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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[1 of this report is not valid and is herchy rescinded.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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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
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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.

duced from S
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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
44
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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 t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>