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is This volume of the Final Technical Report details the addition of Item 0009 considerations
) under Contract DAAK02-72-C-0210.

= : STATEMENT OF WORK

Modification P00011 amends the basic contract to add Item 0009 as noted below:

ITEM 0009

The Contractor shall furnish all engineering labor,tools, services, supplies, materials,
equipment, and facilities necessary to perform an investigation and study of means to
extend the capability of the contractor's existing Power Center Inverter System to the

100 kW level, This 100 kW Inverter System shall meet the basic performance parameters
of the frequency converterGovered in Paragraphs 3.5 through 3.5.3.3 of Attachment No. 5,
This effort will be accomplighed through the following tasks:

T

TASK 1

a. Fabricate a breadboard of the power center inverter section to demonstrate
proper operation at the 100 kW level. This approach shall use SCRs.

b. Perform testing on the inverter breadboard circuits.

C. Identify problem areas which will need to be analyzed to assure proper
100 kW power conditioner operation.

d. Identifv cost of components used and provide recommendations to lower the
production cost of a 100 kW power conditioner.

é. If measured performance is deficient modify the design where practical

L
i | and retest,
’.? ; :

-

1 TASK 2

a. Investigate the problems of design extrapolation for the rectifier-filter end
of the 100 kW inverter.

b. Identify problem areas for capacitors, semiconductors and magnetic components.

é
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c., Where practical, fabricate breadboard hardware to provide a demonstration of
the theoretical approach and identify hardware feasibility.

i

TA“ 3 -
Include all design and test data obtained in Final Technical Report, Sequence A002.

TASK 1

a. Fabricate a breadboard of the power center inverter section to demonstrate proper
operation at the 100 kW level. This approach shall use SCRs.

Figures la and 1b are schematic diagrams of the 100 kW inverter. Figure 1a shows the
thyristor and commutation network connections required for 60 Hz operation. This circuit
differs from the 400 Hz circuit of Figure 1b primarily in the method used to achieve step
voltage commutation. The 60 Hz circuit requires a double bus commutation circuit for

i the left and right voltage steps; the 400 Hz circuit employs sufficient current-voltage

3 = phase shift so that no current flows through the double bus connected thyristors. There-

B iT fore, one half the step thyristors can be disconnected from the inverter circuit. These

E‘ , e inverter circuits were developed as a result of the work efforts of Contract Numbers i
: - DAAKO02-72-C-0338 and DAAK92-72-C~0210, Items No. 0006 and 0009, All pertinent
i invention, design, test and synthesis work are summarized in this volume in terms of

5 : the candidate circuits of Figures 1a and 1b, The MERDC 15 kVA breadboard inverter
was used as a test and design model to prove design concepts. Data generated in per-

forming critical tests with the breadboard were used for performance extrapolations, cost ]
analyses and problem identifications that are described in the following sections.

The circuits of Figures 1la and 1b use thyristors to perform the current switching functions.
- U The power switch circuits are designed to produce 180/132 Vrms three phase voltages that

' are transformed into standard utility voltages (120/208 Vrms and 240/416 Vrms) by the

3 L} output zig-zag transformer..

b. Perform testing on the inverter breadboard circuits.

: , Breadboard commutation tests for a 100 kW system were conducted in a separate set of
¥ : circuit experiments, Commutation of the step and power center thyristors at 600 amperes
' and 1000 amperes was demonstrated. The best performing commutation energy storage

f o
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circuit is illustrated in the schematic diagram of Figure 2, and commutation current

paths are illustrated in Figure 3. The photographs of Figures 4 to 8 were selected to
show the relationships between the load current, energy stored in the commutation net-
work and reverse bias time for the thyristor being turned off. In addition, the influence

of the bypass diode on reverse bias time and commutation current magnitude is also shown.

Figure 4 is a photograph of a step voltage change with a load current of 1,000 amperes
for a step width of 540 microseconds. The load current drops to zero amperes during
the commutation interval of 70 microseconds. The commutation voltage of the energy
storage network Cn is shown in Figure 5 for circuits with and without bypass diode D2.
The squarewave voltage has a magnitude of about 220 volts with the bypass diode and 240
volts without.

Thyristor and commutation network currents are shown in Figure 6a (with bypass. diode)
across the Thyristor P1 and Figure 6b(without bypass diode) for a 600 ampere load. Note
that removal of the bypass diode reduces commutation circuit current by about 290 amperes.
Figures 7a and /b show reverse voltage across the thyristor during turn-off time for the
conditions described in Figure 6. On a relative basis the photographs show that removal
of the bypass diode increases reverse bias time; but, because of oscilloscope amplifier
distortion, the photographs do not accurately indicate reverse bias time. Figures 7c
through 7f illustrate the problem. The upper trace in each photograph shows bypass diode
current flow. This current flows during the time that the thyristor is reverse biased. The
lower trace in each photo shows thyristor reverse voltage. In Figure 7d diode current
flows for about 24 microseconds, but reverse voltage is shown to appear for only 16
microseconds,

The voltage measurement problem apparently is caused by the wide voltage range that the
amplifier must handle. The voltages applied across the thyristor range from +300 volts to
-50 volts and we need to measure with an accuracy of one volt above and below zero ref-
erence. One solution to the problem is to clip the voltage into the amplifier when accurate
measures of reverse voltage time is required. This problem requires further study,
particularly if accurate measures of reapplied dv/dt at the end of the reverse bias time
are to be made.

R75-64 3
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Photographs of power thyristor current into the load, energy storage network commuta-
tion current and reverse bias time for a 1,000 ampere load current are shown in Figure 8.
These photographs show that an energy storage network consisting of 50 uF, 25 uF, and
10 uF connected to inductors of 2 uH, 1.2 uH, and 1.0 uH as shown in Figure 2, when
charged to 240 volts will produce a reverse voltage bias time of more than 20 micro-
seconds for a 1,000 ampere load. Increasing the network voltage or decreasing the load
will increase the reverse voltage time.

The MERDC breadboard inverter was used as a model of the 100 kW inverter. Modeling
tests at 400 Hz and 60 Hz with loads ranging from 11 kW to 28 kW were run. Performance
and design data are included in Task 3 of this report.

c. Identify problem areas which will need to be analyzed to assure proper 100 kW power
conditioner operation.

1) Power center thyristor commutation. The selected power center thyristor type

T727 has a rated turn-off time of 20 useconds for the following conditions: Anode current
250A, junction temperature 125C, rate of decay di/dt =50A/usec, reapplied dv/dt = 20V/
usec linear to 0.8 VDRM'
the rate of decay which the thyristor may experience in establishing the turn-off time rating,
Reapplied dv/dt is the minimum value of the rate of rise of forward voltage which will

cause a commutation failure under specific circuit commutated turn-off conditions.

Rate of decay of the on-state current is the maximum value of

The thyristor manufacturer must be consulted to determine the rated turn-off times for
the thyristors under the operating conditions that will exist in the 100 kW inverter. With
this information, the design of the commutation network can be finalized.

A desirable safety factor for commutation is a reverse voltage time twice the thyristor
rated turn-off time. The commutation network must carry current pulses of greater than
1,000 amperes peak with pulse widths of 60 to 80 microseconds and repetition rates of
1,200 and 2,400 Hz, Capacitor selection requires attention to heat dissipation and expected
1ife for the required circuit operation,

Thyristor turn-off time and load current determine the required energy storage in the
commutation network., The longer the thyristor turn-off time, the more costly the
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commutation network. The faster the turn-off time, the higher the thyristor cost. A
cost tradeoff study will help determine minimum circuit costs.

One method of reducing required commutation energy storage is use of a commutation
current transformer as suggested by M, Akamatsu, et al, in USASTCFEO Report No.
2253-03857. With this method a current transformer is employed to reduce current flow
in the bypass diodes with the result that energy stored in the commutation network is used
: more efficiently., Experiments conducted during this program at power levels up to 30 kW
; are described on Pages 9 and 10 of Volume III of the contract final report.

2) Magnetic components, The step autotransformer, zig-zag transformer and triplen
attenuator in the experimental test circuit were designed to handle power levels up to 3
30 kW. Magnetic components designed for the 100 kW inverter are required for full '.
power tests. Anlaysis is required to determine whether or not a conventional zig-zag

transformer design can be used effectively as a step up and step down autotransformer.

3) Boost voltage commutation circuit, A boost commutation circuit designed for the
100 kW inverter is required for full power tests.

4) Waveform design. Inverter waveform design analyses in which the input and output
filters are considered in the harmonic content minimization calculations will lead to
! further reductions in inverter cost and weight.

51 _ d. Identify cost of components used and provide recommendations to lower the pro-
AR duction cost of a 100 kW power conditioner.

5 The MERDC breadboard inverter was used as a model to determine voltage and current
ratings of the 100 kW circuit power components. Output connections to produce 120/208
o Vrms or 240/416 Vrms three phase power for the 100 kW inverter are shown in Figures
9 and 10, respectively. The nominal input dec voltage to the inverter will be 450 Vdc with
a full load dc input current of about 230A rms. The MERDC model inverter was operated
{ at 300 Vdc input voltage, input current of 38.5 A dc with an output line current of 38A rms
; - for a load of 11 kW, 0,8 pF. Therefore, a scale factor change of 1.5 for voltage and 6
= for current is used for the following oscilloscope photographs of the Component Selection
g and Cost Study section. The following assumptions were in selection of inverter components.

R75-64 5
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Inverter output voltage vs load current is defined by the curve of Figure 11. Maximum
ambient temperature 125F (52C); maximum semiconductor heat sink temperature rise
30C; maximum junction temperature 90°C. For thyristors, maximum di/dt = 50A per
microsecond. Prices are based on quantities of 10 to 99.

Results of the thyristor and diode seleciion and cost study for the 100 kW inverter circuit
are shown in Table I. Three thyristor types and two diode types were selected. Total cost
of the thyristors and diodes is $3,932.90. Total weight and volume of the power semicon-
ductors including heat sinks are 149, 6 1b and 4,725 m3, respectively.

Table I is the result of tests, study and analysis that led to a preliminary selection of
semiconductors from data in manufacturers specifications sheets. The next step is to
consult with thyristor and diode manufacturers to review Table I and obtain concurrence
that the selected devices or agreed upon substitutes will perform in the 100 kW inverter.
Photographs of voltage and current waveforms for every power semiconductor used in the
inverter have been included in this report so that the manufacturers will have accurate
descriptions of the required performance of each device. With this data, strategies for

« reducing component semiconductor costs can be explored.

Table II lists the results of the filter capacitor selection and cost study along with cost,
weight, and volume estimates for the magnetic components used in the 100 kW inverter,
Capacitor manufacturers should be consulted for concurrence that the selected components
will function for the expected inverter life with the defined voltage and current stresses.

The manufacturer can recommend capacitor packaging combinations that may reduce cost.
Total capacitor cost as determined in this study is $2,520. Capacitor weight and volume are
165 Ib and 3,675 in°, respectively.

Table II shows that weight of the magnetic components will be about 340 1b, volume will be

2,060 ins. and cost will total approximately $1,375.

Y

Total cost, weight, and volume of the major power components (except circuit breakers,
commutation networks, and wire) for the 100 kW inverter are listed in Table III. They
are $7,828, 655 1b and 6, 05 fta, respectively.
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€. If measured performance is deficient, modify the design where practical and
retest. i

Experimental high current commutation tests and breadboard model tests conducted as

part of Item No's. 0006 and 0009 were sufficient at this point in the development effort

to demonstrate the feasibility of fabricating 100 kW, 50, 60 or 400 Hz inverters. Problem
areas requiring further analysis before additional tests can be defined are stated in Section C
of Task 1,

TASK 2

a. Investigate the problems of design extrapolation for the rectifier-filter end of
the 100 kW inverter.

The assumed diode current waveform for the 100 kW inverter rectifier is shown on Page
16 of the Component Selection and Cost Study section of this report. The diode waveform
indicates a peak current for 1 P. U. loads of 360 amperes. Assumed frequency of the
alternator is 1600 Hz.

For the preliminary design, a three phase, two-way bridge rectifier composed of West-
inghouse R6221035FJ fast-recovery diodes has been selected.

Diode rating is 350 amperes average. Total bridge rating is 1,050 amperes. Maximum
required inverter current will be approximately 625 amperes for 2.5 P, U. loads. Diode

recovery time is 1.5 microseconds and IFS is 4,500 amperes.

M
Assumed rectifier filter capacitor current waveforms are shown on Page 17 of the Com-
ponent Selection and Cost Study section of this report. Two P.U. current magnitude is
assumed to be 600 A rms. For the preliminary design of the rectifier output filter a
configuration made up of 24 Sprague-Type 331P metallized paper dielectric capacitors

was considered. Each capacitor is 100 uF at a rated voltage of 400 Vdc and rated current
of 50A rms. The capacitors are connected 12 in parellel, in series with another set of

12 in parallel. This yields a filter and a 800 Vdc rating and capable of handling 600 A rms,

R75-64 : 7
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b. Identify problem areas for capacitors, semiconductors and magnetic components.

The major problem with the rectifier output filter is high cost. This filter network repre-
sents about 25 percent of the cost of the major power components.

C. Where practical, fabricate breadboard hardware to-provide a demonstration
of the theoretical approach and identify hardware feasibility.

Results of breadboard model tests and extrapolation for the rectifier end of the 100 kW
inverter are given on Pages 16-17 of the Component Selection and Cost Study and Pages
38-42, 73-75, of the Task 3 sections of this report.




LIOTHID PRUPTIANI BHOD V) ZOd
QULONZLLY N2AT 2L
TMAY
NAAAS

AN

Y TR

JIWOLS N2
DUE-9/&

\q/ﬂ\
7

A

=}
+Ne—/
4.

»l2
Pt
<
n
o

T L T s

YIWYOISNVYL
15008

d 0
Lo

T

! £ exte' ,...JM‘“.,! .
e f&?hgy S h(l .




T WX D FRUFIANI BH OO, D) IO

DQUNONZLLY NFA DL
ALY Y

FIVTESNY AL
DY E =

s ps ,'.GJ“ ’ - -
S PN, NEF R Y . .r.!?h.?.rﬁs.. L SO S o niting g o




Cn

FIGURE 2.. COMMUTATION ENEREY S70ence cuxom Cp.

FIGORE 3. BASIC THYRISTOR. COMMUTATION
ClIRCLOUIT CLORRENT PATHS

&
-

& AV
i

’l

-

3 -;-7 “ .»’-7-7‘




e RN ™ memeTeTprTTTT , - - - - - T . - = -

a
b
FEORE 4
a. cond voernse (sov/oiv) V.
b. conpd coerenT (200n/0mv I,
TIME: 200 wseC fO1V.
W ITH BY-PASS DIODE.,D, . W ITHOUT BY- PASS DIODE

74

"%1- e

e S

“

FIGURE S. VOLTAGE

i -
7 e’
L3
e
. 4

s Bt
.




b LB A Lt sy o us ek o chdbaditi EERG Cav At abi 23 SR ge S

|
;
i
i

s

popvas ’WP"’

R S o

—

WITH B5-PASS DIODE, P2 W ITHOOT BY-PASS DIODE

6

G- P <ueee~r‘| Ch CuRRENT

Pl CRRENST I Ch COERENTT

FIGCREE. P1 100 Cp CIREENTS, ROOALOIv. 100-usEc/01V.) GouR. conl

1 ;
x 2
i
i e ¥
L ;
i
&,
FISORE 7. BEVELSE VOLTHCE. V.—,a ACROSS TN RISTZ2 Pl DO (h6
COMMUTATION. (zov SO S SF{/D/V-) GO0 AMA LOoAY
|
|
'
!
|




——

_Jr,,,,,,rwv
TIME CENLE 5‘4(51“6/0/',

FISOURE 7.

N

F s ey $-%

- # L
2 ~ d
Ed
’ ‘ te “ P RTE——. {ghz‘(ﬂ..m? o by h.’ .0 &




1
».;..lu+ol+ os SEUWTE Puwwe W
| -+

»{ Fl6 RE B. Q) CUCLENT THROUE (4 THYRISTR Pl.(2004/01v. [cuu SEc/p.w.)

| ; . b) CURRENT TneowsH Cn CrRCO M. ((2000/01V, 104L5EC/O0)
“ C) REVEIZSE VOLTASE Vrb ACROSS 72 7RISTVE Pl L _rhif

i ? i commurnnon . (Sov/omv STALSEC/DIN)

PRY
F.
g
e »

CorfoITIONS! 1000AMPERE LOAY ., NO BY=1P488 L rol&,

-

A

» v.‘ 7'




-CO ELECTRONICS DIVISION ® SANTA BARBARA OPERATIONS © GENERAL MOTORS CORPORATION

PSP

FREQUENCY.
CONVERTER

P

s

l233a

e

$ 125 kVA
< LOAD

v

AAA
WY

FREQUENCY
CONVERTER
12333
175_a’
-f_ s
i |
t .
o 3
= 1t
416v

~O-
Figure 6, Frequency Converter Connection for 240/416 Vrms Three-Phase Voltages

Figure 9. Frequency Converter Connection for 120/208 Vrms Three-Phase Voltages

125 kVA
LOAD

e bl

bl e e e

idak

i il o o S




» ASSUMED (NVERTEIE SOTFLT VoLTMEE VvS &LoAD
: CORLEAT PROFILE

RATEL VOLTAGE ' .

—

INVERTER X T PUT VOLTAGE.
—

_ - L e .

' R . 2 Pu. 2.5 PV

MRRY A

LORY CURRENT

FIeuorRE 11

e
N £ £ 5N

-

¥

]
~
5




e

~y >
i SZL b

T UTIWATA P A NS IYZH
TZNANIN/ L HOSRALYD TMIA I LO) M

' .

i

gt 9Lt/ lobrzebe g

StL obZ | 0Ooss/ @S 'sZ - 9 LHASEOI 229 B50/10 IHFILITY
o 9/ 096t/ oL'gl < P=O/P0O2QS D 200/0 S5od =IO
©9 oz | 9% 9L LS Z FooLorLesSL] Lol Yol DRUSIDLIU
; : : ¢ v dUSIIIHL

ook 0'z/ S/ 8¢5l LS LL Z NIVS EPOLZL L TN LD

g 5 sy "¥sp

032 &8 25 LSy Sb'bl/ b NCHSStSoLZL L sy "9SF 2nucIZ/HL
VELLYLOWMOD JALS

0oz 2 2l'2z! go /2 4 MG HESZTBOLZIL by by weusiziHL
o2 b’ . HL'S 2zl st & e - 2y
22 8] b0/ g Na Zlotze L > T \qm\ Ui PLHL

ZUIITLS FSurld
- : mrN \MN‘ \\N \ON \mV
o2s 2% ’SbhsS | 69789 e NahSszS0leL L] ‘1 107 IOUCIDLHL
fUS SNY 232

g iy oy

02s 9'g/ ozt | s/178 = NG EOZ LOLZ9L| €7 2777 CT IUSIZLHL
g2LS SNg 379N00
00 t> o'z gb'o0z | bb00! z NG b9SZLOLZLL -2 Sl ssizarL
Y LYY

009 2'bl bb'299 | b#’o0/ o Na b9SzLOLZL L | B Y LY geUSIFAHL
NI TIMOS

ALY (9/) (§) L5o> [ (@) L/~ AN INOS W O >
o u:waqg -« LHDIIM 7410, |¥3d LSOO \C.C.zge e IRLNTINOINVZS

! 279 L

L iy :

- ¥ -
i Jm
Es, » 4
R pre— i“is.. VPO PRI SEN—




¥ pie

15.;,33.31; a;.z .‘ ,
.&»\Dh.ﬂ%@ (= I
Glbyr® @
: N/seD *
vV SELS ‘9) S90S Sb2Tl
DU YOINZ2LLY
QsS4 Qs Sei n.hE ! oo,
D FWAPHAS NU 2L
asz/ Qs Qoo / 008\ / viibie
YOS NU2ULL
o 0t 0o 092 ! TRV R
DAL P! D
= (=]
S¢bl L3 009 oS k4 ~SE€ OE € sy o
oL DvS T2
ooL/ 9¢L ozZbl teX-i +z $Z7JIEE e L
?9& (g | (@uses| (o) wwn g
¥u:31>§ LHN¥IM 26201 |33d u50) [iLiLnpn® Bel ~L LY ZNOJWOD
I 379 9L

TR T NI

. . st
PR AL, =
e s b by de i e e

s s bl b Lo



Sworo ML&QN\X VS LAH SN ON/ FBE
(7102 OGrvY SAIOMLIN CVOLLUL

—NII 0D ST TAVIVY st VT D L/ BINT ) SLTY INOS WO
>amoy LYW 2O WA ONVY LHDIZM LSOO

= Q
gt 9 SS9 Qza LY T wiasl
s~ (o ¥ el
090z o+¢e =S¢E/ A ko> Vea 72
ST o D
SL2%T S91 0Z282 XL S
0 PUNIN
»S2L? 235/ csebs [ReunaroNZS
FINSS
v 2woon| (91 4w97am () 450> | ANINOIWVOS

II7 379¢-L

P ey : .ilq. S :
. » - 2
-4 b i&u’trﬁgm! dao e

B g




i

Thyristor, Diode and Capacitor Selection and

Cost Study for the 100 kW Inverter
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U. S. ARMY MOSILITY EQUIPHENT RESEARCH. AND DEVELOPMENT CENTER
FORT EELVOIR, VIRGINIA

PURCHASE DESCRIPTION g
3 ' FOR
GENERATOR SET, ELECTRIC, TRANSPCRTABLE, GAS TURBINE ENGINE DRIVEN
SKID MOUNTED, ALTERNATING CURRENT
MULTIFREQUENCY, 100 KW

1 June 1970

1. SCOPE - This purchase description ccvers a turbo- '
s alternator type of gas turbine engine driven generator
set to be used for supplying alternating current for i
G military ground power appiications. 0

1.1 Classification - The generator set shall be rated
.100 KW, 0.0 power factor legging, 3 phase, 4 wire, and
connectable for the following output voltages and :
frequencies: ] 3

A AT

a. 208 volts line-to-line and 120 volts line-to-
neutral at 60 hertz (Hz).

b. U416 volts line-to-line and 240 volts line-to- _ ;
neutral at 60 Hz.

"e. 208 volts line-to-line and 120 volts line-to-
: neutral at 400 Hz.

'd. 1416 volts line-to-line and 240 volts line-to- x ]
neutral at 4OO Hz. P

Ao 1o 4
e. 208 volts line-to-line and 120 volts line-to- :
neutral at 50 Ez. ;

f. U16 volts line-to-line and 240 volts line-to- }
neutral at 50 Hz.

arraciErT N O. B - Page 1 of 85 Pages’
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Z34.10 - Octave-Bank Filter Set for Analysis of Noise and
Other Sounds, Specifications For

(Applications for copies should be addressed to the Amesrican ..
Standards Assoc. 10 East 48th St., New York, New York)

3. REQUIREMENTS

3.1 Description ~ The generator set shall consist of § gas

turbine engine directly coupled to a high speed, solid
rotor, brushless alternator, a frequency converter and
all supporting equipment, systems, and devices required
3 to achieve a complete operable engine generator set
s - (herein after referred to as "generator set") which will
5 comply with all requirements of this purchase description.
: The gererator set shall be designed for low cost of
manufacture, and simplicity of operation and maintenance
Ry personnel having a minimum of training.

- 3.2 Overall Generator Set Design - The overall generator set .
+.  shall be designed with a systems concept but shall retain
practical interfaces between components to facilitate
. procurement from multiple sources, standardization with
other systems, end easy replacement of components. Hard-
3 - i ware design should be consistent throughout the generator
; . set 1n degree of sophisticatiocn, reliability, and emphasis
1 : 3 2 -. on size and weight. The generator set shall be designed ¢
: and constructed to withstand the extremely hard usage
: encountered in militery servicé, including transporta-
* Sl tion and extreme environmental conditions. The generator
; . - set design shall emphasize simplicity and low cost with -
‘ gk e selling price goal of $25,000 or less per unit (in
quantities of 200 units). 4

(s s
1

.

" 3.2.1 ' Power Rating - The generator set shall provide a net
I 2R continuous electrical power output at the generator set
- : ; i output terminals of 100 KW, 0.8 PF lagging, at all voltages
; 2 and frequencies of paragraph 3.5.1.1, at all environmental
2 conditions of paragraph 3.2.10.l, when using fuels of ;
| s paragraph 3.2.11, for the operating life of paragraph 3. 2.7 -

: .“3.2.2 Size - The design goal shall be minimum overall dimensions
G e e consistent with other design requirements, with length,
| — width; and height proportions suitable for easy trans-
portation by reil, truck, trailer, or airplane.

"3.2.3 Weight - The overall allowable dry weight for the
generator set shall not exceed 1800 lbs with a goal
of 1500 1bs. maximum., (See 6.4.9) sy

e ey




: ] 3.4.14

3.5

—3.5.1

Waveforin - In addition to being compatible with the
input requiremsnts of the static frequency converter
(see 3.5), the alternator output waveform shall not
contain any notches or spikes that could falsely
trigger logic or thyrister circuitry within the con-
veter. Harmonic content shall be kept to a low
value to minimize alternator lqsses.

Efficiency - The efficiency of the combination alter- .
nator, voltage regulator and frequency converter

(see 3.5) shall not be less than 85 percent for rated
output at any rated voltage and frequency.

Frequency Converter - The frequency converter shall
be a static, solid state, cycloconverter type, modu-
lar in construction and easily removable from the

- generator set. Use.of electronic tubes shall not be

permitted. Circuitry within the module(s) shall be ‘
arranged for ease of systematic trouble shooting.

All circuit boards shall be marked as to function

and the associated output phase relationship as

applicable and shall be keyed to prevent exchanging

or reversing of the circuit boards. SCR's shell be

grouped and marked according to the associated out-

put phase. The combination converter and slternator

shall be capable of operating satisfactorily and

controlling the output voltage as specified hercin,

through the range of voltages specified in 3.5.1.1. .
Vocltage "build-up" in the combination converter and ¢

‘alternator shall be automatic and shall not reguire

the use of any manual flashing circuits. Use of g ;
separate fans or blovers for forced cooling is not =

‘preferred. The converter module(s) shall be fitted
" with removable protective covers as necessary.

Output power connections shall be made through
conspicuously marked terminals. The terminals shall
be rigidly mounted and shall not twist or turn in
their mountings when the nuts are tightened. Con-
nections to and from the module(s) for signal and DC
control wires shall use a MS connector(s) in accord-
ance with MIL-C-5015. No terminal blocks or solder
connections shall be permitted for such signal end
DC control wires.

Voltage Requirements - The converter, together with
the alternator and the control circuitry, shall per1

form as follows:

- : ‘

50 : '
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3.

-y

5.1.1

5.1.2

4

5'01-3

waveforms.

Voltzge Overating Range - The generator set shall
operate, within the requirements of this specifica-
tion at any load from rno load to reted load at any

.power fector from unity to 0.8 lagzing at any rated

frequency, at any voltage between 92 and 115 percent
of rated voltege. (See 1.1)

Voltage Adjustment - By meens of a manual rheostat

on the control cubicle, it shall be possible to

adjust the voltege to any value between the limits

as stated in 3.5.1l.1 at any load up to and including
rated load at any power factor from unity to 0.8
lagging at any ambient temperature within the
specified temperature range and at any rated frequency.

Voltage Waveform - With the converter operating at
any load from no load to rated load at any power
factor between unity and 0.8 lagging at any rated
frequency, the following requirements shall apply
to the line-to-neutral and line-to-line voltage

a. The deviation factor shall not exceed five percent.

b.- No single harmonic shall exceed two percent of the
fundamental,

c. Total harmonic content (square root of the sum
of the squared values of all the harmonics)
shall not exceed five percent of the fundamental.

d. The DC voltage compénent as measured at the output
- " terminals shall not exceed 100 millivolts.

e. There shall be no evident discontinuities, spikes
or notches in the waveform vhen viewed on a high.
frequency oscilloscope having e minimum display
area of 6 cm by 10 cm, DC to 15 mHz (or greater)
bandwidth and 23 nanoseconds (or less) risetime.

" To observe-the waveform, the oscilloscope verti-
cal gain shall be set such that the visible full
screen portion of the trace is less than one
tenth of the peak-to-peek voltage amplitude and’
the ‘oscilloscope time base set such that the
visible full screen portion of the treace is :
less than one tenth of the period of the voltage
wave. By using the oscilloscops position con-
trols, each portion of the wave shall be care-

fully examined.

~

2.
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The above requirements arz based on use of linear
(non-seturating) reactors to obtain the lagging .
pover: factor load component.

3.5.i.h .Phase Voltage Balance ~ With the generator set operating
- at rated output voltage, frequency, and no load, the
o maximum difference in the three line-to-neutral and .

line-to-line volteges as measured at the output termi-
nals shall not exceed one percent of the rated line- 1
to-neutral or line-to-line voltage respectively.

3.5.1.5- Phase Angle Balance - With the generator set operating *
; ' at rated output voltage, frequency and at any load ]
from no load up to and including rated 'load the : ; 1
angle between any adjacent output voltage vectors shall not
G differ from 120 degrees by more than one degree.
3.5.1.6 Effect of Unbalanced Ioad - With the generator set

operating at no load, rated voltage ernd frequency,

: application of a single phase, line-to-line, unity

3 ! oy ' power factor load equal to 25 percent of rated cur-
£ rent ‘shall not -cause the three steady state line-to-

. ‘ line.voltages to differ from each other by more than

E : ©  five percent of rated voltege.

P

3:.5.1.7 Voltage Modulation - When viewed on the oscilloscope
specified in 3.5.1.3, the cutput voltage envelore
of any line-to-line or line-to-neutral voltage for
any load up to and including rated load on the generator set
shall not show a difference in the voltages of adja-
cent peaks of more than 1.5 volts. This requirenent
shall apply for both the upper and lower halves of
_the envelope. There shall also not be any repetitive
pattern of the voltage peaks with a frequency less
than one half rated output frequency. ™.

g 1 e s

3.5.1.8 Voltege Regulation - The voltege regulation from no
load to any load up to and including rated load, and
from any load up to and including rated load to no
load shall not be more than one parcent of the rated

" voltage (see 6.4.11). ' { :

Lspm——— - -

58 W is e - -

. g_———.

: , . 3.5.1.9 Voltage Varistion at Constant Load - At any constant
4 load between no load and rated load, the generator set
g, output voltage shall not deviate more than one half

of one percent from its average rms value. There
shall be no sustained periodic voltage oscilla.tions,l
sustained periodic voltage oscillations, even though'
within the allowable one half pcrecent variations at {
constant load; this requirement shell epply under !
all conditions, including those which exist ufter

"settling” takes place following load changes as
uc“;ioned‘in 3.5 1.120b,

-
s >
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3.5.1.10

3.5.'1.13.

: 3.5’.'1.12

ey

Iong Term Voltege Stability (% Hours) - At constent
cmbient tenmperature, constent barcmctric pressure, con-
stant output frequency, constant vcltage setting and
at any constant loazd from no load to rated load, the
output voltage shall remain within a bandwidth of two
percent of rated voltage. 3

Voltage Drift - With the generator set operating at

constant load and frequency, a change in ambient tempera-~
ture up to 60°F in an eight hour period (generator set
temperature stabilization being accomplished at both the
initial and final embient temperature conditions) or as
the generator set stabilizes from cold conditions at any
load, shall not cause the voltage to change by more than
one percent of rated voltage.

Transient Voltage Performance - Performance (as measured
by a light-bear oscillograph) of the generator set dur-

ing the following specified transient conditions shall™

be as follows:

a. With the generator set initially operating at no
load, rated voltage and rated frequency, the rms termi-

. nal voltage of the generator set shall not drop to less

than 75 percent of rated voltage when a balanced, 3 phase,
low power factor (0.4 pf to 0.2 pf, lagging), static

load having an impedence of 0.5 per unit (drawing twice
rated current at rated voltage) is suddenly applied to

the output terminals of the generator set. When connected
to the specified load, the generator set shall recover

to a minimum of 95 percent rated voltage within 0.7
seconds and shall stabilize at or above this voltage.

- The above specified voltage dip shall not be exceeded

wvhen a fully-loaded induction motor of the above speci-
fied impedance is used in place of a static load, and

no reactions shall be set up to prevent full acceleration
of the motor with rated torque applied to its shaft. .

b. When the generator set is initially operating at
reted frequency, rated voltage and following any sudden
change in load from no load to rated load, the in-
stantaneous rms voltage shall not drop to less than
88 percent of rated voltage and shall reach stable
conditions (as defined in 6.4.12) within 0.5 second;
po overshoot or undershoot (see 6.4.13) of the final
voltage may exceed the initial voltage transient in
amplitude. The ebove requirements shall also apply
when load is suddenly changed from rated load to no
load, except that the initial voltage transient shall
involve a voltage rise not to exceed 115 percent of
rated voltage. AR

oo 08




c. The generator set shall be capable of 'across-the-
: line starting & motor rated at 0.5 horsepower per KW
o e e - of .generator set rating. The-starting current rating .- -—.
e SR ; of the motor shall be NEMA code ¥ and the motor shall
3 ; ] p be loaded with a flywvheel having zn inertia equal to
3 : that of the motor. Satisfactory starting is defined
R ; as acceleration of the motor to rated speed without
tripping any safety device.

S SRR St

2 3e5.1.13 Short Circuit - The generator set shall withstand with-
out injury, application of any ten second short circuit
(3 phase, single phase L-L, and single phase L-N) at

v the generator set output when operating at rated

E - i : e kilowatts, power factor, frequency, and voltage. Dur-
i o " ing the application of the short circuit, the sustained
- o steady state short circuit current shall not be less

: : : than 250 percent of rated current (see para. 6.4.19)

: ' for.the duration of the short.

- - i o e - e e e N e § eree e e o meams s & e =e - . o e e e e = e s . ' e D

3.5.2 Frequency Requiremants - The freqpency reference
circuit shall be capable of attaining and maintaining
the required converter output fregusncy as soon as
the alternator output voltage is applicd to the con- -
verter. This shall be accouplished by using tempera-
ture compensation circuitry as necessary. Output of
the circuit shall provide ‘the required three-phase
signals to synchronize the converter phases and rain-

: ; o tain the phase relationship as required in 3.5.1.5.
E | : The frequency circuitry shall be capable of driving

! or synchronizing up to two additional, identical,

generator sets operating in parallel. This shall be

ey -——

e

! : : ; .” accomplished through a paralleling receptacle.
4 ' : SRR T A Freqnenqz,Onerating Range - The operating_ frequencies
; B shall be 50, 60 and LOO Hz and the generator set shall be de~

R ; : 7 signed to meet operating requirements of paragraphs
= : : : 3.5.2.2, 3.5.2.3, and 3.5.2.4 wvithout adjustment.

: Manual trim of the output fregquency shall not be
E: : P required for any mode of operation when the generator
& is connected for 50, 60, or 40O Hz.

- .3.5.2.2 Frequency Regulation - The generator set shall pro-
i K vide isochronous operation within 0.1%, i.e., for
' —— every load change up to and including rated load the
freqnency reguletion (see 6.4.11) shall not exceed
- + 0 1,0.
Gy !k
‘\ : a
' 5 [N >




A3.'§.2.5

3.5.3
3.5.3.1

g,

long Term Frequency Stability - The generator set fre-
quency shall not vary more than 0.05)) of the rated
frequency during eny four-hour "period of operation over
the range of environmental.requiraments. ofethis specifi-
cation at any constant load f*om no 1load to rated 1oad.

Transient Frecunncy Performance - For application or

removal of any load up to and including rated load o2 o
the frequency of the generator set shall not change

during the load transient by more than % of one percent

of rated frequency and shall return to the original
operating frequency within 0.l seconds (see 3.5.2.2).

Frecuency Modulation - When viewed on the oscilloscope
specified in 3.5.1.3, the output voltege for any load

up to and including rated load on the generator set shall have
& zero crossover that does not fluctuete by more than

plus or minus one half percent of the period of the

output voltage vave. This requirement shall epply to

both the positive and negative going portion of the

voltage wvave. There shall also be no sustained .
periodic frequency oscillations of the output voltage
fundamental frequency.

Parallel Operation

load Division - The generator set shall be capablie of
isochronous parallel operation with two other identi-
cal generetor sets. With their frequency and voltege
regulator paralleling circuits properly intercon-
nected, any two sets of the same rating operated in
parallel shall divide load in accordance with the
following as system load at rated power factor is
varied between zero and 100 percent {aud vice versa)
of the combined rating of the connected sets:

a. Real Powver Division - At no time shall the dif-
ference between the steady state kilowatt outputs
of the sets be greater than ten percent of the
kilowatt rating of one set.

. be Real Power Exchange - At any constant system loed
up to the combined rating of the sets in parallel,
real power exchange between the sets shall not
exceed ten percent of the kilowatt rating of one
set. Real power exchange is the difference betieen
the maximum and minimum instantaneous real powver
output delivered by one set, for constant system
load conditions, &s determined from oscillographic
measurements. ey

Pt e
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¢. Reactive Power Division - At no time shall the
differcnce betwsen the average reactive KVA out-
o v - ettt puts of the sets be greaster than ten percent of e ;
the KVA reting of one. set. : ;

d. Reactive Power Exchanze - An any constant system
o : o ; load up to the combined rating. of the sets in
U ; parsllel, resctive power exchange between the : £
: sets shall not exceed ten percent of the KVA rat-

e S ing of one set. Reactive power exchange is the 2 3
difference between the maximum and minimum in-
stantaneous reactive power output delivered by
one set, for constant system load conditions, as
determined by oscillographic m=asurements.

e For the above requiremsnts, the initial system load
: shall be equally divided between the sets, both as to
active and reactive components; thereafter, there
shall be no adjustments to frequency circuits, voltage
regulators, or any other component as system load is
changed. These requirements shall also apply vhen
- three sets are connected in parallel.

1 3.5.3.2 : Automatic Synchronlzatlon - With identical generator sets j
“ interconnected with the paralleling cable, the autcmatic -
synchronization circuits shall be encrgized with the
; "wnit-parallel" switches (see 3.6.2.10) are set for
3 ' parallel operation. The circuits shall automaiically |
] , - g : synchrenize both the frequency and voltege of the genere-
) tor sets to be paralleled. This circuit shall not inter-
3 : I fere with normal operation of the generator sets when
‘ the paralleling cable is disconnected and/or the "unit-
parallel" switch is actuated from either the "unit"
position to the "parallel" position or vice versa.

3.5.3.3 Improper Paralleling Procedure - The generator sets
shall not be damaged in the event gencerator sets are -

3 : 1 connected in parallel with their output voltages being

E & i out of phase up to and including 180 degrees, with the

E - : e "unit-parallel" switch in the unit or parallel position.

: H 2 - " Control Cubicle - A control cubicle shall be mounted
5 1. . ol . &t the alternator end of the generator set. Ventila-
g' tion of the control cubicle shall be provided as
FIR e necessary to prevent buildup of high tempsratures with-
NS in the cubicle. The control cubicle shall contain all
- X controls, switches, instruments, etec., necessary to

Ty P

s ’o-'wan e

- ¢ start, operate and monitor the sct. It may also con-
- | i tain relays and control devices not suitable for

LY

1 i : 5 i j., : ., 26
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A STEP FORMING CIRCUIT FOR SINE WAVE INVERTERS

Thomas M. Corry

Delco Electronics Division
General Motors Corporation
Santa Barbara, California

ABSTRACT

This paper considers three aspects in the optimum design of 15

to 100 kVA, 60 Hz three-phase inverters: thyristor commutation,
voltage waveform design, and component selection. The first as-
pect is the method devised for commutating thyristors in obtaining
the stepped voltages used to shape the inverter output voltages.
Requirements of the commutation circuit are discussed and the
step circuit operation is described. The second aspect is computer
implementation of procedures for designing voltage waveforms to
minimize inverter cost, weight, and volume. An illustration is pro-
vided of N-step voltage waveform design to minimize total har-
monic distortion, or logic circuit costs; to maximize power handled
by the power center thyristors; or to reduce magnitudes of the 5th
and 7th harmonics. The third aspect considered is how inverter
weight, volume and cost are affected by total harmonic distortion
of the inverter unfiltered output voltages. Results of a design study
were plotted to show how the relative cost, volume and weight of
the THD-dependent components vary with the number of voltage
taps used on the step transformer.

INTRODUCTION

In a program sponsored by the United States Army Mobility Equip-
ment Research and Development Center (MERDC), Delco Elec-
tronics developed a general purpose inverter capable of producing
15 kVA, 60 Hz or 400 Hz, three phase power or 10 kVA, two-

wire or three-wire, single phase power from either dc or rectified

ac pewer sources. Continued development, as reported in this
paper, has resulted in a step voltage circuit for the MERDC in-
verter, a computer programming procedure for waveform design,
and a design optimization approach for a 100 kVA, 60 Hz inverter.

The15 kVA inverter! generates stepped waveform approximations:
of sine waves by varying the voltage levels on a tapped autotrans-
former. The required step changes are obtained with a special com-
mutation circuit supplied with constant commutation energy inde-
pendent of inverter input voltage, magnitude of the voltage step, or
inverter load current. To effectively transfer this energy to the com-
mutation loop, an energy source circuit is operated in synchronism
with the thyristor turm-off circuit. The constant energy commuta-
tion capability allows the inverter to function with greater than two
per unit short circuit currents and to start up with full load.

The step wave circuitry and waveform design techniques described
herein are being used to develop candidate inverter systems for
U.S. Army general purpose power conditioners. These units rated
between 15 kVA and 100 kVA, will produce precision three-phase
power, at 60 Hz or 400 Hz, in conformance with MIL-STD-1332B,
Class I. The inverters will be usable in turbo-alternators, diesel
generator sets, utility line upgrading, and frequency converters.

17M. Corry. “A New Concept for Generating Three-Phase
Sine Wave Voltages with Semiconductor Power Switches.”
1973 PESC. Record pages 230-236, 73 CHO 863-1 AES.

Razi A. Kokan Robert A. Williams
United States Army
Ft. Belvoir, Virginia

Mobility Equipment R&D Center (MERDC)

STEP VOLTAGE COMMUTATION

Figure 1 shows the power circuit organization of the general pur-
pose inverter and the waveform it produces. The power center
thyristors generate the flat topped voltage portion of the line-to-
neutral waveform, during which 60 to 80% of the three phase
power flows into the load. As thyristors T+, T- excite the step
transformer at a frequency three times the output frequency of
the inverter, step voltages are generated (as two sets of stair-
stepped voltages) and are distributed to the three-phase output
lines via phase selectors. Thus, the width of the flat topped volt-
age wave and the number of voltage taps on the step transformer
determine the total harmonic distortion (THD) of the unfiltered
output voltage.
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Figure 1. Inverter Circuit Concept and Line-to-Neutral Voltage

The general waveform? of the inverter line-to-neutral voltage is con-
sidered to be made up of three functions: center function, Y func-
tion and X function. In waveform optimization studies, the center
function was varied over a range of 60° to 120° and the number of
voltage steps (counted from the zero reference) ranged from one to
ten. The Y and X voltage function producing circuits (shown in
Figure 2) use thyristors to change voltage taps on the step generat-
ing autotransformer. The thyristors in the Y and X function cir-
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cuits are divided into two ladders, one self-commutated and the
other requiring an auxiliary commutation circuit.

stored in the commutation capacitor essentially constant and inde-
pendent of inverter load or input voltage. The boost function re-
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] L 5 L L quires a source of commutation voltage for each conducting step i
L : . thyristor at the time voltage level changes. Figure 4 shows an ]
Figure 2. Y and X Step Function Circuits alternating voltage energy source connected to the step commuta- :
tion circuit of Figure 3. The commutation boost voltage energy 1
T In the Y function circuit (Figure 2a) out-of-phase currents flow source is a series resonant inverter operating in synchronism with 3
through the self-commutated thyristor ladder (on the left). When the step commutation. 1
s a positive voltage is applied to the step transformer, the left hand
thyristors are turned off as the voltage steps move down from the
> top step to the bottom. In-phase currents flow through the right _L
side thyristors, which are turned off by the double bus commuta- —_=
tion circuit consisting of thyristors SCRa, SCRb and capacitor C. =
- When a negative voltage is applied to the step transformer (Figure
2b) in-phase currents flow on the left side and out-of-phase cur-
2 rents flow through the right side thyristors and commutation L
circuit. The X function circuit (Figures 2¢ and 2d) is an inverse SCRay C SCRb
. image of the Y function circuit. Delco has fabricated test step ;
circuits and successfully commutated currents representative of a 3
- 100 kW rating, usiu: readily available components. Figure 4. Boost Voltage Source for Step Commutation Circuit i
. To aid in discussing double bus commutation®, Figure 3 provides The operation of the voltage boost circuit, in conjunction with the
a schematic of the Y and X function step cirquits with the self- step commutation circuit, is depicted in Figure 5, which is an
o commutating thyristors not shown. Assume in Figure 3 that thy- equivalent circuit of the boost circuit at the time that thyristor
‘ ristors SCR2 and SCRb are conducting current to the Y function SCRb is being turned off. The current arrows shown are for con-
load, transformer polarity is positive, and capacitor C is charged
- as indicated. To transfer the load current to voltage level 1, SCRa s
is gated on 35 us prior to SCR1. The discharge of capacitor C W stre ML
- reverse biases SCRb and turns it off. SCR2 is turned off by the pfee it tf.
reverse voltage ringup of capacitor C, which is then charged at the e
& proper voltage polarity for the next step level change to level 0. 52 scRl
Load current continues to flow through SCR1 and SCRa. L o o E
> o
- n 4"
[
The thyristor, reverse voltage step commutation circuit of Figure & O A“u
W 3 is the basic mechanism for turning off the double bus step thy- ey !
ristors. Commutation capacitor energy sources are the step volt- S _G"
L age taps of the autotransformer. Hence, commutation energy ‘ i3 :
| varies with 1) the dc voltage applied to the inverter, 2) the step vl 1( ScRy {f\l s
! voltage magnitude, and 3) the inverter load current. 1N -
- - e J S —.
When commutation energy is obtained only from the step trans- l i
¥ former voltage, the inverter cannot operate with short circuit i o
} loads or start with large loads. To provide these capabilities, a
a commutation boost circuit was developed to hold the energy
Figure 5. Boost Voltage Equivalent Circuit
i 3 TM. Corry, RM. McKechnie, R.A. Williams, “DC Link In- ditions of load current being transferred from voltage step level 2
verter for Army Power Conditioner Requirements.” 1974 to step level 1, and current flow through thyristor SCR2 being
| & PESC. Record pages 305-311. 74 CHO 863-1 AES. transferred to thyristor SCR1. Thyristors SCRa and A are then
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turned on simultaneously, but 35 microseconds before the turn-on
of thyristor SCR1. At the instant thyristors SCRa and A are turned
on, the voltages of capacitors C and C' add. Energy stored in these
capacitors is used to turn-off thyristor SCRb and supply load cur-

rent and ringup current through thyristor SCR2. Note that the V}, of Figure 4,

step voltage V,, between steps 1 and 2 of Figure 5, does not ap- .
pear in the ringup circuit of capacitors C and C . Therefore, the :
voltages across these capacitors are independent of the step trans-
former voltage, and are controlled by the boost voltage source

a. With Zero Voltage Applied to the Inverter

Figure 6 shows photographs of commutation currents iy, ig, i3 A schematic diagram of a developed 15 kVA, 60 Hz inverter is

tﬁe m- shown in Figure 7. For this circuit, the voltage waveform was de-
signed so that the Y and X function steps would switch in synchro-
nism; this allows use of one voltage boost commutation circuit in-
stead of two. The voltage waveform, having a 110°-wide power
center and 10°-wide steps, is described in detail in Tables 1 and 2.

(ot Figure 5) for two conditions: zero voltage applied to

verter; and 300 Vdc applied, and with the inverter supplying a 20
kVA load. Note that the current magnitudes for the two condi-
tions are virtually identical, indicating that commutation energy
is independent of inverter input voltage or load.

Figure 6. Commutation Circuit Currents

b. With 300 Vdc Applied, 20 kVA Load
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Figure 7. Schematic of 15 kVa, 60 Hz Inverter
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VOLTAGE WAVEFORM DESIGN

Waveform design is determined using a computer analysis pro-
gram in order to minimize filtering and optimize hardware usage,
Figure 8 shows the generalized form of the line-to-neutral volt-
age which the Delco inverter is capable of generating. The opti-
mization problem is this: For N voltage steps, design a voltage
waveform with the least possible total harmonic distortion by
adjustment of step number, width and height. Since the third
harmonic, and all multiples thereof, are eliminated by an attenu-
ator in the inverter output circuit, (or are naturally absent) all
triplen harmonics can be ignored in the optimization process.
Various constraints can be added — such as equal-width voltage
steps, minimum fifth and seventh harmonics, maximum-width
power center, and number of voltage steps — which could reduce
inverter logic cost and output filter size, maximize inverter ef-
ficiency, and minimize hardware cost.
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Figure 8. General Form of Line-to-Neutral Voltage

The numerical technique is to optimize one variable at a time and
calculate the corresponding THD values. The value of the first vari-
able yielding 2 minimum value of THD is chosen as the optimum
value of the variable. Should there be more than one minimum
value of THD when the variable is incremented, the value chosen is
that which gives the lowest minimal THD. The optimization pro-
cedure is repeated for each remaining variable while holding the
previously considered variables constant at their optimized values.
Iterations are then repeated a preset number of times, or until the
difference between minimum values of THD for two consecutive
iterations is either zero or negligible.

A computer program (called Ol"l'SWl")4 was developed to imple-
ment the optimization for minimum THD. For each variable, the
program applies three basic procedures: coarse optimization,
averaging, and fine optimization. The input, assuming a constraint
of equal step widths, can have any one of three forms:

e Form I — Value of the number of step levels N,
initial values of the step width X, and N voltage
step heights V4 9, V9 1, Vg 9,....Vny N1 are
selected as inp}al(.) SRS el

e Form II — Number of step levels N and width
(in degrees) of the flat-top portion of the wave-
form are given. The program calculates initial
values of step width X and voltage step heights
are apportioned, assuming all step heights are
equal. The program then enters the optimiza-
tion of step width X.

o Form III — Desired value of step frequency
harmonic is given. The program calculates the
initial values of step width and the flat topped
portion. Voltage step heights are given (as in
Form I) and arecomputed assuming all heights
equal (as in Form II).

4 R.A. Kokan, “Method of Optimization for a Periodic Step
Waveform for Minimum Total Harmonic Distortion.” 1975
U.S. Army Numerical Analysis Conference (Feb. 11-12).
U.S. Army Troop Support Command, St. Louis.

VOLTAGE STEP WIDTH OPTIMIZATION

Although all step widths were assumed to be equal, varying the step
width X will change the position of N step heights. This is equivalent
to changing N variables simultaneously in equal steps. Since this will
have the greatest impact on the THD function, step width X was
chosen to be the first variable of optimization.

The initial value of step width X is input to the program along with
four parameters for determining the variable “window” or range:

XC = Coarse range parameter (fraction)

XP = Coarse increment parameter (degrees)
CT = Fine range parameter (degrees)

PC = Fine increment parameter (degrees)

The coarse “window” is given by

(XC) (XINIT) s XOPT = (2-XC) (XINIT) (1)
The fine “window” is given by

(XAVECT) s XOPT < (XAVE + CT) (2)

Coarse XOPT Procedure

The position of the “window” can be varied by changing the value of
the initial step width XINIT. Its range can be varied by changing the
value of XC. The limits on XC are

00=<XC=<10 3)

For convenience the first value of X, called X(1), is rounded to the
nearest degree or tenth of a degree depending upon the input value of
a “FLAG” IXR. If IXR = 0, then X(1) is rounded to the nearest
degree. If IXR =1, X(1) is rounded to the nearest tenth of a degree.
The variable X is increased in increments finite from X(1) to X(K)

in K steps within the window initially selected (Figure 9). The cor-
responding values of THD are calculated using the initial values of
Vim.m.1- That value X(L) which gives the minimum value of THD
inwcoun range THD(1) to THD(K) is the optimum value of X.

Average XOPT Procedure

The value X(L) at which the THD (L) was minimum is further re-
fined by an averaging technique. The values of THD obtained at
locations X(L-1) and X(L+1), where the minimum THD is at X(L),
are compared in the following manner and the average optimum X,
called XAVE, is obtained by

X(L) + X(L+1)
2

X(L) + X(L-1)
2

If the values of THD (K) were varying, then for monotonically in-
creasing values of THD (K)

XAVE = if THD (L-1)> THD (L+1) (4)

XAVE = if THD (L-1)< THD (L+1)  (5)

XAVE = X(1) (6)
and for monotonically decreasing values of THD (K)

XAVE = X(K) )]
Fine XOPT Procedure

The fine optimizing procedure is similar to the coarse procedure,
except that the fine increment PC < < coarse increment XP, and the
fine window is narrower than coarse window: CT < (1-XC)(XINIT).
In a manner similar to coarse tuning, the value of X is increased in
increments of PC from X(1) to X(K) within the window defined by
equation (2), and the corresponding values of THD are calculated.
The optimum value of X(L) is that value of X giving the minimum
value of THD.

TR Il B e
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Figures 9 and 10 show the optimization “window" of the variable

X for a 4-step waveform. Figure 9 shows how THD varies with

0.1° incremental increases in step width X, inside the window

(5.69 to 11.69), as each of the four step heights is given its non-
optimized value of 0.250. The THD changes from 10.8% to 5.58%.
Figure 10 shows the window for the same variable when the four
step heights have their optimized value of Vy o = 0.332, V. 1-0.271,
V32=0.199 and V4 g = 0.192. Note that the localized m?:'nmn

in Figure 9 has been “fine-tuned” in Figure 10 by optimiz ing the
step heights, and that the step width for optimum THD moved from
8.2 to 10.8° after step height optimization. The program was able
to select the value of X (10.8°) which corresponds to a step fre-
quency of the 33rd harmonic. That gives the lowest minimal value
of THD (4.8181%) at the optimum X. For the balance of the itera-
tion, the step width is kept constant at its optimized value, XOPT.

10.9 I
2
g
] N-4
& My OPTIMUM THD = 5.576% b
§ FOR STEP WIDTH - 8.20°
E3
2
=
5.58
5.6 8.6 1.6

STEP WIDTH (degrees)

Figure 9. Effect of Step Width Variation on THD

VOLTAGE STEP HEIGHT OPTIMIZATION

The N step heights are next optimized beginning with the bottom
step height V, () and ending with the top step height Viy N-1: All
previous pmoé)um for optimizing step width X are also 'used for
step height. The following parameters (like those given for X) de-
fine the “window” for the step heights.

VC = Coarse Range Parameter (fraction)
VP = Coarse Increment Parameter (degrees)
VCT = Fine Range Parameter (degrees)

VPC = Fine Increment Parameter (degrees)

For each step height, the coarse window is

(VC) VINIT (m,m-1) < Vpy, 1 < (2-VC) VINIT (m,m-1) (8)
and the fine window is

VAVG (mm-1)-VCT< Vyy 0 1 VAVG (mm-1) + VCT (9)

where VC is a fractional constant between 0 and 1.0. The program
assigns to each of the N step heights the initial value VINIT (m,m-1)
at the start of optimization, for m = 1,2,3....,N. These are given to
the program either in Form I or Form II.

Coarse VOPT Procedure

Because of the normalized unity constraint, a variation of one step
height for either coarse or fine tuning has an equal and opposite ef-
fect on the sum of the remaining voltage height variables. There-
fore, the procedure for optimizing step heights is modified, as indi-
cated in the fellowing generalized procedure for optimizing the k
step height. From this, (N-1) step heights are opti ized by setting
k=1,23,....(N-1). The optimized value of the N*" step height is

N-1

VOPT(N,N-1) =1 kg VOPT (k.k-1) (10)
1

N-4
OPTIMUM THD - 4.818%
FOR STEP WIDTH = 10.8° _J

TOTAL HARMONIC DISTORTION (%)
o
=

1.1 10.7 B3.7
STEP WIDTH (degrees)

Figure 10. Effect of Step Width Variation with Step Heights Optimized

where VOPT (k k-1) ig the optimized value of the kth step heights.
For optimizing the k** step height Vp, .m-1 for m =k, step heights
that have been optimized thus far are kept constant at their re-
spective optimum values, VOPT (m,m-1) form = 1,2,3,....,(k-1).

The initial values input to the program as VINIT (m,m-1) for
m=123,...N are re-initialized, satisfying the normalized unity
constraint. This is verformed bv finding the difference. called
DIFF (m-1) for m=k, between the sum of the initial values of the
first (k-1) step heights, and the sum of the optimized values of the
(k-1) step heights

DIFF(k-1) = l;_:,l VINIT (m,m-l)-kz'1 VOPT (m,m-1) (11)
m=1 m=1

This difference DIFF (k-1) is equally distributed to the remaining
(N-k+1) nonoptimized step heights as

VINIT(m,m-1) = VINIT(m,m-1) + DIFF(k-1)/(n-k+1) (12)

for m=k, (k+1)... N. The value of the optimizing variable V. 1
for m=k is renamed the current value VCURR. The opti vari-
able is increased, in increments of VP, from the current value
VCURR(1) to VCURR(J) in J steps within the window shown by
Figure 11. Then, the corresponding change in value of V,,, 1
from its initial to the current value is calculated for each cll'ﬂnnt
value. This change, denoted by DELV(J) for the JtP step, is

DELV(J) = [vmrr(-,m-n-vcunm)] 13)

for m = k. The difference DELV(J)is distributed equally to the
(N-k) steps by the equation

VINIT(m,m-1) = VINIT(m,m-1) + DEL"""J)/(Nk)  (14)

form=(k+1), &* Dpsiviirms ,N. This re-initializes the (N-k)
steps when the k*" step assumes the current value VCURR(J).

Saalhata b o b b e L e




Using these step heights, and the optimum step width XOPT, the
program calculates th: corresponding THD values. The value
VCURR(L) of the k*? step height that gives the minimum value of
THD in au coarse range THD(1) to THD(J) is the optimum value
of the k*" step height VOPT(k,k-1). Therefore,

VOPT(k,k-1) = VCURR(L)
6.00

(15)

Optimum THD = 3. 8904%
For Relative
Step Voitage VOPT (2) = 0.2800

4.9

TOTAL HARMONIC DISTORTION (%)

3.9

0.15 0.30

STEP VOLTAGE (Relative Value)

0.4

Figure 11. Effect of Step Voltage Variation on THD

Average/Fine VOPT Procedures

Average and fine optimization techniques like those used for step
width X are applied and the optimum value is further refined. The
optimization procedure is repeatea)(N-l) times until the (N-1) step
heights are optimized, with the N'" step height obtained from
equation (10). The program plots the THD values vs the optimiza-
tion window for both coarse and fine tuning of each of the n vari-
ables. At this point, one iteration of optimization is completed,
yielding optimized values of step width X and the n step heights.

For the next iteration, the optimized values become the initial
values of the variables and the optimization procedure is repeated.
This yields optimized values for the second iteration including the
corresponding minimum THD (which is the optimum value in THD).
Iterations are repeated a preset number of times, or are continued
until a satisfactory degree of convergence is achieved. Using the
“windowing”’ approach, and then proceeding to obtain an interim
of optimization of each variable in turn, the overall convergence is
well behaved, achieving levels of one part in 10-3 routinely in 5
interations or less.

If the number of step levels is sufficiently increased, the value of
THD can be reduced to any arbitrary limit. In Figure 12, minimum
(optimum) THD solutions are plotted as a function of the number
of voltage taps on the inverter step autotransformer. The minimum
THD points for this curve were computed with no constraints on the
waveform design. The lowest possible THD varies from 16.6 percent

for one voltage tap to about two percent for nine voltage taps. The
measurements of THD on inverter output waveforms closely agree
with the calculated (optimized) values.

LINE-TO-LINE VOLTAGE TOTAL HARMONIC CONTENT (%

( 1 2 3 4 5 6 7 8 9
NUMBER OF STEP TRANSFORMER VOLTAGE TAPS

Figure 12. Affect on THD of Varying Voltage Taps, with
Waveform Optimized Without Constraints

Results of a study of THD in waveforms designed under various
constraints are summarized in Table 1. For the five conditions
shown and with transformer voltage taps held constant (at three),
values were computed of THD, magnitudes of the fifth and seventh
harmonics, and conduction times of the power center thyristors.
Each condition listed has an influence on inverter cost or complex-
ity. The waveform designed under Condition 1, with no constraints,
has the lowest THD and lowest values of 5th and 7th harmonics.
This waveform would result in the smallest output filter, but also
requires a relatively complex logic circuitry. The waveform design-
ed to Condition 3 — with constraints of equal step widths, power
center width a multiple of the step width, and zero dwell —has a
wide power center and requires relatively simple logic circuits.

Shown in Figure 13 is an oscilloscope trace of an unfiltered invert-
er line-to-line output voltage waveform generated per Condition
3. Magnitudes of the significant nontriplen individual wave har-
monics, before and after filtering, are listed in Table 2. Note that
the measured THD of 5.6% corresponds to the computed value in
Table 1, the highest for any condition.

The waveform designed per Condition 3 has equal, 10-degree wide
step widths and a 110-degree wide power center. When step widths
are equal, the highest-magnitude harmonics cluster around the step
frequency harmonic. This is evidenced in Table 2, where the great-
est harmonics — the 35th (2.88%) and the 37th (2.71%) — bracket
the 36th harmonic, which is the step frequency. The release of har-
monic energy around the step frequency simplifies the output filter.

MAGNITUDE (%
TOTAL HARMONIC | HARMONIC MAGNITUDE (% | POWER CENTER | STEP FREQUENCY HARMONIC BEFORE AFTER
CONDITION DESIGN CONSTRAINTS DISTORTION (% FIFTH SEVENTH | WIDTH(Deg) HARMONIC NUMBER | FILTERING | FILTERING
1 None 4 0.10 0.2l 100.2 1 100 10
2 Equal Step Widihs; Power Center Width = Multipie ' 5 0% -
s o 1 1.4 0
of StepWidth; No Zero Dwell *B 0.6 ol 100.0 a B . e
3 Equal Step Widths; Power Center Width « Multiple 3 02 X))
of Step Wigh; Zeo Dwel 5.6 0.98 L% 110.0 % g &: &g
4 Equal Step Widths X} 0.15 0.8 103.7 3 2 0 oz
0 > 0.0 ¥
Equal Step Widths = 9°; Power Center Width .0 un 24 1o o
Multiple of Step Width; Zero Dwell : : %2 &g
* Excluding Triplens ] an oz
Table 1. Waveform Design, With and Without Constraints THD = 5.6% )

6

Table 2. Harmonic Breakdown




Figure 13. Unfiltered, Line-to-Line Voltage Waveform

SELECTION OF THD-DEPENDENT COMPONENTS

The quality of the inverter output voltage waveform (Figure 1),

is determined primarily by the number of voltage taps on the step
autotransformer. The lower the THD of the unfiltered waveform,
the more thyristors are required in the inverter circuit. The higher
the THD, the larger the output filter required to smooth the wave-
form to an allowable deviation factor. Inverters rated 10 and 15
kVA have been optimized, designed, fabricated and tested by
Delco. Looking to the future, a study was made of these relation-
ships to determine cost, volume, and weight for the THD-dependent
components of a 100 kVA, 60 Hz inverter.

For this study, output filters were designed to produce inverter
output voltages having two percent THD and deviation factor less
than five percent when using from one to nine voltage taps. The
number of thyristors used for the power center, phase selectors,
and T+, T- are i t of waveform design. The required
number of step thyristors® and the output filter capacitance vary
with output voltige THD.

In calculating output filter capacitance, the total series inductance
in the inverter was constant for changes in the number

of transformer taps. The following equations are used to compute
total thyristor cost, and the filter capacitance required to produce

a waveform with two percent THD.
Thyristor Cost (dollars) = (26 + 4n) - P (16)
. - THD
Capacitance ( uF) = K L4 amn

where n = Number of step transformer voltage taps
P = Thyristor cost in dollars
THD= Total harmonic distortion of the unfiltered
inverter output voltage
K = Constant ( u F/%)

Figure 14 shows the variation in cost of the inverter thyristor as-
sembly, plus output filter capacitors with increased use of taps.
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Figure 14. Affect on Component Cost of Varying Voltage Taps

Assuming a cost of $100 per thyristor and $.50 per microfarad,

a minimum-cost 100 kV A inverter would have three step transform-
er voltage taps. If the capacitor cost were $1 per microfarad, the
minimum cost system would have four taps. The 4-tap transformer
selection would also provide minimum weight and volume of these
components, as illustrated in Figure 15. Selection of three volt-

age steps, however, would involve only a 5% penalty in size and

weight.
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Figure 15. Affect on Component Size of Varying Voltage Taps

SUMMARY

The Delco inverter configuration allows tradeoffs between wave-
form design and inverter cost without major changes in the circuit
design. When no constraints are imposed in the waveform optimiza-
tion, selection of the number of voltage taps (n) on the step auto-
transformer defines the minimum THD obtainable in the unfiltered
output voltage. Selection of n also determines the total number of
circuit thyristors and the approximate size of the output fiiter.

When a constraint is introduced in waveform design, such as equal
step widths, it impacts the cost of the inverter. The effect of the
constraint is to shift the distribution of harmonics such that they
peak at the step frequency. In terms of circuit design, this allows
use of less complex logic circuitry and a simpler output filter de-
sign, while incurring slightly greater THD. An increase in power
center widths will improve inverter efficiency, but also increase
THD.

The step autotransformer and associated switching circuits sim-
ultaneously generate Y and X step voltage functions at a frequency
three times the inverter output frequency. The commutation circuit
used to turn off the step selector thyristors connected to the double
bus has a constant energy source independent of inverter input
voltage or load.

The application of a U.S. Army MERDC computer program by
Delco for waveform optimization exemplifies how, in pursuit of

a design goal, the development costs are minimized through joint
use of Government and contractor facilities and capabilities. In
this instance, considerable hardware fabrication and testing were
avoided by the availability and flexibility of the computer analysis
capability.

The circuit improvements discussed herein demonstrate the de-
sign maturity of the Delco step wave power center inverter,
developed for a family of military solid state power conditioners,
and applicable to any commercial/industrial use requiring high
reliability, high quality output power. While operating experi-
ence and test data have primarily been acquired on operating
hardware in the 10 to 30 kVA range, inverters rated up to 100
kVA can be fabricated with present technology and materials
with very low development risk.

5 U.S. Patent No. 3,859,584




