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INTRODUCTION

RCA has completed study and design phases of a DC Power
Controller and now continues to deliver 1l0A,5A,2A and 1/2A unitsi
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 document. Two Solid State Power
Controlleég (SS?C) 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 switching between a power bus and
the loaq,

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

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

(‘d) to provide isolation for control element, AnD

( 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.

The components and circuits described in this report are
representative of controllers requirements with consideration

of suitability for hybridization.
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115 VAC Power Controller Design Consideration

In order to determine the feasibility of constructing a S 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 first
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 coéntrol which is derived from the AC supply line%

b) Control - level detection and logic used to

determine the electrical state of the controller.

¢) 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
- POWER o
LINE B SWITCH LOAD

i

 SUPPLY —

D me—— ,JL_—L_—
10 maA INPUT «€——>CONTROL
Loop = | |

Figure 1.1 SSPC Functional Block Diagram
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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. T¢ minimize the size and weight of a transformer
and filter capacitors, the operation frequency has been increased

to 40 kHz.

The basic energy pump requlator 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 Rl resistor. With
Ql closed, in a simplified schematic diagram in Figure 1.2, the DC ’

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

T R\
+ O J— —D——0 +
e
INPUT PRI || sSC ouTrPUT
! ) —
CONTROL Ql ci
CIiRCWULIT
R
A_o P

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 (CRl) is back biased and will not conduct. Therefore, the
circuit is inductive and energy is being stored equal to 1/2 Liz.
If at some pre-determined instant Ql 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 CR1l 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.
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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.

off transient

off pericd
waiting penod
an \zerlo:f

Figure 1.4. Switching Transistor Collector-Emitter Voltage




1.2.1

The output voltage regulation is achieved only by controlling
number of pulses in a unit of time. Since at a heavy 1locad 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.

Circuit Operation

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

shown in Figure 1l.5.

OUTPUTS
T 2br O+
3 E O oM
° i Q=
E
Ri R3

Comp |
4

b rer

Figure 1.5. Single-Phase Voltage Regulator

A
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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 Ql rises to a

level set by Rl. 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 Ql 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 (VR1l).

Ql transistor turns on main switching transistor Q3. The peak

[ current in this transistor is sensed by Rl4 and comparator U2

to reset FF Ul and maintain constant energy stored during each
pulse. The output voltage is monitored at C6 and 1is used to
E set FF Ul if the output voltage is low and thus controls the

frequency of switching. Transformer output voltage is sensed by




Figure l.6

Switching Transistor Collector Characteristics

with Load Change

Collector Current
Vertical: 1lA/cm
Horizontal: 20 us/cm
Load 2.8W

Input 28V

Collector Voltage
Vertical: 20V/cm

Collector Voltage
Vertical: 20V/cm
Horizontal: 20 us/cm
Load 6.7W

Input 28V

Collector Current
Vertical: 1lA/cm




comparator Q2, which prevents transistor Q3 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

(Tl 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 |
winding, however, as the primary winding is open-circuited during !
the energy integration cycle. Output voltage is adjusted by changing

reference level at comparator Ul having the inverted input connected

to the sensing winding.
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1.2.2 Analvsis and Desion Formulas

The energy stored (W) during period of time is defined as
power. In an energy pump regulator, the power that can be
delivered is determined by the frequency (£) at which the

storage takes place.
P = Wf (1)

The energy is stored in the form of curreant ia 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.

¥e1/2 Lprg (2)
For practical reasons, the series charging resistances
consistizz o0£!CS impedance, DC resistance of Tl (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 (Ep) across the primary winding (Lp). Charging

[PVOCCLEPUIE o LR

time (t¢) will be:

Lp‘In

3 | e *

When at the peak current, traasistor 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
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C6 and C7 have low impedance. The discharge of energy
N can be approximated by a descending ramp with the slope
dependant on secondary (5-6) DC resi:ztance diode (CR7)
forward resistance and capacitors impedance. Discharge time (t4)

will then be:
ty ..&h_f.:__ (4)

where Eg is secondary voltage. This characteristic is shown

in Figure 1.8.

!

T
—— te ltdr' tw
Tal

3

Figure 1.8. Charging Characteristic

Eaas 20l * Y

Relation between primary and secondary peak currents

can be expressed by the following formula:

e

-

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

-y

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

be realized:

te E . 4 E
.s[;_z__xp _41__:_3 Ng

7 g A BTG ¢ G m#u“&mg.m. -

' {
3
: . Nn E Ls
o td = ¢t¢ ‘_%.D—-— Ns Bs (6)
“ -12~
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Maximum power from a given transformer will occur when

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

Pawf=li1l7 - L pop
PP (te + td)
1 2 1 2
- .2 LI, - 7Ll
S T N
S P S
Q@ gy REae gy
P s p p s
’. E, I
zu«»NPE” s ) (7
Ly V,E,

At the instant of current switch-over:

Wb = Ws'
1 2 1. 2 N2
\d -
A 7 LI 7 Lslp —N-g-—-
s
Ng
I.s = Lp —;z——' (8)
R p
Substitute 8 into 7
P« EPIR
2
N_E LN
R T
P Np Est
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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 (Tl), compare equations (1) and (2).

2
LI
P - (10)
- 1.2
E_t E_T E
also: I = P = = (11)
P L -g_L 7%":.

from equations (10) and (11) -

2

P = %
or L = % (12)
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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

i
i

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

The control logic would alsc contain the TRIP state flip-flop as

- A v e\
- ;:i



opposed to implementing this function as part of the input circuit as
indicated a part of the NADC supplied design. This would
reduce the lag time bhetween 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 1.1l1.

INPUT POWER SWITCH
. oN I St 43 - - % = )
: _]———> NORMAL ON
TRIP CONTROL f
: LOGIC .———> OVER CURRENT CONTROL
FAULT <—ro » o

|

; 10 X v ; ’
! TRIP Y S
! DETECTOR - I

g - —" {

A
- J 1\ | OVER CURRENT SENSE '
|
|

A

IO nl e Ay ey g ey

. , TRIP ;
; TIME | ) = |
! MINIMUM ||
, s .CURRENT || - |
| [ '"SENSE 1
IS g .
o | e
A ; v
o - ; LOAD
;48 pe ! ! CURRENT
§ SUPPLY . REFERENCE —_
8 (
SO
: E Figure 1.9. 115V AC Solid State Power Controller,
¢ Block Diagram
»

& ' -16-




ANJNL /21907 TO¥LINOD 01l INNIS

—. b .
/M\ | TLANDS
L...atuufo P IHI L. .
AY n
Al 7@
NOVAND) !
N LYON

; L3N
Wow it
j &

v/in
Jad

Lt QO TN
Gl dd =T N

GNOCYD
NOYANQ D
m—gh PO t————

ot |

09t

Nolrar3aq

N4
\NY

Mddns
>ivo]

Csenv
20404
NoYLNDY

it

EOWN ...?Ea%»itlgﬁ?g’hb{? B L TR LTl SRR

¥ @
) .

e il

L\A“ilﬂ
e

X
L) TU

£ IS 6-39:

-17~"

=

M




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 imposed constraint
reJuires 1000 V AC isolation between control and power sectioms.

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 p 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 had 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 drive
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
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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 isoclation

limit so that the simpler input cigcui;_;ould be implemented.

LoGia
SUPPLY
< CAISS cA LMI92
TRIP
1 +U3/A " s3TzcTeR.
Jd J VA" .
Va/ T~
= OVE'R CURREN
__%,__, l‘j CCNTROL
OVER CURRaENT
smNLT §
l J TP TIinM3
. INTE T
| Ug‘i‘ 1 CGRATOR
)
| L
' - FIGURE I.11 CONTROL TRIP SENSE
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1.5

SA 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 =2 3.0V when passing rated load curreﬁ
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 approximately
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.

It should be pointed out that a 10 mv maximum DC offset voltage i

cannot be guaranteed unless thé 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. 1If a 1N1345 diode is used, the worst case
offset voltage that may occur could be as high as approximately

200 mer . =20~
e
PN
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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 i

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 capabiliiy 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 i

and electrical characteristics. Transistors were selected for a

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

e e

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°c, saturation voltage at 5A

and base emitter voltage at SA. 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.
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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 S5A 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 consists
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-




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/sg. 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

oo

assembly.

S. 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

o

concern will be exercised in mounting of all discrete

components, also as the treatment of the basic structure.

-24-

.‘&“ T TR A A I N S A LA B e TTINE MRIMATUA P Y 4 e -

)
L T L




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
1 PWR IN
2 PWR GRD
3 PWR OUT
4 CONT GRD
s CONT

.25
§3
01
|
®

S A
TN LTI N A AT AT e e

{ ' Fig. 1.13. AC Power Controller Outline & Mounting
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Fig. 1.14. Component Board
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Fig. 1.15. AC Powar Controller Vertical Section

Reference Appendix 3.8




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
K 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.




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




2.0 26 VAC POWER CONTROLLER

2.1 Design Considerations

The feasibility of designing a 26V AC Power Controller at

1A 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
INPUT CONTROL POWER
CONTROL ™ (. rcurt ™ swircw
;—b
CURRENT
SENSE >0
‘ LOAD
Figure 2.1. 26V Power Controller, Block Diagram
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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 coefficienté
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; ¢) 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

e

transistors are considered for 26V AC Power Controller:

International Rectivier IRF100 80V @ 16A

Siliconix  VNG64GA 60V @ 15Aa
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Fig. 2.2. IRF100 - 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
; Aac INpur O f’ D*"'?""k}""
i
: Q1
2
i il
3‘ \ ’—
8 N e
; ISOLATED [
4 DRIVE i
; -
: o ' 1
i —-K}__.__Q._L—o AC LOAD
v CR3 CR4

Figure 2.3. Full-Wave Bridge Power Stage




transistor to be used, therefore, minimum DC offset voltage

is generated. Voltage drops during nominal current conduction

of 1A may reach 2.5V if silicon diodes are used. To meet

i SV 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.

. 4 !
00 [}] ] 05 s 10 12 14
g s — rL l T + T T
s N T , ——
2, 1 1 |
; . ) — r/ Dl 1
E.ﬁEEEE%E%EEEEE%E§§§§§?§/' ——
3 !
S S ; PN AN AR AN i 17£nc\ /
€ t__i__:‘ OOUARXANIP ANV AN . /
3 L R \\\\ f‘ VSN 1250¢
H : S AN YN \\\ l ac |
s 7 O 250¢
< BRI , SN
3 | -400C /
3 b

va |
S T i l yl
x 2 ! . i | /
L %] 1 ]
2 T 0 —_

GJ 04 05 08 07 03 09
INSTANTANEQUS FORWARD VOLTAGE (VOLTS)

Maximum Forward Voitage 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 specification
requirements for the 115V unit previously described. The
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 W
functions. In order to incorporate this IC however, two
of the NADC specified response times would have to be

increased. Because of the infternal circuit operation, the

N Upmeew, v

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

seconds. Including the worst case conditions for line

R S U

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,

A b

- 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 ms, as shown

in Figure 2,5.

1 le ¥ 400 Hz
' cyclts ns 4! !

|

Line Voltage

ependent on
Peak lLoad luirrent

g “Mormal® e

“Pault”

Control Loop
voltage Response

S o8 to 6.5 s

on at Positive or
Neg. Transition

‘| Load Voltage

Soltags Fecponse HH

MM o

[ S as to 7.75 B8 —————eemp

Vo off oaly at
Pasitive
Transiticn
L
— _,Z _ . ——n e .
\ /’v
-~ N

Load CQurrent
(Resistive Load)

Figure 2.5 Controller Response Time with Rockwell LSI

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.
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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. 1In 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.
Yv REF,
ANC2
(Seme emes LIT,

Figure 2.6A Fault Detection Circuit
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This 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 180°. 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
perio&, after the control signal is removed. The fault signal
would also be generated at turn on for the S5 ms to §,$2ms
latency neriod between control application and power sﬁitch

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 +12V 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.

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
-35-
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2.5

2.6

are diminished since this power supply operates from

26V AC instead of 115V acC.

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.

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.

Mechanical Configuration

The mechanical construction of the 26v AC controller would be
similar to that of the 115v 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 11Sv 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 11Sv 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 115v 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.

.E:‘HIS PAGE 15 BEs
e R

Figure 28 DC Controller Construction
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2.7

Conclusions to 26 VAC SSPC

l.

Some engineering would ke needed to make improvements

in the unit assembly.

The resulting device would f£fill most requirements
but an effort should be made to reduce cost by
simplifying an internal power supply and control

circuit designs.

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 1lA
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.

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.

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.




3.0 APPENDIX

3.1 Drive System, Internal Power Supply

Electrical Analysis
< {

Y
1l Vsen =10V
v
2 VR

INLGI
8 N
T

42 .1k Q|
242907 R10 IP\l

(O] 1.8k
INLILE

a3
2NSGGR

Rily
10

\/ReF
Gn 08-6 -72 v

26¢oK

R19
6.4k

-_

Figqure 3.1. Drive System Schematic
Peak current threshold will occur where :

Ies R oy Vua(+)

I, = Vu2 (+) hrps
R14 T + hFE3

Vs = 6.72V Vref = 6.08V

gp (required) = 14.8 mA (See transformer design)




VR14 = Ip X Rl4 = 14.8 x 10 = 148 mv = VRl9
. . lsx103 = 228w
19
R 6.49 x 10
R =  Vrer “VR19 = 6.08 - 0.148 = 260 K
7 o =¢
R19 22.8 x 10
- 0.148 20 -
A T —10 mv) 14 mA
]
’ I 1 0.7 + 0.148
Iy, = TL_~  “R13 = 14 + 5.6 = 0.7 ma
” B3 5
v v
Ry, = R2 - 'BEl = 1.8 -~ 0.6 = 1714
I3 0.7 x 1073
3.2 Housekeeping Current Requirement
Vsen
N 'y
o +\10Vv
-y RI R9 R
{ 316K Iu, hi K oo
L
¢ JR1 ¥ QS Ql
. 2N24907A
»,' Non Lo LR
. INGSETA
| = , Ie,
| l
|
'] -~
g Figure 3.2. Housekeeping Current
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3.

3

IVR - sen VR1 =
1 1
v
1 - sen =
R4 R4 + R
IUl = 2 mA
1 - Vsen - Vu1 =
RO R
= Vsen - Vyr2 =
Iyr2
Isen = IVRl + IR4 + IUl +
§18 = Yin ~ Vees ~ Vaen
rsen
V.. - v

0.0005% x 330000

Current Transformer XT-14116

Assume: nominal current

max.
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10 - 0.1 =
.7 X 0.98

10 - 1.8 =

Z1.5 x 0.98

IB3 + IRQ + 1

= 150 - 0.4 - 10 =

0.207 mA

0.389 mA

27 K

0.00517

160 - 8.2 =

mwW

[ ]
N
-

(]

- SA RMS
= SOA ~—a=11V

304 K
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Current Transformer

Use

Figure 3.3.
if IL = 0.1A @ 50A (buss current)
N = 39 = 500 turns
sec 0.1
R = Tl%" - 110 -
v = 5 x 110 = l1.1v
Ry (sa)
2
- 1.1 -
PRL -rro- 1l mw
Wire buildup = 11.6 x 500 = 5800 ¢ mils
- 5800 -
K 11700 40%
CORE: YW-40603-TC MAG. INC.

Power Transformer Design (XT=14115)

Agssume:

Po

400 mWw, efficiency

400
m 571 mW

140V

40 kHz

70%

= 500 = 0.0l1A

#41 Awg. wire

0.230
0.120
0.125
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From equation (3) Ip = tec "p
L
P
2z 2x40x10
1402
L *® ax0.571x40x10° = 107 mH
12.5x10"%x140
Ip = . = =  14.8 mA
107x10 “xl1.1
if 2 x 55037-A2 cores are used:
Npri = 1000 107 714 turns
| > —0 3
PR § sSel |
2 0 © 4
]
O 5
g§¥ SEe 2.
C. o
7

Figure 3.4. Power Transformer

Vsec 1 vsec 2 lov
N = 10 x 714 = 51 turns
sec 140
5 L Vx 108 - 1603x 108
m 4d X I XN XA 4 x 40 x 10° x 714 x 0.2
I = 9,571 = 4 ma use #42 AWG wire

pri 140

= 700 gauss|




I = e = 40 mA use #34 AWG wire

K = 100 = 0.336 < 0.4 O.K.

use #42 AWG wire

0.4

sec 2 io

10.2 (51+714)+60.8x51

— - 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)

P = Eplp = 140 x 14.8 x 1073 = 518 mw
' E \ ! 140 x 51
2 (1+ pNs) 2 (1 + 717x 1o !
Filter Capacitors
c = Ai At
AT
where: i = current variation due to load change = 40 mA

t = circuit response time = 25 us

u = allowable voltage change = 0.1v

c, = 0.04 x 25 x 10”6 = 10 uF at 20V
3.1
cg = 0.004 x 25 x 1079 = 1 ur @ 20v
T
c, = 0.004 x 4 x 25 x 10°% = 0.8 uF @ 200V

0.5




3.6 Tentative List of Parts

3.6.1 Auxiliary Power Supply 115V AC SSPC

DESIGNATION

PART NO.

DESCRIPTION

RATING

cl
c2
C3
C4
CS
cé
c?
cs8
CR1-CR4
CR5
CR6-CR8
Q1
Q2
Q3
Q4

M39014/01-1474
M39014/01-1225
M39014/01-1450
M39014/01-1225
M39018/01-0668
M39014/02-1407
M39003/06-0067
M39003/06-0001
1INS616
1N4148
1nN5802
1N4148
2N2907A
2N2222A
2N5663
2N3439
1N4567A
1N4614
1N4614
1N4101
XT-14115
XT-14116
LM 193A

Capacitor

Diode

Transistor

Zener

Transformer

Current Transf.

Dual Comp.

0.1 uF
220 pF
4700 pF
220 pF
3.3 uF/200V
1 uF
10 uF/35v

10 uF/6v

RCA

RCA
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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 1QuF/35Vv
(o] M39014/02-1407 1 uF
c7 M39003/06-0049 3.9uF/20V
c8 M39003/06-0049 V 3.9uF/20V
CR1-CR4 1IN5804 Diode
CR5 1N4148
CR6-CRS8 1N5802 \ : ;
CR9 1N4148 | i
Ql 2N2907A Transistor ; ‘
Q2 2N2222A *
Q3 2N5337 ‘
Q4 2N2222A
VR1 1N4567A Zener
VR2-VR3 1N4614
VR4 1N4101 $
T1 XT=-14117 Transformer RCA
T2 XT-14118 W RCA
Ul LM193A Dual Comparator Naticnal
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PRELIMINARY DEVICE DESCRIPTION ‘l‘ Rockwell International

saegiaL =eatures

TYPICAL ELECTRICAL CHARACTERISTICS

|
* LA-Chip A/D=5 Bl - 319n l ® Iriur = Protectud loputs
*0n=Chip Cloux Lulerator ith Extetael |

-Cn ® rull Uielecetrie tyolation PFrovided by
R=C Cancrol

wanire

® Zlock Output Driver ¢ Liwer Power © 200 mw

*On-Chip Test For Load veltage status ® Inputs Designed far Optimum Noise

® Timed €O Reduce Power 2n Transiancs tmmunity with CMOS Circuits

® In-Chip Amplifiers for Low Level ¢ 13 VDC o r13 YDC Bias Range

Cairrent Senso ® -55°C co +125°C Operation

® Desijn Verifization Completed for
L Military Aizcrafs

APPLICATIONS " $SPC Pnoto ¥icrograon

The Solid Stace Power Controller Monolitnic device it intended for use in the
concral and protection of aircraft electrical systems. Primary applications are
the turn on/orf of s0l1d state Jower switcnes, and computaticn of the turn off time
at which the electrical 10ad exceeds rated current.

GENERAL DESCRIPTION

The primary function of the solid state power control monolithic device fs to
provide full cycle control of AC power deing deliverea to an electrical lcad. This
's accomplished by controlling comoiementary drive outouts through whicn the power
vtches can de turned on and 0ff. The desired time far switching the Joad "ON* is
* the line voltage 15 Zerc and the desired time for switcning the load “OFF" is
« the 1040 current is 2ero. This assures minimum transient on the load and
cable wrring.

RRSET
when primary power 1s applied to the monglithic circuit, all mode controls and SERSE CONTROLS (2) O am
counters are reset to a stand-by mode. The munclithic circuit will then monitor INPUT Cowimaton ¢ ¢ l 2ot
the EXCLUSIVE-OR of the two control signals and the ZERO VOLTAGE CROSSING of the po— CROSSING
400 Hertz oower. COMTROL
If the “EXCLUSIVE OR® {INTERNAL LOGIC, TERM "C*) of the two controls is trus, a T u‘
five aillisecond timer 15 cearted and contMuGuslys Cofpared with “C* for the fyll t:‘L.Luumi " Ao

five mllisecongs. With the "C” term remaining true, the next positive adge of the

oIVl [~ ORCR2P
IERG VOLTAGE CROSSING tnpue will cduse the DRIVE outputs to de enabled. These I

{ outputs may be used to turn the "POMER ON". Three alternate operating modes are ST 110
: . possible with the drive outputs “ON“. These are overcurrent fast trip, indicated
1 by 1 > {1, timed overcurrent trip indicated dy [ > [2 and normal turn off by

resoval of the C term. A functionsl block dtagram fs shown in Figure 1.

The instantanecus sensed values of the current ([) bdeing deltvered to the 1o0ad are
digitized dy the AOC, and 1f the ADC counter reaches full scale 1n either positive

or negative direction then g FAST TRIP signal is generated. FAST TRIP indicates LOW LEVEL

that & catastrophic overcurrent situation exists. The ODRIVE outputs are CURRENT

immdiately disabied and a TRIPOUT is ganerated. ::::: -
(n timed overcurrent triout made, the ADC output will be less than full scale and b

the length of time delay an overcurrent ts allowed to exist is decarmined by the CYeLES

si1ze of the overcurrent. £ach 200 usec, one sample from the ADC (I) is ysed for

trip comutation. The sample 15 aopiied to s single pole digital filter. I[f any

value of | squals or exceeds 12 (mimimum current valye that will de sensed and

aqded to the accumvlacor) che sccumulator #1111 "add” the magnitude of (. However,

if the sampied values of | are less than [2 then the value of [ 15 subtracted from © Figure 1. 8lock Diagram
the sccumulstor. When the accumulator contents are > 2'%, the current vs time

reldtionsnip nas deen met. As 3 resyit, the ctreuit will turn off ORIVE and turn

on TRIPOUT wnen the 104d current excasds the rated current for a time longer than

that shown in Figure 2.

Quring normal turn off, when the "EXCLUSIVE OR” of the two contrals ("C™) ts false .-

the five mi1lisgcond timer i$ agatn started and continuously compared with C. With

the C term remaining false, the dejinniag of the next negative half cycle of the AN
Jo4d 13 used RO turn off DRIVE. An 1nternal “Low Level Current Sense” Comparator LN
ts provided (o detect the beginning of the negative nalf cycle, . et

.8 voltage status capadility 1s provided dy an internal "Sense Both Malf Cycles
warator and Status Logic. This circultry provides for a monftar of the load

S .itage and generates a STATUS output only if the Load voltage s of proper N
mannitude and doth Nalf cycles are greseat. STATUS 1s crompletely indepundent of ‘b\" iy ‘
E the remainder of the puwer coatruller function:,. QVG \‘1"
b 5
i CM05/505 Integrated circult fanrication tnchnigues have moved the 10l1d staty power <®
. controller monglithic to the forefront of complex, sophisticated component:.. The 6‘
sonolithic banefits from an advenced but proven Inteqrated circuit proces: @
technnliogy wehich is directly responsiblie for the high performance characte:igtics

whhtelnetin In this CN1/ 4 davite.
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0.243
ToP view ,,,.,,
42 LEAD PACXAGE ‘
PIN CONNECTIONS: B
NOTE: PINS ARE NUMBERED COUNTERCLOCKWISE FROM PIN L. TOP VIEW tr o
A 2
PN | TEAM PN e [ ety terd Pty TERM ; .,
1 STAQT 12 RT1 3} UPO1 3 5:? 7
S 13 | Cre 2 | SENSE 3s | 6ro a5
3y | CNTRLP 16 | RESET 2 % | CTEST IS
« | HONC 15 26 37 ﬁ
b ORIVE 16 27 -12v 38 GRO
[ ORIVEP 17 SHLD 28 YR(+9V) N 19 {
7 TRIPOUT 1 «12¢¥ 29 VSO &0 {
] ORCK2? 19 ARC2 0 41 21c
9 P ANC! 3L 42 21C2
10 cLocx1 H STAT] 32
11 Ty 22 33
NOTE: ALSO AVAILABLE IN CHIP FORM
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3.8 AC Controller -~ Size Analysis

PWR DECK
COMPONENT REAL ESTATE
QTY.
1 Solitron #96Q4 73,000
3 Reston 50 x 100 15,000
4 Pwr Diodes (D1-D4) 40,000
2 Small Sig. Diodes DS & 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 BeO }
.80 x 1.1 =  .8800 IN® g
Packaging factor for. .8800
AC Controller on 3864 = 2.27
DC Contr. Beo
E
Packaging factor for = 2.30
DC Controller (Pwr Deck)
30% contingency for
additional components 2 L
. to B0 1.1 x 1.1 = 1,210 IN
- j
Pkg. factor 1.210 = 3.13
. 3864 |
Package size to accommodate = 1.5 x 1.8 Foot Pad
1.1 x1.1 Beo
{
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PACKAGE HEIGHT

Header thickness

Pwr Deck
Beo
Components

Spacer

Mechanical Deck
Substrate
Components

Spacer

Logic & Amp Deck
(2) Substrates
(2) Components

Spacer

Cover

.040
.100

. 060
.400

.075

.120

TOTAL

. 125

.140
.100

.460
.100

.195
.100

.020

1.250







