. A line or battery transient
couid be compensated with higher speed resulting in a
larger bandwidth.

Inverter stage;

The PWM inverter and transformer are replaced with a
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high frequency link stage (HF link) and a regulated input
PWM inverter. The associated advantages are;

-Isolation is now provided by a 2 Kg high frequency
transformer rather than 300 Kg low frequency version.
This dramatically reduces weight and size.

-Since the inverter input is regulated, high performance
fixed pattern PWM techniques can now be applied to the
inverter. This results in higher voltage gain and lower
switching frequencies thus reducing switching stresses
and improving the input and output harmonic distortion.
This translates into further filter size and weight
reduction.

-The gating and control of the 3-¢ inverter is simplified
thus improving its reliability.

Output filter stage;

The output filter stage is strategically designed to
permit passive compensation for the application of a wide
range of modern loads. The associated advantages are:
-Ability to supply power to fully nonlinear loads.

-Ability to supply power to fully unbalanced loads.

-Ability to supply full rated power to single phase
loads.

-Improved dynamic response for accommodation of special
switch mode power supply loads.

~Lower filter cost, size and weight.

General topology advantages;

Further indirect topology advantages include;

[ 2
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-The use of forced air cooling to further shrink heatsink

size and weight. The fans provide for little reliability

downgrade or maintenance increase. Fan filters are not

required because air flow is solely through the confined

heat sink apparatus.

-Common power semiconductors throughout the power stages

and as a result a single style of base drive. This drives

cost down because of increased quantities. It also tends

to increase quality due to increased simplicity.

The overall objective of the UPS topology is to substantially reduce size

and weight over the present 4th generation UPS while at the same time
exceeding previous performance capabilities to reach the high performance

specifications outlined in chapter 2.2.1.

2.4 PWM For Improving Power Converter Performance

In power electronics, (PWM) is an operation performed on "raw" voltage
and current waveforms to shape their spectra in a way beneficial to the
application under consideration. Spectra shaping typically means the creation
of a 'deadband’ between wanted and unwanted spectral components to ease post
PWM filtering requirements. For a given switching frequency It is desiiable
that the deadband be as wide as possible. To illustrate this point figures
F2.6A,B,D and E show a typical inverter line to line output voltage before and
after it has been pulse width modulated. Figure F2.6C and F show the resulting
line current waveforms obtained with a load power factor of .8 lagging. In
particular, figure F2.6F shows that PWM allows static inverters to generate
close to ideal output waveforms while providing variable voltage and variable

frequency operation. In addition to the importance of spectral shaping, the
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main advantage of PWM is that it allows linear amplitude control of the output
voltages/currents by varying a linear signal.
Further investigation of the results shown in figure F2.6 also reveals
that PWM has several disadvantages, which include:
1-Attenuation of the wanted fundamental component, in this case from
l.lpu to .866pu.
2-Drastically increased switching frequencies (in this case from Ilpu
to 2lpu). This means greater stresses on the associated switching
devices and therefore derating of those devices.
3-Generation of high frequency harmonic components not previously

present.
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Figure F2.6 Inverter voltage and current waveforms with

six step and sinusoidal (SPWM) operation.
A) Square wave output line to line voltage

B) Line to line voltage spectrum (square wave)

C) Output line current (square wave)

D) SPWM output line to line vol tage

E) Line to line voltage spectrum (SPWM)
F) Output ]ine current (SPWM)



-27 -

Since the advantages of PWM outweigh the respective disadvantages, a
considerable research effort has gone into minimizing the PWM disadvantages
mentioned earlier. As a result numerous PWM schemes have been introduced over
the past decade offering specific advantages in specific applications. Since
dramatic UPS improvements can be obtained with PWM it is imperative to select
the appropriate technique for both the controlled rectifier stage and the
inverter stage. To date only a handful of t chniques have proven to be widely
used and are so called ’improved’ PWM techniques [25},126],[27),128),129].
However, previous work related to these improved techniques has been focused
on converter output spectra neglecting other important criteria such as input
spectra, input/output distortion factor, switching frequencies and hardware
implementation considerations. Furthermore, another focus of previous work has
been inverter applications neglecting in the process some other equally
important areas such as controlled rectifiers. Consequently a clearer picture
should be developed before selecting a PWM technique for UPS avoiding less
than optimum results.

Since there are several PWM techniques and two types of converters
involved in this evaluation, care must be taken to present relevant results
with clarity. For this purpose, a generalized bridge converter (figure F2.7
comprised of six ideal four quadrant switches has been employed. The main
advantage of this converter is that because of the nature of its switches it
can function either as an inverter (voltage or current sourced) or as a
rectifier by simply applying the proper gating signals. The generalized
conver:sr thus permits the ac terminal waveforms (AC TERM) to represent
either;

A) The line to line voltage of a voltage source inverter(VSI),
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B) The input line current of a controlled rectifier(CR),
and the dc terminal waveforms (DC TERM) to represent;

A) The input current of a VSI,

B) The output voltage of a CR.

Also in the evaluation that follows, the switching frequency of the
bridge is kept constant to provide a common basis for comparison of each

technique under rectifying and inverting operation.

DC

ERMINAL } \ \}) AC
DC TERMD l TERMINAL

1
<

(AC TERM)
I N
o

Yooy

Figure F2.7 Generalized bridge configuration

2.4.1 Carrier PWM Techniques

Carrier PWM techniques represent any firing pattern whose angles are
derived by the intersection of two waveforms namely the carrier and reference.
A vast number of schemes fall into this category. The more prominent ones
include;

1) Sinusoidal PWM (Figure F2.8) [24]

2) Modified Sine PWM (Figure F2.9) [25]

3) Third Harmonic Injection PWM (Figure F2.10) (26),(27]

4) Harmonic Injection FWM (Figure F2.11)
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2.4.1.1 The Original Sine PWM Technique [24]

This original technique has been included for the purpose of wusing it as
a ‘’benchmark’ to evaluate respective improved techniques. Its main Intrinsic
features are shown in figure F2.8 The largest disadvantage with this
technique is that the maximum possible AC TERM and DC TERM gain values are
only

Gac = .866 and Goc = .1
respectively. Where;

1) AC TERM gain (Gac) is the ratio of maximum value (peak) of the
fundamental component of the ac terminal waveform to the amplitude of the
unfiltered switched dc pulses comprising the same terminal waveform.

2) DC TERM gain (Gpc) is the ratio of the maximum value of the dc
component of the dc terminal waveform to the maximum amplitude of the
unfiltered pulses comprising the same terminal waveform.

The main advantage of this technique is that it generates line to neutral
ac spectra with no third order harmonics. This allows the use of neutral to
neutral connections (if required) and decoupled (individual) control of each

one of the three inverter phases.
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Figure F2.8 Sinusoidal PWM (SPWM)

A) SPWM scheme

E) DC TERM

B) VSI switch#i gat ing si gnal (GSW1) F) DC TERM spectrum

C) AC TERM

G) CR switchi! gating signal

D) AC TERM spectrum
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2.4.1.2 The Modified Sine PWM Technique [25]

The main intrinsic features of this technique are shown in figure F2.9.
Separate spectra are shown for VSI and CR operation respectively in order to
maintain the same switching frequency. In particular;

A) This technique defines the AC TERM (figure F2.9C on a line to line
basis for VSI’s and on a line basis for CR’s.

B) As shown in figure F2.9A and B only the first and last 60° intervals
{per half cycle) of the AC TERM waveform are directly defined through
intersections of respective sine(reference) and triangular(carrier) waveforms.
The 50° to 120° intervals are obtained by folding the first and last 60°
intervals around the 60° and 120° points respectively.

C) As shown in figure F2.9D, this technique provides a substantially
higher AC TERM gain as compared with the original sine PWM technique (Figure
F2.8). However, from part (B) above it follows that hardware implementation
for this technique is rather complex. Also, this technique generates a
substantial (21%) AC TERM third harmonic component on a line to neutral basis.
Under valanced and open neutral operating conditions however, third harmonic
currents cannot flow and thus the third order voltage harmonics are

neutralized.
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A) MSPWM Scheme F) VSI fnput current spectrum
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2.4.1.3 The Third Harmonic Injection PWM Technique [26] [27]

This improved technique has been derived from the original sine PWM
technique (Figure F2.8) through the addition of a 177 third harmonic component
to the original sine reference waveform. The resulting flat topped waveform
shown in figure F2.10 allows over modulation (with respect to the original
sine PWM technique) while maintaining excellent AC TERM and DC TERM spectra.
In particular:

A) The analytical expression for the reference waveform is

Y=1.15'sin(wt)+.19 sin(3wr).

B) The AC TERM gain (Figure F2.10D) is equal to the respective gain
obtained with the modified sine PWM (Figure F2.9D) and substantially higher
than the gain obtained with the original sine PWM technique (Figure F2.8D).

C) Furthermore, from figure F2.10A it can be deduced that the hardware
implementation of this technique is quite simple. However, this technique also
generates a substantial AC TERM third harmonic component (17%2) on a line to

neutral! basis.
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Figure F2.10 Harmonic Injection PWN (HIPWM) (1st & 3rd)

A) HIPWM scheme E) DC TERM
B) VSI switch#1l gating signal (GSW1) F) DC TERM spectrum
C) AC TERM G) CR swi tch¥#l gating signal

D) AC TERM spectrum



2,4.1.4 The Harmonic Injection PWM Technique

This technique shown in figure F2.11 is a variation of the previously
discussed third harmonic injection technique. The variation is obtained by
injecting additional harmonics in the respective reference waveform. The
resulting waveform (Figure F2.11A) again allows over modulation while
improving even further the resulting frequency spectra of the AC TERM and DC
TERM waveforms. In particular;

A) The analytical expression for the reference waveform is now

Y= 1.15-sin(wt)+.27-sin(3wt)-.029 sin(9wT).

B) The AC TERM gain (Figure F2.11D) is equal to the gain obtained with
the previous two improved PWM techniques, while the harmonic spectra of AC and
DC TERM waveforms are clearly better.

C) Again as deduced from figure F2.11A, the hardware implementation of
this technique is as simple as with the SPWM and the third harmonic injection

techniques.
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Figure F2.11 Harmonlic Injection PWM (HIPWM) (1st & 3rd & 9th)

A) HIPWM scheme E) DC TERM
B) VSI switch#1 gating signal (GSW1) F) DC TERM spectrum
C) AC TERM G) CR switch#l gating signal

D) AC TERM spectrum
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2.4.1.5 Waveform Quality Under Variable Modulation Index Conditions
Although the waveforms shown in figures F2.8 through F2.l11 provide an
accurate characterization of the evaluated PWM techniques, they also have the
disadvantage of showing respective harmonic spectra at only one modulation
index value. (ie M=1). However in most applications, output converter power is
controlled by varying the modulation index value. It therefore becomes
necessary to investigate the quality of the various converter waveforms
obtained with each of tne techniques for all modulation index values. Three

quality indexes used to evaluate these waveforms are defined as follows;

[2.=]
100 HARN 2
DF = —v=— (2.8)
1 Gacmax 2
N
n=5,7..
[o,=]
DF = 20 'R (2.9)
2 GACMAX ) N )
n=5,7
20 . HaRr 2
_ 100 r N
r=6,12.

Where: DF] = ac terminal distortion factor for second
order ac side filtering
DF . = ac terminal distortion factor for first

order ac side filtering
DF3 = dc terminal distortion factor for first

order dc side filtering
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The variations of these threez quality indexes as a function of M are

shown in figures F2.12, F2.13 and F2.14 respectively.

DF,

3

Figure F2.12 2nd order filter distortfon factor (AC TERM)
A) SPWM D) HIPWM (1st & 3rd & 9th)
B) HIPWM (1st & 3rd) E) MSPWM CR operation
C) MSPWM VSI1 operation
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Figure F2.13 1st order filter distortion factor (AC TERM)
A) SPWM D) HIPWM (1st & 3rd & 9th)
B) HIPWM (1st & 3rd) E) MSPWM CR operation

C) MSPWM VSI operation



Figure F2.14 15t order filter distor tion factor (DC TERM)
A) SPWM D) HIPWM (1st & 3rd & 9th)
B) HIPWM (1st & 3rd) E) MSPWM CR operation
C) MSPWM VSI operation

It is noted that DF:' Dl*‘z and DF:’ have been defined in ways that reflect
actual levels of harmonic distortion experienced in actual applications. For
example, static UPS employ a second order L-C filter between inverter and
loads. Such filters provide harmonic attenuation which is approximately
inversely proportional to the square of the order (N) of the harmonic.
Therefore the DFl data shown in figure F2.12 are relevant to UPS inverter
stages and any other static ac power supply that employs a second order
filter. Similarly, ac and dc motors supplied from PWM static converters
utilize their respective leakage and armature inductances to produce quasi
sinusoidal and quasi dc input current waveforms. These inductances provide
first order attenuation to voltage harmonics which Is equivalent to dividing

the amplitude of each harmonic by its respective order. Therefore the Dl-‘2 and

——_
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Dl-'3 data shown in figures F2.13 and F2.14 are applicable to ac and dc motor
drives. Controlled rectifiers supplying UPS power also falls in this category
as any other similar application utilizing a first order filter.

To stress emphasis on the input spectral content of each technique, a
quality index is defined for the rms ripple value that the input filter must

tolerate or support. The rms current rating lc of the dc link capacitor for

11

VSI operation is shown in figure F2.15 as a function of modulation index M.
The rms current of the input capacitor lcR for controlled rectification is

shown in figure F2.16. The analytical expressions for ch and Icn are;

1

[2,0]
2
Icn' ZIINN (2.11)
n=6,12..
00
I_= 11N 2 (2.11a)
CR N ’
n=5,7..

It is finally noted that although the exact DF‘ , DFz' DF:; , Icn and lcn
values shown in the figures are valid for only one particular common carrier
frequency (shown in figures F2.8A, F2.9A, F2.10A and F2.11A), their shapes and
relative position are independent of carrier frequency. Consequently, these

data can be used for the general evaluation of the PWM techniques which foliow

in section 2.4.3.
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Figure F2.15 Inv e rter dc terminal rms ripple
A) SPWM C) MSPWM
B) HIPWM (1st & 3rd) D) HIPWM (Ist & 3rd & 9th)
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Figure F2.16 Rect 1 fier input capacitor rms ripp le current
A) SPWM C)HIPWM (1st & 3rd & 9th)
B) HIPWM (1st & 3rd) DIMSPWM
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2.4.2 Programmed PWM Techniques {28],[29],[30!}

Programmed PWM schemes define firing patterns that are created through
computer optimization routines. The computer program may be geared toward
minimjzation of certain criteria such as low order harmonics, THD and/or
distortion factor, or may be directed towards the maximization of fundamental
component amplitude. Computation time is directly related to the number of
harmonics to be controlied. The relatively complex minimization routines
typically involve nonlinear matrix manipulations. Good initial approximations
are generally required and convergence is not always guaranteed. Due to the
nonlinear nature of the problem, the angles reaching the final objective may
not be a unique solution. Discrimination by use of distortion factor is then
typically used to aid in the sslection.

Programmed techniques often offer better voltage utilization and lower
switching frequencies than carrier techniques when employed with converters
supplied from independently regulated voltage or current sources. However
drawbacks also exist with the programmed techniques. These include;

1) The switching angles are occasionally sensitive to fluctuation in
exact timing. In actual applications, deadtimes for voltage source inverters
and overlaps for rectifiers introduce shifted switching angies which lead to a
dramatic alteration of output spectra. Figure F2.17 shows a popular programmed
PWM technique derived to eliminate the 5th and 7th harmonics. Table T2.2 shows
the actual harmonics measured in a | kVA 3-¢ inverter lab model employing
transistors with 20usec dead times incorporated. The delays have introduced a

5% fifth and seventh defeating the purpose of the PWM technique.
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Figure F2.17 Programmed PWM sensitive to angle distortion

A) SHE line to neutral voltage waveform

B) Switch #1 gating signal GSWI

C) Line to line output voltage

D) Expected output line to line voltage spectrum
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angle 1 =16.2 deg
angle 2 =22 deg
frequency =400 hz
magni tude of 5th = 5§57
magni tude of 7th = 5.3%
magni tude of 11th = 27%
magni tude of 13th = 30.7%

Table T2.2 Harmonic spectrum with 20usec deadtimes

2) When used in a variable input voltage situation;

A) Sophisticated control hardware is required to store and access
the required large number of switching patterns;

B) Associated hardware becomes practical and cost effective only
through VLS! implementation. The experticc required to design such hardware is
not available to most small companies. Further, the number of units produced
must be large enough to justify initial development costs.

Despite selected application drawbacks programmed techniques typically
yield low THD. This has led to its wide spread use in many applications
including fixed and variable supply converters. By far the most prominent of

these techniques is Selective Harmonic Elimination (SHE).

2.4.2.1 Selective Harmonic Elimination (SHE)[28],[29]

SHE focuses on the direct elimination of wundesired harmonics. The
approach may not result in minimal THD as other programmed techniques do [30]
yet it carries the added advantage of eliminating rather than minimizing
unwanted low order harmonics. This feature is helpful in reducing the
likelihood of harmonic amplification as a result of transient behavior. The

technique essentially defines the AC TERM spectra based on a selected number
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of switching angles. Figure F2.17C shows the general AC TERM waveform. The
waveform is prescribed as having quarter wave symmetry requiring only the
switching angles below 90° to completely describe the waveform. Fourier

aaalysis of the waveform reveals a harmonic content of;

KMAX
Hae = o | 142 Z(-l)k COS(N- INTER(K)) (2.12)
K=1
where KMAX = total # of angles from 0° to 90°

SHE can essentially be split into two categories; SHE converter operation
with a regulated input supply and SHE converter operation with a non regulated

supply.

2.4.2.1.1 SHE With Regulated Converter Input [28]

For regulated inputs the converter is free of modulation control.
Consequently, only one PWM pattern need be established resulting in constant
output ripple to be filtered. The required number of angles is directly
proportional to the number of harmonics to be set to zero (plus an offset) by
using equation 2.12. This in turn leads to the expression for converter

switching frequency (turn off/switch) as;
SWF= [2- KMAX + I]X base frequency (2.13)

where base frequency = Converter AC TERM fundamental

frequency

Therefore for a 3-¢ inverter eliminating Sth, 7th, 1llth and 13th harmonics the

switching frequency would be 540hz and each switch turns off 9 times per
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cycle. Figure F2.18 was developed to show the characteristics of the PWM
scheme (for elimination of Sth, 7th, 1lith, 13th and 17th) while table T2.3
lists the associated angles.

The nature of solving the simultaneous equations for this application is
such that a good initial guess is required to ensure convergence. Consequently
as the desired number of eliminated harmonics increases convergence is more
difficult. Further, at some point convergence may occur yet the magnitude of
the fundamental component may be substantially lower than required. Moreover
when the order approaches 21 pu the computational time cost to solve the
angles will be lengthy even for a mainframe. For these reasons no angles were
solved for comparison with the carrier techniques. However when the switching
frequency approaches 21 pu, an extra angle may be introduced which controls
the magnitude of the fundamental. The switching frequency only marginally
rises while the optimized angles are more easily extracted by the software.
This approach is typically used for non regulated converter inputs and is

described in chapter 2.4.2.i.2.

raperTe—
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Figure F2.18 SHE PWM

A) SHE {[nverter switch #] gating signal (GSWI)
B) AC TERM

C) AC TERM spectrum

D) DC TERM

E) DC TERM spectrum
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INTER(1) = 6.7952
INTER(2) = 17.2962
INTER(3) = 21.0252
INTER(4) = 34.6566
INTER(5) = 35.9840

Table T2.3 Five harmonic elimination angles

2.4.2.1.2 SHE with Unregulated Converter Input [29)

For unregulated supply applications the SHE scheme must control
fundamental amplitude as well as suppress the prescribed harmonics. This
requires an extra degree of freedom in the nonlinear matrix resulting in an
added switching angle. As the number of suppressed harmonics increases the
added degree of freedom becomes less significant. The expression added to the
nonlinear matrix is of the form

KMAX

Har, = _%— 1+ 2) (~-1)*COS(INTER()) (2.18)

K=1

The new expression for switching frequency is thus;

SWF= [2- Kmax + 3])( base frequency (2.15)

A 3-¢ inverter with variable modulation control, eliminating the S5th, 7th,
11th, and 13th harmonics, operating at 60 hz would have a switching frequency
of 660 hz. Each switch commutates 11 times/cycle.

Figure F2.19 shows the characteristics of SHE with switching stresses

equal to that of the carrier techniques.
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Figure F2.19 SHE character|{ stics
A) SHE switch #1 gating signal (GSWi)
B) AC TERM
C) AC TERM spectrum
D) DC TERM
E) DC TERM spectrum
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Figure F2.20 shows the distortion factor values DF‘l . DI»‘z and DF:; as
defined in chapter 2.4.1.5 for SHE with a switching frequency of 2ipu as the
modulation index fis varied. Moreover, to emphasize input spectral content of
this technique the quality indices used in chapter 2.4.1.5 are once again used

here. The results are shown in figure F2.2l.
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Figure F2.20 SHE distortion factor indices
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Figure F2.21 SHE input current quality factors
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2.4.3 PWM Classification and Selection

For the meaningful interpretation of evaluation data, the switching
frequency variable has been eliminated by using the same switching frequency
for all PWM techniques. However, careful investigation of the MSPWM technique
shows that for the same AC TERM and DC TERM waveforms, controlled rectifiers
require lower switching frequencies than voltage source inverters. Because of
this asymmetry this technique has been represented twice in figure F2.i2,

F2.13 and F2.14.

2.4.3.1 AC TERM and DC TERM Gain

Respective AC TERM and DC TERM gains for all 5 PWM techniques are
summarized in Table T2.4. It is noted that these gain values are relatively
independent of switching frequency and are directly proportional to the
respective modulation index values M.

From Table T2.4 it is obvious with regards to AC/DC GAINS all improved
PWM techniques are

A) better than the original sine technique

B) equivalent amongst themselves

TECHNIQUE Gac Goc
SPWM . 866 .750

MSPWM 1 . 866
HIPWM(1st & 3rd) 1 . 866
HIPWM(1st & 3rd & 9th) 1 . 866
SHE 1 . 866

Table T2 .4 Maximum AC and DC TERM gain values (M =])



2.4.3.2 Quality Factors

The variation of DFn' DFZ. DF:’ Icu and lca as a function of M show
that;

A) For Voliage source inverter applications the SHE technique offers the
best quality AC TERM waveforms.

B) For controlled rectification the MSPWM technique offers the combined
best quality AC TERM and DC TERM waveforms.

C) For voltage sourced inverters that cover the entire modulation range,
all advanced carrier techniques offer equal quality and superior input
capacitor current ratings.

D) For VSI operating at unity modulation index, all advanced schemes are
roughly equivalent for input capacitor rms current rating.

E) For controlled rectification, all advanced carrier PWM techniques

offer equally improved input rms capacitor ratings vs. SPWM and SHE.

2.4.3.3 UPS Controlled Rectifier PWM Selection
The input supply to the controlled rectifier is unregulated. The expected

medulation swing will be in the area of (from chapter 3.3)

.63 s M s ]

From this modulation swing figures ¥F2.12, F2.13, F2.14, F2.15, F2.16, F2.20
and F2.21 reveal that the best PWM technique for the controlled rectification
stage is MSPWM. If only output DC TERM waveforms were considered, then from
figure F2.14 HIPWM would appear to be the optimum choice. However overall
examination of the figures (in particular F2.12) shows a dramatic AC TERM

advantage of MSPWM and consequently its overall selection.
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2.4.3.4 Voltage Source Inverter PWM Selection

The VSI stage is supplied by a regulated input thus simplifying the
output voltage control. The SHE PWM scheme requires simple logic to apply in
this application. Moreover it offers better output distortion factor and lower
quality factors. It is therefore justifiable that for VSI UPS applications

with a pre regulated input, Selective Harmonic Elimination is the best choice.

2.5 Software Development

In order to facilitate research in the area of PWM converters two
dedicated software routines were developed to speed up repeated data runs. The
first routine is a worst case component ratings evaluation program while the
second is an analysis/simulation program. The programs were written in Basic
and operate on a HP desk top computer. Thorough documentation has been

prepared to allow extension or modification of the programs at a later date.

2.5.1 UPS Inverter Worst Case Ratings Program

A program to evaluate component stresses is essential for proper
converter investigation not only for implementation purposes but for
comparative evaluation as well. The components must include input and output
filters as well as semiconductors. Current, voltage, power and upF/pH ratings
should all be derived. The developed program was designed specifically for UPS
regulated input inverter stages. Worst case operating points are derived over
the range of load conditions. The program proves valuable for PWM comparison
on the basis of converter stresses. Results are given in per unit ratings and
in actual units based on a selected converter kVA rating. A complete program

listing is provided in Appendix A.



2.5.1.1 Program Methodology

The methodology is based on the assumption that the generalized 3¢ UPS
inverter stage configuration of figure F2.22 is employed. This topology is
chosen to reflect the proposed UPS inverter stage of chapter 2.3.1. Since the
input is assumed regulated, its variation with respect to load changes poses

no direct concern in terms of inverter modulation changes.
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Figure F2.2Z Worst case ratings inverter stage generalized structure
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The software uses frequency domain and time domain analysis to return the
component ratings based on the user defined switching conditions of the
inverter semiconductors and load power factor range. The switching strategy
may be selected from a menu of PWM techniques or user defined before program
operation. The program can be segregated into three distinct stages;

A) Derivation of worst case per unit component ratings based on user
selected PWM.

B) Actual component ratings based on user selected converter power
rating.

C) Example set of waveforms based on user selected load power factor.
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2.5.1.2 Derivation of Worst Case Per Unit Component Ratings

Based on the desired PWM technique the program evaluates the following

ratings;

Output filter; inductance impedance XLo
inductance current ILorRMS
inductance voltage VLORMS
inductance power Lova
capacitance impedance Xco
capacitive current IcorMs
capacitive voltage VcorMs
capacitive power Cova

Switching bridge; average switch current ISWAVE
rms switch current IswrMS

Input filter; inductance impedance XLl
inductance current ILIRMS
inductance voltage VLIRMS
inductance power Liva
capacitance impedance Xci
capacitive current IcirMs
capacitive voltage VCIRMS
capacitive power Civa

DC bulk voltage swing maximum bus voltage VDCBUSMAX
minimum bus voltage VDCBUSMIN

The equations and derivations of each of these variables are detailed in
chapter 3.1 and will not be duplicated here. However the results are based on
the following preset data which the user may wish to alter should the occasion

be called for;



- 57 -
~Qutput power factor .7 lag to .7 lead
-Output filter THD s57
~-Max. individual harmonic s27 @ pf=1
-Output filter damping factor =707 @ pf=1
~-Input filter inductor current THD s107
-Input filter capacitor voltage THD 5%

A flowchart summarizing the software stages is shown in figure F2.23.
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Figure F2.23 Inverier worst case per unit ratings flowchart

After converting the PWM gating signals into its frequency domain and time

domain representative transfer function characteristics,

the per unit



references are set. These include;

Output VL-N =lpu peak
Load ZL-N =1pu

Power ProTAL  =1.S5pu

|

’ To solve the output filter requirements, the software sifts through the

' frequency components of the output voltage locating the dominant harmonic and
setting the output filter break frequency accordingly. Using an industry
standard load damping factor of .707, XLo and Xco are solved.

The worst case switch current ratings are found when the inverter output
line current and the line to fictitious load neutral voltage are in phase.
With the derivedoutput filter components inserted, the load is numerically
filtered until the fundamental components of these waveforms are either in
phase or as close as possible due to load swing and output filter limits.
Inverter output current is solved with this load and filter condition in the
frequency domain and then converted to the time domain by harmonic summation.
This time domain representation is finally muitiplied with the time domain
representation of the inverter switching PWM function leading to the average
and rms switch currents.

The worst case input filter ratings require two basic loop passes since
the worst case for each filter component is at different load power factors.

First the load is adjusted to ./ leading, line currents are solved and

reflected via the inverter transfer function to the primary where the worst
case capacitor rating Xci can be solved using a nonlinear optimization
subroutine. Finally, resetting the load to .7 lagging the process is repeated

for input filter inductor Xu.
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2.5.1.3 Actual Component Ratings

With the completion of worst case per unit ratings, the program displays
the resulting data and prompts the user with a 'PRINTOUT AND/OR PROCEED'
INSTRUCTION. After a data printout (if desired) is obtained the user is
prompted for an inverter power rating. Actual component ratings are then

deduced by the programs scaling as;

VL-N = 115 E
kVA = kVA (user input) (2.16)
Iscate = kVA -« 6.66/VL-N (2.1
Vscatk = VL-N (2.18)
2
3-4
ZSCALE = m‘: (2.19)

2.5.1.4 Test Point Data and Waveforms

As a final stage the program prompts the user for a test point load
condition and solves selected resulting waveforms and data such as component
currents and THD. This allows visual inspection and comparison with worst case

results confirming the software calculations.

2.5.1.5 Example Operaticn

The underlying complexity of the system of equations (theoretical
derivations of section 3.1) vanishes upon use of the program. Table T2.5 shows
the resulting program printout of per unit calculations for Selective Harmonic

Elimination of Sth and 7th harmonics.



Inverter worst case pu ratings

OUTPUT VOLTAGE=lpu PEAK

OUTPUT VA =].S5pu

OUTPUT CURRENT=ipu PEAK

LOAD IMPEDENCE=ipuw/phase Y connection

DC BUS VOLTAGE SWINGS FROM 1.53 pu TO
AVERAGE SWITCH CURRENT= .301 pu

INPUT FILTER

IND= 039 pu Irms= .871 pu
CAP= 6.146 pu Irms= .265 pu
OUTPUT FILTER

IND= .164 pu Irms= .751 pu
CAP= 12,194 pu Irms= .087 pu

1.93 pu

Vrmsg=
Vrms=

Vrms=
Vrms=

046 pu
1.93 pu

434 pu
707 pu

Table T2.5 Worst case inverter per unit ratings for SHE example

To scale the inverter stage for 115 VL-N output as proposed (figure F2.5

section 2.3.1) a power rating input is required. After the test point load

power factor is entered the operational waveforms are drawn. In igure F2.24

the software derived waveforms for the example of table T2.5 are shown with a

converter power rating of 10 kVA and a load power factor of .7 lagging. The

results clearly and quickly show the quality of a PWM technique when operating

on the proposed inverter stage.
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Figure F2.24 Worst case Inverter ratings waveforms for SHE example



2.5.2 An Analysis/Simulation Program For Power Electronic Circuits [3]
Modern power converters typically featurePWM techniques and nonlinear

region semiconductur operation. Although numerous general circuit analysis

programs are available [31], [32]), [33], (34], (35), (36], [(37], (38], (39]

only one has been developed with both of these characteristics taken in to
consideration [36]. References (31],{32],(33}],{34],{35],I39] all either use
SPICE for simulation or are SPICE clones. Although ideal switches may usually
be modeled, spice ocased programs have several drawbacks including the lack of
simplified PWM facilities. Since fully controlled rectifiers and inverters
utilize PWM, these software packages are either inappropriate or involve
substantial time to employ.

Reference [36] (AUTOSEC 5) alleviates this problem by allowing for a
simple user interface with a variety of voltage supply waveforms. However the
introduction of simplified PWM facilities here is associated with the
following further shortcomings;

A) All ideal switches must be accompanied by a resistor/capacitor snubber
circuit. Since fully controlled UPS similer to the one proposed in chapter
2.3.1 have at least 13 controlled semiconductors the circuit complexity
substantially increases.

B) No capacitor loop or inductor cutset can successfully be analyzed
until further components are added to eliminate the loop or cutset. This
further increases complexity of the UPS since such loops exist in standard
filtering arrangements.

C) Downgrade of user friendliness.

In contrast 1o existing programs, the program developed by the author

overcomes these disadvantages and is also extremely user friendly. The user
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simply constructs the power converter on the screen, inputs component values,
creates or selects a PWM scheme from a menu and allows the program to solve
the output waveforms. The switching function concept [40] is used to convert
the nonlinear system into a linear system. Results are obtained using state

space analysis.

2.5.2.1 Program Methodology

The program can be roughly divided into three sections; input, processing
and output.

The input section utilizes a schematic capture type data entry section
that is extremely user friendly. The circuit under simulation is entered and
displayed on the CRT (as shown in figure F2.25) by using a rotary knob or pre
defined function keys. The circuit elements represented by softkeys include;
dc/ac voltage and current sources, resistors, capacitors, inductors, switches,
single and three phase converter structures, and connecting lines. Additional
graphic features designed to enhance circuit illustrations and labelling
include; arrows, loops, circles, squares, etc. The circuit values are entered
interactively. The program searches through the drawn circuit and prompts for
the respective component values. Pre-programmed customized voltage and/or
current sources are entered by using their binary file names. This includes a
variety of preprogrammed PWM techniques or user entered techniques. A complete
analysis of the user friendly input section is presented by the author in

[62].



Figure F2.25 Typical screen display of entered circuit

The processing section incorporates a number of powerful subroutines. The
objective is to employ time domain state space analysis techniques because of
its compatibility with digital computers to simulate power electronic
circuits.

Assuming ideal switching conditions, switch configurations typically
found in UPS and other power electronic circuits are often described as a
single block element that offers a particular transfer function. This
essentially combines a linear source with nonlinear elements resulting in a
linear time domain representation of a linear voltage or current source. PWM
techniques define switch configuration transfer functions ([41]. Figure F2.26
shows the piecewise linear voltage source modeled from the full bridge switch
configuration. In this fashion nonlinear switch configurations can be
eliminated from the analysis thus simplifying and hastening the output

results. In fact, the resulting state matrix will have its order reduced by
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roughly 667 over PSPICE. Consequently the execution speed of the program is

increased.

SKW3

Gui, Gus .

Rload

A ‘ 2 sz. Ga | I f— _/r—'B
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1 el - —

Figure F2.26 Modeling of a Single Phase PWM Inverter

>

Rload PHM

From the circuit diagram drawn on CRT the program constructs the
respective circuit ‘tree’ by using established principles of linear graph and
circuit analysis theory [42]. Accordingly all voltage sources and as many
capacitors as possible become ‘twigs' while current sources and as many
inductors as possible become ‘'links’. Resistors may be either 'links' of
"twigs’.

From the circuit tree, the fundamental cut-set matrix is formed and

subdivided as

1 inks
QL= C R L J
twigs E EC QER QEL QEJ
C 0 Q Q Q (2.20)
€C "CR ‘cL "cJ
R 0 QRR QRL QRJ
L 0 0 QLL QLJ
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Also matrices Ct, Ci, Ly, L, Gt, Gi, Re, R, ¥, 9, %, & 2 # 5, 6 ¢, &, ¢

2, R and G are formed where;

Ct = Capacitor twig diagonal matrix

Ci = Capacitor link diagonal matrix

Le = Inductor twig matrix

Li = Inductor link matrix

Gt = Conductance twig diagonal matrix

G = Conductance link diagonal matrix

Rt = Resistive twig diagonal matrix

Ri = Resistive link diagonal matrix

vy = QR0 (2.21)
Y = Q RQ (2.22)
F = Q.GQ, (2.23)
$§ = Q,Gq, (2.24)
= -Q_ +QR'Q RWQ (2.25)
o= -Q_ W RQ RO (2.26)
§ = Q- G'q 6Q. (2.27)
§ = Qg -Q 6 Q. G}, (2.28)
& = CuQ 0o (2.29)
& = -Q.CQ, (2.30)
'] = Lu+QL_LuQLL (2.31)
£ = - LuQ (2.32)
R = RiQ RQ (2.33)
G = GwQ G (2.34)

From these matrices data manipulation is used to formulate the standard

continuous time state space matrix

dx

dt (2.35)

= Ax-o»ﬁxua»B

sle

2
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where; P N G-‘ 0 Yy M
o ¢'s -% (2.36)

o1 1 o

g = [©°)Y ¥
' o ¢'|| 5 -% (2.37)

ro-1 L S ~

3 - € o_‘ & 0
o £l o ¢ (2.38)

Equation 2.38 suggests that 8= [0) if & = [0) and £ = [O). Such is the
case when the system is causal and no capacitor loop or inductor cut set
exists. In such a case equation 2.35 becomes

% = dx + Blu (2.39)
and the output equation is given as
W =Cx + Du (2.40)

The outputs are obtained by implementing in the circuit, transparent to

the user, voltage and current sources of =zero value. Without affecting the

circuit electrically these sources can be wused to monitor currents and

voltages respectively. These sources labelled

[Eo] & [10]

respectively are merged with the existing sources

el = [

in the fundamental cut set link matrix. The output vector W is then defined as

I
v = [v“] (2.41)
Jo
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Utilizing standard linear graph theory [42] the following equation can be

obtained;
P = “Qecle Qrtp, Qe 1 70, (2.42)
Since
~ d _ d d
Icn = Cl-a-{ vc: ClQEc It VE + Cch It VCt (2.43)
and

-1, T T T
. R (QCRVCT+ QreVe - Q RQ, T+ Q1) (2.44)

we have by substituting 2.43 and 2.44 into 2.42

¢v - o r7Q]

v
Q Cchc dt cz CR CT

(L‘ .

T
I . Qe C1Qg,

QERR"QV+QRQR¢Q1+Q RQRQ -Q_ 1 -Q_1

Rl LI EL L1 “EJ
(2.45)
Assuming no source derivatives will exist. (ie g— V£=0)
Sifting only the zero value voltage sources out we have
1. = -Q, ClQ -Q_ R v -
F» cc dt EoR CR CT
Q R'QL_V.+Q R 'or RtQ 1 *+Q R RQ 1 -Q 1-Q I
EoR Eo R E EoR RR RJ'J TEoL'Ll T“EoJJ
(2.46)
Similarly we can derive the output expression for VJo as;
- T T T T
Vi = Vet Vet iVt AV (2.47)
Since, v = Lt d I = -LtQ d -LtQ d (2.48)

Lt dt Lt e dt u
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-1 T T
and VR‘ = -G (QRLILl + QRJIJ+ QRRGl(QCRth + QERVE)) (2.49)

we have by substituting 2.48 and 2.49 into 2.47

V, = QV_+QrV_-Q G'Q o’ol—ococnov-

J EJ E cJ RL Ll RJ RJ J

T -1 T T d T
QusC QurliQgVe~ Q LeQ) 7 1 ,-Q Qg5 I, (2.50)
Finally VJO can be sifted from all voltage sources as;
V = Q@ v +qQT v -qf ¢ lo1 -Q GQ I—Q GO GIQV-
Jo Elo E Clo Ct “RJo rUL ) CR Ct
r -1 T T d
Qriol QrC'QpeVe~ Q10 gt 1y, (2.51)

Equations 2.51 and 2.45 can be combined into matrix form as

T

[Iso _ I:—QEOCCIQCC 0]_@_[Vm] .
T at

v 0 "Q L, !

J Ll
-Q_ R7'Q] Q. R Q) RQ,
[ EoR CR EoR ] [ .
T T -1
Q0 %00 QRRG'OCR "o

Qo %RioC el "%y, RJo

-1 T -1,.7T .
-QEoRR QEoR QEoRR QRRRtQRJ-QEoJ VE
T T -1 T T G"Q (2.52)

After substitution of equation 2.39 where

\"
X = ct (2.53)
IC'.

we obtain



[Izo] - ['oncc
v 0
Jo

:

1Q

-Q
T

T
[_QsocC'Qcc
T
0 Qe

-7 -

T 01.

C: l-d]+

Ql...!oL"QLL
-1.1T <1 T

e Qer Qe rR QuRtQ —Qp
T -1 T T -1

5o Q108 010, "o’ e

T T -1 T
£30 Ry o QRRG'QER

Q

Substituting into equation 2.41 we obtain

X1

X2

X3

Xa

Xs

X6

X7

= Cx + Du  where

- [ 2.

0 -Xs Xe]
] - [ 4]

T
"Qc“1Qc

_QIJOL‘QLL
QEORR-loZR
QEORR-IQ:RR‘QRL—QEOL
QZJo_Q;JoGdQRRG'QZR

O:JOG—lQRL

QEORR-lQ:oR

QEoRR_‘Q;RR‘QRJ_QEoJ

T T - T
Q0™ RsoC QurC'Qg

-Q

I

T
RJo

1T -1 T
0 ] [B ]+ [-QEORR U %ok QRO
1

v }
Ct
+
1
L1

-1
G QRJ

(2.55)

(2.56)

{2.57)
(2.58)
(2.59)
(2.60)
(2.61)
(2.62)
(2.63)
(2.64)

(2.65)
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Xg = Q.G Q (2.66)

A unique feature of this program is that it can handle capacitor loops
and/or inductor cut sets. This feature frees the wuser from requiring
additional components (such as series and shunt resistors) to eliminate
unavoidabie loops and cut sets. The restriction resulting from the presence of
such circuit conditions is that only the readily available state variables
(i.e. capacitor twig voltages and inductor link currents) are used as outputs.
Equation 2.35 keeps its expanded form and a coordinate transformation is used
to simplify computation. Letting

x' = x—fBzu (2.67)

we also obtain u (2.68)

which after substitution into 2.35 leaves

d_ctl X' = Alx'+ Bzu) + ﬂlu (2.69)
or
- A'x’ + B'u (2.70)
dt
where 4 = o (2.71)
B = (ABZ + Bx) (2.72)

The traditional output equation for this state space equaticn is

W = Cx+Dlu+D

Sla

2

however by allowing only the state variables as obtainable outputs
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D1= 0 and D2 = 0 leaving

1.4 = Cx

or after coordinate transformation

L4 = C(x" + Bzu)

or

w = C'x' + D'u

where c = o
D' = Cii2

(2.74)

(2.75)

(2.76)

(2.77)

(2.78)

The state space equation is solved through the discretization of the

continuous time system as detailed in reference [43]. This reference dictates

that a continuous time system represented by equation 2.35 can be converted

to an equivalent discrete time system represented as;

x{{(k+])T]) = F(T)x(kT) + G(TIu(KT)
where k =Discrete time instance
T =Sampling rate

F(T) =exp(dT)

T
G(T) =I exp(lr)Bzdr
0
Bz =Representative B'or Bl {whichever applies)

To simplify computation of exp(4T) and avoid complex, time

diagonalization, a simplistic truncated power series is used. Since

exp(x) =

T8
3

3
1
[=]

we have

x m
F(T)=exp(dT) = Z 41)
m !

m=0
and

(2.79)

consuming

(2.80)

(2.81)




3

o0 m
= .4"[ Zﬂ—) - I]B (2.82)
=0

The possibility of catastrophic cancellation or truncatien is not a
significant problem since the HP computer used has 64 bit floating point
operation offering roughly 15 bits of accuracy. The number used limiting the
expansion is "6" which proved sufficient in most examples tested.

At this stage point by point iteration is used on the state space output
equation yielding a time domain waveform of the desired voltages and currents.
The results are stored in pre-defined arrays.

The output section is designed to be no less user friendly than the input
section. Multiple waveforms can be displayed on the screen with user specified
magnifications, offsets and nume-~ous mathematical manipulation facilities.
Zoom features allow precise visualization of quick transient behavior and
circuit design or PWM quality. Hard copies and waveform disk storage is alsc a
necessary and implemented feature. Figure F2.27 displays typical output

waveforms showing the programs effectiveness.
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Figure F2.27 Analysis/Simulation program typical output waveforms

2.6 Conclusion

Typical medium power UPS systems have been shown to only partially solve
the concerns of modern consumer. Expansion of sophisticated electronics into
all faucets of commercial enterprise, combined with power critical
manufacturing processes have handicapped the typical 4th generation UPS. The
construction of a modern specifications table not only confirms this but leads

to the derivation of a novel high performance topology to meet the high




PR T TN TITE S b e - ' , W

-76 -

standards.

The topology is less than optimal without its most compatible PWM
technique.  Arbitrary application of a PWM technique may lead to
unoptimalresults. Based on the evaluation presented, the PWM technique most
suitable to each power stage of the UPS was;

1) SHE for the inverter stage, and

2) MSPWM for the controlled rectifier stage,

This will lead to the optimal combination of size reduction, weight reduction,
and cost savings.

The software developed is relatively essential to simply and effectively
analyze 3-¢ static converters under various conditions. The routines were
partially shown through brief examples, to be useful tools in a UPS research
environment.

In particular, the analysis/simulation package emphasizes three main
ingredients; user friendliness via direct schematic capture, low memory
requirements, and faster execution time via a 3:1 reduction in the state
matrix order when compared with PSPICE.{62])

The worst case ratings program quickly derives required components. When
size and weight are of prime importance as in the applications considered, the
software provides rapid comparison of component values versus switching
frequency, load swing and PWM technique.

Further examples of the software results are presented in subsequent

chapters 3 and 4.

IR



3.0 DESIGN FOR 80 HZ UPS APPLICATIONS

From mains input to three phase output the 60 hz UPS topology proposed in
chapter 2.3.1 can be segregated into three distinct stages for purposes of
analysis; the input rectification and battery charging stage; the high
frequency link and isolation stage; and the output iverter stage. These
stages are each subdivided into input filter, switchirg bridge, and output
filter sections to further simplify the analysis. To apply the resulting data
to any input/output power, voltage, etc, all relevant equations and results
are 1n per unit format. The base values selected for each stage reflect values
which simplify assimilation and utilization. For instance;

1) For the inverter stage, all expressions are derived using the load
voltage and output power as base values. This allows pro-rating of
results based on known load voltage conditions such as 208 volt or
480 volt. Manipulation of this data then defines the inverter
input requirements.

2) For the rectifier stage, all expressions and results are derived
using the input voltage and power as base values. This e¢nables
pro-rating to known electrical mains inputs such as 208Vac or
600Vac. Manipulation of this data then defines the output voltage
of the rectifier stage.

3) The high frequency link stage expressions are derived via both the
input and output voltage ranges since both are required to
identify the isolation stage turns ratio.

Although modern UPS specifications outlined in chapter 2.2 dictate that

unbalanced and nonlinear loads shouid present little problem to the UPS
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topology, the inverter stage analysis presented here assumes completely

balanced and linear load conditions. This serves as a reference point for an

in depth study into the topology alterations required for more complex

nonlinear and unbalanced loads presented in chapter 4.0.

Since the application of a high frequency link in the UPS power train is
relatively new, it is debatable as to which topology is an optimal choice. The
actual high frequency link power conversion topology is more heavily dependant
on power level than the inverter or rectifier power stages. In light of this
an evaluation of several topologies is presented in chapter 3.3 giving insight
into the proper selection for the medium power range of 10kVA.

Later parts of this chapter focus on a design example which includes
extensive simulation and selected experimental verification. Frequently
encountered experimental problems which are dealt with in this chapter
include:

1) Proper power semiconductor selection. When ideal theoretical
switches are replaced by non ideal practical switches, additional
details and problems may exist.

2) Base drive selection. Gating any semiconductor is not a trivial
problem and substantial time must be given to a suitable drive
based on switch selection. This is especially true at medium to
high power ranges.

3) Snubbers and switch protection. Numerous capacitors and saturable
inductors are usually present in actual power  train
implementations and should therefore be considered.

4) PWM generation, contrel and protection. In actual implementations
dead times or overlaps are required which on occasion may alter

waveform  spectral content. Sturdy digital controllers are
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presented to reliably perform the requ ~ed control features.

3.1 Balanced Load Worst Case Inverter Ratings

The analysis of a 3-¢ inverter power train as shown in figure F3.1 can be
segregated into three discrete sections; the output filter stage; the power
conversion stage and the input filter stage. Since the proposed inverter
topology carries no isolation requirements, the usual output transformer
evaluation is not present. Moreover since the isolation stage has been
accommodated via a high frequency link preceding the inverter, the inverter
power stage has its input voltage fully regulated.

Topology component ratings are solved from output to input

INPUT STAGE PCRER CONVERSION STAGE OUTPUT STAGE

s XKoo
SNV

]

B" Cy aw Xeo

o A
us @ coesee ’ :
neutmal |

MocousT |
2 i

[ o +

\bcy

"
<
P 4
/0-4P——O
"
o
N

Figure FJ3.! UPS inverter power train schematic
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The analysis is based on the voltage and current transfer characteristics
of the power conversion stage which in turn depend heavily on the PWM scheme
applied. Figure F3.2 shows a typical PWM gating signal which may be applied to

switch SWI of figure F3.1.

1

90 180 270 360 wt

Figure F3.2 Inverter switch#l (SWI1) gating signal (GSWI)

All analysis is done assuming ideal semiconductor switches. This simplifies
the task and is relatively accurate since in practical applications non ideal
switches alter ihe power train component evaluation only slightly. To fully
comprehend an ideal switch operation suggests the visualization of an infinite
impedance component when given a gating signal of level "0" and an infinite
conductance when given a gating signal of level "1" as shown in figure F3.2.
Classical rules of voltage source inverter operation dictate that the
voltage at points A, B and C of Figure F3.1 must be defined at all times. This
rule immediately defines the gating signal of SW4 (Gsws) as the inverse of
Gswl. (ie when Gswl=0 -> Gswd=l, when Gswil=l -> Gsw4=0). As a consequence of
this, voltage VAN can be defined directly by the PWM scheme and the dc bus
voltage (Vbpcsus). Further, a second classical rule defines that Ven and Vo be
at 120° and 240° phase difference with respect to Van leading to immediate

definitions of Vas, VBc and Vca. The voltage VaN can be defined as

B s e - .
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VAN = ZHARN SIN N(wt +¢N) Voc;us {3.1)
N=1,3,5..

where HARN is the amplitude of each harmonic generated by the PWM scheme

on a two level, t1 swing or

XMAX
Har = h 1 +2 Z (-l)‘ COS{n-inter(x)) (3.2)
N N
X=1

It should be noted that the PWM harmonics generated in chapter 2.4 as AC
TERM quantities are 3-¢, line to line values. Equation 3.2 is only valid for
quarter wave symmetry pwm which is assumed here This leads to the transfer

function of the inverter power stage;

[ e}
Vourt i
7% = Vocsos = TX HAFN SIN NwT+@N) (3.3)
N=1,3,5.
where Vour =VaN

Setting ¢N = O as a reference point we have

o0
g5 = YoUT __ 1N s SIN wr (3.4)
Vocaus 2 N
N=1,5%.7..

Since the input stage is completely regulated, the PWM routine need not
be changed to alter the gain of the converter as pointed out in chapter
2.4.2.1.1. This keeps HAPN constant  throughout the analysis Further

assumptions made throughout the inverter analysis include;
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-the existence of balanced load conditions

-the presence of a ripple free inverter input voltage

~-the use of ideal power switching devices

—the use of ideal reactive components

-a PWM scheme which has quarter wave symmetry and is uniformly applied.

Selection of the PWM technique to be utilized was accomplished in chapter
2.4 and defined as SHE. The switching frequency however cannot be defined
until the power level is considered. To deliver 10 kVA, a 3-¢ inverter of the
type shown in figure F3.1 can handle a switching frequency of roughly 25 pu
with a 60 hz base frequency. Moreover it is estimated that the high frequency
link stage powering the inverter will have a switching frequency of rcughly 18
Khz. To prevent large magnitude, low order beat frequencies from disrupting
the system the nonlinear power inverter will switch at roughly one tenth of
the speed as the high frequency link supplying its power. This frequency falls
roughly at 1.8 Khz. As derived in chapter 2.4, with SHE, the inverter
requires a switching frequency or number of turn-offs/(switch-cycle) of

SWr = (2- # eliminated harmonics +3)pu (3.5)

By setting the switching frequency at SWF=21pu equation 3.5 yields

# eliminated harmonics = 9.

Using the nonlinear equations as described in section 2.4.2.1.1, elimination
of 9 low order harmonics (ie 5, 7, 1, 13, 17, 19, 23, 25, and 29) results in

the angles of table T3.1.
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ANGLE #

VOO ONdWUN —

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
4]
q2
43

ANGLE (DEGREES)

0.
5.
9
16.
19.
27.
29.
39
39.
50.
51
128.
129.
140.
140.
150
152,
160.
163.
170.
174.
180.
185.
189.
196.
199
207.
209.
219
219.
230.
231.
308.
309.
320.
320.
330.
332.
340.
343.
350.
354
360.

0009
4931

.5486

6050
3359
7902
3928

.0637

8068
8458

.0535

9465
1452
1932
9363

.6072

2098
6641
3935
4514
5069
0000
4931
5486
6065

.3359

7902
3928

.0637

8068
8458
0535
9465
1542
1932
9363
6072
2098
6641
3935
4514
5068
0000

Table T3.1 Inverter PWM transition angles
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Moreover the actual spectral content is shown in figure F2.19C on a line to

line basis with Vbceus=lpu.

3.1.1 Output Filter Ratings
The output filter required to reduce the THD below 57 is solved based on
the following assumptions;
1) No voltage triplens exist,
2) The load is balanced resistive and equal to lpu
3) Reducing the dominant harmonic below 2%  virtually
guaranteesthat the THD will be below 57 and the dominant
harmonic will be below 37 during balanced loads of power
factor swings from .7 leading to .7 lagging.
Since the PWM scheme is constant and the load is resistive, the dominant
harmonic to fundamental component is a fixed ratio. Consequently the per unit

break frequency of the output filter can be solved from

1/Fo
( .OZ)HARFUND
WN = ORDER: pu (3.6)
HaRr
DOM
where Wi = pu filter break frequency (radians)
Fo = filter order= 2 for proposed UPS

Allowing the industry standard damping factor of .707, the pu capacitive
and inductive impedances can be expressed as
Xco = 2(.707)WN pu (3.7
Xo = 2(.707)/WN pu (3.8)
With reference to figure F2.19C one notes that the dominant harmonic

which results in the lowest pu filter break frequency is the 35th. When



substituted into equation 3.6

WNn = 8.623 pu

This further results in (from 3.7 and 3.8)

Xco = 12.194 pu
XLo = .164 pu
The current, voltage and power ratings of the output filter components

requires derivation of the load voltage (Vioap) and the output current (lout).

Tz accommodate a generalized load varying in power factor, a series R-L-C

network is used and represented as

L = RL + jNXLL - jXcL/N pu (3.9)
Therefore
Vourt
lour = ZEQUIVALENT! (3.10)
_ _ , ZL(-jXco/N)
Where = ZEQUIVALENTI= JNXLO + m (311)
or using 3.4;
lout= HaR  SIN(NwT) 5 0CBYS . 1 o (3.12)
N Zeouivatent: 2 P )
N=1,5,7..
Treating the expression as a phasor quantity
x HARN VDcBU S l
Tour= Z ZL(-jXco/N) 2 PY (313)

NXeo ZL - JXco/w
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HARN VDCBUS

1
~JXCORL/N + XCO/N(NXLL-XcL/n) 2 P4

RL + j(NXLL - XcL/N - Xco0/N)

HmzN VbcBus

= Z WKLo + (Xco/NINXLL-XcL/N) - jXcoRL/N){RL-j{NXLL-XcL/N-XCO/N)) 2

N=1,5,7..

RLZ + (NXLL - XcL/N - XCO/N)Z

HARN VbCcBUS

RLXcO/N{NXLL-XCL/N)- jXCORLZ/N -

- JjNXLo +

X v g e Y YRR T

(3.14)

1

(3.15)

__ JXco/N(NXLL-XcL/N-Xc0/N) (NXLL-XL0/N) - XcoRL/N(NXLL-XCL/N-XC0/N)

RL? + (NXLL - XcL/w - Xco/N) 2

'
RLXCO (uxre- L:E) - XCORL (i1 - X—EE - X_ﬁg)
Letting Al= 3 >
RL™ + (NXLL - XcL/N - Xco/N)
- Xcole./m2
R + (NXLL - Xcu/n - Xco/N)2
2
[ XC:RL + X:°(NXLL- X—:L - i:-9-)(?1)(1.1_- ?S%) |
Bi1=| j NXLo-

RL? + {(NXLL - XcL n - )(co/n)2

we obtain

(3.16)

(3.17)

(3.18)

(3.19)
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& ; HAr, Voceus
Iour = Z S E—— /-ARCTAN{B1/A1) pu (3.20)
N=1,5,7.. J A1 + B12
Where HARN = eqn 3.2
Al = eqn 3.18
Bt = eqn 3.19

From figure F3.1 it can be seen that the output filter combined with the
load, act as a voltage divider for Vour. Since the PWM pattern is fixed this
action tends to force VpcBus through a wide voltage swing trying to keep load

voltage (VLOADI) constant at 1 p.u. during load variations in power factor.

Mathematically,
_ Vour
VLoAD = m (3.21)
_ . JN 1
Where ZEQUIVALENT= 1 + JNXLO[ Xco * RLFJONKLL-XCL/N) ] pu (3.22)

Using eqn 3.3, and treating the expression as a phasor

o0

HARN VbcBuUS )
VLOAD= - r*—— pu (3.23)
1+ jNXLo N, 1 2
Nel. 6.7 Xco = RL+j(NXLL-XCL/N]

_i" Har, ~ Vbcaus N
_ N%XLo . JNXLORL + __NXLO(NXLL-XCL/N) 2
N=1057. Xco RLZ + (NXLL - Xe/w)? RUZ + (WKL - Xew/w)?
(3.24)

_ nZXLo . NXLO(NXLL-XCL/N)

Letting A2= | > 2
Xco RL® + (NXiL - XcL/N)

(3.25)
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B2= j = JuXLoRL - (3.26)
RL® + (NXLL ~ XcL/N)

we obtain
Har_ VbcBus
1
VLOAD= T N . pu (3.27)
L 2
N=1,5,7.. I A2% + B2®
Where HARN = eqn 3.2
A2 = eqn 3.25
Bz = eqn 3.26

By letting N=1 and substituting known values of Zi. ,Xco and XiLo the
required dc bus voltage (VbcBus) can be derived in order to deliver a 1 pu

load voltage (VLOAD1=1).

_ + B2
Vpceus = HAR‘ [—I—J pu (3.28)
2

The worst case output capacitor current rating is tied to the worst case
voltage ripple it experiences. This will typically occur when the load is at
the lowest lagging power factor. The inductive load tends to cancel some of
the capacitive filtering effect thus increasing the ripple. For the UPS
application here, .7 is the worst case load lagging power factor. Setting the
load power factor to .7 lagging, utilizing the output filter earlier designed
and setting N=], equations 3.25 and 3.26 yields

A2 = 1.103 pu
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Bz = .1148 pu
By inserting HARI, equation 3.28 yields

VDCBUS = 1.93 pu

Concerned only with harmonic amplitudes IcorMs may be defined

_ VCORMS
IcorMS = T—
2
- Z HAR VDCBUS pu
2 —]———
N=1,5,7.. 2 Xco
and
oo 2
1 Har _ VpcBuUS 1
VCORMS = 5= N pu

N=1,56,7.. ] Az2 + Bz2 2

Where HARN from figure F2.19

A2 = equation 3.25 with ZL =.7 lag
B2 = equation 3.26 with Zv =.7 lag
VDCcBUS = equation 3.28 with ZL =.7 lag
Finally
Cova = VcoruMs - ICORMS pu

Table T3.2 shows the evaluation of equation 3.27

(3.29)

(3.30)

(3.31)

(3.32)




o AR e s

- 90 -
N VLOADN
1 1.0000
S5 0.0000
7 0.0000
11 0.0000
13 0.0000
17 0.0000
19 0.0000
23 0.0000
25 0.0000
29 0.0000
31 0.0009
35 0.0240
37 0.0145
41 0.0017
43 0.0005
47 0.0002
49 0.0000
§3 0.0002
55 0.0000
59 0.0094
61 0.0003
65 0.0033
67 0.0026
71 0.0016
73 06.0017
77 0.0005
79 0.0002
83 0.0001
85 0.0001
89 0.0001
91 0.0001
95 0.0004
97 0.0010

4 n pevs s ma € TR T C R oI T SRR ST

Table T3.2 Load voltage harmonics with .7 lagging power factor

Using figure F2.19C for HARN and substituting in equations 3.30, 3.31 and

3.32, we obtain

IcoruMs

VCORMS

Cova

087 pu

.707 pu

.0615 pu
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The worst case output inductor current rating occurs when the load is at
its lowest capacitive power factor. In contrast and of slightly lower
priority, the worst case voltage rating will occur when the power factor is at
its lowest lagging value. This can be explained by the load/filter voltage
divider action creating the highest required dc bus voltage under fully
inductive loads. Since the fundamental load voltage is constant at lpu, ihe
difference between Vbcsus and Vn.o:ml appears across the output (filter
inductance. The inductor current can be solved using equation 3.20 where the

phase term can be neglected.

o 2
1 HARN VbcBUS 1
ILoRMS = Z . — pu (3.33)
2 I
N=1,5,7.. A%+ sz E
where A = equation 3.18 with pf=.7 leading

B1

equation 3.19 with pf=.7 leading

At .7 leading power factor equation 3.28 yields
Voceus= 1.53 pu
Further, equation 3.20 results in table T3.3 which represents the

spectral content of Iour.
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N Iourn

1 1.0601
5 0.0000
7 0.0000
11 0.0000
13 0.0000
17 0.0000
19 0.0000
23 0.0000
25 0.0000
29 0.0000
31 0.0236
35 0.0529
37 0.0340
41 0.0044
43 0.0014
47 0.0006
49 0.0000
53 0.0006
55 0.0000
59 0.0015
61 0.0013
65 0.0136
67 0.0112
71 0.0072
73 0.0082
717 0.0025
79 0.0009
83 0.0004
85 0.0003
89 0.0006
91 0.0009
95 0.0024
97 0.0062

Table T3.3 Output line current harmonic content for .7 leading pf

Utilizing table T3.3, equation 3.33 gives,
ILorRMS = 0.751 pu
The worst case inductor voltage can also be solved from equation 3.20 but

with lagging power factor as opposed to leading.

VLORMS = lout-ZLo (3.34)
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[ | HAr VocBus o
VLORMS = z . . pu (3.35)
2 l
N=1,5,7.. A12 + Blz E
where At = equation 3.18 with pf=.7 lagging
BL = equation 3,19 with pf=.7 lagging.
Finally
LovaA = VLORMS'ILORMS (3.36)

Vocsus has previously been solved for lagging power factor of .7 as
Voceus= 1.93 pu

Solution of equation 3.35 results in
VLORMS= .434 pu

and finally

Lova=.3259 pu

3.1.2 Inverter Switch Ratings

In practical application only the forward current passing through the
power switching device is considered when solving rated current. This is due
to the addition of an anti-parallel diode used to pass the regenerative
current. Based on this, the maximum current will occur when lout is in phase
with Vour resulting in full switch conduction interval. The current rating is
found by combining the output filter solved in chapter 3.1.1 with an
appropriately selected load such that the inverter sees a resistive output
impedance. The generalized load was given in chapter 3.1.1. as

ZL=RL + JNXLL - jXcL/N (3.37)

Rt TR OF] &
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producing an output current solved via equation 3.20 rewritten here for

convenience.
= HaR, VDCBUS
Iour = Z _-—r—— /-ARCTAN(B1/A1) pu (3.38)
8.7 J A+ 12
where /-ARCTAN(B1/A1) =phase between Vout and lout

Frem this expression it can be seen that to keep the fundamental component of
lout in phase with Vour

/-ARCTAN{B1/A1) = 0 (3.39)

Substituting the filter components derived in chapter 3.1.1, letting N=1 in
equation 3.39 and fixing |ZL|=1pu. XL or Xuc is a function of RL and the
equation (3.39) essentially reduces to a single variable transcendental form.
At this point a single variable root finder routine such as the Secant method
may be used to solve the load components Ry, XL and Xct.

Applying the root finder results in

RL = .99635 pu
XeL = .08535 pu
X = .00000 pu

These values place the fundamental components of Vour and Iout in phase.

Once the load conditions are known only VbcBus, which is directly
dependent on load conditions remains to be evaluated before solving the
magnitude of Iout. Vbpcsus can be solved using equation 3.28 resulting in

Vpcsus = 1.7151 pu

The solution of VocBus can be substituted in equation 3.20 to solve for
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Iout. It is feasible to multiply the spectral content of Iour with the
spectral content of a modified version of the transfer function J¥ (equation
3.4) to obtain the harmonic content of the switch current Iswl. This in turn
could be used to solve for average and rms switch current. However, the
process is extremely tedious and time consuming. The alternate approach used
here is to convert lour into its time domain representation and multiply with
the time domain representation of the switch gating signal Gswi [41]. The time
domain representation of JIour is given by an array solved from the

instantaneous amplitude calculations of Iout as

x , HAR VocBus
Tout_tp(wt) = Z -2——- SIN[Nm - / ARCTAN(Bi1/A1) ]pu
' 5,7

2

A1Z + B1 (3.40)

where wr = 0,1,2....360 (deg)
At = equation 3.18
Bt = equation 3.19

The resulting time domain waveform shape is shown in figure F3.3A
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Figure F3.3 Theoretical switch waveforms
A) Inverter output line current

B) Switch gating signal Gswl
C) Switch current

The gating signed of switch SW1 (Gswl) is likewise stored in an array as

1 when SW1 is infinite conductance

Gswl_to(wr) = {0 when SW! is infinite impedence

where wtr =0,1,2,...,360 (3.41)

The waveform is shown in figure F3.3B. It can be seen that the angles or
transition states correspond to table T3.1.
Since the power semiconductor is typically rated based only on its

forward current lout_tp(wt) must be screened for its positive portions.
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_ Iout_71o(wt)- Gswil_13(wr) when Iout_tD(WT) > O
Tour_mop(wr) = { 0 when Ilout_tp(Wwt) S O
where wtr =0,1,2,...,360 (3.42)

The screening and multiplication process results in the waveform shown in
figure F3.3C. The average as well as the rms current ratings of each switch

can be found respectively as

360
Iswave = —é—o- Z lout_toP(wt) Ppu (3.43)
wT=0
360
IsWRMS = S Z [lou-r TDP(w‘t)]z pu (3.44)
360 -
wT=0

Solving equation 3.43 results in an average switch current of

Iswave = .301 pu

3.1.3 Input Filter Ratings
Figure F3.4 shows the input stage of figure F3.1 with a current sink that

accurately models the combined power converter and output stage.
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Il\)CBUS
7 N

an XLz

Voceus = _42%1 =\ Cl

I

Figure F3.4 Input stage analysis model

The components L1 and Ci are selected to simultaneously limit the voltage
supply current ripple (IpcBus_RIp) and to keep a steady inverter input voltage

(VIN). Typically allowable inductor current ripple (Ipcus_rip) is 10%, where

OO

100 2
IncBUS_RIP = I_DWJE; Z Ix>causN (3.45)
N=6,12,18
where IncausN = Magnitude of the N'th component

of Ibceus current.

Similarly the allowable capacitor voltage ripple (VIN_RIP) is 5% , where

o0
100 2
VIN_RIP = _W"_o_ Z VmN (3.46)
N=6,12,18
where VmN = Magnitude of the N'th component

of inverter input voltage VIN.

Letting

[0 o]
IIN = Z lmN COS(NwT) (3.47)

N=0,6,12
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we obtain
=5y Iy COS(nrt)
Ipcpus = Z — (3.48)
N=0.6 12 1-XL 1 /XcI

Therefore extracting only the magnitudes for ripple calculation;

oo 2
18§ ]
IncBUS_RIP = 'I%g—gu_s' Z — K
o 1-N

> (3.49)
Xri1/Xcl
N=6, 12,18
with N=0 in equation 3.48 IpcBuUS = IINO. Further, let
XF = X/Xci (3.50)
and equation 3.42 becomes
b TN 2
IpcBUS_RIP = i?g Z ————Z-N-——-—— (3.51)
o 1-NXF
N=6,12,18

By setting Ioceus_RIP to 107% we can solve XF using a single variable root

finder routine such as the secant method.

Using superposition and once again dealing only with magnitudes

o ImN « NXLI
VIN = VDCBUS +Z — (3.52)
1-n XL 1/Xc
N=0,6 , 12
leading to
©o 2
v 100 Iy~ NXc1-Xr (3.53)
INRIP = VbcBUS 2
1-N"XF

N=6,12,18
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By setting VIN.RIP to 5% and using the XF found from 3.51, a single
variable numerical routine can be used to solve Xc1. Since .
Xr = XL1/Xc1 (3.54)
we have
XL1 = Xr-Xc1 (3.55)
which is used to solve for XLi.
The spectral content of IiN required to complete equation 3.51 and 3.53

can be solved with the aid of figure F3.5.

o o
T o]

_'9 IOUT 0 DEGC

U Tous
=

hY
7 IDUT 120 DEG

T I j "_% IOUT 240 DEG

Figure F3.5 Summation of switch currents

From figure F3.5 current IIN can be solved as
IN = Iswl + Isw3 + IswS (3.56)
With interest only in harmonic magnitude level, due to 120° and 240° phase

shifts between the three switch currents,

(o o]
IIN =Z 3-Isw1N (3.57)
N=0,6,12

This can be seen by the phasor representation of figure F3.6.
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R) B)

Iswd

8! \lswl sul, Isw3, Isud

A

Isw3

Figure F3.6 Phasor diagram of input current

A) Representation of harmonics of non 6 multiples
B) Representation of even harmponics of multiples of 6

In particular figure F3.6A shows that the phasors for all three currents
will be equally phase shifted for any harmonic in the series
N = 2, 4, 8, 10, 14, 16,....00

on the basis of

el = 0.0° = ref
e2 = 120°N
e = 240N (3.58)

Thus when summed

= = = (0 @)
lxNN IswlN + lsw3N + IstN 0 for N = 2, 4, 8, 10...
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In contrast however for N = 0, 6, 12, 18...00 figure F3.6B and equation

3.58 reveals that the harmonics are in phase and sum up thus leading to

equation 3.57.

Iswl is solved in the frequency domain by

Iswl = Gswl - fout
where
= Har 1
Gswi= L 5 +SIN(kwt) + 5
K=1,3,5..

Further an alteration of equation 3.20 results in

00
Tout= z IOUTMAGN'SIN(NU‘Z' + IourpuAszN)
N=1,5,7..
1 Har N VbcBus
where Iourch = > .
Alz + Blz
T0UTPHASE, = /~ARCTAN(B1/A1)
A1 = equation 3.18

B1 equation 3.19

Therefore,
oo
Iswl= % loumu;N-SIN(Nw-r + IourpmssN) +
N=1,5,7
o0 o0 Har
Z Z IOUTMAGN-SIN(Nm + ]OUTPHASEN) . ZK-SIN(Km)

N=1,5,7..K=1,3,5..

(3.59)

(3.60)

(3.61)

(3.62)
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The first term on the right of the equal sign will eventually be canceled
by Isw3 and IswS due to phenomena explained earlier. The final term on the

right of the equation can be solved with the help of the trigonometric

identity;
SIN(A)- SIN(B) = COS(A'B’;COS(A*B’ (3.63)
Leading to
. =2 loutmMag  Har
Iswl= Z Z 7 [COS(Nm + IOUTPHASEN - Kwt) -
N=1,57  K=1,3,8 COS(NWT + IOUTPHASEN + xw't)] (3.64)
= & IoutMag, Har
= Z 3 [COS((N-x)m: + IOUTPHASEN) -
N=1,57 K=1,3,5 COS( (n+K )T + toutehasE, ] (3.65)
Using COS(A-B) = COS(A)-COS{B) + SIN(A)-SIN(B) (3.66)
and
COS(A+B) = COS(A)-COS(B) - SIN(A)-SIN(B) (3.67)
we obtain
. O o0 ToutmaG, HAR
Iswl= Z Z 3 [COS (IOUTPHASEN)'COS(N-K)W -
N=1,5,7 K=1,3,5
SIN(IouTpHasE, ) SIN(N-K Jwt -COS(IOUTPHAésN)-COS(Nu)wt +
SIN(IOUTPHASEN)’SIN(N'H()w‘r] (3.68)

Equation 3.68 can be further simplified resulting in
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[e,e] [=.=]
*»
Isw1=z Z Ccos (lOUTPHASEN)'[COS(N-K)UT - COS(N+x)m] +
N=1,5,7 K=1,3,5

IouTMAG AR
N H K

7 (3.69)

SIN(IOUTPHASEN)' [SIN(N-O-K)U‘I.’ - SIN(N-x)wt] ]

Since only harmonic components of N=0,6,12,18...00 will exist, with the

multiplication factor of three, equation 3.69 yields

0 [e]e]
IIN = 3-2 [COS (IOUTPHASEN)'[COS(N-K)W - COS(N+K)w1:] +
N=1,5,7 KX=1,3,5
IOUTMAGN HARK
4

SIN(IOUTPHASEN)-[SIN(N+x)w1: - SlN(N-x)w'r] ] (3.70)

where |n-x|,|n+k| = 0,6,12,...,

In uF’s, the worst case inpt capacitor rating will exist when the output
load is .7 power factor leading. With these conditions, equation 3.70 yields

the inverter input current harmonic content shown in table T3.4
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N IINN
0 .6900
6 .0009
12 .0001
18 .0001
24 .0005
30 .1366
36 .3231
42 .0258
48 .0045
54 .0053
60 0126
66 .1336
72 .1057
78 .0131
84 .0051
90 .0138

Table T3.4 Inverter input current spectrum at .7 pf leading

Insertion of this spectrum to equation 3.51 and 3.53 results in
XLr = .0317 pu
Xc1 = 6.146 pu
Xcr will be a worst case desired rating, however XLt will be discarded as it
is not a worst case rating. The worst case rating for XLi1 occurs at load power
factor of .7 lagging which is in contrast to the worst case for XcI.
Re-calculation of 3.70 using a lagging power factor of .7 results in an

input current spectral content shown in table T3.5.
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N IluN
0 .5400
6 .0012
12 .0001
18 .0002
24 .0006
30 .0831
36 .3639
42 .0350
48 . 00583
54 . 0057
60 .0142
66 .1019
72 . 0833
78 .0105
84 .0041
90 .0112

Table T3.5 Inverter input current spectrum at .7 pf lagging

Re-evaluation of equation 3.51 with a fixed value of Xc1 solved earlier
results in the worst case input filter inductor rating
XL = .039 pu.
The input filter capacitor may be a unipolar device since only dc voltage
plus ripple will be expected across its terminals. The maximum dc bus voltage

(Vpceusmax) will occur during lowest inductive load power factor giving

VcIRMs = VDCBUS (3.71)
Where Vocbus =equation 3.28 with PF = .7 lagging

The result is

VcirMs = 1.93 pu.
Further, the current ripple supplied by the capacitor can be solved with
the assumption that all harmonic currents demanded by the power conversion

stage are delivered from the capacitor. Simplifying equation 3.70 to
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©0
IIN = Z Imuc" pu (3.72)
N=0,6,12..
Where In.mu«;N = amplitudes of each harmonic yielded

by processing equation 3.70

The worst case current will prevail during the lowest power factor

inductive load yielding

o IINMAGNZ
IcIRMs = Z —5—— Ppu (3.73)
N=6,12,18..

Evaluation of equation 3.73 results in (truncated to 60pu)
IcirMs = .265 pu
In contrast to Switch Mode Rectifiers, the input filter inductor current
is not at highest level when the dc bus voltage (Vbpcsus) is at its minimum
level. Worst case input inductor current (ILIRMs) exists when Iour and Vour

are in phase as during the worst case switch current ratings of chapter 3.1.2.

Therefore,
Vioap -IrLoap -PF-3
ILIRMS - Pourt - PiIN 1 1
VbpcBUS VocBus 2 VDCBUS
(3.74)

Since Vx_o,mx = 1 pu peak

Il_omal = 1 pu peak

PF = RL
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_  3'RL
ILIRMS = m pu (3.75)
where RL was previously solved via equation 3.39

VocBus is solved using equation 3.28

Evaluation of equation 3.75 results in

RL = .9963S pu
VDcBUS = 1.71S1 pu
and finally ILIRMS = .87 pu

The worst case input filter inductor voltage occurs when the load is at
its lowest lagging power factor. This power factor implies worst case input
filter capacitor voltage resulting in worst case inductor ripple voltage if

the dc bus voltage is assumed constant.

—

oo 2
hmuc - Xc
VLIRMS = Z pu (3.76)

n=6,12,18

Therefore,

Where IINMAGN is solved from 3.70 with a load power
factor of lowest lagging value.
Utilizing the lagging power factor input current spectrum previously
solved and shown in table T3.5 equation 3.76 yields
ViriMs = .046 pu.
In practice this voltage is so low that it is negligible. For this reason
it is not taken into account during the input filter inductor current

calculations (equation 3.75) or the capacitor terminal voltage calculation
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(equation 3.71).

In order to derive all worst case ratings it becomes evident that several
basic equations are utilized many times with different load conditions. The
main equations referred to are 3.20, 3.27, 3.28 and 3.70. This repetition
requirement combined with the complex and tedious summations virtually
necessitate a computer algorithm to quickly and accurately yield results. For
this reason specialized software was developed. It's full description is

featured in chapter 2.5.1
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3.2 3 Phase Controlled Rectifier Ratings

The output power of a 3-¢ controlled rectifier can be adjusted by either
phase shifting the semiconductor gating signals with respect to the input line
voltages, or by using a PWM technique with modulation control. The former
technique allows an optimized, fixed PWM pattern that can offer significant
gain and/or harmonic reduction at nominal loads. Phase shifting to control
output voltage however, results in dramatic power factor deterioration
typically equal in value to the normalized output voltage [23]. [i.e. reducing
the rectifier output voltage to 507 results in an input power factor of .5).
Even with the addition of large input filter components to compensate, power
factor cannot be raised to the required specification given in chapter 2. In
contrast, the use of a variable modulation PWM technique can keep power factor
significantly higher while still linearly controlling the output voltage. This
feature is accompanied however by an increase in switching frequency and
usually a reduction in gain over the programmed PWM option. Never the less, a
variable modulation index PWM technique is employed here since, for practical
applications, the correction of power factor to meet the specifications is
envisioned to be more complex than increasing switch and component ratings to
compensate for increased switching stresses.

The rectifier stage is shown in figure F3.7.
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INPUT STAGE POWER CONVERSION STAGE OUTPUT STAGE
Vkn C aN Kz Tina I.o N XLo
. AN
—— 7 Is N /N
T~ Wi
AL X -JX,&L Wl sus SWS

Sattery

‘Vm C N Kz o —T { T \b Ly = | poeo
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Cz T - XﬁL

Figure F3.7 Controlled rectifier power train topology

The assumptions made during the analysis are;
1) ideal switches and components
2) balanced input voltage supply
3) rectifier load is essentially resistive
Tre rectifier can effectively be segregated into the output stage, power
conversion stage, and the input stage. As in the inverter analysis the bridge
transfer function J¥F is a significant variable during analysis. As a starting
point, figure F3.8 shows a basic 3-¢ rectifier model which simplifies

analysis. Initially, the effects of the input filter are ignored.
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Figure F3.8 Simplified model for transfer function realization

VIN can be written as
VIN = VXN:Gswl + VyN-Gsw3 + VzN:Gsw5 (3.77)
Similarly

v

n

N = VxN:Gswd4 + VyN-Gsw6 + Vzn-Gsw2 (3.78)

Combining equations 3.77 and 3.78
Vour = Viz = VIN - V2N {3.79)

= VxN(Gswl-Gswd) + VYN(Gsw3-Gsw6) + V2n(Gsw5-Gsw2) (3.80)

During gating signal derivations (Gswl-Gswd4) is chosen to reflect the
desired input line current ‘IiINA’ wave shape with a constant of multiplication
for scaling. This shape corresponds directly to the intersections evaluated

with the PWM technique chosen. Figure 3.9 shows a typical gatiag signal




- 13 -

derivation to clarify the aforementioned discussion by example. Similarly

(Gsw3-Gswé) and (Gsw5-Gsw2) are phase shifted with respect to (Gswi-Gswa4).

—1l: " s 1 270 5wt
® 0T L
R S TR MIITTONL
 FHINIT 11— _

=4

o s od [ITIERATOTITE® ©
o [T TI0IL L

SO S 1T 11 v T

Figure F3.9 Controlled rectifier gating signal derivation
A) PWM Scheme D) Desired input current shape (FiI-F2)

B) Control signal F1 E) Gating signal for SW1 (GSWI)
C) Control signal F2 F) Gating signal for SW4 (GSW4)

Gswl-Gsw4 can be represented in the frequency domain form as

o0
(Gswl-Gswd4) = Z HARN SIN N(wt+¢N) (3.81)

N=1,5,7

Where HARN are the AC TERM quantities derived in chapter 2.4 on a line to line

output basis. (The inverter analysis previously presented utilized the
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respective line to neutral AC TERM quantities) Similarly, yet phase shifted we

obcain

o0
{(Gsw3--Gswé) = Z HARN SIN N(wt+¢n-120) (3.82)
N=1,5,7..
[0 @]
(Gsw5-Gsw2) = Z HARN SIN N(wt+¢N-240) (3.83)
N=1,5,7..

The input voltages may be set to

VXN = V- SIN(wt) (3.84)
VyN = V- SIN(wt-120) (3.85)
V2N = V- SIN(wt-240) (3.86)

Combining 3.81 to 3.86 and letting ¢n=0 for reference we obtain

o0 o0
Vout=V-SIN{wt) Z HARN'SIN(NUT) + V-SIN(mr-lZO)Z HARN'SIN NwT-120+

N=1,5,7.. N=1,5,7..
[e]e]
V-SIN(wT—240)Z HARN‘SIN(NO)T-24O) (3.87)
N=1,5,7..

Using the trigonometric expression of equation 3.63 we obtain

o0
V-HARN
Vout= Z — [COS(N—I)m ~COS(N+1 )urt] + [COS(N-I)(wt-IZO -
N=1,56,7..

COS(N+1)(wr-120)] + [COS(N-I)(m:—240) -COS(N+1)(UT-240)]] (3.88)



- 15 -

From this expression it can be observed that for

(N-1) or (N+1) = 2, 4, 8, 10, 14..... 00,
the expression reduces to zero. As derived in chapter 3.1.3 this phenomencn is
due to the summation of three phasor quantities at O, 120, and 240 degree
displacements. However if

(N-1) or (N+1) = 0, 6, 12..... 00,

the three resulting phasors coincide leading to

o0
99 = V°{’,T - %2 HAR_ [cosm—nm - cosm+1)m] (3.89)
(N+1),(N-1)=0,6,12..
Letting
o0 OO0
Vour _ 3 ~ _ _ _
v " EHARN[VOS(N Nwt COS(N+l)m] = Z Rx}‘| S(nwT)
(N+1),(N-1)=0,6,12.. N=0,6,12,18
we obtain
o0
I -V°:’,T =Z Rx, COS(nwT) (3.90)
N=0,6,12,18

The per unit ratings used for the analysis are
VXN = 1 pu peak

PIN

.5 pu/phase = 1.5 pu total

3.2.1 Output Filter Rating
Only a single order inductive filter is required since the application of
batteries implies a second order filter overall effect. The per unit battery

voltage can be defined by known parameters. The rectifier must supply full
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battery voltage at low line. Therefore
VBATMIN = VMIN-TFMAX  pu (3.91)
where VMIN = Low input line voltage =.9 pu

TFmax Maximum dc component converter gain

Altering 3.90 to accommodate for modulation index swing we have

(e =)
gg =YOUT =Z Rx_ COS(NwT)
M A" N,M

N=0,6,12,18

Therefore, the maximum converter gain can be found by letting

N=0 & M =] as

.9°Rx (3.92)

VBATMAX = V-Rx
0,1 0,1

To avoid battery damage maximum discharge is limited to 787 of maximum
charge or

VBATMIN = .78 .9-Rxo . (3.93)

This leads to the minimum J& required (F¥miN) (assuming linear gain PWM) of

FFuIN = VBATMIN/VMAX pu (3.94)

where VMax High input line voltage =1.1 pu

TFmin

minimum required converter gain

Evaluating equation 3.94 results in

TFMIN = .638- Rxo . (3.95)
leading to
TFMIN _
Rx = .638 (3.96)
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or

TFuN = Rxo'm 8

Equations 3.92 and 3.93 immediately define the rectifiers output voltage
swing as

.702:Rx_ =< Voutr s .9-Rx (3.97)
0,1 0,1

Assuming only dc current through the inductor, the maximum output current

results during lowest battery voltage or

_ PiIx 2.137
ILomaAx VeATwin Rxo1 pu (3.98)

It is generally desired to keep the current ripple in the output choke to

below 5.5% of the maximum output current IpcMax where the ripple is defined as

_ 1CO
ILo_rIP = T owrx Zl (3.99)
N=6,12,18.
VLo
N, M
where ILo =  —m
NM NXLO

Assuming only dc voltage appears across the battery terminals;

VLON'M = RxN'M pu (3.100)

and

_ 100
ILo_rIP = l2'137] Z [ NXLO] (3.101)

Rx
0,1 N=6,12,18..
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_ 100 Z NM
XLo = l 5 137] [ o ] (3.102)
5.5 =
0,1 N=6,12,18..

The required worst case or largest filter inductor can be found by
scanning through the modulation indexes (M) of the optimum PWM technique.

The most compatible PWM technique for controlled rectification has been
identified in chapter 2.4 as MSPWM. As in the inverter stage analyses of
chapter 3.1, switching stresses dictate that the switching frequency remain
within the 2lpu area at 60hz base frequency. Table T3.6 shows the derived
harmonics content of the input line current pu harmonics as a function of
modulation index for MSPWM with a switching frequency of 22 pu. The harmonics

at full modulation index can be seen in fig F2.9 as the AC TERM spectrum.

D L b % Zabae gy
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M

N .6 .7 .8 .9 1.0
1 .60 .70 .80 .90 1.0
5 0 0 0 0 0
7 0 0 0 0 0
11 0 0 0 o 0
13 0 o 0 0 0
17 0 0 0 0 0
19 0 0 0 0 0
23 01 .01 .01 0 0
25 01 .01 .01 .01 .01
29 .02 0 .03 .07 11
31 .32 33 .32 .29 .26
35 32 .33 32 30 .26
37 02 o 03 07 .11
41 01 .01 01 01 .01
43 01 01 01 01 0
47 01 01 01 01 0
49 01 .01 01 01 0
S3 0l .01 01 01 .01
55 01 .02 01 01 .01
59 03 .03 01 02 .05
61 12 14 16 1S .12
65 17 10 03 02 .05
67 17 10 03 02 .05
71 12 .15 16 15 .12
73 03 .03 01 01 .05
77 ol .02 02 0l .01
79 01 .01 ol 01 .01
83 01 .01 01 01 .01
85 ol .01 02 02 .01
89 02 .02 02 o .03
91 04 .07 10 01 .08
95 0 o) 0 o 0
97 0 0 0 o 0

Table T3.6 Input current harmonic content as a function of M

Figure F3.10 shows the harmonic content of the converter transfer function as
the modulation index is varied. The figure is derived from equation 3.89 where

HARN is altered with modulation index.
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Figure F3.10 Controlled rectifier harmonic gains as a function of M

Figure F3.11 shows the required output filter ‘XLo’ as a function of
modulation index "M" based on equation 3.102. Worst case is observed at
modulation index M = .638 or minimum modulation index, which defines the
output filter.

XLo = .294 pu
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Figure F3.11 Required Output inductor impedance vz modulation index M

The rated current of the choke can be found from equation 3.98 and figure

F3.10 resulting in
Iromax = 1.425 pu.

The rated voltage of the choke can be found from the worst case voltage

harmonic across it used in equation 3.102.

20 RxN " 2
VLORMS = Z [T—] (3.103)
2

N=6,12,18. .

Where M = worst case found during Xio search in equation 3.102

Figure F3.11 shows the worst case modulation index "M" to be .638 which
results in
VLORMS = .65 pu
Further from figure F3.10

Rxo.x = 1.5 pu
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which is confirmed by the dc gain specified in chapter 2.4.3.1 as

DC gain = .866 w.r.t. peak L-L input voltage

translating into

.866-]3 = L5 w.r.t peak L-N input voltage

This further leads to the battery voltage swing defined by equation 3.97 as

1.053 = Vour = 1.350 pu

3.2.2 Rectifier Switch Ratings

The rectifier output current ILo can effectively be assumed harmonic free
and continuous to simplify the power converter switch ratings while retaining
accurate results.

Basic rectifier switching laws dictate that in figure F3.7 only one of
the upper switches (SW1, SW3, SWS5) and one of the lower switches (SW4, SW6,
SW2) is conducting at any given instance. This implies that if the output
current is continuous, then a switch is active and must conduct current. As in
the inverter analysis the PWM sch~me used defines the switch gating signals
which may be represented in an array as

Gswl_tp(wr) (3.104)

1 when SW1 is infinite conductance
O when SW1 is infinite impedence

where wtr = 0,1,2,..,360

Worst case switch currents will occur at maximum load current and relatively
independent of the input line voltage. Since at all times one upper switch

must conduct and the PWM technique is equally distributed, the average switch

.
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current rating is

ISWAVE = iLOMAX/3 (3.105)
Since
IncMax =1.425 pu
ISWAVE = .475 pu
Furthermore,
IswrRMs = J——-:l; ILomAX (3.106)
=.823 pu

The maximum switch voltage is computed directly from the input voltage

swing as

VSWPK = G VXN = ‘G-l.l = 1.905 pu (3.107)

3.2.3 Input Filter Ratings

The input filter is added to improve the input power factor. The total
input power factor can be segregated into two parameters;

9] Displacement power factor, which 1is the real part of the
fundamental supply current in phase with the supply voltage and

2) Distortion power factor which is defined by the supply current
harmonics which contribute no real power yet burden the lines.

If no input filter were used the d.splacement power factor would always
be unity for the PWM control used here. Moreover, if the source impedance was
low, virtually no input voltage THD would exist and all current harmonics
could be supplied by the ac mains. The source impedance is expected to be low
since the medium power level usually indicates a main hydro feed. [44)

However, at high input lines and low battery voltage the distortion power
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factor will force the total input power factor to be as low as .5 which is
well below the requirements of chapter 2.2.

Placing a filter to compensate the power factor involves a capacitance
which could deliver the harmonics and an inductance to isolate the capacitance
from the stiff voltage supply. While alleviating the distortion power factor
this process degrades the displacement power factor. Moreover, while the
capacitors provide a low impedance path for the current harmonics, voltage
distortion will be generated across its terminals presenting a non ideal 60hz
supply to the rectifier bridge. A further drawback as a result of adding the
filter is the voltage drop experienced. This is typically below 5% and is
neglected during the component evaluation.

Many different parameters may be used as criteria for selecting actual
filter component values including PF optimization, source current distortion,
rectifier input voltage distortion, cost, [23], kVA, and weight among others.
Power factor and rectifier input voltage distortion are used here because of
their direct influence on the specifications given in chapter 2.2.

Figure F3.12 shows a simplified form of figure F3.7 suitable for input

filter design analysis.

\&N JNX.I. N LNR
|5 C>< 1

- XﬁL

\A’N JN X.I IINB
LT s
Y -

Ven C JNX.: /“ I!NC
Z % - Xﬁ‘- ~—

Figure F3.12 Simplified input stage for controlled rectifier

/]
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Under balanced conditions each of the three phases can be analyzed by an

identical, equivalent circuit shown in figure F3.13 where

Ia =Total input current of source VXN
IAx =Peak fundamental input current of source Vxn
[INA =Total inverter input current of line A
Inut1 =Peak fundamental inverter input current of line A
Icl =Total capacitor current
VINA =Inverter input voltage using neutral point
VL1 =Input inductor filter voltage
Ia aN A
N IV
7 1
AN
3

Mz

Vn

ITNQ

Figure F3.13 Single phase equivalent input circuit

Optimizing the two element filter for two different objectives involves
two independent equations. The first criteria involves setting the input power

factor to .9 under worst case conditions. Total input power factor can be

expressed as,

Ia -COS(e)

TIPFz — (3.108)
Ia



- 126 -
where e =displacement angle between Vxn and IAl
The input current Ia is given by
OO0
_ 2 2
Ian = IAl + Z“" pu
N=5,7,11..
[e2]
_ 2 2
= (chl + IlNAl) + ZIAN pu
N=5,7,11..
where lcxl =peak fundamental current of capacitor C1
IAN =peak amplitude of N'th component of
current 1A
Since
VINA
Ici= ———t pu
1 Xc1
where
VINAl = peak fundamental inverter input voltage
and
TINA - 2 PIN _ 2 Pourt
1 3 VINAl 3 VINAl
we have
In = 2 Pourt . .VINAl
1 3 ViNa, I Xa

The magnitude is given by

(3.109)

(3.110)

(3.11)

(3.112)

(3.113)
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Further, since
0
1
Ia_ = z IINA__ & —rr—— (3.115)
N N I-NZXLI/XCI
N=5, 7,11..
where IlNAN peak amplitude of N’th component of Iina
we have
2 2 °° 2
2+ Pout VINAI 1
1a= ViR + e + IINAN —y
1 1-N"XpL1/Xcl
N=5, 7,11..
(3.116)

Solving angle o, requires only the fundamental component phases for VXN and

Ia. Using VINA as the adopted reference phase "zero" we set

Vine=>  VINA Z 0 (3.117)

and from equation 3.113 we may obtain

3:VINa X 2
GIA1= ARCTAN m (3.118)
Solving the fundamental inductor voltage we have
vu, = jia s Xur (3.119)
VINA - XLI
- 2+Pourt- XL 1 (3.120)

J 3-VINk - XC1
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where Vul =peak fundamental voltage across inductor LI

The supply voltage required to combine the equations is

VRN = Vi o+ VN, (3.121)
_ _ XLI 1 2:-PouT-XLI

giving the phasor angle of supply voltage as

(3.123)

oVxn= ARCI‘AN[ 2Pout-XLI ]

3°VXNA12' (1-Xr1/Xc1)

Substituting equations 3.123, 3.118, 3.113 and 3.116 into 3.108 we obtain

TIPF=
.2 2 (oo} 2
2-Pourt . VINA, + Z IINA,
3-VINA1 Xc1 N 1-N2XL1/Xc1
. N=5,7,11..
2 .
3-VINA
cos |ARCTAN| — 2 TouT XLl - ARCTAN| 5y
:3-Vnuul «(1-XL1/Xc1) i
(3.124
2 2 @ 12
|-.z-PouT + ——VINA' + Z TINA, —
l:J-VINAl Xc1 N 1—N2XLI/XC1_

N=5,7,11..

As previously mentioned, the addition of a filter creates inverter input
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voltage distortion. The distortion is minimized by proper selection of L1 and

C1 given by the tota! harmonic distortion (THD) expression;

=]

oo

2
_ 100 XL1-Xc1
VINATHD = _V_I—N-T; Z [lINAN[mm] ] (3125)

N=5,7,11..

The typically accepted safe valve for rectifier input voltage THD is 57%.

Equations 3.124 and 3.125 represent two nonlinear equations with two
variables. XL1 and Xci1 can be solved given worst case values of VINAl, Pout
and IINAN. The current IiNna is solved by muitiplying in the frequency domain,
the rectifier output current ILo by the power converter transfer
characteristic [41] or

IINA = (Gswl - Gsw4)-Io (3.126)
where (Gswl - Gswd4) is given as equation 3.81

Safely assuming that ILo is only a DC level current greatly simplifies
equation 3.126 and stabilizes the relative harmonic content with respect to
the fundamental of IiNa. In this fashion the worst harmonic current should
lead to the lowest input distortion power factor. The worst harmonic content
occurs at lowest modulation index which occurs at maximum input voltage VmAl
and lowest battery voltage. Furthermore since input power factor tends to
decrease as output power decreases, worst case Pour will exist at the lowest
power in which the specifications dictate power factor criteria to be kept.

It is safe to assume that VlNAl will not excessively exceed VxN. At VmA1
equal to high line or 1.1 pu, battery voltage is at its minimum level of
(from equation 3.93)

VBATMIN = 7B x .9 x 1.5 = 1.053 pu

The rectifier minimum output power level waile still maintaining .9 power
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factor is
Pour = .75 pu.
Using these two parameters Table T3.7 was constructed listing the

rectifier input line current spectrum.

N IINA
N
1 45
5 (0]
7 0
11 0
13 0
17 0
19 (0]
23 .01
25 .01
29 .01
31 .23
35 .23
37 .01
41 .01
43 .01
417 .01
49 .01
53 .01
55 .01
59 .02
61 .09
65 .10
67 .10
71 .09
73 .02
i .01
79 .01
83 .01
85 .01
89 .01
91 .04

Table T3.7 Rectifier input current spectrum for worst case input

filter calculations

Substituting these values into equations 3.124 and 3.125 results in

3
\
[
A
i
4
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1.21 .4132-XL1 2.42
TIPF=
iy TiNa 2
.2066 + 1.2; + Z [__2_"____ }
Xc1 N=S T.11.. 1I-"XL1/Xc1
(3.127)
100 XL1- Xc1 2
VINATHD = § = ——n— Z [IINA [———_-———] ]
VINAl N| NXL1-Xci/N (3.128)
N=5,7,11..

Evaluation of these equations simultaneously results in
XL1 =05 pu
and

Xr1 =4.8 pu

Worst case capacitive current ratings will occur at maximum output power
and minimum modulation index which gives the highest amount of ripple currents
as well as fundamental current due to high line input voltage le. The

expression for rms capacitor current is;

(o o]
IcirMs = ]-l- Ic1‘2+ ZIC'NZ (3.129)
2
N=5§

v 7,11,

where lc1l = VlNAl/XCl (3.130}

lan
Icr = e (3.131)

l-XCI/XLlNZ




- 132 -

ImN = N'th harmonic component of IIN
IIN = worst case rectifier input line current
harmonics at lowest modulation index and

rated load

Table T3.7 shows that the rectifier harmonic input currents at high line
and minimum battery voltage are applicable for worst case capacitor current

ratings also. Since

VmAl = 1.1 pu
and

Xc1 = 4.8 pu
we obtain

Ic1l = .229 pu

Moreover, chN can be simplified to

I INN
Ict = ———-——2— (3132)
1-96n

resulting in (from equation 3.129)

oo 2
1 IxnN
IcirMs = .052 +Z _— (3.133)
]2 1-96/N2
N=5,7,11..

After evaluation, equation 3.133 results in

IcirMs = .34 pu
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The worst case inductor current occurs when the highest expected
fundamental current component supplied by the source is present. This is found
from

I 2-PIN

ILRMs = =G TCOS ol -oVxa) (3.134)

where Vi = minimum input peak voltage
el.\1 = solved from equation 3.118

oVAN = solved from equation 3.123

PN = rated output power

Evaluation of 3.134 leads to

ILirMS =.788 pu

3.3 High Frequenty Link Evaluation

High frequency link converters are not new and an enormous amount of
topologies exist [45]. This mandates a screening stage to limit the possible
options for analysis. An appropriate basis for categorizing the converter |is
by the number of power semiconductors empioyed. It is generally accepted that
for reliability, simplicity and cost purposes, the converter topology
employing the lowest number of power semiconductors capable of doing the task
will be chosen. Proceeding from this basis the topology with most potential In
each category (I, 2, 4 switches} is evaluated leading to the most suitable
choice for the application. The preceding chapters ( 3.1 and 3.2 ) have
revealed distinct terminal per unit voltage quantities required for proper
operation. The rectifier will supply voltage of

1.053 pu < Veat < 1.35 pu
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and the inverter requires an input voltage of
1.53 pu < Vpecsus < 1.93 pu

These values must therefore be processed by the high frequency link. Based on
topology, the knowledge of the terminal quantities results in immediate
selection of required transformer turns ratio which simplifies further per
unit ratings of components. Moreover, per unit component stresses (voltage,
current and power) are evaluated assuming reactive components much larger than
actually required to further simplify comparison. (ie inductances and
capacitances are assumed to be infinite for voltage and current ratings). This

is followed by actual compenent value derivations.

3.3.1 Single Switch Evaluation

The simplified forward converter is shown in figure F3.14

L Tin NN:l Ly I_\';m_\b Lo
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Figure F3.14 Single switch forward converter

This is the simplest topology of High Frequency (HF) Links evaluated in
this sub-chapter. The lack of complexity is a distinct advantage and the

topology is commonly used for relatively lower power applications mainly due
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to high current ripple and semiconductor stresses. However with the recent
emergence of higher performance semiconductor devices and capacitors recently,
the topology may make a viable yet simple HF link option. Of major concern,
and as shown in figure F3.14 is the means by which the power transformer can
be reset. Several techniques similar to the one shown here exist [46] [47] and
have proven themselves to be suitable in industrial SMR applications.
Specializedresetting techniques allow a duty cycle higher than the traditional
maximum of 507 while at the same time permit bidirectional magnetizing current
flow. This advantage usually results in higher semiconductor voltages and in
practical applications limit the duty cycle to approximately 707Z for a
rectified 208 volt input line voltage. Not to underestimate this topology; the
evaluation here assumes a good resulting technique is applied and duty cycle
can swing as high as 75%. This would limit the switching power semiconductor
reverse voltage to roughly 650 volts as shown in the following discussion. The
limit is wused since it approaches the limit for practical MOSFET
semiconductors. Moreover, the following assumpticns are also utilized;

1)  The switch and diodes are ideal

2) Capacitors and inductors are lossless

3) The transformer is ideal

4) The source is ideal

S5}  The load is purely resistive

6) The effect of any di/dt or dv/dt limiting is neglected

7) Stray parasitics are neglected

Component stress values can be derived with the aid of typical waveforms shown

in figure F3.15.
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Figure F3.15 Forward converter typical waveforms

The duty cycle "D" relates the terminal voltages by

D Vo-m (3.135)
VIN
Setting the maximum duty cycle to .75 we have
DMax = .15
which allows setting of the transformer turns ratio as
- DMA X - VINMIN (3.136)
VoMmax
Vo NN
D =

Evaluation of 3.136 results in
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NN = .409

Further, the minimum duty cycle "DMIN" is

Duiy = YOMIN'MN = .4635 (3.137)
V INMAX
Capacitor C1 will have an rms current
| 1T, 2
ICIRMS = T J.lcx dT
0
T 2 T
_ 1 2l 1 2
= JTJ-olmlﬁ l]dT+TIIXN aT
0 DT
J 1 2 ] 1
= JIN D[5-1]+[1-D] = N 6+D-2+1-D
_ 1 _ VIN - PN VIN
= IN p-1 = l Voorn “vin | Voomn " !
(3.138)

L._§ VIN -1
VIN Vo:.409

The worst case occurs when the duty cycle (D=.5) is associated with a

minimum possible input voltage.

Therefore when

VIN =1.25 pu
and Vo =1.53 pu,
IcIrRMS = 1.2 pu
Iswek and

are Iswave, ISwRrMsS,

The critical ratings for the power switch
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VsSwPK.

The switch current is given by

_ - IIN/D O0st=sDT
Isw = Ic1 + IlN= { o DTstsT (3.139)
The average switch current can be derived as
DT
_ 1 1IN _ _ PN
ISWAVE = T I -5 O =IIN = Vin (3.140)
o
Worst case will occur at low input voltage where
Iswave =1.5/1.053 = 1.4245 pu
Similarly the rms switch current is given by
1 DTIIN 2
IswrMs = "—I"_[ [——[-)—] dT (3.141)
o
=]IN I 1 =IIN I _VIN =PIN | —
YD - VO - NN - VIN-VO°NN
=15 J 1 (3.142)
) Vin-Vo(.409) )

Worst case occurs at minimum input and output veoltages or
VIN = 1.CS pu and Vo = 1.53 pu
resulting in

IswrRMs = 1.85 pu.

The volt seconds balance of the transformer shows that
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VIN-D = v'(-D) (3.143)

.
where v reverse voltage across the transformer

Rearranging we have

. VIN'D
Vo= o5 (3.144)
The switch voltage can be found from
Vswpk = v+ Vi (3.145)
2
- VIN _ VIN _ VIN (3.146)
1-D ~ 1-Vo-NN/VIN ~ "VIN - Vo(.409) )
Worst case occurs at maximum duty cycle and yields
Vswpk = 4.21 pu
The peak switch current is found from
Iswpk = (Iin + Ic1) (3.147)
1=DT
_ Tin _ TiIn'VIN _ PIN _ 1.5
- D ~ T Vo-NN - "Vo'nN  Vo-(.409 (3.148)

Therefore at worst case when the minimum output voltage is present resulting
in
Iswpk = 2.397 pu
Significant diode ratings include Ipaveand Vor
where IDAVE =average diode current

VDR =peak reverse diode voltage
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For diode D1
ID1AVE = ISWAVE - NN (3.149)
= 1.425 x .409 = .5828 pu

VbR can be found by altering equation 3.143 as

Vix-D _ Vo-NN _ Vo
(1-D-w ~ O-DrwWw ~ ~—(-D) (3.150)

VD1R=

Worst case for VbR will exist at maximum duty cycle resulting in
VbR = 7.72 pu
For diode D2 the average current is
In2ave =Iswpk - (1-D) - NN (3.151)
At worst case which occurs at minimum duty cycle
Ip2avE = 2.397-(1-.4635)-.409 =.53 pu

Further

VbzR _ ViN (3.152)
NN

which at worst case yields
Vb2r =3.3 pu

The output filter inductor carries an rms current of

_ PiIN
ILORMS = Vo (3.153)

Therefore at worst case or minimum output voltage

ILORMS = 15/1.53 = .98 pu
The output filter capacitor has ideally =zero ripple current or

Icorms = 0.0 pu

Another parameter that offers significant insight into topology

evaluation is the isolation power transformer size. Transformer size when
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dealing with ferrite materials is limited by two parameters; flux swing and
losses. At 10 kVA and expected operating frequencies of 20khz-40khz both
parameters are expected to be equally dominant in limiting the core size. This
allows the size of the transformer to be approximated by either parameter. The
flux swing limitation is used here to approximate a relative size. The
parameter most often used for ferrite transformer sizing is the core area

product ‘Ap’ {48].

(3.154)

PIN°104 ] 1.31

AP = AW AE = [ KT-Ku-Kp:420-KB*AB+:2Fsw

where Ap = area product
Aw = core window area
AE = magnetic core cross section area
PN = power transfer
Ku = window utjlization factor
Kr = topology factor
Kp = primary area factor
Fsw = switching frequency
AB = core flux swing
KB = allowable flux swing

In a forward topology;

Kvu

.4

This is a standard level which is not surprisingly low when considering
insulation and creepage requirements required by regulatory agencies. Moreover
from empirical equations {48] KT = .71 and Kp = .5

Because of the nonlinear nature of equation 3.154, the equation can be
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normalized to simplify the relative comparison between topologies. This

results in

(3.155)

Ap‘ _ Ap _ 104 1.31
- 1.31 KT-Ku-Kp-420-Ks-2
Pix
[AB'FSW]

Typical forward converters allow KB = .25 however with core resetting and

duty cycle excursion until D = .75 as assumed here

Ke = .375
Therefore,
AP = 10° b 1196
= 2.7 (.4)(.5)(4201(.375) -

The derived current and voltage per unit stresses as well as transformer
relative size help to provide a semi-complete set of component ratings
leading to topology segregation. The parameters however were derived with
infinite reactive component values. To further complete the data, actual
values of inductcrs and capacitors are required.

The output filter is a second order type in which the inductance and
capacitance values can be solved separately. The values solved in this section
assume only a resistive load. However, in the final design when the high
frequency link provides energy to the inverter stage, the actual filter
required will not only depend on the HF link design, but also on the inverter
stage design. Nevertheless, the topology design influences the harmonics the
filter will have to attenuate from the front end. In this context the size of
Lo and Co based solely on the link topology is a good estimate of the design’s

effectiveness. The typical waveforms are shown in figure F3.16.
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Figure F3.16 Forward converter typical output waveforms
Lo can be calculated from the equation

d
VLo =Lo @ ILo (3.156)

During the off time

Vio = Vo (3.157)

Further, the off time during application of Vo can be calculated from

dt = ToFF = (1-D)-T = [‘-‘-"Lﬁl‘i‘ﬁ"] (3.158)
Fsw

In order to keep relatively low output ripple and low peak switch current

it is sufficient that the ripple "Alo" superimposed on the dc output current

be

Allo s .25 Io (3.159)

Substituting equations 3.159, 3.158 and 3.157 into 3.156 leaves
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Vo-ToFF
In a per unit basis analysis where
XLo =wlo =2n-Fsw-Lo (3.161)
we obtain
_ Vo-ToFF-2n-Fsw
XLo = 25 To
_ Vo2 [1 - Vo-NN/VIN ] | o -Fsw
- .25-Poutr | Fsw
81t-Vo2 i | - Vo NN (3.162)
Pour | VIN ’

At worst case, when Maximum Vo and VIN exists

XLo =25.92 pu

Using figure F3.16 the current passing through the capacitor will create
a ripple voltage across it and the output according to
T2

1
AVo = s J.Ico dT (3.163)

T1

Based on a geometrical law, the integration of Ico will result in the
area above the zero level from Tl to T2 being
T2

J‘ Ico ar= average height X length = —— - —;— (3.164)

T1
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Therefore
_  Alco 1 !
and since
Alco =Alro = .25-Io
we have
lo
AVO =5 Co-Fsw
or
Co = Io (3.166)
32-Fsw:AVo ’
Since this application dictates a low ripple voltage of
AVo = ,05-Vo (3.167)
Co = o—10 (3.168)
“ Vo-1.6-Fsw ’
When altered into a frequency independent format for per unit levels
Xco= 0= 1 (3.169)
- wCo - 2n-Fsw-Co '
Substitution of equation 3.168 into 3.169 yields
2
Vo +1.6
Xco = W (3.170)

The worst case for Xco is evident when Va is minimum and equation 3.170 yields

2
_ 1.53%-1.6 _
Xco = —5>>== = .397 pu (3.171)
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The input filter parameters are solved in a similar fashion starting with

the equivalent circuit of figure F3.17. and waveforms of figure F3.18.
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Figure F3.17 HF link equivalent input circuit
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Figure F3.18 HF link equivalent input circuit waveforms

As in many power supply applications this equivalent circuit delivers
constant power to its load. This indicates that duty cycle is relatively
independent of load and heavily dependant on input voltage fluctuations.
Moreover, it dictates that the peak current level is constant throughout duty
cycle variation. Figure F3.18 shows that the normalized "Ic:t" product for a
positive excursion is largest for duty cycle = 50%. Further since

AQc1 = Icr- At or AVcl a (Ici-t) (3.172)

implying that the greatest ripple voltage will occur when
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1) the load is full (max current) and
2) the duty cycle is 50%.

Current through the input capacitor is given by

d
Ict = C1 3 Vo

The positive peak level of Ic1 is given as

1-D
Icpos = [—-D——] IiN

Further we also have

I\ = Eﬂ
T VIN

and D = .5

equation 3.173 becomes after rearranging terms

PIN
AVer= VT;J—‘_CT- At
Further
At = 5T

Since a widely accepted ripple voltage at the input capacitor is 15%
AVel =.15-VIN

we have after rearranging terms of equation 3.176

3.334- PiIN

CI
Fsw:V1 N2

or in frequency independent form

(3.173)

(3.174)

(3.175)

{3.176)

(3.177)

(3.178)

(3.179)

[ T
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sz

Xl = —(3.334) Pin

(3.180)

VIN at its lowest value represents the worst case where equation 3.180 yields

2
1.053 -
Xt = —Zx(3.33815 ~ 0%

It can further be extrapolated that as the ripple voltage across the capacitor

worsens, the ripple current through the filter choke also increases because

T2
_ 1
ILr = i3 J Vi1 47 (3.181)
T1

Using the waveforms of figure F3.18 and geometric rules the shaded sections

area is
shaded area = .25-AVc1-T/2 (3.182)
implying that
_ 1 .25-AVcr
AlLi= E —W (3.183)

Using equation 3.178 and nominally accepted battery ripple current of S7% or

.05-Pin
At = .05-In = —y— (3.184)
we obtain )
.25+ .15 VIN
b= .05 PIN-Fsw-2 (3.185)

Conversion to frequency independent base yields

2
2n-.375-VIN
XL1 = PTx (3.186)
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In contrast to the earlier derived input capacitor rating, worst case for
the reactor results at maximum input voltage yielding

_ 2r+(.375)-1.35°

Xvr TS

2.86 pu

The equations derived in this section are utilized in a critical

comparative scenario in chapter 3.4.

3.3.2 Half Bridge Evaluation

The simplified half bridge converter is shown in figure F3.19.
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Figure F3.19 Simplified half bridge inverter power train

The two major dijstinctions of this bridge with reference to the forward
converter presented earlier are;
1) Power is transferred in both directions through the transformer.
2)  The switch peak voltage is reduced to input voltage VIN.

A disadvantage of this topology is the possibility of transformer
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saturation and consequently failure. Current mode control which is used in
many applications to remedy this disadvantage, is not effective by itself in
the half bridge[48]. Options available to safegvard against saturation include
a flux balancing cap, magnetically coupled energy return [48] or logic to
compensate duty cycle so that current mode control does not completely
discharge one bus capacitor. (i.e. Ci1 or Ciz). These methods are not shown in
the figure, yet must be considered if the half bridge is used as a HF link.
All the assumptions laid out for the forward converter apply here as well.
Waveforms for the topology are shown in figure F3.20. As in the forward
converter ccmponent stress analysis,reactive components are assumed to be
infinite in value. Because of several inherent similarities between the half
bridge and the forward converter a number of derivations are identical and

therefore only final results will be shown.
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Figure F3.20 Waveforms for the half bridge inverter
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Duty cycle varies according to

At a maximum duty cycle of 507
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DMax = .5

and low line we obtain

DMA X - VINMIN

N = (3.188)
Voumax
or
_ .5-1.053 _
N = 5 = .273 (3.189)
Further
V OMIN*NN 1.53-.273
DMIN = Vv T35 = .309 (3.190)
Capacitors Cn1 and Crz2 will have input rms currents of
1 (2
IcirMs = IcI2rMS = T J Ien”™ 41
0
Using equation 3.138 we have
~ _ PNIN l Vin
IctirMs = ICi2rRMS = N Vo 1
Since Pix = 1.5 pu this yields the per unit rms current as
_ _ 1.5 J VIN _
Icnus = Ic12RMs = o= | o575 ~ 1 = 176 pu (3.191)

under worst case conditions.
For all comparative purposes, the two switching devices will face equal

stresses.
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X _ - 0s=stsDT
Since Iswl= Icit + IIN = { o DT st = (3.192)

the rms, average and peak current expressions of the power semiconductor

to the forward converters. The equations (from

devices will be identical

section 3.3.1) are;

- _ Pm _ 1.5 _
Iswiave = Isw2Ave = = = 1oE3 = 1.4245 pu (3.193)
IswirMs  =Isw2RMS = PIN | —1 = 1 SJ —t
VIN*VO NN ) ViN-Vo0:.273
= 2.262 pu (3.194)
= P LS 359 pu (3.195)

Iswipk = IswePk = Voomi ~ Vo273

The peak inverse voltage across the power semiconductors is defined as the
bus voltage. This can be quickly seen by the three modes of operation.
1) top switch on/lower switch off
Vswi = 0
Vswz = VIN
2) top switch off/lower switch off
Vswi = Vin/2

Vswz = VIN/2

This is based on continuous load current that forces
both output diodes to conduct which in turn impose

zero volts on the primary of the transformer.
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3) top switch off/lower switch on

Vswi = VIN
Vsw2 =0
Therefore,
VswPk = VIN = 1,35 pu (3.196)

As the two power switching devices carry equal stress, the two output
diode rectifiers also experience equal stresses. The current through diode Di

is given by the expression

ISw1PK‘NN O =t=DT
IswiPk-NN/2 DT st = T/2
Io1 = 0 T/2 =t s T/2 + DT (3.197)
IswiPk*'NN/2 DT +T/2 = tsT
The average diode currents are equal and is given by
D 1-2D
InD1AVE = ID2AVE = Ilswwx-)m dT + I—s-lé—f-x—'N—N dT (3.198)
0 0
= Iswwx-ma-[ D+ IQZD] = ISWIPK'NN/2
Since
PIN
Iswirk = Vm (3.199)
we have
_ Pmn_ 1.5
InlaAvE = Ip2ave = Ve = Voo = .49 pu (3.200)

The reverse voltage is solved by using the transformer turns ratio as
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VDIR = VD2R = ~—~— ¢+ — =

= = 4,94 pu (3.201)

The output filter components carry equivalent rms currents as in the
forward converter due to the infinite values assumption. Worst case output

inductor current is given at lowest output voltage by

ILoRMs = —— = —= .98 pu (3.202)
Further, as in the forward converter

IcorRMs = 0 pu (3.203)

Equation 3.155 (chapter 3.3.1) given for relative transformer power
transfer ratio is a general empirical equation applicable in the half bridge

topvlogy as well. Therefore, we have

o - 104 1.31
" |"KT-Ku-Kr-420-KB-2

However for the half bridge inverter

Kt =1
Ku =4
Kp =41
KB =5
yielding
AP = [ 10* ]1'31 = 679.4 (3.204)
2'KT-Kw'Kp+420+Kn
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As in the forward converter analysis of reactive component values provide
further insight into the effectiveness of the power conversion topology.

Derivation of the output filter components for the half bridge is
virtually identical to the derivation for the forward converter with only

minor alterations. From equation 3.160

Vo:TofFFr
Lo = .25 1o
where
1-2D 1 -2Vo- NN/VIN -
TorrF= [——2—-——] T = [ SFsw ] (=~ 205)

The duty cycle multiplication factor of "2" and the overall division
factor of "2" is a result of double the inductor charging frequency when
compared to a forward converter with equal switching frequency. This is shown

in figure F3.2l.

Vi 1

N T 7
57!

A 4

Figure F3.21 Half bridge inverter output inductor charging

The per unit equivalent in the frequency domain is given by

Vo:TOFF

XLo = — =y

«2n-Fsw pu (3.206)

(3.207)

Ve [ 2:Vo NN ] Vo [ 2:Vo'MN ]
] - &0 M = 4n- - ARAAL

=4 VIiN VIN
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At worst case, when
Vo = 165 pu
ViN = 1.35 pu
equation 3.207 yields

X100 = 7.59 pu

The value of output capacitance is given by a modified form of equation 3.168

as

Io 1

~Vo 1.6 Fsw 2 (3.208)

Co

Again the division factor of "2" is a result of double filter energy
charging per switching period. When altered to the frequency independent per

unit format

2
Vo~ -1.6
Xco = —Pooi~ PU (3.209)

The worst case arises when "Vo " is at its minimum value yielding

2
_ (1.53)°:1.6 _
Xo = —rrrsy. <74 pu

The input filter values are calculated based on similar assumptions used
for the forward converter input filter design. The worst case input capacitor
voltage ripple occurs when duty cycle D = .5 resulting in a relatively square
wave current extraction from capacitors Cn and Ciz. This results in the same

expression as used for the forward converter (equation 3.179).
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Cn = Crz = 3.334-PiN

st-V1N2

This yields a worst case impedance eguivalent to the forward converter of

Xc1 = .0353 pu

At 507 duty cycle however, the input inductor sees zero current ripple

because

AVcn: +AVciz = O (3.210)

This is due to the exact 180° phase shift of gating signals drawing constant
current from the filter choke. The inductor actually delivers current ripple
to two capacitors 180° out of phase resulting in ripple current at two times
the switching frequency. Since the worst case ripple for the inductor still
occurs at 507 up and 507 down excursion time the duty cycle to provide that

ripple would be 25%. Figure F3.22 shows the waveform representation.
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Figure F3.22 Half bridge inverter input waveforms

From the figure,

A(Vcit + Vciz)
AVcll

Wi

(3.211)

The shaded section of (Vcit + Vciz) represents the area of VL contributing to

the rising current ripple of L1. The average is given by

avr  _ Avcr: 2 AVcn

4 - 4 3 6 (3.212)

The area is given by
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AvVen T (3.213)

Combining yields

1  AVenn-T
Al = L—I' T (3.218)

As in the forward converter, input ripple current is limited to 5% resulting

in

Alt1 = .05-IIn = .05-PIN/VIN (3.215)
Moreover,
AvVcn = 15 VIN (3.216)
and
T = 1/Fsw (3.217)

Inserting and rearranging equation 3.214 we obtain

2
.125-VIN
L1 = W (3.218)

Solving for the equivalent frequency independent per unit expression results
in

2n-(.125)-V1N2

Xit = PIN

(3.219)

At worst case, when maximum input voltage exists equation 3.219 yields

2m+(.125) - (1.35)%

X1 5

.955 pu
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3.3 Full Bridge Evaluation

The simplified full bridge converter is shown in figure F3.23.

1
NN:T D, Te Lo

0 T Le X T
SWll\ swz}\ s ao__%mo

e DI
T IC“\\(:n > \fm_)

SW2 5\44 T1,

-
D2

Figure F3.23 Full bridge inverter power train topology

The main differences of the full bridge with respect to the half bridge
are:

1) The transformer primary voltage is no longer VIN/2 indicating that
for equal power transfer, the switches of the full bridge carry
half the current.

2) There is no need to provide special circuitry to equalize the
voltage across the input caj.citors as was needed in the half
bridge.

3) The problem of transformer saturation can be alleviated by current
mode control without bulk capacitor discharge as was noticed in
half bridge.

Waveforms for this topology are shown in figure F3.24.
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Figure F3.24 Full bridge inverter topology waveforms

It should be noted that all component ratings that requiring identical
derivations as in the half bridge or the forward converter will not be
duplicated, yet will be shown in final form. Moreover, the assumptions

previously outlined for the forward and half bridge prevail here. Letting

_ Vo NN

D = m Where D < .5 (3.220)

we have
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2-DMax - VINMIN 2-(.5)-(1.053)

NN = VOMAX = 1.93 = .546
Further
_ VOMIN® NN _ 1.53-(.546) _
Dumv - = 2 - VINMAX = T2-(1.35) = .309

Capacitor C1 will have an rms current rating derived in a similar fashion
as the forward converter. Equation 3.138 is rewritten with emphasis on the

duty cycle of current in the capacitor.

1

IcirMs = IIN: Bear " 1 pu (3.221)
where Dcap = 2D = = Vo M
VIN
After substitution we have
15 fvin _1.5J vin
IcIRMs = vin 4 Voo 1 = ¥in Vo (53 1 pu (3.222)

At worst case, when VIN=1.35 pu and Vo=1.53 equation 3.222 yields

IcirMs = .87 pu

The important switch parameters are evaluated from;

Iin/2D

0 T
0] DT

- - stsD
Iswi = Ict + IIN = { <tsT (3.223)




- 165 -

The average switch current is equal for each switch and is given by

DT
_ 1 11N _lin _ PIN
IswAvVE = T ‘[ -2—'Tj aT = "—2— = m (3. 224)

At lowest input voltage this results in

1.5
ISWIAVE = ISW24VE = ISW3AVE = ISWAAVE = 5o~y = 712 pu

The rms switch current is given by

DT
1w 12 I 1 )
J- [ e ] aT = N} 775 (3.225

ISWIRMS = 1
B T 2D
0
Since

Vo -nN

D=5V
_ | VIN _ . 1
IswirMs = 1IN m = PIN J m (3226)

At worst case ( ie minimum Vo and Vin)

— — —— an . l
IswiRMS = ISW2RMS = ISW3RMS = ISW4RMS = 1.5 j 510537 (1.53)-(.546)

= 1.131 pu
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The full bridge peak switch current is given by

- _ Iin  _ TINVIN _  PIN
Iswipk = (1IN + IcI1) 0T~ 72D ° Vooan - Vom (3.227)

at worst case or minimum output voltage equation 3.227 results in

_ _ _ _ 1.5 _
Iswipk = Iswz2PK = ISW3FKk = Iswapk = 153-(.53€) ~ 1.796 pu

To solve the maximum reverse voltage across each power switching device,

equations derived for the half bridge hold here as well.

VswiPpKk = Vswapk = Vsw3Ppk = VswsPk = VIN = 1.35 pu

The output stage of the full bridge has nearly identical stresses as the
half bridge. The output diodes carry a worst case average current at Jowest

output voltage of

PIN - 1.5 -
2-Vo 2-(1.53)

ID1AVE = ID2AVE = .490 pu

Further,

_ _ 2'VIN _ 2:(1.35) _
VDIR = VDR = T 546 = 4.945 pu

at worst case. Moreover, as derived in the forward and half bridge

application;
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—

_ Pin  _ 1.5 _
ILORMS = —v'a = m— = .98 pu

and

IcorMs =0 pu

The derivation for relative transformer size (equation 3.155 of chapter
3.3.1) is applicable for the full bridge topology as well. Further, due to the
similar nature of the forward and half bridge configurations the transformer

will be roughly the same size.

A = 10% e (3.228)
~ | 2°KT1-Ku-KpP-420-KB :

In the full bridge application

Kr =1.0
Ku =4
Kp =.41
Ke =5

Evaluation 3.228 yields

AP, = 679.4 pu

Eliminating the assumption of infinite inductance and capacitance, the
required impedance values of the filter components can be solved.

From the forward topology evaluation

_ Vo Torr

Lo = —& 1507 PY

(3.229)
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where
Torr = [1—-22—1)] T (3.230)
Since
J
equation 3.230 becomes after rearranging
ToFF = [ 1 _ZYE;:N/VIN] (3.231)

After substitution of equation 3.231

into equation 2.229 and solving for
impedance

_ Vo:ToFF-2n Fsw
XLo = 55 TouT pu (3.232)
4nVo Vo NN 411-\,702 Vo NN
“Tour [l T TVIN ] = Pout [ T TVIN ] (3.233)
When Vo = 1.65 pu and VIN = 1.35 pu equation 3.232 yields its worst
case impedance
Xwo = 7.59 pu
Also from chapter 3.7 ? equation 3.208,
e g - sy, a2
’ Vo~ +1.6'Fsw

This can be represented in impedance form as
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Vo~ -1.6

Xco = ———u—u
n-Pourt

pu (3.235)
When Vo is at its minimum (ie Vo = 1.53 pu), Xco is at its worst case of
Xco = .795 pu.

The input filter capacitive positive level current is

_ [1-2p1].
Icpos = [ —éD—‘ ] 1IN (3.23€)

The worst case voltage ripple will occur when the capacitor current has a
square wave form which parallels the worst case scenario of the forward and
half bridge input capacitors. However, for the full bridge this occurs when
duty cycle D = .25 since the capacitor sees twice the current sink frequency

as each power semiconductor. Using

d
Icl1 = C1 @i Vel (3.237)

combined with the assumption that the capacitor delivers all the ripple

current yields

1-2D _ JAvar
[ '—'Z—D—- ] 1IN = CI —A-t_ (3.238)

Letting

and

At = Torr = [ 1-2D ]-T (3.239)
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and
AvVcr = |15 VIN (3.240)

equation 3.238 becomes after isolating for Ci

IINT

C = 1.6667'W Pu (3.241)
Since
PIN = IIN- VIN (3.242)
and
T = 1/Fsw (3.243)
equation 3.24] becomes
a =16 —TN oy (3.244)
Fsw-VIN

After conversion to the frequency independent per unit basis we obtain

V1N2

Xt = Te6T-Pin-2n PY

(3.245)

Equation 3.245 has a worst case value when VIN is at its minimum value (ie VIN
= 1.053 pu) yielding
Xct = .071 pu
The input filter inductor will see the worst case ripple at D = .25 just
as the capacitance. In fact, the required value of inductance can be derived
from equation 3.185 yet with double the switching frequency due to the nature

of the full bridge.
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Therefore,
1875-Vm2
= e "
L1 PN Fsw (2.246)
or as an impedance
1875 - Vin>-2n
XL = - pu (3.247)

P1IN

Equation 3.247 has a worst case value when Vin = 1.35 pu of

Xu1 = 1.431 pu

3.3.4 High Frequency Link Selection

A tabulated list of the required per unit ratings for each of the HF link

options is shown in Table T3.8.

ITEM SINGLE SWITCH HALF BRIDGE FULL BRIDGE
IcirMs 1.200 1.760 0.870
IswavE 1.425 1.425 0.712
IswrMsS 1.850 2.262 1.131
Iswpk 2.397 3.591] 1.796
Vswpk 4.210 1.350 1.350
ID1aAVvE 0.583 0.490 0.490
VpiRr 7.720 4.945 4,945
ID2aAvVE 0.530 0.490 0.490
Vo2r 3.300 4.945 4.945
ILOoRMS 0.980 0.980 0.980
IcoruMs 0.000 0.000 0.000
Ap 1196. 679.4 679.4
XLo 25.92 7.590 7.590
Xco 0.397 0.794 0.794
Xc1 0.035 0.035 0.071
XL 1 2.860 0.955 1.431

Table T3.8 Summary of high frequency link ratings

Observation of the data in Table T3.8 reveals that;
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1- The single switch converter is simple and rugged. It requires only one
main switch base drive. However, the configuration is associated with several
significant drawbacks including:
A) All magnetic components are equal to or larger than the remaining
two topologies. In particular the power transformer will be roughly
twice the volume of the half bridge or full bridge equivalent
circuit. Moreover inductors are also at least dcuble the size. This
drawback contradicts the design objective of reduced weight and
size.
B) The semiconductor reverse voltages are extremely high. For typical
line applications of 115 ViL-N, the reverse voltage on the switching
device will be 688 volts immediately hampering the application of
popular MOSFET switches. Further a secondary diode will face
reverse voltages of 1265 volts eliminating the use of ultra fast
secondary diodes unless series diodes are used. If fast recovery
diodes are used, duty cycle time will be eroded because of the
longer recovery time which may require larger current handling
capability of the power switching devices.
2- The attractive feature of the half bridge is its dramatic reduction in
semiconductor voltage requirements over the single switch converter, enabling
easy use of MOSFET's and ultra fast diodes. Moreover, transformer volume and
reactive component size are significantly reduced over the single switch
equivalent. However, the power switching device will face increased RMS and
peak currents. In a I0KW power transfer, the peak current which directly
effects the thermal stress commutated by the switch, is in the range of 150
amps. Once again virtually elimination MOSFET application unless a significant

number of parallel semiconductors are used. Even with bipolar semiconductors,
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large Adrive currents are required for proper operation which is not a trivial
matter.

3- The t. bridge significantly reduces the component stresses across the
board when compared with the single switch converter, and many parameters when
compared with the half bridge converter. This topology however requires four
independent isolated drives which will extend the cost and complexity.

Based on Table T3.8 and the observations expressed, the most suitable
high frequency link topology for the medium power UPS system proposed would be
the full bridge topology. This configuration offers minimal total veclume and
weight while maintaining minimal component stresses at the expense of added

complexity.

3.4 Design Example

All of the per unit ratings can be upgraded to exact component values for
any power level with the exception of the transformer relative size parameter
(AP'). Since the ferrite core transformer size is a nonlinear function, it
must be derived at point of use.

The design example outlined here adheres closely to the summary of
specifications listed in chapter 2.2.1 with the note that unbalanced and

nonlinear loads are not yet addressed. The base parameters are

VIN = 11SVRMS L-N 107 60Hz
PN = 10kVA

Vout = 11SVRMs L-N
Fsw(Inverter) = 60Hz

Fsw(HF 1ink) = 20KHz
Fsw(Rectifier) = 60Hz

These parameters translate into the following scaling factors
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VACTUAL = Vpu-VIN(PEAK) = 1I1542:Vpu = 162.6:Vpu 3.248

3:ViN(PEAK) 3-(115!2)
ZACTUAL [————————q-Zpu = [—Wq Zpu = 3.967-Zpu

2-PIN
(3.249)
2-PIN 2-10000
IacTuaL = [—_———(———Y]-lpu = [ ]-lpu = 40.99-1Ipu
3-Vin(PEAX 3-115'2
(3.250)
PactuaL = %-Ppu = L‘13—0~(-5)—9-Ppu = 6667-Ppu (3.251)

3.4.1 Circuit Values

Figure F3.25 shows the complete power UPS power train configuration.
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Figure F3.25 UPS power train with components

3.4.1.1 Inverter Stage

Zco = 48.37

Co = 54.8uF
Ico = 3.566ARMS
Veo = 11SVRuMs

Cova = 410VA
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3.4.1.2 Rectifier Stage
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.65)20
1.726mH
30.74ARMS
70.58VRMS
2.173kVA
12.34A
313.9v
1550
410uH
35.7ARMS
7.48VrMS
267 IVA
24.280
108 BuF
10 B6ARMS
313 9V

3 409k VA
313 9V

248 8V

1.1660Q

3 09mH
S8 4A

105 TVeuMs
161 2VA

19 47A
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3.4.1.3 High Frequency Link Stage
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33.73ArRMS
309.9V
.1980
526uH
32.3ARusS
19.040Q
139uF
13.94ArRMS
171.3V

219.6V

.28I1Q
28uF
35.66ARMS
219.6V
S.6770
45.1uH
58.56A
29.18A
46.36ARMS
73.62A
219.6V
20.09A
804.2V
30.112

239.6pH
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lo = 40.17ARMS
Zco = 3.1540
Co = 2.5uF

Transformer area product

1.31
AP - Ap [_P_'_'_"___]

PIN = 10KW
AB = 3000 Gauss or .3 Teslas

Fsw = 20KH2

Therefore Ap 1327cm4
3.4.2 Simulation Results
To strengthen confidence in the analytical derivations, various sections

of the power train werc simulated using rated values

3.4.2.1 Inverter Simulation
The worst case ratings program derived from the analytical expressions of
chapter 31 and outlined in chapter 251 was used to generate component
waveforms resulting from the inverter data derived In chapter 3.4.11
Selected waveforms are shown in figure F3.26 for operating conditions of
Voceus = 314 V

lLoad PF = 7 lagging
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7 £ MERTER OUTT LI T0 MEVTR, OLTAGE " 1 HESL O SPECTFICATIONS
78 H Outpct Kva= 18 KVR
Load voltage THD (5%
8 i { { $ { } 1, Max harmonic aep (3%
-3k % Y 278 sf,:m;ung factor at pf=l =.78
Inverter voltage THD ¢5.8%
17 UL J ULDC BUS line current THDCIE
Nin dc bus volts= 248 V
2gp B) LINEHEUTRAL LORD VOLTRGE Max dc bus volts= 314 V
fve switch cure= 12,33 R
108 - Output capacitor= 54.8 uf

;  res voitage= I15 V
ras current= 3.57 A
Output inductor= 1,73 oH
ras voltage= 78.58 V
res current= 38.8 A
() INVERTER OUTAUT LINE CLRRENT Input capacitor= 188.8 uf

i res voltage= 314 V
ras current~ 18.87 R
l Input inductor= .4] o

e W % ' 189 a 2?13 T séa res voltage= 7.4 V
-38.7 M ras current= 35.72 A

Bl.5
8.7

;

B3t Test point data
LOAD PF= .7 Lagging
1.5 ) SHITCH FORVRD CLRRENT Load Voltage THD= 3.1 %
0.7 - Max Harsonie = 2.4 ¢
MMﬁmWLAAA OQutput f1lter ras
) } SlB 4 T L 2;8 + 3g‘ecmuitor currents 3,57 R
-38.7 Output filter ras
inductor current= 27.47 R
$1.5 L Output f1lter ras
faductor voltage= 78.57 V
1.5 £) INPUT INDUCTOR CLRRENT five switch curr = 9,77 R

Res swivch cure = 7.6 A

22.3 PAAAANANAANANNANAAANNANAS ANNAAAAANANANAAAANAN IC bus W“lge =34y
Input filter 1nducter

current THO = 9.96 ¢

11.2
} ras currents 23.87 R
) 1 1 1 1 1 1 1 ] 1nput filter ras
% 8@ 278 B&apacitor current= 18.87 A

nverter tnput
voltage TD = 3.84 %

Figure F3.26 Worst case inverter ratings program waveform results

with lagging PF
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Since these waveforms are derived almost entirely in the frequency domain

using fourier series,

true simulation was done using the software program

outlined in chapter 2.5.2. The circuit simulated is shown in figure F3.27.

S4.0uF
1.726mH
/A i l(
l S
2.77 i T.SmH |
T PI6UF
Q a.0uF | ‘
L.726mH s “"‘
— N
= 240314 v N
2.77 L 7.8mM
L 936uF
T 1.72"‘4 “..Ur - le"
N i

A\
[JVA/\—— B —
2.77 I 7.8mH
. :

T 9J6uF

Figure F3.27 Simulated inverter circuit topology

The resulting simulated steady state waveforms are shown in figure F3.28. The

waveforms show complete agreement with results derived from the worst case

ratings program results

ratings.

all

waveforms are within derived worst case
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Figure F3.28 Inverter lagging PF simulation resuits
IS5-> Load current

V2-> Inverter load L-N voltage
I12~> Inverter output line current

A second pass of the worst case analysis test point data for

248.8

VbcBus

Load PF .7 leading

results in the waveforms shown in figure F3.29.

;
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124 INVERTER OUTPUT LIME TO NEUTRAL VOLTAGE o RS CRSE SPECIFICATIONS
62 L T I OQutput Kva= 18 KVA
Load voltage THD (5%
8 { { } 4 4 { Max harmonic amp (3%
%2 | ® f l gL B&mmg factor ai pf=| =.78
l Inverter voltage THD ¢3.8%
-l U i Udu ~ILDC BUS Tine current THDC1OY
Hin dc bus volts= 248 V
280 B) LINE-NEUTRAL LORD VOLTRGE Max dc bus volts= 314 V
fve switch cure= 12.35 R
18 - P Output capacitors 4.8 uf
1 ! 1 1 1 ! ] ras voitages 115V
B — 9 ‘ 168 ' 2 ' B ras currengt- .57 A
-188 - Output inductor= 1.73 sH
2L ras voltage= 78.38 V
ras current= 38,8 A
¢) INVERTER OUTPUT LINE CURRENT Input capacitor= 188.8 uf
§L.5r ras voltage= 314 V
3.7 r\/\/m tas current= '8.87 R
8 } :x\_\\:A 1 % N l,_,-/\/\] Input mducto:- Al oH
1] 198 200 368 rms voltage= 7.4V
-38.7 F ras currents 35,72 R
1.5t Test point data
. LOAL Pfe .7 Leading
1.5 L HITO! FORRD QR Load Voltage THD= 2.11 %
8.7 Max Harsonic = 1.63 %
' nm LAA Output f1lter ras
8 -4 % } 10 +- 715 4 Tlp cpacitor currents IR
387k Output filter ras
inductor currents 38.6 R
1.5 Output f1iter ras
tnductor voltage= 57.84 V
2.4 £) INPUT INDUCTOR QURRENT RAve switch curr = 11.4] A
[ Ras switch curr = 28.17 R
28.2 OC bus voitage =248 V
Input frlter inductor
4.1 F current THD = 7.85
4 ras currente 29.81 A
8 1 ) ] ! 1 1 s J Input f1lter ros
s ige a7 38%apacitor current= 18.2 R

tnverter tnput
voltage THD v

Figure F3.29 Worst case inverter ratings program waveform results

with leading PF
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This worst case capacitive load effect was also simulated with the results

shown in figure F3.30

11

27.9

g.28
-g.35 | @@ NJ

-46.6

165

Figure F3.30 Inverter ieading PF simulation results

I1-> Inverter Output ]line Current
V2-> Inverter load L-N voltage

Comparison of respective waveforms and test data reveal complete agreement.
Further, component stresses are within respective worst case expectations.

A final run of the worst case ratings program yields the waveforms of
figure F3.31 under unity power factor loading. These results are used for

experimental verification in forthcoming sections.
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RL INVERTER OUTPUT LINE T0 NEUTRAL VOLTRGE

Ml 1 ﬂ n ORI CRSE SPECTFICRTIONS
nk Output Kva= 18 KVA
Load voltage THD ¢5%
) | | + 4 4 } |, Max harsonic asp (3%
21H % [ o8 %Pming factor at pf=l =78
Inverter voltage THD <3.8%
-4 L L UL = LOC BUS line current THI(IE
Min dc bus voits= 248 V
opg B) UK NEUTRAL LORD VOLTRE Max de bus volts= 314 V
five switch curr= 12,35 A
188 - Output capacitor= 54.8 uf
8 1 ] 1 L L Il | ras voltage= 115V
¢ ‘ % ' 1¢8 ' e ' ras current= 3.57 A
-lee - Output (nductor= 1.73 wH
2l ras voltage= 78.58 V
res cureent= 38.8 A
C) INVERTER OUTAUT LINE CLRRENT Input capacitor= 188.8 uf
SL3r ras voltage= 314 V
0.7+ ras current= [8.87 A
g : [ 1 J 1 . . Input inductors .41 &
' ) ' 18y ' F3[) ' ras voltage= 2.4 V
-38.7 |- w ras current= 35.72 A
1.5 - Test point data
LOAD Pf= |
1.5 & HITCH FORFRD QRRENT Load Voltage THD= 2.58 %
8.7 - Hax Hirmonic =2 %
Mqﬂ Output filter ras
padily 9% 1 fgﬁ t— 559 } 3é8c|plcitor current= 3.26 A
387 b Output filter ras
fnductor currert= 23,18 R
1.5 - Output filter ras
inductor voltage= 64.66 V
53 ) IPUT INDUCTOR CURRENT Rve switch curr = 12,25 A
Ras svitch curr = 28.13 A
35.4 - - DC bus voltage =283 V
Liput filter inductor
nak current D = 3.35 %
& ras current= 35.21 A
8 1 { 1 I 1 1 1 J Input filter ras
88 188 278

Figure F3.31 Worst case inverter ratings program

power factor

36@:apacitor current= 4.61 R
inverter input
voltage T = 2.B4 %

results with unity
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3.4.2.2 Rectifier Simulation
The simulation analysis software developed was further used to simulate

the rectifier shown in figure F3.32

— 3mH
{ N

1000uF é
-~
| Vi

Y

r—{L/IF—4FF4L/K¥——

_alE
iy

2.934/4.79 R

Figure F3.32 Rectifier simulation topology

The rectifier assumes a battery capacitance of at least 1000uF exists and the
conditions are worst case in terms of ripple content ie
VxN = high line = 126.5 VrRMS L-N
M = .638
Load = 10KW
The simulation results are shown in figure F3.33 and represent start up

conditions.
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Figure F3.33 Rectif ier simulation at high line

Vi-> Rectifier output voltage
V2-> Load vol tage

I11-> Output inductor current
I12-> Battery current

Figure F3.34 displays the simulation programs versatility. Expanding the

latter time section of figure F3.33, steady state conditions are observed.

Once again the results are within the worst case ratings specified (ie

VBaTmin and IL1 & SSARMS).

VBAT &
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Figure F3.34 Rectifier simulation at high line (expanded time)

V1-> Rectif ier output voltage
V2-> Load voltage

I1-> OQutput inductor current
I12-> Battery current

A second simulation was done to validate operation at full float battery
voltage. The circuit conditions for the simulation are
VXN = low line = 103.5 VRMS L-N
M=1
The resulting simulated waveforms are shown in figure F3.35 which reveal
that the float voltage of 219 is identical with the analytical results. This

indicated that even at low line and maximum battery voltage, the rectifier is
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able to charge the batteries. Moreover, all results are within the worst case

conditions dictated in chapter 3.3.2.
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Figure F3.35 Rectifier simulation (expanded time at low line)

Vi-> Rectifier output voltage
¥2-> Load voltage
I1-> Output inductor current

3.4.2.3 High Frequency Link Simulation

At best, most simulation routines including the program (ASPEC) developed

here, have difficulties performing accurate simulation of a power conversion

stage incorporating a transformer. Removal of the transformer dramatically
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simplifies the circuit to the point where simulation is a formality. Based on
this only trve experimental resuits will be used to check the validity of the

HF link stage derivations.

3.4.3 Switch and Drive Selection

Proper power semiconductors cannot be chosen without consideration for
their required base drives. The semiconductors considered for each stage were
the GTO, MOSFET, darlington, and IGBT.

Although it is not unreasonable to mix and match alternate varieties of
semiconductors in a single power unit, it is seen as a negative step towards
simplification. Further, for a particular power range different semiconductors
do not have a dramatic price variation. Due to these reasons the semiconductor
evaluation is appendix A2 yields a single semiconductor type which can be used
throughout the UPS. This will undoubtedly bring advantages in

1) design simplicity - single type drive required
2) quality-testing/trouble shooting - options reduced
3) design price - through increased quantities

The high frequency link is seen as the critical power conversion stage
for semiconductor evaluation since it has the highest thermal loss due both to
higher switching frequencies and greater levels of current. It can be safely
assumed (as far as current capabilities are concerned) that if a power
semiconductor device satisfies the high frequency link environment it can be
used in the inverter and rectifier stages also. The inverter stage will
dictate the switch voltage blocking capabilities since it is the maximum of
the three power stages. (Chapter 3.4.1) Appendix A2 evaluates the four
applicable semiconductors with respect to drive considerations applied to the

HF link stage. Table T3.9 shows a critical item evaluation of the
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semiconductor.

SWITCH Speed Ruggedness Voltage Drive complexity Losses

IGBT good good good good poor
MOSFET good border good good good
GTO poor good good poor poor
Darling border good good border good

LEGEND: good = acceptable for the HF link presented
border = tollerable for the HF link presented
poor = not acceptable for the HF link presented

Table T3.9 Switch evaluation criteria table summary

Via Appendix A2 and Table T3.9 it can be concluded that the MOSFET would
provide the best power switching semiconductor for overall use in the proposed
UPS. Using MOSFET's, good snubber and transient protection is required to
avoid stresses ensuring the MOSFETS proper operation. This is detailed among

the items described in practical limitations ( Chapter 3.4.5 ).

3.4.4 Controller Circuits

Digital circuitry is often preferred over analog circuitry signals to
increase noise immunity. This is especially true in locations where EMI and
other similar phenomena exist. PWM is applied creating so-called ‘switching
noise’ thereby forcing added stress on any analog small signal control
circuitry. These analog components are already inherently sensitive in order
to quickly provide a comparison between a sine wave reference and a high
frequency triangular carrier [(24]). The switching environment may inadvertently
trigger a false comparison causing a possible failure. Surveys have shown
that a large number [327] of UPS down time is attributed directly to failures
at the control component level specifically due to linear IC failure [17].

In view of this two of the gating control circuits in this thesis are
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entirely digital. It is expected to enhance the ruggedness of the UPS by
increasing its noise immunity. Furthermore, no microprocessor and associated
support hardware is used.

Since the UPS contains three distinct power stages, each with its own
power conversion section the controller for eacii is unequal and therefore

presented separately.

3.4.4.1 Inverter Controiler

Since the inverter stage is free from UPS output voltage control its
power semiconductor devices can bte gated in a consistent predetermined
fashion. The PWM scheme with firing angles described in Section 3.1 can be
programmed into an EPROM. As shown in figure F3.36 the EPROM is then addressed

via a counter and driven by a free running clock.

ICK _> ICOUNTER ____> EPROM m qu

SYNCH mswe

CONTROL

Figure F3.36 Inverter gating signal derivation

The outputs of the EPROM are steered to the six drives and activate
therespective semiconductors during an EPROM output high and deactivate during
an EPROM low.

A 64K (8K x 8 output) bit eprom results in a resolution of .044° which is

satisfactory considering the smallest pulse to be reproduced is .21° (Table
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T3.1 chapter 3.1). The counter stepping through the EPROM is a cascade

connection of 4 X 4 stage counters. The clock runs at a base frequency of

Fcxk = 60:8192 = 491.5 Kuz (3.252)

which can be accommodated by a standard CMOS clock. The final hardware

configuration is shown in figure F3.37.
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Figure F3.37 Inverter gating signal hardware

3.4.4.2 Rectifier Controller [5])

Figure F3.38 displays the first 90° of MSPWM operating on the standard

controlled rectifier of figure F3.7.
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Figure F3.38 Expanded MSPWM gating signals for control derivation

A) MSPWM scheme D) GSW2 G) GSW5
B) GSW6 E) GSW3 H) State Transition
C) GSW1 F) GSW4

Figure F3.38B shows the gating signal for switch #6 Similarly, figure
F3.38C,D,E,F and G correspond to the remaining five gating signals of the
rectifier respectively. Figure F3.38H shows each occurrence of a switch
transition represented as a state change. The key point to observe is that the
order of state changes as they occur in time is rigidly fixed and is thus
independent of the modulation index. [i.e. State change #2 always appears
before state change #3 and always after state change #1]. All PWM techniques
which exhibits this feature is can be executed by the control circuit

presented. This feature ensures that there is no dramatic load current change
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due to pulse inconsistencies or ‘wandering’ as modulation index changes. Fach
of these state changes (corresponding to a particular angle) is stored as a 12
bit binary number in a standard EPROM. (See figure F3.39). When a particular
address is presented to the input of EPROM, its associated 12 bit binary angle
is placed on the output along with three multiplexed control signals
representing the state of the rectifiers six switches (on or off) after the
binary angle is reached.

Figure F3.39 shows a block diagram of the control schematic. In

particular, counter ‘B’ is a 12 stage (4096 count) counter.
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EPROM
BINARY
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e T
COMPARITOR -3233 \L
& 4;1
angi e D DECODER
LATCH
12 STAGE
COUNTER 7
OUTPUT
SIGNALS

Figure F3.39 Control block diagram

The counter may be externally reset and synchronized to input hydro frequency,
locking the gating signals with the input line voltage. Each count places a
binary 12  bit angle on its output. (i.e. 0000,/0000/0000=0°
111/1111/1111=360°).  This binary angle is fed into a 12 bit magniw.®
comparator which compares this signal with the 12 bit angle existing on the

output of the EPROM. Assuming momentarily that the moduylation index is held
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constant, the output of the EPROM is held until the angle output by the
counter ‘A’ exceeds the angle output of the EPROM. At this instant the
comparator releases a pulse followed by the latching of the three switch
control signals. Further, the pulse enables counter ‘B’ which increments the
EPROM output to the next higher angle at which a state change exists.
Eventually, the free running counter ‘A’ will again exceed this angle
producing again a pulse changing the switch signals and EPROM output.

Changing modulation index is accommodated by simply using a different
EPROM section containing those angles associated with the new modulation
index. The comparator output allows the master clock to pulse through to
counter ‘B’ providing a catch up action should the new modulation index angle
be smaller than the output of counter ‘A’. This rapidly increments counter ‘B’
until its output exceeds once again counter ‘A’ allowing the comparator output
to fall inactive again. Since the pulse cannot ‘wander’, the switch signals

merely change width. This smooth change can be seen in figure F3.40.
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Figure F3.40 Digital modulation change

In particular figure F3.40 shows two different modulation index’s and the
resulting switch signals when the modulation index is changed to either points
1 cr 2. Note that modulation corrective action can only be taken at the
upcoming intersection and the switch signals cannot be altered until such
time. The result is a smooth crossover from one modulation index to another.

As stated earlier the main qualifying requirement for a PWM technique
employed by this control is that the state changes occur in a pre-defined,
consistent order independent of modulation index. A number of schemes fill
this prerequisite including the Modified pulse Width Modulation technique
derived as most compatible in section 2.4,

The full circuit schematic is shown in Appendix A3. All parts including

the EPROM’S are readily available. The main clock is simply composed of two
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series inverters with an R-C charge/discharge type arrangement. The modulaticn
index adjustment is accomplished by an A/D converter. Since the total number
of state changes is not an integral binary number, a reset is provided for the
EPROM counter consisting of simply an ‘AND’ gate. The comparator output is
buffered using a 4050 Buffer/Driver and then latched. Simple CMOS D type
flip-flops are used as latches and provide the multiplexed control signals for

all six rectifier switches. All logic is powered from a single 5 volt supply.

3.4.4.3 High Frequency Link Controller

Current mode control has been widely accepted as a high performance
converter controller. Pulse by pulse current limiting ensures overcurrent
protection, transformer saturation protection, and enhanced loop response. The
enhanced loop response is due to a reduction of open loop transfer function
order from 2 to 1. Moreover, a large number of integrated circuits [IC]
dedicated to current mode control are available. Figure F3.41 shows a typical
current mode control IC [49]. After voltage and current feedbacks are applied

and the gating signals are digitally processed.
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Figure F3.41 Current mode control chip 3846

Figure F3.42 shows the circuit schematic used for the high frequency link

stage. Since this thesis does not address

compensation components are unoptimized.

loop optimization the feedback
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Figure F3.42 HF link control using the 3846

3.4.5 Practical Limitations

!E 3846

Although theoretical analysis can often provide sufficient results, once

practical hardware

is utilized a number of real world phenomena play a

significant part in the design. To the knowledge of the author no modern power

(I0KW) super sonic high frequency link has to date been developed. Since no

previously published data is available on the "hidden" characteristic problems

of such a converter, several prominent phenomena experienced are discussed in

this section.

3.4.5.1 Snubbers
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Unlike ideal semiconductors practical devices dissipate heat and will
experience voltage overshoot. Snubbers, whether lossy or lossless are
essentially required for all semiconductors in the UPS.

The MOSFET snutbers used in the inverter and high frequency link stage

are identical and are shown in figure F3.43.
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Figure F3.43 HF link and inverter MOSFET snubber

This snubber performs three essential functions for MOSFET utilization.

1) The saturable reactors Lsi, and Lsz tend to isolate the power
MOSFETS so that when one is enabled the semiconductors parasitic
capacitance (gate to drain and gate to source) cannot conduct
current to the alternate MOSFET. This helps to prevent
unintentional MOSFET conduction.

2) The disabling of the parasitic MOSFET body diodes is accomplished
hy the ultra fast diodes D1 and D2 as well as the saturable
inductors Lsi1 and Ls2. Consider MOSFET M conducting forward
current and MOSFET M2 inactive. Saturable Ls; is saturated and Ls2

is at worst case at its residual flux level. Turning off MOSFET M1
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with inductive output current would tend to cause diode Dz to

conduct rather than the parasitic diode of Mz which would first

require the saturation of Ls2. This effectively disables the
parasitic diodes.

3) The ultra fast diodes in combination with the decoupling capacitor
prevent significant voltage overshoot across the MOSFETS.

The transformer secondary diodes require snubbing or protection from
reverse recovery problems. Since current is exchanged between these two diodes
abruptly, as one goes into reverse recovery it essentially provides a short
circuit to the second diode resulting in tremendous current spikes. Figure
F3.44 shows a commonly used solution which is also used in this thesis. The
saturable reactors are rated to hold diode reverse voltage for roughly two
times the reverse recovery times before saturating. This guarantees safe

commutation.

T, Lear D*

[ _0<%ll
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Figure F3.44 Output diode reverse recovery snubbing

The saturables used are an amorphous type from Toshiba having an area of .10

cm®. The secondary peak voltage is roughly

Vor = 2: VINMAX = 4.945pu = 804.4 Volts (3.253)
NN
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Ultra fast diodes typically take SONsec to recover. Therefore

~ VDR:(2-TRrR)

Ns (3.254)
¢ 3
Letting ¢s =39O-108 Webers (from Toshiba)
TrrR =SONsEc (Reverse recovery time)
VDR =804.4 V
Ns =Ndmber of turns on core
we obtain

Ns =8.688 Turns

This implies that nine turns around this saturable reactor are required to
hold off reverse recovery.
The controlled rectifier semiconductor snubbers are typically

diode-resistor-capacitor snubbers as shown in figure F3.45.
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Figure F3.45 Rectifier MOSFET snubber

Diode D1 is required to prevent the MOSFET parasitive diode from conducting
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which would destroy the bridge. Diode D2 simply provides a path for parasitic
inductive energy to flow when the semiconductor is turned off. Capacitor Ci
charges with this energy preventing voltage overshoot. The energy is then
dissipated at the next switch turn on via Ri. Ci, can be selected based on a

realistic measure of 100nH. By equating energy

2

cvi= LI?

(3.255)

for a voltage overshoot of S0V

2
_ 1ooNH-éss.4) - 136nF
50

The resister Ri1, must bleed this energy roughly four times faster than the

switching frequency or using the time constant

1 1
Ri = 60Hz (Fsw pu) (3.256)
4-C1
where Fsw pu = 22pu
Evaluation results in
Rl =139 KQ
The power loss is the energy of the capacitors or
PLoss = Fsw:60:.5:C1-(VswpPk + VOVER)Z (3.257)
where VOVER = 50V
2

= 22+60+.5-136N*359.9

= 11.6 Watts
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3.4.5.2 Layout Requirements
The major problem at the layout level is lead inductance. At this power
level and switching frequency, the minimization of track length is not
sufficient. The internal wire leads of components themselves are occasionally
enough to create problems. The high frequency link power semiconductors are of
particular interest. Even if a snubber is located simply one inch away, the
combined component-lead inductance may be 100nH. Since the drive designed is
expected to turn the semiconductor off in roughly 100Nsec, the voltage

overshoot across the semiconductor may be
Alrp ,13.62

V. = Le—7—=— = 100N

AT —oon 3V (3.258)

This is already 357% of the nominal switch voltage (Vswpk) and forces over
sizing the switch even with a careful snubber design. In fact for all
switching semiconductors used here, the snubber components were connected
terminal to terminal with no intermittent leads in order to minimize
inductance loop length.

If any leads were necessary, their cross sectional areas were selected on
the basis of inductance as well as current carrying capacity. Figure F3.46

shows the loop length to be minimized.
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Figure F3.46 Critical current loop of MOSFET semiconductors

A second area of concern is the transformer primary power loop area. The
UPS radiated Electromagnetic Interference (EMI) will be directly related to
thz loop area of the pulsed power current. Consequently minimal loop area must
be maintained. Figure F3.47 shows a typical full bridge configuration with

power loop area enclosed by the dashed line.
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Figure F3.47 Typical inverter pulsed current loop area
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Figure F3.48 shows an alternate circuit layout used in this thesis to

minimize the loop area [4).
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Figure F3.48 Improved inverter pulsed current loop area

3.4.5.3 Switching Deadtimes/Overlaps

Power bridge configurations such as the high frequency link and inverter
used here are known to experience dramatic failure if cross conduction occurs.
The bus short circuit via semiconductors can be avoided by the application of
deadtimes between alternate gating of the semiconductors of the same leg. A
detailed gating sequence is shown in figure F3.49. This deadtime guarantees

that SW1 and SW2 are never on simultaneously.

- T SW1 GSW1 | l | N
_l —

\ACBUS csu-z >

L §SW2 el poop

Figure F3.49 HF link and Inverter switch deadtime

The controlled rectifier however experiences the dual problem. Figure
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F3.50 shows this in detail.
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Figure F3.50 Rectifier switch overlap

Smoothing inductor L1 tends to draw continuous dc current. If neither SWI, SW3
or SW5 are conducting then the interruption of current will generate a large
voltage spike across the semiconductors. To ensure this does not happen,
overlaps are given to the semiconductor gating signals which tend to guarantee

a current path for I.

3.4.5.4 Transformer Saturation

A problem associated with a voltage driven inverter stage coupled to a
load through anisolation transformer, such as the high frequency link, is the
possibility of transformer saturation. This occurs if any unbalance of gating
signals or semiconductor conduction voltage drop occurs. A dc voltage will be
present across the transformer which will saturate the core.

Saturation can be prevented with suitable control logic such as Current
Mode Control. This control method monitors the transformer primary current and
thereby adjust the duty cycle of the semiconductors to offset any transformer

current unbalance.

b et Mo
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3.4.6 Experimental Results
To verify the theoretical derivations and concepts, selected experimental
results were obtained on a full scale 10kVA engineering model. All the

practical considerations were fully utilized.

3.4.6.1 Inverter Stage

The inverter section of figure F3.25 was constructed. Figure F3.5!1 shows
the resulting output line-line voltage waveform. The waveform shape is similar
to that of figure F2.19B. Switching delays have eliminated the inner pulses.
To confirm the integrity of the waveform a spectrum analysis was performed
resulting in figure F3.52B. The spectral content clearly matches that of
figure F2.19C indicating that the eliminated pulses have no detrimental
effzcts. The peak voltage of figure F3.51 is seen to be similar that of figure
F3.31. (A factor of E is required in order to convert from line to line to
line to neutral). From figure F3.51 the peak voltage is roughly 258 volts.
From figure F3.31 the peak line to line voltage is 244 volts. This difference
is reasonably attributed to circuit losses with were neglected in the

simulation.
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Figure F3.51 Experimental inverter line to line voltage 100V/div

Figure F3.52 Experimental inverter line to line spectrum
A) line to line voltage

B) line to line voltage spectrum.
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Figure F3.53 shows the output line current and the switch current for
unity power factor load. The results show complete agreement with the worst
case ratings program waveform results. Even the slightly lagging current
between the output line current and switch current as predicted is evident.
The only dissimilarity is noticed when comparing the dips of switch current to
zero value in figure F3.31 which do not exist in figure F3.53. This is
knowingly attributed to the disadvantage of having the catch diode in such
close proximity to the MOSFETS (minimizing inductance) that the experimental

switch current shown includes the catch diode current.

Figure F3.53 Inverter switch and output line current
A) Output line current 10A/div

B) Switch current 10A/div

Figure F3.54 shows the output line to neutral load voltage and the

inverter output line current as a phase reference. The waveform shapes and
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quantities again agree with figure F3.3l. Figure F3.55B displays the spectrum

of the output load voltage and has a THD in the area of 1.5%.

Figure F3.54 Experimental inverter load voltage
A) Inverter output line current 10A/div

B) Inverter output line to neutral voltage 100V/div
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Figure F3.55 Experimental inverter output voltage spectrum
A) Inverter output line to neutral voltage

B) Inverter output line to neutral voltage spectrum

3.4.6.2 High Frequency Link Stage

The full bridge inverter of figure F3.23 was constructed. Due to limited
components at high power and high frequency applications the transformer turns
ratio was .533:1 rather than the required .546:1 (chapter 3.3.3). Further, the
output filter wutilized was 85uH rather than the required 240uH (chapter
2.4.1.3). This however should only affect the output current ripple and
consequently the output voltage ripple. To compensate for this a larger output
filter capacitor is used. The larger value of capacitance is necessary since
the high output current ripple (S amps rms) and high voltage require a
relatively large electrolytic. Full two loop current mode control was employed

as shown in figure F3.42.

Experimental results were taken at a typical operating point of
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VBAT

200V

Vocsus 300V

resulting in a required switch duty cycle of D=.4. Operating at full power of
10kw, the load was set to 9fl. Switch voltage and switch current are shown in

figure F3.56 and figure F3.57 respectively.

Figure F3.56 HF Link MOSFET drain source voltage. 100V/div 10us/div

B i - .
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Figure F3.57 HF link MOSFET current. 20A/div 10us/div

In particular, figure F3.57 shows the current mode control limiting the switch
current to 72 amps peak. Further, the initial spike of current is the result
of the reverse recovery of the output diodes. Without the saturable reactors
(equation 3.254) the spike would be substantially higher and would falsely
trigger the current mode control loop. Figure F3.56 shows the effective
snubbering of the switching MOSFET's. The voltage overshoot is limited to
roughly 207%. The oscillations during the deadtime can be attributed to the
effective LC combination of the primary transformer leakage and the parasitic
MOSFET capacitance.

Figure F3.58 shows the Transformer primary current. The figure reveals
that unless the output choke is reasonably sized, the peak current that the

switch must commutate will rise thus leading to increased switching lcsses.
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Figure F3.58 HF link transformer primary current. 20A/div 10us/div

Figure F3.59 shows the output diode voltage. The substantial overshoot of
33% is a ciear handicap. At maximum input voltage of 220V the peak diode
reverse voltage will be in the order of 1075V. The maximum ultra fast diode
presently available is rated at 1000V. Figure F3.59 shows this limit to be
reached with further increase resulting in possible destruction. Snubbing this
with an RC configuration would reduce the overshoot at the expense of higher

power loss.
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Figure F3.59 HF link output diode reverse voltage 200V/div  10us/div

The output choke current is shown in figure F3.60. With an output voltage

of 300V, the expected peak to peak ripple current should be I8A. The

experimental current waveform verifies this resuit.

VTP R T -
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Figure F3.60 HF link output inductor current 10A/div Sus/div

3.4.6.3 Rectifier Stage
The rectification stage was not experimentally verified, however it is
felt that experimental verification of the inverter simulation results yield

full credibility to the simulation results for the rectification stage.

3.5 Conclusion

The advanced high performance UPS topology designed was intended to
address the specifications of chapter 2.2. In particular, the input controlled
rectification stage accommodates input supply variations of +/-107, output
battery float/discharge levels, output power factor ranges of .7 leading to .7
lagging and input power factor of .9 as low as 507 rated load. Via simulated
and experimental results, the three stage UPS topology has been shown to
follow analytical derivations and adhere to the required technical

specifications with the exception of unbalanced and nonlinear loads which are



- 218 -

dealt with in chapter four.

Efficiency of the inverter stage was 94% for a balanced, resistive, rated
load. The efficliency of the high frequency link was measured to be 947 at
nominal conditions. The expected efficiency of the rectifier is 92%. The
overall UPS system efficiency is 81%.

By eliminating the low frequency transformer from the high performance
topology, a weight reduction of 100kg is expected. Application of highly
compatible PWM techniques for the rectification and inversion stages has
further reduced reactive component size. These efforts are directed towards
the physical specifications of light weight and small size.

Evaluating several high frequency link topologies yielded the full bridge
as the best suited for the power range of 10kVA. The forward converter
although simple, was ruled out due to the lack of available components. The
half bridge was not suitable due to excessive semiconductor stresses.

The expected UPS volume and density is based on the high frequency link
and inverter prototype as well as estimated rectifier parameters. Table T3.10

provides a summary of the data.

1 TEM VOLUME BASIS
Inverter 2500 IN: prototype
Rectifier 2500 IN estimate
HF link 2000 IN prototype
Miscl./trans. sw. 1000 1N estimate
SUB TOTAL 8000 1N: N/A
Contingency 800 1IN 107
TOTAL 8800 1IN N/A

Table T3.10 UPS volume summary

The power density based on the volume results in a value of 1.136w/In’
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which is 147 higher than the specifications outlined in chapter 2.2 and
roughly 1007 higher than typically existing UPS.

A rudimentary itemized weight list for the UPS is presented in table

T3.11.
STAGE ITEM BASIS WEIGHT
Inverter Heatsink & fan prototype 23 lbs
Semiconductors,
busbars & snubbers prototype 8 lbs
Output filter prototype 40 1bs
Drive & logic prototype 4 lbs
Rectifier Heatsink & fan est imate 23 1bs
Semiconductors,
busbars & snubbers est imate 10 lbs
Output Filter est imate 20 lbs
Drive & logic est imate 4 lbs
HF link Heatsink & Fan prototyp= 27 lbs
Semiconductors,
busbars & snubbers prototype 10 1lbs
Input filter prototype 5 lbs
Qutput filter prototype 15 1bs
Transformer prototype 12 1bs
Drive & logic prototype 4 lbs
Miscl. Enclosure,
supports & clamps estimate 205 lbs
Transfer Switch estimate 30 1bs
SUB TOTAL N/A N/7A 440 lbs
Contingency N/A N/A 40 Ibs
TOTAL N/A N/A 480 lbs

Table T3.11 UPS weight summary

The total weight results in a weight ratio of 45 w/kg which exceeds the
outline’s specifications and surpasses typical market UPS by 3007%.

To reduce switching semiconductor application complexity, a single

semjconductor type and drive circuit were employed throughout the three power

stages. Evaluation of several suitable semiconductors yielded the MOSFET as a
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preferred semiconductor.

To ensure limited susceptibility to radiated and conducted noise, digital
gating signal controls were designed for two of the three stages. Although no
quantitative measuremerts were taken, experimental results proved complete EMI
immunity.

Experimental verification with a 10kw prototype revealed practical
limitations not typically addressed in the literature. Layout requirements,
lead inductance, radiated magnetic EMI, snubber design, switching
deadtimes/overlaps and diode reverse recovery were determined to be of
critical value to the experimental setup. These issues were outlined in
chapter 3.5.

Finally, although simulated and experimental results were completed at
10kw, the component values and stresses are evaluated in per unit format

permitting scaling to other power levels.
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4.0 SPECIAL LOAD CONSIDERATIONS

With the drive towards low maintenance and complete automation, an
increasing number of newly-developed equipment, highly sensitive to mains
disturbances have emerged including:

1) Telecommunications equipment (PBAXs).

2} Main-frame computers.

3) System Monitoring devices.

4) Robots for automation.

5) Data acquisition systems.

6) Traction rectifier sets.

Since equipment of this kind provides value added performance, their
employment is becoming widespread. The typical modern UPS is designed to
accommodate balanced linear loads, which in the past were the majority.
However, the new types of loads are not necessarily balanced or linear and can
create conditions where the typical UPS inverter stage can no longer maintain
waveform specifications, possibly leading to load failures as well as a
reduction of inverter MTBF.

Since the primary cause of self-induced unfavorable operation conditions
is the output impedance of the inverter filter, a zero output impedance
inverter stage would provide balanced output voltages independent of the load
conditions.

As a result, several proposals have emerged including 3-¢ voltage
coupling, transformers [50]), [51), filter resonant traps [52], (53], and
unbalanced inverter switching functions (54], [55]. These techniques have

attained relative success in making the UPS more load compatible. However,
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they fail to be a substantial step towards a universal, low impedance, high
power UPS inverter stage.

This chapter provides a qualitative categorization of a variety of
nonlinear and unbalanced loads encompassing their origin and effects on the
UPS inverter including the severe irregularities induced on the DC link
waveforms. Further, the aforementioned techniques of handling nonlinear and
unbalanced loads are briefly evaluated clearly showing their attributes and
drawbacks. These results lead to the derivation of a low impedance UPS
inverter design with a strategically selected output filter in combination
with an advanced PWM technique enabling clean power delivery to a wide variety
of unbalanced and nonlinear loads. Other advantages include the following:

1)  With a low impedance inverter only average voltage needs be

sampled thus simplifying the control.

2) Utilization of advanced PWM techniques allows reduction in

switching losses permitting higher power operation.

3) Fast transient response due to small reactive components.

4.1 Categorization of Loads

Modern static UPS inverters of all power ranges typically employ PWM
techniques which inherently generate unwanted voltage harmonics along with the
required fundamentai. The application of a second-order LC-type low-pass
filter is commonly implemented to attenuate these harmonics. However, the
fundamental will experience a magnitude change and a phase shift induced
primarily by the filter in conjunction with the load applied. The application
of 3-¢ balanced loads such as AC motors produces, by symmetry, equal magnitude
and phase displacements. Consequently, the load experiences no self-induced

terminal  voltage distortion. Furthermore, since the line currents are
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inherently balanced, the inverter input filter need be designed only for
traditionally existing input current harmonics which are present at multiples
of six times the fundamental frequency. Excluding fault conditions,
potentially damaging load situations can be broadly divided into two
categories,
1) Unbalanced loads whica include a number of combinations of 1-¢
and 3-¢ phase linear loads leading to unequal individual
inverter leg power factors. Moreover, utilization of only one
or two phases of a three-phase system constitutes an unbalanced
load from the battery point of view because of its reflected
effects on the DC link current.
2) Nonlinear loads which induce voltage harmonics at the output of
an inverter because of their harmonic current demand. A number
of such loads exist, including:
a) Switching regulators with capacitive input power supplies.
b) Phase-controlled rectifiers.
c) Highly capacitive saturated magnetic transformers.
d) Main-frame computers (especially during start-up).
e) Traction rectifier sets.
f) Metering devices.
g) Gaseous discharge lamps, including fluorescent lights.
h) Arc furnaces.
i) Switching power supplies without primary transformers.
j) Ferro-resonant transformers,
Figure F4.1 shows a generalized categorization of the various types of

loads modern UPS must handle including some typical examples.
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To illustrate the effects adverse load conditions create on the typical
inverter, a modern medium power transistor UPS inverter stage is employed as a
benchmark and shown in figure F4.2. Assuming the transformer is well designed
(i.e. negligible leakage inductance), all impedances may be transferred to the
primary as shown in figure F4.3 to simplify analysis. It is also assumed that
Sine PWM (24] is employed with a 21 pu carrier frequency creating a switching
frequency of 1260 Hz/switch for a North American UPS. The filter break

frequency is such that the dominant harmonic is reduced to below 2% under

balanced load resistive conditions using the equation

3-¢ load tree with examples
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Figure F4.3 Simplifier inverter circuit

With XLo =.09 pu and Xco =2.5pu, THD can be kept below 57 while supplying

power to a balanced lcad at power factors from .7 lagging to .7 leading as

given by the specifications table T2.1.
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4.1.1 Unbalance. Load Application

The unbalanced application under consideration consists of an industrial
complex where a single medium power UPS supports a 3-¢ basement production
line motor as well as office equipment and building lighting [59]). While
combining 1-¢ and 3-¢ loads, it is not uncommon for the UPS to see different
leg impedances and power factors. This creates different magnitude drops and
phase shifts across each filter resulting in a large line-to-line voltage
unbalance. Because of the detrimental effects this creates on particular
loads, (NEMA) has set standard limits of unbalance for certain applications to
below 1%2-57% [20], usiiig line-to-line voltages to reflect unequal phase
displacement

Max deviation from average voltage
Average Voltage

7%Unbalance (4.2)

By standard mesh analysis and a assuming purely sinusoidal supply, the

following matrix can be derived from the UPS filter load stage of figure F4.3.

Z1 + Z2 + Z3 -Z2 -Z3 I o
. . - [+]
-Z2 Zz + 2jXLo -jXLo I2 | = VPwM Z 90 (3.3)
-Z3 -jXLo Z3 + 2jXLo Ia VPwM Z 330°

Figure F4.4 shows the resulting voltage unbalance as a function of the
load impedances and indicates potentially damaging results for a typical motor
connected to the terminals including 757 insulation life reduction and 507
increase in losses. Further, for typical office computer apparatus tied on the
same line survival is ensured for input voltages which are not 67 in excess of

nominal [8]. From the curves, we can see this boundary is violated on occasion

=~ |
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possibly leading to equipment malfunction.
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Figure F4.4 Resulting NEMA Zvoltage and phase unbalance (Zuv=.7 pu lag)

maximum deviation from the average voltage

Zunbalance =
average voltage

A second common UPS adverse operation condition occurs during periods
where portions of its three phase load are not in use leaving only one or two
phases delivering power to the load. Figure F4.5 was constructed showing the
resulting magnitude of the second harmonic DC link current under l-¢ operation
of a 3-¢ UPS. The amplitude of the harmonic is solved using equation 4.3 to
find line currents and then wutilizing the switching function concept (outlined
in chapter 3.1) to generate the input spectrum (inverter switching harmonics
are neglected). The input filter must now be designed to attenuate a second
harmonic of significant amplitude (in contrast to standard sixth) or face the

possibility of inverter input voltage distortion.
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Figure F4.5 DC link current during 1-¢ operation of 3-¢ UPS.

4.1.2 Nonlinear Load Application
Since most of the load induced nonlinear distortion is independent of the
inverter output harmonics, the inverter output voltage is assumed to consist
only of it's fundamental component. The impedance of the output LC-filter as
seen by a current drawn from the inverter by the nonlinear load is given by
XLo*Xco

ZFUTER = j(NXto - Xco/N) (4.4)

Figure F4.6 shows the filter impedance for various harmonics demanded by the
nonlinear load and shows whers its pole lies. This pole, or infinite impedance
point, exists for any second order filter and indicates that any harmonic
current demanded by the nonlinear load in the vicinity of the pole will be
reflected as a substantial voltage harmonic superimposed on the fundamental.
By applying Fourier series analysis, Table T4.1 shows the per unit harmonic

currents present on the input lines of a typical 6-pulse power converter.
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Figure F4.6 Typical LC filter impedance

N Current pu
Sth . 175
Tth . 110
11th . 045
13tn .029
17tn .015
21th .010
23ra . 009

Table T4.! Per unit rectifier current harmonics

In reality these values are smaller than the ones corresponding to the
standard square wave because of the effects of various line inductances [S7].
Attempting to supply power to such a nonlinear load using the typical
benchmark inverter results in an output voltage THD of greater than S50%.
Shifting of the pole slightly would not seriously affect the THD level. A
major pole shift to a higher frequency would seriously hamper THD requirements
whereas a major shift to a lower frequency not only increases filter size, but
would seriously increase voltage unbalance during unbalanced load conditions.

A second type of common nonlinear UPS loads found in a modern office
complex are 1-¢ SMPS incorporated in most data processing machines. Since SMPS

typically demand a large third harmonic, serious waveform distortion may occur
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because typical 3-¢ inverters are not generally designed to accommodate such
large harmonic demands. The THD for nonlinear applications requiring a S07%
third or fifth harmonic can become substantially large as shown in figure

F4.7. This type of distortion is clearly unacceptable.

THD %
8@ r
&2 5
40
- 7
20 F
- 3
™ ‘11/11 A 4
2 1) 20 58 % OF FUND

Figure F4.7 THD under nonlinear load with various harmonics

4.2 Existing Alternatives

Because the placement of the pole during filter design is a direct
function of the inverter switching frequency, an apparent solution to the
problem of unbalanced/nonlinear loads would be to decrease the filter
impedance by increasing the switching frequency. Low power 1-¢ inverters
having the capability of high switching frequency generally place the pole at
a high frequency. Consequently, these supplies are compatible with many
standard nonlinear loads. In contrast, this solution is unacceptable beyond
certain output power levels since switching losses and stresses must be kept

low thereby imposing a maximum switching frequency constraint.
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4.2.1 Combining 1-¢ Inverters
A typical solution to the unbalance problem without increasing switching
frequency is to utilize three separate 1-¢ bridges independently controlled
and combined into a 3-¢ output via a complex transformer arrangement. The
method is shown in figure F4.8 and enables independent leg voltage and phase
control, compensating for load unbalance. However, the scheme carries several
disadvantages including:
1) Multiple voltage feed backs are required because of independent
control rather than a single average value of all three phases.
2) Double the number of semiconductors, increasing switching losses,
cost and decreasing reliability.
3) Inefficient utilization of magnetic transformer material.
4) Large DC link current harmonics.

5) Inability to handle nonlinear loads without addition measures.

HYDRO
MAINS

1

RC/DC 1-PHASE 1-PHASE 1-PHASE
DC/AC DC/AC bCr/Ac
FILIER l ] l l l

FILTIER I FILTER FILTER

D el I

3-PHASE TRANSFORMER

CLEAN
i MAINS

Figure F4.8 Unbalanced solution with three single phase bridges
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4.2.2 Harmonic Traps

A widely used technique enabling the inverter to accommodate nonlinear
loads is the employment of harmonic traps [(52]), [53]. These effectively
provide a circulating path for harmonic currents demanded by the load. Figure

F4.9 shows a typical example of a harmonic trap where

XLT = = {4.5)

Xo _]_ |
0%y XM, Xo NON
LINEAR

><:T 2.$puT LORD
. T ]

Figure F4.9 Single harmonic trap

Initial investigation of this equation suggests that low order harmonics
would require large values of inductance or capacitance. However, this |is
slightly offset by a higher impedance to the fundamental current resulting in
a drop of overall current ratings of the trap components (providing that the
trapped harmonic current is relatively low in magnitude to begin with).
Further, a strong advantage of this technique is that the traps can be added
to the system in the -icld of operation, permitting customization of the
inverter to nonlinear load demands. This advantage has prompted UPS
manufacturers to produce special interfaces which can be employed to actually
clean up nonlinear load induced distortion [S8]. However, since the interface
is not entirely universal an alternate interface may be required to offset
unbalanced load distortions. This leads to added expense and space

requirements as well as a non-universal solution to enabling UPS management of
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the adverse loads. Further, more serious drawbacks exist including:

1) Filter traps at low frequencies and high currents are bulky and
costly, especially so for the 757% 3rd harmonic present in many 1-¢
computer supplies,

2) Numerous traps may be necessary for loads such as 3-¢ diode
rectifiers in which many harmonics must be supplied.

3) Each zero introduced by a trap also introduces a pole in the filter
transfer characteristic increasing the chance of instability.

4) Tuning the traps can be difficult even with good component
tolerances.

5) Traps are not effective and may be detrimental when dealing with
unbalanced loads possibly forcing their continuous application and

removal depending on load conditions.

4.2.3 Unbalanced Switching Function

Sophisticated inverter control is another area in which some success has
been attained. The instantaneous feedback method {54], (55]. in which the
control scheme forces the inverter output voltage to stay within a pre-defined
window independent of load conditions, is a good example of such schemes. This
bang-bang type of controi often has a non-fixed inverter switching frequency
which depends on load conditions complicating prediction of operating
characteristics under adverse load conditions. Furthe:, the technique is
effective only for high frequency applications due to the rapid response
requirements.

Finally, several control techniques have been proposed recently [59],
[60] that are relatively effective for alleviating distortion caused by triac

type nonlinear loads. However since the filter inductance impe ance is
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typically .09pu, operation under 3-¢ unbalanced loads may not conform to
minimum phase displacement requirements. Moreover, these schemes are generally
geared for 1-¢ operation and have not been thoroughly proven for 3-¢
operation. The techniques generally focus on a contingency style of problem
solution rather than a preventative style which would stop the problem at the

source.

4.3 UPS System Modifications

The solution proposed focuses on the minimization of inverter output
impedance. By substantially reducing the output filter size the inverter can
be driven towards a low output impedance source permitting clean, balanced
power delivery to unbalanced loads. Further, effective filter pole placement
in combination with low filter impedance ensures the ability to keep

relatively clean power under nonlinear load condition as well.

4.3.1 UPS Output Filter Derivation

As shown previously, the major portion of magnitude and phase alteration
during unbalanced load conditions is primarily due to the filter reactor. To
alleviate this problem the reactor impedance is reduced. Using equation 4.3
and figure F4.3, figure F4.10 was created showing the effects that varying XLo
has on the magnitude and phase of the unbalanced load supply. The input
voltages are assuried to be purely sinusoidal and since the value of Xco plays
a relatively small role in this instance its value has been kept constant at

the benchmark level of 2.5 pu.
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Figure F4.10 Unbalanced effect as Xio is varied (Za=.7 lag, Zs=.7 lead)

From the figure it can be seen that Xio should be as low as .0IS pu to
virtuslly eliminate unbalance problems, remain within NEMA standards, and
maintain computer apparatus requirements.

Adjustments of Xio from .09 pu to .OlIS pu creates a new filter transfer

function in which a pole (infinite impedance) exists at

Xco _ 2.5 _
X © 015 = 12.9 pu frequency (4.6)

This indicates that any voltage harmonic created from the inverter or current
harmonic demanded by a particular load at 12 pu will cause severe distortion
due to amplification. Since any LC filter will contain at least one pole, it
is  theoretically impossible to create a trouble free inverter-filter
combination able to handle any conceivable type of load. However, by properly
placing the pole, most realistic, presently available nonlinear loads may be
tolerated. The known frequencies to avoid include:

1) All odd harmonics excluding triplens ensuring no large filter

impedances for 3-¢ balanced nonlinear loads (i.e.

—.
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1,5,7,11,13,17,19...... ).
2) All odd harmonics below approximately 13 pu. 1-¢ nonlinear loads

whose current harmonics typically fall steeply in magnitude after

the 7th (i.e. 1,3,5,7,9,11) would induce voltage harmonics at lo«

frequencies.

Based on these factors, a pole frequency of approximately 15 pu is
reasonable. A value of 15.3pu is chosen to guarantee that if a minuscule 15pu
voltage or current harmonic exists from switching delays or load conditions,

its amplification will not be infinite. Xco can therefore be derived as

Xco = Xro-(pole f‘r‘equency)2 = 3.5 pu (4.7)

4.3.2 Special PWM

Shifting of the filter break frequency to 15.3 pu from the benchmark
frequency of 5.27 must be accompanied by a substantial rise in switching
frequency to adhere to the THD requirements. If SPWM were used, the switching
frequency would dictate an increase from 21 pu to 57 pu or 170%. This may
become too large for medium power inverters. Consequently, a more advanced PWM
scheme must be used.

An approach at higher powers is to use an optimized fixed-pattern
inverter firinz scheme in conjunction with the regulated f{ront-end stage to
vary the DC link voltage. The PWM scheme employed is a derivative of the
harmonic injection technique [27] where a triangular carrier is compared with
a reference containing fundamental and third components. The third allows for
overmodulation and better harmonic content. On the other hand, the third
harmonic component virtually disappears in the 3-¢ system (Figure F4.11A).

This scheme, as most other PWM schemes, typically has its dominant harmonic
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present at the carrier frequency (Figure F4.11C). The modification utilized
here is to increase the carrier frequency to 57 pu and eliminate any
comparison of the triangle with the reference in between 33° and 147° (Figure
F4.11D). This reduces the switching frequency to approximately 2/5 of the
carrier frequency while leaving the dominant harmonic at the carrier frequency
as shown in figure F4.1IF. Numerically, the inverter switching frequency is
kept at 23pu while the dominant harmonic has shifted to 57 pu thus allowing

for the needed reduction in output filter size and consequently impedance.
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The proposed circuit topology is shown in figure F4.12A and is compatible

with the UPS topology proposed in chapter 2.3.1.

.05 pu 10.5 pu
» . - : N A Il
{ { { " :
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\besus 1y
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SWa swe ‘(\ SW2 L
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.015 pu 10.5 pu
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Figure F4.12A Proposed UPS inverter topology

The attribute of this topology is its ability to maintain clean quality
power for any delta connected 3-¢ load, linear or nonlinear. Although this may
blanket 907 of the typical applications, if a neutral lead is required for
line to neutral loads the topology may not appropriately solve unbalanced

conditions. For these extreme cases the topology of figure F4.12B may be used.
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Figure F4.12B UPS inverter topology proposed for special case 1-¢

to neutral loads.

The main differences with this topology are:

The input filter capacitor is now split to present a stiff neutral
to the output 3-¢ lines.

Since the advanced PWM scheme employed uses a 3rd harmonic
component in its reference waveform the line to neutral output
voltage will contain this harmonic which flows freely with the
closed neutral connection. An alternate advanced PWM scheme must
be employed. SHE with its dominant harmonic at roughly 57 pu and
suppression of triplens would require a switching frequency of 28
pu. This is generally acceptabie in medium power inverters and
limits the switching frequency increase over our bench mark

inverter to 337%.
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4.4 Topology Performance

Since results for the proposed topologies are expected to differ only in
switching losses and input capacitor filter division the former topology
(Figure F4.12A) will be used for experimental evaluation due to its reiatively

simpler form.

4.4.1 Predicted Topoiogy Performance
4.4.1.1 Balanced Linear Load
For a balanced resistive load of lpu/phase load voltage harmonics and THD

are given by

Vour
N

VLOADN = 5 P (4.8)

1 — NZXLO . NXLo
Xco RL

where VourN and VLOADN are respective line to neutral variables

100 . 3
7THD = VLOADl Z [VLOADN] (4.9)
N=3,5..
where RL = load resistor/phase =lpu
Xo = filter reactance =,015pu
Xco = filter capacitance =3.5pu

Totaling these harmonics reveals an expected THD of 4.8%. Tc further display
the schemes performance under balanced load conditions the inverter circuit of

figure F4.13A was simulated using ASPEC under balanced resistive load
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input PWM voltage was applied and all components

were

transferred to the primary thus simplifying the analysis. The resulting steady

state line-to-line voltage and line current are shown in figure F4.13B.
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Figure F4.13A Simulation test circuit




- 243 -

Vi

2.1 3!

s | 4
f ‘:: I»'IIMML *‘.-':IMIHU, i

-.481 “'_”l M| TR
-1.44 | wwr |

-2.4]

Figure F4.13B Simulated waveforms under balanced load conditions

Observation of the simulated results reveals that:

1)

2)

3)

The voltage has an acceptable THD.

The peak line current or switch current is roughly 2.4 pu which is
an increase over the benchmark inverter by 147%. From a switch
ratings point of view this is not a critical drawback since
semiconductors can easily maintain peak currents higher than
average current ratings.

Because of the low line inductance, interrupt shutdown loops must
be reasonably fast. Since load shorts must pass through two

reactors the rate of rise of current will be

5

(.03/2n60)

= Al _
=—%7 = .022 pu/ps (4.10)

Since good control shutdown loops can react and turn off transistor
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switches within 10us the switch current will be shut down before a
rise of .2pu. Moreover, sophisticated base drives are available
with self-protection features [61] enabling fast shutdown virtually

independent of the series inductance.

4.4.1.2 Unbalanced Load Test

To seriously test the scheme’s ability to handle unbalanced loads the
circuit of figure F14A, loaded with individual leg power factors of 1, .7
lagging and .7 leading has been simulated. Figure F14E .aows two of the three

resulting line-to-line voltages. After spectra examination the results of

table T4.2 were tabulated.

LEG Vrms PHASE

1 1.73 o°
2 1.74 119.6°
3 1.75 240°

Table T4.2 Unbalanced output voltages
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Figure F4.14B Simulated waveforms under unbalanced load conditions

4.4.1.3 Nonlinear Load Application

The equivalent model for load induced current harmonics is shown in
figure F4.15. Since the load is balanced an equivalent 1-¢ model can be
obtained and the harmonics solved from

ZVLOADLLN = ILoaD Xco-XLo X 100 (4.11)

j(NXLO - Xco/N)

The table of expected voltage harmonics generated solely from a 3-¢

nonlinear load are listed in table T4.3.
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N ILOADN VioapLlL

S .175 1.47%
7 .110 1.467
11 .045 1.547%
13 .029 2.05%
17 .015 1.607%
19 0 0.007%
23 .009 0.257%

Table T4.3 Expected voltage harmonics
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Figure F4.1S Equivalent circuit of load induced harmonics

4.4.1.4 1-¢ Nonlinear Load

1-¢ nonlinear loads may draw numerous low order harmonics at various
amplitudes. It is not abnormal to expect a 75% srd harmonic current demand
along with 0Gth and 7th harmonics. The equivalent circuit for a 1-¢ 1007
rectifier load under test is shown in figure F4.16 and the expression solving
the predicted voltage harmonics is given by equation 4.11 with a multiplying
factor of 2/3 accounting for parallel filter components. Figure F4.17 shows,
using equation 4.11, the expected rise in THD of each low order harmonic as a

function of amplitude.
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Figure F4.16 Equivalent circuit of single phase load induced harmonics
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Figure F4.17 THD under adverse load condition

Consequently theoretical results dictate that voltage distortion would be
kept at a minimum despite the application of many unbalanced and/or nonlinear

loads presently existing.

4.4.2 Experimental Results

To verify the effectiveness of the proposed topology design
experimentally, a 3 kVA laboratory MOSFET inverter stage was utilized and
subjected to the various; loads at full rated operating conditions. The load

free circuit contains the components shown in table T4.4.
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VLOADLL 1.73pu 150V

1 rms
ILoab 1.00pu 10.33A

1 rms

ZL 1.00pu 8.42
PourTt 3.00pu 2.7 Kw
Xro .015pu 330 uH
Xco 10. 5pu 30.0 uF
FBASE 1.00pu 60.0 Hz

Table T4.4 Experimental component values

The schematic of figure F4.13A was implemented using these base values
and a balanced resistive load. Figure F4.18A, and F4.18B shows the
line-to-line voltage and line current respectively under these conditions.

Figure F4.18C shows the resulting voltage spectrum.
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Figure F4.18 Waveforms under balanced load conditions
Power I'actor = 1, R = 8.42 Q (L-N)/phase
A) Line to line voltage 100V/div
B) Line curcent 20A/div
C) Spectrum of (A) 27/div 614Hz/div. Dominant is at 55pu freq.

Comparison with simulated predicted results reveals insignificani differences.
The THD measured was 4.47 which is within most industrial standards.

To test under unbalanced load conditions the schematic of figure F4.14A
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was implemented. Figure F4.19 shows the three line~to-line voltages and their
associated spectra. By observation, all spectra have similar THD levels and
are below the required 5% and have a maximum harmonic amplitude of 2.7%.

Further measured line to line load voltage results are shown in table T4.S.

151/0° Vrms
152z 1 180 Vrms

152.1/240.5° Vims

Voltage of Za
Voltage of Zs

Voltage of Zc

Table T4.5 Unbalanced load line to 1line voltages

These waveforms compare favorably with the simulated results shown in Figure
F4.14 and theoretical data of Table T4.2. The results show virtually balanced
voltages which conform with NEMA specifications and computer apparatus

requirements.
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Figure F4.19 Waveforms under unbalanced load conditions
Leg 1-> PF=.7 lag R=17.67 L=48uH
Leg 2-> PF=.7 lead R=17.67 C=147uF
Leg 3-> PF=1 R=25.26
A) Three line to line voltages
B) Spectra of (A). Maximum harmonic = 2.7%

Waveform results wunder full current 3-¢ nonlinear rectifier load
applications are shown in figure F4.20. In particular, figure F4.20A shows the
resulting  line-to-line voltage waveform while figure F4.20C shows it's

associated spectrum. Figure F4.20B shows the harmonic demand of the load or
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output line current spectrum. The harmonics are slightly larger than expected
because of the greater than expected load current harmonics (low smoothing
reactance) and the addition of the small low order inverter injected
harmonics. This resulted in an experimental THD to 5.87 which is still an
improvement over typical mains distortion observed if a 1007%, 3-¢ nonlinear

load is applied.
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Figure F4.20 Waveforms under 3-¢ nonlinear load conditions
Line current = 10.28 A Vioaptr =150V
A) Line to line Voltage 100V/div
B) Spectrum of line current 37/div
C) Spectrum of line to line voltage 3Z/div

The experimental results for a 1-¢ rectifier type load are shown in
figure F4.2]A-D. The inverter is delivering a peak to rms current ratio of 2.5

at 1007 1-¢ rated conditions. In particular figure F4.21A shows the output
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line-to-line voltage while its spectrum is shown in figure F4.21D. The current
demanded by the load is shown in figure F4.21B with its associated spectrum in
figure F4.21C. The low distortion (THD=5.2%) shows that the proposed low
impedance 3-¢ filter can supply l1-¢ computer type loads without a drastic

reduction in voltage waveform quality.

‘.
INTENSITY

Figure F4.21 Waveforms under {-¢ nonlinear load conditions
Line current = 5,9 A VLoanp = 150V
A) Line to line voltage 100V/div
B) Line current delivered to load 5A/div
C) Spectrum of line current 10Z/div
D) Spectrum of line to line voltage 10%/div




4.5 Conclusion

A large number of modern loads requiring clean uninterrupted power are
nonlinear and/or unbalanced. Consequently modern 3-¢ UPS should be designed to
power such loads without serious compromise and without added interfacing.
Results show that typical PWM 4th generation UPS cannot meet these
requirements. This has forced many UPS manufacturers into contingency type
corrective measures to minimize the effects of the problem.

The solution presented in this chapter focused on preventive type
corrective action that substantially reduces the problem at its source. The
adaptive measures outlined allowing the UPS design to meet harsher, modern
loads using a selected PWM technique and special output filter selection.
Based on theoretical and extensive experimental results the low output
impedance 3-¢ UPS presented in this chapter performs well under unbalanced as

well as nonlinear load applications.



- 257 -

5.0 CONCLUSIONS SUMMARY

The last decade has seen the emergence of a rapid expansion of medium
power UPS applications. The main factors leading to the giowth stem from two
sources; the reliability of electric utility energy and the increasing number
of complex loads which are dependent on the reliability of ac power.

Many ac power generating institutions are operating at or approaching
full capacity. Further, future customer demands of power are expected to
substantially increase. Continuous operation at full level rather than a
fraction of full tends to decrease reliability. Utility expansion difficulties
arising as a result of environmental concerns and future use of nuclear
reactors tend to slow down power upgrading required for consumers. Moreover,
by the year 2000, 507 of ac mains loads are expected to be nonlinear. The
unwanted harmonics, heavy neutr2l line currents and associated anomalies
introduced by nonlinear loads is expected to further reduce ac line
reliability. To magnify the problem, the increasing customer dependence on
electric energy is increasing the cost of associated power failures. This is
reflected in studies which show a heavy cost to the average Canadian
institution when a power failure i< encountered.

Two substantial increases in UPS applications have come from newly
developed high technology equipment and optimized manufacturing processes.
Mocern equipment containing microprocessor hardware have branched out to every
area of busincss. The cost of corrupt or lost data to an institution relying
on the equipment is often intolerable. Similarly, in the production facilities
of many businesses, streamlined manufacturing costs has resulted in highly

optimized processes sensitive to ac power availability. The resetting of
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machinery and /or rebooting of software can be time consuming and costly.

The increasing spectrum of applications has tested the suitabjlity of
current, traditional, medium power UPS. The typical "4th Generation UPS”
cannot meet the decreasing size and weight requirements in a number of
downtown locations. The UPS occupies costly excessive floor space and often
cannot be supported by office complexes built without concrete floors. The UPS
cannot maintain output terminal specifications when supplying power to the two
most common nonlinear loads. Further, unbalanced loading creates unbalanced
output voltages which may exceed acceptable tolerances for motors and
computers.

The proposed UPS affectively alleviate these problems. A substantial size
reduction was obtained enabling costly floor space to be reduced. Significant
weight reductions were also achieved allowing not only general floor loading
applications but providing the first step towards the envisioned wall mounted
medium power UPS. The proposed UPS allows full single and three phase diode
bridge nonlinear loading capabilities. Further, fully unbalanced loads
spanning the load power factor spectrum including open phases have been
compensated for to prevent intolerable unbalanced voltages. Moreover, the
proposed UPS design permits output load power factor from .7 leading to .7
lagging. In order not to overburden the ac distribution panel the proposed UPS
maintains input power factor above .9 even as low as 507 loading. This feature
is in anticipation of typical over rating of the UPS (647 Iloading).
Recognizing the increased awareness for system ruggedness, (transients outside
specification tolerances) a new, fully digital controller is wused for the
controlled rectifier stage. Finally, to enhance future design and analysis,
two software rcutines were created. First, the extensive UPS design equations

are combined methodically to form a worst case ratings program which promptly
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returns component ratings and stresses. Secondly, the need for extensive
simulation of PWM based power converters lead to the fabrication of a
simulation program specially tailored to power electronic circuits.

To address UPS size and weight a new topology was presented. After
harmonic analysis a fully controlled, MOSFET, PWM rectifier/battery charger
stage was proposed. In order to obtain maximum benefits from the rectifier, a
number of high performance PWM techniques both carrier and programmed were
evaluated and compared. The evaluation criteria included many figures of merit
such as; output spectrum quality, input spectrum quiality, input capacitor
ripple current, bridge gain, and implementation difficulties. The PWM scheme
that proved most compatible for the charger was the MSPWM technique. The PWM
technique allows the minimization of input and output filter components. Worst
case component ratings for the rectifier were evaluated using derived design
equations. The extensive equations are formulated with methodology compatible
to computer processing using optimization routines. The derivations, based on
harmonic analysis yielded required switch ratings and filter values. The input
power factor of greater than 907 at 507 loading under the worst case line and
battery conditions for the prescribed PWM was used to solve the input filter
components. The validity of the equations and PWM effectiveness were checked
with a simulation program for various rectifier conditions.

The largest weight and size reductions are obtained via the proposed HF
link stage. This intermediate stage successfully eliminated the bulky output
low frequency transformer, replacing it with a 2 kg high frequency version.
Since the application of a HF link stage in UPS is relatively new several
promising topologies were evaluated yielding the most suitable for
implementation with modern components. A per unit component value and stress

table revealed the full bridge operating at super sonic frequencies to be the
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most suitable. Rather than simulation to verify design equations, full
experimental data from a 10kW laboratory prototype complete with current mode
control were obtained. Results show complete agreement.

Further size and weight gains were obtained with the proposed,
transformer free inverter stage. By once again comparing selected carrier and
programmed PWM techniques as in the controlled rectifier stage, the most
compatible PWM technique was selected. Under balanced, linear load conditions
with regulated input SHE provided the best quality terminal waveforms leading
to the smallest possible filter. Based on the load power factor range of .7
leading to .7 lagging, extensive design equations were detailed. A worst case
ratings program based on the formulated equations yielded all component values
and stresses. As in the controlled rectifier evaluation, the inverter stage
was simulated under various conditions to prove the generalized worst case
ratings program results. Further to verify the design methodology and
simulation results, an experimental 10kVA prototype inverter stage was
implemented. The experimental results showed complete agreement with both the
simulated results and the worst case ratings harmonic analysis results.

Harsh loading conditions such as nonlinear and unbalanced loads are
alleviated by design strategies particular to the proposed UPS inverter stage.
Evaluating several existing alternatives such as harmonic traps, revealed that
only partial solutions could be obtained. The proposed solution commences by
reducing the impedance of the output filter inductor. The inverter then
approaches an ideal source with only minor unbalancing of the output voltages
even under extremely unbalanced loading conditions. To compensate the
substantial rise in THD when the filter reactor is reduced, a new PWM
technique is introduced that effectively maintains the switching frequency

low, yet spreads the deadband between the fundamental output and first family
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of harmonics by 1707%.

Delivery of power while maintaining output waveform specifications under
nonlinear loads is achieved by strategic filter pole placement. By placing the
pole at 15.3 pu the inverter delivers the low order, large amplitude current
harmonics. The filter experiences little load induced harmonic voltages thus
maintaining low load THD even under 1007 nonlinear loads of three phase or
single phase.

To confirm the new PWM technique and filter selection strategies,
extensive simulation and experimental data were obtained. The results
confirmed the design and derivations.

The large number of mathematical computations undergone to yield suitable
components for any stage of the UPS, left a large exposure to error. To
increase design specd and reliability, the design equations for the UPS
inverter stage were combined in a software package. Based on PWM and output
load power factor variation, worst case component ratings and stresses are
evaluated rapidly and without error. After worst case ratings are solved,
actual component values are solved based on user input data of processed
power. Moreover operating point waveforms and component stresses are solved at
a user selected load power factor. The program is not only a general design
tool, but can be used as an analysis and evaluation tool for PWM techniques.
The standardization of component ratings can effectively reduce first cut
design time as well as increase reliability.

For power electronics circuits, simulation has always been a relatively
tedious and time consuming process. So much so that for PWM inverters with a
large number of pulses per period, simulation was often neglected. Moreover,
commonly used simulation programs often require over night computation time

which is not practical. With three individual, active power processing stages
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in the proposed UPS a simulation program dedicated to power electronic
circuits with PWM was developed to substantially reduce simulation time. The
mathematic tool of computation is state space analysis. Further, capacitor
loops and inductor cut sets which are common in three phase converter filters
present no computational handicaps. The extensive use of the simulation
routine provided an internal look at converter waveforms. Moreover, the
program can be used not only as a first cut towards design, but as a teaching

aid as well.

5.1 Further Work

Each stage of the UPS was designed relatively independently with separate
filtering and control. It is however envisioned that with synchronized gating
of the HF link and inverter stages, and a strategic PWM approach, the
intermediate filtering stage may be substantially reduced or even eiiminated.
Further work could be done to investigate this concept.

By increasing rectifier complexity it 1is possible to merge the high
frequency link with the rectifier stage. The result envisioned is a 3¢ to l¢
high frequency cycio conversion stage that when rectified would not only
provide dc battery voltage but light weight, high frequency isolation as well.
The inverter would also need modification since its input would no longer be
regulated. The result would reduce the two stage losses to single stage losses

during ac failure ultimately reducing reserve battery requirements.
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760 Inter (18)=360-Inter (4)

770 Inter (19)=360-Inter(3)

780 Inter (20)=360-Inter(2)

790 Inter (21)=360~1Inter(1)

800 Inter (22)=3€0

810 QIO Start

820 Pesc87 o pam: !

830 Argles=11

840 Intersact iono=46

850 Inter(l)=3.01482

860 Inter(2)=6,.628317

870 Irnter (3)=9.04997

880 Inter (4)=13.24088

890 Inter(5)=15.101288
900 Iiter(6)=19.82383

910 Inter(7)=21.17835

920 Inter(B8)=26.36674

930 Inter (9)=27.28896

940 Inter (10)=32.8635

950 Inter(11)~33.4385

960 Inter(12)=180-Irnter(11)
90 Inter(13)=180~1rter(10)
980 Inter(14)=180-1rter(9)
990 Inter (15) =180-1rttexr (8)
1000 Inter(16)=180~Inter (7)
1010 Inter(17)=180-1rter (6)
1020 Inter (18) =180-Intar (5)
1030 Inter (19)=180-Irter (4)
1040 Intexr (20) »180-Irter ()
1050 Inter(21)=180-Irter(2)
1060 Intex (22)=180-1nter (1)
1070 Intex (23) =180
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Inter(24)=180+Inkter (1)
Inter(25)=180+Inter(2)
Inter (26)=180+Inter(3)
Imtex (27)=180+Intex (4)
Irter(28)=180+Inter (S)
Inter(29)=180+Inter (6)
Inter (30)=180+Inter (7)
Inter(31)=180+Intex (8)
Inter(32)=180+Inter(9)
Inter (33)=180+Inter(10)
Inter(34)=180+Inter(11)
Inter(35)=360-Inter(11)
Inter(36)=360-Inter (10)
Inter (37)=360~Inter(9)
Inter(38)=360-Inter(8)
Inter(39)=360-Irntexr(7)
Inter (40)=360-Inter (6)
Inter (41)=360~Irter (5)
Irter(42)=360-Irnter(4)
Inter(43)=360-Inter(3)
Inter(44)=360-Inter (2)
Inter(45)=360-Inter(1)
Inter(46)=360

QJT0 Start

Argles=10
Intersections=42
Inter(1)=5.4931
Inter(2)=9.5486
Inter(3)=16.6065
Inter(4)=19.3359
Inter(5)=27.7902
Inter(6)=29.3928
Irter(7)=39.0637
Inter(8)=39.8068
Inter(9)=50.8458
Inter(10)=51.0535
Irter (11)=180-Inter (10)
Inter(12)=180-Inter(9)
Inter(13)=180-Inter(8)
Inter(i4)=180-Inter(7)
Inter (15)=180-Inter(6)
Inter(16)=180-Inter (5)
Inter (17)=180-Intex(4)
Inter (18)=180-Inter(3)
Inter (19)=180-Inter(2)
Inter(20)=180-Inter(1)
Inter(21)=180
Inter(22)=180+Intexr(l)
Inter (23)=180+Inter(2)
Inter (24)=180+Intex (3)
Inter (25)=180+Inter (4)
Inter (26)=180+Intex (5)
Inter(27)=180+Inter (6)
Inter (28)=180+Inter(7)
Inter (29)=180+Inter(8)
Inter (30)=180+Inter (9)
Inter (31)=180+Inter (10)

e TR TR SR e
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1660 Inter (32)=360~Inter (10)

1670 Inter(33)=360-Inter (9)

1680 Inter(34)=360~Inter (8)

1690 Inter (35)=360-Irntexr(7)

1700 Inter(35)=360-Irker (6)

1710 Inter (37)=360-Inter (5)

1720 Inter(38)=360-Inter(4)

1730 Inter (39)=360~Intexr (3)

1740 Inter (40)=360~Irter(2)

1750 Inter(41)=360-Inter(1)

1760 Inter(42)=360

1770 GQOTO Start

1780 Staxt: !

1790 FRINT GRS (12)

1800 PRINT "Salvirng the System Fer Unit ratings"

1810 FRINT " ——PLEASE WAI——"

1820 CFF KEY

1830 !

18490 !WM”WWW’W

1850 ! triviciricicriirk TNVERTER STAGE edeidreirdeirkiie i iironkeoded

1870 !

1880 !

1850 ! INVERIER TRANSFER FUNCTION LINE TO NEUIRAL

1900!

1910 !

1920 KR N=1 TO 100 STEP 2 ! USING RKORIER SERTES

1930 IF N MD (3)=0 THEN GOIO 2000 ! TO SOLVE HARMTNIC

1940 D=0 ! OMFRQENTS

1950 KR K=1 TO

1960 Durtmy-Oummy+ (~1) “KeQos (NvInker (K) )

1970 NEXT K

1980 Har (N) = (Dumrm*2+1) %4 /PI/N/2

1990 ! PRINT N,Har (N) ,ABS (Har (N) /Har (1) ) #100

2000 NEXT N

2010 !

2020 ! INVERTER LINE TO NEUTRAL SWITCHING FUNCTICN (TIMEDQMAIN)
1

o0 !

2050 K=1

2060 J=1

2070 KR I=1 TO 360

2080 IF Inter(K)<I THEN

2090 IF J=1 THEN

2100 J=O

2110 >3

2120 Ju]

2130 IND IF

2140 Kt 1

2150 BND IF

2160 Sl (1)=J

2170 NEXT I

2180 !

2190 ! FINDING ‘THE QUTYUT FILTER BREAK FREQUENCY

2200 gmmmmnum

210 !

220 ! UER RESISTIVE 10AD CCNOITIONS OF 1RU

230 ! DOMINANT IS REDLXED TO 2% BY PROPERLY PLACTNG WN



!

Wn=100 ! STEP THROUGH ALL
FCR N=5 TO 100 STEP 2 ! HARMONICS TO FIND
IF N MD (3)=0 THEN QOTO 2320 ! DCMINANT HARMONIC

IF ABS(Har(N)/Har(1))<.02 THEN QUTO 2320
Durmmy=dt* (ABS (Har' (1) ) *,020/ABS (Har (N) ) ) ~.5
IF Dummydin THEN Wn=Dumy

IRINT N,Wn

r'&xr N

! FIITER IMPEIENCES

Xoo=R*, 70740 ! INDSTRIAL TYPICAILY ACCEPTED DAMPING
Xlo=0+,707/Wn ! FACTCR IS .707

Xoo=1

Xlo=.1

!
! SOWING WRST CASE SWITCH RATINGS

1 dededoke wdrdreieicioiriedeicicicickdrieioioioicicicodeieeiedede drdricieiededeirkoiiodede dekedricdriedrie ke

:vmsrossz IS WHEN INVERTER CUTFUT LINE VOLTAGE IS IN FHASE WITH THE
! OUTRUT GIRRENT. USING THE FILTER (CMRONENIS ALRFADY SOIVED WE USE

THE SECANT TTERATIVE WETHOD TO SCIVE KR THE IOAD CONOITIONS

! WHERE IAUT AND WUT ARE IN FHASE

Qurnt=0

Al=.5 | TNITIAL FOWER FACTCR QUIESS
A2=1
RI=A1

D IF

Xcl=R(1-R1~2)

IF Imixctive=1 TN Xcl=-Xcl
AR1*X00 2/ (R 2+ (=Xc1-X00) ~2)
B=X10~ (XCOAR1A2+X00* (~Xcl ) * (=Xl =X00) ) / (R1A 2+ (-Xc1~Xco) *2)
Sall=ATN(B/A)

IF A<O THEN Sall=Saol1+180
RI=A2

IF A2>1 THEN

Rl=1

A2=1

BD IF

IF A2<0 THEN

A2=0

R1=0

IND IF

Xc1=SQR(1-R1~2)

IF Inductive=] THIN Xcl=-Xcl
ARI*X0"2/ (R172+ (~Xc1-X00) A2)
B=X10~ (XCO*R1A24X00* (=XCl ) * (-Xc1-X00) ) / (RL" 2+ -Xc1=Xo0) ~2)
Sal2=AIN(B/A)

IF A<O THEN Sal2=5012+180
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2820 Sal=A2-(Sal2#(A2-A1) / (Scl2-5all) )

2830 IF ABS(Sol3-A2)<.0001 THEN QUTO Solvedl

2840 Al=A2

2850 A2=S0l3

2860 IF Qant>200 THEN

2870 Count=0

2880 Imdictive=]

2890 END IF

2900 QIO 2510

210 !

2920 Salvedl: ! SOIUTION TO RL IS GIVEN IN Sal3

2930 !

2940 !

2950 Rl=Sol3

2960 IF Snl3<.7 THEN Rl=.7

2970 XCl=aCR(1-R12)

2980 X11=0

2990 IF Imixtivesl THEN

3000 Xcl=0

3010 X11=-6R(1-R12)

3020 END IF

3030 Rl_tapRl . RR USE IATER (KVA RATINGS)

3040 !

3050 ! SINCE THE QUTRUT VOLTAGE CF A UFS IS FDED AT 1, THE DC BS
3060 ! VOLIAGE MIST EE ADJUSTED TC THE GAIN (F THE PM SCHEME AT THE
3070 ! SOUVED IOAD ONITTIONS. THIS

3080 ! IN TURN GIVES THE QORECT pu GURRENT RATINGS CF THE [EVICES
3090 ! UNCER OONSITERATION.

3100 !

3110 ! ADJUSTING THE DC HIS VOLTAGE LEVEL AND THE HARMONICS

3120 ! TO CGBIAIN 1 U QUTRUT VALIAGE FEAK

3130 !

3140 N=1

3150 A (1N 20Xl o/ Yoo X1 or (N* X2 1-XC1/N) / (R 2+ (N*XL1 =XCI/N) *2) )
3160 B (N*X104R1/ (R1” 2+ (N*X11~-Xc1/N) “2) )

3170 M(@(A‘WZ)/HM(I))

3180 Ddas temp-{chus ! FR LATER USE ORING HF LINK CALQULATIONG
3190 FCR N=1 TO 100 STEP 2 ! USING THE DC BJS AND LOAD QONDITIONS
3200 Vaut (N) =Har (N) *Dtaus ! ADJUST THE INVERTER QUTYUT VALIRGE
3210 NEXT N ! HARMONICS

3220 !

3230 ! INVERTER QUTHUT LINE QURRENT

3240 !

3250 !

3260 FOR N=1 TO 100 STEP 2

3270 IF N MD (3)=0 THEN GOTO 3330 ! HRMONIC (OMRMENTS
3280 MR 2/N* 2/ (R17 2+ (N#X11 -Xcl /N-Xo/N) *2)

3290 BeN*X10~ (XOoAR1* 2/N+Xoo/N* (NO X1 1-XC1 /N) * (N* XD 1-Xc] /N-Xao/N) ) / (R1* 2+ (N
*X11-Xcl /N-Xo/N) “ 2)

3300 Iausteg (W) =Vout (N) /SR(A 2487 2)

3310 Iartghase (N) =XIN(B/A)

3320 IF A<O THEN Ioutphase (N)=Iastgphase(N)+180

3330 NEXT N

3340 !

3350 ! FINOING THE INVERTER QUTFUT OURRENT IN THE TIME DXMAIN FROM THE
3360 ! SM OF TTS HARMNICS.

3370 !

3380 KR Wb=1 TO 360 ST¥EP 1
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Dummy=0
FOR N-1 TO 100 STEP 2
IF N MDD (3)=0 THEN GUID 3430

wmmmmwﬂmmasem))

Tout (We)=Dummy
NEXT Wt

SWITCH QURRENT AND RATINGS

MILITPYING THE LINE CURRENT BY THE SWITCHING FUNCTTCON IN TIME DCMAIN)

Dumy=0

RR Wt=1 TO 360 STEP 1

IF (Iait(Wt)>0) AND Swl(Wt)>0 THEN
Durmy=Durmy+ Sl (We) *Iout (Wt)

_gég
8

%
;g

AT THE INFUT OCCURS WHEN THE IOAD

IS MAXIMM 1EAD THERERCRE INFUT ORRENT IS FIRST SODVED
USING A IOAD OF .7 LEADING AND THE QUTHUT FIITER
[CESTGNED FARLIER

THIS GIVES US THE WIRST CASE KR THE CAFRCTTOR

_é_h“_m,_“____.
;

R1=.7
X11=0
)'&:lﬂR(l-Rl"Z)

! ADJUSTING THE DC BUS VOLTAGE 1EVEL AND THE HARMINICS

| 'TO CHIRIN 1 R QUIFUI VOLTRGE PEAK

N=1

A=(1-N"2*X1.0/XcoHM X1 o% (N#X11-Xc1/N) / (RL2+ (NAXL1-XC1 /N) ~2) )
B=(N#X10*R1,/ (RL"2+ (N4X11-Xc1/N) ~2) )
Ddumas(sm(mwz)/mrm))

Dobus lead=Dchus ! KR USE [URING ‘THE HF LINK RIUTTNE

FOR N1 TO 100 STEP 2
Vaut: (N) =Har (N) *Dcus
NEXT N

INVERTYR QUTFUT LINE QURRENT

o pem pem Sum

FOR N=1 TO 100 STEP 2

IF N MD (3)=0 THEN Q0TO 3990

ARI00M2/NA2/ (R1A2+ (WXL -XcL /N-Xco/N) *2)

B=NWX10~ (XoO*R1A2/N+X00/N# (N X1 1-XC1/N) # (N XL 1-Xc1/N-Xoo/N) ) / (RLA2+ (N

*m-xm,m—xmm) A2)
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3960 Tautmag (N)=Vaut (N) /SR (A 2+ 2)

3970 Toutphase (N)=-AIN (B/A)

3980 IF A<O THEN Iautphase(N)=Iartgphase(N)+180

3990 NEXT N

4000 !

4010 ! SOIVING THE INFUT QURRENT SPECTRM

4020 !

4030 !

4040 FOR N=1 TO 100 STEP 2 ! QUTEUT LINE QIRRENT HARMINICS
4050 FR K1 TO 100 STEP 2 ! INVERIER IN VOLTAGE SWITCHING FUNCTION
4060 !

4070 IF (WK)=0 THEN

% Dc m > input-+Q0S (Tautphase (N) ) *Iautmag (N) #ar (K) /2
4100 BD I'F

4110 !

4120 IF ((WK)<0) AD ((NK) MD (6)=0) THEN

4130 Qos (ABS (N-K) ) =osil (ABS (N-K) ) +006 (Tautphase (N ) *Har (K) *Ioutmag (N) /2
4140 slru(AEs(N—x))=sm(A£s(N—}Q)+sm(Immnse(N))ﬂiaraq*mmmm/2
4150 QOTO 4220

4160 B]D IF

4170 !

4180 IF ((NMKQ>0) AND ((MK) MDD (6)=0) THEN

4190 Qosl (N-K) =Qus1 (N-K) +005 (Iautphase (N) ) *Har (K) *Ioutmag (N) /2
4200 Snﬂ(N—l()aSml(N—!Q-SIN(Iaxt;inse(N))*ﬂar(}o*Imnm(N)/z
4210

4220 IF((NHQMD(G)uO)ND(M()GS) THEN

4230 Qoal (MK) =Qosl (MK) -005 (Iautphase (N) ) #Har (K) *Ioutmag (N) /2
4240 Sinl (MK) =61inl (MK) +SIN (Iartphase (N) ) #Har (K) *Ioutmag (N) /2
4250 RO IF

4260 NEXT K

4270 NEXT N

4280 Salved2: !

4290 FOR I=6 TO 100 ST¥P 6

4300 Iin(I)=9R(Cel (I)*2+5in1 (I)*2)*3 ! CALOULATION CF
4310 NEXT 1 ! HARMONICS
4320 Dc_irmprt=0c_input+3

4330 !

4340 ! THE SECANT METHOD IS USED AS A LINEAR SEARCH TEXHNIQUE (2 TIMES)
4350 ! IN GROER TO FIND THE INFUT FIIIER CCMFCNENTS

4360 ! INRUT VOLTAGE THD IS LIMITD TO 5%

4370 ! INFUT CURRENT THD IS LIMITED TO 10%

4380 !

4390 !

4400 Aline.1

4410 A2in=.2

4420 Al=Alin

4430 A2=A2in

4440 N ERKCR QIO 4590

4450 Duamy=0Q

4460 Durmy1=0

4470 FCR N=6 TO 100 STXP 6

4480 Dummp=Durma+ (Iin(N) / (1-N72#A1) ) “ 2

4490 Durmmy 1=0uemyd +(Iin(N) / (11 24A2) ) ~2

4500 NEXT N

4510 Sal1=100*SCR (Dumy) /Dc_input-10

4520 SQl2=100*3R (Dummyl) /Ic_irput-10

4530 SalI=A2-(Sol2* (A2-Al)/(5012-6al1) )
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4550 IF ABS(Sol3-A2)<.00001 THEN GOTO Solution3

4560 Al=A2

4570 A2=5013

4580 GOTO 445)

4590 0

4600 A2ireA2in/10

4610 GOTO 4420

4620 Salution3: |

4630 OFF ERRCR

4640 Xf=5al3

4650 IF Xf<0 THEN GOTO 4590

4660 !

4670 Al=1

4680 A2=5

4690 Dammy=0

4700 Dummy1=0

4710 KR N=6 TO 100 SIEP 6

4720 Dummy=Dummyr+- ( Tin (N) $N*A1AXE/ (1-NA24XEF) ) A2

4730 Durmy2=Durmmyd+ (Tin(N) #HA2RXE/ (1 24XF) ) A2

4740 NEXT N

4750 S011=100*R (D) /Dus~5

4760 So12=100*S3R (D) /Deaus-5

4770 Sol3=A2-(S0l2* (A2-Al) / (Sol2~-5all) ) .

4780 IF ABS(Sol3-A2)<.00001 THEN GOTO Solutiond

4790 A=A

4800 A2=5013

4810 0TO 4690

4820 Solutiom: !

4830 Xl tap=Sol3 ! TEMFORARY STORAGE OF THE INFUT FIITER
4840 ! CAPACTTCR

4860 !

4870 !

4880 !

4890 !

4900 ! 20D BASS

4910 !

4920 ! WRST CASE CNDITTONS FOR THE INPUT FIITER INDUCICR
4930 !  micro hary size

4940 ! OXIRS AT A IAGING IOAD FOWER FACTOR OF .7
4950 ! USING THE OUTRUT FIITER DESTIGNED EARLIER

4960 ! THIS GIVES US THE WRST (ASE KR THE iNDUCIUR
4970 !

4980 !

4990 Ri=.7

5000 Xc1=0

5010 XU1=SqR(1-R1~2)

5020 !

5030 ! ADJUSTING THE IC BUS VOITAGE IEVEL AND THE HARMINICS
5040 ! TO CBIAIN 1 FU QUTHUT EIAGE PEAK

5050 !

5060 N=1

5070 A= (1N 2%X1a/XooH KL ot (N*X11-XCL /N) / (R1A24+ (NAX11-Xc1 /N) ~2) )
5080 B=(N*X10*Rl/ (R1"2+(N*X11-Xc1/N) ~2) )

5090 Dobus=ARS (SR (A 2+B*2) /Har (N) )

5100 Ddos lag=Ddous | FOR USE IATER DURING HF LINK ROUTINE
5110 FR N=1 TO 100 STEP 2

5120 Vaut (N) =Har (N) *Dcbus

5130 NEXT N
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INVERTER QUIHUT LINE QURRENT

:

5160
5170 !

5180 R N=1 TO 100 STEP 2

5190 IF N MD (3)=0 THEN QOIO 5250

5200 AR 2/ (R1*2+ (N*X11~-Xcl /N-Xoo/N) 2 2)
5210 wmoﬁmﬁzmm/m (N*X11-Xc1 /N) * (N X11-Xc1/N-Xo/N) ) / (R~ 2+ (N
*m-)hl/N-}h:/N) ~2)
Toutmag (N) =Vout (N) /SR(A2+B2)
5230 Taatphase (N)=-ATIN(B/A)
5240 IF A<0 THEN Iouiphase (N)=Iautphase(N)+180

5250 NEXT N
5260 !

5270 ! SOIVING THE INFUT CLRRENT SPECTRM

5280 !

5290 !

5300 MAT Cosl: (0) ! RESET ALL ARRAYS

5310 MAT Sinl= (0)

5320 Dc_imut=0

5330 !

5340 FOR N=1 TO 100 STEP 2 ! CUTFUT LINE CURRENT HARMINICS
5350 FR K=1 TO 100 STEP 2 ! INVERIER IN VIIAGE SWITCHING FUNCTION
5360 !

5370 IF (N-K)=0 THEN

5380 Dc_irput=Dc_ irput+(0s (Tautphase (N) ) *Toutmag (N) *Har (K) /2
5390 G0TO 5520
5400 ?D IF

5420 IF ((WK)<0) AND ((N-K) MDD (6)=0) THEN
5430 Qos1(ABS (N-K) ) =(oel {ABS (N-K) ) <008 (Tautphase (N) ) #Har (K) *Ioutmeg (N) /2
5440 Sin1 (ABS (N-K) )=Sinl (ABS (N—K) ) +SIN (Tautphase (N) ) #Har (K) *Ioutmag (N) /2
5450 QOTO 55~
5460 BD IF

|

5480 IF ((WK)>0) AND ((NK) MD (6)=0) THIN

5490 Qs (NK) =Cos1 (N-K) +Q08 ( Tautphase (N) ) #Har (K) *Tautmag (N) /2
5500 Sinl (N-K)=Sin1 (N-X) ~SIN (Toutphase (N) ) #ar (K) *Toutmag (1) /2
5510 BD IF

5520 IF ((MK) MD (6)=0) AND ((N+K)<55) THEN

5530 Qs (MK)=Cos1 (N+K) -005 (Tautphase (N) ) #Har (K) *Ioutmag (N) /2
5540 %%ummﬁmmﬁoﬁmaammm)mm*mmm/z

5560 NEXT K
8570 NEXT N
5580 Salved7: !
5590 Dummy=0
5600 R I=6 TO 100 SIXP 6
5610 Lin (I)=SQR(Qosl (I) ~2+5inl (I) ~2) *3
5620 Dummy=Dummy+Iin (I)
5630 NEXT I
5640 ' Dc_irput=Dc_irmput*3
5650 !
5660 ! THE SBCANT METHOD IS USED AS A LINEAR SEARCH THHNIQE (2 TIMES)
5670 ! IN GRER TO FIND THE INFUT FIITER QCMRCNENIS
5680 ! INFUT VOLTAGE THD IS LIMITD TO 5.0%
5690 ! INFUT QURRENT THD IS LIMITED TO 10.0%
I

5700
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{

5720 Alin=.1

5730 A2ire=.2

5740 Al=Alin

5750 A2=A2in

5760

5770 Dumy1=0

5780 N BRRCR GOTO 5900

5790 KR N=6 TO 100 ST¥P 6

5800 Dummy=Damy+ (Tin(N) / (1-NA2#A1) ) A2

5810 Dummy1=Damwr+(Iin(N) / (1-N2*A2) ) A2

5820 NEXT N

5830 Sal1=100+SgR(Dumy) /Dc._input=10.0

5840 Sal2=100*QR (Dumy1) /IC_input=10.0

5850 Sal3=A2-(Sol2* (A2-Al)/ (Sol2-Sall) ) ,

5860 IF ABS(Sol3~-A2)<.000001 THEN GUIO Salutionb
5870 Al=A2

5880 A2=8al3

5890 GJIO 5760

5900 Alin=Alin/10

5910 22in=A2in/10

5920 G010 5740

5930 Salutiors: !

5940 CF BRRCR

5950 Xf=5013

5960 IF Xf<0. THEN QOTO 5900

5961 QIO Salutions

5970 !

5880 Al=1

5990 A2=5

6000

6010 Dumy1=0

6020 KR N=6 TO 100 STEP 6

6030 Dummy=Dmm+ (Tin (N) MNHATAXE/ (1-NA24XE) ) A2
6040 Durmmy1=Damy2+(Iin (N) MN#A2#XE/ (1-NA2#XE) ) A2
6050 NEXT N

6060 Sal1=100+SR (Dumy) /Dds—5.0

6070 Sal2=100*SgR (Dummy1) /Ddous-5. 0

6080 Sal3=A2-(Sol2* (A2-Al) / (Sol2-5all))

6090 IF ARS(Sal3-A2)<.00001 THEN QOIO

6100 Al=R2

6110 A2=58013

6120 GOIO 6000

6130 Salutions: !

6140 Xli=Xf*Xci temp ! INFUT FILIER SIZE
6150 Xci=Xci termp

6160 !

6170 !

6180 ! SODVING THE CAPRCTICR KVA
6190

6200 !

6210 ! THE WORST CASE RIFPIE CURRENT FOR THE CAPACTTCR IS WHEN IQAD IS .7 IAG
6220 ! ASSIME XCI [ELIVERS ALL INVERIER RIFFPIE QURRENT
6230 ! THE WORST CASE VOITAGE RIPPIE ACROSS THE INDUCTCR IS FROOUCED BY THE
6240 ! WRST CASE QURRENT RIPPIE THROUGH THE CAPACTICOR. IT IS CAICULATYD BY
6250 ! THE CAPACTICR IMPEIENCE * CAPACTTCR WORST CASE CURRENT RIPFIE
660 !

Dummy=0
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=0

FCR N=6 TO 54 STEP 6
Dumy=Durmny+ (Tin(N) /53R (2) ) 2
Dmrl=Dm11+(Dn(N) ol tempyN/SR(2) ) ~2

NEXT N
Xci 1rms=80R (Dummy)
XLivims=SCR (Dummy’1)
)!(cnvms#xtxs

R1-Rl temp

X11=0

Xc1=5R(1-R1*2)

IF Indxtive=l THEN

¥cl=0
X11=SCR(1-R1~2)
BD IF

N=1

A=(1W2%X1 o/ XooHX1 ot (N#X11-Xc1 /N) / (R1A24+ (N*¥X11 =X /N) ~2) )
B=(N*X1o*Rl/ (R1"2+ (N*X11-Xc1/N) ~2) )

Daous=ABS (SKR(A24B~2) /Har (N) )

Preal terpRl tempk.5%3

1
!
: FINDING THE DC BUS VOLIAGE SWING
dedededdekdrdcdodedeidok doicdokodedodok doiedededede Aok dekdededededeke dokcdeodedekedok
Rl...
X11=.714
Xcl=0
N=1
A=(1-N2*X1o/XooH*X1 o (N*Xll-Xcl/N) / (R1A2+ (NAX11-XC1/N) ~2) )
B=(N*X1o*R1/ (R1*2+(N*X11~-Xc1/N) ~2
g?_x?mc—m (SR(A2+B*2) /Har (N) )
X11=0
})ﬁ.}a 714
A=(1-N2*Xlo/XooNa X1 o* (NAX11-XC1/N) / (R1A2+ (N*X11-X=1/N) ~2) )
B=(N*X10*Rl/ (R1"2+ (N*X11-Xc1/N) ~2) )
Ddsmir=ARS (SQR(A2+B*2) /Har (N) )

QUIAUT FILTER
(WORST CASE RR CAPACTTCR IS AT IOAD FOWER FACTCR .7 1AG)

(WORST CASE KR INDUCTCR IS AT IOAD FOWER FACIKR .7 LEAD)
srisdedciriedoiedoiedededeie oo Arieiicoededeeiedolooeiedeie il fedeeiodoodoedededok okt ook dok dok

QUIRUT FIITER CAPACTICR

Geom pom pem Sum Pun Bem Guw Sum P

m=l7
X11=5CR(1-R1"2)
Xcl=0

FCR N=1 TO 100 STEP 2

IF N MDD 3=0 THEN GOTO 6860

A=(1-N2*X1o/XootX 1 o* (N*Xll-)lal,/N) / (RLA24+ (N&XA1-Xc=1 /N)A2) )
B=(N*X10*R]/ (R1*2+(N*X11~Xc1/N) *2) )

Vlcad (N) =Har (N) *Dobusamax/SQR (A 248 2)
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6860 NEXT N

6870 !

6880 Dummy=0

6890 Dummy1=0

6900 FR N1 TO 100 STEP 2

€910 IFNMD(3)=0’BE¢G!IO?9;K)J2

6920 Dunmy=Dumy+(Vicad (N) /SQR(2) )

6930 Durmy1=Dummy’l +(Vicad (N) #N/Xoo/SR(2) ) 42
6340 NEXT N

6950 Xoovms=SCR (Dumy)

6960 )@W(D.myl)

6570 NovaEXooinme¥Xoovims

6980 !

6990 i QUTFUT FIITER INDUCTCR
7000 !

7010 {

7020 !  WERST CASE KR WIIAGE IS WHEN IOAD PP=.7 LAGGING
7030 X1=0

7040 R1=.7

7050 X11=8R(1~-R1"2)

7060 FOR N=1 TO 100 ST¥P 2

7070 IF N M0 (3)=0 THEN QOIO 7110

7080 AR1*%002/NA2/ (RLA2+ (X111 -Xcl /N-Xco,/N) ~2)

7090 B XLo~ (XOOHRLA2/N X0/ N (NAXL1-XcL/N) * (WXL 1-Xel /N-Xoo/N) ) / (RLA2+ (N

*X11-Xcl /N-¥0/N) ~2)

7100 Toutmag (N) =Dobusmax*Har (N) /SQR (A 2+8°2)
7110 NEXT N

7120 !

7130 Dumy1=0

7140 FOR N=1 TO 100 STEP 2

7150 IF N MD (3)=0 ™EN GJIO 7170

7160 Duramy=Dammy-+(Toutmmag (N) *#N+X10/SQR (2) ) A2
7170 NEXT N

7’& )'ﬂmm(nml)

7200 ! WRST CASE KR CURRENT IS WHEN PF=.7 IEADING
7210 !

7220 X11=0

7230 Ri=.7

7240 Xc1=8R(1-R172)

7250 FIR N=1 T0 100 STEP 2

7260 IF N MDD (3)=0 THEN GOTO 7300

7270 ARIA00"2/N~2/ (RL*2+ (N#X11-Xc1 /N-Xoo/N) A2)

B-N*X10~ (XoO*R1 A2/ NEXC0,/N# (NAXT 1-XC1/N) * (NAXL1-Xcl/N-Xco/N) ) / (RLA2+H(N

*m-m,m-mo/m ~2)

7300 IGMBQ(N)W(N)/SG?(NHB‘Z)

7310 !

7320 D=0

7330 Dumy1=0

7340 KR N-1 TO 100 SIEP 2

7350 IF N MD (3)=0 THEN QOIO 7370

7360 Dammy=Dormy+ (Toutmag (N) /SR (2) ) 2

7370 NEXT N

7380 Xloirms=SCR (Dumy)

7390 XlovarXloirms*Xlovrms

7400 D iededededokidcciciedoiceicidoiicdedededokoicilod dedciciciceiekded detolok dededede ek deicieke-deke-Jeke
7410 1 dedededeiciiciickdeieicicoiicedededoiock dkodedeiok Aok ok koo i doke dokdokdekdededok




7420
7430
7440
7450
7460
7470
7480
7490
7500
7510
7520
7530

PRINT "DC BS VOUTAGE SWINGS FROM" ; FROOND (Ddbusmin, -2) :%pu TO " ; PRON

D(Dcbustrest, -2) ;*pa”

7540
7550
7560
7570

PRINT "AVERAGE SWITCH CURRENT=*'; PROND(Iswave,=3) ;"pu'

PRINT

PRINT "INFUT FIITER "

PRINT "IND="; BROOND(X11,-3) ;"pu", "' Inms="";FROND(Xliimms,-3) ;"pu"," V

rns";mmmivms,ﬁ) Faly e bl

7580

"@E&llo mm _3) ."p.l" " Imsﬁl-mmm _3) ."pJ" " V

nms="; FROUND (¥civrses, -3) ; *pu

7590
7600
7610

rR2g
IKINT "QUIRUT FIITER"
FRINT "IND="; FROND(X1o,-3) ;"pu"," Inms="';IR0ND (Xloimms, -3) ;"pu"," V

ms="; FROND (Xiovns, -3) ; *pa”

7620

FRINT *"CR="; FROUND (%o, =3) § "pu, " Trms=*'; FROUND (cirms, 3) ; "pu, ' v

ms="; Humommms =3) : 'p”

Gm pm G G b S G

IFFla;=1'IH'N®I09860
| dededrdciekdededodededokdodededok doiciokdokdok Aok ok dodedoicdok dokdoke dededededok dekdckedeok ek
!  HIH FREQUBNCY LINK STAGE WRST CASE FU CALCUIATICNS
lien
!
!

High freq=20000 !SWITOHING FREQUENCY OF HIGH FREQUENCY INVERTER
Tran ratio=1 ! TRANSFURMER RATIO (TRAN RATIO : 1)
er—’rranramo*lthax/ 8 ! NOMINAL BATTERY VOLTAGE
mtymlme/ll*lxb.smx/nhmun

DICCES

Di cdevmane=1 . 14Encan/Tran ratio
Dicdeiave=X1iimg/2 !X1iirms=WORST CASE INVERTER INFUT DC CURRENT

TRANSFORVER

FR THE RMS CURRENT THE
WORST CASE. EXISTS WHEN E=1.1*Enm ie. MIN DUTY CYCIE & WHEN IOAD IS
CAPRACITIVE. HWEVER THIS FOINT VARIES WITH FIITER AND IS THEREFORE
FOUND BY ROUTINE 1OOP SAMPLING.

FR R1=1 O .85 SI¥P ~.01

Xcl=SQR(1-R112)

X11=0

N=1
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7950 A= (1N 2800/ XooHIFXLo* (NAX11-Xc] /N) / (RLA2+ (NAXL1-XCL/N) A2) )
7960 B=(N*X10MR1/ (RL~2+ (N*X11-XC1 /N) 2) )

7970 Dohus=ABRS (SR(A2+8"2) /Har (N) )
7980 Dc_input=3#R1 /2/Dtus 1USING BQUAL REAL FOWFR TO SCINVE DC (CMPECNENT
7990 | CGF INVERTER INFUT CGURRENT

8000 Duty=Dcbus*.8/1. 1, Dcdhugmx | FINDING THE DUTY CYCIE KR THE WORST CASE
8010 Up=(180-(180*Duty) ) /2

8020 Dowrn==180-Up

8C30 ! FROM FRIMARY STIE

804C Dammy=0

8050 Duamy2=0

8060 FR N=1 TO 100 STEP 2

8070 Hfhar (N) =2/N/PT#* (~C05 (Do) 006 (UpH) )

% D.mnyrlfn.nmyh (Dc_input/Duty/Tran _ratictHfhar (N) /SCR(2) ) 2
8100 IF SQR(Dummyl) >Traninms THEN Tranirms=SQR(Durmyl)

8110 NEXT R1

8120 !

8130 ! KR THE RS VOITAGE THE

8140 ! WORST CASE EXISTS WHEN E=1.1*Enam ie. MIN DUTY CYCIE & WHEN THE I0AD
8150 ! IS IAQGING PR=.7

8160 Dobus=Iius lag! VAWES OF DC HUS VOLIAGE WHEN INVERTER QUIFUT =.7 LAG
8170 Dc_irput=3*.7/2/Dcbus! USING BIUAL REAL FOWER TO SOIVE DC GOMEONENT

8180 ! OF INVERTER INRUT QOJRRENT

8190 Duty=Ddus*. 8/1. 1/Dbusmax | FINOING THE [UTY CYCIE ROR THE WORST CASE
8200 Upo=(180-(180*Duty) ) /2

810 Do =180-Up

8220 ! FRM RRIMARY SITE

8230 Dunmy=0

8240 Dumy1=0

8250 RR N=1 TO 100 STEP 2

8260 Hfhar (N) =2 /N/PI* (—0S (Do) +H0S (Up*N) )

8270 Dummy=Dummy+ (1. 1*Encaptifthar (N) /SQR(2) ) 2

5

5050 mﬂmmc_mm/mtyfm_mmwsmmm
8300 Travms=SR(Dumy’)
Trava=Trarvms*Tranins

8320 !

8330 ! HF SWITCH RATINGS

8340 !

8350 ! AVERAGE QURRENT IS CALOUIATED ASSIMING XLI IS INFINITE->NLY DC QURRENT
8360 E'I}H'S]SIMSMFFEMISW{I‘BGM‘>ZOIQIZ

8370 !

8380 Swhf\ve=1. 1*Encm

8320 ! Swhfiave=(MAX REAL QUTFUT FOWER*.5)/ (.8*Enam)

8400 ' Suhfiaves1.5%.5/.8/Fham

8410

8420 ! INFUT FIITER QOMRONENTS

8430 !

8440 ! WIRST (ASE FR INDUCTOR MICRO HENRY SIZE OCURS AT IOAD PF=.7 IFADING
8450 ! AND WHEN E<1.1*Enom (MIN DUTY CYAE)

8460 Dus=Ddus 1ead! VAILES OF DC BS VWHLIRGE WHEN INVERTER CUTFUT VOITAGE
8470 ! AND XRRENT ARE IN FHASE FRM ABVE

8480 Dc_input=3+.7/2/Dchus ! USING BUAL REAL FOWER TO SOIVE DC (CCMECINENT
8490 ! OF INVERIER INFUT QUIFRENT

8500 Duty=Ddos*.8/1.1/Dbasmax | FINDING THE DUTY CYAIE KR THE WORST CASE
8510 Idc bat=Dc imput/Tran ratioxDuty
8520 RAD
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8530 FOR N=1 TO 100 SIEF 1

8540 ArFlc 1rp1t/N/PI*(1-<IB(2*PI*mty*N))

8550 Br=DC_input/N/PI* (SIN (24PT*Duty*N) )

8560 nmf(N)m(mmz)

8570

8580 !

8590 !

8600 » S e

8610 ! THE SECANT MEIHOD IS USED AS A LINFAR SEARCH THCHNTUE (2 TIMES)
8620 ! IN GRCER TO FIND THE INFUT FIITER COMEONENIS
8630 ! INRUT \QITAGE THD IS LIMITD TO 2.5%

8640 ! INYUT CORENT THD IS LIMTITED TO 5%

8650 !

8660 !

8670 Al=1.1

8680 A2=2.1

8690

8700 Dunmy1=0

8710 FCR N=1 TO 100 STEP 1

8720 Dumnmy=Dummy+ (Tinhf (N) / (1-N~2#%A1) ) ~2

8730 Dmxyl=ﬁmny1+(1irhf(N) /(1= 24A2) ) A2

8740

8750 Sou—loo*sm(umy)/m: bat-5

8760 Sal2=100*SR(Dumyl) /IdC bat—5

8770 Sal 3=A2~(Sal2* (A2-Al) / (Sal2-6all) ) '

8780 IF ABS(S0l3-A2)<,00001 THEN GOTO Solutionll

8790 Al=A2

8800 A2=5013

8810 GOTO 86390

8820 Salutionlil: !

8830 Xf=Sal3

8840 !

8850 Al=.1

8860 A2=,2

8870 Dummy=0

8880 Dummy1=0

8890 FOR N=1 TO 100 STEP 1

8900 Dummy=Durmy+(Lirhe (N) N*AL*XE/ (1-NA2#XE) ) A2

8910 muny1=mm1y1+(1uhf (N) ANAA2#Xf/ (1-N24Xf) ) ~2

8920

8930 sQ11~100m(nmm /(1. 1%Enxam)-2.5

8940 Sal2=100+SR(Dummyl) / (1. 1*Enom) -2.5

8950 Sal3=A2~-(Sal2* (A2-Al) / (Sol2-S0ll) )

8960 IF ABS(Sal3-A2)<,00001 THEN GOTO Solutioni2

8970 Al=A2

8980 A2=5a13

£990 GOTO 8870

9000 Salutimnil2: !

9010 thf-—ﬁol.‘!*Xf/(}hgmfreq*Q/GO) ! WORST CASE HIGH FREQUENCY INODIXTCR
9020

9030 !mmmmm&mmmmmm\m
9040 ! QUTRUT VOILTAGE AND QURRENT ARE IN FHASE

9050 ! AND WHEN E=1.1*Enom (MAX DUIY CYCIE)

9060 Dobus=Ddus temp! VAIUES OF DC B VOLIRGE WHEN INVERTER OUTRUT VOLTAGE
9070 ! AND OURRENT ARE IN HHASE FRM ABOVE
9080 mmmmmﬁms'mmmmmmmmr
9090 ! GF INVERTER INFUT CURRENT

9100

Duty=Dcbus*. 8/1.1/Dabusmex | FINOING THE DUTY CYCIE FOR THE WORST CASE
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9110  Idc bat=lc_inuut/Tran ratiotDuty
9120 FAD
9130 AR N=1 TO 100 SIFP 1

9140 AreDc_irput/N/PT#* (1-C0E (2AP LDty ™) )
9150 BreC_irput,/N/PT* (SIN(24F. *Duty ) )

9160 Tirhf (N)=SqR(A2+B2)

9170 NEXT N

9180 I e

9190 { THE SBCANT MEIHCD IS USED AS A IINEAR SFARCH TEOHNIQUE (2 TIMES)
9200 { IN ORCER TO FIND THE INFUT FILTER COMRQNENIS
9210 ! INFUT WITAGE THD IS LIMTTD TO 2.5%

9220 ! INRUT QIRENT 1HD IS LIMITED TO 5%

9230 !

9240 !

9250 Al=1.1

9260 A2=0.1

9270 Dommy=0

9280 Dumy1=0

9290 FOR N=1 TO 100 STEP 1

9300 Dummy=Dummy+ (Tirhe (N) / (1-N~2*A1) ) ~2

9310 Dumyl=Damyl+(Iirhf (N) / (1N 2*A2) ) ~2

9320 NEXT N

9330 Sal1=1004SR (Dumy) /I6C bat-5

9340 Sal2=100*SQR(Dummy1) /Idc_bat~5

9350 Sal 3=A2-(Sal2 (A2-Al) / (So12-Sall) )

9360 IF ABS(Sol3-A2)<.00001 THEN GOTO

9370 Al=A2

9380 A2=5013

9390 GOT0 9270

9400 Salutioni3: !

5410 Xf=5al3

9420 !

9430 Al=.1

9440 A2=,2

9450 Dummy=0

9460 Dumy1=0

8470 FR N=1 TO 100 STEP 1

9480 Dummy=Dummy+(Tirhe (N) #NAAL*XE/ (1-N2#XE) ) A2

9490 Dummyl=Dummyl+ (Iinhf (N) SVAAXE/ (1 2#XE) ) ~2

9500 NEXT N

9510 Sal1=100*SQR(Dummy) / ( . 84Enam) ~2.5

9520 Sal2=100+SQR(Dummyl) / (- 8*Enam) 2. 5

Y530 Sal3=A2-(Sol2* (A2-Al) / (Sal2-Sall) )

9540 IF ABS(Sol3-A2)<.00001 THEN QOIO Salutionid

9550 Al=A2

9560 A2=5al3

9570 GJT0 9450

9580 Solutioni4: !

9590 Xchf=Sal3#igh freq*2/60 ! HIGH FREQUENCY CAPACTTCR
9600 !

9610 ! FIITFR RATINGS

9620 !

9630 ! SCIVED AT E= 1.1Enom AND INVERTER IQUT AND VOUT ARE IN HRASE
9640 m_t@!wmwmasummmvmamm
9650 ! AND OQRRENT ARE IN FHASE FR(M ABOVE
9660 D:__irpnr—ﬂ*Rl_tarp/Z/Dins![EDG HXRAL RFAL FOWER TO SCAVE DC CCMRCNENT
9670 ! (F TNVERTER INFUT QURRENT

9680 Duty=Ddus*.8/1. . /Dobusmax | FINDING THE DUTY CYCIE KR THE WORST CASE
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9690 m:_bawnc_i:%%/nm_ratimumy

9700
9710 Duamy=0
9720 Dumy1=0
9730 KR N-1 TO 100 ST¥P 1
9740 An=c_input,/N/PT* (1006 (2*PT*Duty*N) )
9750 BreDC_input,/N/PI* (SIN(24FT )
9760 Dummy=Dumy+ (SR (A 24+8r'2) /SR (2) ) ~2 _
9710 Dummy1=Durmy1+ (SR ( (A 2+Br'2) ) /SQR(2) *¥chf/ (NMtlich freqr2/60) )42
9780 NEXT N
9790 G
9800 Xchf irms=50R (Dummy)
£213 Xlhfvrms=S(R(Dumyl)
X1hfinms=Suhfiave#2
9830 Xchfvors=1. 1%*Enom
9840 !
9850 PRINT .
9860 PRINT "HF Link worst case pu ratings”
5870 PRINT " "
9880 PRINT "TRANSFCRER RATIO=1:1"
9890 PRINT "HF INVERTER SWITCHING FREQUENCY=";Hich freq
9900 PRINT "MAX DICCE VOLTAGE-"; IRIN)(DJ.cxbvan -2) o
9910 PRINT "AVE DICCE QURRENT=Y; FROND(Dicdeiave, -2) ;%pa
9920 FRINT "RMS FRIMARY TRANSFURMER VOLTAGE="'; FROOND (Trarvmms, -2) ; "'pu’
9930 FRINT "RS IRIMARY TRANSFIRMER (QURRENT="'; FROOND (Traninms, -2) ;'
9940 PRINT "FEAK HF INVERTER SWITCH \KJLW',HXINJ(SJW,-Z) e b
9950 PRINT "AVE HF INVERTER SWITCH QURRENT ='; FROOND (Swhfiave, -2) ; "pu"
9560 PRINT
9970 FRINT "INFUT FIITER RATINGS" .
9980 PRINT "INDUCTCR=" HU.ND(XIhf,—4) "pa!, "Ims=!' ; FROND (X1 hfims, -2) ;"'p
u',"  Vos="'; FROND (Xhfvms, ~2) ;
9990 FRINT "CAPRCTTOR="; PRIN)(Xchf -1) ;"pu", "Iams=" ; FROUND (chfirmss, 2) ;"
", " Vi ;s FRAND (Ochfvims, —2) ;"
10000 Flag=0
10010 N KEY 1 IABEL "PRINTQUT" QOTO Printout
10020 N KEY 2 TAFEL "PROCEED" QUTO Proceed
10030 QCIO 10010
10040 Printout: !
10050 Flag=1
10060 IRINTER IS 701
10070 Q10 7460
10080 Proceed:!
10090 FRINIER IS 1
10100 !
10110 | dedededeiciiricdeiedeiedoieiedoiokdedeieieick ek dededoiedoiooicioioioioio o doioioieich-dokebokeicdedok-dokdokodede ek dok
10120 !
10130 : USER INFUT OF IOAD AND CUTHRUT FOWER FCR SAMPLE CPERATING FOINT
10140 !
10150 | SededededriciedAcieicicikick ok doodok ok dok ek dekdokdohdokhriedok-dokedododok-doieiok dek-dokedededoidekedededekedoke
10160 !
10170 CFF KEY
10180 FRINT OR$(12)
10190 V=ELIS*SR(2) | THIS IS THE STANIRARD NA HYTRO QUTRUT
10200 INFUT "QUTEUT FOWER IN KVA",Kva
10210 INFUT "QUTHRUT PFOWER FACTCR .7 -1",Pf
10220 Dam=0

10230 Leadlag9=" "
10240 IF Pf=1 THEN
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Xcl=0
X11=0
Q10 10300
D IF
INFUT "LEADOING(1) CR IAGGING(2) FORER FACIOR", Dumy
!  SCALING FACTCRS
V_scaleV
1_scale=Rva*666.66666/V
Z_scale=3#/~2/2000/Kva
Kva_scale~2*Kva/3*1000
R1=Df*2, , scale
IF Danmy=0 THEN QUTO 10460
IF Dumy=1 THEN
mqgm(l-pﬂz)*z scale

W'Imdug‘
XL1=SGR(1-Pf*2) #Z_scale

IF Flag=1 THEN QOIO 10510
Xoo=Xoo*Z,_scale
Xlo=X10*Z scale
Xci=Xci*Z scale
Xli=X1i#7 scale
GINIT
'G?AFHICS N
N1
A=(1-N2xX1 o/ Yoo X1o* (NAX11-XC1/N) / (R1A 2+ (W XT1=-XC1/N) ~2) )
B=(N*X10#R1/ (R1*2+(N*X11-Xc1/N) ~2) )
Dcbus=ARS (S(R(A*2+8°2) /Har (N) W_scale)
Dabus t=Ddaus

FCR N=1 TO 100 ST¥P 2
Vaut (N) =Har (N) *Ddus

THE SWITCHING FUNCIICN

FR I=-Dchus/2 TO Daus/2 STEP Dobusy/4
MOE I,0

LORG 8

IABEL, FROUND(I, 0)
NEXT I

FCR 1=90 TO 360 STEP 90
MOVE 0,1

IORG 6

IABEL I

NEXT T

I0RG 1

MOVE Dibus/2,5
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IAEEL "A) INVERIER CUTFUT LINE TO NEUIRAL VOLIRGE"
MJVE 0,0
K1

J=Dtus/2

KR I=1 TO 1440

IF Inter (K)<I/4 THEN
F=J

=2

BO IF

DR J,1/4

NOT I

'
% TEST FOINI' CQUTFUT IOAD VOITAGE

FCR N=1 TO 100 STEP 2
IF N MD (3)=0 THEN GOTO 11110
A=(1-W2%X10/ X001 o* (NAX11-XC1/N) / (RL~2+ (N*X1L1~Xcl/N) ~2) )
B=(N*X1o*R1/ (RL"2+(N*X11~Xcl/N) ~2) )
Vicad (N)=Vaut (N) /SqR(A*2+B"2)
DWWHVMEG(N)/@(Z)W) "2
IF N=1 THEN QOTO 11
(N)‘2

D.nny=D.meloai

IF Viead (N)>Max_har THEN Max har=Vlcad(N)
Vloadphase (N)=-HIN(B/A)

IF A<O0 THEN Vlcadghase(N)=Vloadphase(N)+180

NEXT N

Thd_1v=ABS (SQR(Durmmy) #100/V1cad (1) )
Tconms=SQR (Dummy’l)
l:!ax_hal=A$ (Mex_har,/Vload (1)) ¥100

VIBARCRT 30,48,8,75
WINDOW 2C0,-200,0,360
CLIP (N

AXES 100, 45,0,0

C1IP CFF

FCR T=-200 TO 200 STEP 100
MOE 1,0

I0RG 8

IAELIIRIN)(I,O)

:

FR I=50 TO 360 STEP 90

MXE 0,1

IRG 6

IABEL I

NEXT I

IORG 1

ME 200,0

I.AE‘L'B) LINE-NEUTRAL IOAD VOLTRAGE!
MOJVE 0,0

WI'FO'IOBGOS]EPI

I=1 TO 100 STEP 2
I MDD (3)=0 THEN QOIO 11390

Dummy=Dummy+V1cad (T) #SIN (IMtV1icadchase (1) )
NEXT I

3

il

g

H



- 292 -

11410 DRAW Dummy, We

11420 NEXT Wt

11430 {

11440 ! TEST FOINT INVERTER OUTFUT QURRENT

11450 !

11460 Dumy=0

11470 Dumyl1=0

11480 FR N=1 TO 100 STEP 2

11490 IF N MD (3)=0 mmwmmm 2

11500 ARI*Xoo"2/N 2/ (R1%2+ - ~

11510 B=NAX10~ (Xoo*R1A2/NHX00/Nk (N4X1L 1 =Xl /N) * (NAXL1-Xc1/N-Xcoy/N) ) / (R1A2+ (N
*m-mm—mmAz)

50 Dby otz jSORE) 2

11540 leﬂmyl+(m$(m /SR(2) *X1oMN) ~2

11560 IF A0 THEN Iautphase(N)=Icutphase(N)+180

11570 NEXT N

11580 Tlams=SCR(Dummy’)

11590 V_impat-+Q0s (Taatphase (N) ) *Ioutmady (N) *Har (K) /2

12450 QOTO0 12580

12460 BD IF

12470 !

12480 IF (K <0) AND ((NK) MOD (6)=0) THEN

12490 Qo] (ABS (N-K) )=Cosl (ABS (N-K) ) +00S (Toutphase (N) ) *Har (K) *Ioutmag (N) /2
12500 Sinl (ABS (N-K) )=Sinl (AB5 (N-X) ) +SIN (Iautphase (N) ) #Har (K) *Ioutmag (N) /2
12510 Q010 12580

12520 BD IF

12530 !

12540 IF ((NMX)>0) AND ((N-K (HD (6)=0)(N)'D)m€ - 0,2
12550 Qosl (N-K) =00s1 (N-K) +05 Tartphase Mar Toutmeg
12560 Sinil (NK) =8inl (N-K) -SIN (Tautphase (N) ) #Har (K) *Ioutmeg(N) /2
12570 BD IF

12580 IF ((MK) MD (6)=0) AD ((MK)<S5) THEN

12550 Qosl (MK) =0s1 (NHK) <005 (Tautphase (N) ) *Har (K) *Iouatmag (N) /2
12600 Sin1 (N+HK) =Sinl (N+HK) +5IN (Tautphase (N) ) #Har (K) *Ioutieg (N) /2
12610 END IF

12620 NEXT K

12630 NEXT N

12640 Dumy=0

12650 Dummy1=0

12660 Dumy2=0

12670 Dumy3=0

12680 FCR N=6 TO 54 STEP 6

12690 Tin(N)=SQR(osl (N) ~245inl (N) 42} <3

12700 Dummyl=Dammy1+(Iin(N) /SR (2) ) 2

12710 Dummy=Dumm+(Lin(N) /(1N 2,0/ %) ) A2

12720 Durmmy=Dummy3+(Lin (N) /SRR (2) ¥Xci,/N) 2

12730 D.my'z:umya(nnm WAXT 1/ (1N~ 2%X1i /%) ) A2
12740

12750 upxt-=D: irput*3

12760 Thd _ddousi=S(R (Dummy) *100/Dc_input

12770 Xliimms test=SQR(Dummy/2) +Dc_input

12780 Tcdyms=-S0R (Dammy1)

g& 'Irxi inv_irpe=gR(Dummy2) *100/Ddoas

12810
12820

vmm 105,123,8,75
WINDOW Dc_irput*1.5,0,0,360
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12830 CLIP N

12840 AXES Dc_input*1.5/3,45,0,0

12850 CLIP GFF

12860 FR I=0 TO Dc irput*1.5 STEP [t irput*1.5/3
12870 MNE I,0

12880 ICRG 8
12890 LABEL FROUND(I,-1)
12900 NEXT I

12910 FOR T=90 TO 360 STEP 90
12920 MVE 0,I

13020 FOR N=6 TO 100 STEP 6
13030 Dummy=Dummy s (N) / (1 24X11/Xcd ) #0085 (N#¥at) +5in1 (N) / (1-N~24X11 /X )

13040 NEXT N ! GIVING BATTERY CURRENT

13110 0o=1/%cxy/2/PL/60
13120 VIBRECRT 0,100,0,130
13130 WINDOW 0,100,0,100
13140 CIIP CFF

13170 CSIZE 3.0,.31

13180 IABFL, "WORST CASE SPECTFICATTONS
13190 MVE 6,77

13200 IRAW 6,100

13210 MWVE 8,88

13220 IABEL "Output Rva=" ; FROND(Kva, -2) ; "KVA"

13230 IABEL "Ioad voltage THD <S5

13240 IARFL "Max hamonic anp <3%"

13250 IABEL "Damping factar at pf=1 =,707"

13260 IABEL "Irverter voltage THD <5.0%"

13270 IABEL "DC BS line anrent THD<10%"

13280 IABEL "Min dc hus valts="; PROND(Dcbusnin®V _scale, 0) ;W
13290 IABEL "Max dc hus valts="" ; PROUND(DohbusmenctV scale, ,0) s
13300 IABFL, "Ave switch anr=";FROMND(Iswaver] scale -2) Y-\
13310 IAREL "Output capacitar="; PROUND(Co*1000000, 1) ;"uF™
13320 [ABFT, "rms voltage="°mm0(cwnnsﬂv scale,0) ;'
13330 IABEL, "mms m"mmml scale,-2) ;"A"
13340 IABEL "Output inductor="; FROND(Lo*1000,-2) ; "

13350 IABEL “ms valtage=" ; IROND (Xlovoms™W_scale, ~2) ;'™
13360 IABEL "mms amre'nr-"'mlm()ﬂm.ms*l ~scale,-2) ;A"
13370 LABFL "Input capamtm-#';mmm*loooooo,—l) ;"
13380 [ABEL "mns voltage=''; FROUND (Xcivims*V _scale, 0) ;"""
13390 IARFL, "ms ammﬁ'-mmomj.ms*l scale,-2) ;"A"
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13400 I2BEL "Input inductor=* ; PFROND(Li#*1000,~2) ; "k l"
13410 IABEL "ms voltage="; PROND (XLivims¥W_scale,-1) ;"W
13420 IABEL "ms axrrent="; FROAD(X1iinms*I_scale,-2) ;"A"
13430 1ABEL

13440 IABEL, "Test point data"

13450 IABEL "IOAD PR=";PROUND(PE, ~2) ;Leadlags

13460 IABFTL, "Toad Voltzqa THD=";FROOND(Thd_1v,=2) ;"3"
13470 IARFL, "Max Harmenic  ='';PROUND(Max_har,-2) ;"'&"
13480 IAEEL "output filter rms"

13490 IAREL "capacitor anrent="; FROUND (Tooms, -2) ; ""A"
13500 IAREL “Ortput £ilter rms"

13510 IABEL "inductar arrent=";FROAND(I1as,~2) ;"A"
13520 IABEL "Oxtput filter rms"

13530 IABEL "“inductar voltage="" ;FRORD (Viams, -2) ;''V'"
13540 IABEL "Ave switch any = ;PROND(Iswervet,-2) ; "A"
13550 IARFL "Ris switch anrr = ;FROND(Iswrmst, -2) ;"A"
13560 IAREL "[IC hus voltage =";PFRIND(Dchus, 0) ;"W

13570 IAFEL "Irput filter inductor®

13580 IABFL "anrent THD =*";PROND(Thd dchusi,-2) ;"""
13590 IARFL " & rms current=";FRIND(XLiirms test,-2) ;"A"
13600 IABEL "Input filter mms"

13610 IARFL "capacitor anrent="; FROND(Icims,-2) ;"A"
13620 IAFEL "imverter irput"

13630 IABEL "woltage THD =LCPFROND(Thd_inv_irpv, =2) ;"8
13640 N KEY 4 IABEL "HARDOCPY" QOTO Hard

13650 N KEY 3 IABEL "HF LINK RATINGS" QOTO Hflink

13660 QIO 13640

13670 Hard: !

13680 GINIT

13650 GRAFHICS ON

13700 PIOTTER IS 705,"HRGL!

13710 QUTRUT 705;"VsS5"

13720 QIO 13530

13730 Hflink: !

13740 !

13750 { Sedeicicicideicieieieieloieiekedcoiedodcocieiciedok ek doiedok ook de ok dokdokdokdoekok
13760 GRARICS COFF

13770 OFF KEY

13780 INRUT "PLEASE INFUT THE NCMINAL BATTERY VOLTAGE",Enom

13790 Dohus=Dcbas t | SAVED FROM INVERTER SECTION USER SPECIFIED LOAD
13800 Tran ratio=, 8*Enan/ (DdustencV scale) ! TRANSFURMER RATIO AS ?
13810 IF Hfpass=1 THEN GOIO 13960

13820 Nchf=Xchf*Z scale#Tran ratior2

13830 X1hf=X1hf*Z scale*Tran ratio”2

13840 Chf=1/%chf,/2/60/PT

13850 Inf=Xinf/2/PI/60

13860 Dicdeiave-Dicdeiave*] scale

13870 Nicdevmae=Dicdevranc*V_scale

13880 SuhfiaverSuhfiave*I scale/Tran ratio

13890 XIhfimms=XIhfirms*I scale/Tran ratio

13900 Xlhfyrme=X1hfyrmes*V_scalesIran ratio

13910 Xchfvmms=Xchfvmms*V_scale*Tran ratio

13920 Xchfimms=Xchfimms*I scale/Tran ratio

13930 Traninms=Tranims*I_scale/Tran ratio

13940 Tranvms=Trarvmms*V_scale*Tran ratio

13950 Hfpass=1

13960 INFUT "INFUT THE BATTERY TEST VOLTAGE SCALING FACICR.SEnam<E<l.l




Enam'!, Fac

13970

- 295 -

E test=Fac*Em

13980 Dc_irput=Kva*1000*Pf/Ddus  !USING EQUAL REAL FOWFR TO SOIVE DC COMEONENT

13990
14000
14010
14020
14030

(E_test/Enam) / (DcbusmencdV_scale) *.8

Duty=Ddbous/
Up=(180-(180+Duty) ) /2
DowrF180-Up

!DI
!

KR N=1 TO 100 STEP 2

Hfhar (N)=2/N,/PL* (~00S (DowrrAN) +00S (UpN) )

Dummy=Dunmy+-(E test*ﬂﬂ*ar(N)/&R(z))"Z

Dmny'l=Dmryl+(Dc >_inpat/Duty/Tran ratioc*Hfhar(N) /SR(2) ) ~2

Damy2=0
KR N=1 70 100 STEP 1
RAD

Are(Dc_input/Tran ratio) /N/PT* (1-00S (2*PT*Duty*N) )
Bn=(Dc np.xt/'mm | ratio)/N/PT* (SIN(2*PI*Duty*N) )

(SR((Ar2+ar2) ) /SR(2) ) <2

Dmny=l1my+
Doy 1=Dummy)-+(SQR( (Ary"2+4B°2) ) /SQR(2) *Xchf/ (N*High_freqr2/60) ) ~2
Dammy2=Dummy2+

(SR(A2+8'2) / (1-(N#High freqr2/60)"2*X1hf/Xchf) ) A2

NEXT N

Xchfimms t=S(R(Duany)

Xlhfvrms t=SCR(Damyl)

That uﬂ’-%m(umm)*mo/(mﬁve t*2)
Xihfims t=Suhfiave t*2

)!ﬂmfvms_@E_test

PRINT " HF Link Warst Case Ratings"

PRINT " "
FRINT "BATTERY QUITENT THD<S%"
mmr"rwmvmmmm'nm.s%"

PRINT ""TRANSFORMER RATIO="; FROND(Tran ratio,-2);":1"

PRINT' "HF INVERIER SWITCHING FREQUENCY=" nglfraq"hz"

FRINT "MAX DICCE VOLIAGE="; FROND (Dicdevimax, =2) ;'"V*
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14540 FRINT "AVE DICCE CURRENT="; FROUND (Dicdeiave, =2) ;"A"

14550 PRINI‘ "RS FRIMARY TRANSFORMER VOLTAGE="; FROUND (Trarvmms, -2) ;"'V"

14560 FRINT "RS FRIMARY TRANSFORER QURRENT="'; BROUND (Traninms, =2) ; "A"

14570 PRINT "HF INVERTER SWITCH VOLTRGE="; PROUND (Encarel. 1,-2) HuUW

14580 FRINT "AVE HF INVERIER SWITCH QURRENT =";FROUND (Swhfiave,=2) ;"A"

14530 FRINT

14600 PRINT "INFUT FIITER RATINGS"

14610 ERINT "INDUCTCR=", FROUND(Ihf*1000000,=2) ;"vH ITrms="; PROND(X1hfinms
/=2)"A Vo= -mmommms =2) ;"

14620 FRINI' "CAPACTTOR" , FROUND(Chf*1000000,-2) ;"uF  Trms="; FROND(Xchfims
+=2) ;"A W’ s FROND(Xchfvms, —2) ;"

14630

14640 PRINI‘ "HF Link Ratirgs at test pomt"

14650 FRINT "—

14660 FRINT ""1EST VOLIRGE=";FROND(E test,-1) ;"/";FRORD(Encm, ~1) ;"'->" ; "RAT

IO=";FROND(E test/Enam,~3)

14670 PRINT "PEAK DICLE VOLTRGE="; PROUND (Dicdevmax_t, —2) ;"V™

14680 FRINT “AVE DICDE CURRENT=";FROND (Dicdeiave t -2) A"

14690 HIINI‘ "RE FRIMARY TRANSFORER VOLIAGE-"' ; FROUND (Trarvmms t,-2) ;'

14700 PRINT YRS FRIMARY TRANSFURMER CIJmENI‘-"'HUN)('D:'am.ms t —2) VAN

14710 PRINT "AVE HF INVERTER SWITCH CURRENT ="';PFROND(Swhfiave t,-2) ;"A"

14720 PRINT "BATTERY CURRENT ‘THD="; FROND(Ibat thd,-2) ;"'%"

14730 PRINT

14740 PRINT "INFUT FITTER RATINGS"

14750 FRINT "INDUCTUR=", "Irms=" ; FROUND(XIhfirms t,~2) ;"A","  Viors="; FROUND
(XIhfvrms t,=2) ;"""

14760 PRINT "GARCTTOR=", "Inms="; FROUND (Xchfimms t,-2) ;"A"," Vims=";PRON

D(chfvrms t,-2) ;'

14770 "PRINIER IS 1

14780 QIIEYIIAEL"GMETW@OWM

14790 ON KEY 2 IAEEL “"PRINIOUT" GOTO Printout 1

14800 QN KEY 3 IAEEL "ORNGE PF" QIO Change pf

14810 GOIO 14780

14820 Change test: !

14830 OFF KEY

14840 PRINT GRS (12)

14850 FRINT "BAT TEST VOLIRGE IS NOW';E test;". THIS IS ";Fac;'"NOMINAL WVOL

TAGE"

14860 Q010 13960

14870 Printout 1: !

14880 FRINTER IS 701
14890 QOIO 14470

14900 Change

14910 L] PIOTTER IS 3,"INTERGL!
14920 Flagl

14930 CFF KEY

14940 PRINT QRS (12)

14950 QOTO 10210

14960 END
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APPENDIX A2
SEMICONDUCTOR EVALUATION
1) Darlington

The darlington power semiconductor has traditionally been accepted as a
rugged, fully controlled (on/off) electronic valve. Although darlingtons are
available well into the required voltage and current range of the proposed UPS
design, a significant drawback was seen in the storage time. Approaching 12
psec in a 25 usec pulse, [20khz switching environment] storage time reflected
the undesirable feature of duty cycle based on load. Moreover, if a short
circuit should be experienced the storage time may be extended causing overlap
and cross conduction. The general solution is to provide dead times (see
chapter 3.4.5.3) compensating for the maximum estimated storage times. This is
unacceptable since 12 usec of a 25 usec pulse eliminated for storage would
double switch currents for equivalent though-put power.

The storage time problem can be alleviated with special drive strategies.
In particular, an anti saturation diode or ‘Bakers clamp’' can be used. This
diodc effectively connected from the base to collector (anode and cathode
respectively) of the power darlington prevents the base voltage from exceeding
a diode voltage drop above the collector voltage. This holds the darlington in
the quasi saturation region. Without deep saturation before turn off, the
darlington attains its blocking state more rapidly resulting in less storage
time.

Several iterations of drive design were pursued until a satisfactory
result was achieved.

Figure FA2.1 shows the drive circuit utilized. The features of the

circuit include
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The required on/off power of the darlington is difficult to

pass through a pulse transformer, therefore secondary side

split rail power is used.

are shown in table TA2.1 and table TA2.2.

2) Opto isolation is obtained via the HP2602.
3) Anti saturation diode acting as a ‘bakers clamp’.
4) Active turn off and passive turn on of the main power
semiconductor emphasizing turn off speed.
EIE=> Toon
AHZE0S .o, _g:
1 3
2 4
2200u
B
Er>+— =<2200 o0 IR
razon w57
Figure FA2.1 Darlington base drive circuit
Experimental verification of storage time reduction were obtained for

Power Transistor (Toshiba 100 & 300 amp 500 V) QM100DY-H and QM300HA-24. These

Without antisaturation diode With antisaturation diode
Amps 10V +10V =20V +10V +10V -20V
Tus Amps Tus Amps Tus Amps Tus Amps
20 3.2 -6 2.2 -11 1.0 -5.0 .9 -9
40 4.0 -6 2.4 -11.2 1.2 -5.2 1.0 -9
60 4.3 -€ 2.7 -11.5 1.7 -5.9 1.2 -10.5
80 4.4 -6 3.0 -11.5 2.1 -6.0 1.6 -11.2
100 4.5 -6 3.1 -11.5 2.5 -6.0 1.8 ~-11.8

.Table TA2.1 Storage time switching characteristics of QM 100DY-H
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Without antisaturation diode With antisaturation diode

Amps 10V +10V -20V 10V +10V -20V
Tus Amps Tus Amps Tus Amps | Trs Amps

40 6.0 -6.5 4.0 -12.5 3.0 -7.0 2.0 -13.0
80 8.0 -6.5 5.6 -13.0 4.7 -7.0 3.4 -13.2
120 9.5 -6.5 6.6 -13.5 7.0 -7.0 5.2 -13.5
160 10.0 -6.5 7.0 -13.5 7.8 -7.0 6.2 -13.5
180 10.3 -6.5 7.4 -13.5 8.4 -7.0 7.0 -13.5

Table TA2.2 Storage time switching characteristics of QM 300HA-24

Figure FA2.2 shows the test circuit configuration.
Finally, figure FA2.3 shows base drive current modification required to

safely accommodate the -20 volt reverse bias gate voltage.

WIPHASE T RESTTFIER":
SOURCE ; :
» ‘ .% Vg -
: : —— L F
: : -~ BASE
: : DRIVE
H H CIRCUIY

LORD

A4

Figure FA2.2 Storage time test circuit
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-V

ORIVE
SIGNAL

Tmain

f 9.1y <

S10R
J

)
Figure FA2.3 Base drive modification accommodating a -20 V reverse

potential voltage

From table TA2.1 and TA2.2, the minimum storage time values are obtained
under maximum reverse bias conditions and with antisaturation diode present.
It is also noted that storage times were found to be independent of transistor
blocking voltage levels.

Minimal storage time at 100 Amp was found %o be approximately 2usec. With
safety margin this transpires into a 3usec deadtime which at 20 khz operating
frequency reduces maximum duty cycle by 12%. This is seen as a highly
undesirable feature. A second drawback is the relatively large base drive

power consumption.

2) MOSFET

Although MOSFETS have traditionally dominated at low power levels recent
parallel dies in appropriate packages have enabled their competitive use at
medium powers. Their main drawback is the conduction losses at high blocking
voltages in excess of 500 volts. For the UPS power train proposed here

voltages remain below this level and consequently conduction power loss is not
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serious. However, the high current ratings of the HF link cannot be handled by
a standard single package module. With present technology and standard low
cost parts, two MOSFETS in parallel for each high frequency link switch are
required.

The drive required for MOSFET activation is simplified over the

darlington and is shown in figure FA2.4.

= 100R 2N3467
=
HZE0S —§-
1 3 P g:é ?
— 3 6
=~

-
2 .0
2200u T HPZ802 4
T ! TIPJ
| —
TZZOOU 10u 6 10u T ]z-,-on 1W é&Zj

Figure F2.4 MOSFET base drive circuit

In general, other than requiring parallel power devices the MOSFETS
showed no detrimental effects. Turn off time was roughly 200 times faster than
the darlingtons eliminating the large deadtimes required. Further effective
losses (conduction and switching) were equivalent to the darlingtons (in
conjunction with the antisaturation diodes).

Current fall times were in the order of 100 nsec resulting in a turn off

power loss of

PLoss = .5+ (Vbceus - Icom: ToFF - Fsw) A2.1
where Vocsus = blocking voltage

Icom = turn off current level

Torr = current fall time

Fsw = switching frequency

Using the data of chapter 3.4 equation A2.1 yields
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]

PLoss .5+ (219.6-73.62-10 ' - 20000)
= 16.16 WATT/SWITCH
Since each switch contains two packages

PLoss = 8.08 WATT/MODULE

3) IGBT

The insulated gate bipolar transistor (IGBT) has emerged recently to
address a medium voltage (500-1000V), medium current (30-300A) market. The
semiconductor retains the ruggedness of high voltage darlingtons yet is
accompanied with lower storage time. Reducing the storage time of the
darlington to .Spsec is a very attractive feature. Moreover, the IGBT input
appears as a MOSFET to its driver which is another desirable feature. This
irnplies that the same drive utilized for MOSFET semiconductors can be used for
IGBTs as well (figure FA2.4).

Although storage times were significantly reduced the current fall time
during turn off was approximately .Susec. When compared to the MOSFET or
darlington this created a significantly larger amount of switching loss. The
IGBT losses due only to switching characteristics are given by equation AZ2.1
With a iusec fall time the equation yields

PLoss =80 WATT/SWITCH

This is a tremendous burden on efficiency, cooling and semiconductor
reliability. It should be noted that the switching power loss of the IGBT s

roughly five times that of MOSFETS evaluated earlier.

4) Gate turn off thyristor (GTO)

The GTO is the most rugged of the semiconductors evaluated withstanding
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large current surges. Two distinct problems were expected with the GTO.
Firstly, typical combined turn off and turn on time is in the range of 12usec.
Secondly, a large reverse base current of typically S07 anode current is
required to extinguish the semiconductor current flow.

A relatively complex base drive was developed to alleviate these
problems. The test circuit is shown in figure FA2.5 while the drive schematic

is shown in figure FA2.6.

SR 10CW

UESE806é
3uF

3-PHASE
208 AC 32mH

- ikt sumus = *‘

12,.5uH 250uF
{

T~ T

3000uF 3000uF

10R
T7OHELIRO0S0S

GTO MODULE = WESTCODE HWGE016
D=WESTCODE SMIi2PHN170

Figure FA2.5 GTO test circuit
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Figure FA2.6 GTO .ase drive

The central component of the drive is IC UCI707 which has excellent
driving capabilities and built in protection functions. Further, the drive
incorporates an extremely fast turn off circuitry with large gain and low
resistance. 4 x IRFZ40 MOSFETs are paralleled providing a theoretical current
capacity of 2000 amps. Experimental results shown in figure FA2.7 reveals that
the drive successfully commutates 200 amps of anode current in a total time of
4usec. Further, figure FA2.8 shows Vswpk of the GTO during turn off revealing

safe dv/dt operation.
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Figure FA2.7 Experimental GTO turn of f base and anode current
TOP: GTO base current (25 amps/div 2us/div)
BOTTOM: GTO anode current (100 amps/div 2us/div)

H .
——
-

IXREE ENTER B}

LN

Figure FA2.8 Experimental GTO turn of f anode current and Vax
TOP: GTO Vax voltage (100 vol ts/div 4us/div)
BOTTOM: GTO anode current (100 amps/div 4us/div)

Although the drive designed has sufficient strength to successfully

commutate the GTO, attempts to speed up the 4usec turn off time resulted in
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GTO destruction. This dictated that the switching speeds cannot be
dramatically improved to meet the high frequency link requirements. Moreover,
the ruggedness of the GTO is partially overshadowed by the complex base drive

requirement.




