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FOREWORD

This report covers rescarch and development work conducted for the !nited
States Air Force, Air Force Aero Propulsion Laboratory, Wright-Patterson Air
Force Base, Ghio, by Lear Siegler, Inc., Power LiQuipment Division, Maple Heights,
Ohio, in accordance with the requirements of Contract Number Al 33(613)36253,

Work was conducted under A1z Force Project Number 812808, Budget Program
Sequence Number 6(638128 62.105214) and was monitored by Mr, P, R, Becrtheaud,
AFAPL/POP-1, The research period was Junc, 1966 through August, 1970,

This report contains no classified information extracted from other classiticd
documents, The restriction legend appearing on the top of all pages within Appendix
[1 of this report is not valid and is herchy rescinded.

fublication of this report does not constitute Air Force approval of the report’s
findings or conclusions. It is published only for the exchange and simulation of ideas,

Richard G. Leiby, Major, USAF
Chiet, Propulsion and Power Branch
Air Force Aero Propulsion Laboratory
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ABSTRACT

This report covers work perfcrmed on Contract #AF33(615,3625, Design
and Development of a Brushless DC Starter-Generator System and its

testing. The unit was built and tested as a DC power generator and

aircraft engine starter. In the generating mode the unit produced
200 amperes at 28-30 VDC within 20.5V regulation. The AC ripple component

was below specification requirements of 1.5V peak. The unit was tested

over the full speed range of 7700-12,000 RPM utilizing blast air cooling

per MIL-G-6162(2), In the engine starting mode the unit was tested only

at half rated conditions and 22 lb.ft. starting torque at 385 amp input

% current. The required starting torque of 40 lb.ft. with 800 amp input

was projected as possible with this machine design, but only with static
commutator solid state switches which meet full currert requirements. Since
the specially developed static commutator hardware was capable of achieving
only half its required current rating; the full contract objeciives of the
starting mode were not met. The recommendations in this report suggest

the necessary improvements in the solid state commutator hardware in order
to fulfill the starting mode requirements as stated by the objectives of this

contracte.
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SECTION 1

1.0 OBJECTIVE

The program objectives and brushless DC starter-generator require-
mants are stated in Exhibit A as a part of the overall U. S. Air
) Force Contract No. 33(615)-3625., For the sake of clarity and ease
of reference, the requirements of Exhibit "A" are presented below.
EXHIBIT "a"

Statement of Work
Brushless DC Starter-Generator

I. Objective: The objective of this program is to increase the
reliability and life of DC starter-generatcrs by designing brushless machines
in lieu of the brush type machines.

11, Scope: The Contractor will design, fabricate and evaluate a brush-
less starter-generator (SG) to the following desigr objectives:
A, The SG shall be designed for minimum dimensions and weight.
However, it shall not exceed the over-all dimensions of 11"x5-1/2"x5-1/2"
and a weight of 30 lbs.
3 B. The SG shall operate over the speed range of 7700 to 12000
2 RPM and mount on a Type XIID drive conforming to standard AND 20002.
] C. The generator portion of the starter-generator shall use
as a guide the applicable sections of MIL-G-6162 and be capable of deliver-
ing full rated load at rated voltage continuously. The generator shail be
designed to meet the following parameters:
1. Rating: 6 kw
2, Output Voltage: 30 volts DC
{_ 3. Output Current: 200 amperes




U, With an 800 ampere input, the motor portion of the starter-
generator shall have a minimum cranking torque of 40 lb.ft. and be capable ;

of an inertia load of 25 lb.ft.2 from 0 to 500 RPM within 10 seconds.

1
r
E
g

E. The starter-generator shall be capable of cperating in the
25% overspeed condition for five minutes without damage.
F. The overhung moment of the starter-generator shall not be

greater than 160 inch pounds.

G. The cooling requirement of the starter-generator shall be

e, T—

minimum. For altitude operation, blast cooling shall be provided in

accordance with the requirements of MIL-G-6162.

s LS

II11. Environment: The starter-generator shall be capable of opera-

tion under all the following environmental conditions:

A, Ambient Temperature: «65° to 125°
i B, Altitude: 0 to 50,000 fc.
; C. Humidity: 0 to 100%
4 L, Vibration: 20g - 80 to 2,000 cps
% E. Shock: 50g
F. Acceleration: 10g

The operation of the starter-generator shall not be impaired by
salt spray,fungus, sand or dust. These requirements are {n accordance with
applicable sections of MIL-G-6162.

IV, Evaluation: The Contractor shall demonstrate the ability of
é the starter=-generator to operate under all environmental conditions. The
starter-generator shall maintain its mechanical and electrical integrity
and deliver rated load after each environmental test. The Contractor shall

demonstrate the endurance of the starter-generator by operating the starter-

generator as follows:




B,

c.

D,

E,

F.

G.

Ambient
Temp, Altitude Load

<65°F SL 50 lb.ft.2

-65°F SL 100 amperes
-65°F 50,000 ft, 200 amperes
Repeat Tests A, B and C for 10 cycles

125°F SL 50 1b.ft.?

125°F SL 200 amperes

Repeat Tests E and F for 10 cycles,

It was understood that the successful achievement of the required
objectives set by this contract will require technical advance-
ments in the field of semiconductor technology and packaging
techniques. Funding was allocated to provide this program with
solid state commutator components. With this in mind the program

was organized to meet the objectives and technical requirements

as stated in Exhibit "An,

Although the requirements of Exhibit "A" resemble those of the
conventional starter-generator system, the start torque require-

ment is greater than that for a conventional unit of the same

size and weight.

Time
Start and stop starter-
Generator three times
(2 min.wait between
starts)

1 hour

20 hours

Start and stop starter-
generator three times
(2 min.wait between
starts)

10 hours

aven

AP e g fracdsi s oy




2.0

2.1

SECTION 11

INTRODUCTION

UEFINITION OF BSG SYSTEM

The technical requirements of the brushless starter-generator
system are quite similar to those existing and used for con-
ventional DC systems. They are, however, more demanding in
performance when compared with the allowable size and weight
of the unit. The similarity to a conventional system in end
operation allows easier understanding of this mure complex
hardware. In general, a starter generator system is an elece
trical instailation of DC machine and associated system compone
ents so that dual modes of operation are achieved from one set
of hardware. These two modes of operation are as follows:

a) The system performs as electrical to mechanical energy
converter and provides mechanical energy necessary to
start a given aircraft engine. This rode of operation will
be referred to in this report as the starting mode.

b) The system performs as mechanicai to electrical energy
converter necessary to provide the electrical LC jower
on the aircraft., This mode of operation will be referred

to in this report as the generating mode.

The typical conventional starter generator system is shown in
block diagram Figure 2.l1.A. It is immediately apparent that the
most essentlial system component in Figure 2,1.A is the starter-gen-
erator., The conventional DC starter-generator is an electrical

UC machine using a mechanical commutator for current commutation

& ]




between machine windings in a manner consisteni with starting

and generating modes as defined above.

The brushless starter-generator (B.S.G.) is an electrical machine
where the mechanical commutator is replaced by solid state devices,
thus eliminating the mechanical contacts carrying electrical cur-
rents. The unit also provides both the starting and generating

modes of operation.

Since this contract is concerned mainly with brushless starter-
generator hardware, a more detailed introductory concept of this 4

hardware is presented below.

2.2 DESCRIPTION OF BSG SYSTEM COMPONENTS AND THEIR OPLRATION
Figure 2,1.B shows a pictorial view of the brushless starter
generator hardware using a Lundell type electromechanical con- 4
verter. This type of electromechanical converter (electrical
machine) consists of a solid rotor-rotational member and a wound

multiphase stator-stationary member. The machine is excited

through the stationary exciter coils mounted to the stator and %
concentric with the rotor assembly. The steady state continuous
flux pattern must be established between the rotor and the stator.

This is achieved by the DC excitation current in the stationary

i i

exciter coils. A static commutator assembly {s attached to this
electromechanical converter, as seen in Figure 2.1.B. This sub= ;

assembly is shown in concentric ring construction. In this model,

the necessary cooling is provided through finned heat sink shown
in the static commutator assembly. This assembly is stationary

and is mounted to the stator housing of the machine. The rotor
5
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assembly has the shaft position indicator mounted to the shaft.

This device provides a means of determining relative position

of the rotor to the stator. This position is necessary for

timed, synchronous excitation of the stator winding by the solid
state commutator. The shaft position sensing device is pictorially
represented by the stationary electro-magnet. The variation of

the effective permeability of the electro-magnet pickup produces i
variation in its excitation current. This variation is detected
and the appropriate static commutator solid state switches are ]
energized. This connects the machine windings to the DC elec~ é
trical power source developing a torque couple. Once the torque
is developed on the rotor, rotational movement of the rotor
assembly is achieved. With it, the position indicating device

is advanced. The rotation of poasition indicating device provides
information necessary to encrglize other segments of the solid
state commutator. The other segments of the solid state commu=~ 3
tator energize other windings of the machine. This continuous
advancement of the current conduction in various machine windings
provides necessary torque to spin the rotor assembly and the

attached load. In this B.,S.G. application the attached load is

a jet or turbine engine. The torque developed by the machine
therefore would accelerate the engine from its standstill posi=-

tion to ignition speed and beyond.

During the initial rotor revolutions, the machine back EMF {s

practically zero; therefore, the UC power source would provide

ohmic magnitude of the inrush current to the motor windings.




Since this inrush current must flow through the solid state
commutator, it is apparent that comm -tator current handling
capability must be matched accordingly. To restrict this ex-
cessive current flow through the static commutator, it is
necessary to exercise some means of current limiting. The
exact method of current limiting during the starteup mode of
this brushless starter-generactor was postponed until a better

definition of solid state static commutator could be achieved.

Once the machine reaches a speed so that its back EMF controls
the input current magnitude of the machine, the input current
limiting is not needed. The final rotor speed at the given
machine excitation is primarily controlled by the UC power
source voltage magnitude. At this time the aircraft engine, pre-
viously ignited, has reached the self-sustained operation at
its minimum speed. Beyond this point the brushless starter=-
generator is not required to operate in its starting mode.

The machine now can be used as a DC power generator. UC power
generation is achieved by rectifying .he machine's output with
solid state rectifiers. The output of the machine must be
smooth, ripple-free DC of the required voltage magnitude and
provided through the complete range of engine speeds as speci-

fied in Exhibit "aAv,

Through both modes of operation this machine field excitation
is achieved by providing an appropriite amount of DC current in
the machine's exciter coils. During the starting mode, the ex-
citation i{s at the highest, therefore a maximum amount of DC

current is required in the exciter coils. During the generating
Y




mode, the excitation coils are energized by the current

magnitude compatible with the output voltage regulation as

{ established by the voltage regulator.,

3
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SECTION I1I1

ELECTROMECHANICAL CONVERTER

DEFINITION OF ELECTROMECHANICAL CONVERTER

The electromechanical converter in the brushless starter-genera-
tor assembly provides the means of a bidirectional electro-
mechanical energy conversion. For example, during the starting
mode the electromechanical converter provides electrical to
mechanical energy conversion. The mechanical output of the
brushless starter-generator shaft is used to accelerate a jet

or turbine engine. The opposite is true during the generating
mode. The mechanical shaft power from the engine is used by the
brushless starter-generator converter to produce DC electrical
output, The electromechanical converter in this case is an in-
complete electrical machine. The incompleteness of the electro-
mechanical converter is evident since the converter can not be con-
nected directly to the DC electrical power source. The missing
subassembly to make the electromechanical converter operational
is the commutator. 1. the brushless starter-generator the com-

mutator is made up of solld state devices,

Review of Converter Types

In selecting an electromechanical converter it was important to
realize that the solid state commutator is a stationary device
and therefore it must be mounted to the frame of the over=-ali
assembly. With this, the stator windings must also be station-

arye This alone immediately restricts the choice of an electro-

mechanical converter., For example, the DC machine uses a mechanical
11




3.1.101

commutator which is rotating on the shaft together with the

armature., In the B.S.G. case the direct replacement of the
commutator with the solid s..te commutator is not possible. It
becomes evident that the electromechanical converter for this
application must be of the type that has rotating pole pieces

and stationary stator windings. A review of this type of electro-
mechanical converter was performed a: the beginning of this

program. The important highlights are presented below.

Permanent Magnet Machines

One type of electromechanical converters fitting the inverted

S

machine requirements is a permanent magnet machine. The rotor i

B
of this machine is made of a permanent magnet and stator is ;
wound to suit the solid state commutator requirements. An in- %

vestigation immediately revealed the deficiencies of this approach
to the brushless starter-generator electromechanical ccaverter,

a) The unit operates with low air gap flux densities;
therefore, its weight and size is greater than that of
other machines.,

b) The unit requires special excitation controls in order
to meet the required output voltage control while in
the generating mode.

c) The permanent magnet integrity at high peripheral speeds

is doubtful where the maximum machine diameter and

length is as specified in Exhibit "A",
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Je.l.1.3

d) Demagnetizing effects by heavy stator currents are
detrimental to the permanent magnet characteristics.,
Heavy currents in stator windings are needed during the
starting mode of the brushless starter generator so
that 40 1lb.ft, starting torque is achieved from the
small size machine,
Any one of the above mentioned deficiencies is severe enough to
reject the permanent magnet machine from this application;
therefore, this type of electromechanical converter was excluded

from further design study.

Homopolar Machines

Since homopolar machines are true DC machines, it would appear
they are most suitable for DC generators. It isntt so. First,
they use slip rings, mercury wetted contacts or similar devices
in providing output current flow. The output terminal voltage
of these devices 1s very low and a direct application to this
program is not suitable, ELecause of slip rings, any other com=
bination of homopolar compound machines were excluded from this

program,

Lundeli Type Machines

Initially, the Lundell type machines appear to be suited to this
application since they comply with inverted machine geometry
previously designed. The geometry of the rotor shapes the pole

plece design and the poles are excited from stationary, excita-

tion coils mounted firmly to the stator housing of this machine. Fig-

ure 3.1.1.3A shows a typical outline of{ stationary coil Lundell
13
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INSIDE-COLL, SPATIONAR Y, TGO COl,
LUNDELL A, C, GENERATOR (BECKRY ROBINSON)

A brushless, stationary-coil Lundell-type generator that uses two exciting

coils is described in U, S, Patent 2, 796, 542 issued to A. Beciy,

el

Figure 3,1,1 3




A i e o Y

type machine. The arrows depict magnetic flux distribution i
in the machine. Since the flux pattern is provided by stationary

coils energized with DC, the concept of somewhat more conven-

e R

tional voltage regulators to be used with this electromechanical
converter appears quite suitable. The integrity of the rotor to
operate at 15,000 RPM as required by the overspeed specification,
is quite satisfactory since these types of machines are designed

for operational speeds substantially beyond that requirement.

e g

Some variations of rotor and stator geometries fitting under the

1
general description of Lundell type machines were also considered ;
but were not suited for this application. For example, the
rotational coil Lundell type machine would require its excitation %

through the slip rings. This is objectionable to the brushless 1

concept of this program. The pancake type machine geometries were
reviewed and rejected since cheir over-all diameter did not fit
within the specification requirements. Since the most suited
machine for this application was one shown in Figure 3,1.1.3A,
an initial design study was conducted. The following input
current conditions were considered -- 800, 600 and 400 amps.
Also, the design was evaluated for the starting mode providing
starting torque capabilities of 28 lb.ft. and 40 lb.ft, The
weight and the size of the machine were carefully monitored.
The magnetic materials for the stator utilized Hyperco 50 and
the rotor was made out of H130 electrical steels The ideal
electromechanical weight of machine was used as criteria for
comparison., The results of this study are plotted in Figure

3.1.1.3B. This weight does not include stationary excitation

15
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coils necessary to provide the flux and its distribution in

the rotor. It was found during the study that 28 lb. ft. was
the maximum possible torque from this machine without favoring
the starting or generating mode. A higher torque than 28 Ilb.
ft. starting capability would require a larger and heavier
machine. The design conclusions were plotted in Figure 3.1.1.3B.
It is noticeable that 28 lb.ft. torque capabilities of this
machine during its initial starting would put the electro-
mechanical weight of this machine just below 30 lbs. Since
this weight is ideal electromechanical weight of the machine,
the housing and end bells and additional commutator weight would
make the brushless starter generator over-all weight beyond 30
1b. Since 30 lbs. Is the specified maximum weight of this
hardware, the Lundell type machine, as pictured in Figure
3.1.1.3A, producing the required torque of 40 lb.ft., is not
suitable for this application. Figure 3.1.1.3B shows plot of
electromechanical weight vs. input currents of this machine at
40 lb.ft. requirements. The curve exceeds 30 lb., weight limit,
Beyond that the diameter of the brushless starter-generator
would also be violated by the use of a secsyn type of electro-
mechanical converter. These machines require certain length to
diameter ratios in order to establish useful flux pattern in
the rotor. The machine diameter was established to be between
6 and 6-1/2 inches which is in excess of specification require-
ments. From the above data, the Lundell type of machine, al-
though it is very attractive in its physical construction, was

found to be unsuitable for a brushless starter-generator where

17
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weight and starting torque requirements are of the values i

specified in Exhibit "AY,

Wound Rotor Machine

A review was made on wound rotor type machines. These machines

s it ot 3P0ttt

use windings on the rotor to establish magnetic pole pieces. It
was previously established cthat the solid state commutator will
energize stationary windings in the stator and the rotational
member will provide the necessary pole pleces mounted on a machine

shaft. This is the important criteria in selecting the machine's

geometry., This criteria is met by wound rotor machines, Figure
3.1.1.4A shows the typical geometry involved in providing the
over-all machine operation using a salient pole wound rotor
design., The rotor excitation is achieved by the small exciter
and the rotating rectifiers so that UC current is made available
for the main rotor pole pieces. The stator is conventional and
can be designed to suit a solid state commutator. The flux pattern
of this machine is shown in Figure 3.1.1.4B for a 4 pole machine
design. This type of machine geometry is quite suited to fulfill
the requirements of the brushless starter generator in its gen-
erating mode. In the starting mode, two possibilities of machine
utilization exist. One, the machine could be started as a syn-
chronous induction motor by shorting the field windings and
providing damper bars in the field pole periphery., The second
mode of starting utilizes the field at its maximum capacity of
excitation and provides necessary electronics for synchronous

starting mode of this machine configuration. The design showed

18
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rni. synchronons sta:t ;rociced more sraft torque than an

induction start. ‘this rinding principally dictated the machine
design to be a synchromous motur duv _ag the or-rtuny e L.l a
syachreious gercratuc during the generating mode for this brushie:
scarter-generator system. Severai Jd=e'zic ¢, this fyne ol watiice
were carried uvut for rorpariscu with selld ratol Luudell *ypo mazo-
ines. The ifueal ‘laci-umzgretic weigh® of thuis m.chine wes plotied
azal.sl anpuc current. Again, 28 1%.lc. torque was indiraled, de-
picting the machine weigl® ravging trem 15 to 20 pcunds, The Lerque
over 28 1lb.ft. was dictating the size of the machine, as shown by
the second plot in the same Figure 3.1.1.,4C, The materials used
were Hyperco 50, The 40 lb.ft. starting torque requirements put

the electromagnetic weight of the macliine in the range of 20 to 27

lbs. with input current rarges of 400 to 800 amps.

Selection of Suitable Converter

The summary of the design, as plotted in Figure 3.1.1.3B gives us
direct comparison between the two possible machines for this applica-
tion. The first is the Lundell type solid rotor machine; the second
is the wound pole rotor. Since the specification requirements can

be met with the wound pole synchronous machine, it was selected as
the final approach. It will opcrate during the starting mode :c a
synchronous converter producing 40 lb.ft, teorque at b0J amp inpnt
into the stater windings. It was project 2d thot the complete housed
machine will weigh 25 1lbs., leaving 5 lbs. fer the soiid state com=-

mutatnor. The nachine length is projected to be approximately Y inches.
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3.1.3

Converter Design

During the comparative design study of electromechanical con-
verters, one of solid rotor Lundell type, the second a wound
poele synchronous generator, the emphasis was placed on the

ragnitude of the commutating inductance as exhibited by both

machines at their terminals. It was found that the wound rotor

machine can achieve a commutating inductance figzure equal to

15 to 20 microhenries per phase of the machine output terminals.
Contrary to this, the solid rotor machine, Lundell type, always

had several times higher commutating inductance at its terminals.

The magnitude of commutating inductance was determined by cal-
culating the subtransient reactance of the wound pole machine.
To verify this value the tests were performed during the gen-
erating mode and the commutating inductance magnitude was es-
tablished from oscilloscope data. (The agreement between two

magnitudes was within 10%).

The knowledge specification of the direct axis sub-transient
reactance or commutating reactance is very essential in pre-
dicting the quality of output power of this machine during its
generating mode, especially AC ripple magnitude. The gen-
erating mode of this brushless starter-generator involves rec-
tifiers. In performing the normal function of AC to DC power
rectification they depend on the commutating reactance of a

given AC source, During the commutation of current from one

winding to the next, the two rectifiers temporarily short

their respective windings of the machine., The duration of this

23




snort circuit i{s dJdependent on the magnitude cof the currenr

and the subsequent commutating reactance value. Figure 3.1.3A
clearly shows the commutating reactance effect on the output
voltage VL. During the commucation period the output voltage

VL follows the mean voltage of two instantaneous phase voltages.
This mean voltage is lower than instantaneous value of voltage
in the next phase Eb. This reduction in output voltage VL not
only produces lower output value of VL, but also upsets the
theoretical magnitude of the output ripple voltage. Since the
output ripple magnitude 1s specified, the rectification during
the current commutating interval must be contained so that the
AC ripple magnitude can meet the specifications with minimum
filtering. The magnitude of the commutating inductance was
established during the design of this machine to be approximately
15 microhenries per phase. The simple three phase bridge type
rectification of this electromechanical converter output pro=
duced DC output with AC ripple magnitude above specified accept-
able limits of 1.5 volts peak. This rectification was felt
deficient to do the job. 1t became apparent that, to reduce the
output ripple magnitude, it was necessary to reduce the magni-
tude of the commutating current, This was accomplished by using
two sets of 3 phase output windings designed in the machine
positioned 30 electrical degrees apart. In conjunction with two
sets of three phase, bridge type rectifier assemblies. These
assemblies are connected to a common two terminal output through
the interphase reactor. Since this type of geometry was required

during the generating mode of the brushless starter-generator, it

24
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was also found that the same geometry 1s complimentary during

the starting mode cf this machine. During the starting mode two
sets of solid state commutator switches could be utilized to
provide current flow into the stator windings simultaneously.
Now, each winding in the stator will handle one half of the total
input current which was limited to 800 amceres. At the same
time, each solid state commutator switch will handle only one
half amps of the required input current of 800 amps. This re-
duction in solid state commutator current handling capacity is
also quite helpful in procuring the solid state switches for the

commutator assemb.y.,

Choice of Geometry

Once the machine commutating reactance and winding configuration
has been established, the geometry of the machine was specified
as follows. The machine will be no more than 9 inches in length,
5=1/2 inches by 5=1/2 inches square and will weigh, with the ex=
citation device mounted inside, no more than 25 pounds. During
the generating mode, the machine will be capable € delivering
the required output of 30 volts and 200 amps at the minimum
speed of 7,700 RPM, Since the machine design requiring 40 lb.
ft. starting torque capability involved excessive electromag-
netics, the output power of 30 volts and 200 amps was possible

at a speed of 4,000 RPM, This over-design is unavoidable.

Although the electromechanical converter assumes round tube
geometry, the square corners on the housing will be used for

mounting the necessary power rectifiers used in the generating

i foot s

it i il




moce of this machine. These rectifiers in the four corners shall
leave enough clearance to allow the necessary air flow for cool-
ing the entire machine in its generating mode. The air flow in
the machine assembly will be as follows. First, the cooling air
will come into the commutator end of the machine, will disperse
to che four corners where the rectifiers are mounted. The air
flow will be equally divided through the four openings and pro-
vide cooling to the rectifiers. After the necessary heat removal
is achieved in the rectifier assemblies mounted in the corners,
the four streams «f cooling air will be diverted into the front
of the machine where the heat removal will be provided for the
inside of the machine. The cooling air will flow through the
rotor subassembly and the machine air gap. The allowable
pressure drop was calculated to be sufficient to do the necessary
cooling in the steady state generating mode of the brushless
starter-generator. The exhaust of the cooling air is provided
through the four openings at the end of the machine. The tvpical
view of the housing indicating provisions for the air flow is
shown in Figure 3.1.3.1A, The front of the housing has the nec-
essary provisions for mounting the unit on a type XIID drive,
conforming to standard AND20002, The intake and exhaust open-
ings in the housing are clearly seen with reference to the
previous description. The cooling air pressure drop from the
input into the machine assembly to the output was designed to
meet the specification requirements of 6 inches of water. This
makes the brushless starter-genevator compatible with the cool-

ir.g provisions of the conventional UC starter-generators.

27
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3.1.3.2

3.1.3.3

Stator
Because of ripple requirements and the quality of the output i
DC power required during the generating mode of this brushless
starter-generator system, the stator of the machine was wound
with a multi-phase windin~ arrangement. Actually, the arrange-
ment consists of two, thre¢ phase wye connected windings elec-
trically shifted by 30°, A typical winding diagram or layout
is shown in Figure 3.1.3.2A., The stator has 42 slots with

winding A placed at the bottom ¢ a slot and winding B at the

top. The stator lamination material is Hyperco 50. This chcice
was made to conserve the size and weight of the machine. Each
coil has 2 turns of &4 #20 round wires in parallel. A high tem-
perature insulation system was used throughout. The wire in-
sulation was HML and the varnish was Uoryl, using high tem-

perature curing cycle.

Rotor

In order to insure the machine's commutating inductance at 15
microhenries per phase, the design of the.machine had to be
carz2fully conducted so that the required parameter would be
attainable in the given geometry., To provide these character-
istics a 6 pole rotor design was requireds The typical display
of rotor geometry with its pole pleces is shown in Figure
3.1.3.3A, The material of rotor laminations 1is Hyperco 50.
Damper bars in the pole piece were used and are clearly visible
in Figure 3.1.3.3A., The heavier damper bar construction can

not be used i{n this geumetry since integrity of the rotor at

29
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15,000 RPM overspeed would be impaireds The winding design on
the rotor pole pieces is compatible with the required air flow.
The pole pieces were wound of edge type rectangular insulated
wire to achieve the required excitation together with the proper
flow of cooling air around each pole piece. It was predicted
that adequate heat storage conditions would exist in the pole
plece hardware during the operation of the machine as a starter.
This is another factor indicating that the starting torque re-
quirements dictate the size, the weight and the cooling procedure
of this starter generator., In this design approximately 20:1
increase in pole plece excitation will be needed during the
starting mode, in contrast with low level excitation require-
meunts during the generating mode. The rotor diameter was set

to be 3.875 inches. This provided the machine assembly with the

air gap of .025 inches.,

Shaft and Bearings

Because of additional subassemblies to be mounted on the rotor
assembly, the shaft utilized in this electtémechanical converter
had to be designed adapting a quill shaft configuration, The
shaft critical speed was recalculated and found to be well above
the over-all requirements of this machine. The damper from the
shaft assembly was removed. Shaft modifications had to be made
in order that a shaft position indicating device, a set of rotary
rectifiers and a subassembly of rotating transformer can be
accomodated on the over-all rotor assembly., The shaft is shown

on Drawing #23068-1100,
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3J.1.4

3.1.401

3.1.4.2

CONVERTER FABRICATION

Stator Assembly

The stator was wound per previously described specification and

is shown in Figure 3.1.4.1A. The unit assembled into the housing
is shown in Figure 3.1.4.1B. This figure shows the stator mounted
in the finished housing with a clear indication of air exhaust
ports. Also, it is important to note that the windings, two sets
of three phase wye connected, are brought out with leads and ex-
ternally connected to make up two sets of three phase outputs as
shown in Figure 3.1.3.2A., The stator end turns and lesd connec-
tions are shown in their respective positions before the end bell
of the machine is secured. Figure 3,1.4.1A not only shows the
close-up of the stator winding assembly placed in the housing, but
also displays two sets of shaft position pick-ups which are used

in the over-all brushless starter-generator system to be explained

later.

Rotor Assembly

As was explained previously, the rotor pole pieces were edgie wound
with rectangular magnet wire. The pictorial view of rotor wound
pole piece assembly is shown in Figure 3.l.4.2A. Again 6 pole
construction is clearly visible and the construction of the rotor
to sustain overspeeds of 15,000 RPM are displayed. The ends of
edge wound copper are supported by insert and ring assemblies as
shown in Figure 3,1.4.2A, In this manuner the rigidity of the
rotor winding is maintained through the range of operating speed.

The rotor insulation is HML coated with Doryl high temperature
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curing cycle varnish., lhe pole pleces were series inter-
connected for six pole design and the excitation leads are
shown on the far side of the rotor assembly. The completed
rotor assembly is shown in Figure 3.1.4.2 . As previously
mentioned, in addition to the pole pieces of the machine, on
the same shaft one can see the additional systems components
mounted for operation of this electromechanical converter as a
UC starter-generator. These additional components will be

described later.
ADDITIONAL CONVERTER COMPONENTS

Shaft Position Sensor

Before the electromechanical converter can be used as a UC
machine, the solid state commutator must be matched to the
converter, Earlier, it was pointed out that the brushless
starter-generator will operate as a DC electrical machine in
the mode of synchronous starting and generating. The synchronous
starting mode requires synchronous means to control solid state
commutator switches. They, in turn, control currents in the
stator windings which are always in a fixed position with
respect to the rotor pole pieces. With this in mind, it is
apparent that some means must be devised to detect the rela-
tive position of the stator windings with respect to the
position of the pole pieces, In the conventional machine,

this 1s automatically achieved by mounting the mechanical com=
mutator rigidly to the armature assembly. In the brushless

starter-generator arrangement this position detection is
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accomplished by sensing of the position on the rotor assembly.
Since the pole pleces are mechanically secured to the shaft of

the machine, sensing machineis shaft position is synonomous to

the rotor pole plece position detection. A number of detection
schemes were analyzed for this application. Some involved the

use of Hall effect semiconductor devices; others used light or
even atomic radiation, Because of the simplicity of the cir-
cuitry and inherent capability to work in the environment en-
countered in this machine, the electromagnetic pick-up scheme

was selected as the most suited to do this job. The principles

of cperation of an electromagnetic shaft position indicator are
quite simple. The electromagnetic pick-up changes its magnetic
reluctance depending upon the magnetic and non-magnetic material
moving in proximity to the pickeup. This fundamental principle

is utilized in constructing the shaft position sensing device.

A number of picke-ups are mounted rigidly to the houecing/stator
assembly. The metallic wheel with fixed position is secured to
the shaft of the machine, Alternating strips of magnetic and non-
magnetic material are proviied on the wheel surface. The rotating
wheel with its different materials will pass by the air gap of

the magnetic pick-up and thus allow the pick-up to distinguish the
presence of magnetic or non-magnetic material. In order for this
detection scheme tc be useful in this brushless starter-generator
application, it was necessary to provide zero speed shaft position
detection so that the machine could produce initial starting torque
at any shaft position at standstill. This zero speed detection

is accomplished by providing the pick-up with fixed, high frequency
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(16 KHz) carrier signal, The variation of the carrier signal
current magnitude is a variable parameter proportional to the
magnetic material presence or absence by the air gap of the
pickeup, Figure 3.2.1.A shows a simplified electrical diagram
and the output waveform available from the pick-up. The varia-
tion of an output signal due to the different materials in the
air gap is approximately 2:1 which is ample to detect and com-

mand the solid state commutator switch.

Design

buring the starting mode, especially in the repeated starts of
a jet or turbine engine, the machine internal temperatures were
predicted to reach over 400°F, These temperatures required the
shaft position sensing components be capable of operation at
high temperature levels. The high temperature requirements
dictated the cholce and placement of other electronic compon-
ents required to do the wave shaping of the shaft position
sensing device. 1t was necessary to mount the shaft position
indicator and pick-ups in the machine assembly and leave the
electronics outside of the machine and mount them to the hous-
ing., Figure 3,2.1.1A4 shows the shaft position detectors and
position indicating wheel as it is used in this brushless
starter-generator assembly, The electromagnetic pick-ups use

2 mil Hypercil magnetic core material and are wound with LMH
ingulated wire. 7The wound pick-ups are impregnated with

Doryl high temperature impregnant and potted with a high tem-

perature potting compound in u metal shielded cans. The shields
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3.2.1.2

were necessary to eliminate possible electromagnetic inters
ference between the rotating poll pilece leakage flux and the
information detected from the rotating wheel. The position
indicating wheel is mechanically fixed to the shaft of the
rotor. The electromagnecic pick-ups are mounted on the stator
housing assembly of the machine and are made to be adjustable
over approximately 20 mechanical degrees of the housing per-
iphery. This physical adjustment is needed to insure the
accuracy of detection of the pole piece relative position with
respect to the stator winding placement in the actual hardware.
A single wheel shaft position indicator i{s used together with
six pick-ups. The quantity of the pick-ups came about pri-
marily by the choice of stator windings to be used in this
machine., As it was described previously, there are two,
three-phase windings wound in the stator placed 30 electrical
degrees from each other. kLach phase of three phase windings
will use one pick-up. The current flow in that phase winding
will last for 120 electrical degrees in each half cycle of
operation, Therefore, each three-phase winding will use

three pick-ups. GSince there are two sets of three phase
windings, the six pick-up configuration was used. The shaft
position indicating wheel was covered with‘p Metal magnetic
material for 60 mechanical degrees equally spaced in three

areas of cthe wheel.

Fabrication

The shaft position indicating wheel was made of aluminum as

shcwn in Figure 3.2.1.1A. The 60°required intervals were
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covered with‘y Metal. The pick-ups were Hypercil core material,

2 mils thick, with two coils of magnet wire and the whole sub-

assembly was potted in the p Metal can. Both of these devices

are shown in Figure 3.2.1.l1A. Figure 3.1.4.1A shows the actual

mounting of the electromagnetic pick-ups in the stator housing

assembly. The quantity of six pick-ups is evident. The elec-

trical information is obtained through the shielded wires visible

again in the machine assembly shown in Figure 3.1.4.1A . The

placement of the position indicating wheel on the shaft is dis-

played in Figure 3.1.4,2B . The air gap between the wheel and

the pick-ups is approximately .005". The mounting of the wheel
and the pickeups in the radial assembly is needed because the
machine has considerable end play, which would increase the

possibility of rubbing the wheel against the electromagnetic

pick-ups. The radial accuracy of the machine air gap is good

and established tolerances of an air gap will prevent a possi-

bility of the wheel rubbing against the pick-up. The assembled

hardware was tested for its performance. The modulation of peak
excitation current between the presence and absence of magnetic

material under the pickeup air gap was in agreement with the

design providing approximately 2:1 amplitude modulation.

Rotary Transformer Kectifier Assembly

Since wound rotor machines require their pole piece field
excitation on the rotor, the means of transmitting required
excitation from the stacionary point to the rotor were investi-

gated next. Usually, the wound rotor machines are used with
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rotary exciters. The rotary exciter is an auxiliary machine
equipped with rotating rectifiers to provide DC current to the
main machine pole pieces. The rotors of the machine and the
exciter are mounted on a common shaft. The output power of
the rotary exciter is controlled by the exciter stator. The
stator is made of pole pieces which are acting as electro-
magnets controlling the exciter air gap flux. This compouna
machine assembly, in conjunction with the voltage regulator,

provides the necessary controls of the main machine output.

The above explained compound machine is satisfactory only for

; the generating mode of the brushless starter-generator hardware.
Vuring the starting mode where the machine's excitation must be

at its maximum, the machine is at standstill and no rotary

exciter output is possible. The rotor exciter is incapable of ;

4 producing necessary excitation and the overall brushless starter-

generator system would be useless as an engine starter. To

remedy this situation during the starting mode of this brushless

ek,

T VU

starter-generator machine, an AC excitation of the exciter stator

R

; poles must be incorporated so that the required main machine ex- ﬁ

citation power can be transmitted through the exciter air gap to
the exciter rotor windings. In order to provide the exciter
with necessary AC excitation, it is necessary to use a static
inverter. The exciter field pole design must be altered and the
inverter used in this system must be three-phase pulse width
controlled device. This static inverter hardware would be used
only during the starting mode of the brushless starter-generator

: system and will be left idle during the rest of the generating
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mode. This approach was ruled out as cumbersome and introduc-
ing unnecessary weight to the over-all aircraft installation.

Other means of wound pole machine excitation were investigated.

The most promising approach to the solution of this problem
appeared in the use of a rotary transformer. The rotary trans-
former would be designed to provide necessary excitation during
the start and the generating modes of the brushless starter-
generator and it can be made to be a single phase device.
Because of a single phase feature, the static inverter used to
excite the rotary transformer can be designed as a single phase
unit. This reduces starting mode circuit complexity. The
rotary transformer secondary requires only single phase rec-
tification in contrast to the rotary exciter where three-phase
rectification normally would be used. Figure 3.2.2.4 shows

the magnetic flux path of a typical rotary transformer. The
magnetic flux path, while encircling the primary and secondary
windings in this transformer, also must cross two air gaps.
These air gaps are kept at 0.005" each. Mechanically, the
secondary windings on this transformer are free to rotate cone-
centrically around the axis of a transformer which also 1is the
axis of a mounting shaft of the machine assembly. The primary
winding and its magnetic flux pattern is stationary and secured
to the frame of the machine housing. To produce the required UC
current for the main machine field excitation, the secondary
winding of the rotary transformer is terminated in the single
phase rectifier bridge arrangement., Single phase rectification
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3e2.2.1

provides AC to DC conversion. Since high frequency operation
of the rotary transformer is possible, the design of this
trarnsformer and selection of magnetic materials together with
magnetic geometry of the rotary transformer is very important.
The high frequency operation allows this rotary transformer to
be constructed in small size and weight configurations. The
reduction of a rotary transformer weight and size is very im-
portant to the overall brushless starter-generator geometry

and weight.

Design

Since the magnetic flux distribution of this rotary transformer,
as shown in Figure 3.2.2A, includes two air gaps, the leakage
inductance between the primary and secondary windings is of
great importance. This leakage inductance controls the dura-
tion of the commutation overlap interval in the single phase
bridge rectifier assembly, Since the main machine excitation
current must cover the range of zero to 50 amperes, the commu-
tating reactance controls the maximum ougput current magnitude
and influences the selection of the operating frequency of this
rotary transformer. 1In order to operate at higl frequencies
the commutating inductance value must be low. The geometry of
the rotary transformer was selected to minimize the leakage
inductance. The design goal of the leakage inductance was

10 microhenries. The operating frequency was selected to

range from 2 kilohertz to 4 kilohertz. The low frequency

range of this rotary transformer is used during the starting
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mode of the brushless starter-generator and the high frequency
operating point during the generator mode of the system. Be-
4 cause of multidirection of flux flow pattern in the rotary
transformer magnetics, the choice of magnetic materials was

E carefully investigated. The following magnetic materials were

considered for the rotary transformer application.

.

Silicon Iron (3%), Grain Oriented
Cubex Iron, Grain Oriented
; 47% Ortonol :

g Supermalloy

Ceramic pot=cores
The objective was set to select the magnetic material that
exhibits easy axis of magnetization (1,0,0) along the direction
of the magnetic flux flow in this rotary transformer. In prace
tice, problems were encountered in providing workable samples
of magnetic materials for this design. The magnetic material

vendors were unyieldy in supplying us with necessary samples.

The ceramic pot-cores required special reinforcement in order
to keep the integrity of magnetic materials under the fairly
high peripheral speeds encountered in this rotary transformer
design. Since this reinforcement required special dies and
casts, the ceramic core manufacturers were reluctant to par-

ticipate in this development.

Silicon iron (3%) was rejected because of an easy axis of mag-
netization being only along the one direction of magnetic flux

1 path.
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The pancake design of Cubex iron wis =ad: uvailable and tested
The bench tests were encouraging. The final machining of a
transformer air gap damaged laminations and hardware was aban-

doned.

Fabrication

The 47 portinol magnetic material exhibiting mutually perpen-
dicular easy axis of magnetization was procured. These lamina-
tions were 2 mi{ls In thickness and were edge-stacked in the rotor
and stator core assemblies. Ketaining rings were used to maine
tain the integrity of the rotary transformer during high speed
operation of the magnetic material. The rotary transformer was
would with an edge type, HML insulated rectangular copper wire,
The primary winding of this rotary transformer is center tapped.
The secondary is wound on the rotating member of the transformer
core., Its output is rectified by bridge-type, single phase rec-
tifiers. Figure 3.2.2.2A shows disassembled hardware of the
rotary transformer. The spin tests at elevated temperatures up
to a speed of 15,000 RPM showed no movement of mechanical
assembly indicating stable mechanical conditions of this rotary

transformer.

The rectifier assembly is shown in Figure 3.2,1,1A. In this
figure an assembly of two circular plates with swage type rece
tifiers pressed in their mounting hcles are used for the rec-
tification of the rotary transformer output., Once the rectifier

hardware was made available and conr.ected to the rotary trans=
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former and the AC voltage regulator, it was possible to check
the complete rotary transformer excitation hardware while the
machine was at standstill., This is quite an important factor.
Normally, the rotary exciter has no output at standstill and
cannot be tested or its operation investigated in its standstill
mode. Contrary to the rotary exciter, this hardware allows a

full electrical check-out and an electronic investigation of

various transformer-rectifier parameters while the machine is
at standstill., The commutation interval of the rectifying
diodes, RF noise and other important parameters can be observed
and analyzed with ease. Figure 3,2,2.1B shows an electrical
schematic of the rotary transformer rectifier assembly. The

tests of this excitation hardware were in full agreement with

the design goals.

3.2.3 Rectifiers for Generating Mode
Since the required electrical power during the generating mode
must be DC, it is necessary to rectify the AC output of the
electromechanical converter., This rectification is performed
with the help of multiphase rectifier hardware. To reduce the
AC ripple component in the DC output, it was necessary to use
two sets of three-phase rectifier bridge assemblies. To keep

the best utilization of machine windings, the three-phase

I bridge circuitry was chosen. The machine housing was designed

as a rectangular tube instead of a conventional cylinder shape.

In each corner of the housing three rectifier assemblies of

positive or negative polarity were mounted. As was explained
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previously, the same corners in the machine housing are also
used for carrying the machine's cooling air. The mounting of
rectifiers in these corners required substantial care in choos-
ing their geometry since very low air flow interference can be
tolerated., The original choice was to use diodes mounted on
common substrate so that minimum air flow interference is pro-
duced. The search for semiconductor vendors to supply these
devices was made. After reviewing a number of semiconductor
manufacturers, it was discovered that the necessary technology
in hermetically sealing three rectifier asscmblies on one heat
sink is not readily available for direct utilization to this
program. The hermetic seal against environmental conditions
encountered in this brushless stalter-generator application
was the key in the requirements of the three-rectifier cell

assembly.

Special fabrication effort was undertaker. by Tarzian Manufac-
turing Co. to produce three rectifier junctions mounted on a

common heat sink and being hermetically sealed.

Meanwhile, discrete components were evaluated for their
capability to do this job. It appeared that conventional
devices temporarily could bte substituted in place of the

three diode common heat sink assembly in each corner of the
machine housing to provide the necessary multiphase rectifi-
cation, The possible overvoltage on the DC bus and the machine

voltage transients set the rectifier peak reverse voltage

capability -« minimum 80, desirable 100 volts peak. The
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average current rating was established to be 33 amps average
and 57 amps RMS per rectifier. These values are derived from
200 amp output rating of the brushless starter generator. Each
rectifier in this rectifier assembly is used for one third of
its duty cycle. The nominal operating frequency is 400 Hertz.
In each corner of the machine housing one quarter of a total
machine cooling air is passed through the three rectifier
assembly mounting. Figure 3.2.3A shows a typical rectifier
set assembly. In selecting the heat sink design and the
necessary hardware to mount the rectifiers, the cooling condi-
tions at various altitudes were considered., The investigation
confirmed the sufficient cooling of the rectifiers over the
extreme environmental conditions of this brushless starter-

generator system.

Integrated Rectif ier Modules

The integrated package of three positive or negative polarity
diodes is still considered as a best hardware approach for this
machine's output rectification. The principle difficulty of
obtaining these units is semiconductor manufacturers' willing-
ness to produce the required modules meeting military require-
ments. A number of devices were investigated and all had
problems with hermetic sealing. To produce devices with sound
hermetic sealing requires development effort by the semicon-
ductor manufacturers which will not be undertaken for this
program. Figure 3.2.3.1A shows the typical construction of an

integrated three-diode assembly. The units were ins.ailed in
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the machine and tested for electrical performance. The

hermetic seal was considered very poor, therefore envirommental

testing was not conducted,
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SECTION IV

4.0 STATIC COMMUTATOR

4.1 COMMUTATOR DEFINITION
In this brushless starter-generator system the static commuta-
tor is defined as an arrangement of the solid state switching
devices capable of transferring electrical current between
sets of machine windings upon application of low level command
signal. This arrangement of solid state devices 1s actually
achieved by assembling similar, individually packaged, semi-
conductor modules operating in their switching mode. The
switching mode is needed to reduce the over-all losses of the
solid state static commutator. The static commutator is the
most important subassembly in this brushless starter-generator
program. Its selection, definition and procurement took the
largest portion of this program's effort. In the design of
the electrical machine it was pointed out that the optimum
electromagnetic weight of the machine 1is achieved with at
least 800 ampere input current level. This high input current
level happens in the starting mode of the brushless starter-
generator system. Further machine analysis disclosed multi-
phase operation was needed. The multiphase operation was
chosen to consist of two sets of three-phase windings. The
two sets of windings disclosed the possibility of using 400
amps per each set of three phase machine windings. The choice
of 400 amp current level per each three phase ' inding also is

helpful in procurement of a solid state switch needed for the
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static commutator. Further attempts of parallel machine
windings showed increasing penalties in the machine size

and weight and therefore was not recommended. The prelimin-

ary design of the machine disclosed its weight to be at 25 lbs.
Since the specification requirement in Exhibit "A" sets the
total weight at 30 lbs., this left only 5 lbs. for the static
commutator hardware. The operating voltage on each commutator
switch in the three-phase bridge arrangement is equal to the
input voltage level set to be 30 volts DC. The voltage rating
for the static commutator switch was set to be 80 volts peak
minimum with preference for 100 volts peak. This choice came
about from the requirements of MIL-STD-704 which is applicable
to this hardware. Thermally, the static commutator switch must
be capable of storing its losses during the starting cycles.

It is important to note that no cooling provisions are available
during the starting mode of the brushless starter-generator opera-
tion, PFurthermore, the static commutator switch must operate in
the environment as described by applicable military specifica-
tions covering the conventional starter-generator machines.,

From the above statements the crude definition of solid state
commutator switch requirements was made available early in the
program.

a) Solid state switch current handling

capability 400 amperes
b) Solid switch sustaining voltage 80 volts peak
c) Solid state switch weight 4 to .5
(approx.)
61




d) Number of switches required for
static commutator 12

e) Solid state switch control signal 5 volts,10 mils é
compatible with ;
I.C. outputs 1

f) Static commutator geometry A cylinder
approximately
3" long, S-l/2"
diameter
g) Solid state switch geometry A wedge occupy- 3

ing 1/12th of 1
the commutator
cylinder,

The above definition of static commutator switch requirements

provided a program with early information needed to investigate

feasibility of the static commutator hardware. The feasibility

of the static commutator was divided into two branches of research.

One branch of research was dealing with silicon controlled recti-

fiers -- thyristors. The second group was investigating the

transistor hybrid switches. The possibility of using silicon

controlled rectifiers for this commutator was investigated in

various details. A number of single SCR switches with forced

commutation were investigated for applicability to this job.

Some of them were built and tested to verify the design accurac-

ies. For example, a single SCR gwitch capable of controlling 200

amps of DC current at 30 VDC was breadboarded and tested. It

closely agreed with design predictions indicating its weight was

in commutating capacitors and other auxiliary components; fur-

ther weight reduction was not feasible. If the single switch

weighs 2-1/2 pounds and 12 switches are required for the full

solid state commutator as applicable to this program, it was
62
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evident very quickly that this approach had to be abandoned.

The other approach of using SCR's for this solid state commuta-
tor was quite attractive at the beginning of this program. This
approach was using SCR's in their natural commutation mode.
(This mode of operation is possible when dealing with multi-
phase synchronous machines). Since the machine operates in
synchronous start, the match of machine and SCR type comautator
appeared to be quite feasible. In this inversion approach SCR's
are used in their power inversion mode producing DC to AC power
inversion with the aid of the machine's back EMF, The weight of
this solid state switch was only 4 to 6 ounces and appeared
quite suitable for this brushless starter commutator applica-
tion where total weight cf the commutator must not exceed 5
pounds. The problem encountered was in the initial starting

of the machine. The total inertia of the machine, including

its load, was too high to produce initial SCR current commuta=
tion as required. The back EMF proluced for commutating the
first SCR with the system heavily loaded with inertia type load
was too low to provide natural cormutation of current from one
winding to the other. The machine's weight and size for the
inertia values as specified by Exhibit "A" did not make this

approach feasible.

The second branch of research ir their study of solid state
commutator feasibility was showing progress but only with the

advancement in the "statee-of-art" of power transistors. This
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4.1.1

came about from the fact that 400 ampere current handling
silicon transistors were not available, although this high
amperage requirement could be met by parallel arrangement of
transistors. The singular discrete transistors arranged to
hancle the 400 ampere current level could not be packaged in

the required size and weight of previously defined single

solid state switches. It became apparerit that the solution
for the small size, light weight, solid state commutator lies
in the special packaging of solid state devices on a common
substrate. By further investigation of this idea among the
transistor manufacturers, it was decided to take this hybrid
approach to fulfill the requirements of this solid state com-
mutator. This approach verified the initial assumptions con-

sidered in the proposal stages of this contract.

Procurement
A detailed specification was written in order to procure the
solid state commutator hardware. This document, LSI/PED speci-
fication No. 15-100011, was prepared and distributed to in- 1
terested vendors. The instructions for bidding included a i
requirement for attendance at a Bidder's Conference prior to
proposal submittal. This conference was held and all speci-
fication details were reviewed with the attending vendors.
The following manufacturers were present at the Bidder's Con-
ference.
Delco Division of GMC

Westinghouse
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Solitron
Silicon Transistor Corporation (STC)
Motorola
Texas Instruments
General Electric
Technical Proposals were received from the following manu-
facturers:
RCA
Silicon Transistor Corporation (STC)
Solitron
Westinghouse
Proposal evaluation was made on technical content, design

approachs, price and delivery,

A contract was subsequently awarded to RCA for Design and
Development and fabrication of two sets of hardware (two
commutators) on with delivery to be eight (8) months after

receipt of order.




4,1.2

Description of Vendor Circuit Approach and Module Fabrication
The detailed circuit approach and module fabrication to be used in
the static commutator is presented in RCA's technical proposal in-

cluded in Appendix II of this report.

The proposed static commutator package mock-up was constructed by

A e Mt e

RCA early in the program so that thermal storage capabilities could
be evaluated. The unit consisted of commutator housing (frame) and
12 wedges representing the solid state switches. The switches were
held to the housing (frame) by the retainer brackets. Figure 4.1.24
shows this package assembly. The thermal tests were performed by
heating the switch mocke-up with internally mounted resistors. The g
weight of the assembly was approximately 3.5 lbs. The tests in- ;

dicated insufficient thermal storage capability of the overall

package and high thermal impedance paths. Therefore, the com-
mutator package was redesigned. The new package distributed the
available commutator material among the switches, thereby eliminate
ing the original commutator housing. Figure 4,1.2B shows the new
commutator package mock-up consisting of iZ switches. Each switch
uses 1/1/12 of the commutator weight which was estimated to be

approximately 5 lbs.

The individual switch hardware is shown in Figure 4.1.2C. The
three pins shown in the front face of the switch are command
signal inputs. The bolts are used to connect the main input

power and the machine windings. One of the bolts is also used

to mount the switch to the frame of the machine. The switch
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4.1.3

hardware is indexed so that positive and negative switches can

not be accidentally interchanged.

The fabrication stages of the solid state sw!tch modules are
shown in the following series of photographs.
Stage 1 is a blank aluminum heat sink.
Stage 2 shows the molibdenum pedestals mounted for the
positive and negative switch assemblies.
Stage 3 shows 6 power transistor modules mounted.
Stage 4 shows driver units mounted to the assembly.
Stage 5 displays power and driver transistor units completed.
Stage 6 shows preamplifier and pre-driver stages installed to
positive and negative switch modules.

Stage 7 displays finished assembly with cover on.

The initial intent by RCA was to fabricate two sets of commutator
hardware for this contract. Work was started with enough material
for 100 switch modules. During the fabrication stages difficulties
plagued the program and the yield of this pilot fabrication was
very low., After various corrections in the fabrication equipment
and procedures, enough modules were fabricated for one complete

set of static commutator hardwaree.

Evaluation of Procured Devices

The final shipment of the static commutator switches was received
during tue month of February 1969. The total number of usable
devices was 13, (6 positive modules and 7 negative modules).

An order was placed for 2 additional positive switches. Their
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delivery was set to be April 1969Y.

The units received were tested by RCA at 20 Hz and 200 Hz at 10%
and 33% duty cycle. Tests were conducted for saturation, turn off

time and leakage current at several temperatures up to 125°C.

The LSI/PED receiving inspection tests were performed on all the

units and the findings were summarized in Table 1.

During the acceptance tests at LSI/PED, negative switch #64 failed
while operating at 100 amps., RCA tests show this unit operating

at 400 amps.

Of the units delivered, several units were derated due to removal
of either a driver or output transistor module. (This module

failed during the fabrication stages of the switch and could not
be salvaged). The workable delivered units and their associated

ratings are given in Table II.

The commutator switches produced as a result of the RCA development
program represent a best effort device and the state-of-the-art in

power switching modules. However, they do not meet the requirements
as outlined in the original specification for the static commutator.
(LSI/PED specification No. 15-100011). They do, however, provide a
comautator that can be evaluated with the machine to provide data

on switch electrical performance and the performance of the machine
with the static commutator within the performance limitations of the
switch. Because of the lack of spare switches the test program had

to be carried out in a more careful manner than would be necessary
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TABLE I

Switch Saturation Voltage Storage Time Fall Time
No.  Type 200A 3004 200A 300A 200A 300A
(Volts) (Volts) (usec) (psec) (psec) (psec)
8 Pos. 1.85 2.75 11 14 10 15
11 Pos. 2.25 3.4 12 16 10 18
16 Pos. 2.1 2.85 9 14 8 15
51 Neg. 1.4 2.0 12 17 10 20
52 Neg. 1.2 1.5 10 20 8 22
71 Neg. 1.6 2.2 9 16 8 17
6 Pos. 1.9 2.4 11 10 10 12
@O 11 Pos. alll 6.2 14 14 14 16
12 Pos. 2.8 @ © 2 13 2
19 Pos., 1.6 2.4 13 13 10 12
100 Pos. 2.2 3.2 i1 10 15 16
50 Neg. 2.5 3.8 3 7 14 15
62 Neg. 2.2 3.7 9 7 11 13
64 Neg. Failed during initial test @ 100 amps
65 Neg. 1.6 2.6 9 8 13 13
70 Neg. 2.1 2.7 9 8 15 17
A, 711 Neg. 2.0 2.7 8 7 12 13

(:) Readings after repair of switches.

(:) Readings not taken at 300 amps because of high saturation
voltage (6V @ 250 amps).

79

FREN



TABLE 11

Functioning Functioning
Switch Output Driver Output Current Rating

No. Type Transistors Transistors (amps)
6 Pos. 6 7 400
8 Pos. 6 5 334
11 Pos. 6 5 334

12 Pos, 6 6 400 *
19 Pos. 6 7 400
100 Pos. 5 7 334
50 Neg. 5 3 334
51 Neg. 6 3 400
52 Nege 6 3 400
62 Neg. 6 3 400
u 65 Neg. 6 3 400
i 70 Neg. 6 3 400
3 71 Neg. 6 3 . 400

Units #16 and 64 are not included since they failed in tests at LSI/PED.

1 * Although switch #12 is rated at 400 amps by RCA, LSI/PED tests indicated
the saturation voltage is too high to risk this operation in the circuit.
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if more spares were available. The derating of some of the switches
also imposed an upper limit of 200 amperes on the current at which
the system could be tested. Although an attempt could have been
made to operate at higher currents, the risk factor would have been

very high.

The units were deficient as per requirements of LSI/PED speci-
fication 15-100011 in the following areas:

a) Current handling capacity

b) Thermal storage capacity

c) Hermetic seal

Beyond the above, RCA delivered only one set of the static com=
mutator hardware without rectifying diode modules. The lack of
spare parts imposed severe risks in testing the brushless starter-
generator system during the starting mode. At the very beginning

of these tests it was known that the full starting mode requirements
would not be met. The testing was performed only to establish the
feasibility of the starteregenerator concept anc the machine design.
Commutator switches that meet the original specification would be

required to assure the specified starter-generator performance.

The final report covering KRCA's work on the static commutator

switches is attached in Appendix 111 of this report.

81




4,2

4,2.1

Additional Electronic Components

Analog to Digital Converter for Shaft Position Indicator Signal
The shaft position indicators used in this brushless starter-
generator system are electromechanical transducer devices whose
electrical characteristics are changed by mechanical means. The
hardware employed in this instance is a rotating wheel assembly
which modulates the air gap flux of the electromagnetic pick-up
while rotating a fixed proximity from it. Electrical output of
the pick-up is shown in Figure 3.2.1.A, The output is amplitude
modulated AC. In order to convert this output to the digital
signal compatible with the static commutator input command,
additional circuitry must be used to shape this analog modu-
lated AC output., Figure 4,2,1A shows this additional circuitry
necessary for pulse shaping. The input as shown in Figure

4,2.1A is an amplitude modulated AC signal derived from the mag-
netic pick-up. It must be demodulated so that the information
stored in the magnitude variation of this signal could be used
for commutator switch control., The demodulation is achieved by
half wave rectification and RC filtering. The varying DC output
from the RC filter is applied to the input of the voltage lever
comparator. This is a simple analog to digital signal conversion.
Integrated circuitry type voltage level comparator with hysteresis
is used as the basic analog to digital converter. The output of
A/D converter is a typical square wave signal. For each set of
three phase machine output, three pick-ups are employed. The

demodulation and A/D converter currents are identical for all
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pick-ups to one shown in Figure 4.2.1A. Therefore, for each set
of three-phase machine windings the output is a set of three
square waves. Since magnetic pick-ups are displaced approximately
120 electrical degrees from each other, the A/D converter output
square waves are approximately 120° apart. By adjusting the
pick-up positions an A/D converter level, symmetrical 120° phase
shift among three A to D converter outputs is achieved. This set
of symmetrical three-phase square waves is applied to the group

of NAND gates shown in Figure 4,2.1B. The NAND gates are arranged
in such a way that three-phase 120° stepped wave forms are pro-
duced by the NAND gates. These outputs are the exact digital

wave forms needed to control the static commutator switches.
Similar circuitry is used for the second set of three-phase
machine windings and three pick-ups mounted in the housing of

the machine. Their outputs are demodulated and A to D converters
are used to produce digital square wave signal. The output, after
the NAND gate stage, is another set of 127° stepped square wave,
three-phase output. Between these two sets of outputs there is
30° phase shift. This phase shift is compatible with the 30°
phase shift designed in the two sets of three-phase machine
windings. During the starting operation, bot sets of machine
windings are energized appropriately. Although the two sets of
windings are energized, the 30° phase shift is maintained through-
out the whole operation. This multi-phase arrangement is respon-

sible for the smoother torque produced by the machine.
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Auxiliary Power Supplies

To operate the static commutator switches it is necessary to

provide them with auxiliary power supplies. The auxiliary

T B S R

power supplies are not physically located on the brushless
starter-generator hardware. They are packaged in the voltage
regulator assembly. The auxiliary power supplies shall maintain
the output voltage of 11 volts 2.5 volt and should be capable of
providing current peaks up to 10 amps. Because of the positive
and negative static cormutator switches used, the power supplies
must be common to plus and minus DC input busses. For example,
an isolated power supply is needed to energize positive switches
and an isolated power supply is needed to energize negative

switches.

A number of circuitries were investigated to produce the necessary
auxiliary power supplies. All the circuits used solid state de-
vices in their switching mode. In this mode the efficiency of

the power supply is highest and dissipation losses are minimized.
A set of power supplies was breadboarded and tested under the
required loading conditions compatible with solid state commutator
hardware. Although electrically the power supplies performed
satisfactorily, physically the size and weight of these power
supplies was not suited for this program. Further investigations
were made in reduction of size and weight of the power supplies.
The conclusions indicated that similar solid state devices and
packaging techniques are required for these power supplies as the

devices used in the solid state commutator. It was decided to
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postpone the packaging of power supplies until more technical
data and a better understanding is gained on solid state switches

used in the static commutator hardware.
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SECTION V

5.0 BRUSHLESS STARTER GENERATOR SYSTEM HARDWARE

S.1 System Interconnections
Despite the deficiencies in the technical performance of the
solid state commutator switches and very limited quantity of
spare parts of the static commutator, it was agreed to continue
this program and assemble the brushless startere-generator hardware
for tests in the starting mode. The generating mode of this
brushless starter-generator was accomplished independently of
the solid state commutator. To simulate the identical air flow
restrictions, a mock-up commutator assembly was made and attached
to the machine housing. For the starting mode the brushless
starter-generator system was interconnected with extended wiring
leaving the commutator solid state switches mounted some 6 feet
away from the electromechanical converter, This required careful
placement of signal leads connecting the shaft sensing A and D
converter and the input power leads of thg solid state commutator.

] S5.1.1 Interconnections of Electromechanical Converter Hardware with

Static Commutator Modules

The actual hardware interconnections between the static commutator

modules and the machine are shown in Figures 5.1.1A, 5.,1.1B and
5.1.1C. The figures A and B are displaying one half of the solid
state commutator each. (The one half of the static commutator en-
ergizes one three-phase set of machine windings). Care was exer-
cised In assembling and testing the solid state commutator switches.
At that time, only three spare switches were available in the event

of a failure., Figure 5.1.1C shows actual wiring coming out from
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S5.1.2

1

the machine. Figure 5.1.1D shows the electrical diagram for
interwiring of static commutator modules in the machine. From
the pictorial views of this hardware interconnections it is
evident that ample room was left between each commutator solid
state switche This room is needed during various electrical
tests and observations of a switch and machine operation. No
attempt was made to mount solid state commutator to the required
density and size. The main reason for constructing only the
breadboard assembly of the commutator is i{n the understanding
that the tests will be performed orly within the limitations of
the deficiencies of the solid state switches, Despite the com-
mutator switch deff{ciencies, the commutator tests were performed
in the actual system set-up at a maximum possible current
handling capability of 400 amperes.

Interconnections Between Shaft Position Sensor and Static
Commutator

Figure 5.1.1C also shows the vector board assembly of the analog
to digital converter required for the conditioning of the shaft
position signal. The shielded leads on the right hand side of

the picture are coming from the machine housing and are terminated
to the right hand side of the vector board. This shielded lead
carries amplitude modulated magnetic pick-up information. A to D
conversion and wave shaping is achieved on the vector board tem~
porarily mounted on top of the machine. The left hand side of

the vector board provides a group of shielded leads which carry

the command signal to the commutator modules. The realistic hard-
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ware to accomplish this A to D conversion and pulse shaping can

be achieved in much smaller size than shown in Figure 5.1.1C.
The large scale integration circuit and new packaging techniques
must be used to diminish the discrete component layout as shown
on the vector boards. Figure 5.1.2A shows electrical schematic
represeni ing various connections between the shaft position sens-
ing, A to D conversion and commutator module control. The mach-
ine hardware is also equipped with a forced air cooling system,
This was needed so that repeated starts of flywheel acceleration
during the starting mcde of this brushless starter-generator
system could be accomplished with minimum down time for cooling.
In order to limit the current during this starting mode of ihis
brushless starter generator seteup, carbon pile adjustable re-
sistors were inserted between the DC voltage source and static
commutator switches, This provided the test set-up with simple
yet effective means for adjusting current levels within the safe
magnitudes compatible with the solid state switches used in the

breadboard mounted static commutator assembly.

System Excitation

In order to demonstrate thec starting mode capability of this
hardware it was necessary to provide system excitation within
the brushless starter-generator assembly. This excitation was
derived in the voltage regulator assembly board. A single
oscillator was satisfactory to comply with different frequencies
of excitation as needed by the machine and the shaft position

inductors.
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56201

56242

Electromechanical Converter Excitation

The electromechanical converter excitation is achieved through

the rotary transformers Since the rotary transformer requires

a controllable AC power, the AC type voltage regulator circuitry

was designed and breadboarded.

The voltage regulator was

operating as a single phase DC to AC inverter with pulse width

control. By varying this pulse width, various amounts of machine

excitation were achieved. One set of hardware covered both modes

of the brushless starter-generator performance. During the gen-

erating mode excitation was quite low, contrary to that of the

starting mode where excitation magnitudes were quite high, reach-

ing to 50 and 60 ampere levels. To cover machine excitation over

both generating and ¢rarting modes, variation in excitation fre-

quency was necessarye This variation in frequency was achieved

by the appropriate countdown u;ing one high frequency oscillator.

2 to 4 KHz frequencles were used in the voltage regulator and

the rotary transformer operation.

Shaft Position Indicator Excitation

The shaft position indicator excitation was derived from a common

oscillator used in the voltage regulator. Its operating frequency

was chosen to be at approximetely 16 KHz. The isolated output

provided a square wave voltage waveform capable of handling
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highly inductive currents. This excitation channel is operated
from a regulated DC voltage supply. The system transient voltage
during the start-up, or otherwise, had practically no influence
on the excitation output voltage magnitude; therefore, the
transient interference was eliminated from the shaft position

indicator channel.

Auxiliary Power Supplies

These supplies were subs:ituted with 12 volt lead-acid type
batteries, Where isolation was needed, a separate battery was
used. The reason for this substitution was an expedience and
contract cost savings since the system evaluation will be done
only on what is possible to achieve with the limited capabilities
of the static commutator. Again, this power supply substitution
provided auxiliary power independent from the main power supply

and its transients.

System Output Voltage Regulator

Since a rotary transformer is used for machine excitation, the
voltage regulator circuitry must produce AC output to energize
the transformer. The regulator circuitry assumed DC to AC,
single phase inverter design. The input DC voltage was inverted
into an AC square wave and in this case the square wave was pulse
width controlled. The pulse width control allows variation in
the output voltage of the voltage regulator; at the game time the
rotary transformer will have variable output. With this the

machine excitation will vary as required. To produce regulated
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5.301

output voltage out of the brushless starter-generator

system during the generating mode, the output voltsge is

being sensed and compared with the reference, the error ac-
tuates the width of the square wave pulse to be produced by

the regulator circuitry to the rotary transformer which in turn
varies the machine field excitation to regulate the output of

the machine.

Design Approach

Figure 5.3.1A shows typical circuitry used in this AC voltage
regulator design. Maximum current requirements during the
starting mode reached 60 ampere levels. The circuitry required
the choice of transistors capable of handling the required cur-
rent, The input voltage to the regulator is 30 volts DC. Be=
cause of the pushepull switching transistor power stage and
voltage doubling effect the power stage transistor voltages

must be 60 volts minimum. The operating frequency of this DC

to AC inverter is 2 to 4 KHz, During the starting mode, the lower
frequency 1s being used; in the generating mode, higher frequency
operation is incorporated, The square wave or digital type
circuitry produced by the countdown IC!'s is amplified by several
stages of switching transistor amplifiers. The driver stages
provide the necessary width of pulse to energize the power trane
sistcrs. The dynamic range of the control is from approximately
90% to zero output, The percentage of full "ON" condition is

somewhat variable depending on frequency chosen for the operation
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56302

of this voltage regulator. The rotary transformer winding, as
seen in Figure 5.3.1A is center tapped so that only two power }
switching transistors are required to produce an AC output. 1
Figure 5.3.1B shows an over-all view of the breadboarded AC ;
voltage regulator. This breadboard assembly uses conventional
discrete power transistor circuitry to achieve its end goal.
The correct approach to this output voltage regulator package
to be used on the aircraft would require similar packaging as
that used in the static commutator circuit approach. Hardware
of this nature was not contemplated to be procured for this

program since the regulator is not a part of this contract.

Breadboard Evaluation

The designed voltage regulator breadboard was evaluated for its

performance together with the rotary transformer mounted in the
machine and loaded through rectification by the machine field
windings. This made it possible to evaluate the performance

of the rotary transformer, Figure 5.3.2A shows
typical wave forms of output currents of the voltage regulator
supplying the rotary transformer subassembly, The unit was
capable of covering the full range of output control. The unit
was tested at a variety of pulse width conditions and used in
both generating and starting modes of this brushless starter-
generator system operation., The regulator helped to establish
that approximately 10 microhenries leakage inductance exists in
the rotary transformer windings. It was shown that the leakage

inductance of the rotary transformer controls the maximum available
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excitation to the machine.

The voltage regulator was connected into the system during the
generating mode and proper stabilization and accuracy of output
voltage control from the brushless starter-generator was achicved.
The unit provided excitation for the low and high speed range just £

as well as no load to full load machine operating conditions.
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SECTION VI 3

6.0 BRUSHLESS STARTER GENERATOR SYSTEM PERFORMANCE EVALUATION f

3

L? A
' Once all the necessary subassemblies to make up the brushless
; starter-generator system were fabricated, the systen was put

E on test to evaluate the performance and compare it with the
L' predicted values obtained during the design. The machine and
its subassemblies, including all the auxiliary equipment

necessary to operate a machine as a generator, was made avail-
able first, therefore the generating mode of tuls system was

analyzed earlier in the program,

6.1 Generating Mode
For the tests in the generating mode, the brushless starter=
generator was assembled to a complete package. In place of

the static commutator, a muckeup static commutator assembly

? was made and attached to the machine. Figure 6.lA shows an
assembled brushless starter-generator before the generating
mode tests were performed. The initial generating mode tests
were conducted to establish machine saturation voltage and
verify the output ripple magnitude. Figure 6.1B shows typical
machine saturation voltage versus machine field excitation.
The tests were performed at 7,000, 9,000 and 12,000 RPM, The
next set of generating mode tests were performed under the
load conditions. The ou.put of the machine was varied from
zero to 200 amperes to obtain the measurements of the quality

of the output voltage. Figures 6.1C and 6.1D show the output voltage

ripple with and without the output filter. Figure 6.1C shows output
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voltage ripple without an output filter for half and full load
conditions. From the information it becomes evident that un-
filtered ripple voltage slightly exceeds peak to peak ripple
requirements of the specification. Therefore, several simple
filter configurations were investigated to reduce the output
voltage ripple voltage to an acceptable value. Since the machine
commutating reactance could be used as part of an inductive com-
ponent of the LC filter, the single capacitor {ilter placed
across the output terminals of the machine was satisfactory to
reduce the ripple. The capacitor used was a 300 MFD tantalum.
The output volt ripple utilizing the capacitor filter is shown
in Figure 6.1D. Additional tests were run to determine the
current balance in the windings and demonstrate the proper opera-
tion of a double bridge configuration, including two sets of
three phase machine windings displaced 30 electrical degrees
apart from each other. Figure 6.1E shows the rectifier current
in one leg of each bridge and indicates a good balance betwes<n
the currents. The next set of generating ﬁode tests were per-
formed to estublish thermal capability of the machine and its
rectifiers. During these tests the mechanical mock-up of com-
mutator assembly was mounted on the machine to simulate the air
flow conditions that will be prescnt in the final assembly of
the unit. Aga.n, runs were made at 7,000 and 12,000 RPM, with
full load current of 200 amperes. The air flow was adjusted to
several different values and the effect on the machine and rece-

tifier temperatures was monitoreds, The test data for these runs
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is shown in Figures 6.1F and G. Curves of various machine
temperatures and air flow are shown in Figures 6.lH and J.

The rotor temperature was checked using temperature sensitive
paints and indicated a maximum temperature of 425°F during these
runs. The temperature ran slightly below the original tempera-
tures predicted by the computer runs. This can be attributed
to the difference in the exact air flow at various points in

the unit, compared to the original values used in the computer
calculations. All temperatures were well within the design
limits for all conditions. During the thermal tests the come
mutator section was covered to prevent air leakage between the
switch modules. A comparative run was made with the commutator
section open., This required additional .45" of H20 of inlet
pressure to maintain the same air flow through the unit. This
increase is fairly small and indicates that the unit could be
run with this commutator section leakage open, 1f required.
Finally, the starter-generator was Cesteq under the full set

of systems requirements, including AC voltage regulator and
under the closed voltage loop conditions. Again, thermal tests
were conducted at 7,000 RPM at full load of 200 amps for several
volumes of inlet pressure and the effect of the unit temperature
monitored. A thermal run was also conducted at 12,000 RPM and
minimum inlet pressure and the temperatures at various points

in the unit recorded. The test data for the variou= runs is
shown in Figure 6.1K. A curve of air flow versus inlet pressure

for 130°F inlet air is shown in Figure 6.1L., For an inlet
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pressure of 6" of water {(the naximum permissible pressore Jdrop
stated in MIL.G- 6162(2), the air flow is below the maximum
allowable air flow stated in MIL=G=6162(2). A curve of machine
temperature versus inlet pressure is shown in Figure 6.1M and
indicates values well within the design limits of the machine.

The rectifiers' stud temperature versus inlet pressure is shown

in Figure 6,1N, It also indicates a reasonable safety margin
compared to the maximum allowable stud temperature as indicated

by the dotted line. (This dotted line is maximum allowable stud
temperature shown by the manufacturer's data for an average cur-
rent of 33 amps per rectifier and 120 electrical degree conduction, which
are well above the conditions at ful! generator load). Threughout the
therma! runs the machine and the 'readboarded regulater functioned
properly, demonstrating both electrical performance and mechan=
ical integrity. In addition tc the thermal runs, phot-graphs

were taken of the output ripple and harmonic analysis conducted

at 7,000 RPM ard 12,000 RPM at full and half load on the unit's
output. The photographs of an output ripple at full and half

load for two values of filter capacitors are shown in Figures

6.1P and }, for a machine speed of 7,000 RPM, Figure 6.1R and
Figure 6.18 show the output ripple at 12,000 RPM., In each case
the output ripple was below maximum allowable ripple of 3 volts
peak to peak based on 1.5 volts peak of either polarity from an
average DC output. The results of harmonic analysis of an output
ripple are shown in Figure 6,1T. On the graph the maximum allow-

able levels statad in MIL-G- 6162(2) are shown to indicate the
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6.2

prescribed limits. All these points indicate all values were
within the specified requirements for both values of filter
capacitors, Based on these results, a 300 microfarad tantalum
filter capacitor is sufficient to meet all the output ripple
requirements of MIL-G- 6162(2), Yith these tests and collected
data, brushless starter-generator performance as required by

the specification was verified.

Starting Mode

The early tests of this brushless starter-generator in the
starting mode were performed using 1/2 of the discrete component
commutator, The discrete component solid state commutator was
used for the preliminary tests in order to eliminate the possi-
bility of system connection errors. Since the discrete component
static commutator had only 100 amp capability, the tests pers
formed were up to this level. The machine was connected to the
torque head and inertia load. The discrete component solid state
commutator was operated in the closed loop manner with position
sensors. This constituted a full operation of a brushless
starter-generator in its starting mode. The tests verified

logic operation and provided initial data on machine perform-
ance. The system was operated up to the current level of 100
amps and the torque of the unit measured at various field ex-
citations, Figure 6.2A illustrates the torque/current relation-
ship of the machine. The tests were repeated with the other set
of machine windings and similar results were obtained. These

preliminary tests indicated torque levels slightly above those
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e

originally predicted. Based on these tests, one can deduct

that the full output torque can be achieved when operating at
full stator current. Therefore, the tests of discrete compone.i.
static commutator and the machine confirmed the design for
40 1b/ft. torque at 800 amp input current as specified in Exhibit
A" of the contract. Also, during these tests, the various
circuit waveforms were monitored and recorded on photographs to
provide complete documentation of circuit operation. The re-
mainder of the starting tests on the system were performed with
actual solid state commutator switches assembled on the bread-
boards. Figure 6.2B shows the arrangement of solid state com-
mutator switches around the periphery of the machine. The machine
was coupled to the torque head and the torque head was coupled to
the flywheel., The flywheel was the only load used for these tests
(Attempts to obtain a better definition of engine load were of no
avail. The same is true for the attempts to assign a known jet
engine appropriate for this rating of a unit). The test set-up
was equipped with automatic, 10 seconds dﬁration, cuteout relays.
These relays, after ten seconds of operation, de-energize the
system automatically so that any human error would be eliminated
in testing the starting torque at high current levels with de-
rated solid state commutator switches. Before the set of start~
ing mode characteristics were obtained by test, the system was
pre-tested in various conditions as outlined below:

a) 3-phase, half-wave operation of negative switches with

resistive load and signal generator logic sources.
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b) 3-phase, high wave operational pusitive switches

resistive load and signal generator logic source.

c¢) 3-phase, full-wave operation with resistive load and
signal generator source.

d) l-phase, full-wave operation with the machine and
signal generator logic source.

e) 3-phase, fullewave operation with the machine using
position sensor output as the logic source. This is
the complete closed lcop arranpgement of the brushles,
starter=-generator.

v osimultaneous operation of both 3-phase commutator

'

briages with machine using position sensor source.
Again, this is the use of a full commutator with ali
che feedback loops in operation to utilize the full
capabilities of the system considering the limications

impos2d by derated commutator switches.

Steps a) through e) were completed on bridge No. 1 up te the
current levels up to 300 ampe.  lhis current level way chosen
since several switches were uverated to 334 unps and 300 amps
a.iuwed o reasonable satety tactor uvuring this evaluation.
I'racings taken fiom photographs of the switch wavelorus operai-
ing at 300 amps with the machine as shown in Figure t.2C, Notle
that VCE at turnoft was well within the 80 volt ratiug of the
switches. while operating biidge No. ], Step e) preliminary
torque ratings were obtained for several values of ficld cur-

rent. The results of these preliminarv tests indicated an

I'H)
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output torque of 16.7 lb/ft. with 300 amps commutator current
and 50 amp field excitation. Extrapolation of these results
indicated a torque of 22.3 lb/ft. with result at 400 amp opera-

tion with a single bridge. This would result in a total machine

torque of both bridges operating at 400 amps each of 1.866 x 22.3

41.5 1b/ft. torque. Although these preliminary results indicated

a full output torque of 80U amps is feasible, operation at these 4
current levels cannot be achieved with the present commutator
switches since several switches are derated. L-idge No. 2, the i
second half of this solid stale commutator, was so 2valuated in

the same step-by-step manner. During these tests a fallure occurred
which damaged two solid state commutator switches. Although var-
ious corrective actions were taken, the true reason for switch
failure cannot be accounted for. This reduced the program to
practically no spare switch operation. In order to avoid any
future mishaps, the complete system was derated to 400 amps total
input current. This meant that the performance achievable from

the system is reduced by two. Because spares from KCa were not
available, a dJetailed analysis into the failure mode of these
switches was impossible to perform. The risks in continuing

this analysis were great and threatened to leave the program
without a set of starting mode pertormance characteristics. 3
Both halves of the starter commutator were connected into the

full set of machine windings and tests at 400 amp input current ;
were performed. The oscillograph traces were taken recording the
switch performance, the torque produced and speeds achieved.

Figures 6.2C, b, b, F and G show the dala as taren v he
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oscillograph. It is important to note that initial torques

obtained during these tests reached up to 26,9 lb/ft. During
these tests, the one-half of the starting commutator was operate-
ing at 180 amp level. The second half at 185 amp level. The
total current to the commutator was 365 amps, machine field
excitation was at 50 amperes. Since this input is approximately
at half the value of the designed magnitude, the produced start-
ing torque is somewhat above the half value as is required by
Lxhibit "a", Again, this shows that with 800 amp input current
the designed torque of 40 lb/ft. can be achieved if the static
commutator switches would be capable of handling required input
current. Repeated tests were performed with this machine set up
in the starting mode to determine possible variations of the
initial starting torque due to circumferencial shaft position.
Figure 6.2G shows the lowest readings obtainable during the
starting mode with the same equipment. These variations were
attributed to the torque variation of the machine due to 12
segments of a static commutator switch artrangement. Since the
static commutator switches contained a number of deficiencies
vs. the specification requirements issued by LSI/PLD, Specifi-
cation #15=-100011, the low and elevated temperature tests of a
starting mode were not performed since the possibility of total
destruction of the solid state commutator existed. In order
not to lose this functional hardware (although derated) further

activity in testing the starting mode was suspended.
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7.1
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SECTION V11

CONCLUSIONS AND KECOMMLENDATIONS

This brushless starter-generator D&D program was conducted
with an end goal of realistic operational hardware procure-
ment. This hardware was designed, procured, assembled and ;
testeds The summary of this program is best expressed by ;

reviewing the results found during the tests of the actual

brushless starter-generator hardware.,

Summary of Results Uuring Generating Mode

The brushless Starter-Generator hardware, while operating as

a generator, was tested under the actual acceptance test
conditions. The rated load of 200 amps at 30 volts UC was
produced successfully with AC ripple components not exceeds

ing l.5 volts peak, as specified by the military electrical
specifications. The system was operated in closed loop con-
dition with an AC regulator, WVuring the full system tests,

the output voltage regulation was maintained within 21/2 volt.
The operation was also successful at elevated temperatures.

A lightweight, small size rotary transformer was developed

and tested under the actual operating conditions. This rctary
transformer provided a unique means for machine field excitation,
All subassemblies of this system were fully checked out and proe-
vided safe system performance., OUverall generating test results

meet the electrical specifications quoted in Ltxhibit "A",

Al it do S G




T~

7.2

Summary of Results Found During Starting Mode

The starting hardware wag tested against the

inertial load of a flywheel. Actual

starting torque measurements closely followed the predicted
values obtained during the design period of the brushless
starter-generator, indicating the correct design of the machine
as a motor, During the starting modc, no external cooling was
allowed., Therefore, all heat generated during a simulated or
actual engine start was considered to be heat storage in the 1
overall brushless starter-generator hardware. This thermal i
storage capability was verified within the machine as well as b
the static commutator. The deficienclies of the solid state
commutator switches prevented this program from achieving its
full requirements during the starting mode. For example, the
static commutator switch deficiency in maximum current handling
capability prevented system tests at the full rated input current
of 800 amps. Therefore, the maximum possible torque of 40 lb/ft.
was not achieved. The switches were operated at 1/2 of their i
ratings and under these conditions more than 1/2 of the starting
torque was exhibited by this hardware. The static commutator
switch high saturation voltage is reponsible for increased losses
in the commutator switches. These losses prevented the system
from repetitive cycling as specified by kxhibit "A"., The thermal
storage capacity of the commutator was established for a nominal
saturation voltage of 3 volts at 40C amps. With each starting é

cycle the temperature of the static commutator switch s

139 Y47 g
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rises 40 centigrade degrees above its ambient condition. During
the off-period, the static switch temperature did not go down
significantly. Therefore, the next start increased the solid
state commutator switch temperature another 40 degrees centigrade
and the third start would repeat tiis again. From tlis, one can
see the reasons why the repeated three-cycle start was not tested
with the solid state commutator switches, particularly since

spare parts were non-existent. The lack of hermetic sealing in
the solid state conmutator switches prevented the system from

high altitude/low temperature tests. To meet the Exhibit A"

requirements in full, the deficiencies of a static commutator

4 switch must be eliminated. The results obtained during this

E brushless starter-generator program clearly indicate that more
Design and Development is necessary in the area of solid state
devices applicable to the solid state commutator required for the
] brushless starter-generator system. The existin;; deficiencies of
the solid state coumutator must ve overcome before a fully successful 1
brushless starter-generator can be Lailt. Also, the price of a
solid state conmutator switch must bhe reduced to nrovide a unit that

i is competitive with .,rush type starter generators. ]

140

——




LS 1 S LAt Lt s

| 2

450
,
¢
)
|
-
1l Da
|
TN
A Y
A

[FOUR *10-32 UNF STUDS SHALL BE

@_ PROVIDED AS SHOWN, SUITABLY ATTACHED TO

STRUCTURE WITH SELF-LOCKING
| THREAD OR INSERT.

[COMMUTATOR CONNECTION
44 SHOWN ON LSI/PED
| DWG. 23068-10i

PERFORMANCE AND DESIGN OF THE

34 STATIC COMMUTATOR SWITCH
SECTORS SHALL COMPLY WITH

[LSI/PED SPECIFICATION 15-10001)

[SIZE, TYPE AND LOCATION OF ELECTRICAL
TERMINALS TO BE COORDINATED

[ WITH LS1/PED.

| - WEIGHT : 3.5 wes. MAYX.

T PART RARKPERTE04S005—
NOTES:

375 N A

STUDS EQUALLY LOCATED ON 7156 *'$$3 DM
BOLT CIRCLE

€.76 DIA.

7 - 00 3.30
7
6.7 DIA (REF)

/
10

ENLARGED SECTION A-A
2/1 SCALE

/~/ |




l 4 3 2 1 ,
O . REVISIONS
3 X 2< TONEILTR DESCRIPTION DATE | APPROVED
P g A | REVISED { REDRAWN PER PE. INST. |CDH
k. ]
S
>-q
12
foge D
' +.003 :
2156 *-292 Dia g
; - ELECTRICAL TERMINATIONS TO
/ BE LOCATED ON THIS SURFACE :
WITHIN THE ENVELOPE.
] ! SEE DWG. 230G8-9990

— == - - - | '
\ s
A8
\ .
Y sR
/ _ c .
j
1
: 4
- . | | 5.40 SQR.
, MAX.

i 270
MAX. le—
3
3 .
4
- . - N - 1 !
~- .80 ' 5
- 3.30
2 200 DIA. ]
| GENERATING MODE
1 RECTIFIER COOLING
. PROVISION : AIR ENTERS HERE
]
R T s [ o e
X o s 005 ose  |UmT o %% | powEr squiemeNT DIVISION
; MATL ARIOVID oan
1 DO NOT SCALE THIS DRAWING E NVE LOPE DRAW’NG
* JNCT BNOR DATR
MATERAL v JANONIS 51161 STATIC COMMUTATOR
commact wo PACKAGE
aie CODE IDENT NO DRAWING No
k [
_ r D| 31435 | 23068-9980
NEXT ASSY USED ON
- FIRST APPLICATION SCALE ’/I L IIN!I’T / or I
E‘, T AF N A CUsT. S




B ; .

| el

=
4 I
i 1,,- @ wh Lo

[
/ f
|§ fEbEieiic.) oo oz

L
e e ]

j e e =
& T meereeeesses
= | iy x i e T
3 ‘-‘_,—‘-'\'-\Il |_.|| 1l |IT?;I._J{ b
e | el lhonn] e = r?
§on R == UL el o
| i 2y | : _._;1 | Stwain)| ?—ﬁ > CONTROL ms:g}
‘ ) I (N A=
| e il .I_"\-'*' —— _;":,r Sy == -t
! ‘ 48 i B RS o Yl A1
] f ! > g O A= V7 -*--'_n.@-.-n’ui.@f:
4 e el s ol i o A
% c _‘f‘fll"-‘_f*-f_-.'vt‘-* | i g = ——
3 e B
ﬁ&‘ >3 w0
; e [SFEa
3 ¥
3 e

—> lq‘“ qwmr"ﬁ«“ : 1

A\ \>Q§yv ’.1- LRt o B o
— y o ‘\—"l | cowTRoL 4B&iC z

A

—-',—-

—
i
|
|
—
*

] 1 - PART MARK PER 16-045005
| NOTES:

)




3 2 1
s REVISIONS
UQ : ( ZONL|LTR DESCRIPTION DOATE | APPROVED
g ' A [REVISED ¢ REDRAWN PER PE. cOH
c'o X
i Oy
IS
foy)t D
\""”dﬂ
= = @
a c
- d
.
™~ EXHAUST GRILL
‘_—
SO
A
A
= vt
o %
f/f Y
[ ]
|
SECTION B-B
I
21
R T YWY
o WA ANGES | cmcm | LEAR SIEGLER.INC / POWER EQUIPMENT DIVISION
DO NOT SCALE THIS DRAWING :mm s LAYOUT' BRUSH LESS
—— LsnTeEl =671 STARTER-GENERATOR
I ’ D| 31435 (23068-9990
NEXT ASSY USED ON
FIRST APPLICATION scae '/' I l-nlﬂ ] o |}
i AF N _A_CUST._____ PR | =
140B o




APPENDIX



STATIC COMMUTATOK SWITCH SPLCIFICATION

NO. 15-100011




APPENDIX A
LEAR SIEGLER SPECIFICATION NO. 15-100011
EXHIBIT I

Semiconductor Package for Commutation of

Current in Brushless Starter-Generator




st e s

T

3
fv

EXHIBIT I Pase 1 oo

Speeciliceticn No, 15-100311

Orizinal Issue ey 17, 1667

R P TN ey T

TITLE: Seaiconductor Package for Commutation of
Current in Srushlecc Starter~Generator

1, SCOPZ fi

_ 1.1 This specificution defines requircaments of high current
seniconductor switches and their integratioa into an assembly which will
provide the function of curreat commutation in a brushless startiere
generator,

2o APPLICADLE DOCUMENTS

201 The following item forazs a part of this document (o the uxient
epecified Lerein:

SPECIFICATION

Mililary

Fil-0-61062 Avendzent, 27 January 1960
Geaercters 30 Yolt Dircect Current
Aircraf: Sagine Driven. JGonerdl
Svecification for

3, REQUIREMENTS

2,1 deaeral: .

3.2, This docunent descridbes the requirements and performance for
a lightveisat, small volunme, solid-state DC curront switch, Twelve cf these
ctatic switcaes will be asceadbled to form a brusiless coazutator for an
alrcralt starter-generator, Eoch static switch wmust be cavable of switching
L3O znseres izio a recistive load when cormanded by a éraive signal. The
drive zizaal will have the voltage characteristics siaown in Tigure lo
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-
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v
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l-t— 1 us zZaxe

5 volts (min) A
I/,—

Fegativo I

Supply !

Bus ﬁlfr flf

0 volts
/3 ,
.3 volts (max.) - g— 120° —pot
- 360° ————v]

FIGURE 1 -

Tme current capacity of the drive signal will be 10 nilli-
amperes maximun,

“he output current of the static switch will be in phase with
jts irive ciznal. The static switen will operate with a 120 degree duty
cycle at a frequency froa zero tc 200 Hertz, Figure 2 shows the operating
3 J (& ] o

frequency voo time relationship.

Frequency 200 eps

10 20 30 escco

FIGURE 2
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Pege 3 of 2

The raxiium onerating frequeney of 200 Hertz exisds after
3¢ seccrds oif operation. The lowcst operating frequency will exist during
the initial start., First 120° "orn" pulse will be completed in .3 second
of operation,

g The current through the switches will be a maximum of 400
emperes durirg the initial start, but Will decrcase with time., Figure 3
shows the switch current vs, time relationship.

boo- A

Curront

I
I
|
|
|
I
|
I

I
|
I
I
|
I
I
|
]

i
10 sac. 30

Tine

FIGURE 3

The static switch will operate for a maxinum of 30 seconds
ag shovn in Figures 2 and 3.

3,2 Poeitive Static Switeh:

-

The truchless static comrutator will comsist of twelve static
switchies., A positive static switch is defined as a solid-state switch that
@electrically connecis the positive side of the rower supply and the load,
(See Figurs k,) Six positive switches are required, rranged in two sets of-
three., See Drawing Ne. 2306.-1014

+ 1 \ \ l l “—2 Posiiivo !
Power — h Static
Supply —i}— L_._=: Switches
- . ?
! To Loads
! o T I
[ - ? ":Z—- To Negazive
Switchcs

FIGURE 4
A4

O T T




2.
>

a typical cdevice t
reguireizents of tnis de

3.2.1 The static switch will be d-iven from the drive signal sizilar 1
as ia Figure 1. HMaxiiun current capability of the drive signal is 10 zillie !

acperes. The -minimum nurbereo’l
available ¢s snown in. Schaenclis—es
supplies, Vxn,p, is left to veacoer's

auxiliary isolated power supplies wili—ve~ _
vage 10, The vextage level.of theze g
choicc, preferably within 6 to 15 VIXC, !

Loo azmperes

3,2.2 The output currcat of the static switch will
e is showa ia

i peak at 1/3 duty cycle. The output currcal umplitude vs. ti
Figure 3.

—
. ) 3.2.5 The turn-on tinme, tura-ofl time, and storage tipe will be ‘\
] determined by measuring the switch characdteristics as showa in Figure 5.
losces associated wiva these switching times nust be compatable with swite h

thermal rating at full load and maxizum cperatirng frequency, /
Storage ——p] Lg— Turn-off ___l. L‘_‘ Turn-oz
Tizo | | ' Time Tioe
b | .
|
; Switch i Turn-of?
t Voltage | ; Voltag2
163
pointa
N \! Sature
v . ation
: Voltaze
’ rl
j Turn-oi? Time Turn-on
( ‘ Comnand i i Cozzand
1
Re mdui‘-,I b|i m
FICGURE 5 best _avai?
. 2e0%  Tho nositive utacic switch will be cupable of swiichinc the
4 cLrrent chown in Pigure ) av o frequency shewn in figure 1 with a 1/3 au‘y
1 cyci2 Tur a period of tise ok lougc than 3C szcondse The 30 second star
] cycle chall be resestec 4 (liics with a Swo ninulc wait vetween starts witlhout
? foilure. Wo tlast air ccolin: is permitted, The unit shall be stavilized
1 ! A-5
Ol Gy
Yo
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3.2.5 The static switeh w21l operatve froz a power source of 350 ico 701%¢e
DC ard ba canpable of sustaining iransiert overvoltage of 80 volts peak
while inennarative, .

3.,2.6 Conmutotor Envelon:

Tae comnutatcr envelops is shown on LSi/PZD Drawins No, 23063-
698G, Rave A. Tae couiutalor is divided inte four functional nocdules or
quacdrants, Tarce positive wwitches form one module or ouacdrant and are
apportioncd 1/l of the envelope, The required cleuveviacal interconnections to
the machine terzinals, rectifiers, and coatrol logic are shown on LSi/PZD
Drawingz No. 235063-101,

Tae control logic electronics and shaft sensing functilon will
be provided by LSi/PLED in a separate package not part of cormutator or
roctifier envelope. -

The coumutator shall include the reauired leads and/or solder
terminals for inte~connection to the system. LSi,T7EL Drawing No. 23063~9990;
Reve. A, shows the location of typical connectaons &t the inlet air face of
the coomutator envelone

3

3,2.5.1 Conneciions

(r) Two bus bara are required from the positive halves of
the cozmutator to the choke ternzinal postse

(b) One bus bar from the two interccnmectied ncgative
quadrants to the generator negative terminal postz,

(¢)_ ... solder terminal posts in each quadrant for low
current controlled vultage source. .

(@) T -.c terminal rest:. .o -~ch quadrant for interconnection
of brid;e switcheso T.oce leads wioi we provided for each positive quadr.nt
for intercennection with their corres)onsing windings at the machine terminal

block. Leads will be provided by LSi/rcD for interconnection of stator windings
to coanutator positive quadrant switchess.

(e) Lix low curren. -older t-  min.... ii. each quadraat ::v
drive: iaput,

A metal shroud will be provicded by LSi/PED to protect the
terwinils sau leacds wihich will oe routed %o the sachine terninals, rectis
und control ‘cgic, It is desiruble that the sexiconcuctor circuliry be i
latcd Jron  Le wounting heat sinks Lo facilitate mounting to conmwon ead b
cotusen quadrants and saroudse

DR e oY Al
8ad Cilsinie.u insuiuation
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3.20.6,2 Structural Mountiig

snall be Joired ciructurzlly
hich can b¢ mounted with
age onown on L3i/DPEC
ntings shalli e designed
tlilis specification,

within the enveloze restirictions to fo
four No. 10 studs located at the corue
Drawing No., 23C58-9930, Rev. A.. Thc un
to withstand the shock ard vibration re

Q0 B
o
&

3.2.6.3 Comzutator “Weight

The total wecight of the commutator shall not exceod 3.5
pounds. The total weight of the rectifier assenbliec shall not exceed
1,5 pound, '

3.3 Negative Static Switeh:

The brushless static comxutator®s six ncpgative static switches
are defined a2s solid~ctate owitches that elnc‘”‘Cullj connect the regative
0222 of the power supply and the load. (See Figure G.)

] To Positive
J Switche
° o
+ 0 4‘5
_ To Loads
Power — 0 ¢
Supply  _ T T J’ -
| i o
-7 legative
Static
Switches

FIGURE 6

An NP} golid~state switch is & typical device that mesets the
requirements of this definition,

3.3.1 Drive signal same as that in paragraph 3.2.1.

3.3.-2 The output current will be the same as that described in

paraz-aph 3.2.2.

3.3.5 Same as paragraph 3.2.3.

A-7
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© 3.3e5 The negutive ctatic switch will cperate from the came power
source as described in paragruapn 3,2.5.

3s3.6 One set of 3 negative stotic switches will meet 1/4 of the
size and weight requirecaents of Drawing Koo 23063-G930, Rev. A,

3,4 The six positive static switches and the six negative switches
when assembled togethor to form a brushless commutator will meet the size
and weight requirements,of Drawinz No. 23058-9980, Rev. A,

3.5 Alter the first 30 seconds ol operation, the system nust
function as a gencrator, Therefore, a diode will bz placed electrically
in parallel with each positive and negative static switech to ferz 2 sets of
tiwree~-phase, full wave rectifiers. The diode will be connccted so thatl the

cathode will be at the positive side of each switch. (See Figure 7.)

Power _
Su_p_pu

Rec¢ifying
| ——J Diode

Pozitive ‘ Negative f?c

R e + | Static 1 = .

Switch o Power = Switch =
Supply —_—

B
l

- ul / JAY

T L) or

FIGURE 7

3.5.1 The continuous rating of these rectifiers is 335 amperes
average, or 5¢ ampercs rme, with sustainiag reverse voltage of 80 volts peak.
Blast -voling will be urovided for dioue cooling during generator mode,.

Thes. rectilicrs at 80 volts peak reverse voltage shall exhibit controlled
avaluache cuharacteristics,

Tae pgenerator anéd rectifiers will be prowided a total pressure
on tre air ialev duct ol six inches of H0 above absolule azmbicat pressurc,
The Tlow of air will vary with inlet air lteaperaturce aad altiiude coaditions,

turo vs., altitudo, Figure 9 shows paxitux
air Thew vo. dliliude nosmaitied Jur samisua inlet air tewperature, Or the
2 of 220 totai prissure availadle, 2 inches of HZO has beeu allcucod

A-8
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for precsure drop from Inlet of geucrator to exhaust fron rectirier ailrs
i passaze., -nc 2ir passaze availzble and path through the biushless storter- 1
generator are shown on LSi/PEd Drawirng o, 25068=6990, Revo 4o ’ i

tifier package will require ground ° j

Performance of th <
d inlet pressure and flow shown in

e -
operaticn of the pgenerator at reduc
i Figure 9. ]

c
e

F : 3,52 Rectifier Mounting

! The rectificers will be mcunte in the four coracrs of the
generator envelope on aluzinum blocks which will contaln air passsges for ,
coolir purposes shown on LSi/PED Jrawing No. 23068-9690, total wecight not ]
' to excecd 1,50 pound. The four blocks cr wodules each gontain tarze

] rectifiers and four lead terzinations for intercoanection to machine wirndirgs

and terwinal bloclk,

Sce envclope drawiag 23068-1000 for configuration and lead

terminatiors. For an overall understanding of electrical interconnections

see cornection diagram 23065-101, . : ;
3

The air flow path through the brushless starter-gencraior is :

as follows:

See Drawing No. 23068«99€0, Rev, A, Alr enters ceater of
E corrutator cnvelope through a two inch duct, advanRces in an annular ccnical
chazver to enter the rectifier ccoling passages in the four coraners ol the
generator envelope. Alter leaving the rectiifiers tho air enters the geanerator
portion or ¢ovity. reverses direction, and exhaustis itirough four screened E
rarts vrovided in the antie-drive cnd of the gencrator radially outward 1
i between rectifier modules, ZBecause the modules will be sc.our:. 2 the ;
generator housing effectively interconnecting them electiiically, trne ractifiers ]
ical circuitry shall be isolated frci the riiating bdase.

bt

and olcctir ;

e , 3

3.6 Eavironreoni: . 1

|

The static switca commutator and rectifiers, when mouated in | :

the starter-generator housing, wili be capable of operating under all of th f

followiag ocuvironzental conditions: :

i A, Ambient Temperature: =65°F %o 125°F ;
L B, Altitudet O to 50,000 feet 5

C. Humidity: £o 1C0°

D, Vivration: 20 g°s at 80 to 2000 cps

CEia o)
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E, Shock: 50
F, Acceleration: 10 g's

The operation of the brushless commutator, whern mounted in the
housing provided, will not be impaired by salt spray, J{ungu:z, sand or dust,.
These requirements are in accordance with cpplicable sections of Mil-G-6162,

4, QUALITY ASSURANCE PROVISIONS
: /

4,1 The assembled cector of three positive or negative static swituvles
shall meet all the specification requiremenis in section 3> of this speci-
tication, The necessary tests to vorify the swi%fch and rectifiex perforzance
to the roquirements of eection 3 of this specification will be mutually
agreed upon and porformed by vendor and LSi/PED,

9« PREPARATION FOR DELIVLRY

5.1 Delivery of static commutator switches and rectifier modules
shall be to LS4&/PED Clevelard facility properly packaged for protection
during shipzent.,

6., NOTES .

6.1 Tho attached sketch, "Complementary Transistor Switch Schomatiec,"
on page shall be used for illustrative purposes onlye.

e S

e ddiaciees
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SEMICONDUCTOR PACKAGE
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COMMUTATION OF CURRENT 1IN
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SECTION I
INTRODUCTION ' 1

RCA is pleased to submit this technical proposal to the Power Equipment Divi- }
sion of Lear Siegler, Inc., in response to its Request for Proposal, for the
development of a semiconductor package for commutation of current in a brush-
less starter-generator. In thié program, RCA proposes to develop transistor
power switching modules capable of switching 400 amperes per module in a form
factor consistent with stringent thermal, volume and weight requirements.
Twelve modules, six positive polarity, and six negative polarity, will be used
as a brushless commutator for a DC motor for jet engine starting. Four
rectifier modules are used to provide full-wave rectification during the gen-
erator phase after engine start. The complete switching and rectifying module
package is attached directly to the motor-generator and forms part of its

external configuration.

The space and weight restrictions rule out the feasibility of using discrete
semiconductors to achieve the commutation objective. The RCA approach uses
a unique modular concept utilizing novel circuitry, and power transistor

chip packaging and interconnecting by using unusual techniques and materials.

RCA has developed substantia! competence tn the design and manufacture of
plastic-encapsulated high-power transistors. RCA has recently announced a
broad line of plastic power transistors completing an extensive and successful
development. This experience and knowledge will provide technical strength
toward solving the difficult encapsulation problems associated with these

circuit modules.

One of the major problems in the power transistor industry has been second
breakdown. RCA has been a pioneer in non-destructive forward and reverse
second break test methods. This capability has enabled RCA to improve,

optimize, and fully characterize its power transistors. This technical

1-1




ﬁ capability will provide the background to insure that these circuit modules
£
&

will operate reliably and free from second breakdown under the stringent motor-

generator operating conditions.

il e st
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L SECTION II
TECHNICAL DISCUSSION OF SWITCHING CIRCUITS

E. 2-1. GENERAL DISCUSSION

Positive and negative static switches are direct-coupled transistor circuits

~ that are used to amplify the 5-volr, 10-milliampere drive signal to a level é
of 400 amperes. There is an attenuator at the input to each switch. The ;
functions of the attenuator are to lower the input signal to the proper level

and to minimize the possibility of spurious low-level noise problems from the

signals for the adjacent switches.

E The static switches employ p-n-p and n-p-n transistors in a direct-coupled
configuration to provide maximum gain with a minimum of coupling problems.

This configuration of transistor circuit provides the advantage that the only
dissipation when the switch is off is due to leakage currents, reducing heating

to> a minimum.

Transistors have been used throughout the switching circuits to provide rapid

switching with the variable-frequency input signal. All transistors are

specially selected for 1ow leakage and low saturation characteristics to per-
mit highly reliable operation at elevated temperatures. The device type
designations shown in the schematic diagrams of the static switches (Figures 2-1
and 2-2) correspond to similar RCA commercial or developmental types, providing

a convenient means of explaining the circuits.

Types 2N4036, 2N3878, 2N5038, and 2N2102 currently are commercially available
RCA power transistors. The n-p-n type TA7017 currently is in pilot production
in the factory. The p-n-p type TA7279 is in the latter stages of design and
will be released for pilot production during mid-third quarter 1967.

The heart of each switch is the type TA7017, which employs the rugged RCA-
developed hometaxial-base design. It is a new high-power device that is

capable of 300-watt dissipation at 7Q amperes. The hometaxlal-construction

2-1
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device was chosen because it has outstanding resistance to forward and reverse

second breakdown and low saturation resistance.

The calculations for circuit parameters discussed in the subsequent paragraphs

are provided in Appendix B.

2-2. POSITIVE STATIC SWITCH

The positive static switch (Figure 2-1) consists of a three-stage, direct-
coupled amplifier. First-stage p-n-p amplifier Ql is connected in the
common-emitter configuration. First-stage current gain is approximately 20.
Resistors Rl, R8, and R9 form a voltage divider and biasing network for this

stage. The collector is direct-connected to the next stage.

The next stage consists of n-p-n transistors Q2 and Q3 connected in the common
Darlington configuration. The minimum available current gain of this stage is
approximately 400. The output of this stage is applied to the bases of the

output stage.

The output stage consists of six identical circuits that are driven in parallel
by the second stage. For simplicity, only one of these circuits is shown in
Figure 2-1. Because of the method used to interconnect p-n-p transistor Q4
(ar! {5 through Q9) and n-p-n transistor QL0 (and Ql1 through Ql5), Ql0 pro-
duces the effect of the p-n-p tvpe transistor of the Darlington circuit., This
circuit is reliable and has been uscd in many audio-frequency powe} amplifiers
prior to the development of high-current stlicon p-n-p transistors. Since the
TA7017 transistor is a 70-ampere device, six output stages (six TA7279 tran-
sistors driving six TA7017 transistors) in parallel provide the necessary

current-handling properties.

Transistors Q4 and Q10 in the Darlington-type output stage are matched for VBE

and VCE(sat) at the collector currents to be used. Matching is required to

eliminate the losses associated with local feedback in the output stage.
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: REF FAMLY  QTYPER B 8 VeEm©Sa)  VBEM 4 ys00¢  atiseoc
DESIG TYPE SWITCH ~ MIN  MAX  (VOLTS)  (VOLTS) (mA) (mA)
01 2N4036 1 20 100 0.65 1.10 0.005 0.010
Q2 2N2102 | 20 100 0.50 1.10 0.005 0.010
Q3 2N3878 ] 100 2.00 2.00 5.0 10.0
Q4Q9 TA7219 6 15 100 1.20 2.00 2.5 20.0
Q10-Q15  TAIODL7 6 8 10 1.20 2.00 10.0 50.0

Figure 2-1. Positive Static Switch
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No overall negative feedback was used in the output stage. 1t was decided to
use local feedback at each stage to eliminate phase-shift problems. The

negative feedback per stage is calculated using Equation (1):

8

m
e s 5 coo0oo0®TTToToooo0 oM™
1+ ngE

Em(FB)

The approximate overall feedback for both positive and negative switches will

be approximately 26 dB.

Using the Darlington-type configuration reduces the base current for this com-

bination to approximately 3 amperes. The need for higher-current transistors

in the driving stages is eliminated at this current level.
The drive signal is referenced to the positive bus. Negative logic was used
in this switch; therefore, a negative-going signal produces a closed-switch

condition at the output. Negative logic was selected so that the switch will

be open in the absence of a signal, preventing circuit failure due to faulty

connections. This configuration also prevents short circuits due to absent

signals. A VX level of -10 volts DC is required with regulation to within 10

percent. This voltage is indicated in the Lear Siegler Request for Proposal

and attached Specification 15-100011 (Appendix A) as being available.

2-3. NEGATIVE STATIC SWITCH

The negative static switch (ligure £-2) is similar to the positive static.
The major differences are in the polarity of the power supply. the reference

voltage, the input logic, and the output-stage connection.

The input to the negative static switch consists of resistors R4, RS, and R6,
which form a network that acts as a signal attenuator and biasing network for
n-p-n irput transistor (Ql. The minimum gain of transistor Ql is approximately
20. This transistor is in a conmon-emitter configuration. The collector is

connected directly to the second stage.

The second stage consists of p-n-p transistors Q2 and Q3 in a Darlington
connection. The Darlington connection is used to obtain high gain and to
achieve the objective of very-low power dissipation when the switch is off.

The output of the svcond stage is direct-couplcd to the output stage.

2-4
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+ Vi + 10V + BUS
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R3 LDAD ;
115 :

TATZ79

Q3
INPUT 900 Iy
— _I Tazes

Q49

O
JL

- VX
G-Bus
NOTE: ALL RESISTOR VALUES ARE IN OHMS
IcBo ICER
REF FAMILY QTYPER g g Vee(sa)  Veem  at1s00c  at1500C .
DESIG TYPE  SWITCH  MIN  MAX  (VOLTS)  (VOLTS)  (mA) (mA) §
Ql N2102 1 20 100 0.50 110 0.005 0.010 ]
Q2 N 2100 065 110 0.005 0.010 {
Q3 TA7279 1 15 100 1.20 2.00 2.9 20.0 ;
Q4-Q9 TA2669 6 15 100 1.01 2.00 2.5 20.0
Q10-Q15  TAT017 6 8 70 1.20 " 2.00 10.0 50.0

Figure 2-2. Negative Static Switch
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The output stage consicty of six identical circuits that are wriven in
parallel by the second stage. For cimplicity, only one of these circuits :-s
shown in Figure 2-2. The Darlington configuration used to interconnect
transistor Q4 (and Q5 through Q9) and transistor QL0 (and Qll through Ql5) was
selected to achieve maximum gain with a minimum number of transistors. The
TA2669~TA7017 combination of transistors was selected to obtain similar
switching characteristics and comparahle gain performance to the TA7279-TA7017

combination used in the positive static switch (Figure 2-1).

Positive logic was used in this switch; therefore, a positive-going signal prec-
duces a closed-switch condition at the output. Positive logic was selected

so that the switch will be open in the absence of a signal, preventing circuit
failure due to faulty connections. The drive signal is referenced to the
negative bus. A Vx level of +10 volts DC is required with regulation to
within 10 percent. This voltage is indicated in the Lear Siegler Request for

Proposal and attached Specification 15-100011 (Appendix A) as being available.

2-4. BOOSTED DARLINGION CIRCUIT

The conventional Darlington connections (Figure 2-3) used in the switching
circuits can be improved by using additional circuit techniques. The VCE of
the output transistor cannot saturate when the transistor is connected in
Darlington configuration. This limitation exists because the VCE of the output
transistor is the sum of VBE,Q and VCE(sat)l. With the TA7017 transistor used
in the output stage of the negative static switch, the following parameter

values can be used to illustrate switch power dissipation:

VCE(Sat)l = 1.0 volt
VCE(sat)2 = 1.2 volts
VBE,Z 5 2.0 volts

2-6
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Figure 2-3. Conventional Darlington Amplifier Circuit
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Power dissipation, therefore, is (VCE)(IC). Assuming that the switching current

is 400 amperes and that V., K =V

CE BE, 2 + VCE(sat)l, average power is as follows:

= Y
PAV D ]CE IC N S R, B E S R (12,)

=D [(VBE,Z) + (VCE(sat)l)] IC

s % (2.0 + 1.2) (400)

= 426 watts
If output VCE was the VCE(sat)2 of only the output transistor, average power
becomes
PAv =D VCE(sat)2 IC L R S (3)

1
5 (1.2) (400)

160 watts

A reduction in power dissipation of approximately 270 watts per switch is
realized. There are two methods for achieving this lower dissipation. The
first method is to use a circuit other than a Darlington, which results in

decreased gain and current-handling ability. The second method is a superior

approach using the '"boosted Darlington' circuit (Figure 2-4).

The "boosted Darlington'" requires the insertion of a voltage (Vx) between the
collectors. Voltage Vx must be in the order of 3.0 volts at a 50-ampere cur-
rent level. This voltage must be isolated for each switch, which requires

« power supply with 12 separate supply circuits. The power that must be pro-

vided by each one of the 12 power supply circuits is

v 1
_ _out out
Pv’x = . T Y]

i3) (50
0.85

175 watts

The result of Equation (4) shows a total power saving of 100 watts per switch.

2-8
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Figure 2-4, Boosted Darlington Amplifier Circuit
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It is realized that the 12 voltages must be generated in the periph:ral gear,

which is located in another part of the system. The supply circuits require

wiring that can carry 50 amperes with minimum loss. The real advantage of this

approach 1s that 270 watts of power were removed from the switch chassis.

Thls power reductlon should permi{t a full thvz2e starts of the system with an

adequate safety factor.

Sianihe
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SECTION III
TECHNICAL DISCUSSION OF CIRCUIT PACKAGE CONFIGURATION

3-1. STARTING CYCLE ENERGY ABSORPTION - NORMAL DARLINGTON

The heat absorbing abilities of the most useful materials for heat sinking and
structural purposes were calculated and tabulated con the basis that the cooling
air durirg start would be negligible. The number of joules required to pro-
duce a temperature rise of 1°C was then calculated for the maximum specified
welght (5 pounds) for this assembly. The optimum material, aluminum, was then

used in a calculation of the temperature rise due to the joules produced during

a typical start.

An example of the calculation used to determine rankings for 5-pound heat sinks

3
Calories joules\ /10~ grams
(0-225 m)é.lg Cal )( 2.2 lbs)(s 1bs)

2150

follows:

Aluminum: Joules/OC

Heat absorption results for 5 pounds of material tested for use in the module

mounting plates and commutator assembly structure are tabulatad below:

Space for Heat absorption
Specific heat 5 pounds in capabilities

Material (cal/gm) _i_g__3__ (Joules/°C)
Aluminum 0.225 50 2150
Be0 0.30 50 2850
Copper 0.095 15.6 905
Nickel 0.114 15.6 1085
Titanium 0.112 31 1065

Magnesium was regarded as a fire hazard.

While BeO is the highest ranked material, and though pieces of Be0 will be

used in each module, aluminum can carry 400 amperes and can become a major part

=
o
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s e e




Use or disclosure of proposal data is
subject to the restriction on the title
page of this proposal. (December 1966).

of the module output circuit. Aluminum is also a logical choice for the rec-
tifier mounting plate and the commutator quadrant assembly framework. Some
copper will be needed for stranded cable and so forth, even though it is
inferior in this application. However, copper will be a minor component and
also its properties will be partially balanced by the superior heat absorption
quality of Be0. It wil! be assumed, therefore, that the heat sink will be
equivalent to 5 pounds of aluminum and the heat absorbing capability will be

2150 joules/°c.

Based on the starting conditions of 400 amperes maximum given in Lear Siegler
Exhibit 1 (Figure 3), the heat generated in each module can be calculated. As
described in Section II, the output portion of the 400-ampere switching module
will consist of six RCA TA-7017 chips in parallel driven by six 8A driver chips
in parallel, as discussed in Section II. The veoltage drop of the circuit in

Section 11 is essentially the V__ of the output circuit plus the VCE(SAT) of

BE
the driver. The start-heat generated in each module can then be calculated:
Q outes =[ Ver L U0 () # () (@)

(tfall + t.‘ise)]x (No. of pulses)

This calculation is shown in Appendix C: Q = 2130 joules/switch

The total energy in the commutator is 4 times this value plus a 10 percent

safety factor: = 55,800 joules/start.

Qtotal
Using this quantity of heat and the healt absorption for the 5-pound aluminum
heat sink, the temperdture risc for start cau now be calculated,
T _ 55,800 joules
case 2150 joules/°C
AT = 26°C

Taking the specified ambient temperature of 125°F or 52°C, the temperature of

the module assembly will be 52° + 26° = 78° at the end of the first start.

The effect of this case~temperature rise on the devices can be calculated as
follows: the TA-7017 output units will each pass 67 amperes through a voltage
drop of 3.2 volts. The power to be dissipated is P = 67 amperes x 3.2 volts =

220 watts, The standard TA-7017 version is the same 0.380-inch square chip
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lead mounted to a molybdenum mounting block brazed to a copper TO-3. Typical
.0 :
thermal resistance values range from 0.25°C/watt to .. C/watt. It is planned

to use the same chip and molybdenum block brazed to a copper clad aluminum

heat sink for the modular version. A value of 0.4°C/watt will be used for

this analysis. ;

Using the starting power dissipation of 220 watts and a steady state thermal

o . . . g -
resistance of 0.4 C/watt, a junction ternperature rise is caiculated:

ATj-c = 0.4°C/watt x 220 watts = 88°C }

Therefore, at the end of the first start, the devices on the module would

momentarily have a junction temperature of i

+ . = iy,
Tcase ATjunctlon—to—case junction

78°c + 88°c = 166°C

Taking into account the pulse conditions and the thermal time constants (see ;

Appendix D) the junction temperature is actually 111%.

Assuming the engine did not start on the first attempt, a 2-minute wait is

specified. There may be some small degree of convection cooling during this :
2-minute wait but this helpful effect will be neglected in this worst case L
analysis. The same 55,800 joules will be generated during the second start,

heating the 78°C package an additional 26°C to 104°C. The output device

junctions will be 36°C above this case temperature, reachingzlAOOC. The

second start is still a safe condition.

Assuming the engine does not start on the second attempt and assuming, at
this time, that no cooling takes place during the 2-minute wait, the effects
of the third start are as follows: the 104°C package will be heated to b
104°C + 26°C = 130°C. The output device junctions will then reach a

temperature of 130°c + 36°C = 166°C. The third start also appears feasible

in these calculations.

3-3
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3-2. STARTING CYCLE ENERGY ABSORPTION - BOOSTED DARLINGTON

Based on the same specified boundary conditions, but using the "Boosted

E
4
3
q

Darlington" described in Section II, paragraph 2-4, the effects of three

starts can also be calculated. It offers an attractive alternative.

RO A TN Y

The major effect of the "Boosted Darlington" is to reduce the voltage drop in

Ge Tl

the Jutput stage to the VCE(sat) value of 1.2 volts. This reduces the joules

per start, the temperature rise of the package per start, and the AT junction-

to-case of the device chips. The total commutator joules per start are

calculated
Q= [}vCE(sat))(Ic)(tp) + (Vsupply)(Ic)(tfall)(trisei] [No. of Pulses]

Q

compared to the 51,200 joules of the normal Darlington. The temperature rise

22,600 (as shown in Appendix C).

of the case now becomes:

22,600 joules
2150 joules/°C

AT case =

n

AT case = 11°C per start

Three starts will only raisc the commutator to a temperature of 52°¢ + 33% =

85°c. The power to be dissipated on each output pellet becomes:

la~)
"

(67 amperes) (1.2 volts)

P 80 watts

The temperature rise of the junction above the case using the worst case DC
condition becomes
OT,_, = 80 watts x 0.4%/watt = 32°C

Thus, after using the "boosted Darlington" for 3 starts, the calculated max-
imum junction temperature for-the devices will be:

T = 85% + 32% = 117%

j max
which is well within the recommended ratings (a very conservative situation).

The effects of supplying the necessary biasing currents for the "Boosted

3-4
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Darlington" will have to be examined from an overall systems viewpoint but it
offers a desirable safety factor in the very critical high power semiconductor

portion of the equipment.

3-3. COMMUTATOR ASSEMBLY DESIGN

Using the specified boundary conditions of: envelope dimensions, weight, heat
absorption needs, and high-current connector terminations, a commutator struc-

ture can be designed as shown in Figure 3-1.

Based on the energy absorption calculations which were discussed in paragraph
3-1, aluminum will be the primary material. The 12 individual power switch-
ing modules will be arranged radially and will be fastened into electrically
insulated slots. Electrical insulation for the module mounting-slots can be
a combination of hard anodizing and a protective, thermally-conductive, epoxy
resin such as Delta Cote 151 H, These materials will provide reasonable heat
transfer out of the modules while electrically isolating the individual mod-
ules from the assembly structure. BeO and boron nitride are alternate possi-
bilities for mounting slots that offer electrical isolation and good thermal
conduction, The 8 low-current connector termirals and 4 high-current connector
terminals will be located on each of the four corners of the assembly. This
12-module structure should be capable of "remove and replace" type maintenance
from the termination end of the assembly, providing the shroud is easily-

removable.

3-4. INDIVIDUAL SWITCHING MODULE

Each of the six positive switches and each of the six negative switches will

be physically and electrically interchangeable. However, minor shape variations
will prevent mistakingly substituting a positive for a negative switching
module if a failure occurs in the field. The basic structure of the individual

powver switching module will be as shown in Figure 3-2.

The six TA-7017 chips used in the output stage dissipate the most heat and

have been dispersed as widely apart as possible.

The mounting plate part of the module will consist of a copper-clad (10% of
thickness) aluminum plate. As discussed in Section III, 3-1, the aluminum will

3-5
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Figure 3-1. Static Commutator Power-Switching Assembly
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absorb the heat produced during the start cycle and act as the conductor for
o
the 400A collector current. The copper cladding on the aluminum will facilitate

brazing the molybdenum blocks and the metalized BeO pieces. The molybdenum

blocks are required to match the thermal expansion of the large silicon power

TA7017 chips. (The TA7017 is presently the largest number of the RCA
hometaxial power transistor family.) The metalized Be0 piece will provide

electrically isolated mounting for the medium-power driver chips while

o

providing good heat absorption (Section III, 3-1), and good heat transfer to the
copper-clad aluminum mounting plate. The pins brazed to various metalized

areas on the Be0 provide ideal anchor points for soldered clips that will pro-
vide interconnection to the emitters, bases, collectors, and thick-film i

resistors in the circuit. Similar pins brazea to Be0O have been used with

excellent reliability on RCA power transistors such as the JAN 2N3375. The
clips will be similar to those designed into RCA's conventional silicon process

power transistors.

Interconnection of chips and thick-film resistors and paralleling of the
driver-stage chips can then be accomplished by wiring from pin to pin. The
emitter contacts of the output units will be paralleled by soldering a flat-
stranded nickel-plated copper strap to each emitter area. This will complete

0
the other half of the 400A output circuit.

The planar units in the low-level input stages will be packaged in hermetically
sealed TO-18 cans and press fit with an insulating sleeve into the aluminum
mounting plate., An alternate attaching method would use thermally conductive

epoxy to attach the TO-18's to the mounting plate.

When all of the chips and thick-film resistor blocks are soldered into place
and electrically checked, the device can then be encapsulated. The first coat
will be a silicone junction coating for good electrical characteristics. This
will be followed by a thick coating of a flexible silicone resin to provide
additional environmental protection and allow the considerable thermal
expansion and contraction to take place without additional stresses from the

resin, The close fitting finied aluminum cover will be put in place and

mechanically staked or swaged Additional resin will be cast or molded into
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special holes in the cover and around the electrical termination openings.

The completed module will resemble Figure 3-3.

RCA has over a million hours of successful device testing of its new 2N5034
and TA-2911 silicone plastic molded silicon power transistors. The failure
rate adjusted to rated conditions from the over-stress test is approximately
0.1 percent per 1000 hours. A similar silicone resin and silicone plastic

coating is planned for this power module, which should afford excellent

reliability.

These modules will be tested when they are completed and after their assembly

into the commutator assembly under the conditions specified in the environmental

specification in Lear Siegler Exhibit I.

3-5. RECTIFIER ASSEMBLY DESIGN

The rectifier will be supplied in 4 aluminum mounting blocks or modules. It

is planned that each module will contain 3 rectifiers enclosed in individual

device envelopes as showr in Figure 3-2.

Modules of suitable material thickness are not to exceed 1.5 pounds for all
4 modules. Each module has the following maximum dimensions and weight re-
strictions:

a. Maximum weight per module: 0.37 pound

b. Maximum allowable height: Approximately one inch

c. Effective heat sinking and sealing surface area per module:

Approximately 3/4 inch x 3-1/2 inches.

Electrically, each rectifier must be capable of a continued average rating of
33 amperes or 58 amperes R.M,S. Also, each rectifier must exhjoit controlled

avalanche characteristics at 80 volts peak reverse-voltage.

To meet these requirements a device envelope with the dimensions of the TO-3
will be given primary consideration because it appears to best meet the

termination configuration, dimensional requirements, and the weight restric-

tion imposed by Lear Siegler drawing No. 23068-1000.

i i e s e e
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Figure 3-3. Completed Individual Module
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In the unlikely event that a 50-watt Zener rectifier (similar to the 1N 2835)
cannot meet the established specifications, two alternate approaches can be
explored. One alternative involves utilizing a stud package of smaller dim-
ensions than the TO-3. This configuration would use 6 devices per rectifier-
module. The other alternative would utilize 3 stud packages per module, but
the overall height of these packages would be greater, by approximately 1/2
inch, than the overall height presently permitted by the existing specifica-

tions.

These alternatives would be explored only if the original rectifier-package
configuration could not meet the stated requirements. Although it is unlikely
that either of these approaches would be required, they are indicated as
possible choices which could be used by making moderate relaxations in the

overall rectifier-module dimension and weight requirements.




SECTION IV
STATEMENT OF WORK

4-1, SPECIFICATIONS

The work will be directed toward designing, building, and delivering two com-

mutator assemblies in accordance with this proposal. Each of these commutator

assemblies will consist of 6 positive-switch modules, 6 negative-switch modules,
a structure to support each module, 4 rectifier modules and associated wiring.
This hardware will comply as closely as possible to the specification of Lear

Siegler Inc. as shown in Exhibit I (attached) with the following

qualifications:

The electrical and environmental performance of the commutator
assemblies will be consistent with the best efforts of RCA to
achieve the operational requirements of the brushless starter-

generator as outlined in Exhibit I,

b. The rectifier portion of the commutator assembly shall be in
accordance with paragraph 3-5 of this proposal with particular
recognition of the possibility of choosing aun alternate approach.
Every attempt will be made by RCA to use the TO-3 primary

approach to achieve the dimensional requirements of the Commu-

tator assembly.

4= . WORK SCHEDULE

The proposed work schedule as shown in Figure 4-1 represenis che sesl possible
and most realistic assessment of timing-milestones for this program that can

be achieved by RCA. It was conceived in full recognition of the urgent need

1 9 r"
H I'e
H 3




T

3|npayas niom

“I-y andi4

SIH "y 042
"'SIH *3u3 02

"SIHYI3L 02/

"SIH "3u3 04

r—t

"SIH "43 O

“siy *3u3 o

“SIHYI3L ObbE ' sH3ul 021 1]

I sw

Bu3 07

Y3l 01 “'SiH

—_—

"SIH Y331 09

"SI “3u3 oY

"SIH'Y3L 09 “sIH “Bu3 061

|

[ s wal 0o s

"3u3 008

4 Y33) 0L

""SIH "3u3 09¢

‘SIH 4331 OF

“'StH “3u3 001

VIH Y431 Ot

““SiH "3u3 09¢]

“SIH 4331 0Qp “"SIH 3

¥3 09€

dn anm pue
saje|d u1 S1aY1123) Jjquiassy "9

saje|d dununow »pIy g
pieoqpearq pue s13)j13331 13040 Y

$3|NPOL i5'}1193) A|qUASSY

Ja0ISIA2.  JIj 3yew pue
Kjquiasse a|npic )] 3164103 3jen|ea3

(painbas § ) sajnpow paysiuyy
21 Yhm adexaed jeuyj ajquassy

(pannbas (g)
S3|NpoW [ENPIAIPUI 3]2N|BAS PUB 3|qUAISSY

S3|npow {enplaipul Z1
a3y} 10 sjuavodwod |je a}ipadxa pue 13piQ

dez pue ‘pjow ‘81f azewq
‘a|npow [enprripuy jiejap pue udisag

sajnpow Awwnp 2§ Yt adeyord 3|quassy

1] ¥sel Joj sjed
3|qeydarz. | AsaA11ap a)1padxs pue 1apiQ

SSaWPY pui A[qwasse ajnpow-2] udisaq
siSAjeue ased JSIom ayep

Apms Ayijiqiseay axew
a|npow pleoqpeasg

Xl

“THA

HA

S

14

19e13U0) jO pIemY I3}V SYIUCH

NSV1

4-2

.
romp,
- e

"~




for development of brushless commutator assemblies for Lear Siegler Inc. and

E
1 consequently reflects the need for developing many phases of this program in

i parallel.

et cme =

3
' In view of the stringent timing imposed in this development, RCA has made

i
g assumptions on the developmental timing of various phases of this program

f which do not allow margin for re-design, rework, etc.. Caution should be

exercised in assuming the delivery schedule of completed hardware shown as

E Milestone IX reflects any unusually conservative estimates or built-in margins
F for major error. RCA has made every attempt to reflect the most realistic

possible timing committments consistent with the urgent nature of Lear Siegler's

needs.
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APPENDIX B
CIRCUIT DESIGN CALCULATIONS

B-1. POSITIVE STATIC SWITCH

Assume TC maximum = 150°C and Vx is regulated to 10%

I, mI;+ IR’7
1f
Iy= (B + 1 Iy,
IR,? = 0.31 ampere
[o]
. 3 VBE,lO at 150°C
R,7 R,
Ry =1 0;21
CER,4 CBO,10
. 0.2
21 x 1073 + 10 x 1073
Y B 6.5 oh er t ist
= 0.031 = . ohms per ransistor
. _Yse,10 _ 2.0
R,7,Fud 1.0 6.5

= 2.0 amperes

IL = (B10 + 1) 111 + IR,7 (IR,7 is negligible)
400 = (8 + 1) I11
2 400 _
111 ==3 - 45 amperes
I, (8,) (13)
L1y 45
13 = Ez— =75 = 3.0 amperes

B-1
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@ . VBE, 4 (at 150%) = 0.25
3 Tepo,4 * Tcer,3 * Icer,2 Zol WA <A OO
=“—Jl£L:§ = 9.1 ohms

23 x 10

I6 + I3 = 14 + I5
If v
BE, 4 2.0
it M lIE o7
I6 R 9.1 0.22 amperes
3

I, = (8,) (Ig)

1, = (B)) (I ,) = B3 (B, + 1) I,

But,

Ip 3= By + 1) I,
and
Ig = Ig,2
Then,
Io+1,= (82) (18) + B4 (B2 +1) 18
0.22 + 3.0 = (20) (18) + (20) (20 + 1) 18
= 440 Iy
18 = 2?%% = 8.1 milliamperes
To find RS’
v
BE,3 o
R, = 51 : (at 150°¢)
> Tepo, 3 ¥ Teek,2 ¥ ¥ Lok,
. 0.2
5.0 x 107 + 0.010 + (100)(.010)
0.2
= 36 ohms

DI st
e g
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E,3 IB,2 (B2 + 1)(B3 + 1) = 8.1 (21)(21) = 3.572 amperes %
and

3=l

Yy~ Oegear) 2 Y VBE3 * VBEL4
6 I
10 - (0.5 + 2.0 + 2.0)
' 3.572 .

P it

)

e B o

10 - 4.5 5.5 _
3572 " 3.572 - 1- ohms

. Ve, 3om) T 17 Re 2.0 45,5 1.5

? R,5 Rg T 36 ohms 36

= 0,21 ampere

18 must be changed to accommodate this current.

If

Ig2a=1g,3% s

ea‘ I N

83 +1 R,5

_ 3.572
= S 0.2

=0.17 + 0.21
= 0.38 ampere

then I
E,2
8 (82 + 1)

0.38
21

= 0.018 ampere

0.4
0.015 x 10~

1 v +V
| R = -BE:2” BES3 15000y .

0.
0

0.2+ 0.2 _
ICER,l + ICBO,Z 0.010 + 0.005 3

1.0 kilohm assigned, 23 kilohms permissible.
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Vep ot Ve st T Re 1420+ (1.5)(3.57)

R4 1.0

- 1.1 + 2-0 + 5.5 = 805 = 8.5 x 10-3

4.0 .0

amperes

Ig = Ig * Ig 4(on)

= 0,018 + 0.0021

= 0.0201

1
.. 20.1 milliamperes _
I10 'EI 31 0.95 milliamperes

IR,Z = 21 milliamperes
- TOTT P Tl Bl B B
2 I
R,2
J10 - (0,65 + 1.1 + 2.0 + 5.5
21 :
_0-9.3_ 0.7 |
21 0.021 i
= 33 ohms 1
I10 = 1,0 milliamperes, but use 2.0 milliamperes.

3 For the input circuit, assume

vin = 5.0 volts
if
Vn.a = 2.5 volts
IR.8 e 5,0 milliamperes
then v
R -—&&-M- 500 ohme
8 1 5.0
If
vR,l - 2,5 volts
and
IR 1 " 3.0 milliamperes
]

148
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then

If

and

then,

-]
[}

<
i

R,9

[
n

R,9
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2.5
3.0 820 ohms

2.5 - (V 2) =2.5- (1.1 +0.7) = 0.7 volts

BE,1 T VR,

2.0 milliamperes

0.7
2.0 x 10°

3 = 350 ohms
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E B-2. NEGATIVE STATIC SWITCH
é Assume maximum TC = 150°C and regulated to 10%
1 I = 400 amperes = L+,
5 If {
I1 = 8414 é
: I = B0 's,10 i
1
= - 5
Ig,10 = I3~ Iy 9 %
I3 = (B4 + 1) I[0
;, Then, ]
I = (BaL) + By By + 1) 1, = B15 Ip,9
= (15) I4 + 8 (16) Ia - 16
= (143) 14 - 16 = 400 amperes
416
] 14 143 2.9 amperes
1 and
{ I, = (8,) (I,) = (15) (2.9) = 43.5 amperes 1
4
1 13 = (84 + 1) (14) = (16) (2.9) = 46.5 amperes
3
E IB,lO = 13 - IR,9 = 46.5 - 2.0 = 44.5 amperes
E
12 = 810 (18,10) = 8 (44.5) = 356 amperes
vBE 10 o
: Ry = 27161 (at 150°C)
} CER,4 CB0,10
; ~ 0.2
- -3 -3
6(20) x 10 ~ + 6(10) (10 )
B-6

201
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1 gL 2o
{ 0.180 © = 1.0 ohm
| 8
_ vBE,lOQon! %
1 =
R,9(on) R9
3
= 2.0 _ :
=T.0 2.0 amperes i
K
Now, 3
) + V
Ry = Tt — SRl (at 150°C)
CER,2 CER,3 CB0,4
__0.20+0.20 _ _0.4
T 0.01+20+ 2.5  22.5 ‘
il E
= 18 ohms" {
. _ Vs, " VB30 _ 2.0 + 2.0 _ 4.0 1
R,8(on) R8 18 18
= 0.225 ampere :
I5 + 16 = I4 + IR,8 = 2.9 + 0.225 = 3,125 amperes :
]
1
If 2
S5 By D
Ig 2= (8, +1) L, ]
I6 = 82 17
Then,
By (Bp+ D I, + 8 I, =T, +1p g
(15) (20 + 1) 17 + (20) 17 = 3,125
33517 = 3,125
3.125
and: I7 =335 = 9.35 milliamperes
B-7




Now

But,

Now,

for R

B,3

IR,2(on)

E,2

E,2

c,1
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sv_(

x - Yer(sar),3 ¥ Vee,4 * Ve, 10

10 - (1.20 + 2.0 + 2.0) = 10 - 5.2

'v4.8 volts

v at 150°C

BE, 3 0 0.2 0.2
: (at 150°C) = ==
LBo,3 ¥ Leeg,2 2,5+ 0.01 2.5
80 ohms

VBe,3 * VR,3 2.0+ 4.8 _ 6.8
: R, 80 80

85 milliamperes
(B + 1) IB,Z = (21) (9.35)

196 milliamperes

I = 196 + 85

E,2 + IR,2(on)

281 milliamperes

I
E,2 _ _ 281
B, +1 21

13.4 milliamperes

(8 +1) (IE 2) = (20 + 1)(196) = (21)(196)

4,116 amperes

v
R,3 _ 4.8

IE,3 4.116
1.15 ohms

IR,l + 17

242
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Vv + V
R, = =BEa2 __BE.3 (at 150°C)

1 Tegr,1* Icpo,2

= 26 kilohms, use 1.0 kilohm

. Vet Vee 3t VR3 (14 2.0+4.8) 7.9
R, 1(on) R 1000 1000

= 8,0 milliamperes

: IC e 8.0 + 13.4
3 = 21.4 milliamperes

I
I w-Cal, 2L.4
8° 8 20

= 1,05 milliamperes

Ig o = (B + 1)(I5) = (21)(1.05)
= 22 milliamperes

For R7,

+ V

R,7 " Vec = (eeceaty,1 * VBE,2 * VaE,3 * V,3)

- 10 - (0-5 + 1-1 + 2.0 + 4.8) L 10 b’ 804
= 1,6 volts

Y P Y

Ip,4 ® Ir,6 * Ig,5
= 5.0 milliamperes

Assume 1.0 volts across Ra, then,

YRy4 _ 1.0

3

3 Ipe 5x10
] = 200 ohms
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If

v = 5.0 - 1.0

R,5 B Vsignal T R,4

4.0 volts

[l
L

R,S5 = 3.0 milliamperes

Then,

Ie,s
1.33 kilohms

and

<
H

R,6 = 40 (Wgp 1+ V9

4,0 - (1.1 + 1.6)
1.3 volts

If

[aal
[]

R,6 2,0 milliamperes

then,

I N O
IR,6 2.0

560 ohms

B |

B-10
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APPENDIX C
CALCULATION OF POWER AND ENERGY

ASSUMPTIONS

1. Use six-step graphical analysis (see Figure C-1).
2. Assume 4 switches are on at one time.

3. Calculations are based on a single switch basis.
4. Assume 33%Z "on" time.

5. Period is equal to 3 times the pulse width.

6. Pulse width read from log plot assuming a linear plot from 300
milliseconds to 1.7 milliseconds.

The terms are defined as follows:

vCE(sa*) = output stage collector-to-emitter voltage in the "on" state.

Ic = output stage current that is equal to load current.
tp = pulse width of the current.
Vcc = supply voltage = 30 volts.
te = transistor fall time = 25 us
L. = transistor rise time = 25 us
No. Pulses = number of pulses in a 5 second period.

The energy per switch is

Q= [(VCE(sat)(Ic)(tp) + (Vcc)(Ic) x (tf + tr)] (&o. Pulsei)

S s b

s
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1000
200 |
100
s L 80
5
§ |-
34
g
=
=
2
3 r
3
= 14
=
=
ul
e
=
a- 10.0
8 =3
6
6 -
4
2.6
7
1.0
0 5 10 15 2 25 30
TIME (SECONDS)

Figure C-1. Pulse Width vs Time of Qutput Stage
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Sample calculation for first step

P o]
H

[(3.2)(400)(200 x 1073) + (30)(400) (50 x 10'6)] 8.3

[(1280)(200 x 1073) + (12000) (50 x 10'6)] 8.3

(256 + 0.6) 8.3

2129.78 joules/switch

The six-step integration is shown in Table C-I.

Total energy in commutator for ‘Normal Darlington

Q = (Energy/Switch) (No. of switches) (safety factor)
= (12,682 joules) (4) (1.1)
Q Total = 55,800 joules

The Boosted Darlington energy per switch may be calculated using the ahove

equations with a V of 1.2 volts. See Table C-II for the six-step

CE(sat)
integration.

Q = 5151 joules/switch
The total energy in the commutator for the Boosted Darlington is

Q = (Energy/Switch) (No. of switches) (safety factor)

(5151 joules) (4) (1.1)

22,600 joules/start

The current is assumed to be constant at 400 amperes for the full 30-second

period. This is pessimistic assumption.
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APPENDIX D )
TRANSTENT THERMAL RESISTAMCE 3

D-1. CALCULATION

The thermal resistances and capacitances of the various assembled parts of the

output units used to compute the thermal RC or thermal time constant are listed

below.
- o RC Thermal

Rih Cc/wW Cepy Watt-sec/ C in milliseconds :

Silicon chip 2.88 x 1072 2.5 x 1073 0.072

j . Lead 2.14 x 1072 3.5 x 1073 0.074
] Molybdenum 1.5 x 107! 2.9 x 107 43.0 ”
' Aluminum 1.05 x 107t 2.06 210.0 ;
(adjacent to ]
molybdenum) ]
3

The thermal time constants may be compared to the on and off times occurring
£ 5.2 milli-

toward the end of the start cycle, i.e., ton = 2,6 milliseconds, tof

seconds. ) L

These times are significant in that the silicon chip and the lead will be
modulated by the short pulses, but the molybdenum block and aluminum will be

thermally charging and achieving a steady state. :

The lumped thermal resistance of the molybdenum and aluminum,though calculated
at 0.25°C/w,will be set at o.35°c/w to allow for real device variations. The
effective pulse power for the molybdenum and aluminum is one third of the 220
watts or 73 watts. The AT rise will be 75 W x 0.35°./W = 26°C. The time con-
stants of the silicon chip and lead are short compared to the pulse. The AT

is then calculated on full power:

AT = 220 W x 0.05°c/w = 11°%

210




e M e
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The total AT junction-to-case is 36°C. The junction temperature is then

+ A7 = \
Tcase o j=C Tjunct1on

75% + 36°%c = 111°%

L S I AR b

e e .
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SECTION 1
INTRODUCTION

The need for a lightweight, compact array of twelve 400-ampere transistor-
ized switches led to this program for the design and fabrication of high~
current power hybrid modules. The 12-module array produced for this program

is part of an electronic commutator for a DC motor; the array replaces the

present mechanical brush and commutator parts.

A hybrid integrated power module design was chosen after it was determined
that conventionally packaged discrete transistor assemblies could not meet
the prescribed weight and volume limitations of the system. The contract
specified a maximum weight of 5 pounds and a configuration that would fit
within a special shape of 75 cubic inches. Each module was required to
switch 400 amperes from an input signal of 10 milliamperes; to block 80-volt
transient peaks in the '"off'" state; and to absorb the 1.2 kilowatts dissi-

pated on the basis of a one-third duty cycle for a specified short period of

operation.

Ty R S R O VT SN




SECTION II
TECHNICAL DISCUSSION

A. GENERAL INFORMATION

The module array developed for this contract contains two groups of six
transistorized switch modules, a total of 12 switch modules. Figure 1 shows
the switch array with two switch modules removed. Each module group contains
three positive switch modules and three negative switch modules. Figure 2 is
the block diagram of one imodule group; windings L1 through L3 represent the
load, i.e., the starter motcr windings. The other six switch modules of the
array are identical but are operated 30 degrees out of phase with those of
Figure 2. Each module is basically a switching amplifier, the output stages
of which contains "composite" or paralleled multiple chips. The switch
modules operate with a 120-degree (one-third) duty cycle at frequencies from
DC to 200 hertz. Figure 3 shows variations in frequency response as a func-

tion of time.

Input signals to switches A, B, and C (Figure 2) are referenced to the
positive bus; these switches are termed positive switches. Input signals to
switches D, E, and F are referenced to the common.bus; those switches are
termed negative switches. The type of signal and the current-carrying require-
ments are such that the positive switch must have pnp action and the negative

switch npn action.

B. CIRCUIT DESIGN

1. AC SIMULATION

By opening and closing in proper sequence the pairs of switches showm
in Figure 2, current flows in a controlled manner through Y-connected load
windings L1 through L3. Windings L1 and L2 pass current in one direction with
switches A and E closed and in the opposite direction with switches B and D
closed. A polyphase AC output is produced, therefore, from a DC supply.
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Figure 1. Module Array with Two Switch Modules Removed




02836 L

Figure 2. Module Group, Block Diagram
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Variation of Switch Operating Frequencies As Function of Time




Properly synchronized input signals to the 400-ampere power switches are
The signal level to the switches

supplied by the Lear Siegler logic system.
The

is specified as 5 volts minimum for an "on'" current of 10 milliamperes.
switches are on for one-third of the period and off for two-thirds; they must
be capable of DC operation for 0.3 second at the initiation of operation and

capable of operating at 200 hertz at the end of an operating cycle.

2. CIRCUIT CONSIDERATIONS

The circuit used in each switch is similar to a quasi-complementary
audio-amplifier output stage in which high-current pnp action is required.
An output stage of this type is shown in Figure 4; it makes use of a pnp and

npn Darlington-configured output to simulate the action of a high-current,

high-gain, pnp transistor. The switch circuit makes use of the recently
developed transistor type 2N5575, a 70-ampere, 60-volt, npn, silicon transistor.
The 400-ampere current level is achieved by paralleling the 2N5575 transistor

chips. Because the transistor chips are matched electrically, current sharing

is assured.

The general configuration of the switches was made as symmetrical as
possible to keep the losses and operation of each switch as similar as possi-
ble. Both positive and negative switches may be divided into three sections:
a predriver, a Darlington driver, and a Darlington output. Dissipation was
kept at a minimum by designing so that all transistors are on during the one-
third period when the switch is on and off during.the two~thirds period when
the switch is off. Each switch has a resistive-divider network at the input,
which reduces the "off" signal level presented to the iAput transistor and
ensures that the switch remains off with a maximum "off" input level as high

as 0.3 volt. Some additional noise immunity also is provided, because the

switches are packed very closely.

A secondary supply is used to minimize both driver-level variations

due to power-supply variations and noise at the input generated by the opera-

tion of the other switches. If a single supply was used, the resistors and

tzansistors would suffer excess dissipation with a high supply voltage,

because the circuit operates at low supply voltages. The secondary supply

T m———
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Figure 4. Quasi-Complementary Output Stage
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also permits isolation of low-level circuits from transients that accompany

the main supply voltage. For reliable operation, a regulated 10-volt supply,
accurate to 10 percent, is used as the secondary supply. Secondary supply 3
current varies with system conditions; nominal cuirent is about 10 amperes,
worst-case current is 16 amperes. Supply current is drawn only when a switch 1
is on. Because three switches are on during one-third of each period, current
drawn from the secondary supply remains reasonably constant. Another design

constraint dictates that an 80-volt transient be sustained for certain time

periods. This requirement is met by ensuring that the VCER of the output

and driver transistors is above the 80-volt level. While fulfillment of this
requirement necessitates a premium voltage as well as a high current selection,
it is important to reduce heat during the off period by preventing the tran-

sistors from being driven into the sustaining breakdown region.

3. POSITIVE-SWITCH DESIGN

The positive switch shown in Figure 5 was designed with a pnp pre-
driver direct-coupled to an npn Darlington-driver pair, which, in turn, are
direct-coupled to a pnp and npn quasi-Darlington output stage. The circuit
makes use of direct coupling because it is a system requirement and because
it minimizes phase-shift and switching problems. Hybrid construction problems
also are reduced, because capacitors are eliminated. The pnp and npn quasi-

Darlington output of the switches has been used in high-quality, high-power

audio amplifiers with excellent reliability. The five-transistour stages can

provide a minimum current gain of 720,000. _ i

A third supply capable of providing reverse bias for "turn-off drive" :

was not available for use in this application. This additional design con-
straint dictated the use of medium-frequency transistors throughout the

switch except for the paralleled output transistors. Because of the high
second-breakdown capability of the hometaxial (single-diffused) transistor
structure, it was decided to use this type of transistor in the output stage
as an additional precaution in handling the high currents. Hometaxial con-
struction produces a rugged, low-frequency device; its use as the output tran-

sistor makes it the only limiting device in determining the switching speed.
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Figure 5. Positive Switch, Schematic Diagram




Resistors connect the base of each transistor stage to the appropriate emitter
and provide a turn-cff current path and a shunt path for leakage currents.
This shunt path prevents the switch from being turned on by the leakage cur-

rents even at elevated temperatures.

4. CHTP PARALLELING

To meet the 400-ampere requirement, the output Darlington in the posi-
tive-switch circuit is constructed of six parallel RCA Dev. Type TA7279 tran-
sistors that drive six parallel 2N5575 transistors. The TA7279 transistors
are 8-ampere pnp types; the 2N5575 transistors are 70-ampere npn types. To
parallel transistors and at the same time assure good current sharing requires
3 either matching to tight limits or using some additional external components
such as ballast resistors. Because of space and power-dissipation limita-
tions of the 400-ampere switch design, a matched chip was chosen even though
it required extra testing and parts grouping. The transistors in each set

are grouped tightly for V__ and VCE(sat) at their highest operating-current

BE
level; in addition, at the high current levels used in this circuit, there is
)i a self-compensation effect that aids sharing. The VBE for a given collector
current increases with temperature at high current levels, instead of
decreasing with temperature as it does at low current levels. The current
level in the output transistor is high enough so that this effect may be used
to improve the degree of sharing. At the current level involved, any tran-
sistor carrying more than its share of current will heat rapidly and thereby
increase the VBE required to sustain its current. Because all of the tran-
sistors are operated in parallel, this action, in effect, will increase the
VBE applied to the other transistors and force them to carry more of the
current.

The thick-film power resistors on alumina substrate are bonded to the
heat sinks and are designed with a maximum power density of 100 watts per
square inch. This power density was determined from thermal-resistance measure-
ments and by the thick-film vendor's recommendation of a 150°C maximum

operating temperature. Temperature coefficients of various resistor materials

were taken into account in the circuit design.




5. XNEGATIVE SWITCH

The negative switch shown in Figure 6, which was designed in the
same manner as the positive switch, acts like a high-gain, high-current, npn
transistor. It consists of an npn input transistor and a pnp Darlington-pair
driver stage witlh two RCA Dev Tvpe TA7279 chips paralleled to handle the driver
output current level. The output Darlington stage consists of three paralleled
2X3265 20-ampere npn chips driving six paralleled 2N5575 70-ampere npn tran-

sistors.

6. CALCULATIONS

Both positive and negative switches were designed with the aid of a
computer and a simple transistor model to minimize routine calculations in
evaluating component changes and device-characteristic variations. Because
components and devices were to be used in a saturated switching application,
leakage currents, V

only h £ and VCE(sat) were used. By tabulating

FE’® B
variations in these parameters and using the informetion in a subroutine, the
effects on switch operation of variations in component and device parameters
were predicted quickly. Working breadboards of both positive and negative
switch circuits were built and were checked out before complete module fabri-

cation was begun.

C. SWITCH-MODULE PERFORMANCE

RCA delivered switch modules to Lear Siegler as follows: November 1968,
modules 8, 11, 16, 51, 52, and 71: January 1969, modules 50 and 62;
5 February 1969, modules 70, 11 (repaired), and 71 (repaired); 18 February
1969, modules 6, 12, 19, 64, 65, and 100. Power-test data for these modules
are shown in Table 1, which also identifies each module as a positive switch

(+) or a negative switch (-).

Modules 11, 16, and 71 were returned to RCA for analysis and repair.
The power resistors were replaced in modules 1l and 71, and the modules were

reshipped to Lear Siegler. Tt was found that module 16 could not be repaired;

therefore, it was scrapped (see Monthly Technical Report 16 dated February 7,

1969).
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A "perfect" positive switch contained six functioning driver transistors
and six output transistors. A "perfect' negative switch contained three
drivers transistors and six output transistors. An additional driver build-

ing block was incorporated into positive modules 6, 12, 19, and 100.

In addition to the power-test data shown in Table I, the following mea-

sured values were typical for the switch modules:
a., Switching at 400 amperes: storage time, 10 microseconds;
fall time, 12 microseconds
b. VCE(sat): 3 volts at 400 amperes
c. Output-circuit leakage current: less than 20 milliamperes at

80 volts

D. DESIGN FABRICATION

1. MODULE HEAT SINK

After exploring a number of possible configurations and materials,
aluminum was chosen as the optimum material for the module heat sink. Machin-
ability provided to be an important factor, because close packing was
necessary. Under the design limits imposed, a wedge-shaped heat sink
(Figure 7) provided the best combination of compactness, heat absorption,
symmetrical thermal response, and maximum internal mounting surface for the

components.

2. BUILDING=-BLOCK CONCEPT

It was planned originally to attach the semiconductor chips directly
to the molybdenum and beryliia pads, which were prebrazed to the module heat
sink. Although several early negative switches were made successfully in
this manner, in-process vields (especially of the positive switch) led to the
building-block concept. This concept was used to make all positive switches

and most of the negative switches.

Building blocks are complete functioning transistors on the smallest

possible substrate that is compatible with chip size, terminal pins, and




N ek
AT

Sy

02838P

Figure 7. Module Heat Sink




thermal-resistance needs. These building blocks are not hermetic, but they
have a protective resin on the chip. Dual-purpose terminal pins are used

for clip-mounting the chip to the substrate 2ud for module circuit-interconnect
terminals. Grounded-collector building blocks use a copper or molybdenum
substrate with emitter and base pins brazed to ceramic buttons for isolation.
Isolated-collector building blocks use alumina or beryllia, depending upon

the power requirement.
The building block approach has the following basic features:

a. All building blocks are processed optimally and independently ;

of the common module substrate.

b. All building blocks are tested individually before attachment

to the modules to minimize rejects.

¢. LUnits can be matched closelv, both electrically and for parallel-

ing requirements.

d. An inventory of building blocks can be established, simplifying
logistics and reducing lead time for both assembly and new

designs,

e. Building blocks solve the assemblv problem of chips with
different metallurgical mounting svstems, such as gold for some

chips and solder on nickel plate for other chips.
Building blocks have an advantage under the following conditions:
a. The yield per chip factored by the number of chips indicates an
uneconomic composite yield.,

b, Close electrical matching is needed. ﬂ

¢. Removal or repair is needed.

3. OUTPUT-TRANSISTOR BUILDING BLOCKS

Only a limited fraction of the standard 2N5775 population met the

module needs. Chips were screened for 80-volt V minimum and were pulse

CER
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tested at 70 amperes for beta, V and V AMter device chips have been

o cr’
mounted to a special molvbdenum-on-copper building block and have underpone
surface treatrent, thev are retested for the original parameters plus an
additional kev power-transistor test, the powver-rating test (PRT). During
this test, the cevice is pulsed with a voltage-current product that takes the
device to sate-area-of-operation limits. ‘'his screening test, which was
developed for the standard power=device line and extended to include high-
pover building blocks, has correlated very well with module performance. Units
passing these postmount tests are encapsulated and are inventoried in VHK g
groups for module assemblv. Units needing further processing are recvcled :

until thev are satisfactory for encapsulation or are scrapped. An output-

unit building block is shown in Figure &,

4, DRIVER TRANSISTOR

The same basic process is used for the driver and the output tran-
sistor building blocks, but different substrates are used for isolation and
for minimum use of real estate. A grounded-collector 2N3265 lO-ampere npn

iy

driver is shown in Figure Y. An isolated-collector TA7279 8-ampere pnp 3

driver is showvm in Figure 10.

5. TRANSISTOR ASSEMBLY

After the output and driver transistor buildine blocks have been ;
attached to the main module heat sink bv a high-tin-content solder, they are i
given another electrical check before thev are interconnected. The vield at i
this point has been very high; however, a decision can be made whether to
replace a defective building block or simply not to interconnect it., A
U-shaped copper emitter-interconnect strap, which is soldered to the six J
emitter connectors, carries the 400-ampere current to the external terminal
lug wvith negligible losses. The i400-ampere collector current is carried by
the body of the switch., The exterior of the module is isolated doubly by
anodizing and epoxyv coating. Lxcept for the output stage, most of the inter-

connect ribbons are velded to the flat tops of the terminal pins on the

puilding blocks.
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Figure 8. Qutput-Transistor Building Block and Component Parts
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Figure 9. 2N3265 Chip Building Blocks, Isolated (Upper) and Grounded (Lower) Versions
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Figure 10. Isolated Collector TA7279 PNP Building Block




]
. 3
' 0.  EVAILALTION O RESTSTOR NFTWORK AND POWLR RI'SISTOR
i Ihick=tfilm resistors on alumina wvere checked on a 10U=percent basis i
3 X
for resistance and vere checked on a sampline basis, on separate test sub- i
strates, for pover-handling capabilitv. Resistor substrates then were attached
to the heat sink with a hichly filled epoxy and were interconnected into the
1 switch circuit.,  The tuve input transistors vere fabricated in TO=46 packapes
and wvere soldered to the input resistor-conductor substrate.
, Pover resistors and input netwerk subgssemblies are shown in Fipure 11, ;
! i
4 The space required for these small units in the power module was relatively ;
insignificant and allowed focusing development eftort on the power chip b
y building blocks. ;
3 1
| ;
7. SWITCH MODULL ASSEMBLY ;
]
{ A fully assembled switch module is shown in Figure 12, The philosophy ;
3
used in assembly was to ensure that onlyv good transistor chips were made into 1
building biocks and that onlv good building blocks were attached to the module 1
heat sink and interconnected,. ﬁ
After completing the interconnects and applving a final resin coating, ﬁ
-
; the module is checked electrically. An anodized cap is attached, and electrical ﬁ
) performance is rechecked. 3
! o k
E
Except for the output stape, most of the interconnect vibbons are ;

welded to the flat tops of the terminal pins on the building blocks,

L. LELECIRICAL TESTS

Tvpical test results for a positive switch are described in subsequent

paragraphs. Tlest results for a nepative sviteh are similar, but lower values
of ch(un) were obtained.




QA. THICK-FILM POWER RESISTORS ON ALUMINA

B. INPUT NETWORK AND INPUT-STAGE TRANSISTORS IN T0-46 PACKAGE

02842P

Figure 11, Power Resistors and Input Network Subassemblies
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Figure 12. Fully Assembled Module
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The leakage of the switch is about 20 milliamperes at 100°C and with
100 volts across the output terminals. The leakage is about 0.02 milliampere
across the drive supply terminals at 100°C and with 20 volts supplied. This
leakage represents an "off' dissipation of about 0.4 watt, which meets the
design goal of low "off'" dissipation. These leakages were measured with the
input terminals open. Figure 13 shows waveforms of VCE(on) and IC during an
"on" pulse. The IC is 400 amperes near the end of the pulse, and VcE(on) is
3.1 volts. These values indicate a peak module dissipation of 1240 watts
during the '"on" cycle; average power dissipation would be 410 watts on the
basis of a one-third duty cycle. The waveforms in Figure 13 were obtained at
shorter duty cycles so that the equipment could be adjusted during long-term
operation. These switches were tested also, for short periods, at a one-third
duty cycle. Values of voltage and current were obtained under conditions
similar to those described for thermal analysis, Paragraph II.E. The value
of V E(on) obtained is the value that would be expected with the output

C
Darlington chips sharing current equally.

Switching times were well within the design goals, even without reverse
or turnoff drive. The waveforms of Figure 14, which were obtained with the
oscilloscope triggered by the trailing edge of the input pulse, show storage
and fall times of 10 microseconds and 16 microseconds, respectively. Because
switching dissipation losses are a function of switching time, these
reasonably short switching times help to minimize dissipation and heating.
The waveform of Figure 15 shows the load current rise time, which depends
upon circuit inductance. Because circuit inductance limits current rise time,
dissipation due to the turn-on time of the switch can be neglected. These
acceptable switching speeds confirmed the original design philosophy: wusing
medium-frequency transistors in the lower level stages in which second-break-
down problems would be minimal; and using slower, more rugged, wide-basewidth
horretaxial devices only in the output stage. Total switching time is

virtually the same as that of the output chips and is well within the design

goals.
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F. THERMAL TESTS

The heat sinks of individual switch modules have the maximum allowable

mass of aluminum. Most of the heat energy is absorbed by individual module

heat sinks, with only a small amount of heat transferred to the retainer ring

and from switch to switch. Although all switches were monitored for unusually

high temperatures and for temperature rises during high-current testing,
positive switch module 12 was subjected to a special thermal test. The switch
was encapsulated but was not capped, and the module was tested while it was

resting upon a thermally insulated surface. The conditions of the test were

as follows:

a. Ic = 300 amperes
b. VCE(on) = 3,0 volts
¢c. On time = 1.7 milliseconds

d. Duty cycle = one-third (5-millisecond repetition rate)

Temperature probes were placed at three points on the module: on the

emitter strap, directly above the output chip; on the copper plate, near the
molybdenum block; and on the aluminum heat sink, near the copper plate.

Temperatures initially and after 15 and 30 seconds of operation are shown in

Table 1I1.
TABLE I1. SPECIAL THERMAL TEST RESULTS
Temperature (OC)
Probe 0 15 30
Locaticn Seconds Seconds Seconds

Emitter strap 32 76 113

Copper plate 32 70 105

Aluminum heat sink 32 67 103

joules dissipated during this test is
Dissipated power is

The amount of heat energy (HE) in

the product of power in watts and the time, 30 seconds.

245

et




the sum of the saturation losses and the bias supply dissipation. Total heat

energy dissipated during the test cycle, therefore, is as follows:

HE = [(300 x 3) ; (10 = 10)] x 30 joules = 10,000 joules

The average energy dissipated by the switches in the modules is 400 amperes x
3.0 volts x 20 seconds = 8650 joules. The dissipation during the special

thermal test was slightly more severe than the average switch module dissipa-

tion.

Values of thermal resistance, thermal capacitance, and thermal time con-

stant were calculated for the output-chip mounting. The values are shown in

Table III.
; TABLE II1. CALCULATED THEPMAL VALUES
; FOR OUTPUT-CHIP MOUNTING
1 Thermal Thermal Thermal
Part Resistance Capacitagce Time Constant
(°c/wW) (Joules/ C) (ms)
Silicon chip 2.88 x 1072 2.5 x 1073 0.072
Lead solder 2.14 x 1072 SMEw S 0.074
Molybdenum block 1.5 x 107! 2.9 x 1071 43.0
Copper plate 2.2 x 1072 B0 9.0
Aluminum heat sink 1.05 x 10-1 2.06 210.0

(region adjacent
to device)

Instantaneous power per output chip is

_ 300 x 3

Pinstant = 3 = 150 watts

Average power is one-third of the instantaneous power or 50 wvatts.

Because the thermal time constants of the silicon chip and the lead solder

are shorter than the "on" pulse, values of instantaneous power will be used
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to calculate chip temperature. Because the thermal time constant of the
molybdenum block is longer than the period of the "on" pulse, values of

average power will be used. Chip temperature, therefore, is

(6

(pealy) Pinstant Si b ePb) + Pav) (eMo) * TCu

T .
junction

150 (0.03 + 0.02) + 50 (0.15) + 113

= 128°c
where i
bg; = thermal resistance of silicon ;
epb = thermal resistance of lead {
8,, = thermal resistance of molybdenum ]

Mo 3

I1f the heat sink had been at the worst-case ambient of 52°C, instantaneous .
peal. temperature would have been 20°¢ higher or 148°C. This temperature is a i
safe operating junction temperature; therefore, one operating cycle appeared

feasible.




SECTION TII
CONCLUSIONS

a
1
4
|

T

The work performed on this program demonstrated that a lightweight, com-

pact hvbrid switch can be built that is capable of switching 400 amperes with
good switching speed and with a blocking voltage of 80 volts. Parallel out-
put and driver stages combined with the building-block concept provide a

reasonable fabrication approach. Thermal analysis and measured data indicate
that heat sinking and heat removal must be improved to provide a full three-

start capability.
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SECTION TV
RECOMMENDATTIONS

RCA has invested substantial engineering effort over the past several
vears in the design and development of high-power hvbrid modules. Based upon
this effort and the experience gained while working on these switches and upon
a better understanding of the electrical and thermal behaviors of these modules
and components, RCA has proposed to Lear Siegler a newv module design that will
satisfy fully the requirement for three consecutive starts and will provide a

more suitable design for economic manufacture.

The proposed design has eight output-transistor chips, instead of six
chips, and has power-sharing diodes in series with the output collectors. These
additional components will reduce the dissipation in each output transistor by

more than 50 percent. These two changes are the major changes necessary to

obtain three-start capabilitv.

Additional clearances between the building blocks in the module and an
improved interconnect scheme will make the modules easier to assemble and
repair, thus leading to a minimum number of rejects. This new arrangement,
however, requires additional volume. The proposed design also makes maximum
use of parts that are common to RCA commercial power hvbrid module programs.

Use of these parts will lead tc lower costs due to purchasing savings at the

higher volume.

In summaryv, the experience gained in making the present modules has en-
abled RCA to project a second-generation design of considerablyv improved per-
formance. The major improvements are as follows: two additional output chips;
incorporation of power-sharing diodes; and a building binck lavout and an

interconnect arrangement that are more suitable for manufacture.
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