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Abstract – Simple qualitative observation shows that by
retrofitting the asymmetrical electric machine circuit and control
architecture (with a “passive” rotor) of the highest performing
airplane electric machine propulsion system to the symmetrical
field weakening circuit and control architecture (with an “active”
rotor) of the symmetrical multiphase wound-rotor [synchronous]
doubly-fed electric machine system, now called SYNCHRO-SYM,
while preserving the same electromagnetic design parameters,
such as air-gap flux density, effective air-gap area, voltage, etc.,
and the same electromechanical design, such as materials,
winding, and the same packaging art, such physical footprint,
excitation waveform, materials, winding, construction, and
manufacturing techniques, of the original airplane electric
propulsion system and reasonably assuming the cost of the
packaging art is directly related to the amount of materials being
applied, will immediately double again the continuous power
density, halve the cost, halve the electrical or core loss, quadruple
the peak torque density, and eliminate delicate materials, such as
rare-earth permanent magnets (RE-PM), of the original airplane
electric machine propulsion system.
Index Terms—brushless, real-time, sensor-less, synchronous,
wound-rotor, doubly-fed, electronic power transformer

I. INTRODUCTION
All electric machine systems have an “active stator” with the
necessary directly excited multiphase winding set for
“contributing” torque and working (or active) power to the
electromechanical power conversion process.
With the
symmetrical multiphase wound-rotor “synchronous” doublyfed electric machine system as the exception, all other electric
machine systems have an asymmetrical “passive rotor” of
permanent magnets, direct current (DC) field windings, slipinduction windings, or reluctance saliencies that only
“participates” in the electromechanical power conversion
process without contributing torque and active power, such as
only setting up the air-gap flux by closing the magnetic path
through the air-gap, but also, reasonably consumes half of the
volume, material, cost, and electrical and core loss of the
electric machine system. In contrast, Figure 1 shows the
symmetrical multiphase wound-rotor “synchronous” doublyfed electric machine circuit topology with its symmetrical
relationships, which has an “active rotor” with another directly
excited multiphase winding set for contributing additional
torque and active power to the electromechanical power
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conversion process in conjunction with the “active stator” but
only by postulating that the terminals of the multiphase winding
sets are contiguously and automatically excited directly with
speed-synchronized power from sub-synchronous to supersynchronous speeds without relying on the classic instability of
slip-induction, particularly about synchronous speed where
slip-induction ceases to exist, which in practice, would only be
possible with the invention of an instantaneous, sensor-less,
automatic, and brushless multiphase bi-directional power
control method. 1,2,3,4,5,6
Note: The optimized symmetrical relations, 4.1.19, 4.1.20,
4.1.21, 4.1.21, 4.1.23, of the symmetrical multiphase woundrotor “synchronous” doubly-fed electric machine system of
Figure 1 become the academic study for all other asymmetric
electric machines with a single active stator winding set by
deoptimizing the symmetrical relationships with the asymmetry
of a “passive rotor” of permanent magnets, DC field windings,
slip-induction windings, or reluctance saliencies.
II. ELECTRIC MACHINE OPERATING PRINCIPLES:
The two-phase symmetrical multiphase wound-rotor doublyfed electric machine of Figure 1 is effectively a positiondependent-flux low-frequency-rotating-transformer (PDFLFRT) with the stator and rotor phase windings mutually
coupled to each other and across the air-gap by speed-based (or
asynchronous slip) induction in accordance to the synchronous
speed relation (±WS ±WR ±WM = 0, where WR is the electrical
angular frequency of the rotor phase winding excitation, WS is
the electrical angular frequency of the stator phase winding
excitation, and WM is the mechanical angular frequency of the
rotor relative to the stator). When WM is equal (or close) to WS,
or synchronous speed, slip-induction ceases to exist and as a
result, WR is zero (but still needs a DC component (or speed
synchronized low frequency) for contiguously establishing the
appropriate phase angle of air-gap flux density for torque
production). If the winding excitation, WS, is equal to WR, WM
is at twice synchronous speed or 2 x WS and as a result, the
“symmetrical” multiphase wound-rotor doubly-fed electric
machine with equal power rated windings on the rotor and
stator, respectively, has a “constant torque speed” range of
twice synchronous speed (i.e., 2 x WS) for a given excitation
frequency (i.e., WS or WR) and torque or twice the power as other
electric machines with a single stator active winding set with
the asymmetry of permanent magnets, DC field windings, slip-
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material, winding, packaging art, and electronic control
techniques, all while electronically controlling only the power
of the rotor multiphase winding set, which is half of the electric
machine rated power. But because of the formidable technical
issues of brushlessly providing instantaneous, sensor-less, and
automatic speed-synchronized multiphase bi-directional power
to the rotor active winding set that does not rely on slipinduction, all of today’s so-called new, advanced, or invented
classes of airplane electric machine systems are actually the
same century old electric machine circuit and control
architectures with the asymmetry of a “passive” rotor assembly
of reluctance saliencies, permanent magnets, DC field winding,
or slip-induction windings, which only achieve distinguishable
performance enhancement by incorporating a refined selection
of available high performing materials, winding, packaging, or
electronic control technologies with enabling manufacturing
techniques.
III. WHAT IS BRUSHLESS REAL TIME CONTROL
(BRTEC):

Figure 1 - Herbert H. Woodson and James R.
Melcher, “Electromechanical Dynamics, Part 1:
Discrete Systems,” page 113, John Wiley &
Sons, 1968.
induction windings, or reluctance saliencies (i.e., 7200 RPM
with one pole-pair excited with 60 Hz compared to 3600 RPM
for all other electric machine systems).
In accordance to relation 4.1.23 of Figure 1, the torque of the
PDF-LFRT is a function of the product of the mutual
inductance, M, the rotor torque (or working) current, and the
stator torque current. Faraday’s Law dictates that the mutual
inductance, M, and self-inductance, L, are functions of
frequency with a position-dependent-flux high-frequencyrotating-transformer (PDF-HFRT) showing lower mutual
inductance (and associated torque), smaller size, fewer winding
turns, lower air-gap flux density, and lower electrical loss than
a PDF-LFRT in proportion to the ratio between operating
frequencies. Accordingly, a PDF-LFRT will necessarily have
higher torque and larger size than a similarly power rated PDFHFRT.
The classic symmetrical relations of Figure 1 easily
hypothesized long ago that the brushless symmetrical
multiphase wound-rotor “synchronous” doubly-fed electric
machine system shows the uniquely inherent attributes of half
the cost, half the size, and half the loss for a given power rating
and at least eight times the peak torque for a given frame size
compared to all other electric machine systems with equivalent

If the synchronous speed relation (±WS ±WR ±WM = 0) and the
phase angle (or torque angle) between the two synchronized
magnetic rotating fields of the rotor and stator of a symmetrical
multiphase wound-rotor “synchronous” doubly-fed electric
machine system are precisely stabilized regardless of speed or
rotor perturbation as only provided by a bi-directional,
instantaneous, sensor-less, and automatic excitation control
means to avoid any reliance on slip-induction, permanent
magnets, DC field windings, or rotor saliencies, then air-gap
flux and torque control becomes a simple function of
controlling the magnitudes and positions of the rotor and stator
torque currents. But if the rotor currents also rely on the
asynchronous mutual induction with the stator currents (i.e.,
slip-induction) of the PDF-LFRT, then rotor current control is
unstable, particularly when slip-induction ceases to exist about
synchronous speed (WR = 0). 7
In accordance with the simple detailed concept of
operation (CONOPS), 8 the brushless, bi-directional, sensorless, and automatic multiphase controller, now called Brushless
Real Time Emulation Control (BRTEC), comprises a PDFHFRT with the same arrangement of windings as the
symmetrical multiphase wound-rotor “synchronous” doublyfed electric machine or the PDF-LFRT of SYNCHRO-SYM
with synchronous modulators-demodulators (i.e., simple high
frequency bi-directional electronic choppers) driving each of
the PDF-HFRT phase winding on each side of the air-gap. The
stator high frequency choppers modulate the low frequency
multiphase signals supplied to the stator of the PDF-LFRT with
the high operating frequency of the PDF-HFRT, which carry
the low frequency stator multiphase signal envelopes. On the
rotor side of the PDF-HFRT, the resulting high frequency
multiphase waveforms comprise the high frequency carrier with
the low frequency rotor phase signal envelopes, which are in
accordance to the synchronous speed relation and the additional
modulated phase angle and amplitude components of the
electric machine control process. With very little filtering, the
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synchronous
modulator-demodulators
inherently
provide nearly pure sinusoidal bi-directional waveforms for
interfacing with the utility power and the PDF-LFRT power,
while isolating the high frequency to the high frequency
compatible design of the PDF-HFRT.
With the rotor axle of the PDF-HFRT, which is effectively the
analog computer component of the BRTEC, connected to the
rotor axle of the PDF-LFRT (i.e., WM-HFRT = WM-LFRT), which is
the torque producing symmetrical multiphase wound-rotor
doubly-fed electric machine entity, the frequency and phase of
the demodulated multiphase power signals from the rotor
multiphase windings of the PDF-HFRT are automatically,
sensorlessly, instantaneously, and brushlessly the exact
frequency and phase signals required to power the rotor
multiphase windings of the PDF-LFRT for contiguous
“synchronous” operation at any speed in accordance to the
synchronous speed relation, including supplying the
appropriate vector phase and amplitude of DC at synchronous
speed because multiphase power with the appropriate flux
positioning at even absolute synchronous speed is by high
frequency induction instead of slip-induction, which ceases to
exist at synchronous speed. Also, the size, torque production,
and electrical loss of the PDF-HFRT will be significantly lower
than the torque producing PDF-LFRT in proportion to their
frequencies of operation, which ideally makes the
electromechanical performance of the PDF-HFRT irrelevant to
the electromechanical performance of the PDF-LFRT. 9

is tantamount to twice the continuous power density for a
given frame size or half the size per unit of power rating. 10
•

With both the rotor and stator contributing to active power
for a given frame size is tantamount to double the
continuous power rating for a given frame size or half the
size per unit of power rating. 11,12

•

With half the electronic control rating for the stator or rotor
active power and with half the amount of electrical steel
and copper (e.g., half the size for a given power rating) is
tantamount to half the cost per unit of power rating without
including the size, weight, and cost savings from
eliminating the expensive, exotic, or wasteful “passive”
rotor components, such as RE-PMs. 13

•

With twice the continuous power density or half amount of
material is tantamount to double any improvement enabled
by materials, winding, packaging art, or electronic control
techniques.

•

With half the size and resulting electromagnetic core loss,
with the small orthogonal vector magnitude of magnetizing
current to establish air-gap flux and to provide field
weakening for higher efficiency at various speeds, and with
much lower compounded system loss associated with the
rotor or stator torque currents, each of which provides onequarter the electrical loss (I2R) of the single but fully rated
electronically controlled stator active winding set of other
electric machines for the same power rating, is tantamount
to half the electrical and core loss per unit of power rating.

•

With air-gap flux density remaining constant with
increasing torque current in accordance with the natural
core saturation avoiding physics of an ideal dual ported
transformer circuit topology (e.g., conservation of energy)
as only provided by the rotor and stator current control of
BRTEC is tantamount to at least octuple peak torque for a
given frame size. 14

•

With active winding sets on the rotor and stator,
respectively is tantamount to elimination of the extraneous
cost, inefficiency, and complexity of passive rotor
permanent magnets, field windings, slip-induction
windings, and reluctance saliencies.

IV. QUALITATIVE ANALYSIS EASILY SHOWS TWICE
THE CONTINUOUS POWER DENSITY AT HALF
COST:
By conceptually replacing the “passive and asymmetrical” rotor
circuit topology of permanent magnets, field windings, slipinduction windings, or rotor saliencies and the likely field
oriented controller derivative of the stator active winding set of
the highest performing electric machine system for airplane
propulsion with the “active and symmetrical” rotor circuit
topology of a directly excited multiphase winding set and the
brushless real time emulation controller of the new symmetrical
multiphase wound-rotor “synchronous” doubly-fed electric
machine circuit topology (as only provided by brushless real
time emulation control of the rotor active winding set), while
preserving the same electromechanical design, such as the same
constant-torque speed, voltage, air-gap flux density, effective
air-gap area, etc., and the same packaging art, such as materials,
winding, construction and manufacturing techniques for the
most equivalent comparison, and by reasonably assuming the
cost of the packaging art is directly related to the amount of
materials being applied, a few of the performance magnifying
results can be easily surmised by simple qualitative
observations (please refer to the references for quantitative or
analytical analysis):
•

With twice the constant-torque speed range for a given
frequency of excitation, continuous torque, air-gap flux
density, pole-pair count, port voltage, and frame size design

3

V. CONCLUSION:
By retrofitting the highest performing airplane electric machine
system with the fully electromagnetic circuit topology of
SYNCHRO-SYM with field weakening magnetizing current,
simple qualitative observation of the retrofit shows twice the
continuous power density, half the cost, lower electrical and
core loss, and the elimination of expensive rare-earth materials
for flying higher, faster, and longer while improving reliability.
When DC (or AC) superconducting electric machines become
a practical reality, the fully electromagnetic circuit and control
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architecture of SYNCHRO-SYM would be the choice for DC
superconductor or AC superconductor airplane electric machine
systems.
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