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.r OBJECTIVE

_ Determine the feasibility of modifying or replacing the 400-Hz power supply of the
; URT-23A(V) to operate from 60-Hz power without the external power supply. The feasi-
bility of powering the transmitter set with the same power supply and dc or 400-Hz sources
is also of concern.

RESULTS

1. Block diagrams of the 60- and 400-Hz power supply configurations were
created and used to study the power requirements of the transmitter set. The primary func-
tional blocks of the transmitter set were examined for power consumption levels. Based on
the transmitter power distribution configuration and power consumption estimates, paper
designs for two switching-mode power supplies and one inverter power supply were produced.

2. Volume estimates of these power supplies were made by using actual parts that
satisfied the design parameters. The results of the power supply volume estimates indicate
that it is possible to replace the rtf amplifier 400-Hz power supply with a power supply that
increases the rf amplifier height by 2.2 inches, operates from dc, 60- or 400-Hz power, and
opens up 70 ind in the rf amplifier for future growth.

RECOMMENDATION

Demonstrate the feasibility of the proposed power supply design by building a bread-
board model that can operate from DoD-STD-1399, section 300 shipboard power and
satisfy the power requirements of the AN/URT-23A(V) transmitter.
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INTRODUCTION

This work was performed to determine the feasibility of replacing or modifying the
internal power supply of the AN/URT-23A(V) high-frequency transmitting set to permit
operation from 60-Hz power sources. Current operation of the AN/URT-23A(V) from
60-Hz power sources requires a separate optional power supply (PP-3916A/UR), while
operation from 400-Hz power sources is accomplished via a power supply internal to the
rf amplifier assembly (AM-3924A(P)/UR). Utilization of 60-Hz power is the preferred
approach. Space is critical in many of the radio set installations so the purpose of this
study is to determine the feasibility of powering the radio set from 60-Hz sources without
the use of the external power supply. The feasibility of powering the radio set via the same
power supply from dc and 400-Hz sources is also of concern.

DESCRIPTION OF URT-23 TRANSMITTER

The AN/URT-23A(V) is a 1-kW radio transmitter capable of transmitting on the
frequency band of 2.0 to 29.9999 MHz. The transmitter may transmit in continuous
wave (CW), amplitude modulation (AM), radio teletype (RATT), upper side band (USB),
lower side band (LSB), independent side band (ISB), and ISB/RATT.

The transmitter set (fig 1) may be powered by any one of three sources: 115 V/
3¢/400 Hz; 208 V/3¢/60 Hz; and 440 V/3¢/60 Hz. 400-Hz power is converted in the
400-Hz power supply, PP-3917A/UR, that is contained in the Radio Frequency Ampl._.cr,
AM-3924A(P)/URT. 60-Hz power is converted in the 60-Hz power supply, PP-3916A(UR,
a separate unit in the transmitter set.
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Figure 1. AN/URT-23A(V) transmitter set.
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400-Hz POWER

Figure 2 is a block diagram that describes how 400-Hz power is utilized. When the
primary power switch, S4, is closed, single-phase 115-V power is applied to the exciter. The
exciter produces a 28-V dc voltage when it is set to standby or operate that causes standby
relay K2 to close.

When relay K2 closes, power is delivered to the 400-Hz blower motor, final amplifier
filaments, driver amplifier filaments, APC-PPC* power control board, and dc power control
board.

The dc power control board produces 28, 20, 12, and 11 V dc. The 12-V dc voltage
is supplied to remote units, and the 28-, 20-, and 12-V dc voltages are used by the power
amplifier control circuits. The 28-V dc voltage causes band switch motor drive relay K3
and time delay relay K4 to close.

When relay K3 closes, the 60-Hz inverter receives 28-V dc power, which allows the
band switch motor to operate. Relay K4 is the time delay relay that closes 3 minutes after
20 V dc is applied to it. When K4 closes, 28 V dc is applied to operate relay K1. Relay K1
is closed by the 28-V dc voltage, but only if a 20-V dc voltage from the exciter is also
applied to it. This 20-V dc voltage is supplied by the exciter only when it is in the operate
mode (ie, AM, CW, USB, ISB, LSB, RATT, or ISB/RATT). When K1 closes, 115-V, three-
phase 400-Hz power is applied to the driver and final amplifier plate circuits.

*APC-PPC: Average power control - peak power control

e
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K1 §§
F7 - 1 5A !\w Vv DC
DRIVER AMPL PLATE
VOLTAGE & SCREEN
116 V/10/400 H: VOLTAGE REGULATION
BLOWER
PRIMARY X2 Fq=1A MOTOR &
sS4 POWER COUNTER
SWITCH (400 Hz ONLY)
T1
| Fo o oA L ANTENNA
COUPLER
BVOCL o |svanosy
“ RELAY
EXCITER
20V 0C
OPERATE
KU I ReLAY
K4 BAND
e SWITCH
2 ‘ K3 | MOTOR
L oc S DRIVE
48420 Hz |32 V AC Fg = 3A POWER 20V OC RELAY
POWER .
CNTL v
XFMR BOARD |
ONRE | 12 V DC . s
ANPL) 6V AC |AE K4 | DELAY
RELAY
115 V AC APC PPC
PC BOARD
K3
136 V AC DRIVER ]
AMPLIFIER
FILAMENTS 602
INVERTER
= . FINAL
6 V AC (2)
z AMPLIFIER ND
FILAMENTS SWITCH
MOTOR

(60 Hz ONLY)

Figure 2. 400-Hz power distribution block diagram.




60-Hz POWER
Ihe configuration for operating with 60 Hz is shown in figure 3. Operating with
60 Hz is the same as operating with 400 Hz with the following exceptions:

1. The 400-Hz blower motor operates from a 400-Hz inverter.

2 The band switch motor receives 60-Hz power directly from switch S-4.

-

3 The 440- and 208-V ac voltages are changed to usable voltages through

diftferent transformer conaections.
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Figure 3. 60-Hz power distribution block diagram.
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60- AND 400-Hz POWER REQUIREMENTS

Table | represents approximations for the amount of power that is required by
each of the functions powered by the 48-420-Hz transformer. Table 2 represents similar
figures, but for the main power branches of the transmitter set. The estimate for total
maximum power consumed by the transmitter set is 4569 watts — the specified power
consumption is 4500 watts. Details of the calculation for these estimated figures are con-
tained in appendix A.

Table 1. 48-420-Hz transformer power users.

LINE POWER (WATTS) USER
16 V ac 3.2 auxiliary equipment
32Vac 64 dc control board
13.5Vac 135 driver ampl filaments
6Vac 65 final ampl filaments
115V ac 69 APC-PPC P.C. board

Total 3362

Table 2. Main branch power users.

LINE POWER (WATTS) USER
2250V dc 3375 final ampl plate voltage
500 V dc 500 driver ampl plate voltage
115V ac 230 exciter & antenna coupler
24V ac 63 400-Hz blower motor
65 400-Hz inverter
115V ac 336 48-420-Hz transformer (table 1)
Total Z;(—i;

60- AND 400-Hz POWER SUPPLY VOLUMES

A primary consideration when examining an alternative power supply is the volume
occupied by the present power supply. The rf amplifier contains the 400-Hz power supply.
Also within the rf amplifier is the 48-420-Hz power transformer that services the filaments
and control boards.

The 60-Hz power supply occupies its own unit, but it also delivers power to the
48-420-Hz transformer. For both power supplies, the transformers are designed to the
frequency of the line power they operate on. The only exception is the 48-420-Hz power
transformer. Table 3 lists the power supplies, some of their components, and the volumes
that they occupy.
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Table 3. Power supply volumes.

ITEM

VOLUME

48-420-Hz power transformer
400-Hz power supply

power transformer T1

70.56 in> (4 X 3.6 X 4.9)
71148 in> (10.5 X 15.4 X 4.4)
18.19in3 (2.12 X 3.12 X 2.75)

156.4 in> (5.93 X 6.31 X 4.18)
82.59 in> (6.81 X 4.125 X 2.94)
2344 in3 (7.1 X 17.38 X 19)
684 in> (6 X 12 X 9.5)*
225003 (2.5 X 1.5 X 6)*

power transformer T2
60-Hz inverter

60-Hz power supply
power transformer
400-Hz inverter

*Approximate

PROPOSED 60-Hz POWER SUPPLY DESIGN

A 60-Hz power supply design that operates from 200 V/3¢/60 Hz is described in
appendices B, C, and D. The design consists of three basic sections that are illustrated in
figure 4.

1 2250-V dc power supply
2. 500-V dc power supply
3. 400-Hz inverter power supply

The power supply was designed for the 200 V/3¢/60 Hz power option of the
AN/URT-23A(V) transmitter. A power supply designed to meet the new 115 V or 440 V/
3¢/60 Hz shipboard power specified by DoD-STD-1399, section 300 will have the same
volume within a first order approximation since the same amount of power is being delivered by
the power supply. The different voltages would be handled by converter transformer turn ratios.

The power supply designs include volume estimates based on actual components
selected to satisfy the parameters of the design. The volume estimates are summarized in
table 4.

The 2250-V dc power supply section powers the final amplifier plates. This line is
the single largest user of power in the transmitter set and draws an estimated maximum of
3375 watts. The power supply design is a switching-mode regulator, buck-boost configura-
tion, operating at 20 kHz. The design estimate for this power supply assumed lossless cir-
cuit elements since switching regulators normally have high efficiency. In any case, circuit
elements are derated sufficiently to account for some inefficiency.

The 500-V dc power supply section supplies power for the driver amplifier plates
and for screen voltage regulation. This line is the second largest user of power in the trans-
mitter set and draws an estimated maximum of 500 watts. This power supply is also a
switching-mode regulator operating in a buck-boost configuration at 20 kHz. Again lossless
circuit elements were assumed but actual parts derated.

The 400-Hz inverter supplies 115 V/1¢ power to the blower motor, band switch
motor, antenna coupler, exciter, and other users. Of these users, only the band switch
motor needs to be modified for 400-Hz operation. Power supplied by the inverter to these
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Figure 4. Proposed power supply.
E
Table 4. Volume estimates of 60-Hz power supply. F
i 5 e ;
SECTION VOLUME, in
2250 Vde (3375 W) 250 (4 X 4 X 10)
| 500 V de (500 W) 160 (3 X 4 X 16)
i 400-Hz inverter (€76 W) 288 (0 X 6 X N) ]
Filtering (estimate) 100
Cooling (estimate) 100
Total 904

users is estimated to be 676 watts. A 407 efficiency rate was imposed on this inverter,
which is rather harsh tor such a device but takes into account a worst-case situation. This 4
constraint resulted in a larger inverter volume than would have been obtained with a more
common 607 or 707 efficiency specification.
The present 400-Hz power supply occupies 355 in. The alternative design occupies
904 in3. Power supply configuration options are illustrated in figure S that will accommo-
date the proposed power supply in an enlarged rf amplitier (option A), or separate chassis
(option B). Both options leave volume open in the rf amplifier for future growth.
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CONCLUSIONS AND RECOMMENDATIONS

The present 400-Hz power supply can be replaced with a power supply that
increases the rf amplifier height by 2.2 inches, operates from de. 60, or 400 Hz, and opens
up 70 in3 in the rf amplifier for future growth.

It is reccommended that the feasibility of the power supply design be verified by
building a breadboard model that can operate trom shipboard power as specified in DoD-
STD-1399, section 300, and meet the requirements of the AN/URT-23A(V) transmitter.
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APPENDIX A: URT-23A(V) POWER CONSUMPTION ESTIMATES*

Reference: AN/URT-23A(V) Operation and Maintenance Instructions, NAVELEX
0967-456-9010

2250-V DC LINE

Delivers power to final amplifier (FA) plate
Peak RF output is 1 kW in the CW mode.

E ) ‘ In CW mode the plate current is no greater than 750 mA for each FA tube.
There are two FA tubes in parallel.

POWER DELIVERED ON 2250 V DC LINE = 2 (0.75 X 2250)
= 3375 WATTS

500-V DC LINE

No specific information on maximum current consumption was found, but the SO0V dc
line is fused to 1.5 A assuming that the maximum operating current is two-thirds 1.5 A,
the maximum operating current will be 1 A.

POWER DELIVERED ON 500 V DC LINE =1 X 500
=500 WATTS

115-V AC LINE SERVING THE ANTENNA COUPLER AND EXCITER

The antenna coupler and exciter are powered by a 115 V ac line fused at 3 A.
Assuming that the maximum current delivered is two-thirds the fused value, the current
delivered to the coupler and exciter is 2 A as a worst case.**

POWER DELIVERED TO 24 V AC LINE = 5.33 X 24
=128 WATTS (ROUNDED)

To confirm the validity of the above estimates, the following check is made. A
typical inverter may operate at 65% efficiency. Assuming that this is close to the efficiency
of the inverter under consideration, the maximum power being delivered to the blower by
the inverter is 83.15 watts.*** This is reasonably close to the known 63 W being consumed
by the blower to justify the assumptions made.

*Where there was uncertainty, maximum figures were used.
**In the 400-Hz distribution of power, the blower motor is also delivered power on this line, so this is a
worst case estimate.
***0.65 X 12792 =83.15.
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The following lines deliver power from the 48-420-Hz transformer:

16-V AC LINE

This voltage is rectified and regulated to 12 V dc for use by auxiliary equipment. |
Current is less than 0.2 A. ‘

POWER DELIVERED =0.2 X 16 = 3.2 WATTS

32-V AC LINE

This line delivers power to the dc control board. It is fused to 3 A, so employing
the assumption that maxiraum working currents are two-thirds the fused current, 2 A is
the estimated maximum working current.

POWER =32 X 2 = 64 WATTS

12.5-V AC LINE

This line supplies power to the driver amplifier filaments. Two filaments in parallel
that are specified to be 0.2 ohm each are served by this line.

POWER 13.5 X 0.1 =135 WATTS

6-V AC LINE

There are two of these lines that each serve the filament to the final amplifier tube.
The filaments are specified as 5.4 ohms.

POWER =2 (6 X 5.4) = 64.8 WATTS

115-V AC LINE

The APC-PPC* board is powered by this line. The estimated maximum working
current is 0.6A based on the characteristics of the transistors (type 2N2219A) that are s
served by this line. 4

POWER =115 X 0.6 = 69 WATTS

*APC-PPC: Average power control - peak power control

16




APPENDIX B: DESIGN OF A 2250 V DC, 3375-W POWER SUPPLY

Reference: () Switching Regulators by LL Ogborn, Associate Professor of Engineering,

Purdue University

() Magnetios, Inc, Catalog MMC-100

() Magnetics, Inc, Catalog MPP-303A

(- Spacecratt Transtormer and Inductor Design, JPL Publication 77-35, by
Colonel W1 McLyman

(er NOSC TR 1770 Foutz, F Kamm, | June 1978

k) The tollowing calculations represent the basic design calculations for a power conver-

ter that will supply

TIS0ONV e 1S Ato the final amplifier plates of the AN/URT-23A(V).

The converter is a switching-mode regulator operating at 200 kHz in a buck-boost configu-
ration (fig B1) The purpose of this design is to obtain an estimate of the volume that such
a converter would occupy

IN |
R | —

L
Lk S
.L Yi 4 _l_ v
¢, & ® c 2 R

Figure B1. Buck-boost switching-mode regulator.

—

The input power to the converter is 200 V/3¢/60 Hz. The required output is
2250 V/1.5 A. The calculations that follow assume that C, is sufficiently large to keep
V5 constant and that the diode, inductors, and transistor are ideal elements. Specifications
for the converter are contained in table B1.

Table Bi. Specifications for buck-boost converter design.

INPUT: 200 V/3¢/60 Hz (270 V dc when rectified)
i OUTPUT: 2500V d¢/1.5 A

SWITCHING FREQUENCY (f): 20 kHz

DUTY CYCLE: 50%

*A boost regulator has the input voltage added to the inductor voltage when charging the output capacitor,
but the buck-boost regulator has only the inductor voltage charging the output capacitor.

[ T —




There are three methods of obtaining the required output voltage:

1. Adjusting the duty cycle (D) of the switching transistor:

Vin _1-D
A% D

out

to

Adjusting the turns ratio of transformer:

Vin

3. A combination of | and 2.

If only the duty cycle were used to obtain the required voltage, and a 1:1 turns ratio
transformer were used in the circuit of figure B, the transistor would experience a voltage
of at least 2250 V dc across its collector and emitter when it switched off. Transistors do
not commonly have a Vg breakdown voltage greater than 400 V, so adjusting the duty
cycle would not be a practical method of obtaining the voltage in this case.

Selecting the turns ratio as a method of achieving the required output voltage, a 50%
duty cycle for Q is employed since it will give an output voltage directly proportional to
the input voltage and turns ratio.

TURNS RATIO
Ng V>

Vl = input voltage (270 V dc¢)
V5 = output voltage (2250 V d¢)
Np = number of turns as primary side

NS = number of turns as secondary side

Ns _ 270
Np 2250
N

—P «8333
Ng

This turns ratio will cause 270 V on the primary when 2250 V is on the secondary.

18




WAVEFORMS

Current and voltage waveforms for the regulator of figure B1 are shown in
figures B2 and B3.

70 T
P piy ! it G | T |

’ / / ] VAl
“PK i lR) X 8.33

1 =125 = Ipx

/ Al X 8.33 __/'1— (lPK+|R)XB_33

1
'PK 4 lR \I T_' Al ’\
ID& lLs
-IR
1 | 01
1 c2
' 94 2 3
IPK_/ A|=.15A-/
15 A
\ 1
R

Figure B2. Buck-boost regulator current waveforms for D=0.5.
(Not to Scale)

*Assumed to be smooth dc for the purposes of these figures.
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Figure B3. Buck-boost regulator voltage waveforms for D=0.5.
(Not to Scale)

AV is specified here to be 1% P/P of V5. V: is 2250 V. dc,so AV is 22.5 V P/P.
The rms value of AVis 13 V. AV is specified as 10% of V. Ve ripple voltage is 15.6 V rms.

Ipk

Specify Al on C, to be 10% of Ig: Al will be 0.15 A P/P.

Q=IT
I-'orQ]: I=15A
T=25us

Q=375 X 1073 coulombs
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ForQy: Qy =— X AI(Ty-T))+ [Ipg - AINT, = T))]

Q| - Q:
S0,

Ipg = 1575 A

Ip RMS (ILs RMS)

o™

3 . o o)

2 BEL Tt
Ip RMS = ((ll‘l\'*lk) +(pg tIR) AL+ T) b :[_‘,—

'PK + IR =3.075

Al=0.15 A
T, =50us
Tl =25 us

ll) rms =228 A

Il RMS
|| rms = 833 x Il) ms

ll rms = 18.56 A

Ic1 RMS

The rms value of the wavetorm is the square root of the sum of the squares of the
rms values of the trapezoidal (1 ) and square wave (l4) functions.

'P"( 4
/ ar
-

833 (lg *+ ! )

R

1

IpK 1

Figure B4. I¢) waveform.
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Al = 0.15A T) = 25us
IPK = 1575 A T: = S0us
lR = |.SA

Al' =833A1=1.25A

pg =1, =125 A

1"

Ipg = 833 dpg + 1) - Ipg |

Ipg = 13.1A

1y

ler RMS = [l, RMS + 13 RMS]

: : .r -
l‘ RMS ™ [((li)]\'):* Upgal + (—A—:)—-) T—]

]

I RMs =97 A

1
o
1> RMs = IPK [ ]

IC2 RMS

Referring to figure BS and using equations from reference (d). 1> rms may be

calculated after determining the rms value of the square wave, . and trapezotdal wave, 1.

C2

}

ox ;

Figure BS l(\\ waveform.




Ip =15A
‘l ‘:S}l\
l\=50y.\‘

Il RMS =1.00 A

Ly
f 2y Ty~1 x
2 Al 2 |
:' l: RMS ~ [(l}‘k + l}lkAl * 3——-) _._T:,>]
Ipg =1.575A
Al =0.15A

l: R“\'.: 1.176 A

lCa RMS ™ ['I rRms t 13 RMS]

yd

Ic2 RMs = 1.58 A

SECONDARY WINDING WIRE SIZE

Wire size is determined by the rms current that the wire can handle, and the circular
mils per ampere specified. For the secondary winding, the rms current will be the same as

at 2.74 A based on 750 circ mils per ampere. AWG 17 wire has an area of 2420 circ mils.

3

PRIMARY WINDING WIRE SIZE :
The rms current in the primary winding will be 18.5 A. The wire size selected for ;

the primary side is AWG 8. AWG 8 wire is rated at 22.0 A based on 750 cire mils per |

ampere. AWG 8 wire has an arca of 18 000 cire mils.
¢y

c=1 AT
AV

I =lIpk (from figure B4)
=125A

AV is specified to be 107 of Vis




From reference (a),

DV,
Cy= —=—
27 AV,Ryf

V, =2250Vde

D =05

AV, =225V P/P (1% ripple specified)
f =20kHz

Ry =15008

(‘: =1.67 yl:

Lg
From reference (a)
y DV,
$” aalt
D =05
VvV, =2250
Al =0.15 A P/P (specitied)
Lg=187.5 mH
CORE SELECTION

Core selection is based on the core selection charts of reference (b). The initial
selection is based on the power handling capability of the core. The next consideration is
for a core that has a window (W) large enough to handle the required windings. The core’s
ability to handle the windings is calculated by determining the winding factor (WE).
Suitable winding factors vary between 307 and 607, « .-h 40% being a typical value for

it




machine wound cores. These calculations will use a winding factor of 50% as the criterion
for a satisfactory core window.

The core that was finally selected for this design is the Magnetics, Inc, model MC-1620.
Its dimensions are illustrated in figure B6.

3/4"

< > :{,

3/4”

L

|
\ ",1~3/4"

Figure B6. Magnetics, Inc, core model MC-1620.

The core mean magnetic path (1), core cross section (A), and core window (W) are
listed in table 2.

Table B2. MC-1620 core dimensions.

¢ = 254 cm
A= 363 cm"‘
W = 3899175 circ mil*

WIRE TURNS NEEDED

Lod
s B
0.4muA X 1078
Lg =187.5 mH
Q =254 cm

u =500 (permalloy 80)
A =363 cm:2
Ng = 456.9 turns

Np = 54.8 turns

*cire mil =in? X 1273200




WINDING FACTOR
The winding tactor may now be calculated for the new core.

Awp Np
Wi = SWeNe
W

"\WI‘ = 18000 cire mils (AWG 8 wire)

55 turns

Nl)

W 3899175 cire mils
Wlfl, =(.253

WEgR TR
AWS = 2420 cire mils (AWG 17 wire)
NS =457 turns
\Y = 3899178 circ mils

WEp + WEG = 0.530

>

e

An optimum transtormer design will have the entire window area filled by the
windings. This is indicated by a factor (WE) of approximately 0.5, Air space among the
windings and wire insulation are assumed to take up halt the winding arca. Thus, the WI¥
ot 0.53 calculated here indicates that the core selected for this power supply design will
fulfill the requirements of this design.

CIRCUIT ELEMENT VOLUME ESTIMATES

The following volume estimates use representative, although not necessarily opti-
mum, circuit elements since the purpose of this design is to estimate the volume ot a
practical converter. These external dimensions are on the conservative side and may there-
fore be considered a worst case.

BRIDGE RECTIFIER

The bridge rectifier consists of six diodes. Such a rectifier may be made from a
bridge rectifier package or, in order to obtain a worst-case volume estimate, a set ot six diodes.
The diode chosen for the bridge network must be able to handle a reverse voltage
of 200V forsatety  and at least 22-A average current. A diode that satisfies these
requirements is the IN21So. The IN21So diode s rated at 200 Vand 25 A0 The maximum
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rectangular dimensions of the single diode package are 0.7 X 0.7 X 1.5, The estimated
dimensions of a set of six of these diodes 1s 1 X 2 X S inches.

¢y

C s required to have a capacitance of 1S gl and a working voltage of 270 V d¢
The capacitor selected for Cyas the Comell Dubilier capacitor described in table B3, The
configuration of the capacitor is drawn in tigure B7 and has a capacitance ot 11.7 ul*,

Table B3. Cornell Dubilier tantalum toil capacitor Y3IROINE.

Capacitance . 39 gk
Case size: E-5 (0400 D, 287" 1)

De working voltage 250 Vode (at 125°C)

| g
Sl
IR

Figure B7. €, configuration.

I'he rectangular volume that these capacitors would occupy is estimated to be
2 X 4 X 4 inches.

TRANSFORMER

The transformer (Lp and Lg) will have maximum dimensions when it has been
wound. The estimated maximum dimensions are illustrated in figure B8

Figure BR . Estimated maximum dimensions of
transformer with model 1620 core

For the purposes of this estimate, the transformer will be assumed to have a rectan
gular volume of § X 3 X 4 inches.




SWITCHING TRANSISTOR (Q)

The switching transistor must be capable of handling Vg of at least 270V and 1
of at least 18.5 A rms. Such a transistor is the Motorola MJTOO1S, which has a Vop: of
400 V and 1y, of 40 A. This transistor is contained in a TO-3 package that will occupy a
rectangular volume of approximately 2 X 1 X 1 inches.

DIODE (l)l)

The diode of the regulator must be capable of handling a reverse voltage of 3000 Vdc¢
and a current of 3 A rms. Such a diode is a combination ot tour Westinghouse 1N3990
diodes in series. The 1N3990 diode is rated at 6 A/1000 V and comes in a DO-4 package.
The rectangular volume that a set of four diodes would occupy is 4 X 1 X 3 inches.

CAPACITOR C,

Cy is required to have a capacitance of 1.07 ul* and to be able to withstand a de
working voltage of 3000 V. The ac ripple current will be 1.5 A rms,

Cornell Dubilier tantalum foil capacitor Y3IROLNE is selected. This capacitor has
the characteristics given in table B4 and is configured as in figure B9,

et B4, Characteristics of Cornell Dublier tantalum
tou capacitor Y3IROLNE.

Capacitance: 39 ul
Case size: E-S(0400" D, 287""1)

De working voltage: 250 V (at 125°C)

==
-
——
=
-4

i et e S O

Figure B9, Capacitor C4 configuration.

There are twelve 3.9 ul¥ capacitors in cach of the five shunt branches. This gives
an overall capacitance of 1.628 ub rated at 3000 V de (125°C).

The dimensions of an insutated F-§ case are 0.4006 (diameter) and 2874 (length).
The estimated rectangular volume of a § X 12 X 1 array of these capacitors is 3 X 4 X R i,
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CONTROL CIRCUITRY

The control circuitry will be allocated a rectangular volume of 3 X 3 X 4. The
volume allocated to the control circuitry will account for circuit elements that provide for
soft start-up, protection circuitry, switching control, and sense elements. These functions
will be scattered throughout the power supply and in many cases take up only interstitial
volumes and not have a large impact on the final volume. Liberal use of the new, compact
control and driver DIPs is assumed.

E ' SUMMARY OF DIMENSIONS

Table BS. Summary of estimated dimensions of circuit elements.

CIRCUIT ELEMENT DIMENSIONS (in) VOLUME (in3)
BRIDGE RECTIFIER IX2X5 10
< 2X4X4 32
T, 3X4X5 60
Q X 2:X2 4
D [X3X4 12
C, 3X4X8 96
Control circuitry 3X3X4 36
Total 250

In one hypothetical arrangement of the elements of table BS, the elements were
fitted into a4 X 4 X 16 inch box. This represents a total volume of 256 in3.

:
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APPENDIX C: DESIGN OF A 500 V DC, 500-W POWER SUPPLY |
References: (a) Switching Regulators by LL Ogborn, Associate Professor of Engincering,
4 Purdue University
!
(b) Magnetics, Inc, Catalog MCC-100
i (¢) Magnetics, Inc, Catalog MPP-303A
(d)  Spacecratt Transtormer and Inductor Design, JPL Publication 77-35
by Colonel WT McLyman ,
(¢) NOSC TR 177, ) Foutz, E Kamm, 1 June 1978 |
:
The calculations in this appendix represent an outline of calculations for the design
of'a power converter that will supply 500 V d¢/1.0 A to the URT-23A(V) driver amplifier
plates and for screen voltage regulation. This converter design is operating at 20 kHz in a
buck-boost configuration (fig C1). The purpose of this design is to determine circuit para-
meters so that suitable devices may be selected. The volume occupied by these devices will
be used to estimate the volume of the complete converter.
E
lin ly Np Ng Iy
——— i —
v . +
1 v
c e ’
1 RL -
* s f i
‘1 'c2 1
%
.g Figure C1. Buck-boost switching-mode regulator.
2
’ The specifications for the converter are contained in table C1. }
1 E
4
A Table Cl. Specitications for buck-boost converter design.
4
l INPUT: 200 V/3¢/60 Hz (270 V d¢ when rectified) ’i
.
OUTPUT: 500V d¢/1.0 A 4
SWITCHING FREQUENCY (): 20 kHz
DUTY CYCLE (D): 50%
It the duty cycle were used to obtain the required voltage and a 1:1 turns ratio
transformer were used in the circuit of figure C1, the transistor would have at least 500 Vde
imposed across the collector and emitter. Since transistors do not commonly have a Ver

breakdown voltage greater than 400 V, adjusting the duty cycle would not be a practical
method of obtaining the required voltage in this case.




|
|

For a 50% duty cycle and 1:1 transformer turns ratio, the output voltage will equal
the input voltage. If the turns ratio of the transformer is adjusted, S00 V dc may be
obtained on the secondary side while the primary side will still see 270 V dc across the
switching transistor. This is a practical method of obtaining the required 500-V dc output
voltage.

TURNS RATIO
The turns ratio required on the transformer is determined by the following formula:
Vi _Np

V2 Ng

Vl = input voltage

V5 = output voltage

Np = number of turns on primary side

NS = number of turns on secondary side

For the voltage specified in this design the turns ratio is calculated as follows:

Vi _Np

V, Ng

270 _ Np
500 Ng
N

S 23125
Np

Current and voltage waveforms that are encountered in the circuit of figure C1 are
drawn in figures C2 and C3.
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cvi (lpg +1g) X 188
+ 1.85
Al X 3125 ~ (g H1g) X 185
' L
1 Al
+1 y

[

o &\ s
'R
1 ¥
c2
Q, v, 1N
L 'k / Al= 1A /
R —_—
Ig =10 }
"
R

Figure C2. Buck-boost regulator current waveforms for D =0.5.
(Not to Scale)

* Assumed to be smooth dc for the purposes of these figures.




value of AV is 289V AV s specified as 109 of Vin, Ve ripple voltage is 15.0 V rms.

Ipk

Q ON l QFF I
T1 T2
270v
Yy
p——
Vie
Vee
500 ——
Vis
-500 |—
Yo
500V ] | ST |
V2 W —_— .)VC:,
Voo { { L 1
270V m‘/ _—_— ..\VC‘ .
Ve | 1 P |

Figure C3. Buck-boost regulator voltage wavetorms tor D = 0.8,
(Not to Scale)

AV is specified here to be 19 0f Vo V4 is 500 Vode, so AVey is SV P/P The rms

Al of Iy OR Iy in figure C2 s specified to be 107 of 1y for these caleulations.

Thus, Alis 0.1 A P/P.

Calculating,
Ql =Q\ (l(': of ﬁg C2)
Q =IT

A3

e A e




ForQi: 1 =1A
T =25us
Ql =25I.“.

ForQy Qp =-- (ALX(Ty-Tp)+(pg - ATy -T))
Al =.1A

Thus, for Q) = Q,,

Ipg = 1.05 A

Ip RMS

Iy rms is required to determine the wire size for the secondary winding for the
transtormer.

1y

-

d 2 AR Tg-T,
lDRMS_ (lPK+|R) +(lpK+lR)A|+T T—

'PK * IR =208

Al =0.1A
Ty =25ps
T: =50 us

Ip RMS = 1.49 A

SECONDARY WINDING WIRE SIZE

The required wire size is determined by the rms current and circular mils per
ampere specified. For the secondary winding, 1.49 A rms is the maximum rms current
experienced. AWG 19 wire is rated at 1.72 A based on 750 circ mils per ampere. The wire
area for AWG 19 wire is 1560 circ mils based on the maximum diameter of heavy formvar
wire with insulation.
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[, RMS

[, rms determines the wire size of the primary side of the transtormer. Referring
to figure €2,

Al =.1A
lpk = 1.05 A
Ig =1A

| I, = 185D

l‘] =25 us
I'y =50pus
N ll: T '
l RMS * 0:*'N:*'§‘)?T

I RMs =275 A

(Note: ll RMS s 1.85 times ID RMS\

PRIMARY WINDING WIRE SIZE

The primary side of the transformer experiences a maximum rms current of 2.75 AL
AWG 16 wire is rated at 3.44 A based on 750 cire mils per ampere. The wire arca for
AWG 16 wire is 3000 circ mils based on the maximum diameter of heavy formvar wire
with insulation.

ll is the square wave function in I, and l: is the trapezoidal wave tunction in -y

14
T i

| =|R Som—

| RMS Ta

-

|| RMS =0.707 A

2\ Th-T
- 2 Al 2 1

U,

|
|
|
|
¥

|2 RMS =0.78 A

lC: RMS = 105 A




Cl

Using tigures C2, C3, and C4, and specitying AV to be 10% of V)

c, =1 :“:}L
Cl
1 =lpg = 1.85 A
AV =27V
AT =2Sus
(‘l = 1.7 uF

Ic1 RMS

[ rms s required for selecting the proper capacitor for €. Using figure C4,

it 4
/ Al

Cc1

oK +

Figure C4. Current waveform across €.

Al =0.1A T, =25 ps
Ipg = 1.05 A T, =50 us
Ig =1A

Al' = 1.85(AD=0.185 s

ll;)Kl=|lN=l.85.‘\

Ipk = 185 Upy + 1) = [ Ipy (= 1.9425 A

1.85 (lpl\-)

Y

hl 9 ]
Ic1 RMS = ['T rMs * 15 RMS]




1) 1s the trapezoidal wave tunction, while Iy is the square wave function.

1

N

(AI')") I

L RMS QWK“*'bKiV* -

i

144 A

- L
b RMs = IPK |7

1A

‘0s

y = 1.

<3C) e ™ 195 A

;r Ica
'! )
I Iy rms s required for selecting the proper capacitor tor C2. Using figure O3,
] 'R
Ty V2
le2
Al
ok
Figure CS. 15 current wavetorm.
IR =10A Ty =25us
lpg =105 A Uy =50 us
Al =0.1A Ts
2 2 o -
Iex rms = {17 RMs * 15 RS
C2
Reference (d) gives a formula for calculating C2. V will be specified here to be 10
of V2.




Lg is required to determine the number of turns of wire on the secondary of the
transtormer. Its calculation is based on specifying the current droop through Lg asit
delivers power to the toad. The following equation trom reference (d) is used.

DV,

= =

Al
D =05
V,y =500

Al

0.1 A (specitied)
¢

20 kHz

l.S =06.25mH

Lp may be calculated after the number of turns on the primary side have been
calculated by using the following equation.

NpO4muA X 10-8
Lp = Q

CORE SELECTION

Core selection is based on the core selection charts of reference (b). The initial
selection is for a core that can handle the required power at the operating frequency. The
next consideration is for a core that has a window arca (W) that can handle the turns
required for the specified inductance. The ability of the core to handle the number of




turns is determined by calculating the winding factor (WF). The winding factor varies 1
between 30% and 60%, with 40% a typical value for machine wound cores. These _
calculations will use a winding factor of approximately SO% as the criterion for a satisfactory {
core window.

Several cores that could handle the throughput power were chosen before one with a
suitable window area was found. The following calculations are based on this core. Core

dimensions are shown in figure Co. ) |
05"
/F E
L5
) 05" g
Y \é i )
1

Figure C6. Magnetics, Inc, core model MC1610.

The mean magnetic path (1), core cross section (A), and window arca (W) are listed
in table C2.

Table C2. Mc1610 core dimensions.

L = 2032cm
5 A
s = 161 em”

W = 2764700 circ mils*
WIRE TURNS NEEDED

The number of turns for the primary and secondary side determines the voltage

i ratio and inductances. The formula used is from reference (¢).
y Lg¢
Ng =

4muA X 1078

S

Lg =62.5mH

u =500 (permalloy 80)
=1.61 em2

L 20.32 ¢m

NS = 354.3 turns

0 4
*Cire mils = in“ X 1273200




The calculations in this appendix represent the general design calculations for a
400-Hz inverter which will supply 115-V power to the users listed in table D1. 1t is esti-
mated, table DI, that the inverter will supply a maximum of 676 watts to its load. If the
mverter is assumed to be 409* efficient, 1690 watts of power will be delivered to the
inverter.

Fable D1. 400-Hz inverter load estimate.

i USGRESR N ~ POWER CONSUMED (WATTS)

Blower motor 63
Band switch moton S0
Antenna coupler and exciter 230
P.C. board (]
D.C. power control board o4
DA & FAL filaments 200

Total ;_7(—'

I'he blower motor operates only on 115 V/1¢/400 Hz. The antenna coupler and
exciter operate on either 115 V/60 Hz or 115 V/400 Hz. The band switch motor presently
operates on 60 Hz and will not operate on 400 Hz, so a suitable 400 Hz replacement for the
band switch motor would have to be installed.

The inverter circuit used in this design (fig D1) is an uprated design ot the 400-17
inverter presently used in the AN/URT-23A(V), 60-Hz power supply. The original 400-Hz
iverter needed to supply only 63 watts of power to the blower motor, but this new version
will supply a total of 676 watts to the users listed in table D1. A summary of specifications
for the inverter is contained in table D2,

Np Ng g
IO —— ®
:: vV OuUT
VIN (o [ ]

Figure DI, 400-Hz inverter cireut.

*This is a lower figure than is normal for inverters, but is used here to obtain a worst-case design.
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Figure C7. Maximum wound transtormer dimensions.

For the purposes of this estimate, the transformer will be assumed to have a rectan-
gular volume of 3 X 4 X 4 inches.

CAPACITOR Cl1

Capacitor CI has a capacitance of 1.7 uF and a de working voltage of 270 V. Ac
ripple current is 1.95 A rms. Cornell Dubilier tantalum foil capacitor Y2R2LNE is selected.
This capacitor has the characteristics listed in table C3 and is configured as in figure C7.

Table C3. Characteristics of Cornell Dubilier tantalum

foil capacitor Y2R2LNE.

Capacitance: 2.2 uF
Case size: E<4 (0.400"D, 2.249"L)
Max ripple current: [.68 A rms

De working voltage: 250 V3 (at 125°C)

|

ER

Figure C8. Capacitor C1 configuration.

The capacitor bank will have an estimated rectangular volume of 2 X 2 X 4 inches.

CAPACITOR C2

Capacitor C2 has a capacitance of 5 uF and a d¢ working voltage of 500 V dc. Ac
ripple current is 1.05 A rms. Cornell Dubilier tantalum foil capacitor Y3ROLNE is selected.
Capacitor characteristics are listed in table C4. The configuration of the capacitors is
illustrated in figure C9.

4]




Table C4. Characteristics of Cornell Dubilier tantalum
foil capacitor Y3IR9LNE.

Capacitance: 3.9 uF
Case size: E-5(0.406"D, 2.874"1)
MaX ripple current: 1.47 A rms

De working voltage: 250 V dc (at 125°C)

Figure C9. Capacitor C2 configuration.

The capacitor bank will have an estimated rectangular volume of 3 x 3 x 4 inches.

SUMMARY

Only capacitors C1, C2, and the transformer have volume estimates contained in
this appendix. Other elements of the converter have been calculated in appendix B and will
be used here. The borrowed elements are for a much higher-rated converter, but the
elements are comparable in size to this lower-power design. Table CS is a summary of
clement dimensions and volumes.

Table CS. Summary of estimated dimensions of circuit elements.

CIRCUIT ELEMENTS DIMENSIONS (in) VOLUME (in")

Bridge rectifier 1 X2X4 8

(‘l 2X2IX4 10

T, 3IX4X4 48

Q I X2X2 4

D I X3X4 12

C, IX3IX4 30

Control Gitcuilry IX3IX4 36
Total 160

A hypothetical arrangement of the elements in table CS may be l"itu‘%l into a rectan-
gular volume of 3 X 4 X 16 inches. This represents a total volume of 192 in”.




References: (a)
(b)
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d)

(e)

APPENDIX D: DESIGN OF A 115-V/1¢/400-Hz INVERTER

Magnetics, Inc, Catalog MCC-100

Magnetics, In¢, Catalog MPP-303A

Spacecraft Transformer and Inductor Design, JPL Publication 77-35,
by Colonel WT McLyman

Model AN/URT-23A(V) Technical Manual, Operation and Maintenance
Inst, NAVELEX 0967-456-9C10, Naval Electronic Systems Command

NOSC TR 177, Power Electronics Technology Applications for Future
SSBN’s, J Foutz, E Kamm, | June 1978
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Ne
S-185

Nl)

Np =191.5 turns

WINDING FACTOR (WF)

The winding factor is the percent of the core window occupied by the wound

wire.
AwpN
Wl"p = L.
w
Awp= 3000 circ mils (AWG 106 wire)
Np =192 turns
W = 2864700 circ mils
Wl’p =0.20
AwcN¢
WEy = WSS
e w
Aws = 1560 circ mils (AWG 19 wire)
NS = 354
WFg = 0.193
W|: = WIS + Wl:l)
=0.392
VOLUME CALCULATIONS

The volumes of €. €5, and the transformer will be calculated here since they
constitute the single largest volume users. Estimates of the volumes of the other elements
will be based on another design.

TRANSFORMER

The transformer consists of the MC1610 core and the wire windings. The estimated
maximum dimensions that the transformer would occupy are illustrated in figure C7.
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Table D2. Summary of 400-Hz inverter specifications.

Input: 200 V/3¢/60 Hz (270 V dc when rectified)
Output: 115 V/1¢/400 Hz
Power delivered to load: 676 watts

Power delivered to inverter: 1690 watts (40% efficient inverter)

RECTIFIER DIODES

1690 watts of power will be delivered to the inverter on the 200 V/3¢/60 Hz line.
Each diode will be rated for at least 8.5 A rms and peak reverse voltage of at least 143V
under normal conditions. A diode that satisfies these specifications is the Westinghouse
IN3893. This diode has the ratings listed in table D3.

Table D3. Westinghouse IN3893 diode ratings.

lFI I: A

This diode is contained in a DO-4 package that has maximum cylindrical dimensions of
1.25in (L) and 0.424 in (D). Itis estimated that a set of six of these diodes would occupy
a rectangular volume of 1 X 3 X 3 inches.

CAPACITOR (0)

The capacitor is specified to be charged to 270 V d¢, and may drop 5S4V (20%)
without affecting the operation of the inverter. During the period that the capacitor is dis-
charging, it is supplying approximately 6.26 A to the inverter based on 40% inverter effi-
ciency and a 676-watt load. Figure D2 is used to determine the time between charging for
the capacitor.

VOLTS

270
216

16.66

Figure D2. Rectified 60-Hz power to the capacitor.
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T,=833ms+1t,
Solving for ty:
216 = 270 sin wt,
w =2af
t =00 Hz
iy = 246 ms
T, =10.79 ms
The time period that the capacitor is discharging is AT.
AT = T: =T
T, =10.79 ms
Ty =4.16ms
AQ=6.63ms
The amount of charge lost by the capacitor during this period is AQ.
AQ = 1AT
I =6.26 A

AT =06.63ms

For three-phase rectification, the time interval between the start of discharge and
charging of the capacitoris T+ 3 or 2.21 ms.

AQ=14X 10-2 coulomb

For the specified voltage drop, 54 V. the capacitor will have the value of C.

=-4Q

C=3v

C=256puF i
%
,%
g




Thus, the capacitor must have a value of 256 uF and be able to handle 270 V de.
A candidate capacitor that will satisy these specifications is an arrangement, (fig D3) of
12 Cornell Dubilier type RC533306. The specifications of this capacitor are given in

i Table D4.

e

S o

g
Ll
i gl
B

-

Figure D3. Configuration of filter capacitor.

Table D4. C-D type RC533300 capacitor specifications.

View 12570 100V de
Capacitance: 200 uF

Case dimensions: 1 X 1.5 X 3 inches

A set of 12 of these capacitors will occupy a rectangular volume ot 4 X S X §
inches.

TRANSISTORS

Each transistor will handle a maximum 2.5 A rms and have a collectoremitter
voltage of at least 270 V. A transistor that m: ay handle these specifications is the Westing-
house type 153-30. This transistor's ratings are listed in table DS. T'he rectangular volume
that would be occupied by a set of two of these transistors is | X 2 X Jinches.

Table DS, Westinghouse 153-30 ‘ransistor ratings.
\'“_- 3V
l(‘, 7TS5A
CONTROL CIRCUITRY

Control circuitry for the inverter will consist of resistors and a capacitor. The
control circuitry will be assigned an arbitrary volume of 1 X § X 6 inches.




TRANSFORMER
The primary side of the inverter transformer is center tapped for a push-pull circuit
configuration (fig D1). The transformer must be able to pass at least 676 watts at 400 Hz.
TURNS RATIO
The voltage across the primary turns is 270 V dc. 115 V ac rms is required on the

secondary side, so since the output is a square wave, the rms value equals one-half the peak-
to-peak voltage, 230 V P/P.

o) )

Ng Vg

Vp=270V
Vg=115V
N

L aa3s
Ng

NUMBER OF TURNS
A form of Faraday's law for electromagnetic induction is:

. ExI10
KB,f A
N = number of turns
E = rms voltage
K =4 for square wave (4.44 for sine wave)
f = frequency

B, = flux density in teslas*

-
Al.‘ = cross-sectional area in em*

For the number of primary turns:
Ep=270V

K=4

“IT = 10% Gauss




Specitving B

m:
B, = 0.04 (BSAT for Permalloy 80 is approximately 0.75)
Np = 2298 turns
since

N
p
) Ng = 9.3

N

NS =978 turns

WIRE SIZE

The secondary turns will be supplying a maximum of 676 watts at 115 V ac. This
indicates a maximum load current, Is, of 5.8 A. AWG 13 wire is rated at 6.9 A based on
750 circ mils per ampere. AWG 13 wire has a wire area (WA) of 5850 circ mils.
The primary turns will carry 2.47 A. AWG 17 wire is rated at 2.74 A based on
i 750 circ mils per ampere. The wire area (WA) of AWG 17 wire is 2420 circ mils.

[ TRANSFORMER CORE
The transformer core material used for this calculation is permalloy 80. The core

must be able to handle 676 watts. The Magnetics Core MCO168 (fig D4) is a suitable core
. ¢ , 8 o o ey
for this power level. The window area of the core is 8 in-.

l"\l I\l’/ e

Figure D4. Magnetics MC-0248
core dimensions.




WINDING FACTOR (WF)

In effect, there will be two primary windings of 230 turns each with AWG 13 wire,
and one secondary winding of 98 turns with AWG 17 wire. The winding factor with the
core window (W) and the wire sizes is:

2Np X WAp) +(Ng X WAQ)

WE = W
Np = 230 turns
;" WAp = S850 circ mils (AWG 13 wire)
Ng = 98 turns
WAg = 2420 circ mils (AWG 17 wire)
W =8 in” = 10185600 circ mils*
x . WF =0.287
; This is a suitable winding tactor for this transtformer core.
TRANSFORMER VOLUME
With windings, the maximum transtormer dimensions are illustrated in tigure D3.

Figure DS. Estimated dimensions of transformer.

SUMMARY

A summary of the volumes of the inverter elements is contained in table DS.

3
*Circ mils = in= X 1273200




Table DS. Inverter element volume estimates.

ELEMENT VOLUME (in?)

Rectifier 9(1X3X3)

f Capacitor 100 (4 X § X 5)
Transistors 6(1X2X3)

. Control circuitry 30(1 X6X5)

Transformer

inches. The volume would be 288 in3.

51

Total

722X 6 X 6)

217

These elements may be placed in a box with rectangular dimensions of 6 X 6 X 8




