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1.0 INTRODUCTION

RCA has completed study and design phases of a DC Power

Controller and now continues to deliver lOA,5A,2A and 1/2A units.

under contract No. N62269-77-C-0413. Many lessons have been

learned during this program and this experie-"e will be

transferred to the AC Power Controllers study to guide

future development efforts.

This report presents design concepts for meeting the

established requirements for AC Power Controllers specified

in NADC-30-TS-7602 ocument. Two Solid State Power

Controllers (SSPC) were designed: 115V at 5A, 400 Hz and

26V at 1A, 400 Hz. The basic functional requirements for

both controllers are as follows:

(a) to provide -witching between a power bus and
the load2

(b) to carry rated current with a high degree of
efficiency,

c) to provide automatic opening under overload
conditions with specified delay characteristic,

d) to provide isolation for control elementr 4D

(e) to be capable of being controlled and reset
remotely.

Since size is a primary constraint, the design effort was

directed towards the 115V controller with the greatest

power delivery capability. The lower rated units would

utilize identical control circuitry but would take advantage

of smaller components in the power switching stage.

4 The components and circuits described in this report are

representative of controllers requirements with consideration

of suitability for hybridization.
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1.1 115 VAC Power Controller Design Consideration

In order to determine the feasibility of constructing a 5 ampere

AC controller in a module which has a base of 1.5 by 1.5 inches

and a 1.1 inch maximum height, the limitations imposed by the

specification NADC-30-TS-7602/03 and spec. modification must firnt

be studied. The impact of implementing the spec. requirements into

small and efficient circuitry was broken down into four functional

and physical subcircuits. These subcircuits are:

a) Auxiliary power supply - supply DC regulated voltage used

for internal control which is derived from the AC supply line

b) Control - level detection and logic used to

determine the electrical state of the controller.

c) Input isolation - developes the BIT input impedance and

couples the turn on signal to the control circuitry.

d) Power switch - supplies the AC output to the controller

load.

AC AC

LINE POW SWTCLOAD~SWITCH

DC
SUPPLY

Loop i NPUT 4-CFtiTROL

Figure 1.1 SSPC Functional Block Diagram
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2 AUXILIARY POWER SUPPLY

The isolated power supply needed to provide low level DC power

to the control and drive circuitry would consist of regulated

DC-DC converter. To minimize the size and weight of a transformer

and filter capacitors, the operation frequency has been increased

to 40 kHz.

The basic energy pump regulator used for the proposed DC-DC converter

functions as follows:

The control circuit causes transistor switch, Ql, to turn on and

off at a predetermined peak current sensed at R1 resistor. With

Q1 closed, in a simplified schematic diagram in Figure 1.2, the DC

input voltage is impressed across Tl (PR1) and current will increase

+ -- 0 +

'I WUTPu

__ __,- 0
* Figure 1.2 Energy Pump Regulator
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linearly. As indicated by the polarity dots, the voltages

across the windings of the transformer are such that the

diode (CR1) is back biased and will not conduct. Therefore, the

circuit is inductive and energy is being stored equal to 1/2 Li2 .

If at some pre-determined instant Q1 is opened, the voltages on

all windings will instantly reverse polarity and will rise until

a discharge path is found. The primary winding is open, but the

secondary will forward bias CR1 diode and allow the energy that

was stored to dump into Cl capacitor. The output voltage at Cl

is monitored and is used to control the frequency of switching

through the control circuit. The output power is transferred to the

loads through other parallel secondaries (not shown in simplified

schematic) to corresponding diodes and capacitors.

When the output terminals are loaded excessively, frequency of

operation increases until waiting period (tw) is equal zero and,

as can be seen in Timing Diagram of Figure 1.3, frequency switching

will be constant and delivered power will be limited.

In - td --l*

Figure 1.3. Timing Diagram
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Variation in the load will cause the waiting period (tw)

to change, thus forcing operating frequency to vary widely.

The square wave oscillator provides sync pulses to the driver

circuit forcing the idle stage to turn on. The on duty cycle is

adjusted now by the voltage sensing circuit providing the two step

voltage response shown in Figure 1.4.

O F trnsent

....... off Period

., I I I
.I II

Figure 1.4. Switching Transistor Collector-Emitter voltage
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The output voltage regulation is achieved only by controlling

number of pulses in a unit of time. Since at a heavy load more

energy is needed, it causes higher switching frequency, which is

desired for pulse integration and filtering. At a very light load

the operating frequency will become very low, but since the energy

level at this time is also low, filtering of such a signal

presents no problem.

1.2.1 Circuit Operation

A block diagram of the single-phase energy pump regulator is

shown in Figure 1.5.

OUTPTS

+T +4 0+.
INPUT

.. ,..

Figure 1.5. Single-Phase Voltage Regulator
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The Ql transistor triggers on when the output voltage falls

below a predetermined level at the voltage divider R2 and R3,

and turns off when the current in the transistor Qi rises to a

level set by RI. The energy stored in the transformer is then

supplied to the output windings.

When upon completion of the energy dump to the load, the voltage

on the filter capacitors exceeds the reference voltage applied

to the regulator error amplifier (Comp. 1), then a waiting period

will occur before the next charging cycle can start. All

secondary windings of transformer Tl are related by the turns ratio,

therefore controlling the output voltage of one winding controls

all the others. Load change will modify output voltage of the

sensing winding and will correct input voltage to comparator 2,

effecting switching frequency of Q1 current and energy stored in

the inductor. Figure 1.6 is the photograph of collector voltage

and current at light and heavy loads.

The schematic of the complete single-phase energy pump regulator

is given in Figure 1.7.

A constant current generator (VR3, Q4) supplies power to a stable

voltage reference (VR1).

Ql transistor turns on main switching transistor 3. The peak

current in this transistor is sensed by R14 and comparator U2

to reset FF Ul and maintain constant energy stored during each

pulse. The output voltage is monitored at C6 and is used to

set FF Ul if the output voltage is low and thus controls the

frequency of switching. Transformer output voltage is sensed by

-7-
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Collector Current
Vertical: 1A/cm
Horizontal: 20 us/cm
Load 2.8W
Input 28V

Collector Voltage

Collector VoltageVertical: 20V/cm

Horizontal: 20 us/cm
Load 6.7W
Input 28V

Collector Current
Vertical: 1A/cm

Figure 1.6 Switching Transistor Collector Characteristics
with Load Change
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comparator Q2, which prevents transistor 03 from turning on

until the stored energy in the transformer has been transferred

to the load.

The circuit alternately stores energy in a linear inductor

(Ti primary) in the first half-cycle, and dumps it into the

integrator capacitors C6 and C7 in the second half-cycle. This

process is repeated at 40 kHz and varies with the load changes

as indicated in the photograph in Figure 1.6. The voltage relation-

ship between the sensed winding (3-4) and the other outputs is deter-

mined by their turns ratio. This ratio is not related to the primary i

winding, however, as the primary winding is open-circuited during

the energy integration cycle. Output voltage is adjusted by changing

reference level at comparator U1 having the inverted input connected

to the sensing winding.

9

I
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1.2.2 Analysis and Design Formulas

The energy stored (W) during period of time is defined as

power. Tn an energy pump regulator, the power that can be

delivered is determined by the frequency (f) at which the

storage takes place.

P. a f (1)

The energy is stored in the form of current in inductor (Lp)

of the primary winding of the transformer. The output rectifiers

(CR6 and CR7) are back biased during the primary winding

conducting time (tc) and therefore all the primary current is

going to develop the stored energy.

W- 1/2 Lp12  (2)

For practical reasons, the series charging resistances

consistin; of'C5 impedance, DC resistance of Ti (1-2), saturation

resistance of Q3 (VCE sat) and sensing resistor R13& The

charging current can be approximated as a ramp rise determined by

the voltage (p) across the primary winding (Lp). Charging

time (tc) will be:

L . n (3)

When at the peak current, transistor Q3 is interrupted

then the stored energy will cause current to flow in the

secondary winding with reversed polarity. The total stored

( energy will be delivered to the load if integrating capacitors

-11-



C6 and C7 have low impedance. The discharge of energy

can be approximated by a descending ramp with the slope

dependant on secondary (5-6) DC resiztance diode (CR7)

forward resistance and capacitors impedance. Discharge time (td)

will then be:

LS I~s (4)
td hC

where Es is secondary voltage. This characteristic is shown

in Figure 1.8.

r,

Figure 1.8. Chargin2 Characteristic

Relation between primary and secondary peak currents

.!can be expressed by the following formula:

Ip Np Is NS (S)

where Np and Ns are primary and secondary number of turns.

Using equations (3), (4) and CS), the following relation can

; j be realized:

Lp NP Ls Ns

td - tc Ns s(6)

.4 -12-



,aximum power from a given transformer will occur when

the waiting time (tw) is zero and frequency (f) is maximum.

1 217- w'E' Lp 12 - r LP P
(tc + td)

1 L 12  1 LpIp
7 L0 DV

p ss

E - I? ,,

21+NDE D Ls  (7)

At the instant of current switch-over:

W uWWp " 5

P S.

2

L - L Ns (8)
Hp

Substitute 8 into 7

N E L N2

2 (1 P
PL s

4-13-
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SE P1 (9)

2 (1+s)
Np Z

The power represented by equation (9) is the maximum power

that transformer can deliver including the sum of all outputs

and losses of diodes and transformer. At minimum input voltage,

the peak charging current must be sufficient to provide the sum

of these powers.

To determine the maximum inductance in a primary winding of the

transformer (TI), compare equations (1) and (2).

PLI 2  (10)

also: p E = E T = E (11)

from equations (10) and (11)

P E 2

~E 2
or L E2 (12)

-.

-14-
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1.3 CONTROL CIRCUIT

The differences between the operation of the AC controller system

supplied by NADC and the specifications and spec modification to be

used to construct the most recent AC controller would require

implementing additional control circuitry. The modified controller

spec requires operation up to ten times rated load current, with

the controller rapidly tripping out, if this current level is

exceeded. This would require a detection scheme that would

operate over a greater output current range and also monitor

the positive and negative half cycles in order to trip out

instantly. The design submitted by NADC only had to detect up

to three times rated current and would current limit at that

maximum level for at least 70 cycles. With this technique,

every other half cycle could be monitored for adequate trip time

results.

Because of the large range of load current that must be detected,

two separate sense coils would be used to detect the over-current

trip range and also the minimum current level needed to determine

the fault state. (See Block Diagram, Figure 1.9). Each core would

be selected so that the upper end of each function's current sense

range would be just below the point where the core material would

be saturated. Therefore, rapid output transitions could not

generate large voltages which could damage the control circuitry.

In order to minimize the quiescent power dissipation, CMOS logic

elements would be used in the control circuitry as shown in Figure 1.

The control logtc would also contain the TRIP state flip-flop as

'II ---



opposed to implementing this function as part of the input circuit as

indicated a part of the NADC supplied design. This would

reduce the log time between detection of the trip condition

and the removal of the control signal to the power switch.

The logic circuitry is implemented so that trip sense function

will detect peak current excursions during both half-cycles.

In contrast, the minimum current detector integrates the sensed

output current only during every other half-cycle, in order to

simplify the detection scheme. Control trip sense circuitry

is shown in Figure 1.11.

INPUT POWER SWITCH
ON - -f

-> NORMAL ON

TRIP_ CONTROL! LOGIC
LOGIC -ez OVER CURRENT CONTROL

FAULT '

- OVER CURRENT SENSE

DETECTOR . LL
~TRIP
' TIME L I-

MINIMUM
___'CURRENT:,. t SENSE  ,

DC I LOAD, . DC CURRENT
SUPPLY REFERENCEC

Figure 1.9. 115V AC Solid State Power Controller,
Block Diagram
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1.4 INPUT ISOLATION

Due to size and weight constraints, optocouplers using dual

in-line packaging (DIP) cannot be used. Opto-couplers in

TO-18 size packages offer the advantages of small size and

wide operating temperature range, but generally are not as

efficient as the DIP units. Another spec irnosad constraint

r6. uires 1000 V AC isolation between control and power sections.

This further limits opto-coupler selection.

A specification constraint imposed on the input circuit operation

is that the BIT signal level must be stabilized within 20 j seconds

after the 10 ma control signal is applied. Previous circuits which

use low levels of LED current for opto-coupler in the ON state

have bad difficulty in meeting the BIT response time over the

full temperature range. In order to improve the opto-coupler

speed characteristic without increasing the power allocated to drivc

the opto-coupler, it is suggested that a lower source voltage and

therefore, high forward LED current be used for opto-coupler control.

This will allow lower value emitter resistors to be used with the

photo-transistor which will decrease the effective RC time constant

that causes the BIT response lag.

If TIL-120 opto-couplers are used in the input circuit, the single

logic supply system could still be used efficiently, since these

opto-couplers have better transfer characteristics than the OPI-121

isolators. The disadvantage of the TIL parts is that they will

provide only 1000 V DC isolation between the control and power

-18-



sections. It is believed that the 1000 V DC potential provides

adequate isolation properties; therefore, it is suggested that

the specification data sheet explicitly state this isolation

limit so that the simpler input circuit could be implemented.

LOG to.

FIGURE C. I TRIP ME I/f

-19-
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1.5 5A POWER SWITCH

A full wave bridge type of output stage, as shown in schematic

diagram, Figure 1.12, would be used in the power switch in order to

minimize the DV offset voltage and to also reduce the high power

transistor part count.

Specification requirements dictate that the controller must not

have a voltage drop greater than 23.0V when passing rated load curre

In order to achieve this goal with power devices that were con-

sidered, and to reduce the burden of driving power from the control,

the collector of the drive transistor must be sourced at a higher

potential than that of the collector of the pass transistor. This

could be accomplished by using two separate drive transistors

so that only one is active each half cycle. The emitter of each

PNP driver is connected to the anode of the rectifying diodes

on the line and load side of the bridge, there obtaining approximatell

8 volts advantage when driving the pass transistor. With this

technique, the total drop across the power switch would be

approximately 2.8 volts.

For operation during an overcurrent condition, a parallel pass

transistor is enabled to share the output current. The voltage

across the controller is unspecified during overcurrent, therefore,

to reduce the component count, a single drive stage is used, which

operates for both half cycles.

Itsbould be pointed out that a 10 mv maximum DC offset voltage

cannot be guaranteed unless the rectifier bridge diodes are

matched. To do this would greatly increase the difficulty in

assembling the power switch, since the diodes used would be handled

and tested in chip form. If a 1N1345 diode is used, the worst case

offset voltage that may occur could be as high as approximately
V
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1.5.1 Power Switch Considerations

Two techniques for configuring the output stage were investigated

for using the high voltage-high current power transistors under
consideration. The first circuit used only one high current

pass transistor for both normal operation and the overcurrent

condition. This had the initial advantage of reduced part count,

but could not be optimized for low voltage drop during normal

operation and adequate drive capability when an overcurrent

condition occurred. The second configuration consisted of

separate pass stages. One stage is optimized to provide approx-

imately a 2.8 volt drop across the switch during normal operation.

The second stage would be turned on in parallel when a overcurrent

supply up to 50 amps would be required.

Physical and electrical parameters for the pass transistor were

examined in order to optimize the hybrid area, thermal dissipation

and electrical characteristics. Transistors were selected for a

breakdown voltage of greater than 250V, so that the power switch

would be able to withstand the long term transients of 180V RMS

for 100 ms. Operating characteristics to be compared were hFE

at SA and 50A, leakage current at 120 0 C, saturation voltage at SA

and base emitter voltage at 5A. In order to be used in a hybrid

application, the transistors examined were required to be passivated.

Some manufacturers use parallel devices in their package in order

to obtain the high operating current. This factor was also taken

into consideration, since such devices would have to be handled

in matched sets supplied by the manufacturer. Dimensions of the

semiconductor area was also compared among devices.

-22-

9,.... . . .



1.6 Mechanical Design

The mechanical outline of the AC Controller is specified to be

contained in a 1.5 x 1.5 x 1.1 inch volume. RCA is presenting

a design which requires a 36% increase in volume. Final

dimensions of AC Controller are 1.5 x 1.8 x 1.25 high, as

shown in Fig. 1.13.

The weight of the Controller will correspondingly increase to

3.5 oz. Using the 5A DC Controller as a baseline

SA Controller 2.05

Additional Ht. .65

Coils .30

Caps .10

Component Bd .35

3.45 oz.

The internal design, see Fig. 1.15, of the AC Controller consistr

of a base and termination assembly, the power switch hybrid,

which is directly attached to the base, a component mounting

board and a back-to-back hybrid assembly which are attached

to the internal termination standoffs. A deep drawn cover

encloses the entire electomechanical assembly.

The AC Controller is similar to the DC Controller in con-

figuration with the following exceptions.

1. The 4 corner terminals are on a .900 x 1.400 rectangle.

This configuration provides a number of advantages:

a. Terminals are on .450 centers, which will solve

the hermeticity problem encountered in the

DC Controller design.

-23-
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b. Maximize the area of the power switch hybrid

(1.00 x 1.20).

c. Decrease the thermal density of the controller

mounting base.

2. The power switch beryllia substrate is solder mounted

directly to the controller base. The controller thermal

load produces an average thermal density of 18 watts/sq. in.,

with peak localized densities which are 5 times higher.

3. A component mounting board 1.25 x 1.50, which will mount

large devices, as shown in Fig. 1.14. The items on this

board have to be mechanically attached to the board and

materials selected for this purpose carefully monitored

for their compatibility with the active devices.

4. Two back-to-back mounted hybrids which will be the same

size as the component mounting board. The DC power supply

will be the top hybrid while control circuitry is located

on the bottom hybrid. The opto-couplers, which had been

edge mounted in the DC Controller, will be directly

mounted to the surface of the control hybrid. Positioning

of these devices (TO-18) will be coordinated with the

locations of the discrete components located on the component

mounting board so as to minimize the height of the overall

assembly.

5. In order to ruggedize the unit for the severe vibration

requirement, four shear panels will be attached to the edges

between elevations .365 and 1.065, see Fig. 1.15. Particular

t "concern will be exercised in mounting of all discrete

components, also as the treatment of the basic structure.

4 -24-



A mechanical mock-up will be developed, as was done in the

DC Controller design, and vibration testing of the concept

will be completed before any final commitment to a design.

PIN FUNCTION

2 PWR GRO
3 PUR OUT
4 CON? GP.D
S CONT

-_z

Fi.11. CPwr otolr uln Gmutn
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T. .40

C,'T 2 .25
T3 I

ii0 C7 .13S

Fig. 1.14. Component Board

COWTROL WHyeRID~t (2.)_______________ p

POWER SOAAD I *3(

Fig. 1.15. AC Power Controller Vertical Section

Reference Appendix 3.8
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1.7 Conclusions to 115V SSPC AC Feasibility Study

The following conclusions are made:

1. A simplification of the auxiliary power supply is possible

(see Fig. 7) if a digital control circuit such as Rockwell

International Pub. No. P77-883/201 could be adapted instead

of analog circuit developed by RCA for DC SSPC. This analog

circuit requires highly regulated with low ripple voltages

which are isolated from the input control circuit and from

AC main power.

The application of the existing digital control CMOS/SOS/LSI

chip would require change of the turn on/off times requirements

of 1.5 ms/2.0 ms specification to a zero voltage turn on/off.

2. An elimination of the auxiliary power supply by providing an

external DC source for circuitry control, will substantially

increase reliability of the SSPC and decrease the cost of the

unit.

3. The basic dimensional size of the AC Controller is 1.50 x 1.80 x 1.25,

exclusive of mounting and termination devices, and the unit weighs

3.5 oz. RCA has considered all mechanical problems, as imposed

by the required circuitry and environmental conditions, in

specifying these parameters.

-26-



4. The feasibility of packaging concept must be demonstrated

through working hardware, where cost and altering specifi-

cations could be considered. This is evident in Figure 1.16

which illustrates the increased cost per unit when package size

is decreased.

.4 4.

*Figure 1.16. Projected Cost/Unit vs. Cooling Surface

-27-
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2.0 26 VAC POWER CONTROLLER

2.1 Design Considerations

The feasibility of designing a 26V AC Power Controller at

IA current rating in specified module size, (NADC-30-TS-7602/05)

is more realistic than a 115V AC part. Mainly, because 26V

controller operates at lower power level and operates with

zero voltage turn on/off. Small and efficient circuit

can be used employing MOSFET transistors and SCHOTTKY

diodes. Also, smaller internal power supply can be

realized using digital control system to operate and monitor

power switch stage.

Power controller feasibility study is broken down into four

sections represented in the block diagram of Figure 2.1.

26V AC
400 Hz

ISOLATED
POWER
SUPPLY

V11

INPUT CONTROL POWER
CONTROL CIRCUIT SWITCH

t SENSE

LOAD

Figure 2.1. 26V Power Controller, Block Diagram

-28-



2.2 Power Switch

One serious limitation of the power transistor in AC controller

concerns the secondary breakdown energy which severely limits

peak current rating of the device when the voltage is high

during fault clearing condition. This disadvantage can be

eliminated by using power FET. Since the temperature coefficient

of the MOS FET drain to source on voltage is positive (a

bipolar transistor has negative coefficient), MOS FET draws

less current as the device heats up. If the current density

increases at one particular point of the channel, the

temperature rises and the current decreases. The current

automatically equalizes through the chip, so no hot spots are

developed. Similarly, current is automatically shared between

parallel devices so no ballasting resistors are needed. The

other advantages of MOS FET transistors are: a) switching

delay time is small, several nanoseconds, about 10 to 200

times faster than a bipolar transistor; b) high input impedance

low drive current (typically less than 100 nA) therefore,

MOS FET will directly interface with CMOS logic; c) lack of

failure from secondary breakdown means that it can withstand

high voltage and high current simultaneously, (see Fig. 2.2) so

inductive loads are no problem. Two types of MOS FET power

transistors are considered for 26V AC Power Controller:

International Rectivier IRFI00 80V @ 16A

Siliconix VN64GA 60V @ 15A

-29-
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Fig. 2. 2. IW100 - Maximum Safe Operating Area

To simplify the control circuit. design or to adapt a digital

control circuit, such as Rockwell International Pub. No.

P77-883/201, the full-wave bridge configuration shown in

Fig. 2. 3 will be used. This configuration allows a single

CR1 CR2

AC INPUT mm"

Ql

t
ISOLATED
DRIVE

0AC LOAD

CR3 CR4

Figure 2.3. Full-Wave Bridge Power Stage
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transistor to be used, therefore, minimum DC offset voltage

is generated. Voltage drops during nominal current conduction

of I.A may reach 2.5V if silicon diodes are used. To meet

1 5V RMS maximum requirements power Schottky diodes are

considered for this application using 1N6096 (TRW) or 30FQ045

(International Rectifier) devices with characteristics as

shown in Figure 2.4 below.

030 0.2 0.4 04 &1 I20 -12 1.4

1 2 _ _ _ _2 : C

~ ZSOC

I4C 1TzOC3 c.--

U 04 0.1 IL S0

'INSTANTANEOUS FORWANO VOLTAGE (VOLTS)

Maxmum Forward Voltage Vs. Forward Current

Figure 2.4. Schottky Diode 30FQ045
Forward Voltage Characteristics
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2.3 CONTROL CIRCUIT

2.3.1 Control Circuit Considerations

The control circuit operation requirements for the 26V

AC controller differs slightly from the specificationIrequirements for the llSV unit previously described. The

j 26V controller operation, as characterized in Spec. No.

NADC-30-TS-7602/05 would turn on only at the input zero

voltage crossing and would turn off at the load zero current

crossing. In order to implement these functions, the
control circuitry used in the 115V controller could be

modified by adding the current and voltage sensing functions

plus the logic gating to allow proper turn-on and turn-off.

Another design alternative would be to base the control

circuit on the use of a CMOS/SOS/LSI chip developed by

Rockwell International Autonetics Group. This is designated

as CMOS device 30351 and is described in Rockwell Pub. No.

P77-883/201 (included in Appendix) and can perform most of

* the controller's required monitoring, timing and control

functions. In order to incorporate this IC however, two

of the NADC specified response times would have to be

increased. Because of the internal circuit operation, the

turn on signal for the power switch is delayed for 5 m

seconds. Including the worst case conditions for line

voltage zero crossing at 400 Hz, and the delay through the

control input circuitry, the turn on time/turn on delay would,

therefore, be between 5 ms and 6.5mseconds. Similarly,
4

since the circuit will only allow the controller to turn off

during the positive going, zero load current condition, the
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turn off delay would be from 5 ms to 7.75 ins, as shownj in Figure 2.5.

LLAO Volt~aq4 - -

*Nrml 'Psatk Load C.;rrsnt

rControl Loop 
11I oml

al~tags Response 1 _ _-

Wa I v- 4orms ~ me to .S m
OR at Positiveo

Lead Voltape, K". Transiton \J- -- --

' Control Loop *Vomal*
Voltage Response\jjjjjjjjj

Waveforms 14 ms to_ 7.7s a .-
_________________ a toOff only at

Lad Current I,
Uxeuist~.ve Load)- ---- - - -

Figure 2.S Controller Response Time with Rockwell LSI

2.3.2 Control Circuit Design

A control system based on the Controller LSI chip requires

auxiliary circuitry to properly interface with input and

Power switch subcircuits. The minimum peripheral interface

functions are shown in Fig. 2.6.

The LSI chip requires +12V and -12V supply voltages for

proper operation. The auxiliary support IC's would also be

supplied from the +12V rail.



Osc. T FIS P.T2 :I z:: "E
TIMINIG XAL 'vi -

POWER TRIP

CONTR flkPU COTOZMa
INPUNCOTROLT -I " 27

SENSE zRC3WELL SENSE ISO. . -.. RRZNTLIM --- ZERO V. " 30351 FASE , ULT LO' .OP
DET'CT0 R i ET.

GND -12 +11

Figure 2.6 Control Circuit Functional Diagram

The input circuitry previously described for 115V AC

controller, could interface directly with the trip and

control signal lines of the LSI chip. In order to derive

the fault signal however, the control signal and an inter-

mediate sensed output would have to be processed and compared

as shown in Figure 2,6A.

Figure 2.6A Fault Detection Circuit
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IThis circuit will detect and hold for 1.25 msec (900), the

minimum current state. This is necessary if normal zero

current crossings are not to generate false fault signals

every 1800. Because of this lag, and also due to the delay

before turn off, a fault output would exist for 6.25 to 9 msec.

Although this would not normally be detected due to the

removal of the input control current, subsequent interrogation

pulses would indicate the fault state during this interim

period, after the control signal is removed. The fault signal

would also be generated at turn on for the 5 ms to 6.5 ms

latency neriod between control application and power switch

turn on to the peak minimum current level.

The other auxiliary circuit functions could be performed by

the addition of just a few additional components. The 9V

reference level is derived from the +1ZV supply line by the.

use of a zener diode reference, an op-amp and a transistor

current source. The line voltage zero crossing detector

would be constructed from a rectifier chip and a clipping

buffering stage. The interface to the power switch would

be achieved by a level conversion stage.

2.4 Internal Power Supply

A small power supply can be provided by using energy pump

regulator shown in Figure 1.5. The 26V AC power is rectified

in a full-wave bridge to DC and then converted to a pre-

regulated + 12V DC. The intermediate switching frequency

is 40 kHz. The number of components is the same as shown in

Figure 1.7, although voltage requirements for numerous parts
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are diminished since this power supply operates from

26V AC instead of 115V AC.

An alternative approach to power supply is to use 400 Hz

transformer, rectifiers, filters and series dissipating

regulators. This method requires fewer components and may

be less expensive, although power dissipation in regulators

and large size of the transformer will present packaging

problems.

2.5 Current Sensing

Continuous current sensing is provided by current transformers.

It will detect current level needed to determine the fault

state and over-current trip range. A single coil will be

used which may be placed over the output terminal. This coil

will provide DC isolation from AC load line, yet it will be

capable of sensing both positive and negative pulses.

2.6 Mechanical Configuration

The mechanical construction of the 26v AC controller would be

similar to that of the ll5v unit described in 1.6. Since the

area needed to construct the power switch is reduced by decreas-

ing the component count, the base plate area for a 26v controller

can be made smaller than that of a llSv unit. The minimum base

plate area that could be used is determined by the glass

area needed to isolate the terminal pins from the header plate

under the worst case conditions of high altitude and high

voltage required by MIL-STD-202E test condition D. This

would allow a base plate area of 1.5 X 1.5 inches as shown

in Figure 2.7.
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The vertical arrangement of the subassemblies would be the

same as that shown for a 115v unit in Figure 1.15. The

reduced component count realized by using a Rockwell LSI

control chip would keep the control layout density approx-

imately the same as that of the llSv controller type, since

the control hybrid atea also would decrease if the base

plate dimensions are reduced. The smaller base plate area

would also decrease the controller weight to approximately

3 ounces.

The above construction technique is similar to that used

for previously produced 28v DC controller as shown in

Figure 2.8.

S" -.--

?~PA4 rSBZ

Figure 28 DC Controller Construction
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2.7 Conclusions to 26 VAC SSPC

1. Some engineering would be needed to make improvements

in the unit assembly.

2. The resulting device would fill most requirements

but an effort should be made to reduce cost by

simplifying an internal power supply and control

circuit designs.

3. Recent improvement of power FET transistor and

Schottky diodes with respect to their switching

characteristics and current rating, have made

possible to adopt these devices for 26V SSPC at IA

application. The MOSFET transistor proposed for this

application is under development with several vendors

and farther current rating increase is possible, thus,

future design of a 5A SSPC is promising.

4. The Rockwell chip would reduce control circuit component

count, thus, simplifying fabrication and increasing

reliability. In order to use this LSI, the specifi-

cation limits for response time would have to be

increased.

S. The weight of the controller would be approximately

3.0 ounces. Mechanical construction would be similar

to the DC Power Controller shown in Figure 2.8.
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3.0 APPENDIX

3.1 Drive System, Internal Power Supply

Electrical Analysis

2w2"401 IO IlaOT

R6 422.

1E3 ~ 4 >~ U2 +)-

VRF-V
F~ IT 0 - 49(72 VFE

I p(required) * 14.8 MA (See transformer design)

-40-



VR14  - Ip x R - 14.8 x 10 - 148 mV VR19

148 x 10- 3  = 22.8 uA
R19 6.49 x 10 I

R7  -ref -VR1 9  - 6.08 - 0.148 - 260 K

Ri9 22.8 x 10-6

0.148 20 - 14 mAIT1 10'I-- + 20)

T + 0.7 + 0.148
IB3 - IT 3 +IR13 14 + 056 - 0.7 mA/ 3- 20

R11  = VR2 - VBEI - 1.8 - 0.6 = 1714 .

B3 0.7 x 10

3.2 Housekeeping Current Requirement

i~~ ,, ,,2.

P, R44 R9

-481  -K &

10K

Figure 3.2. Housekeeping Current
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V sen -VVR 0 - 6.4 1.162 mA
IvRI nR 3.16 x 0.98 - 112m

Svsen 10 0.713 mAR4 = R4-+ R3 (7.5 + 6.81)0.98 0

IUI 2 mA IB3 - 0.7 mA

I v sen - VUl 1 0 - 0.1 M 0.207 mAIR9 R9 48.7 x 0'.9

v sen - VR2 10 - 1.8 - 0.389 mA

IVR2 R10 21. x0

I I1 + +1 + I +I + 1 5.172 mAsen VRI R4 Ul B3 R9 VR2

R18 i Vn -VCE4 -sen = 150 - 0.4 10 27 K
18 0.00517
sen

R in -VR4 160 - 8.2 - 304 K• , R17 n "0.•001 n 0.,0005

I PRI7 - 0.00052 x 330000 - 82.5 mW

3.3 Current Transformer XT-14116

Assume: nominal current 5 5A RMS

max. - 50A .-- 11V
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Figure 3.3. Current Transformer

if I 0.1A @ 50A (buss current)

N 50-~. 500 turns

RL - 1111 C

v 5 x110 1.1.

1. 2 xlO511

p RL 2  11 mW I = - 0.01A

Use #41 Awg. wire

Wire buildup = 11.6 x 500 = 5800 c mils

K - 5800 - 40%1440

OD - 0.230
CORE: YW-40603-TC MAG. INC. ID - 0.120

3.4 Power Transformer Design 
(XT-141J5)H -

0.2

Assume: P 0  - 400 mW, efficiency - 70%

Pin M 400 571 mW

E a 140V
p

f M 40 kHz

-43-
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From equation (3) 1 __-P L
p

tc - 1 = 1 - 12.5 uS

140 2

L - 8x.571x40xT 107 mH

12.5x10-x1401lp - 14.8 mA
107x10-3xl.1

if 2 x 55037-A2 cores are used:

i=

Npri 1000 (1 - 714 turns

o~ ito
-05"

07
Figure 3.4. Power Transformer

V sec 1 v sec 2 - 1V

10 x 714 - 51 turnsN~sec ="14=

:V x 10 8.. 160 x 108 . 700 gausB4m 4 x f x N x A 4 x 40 x 103 x 714 x 0.2

S0.571 4 mA use #42 AWG wire
pri =4

-44-
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I
Isec1 4 MA use #42 AWG wire

0.4

1sec 2 = --4- 40 mA use #34 AWG wire

K - 10.2 (51+714)+60.8x51 0.336 < 0.4 O.K.32400

.. .- 2(0.156 + 0.044) - 0.40"

0.4 + (2 x 0.05) 0.5"

Weight = 2 x 1.9 + 2 = 5.8 grams

Available power can be determined from equation (9)

El -3
= p p 140 x 14.8 x 10 = 518 mW

2 (1 EpNs 2 140 x 51ik. 2 l+ 714 x l0O.
N Es
p

3.5 Filter Capacitors

C = i tdu

where: i - current variation due to load change = 40 mA

t = circuit response time = 25 uS

u - allowable voltage change 0.1V

C7  - 0.04 x 25 x 10- 6 M 10 uF at 20V
0.1

C6  - 0.004 x 25 x 10- 6 M 1 uF @ 20V
0.1

C5  - 0.004 x 4 x 25 x 10-6 - 0.8 uF @ 200V
0.5
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3.6 Tentative List of Parts

3.6.1 Auxiliary Power Supply 1l5V AC SSPC

DESIGNATION PART NO. DESCRIPTION RATING

Cl M39014/01-1474 Capacitor 0.1 uF

C2 M39014/01-1225 220 pF

C3M39014/01-1450 4700 pF

C4 M39014/01-1225 220 pF

CS M39018/01-0668 3.3 u.F/200V

C6 M39014/02-1407 1 uiE

C7 M39003/06-0067 10 uF/35V

C8 M39003/06-0001 10 uF/6V

CRI-CR4 1NS616 Diode

CR5 1N4148

CR6-CR8 1N5802 I
Qi Tran7Asistor

Q2 2N2222A

03 2N5663

Q4 2N3439

VRl 1N4567A Zener

V2R2 1N4614

VR3 1N4614 1
VR4 1N4101

TI XT-14115 Transformer RCA

T2 XT-14116 Current Transf. RCA

Ul LM 193A Dual Comp.
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3.6.2 Tentative List of Parts 26 VAC SSPC

Internal Power Supply

Designation Part No. Description Rating

Cl M39014/01-1474 Capacitor 0.1 uF

C2 M39014/01-1225 220 pF

C3 M39014/01-1450 4700 pF

C4 M39014/01-1225 220 pF

CS M39003/06-0067 1 OuF! 35V

C6 M39014/02-1407 1 uF

C7 M39003/06-0049 3.9uF/20V

C8 M39003/06-0049 V3. 9uF/20V

CRl-CR4 1N5804 Diode

CR5 1N4148

CR6-CR8 1N5802 1
CR9 1N4148

01 2N2907A Transistor

Q2 2N2222A

Q3 2N5337

Q4 2N2222A

VRl 1N4567A Zener

VR2-VR3 1N4614

VR4 1N4101

Ti XT-14117 Transformer RCA

T2 XT-14118 RCA

tUl LM193A Dual Comparator National
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PRELIMINARY DEVICE DESCRIPTION Rockwell International

[61 *~T~IESOLID STATE POWER CONTROLLER

S 0 SCIAL :.47URES ;LTCTP!CAL RCA 1ARACrERIS7;C I _ JSwL

0 n-Chii. A,0-6 s. as: qi j "Z-r oc ctud Insputs

*Oni-Chiia, :I~j ;e rt-r . Jtii 1.tL~ a I 1 j sI%-triI; tsolaison Pruvidisj tby .*
RC ~ncrul -I I r

*_-lock output Or~ver 0 '- Por '20O 01W
*On-C.hip Test For Load voltage Sct" O nut esigqned for optimum 1Noise
0 Tijmed to Reduce Power cn Transisa Imanity with CMOS Cxrc-jits

0 Os-C.Ilp Ampltloses for Loiw Level _0 O to -1'AD.C aids Raniqe
Cirrent Sense a *5 t 125*C Operation

0 Desi~n 'Jer.fsz~stx3n Completed f.,
Military Aircraft

APPLICATIONS SSPC Piioto 11crograon

COntrol and orotection of aircraft electrical systems. Primary Applications are
tile turn on/off of Sol Id state bower S.itCfleS. ano computation of tile turin off time
it iiiltl electrICAl loa eCeeS rated Cre t.

GENERAL DESCRIPTION

Teprimary function of the solid state power control monlithiic device is to

:ccai~ n De turned on and off. The desired time for switcing tile load ON" istil lI ne voltage is zero and tive desired tine for swichiing tihe load "OFF is
tile load current is zero. This assures minimiumi transient on thle load and

cable 0 wIing.

whlen primary power is applied to tile monolithic cirtuit. all node control% and SENSE COTROS (2ZI EN
Counters are reset to a stand-by mode, tihe monolithic circuitC will then monitor INPUT COMPAATOR VOT1A"J

teEXCLUSISE-OR of tile two control Signals and tile ZERO VOLTAGE CROSSING of thle O'00 Hertz Dower. ZA- LucADECOTL

Ifthe EXCLUSIVE OR- (INTERNAL L.OGIC. TERM "C") of tile two controjs Is-.true, a AEcrcecet - CLOCK C C
, l A milseol tiver is .tartrd and w~ilu~ul ~ it h C C for tile Full i~.iLle col
flue eilllse11c"Onos. With the "C" term remaining true. tWe nest postv dge of tile 7-I 1W5 Ct2P
ZERO VOLTAGE CROSSING input will cause tile DRIVE outputs to be enabled. These -BITcol~
outputs may be Used to turn tile 'POWER ON'. Three alternate operating modes are UP010 DNII i N
possible with tile drive Outputs -ON-. These are overcurrent fast trip. indicated ITCOUNTER

Iby I , 11 . timed oneircurrent trip Indicated by I1 12 and normal turn off bySHF EITT
rmvl of tile C term. A functional bloick diagra; i% Shown in Figure 1. MIT1.IT

Teisatnosesnsed values of tile current (I) beiing delivered to the load are r al
diglioizd by the AOC, and if til ADC counter reacies full scale in eitiler pos Iit ,'0 re
or negative direction then A FAST TRIP signal is generated. FAST TRIP indicates LOW EE LEVEL FtL lEe OM
that a Castroolsic overcurrient situation exists. the DRIVE outputs are """ - cETON reio,

IA timed overcurrent tripaut node, tihe ADC output will bat lt Elhen full scale and lots!
the length of tim delay in nuerturrenrt is allowed to exist is determiev yteii HAF STATUS
size of thle overcurrint. Each 20O wsoc . one saM le from the ADC ( I) i s used for iltLOI SIlJ
trip compt ation. Tile sample is applied to a single Dole digital filter. If any
v4;lue of I1 souals or exceeds 1Z (minifum current value that will be sensed and
Added to tile accurmlator) tile accumulator il 'Add" the ifani tuae Of I . However.
if the samoled Values of I ire less tilan 12 tilen tile value of I IS subtracted from Figure I Blockl Diagriam
the Accumulator. ahon tile accumiulator contents are -2". tile current vs time
relationshlip las Deen Not. As a result, tile cirtuit will turn off DRIVE and tan
on TritpoUI rewn tile load current luteedS the rated Current for a time longer tian
thtie Shown in Figure 2.

Qariiig normal turn off, hien tile "EXCLUSIVE OR' of the two Controls ("C") is false -thle fiue millisecond timer is Again started and continuously cCMPared with C. With
tee C term remaining false. the seginning of tile ent negatine half Cycle Of tile
load is sei to tun off DRIVE. AA internal "Low Level Current SenS4* Comparator

iprovided to detect tile beginning of tile negative hlalf cycle.

isotg ttscpbltyi rvddb nItral*es ohHl yls
varator and Status Logic. This circuitry provides for a monitor of the load
Iage and generates a STATUS output silly If the Load voltage Is of proper

ma'7ltade and both Nalf t/tl@'s ire present. 1'7ATU, is cimpletoly Independent of ;
the reahisier of this puier .cjntruiltar functlo..

C1GS/W.S integrated circuit fatiiatiion triciniigues have moved the Solid State power
Controller monolithic to the forefront of tomeplex. slohistlited component.. The
mnolithlic beonefits from an Advanced but proven Integrated Circuit prIOCeS.
toilogy whirls Is directly responsible for the Mili porforwiance tilaracs.,istits
atiIwI~i4, in this tf./71 ln,.
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3.8 AC Controller - Size Analysis

PWR DECK

COMPONENT REAL ESTATE

QTY.

1 Solitron 496Q4 73,000

3 Reston 50 x 100 15,000

4 Pwr Diodes (D1-D4) 40,000

2 Small Sig. Diodes D5 & D6 (40 x 40) 3,200

3 2N5345 (100 X 120) 36,000

2 MJ 10000 (200 x 205) 80,000
2 NC Terminal 100 x 100 20,000

1 Over Current Term. 100 x 100 10,000
1 Normal Term. 100 x 100 10,000

1 Control Term. 100 x 100 10,000

TOTAL 297,200

30% Component Contingency 89,160

.386360

DC Controller B 0e2

.80 x 1.1 - .8800 IN2

Packaging factor for .8800
AC Controller on . - 2.27
DC Contr. Be0

Packaging factor for - 2.30
DC Controller (Pwr Deck)

30% contingency for
additional components
to Be0 1.1 x 1.1 1.210 IN2

Pkg. factor 1.210 - 3.13.Tf 4

Package size to accommodate 1.5 x 1.8 Foot Pad
1.1 x 1.1 Be0
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PACKAGE HEIGHT

Header thickness .125

Pwr Deck

B 0 .040
e

Components .100-- .140

Spacer .100

Mechanical Deck

Substrate .060

Components .400- .460

Spacer .100

Logic & Amp Deck

(2) Substrates .075

(2) Components .120
.195

Spacer .100

Cover .020

TOTAL 1.250
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